
Spectroscopic analysis 
of trace gas concentrations 
in the urban atmosphere 

A Thesis submitted in partial fulfilment 
of the requirements for the degree of 

Doctor of Philosophy 

at the University of Canterbury 

by 

Andreas R. Reisinger 

University of Canterbury 
Christchurch, New Zealand 

1998 



I 

Abstract 

A spectroscopic differential absorption system for the measurement of tropospheric trace gases 
has been designed, built, and operated. The technique allows the measurement of ambient trace gas 
concentrations by transmitting a light beam through the open atmosphere and recording their 
characteristic absorption patterns for quantitative analysis. Two spectrometers were operated in 
parallel to allow the near-simultaneous measurement of a wide range of trace gases in the infrared and 
ultraviolet/visible spectral ranges. 

The system was set up to record the ambient concentrations of gaseous air pollutants in 
Christchurch, New Zealand (pop. 300.000), during the winter of 1997. Measured trace gases include 
CO, NO, NO2, 0 3, C6H6, HNO2, C2H4, CH3OH, and C6H14, as well as the greenhouse gases CO2, 

CH4, N2O, and H2O. The measurement of suspended particulate matter, a recognised major 
contributor to air pollution in Christchurch, was excluded from this study. 

Observed trace gas concentrations were analysed with regard to sources and relative strengths of 
primary air pollutants in Christchurch, the absolute concentrations and chemical processes responsible 
for the production of NO2, and the chemistry involved in the formation of HNO2 which plays an 
important role in the formation of photochemical smog. 

Major findings regarding the sources of primary pollutants were: (1) The ambient NO/CO ratio 
is significantly lower than the predicted ratio based on Christchurch emission inventory estimates. 
The most likely explanation for this is that CO emissions from motor vehicle traffic may be as much 
as a factor of 4 higher than currently assumed. (2) The ambient concentration of C6H6 is highly 
correlated with CO, which indicates that motor vehicles are a major source for C6H6 in Christchurch. 
Using this correlation, C6H6 concentrations comparable to major cities overseas may be estimated for 
road-side locations in central Christchurch. A nightly increase in the C6H6 ratio suggests that 
emissions from domestic heating may also contribute significantly to ambient C6H6 levels during the 
evening and night. (3) The hydrocarbons C6H14, C2H4, and CH3OH show varying degrees of correla
tion with CO which allow the following source apportionment. Dominant sources of C6H 14 are 
probably motor vehicle emissions, while C2H4 is also emitted to a significant extent from domestic 
heating. CH3OH originates almost exclusively from domestic heating which could make it a 
convenient marker compound once specific emission rates from wood-burners are known. 

Concentrations of NO2 during winter could be qualitatively explained by direct emissions and 

conversion from NO through its reaction with 0 3. The stable inversion layer which forms over 
Christchurch during winter nights was shown to be responsible for higher NO2 concentrations at an 

elevated site compared to the ground level. This allows the conclusion that the brown haze layer 
which is frequently observed over Christchurch during still winter days consists of elevated 
concentrations of NO2. 

The measurements of HNO2 represent the first observation of this compound in the southern 
hemisphere. Its concentrations showed a high degree of correlation with NO2 which however may be 
explained by the dominance of the inversion layer on pollutant concentrations in Christchurch. The 
ratio of HNO2/NO2 showed a linear dependence on the estimated total aerosol surface density which 
supports current theories that heterogeneous production of HNO2 on aerosol surfaces may act as a 
significant source of this compound. Other explanations of the observed correlation can however not 
be ruled out because of the lack of meteorological data on the chemical and dynamical history of the 
observed air masses. 

Possible extensions and further applications of this technique for the monitoring of air quality 
and emissions from motor vehicles and domestic heating are discussed at the end of this thesis. 
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1. Introduction 

Abstract. An overview of urban air pollution issues is given with particular reference to 

seasonal and chemical types of pollution episodes. The typical meteorological conditions of 

the city of Christchurch in the South Island of New Zealand are explained and put into 

perspective with regard to its air quality, and current knowledge of emissions of air 

pollutants. The current state of measurements and models of air pollution in Christchurch is 

reviewed. From this description the main objectives of this thesis, namely the spectroscopic 

measurement and interpretation of the concentrations of some major gaseous air pollutants in 

the Christchurch urban air shed, are developed. 

1.1 Urban air pollution as a concern of global dimensions 

Urbanisation worldwide has not only led to a considerable change in social structures and 
ways of life, but also created and compounded problems of congestion, waste disposal, and 
environmental pollution. Of the many waste substances produced by human activity, a 
considerable fraction is discharged in gaseous form into the surrounding atmosphere. 

As population density increases, so does the concentration of these pollutant gases in the 
urban atmosphere, with primary consequences ranging from odour nuisance and reduced 
visibility to long-term health effects and occasionally fatal toxicity. In addition to these direct 
consequences, the equilibrium of the atmosphere as a physical and chemical reactor can be 
substantially changed through the release of certain gases, leading to second-order effects 
ranging from the chemical degradation of buildings and formation of highly reactive photo
oxidants in the lower troposphere (summer-smog) to catalytic chain reactions in the upper 
parts of the atmosphere ( ozone depletion), and alteration of the atmosphere's capacity to 
absorb and transmit solar and terrestrial radiation (climate change). Thus air pollution is of 
global concern not only because virtually every major city on the globe suffers from it in some 
form, but also because urban emissions often have impacts far beyond the geographical limits 
of city boundaries. 

In this Chapter the principal chemical and meteorological mechanisms and implications 
of urban air pollution will be described ( 1.2), and their links to other aspects of atmospheric 
change, namely ozone depletion and climate change, will be shown (1.3). The particular 
situation of the city of Christchurch, New Zealand, will then be outlined in more detail. A 
review of the current knowledge of meteorological aspects, emission sources, and 
measurement facilities of air pollutants in Christchurch will be given (1.4). From this 
description the questions and problems which the present study focuses on will be developed, 
and an outline of the structure of this thesis will be given (1.5). In addition to specific 
references given below, most of the general information in this thesis is from the monographs 
by Finnlayson-Pitts and Pitts, [1986], Stem, [1986], Seinfeld, [1986], Stull, [1988], Zannetti, 
[1990], and Wayne, [1991]. 
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1.2 Primary and secondary aspects of urban air pollution 

Air pollution in most general terms could be described as a change of the composition of 
the natural atmosphere with negative effects on human quality of life. Such changes can be 
caused by both natural processes such as forest fires, volcanic eruptions, and bacteriological 
processes in swamps and wetlands, and various human activities like agriculture (biomass 
burning and fertilisation), industrialisation, and urbanisation. This thesis and its discussion 
will concentrate almost exclusively on air pollution caused by human activity in urban centres. 

Urban air pollution can be grouped into two broad categories: one dealing with directly 
emitted gases which contribute to a deterioration of air quality through reducing visibility, 
possessing an odour, or having properties harmful to man and the environment, thus being 
called primary pollutants, and the other encompassing gases with similar properties but which 
are only produced through chemical reactions within the atmosphere, thus being called 
secondary pollutants. The latter are often formed through a complex chemical and physical 
interplay between gases released by human activity, naturally occurring gases, and 
environmental and meteorological parameters. As will be seen, however, the distinction 
between primary and secondary pollutants is by no means a clear and simple one, since many 
interdependencies exist between primary emission gases and their secondary products. 

1.2.1 Primary air pollution 

Urbanisation is generally associated with an increased per-capita consumption of energy 
(in the forms of electricity, coal, wood, and refined oil) and other non-recyclable substances 
(industrial use of chemicals, paints, sprays, etc), as well as the extensive use of motorised 
transport, combined with a strong increase in local population density. 

Many of the by-products of energy consumption and industrial processes are released into 
the local atmosphere in gaseous form. The burning of coal, wood, and oil mainly releases the, 
gases carbon monoxide (CO), carbon dioxide (CO2), sulphur dioxide (SO2), nitric oxide 
(NO), nitrogen dioxide (NO2), and a great number of hydrocarbons with widely differing 
chemical properties. In addition, some industrial processes release acidic gases like nitric acid 
(HNO3), sulphuric acid (H2SO4), and highly complex organic molecules. The release rates of 
these gases into the atmosphere are often high enough to raise their local urban concentrations 
considerably above their natural levels of abundance, and even to increase their global average 
concentrations [Logan, 1981; Finnlayson-Pitts and Pitts, 1986; Crutzen and Zimmermann, 
1991]. Furthermore, the release of gaseous substances from combustion processes is often 
associated with the injection of fine dust, soot, and other micro-particles (PM 10) into the 
atmosphere. In addition, some gases (particularly SO2, NO2 and some organic gases) can 
become oxidised to form secondary particulate matter. The small size of these particles allows 
them to remain well mixed in the atmosphere for considerable time spans (hours to days) and 
hence be distributed similar to gases. 

Of the gases mentioned above, many have direct consequences for urban air quality and 
are therefore considered primary pollutants. Typical health effects are mutagenicity, 
carcinogenicity, and irritation of or damage to the respiratory tracts [eg RCPL, 1970; Stern, 
1986; MFE, 1994, and references therein]. Apart from health risks, primary pollutants are to 
some degree responsible for odour nuisances, materials damage (eg buildings, statues, paint 
and rubber), and ecological damage to plants and animals [Stern, 1986; Zannetti, 1990]. The 
following section will describe in some detail the typical sources and effects of pollutants 
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which are considered to be of relevance to Christchurch, namely CO, SO2, NO2, non
methane-hydrocarbons (NMHC), and PM10. 

1.2.1.1 Carbon monoxide (CO). Carbon monoxide is produced in combustion processes 
involving fossil fuels and other organic matter, particularly in light duty motor vehicles 
(LDMV) and wood or coal fires. It is estimated that about 80% of all CO emissions in 
developed nations stem from mobile sources, and a seasonally varying fraction from domestic 
heating. On a global scale, anthropogenic CO emissions are estimated to be on about the same 
order of magnitude as natural sources [eg Finnlayson-Pitts and Pitts, 1986]. The introduction 
of catalytic converters to an increasing number of vehicles and cleaner burning technologies in 
power generators, as well as reduced tropical biomass burning, has led to a reduction of global 
CO levels over recent years [Khalil and Rasmussen, 1994]. However the increasing number of 
cars on the roads, even in most developed countries, may still locally offset this general 
downward trend [eg Graham and Narsey, 1994]. 

CO is odourless and colourless, insoluble and has an atmospheric chemical lifetime of 2-
4 months [Logan et al., 1981]. This implies that on regional scales CO behaves almost like an 
inert tracer with its local concentration mainly influenced by the distribution of sources, wind 
advection, and diffusion. As will be discussed later, however, CO also plays a key function in 
possible long-term changes of the chemical reactivity of the atmosphere. 

The toxicity of CO arises from its ability to occupy, upon inhalation, the haemoglobin 
centres of red blood particles by forming carboxyhaemoglobin (COHb ), which gradually 
prevents the uptake of oxygen through the lungs. Effects from exposure to increased levels of 
CO range from dizziness and lack of orientation to vomiting, difficulty of breathing, and 
death. While dangerously high concentrations of CO are not normally reached in the ambient 
atmosphere, persons with conditions such as angina pectoris or peripheral vascular diseases 

· exhibit a reduced robustness to normally tolerable stress factors [Stern, 1986]. 
The World Health Organization (WHO) gives as safe exposure limits a maximum 

concentration of 8 parts-per-million-by-volume (ppm) over 8 hours, and 24 ppm for 1' hour 
[WHO, 1987], which has also been adopted as the New Zealand guideline [MFE, 1994]. The 
abundance of CO in the clean background troposphere ranges from about 40 parts-per-billion
by-volume (ppb) in the southern hemisphere to 120 ppb in the northern hemisphere, reflecting 
the large scale distribution of CO from metropolitan centres, greater population density, and 
biomass burning in the northern hemisphere. Urban concentrations can reach up to 50 ppm 
under polluted conditions [Logan, 1981; Finnlayson-Pitts and Pitts, 1986; Khalil and 
Rasmussen, 1994]. 

1.2.1.2 Sulphur dioxide (S02). The main anthropogenic sources of SO2 are the burning 
of coal (~60%) and fuel oil (~25%), where sulphur contained in the fossil fuel becomes 
oxidised to SO2. However since filtering techniques have the ability to greatly reduce the 
content of SO2 in plumes, and different types of coal can differ considerably in their sulphur 
content, global generalisations of SO2 emission rates are relatively uncertain [Moller, 1984; 
Cullis and Hirschler, 1980]. Natural sources of SO2 include volcanoes, sea-spray and 
biogenic processes. The latter two release sulphur mainly in the form of other compounds 
such as dimethyl sulfide, carbon disulfide, and carbonyl sulfide, which then become slowly 
oxidised to form SO2 and H2SO4 [Cox and Sheppard, 1980; Mihalopoulos et al., 1992]. 
Globally, anthropogenic processes are assumed to be the dominant source of directly emitted 
SO2, while total sulphur containing gases originate to about equal parts from anthropogenic 
and natural sources. Because of the predominance of industrial activity in the northern 
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hemisphere, the anthropogenic contribution of the southern hemisphere to the global sulphur 
budget is only a fraction of the northern hemisphere's. 

SO2 in the atmosphere is of medium reactivity in the gas-phase, with an estimated 
lifetime of 13 days. It ultimately forms sulphuric acid (H2SO4) and condenses into particles, 
often with the aid of other condensation nuclei. Sulphuric acid is highly hygroscopic and is 
quickly removed from the atmosphere through rain or heavy fog. An alternative pathway to 
the pure gas-phase chemistry exists, however, when high concentrations of peroxides (mainly 
H2O2) are present in clouds or fog. In this case, SO2 reacts rapidly with peroxide in the liquid 
phase to form aqueous H2SO4. Depending on acidity of the droplets and peroxide 
concentrations, the atmospheric lifetime of SO2 can thereby be reduced to less than 2 hours. 
The transfer of SO2 into H2SO4 is of major importance in assessing the long-range transport 
of acid rain. However this effect must rather be considered a secondary pollution since it 
involves chemical transformations and will be discussed in more detail in section 1.2.2.1 [see 
also the detailed discussion in Finnlayson-Pitts and Pitts, 1986, and references therein; also 
Tremmel et al., 1993]. 

Upon inhalation, SO2 affects the bronchial system, causing bronchitis, pulmonary 
emphysema, pulmonary cancer, and exacerbates pre-existing conditions such as asthma 
[Stern, 1986; RCPL, 1970]. Similar damages also occur in animals. The WHO guidelines for 
ambient levels of SO2 recommend a maximum of 44 ppb over 24 hours and 18 ppb in the 
annual arithmetic mean, which is a factor of 2 under the threshold values above which adverse 
effects have been observed. These guidelines have also been adopted by New Zealand [WHO, 
1987; MFE, 1994]. It should be noted, however, that a strong synergism appears to exist 
between the toxicity of SO2 and aerosol concentrations. Suspended fine particles may 
accumulate a great number of airborne toxins through scavenging and coagulation and 
transport them effectively into the alveolar region of the lungs where the gas exchange occurs. 
It has been suggested that some of the damage attributed to SO2 is in fact caused by its 
reaction products on suspended particulates [Stern, 1986]. 

1.2.1.3 Nitrogen dioxide (N02). Nitrogen dioxide in the atmosphere is mainly produced 
through chemical transformation of nitric oxide (NO), which in turn is generated from 
atmospheric nitrogen (N2) in high-temperature combustion processes such as LDMV and 
aircraft engines, stationary electrical generators and industrial appliances. Although highly 
dependent on exhaust velocities and temperatures, it is usually assumed that at most 10% of 
the total emitted nitrogen oxides (NOx = NO + NO2) are emitted directly as NO2 [Finnlayson
Pitts and Pitts, 1986]. Since NO2 must therefore be considered mainly a secondary pollutant, 
its chemical production and loss will be examined in detail in at a later stage (section 1.2.2.2). 
However because its ambient concentrations are strongly influenced by emissions of NO, 
which in itself shows no significant health effects on humans, the emission sources of NOx 
and health effects of NO2 will be discussed in this paragraph. 

On a global scale, anthropogenic NOx is produced to about 65% from fossil fuel 
combustion and 35% from (mainly tropical) biomass burning [Logan, 1983]. In the United 
States, land and air transport contributes about half of the total NOx emissions from fossil fuel 
combustion, with the remainder largely produced by power generators and industrial 
processes [Finnlayson-Pitts and Pitts, 1986]. Natural sources of NOx in the troposphere are 
lightning, stratospheric injection, soil emission, and oxidation of natural ammonia (NH3). As 
for the emission of SO2, a similar imbalance of the ratio of anthropogenic and natural sources 
exists between the southern and northern hemispheres. 
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NO2 exerts its toxic action mainly in the deep lung and peripheral airway, causing 
increased airway resistance, increased susceptibility to infections and asthma, and suspected 
formation of carcinogens and mutagens [Stern, 1986]. In contrast, NO is considered to pose a 
negligible health risk at all observed ambient concentrations. For NO2, the WHO gives 80 ppb 
as the recommended maximum 24 hour value and 210 ppb for the maximum 1 hour dose 
[WHO, 1987]. New Zealand has adopted slightly lower guidelines in recognition of the high 
incidence of asthma in its population, with maximum values of 50 and 150 ppb for 24 hours 
and 1 hour, respectively [MFE, 1994]. Observed urban concentrations range between 1 ppb 
and peak concentrations of up to 500 ppb [Finnlayson-Pitts and Pitts, 1986; Bower et al., 
1994]. Because of its high reactivity, however, the presence of high concentrations of NO2 

may also lead to the production of other secondary pollutants, such as carcinogenic 
nitrosamines and nitric acid (HNO3), details of which will be discussed later. 

1.2.1.4 Suspended respirable particulates (PM10). Suspended particulate matter can 
be inhaled by humans if its size is less than about 10 µm, and hence is in ambient pollution 
monitoring often grouped as one single category called PM10. However, typically only 
particles of less than about 2.5 µm diameter can reach the inner areas of the lungs where gas 
exchange occurs and no protective mucus layer is available for their prompt removal. Because 
of their greatly increased residence time in the inner lung tracts, these micro-particulates 
exhibit synergistic effects with SO2 and possibly also NO2 in that they act as mobile reaction 
surfaces and condensation nuclei for various other gaseous pollutants. Different sizes of 
particles also have different sources; while large particles (more than about 5 µm) are 
generally produced directly from combustion processes and redistributed dust from roads and 
industrial sources, smaller particles form from sea-spray and through the condensation and 
coagulation of various toxic, carcinogenic, and mutagenic gases, such as sulphuric and nitric 
acid, volatile organic compounds, and nitrosamines, thus adding to the toxic damage potential 
because of their small size [Stern, 1986; Finnlayson-Pitts and Pitts, 1986; Zannetti, 199qJ. 

Because of the above mentioned variations in particle composition, size, and adsorption 
of other chemicals onto the aerosols, Stern, [ 1986], emphasises that identical particle loadings 
in various cities do not necessarily correspond to identical damage potentials. The use of 
general guidelines for maximum concentrations of PM 10 is therefore mainly justified by the 
ease of definition and monitoring. For 'typical' urban mixtures of sulfates, volatile organics, 
and acidic mist, the WHO recommends a maximum 24 hour exposure of 70 µgm- 3 [WMO, 

1987]. New Zealand guidelines currently are only 120 µgm-3 for 24 hours and 40 µgm-3 in the 
yearly average, which is assumed to be more adequate for the typical air composition of New 
Zealand cities [MFE, 1994]. Discussion continues, however, regarding potential sub
maximum exposure risks, and lowering of the 24 hour guideline to 50 µgm-3 has recently 
been recommended [Foster, 1996; but also Pullen et al., 1987, and references therein]. 

1.2.1.5 Non-methane-hydrocarbons (NMHC). A very large range of organic molecules 
is emitted into the atmosphere through many industrial processes such as oil refining, use of 
organic solvents and propellants, and most combustion processes. In industrialised countries, 
the total anthropogenic emissions on a per-carbon basis far outweigh natural emissions, which 
mostly come from trees in the form of isoprene and terpenes [Finnlayson-Pitts and Pitts, 
1986; LUbkert and De Tilly, 1989]. 

The main concern regarding emissions of NMHCs lies in their potential to produce 
photochemical oxidants such as ozone (03), peroxides such as H2O2, and organic nitrates such 
as peroxyacetylnitrate (PAN) [eg Lloyd et al., 1983; Carter, 1990; Derwent and Davies, 
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1994]. Thus they are not usually considered primary pollutants, but rather important 
precursors for secondary pollutants, as will be discussed in detail in a later section (l.2.2.2). 

However, a large number of NMHCs, particularly nitrogen-substituted and aromatic 
hydrocarbons used in industrial processes, are known to be toxic or carcinogenic in 
themselves [eg Finnlayson-Pitts and Pitts, 1986; Stern, 1986; Harley and Cass, 1994]. Some 
species of recent concern are benzo(a)pyrene and benzene, whose main source lies in eva
porative and combustion emissions from unleaded petrol. Although typical exposure data are 
still limited, some studies indicate a potential statistically significant contribution to leukemia 
in major urban centres [Guerra et al., 1995]. Discussion about the health effects and 
significance levels of many hydrocarbons is still continuing, however, and no generally 
accepted guidelines for maximum exposure levels exist, although some countries (eg United 
States) maintain relatively comprehensive lists of hydrocarbons considered to be dangerous to 
human health [Zannetti, 1990; Harley and Cass, 1994]. In New Zealand currently no 
recommendations regarding acceptable levels of any hydrocarbon exist, but their existence 
and toxic potential is recognised in the ambient air quality guidelines [MFE, 1994]. 

1.2.2 Secondary air pollution 

The gases discussed in the above paragraphs were grouped under the heading of primary 
pollutants since they are directly emitted by human activities, hence pollution monitoring and 
abatement measures would have to concentrate primarily on their direct sources. It was 
already mentioned, however, that these and many other gases also pmiake in a complex 
mixture of chemical and physical reactions to form secondary gases and particles. The 
production of these secondary gases often does not correspond linearly to the concentrations 
of the primary source gases, since a great number of additional parameters such as 
temperature, relative humidity, solar radiation, background aerosol loading, and general 
chemical composition of the atmosphere play important and interconnected roles. The 
following paragraphs will briefly examine the formation and damage potential of some of 
these secondary pollutants, namely acid rain, photo-oxidants, and second-order toxins and 
particles. Their reaction pathways will be described in some detail to provide a basic 
understanding of how the ambient concentrations of secondary pollutants depend on their 
precursors and other environmental parameters. 

1.2.2.1 Acid deposition. It has already been pointed out that conversion into sulphuric 
acid (H2SO4) is the major loss process for atmospheric SO2. H2SO4 is highly hygroscopic and 
therefore has a highly variable residence time in the atmosphere. Rain leads to a very quick 
washout, while fog and mist can sustain high concentrations in suspended water droplets 
before being deposited to the ground. The coagulation of H2SO4 on droplets makes it 
inhalable by humans, leading to irritations and damages in the upper lung tracts [Stern, 1986]. 
Corrosion due to the increased acidity of the atmosphere also causes considerable damage to 
buildings and materials [Zannetti, 1990]. Problems on a larger scale include the widespread 
deposition of acid rain over rural and remote areas. SO2 emitted in industrialised zones can, 
because of its longer atmospheric residence time, be transported away from the pollution 
centre and cause ecological damage to forest and freshwater systems in otherwise clean air 
regions [eg Likens, 1976; Schiltt and Cowling, 1985; Mason, 1990; Kandler and Innes, 1995]. 
As already mentioned before (1.2.1.2), the presence of H2O2 in cloud water appears to be a 
crucial factor in determining the conversion time of SO2 to H2SO4, and hence in estimating 
the typical transport distance of H2SO4 before its deposition. 
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The main oxidation reactions of SO2 are as follows [Finnlayson-Pitts and Pitts, 1986]. In 
the gas-phase, the oxidation is most probably initiated by the hydroxyl radical: 

OH+SO2 +M • HSO3 +M [1] 

For an average summer OH concentration of lxl06 cm-3, the lifetime of SO2 with respect to 
this reaction is about 13 days, and considerably less during winter. The various possible fates 
of the adduct HSO3 are not yet fully understood, but one accepted mechanism is hydration and 
subsequent reaction with 0 2 to form SO3, which then rapidly reacts with H2O to form H2SO4. 
The uncertainty in the chemistry of the HSO3 molecule corresponds to an uncertainty about 
typical transport scales of SO2 when gas-phase chemistry only is assumed. 

The lifetime of SO2 can be dramatically shortened, however, if high concentrations of 
H2O2 are present in cloud water droplets. In this case, SO2 dissolved in the cloud droplets 
reacts rapidly with H2O2: 

SO2 (aq) + H2O2 (aq) • H2SO4 (aq) [2] 

Depending on the supply of H2O2 in the cloud droplets, this can lead to a very efficient 
removal of SO2 from the liquid phase and, through the equilibrium relation of the liquid phase 
to the gas phase, to the rapid conversion of gaseous SO2 to liquid H2SO4. Because of the 
crucial role of H2O2, which in itself is produced photochemically, detailed knowledge of the 
photochemical state of the atmosphere is necessary to estimate the factual residence time of 
SO2 and average transport distance of H2SO4 in the real atmosphere (for more details and 
other potential reaction partners, see Finnlayson-Pitts and Pitts, [1986], Gunz and Hoffmann, 
[1990], and Tremmel et al., [1993]). 

The formation of sulphuric acid in the urban environment is mirrored by similar reactions 
of NO2, leading to the formation of nitric acid (HNO3). During daytime, NO2 can react with 
hydroxyl radicals in the gas-phase to form HNO3: 

NO2 +OH+M • HNO3 +M, [3] 

which, assuming a summer daytime concentration of OH of lx106 cm-3, corresponds to a 
minimum lifetime of NO2 with respect to reaction [3] of about 20 hours, and between 5 and 
10 days during average winter conditions. HNO3 is also sufficiently hygroscopic to 
concentrate in water droplets and be efficiently removed from the atmosphere by rain, but it 
also reacts quickly in the gas-phase with organic and inorganic surfaces (dry deposition). 

As with H2SO4, a heterogeneous reaction pathway exists that can speed up the conversion 
from NO2 to HNO3, as illustrated by the following sequence: 

NO2 + NO3 + M • N2O5 + M 

N2O5 can be dissolved in water, where a very fast reaction occurs: 

[N2O5 + H2O • 2 HNO3 ] (aq) 

[4] 

[5] 

[6] 

The speed of this reaction is essentially limited by the transition rate of N2O5 into the liquid 
phase, since the subsequent reaction with H2O proceeds almost instantaneously. Since NO3 
becomes photolysed quite rapidly during the day, this heterogeneous sequence is of particular 
importance during the night and could be responsible for the creation of so-called 'acid fog' 
which has been observed in polluted areas during early morning hours [eg Munger et al., 
1983; Schutt and Cowling, 1985]. 
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However, since HNO3 has a much higher vapour pressure than H2SO4, significant 
concentrations can exist in the gas phase, and concentrations up to 50 ppb have been observed 
under severe summer smog episodes [Finnlayson-Pitts and Pitts, 1986]. HNO3 can also 
contribute to visibility reduction and production of condensation nuclei through the 
equilibrium formation of particulate ammonium nitrate: 

[7] 

which will exist in solid phase (aerosols) or aqueous solution, depending on temperature and 
relative humidity. Because of the strong temperature dependence of the equilibrium constant 
of reaction [7], ammonium nitrate can act as a tempon1ry storage reservoir for HNO3 [Watson 
et al., 1994; Ackermann et al., 1995]. Hence knowledge not only of primary emissions, but 
also of meteorological parameters and chemical reactions occurring in the atmosphere is 
necessary to predict the regional and quantitative extent of acid deposition from urban 
pollution sources. 

1.2.2.2 Photochemical smog. The potential of the polluted atmosphere to generate large 
quantities of highly reactive photochemical oxidants has become one of the most pressing air 
pollution problems in many countries over the past two decades. As the title 'photochemical 
oxidants' implies, the pollutants are generally formed through a combination of solar radiation 
and chemistry and have a strong oxidising capacity. The foremost species of the gases 
produced is ozone (03), which in higher concentrations leads to difficulty in breathing, 
headaches, and vomiting [Stern, 1986; Seinfeld, 1986]. It is also a powerful phytotoxin due to 
its ability to react with many organic surf<J.ces, therefore leading to crop damage and probably 
contributing to the forest decline in Europe and North America [eg Gillian et al., 1989; 
Schulze, 1989; Schmieden and Wild, 1995]. Other recognised ingredients of photochemical 
smog include peroxyacetylnitrate (PAN), a powerful lachrymator and phytotoxin, nitric acid, 
which contributes to the formation of secondary particles and acid fogs, formaldehyde 
(H2CO), which is known as irritant and suspected carcinogen, and several confirmed' 
carcinogenic nitrates and nitrosamines [Finnlayson-Pitts and Pitts, 1986; Stern, 1986]. 

Although in typical photochemical smog situations a great number of species contribute 
to the deterioration of air quality and increase of health risks, recommended exposure limits in 
most countries only exist for 0 3. The WHO sets a maximum concentration of 75 ppb for 1 
hour and 50 ppb for an 8 hour average [WHO, 1987] which has been followed by New 
Zealand [MFE, 1994]. However many industrialised northern hemisphere countries have 
adopted considerably higher limits between 120 and 250 ppb, which in part reflects different 
attitudes towards the implied health risks, but probably more the fact that in densely populated 
countries the average summer-time 0 3 concentrations regularly exceed even the 1 hour WHO 
guideline of 75 ppb for periods of several days. While typical concentrations in the clean 
troposphere rnnge between 20 and 35 ppb, average summer levels in Europe and northern 
America are close to 50 ppb, and peaks above 500 ppb are regularly observed in many areas 
despite major air pollution control strategies [Finnlayson-Pitts and Pitts, 1986; BMFT, 1996]. 

A vast literature describes in detail the reaction pathways, measurements, and attempts to 
model the occurrence of photochemical smog, and no attempt will be made in this 
introduction to review the current state of knowledge in detail [for general references, see, for 
example, Lurmann et al., 1983; Lloyd et al., 1983; Hough and Reeves, 1988; Plinis and 
Seinfeld, 1988; Stockwell et al., 1990; Carter, 1990; Gunz and Hoffmann, 1990; Jin and 
Demerjian, 1993; Milford et al., 1994; Derwent and Davies, 1994]. The following paragraphs 
only describe the general principles of photochemical smog formation and discuss the 
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combination of chemical and meteorological factors contributing to its existence [based on 
Wayne, 1991, and Finnlayson-Pitts and Pitts, 1986]. 

Ozone is generally produced by the addition reaction: 

0 + 0 2 + M • 0 3 + M, 

where the source of O atoms in the troposphere lies mainly in the photolysis of NO2: 

NO2 + hv • NO + 0 

However, NO also reacts quickly with 0 3: 

NO + 0 3 • NO2 + 0 2, 

[8] 

[9] 

[10] 

so that the question of whether 0 3 is rather produced or destroyed by the presence of NOx 
(where NOx = NO + NO2) depends on the amount of sunlight available and on the balance 
between NO and NO2. Reaction [10] is also the major pathway for the formation of NO2 in 
the atmosphere. 

If only reactions [8, 9, 10] were occurring, 0 3 would be neither destroyed nor created. 
However, the presence of hydrocarbons presents a way of shifting the balance of NO/NO2 

towards NO2, thus providing a strong net source of oxygen atoms and hence 0 3 . This is best 
illustrated with the example of the simplest hydrocarbon, methane (CH4), which is present in 
the atmosphere at about 1.7 ppm. The oxidation of methane is initiated by reaction with 
hydroxyl radicals: 

[11] 

CH3 + 0 2 + M • CH3O2 + M [12] 

Methylperoxyradicals (CH3O2) can now react with NO to form NO2 : 

CH3O2 + NO • CH3O + NO2, [13] 

thus providing the possibility for a loop reaction in which NOx catalytically produces 0 3. 

If the methylperoxyradical is replaced by a general peroxyradical RO2, where R represent 
some hydrocarbon group (CxHy), this short cycle may be written as: 

RO2 +NO • RO+ NO2 [14] 

NO2 + hv • NO + 0 

net: RO2 + 0 2 + hv • RO + 0 3 

[9] 

[8] 

[15] 

The generalised reaction [14] presents, in addition to [10] and direct emissions, the second 
most important reaction to generate NO2. This simple reaction scheme forms the basis for the 
formation of photochemical smog. Several important points must be noted, however. 

Firstly, the catalytic production of 0 3 depends on the availability of peroxyradicals to 
drive the conversion from NO to NO2. Most hydrocarbons start their oxidation chain via a 
reaction with OH. Yet OH in the troposphere has its main source in the photolysis of 0 3 via 
the following sequence: 

0 3 + hv (/\. < 310 nm) • 0 2 + om [16] 
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[17] 

where QlD represents an oxygen atom in an excited state. Thus high levels of 0 3 in summer, 
with considerably higher levels of ultraviolet radiation below 31 O nm, provide a positive 
feedback loop for the oxidation of hydrocarbons and hence the production of more 0 3• 

Secondly, the alcoxyradical (RO) produced in the conversion from NO to N02 can react 
further to produce other photo-oxidants. CH30, for example, produces formaldehyde (H2CO) 
in its next oxidation step: 

[18] 

The hydroperoxyradical H02 itself is an important source of H20 2 (see section 1.2.2.1) 
through its self-reaction 

[19] 

but it can also react with NO to produce more N02 while at the same time regenerating the 
OH molecule which had been lost during the reaction with the initial hydrocarbon: 

H02 + NO • N02 + OH [20] 

Another important species in· photochemical smog formation is peroxyacetylnitrate (PAN, 
chemical formula CH3C002N02), which is produced in the oxidation of ethane (C2H6) and 
higher alkanes: 

[21] 

[22] 

[23] 

[24]. 

CH3CH002 is the peroxyacetyl radical, which in the presence of N02 forms the thermally 
unstable peroxyacety I nitrate (PAN): 

[25] 

One of the implications of this reaction sequence is, besides PAN being a powerful 
lachrymator and phytotoxin, that it potentially allows the long-range transport of N02• The 
main loss process for NOx is the formation of HN03, followed by wet or dry deposition (see 
1.2.2.1). Since PAN decomposes quickly at higher temperatures (300 K), but has a lifetime of 
almost one month at 260 K, transport of PAN into higher atmospheric layers effectively 
preserves N02. If PAN-rich air is later mixed down towards the surface again, the thermal 
decomposition of PAN represents a net source of NOx in the background atmosphere. 

This brief discussion of some of the most basic reactions involved in the formation of 
photochemical smog should suffice to indicate the close interrelation that exists between 
chemical composition (ratio of hydrocarbons/NOx, reactivity of different hydrocarbons), 
meteorology (temperature, advection, solar radiation) and emissions. Generally the occurrence 
of photochemical smog is limited to the summer season since many important reactions 
depend either directly or indirectly on high levels of ultraviolet radiation. 

1.2.2.3 Secondary toxins and carcinogens. As already mentioned above, one effect of 
atmospheric reactions is the formation of secondary gases which pose serious health risks, 
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while their precursors are considered largely irrelevant from a health perspective (eg NO 
produces N02, C2H6 produces PAN and H2CO). Apart from the gases already discussed, 
many other toxic or carcinogenic gases are not predominantly emitted directly but produced 
through various atmospheric reaction sequences [Harley and Cass, 1994]. One example for 
this, namely the formation of nitrosamines in the urban atmosphere and the gases and 
problems associated with it, are briefly discussed below. 

Nitrosamines are known to be highly carcinogenic in a variety of test animals even in 
minute quantities; they are also found in tobacco smoke and believed to be one of the major 
causes of lung cancer from smoking [Fahmy and Fahmy, 1976; Stern, 1986; Mahanama and 
Daisey, 1996]. They are characterised by a N-N-0 group at the end of a more complex chain 
of hydrocarbon (CxHy) groups; Figure 1.1 shows as an example the structure of 
diethylnitrosamine, (C2H5)2NNO. Its is believed that nitrosamines can (among others) be 
formed in the atmosphere through reaction of nitrous acid (HN02) with simple aliphatic 
amines, which are emitted from a range of industrial activities, sewerage treatment, and 
feedlot operations [Schade and Crutzen, 1995]. The proposed formation reaction with HN02 

is, using diethylnitrosamine as an example, a simple gas-phase reaction: 

[26] 

More complex oxidation reactions are assumed to occur with other amines such as 
triethylamide, but nitrosamines and nitramines are always among the expected end-products. 

Figure 1.1. The chemical structure of diethylnitrosamine, (C2H5hNNO. 

Upon formation, nitrosamines can coagulate to form particulate organic matter, thus 
contributing to the toxicity of inhaled PM10. While direct measurements of nitrosamines and 
amines at ambient concentrations are difficult and only few measurements have been reported 
[eg Gao et al., 1989; Schade and Crutzen, 1995; Mahanama and Daisey, 1996], nitrous acid 
as an important precursor for the formation of nitrosamines has received considerable 
attention after its first detection in the atmosphere in 1974 [see Nash, 1974; Harrison et al., 
1996, and references therein]. 

HN02 in itself also plays an important role in atmospheric chemistry because its 
photolysis represents an important source of OH radicals in the morning hours, when supply 
from reactions [ 16, 17] is still small. HN02 can be formed through the gas-phase reaction 

NO +OH+ M • HN02 + M, [27] 

but recent evidence points to the heterogeneous reactions 

NO + NOz + H20 surface ) 2 HN02 [28] 
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2NO2 +H2O 
surface 

[29] 

as being more important formation pathways, where suspended particulates or solid concrete 
supply the required catalytic reaction surfaces [Lammel et al., 1990; Notholt et al., 1992; 
Andres-Hernandez et al., 1996; Harrison et al., 1996]. 

This heterogeneous formation is also more consistent with observations that HNO2 exists 
mainly during the night. While its photolysis: 

HNO2 + hv • NO+ OH [30] 

explains its rapid disappearance in the morning and represents the suggested supply of OH 
radicals, observed build-up rates in the evening are too large if it OH radicals are assumed to 
be also the main partner for its formation. It is also possible, however, that some of the 
observed HNO2 in the atmosphere is formed directly in the dilution process of automobile 
exhaust [Pitts et al., 1984]. Since OH radicals are the key species to initiate many 
photochemical oxidation processes, including the production of many secondary toxins, the 
ability of HNO2 to act as a temporary storage reservoir for OH makes the chemistry of HNO2 

crucial for the understanding of the oxidative capacity of the atmosphere under both summer
and winter-smog situations [Harrison et al., 1996; Harley and Cass, 1994]. 

In higher concentrations, HNO2 in itself has also been shown to have negative effects on 
the respiratory tract, especially in asthmatics [Rasmussen, 1995; Beckett et al., 1995]. 
However, observed concentrations in the urban atmosphere range between 0.01 and 14 ppb 
[Perner and Platt, 1979; Appel et al., 1990; Febo et al., 1996], which is well below the value 
of 650 ppb at which lung irritations have been observed. Indoor concentrations have been 
measured to be considerably higher (50 ppb over extended periods in the vicinity of stoves 
and cookers) and might therefore still be of direct concern [Beckett et al., 1995, and references 
therein]. Despite a considerable number of measurements, discussion about the relevance of 
the various proposed reaction pathways for HNO2, particularly the role of suspended 
particulate matter in its heterogeneous formation, is still continuing [current summary by· 
Harrison et al., 1996]. 

1.2.3 The influence of meteorology on air pollution 

With the exception of emissions from aircraft, almost all anthropogenic emissions of 
pollutants appear at or close to the earth's surface. These pollutants become mixed with the 
surrounding atmosphere which contains 'local background' concentrations of these gases. It 
can be shown that the mixing processes can generally be described by turbulent fluid 
mechanics. The following paragraph will briefly summarise the most important concepts and 
findings of atmospheric dynamics with regard to the lowest layers of the atmosphere, 
following Stull, [1988]. 

Within the troposphere, which extends from the ground to about 10-18 km, an important 
distinction can be made between the free troposphere and the planetary boundary layer 
(PBL), the latter ranging from 0 to ~ 100-2000 metres. The PBL is characterised by several 
important aspects: (1) The PBL is in direct contact with the earth's surface, therefore 
responding directly to heating and cooling of the surface. (2) The contact with the earth's 
surface also implies that shear forces between atmospheric motions and the stationary earth 
mainly act within the boundary layer, and large variations of air flow patterns may exist over 
relatively short horizontal and vertical scales. (3) With the exception of aircraft emissions, the 
PBL receives all anthropogenic gaseous pollutants. The consequences of these aspects are 
discussed below. 
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1.2.3.1 Temperature controlled development of the PBL. The atmosphere itself 
absorbs only little energy directly from solar radiation, since the bulk of energy in solar 
radiation lies in the visible wavelengths where the atmosphere is almost completely 
transparent. The main cause of temperature variations of the PBL is therefore direct heat 
exchange with the ground, which absorbs visible solar radiation. After sunset, the ground 
cools by emitting infrared radiation which is partly absorbed by the atmosphere, but partly 

. becomes transmitted into space. The PBL temperature therefore follows generally a sine-like 
diurnal temperature pattern. In contrast to this, the temperature of the free troposphere is 
controlled by diffusive and convective heat exchange from other air parcels, which is 
considerably less effective and therefore remains nearly constant over short periods, as 
displayed in Figure 1.2. 
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Figure 1.2. Diurnal variation of atmospheric temperature near the surface 
(at 97.5 kPa) and in the free troposphere (at 85 kPa) [from Stull, 1988]. 

As a general pattern, the air temperature at ground level during the later hours of the day 
is usually several degrees warmer than the air aloft, making the PBL convectively unstable, 
while at night the ground level cools faster than the upper layers due to its immediate contact 
with the earth's surface, creating a so-called temperature inversion which effectively prevents 
vertical air movement through the inversion zone. A convenient parameter to measure the 
vertical stability of air is the potential temperature 8, defined by 

0(z) = T(z) · ~ , ( )
0.286 

p(z) 
(1) 

where T, p, and 8(z) are absolute temperature, pressure, and potential temperature at a height 
z, and p0 is a reference pressure (usually at p(O) or 1013.25 mbar). The atmosphere is 
convectively neutral if 8(z) is constant with height, since the associated change of absolute 
temperature with height T(z) in that case corresponds exactly to the temperature change an air 
parcel undergoes if it is transported from P(z) to P(O). The convectively neutral rate of change 
of the absolute temperature with height is therefore also called the adiabatic lapse rate; it is 
graphically displayed in Figure 1.3. The atmosphere is convectively unstable if 8 decreases 
with height, and stable if 8 increases with height, which is also displayed in Figure 1.3. 
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This picture must be slightly modified, however, if the effect of water vapour is to be 
taken into account. Since water vapour is less dense then dry air, moist unsaturated air is more 
buoyant then dry air of the same pressure. The virtual potential temperature 0v is defined as 
the temperature that dry air must have to be equally buoyant to most air with . a given water 
vapour mixing ratio, and is given by 

0v = 0 · (1 + O.61-r), (2) 

where r is the water vapour m1xmg ratio by weight (gig). With regard to stability 
considerations, this is of importance if there are vertical gradients in the water vapour mixing 
ratio, or saturation of water vapour occurs, causing the gas-phase water to condense into 
liquid droplets. If neither is the case or variations are sufficiently small, then for stability 
considerations 0 can be used instead of ev. 
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Figure 1.3. Simulated vertical profiles of potential and absolute temperature for the convectively neutral ( solid 
line), stable ( dotted), and unstable ( dashed) atmosphere. 

The boundary layer can now be characterised as the layer of the atmosphere extending 
between the ground and some height z0 within which the temperature varies strongly during 
the day, causing a regime of convective instability during the day and stable temperature 
inversion (positive gradient of 0) during the night. Above the PBL, the air varies little on a 
diurnal basis and is mainly influenced by large-scale atmospheric motions (see Figure 1.2). 
The height z0 of the PBL varies with the time of day, being lowest in the early night when a 
temperature inversion forms near the ground (the 'nocturnal stable layer'), and reaching its 
maximum in mid-afternoon due to heating and convective turbulence (also called the 
'convective mixed layer'). Figure 1.4 shows typical profiles of potential temperature and layer 
developments for early morning, noon, afternoon, and early evening hours. 
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Figure 1.4. Simulated vertical profiles of the pqtential temperature at various times of day: early morning 
(solid), noon (dotted), mid-afternoon (dashed), early evening (dash-dot). Most notable is the transgression from 
the smface inversion in the nocturnal stable layer in the ritorning to the mixed convective layer in the early 
afternoon, and the reformation of the su1face inversion in the evening. 

The magnitude of the temperature inversion at the top of the boundary layer (also called 
capping inversion) is typically largest during the early morning hours when the ground is 
coldest, and smallest during the late afternoon when the PBL height is at its maximum. Under 
strongly convective conditions the capping inversion can disappear completely, in which case 
the PBL is no longer well defined. Figure 1.5 shows the typical diurnal development of the 
PBL as outlined in the preceding paragraphs. 
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Figure 1.5. Typical diurnal evolution and structure of the planetary boundary layer [Stull, 1988]. 
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1.2.3.2 The influence of wind shear on the PBL. The general pattern of a PBL whose 
height and structure varies in accordance with the energy received from solar radiation and 
radiative cooling of the surface becomes slightly modified in the presence of winds. The 
occurrence of air movement relative to the eai1h's surface creates friction. This friction results 
in turbulence breaking up the even laminar flow of mesoscale wind systems. In the boundary 
layer, this friction can induce local horizontal and vertical eddy mixing even in an otherwise 
stable atmosphere. Thus the concept of a PBL whose height and structure is controlled only by 
heating from the ground and diffusive temperature exchange has to be modified to incorporate 
the effects of forced convection and large scale eddies. These effects are discussed in detail in 
Stull, [1988], and no attempt to discuss the vast number of theories and parametrizations 
dealing with this extremely complex and non-linear situation will be made here. 

Generally, attempts to model the extent of mixing and the temporal development of 
horizontal and vertical profiles of absolute and potential temperature, wind speed, and relative 
humidity mainly differ in the assumptions they make in order to close the set of differential 
equations that describe the dynamics of the system. There exist a number of zero- or one
dimensional model formulations which attempt to model the variation of the height of the 
PBL with time. These are usually zeroth or first order closure models that use measured initial 
temperature profiles, adiabatic lapse rates, ground level wind speeds and surface heating rates 
to predict the height z0 to which the PBL rises during the day [eg Smeda, 1979; Blackadar, 
1976, 1978; Rayner and Watson, 1991; Batchvarova and Gryning, 1990, 1994]. Although the 
accuracy of such models is naturally limited due to closure assumptions and the impossibility 
to incorporate knowledge about the local terrain, lack of more detailed information about 
boundary conditions often makes a more complex formulation impossible. Simple boundary
layer growth models generally perform well under conditions where the PBL is controlled by . 
both solar heating and forced convection. 

1.2.3.3 Distribution of trace gases within the PBL. The main importance of the PBL 
and its diurnal evolution lies in the way in which it affects the distribution of pollutants 
emitted at the surface. To a first approximation, turbulence within a convective PBL keeps all 
gases well mixed, while the temperature inversion (also called 'capping inversion') at its top 
only allows small eddy diffusion processes to exchange gas with the free troposphere aloft. 

With regard to pollutant dispersion, the PBL can therefore be considered to a first 
approximation to be a box with a variable height in which a pollutant emitted anywhere 
within the box becomes rapidly mixed with all the air contained in that box. Exchange of air 
between inside and outside of the box proceeds by advection (ie. directed air motion) and 
diffusion through the box boundaries. This concept is graphically displayed in Figure 1.6. 

It must be noted, however, that the definition of the PBL as used in such a box model 
rests upon the assumption that near-instantaneous vertical mixing occurs within the PBL 
domain. The surface inversion after sunset usually results in a gradual reduction of mixing, 
and the definition of the top of the PBL box must in this case be open to semi-empirical 
adjustments. Because of the surface inversion, mixing of air pollutants at night is constrained 
to a shallow layer whose height is characterised by the surface inversion strength and 
turbulence caused by windshear above the ground. After sunrise, the boundary layer becomes 
warmer and therefore grows in height, its maximum depending on the magnitude of the 
capping inversion, the heating rate from solar radiation and energy absorption at the ground, 
and additional turbulence caused by friction. Such models have been shown to perform well 
under convective daytime conditions, and it must again be kept in mind that a more 
sophisticated model could only be justified if sufficient meteorological and chemical field 
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measurements for its initialisation were available, which is often not the case [Jin and 
Demerjian, 1993]. In any case, the use of a box model as a first approach to the simulation of 
urban air quality is useful to define basic concepts such as inversion height, advective flow, 
and the role of chemical transformations within an air space confined by meteorological and 
geographical parameters. 

advective inflow 

variable height of the well-mixed planetary boundary layer 

•r, entrainment of 
. ·.. air aloft and diffusion 

dY 

height z0 of PBL 

I 
advective outflow 

Figure I. 6. Schematic illustration of a box model for chemistry and 
dynamics in the PEL (adopted from Jin and Demerjian, [19931). 

Figure 1.7 displays the calculated diurnal variation of the height of the PBL as it has been 
applied to a one-dimensional model study of tropospheric chemistry. The PBL simulation 
exhibits the very low mixing height in the night and early morning hours caused by the 
temperature inversion at the ground, and the growth of the daytime mixed layer [Fishman and 
Carney, 1984]. Thus pollutants emitted during the night generally tend to have a larger effect 
on ambient concentrations since they are diluted into a much smaller volume of air then 
pollutants emitted during daytime. It should also be noted, however, that entrainment of air 
may sometimes lead to considerable enhancement of pollutants (particularly 0 3 and PAN) in 
the mixed layer if the air aloft carries high concentrations of these pollutants from previous 
days or other polluted areas. 

1.2.4 Seasonal and regional types of air pollution systems 

The brief introduction to various aspects of air pollution demonstrated that the simple 
distinction between primary and secondary pollutants is in some contrast to the many 
interconnections which exist between various gases and particles, and their homogeneous and 
heterogeneous reactions. A general, potentially more useful classification of types of air 
pollution systems can be drawn in terms of so-called 'summer-smog' and 'winter-smog'. 
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Figure 1.7. Average mid-latitude diurnal variation of the PEL height as calculated for a chemical box-model 
simulation of tropospheric chemistry [ Fishman and Carney, 1984]. 

The driving force behind the occurrence of elevated levels of photo-oxidants, as described 
in 1.2.2.2, is the oxidation of hydrocarbons and conversion of NO to NO2, which in turn 
photolyses to produce ozone. These reactions require, besides sufficiently high levels of 
reactive hydrocarbons and nitrogen oxides, sufficiently strong solar radiation over periods of 
12 hours or more to drive the oxidation chain, and lack of persistent fog or low clouds which 
would lead to a quick removal of HNO3 and other water soluble gases from the atmosphere. 
This type of smog therefore mainly occurs during the summer months and is consequently 
often called 'summer-smog'. As a typical combination of factors and symptoms it was first' 
recognised and investigated in the Los Angeles air basin, which during summer regularly 
meets the above conditions, including stable air conditions which prevent a sufficiently rapid 
dispersal of pollutants, and re-entrainment of pollutants into the PBL over consecutive days. 
The complex photochemistry during summer means that in addition to directly emitted 
pollutants, many secondary pollutants are generated which makes air quality control measures 
significantly more difficult, ozone being the most obvious example [eg Grosjean and 
Williams, 1992; Milford et al., 1994; Derwent and Davies, 1994; Harley and Cass, 1994; 
Millan et al., 1996]. 

In contrast to this, the build-up of SO2, CO, NO2, H2SO4 and PM 10 is aided by cold 
winter-time inversion layers with strong emissions from low-level domestic heating and cold
start traffic. Shorter periods of solar radiation mean that even daytime mixed layer heights 
remain well below their summer levels and therefore pollutants are concentrated in 
significantly smaller air volumes. Increased concentrations of PM 10 further act as 
condensation nuclei for water droplets which accelerate the transformation of SO2 into H2SO4 

and hence its deposition close to emission sources. Inversion layer heights also tend to be 
lower during winter because of persistent low-level clouds and fog, sometimes trapping 
pollutants for several days within a shallow ground layer of less than 200 metres thickness. 
This combination of smoke, fog, and increased sulphur compounds has therefore been called 
'winter-smog'. It was first recognised as such in the 17th century in London, but its main 
modern occurrence was reported in 1952 where an estimated 4000 excess deaths due to high 
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SO2 and PM10 levels occurred within a time-span of only one week [Finnlayson-Pitts and 
Pitts, 1986, and references therein; Stern, 1986]. Because of the reduced solar radiation at the 
earth's surface during winter, oxidation processes generally proceed slower and hence 
pollution from primary pollutants (mainly SO2 and CO) tends to be of greater importance than 
during summer. Despite major control measures winter smog is still posing considerable 
problems in many cities, particularly those which experience extended periods of strong 
temperature inversions [eg Bower et al., 1994; Sturm et al., 1994] 

It should be noted, however, that even the summer-winter distinction is not a strict one, 
since some pollutants, most notably NO2, play important roles in both types of pollution 
systems. The formation of HNO2, while in the gas-phase dependent on OH and hence driven 
by the photochemical reactivity of the atmosphere, might possibly be enhanced significantly 
under typical winter-time mixtures of high NOx, PM 10, and suspended water droplets, thus 
being of importance at all seasons. The formation of acids (mostly HNO3 and H2SO4) in the 
atmosphere has also been shown to depend on a number of circumstances which can be met 
during both summer and winter scenarios. Similarly, some primary pollutants like reactive 
aromatic hydrocarbons produce a great number of secondary toxins during summer, but do not 
occur in concentrations that are dangerous in themselves. However during winter the typically 
more stable atmosphere and lower inversion heights may cause these primary pollutants to 
build up to dangerously high levels, while no secondary toxins are formed due to the lack of 
sunlight. 

1.3 Links of air pollution to other atmospheric changes 

It has already been mentioned (1.1) that urban air pollution contributes to deterioration of 
air quality and damage to man and the environment not only on a local scale, but also on 
regional and even global scales. While acid deposition and large-scale build-up of photo
oxidants are examples of regional effects of mostly urban-generated air pollution, this section 
will briefly describe how urban air pollution can even change the state of the atmosphere on a 
global scale, namely in the form the ozone depletion and climate change. The following 
discussion is obviously not intended to provide a comprehensive overview over these subject 
matters, but mainly to place the issue of urban air pollution in a more general global context, 
particularly the issue that some emitted gases which may prima facie seem quite harmless can 
nonetheless be serious pollutants (in the sense of being harmful to man) in this teneral 
picture. 

1.3.1 Ozone depletion 

The ozone layer is a region of ozone-rich air in the atmosphere, extending globally 
between about 15 and 50 km altitude. The source of ozone in this region, which is also called 
the stratosphere, is also reaction [8]; however the main source of oxygen atoms in this region 
is only partly photolysis of NO2 (reaction [9]), but mainly photolysis of oxygen molecules 0 2. 

Ozone absorbs strongly in the UV below ~ 300 nm and the ozone layer is responsible for 
shielding the earth's surface from high doses of potentially harmful solar ultraviolet radiation. 
(For a detailed discussion of the physics and chemistry of the ozone layer, see Wayne, [1991].) 

Ever since the first suggestions that free nitrogen and chlorine radicals can form a 
catalytic cycle capable of destroying ozone [Crutzen, 1970; Molina and Rowland, 1974], there 
has been growing concern that human activities could in the long term destroy the ozone 
layer. The catalytic cycle is generally of the form: 
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X+O3 • XO+O2 

XO+O • X+Oz 

net: 0 3 + 0 • 2 0 2, 

20 

[31] 

[32] 

[33] 

where X stands for either NO or Cl (chlorine atoms), and XO for NO2 or CIO (chlorine 
monoxide). Thus while under tropospheric conditions NOx can form a catalytic cycle with 
hydrocarbons that produces 0 3, under stratospheric conditions, characterised by more intense 
solar radiation and fewer hydrocarbons, NOx can catalytically destroy 0 3. 

It was realised that the main source of increasing concentrations of NOx and CIOx were, 
in the case of NOx, increased emissions from aircraft flying at high altitudes and emissions of 
N2O from fertilised soil, and in the case of CIOx, photolysis of chlorofluorocarbons (CFCs). 
Ever since their first synthesis in the laboratory in the 1940s, CFCs have been used widely in 
industrial applications as refrigerants, propellants, cleaning agents, and foaming gases, their 
popularity resulting from the fact that under tropospheric conditions, they are inert, non-toxic 
and inflammable gases. Because of their inertness, CFCs remain in the atmosphere for a very 
long time once they are released from their original use, and eventually reach the stratosphere. 
At higher altitudes, however, they become photolysed by the stronger solar ultraviolet 
radiation and release their chlorine in the form of chlorine atoms (Cl) and chlorine monoxide 
(CIO) which can enter the catalytic cycle described above. Halogen atoms (Cl and Br) from 
the photolysis of CFCs and similar compounds are now widely recognised as being the major 
cause for global ozone depletion and the more dramatic effect of the seasonal Antarctic ozone 
hole [Farman et al., 1985; Solomon, 1990; WMO, 1996]. 

Thus it is noteworthy that CFCs, which from the perspective of urban air pollution would 
be classified as completely harmless non-pollutant gases, can nonetheless have a detrimental 
effect on the state of the global atmosphere. In addition to this general observation, it must be 
realised that many processes of tropospheric chemistry are driven by the amount of solar· 
ultraviolet radiation reaching the surface (particularly the formation of photochemical 
oxidants). A change in the density of the ozone layer results, other things being equal, in a 
corresponding change of surface UV flux, hence influencing many processes which may 
directly affect urban air quality [eg Madronich and Tang, 1995]. This demonstrates one of the 
many intricate links that exist between apparently separate parts of the atmosphere and 
underlines the earlier statement that urban air pollution (or, more generally, urban emissions 
of trace gases) can be responsible for changes of the state of the atmosphere on a global scale. 
In the following paragraphs a further example of this fact will be examined. 

1.3.2 Climate change 

The atmosphere not only supplies living organisms with oxygen for their internal 
combustion processes, but also acts as a heat-retaining shield against space. One can estimate 
that without any atmosphere around the earth, its surface temperature would be on average as 
low as 256 K. This is due to the fact that while most gases are transparent in the visible 
wavelength range, in which the bulk of energy of the sun's radiation lies, some gases absorb 
strongly in the infrared region (most notably H2O, CH4, 0 3, CO2, and CFCs). Visible 
radiation reaching the earth's surface becomes either reflected or absorbed. The absorbed 
radiation for the most part becomes transformed into thermal energy, causing the earth itself 
to radiate according to Planck's law. Since the earth's surface has an average temperature of 
288 K, the peak of this outgoing radiation lies in the infrared region. The presence of infrared-
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absorbing gases in the atmosphere implies that this radiation does not entirely pass into space, 
which would lead to a cooling of the surface, but some of the radiation becomes absorbed and 
transmitted back towards the earth. Infrared absorbing gases therefore provide a 'warming 
blanket' for the earth, an effect which is also called the greenhouse effect [see Wayne, 1991]. 

An increase of the concentration of infrared-absorbing gases in the atmosphere 
corresponds to a thickening of the warming blanket, which will cause a corresponding 
increase in the earth's surface temperature if other parameters such as cloud cover, snowfall 
rates etc remain the same. It has therefore been of growing concern over the past few decades 
that many industrial processes emit large quantities of infrared-absorbing gases with the 
feared consequences of an increase of global average surface temperatures, the most 
prominent industrial gases being CO2 and CFCs and most of their newer replacements. The 
effects of such an increase of global surface temperatures would most likely include a rise of 
ocean levels due to the melting of the polar ice caps, profound changes in oceanic production 
of primary organic matter and hence many complex food chains, increase of desert areas, and 
a change of rainfall patterns [eg IPCC, 1996a,b]. 

While it is recognised that a considerable contribution to the observed increase in global 
CO2 concentrations over the past 50 years also stems from tropical biomass burning, urban 
activities in industrialised countries plays a significant role in this increase. The whole of the 
OECD countries contribute an estimated 10.2xl09 tons CO2 to the global energy-related 
emissions of CO2 of 21.6xl09 tons per year [!EA, 1994]. Of this amount, about 18% stems 
from road traffic, and 29% from power plants, urban heating, and urban industries [IPCC, 
1996b]. Thus it can again be seen that urban emissions of trace gases can have a profound 
effect on the atmosphere well beyond urban geographical limits, although CO2 as such is an 
inert and therefore harmless gas. 

The emission of urban and industrial waste gases has, however, another more complex 
effect on the global atmosphere. Ozone and methane, two major greenhouse gases, are in their 
global distribution strongly affected by chemical transformations. This has already been 
discussed in some detail for 0 3 in 1.2.2.2. The atmospheric lifetime of CH4 is governed by its 
reaction with OH (reaction [11]), and hence its global distribution depends not only on its 
emission sources, but also the global average concentrations of OH. In turn the concentration 
of OH depends on the abundance of its main reaction partners, which are CH4 itself, CO, and 
most NMHCs, the distribution of which considerably depends on urban and industrial 
emissions of these gases. The influence of NOx on tropospheric chemistry, particularly the 
production of 0 3, has also been discussed in 1.2.2.2 [Johnson and Derwent, 1996]. 

It should also be noted that CFCs, while to a large degree being responsible for ozone 
depletion, also act as greenhouse gases due to their strong absorption of infrared radiation in 
some wavelength regions. The loss of ozone in the stratosphere, however, leads to an effective 
cooling of the atmosphere in the upper layers, so that CFCs both positively and negatively 
contribute to climate change. The predominance of either side can only be established through 
a sound knowledge of the chemical and physical processes governing their global distribution, 
which again depends to a considerable degree on the chemical composition of the atmosphere. 
Thus it can be seen that urban emissions have not only primary climatic effects, but also 
strong secondary effects on other greenhouse gases by influencing, on a regional to global 
scale, the chemistry which affects their atmospheric lifetimes and distribution [eg Johnson 
and Derwent, 1996; IPCC, 1996a]. 
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1.4 The Christchurch situation 

The city of Christchurch (pop. 300,000) is located on the east coast of the South Island of 
New 2.ealand (43.5° S, 172.6° E, 2-200 m a.s.l.). It is New 2.ealand's second largest city and 
the largest settlement in the South Island. Figure 1.8 shows a map of its location and a more 
detailed description of the main local geographical features of its immediate surroundings. 

Due to the low population density of New 2.ealand and the fact that major settlements are 
generally located considerable distances apart, air pollution in New 2.ealand thus far has only 
been of local or regional concern. Because New 2.ealand is located in the south Pacific, which 
is one of the world's cleanest air regions, no general build-up of pollutants on a larger than 
regional scale is possible; venting due to winds (land- and sea-breezes as well as synoptic 
weather systems) usually leads to an efficient dispersion of urban pollutants, although it 
should be kept in mind that on a global scale, these gases can still have negative effects on the 
total environment. 

Despite this relatively fortunate situation, local air pollution has been of considerable 
concern for some of New 2.ealand's major cities, Christchurch being one of the prime sites. 
The following sections will discuss in detail the historical and current state of knowledge of 
air pollution in Christchurch. 

Figure 1.8. Christchurch is located at the east side of the Canterbury plains, bordered in the south-east by the 
Port Hills of the Banks Peninsula. Dominant wind directions are north-west ( originating from the Southem Alps 
and passing over the Canterbury Plains), south-west (originating under large cyclonic conditions from the 
Antarctic region), and north-east (originating usually under anti-cyclonic conditions from the Pacific Ocean). 
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1.4.1 Winter inversions and smog situations 
Christchurch is well known to experience severe smog episodes during the winter months 

(approximately mid-May to mid-August). This was already recognised in the 1950s, [Graham 
and Narsey, 1994], with Christchurch being established as one of the major cities in the South 
Island. The reasons for the occurrence of winter smog episodes have been identified as a 
combination of meteorological conditions in the Christchurch area (strong temperature 
inversions and stagnant air pools) and source emission characteristics (domestic heating with 
wood and coal, and relatively high per capita traffic density). The most recent and 
comprehensive study of winter meteorological conditions in Christchurch is the work by van 
den Assem, [1997], while data on measured pollution concentrations can mainly be found in 
CRC, [1993, 1997a]. 

1.4.1.1 Meteorological conditions. Due to Christchurch's sea-side location next to the 
Port Hills, at the east end of the gently sloping Canterbury Plains, a stagnant pool of cold air 
can develop in winter time once heating of the ground stops after sunset. Under calm 
conditions radiative cooling of the ground in the evening hours can lead to strong surface 
temperature inversions in the.nocturnal boundary layer, with ground level temperatures being 
up to 7 degrees less than at 100 metres [van den Assem et al., 1996]. This process is aided by 
the presence of the Port Hills which block potential seaward drainage flows of cold air from 
the Canterbury plains through the Christchurch basin. In the absence of synoptic or strong 
local flows to break up this inversion, the temperature inversion usually continues throughout 
the night until the ground is sufficiently heated from solar radiation in the following morning. 
On a sunny day, radiative heating in the morning leads to a quick warming of the surface layer 
and consequently break-up of the ground inversion. After this, a convective mixed layer is 
established which is maintained until one or two hours before sunset and a ground inversion 
begins to form again [ van den Ass em, 1997]. 

This general picture becomes, however, modified under a number of regularly observed 
circumstances, mainly the formation of local wind systems from katabatic and drainage flows 
originating in the Canterbury Plains and the Port Hills, the occurrence of a low-level night 
time jet associated with katabatic flow from the Canterbury Plains, and the general influence 
and interaction of local air flows with the Christchurch city centre as a geographical feature 
and synoptic wind and weather systems. These modifications will be discussed in more detail 
below. 

Katabatic flows are local ground level flows which are caused by strong cooling of air, 
and subsequent movement down an inclined plane; the Canterbury Plains form a good 
example of a topography conducive to the occurrence of such flows. Drainage flows are 
similar to katabatic flows, the difference being that the former are more often used to describe 
katabatic flows which are in their spatial extent and direction strongly influenced by local 
topography such as valleys and ridges. Thus the term drainage flow is more appropriately used 
to describe katabatic flows originating from and propagating down the slopes of the Port Hills 
which exhibit a marked valley and ridge structure [Stull, 1988; van den Assem, 1997]. 
However in the remainder of this thesis the term drainage flow will often be used to describe 
katabatic flows from both the Canterbury Plains and the Port Hills. 

The existence and statistical distribution of low level flow patterns has first been 
described by Ryan, [1975], who observed that 94% of all studied cases fell into one of three 
general flow patterns. Two of those were associated with synoptic scale flows with the main 
directions SW and NE, however exhibiting significant curvature over the city area. The third 
pattern was a more complex flow from NW which was associated with strong surface cooling, 
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reduced synoptic scale flow, and the development of katabatic winds from the Canterbury 
Plains [Ryan, 1975, 1980; for wind directions see Figure 1.8]. More extensive comparison of 
low-level winds and observed smoke concentrations by Sturman, [1982, 1985] underlined the 
importance of local flows and the fact that flow patterns often are non-uniformly distributed 
over the city area. Sturman, [1985], noted considerable variations in measured wind speed 
over the city area and the importance of changing wind directions over the course of a day. It 
is also possible that the urban heat island formed by the central city area is responsible for 
blocking a more even flow of katabatic winds through Christchurch [Tapper et al., 1981; 
Tapper, 1990]. Drainage flows from the Port Hills have also been observed to significantly 
influence temperatures and pollutant concentrations in small areas at the Port Hills base [ van 
den Assem, 1997]. 

Surridge, [1980], and Sturman and McKendry, [1984], showed that distinct differences 
exist between low-level flows and synoptic flows at higher levels. Sturman, [1985], noted that 
the stability of air with regard to vertical mixing may be strongly influenced by interactions 
between the two types of flow, particularly if cold drainage flows undercut warmer air and 
hence maintain vertical stability despite relatively high wind speeds. In this respect the wind 
direction proved to be of major importance. The potentially complex vertical structure of 
inversion situations over Christchurch was confirmed by van den Assem et al., [1996], who 
observed a low-level jet at an average height between 50 and 200 m from the NW. This jet 
wind probably originated over the Canterbury Plains and induced gravity-wave patterns in 
surface wind speeds in the city area. A sudden warming of surface temperatures, associated 
with a strong increase in surface wind speed, was attributed to the formation of Kelvin
Helmholtz waves in the jet stream which eventually broke over the city area, resulting in 
sudden strong mixing of warmer air from aloft with the stable air of the inversion layer. 

To date, no extended summer pollution events have been recorded in Christchurch, since 
the regular occurrence of north-easterly sea-breezes during clear weather conditions generally 
prevents the formation of strong inversion layers during summer. To the author's knowledge, 
no attempts have been made to model the dispersion of air pollutants under such altered flow 
conditions since normally no pollution levels of concern are reached. However it has been 
hypothesised that under calm conditions the environs of Christchurch could experience the 
formation of photochemical smog in the downwind plume of the city centre [McKendry, 
1996; Stephens, 1997]. Further details of such a scenario will be discussed below (l.4.2). 

To summarise, it has been shown that during winter Christchurch is frequently capped by 
a shallow strong surface inversion layer during winter time, resulting in strongly reduced 
vertical mixing of air and consequent build-up of pollutant concentrations. This general 
picture must be refined due to the presence of local surface wind systems and the occasional 
existence of a strong vertical wind shear. These effects result in a large day-to-day variability 
of wind patterns and vertical atmospheric stability over Christchurch, and cause a 
considerable small-scale variation of observed pollutant concentrations. Generally, more 
consistent concentrations are observed over the central city area, with greater variability at the 
suburban fringes where the influence of local wind systems is stronger. No detailed studies 
have been done yet of typical developments of daytime meteorological conditions and their 
influence on pollutant concentrations, and the extent to which a box model such as the one 
discussed earlier (1.2.3.3) could be used to model and predict pollutant concentrations in the 
short term. 

1.4.1.2 Typical winter emission factors. In addition to the formation of inversion layers 
over Christchurch in winter, the increased emission of trace gases and particulate matter 
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during this period also plays a major part in the build-up of air pollution. A recent emission 
inventory study by the National Institute of Water and Atmospheric Research Ltd. (NIWA) for 
the Canterbury Regional Council allows a good assessment of the overall emission budget and 
diurnal trends for individual pollutants during winter [CRC, 1997b]. Details of the derivation 
of emission budgets for the individual sectors (traffic, domestic, and industrial), and the 
boundaries of the individual suburbs which were considered separately in the inventory, are 
given in CRC, [1997b], and references therein. 

A general survey of the main emission sectors discussed in the emissions inventory shows 
that the main contributors to winter air pollution in Christchurch are emissions from domestic 
heating and road traffic, which are summarised below. Figure 1.9 gives an overview over the 
city area of Christchurch and its environs . 
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Figure 1.9. Map of the city of Christchurch and its main features. Indicated are the Canterbury Regional 
Council (CRC) routine monitoring sites in the central city, Opawa, and Homby, and the University of 
Canterbury campus. To the south-east of the city, the Port Hills provide a dominant barrier against north
westerly ai,flow through the city. 
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Christchurch has a large inner-city residential population. Consequently, domestic heating 
in winter contributes significantly to the total emissions of air pollutants, particularly of PM 10 

and SO2 from the burning of coal and wood [Brady and Pullen, 1985; CRC, 1997b]. While 
the total emissions of SO2 and particulates have been substantially reduced over the past two 
decades [Graham and Narsey, 1994], domestic heating still contributes the bulk of PM10 

emissions and more than 30 % of the total SO2 emissions in most suburbs, while significant 
industrial emissions of SO2 and PM 10 are concentrated in the inner city and W oolston/Opawa 
(see Figure 1.9). In total, it is estimated that domestic heating is responsible for a total of 
approximately 5585 kg or 82% of PM10 and 1293 kg or 37% of SO2 during a typical 24-hour 
winter period in the inner city region [CRC, 1997b]. 

In addition to PM10 and SO2, substantial emissions of NOx and CO from domestic 
heating occur during winter. This general problem is compounded by the fact that the bulk of 
emissions takes place in the early evening and night hours when the nocturnal surface 
inversion layer becomes established. Thus pollutants become trapped close to the ground and 
are diluted in only a small air volume before their dispersal during the following day, 
therefore being of particular relevance to night-time pollution episodes [ van den Assem, 
1997]. According to the emissions inventory, domestic heating is responsible for a total 
emission of 31 tons of CO per day, or 30% of the total CO emissions in the inner city. During 
the evening period from 16:00 to 22:00 when almost 70 % of the domestic heating emissions 
occur, the fraction is over 50 % of the total CO emissions. 

The second major contributor to winter pollution episodes is the emission of trace gases 
from road traffic. Light motor vehicles and trucks emit substantial quantities of CO, CO2, and 
NOx, as well as a large number of NMHCs [CRC, 1997b]. Since the fractional emissions of 
these gases per unit of fuel burnt are dependent on the operating temperature of the engine, 
age of vehicle, driving conditions, and specific composition of the fuel, the emission 
inventory estimates represent averages based on the nation-wide vehicle fleet composition and 
traffic density in the individual suburbs. It is expected that in the inner city area over a 24 hour 
period, emissions from LDMV and trucks amount to 72 tons CO, compared to 31 tons from 
domestic heating and only 228 kg from industrial appliances. During daytime (10:00 to 
16:00), traffic emissions are believed to contribute more than 85 % of the total CO emissions. 
The validation of these estimates, particularly with regard to the relative contributions of 
traffic and domestic heating to the total CO loading, is of obvious importance to air quality 
management plans. 

Emissions of NMHCs are only given as total volatile organic carbon (VOC) since 
insufficient knowledge is currently available to estimate emission rates of individual species, 
and no facilities exist in Christchurch to monitor the concentrations of individual NMHCs 
[CRC, 1997a,b]. 

The CRC emission inventory provides a much stronger basis for assessment of diurnal 
and local variations of pollutant emissions than any of the previous emission data bases 
compiled for Christchurch. However a considerable part of its estimates is based on overseas 
studies which are believed to be comparable with Christchurch conditions. The first 
comprehensive drive-cycle emission measurements from motor vehicles representative of the 
New Zealand vehicle fleet have only become available after completion of the inventory and 
will be included in future updates [Jones et al., 1997]. Similarly, while extensive tests have 
been done on emissions of particulate matter, SO2 and CO from wood and coal burners under 
controlled conditions, and accurate distribution maps of open and closed wood and coal fires 
exist, only limited quantitative knowledge exists regarding the factual performance of those 
heating appliances. Consequently, significant uncertainties are associated with most emission 
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estimates given in this study. The CRC emission inventory should therefore best be seen as a 
body of estimates and assumptions requiring external validation as much as an invaluable 
piece of information about true emissions. 

1.4.1.3 Measured concentrations. Following very early concerns about air quality in 
Christchurch in the first half of the century, the first air pollution monitoring in Christchurch 
was carried out in the 1950s (mainly of total suspended particulates, or smoke). In the 1960s 
and 1970s levels of smoke and SO2 regularly exceeded the current New Zealand guidelines by 
significant amounts during winter. Smog episodes with hourly smoke concentrations as high 
as 3000 µgm- 3 have been reported [Pullen, 1971]. The high levels of SO2 have now been 
considerably reduced, mainly due to the reduced use of coal in domestic heating, a ban of 
sulphur-rich coal and the improvement of domestic fuel burner technology. The decrease in 
particulates was significantly less pronounced during this period, most likely due to the five
fold increase in annual firewood consumption for domestic heating [CRC, 1993]. It must also 
be noted, however, that the change of measurement focus from total suspended particulates 
during earlier measurement campaigns to PM10 in 1988 makes comparisons of absolute 
values between the different measurement periods difficult. 

Current levels of PM10 still regularly exceed the New Zealand ambient air quality 
guidelines, with year-to-year variations mainly dependent on meteorological patterns which 
dominate during any particular winter. While yearly average PM10 values are comparable to 
those of other industrialised cities, winter peak concentrations are considerably above those of 
other locations. The 24 hour ambient air quality guideline of 120 µgm- 3 is typically exceeded 
on 5-9 days per year, with I-hour peak concentrations climbing as high as 750 µgm- 3 [CRC, 
1993, 1997a]. The proposed new 24-hour guideline of 50 µgm- 3 is exceeded approximately 30 
times per year [CRC, 1997a]. A recent report estimated, from comparison with overseas 
epidemiological studies, that an average of 29 excess deaths per year for the central 
Christchurch population of 250,000 might be attributable to such high PM10 concentrations 
[Foster, 1996]. Area-wide measurements of smoke in 1981 show that highest concentrations 
occur in the densely populated areas to the east and north-west, including the central city, as 
displayed in Figure 1.10. In contrast to earlier studies and current trends in PM 10, SO2 

concentrations have always remained below both short- and long term guidelines since routine 
monitoring began in 1988. 

Routine measurements of CO and NOx in Christchurch started in 1988 at the central city 
site. In contrast to PM10 and SO2, no similar downward trend in average concentrations has 
been observed to date [CRC, 1993]. While the exact reasons for this are currently not known, 
the steady increase in motor vehicle density and travelled distance most likely plays a major 
part. While NO2 concentrations so far have exceeded ambient air quality guidelines only once 
in 1990, CO levels in excess of the 8 hour guidelines of 8 ppm are observed an average 5 to 
16 times per year, with highest 8-hour averages well above 20 ppm. Furthermore, recent 
measurements of CO alongside a busy retail and business street (Riccarton Road, see Figure 
1.9) show that street front concentrations very regularly exceed both the 1 hour and 8 hour 
guidelines along that road during periods of little air movement [CRC, 1993, 1997a; Foster, 
1994; 1997]. There is some concern that with a further increase of motor vehicles in the 
Christchurch urban area, concentrations of NO2 may also rise above ambient air quality 
guidelines in certain areas in the future. However so far no detailed study of the chemistry and 
meteorological conditions likely to produce elevated NO2 concentrations in the Christchurch 
area has been undertaken [CRC, 1993, 1997a]. 
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Figure 1.10. Average smoke concentrations in Christchurch during May to August 1981, from Sturman, [ 1985]. 

Some pilot studies indicated the potential for the formation of photochemical oxidants 
during summer under calm conditions, but only some inconclusive pilot measurements of 0 3 

in the Christchurch area have been carried out, so that the actual average and summer peak 
concentrations of 0 3 must essentially be considered unknown [Paterson, 1981; Fisher et al., 
1995; McKendry, 1996, Stephens, 1997]. 

Pollutants are currently being measured in Christchurch through fixed-point sampling 
techniques at a number of sites. One central monitoring site in Packe Street, St Albans, 
measures the concentrations of CO, S02, NO, N02, and PM10, as well as temperature, relative 
humidity with a time resolution of 10 minutes, and wind speed and direction. This site is the 
only one to measure all pollutants, but further PM 10 and S02 routine monitoring stations exist 
at Opawa and Hornby; the latter also records CO concentrations, but no nitrogen oxides (see 
also Figure 1.9). The siting, detection limits, measurement accuracy and sampling procedures 
of the Canterbury Regional Council central city monitoring site will be discussed in later 
sections (5.2.5 and 6). The Canterbury Regional Council also carries out occasional intensive 
measurement campaigns for periods of several weeks or months targeting particular pollutant 
situations such as road-side monitoring of CO [Foster, 1994; 1997]. There is no measurement 
facility for 0 3 in Christchurch, but a pilot study on downwind 0 3 concentrations to the south
west of Christchurch was carried out during the summer of 1996/1997 which showed the need 
for additional measurements [Stephens, 1997]. 

1.4.1.4 Christchurch air pollution models. In the area of modelling the concentration 
and distribution of S02 and smoke (ie total suspended particulates) have so far been the main 
targets. Neither diagnostic nor prognostic model studies of NOx or 0 3 have been pursued to 
date, and only limited work has been carried out in the modelling of CO [ van den Assem, 
1997]. The abatement of Christchurch's S02 pollution problems in the mid-eighties led to a 
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corresponding decrease in modelling activities, so that most model studies are based on late 
seventies scenarios [Brown, 1974; Kennedy, 1977; Owens and Tapper, 1977; Kennedy and 
Tolley, 1978; Stokes and Tyson, 1981]. These models attempted to relate observed 24-hour or 
winter average concentrations of S02 or smoke to emissions and meteorological data. 

While extensive validation of these models has generally been hampered by a lack of area 
coverage in the measurements, satisfactory agreement between modelled and observed winter 
average smoke concentrations has been reported by Stokes and Tyson, [1981]. They used a 
Gifford-Hanna model [Gifford, 1973; Gifford and Hanna, 1973, 1975] to average areal 
emissions from domestic heating over typical winter stability conditions and obtained a 
correlation coefficient of 0.93 between their predictions and observations for the months May
August in the years 1977 and 1978. Their predicted average winter concentration pattern of 
smoke is shown in Figure 1.11. 

Figure 1.11. The predicted smoke pattern of Christchurch in winters 1977/'18, from Stokes and Tyson, [ 1981]. 
Note the relatively good agreement with the observed pattern in 1981 (Figure 1.10) in the central city area, 
while poorer agreement is obtained in the suburban fringes. 

However their report also included the caveat that the good agreement might have been 
somewhat fortuitous, given the sparsity of data points and their method to estimate emission 
levels for the model years. More importantly, they pointed out that the same model failed to 
adequately predict average S02 concentrations over Christchurch [Stokes, 1980]. 

This failure is in agreement with the study by Kennedy and Tolley, [1978], who 
conjectured that deposition chemistry of S02 would account for up to 90% of the loss of S02, 

and only 10% would be advected out of the city under stable calm conditions. While at that 
time computer resources were inadequate to incorporate such loss calculations into a 
dispersion model, their study clearly underlined the need to account for chemical 
transformations and deposition of reactive pollutants to model their atmospheric 
concentrations. 
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A general conclusion of the modelling reviews by Kennedy and Tolley, [1978] and Stokes 
and Tyson, [ 1981], was that without a great increase in measurement sites and time resolution 
for both pollutants and meteorological parameters, the use of spatially more complex models 
would not be justified. Because of the relatively poor time resolution of known emission data 
and measurements (typically only 24-hour averages were available with some 2-hour 
averages), prediction of 24-hour averages was generally less successful than prediction of 
winter 4-month averages. This was also explained by the fact that atmospheric stability 
parameters and air flow patterns were not measured but had to be estimated, which is more 
successful in long term averages than on a day-to-day basis. Their findings are in good 
agreement with the statistical studies by Sturman, [1982, 1985], and recent measurements by 
van den Assem, [1997], which, as discussed above, emphasised the importance of local air 
flows, vertical mixing, and wind shear for the dispersion and dilution of pollutants in the 
suburban area of Christchurch. 

Current work by NIWA and the University of Canterbury, Geography Department, [ van 
den Assem et al., 1996; van den Assem, 1997], is the first major attempt to incorporate 

. comprehensive new meteorological measurements and modelling techniques into an extensive 
meteorological model for the Christchurch area. Moderate agreement between modelled and 
observed CO concentrations has been achieved in a 3-dimensional study. It is also worth 
noting that the 3-dimensional study produced no better agreement than a simple box model 
(see Figure 1.6), which was put down to the limited accuracy of CO emission estimates and 
remaining problems in simulating the extent of the temperature inversion close to the surf ace. 
Coupling of this model to air pollutant emission data and a chemical transformation 
mechanism is envisaged for the future, but has not been put into practice yet. 

To summarise, modelling efforts to date have concentrated on the average distribution of 
S02 and smoke over Christchurch. These models generally have been most successful in 
predicting winter-average smoke concentrations, while 24-hour averages and the prediction of 
S02 concentrations have shown poorer agreement with observations. This has been put down 
to the importance of day-to-day variations of local winds and atmospheric stability' 
parameters, and, in the case of S02, the possible influence of unaccounted chemical 
transformation and deposition. No extensive model studies so far have been carried out for 
other potentially important winter pollutants like CO or NOx, nor for the photochemical 
production of 0 3 in the downwind area of Christchurch during summer conditions. Studies of 
the influence of diurnal patterns like emission variations and boundary layer structure on 
pollutant concentrations in Christchurch are still limited by the accuracy of emission estimates 
and day-to-day variability temperature inversions and their effect on the concentration and 
dispersion of air pollutants. 

1.4.2 Potential summer smog scenario 

It has already been mentioned that, given the population size and typical emission levels 
of Christchurch, the potential exists for the formation of elevated levels of ozone and other 
photochemical oxidants in the downwind area of Christchurch [Fisher et al., 1995; 
McKendry, 1996; Stephens, 1997]. This is of particular importance because of the potential 
crop damage caused by elevated 0 3 levels in the densely farmed rural areas surrounding 
Christchurch. A pilot study carried out during the summer of 1997 produced inconclusive 
results mainly due to the comparatively unstable weather conditions during that year, and the 
need for additional theoretical studies and further measurements was emphasised [Stephens, 
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1997]. The following paragraphs briefly review the conditions which would be conducive for 
summer smog conditions. 

1.4.2.1 Meteorological conditions. Since the formation of photo-oxidants occurs 
through a complex chemical pathway involving sunlight, a time lag occurs between the 
emission of ozone precursors (mainly NOx and hydrocarbons, see 1.2.2.2) and peak ozone 
levels. This time lag is typically in the order of several hours with ozone levels peaking in the 
mid-afternoon. Furthermore, continued emission of NO leads to destruction of 0 3 through 
reaction [10], so that 0 3 concentrations are usually higher downwind of a city than within the 
city itself. This implies that, in the coastal position of Christchurch, light winds of north
easterly direction are most likely to cause elevated ozone concentrations. Winds originating 
from a southerly direction are usually relatively strong and associated with increased cloud 
cover, so that ozone precursors are likely to be dispersed or moved out towards the sea before 
significant ozone formation can occur. Strong north-westerly winds which are usually 
associated with clear skies during summer push pollutants quickly out to sea and therefore are 
also unlikely to allow sufficiently long residence times of ozone precursors over Christchurch 
or the Banks Peninsula to produce noticeable increases in 0 3. In the case of light north
easterly winds, however, which occur to varying extent during any one year, the air from 
Christchurch would be transported alongside the south Canterbury coast towards the Lincoln 
rural area (see Figure 1.8 for an overview of the geographical locations). While little is known 
about the potential dispersion of pollutants in the south Canterbury plains, this scenario has 
been considered as most likely to produce noticeable chemically induced increases in local 0 3 

concentrations. 

1.4.2.2 Emissions and expected downwind concentrations. While em1ss10ns of 
particulate matter and SO2 are greatly reduced in Christchurch in summer, the high level of 
road traffic sustains a relatively high output of hydrocarbons and NOx associated with fuel 
combustion. Furthermore, evaporative losses of hydrocarbons from petrol stations and 
industries should be considerably higher during summer due to the elevated ambient 
temperatures and the low vapour pressure of many volatile hydrocarbons. As mentioned 
previously, measurements of 0 3 in the Christchurch area are still very limited [Stephens, 
1997], and no precursor species or other photochemical pollutants have been measured yet. 

To date, no model studies have been carried out for the Christchurch area to investigate 
the chemical changes a polluted air parcel would undergo if it were released in the 
Christchurch city centre and travelled in a south-westerly direction towards Lincoln. 
Assuming an average wind-speed of 2 ms-1 and a line-of-sight distance between Christchurch 
and Lincoln of 20 km, a typical travelling time of 2.8 hours before the arrival of that air parcel 
at Lincoln results, which is well within the time range after which photochemical production 
of 0 3 could occur on a sunny summer day. It is worth noting that, to a first approximation, a 
box model such as the one described in 1.2.3.3 (Figure 1.6) could be used to investigate the 
chemical changes introduced to a travelling air parcel if it is placed on co-moving coordinates 
(ie no advection occurring through the box). An important addition to this simple Lagrangian 
modelling approach, however, would be the effect of a sea-breeze with the ability to drag 
photochemical pollutants into higher layers and recirculate them in subsequent days. 
However, the description of such a phenomenon would require an extensive coastal sea
breeze model coupled with a chemical mechanism of sufficient complexity to account for the 
varied conditions pollutants experience in the different layers of the atmosphere. Currently no 
resources seem to be available in New Zealand to carry out such a study. Clearly any such 
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modelling effort would have to be preceded by a number of measurements that would help 
establish the actual concentrations of 0 3 and its precursors in both Christchurch and its 
downwind rural environment. 

1.5 Objectives and outline of thesis 

1.5.1 Objectives 
The preceding discussion showed that considerable gaps in the current understanding of 

air pollution issues in Christchurch exist. This concerns emission factors of primary pollutants 
from their main sources as well as their distribution in the city and the ability to understand 
and ultimately predict primary and secondary pollutant concentrations over Christchurch. 

In order to both validate current emission estimates and supply a database for future 
modelling studies, more measurements of a variety of trace gases within the city and its 
environs are clearly needed. Such measurements should ideally be carried out with high time 
resolution and high accuracy to be able to trace concentration variations over the course of a 
day under various meteorological conditions. This applies to trace gases which have to date 
not been studied in sufficient detail in Christchurch ( eg 0 3 and its relationship with N02, 

C6H6) as well as additional measurements of recognised air pollutants such as CO and N02. 

Furthermore, specific measurements of individual hydrocarbon concentrations could allow the 
fingerprinting of pollution sources with known emission characteristics, and also form a vital 
input into photochemical modelling studies in the future. 

Consequently, the first major objective of this work is the design, testing, and operation 
of a measurement system for a range of trace gases in the Christchurch atmosphere. Because 
of the large number of gases of interest, the technique of long-path differential absorption 
spectroscopy was chosen, since it allows the detection of a number of trace gases in the open 
atmosphere with a single instrument with good time resolution and detection limits. The, 
second objective of this thesis is the use of this instrumentation in an intensive measurement 
campaign of air pollutants during the Christchurch winter, and analysis of the retrieved trave 
gas concentrations with regard to emission estimates and photochemical processes. 

It is hoped that the knowledge gained from this project could ultimately be linked to 
improved meteorological models of the Christchurch atmosphere. Due to the complexity of 
the subject matter, however, this study is limited to the measurement and discussion of trace 
gas concentrations recorded during the present work, and meteorological factors will only be 
taken into account where it is immediately necessary for interpretation of the acquired data. 

It should also be pointed out that although particulate matter is recognised as 
Christchurch's dominant air quality problem [CRC, 1997a,b], the present study focuses 
exclusively on the concentrations of gaseous pollutants. This is partly due to the fact that 
retrieval of aerosol parameters with spectroscopic techniques cannot easily be combined with 
the measurement of trace gas concentrations in the same instrument, and because it was felt 
that greater knowledge gaps exist with regard to the concentrations and chemical reactions of 
gaseous pollutants than is the case for PM 10. 

1.5.2 Outline 
Chapter 2 introduces and describes the principle of spectroscopic long-path 

measurements of atmospheric trace gases. The theory of differential absorption spectroscopy 
is explained and the mathematical principles for data analysis are outlined, from which the 
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general design of an open-path differential absorption spectrometer can be derived. An 
overview of trace gases which have been measured using long-path absorption spectroscopy is 
given, and the measurement principle is compared with conventional fixed-point chemical and 
spectroscopic detection techniques. 

In the course of this thesis, two long-path differential absorption spectrometers, covering 
both ultraviolet/visible (UV/vis) and infrared (IR) wavelength ranges, were designed, built 
and operated. Their design, location, operation modes, and mathematical techniques for the 
analysis of transmission spectra are described in detail in Chapters 3 and 4. Sample 
measurements, error analysis, and detection limits under typical conditions are given for each 
of the main target gases, namely CO, NO, N02, 0 3, S02, C6H6, C2H4, CH30H, and C6H14. 

The results of an intensive measurement campaign during the winter of 1997 in 
Christchurch with this spectroscopic system are presented and discussed in Chapters 5 to 8. 

Chapter 5 presents the measurement results of the primary pollutants CO, NOx, C6H6, 

C6H14, C2H4, and CH30H, as measured at the University of Canterbury campus in 
Christchurch between mid-June and mid-August, 1997. For each gas, its typical 
concentrations over the course of a day as well as its correlation with other primary pollutants 
is examined to allow conclusions towards its sources to be made. Chapter 6 compares the 
Christchurch results with other studies both from New Zealand and overseas, where such a 
comparison is possible. Conclusions relating to current emission estimates of CO, NOx, and 
C6H6 are drawn, and the potential sources for hydrocarbons which have not previously been 
measured in Christchurch, namely CH30H, C2H4, and C6H14, are discussed. Future work in 
the area of primary pollutant measurements and source allocation is suggested. 

The typical concentrations of the secondary pollutant N02 are discussed in Chapter 7. 
The correlation of N02 with NO and 0 3 is examined both with regard to the complete dataset, 
and for individual episodes which show high N02 concentrations. The measurements at the 
University of Canterbury are compared with inner city measurements carried out by the 
Canterbury Regional Council, and reasons for systematic discrepancies between the two sites 
are discussed. The photochemical role of 0 3 in the production of N02 during win'.ter is 
examined, and an estimate of the expected maximum inner city N02 concentrations is made 
on the basis of this analysis. The application of the instrumentation for the monitoring of 
photochemical smog is briefly considered, and suggestions for future measurement campaigns 
during summer time are made. 

Measurements of HN02 and N02 were carried out separately during mid-March to mid
June over the central city and are discussed in detail in Chapter 8. The absolute concentrations 
of HN02 are compared with previous measurements of this gas in the northern hemisphere, 
and related to those of its precursor N02. Potential chemical production mechanisms for 
HN02 involving heterogeneous reactions on aerosol surfaces are considered. Since the 
conclusions which can be drawn with regard to the chemistry of HN02 are limited due to the 
lack of auxiliary measurements, improvements to the measurement setup for future studies are 
suggested. 

Chapter 9 summarises the results of this thesis. Potential improvements are discussed in 
the areas of instrument design and setup, measurement placement and increased system 
mobility, and combination of the present data with auxiliary measurements which would 
allow more reliable conclusions to be drawn. Implications of the measurements presented in 
this study for the source allocation of some air pollutants in Christchurch are discussed, and 
links of the present work study with other projects in the area of air quality research are 
suggested. 
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Some results of this study have already been reported in the literature, but these 
publications are not referred to in the main text of this thesis in order to make it a self
contained work. The initial setup and some results of the ultraviolet/visible spectrometer are 
described in Reisinger et al., [1998a]. These measurements also represent the first application 
of the differential absorption technique for urban air pollution monitoring in New Zealand. An 
overview of the combined infrared and ultraviolet/visible measurements, and a discussion of 
the measurements of NOx, CO, and C6H6 and their ambient ratios can be found in Reisinger et 
al., [ 1998b]. An unidentified absorber whose presence may have significant consequences for 
similar commercial spectroscopic monitoring systems is discussed in Reisinger, [1998c]. 
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Abstract. The principle of long-path differential absorption spectroscopy is introduced and its 

theory is explained, along with an overview and discussion of numerical techniques to derive 

trace gas concentrations from differential absorption spectra. Particular focus is placed on a 

general description of the mathematical problem and a general derivation of the concept of 

the standard error of the derived parameters. Following this a brief survey of gases that can 

be measured with the long-path differential absorption technique is given. The second part of 

the Chapter contains a short description of alternative methods for the measurement of trace 

gases relevant to this study, and discusses general differences between fixed-point chemical 

sampling and long-path spectroscopic techniques. 

2.1 Differential absorption spectroscopy 

The following paragraphs will first outline the general theory of absorption of 
electromagnetic radiation in gaseous media as described by Beer's law (2.1.1). The physics of 
molecular absorptions will be discussed later in some detail where it is relevant for the trace 
gases measured in this work; for a more general introduction the reader is referred t,o the 
monographs by Herzberg, [1966a,b], Barrow, [1962], and Banwell, [1966]. Since it can be 
shown that a straightforward application of Beer's law to long-path atmospheric measurements 
is not practicable, the theory of differential absorption spectroscopy is introduced (2.1.2), and 
some general numerical techniques to calculate the concentrations of trace gases from 
differential absorption spectra are discussed (2.1.3). The latter two sections involve some 
basic theory of linear algebra, the concise treatment of which is not attempted in the 
framework of this thesis. Unless quoted otherwise, both mathematical background and 
numerical solutions are based on the works of Bevington, [1969], Albritton et al., [1976], and 
Press et al., [1986], and no specific references to these works will be given in the remainder 
of this Chapter. In the last paragraphs of this section (2.1.4 and 2.1.5), a brief survey of gases 
open to differential absorption measurements in the ultraviolet/visible and infrared 
wavelength ranges is given, including some references to typical detection limits achieved 
with the technique so far. The second part of this Chapter briefly lists some other chemical 
and spectroscopic techniques for the measurement of tropospheric trace gases, and contrasts 
the main characteristics of conventional fixed-point chemical or spectroscopic techniques with 
features of long-path differential absorption spectroscopy. 

2.1.1 Beer's law of absorption 

Differential absorption spectroscopy relies on the fact that most gases show a structured 
absorption spectrum somewhere in the spectrum of electromagnetic radiation between 
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ultraviolet and visible wavelengths (due to electronic absorption bands), near infrared 
wavelengths (due to vibration-rotation transitions), and the microwave region (due to pure 
rotational transitions). Although these phenomena occur over a very wide range of 
wavelengths, I will in the following sections use the term 'light' interchangeably with the term 
'electromagnetic radiation'. 

Absorption of electromagnetic radiation in a gaseous medium is in general described by 
the differential form of Beer's law: 

dl(v) 
I(v) =-CT(V)•c·dz, (3) 

where cr(v) is the absorption coefficient of the gas at a given wavelength or frequency v, c its 
concentration, dz an infinitesimal path through the medium, and I(v) the light intensity at v. 
Assuming homogeneity of the gas concentration over an extended absorption path L in the 
open atmosphere, (3) can be integrated to produce the common form of Beer's law: 

I(v) = Io(V). e-cr(v),L·c' (4) 

where Ia(v) is the light intensity at the beginning of the absorption path, and I(v) the intensity 
at its end. The measurement of I(v) therefore allows the calculation of c if the absorption 
coefficient cr(v), the absorption path length L, and I0 (v) are known. In that case, c can be 
expressed as: 

c = 1 • ln(I0 (V) J 
L· cr(v) I(v) 

(5) 

The main problem in the straightforward application of (5) to atmospheric measurements 
with open absorption paths is that while the absorption coefficient cr(v), path length L, and, 
transmitted radiation I(v) as received by the detection system can be measured with relatively 
high accuracy, the reference intensity Io(v) corresponding to 'no absorption' is generally highly 
uncertain. This is due to the fact that unlike in laboratory measurements, the absorber cannot 
simply be removed from the absorption path to obtain the reference intensity I0 (v) under 
otherwise identical conditions. Because of stability problems in optical alignment and drifts in 
lamp emission intensity over time, the lamp emission cannot be calibrated independently of 
the setup of the actual measurement. Also the loss of light on non-ideal mirror surfaces would 
be impossible to quantify from first principles with sufficient accuracy. Furthermore, 
scattering of light by aerosols and turbulence in the atmosphere also contributes to a variation 
of intensity at the detector over time which would invalidate any such theoretical calculation, 
as would the fact that often more than one trace gas absorbs at any one wavelength, so that the 
measured absorption cannot be attributed to one particular species alone. (For a general 
description of the experimental setup of the atmospheric open path technique the reader is 
referred to paragraphs 2.1.4, 2.1.5, and 2.2.) 

The solution to these problems is to measure the transmitted radiation I(v) over an 
extended range of wavelengths, and to use variations of the absorption cross sections of the 
absorbing trace gases over the measured wavelength range to determine their individual 
concentrations in the light path. This principle, which may generally be called differential 
absorption spectroscopy, is derived and explained in detail in the following section. 
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2.1.2 The principle of differential absorption spectroscopy 

Taking the factors mentioned above into account, an atmospheric long-path absorption 
spectrum is seen to be more accurately modelled by: 

(6) 

where I0 is a measured lamp emission spectrum in arbitrary units, and PK is a polynomial of 
order K which represents the combined and insufficiently known effects of lamp ageing, aero
sol scattering, atmospheric turbulence and refraction, and light loss through beam spread and 
optical elements of emission and detection system. Regarding the order K of the polynomial 
PK, it may be noted that aerosol scattering is proportional to kn, where n is between 1 and 4, 
depending on whether the scattering process is predominantly Mie- or Rayleigh scattering. For 
an individual spectrum, the influences of lamp ageing and minor changes in optical alignment 
on the measured spectrum I(v) can also be assumed to be smooth functions which vary only 
weakly with wavelength over short intervals. Hence N can be taken to be smaU(typically 4 or 
less for a wavelength range of 20 nm). Dividing (6) by I0 and taking the logarithm yields: 

( I(v) J log -- =PK(v)-cr(v)·L•c. 
I0 (v) 

(7) 

This equation allows no straightforward solution for c because the coefficients of the 
polynomial PK are also unknown. However, if measurements are obtained over a large 
number, N, of separate wavelengths vi (1 ::::; i::::; N), then (7) becomes a set of N linear 
equations with K+2 unknown variables (K+ 1 polynomial coefficients and the absorber 
concentration c). Such a set of equations has a least-squares solution if the number of 
measurement points N is greater or equal K+2. For spectroscopic measurements, the number 
of separate wavelengths is considerably larger than K, and for the remainder of the 
mathematical discussion it will be assumed that the condition N>K+2 is always true. ' 

However any solution is unique for c only if PK(v) and cr(v) are linearly independent, ie if 
there exists no set of coefficients for PK so that PK(v) = cr(v) over the measured wavelength 
range. This means that the absorption cross section of a trace gas must exhibit some high
frequency structure in order to be sufficiently distinct from a low-order polynomial and hence 
allow only one unique solution to (7). Thus the name differential absorption spectroscopy can 
now be given some meaning. For any absorber, its wavelength-dependent absorption cross 
section cr(v) can be written as: 

cr(v) = QK(v) + cr'(v), (8) 

where QK(v) is a polynomial of order K representing the broad-band continuum component of 
the absorption cross section, and cr'(v) the remaining high-frequency structure. Since QK is of 
the same order as PK, the two can be merged together and (7) can be rewritten as: 

( I(V) J , log -- =RK(v)-cr (V)· L· c, 
I0 (V) 

(9) 

where RK = PK-QK·L·c is another (unknown) polynomial of order K. If cr'(v) is different from 
zero (ie if the absorption cross section has a high-frequency component which cannot be 
expressed by QK), (9) has a unique solution for c. This means that it is the differential struc
ture of an absorption cross section that determines its suitability for this type of analysis. 
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While the broad-band absorption by a trace gas is generally indistinguishable from other 
broad-band effects such as those mentioned above, its high-frequency structure can act both as 
qualitative and quantitative identifier for the presence of a specific trace gas absorption in a 
measured spectrum. The identity of (6), (7) and (9) also implies that it does not matter whether 
the full absorption cross section cr(v), or only its differential part cr'(v) is used for the analysis 
of a spectrum. The differential part cr'(v) can be obtained by fitting a polynomial of order K to 
cr(v) and subtracting it to give cr'(v). 

At the same time, an arbitrary polynomial of order K can also be subtracted from the left
hand side of (9) prior to analysis. The left-hand side of (9) can be rewritten as: 

(10) 

where SK is again a polynomial of order K, and I' the remaining high-frequency component of 
the normalised logarithmic absorption spectrum. By defining the polynomial T K=RK-SK one 
can thus reduce (7) to its fully differential form: 

r (v) = TK(v)-cr' (V) · L · C. (11) 

It must again be emphasised that (7) and (11) are mathematically identical and thus lead to 
identical solutions for the trace gas concentration c. The two equations differ only in the 
coefficients they assign to the unknown polynomials PK and T K• respectively. In the remainder 
of this thesis these two equations will therefore be used interchangeably, although the math
ematical form of (7) will be preferred since it is closer to the physics involved. Equation (7) is 
called the differential absorption equation; its general form for the case of several absorbing. 
trace gases will be given below (12). 

Figure 2.1 illustrates the difference between the true absorption cross section cr(v) and the 
differential absorption cross section cr'(v) for the case of 0 3, which exhibits both a strong, 
broad-band absorption continuum and a narrow band structure in the region between 250 and 
300 nm. From the two panels in this figure, it should become apparent that it is not the abso
lute value of a cross section which is of significance in differential absorption spectroscopy, 
but only the magnitude of its differential structure, since any large broad-band component is 
both mathematically and physically indistinguishable from the effects presented by the poly
nomial PK. Note also that cr'(v) has both positive and negative values due to the fact that the 
broad-band component was subtracted from the average value of the true absorption cross 
section cr(v). 

As will be illustrated below (2.1.5), most absorbers in the infrared region exhibit individ
ual absorption lines or narrow bands, so that the broad-band component of their absorption 
cross section QK is zero and their absolute absorption cross section cr(v) is identical to their 
differential cross section cr'(v). By contrast, many absorbers in the ultraviolet and visible 
wavelength range exhibit a broad-band absorption continuum with a considerably smaller 
differential structure, of which the absorption spectrum of 0 3 (Figure 2.1) is a typical 
example. Nonetheless, absorptions in the ultraviolet/visible and infrared wavelength ranges 
can be described by the common mathematical model derived above, the only difference being 
non-zero values assigned to the coefficients of QK. The following section will deal with the 
question of how the differential absorption equation can be solved numerically to derive 
actual numbers for the trace gas concentration c. 
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Figure 2.1. The upper panel displays the absorption cross section cr(v) of o3 in the region between 250 and 
300 nm at 298 Kat a resolution of 0.05 nm [Bass and Paur, 1985]. The dotted line is a 4th order polynomial 
fitted to the cross section; it can be seen that the broad-band shape of the cross section can be well simulated by 
the polynomial. The lower panel shows the differential absorption cross section of O 3, which has been derived 
by subtracting the fitted polynomial from the true absorption cross section. It can be seen that there is a 
significant high-frequency residual which can not be simulated by a low-order polynomial and which can 
consequently act as a unique quantitative identifier for absorption due to ozane in an atmospheric spectrum. 
Note, however, the more than 1 order of magnitude smaller scale of the differential absorption cr'(v). In both 
panels, the cross sections are given in units of [ cm2 ]. 



Chapter 2. Principle of long-path differential absorption spectroscopy 40 

2.1.3 Numerical solutions to the differential absorption equation 

In the last section, the differential absorption equation (7) has been discussed for the case 
of a single absorbing trace gas. Its general form, where M trace gases with cross sections a/v) 
and concentrations cj in the light path absorb in a wavelength region which is recorded at N 
discrete wavelength points vi, can easily be derived from (7), assuming that N>K+M+2: 

1 ( I(vi) J ~ k ~ ( ) . og ---'-- = .L,Pk'Vi - .L,crj Vi ·L•cj; forl::;;1::;;N 
Io(Vj) k=O j=l 

(12) 

Obviously the same requirement stated before for the cross section cr and the polynomial PK, 
namely that the two be linearly independent, must also be made for the relationship between 
the cross sections if there are more than one. If two cross sections were of similar shape within 
the measured wavelength region, then there could be no two unique concentrations assigned to 
them since any linear combination between the two would produce the same spectrum. 

The problem can be simplified if it is presented in matrix form: 

y=A. X, (13) 

where y is a N-vector whose elements are defined by the measured spectrum at wavelengths 
vi, x is a (K+M+ 1)-vector whose elements are the unknown K+ 1 polynomial coefficients Pk 
(0::;; k::;; K) and the M unknown trace gas concentrations cj, and A is a N x (K+M+l)-matrix 
whose columns contain the powers of vi and the cross section-pathlength products L•cj for 

each measured wavelength vi: 

Po log( l(v,) J 
P1 Io (V1) 1 V1 vf L-cr1(v1) L· crM(v1) 

lo{ I(v,) J 1 Vz vf L · cr1 (Vz) L· crM(Vz) 
x= PK 'y= A= Io (Vz) ' 

Cl 
1 v~ L-cr1(VN) L· crM(vN) log( I(vN) J VN 

CM Io(VN) 

However, due to noise in the measurement there generally exists no exact solution for all 
N equations simultaneously. One therefore defines the residual vector 1:, and seeks a solution 

for x that minimises the norm of 1:.: 

! 
y - A · x = 1:., lei = minimum (14) 

Finding a set of trace gas concentrations cj that minimises the squared differences between the 
measured and calculated spectrum is thus seen to be a problem linear in x. Such linear 
problems can be solved with relatively simple matrix methods developed in the theory of 
linear algebra. 
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However certain instrumental inaccuracies, in addition to measurement noise, can 
introduce new unknowns into (14) which turn the problem of finding a least-squares solution 
into a non-linear one. The main additional instrumental error is the fact that the wavelength 
calibration of any spectrometer can only be known to a limited degree; temperature changes 
and positioning errors of moveable parts can cause small differences between the measured 
and true wavelengths. Furthermore, these differences need not be limited to a constant shift, 
but may even involve a stretching of the instrumental wavelength scale relative to the true 
wavelength scale. Thirdly, the absorption cross sections used for the analysis of atmospheric 
spectra are sometimes measured with an instrument different from the one used to record 
atmospheric spectra; thus an additional systematic wavelength offset can occur in addition to 
random variations between measurements with one and the same instrument. Finally, the 
logarithmic formulation of the differential absorption equation is no longer possible when 
saturated absorption lines occur, in which case the original exponential formulation (6) must 
be used which is non-linear in the trace gas concentration c. 

The following sections will first describe the general linear solution to (14) and discuss 
the uncertainties associated with the scaling factors ci contained in vector x (2.1.3 .1 ), and then 
discuss an iterative non-linear least squares algorithm which seeks an optimisation for both 
the trace gas concentrations and the non-linear variables (2.1.3.2). 

2.1.3.1 Linear matrix solution. The theory of linear algebra shows that the vector x 
which fulfils the least squares condition (14) is given by: 

(15) 

Despite the relative simplicity of this solution, a number of points are important to note here. 
Firstly, the computation of the inversion matrix (At·A)-1.At obviously requires the 

inversion of the square matrix At.A, and it can be shown that this is possible if and only'if the 
columns of the original matrix A are linearly independent. Inspection of the contents of matrix 
A reveals that its columns are the powers of v and cross sections crj. It is at this point that the 
requirement stated before, namely that the cross sections used in differential absorption 
spectroscopy contain a high-frequency component which cannot be reproduced by the 
polynomial PK and which makes them distinguishable from each other, enters into the 
mathematical description of the problem. 

Secondly, it is of importance to assess the errors associated with a calculated set of trace 
gas concentrations using (15). The source for errors involved in such an analysis is essentially 
twofold: on one hand the measurement itself contains random uncertainties L\I(vi) for each 
data point I(vj), ie spectral noise, while on the other hand the mathematical model used to 
simulate the measured spectrum (12) may not be a proper representation of the physical 
reality. This can be due to the existence of an unidentified absorber in the absorption path, or a 
long-term change in either lamp emission characteristic or instrumental response curve which 
cannot be described by the polynomial PK. Important differences between random and 
systematic errors and their influence on the validity of error estimates for the result vector x 
will be discussed below. 

The quality of a spectral fit is usually assessed by the root-mean-square error (RMS): 

RMS~ ✓ l -"' s- 2 
N ~I' 

I 

(16) 
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while the standard deviation p of the fit is defined by: 

(17) 

Obviously, if N))K+M+l, then p approaches RMS. Under the assumption that the 

measurement errors Ei for each wavelength vi are uncorrelated and their distribution is 
approximately Gaussian, the covariance matrix C is given by: 

C = p2. (At. A)-1, (18) 

and the standard errors Lixj of the vector elements xj are given by the square root of the 
diagonal elements of the covariance matrix: 

(19) 

The errors of the derived polynomial coefficients Pk and trace gas concentrations cj are 
thus seen to be determined by two factors: the statistical quality p of the fit between measured 
and simulated spectrum, and the inversion matrix (At · A)-1, which describes the structure of 
the mathematical model. The non-diagonal elements of the covariance matrix C give the 
correlation Lixi,j between two vector elements xi and xj. If Lixi,j is defined as: 

c .. 
AX· . - l,J 
L.l!J- ' , LlX· . LlX. 

I J 

(20) 

its values fall between -1 and + 1. The magnitude of Lixi,j describes the degree of correlation 
between the two vector elements xi and Xf they are uncorrelated if Lixi,j is close to zero and, 
highly correlated if its absolute value is close to one. A large absolute value for Lixi,j implies 
that although the standard errors for each individual vector element xi and xj may be small, the 
corresponding cross sections resemble each other so closely that it is virtually impossible to 
determine their individual contributions to the simulated spectrum. Thus it can again be seen 
that if more than one trace gas absorbs in a spectral region, it is important that their absorption 
cross sections are sufficiently different from each other to allow their atmospheric 
concentrations to be determined separately. 

At this point it must be kept in mind that the above discussion of standard errors for the 
solution vector x is only valid if the measurement errors Ei are uncorrelated and, to a first 
approximation, Gaussian in their distribution. In this case, the meaning of the standard error 
Lixi of a parameter xi is that there exists a 68% statistical probability that the true value for this 
parameter falls within Lixi of the calculated parameter xi, and a 95% probability that it falls 
within 2Lixi of xi. Yet the analysis procedure in itself has no ability of detecting whether the 
measurement errors are correlated (ie if Ei shows a statistical correlation with E}, or if their 
magnitude distribution is strongly non-Gaussian. The model always assumes that p represents 
the statistical error of the fit and the matrix (At · A)-1 adequately reflects the structure of the 
mathematical model, which in the case of systematic errors is no longer true. 

It is therefore important that systematic errors be investigated independently of a general 
statistical description of the quality of a fit through the RMS error. Systematic differences 
between measured and fitted spectra, introduced through factors such as unidentified 
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absorbers in the atmosphere, use of inadequate cross sections, or variations in the lamp 
emission spectrum I0 , generally lead to a considerable underestimation of the true errors 
associated with the parameters xi. 

General mathematical methods to estimate the influence of correlated measurement errors 
£i and Ej on the errors of the result vector x are described in detail in Albritton et al., [1976], 
and will not be discussed in detail here. In the course of the present work, the occurrence of 
systematic measurement errors and their influence on the total errors of derived trace gas 
concentrations will be assessed on an individual basis in the discussion of individual 
measurements. Only after systematic errors have been ruled out or accounted for can the 
standard errors b.xj provide a meaningful estimate for the accuracy with which the trace gas 
concentrations can be determined for each individual spectrum. 

It should also be noted that due to the generality of the mathematical formulation and the 
presence of spectral noise, both negative and positive scaling factors may be retrieved for a 
trace gas, particularly when its concentration is very low. Such 'negative concentrations' are 
consistent with the physical principle behind the measurements as long as the standard error 
for this concentration is of a similar magnitude as the concentration itself, in which case the 
concentration must simply be interpreted as 'below the detection limit'. Negative 
concentrations must however not be corrected to zero, since otherwise the mean of a series of 
measurements at very low concentrations, where negative and positive scaling factors should 
balance each other out, would be artificially shifted to a positive value. The same argument 
applies to scaling factors retrieved with non-linear methods such as the one described in the 
next paragraph. 

2.1.3.2 Non-linear Levenberg-Marquardt method. The linear matrix method is 
applicable to the analysis of atmospheric measurements only if the linear mathematical model 
correctly describes the physical situation. However as already pointed out, a frequent problem 
arises from the fact that the wavelength scale of the spectrometer used in atmospheric 
measurements can undergo slight shifts and stretches with temperature and mechanical 
positioning errors, and also from the fact that some absorption cross sections may have been 
measured with an instrument different from the one used in the atmospheric measurement 
which can also result in a slightly different wavelength scale. The mathematical formulation 
of this situation leads to a modification of the general differential absorption equation (12): 

K M 
log(I(vi))=c.i +log(I0 ((vi-d1)· d2 ))+ LPk · v/- :Z:,crj((vi -d1)· d2 )· L· cj (21) 

k=O j=l 

Here (12) has first been rewritten so that the left hand side represents only the logarithmic 
measured atmospheric spectrum, while the right hand side represents the simulated spectrum, 
and £i is the residual between the two. Secondly, two further unknown coefficients d1,2 have 
been introduced which describe the effect of a shift and linear stretch of the wavelength scale 
of the lamp emission spectrum I0 (v) and the cross sections crj(v) relative to the atmospheric 
measurement I(v). Although in principle the cross sections and the lamp emission spectrum 
might need separate shift and stretch factors if cr and I0 have been measured separately (either 
with a major time gap in between or with different instruments), these differences would not 
change for any given set of cross sections and emission spectrum and consequently can in 
principle be corrected for so that only one doublet of factors is necessary. Even with only two 
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additional unknowns d1,2 it becomes obvious that (21) can no longer be brought into a linear 
form. 

To approach a solution to this problem, one defines the sum of the squared residual x2 
between the left and right hand sides of (21) as a function of the vector x, representing all 
unknown variables in (21): 

2 N [ ( I(V·) J ( K k M ]]
2 

X (x)=~ log (( __ 1 )· ) - LPk-vi -~crj((vi-d1)·d2)·L•cj , 
1=1 Io V1 d1 d2 k=O J=l 

(22) 

where vector x has K+M+3 elements: 

(23) 

The desired solution x0 to (22) is the one that minimises the function x2(x) in its K+M+3-
dimensional parameter space. Since x2(x) is non-linear in x there exists no analytical solution 
to this problem, and an iterative solution must be found instead. 

The so-called 'Levenberg-Marquardt-algorithm' presents such a solution which 
approaches the minimum of an arbitrary function x2(x) in subsequent iterations by using two 
complementary approaches to the problem. The only major requirement for this algorithm to 
work is that it contain only one global minimum, which is obviously fulfilled for the x2(x) 
function. The procedure is described in detail in Press et al., [1986]. In short, the algorithm 
employs two complementary concepts of minimum finding, namely the steepest gradient and 
the inverted Jacobi-matrix (Gauss-Newton) method. Close to the minimum the latter works 
better, while farer from it the steepest gradient method is more reliable; the Levenberg
Marquardt algorithm presents an effective way of combining the two concepts successfully in 
one single fitting routine. For the present work, the Levenberg-Marquardt algorithm has been 
used to find the optimum set of parameters x0 = (Po,o, p1,0, ... , PK,o, cr1,0, ... , crM,0,d1,0, d2,o), 
which minimises x2(x) and hence provides the best fit between the measured and simulated 
spectrum. 

Similarly to the linear matrix method, the Levenberg-Marquardt algorithm after 
successful completion not only returns the best-fit parameters x0 , but also the standard errors 
for these parameters, based on the assumption that the !:\ are uncorrelated and follow 
approximately a Gaussian distribution. Hence the same restrictions· to a meaningful 
interpretation of the standard errors apply as discussed in the linear case: the standard errors 
provided by the Levenberg-Marquardt algorithm are a good estimate of the statistical 
uncertainty of the fitted parameters if the errors are uncorrelated and Gaussian, but they 
potentially underestimate the uncertainties if this is not the case. Furthermore, correlations 
between non-linear parameters such as wavelength shift and absorption depth can further 
increase the true uncertainty of the retrieved trace gases, as well as the occurrence of residual 
structures which do not follow a normal Gaussian distribution [Stutz and Platt, 1996]. In the 
present work, the occurrence of systematic errors in atmospheric spectra and their influence 
on the uncertainties of retrieved t~ace gas concentrations was tested on a case by case basis 
and will be described along with the general presentation of the measurements in Chapters 3 
and 4. 

To summarise the mathematical discussion to this point, there exist largely two different 
techniques to retrieve trace gas concentrations from atmospheric differential absorption 
spectra. The linear matrix method is applicable when the measured spectrum can be simulated 
by a linear function of the unknown parameter vector x, while a non-linear fitting procedure 
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must be applied whenever non-linear elements such as wavelength shift and stretch become 
important. Both analysis methods supply a statistical error estimate for the retrieved trace gas 
concentrations (along with other fitted parameters), the so-called standard errors. These 
standard errors represent a valid estimate of the uncertainty of the fitted parameters based on 
the quality of the fit and the mathematical structure of the fitting problem if the measurement 
errors are uncorrelated and follow approximately a Gaussian distribution. If this is not the 
case, the standard errors are likely to underestimate the true uncertainty associated with these 
parameters. The analysis routines themselves,' however, provide no means to detect potential 
systematic errors, and additional tests must be performed to ensure that the statistical error 
estimates are valid. In the present work, the Levenberg-Marquardt algorithm was used in 
preference over the linear method due to its greater flexibility. Specific details of the software 
routines for the analysis of spectra obtained in the ultraviolet/visible and infrared regions will 
be given in Chapters 3 and 4. 

The following sections will describe the operational principle of op.en long-path 
atmospheric differential absorption spectroscopy and give a few examples of trace gases 
which can be measured with this technique, along with some notes regarding typically 
achieved detection limits. 

2.1.4 Operational principle of open long-path absorption spectroscopy 

In open long-path differential absorption spectroscopy the trace gas whose concentration 
is to be measured is not enclosed in a laboratory cell, but the light beam is transmitted through 
the open atmosphere (see Figure 2.2). A light source emitting a collimated beam of either 
infrared or ultraviolet-visible radiation is placed at one end of a light path through the open 
atmosphere. The transmitted radiation is recorded at the other end with a suitable spectrometer 
over a spectral region where the trace gases of interest exhibit suitable differential absorption 
structures . Alternatively, both emission source and spectrometer can be placed in the same 
location, and a retroreflector array used to return the emitted radiation, effectively doubling 
the absorption length within the light path [Axelsson et al., 1990]. The spectral signatures of 
the trace gases present in the light path can then be used to both qualitatively identify and 
quantify them following the principles described in the preceding paragraphs. 

light 
source 

output: 
ambient concentrations 
of trace gases in light path 

spectrometer : 
produces spectrum from 
incoming light beam 

computer: 
-----< analyses spectrum , 

computes trace gas amount s, 
control s spectrometer 

Figure 2.2. Schematic arrangement of atmospheric open long-path differential abs01ption spectroscopy. 
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Since the total absorptivity is proportional to the absorption path length, longer paths 
produce deeper absorption lines, but since the amount of light received at the spectrometer 
also decreases with longer light paths due to geometrical light loss and scattering on aerosols 
and haze, an optimum path length exists for each individual trace gas. Very long absorption 
paths can also suffer from alignment instability, making such systems less robust for routine 
monitoring. Generally, open long-path setups represent compromises not only in terms of 
physical factors, but particularly in urban settings the logistics of installing light sources and 
spectrometers and the sometimes strongly varying concentrations of trace gases can also be 
deciding factors. 

2.1.5 Target species for open long-path techniques 

2.1.5.1 Measurements in the IR. Absorptions in the infrared wavelength range 
generally stem from molecular vibration-rotation transitions. Because of the limited transition 
possibilities, simple diatomic molecules exhibit a distinct banded structure where under 
atmospheric pressure absorption peaks corresponding to individual quantum mechanical 
transitions can be resolved. One important example for such a structure is carbon monoxide 
(CO) whose absorption spectrum is displayed in Figure 2.3. Other important tropospheric 
gases that display individual absorption lines are CO2, H2O, N2O, and CH4. 
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Figure 2.3. The distinct structure of the 0-1 vibration-rotation band of CO at a resolution of 0.01 cm-1 in two 
separate wavenumber scales. Calculated from the HITRAN 1996 database (see Rothman et al., { 1992], and 
informal updates)for 298K and 1013 mbar, using the procedure described in Chapter 3. 

More complex molecules like non-methane hydrocarbons (eg molecules of the general 
formula CxHy, methanol, and many others), HNO3, and NH3, exhibit infrared transitions so 
closely spaced together that individual lines can no longer be resolved, but only broad bands 
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can be observed. Under the condition that these bands in themselves exhibit sufficient 
structure or are narrow compared with the measured wavelength interval, the differential 
absorption technique can still be applied for their measurement. As an example of a useable 
absorption band Figure 2.4 displays the absorption band of hexane in the mid-infrared region 

· which is due to vibration-rotation transitions of the C-H bonds in the molecule. 
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Figure 2.4. The absorption band of hexane (C6H14) in the mid-infrared region, arising from the stretch of the C
H bonds. All hydrocarbons with saturated C-H bonds display ve,y similar absorption bands in this region. Cross 
sections measured at 298K and 1013 mbar at a resolution of 1 cm-1 [from Geyer et al., 1992]. 

The first tropospheric long-path differential absorption measurements in the infrared have 
been carried out in 1953, establishing the suitability of the technique in its principle. Since 
then a large number of trace gases have been measured particularly under Los Angeles 'smog 
conditions over absorption path lengths of up to 1. 15 km. While some important trace gases 
like CO, CH4, and N2O exhibit sufficiently large absorption cross sections to allow their 
detection well below their typical ambient concentrations even on much shorter paths, many 
other trace gases whose detection has been reported in the literature can only be observed 
under severely polluted conditions. These gases include HNO3, PAN, H2CO, CH3OOH, and 
many other by-products of the hydrocarbon oxidation chains [for general overviews see 
Tuazon et al., 1980; Hanst et al., 1982; Finnlayson-Pitts and Pitts, 1986; SPIE, 1997]. 

2.1.5.2 Measurements in the UV/visible. In the UV/visible region, absorptions are 
caused by combined electronic-vibration-rotation transitions. The energetically close spacing 
of these transitions usually does not allow the individual transitions to be resolved, and 
irregularly shaped banded structures are commonly observed. One example of such band 
structures has already been given in Figure 2.1 for the case of 0 3. Another important example 
is the absorption spectrum of NO2 as displayed in Figure 2.5. It shows a broad absorption 
band over the whole of the visible wavelength range, but within this band there is a multitude 
of smaller bands with widths of only a few nanometre which make it very well suited for 
differential absorption spectroscopy. Fortunately, a number of important other trace gases with 
relatively weak absorption in the infrared region show similar strongly structured absorptions 
in the UV/visible range which makes them measurable using differential absorption 
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spectroscopy. Among these gases are SO2, 0 3, NO, and HNO2, as well as many aromatic 
hydrocarbons, including C6H6 (benzene). 

The first application of differential absorption spectroscopy to absorbers in the UV/visible 
range was done by Ferner and Platt, [1979], and Platt et al., [1979], who coined the term 
DOAS (Differential Optical Absorption Spectroscopy) for their technique. The range of gases 
measured since includes a number of species which are difficult to observe with chemical 
techniques, including HNO2 and NO3 [Platt and Ferner, 1980a,b]. Because of the availability 
of powerful highly collimated light sources in the UV /visible range in the form of Xenon arc 
lamps, light paths of up to 20 km have been utilised under clean air conditions [Harder and 
Mount, 1991; Johnston and McKenzie, 1984], reaching detection limits well below typical 
ambient concentrations for many gases even in the clean background troposphere. Very long 
light paths, however, are subject to good visibility conditions, and urban air pollution 
measurements usually reach satisfactory detection limits for the most important trace gases 
NO2, SO2, and 0 3 over paths of less than 1 km. Overview of important measurements in the 
UV/visible range using the DOAS technique can be found in Finnlayson-Pitts and Pitts, 
[1986], Edner et al., [1993], Platt, [1994], Axelsson et al., [1995], Stutz, [1996], and Camy
Peyret et al., [1996]. 
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Figure 2.5. The wavelength-dependent absorption cross section of gaseous NO2 under a spectral resolution of 
0.04 nm in two separate wavelength scales. The cross sections are from Schneider et al., [ 1987]. 
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2.2 Long-path absorption spectroscopy versus conventional 
fixed-point methods 

49 

This section will give a brief outline of various other techniques used for the 
measurement of atmospheric trace gases. All these techniques have in common that they 
measure the ambient trace gas concentration only at a fixed point in space, rather than over an 
extended light path in the open atmosphere such as in differential absorption spectroscopy 
(2.2.1). Advantages and disadvantages of using fixed-point chemical or non-dispersive 
spectroscopic techniques for urban air pollution monitoring will be compared with open long
path spectroscopic measurements in 2.2.2. 

2.2.1 Fixed-point measurement techniques 

The following list mentions a selected number of techniques and trace gases of 
importance for air pollution studies, based on the overview given by Finnlayson-Pitts and 
Pitts, [1986]. However these are examples only and many additional techniques exist for the 
measurement of these and other atmospheric trace gases, often combining different aspects of 
the techniques mentioned below. 

2.2.1.1 Chemiluminescence. The chemiluminescence technique is based on the ability 
of some trace gases to react with others to form fluorescent intermediates, prime examples 
being NO and 0 3. The amount of chemoluminescent radiation produced within a limited 
wavelength range is directly proportional to the reacting gas. The technique is fairly specific 
and accurate into the sub-ppb range for 0 3 and NO. 

Chemiluminescence is also frequently used in commercial monitors for NO and N02. The 
latter is detected by thermally converting all nitrogen species in the ambient air into NO, and 
comparing the resulting concentration with the measurement of NO alone. The differer;ice is 
then assumed to be mainly N02. This technique has been shown to suffer from interference by 
other nitrogen-containing trace gases like PAN, NH3, HN03, and organic nitrates. Depending 
on 'the specific emission environment, photochemical activity of the atmosphere, and required 
accuracy of the N02 measurement, these interfering gases may or may not be of significance 
for the measurement purpose. 

2.2.1.2 Gas-chromatography and flame ionisation/mass spectroscopic detection. 
Similar to the chemiluminescence technique, flame ionisation detection (FID) relies on the 
creation of electronically excited molecules, and detection of the specific emitted visible 
radiation. An alternative and similarly specific way is the use of a mass spectrometer (MS) 
which allows the identification and quantification of specific molecules in gas samples based 
on their mass with very high sensitivity. 

These techniques are often combined with gas-chromatographs (GC) to provide a pre
. - selection mechanism for certain groups of molecules, most often hydrocarbons or other 

complex organic molecules. Using this pre-selective technique, FID or MS can then very 
selectively quantify specific organic compounds at very low concentrations. 

The main advantage of the GC-FID and GC-MS techniques are their high specificity for 
complex molecules which are similar in their chemical and spectroscopic characteristics, and 
therefore cannot be as reliably measured using techniques such as chemiluminescence for N02 

or differential absorption spectroscopy. A major disadvantage is the need for relatively large 
air samples to reach good detection limits, and the time lag between obtaining an air sample 
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and final results of the analysis. Because of the relatively large amount of time and operator 
expertise required to obtain GC-FID/GC-MS measurements, it is not generally used as routine 
monitoring technique for air pollutants. 

2.2.1.3 Annular denuders. Annular denuders rely on reactions of specific molecules 
with specially coated surfaces, causing them to become adsorbed on the surface when ambient 
air is drawn through coated tubes. The adsorbed molecules can then be washed out in 
chemical baths, usually transforming the original species into a molecule which is 
subsequently easily detectable through methods such as GC-FID. A prime example for a 
species of atmospheric interest frequently measured with annular denuders is nitrous acid 
(HN02) [Harrison et al., 1996; Febo et al., 1996]. 

The advantage of annular denuder techniques is its relatively high sensitivity compared to 
other chemical or flame-ionic methods of detection. The main problem associated with it 
however is the possibility of interference from other species which also become adsorbed on 
the coated denuder surface and therefore cause reported concentrations to be overestimating 
the true presence of the target gas. Corrections of such errors frequently only come over 
longer periods of time, since not necessarily any independent benchmark measurements for 
the concentrations of minor trace gases in the atmosphere exist. Because of the individual 
handling of denuder tubes and wash baths which is required, the technique is also not 
generally suitable for the routine monitoring of atmospheric trace gases. 

2.2.1.4 Spectroscopic techniques. All spectroscopic techniques can be grouped into two 
categories, namely the open long-path differential absorption methods as have been described 
above (2.1), and fixed-point techniques which measure the absorption of radiation within an 
enclosed chamber. Trace gas concentrations in the latter group are derived either by using the 
absorption cross section of a trace gas at a fixed wavelength or wavelength band (so called 
non-dispersive measurements), or by creating an extended absorption path by using a closed 
White-cell and employing some kind of differential absorption spectroscopy. An ,example for' 
a non-dispersive measurement is the ozone monitoring instrument Dasibi in the UV region, 
while TDLAS (tunable diode laser absorption spectroscopy) in the IR is an example for 
differential spectroscopy in a White-cell. 

In the Dasibi instrument, ambient air is pumped through a chamber and the transmission 
of radiation from a mercury lamp at 253.7 nm, where 0 3 has a very large total absorption 
coefficient, is measured. The intensity with 0 3 present is ratioed to the intensity when 0 3 has 
been removed from the air through a absorptive coal filter, and the ratio allows the calculation 
of the number density of 0 3 in the ambient air according to the elementary form of Beer's law 
of absorption (5) [USEPA, 1978]. The main advantage of this and other non-dispersive 
spectroscopic systems is that they allow unattended routine measurement with only minor 
baseline drifts. Their main limitation obviously consists in the fact that each instrument must 
be specifically tuned for a single trace gas, both in terms of the wavelength used to record its 
concentration, and in the chemical method to remove it from the ambient air for calibration of 
the light source. 

In the TDLAS technique, the monochromatic infrared radiation from a tunable diode laser 
is passed through a White-cell through which ambient air is pumped at reduced pressure, 
producing an effective absorption path of several hundred meters within the cell. By tuning 
the laser wavelength over the range a single absorption line of a trace gas, second-derivative 
spectroscopy can be used to detect absorption peaks with very high sensitivity. This technique 
is a sophisticated example of the differential absorption technique and has been used to 
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measure a wide range of important trace gases including NO2, H2CO, and H2O2 at very low 
detection limits [Harris et al., 1987; Podolske and Loewenstein, 1993]. One major limitation 
of the TDLAS technique is that it requires a considerable degree of technical expertise and 
maintenance to run continuously and is therefore not yet practicable for routine measurements 
of common air pollutants. 

It should also be noted that within the group of spectroscopic measurements there are 
hybrids between fix-point and open long-path measurement systems, as some techniques use 
very large White-cells with a base length of up to 25 metres and an optical path of up to 
1.25 km. By using an optional encasement around the White-cell, closed chamber studies of 
surface exchange processes can be carried out as well as open measurements of local ambient 
air concentrations [eg Galle et al., 1994]. 

2.2.2 Differences between chemical fixed-point and spectroscopic 
long-path techniques 

Since chemical or non-dispersive spectroscopic fixed-point measurement techniques are 
the most widely used ones for the routine monitoring of air pollution, the following discussion 
will concentrate on the main differences between these and open long-path differential 
absorption spectroscopy. 

2.2.2.1 Detection sensitivity and specificity. In chemical detection systems the trace gas 
to be detected and quantified undergoes some form of chemical reaction, the products of 
which are used directly or indirectly to generate an electrical current which can be read by an 
electronic data acquisition system. Examples are the reduction of NO2 into NO in the 
chemiluminescence system, or adsorption of HNO2 and subsequent conversion into NO2 for 
detection in a ion-chromatograph [Harrison et al., 1996]. Similarly, non-dispersive 
spectroscopic systems attribute the absorption of electromagnetic radiation at a fixed 
wavelength to the presence of a single target gas. ' 

Interferences from other trace gases which either behave similarly to the target gas with 
respect to their chemical reactions, or have similarly strong absorption cross sections ( or occur 

. in much higher concentrations) at the same wavelength as the target gas therefore generally 
lead to an overestimation of the true concentration of the trace gas in question. The danger 
with such interferences is that since no independent reference spectra or reference reactions 
exist in the instrument, the occurrence of interferences can usually only be inferred by 
recognising that the reported concentration is unusually high, and subsequent tests in the 
laboratory to examine the cause for the erroneous results. Correction of such error therefore 
requires some preceding knowledge of expected trace gas concentrations. The obvious 
advantage of trace gas-specific detection systems is, however, that very low detection limits 
can be achieved as a complete measurement system is optimised for the measurement of only 
one compound. 

In contrast, long-path differential absorption spectroscopy is by its very design non
specific, as the spectrometer used to record atmospheric transmission spectra usually is able to 
record a very wide range of wavelengths (ie ultraviolet and blue-visible range between 200 
and 450 nm, or infrared from 2.5 to 15 µm). The implies that any trace gas which exhibits 
significant differential absorptions in these spectral regions can be detected with long-path 
differential absorption spectroscopy. At the same time, the wide spectral coverage of the 
spectrometer implies that typical signal-to-noise levels are up to several orders of magnitude 
lower than those of systems working in very narrow wavelength intervals such as tunable 



Chapter 2. Principle of long-path differential absorption spectroscopy 52 

diode lasers or other open-path laser systems. The necessarily less rigid optical setup of open
path systems compared to closed cell measurements also introduces another source of random 
and sometimes systematic noise into the recording of transmission spectra. 

Interferences between the absorptions from different species can obviously not be ruled 
out in differential absorption techniques, but the advantage in scanning a wider wavelength 
interval is that disagreements between expected and observed absorption features can be more 
easily detected and quantified than in non-dispersive systems. Major problems exist, however, 
where a whole range of trace gases exhibit very similar absorption features which does not 
allow a separation of the gas mix into individual species. This is most noticeably the case for 
aromatic hydrocarbons in the ultraviolet range between 250 and 280 nm [Axelsson et al., 
1995], and for paraffinic hydrocarbons in the infrared around 3 µm [Mellqvist et al., 1995]. In 
these cases, long-path spectroscopic measurements should preferably combined with GC-FID 
measurements which allow the speciation of individual components and the selection of 
relevant absorbers to be included in the spectral analysis. Problems related to this issue will be 
discussed in Chapters 3 and 4. 

A problem related to interference from other species is the fact that some reactive 
atmospheric trace gases undergo decomposition or adsorption processes within enclosed 
detection systems. Examples for this are particularly H2CO, OH, N03, and other radicals 
[Finnlayson-Pitts and Pitts, 1986; Wayne, 1991]. The measurement of such reactive species is 
therefore made difficult by the need to eliminate such deposition processes, which tend to give 
too low results for the true atmospheric concentrations. By comparison, long-path 
spectroscopic techniques do not require the enclosure of ambient air in container cylinders or 
reaction tubes which could alter the chemical composition of the atmosphere before the actual 
measurement process. A related disadvantage for long-path spectroscopic techniques exists, 
however, in their need to operate with relatively powerful light sources particularly in the 
ultraviolet wavelength region. The short-wavelength radiation emitted by Xe lamps typically 
used for long-path differential absorption spectroscopy is able to photolyse atmospheric 
oxygen 0 2 and subsequently produce 0 3 engulfing the light source. The occurrence of such' 
distortions of the true composition of the atmosphere depends on the specific setup of each 
instrumentation and must be examined on a case-by-case basis. For the present system, the 
possibility of local 0 3 production through the Xe light source will be discussed in more detail 
in Chapter 7. 

2.2.2.2 Point-sampling versus path integration. One of the key questions that must be 
answered for any air quality monitoring system is the area coverage and integration time the 
measurements are intended to represent. While for many routine monitoring tasks the average 
concentration of a trace gas in a city is of interest (eg to arrive at residential exposure data), 
other purposes may require the measurement of peak concentrations of an air pollutant in 
relatively small air volumes, including road-side measurements and indoor air pollution 
studies. 

By their design, fixed-point sampling techniques necessarily sample the concentration of 
an air pollutant only at a precisely defined location. Use of fixed-point techniques for the 
routine monitoring of ambient air quality data therefore requires a careful selection of 
measurement sites and heights in order to avoid systematic biases due to street canyon effects 
or uneven vertical dispersion of air pollutants. Long-term monitoring data would ideally 
require the averaging of results from a considerable number of monitoring stations, or 
extensive siting tests before a single monitoring site is selected. 
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The long-path spectroscopic techniques to some extent overcome these problems by the 
very nature of their measurement. Since the spectrometer only records the total absorption 
depth over light paths between several hundred metres to several kilometres, the retrieved 
trace gas concentration represents an average over the length of the path. While only longer 
paths in excess of 1 km will generally encompass truly varied terrains in a city (such as 
residential areas, roads, industrial sites, and inner city parks), shorter absorption paths of a few 
hundred metres at least in part overcome the potential problem of street canyon effects and 
uneven distribution of trace gases around buildings. 

Comparison and intercalibration between fixed-point sensors and long-path spectroscopic 
techniques is therefore a potentially complex issue, since ideally a whole array of point 
sensors would have to be placed along the light path to account for concentration gradients 
introduced by wind fields and point emission sources upwind of the measurement area. 
However under reasonably well mixed atmospheric conditions, differential absorption 
spectroscopy has been shown to be in good agreement even with data from single fixed-point 
sensors. Inconsistencies mainly occur when insufficient vertical mixing in the atmosphere 
leads to strong concentration gradients of primary and secondary pollutants, which emphasises 
the differences in which fixed-point and path integrating techniques sample the atmosphere 
[Stevens et al., 1993; Martini et al., 1994; Febo et al., 1996]. 

To summarise the discussion in the preceding paragraphs, long-path differential 
absorption spectroscopy appears particularly suitable for the monitoring of average ambient 
air quality since it is able to record a wide range of air pollutants over extended air volumes. 
Issues regarding the height of absorption light paths and the vertical diffusion of air pollutants, 
as well as the placement of the monitoring equipment within the wider city area obviously 
remain, however. For the present study these topics will be discussed where appropriate in 
later sections (Chapters 5 through 8). 



Chapter 2. Principle of long-path differential absorption spectroscopy 54 



3. Experimental setup and analysis of long-path 
infrared absorption measurements 

55 

Abstract. The location, instrumental setup, technical and operational details of the long-path 

infrared measurement system are presented. The analysis technique for the retrieval of trace 

gas concentrations from infrared absorption spectra is detailed. The technique employs line

by-line calculations to simulate the absorption cross sections of common trace gases where 

this information is available, and uses laboratory measurements for more complex molecules. 

An extended version of the non-linear Levenberg-Marquardt least-squares algorithm is used 

to compare the measured transmission spectra with this forward model, which explicitly takes 

into account the characteristics of a Fourier-transform spectrometer. This general description 

is followed by further analysis details, sample spectra, and a detailed error analysis for the 

trace gas concentrations retrieved from the infrared measurements, namely for the gases CO, 

CO2, H2O, N2O, CH4, C6H14, C2H4, and CH3OH. 

3.1 Experimental setup 

A long-path differential infrared absorption system for the measurement of atmospheric 
trace gases has been designed, built, and operated as part of this study. Atmospheric 
absorption measurements were made over two absorption paths in the city of Christchurch, 
New Zealand. One path of 244 rn was located on the University of Canterbury campus, while 
another path of 4.29 km extended between the central business district and the University. The 
shorter path was used for parallel absorption measurements in both the infrared and 
ultraviolet/visible spectral ranges, while the longer path was only used for measurements in 
the ultraviolet/visible range. Details of the measurements in the ultraviolet/visible spectral 
range, and characteristics of the 4.29 km long absorption path, will be discussed in Chapter 4. 

A map of the measurement locations is given in Figure 3 .1, describing both the 
environment of the University campus and the placement of the short and long absorption 
paths. The campus is located in a residential area of Riccarton suburb to the west of the central 
business district, with an extended shopping area adjacent to its south. Two major arterial 
traffic routes enclose the University grounds, Riccarton Road to the south, and Memorial 
Avenue and Fendalton Road to the North and North-West. 

The light source for infrared measurements over the 244 m path was a glowbar in a 811 

parabolic reflector, placed on the roof of the Department of Geography at a height of 28 
metres and directed towards the 8th floor of the Department of Physics and Astronomy at a 
height of 38 metres above ground. A Fourier-transform spectrometer was used in the Physics 
Department to measure the infrared radiation transmitted through this atmospheric path. 
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Figure 3.1. Location map of the infrared (red line) and ultraviolet/visible (blue lines) light paths used during 
the study. The lower map gives an indication of the location of the University of Canterbury relative to the city 
centre and also shows the long ultraviolet/visible absorption path (see Chapter 4). The upper map gives details 
of the short infrared and ultraviolet/visible absorption paths on the University of Canterbury campus. 

Schematic details of the setup of the infrared spectrometer and controlling computer are 
given in Figure 3.2. A spherical aluminium coated mirror (12" diameter, 48" focal length) 
focuses the collected radiation onto a 1.5 mm aperture. The beam is then collimated with an 
off-axis gold-coated paraboliic mirror (4" effective focal length) into a 1" wide parallel beam 
which enters the spectrometer. The spectrometer is a Bomem MB-100 Fourier-transform 
spectrometer with a maximum unapodized resolution of 1 cm-1 and a liquid nitrogen-cooled 
mercury-cadmium-telluride (MCT) detector housed in a 24-hour dewar. A custom-made filter 
wheel allows the computer-controlled insertion of three different bandpass filters in front of 
the detector to maximise the signal-to-noise ratio for measurements in different wavelength 
regions. The measurement procedure (setting of filter wheel, acquisition of interferogrammes, 
transformation into raw spectra, and storage of transmission spectra on hard disk) is controlled 
by a 386SX/20 personal computer running dedicated software written by the author, including 
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routines of the Bomem Software Library. Ambient atmospheric pressure and temperature was 
measured by routine monitoring equipment of the Department of Geography at the roof top 
where the glowbar was located. 

off-axis parabolic mirror glowbar """=-=---------------=--- - - - in 8" reflector 

.. 24~m-~ 

BOMEM MB-100 
l cm·1 resolution 

custom-made filter wheel 

MCT detector, 24-hr dewar 

386 SX/20 PC 
controls filter wheel, 
acquisition of interferogrammes, 
Fouriertransformation, raw spectra storage 

Figure 3.2. Schematic setup of the telescope and spectrometer used to measure atmospheric infrared 
transmission spectra. For details, see text. 

Fourier-transform spectrometers are widely used in infrared spectroscopy and have been 
successfully applied to the infrared measurement of trace gases in the troposphere and 
stratosphere [eg Tuazon et al., 1980; Rinsland and Goldman, 1992; Reisinger et al., 1995]. 
Their advantage lies in high light throughput, wide spectral coverage, and software-based 
control of spectral resolution. The theory of Fourier-transform spectroscopy is described in 
many textbooks and will not be discussed in detail here [see eg Bell, 1972; Brault, ~985; 
Herres and Gronholz, 1987]. In brief, a Fourier-transform spectrometer records the 
interference pattern produced by splitting a beam of light into two halves and rejoining them 
with a variable optical path difference. The resulting interference pattern, called 
interferogramme, is then transformed into a spectrum through a mathematical procedure 
called Fourier-transformation. Resolution and instrument function of the instrument are 
dependent on a number of factors, mainly the maximum optical path difference between the 
two half beams, and the so-called apodization function. 

Det<J,ils of the spectra analysis technique including explicit treatment of the instrument 
and apodization functions, and sample measurements of the trace gases recorded during the 
present study, are discussed later (3.3 and 3.4). The next section (3.2) presents the 
observational parameters adopted for the main measurement campaign conducted during the 
winter of 1997 in Christchurch. 

3.2 Operational details and measurement parameters for the 
1997 measurement campaign 

Table 3 .1 summarises the instrumental parameters adopted for the air pollution 
measurement campaign at Canterbury University during May to August 1997. All infrared 
measurements for the present work were obtained at a nominal unapodized resolution of 
1 cm-1 (equivalent to a maximum optical path difference of 1 cm). A triangular apodization 
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function was applied to all interferogrammes prior to their transformation into spectra [see 
section 3.3.3; also Bell, 1972; Brault, 1985]. During earlier trials in 1996 a weak Norton-Beer 
apodization function was used instead of the triangular one, but since it was found that this 
increased fitting problems for strong absorption lines of CH4, H2O, and CO2 in several 
spectral regions used for analysis, the triangular apodization was given preference for the 
routine measurements. 

Optical bandpass filters allow the preselection of broad wavelength regions for a 
measurement. In Fourier-transform spectroscopy the random noise in a spectrum is expected 
to be proportional to the spectral bandwidth of the radiation reaching the detector; therefore it 
is generally advisable to select bandpass filters which cover a band not much larger than the 
spectral region of interest. For the present work, three different filters were available 
(manufactured by Optical Coating Laboratories Inc., USA), covering the regions 2050 - 2380 
cm-1 (subsequently called filter A), 720 - 1380 cm- 1 (filter B), and 2040 - 3500 cm-I (filter C). 
The region of filter A contains strong absorptions from CO, CO2, H2O, and N2O, while filter 
C also includes strong absorption bands originating from saturated C-H bonds in hydrocarbon 
molecules, predominantly alkanes (eg hexane, C6H14; for a discussion of this absorption band 
see section 3.4.3). Since it was found that the random noise with filter C was always 
negligible compared to other systematic residuals in the spectral analysis (see 3.4.1), filter C 
was exclusively used for measurements of CO, CO2, H2O, N2O, CH4, and C6H 14 during the 
1997 measurement campaign. Filter B covers the region where absorptions by ethylene (C2H4) 
at 950 cm- 1 and methanol (CH3OH) at 1034 cm-I were detected and was used for 
measurements of these two gases. Measurements with filter C were obtained between May 
and early June, and measurements of all trace gases over extended continuous periods of time 
were performed from early June to mid-August. 

Table 3.1. List of spectral regions and measurement parameters adopted for the retrieval of trace 
gases with the infrared measurement system. All measurements were obtained with an unapodized 
resolution of 1 cm-1 over a 244 m atmospheric absorption path. ' 

recorded spectral band pass main absorbing apodization number of coadded 
region (cm- 1) filter ( cm-1) trace gases function interferogrammes I 

total measurement time 

2000- 3400 2080 - 3500 
CO, CO2, H2O, 

triangular 3 / 1.7 minutes 
N2O, CH4, C6H 14 

700 - 1400 720- 1380 C2H4,CH,PH, triangular 10 I 3.3 minutes 
H2O, CO2 

Typical integration times for the acquisition of interferogrammes were 1 minute for filters 
A or C (corresponding to 3 co-added single scans), and 2.5 minutes for filter B (corresponding 
to 10 co-added single scans) with the MB-100 spectrometer set on slow scanning speed. These 
measurement times gave an estimated random noise level of generally less than 0.1 % over the 
244 m absorption path. Including the time required to perform the real-time Fourier
transformation of interferogrammes in to raw spectra on the PC, and setting of the filter wheel, 
a complete set of measurements of the gases CO, CO2, H2O, N2O, CH4, C6H14, C2H4, and 
CH3OH, took approximately 5 minutes. 
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' This time resolution could be improved by about 1 minute if a faster PC was used for the 
Fourier-transformation. If higher random noise levels are acceptable and only CO was to be 
measured, a single measurement time could be reduced to a total of less than 1 minute. 

3.3 Analysis technique 

The following paragraphs detail the individual steps required to analyse the infrared 
transmission spectra, namely the general mathematical formulation, the methods used to 
obtain reference absorption cross sections, details of the instrument function, and the 
numerical implementation of the fitting algorithm. 

The general theory of the retrieval of trace gas concentrations from differential absorption 
spectra through a least-squares fitting procedure has already been discussed in Chapter 2. For 
the analysis of infrared spectra, the non-linear Levenberg-Marquardt algorithm has been 
employed. A linear fitting procedure, tested during earlier periods of this study, was found 
unsatisfactory for several reasons. Firstly, Beer's absorption law is not followed in cases where 
the shape of absorption lines is dominated by the instrument function. Although the resulting 
non-linear behaviour of the depth of absorption lines relative to the absorber concentration can 
partly be compensated for by employing more advanced linear techniques such as partial least 
squares or multiple component calibration [Haaland, 1987; Griffith, 1996], but each remains 
inferior in accuracy to the full non-linear mathematical description. This is particularly the 
case when the concentration range of the measured gases spans a very large range such as one 
of the main target gases of the present study, carbon monoxide. 

Secondly, the linear analysis requires the logarithm of the transmitted intensity (12) to be 
computed. Consequently the linear analysis fails whenever saturated absorption lines occur in 
the spectral range to be analysed. Furthermore, at a resolution of 1 cm-1 sidelobes of strong 
absorption lines can even produce negative intensities for the transmitted radiation for which 
the logarithm is not defined. 

Finally, the full non-linear formulation makes analysis of spectra more flexible since it 
allows easy switching of apodization functions and other parameters such as wavenumber 
shifts during analysis without the need to regenerate new sets of calibration spectra. While 
random wavenumber shifts tend to be small for spectra recorded with Fourier-transform 
spectrometers, they still must be fitted to achieve high precision measurements. While 
methods exist to overcome the non-linearity of this problem using iterative linear fitting steps 
[Griffith, 1996], a non-linear algorithm such as the one described in Chapter 2 readily includes 
this possibility. 

3.3.1 Mathematical formulation 

In Chapter 2 no particular allowance was made for the influence of the instrument 
function on the observed absorption peaks. This presents no particular problem, however, as 
the measured transmission spectrum I(v) (equation (6)) can easily be rewritten as: 

(24) 

where PK again represents a low order polynomial and 
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) += 
(J*e-a-L•c (V) = J J(x)•e-cr(v-x)•L-c dx (25) 

is the convolution of the true absorption spectrum (ie the absorption observed with an 
instrument with unlimited resolution) with the instrument function J. Details about the 
instrument function of a Fourier-transform spectrometer and the numerical implementation of 
the convolution will be given below (3.3.3). It is obvious that this formulation no longer 
allows a general linear formulation of the relationship between transmitted radiation I(v) and 
absorber concentration c and therefore a non-linear fitting approach is warranted. 

Since in Fourier-transform measurements stretching of the wavenumber scale is only 
dependent on the stability of the guiding helium-neon laser of the interferometer it has been 
assumed to be constant and equal to 1. Random shifts of the wavenumber scale however are 
introduced by small movements of the lamp image on the entrance aperture or minor 
movements of the table where the spectrometer is located and must be taken into account. 

The non-linear differential absorption equation can thus be brought into its final discrete 
form by including the convolution of the absorption signal with the instrument function: 

M 
K +00 Icrj(vi-x-d}L•c• 

rcalc(vi)=I0 (vi-d)·I,pk·V/· J J(x)-ei=l Jdx, (26) 
k=O 

where I0 is the measured emission spectrum of the glowbar, crj the absorption cross section of 
trace gas j at unlimited resolution, cj its concentration, L the absorption path length, Pk the 
coefficients of a polynomial of order K, and d a small random wavenumber shift. Jcalc(vj) is 

thus the simulated transmission spectrum at the discrete wavelength vi. 
In this formulation any infrared emission of the atmosphere has been neglected. Test 

measurements with the glowbar turned off indicated that the Planck-emission of the warm' 
atmosphere always amounted to less than 0.1 % of the total intensity received when the 
glowbar was turned on, so that a negligible error results when a pure transmission model is 
applied to calculate the transmission spectra. This low level of background radiation is due to 
the fact that a relatively long focal length of 48" was used in the primary telescope mirror, 
which resulted in the image of the glowbar almost entirely filling the entrance aperture in front 
of the collimating mirror (see Figure 3.2). The ratio between radiation coming from the 
glowbar, and background emission in the field-of-view is thus greatly in favour of the glowbar 
radiation and avoids the need to remove the emission term. As will be discussed in Chapter 4, 
a similar approximation was not always possible in the ultraviolet/visible range. 
The parameters d, Pk, and cj can now be varied using the Levenberg-Marquardt method to 
obtain the best fit between the measured spectrum Jmeas(v) and the calculated spectrum Jcalc(v), 
where the optimum fit is defined by the minimum of the sum-of-squares: 

(27) 

The next paragraph will describe how the absorption cross sections for the individual gases 
were obtained, and subsequently details of the instrument function J and numerical fitting 
procedure will be discussed. 
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3.3.2 Reference cross sections for the infrared region 

It has already been mentioned in Chapter 2 that simple molecules, particularly diatomic 
molecules, display well resolved bands of vibration-rotation transitions in the mid-infrared for 
which quantum numbers and energy levels can be assigned with relatively high accuracy. On 
the other hand, many complex molecules exhibit broad unresolved absorption bands 
originating from a great number of individual transitions which do not allow or justify a 
precise quantum mechanical description. Consequently, a mixed approach was taken in the 
present study. 

For those molecules for which a good quantum mechanical description of their infrared 
transitions exists, their absorption cross sections were calculated according to quantum theory, 
while for the more complex molecules (namely the hydrocarbons C2H4, CH30H, and C6H14) 

cross sections measured in the laboratory were used. 

3.3.2.1 Quantum mechanical calculation of true cross sections. The molecules whose 
cross sections were calculated from quantum mechanical information are CO, CO2, H20, 
N20, and CH4. The HITRAN 1996 database lists for each observed transition of these 
molecules the associated wavelength and line strength at 296 K, the ground level energy, 
Lorentz width and temperatur:e exponent, as well as quantum numbers describing the lower 
state [Rothman et al., 1992; further updates from published work have been added since the 
1991/1992 editions to form the 1996 edition]. The theory of the line-by-line calculation of 
infrared absorption cross sections is described in great detail in standard textbooks and will 
only briefly be summarised here [Herzberg, 1966a,b; Barrow, 1962; Banwell, 1966; Edwards, 
1988; Kyle, 1991]. In brief, the integrated line strength Sij of an individual transition i • j 
with frequency vij at a given temperature T can be calculated from its strength at a reference 
temperature TO according to: 

Z(T) e-E;fkT l-e-hcvij/kT 
s .. (T)=S .. (T )•-0-·--·---

tJ tJ o Z(T) e-E;fkT0 l - e -hcvij/kT0 • 
(28) 

Here Z(T) denotes the sum of states at temperature T. The detailed quantum mechanical 
description of the molecule is required to know both its lower state energy Ei and its sum of 
states at any given temperature. 

Absorption lines are however not infinitely sharp lines, but the related absorption cross 
sections crij exhibit a characteristic profile centred on the frequency vij of the transition: 

CT ij ( V) = S ij. · f ( V - V ij ) , (29) 

where the profile functionfhas a norm of unity: 

+= 
J f(v-vij)dv = 1. (30) 

The shape of any particular transition of a gas under atmospheric conditions is to a first 
approximation well described by a convolution of a Lorentz and Doppler function. The 
Lorentzian line shape arises from collision-induced transitions of the excited state and is 
strongly pressure dependent (therefore also called pressure broadening): 
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/ Lorentz(V-V··) = aL 1 
IJ 2 2 ' 7t (V-Vu) +aL 

(31) 

where the Lorentz half-width aL at any temperature and pressure can be calculated according 
to the statistical theory of gases from a measured reference value by: 

aL(P, T) = adpo,To) ·J:..(To )
05

-
Po T 

(32) 

However the actual temperature exponent is often found to be unequal to the value of 0.5 and 
must for greater precision be measured in the laboratory. Its value lies for most transitions 
between 0.5 and 0.75. 

The Doppler line shape arises from the thermal motion of molecules in an equilibrated 
gas and consequent Doppler shift of their absorption frequency relative to a stationary 
observer: 

Doppler 1 [-<v-vij)2 /o:t] 
f (v-vij) = c ·e 

an-v7t . 

. . .J2kT Yr where an = -- • - 1 , M: molecular mass 
M C 

(33) 

The parameter an is also called the Doppler width. The true shape of an absorption line is 
consequently given by the convolution of these two line shapes, and the resulting profile is 
called the Voigt profile: 

v' 2 2 
oo -( -vii) !av 

! Voigt( )- aL f e d • v- vij - 3/2 , 2 2 v · 
anlr _00 (V-V-Vij) +aL 

(34) 

It can easily be calculated that under atmospheric ground level pressures the Lorentz profile 
dominates the Doppler profile even for the lightest molecules. 

The total absorption cross section cr(v) of an absorber is then given by the superposition 
of all its absorption lines for a given temperature T and pressure p through: 

oo -(V'-y .. )2 /0:2D a e 'J 

cr(vh,p=I,Sij(T)· \12f ' 2 2dv'. 
i,j cx,Dn o(Y-V -vij) +cx,L 

(35) 

Obviously the main advantage of the quantum mechanical calculation lies in the ability to very 
closely match the expected strength and shape of absorption spectra for any given temperature 
and pressure, while cross sections measured in the laboratory are usually only available for a 
very limited range of discrete temperatures and often only one atmospheric pressure. To limit 
the demand on computing power for analysis in the present study, quantum mechanical 
calculations of cross sections of the gases CO, CO2, H20, N20, and CH4 have only been 
performed for discrete temperatures between 273 and 295 K in increments of 2 K, and for 
pressures between 985 and 1030 mbar in increments of 5 mbar and stored for later use. 
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The calculations have been executed using the programme SALT (Single Atmospheric 
Layer Transmission) written by Dr. David Griffith (University of Wollongong, Australia). For 
details on the programme and numerical procedures to calculate the Voigt profile, see Griffith, 
[1996; also SALT/MALT user guide]. The source code of the programme was kindly made 
available to the author of this thesis. The convolution of the calculated absorption cross 
sections with the instrument function of the Fourier-transform spectrometer was performed 
during the actual fitting process which will be described later (3.3.4). 

3.3.2.2 Laboratory cross sections. The HITRAN 1996 database contains no quantum 
mechanical information on the infrared transitions of the molecules C2H4, CH3OH, and 
C6H14, and consequently absorption cross sections measured in the laboratory had to be used. 
The absorption cross sections were taken from the US Environmental Protection Agency 
(EPA) database, measured under 1013 mbar pressure at resolutions of 0.125 cm-1 or 0.25 cm-1 

with a Fourier-transform spectrometer [Geyer et al., 1992; Gardner et al., 1997]. For each gas 
only one temperature level of relevance for tropospheric measurements was available, namely 
298 or 299 K. However measurements of the absorption cross sections · at elevated 
temperatures (320 - 450 K) of C2H4 and CH3OH were used to extrapolate the likely 
temperature dependent variation of their absorption strength over the range of temperatures 
encountered during the present work. Details of this procedure are given in section 3.4.2. Due 
to the broad-band nature of the absorption bands of these gases their cross sections are not 
expected to vary appreciably with pressure. Convolution of the absorption cross sections with 
the instrument function to match the lower resolution of 1 cm- 1 of the spectrometer was 
performed during the fitting process (3.3.4). 

3.3.3 Instrument function of a Fourier-transform spectrometer 

The physical quantity measured by a Fourier-transform spectrometer is the 
interferogramme I(x), from which the spectrum S(v) is calculated through a Fdurier
transform: 

+= -
S(v) = f e-Znixv ·l(x) dx; S = I, (36) 

where the tilde denotes the Fourier-transform of function I, and x represents the optical path 
difference of the two beams producing the interferogramme. (In the following mathematical 
treatment, care must be taken not to confuse the interferogramme I with the spectral intensity 
which was also denoted as I in other parts of this work.) 

Although the instrument function of a spectrometer is defined in the frequency domain, 
for Fourier-transform spectrometers it is most appropriately described by a function defined in 
the interferogramme domain, since it is the interferogramme which is physically measured by 
the instrument, while the spectrum is only the result of a mathematical operation applied to the 
interferogramme. This function operating in the interferogramme domain is called apodizing 
function ( or apodization function) and consists of several separate elements. 

3.3.3.l Maximum optical path difference. The Fourier integral is defined from negative 
to positive infinity, but obviously the maximum optical path difference xmax in any real 
instrument is limited; in the case of the MB-100 spectrometer it is 1 cm. Thus the Fourier 
integral applied to a measured interferogramme is: 
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+Xm~ += 
S(v)= f e-Z1tixv,I(x)dx= Je-Z1tixv,A1(x)•I(x)dx, (37) 

where the apodizing function A 1 is defined as 

{
1 for lxl < Xmax 

A1(x)= 11 0 for X > Xmax 
(38) 

The limited range of the measured interferogramme is the main factor influencing the spectral 
resolution of the instrument. It can be shown that the spectral resolution (ie the width 6-V of a 
monochromatic line) is inversely proportional to the maximum optical path difference: 

bi.V oc 1/ Xmax · 

3.3.3.2 Finite aperture and beam spread. A second physical limitation to the resolution 
of a Fourier-transform spectrometer is the fact the beam entering the instrument in practice 
will never be perfectly parallel, but its spread is defined by the size of the aperture and focal 
length of the collimating mirror before the interferometer. Non-parallel beams however 
produce self-interference after a wavelength-dependent optical path within the instrument. It 
can be shown that this leads to a second wavelength-dependent apodizing function A2 [Brault, 
1985]: 

sin(7t·X·V•div2 /2) . (7t·X·V·div2 ) 
A 2 (x)= 2 =smc ----

n • x • v • div / 2 2 
(39) 

The transformed spectrum is therefore given by: 

+= 
S(v) = f e-Z1tixv · A1 (x) • A 2 (x) • I(x) dx, (40) 

where I(x) now denotes the ideal interferogramme of an instrument without any beam spread 
and perfect alignment of the light beam relative to its optical axis. 

3.3.3.3 User-defined apodizing function. While the two apodizing functions discussed 
above represent limitations arising from the physical description of the spectrometer (and are 
thus inherent in the actually measured interferogramme), a third apodizing function is usually 
applied numerically by the user before the interferogramme is transformed into a spectrum. 

The reason for this is that the step-function edges of the function A1 at !xi = Xmax lead to 

very strong sidelobes of absorption peaks in the transformed spectrum. While these arise 
entirely from the nature of the Fourier-transformation and thus are very well understood and 
reproducible, they are still somewhat undesirable as they make visual inspection of spectra for 
small absorption peaks difficult. Moreover a minor mismatch between the theoretical and 
factual maximum optical path difference of a spectrometer can lead to strong differences in 
the amplitude and location of the measured and simulated sidelobes and therefore lead to 
errors in the curve fitting analysis of the spectra. 
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Figure 3.3 shows the difference between three different apodization functions applied to 
the same interferogramme arising from a single isolated absorption line. The sample 
apodization functions are as follows: 

boxcar: 
Norton-Beer (weak): 
triangular: 

A3(X) = 1 
A3(x) = 0.548 - 0.0833 · (1-D2) + 0.5353 · (1-D2)2 
A3(x) = 1 -D 

(41) 

where D = x/xmax and A)(x) = 0 for x > Xmax· The 'true' shape of the absorption line is also 
shown for comparison. It can be seen that the strongest apodization function is the triangular 
one; it produces the smallest sidelobes, but also reduces the total absorption depth of the peak 
while simultaneously increasing its width. 
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Figure 3.3. Side lobes of an isolated absorption line produced by applying various apodization functions to the 
corresponding interferogramme with a limited maximum path difference. The original absorption line 
(corresponding to an infinite interferogramme) is shown for comparison (full line). The spectra calculated from 
the apodized interferogrammes are offset vertically for clarity. 

In practice a compromise must be found between required absorption depth and 
resolution on one hand, and suppression of sidelobes on the other, which depends on the 
spectral resolution of the spectrometer, true width of observed absorption lines, and absorption 
depth of peaks within the spectral region of interest. In the course of the present work it was 
found that a triangular apodization was preferable to weaker apodization functions, since most 
spectral regions used for analysis contain very strong absorptions by either H20 or CO2. These 
strong absorption lines exhibit distinct sidelobes under a boxcar or weak Norton-Beer 
apodization function under the relatively low resolution of 1 cm·1. These sidelobes tended to 
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interfere with the retrieval of minor absorbers (such as CH3OH or C2H4) due to the inability to 
perfectly model the true instrument function in the fitting procedure. 

The total apodizing function APO(x) of the instrument is now given as the product of the 
three individual apodizing functions: 

+oo 

S(v) = J e-Znixv · APO(x) · I(x) dx ; APO(x) = A1 (x) · A2 (x) · A3 (x), ( 42) 

where in the present study A3(x) is the triangular apodizing function, and I(x) is again the 
interferogramme of an ideally aligned Fourier-transform spectrometer with infinite resolution. 

In principle, the instrument function J in the spectral domain can now be calculated 

from the apodizing function according to (36): 

+oo 
J(v-v 0 ) = J e-Znix(v-vo) •APO(x) dx, (43) 

It is not necessary, however, to in fact solve this integral for the calculation of synthetic 
spectra, since the convolution of the true cross sections with the Instrument function is more 
conveniently done in the interferogramme domain, where the apodization function is simply 
given through the function APO(x). This will be demonstrated in the next section which 
describes the adaptation of the Levenberg-Marquardt algorithm to the fitting of infrared 
transmission spectra. 

3.3.4 Numerical fitting procedure for the analysis of infrared spectra 

The aim of the numerical fitting procedure is to find simultaneously a set of trace gas 
concentrations cj, wavenumber shift d, and polynomial coefficients Pk, for which the sum of' 
the squared differences x2 between measured spectrum I(n) and calculated spectrum Icalc(n) is 
minimised (equations (26) and (27)): 

(44) 

The Levenberg-Marquardt algorithm, the general concept of which has already been discussed 
in Chapter 2, provides an iterative solution to this problem. The software package written for 
the present study performs the following steps: 

3.3.4.1 Input data. The required data files for a spectral fit are being read from hard 
disk. These are the measured atmospheric transmission spectrum, the emission spectrum of 
the glowbar, and the calculated and/or laboratory measured absorption cross sections of the 
trace gases relevant to the wavelength range to be analysed. Since the absorption cross 
sections are dependent on ambient pressure and temperature under which the transmission 
spectrum was recorded, the calculated cross sections nearest to the pressure and temperature at 
the time of the spectrum measurement were selected (in steps of 5 mbar and 2 K, 
respectively). For the broad band absorbers only the single measured laboratory cross section 
were available, and their variable absorption strength was later corrected for (see 3.4). 
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3.3.4.2 Fitted parameters and effective apodization. The fitting parameters must be 
initialised for the first guess. The initial concentrations cj were chosen to be zero for CH3OH, 
C2H4, and C6H14, and 100 ppb, 370 ppm, 0.8 %, 310 ppb, and 1.8 ppm for the trace gases CO, 
CO2, H2O, N2O, and CH4, respectively. This set of values is close to expected clean-air 
concentrations [Moss et al., 1998; Bromley et al., 1998; Brailsford et al., 1998], and led to 
converging fits in every case, even under severely polluted conditions. The initial wavelength 
shift was set to zero, and a low-order background polynomial was assumed with the 
coefficient Po set to 1 and all others set to 0 initially. The order of the polynomial was chosen 
dependent on the spectral region and will be stated together with analysis details for the 
individual trace gases. 

An additional fitting parameter called 'effective apodization' was introduced to improve 
the spectral fits and account for imperfections of the instrument and misalignment of the 
optical system. The effective apodization has been used widely in the analysis of solar 
absorption spectra for the measurement of stratospheric trace gases and represents a fourth 
apodization function with variable strength applied to the interferogramme during the fit [Park 
et al., 1983; Rinsland et al., 1991a, and references therein; Reisinger, 1994; Reisinger et al., 
1994, 1995]. It has the numerical form of a trapezoid: 

A eff( )-1-E,_x_ . 11 < X - ' X - Xmax, 
Xmax 

(45) 

where Eis called the effective apodization parameter. It can be seen that for E equal zero the 
effective apodization function is equal to one for the whole optical path difference (ie it has no 
effect on the interferogramme), while for E equal I it approaches the triangular function. 

In the Levenberg-Marquardt routine the parameter E can be either kept constant at a 
predefined value (representing a systematically degraded resolution due to optical 
misalignment), or it can be varied to account for small individual differences in spectra. If it is 
fitted, the value of E can be used to assess the quality of a spectrum. Gross deviations of the 
fitted value of E from its average (which would normally be expected to lie somewhere 
between 0.0 and 0.5 for a reasonably well aligned system) can be used as an indicator that a 
spectrum is of poor quality and should probably be discarded. The analysis discussion of the 
individual trace gases in the following section will describe how the effective apodization 
parameter was used in each spectral region. 

3.3.4.3 Iterations and output of the Levenberg-Marquardt routine. The Levenberg
Marquardt algorithm was iteratively executed until the fit did not improve for at least 5 
consecutive times, or for a maximum of 20 iterations. The fits usually reached the minimum 
chi-squared after the first 8 to 10 steps of the iteration. The resulting best fit concentrations, 
their estimated standard errors, other fitted parameters such as wavenumber shift and effective 
apodization, RMS error, and the numerical spectrum, best fit, and residual were written to 
hard disk as raw analysis data. Within the Levenberg-Marquardt routine, the computation of 
the calculated spectrum was performed as follows. 

The previously calculated absorption cross sections for the appropriate pressure and 
temperature were used to produce a true (unlimited resolution) atmospheric transmission 
spectrum according to: 

M 
I,cr-(v-d)·L•c• 

t . J J 
I rue(v) = e J=l (46) 
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The true transm1ss10n spectrum was then Fourier-transformed to obtain the true 
interlerogramme, corresponding to a perlectly aligned instrument without beam spread and 
unlimited resolution. The result was multiplied with the 3 apodizing functions discussed 
above, namely the truncating function AI which models the maximum path difference xmax of 
the spectrometer, the beam-spread function A2, and the user-defined triangular apodizing 
function A3• The interlerogramme was then truncated at an appropriate point to give a spectral 
point spacing equivalent to the point spacing of the measured spectrum, multiplied with the 
effective apodization function, and re-transformed into the spectral domain. Subsequent 
multiplication with the emission spectrum I0 and the background polynomial PK produces the 
calculated transmission spectrum Icalc which is to be compared to the measured spectrum. 

It should be noted that the multiplication of the true interlerogramme with the apodizing 
functions is mathematically identical to the convolution of the true transmission spectrum 
with the instrument function J. Since it can be shown that for all regular functions x and y 
the following relation holds: 

where again the tilde denotes the Fourier-transform of a function, and 
r---..J 

J (V) = APO(x) 
' 

it can be seen that 
,,,---......__, 

~true J * e-cr·L·c (v) = (APO , I ) 

(47) 

(48) 

(49) 

Thus the characteristics of the instrument used to record the transmission spectra, namely 
maximum optical path difference, beam spread, and potential misalignment simulated by the 
effective apodization, can be conveniently reproduced in the interferogramme domain by a 
simple multiplication. 

The following section gives analysis details for all trace gases measured in the infrared 
spectral region during the present work, sample spectra, and a discussion of systematic and 
random errors for the retrieved concentrations. 

3.4 Sample measurements and error discussion 

Trace gas concentrations were analysed from their infrared absorptions in four separate 
spectral regions. These were the region from 2140 to 2244 cm-I which contains absorptions 
from CO, CO2, H2O, and N2O, 920 to 970 cm-I with absorptions from H2O, CO2, and C2H4, 

1020 to 1050 cm·1 with absorptions from H2O, CO2, and CH3OH, and 2770 to 3060 cm·I with 
absorptions from H2O, CH4, and paraffinic hydrocarbons for which C6H14 is a representative. 
These spectral regions and their main absorbers are discussed in detail below. 

Emission spectra I0 were measured for all spectral regions only once on June 12, 1997, by 
placing the glowbar used in the transmission measurements directly at the entrance aperture of 
the collimating off-axis parabolic mirror and using the appropriate band pass filter. These 
emission spectra were used for analysis of all spectra taken between late May and mid-August 
1997 with no obvious change in broad band emission characteristics of the glow bar. 

A general systematic error source for all open long-path measurements is obviously the 
length of the absorption light path which enters directly into the calculated concentrations. 
The absorption path length was determined from accurate scale maps, taking into account the 
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height difference between the light source and the spectrometer. The absorption path length of 
244 m is estimated to have a maximum error of less than 2 %, and the influence of this minor 
uncertainty on the total accuracy of the retrieved trace gas concentrations will be neglected in 
the remainder of this thesis. A similar estimate applies to the absorption path lengths for the 
measurements in the ultraviolet/visible region which will be described in Chapter 4. 

3.4.1 Analysis of CO, CO2, ff 20, and N20 

3.4.1.1 Spectral region and fitted parameters. Figure 3.4 shows a calculated 
transmission spectrum and the individual absorber contributions for the region from 2140 to 
2244 cm-1• This region contains the R-branch of the (1,0) vibration-rotation transition of CO, 
the P and R branches of the v 1-band of N20 centred at 2224 cm-1, the low-wavenumber end of 
the vrband P branch of CO2 centred at 2349 cm-1, and many isolated absorption lines ofH20. 
Lines of the N20 band are unresolved under the resolution of 1 cm-1, and only the outline of 
its P and R branches can be identified in the spectrum. All absorption cross sections were 
calculated from quantum mechanical data using the HITRAN 1996 spectral data base. 
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Figure 3.4. Calculated transmission spectrum and individual absorbers in the region 2140 to 2244 cm-I under 
a spectral resolution of 1 cm-I with triangular apodization for a 244 m atmospheric path. The absorptions from 
H2O and CO have been offset vertically for clarity. The corresponding CO concentration is 500 ppb at 
JO 13 mbar and 283 K. 

The absorption cross sections of these four gases were fitted to the measured spectra 
between 2140 and 2244 cm-1, including a linear background. Effective apodization and 
wavenumber were allowed to vary for each spectrum to obtain the best possible fit between 
observed and calculated line shape and position. The average value of the fitted effective 
apodization parameter for all spectra was 0.2, with a standard deviation of 0.03, indicating a 
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relatively consistent and good alignment of the instrument. The typical RMS error for fits in 
this region ranged between 0.15 % and 0.35 %, with rare exceedences of up to 0.5 %, usually 
for extremely polluted conditions. Figures 3.5 and 3.6 show examples of measured spectra, 
best fits, and residuals for clean and polluted conditions in Christchurch with derived CO 
concentrations of 320 and 6550 ppb, respectively. A strong increase in absorption depth of the 
CO features between clean and polluted conditions can clearly be seen. 

The following paragraphs will discuss the random and systematic errors associated with 
the retrieved trace gas concentrations in this region. Since CO is the gas of most interest for 
the purposes of the present study, the discussion will focus on this gas, but similar arguments 
can be applied to the error analysis of the other gases CO2, H2O, and N2O. 

3.4.1.2 Systematic errors. The line parameters for the (1,0) absorption band of CO have 
been studied extensively in the laboratory, and the estimated uncertainty for the absolute 
strengths of the transitions at room temperature is about 2 % [ Chackerian and Tipping, 1983]. 

A second systematic error in the CO retrieval lies in a possible mismatch of the observed 
and calculated line shapes. It was found that the fitting residual was not pure random noise, 
but there appeared to be a reproducible misfit particularly for the absorption lines of H2O and 
for very strong CO absorptions. An example of this can be seen in Figure 3.6. The RMS error 
of the fits typically increased with increasing depth of the CO absorption lines, while for low 
CO concentrations the impelfect fit to H2O lines was the main residual feature. However the 
maximum peak residual was in most cases less than 1 or at most 2 %, compared to absorption 
features of CO between 6 % and 60 %. 

The reason for these systematic misfits is probably twofold. On one hand, impelfect 
alignment of the optical axis of the spectrometer relative to the collimated beam, and of the 
optical elements within the instrument, will lead to a loss of light for optical path differences 
greater than zero. This can be described by an additional unknown apodization function which 
can only to a first order be approximated by the effective apodization. The use of a higher 
order model for the effective apodization did not appear justified, since the number of free 
parameters also contributes to the random uncertainty and interdependence of the retrieved 
trace gas concentrations. The restriction to a linear model for the effective apodization leads to 
an imperfect simulation of the instrument function and, consequently, of the observed line 
shapes. Such an effect will be most noticeable for very strong absorptions, consistent with the 
observed increase of the RMS error with higher CO concentrations. 

On the other hand, the line parameters for H2O are generally less well known than the 
parameters for other trace gases. This results from the difficulties in generating water vapour 
of constant gas-phase concentration in the laboratory, and its multitude of weak absorption 
lines which, due to its high atmospheric concentration, are nevertheless important for the 
analysis of atmospheric spectra. Major disagreements of published H2O line parameters with 
observations have been noted in the literature [Rinsland et al., 1991 b, and references therein; 
also C.P. Rinsland, personal communication], and it is well possible that part of the repro
ducible residual between measured and calculated spectra, particularly for clean conditions 
with low CO concentrations, is due to a relatively poor line parameter set for H2O. 
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Figure 3.5. Sample fit to a measurement under clean conditions. The retrieved CO concentration is 275 ppb, 
and the RMS error of the fit is 0.17 %. 
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Figure 3.6. Sample fit to a measurement under polluted conditions. The retrieved CO concentration is 6550 
ppb, and the RMS error of the fit is 0.36 %. 
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Tests were also performed with the effective apodization fixed to zero (ie representing 
ideal optical alignment), which increased the RMS error of the fits by about 50 % for spectra 
taken under polluted conditions, and typically lowered the retrieved CO concentration by 2 to 
7 %. The significantly smaller RMS error achieved when fitting the effective apodization 
indicates that the retrieved value is closer to the true concentration since the instrument 
function is better modelled than under the assumption of ideal optical alignment. 

While it is difficult to obtain an independent estimate of both the magnitude and sign of 
the remaining error due to the still imperfect modelling of the line shape, a conservative 
estimate would probably be the change which occurred when the effective apodization was 
fitted, compared to when it was fixed to zero. This puts the estimated systematic error in CO 
concentration due to imperfect modelling of the instrument function at 7 % which was found 
acceptable for the purpose of this study. 

3.4.1.3 Random errors. The Levenberg-Marquardt algorithm returns the standard error 
for each of the fitted parameters provided that uncertainties for each measured spectral point 
I(vi) are given. Since it is difficult to obtain an estimate of spectral noise independently of the 
fitting result, the RMS error of the final fit was used as a uniform estimate for the uncertainty 
of the spectral data points. This is likely to somewhat overestimate the standard errors for the 
fitted parameters since, as pointed out in the previous paragraph, part of the residual is not 
random noise but a systematic misfit which has already been taken into account as systematic 
error of the result. Since for the retrieval of CO more than 20 individual absorption lines lie 
within the spectral window used for analysis, additional contributions arising from misfits to 
other absorbers and resulting systematic residuals are expected to be minimal. The standard 
errors should therefore be viewed as upper limits of the contribution of the spectral fits to the 
total uncertainty of the trace gas concentrations. For the quality of fits achieved in the present 
study, the typical standard errors for the retrieved concentrations were between 0.5 and 3 %. 

A second source for random uncertainties of the trace gas concentrations is the limited 
accuracy with which the pressure and temperature along the absorption light path can be' 
known. As mentioned previously, pressure and temperature were only measured at one end of 
the light path near the glowbar. A possible temperature gradient along the path would 
therefore be possible particularly under strong inversion conditions during winter nights. Yet 
given the height difference between glowbar and receiving telescope of 10 m, and the 
strongest observed vertical temperature gradient of 7 K / 100 m in the preceding winter [ van 
den Assem et al., 1996], the maximum difference between the path-averaged and the measured 
temperature at one end would only be 0.35 K. Additional uncertainties however arise from 
possible time differences of the temperature logger and the spectra acquisition PC, as well as 
localised temperature inhomogenities around the temperature sensor. Overall, however, it is 
unlikely that the error would exceed the error of 2 K and 5 mbar incurred in the calculation of 
cross sections, so that the maximum error in pressure and temperature is conservatively 
estimated at 3 K and 5 mbar. 

The effect of an error in pressure and temperature on the retrieved trace gas 
concentrations is twofold: Firstly, when deriving mixing ratios (VMR) from absolute number 
densities, pressure and temperature are needed to calculate the air density in the light path 
according to 

(50) 
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The retrieved m1xmg ratio of the trace gases can thus be estimated to carry a random 
uncertainty of about 1 % for ground level conditions. 

Secondly, the line strengths of the absorbing trace gases depend themselves on the 
ambient temperature according to (28), and the quality of the spectral fit can also be degraded 
by a mismatched temperature, leading to further errors in the analysis. The magnitude of this 
dependence can be estimated by varying the temperature used for the analysis of a single 
spectrum and observing the change in retrieved concentration. H2O was found to exhibit the 
greatest temperature dependence of 1.5 %/K arising from the high lower state energies for 
some of its strong transitions, while the temperature dependence of CO was 0.7 %/K. 

Since in the case of CO the sign of the temperature dependence is the same for the mixing · 
ratio and the variation of absorption line strengths, the errors must be added in this case to 
obtain the total uncertainty due to pressure and temperature effects. Due to the maximum 
resolution of 2 Kand 5 mbar in the cross section calculations, this total uncertainty is 2.4 %. 

3.4.1.4 Detection limit and summary. The detection limit of a trace gas is normally 
given as twice the standard error of its concentration measurement. Since the typical standard 
error for CO varied with concentration, clean air conditions must be used to obtain an estimate 
of the minimum detectable concentration. For measurements with less than 200 ppb CO, the 
average standard error was 4.5 ppb, which puts the detection limit at 9 ppb, significantly 
below the minimum southern hemispheric clean air concentration of approximately 50 ppb. It 
should be kept in mind, however, that for clean conditions a substantial part of the spectral 
residual is due to a misfit of the H2O absorption lines, and the random part of the detection 
limit is therefore likely to be still lower. 

The total random and systematic uncertainties for the retrieved trace gas concentrations 
can now be calculated as the root of the sum of squares of the individual errors, assuming that 
these are independent. The total systematic uncertainty for CO is thus found to be 7 %, and 
total random uncertainty varies between 2.5 and 4 % for each spectrum depending on the 
quality of the fit and retrieved absolute concentration. The uncertainties for the other trace 
gases are of similar magnitudes. Table 3.2 summarises the total error sources for the retrieval 
of CO during this study. 

Table 3.2. List of systematic (S) and random (R) error sources for the retrieval of CO from 
measurements in the 2140 to 2244 cm-1 spectral region on a 244 m atmospheric path. The estimated 
detection limit for CO in this region is 9 ppb. Fitted trace gases were CO, CO2, H2O, and N2O, a 
measured emission spectrnm, and a linear background. Both wavenumber of the absorption cross 
sections and the effective apodization parameter were fitted. 

Error source 

(S) Line parameters 
(S) Mismatch of observed and calculated line shapes 
(R) Spectral noise (RMS error) 
(R) Pressure/temperature 

Total systematic error 
Total random error 

Relative magnitude 

2% 
7% 
0.5%- 3% 
2.5% 

7% 
2.5%-4% 



Chapter 3. Experimental setup and analysis of long-path infrared absorption measurements 74 

3.4.2 Analysis of C2H4 and CH3OH 

3.4.2.1 Spectral region and fitted parameters. Ethylene (C2H4) and methanol 
(CH3OH) concentrations were retrieved from two separate windows between 920 to 970 cm-1 

and 1020 to 1050 cm-1, respectively. Other absorptions in these windows arise from individual 
lines of H2O and very weak bands of CO2. Since the analysis details for the two target gases 
C2H4 and CH3OH are identical they are described together in this section. 

Figure 3.7 shows a synthetic transmission spectrum in the window 920 to 970 cm-1 along 
with the individual contributions of H2O, CO2, and C2H4, while Figure 3.8 shows the same 
for H2O, CO2, and CH3OH in the fitting window 1020 to 1050 cm-1. C2H4 and CH3OH 
contribute only small absorption peaks which arise from the respective Q-branches of 
fundamental vibration-rotation transitions of these gases. In the case of C2H4 the peak is 
partially overlapped by an isolated H2O line. 

A linear background, measured emission spectrum, and wavenumber shift were fitted in 
both windows. However it was found that the lack of strong absorption lines made fitting of 
the effective apodization unstable, and the effective apodization parameter was therefore kept 
fixed to the value 0.2, corresponding to the average effective apodization fitted in the window 
from 2140 to 2244 cm-1. The average RMS error of the fits was 0.19 % in the 920 to 970 cm-1 

window and 0.09 % for the 1020 to 1050 cm-1 window. The lower RMS error compared to the 
fits presented in the previous section is mainly due to the absence of strong absorption lines 
which were a main cause for disagreements between measured and calculated spectra. 

Figures 3.9 and 3.10 show sample spectra, best fits, and residuals for relatively polluted 
conditions, as well as the residuals when only H2O and CO2 are fitted to the same spectra. In 
the latter cases the residuals exhibit strong peaks which are highly correlated with the missing 
absorption cross sections. 
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Figure 3. 7. Calculated transmission spectrum and individual absorber contributions for the region from 920 to 
970 cm-1 under a spectral resolution of 1 cm-1 with triangular apodization for a 244 m atmospheric path. The 
individual absorbers are offset vertically for clarity. The corresponding ethylene concentration is 230 ppb at 
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to 1050 cm-1 under a spectral resolution of 1 cm-1 with triangular apodization for a 244 m atmospheric path. 
The individual absorbers are offset vertically for clarity. The corresponding methanol concentration is 170 ppb 
at 1013 mbar and 283 K. 
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Figure 3.9. Example of measured and fitted spectrum and residual (lower two panels), and residual when the 
ethylene cross section is excluded from the fit (upper panel). Also included in the upper panel is the absorption 
cross section of ethylene, offset and scaled to match the residual (dashed curve). A high correlation between the 
cross section and the residual is clearly visible. The ethylene concentration retrieved from the fit is 182 ppb. The 
RMS error is 0.12 % when ethylene is included, and 0.61 % when only H20 and CO2 are fitted. 
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Figure 3.10. Example of a measured and fitted spectrum and residual (lower two panels), and residual when 
the methanol cross section is excluded from the fit (upper panel). Also included in the upper panel is the 
abso,ption cross section of methanol, offset and scaled to match the residual (dashed curve). A high correlation 
between the cross section and the residual is clearly visible. The 1nethanol concentration retrieved from the fit is 
I 37 ppb. The RMS error is 0.18 % when methanol is included, and 0.48 % when only H2O and CO2 are fitted. 

3.4.2.2 Systematic errors. The reference absorption cross sections of C2H4 and CH3OH 
used in the spectral analysis were measured by the US Air Force's Arnold Engineering 
Development Center (AEDC) at a resolution of 0.125 cm-I at 299 K (80°F) and 1013 mbar 
[Gardner et al., 1997]. No detailed error estimates were given by the authors of the 
measurements, but this error is probably conservatively estimated at 10 %. Further 
uncertainties arise from the unknown variation of the absorption strength with temperature, 
but since the magnitude of this effect will differ between spectra depending on the ambient 
temperature under which they have been recorded, it will be treated as a random error in the 
following paragraphs. 

3.4.2.3 Random errors. Similar arguments as for the random errors of the measurement 
of CO apply to the random errors of the retrieval of C2H4 and CH3OH. The relevant 
contributions are the standard errors returned by the Levenberg-Marquardt routine, using the 
RMS error as estimate for the spectral noise, and the uncertainty in pressure and temperature 
for the analysis of a measurement. 

The uncertainty in the conversion of the number density of a trace gas into volume mixing 
ratio due to uncertainties in temperature and pressure along the absorption path has already 
been estimated at 1 % (equation (50)). A second error source is however represented by the 
possible variation of the absorption strengths of C2H4 and CH3OH with temperature. 

Additional measurements of the C2H4 and CH3OH absorption cross sections at higher 
temperatures (350-450 K) were available [Gardner et al., 1997], but unfortunately none at 
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temperatures below 299 K. In order to account for a possible vanat10n of the absorption 
strength over the range of temperatures relevant for the present study (273 - 293 K), the 
measurements at higher temperatures were therefore extrapolated to estimate the absorption 
strength for temperatures below 299 K. Figure 3.11 shows the measured relative strength of 
the peak absorptions of C2H4 and CH3OH at 950 cm- 1 and 1034 cm-1, respectively, for 
elevated temperatures. 
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Figure 3.11. Variation of peak absorption of the measured cross sections of ethylene and methanol between 299 
and 450 K, and exponential fits (full lines). Cross sections are from Gardner et al., [ 1997]. 

An exponential regression curve was fitted to these peak strengths, which gave the 
following temperature dependencies for the absorption cross sections : 

( ) _ 9 0.00 I 03-(299-T) ac H -950c -1 T - ac H -950 - 1 (2 9 K). e , and 
2 4 ,v- m 2 4 ,v- cm 

(51) 

(T) _ ( 99 K) 0.00203-(299-T) 
CTCH 1OH,v=i034cm-1 -CTCH 1OH,v=l034cm- 1 2 •e . . . 

(52) 

The variations of the absorption strengths of C2H4 and CH3OH between 273 and 299 K are 
thus calculated as 6 % and 11 %, respectively. To account for this temperature dependency, 
the measured absorption cross sections for these two gases at 299 K were fitted, and the 
retrieved concentrations were then scaled after the spectral analysis according to: 

a(299K) 
Ccorrected = cfitted · a(T) (53) 

While this is the closest possible approximation given the information available, it is obvious 
that a considerable uncertainty exists for estimates at temperatures below 299 K since these 
represent extrapolations rather than interpolations of measured values. A reasonable upper 
limit for the magnitude of this remaining error appears to be the difference between the 
temperature correction procedure and no temperature correction, ie 6 % for C2H4 and 11 % for 
CH3OH. It should also be noted that errors arising from this procedure may consistently over
or underestimate the retrieved concentrations for temperatures below 299 K, so that the 
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unknown temperature dependency may also be responsible for a systematic error of 
comparable magnitude in the analysis. 

A third potential error arises for the retrieval of C2H4 from the interference of the nearby 
absorption of H2O which partially overlaps the C2H4 feature. It should be noted that this 
interference would not adequately be represented by the standard errors calculated in the 
Levenberg-Marquardt algorithm, since the latter assumes that the spectral data points are 
independent of each other. This is clearly not the case where two absorption lines which span 
a number of spectral data points partially overlap, and the additional random error arising 
from this interference must be estimated independently and added to the random error 
calculated in the Levenberg-Marquardt routine. Tests with variable temperatures and pressures 
for analysis and the good fits obtained for the H2O absorption under clean conditions however 
showed that this interference is small and unlikely to induce an uncertainty larger than 5 ppb 
in the retrieved C2H4 concentration. 

3.4.2.4 Detection limit and summary. The typical standard errors for measurements of 
C2H4 and CH3OH under clean conditions were about 10 ppb and 8 ppb, respectively, so that 
the detection limits can be estimated at 20 ppb for C2H4, and 16 ppb for CH3OH. 

The total random and systematic uncertainties for the retrieved trace gas concentrations 
are again calculated as the root of the sum of squares of the individual errors. The systematic 
uncertainties were estimated as 10 % for both C2H4 and CH3OH. The total random 
uncertainties consist of the variable standard error of the fits, and the uncertainty of the 
temperature dependence of the absorptions. The magnitude of the standard errors of the fits 
averaged 14 ppb for C2H4 and 8 ppb for CH3OH, while the unknown temperature dependence 
contributed a further uncertainty of up to 10 ppb for C2H4 and 14 ppb for CH3OH for the 
highest measured concentrations. Table 3.3 summarises the analysis details for the retrieval of 
C2H4 and CH3OH as applied to the measurements obtained during this study. 

Table 3.3. List of systematic (S) and random (R) error sources for the retrieval of C2H4 and CH3OH' 

from measurements in the 920 to 970 cm·1 and 1020 to 1050 cm· 1 spectral region, respectively, on a 

244 m atmospheric path. The estimated detection limits are 20 ppb for C2H4 and 16 ppb for CH3OH. 

Fitted trace gases were C2H4 or CH3OH, H2O, and CO2, as well as a measured emission spectrum and 

linear background. The wavenumber shift of the absorption cross sections was fitted and the effective 

apodization was fixed to a value of 0.2. 

Error source 

(S) Absolute absorption cross section 

(R) Spectral noise (RMS error) 

(R) Interference from H2O absorptions 

(R) Temperature dependence of cross sections 
(R) Pressure/temperature along absorption path 

Total systematic error 

Total random error 

Magnitude 
(C2H4) 

10% 

- 14 ppb (variable) 
5 ppb 

6% 

1% 

10% 

15-18 ppb (variable) 

Magnitude 
(CH30H) 

10% 

- 8 ppb (variable) 

11% 

1% 

10% 

8-16 ppb (variable) 
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3.4.3 Analysis of H2O, CH4, and C6H14 

3.4.3.1 Spectral region and fitted parameters. The spectral region from 2770 cm- 1 to 
3060 cm-1 contains significant individual absorption lines from H2O, the P/Q/R branches of 
the Vrabsorption band of CH4, and several overlapped broad absorption bands of hexane 
(C6H 14). Figure 3.12 shows a calculated transmission spectrum and the individual absorber 
contributions for this region. It can be seen that the region is dominated by H2O and CH4, 

while the weak bands exhibited by C6H14 cover a range of about 200 cm-1• The latter is caused 
by the stretching vibration-rotation transition of the saturated C-H bonds of C6H 14• 
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Figure 3.12. Calculated transmission spectrum and individual absorber contributions for the region from 2770 
to 3060 cnz-1 under a spectral resolution of I cnz-1 with triangular apodization for a 244 m atmospheric path. 
The absorptions from H2O and CH4 are offset vertically for clarity, and the absorption from C6H 14 is shown on 
a separate scale (upper panel). The corresponding hexane concelltration is 200 ppb at 1013 mbar and 283 K. 

Similar to the fitting procedure for the 2140 to 2244 cm-1 region, a linear background, 
measured emission spectrum, relative wavenumber shift, and effective apodization were 
fitted. The latter is particularly important because of the very strong absorption by H2O which 
would lead to large residuals if the instrument function were not modelled properly. The 
average fitted effective apodization parameter was 0.26, in relatively good agreement with the 
average found for the 2140 to 2244 cm-1 window. The average RMS error for all spectra 
varied between 0.35 and 1 %; its relatively larger values appeared to be mainly due to 
imperfect fits to the strong H2O absorptions at the high wavenumber side of the fitting 
window. Figure 3.13 shows a sample spectrum, best fit, and residual under polluted 
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conditions, and the residual when the hexane cross section is excluded from the analysis. It 
can clearly be seen that in the latter case the residual is significantly larger and exhibits the 
characteristic shape of the missing absorption bands. 

0.05 
-0 

<1.) 

-0 0.04 
.2 
u 
>< 0.03 <1.) 

"' 0 0.02 -0. ..... 
0 .,, 0.01 

..0 

"' 0.00 <1.) 

"' "' >< -0.01 
<1.) 

..c:: 

-5 -0.02 

"' -;; -0.03 
::, 

:;:! .,, -0.04 
~ 

-0.05 

0.02 

-;; 0.01 
::, 

:;:! 0.00 .,, 
~ -0 .0 I 

-0.02 

1.0 

0.8 

"' 0.6 0 
.,, • .,, 
El Spectrum taken on • 
.,, 
"' 19:07, 5 June, 1997 .; 0.4 

• measured spectrum 

best fit caclulated 
0.2 

2760 2780 2800 2820 2840 2860 2880 2900 2920 2940 2960 2980 3000 3020 3040 3060 
wavenumbers 

Figure 3.13. Example of a measured and fitted spectrum and residual (lower two panels), and residual when 
the hexane cross section is excluded from the fit (top panel). Also included in the upper panel is the abs01ption 
cross section of hexane, offset and scaled to match the residual (dashed curve); a high correlation between the 
cross section and the residual is clearly visible. The equivalent hexane concentration retrieved from the fit is 
520 ppb. The RMS error is 0.59 % when hexane is included, and 2.2 % when only H20 and CH4 are fitted. 
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3.4.3.2 Details of hexane absorptions and similar absorbers. It is important to note at 
this point that the absorption bands observed in atmospheric transmission spectra arise from 
stretching vibration-rotation transitions of all C-H bonds and are therefore not unique to 
hexane. In fact, every hydrocarbon possessing saturated C-H bonds is found to exhibit 
absorption bands of rather similar shape. To a first approximation the strength of the band 
structure centred at about 2935 cm-1 depends on the number of saturated C-H bonds in the 
molecule, but other factors like electronic composition, shape, and additional group elements 
are also of importance. An example_ of this are the absorptions exhibited by alkanes 
(paraffins), which follow the general formula CNH2N+2 (N> 1), with ethane, propane, butane, 
pentane, and hexane being the first members of the group [Mellqvist et al., 1995]. But also 
more complex molecules containing saturated C-H bonds (eg alcohols, aldehydes, etc) exhibit 
absorption bands very similar in shape and location, though usually of lesser strength because 
only one or two saturated C-H bonds may exist in the molecule. 

Under the relatively low resolution of 1 cm-1 and the moderate path length (with 
correspondingly weak absorptions) used in the present study it is not possible to distinguish 
between the contributions of individual absorbers to these absorption features. The absorption 
cross section of hexane has therefore been fitted in addition to H20 and CH4 as a summary 
attempt to account for the total absorption produced by all atmospheric absorbers with 
saturated C-H bonds. The retrieved hexane concentration can therefore not be viewed as the 
true concentration of hexane only, but rather as a measure of the total paraffinic hydrocarbon 
concentration expressed as 'hexane equivalent'. 

It must also be noted that the hexane equivalent is a good measure for the total paraffinic 
hydrocarbon concentration only if the relative ratios of these hydrocarbons are roughly 
constant, and would become almost meaningless if strong variations in the atmospheric 
composition occurred. This is because although the shape of the absorption is relatively 
similar for these absorbers, their absolute strengths are not, and hence the same absorption 
depth could translate into quite different absorber concentrations, depending on the actual 
paraffinic hydrocarbon mixture. No information on individual or even groups of hydroc~rbon 
concentrations is available at this time for the Christchurch atmosphere. However, since most 
paraffinic hydrocarbons in an urban environment such as Christchurch with little chemical 
industry stem from motor vehicle traffic, the assumption of constant composition should to a 
first order be justified. This hypothesis can in fact be tested by measuring the ambient ratio of 
equivalent hexane to another trace gas emitted predominantly by motor vehicles, such as 
carbon monoxide. A ratio constant with time would support (though not prove) the 
assumption that the mixture of paraffinic hydrocarbons is also constant with time. 

In this thesis the concentration retrieved from fitting the hexane absorption cross section 
will be called 'hexane concentration' only to avoid unnecessarily complex wording, but it 
should be clear that a mixture-dependent scaling factor would have to be introduced for this 
concentration to translate into actual numbers for concrete molecules. The derived equivalent 
hexane concentration can best be seen as the concentration of a hypothetical molecule 
indicative of the total paraffinic hydrocarbon loading of the atmosphere. 

While arguments similar to the case of CO (see section 3.4.1) apply to the uncertainties of 
H20 and CH4 retrieval, the broad-band nature of the hexane absorptions and the fact that 
measured laboratory cross sections rather than line-by-line calculations were used requires a 
separate error discussion for the retrieved hexane concentration, which will be given in the 
following paragraphs. 
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3.4.3.3 Systematic errors. The reference absorption cross section for hexane used in this 
analysis was measured by Entropy Environmentalists, Inc., USA, at a resolution of 0.25 cm-I 
at 298 Kand 1013 mbar [Geyer et al., 1992]. As in the case of the cross sections of C2H4 and 
CH3OH, no estimate for a possible systematic error in the absolute value of the cross section 
of C6HI4 was given by the authors, but it may again be conservatively estimated at 10 %. 

Another systematic error is possible in the case of the C6HI4 absorption analysis. Since 
the emission spectrum I0 included in the spectral fitting was not obtained under identical 
conditions to the long-path measurements (namely the glowbar was placed directly at the 
entrance aperture, while in the long-path setup the parabolic reflector acts as the net emitter), a 
subtle difference in the 100% transmission level between the emission spectrum and the long
path absorption spectra could be possible. Such a discrepancy in the order of less than 1 % 
would be very hard to detect due to the broad band nature of the hexane absorption spanning 
almost 200 cm-I, in contrast to the rather sharply defined absorption features of the other 
absorbers discussed so far. 

The only independent way of assessing the possible magnitude of such an error is to 
observe the retrieved C6HI4 concentrations under clean conditions (ie conditions for which the 
ambient CO concentration is less than 150 or 200 ppb; the true clean-air concentration in the 
southern hemisphere is about 60 ppb [Moss et al., 1998]). Since the ambient clean air 
concentration of paraffinic hydrocarbons is between 1 and 5 ppb [Singh and Salas, 1982; 
Kasting and Singh, 1986], a systematically higher or lower value would point to the possible 
existence of such an error. The total dataset obtained during the present study produced an 
average C6H 14 concentration of 11 ppb when only spectra with CO concentrations of less than 
200 ppb were selected, and 6 ppb for spectra with CO concentrations less than 150 ppb. There 
were no periods when systematic negative values of C6H14 were retrieved. This seems to 
indicate that any residual offset in the C6H14 concentration is insignificant and a systematic 
uncertainty of 5 ppb probably presents a conservative upper limit to this error. 

3.4.3.4 Random errors. As for the concentrations of C2H4 and CH3OH, the dominant' 
random uncertainties are the standard error returned by the fitting routine due to spectral 
noise, and the unknown temperature dependence of the absorption cross section strengths. It is 
worth noting that a poor fit of the strong H2O lines in the present case increases the 
uncertainty of the C6H14 retrieval in almost exactly the same way as true spectral noise, 
because the residual from poor H2O fits is distributed almost randomly over significant parts 
of the broad C6H14 cross section. The average magnitude of the standard error for the fitted 
C6H14 concentration was 10 ppb, with no significant dependence on the level of pollution. 

Unlike in the case of C2H4 and CH3OH, no additional measurements of the absorption 
cross sections under elevated temperatures were available for C6H14, and the potential error 
when this cross section is used for the analysis of measurements at temperatures below 298 K 
must be estimated. Given the fact that several individual vibration-rotation bands are 
contained within the total band structure observed in the fitting window, and the fact that the 
bands belong to fundamental transitions with low levels of the lower state energy, the 
temperature variation is likely to be smaller than that predicted for the transitions of C2H4 and 
CH3OH, since the latter are only the isolated Q branches of single bands. For the temperature 
range from 273 to 293 K encountered during the measurement campaign of this study the 
error is therefore probably less than 5 %, and the total combined band strength is assumed to 
be constant within this temperature range. The only additional random error is the uncertainty 
of the temperature measurement itself in the conversion from number density to mixing ratio, 
which has already been estimated at 1 % (equation (50)). 
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3.4.3.5 Detection limit and summary. From the average standard error of the retrieved 
C6H14 concentration of 10 ppb its detection limit can be calculated to be about 20 ppb. It is 
worth noting that this is considerably higher than the upper limit of 5 ppb derived for a 
potential offset due to a mismatched emission spectrum. 

The total systematic error, consisting of the estimated uncertainty of the total absorption 
strength and a potential concentration offset, is 10% with a minimum of 5 ppb. The random 
error is determined by the quality of the individual fits and the unknown temperature 
dependence. The average standard error of the fitted C6H14 concentration was 10 ppb, 
corresponding to· a relative magnitude ranging from a minimum of about 3 % to a maximum 
of over 100 % when the C6H14 concentration was below the detection limit. The unknown 
temperature dependence was estimated at 5 %, corresponding to a maximum of 32 ppb for the 
maximum observed concentration of 650 ppb. The results of this discussion are condensed in 
Table 3.4. 

Table 3.4. List of systematic (S) and random (R) error sources for the retrieval of C6H 14 from 
measurements in the 2770 to 3060 cm-1 spectral region on a 244 m atmospheric path. The estimated 
detection limit for C6H14 in this region is 20 ppb. Fitted trace gases were C6H14, H2O, and CH4, with a 
measured emission spectrum and linear background. Both wavenumber of the absorption cross 
sections and the effective apodization parameter were fitted. 

Error source 

(S) Uncertainty of total absorption strength 
(S) Offset in 100% transmission level 
(R) Spectral noise (RMS error) 
(R) Temperature dependence of absorption cross sections 
(R) Pressure/temperature along absorption path 

Total systematic error 
Total random error 

Magnitude 

10% 

5 ppb 
~ 10 ppb (variable) 
5% 

1% 

10% plus 5 ppb 
10-34 ppb (variable) 



Chapter 3. Experimental setup and analysis of long-path infrared absorption measurements 84 



4. Experimental setup and analysis of long-path 
ultraviolet/visible absorption measurements 

85 

Abstract. The instrument design, measurement locations, and operational parameters for the 

ultraviolet/visible (UV/vis) absorption measurements obtained during the present study are 

described. The instrument is a Czerny-Turner monochromator with two exit slit at high and 

low resolution which allows the efficient removal of turbulence noise from atmospheric 

transmission spectra. Coupling of the receiving telescope to the spectrometer is done via a 

fibre-optic cable; problems and advantages associated with this method are discussed. The 

measurement parameters and integration times used during the measurement campaign 

during the winter 1997 in Christchurch are presented. A detailed explanation and discussion 

of the analysis technique is given, along with a characterisation of the reference absorption 

cross sections used. Following this is a discussion of sample measurements and error 

estimatesfor the recorded trace gas concentrations, namely NO, N02, HN02, 0 3, S02, and 

C6H6. Potential inte,ferences and remaining problems, particularly for the analysis of 0 3 and 

C6H6, are also examined. 

4.1 Experimental setup 

In addition to the infrared system described in the previous Chapter, a UV/vis long-path 
differential absorption system has been designed, installed, and operated in the course of this 
study. The UV/vis spectrometer was located in the same room as the infrared spectrometer in 
the Sth floor of the Physics Department on the University of Canterbury campus. The light 
source was a 75 W Xe arc lamp, mounted in a 12" parabolic reflector to emit a collimated 
light beam. Two different absorption light paths were used, one path of 244 m running parallel 
to the infrared measurements, while a second path of 4.29 km extended between the central 
business district and the Canterbury University campus. 

When the 244 m path was used, the lamp was placed next to the infrared source so that 
the air sample seen by the UV/vis spectrometer was virtually identical to that seen by the 
infrared system. The approximate distance between this UV /vis path and the IR path was 
1.5 m. For the 4.29 km path, the lamp was mounted on the roof of the Central Police station in 
the city centre at a height of 58 m and directed towards the University. This extended path 
covers parts of the central city district, an extended inner city park, and a mixed residential 
and retail area enclosed by two major arterial traffic routes (Riccarton Road, Fendalton Road 
and Memorial Avenue). Further details on the placement of these absorption paths can be 
found in Figure 3.1 (see Chapter 3). 

The instrumental setup and preliminary analysis details of NO, N02, 0 3, and S02 over a 
short absorption path have been described previously [Reisinger et al., 1998a], but a complete 
discussion will again be supplied here because of several minor changes and additions to the 
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original setup. The following paragraphs outline the instrumental design and give details 
regarding the setup of the system including the use of a fibre optic cable and beam tracker to 
allow unattended routine operation. The operational parameters adapted during the routine 
operation of this instrument, details of the numerical algorithm to retrieve trace gas 
concentrations from atmospheric transmission measurements, and sample measurements and 
detection limits for the gases analysed during the present study, will be given in later sections 
of this Chapter (4.2, 4.3, 4.4). 

4.1.1 Removal of atmospheric turbulence and arc lamp flicker 

4.1.1.1 Instrument design. One of the main problems with obtaining atmospheric long
path transmission spectra in the UV/vis range lies in the fact that the emission intensity of an 
arc lamp is not perfectly stable but exhibits intensity variations on a short time scale (ca 
0.1 seconds). Furthermore, atmospheric turbulence and small-scale temperature 
inhomogenities (eddies) lead to a variation of the broad-band atmospheric transmission 
through random scattering along the light path. Since in a conventional Czerny-Turner 
monochromator the scanning of a spectral region occurs over extended time spans, such 
variations are recorded as intensity differences at different wavelengths and therefore 
essentially appear as noise in the true spectrum. Other workers have overcome this problem by 
replacing the exit slit of the spectrometer with a rotating disk with several radial slits. Rotating 
the disk in front of the photomultiplier sweeps the slit over the dispersion range of the 
spectrometer and thus allows the measurement of a single spectrum within less than 50 ms, 
which is below the typical time scale of both arc lamp flicker and atmospheric turbulence. 
Subsequent coadding of several thousands of scans achieves a sufficiently high signal-to-noise 
ratio [eg Perner and Platt, 1979; Edner et al., 1993]. More recently, diode-array 
spectrometers have been used since they allow the simultaneous recording of an entire 
spectrum and thus eliminate problems associated with short-term intensity fluctuations. The 
simultaneous recording of an entire spectrum also results in significantly higher light' 
throughput and consequently greatly reduced photon noise on longer absorption paths [eg 
Harder and Mount, 1991; Evangelisti et al., 1995; Stutz, 1996].. A summary description of a 
number of rotating disk and diode-array differential optical absorption spectrometers currently 
in use by various research groups is given in Camy-Peyret et al., [1996], and also in Platt, 
[1994]. The two-channel design developed in the following paragraphs presents a third 
solution to the problem of measuring a UV /vis transmission spectrum with overlying broad
band intensity variations. 

A schematic description of the instrument setup is given in Figure 4.1. The radiation from 
the Xe arc lamp is collected by a 12" aluminised spherical mirror (focal length 48") which 
focuses the image of the lamp through an optical band pass filter onto the circular entrance of 
a fibre optic cable (Bungert GmbH, FRG, 20 fibres UV-grade silica 250 µm diameter each). A 
mode-mixer (see discussion in 4.1.2.2) is placed near the light exit of the cable. The cable end 
has a rectangular shape of approximately 6x0.25 mm, resembling the entrance slit of the 
spectrometer. The light leaving the cable is passed through a quartz diffuser plate and the 
0.5 mm wide entrance slit into a 0.4 m Czerny-Turner monochromator (Pacific Precision 
Instruments monochromator MP-1018B, dispersion 0.8 nm/mm; grating 2400 I/mm blazed at 
270 nm). A UV-grade quartz glass acting as beam splitter is placed in front of the 
conventional exit slit (width 0.5 mm) so that the reflected light fraction passes through a 
second wide slit (width 25 mm). 
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Figure 4.1. Schematic diagram of the UV/vis system. For details and explanations, see text. 

The intensity transmitted through the two slits is measured separately with two broad 
spectral range photomultiplier detectors (Hamamatsu R562). Thus the two channels allow a 
simultaneous high- and low-resolution scan of the same wavelength region, exemplified in 
Figure 4.2 through a measurement of the 435 .8 nm emission line of a low-pressure mercury 
vapour lamp. 

Inside the spectrometer a number of baffles and screens (not shown in drawing) are 
placed to reduce stray light. This was found to be of particular importance for the low 
resolution channel at very short wavelengths below 300 nm because of its large exit slit. A 
spectrum is obtained by the conventional means of rotating the grating at a scanning rate of 
about 0.8 nm per second. The signal from the photomultipliers is recorded by a 386SX/20 PC 
through a sample/hold circuit and 12 bit AID converter (MetraByte DASH-8). The 
spectrometer, voltage setting of the photomultiplier tubes, spectra acquisition and storage on 
hard disk, and filter wheel setting are also controlled by the PC running dedicated driver 
software written by the author. 
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Figure 4.2. Sample sca11 ofa low-pressure Hg emission lamp at 435 nm for the signal and flicker channel. The 
shoulder to the left of the main peak arises from weaker emission lines of Hg. 

4.1.1.2 Removal of broad-band noise. As demonstrated in Figure 4.2, the high
resolution 'signal' channel has a resolution of about 0.3 nm full width at half maximum, and 
the low-resolution 'flicker' channel covers about 25 nm. While both channels are affected 
equally by broad band intensity changes due to atmospheric turbulence and arc lamp flicker, 
only the 'signal' channel is able to record the differential high-resolution absorption features 
arising from the presence of atmospheric trace gases in the light path. Ratioing the two 
channels consequently removes all broad-band variations and the resulting spectrum contains 
only the high-frequency absorption features. 

Figure 4.3 illustrates this process for the spectral region 424 to 436 nm, where N02 has 
marked absorption features (for an example of the N02 absorption spectrum see Figure 2.5). It 
can be seen that while in the single 'signal' channel the N02 absorptions are almost buried in 
turbulence noise, the ratio spectrum clearly exhibits these features and allows a measured 
laboratory cross section to be fitted for quantitative analysis. 

Obviously the split-beam spectrometer not only removes the effect of broad-band arc 
lamp flicker and atmospheric turbulence, but also any absorption features of trace gases whose 
structure is broader than the bandwidth of the low-resolution channel (ie 25 nm in the present 
case) . The instrument is therefore particularly suitable for differential absorption spectroscopy 
where only the high-resolution absorption features of trace gases are of interest and any broad 
band structures are accounted for by low order polynomials. 
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Figure 4.3. Example of atmospheric transmission measurement of the signal and flicker channels separately 
(upper panel), and their ratio (lower panel), at 424 to 436 nm. The measurement was obtained over the 244 m 
path at the University of Canterbwy. Also shown is a NO 2 cross section fitted to the ratio spectrum. 

The advantage of this system over the rotating disk design is that only the wavelength 
window of interest needs to be measured, thus reducing the necessary integration time for 
certain gases. Furthermore in rotating disk spectrometers the instrument function is not 
constant over the recorded spectral window since the slit describes an arc motion in front of 
the photomultiplier detector. This generally makes the use of absorption cross sections from 
the literature difficult, since they would have to be convolved with a continuously varying 
instrument functions over the spectral range covered by the rotating exit slit. Diode-array 
spectrometers have the advantage of higher light efficiency since the complete spectral 
window is sampled, thus generally leading to better signal-to-noise ratios on longer absorption 
paths where photon noise becomes a dominant factor. On the other hand, they appear to be 
more prone to instability due to temperature shifts, differences between individual diodes, and 
dark current and thus require more frequent recalibration for long-term monitoring [Stutz, 
1996]. 

The split-beam design by comparison appears to be the most rugged and at the same time 
cost effective construction for an open-path UV /vis absorption spectrometer. The principle of 
this setup is adapted from an earlier system designed for highly sensitive long-path night-time 
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NO2 measurements by Johnston and McKenzie, [1984], and has been extended for daytime 
operation and routine measurement of a greater number of species between the visible and far
UV region in the present study. 

4.1.2 Optical design: fibre optic cable, mode mixer, beam tracker 

Since ultraviolet and visible light is sensitive to atmospheric scatter and refraction caused 
by turbulence and local temperature differences, long-path UV/vis measurements tend to 
require a more sophisticated optical guiding system than infrared measurements. This system 
will be described in detail in the following paragraphs. 

4.1.2.1 Fibre optic cable. The use of an optical fibre to guide the light from the focal 
point of the telescope into the spectrometer allows rearranging the orientation of the telescope 
mirror for different absorption paths without the need to touch the instrument itself. Since the 
resolution of a Czerny-Turner spectrometer critically depends on the illumination of the 
entrance slit, this guarantees a relatively constant instrument function even when the whole 
instrument is transported. Furthermore, minor movements of the lamp image at the focal point 
of the telescope will not result in a different illumination of the entrance slit, but to a first 
order only in a reduction of the total light intensity at the exit of the fibre, leading to a more 
reproducible instrument function during extended periods of field measurements. 

While the use of a fibre optic cable thus increases the optical stability of the spectrometer, 
it also creates another problem caused by the particular propagation of light in a fibre bundle 
which is described and discussed in the following paragraph. 

4.1.2.2 Mode mixer. Fibre optic cables transport light by way of total internal reflection; 
to a first approximation, the angle of incidence is preserved in the light leaving the cable, 
however with central symmetry. If a fibre optic cable is not illuminated exactly in line with the 
optical axis of its head, its end will emit a beam with concentric circles of constant intensity,' 
as displayed in Figure 4.4. 

fibre optic cable 

illumination 

Figure 4.4. Schematic transmission of off-axis light through a fibre optic cable. 

When used in a spectrometer, a fibre optic cable consequently illuminates the diffraction 
grating with a radial symmetric intensity pattern rather than a wave front of constant intensity. 
It was found that this patterned illumination leads to the occurrence of considerable peaks in a 
theoretically white spectrum (ie where the intensity is in fact constant for a range of 
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wavelengths). Examples of such peak structures are given in Figure 4.5, which will be 
discussed in more detail below. The occurrence of such structures presents an obvious 
problem to the measurement of atmospheric trace gases via differential absorption 
spectroscopy, where the identification and quantification depends on absorption features 
similar in size and shape to the structures produced by the fibre optic cable. At the same time, 
it is important to note that these latter features are only 'secondary' since the observed intensity 
variation with wavelength is an artefact of the spatially uneven illumination of the grating, and 
not a true absorption effect within the fibre, which allows steps to be taken to reduce this 
problem. 

In order to examine the magnitude and variability of the structures produced by the fibre 
optic cable, a halogen lamp used to illuminate the cable under different angles relative to the 
optical axis of the cable entrance (similar to Figure 4.4). A spectrum of the lamp light was 
recorded with the spectrometer over a limited wavelength range around 430 nm where the 
halogen lamp has a near-white emission spectrum without any narrow-band intensity 
variations. The observed peak-to-peak structure of the spectrum varied between a minimum of 
approximately 5x10-4 relative to the mean up to a maximum of up to 5x10-3. The largest 
peaks occurred when the lamp was placed near the acceptance limit of the cable of 12.8°. 
Since the relative depth of trace gas absorptions to be measured in the UV/vis region can be as 
low as 1 x IQ-4 this effect was considered unacceptably large even for the condition of good 
alignment. Figure 4.5 shows examples of such test measurements for various angles of light 
incidence and cable position. 

It is interesting to note that the secondary spectral structures were well reproducible from 
one measurement to the next if neither cable nor lamp were moved, but even only slightly 
moving the centre part of the cable between two scans resulted in significant alterations to the 
observed peaks. Due to this sensitivity the secondary peaks cannot be calibrated for, since any 
accidental movement of the cable would require a new recalibration which would be 
unreasonable for extended measurement campaigns. Such effects have been observed in a 
similar order of magnitude by several other research groups when fibre optic cables were used 
in conjunction with grating spectrometers [J. Harder, Th. Brauers, A. Richter, J. Stutz, 
personal communications; detailed discussion in Stutz, 1996, and Stutz and Platt, 1997]. 

Fortunately these secondary spectral features can be almost eliminated by scrambling the 
spatial structure of the light beam before it enters the spectrometer. Two methods were tested 
and ultimately both were used in the present system. The first consists in inserting a thin 
diffuser plate between the end of the cable and the entrance slit of the spectrometer. The 
diffuser randomises the radial symmetric structure of the light beam and achieves a non
structured illumination of the entrance slit and consequently even illumination of the grating. 
The disadvantage of using a diffuser lies in its large light loss, which is roughly proportional 
to the degree of light scrambling the diffuser achieves. 

The second possibility is a so-called mode-mixer, whose principle consists in forcing the 
fibre optic cable through a series of very sharp bends near its break limit [Stutz and Platt, 
1997]. These bends alter the angle of total internal reflection in the cable at the bending points 
and lead to a less structured propagation of the light within the cable, again resulting in a more 
even grating illumination. A similar effect results when very long (> 10 m) cables are used 
since in that case the greater number of internal reflections dominates over the spatial 
structure of the entrance beam. However this was impractical and undesirable for the present 
work because of the higher light loss at very short wavelengths around 220 nm, and also 
prohibitive in cost. 
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Figure 4.5. Examples of residual features in white light spectra for various lamp and fibre optic cable 
arrangements. From top to bottom: (I) lamp placed in optical axis of fibre entrance (2) lamp shifted approx. 
5° off optical axis of fibre entrance ( 3) repeat of scan 2 ( 4) repeat of scan 2, but centre part of fibre was moved 
around between scans (5) repeat of scan 2, but with mode-mixer applied to fibre (6) repeat of scan 2, but with 
diffuser plate between exit of fibre and entrance slit of spectrometer (7) repeat of scan 2, but with combination of 
diffuser and mode-mixer. All spectra have been broad-band background corrected by subtracting a fitted 3"1 

order polynomial. The integration time was 5 minutes for all scans. 
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The advantage of a mode-mixer lies in its smaller loss of light compared to a diffuser 
plate, but it generally achieves only a partial randomising of the spatial structure of the light 
beam. After a series of experiments with different diffuser plates and degrees of cable bending 
it was found that for the instrument and cable used in the present work, the combination of a 
weak diffuser plate with a 5-point mode-mixer produced acceptably low secondary spectral 
features with a reasonably small loss of light. The transmitted light for this combination, 
displayed in Figure 4.6, was 9 % of the light transmitted when neither diffuser nor mode
mixer were used. The resulting peak-to-peak structure of the spectrum was typically below 
2xl0-4 for illumination angles of the cable up to 10° (see Figure 4.5). 

~ 
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fibre optic cable 
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mode-mixer quartz diffuser 
with pressure applied t 
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Figure 4.6. Schematic drawing of the mode-mixer and diffuser plate used to randomise the spatial structure in 
the light beam transmitted by the fibre optic cable. Pressure is exerted on both sides of the mode-mixer to force 
the cable into sharp bends. The diffuser was a 1.5 mm UV-grade quartz glass ground on one side with degree 
600 carborundum sanding powder. 

For short light paths (such as 244 m) light loss is not generally a major problem since the 
instrument operates far from the photon noise limit, but for the substantially longer path of 
4.29 km the necessity of using a diffuser and consequent shortage of photons becomes a major 
factor in the signal-to-noise ratio of the instrument. 

It is possible that other fibre optic cables with smaller acceptance angles, or spectrometers 
with other physical dimensions or diode-arrays as detectors might succeed with other 
combinations [Stutz, 1996; Stutz and Platt, 1997], but lack of funds and time did not allow the 
investigation of these possibilities. The above combination of mode-mixer and diffuser 
performed satisfactorily for the task of air pollution monitoring set for the present study. 

4.1.2.3 Beam tracker. A further complication to routine measurements in the UV/vis 
spectral range is the occurrence of movements of the lamp image on the cable entrance. Over 
periods of 24 hours, the lamp image was found to occasionally drift by up to 2 mm from the 
original position, making long-term unattended measurements impossible without regular 
readjustment of the telescope. 

Several factors could be responsible for such movements: (1) Since ultraviolet and visible 
light is strongly affected by scatter on small-scale eddies in the atmosphere, there is a constant 
minimal movement and distortion of the lamp image, particularly during days with high 
humidity and strong temperature gradients. These constant movements are however small 
(usually less than 10 % of the lamp image diameter) and therefore cannot explain the 
occasionally observed larger image displacements . (2) Over long light paths, refraction of the 
light beam on atmospheric layers of different temperatures can alter the apparent angle of 
incidence of the beam onto the telescope, and consequently the position of the lamp image in 
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the focal plane. This phenomenon is most likely to occur during measurements close to the 
ground or whenever strong vertical temperature gradients in the atmosphere exist, such as 
during the Christchurch winter. (3) Another important factor affecting the position of the lamp 
image appeared to be a diurnal bending motion of the University building where the 
spectrometer was located. Given the focal length of 1200 mm of the telescope mirror and the 
diameter of the lamp image of approximately 1.5 mm, a bend of only 0.07° is sufficient to 
completely shift the lamp image off the fibre head. It is hypothesised that uneven heating of 
the building walls, where one wall faces in a north-west direction and consequently receives 
most of the diurnal sunshine, may well account for such a distortion, given that the 
spectrometer is located in the 8th floor at 38 m above the ground. (4) Finally, the table on 
which the UV/vis telescope was mounted may in itself undergo a diurnal bending motion, 
depending on relative humidity and temperature, with a consequent shift of the lamp image. 
By comparison, the maximum shift observed for the image of the glowbar in the infrared 
measurements was less than 0.5 mm, and no automatic repositioning was therefore necessary 
for the infrared system. The difference between the stability of the UV/vis and infrared 
systems seems to emphasise the importance of factors (2) and (4), but all four points discussed 
are suspected to contribute to the observed lamp image movements. 

To ensure a constant position for the lamp image relative to the cable entrance, a beam 
tracker was designed with the objective of minimal light loss at all wavelengths. Figure 4.7 
displays the schematic construction of the tracker. Four photodiodes are mounted in the wall 
of a 2" diameter aluminium tube with a reflective 45° ring placed behind the diodes. The tube 
is mounted coaxially in front of the cable entrance, so that for correct illumination of the fibre, 
the light cone from the telescope mirror just passes through the reflective ring and 
consequently all 4 photodiodes are almost dark. When the beam wanders off the centre, one of 
the photodiodes becomes more illuminated then the opposite diode due to reflection of part of 
the light on the ring. The resulting difference in electrical resistance between opposite diodes 
was used as input to a microprocessor driving two stepper motors with which the elevation 
and azimuth of the telescope mirror were corrected. With this beam tracking system no beam-' 
splitter or filter is required to monitor the lamp position and only a minimal, wavelength 
independent loss of light results. The telescope mirror was constantly readjusted during 
measurements and therefore allowed the unattended operation of the system for unlimited 
time periods. 

frontal view side view 

photodiodes photodiodes 

reflective ring 

Figure 4.7. Frontal and side view of the tubular beam tracker, with the grey area indicating the passage of 
light from telescope to fibre optic cable when aligned correctly. 
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4.2 Operational details and measurement parameters for 1997 
measurement campaign 

The UV/vis differential absorption system described above was used for the routine 
monitoring of a range of trace gases during the winter of 1997 in the Christchurch atmosphere. 
Due to the ability of the UV /vis instrument to cover longer absorption paths and hence detect 
very weak absorbers, two separate major measurement campaigns were conducted. 

The first campaign from April to early June 1997 used the longer absorption path of· 
4.29 km to measure HNO2 and NO2 in the spectral region from 349 to 374 nm. Since HNO2 is 
a very weak absorber and its concentration typically remains below 1 ppb, this long light path 
was necessary to achieve a sufficiently low detection limit for this gas. The second campaign 
was designed to correlate with the infrared absorption measurements at the University of 
Canterbury campus, and hence the shorter absorption path of 244 m parallel to the infrared 
path was used from mid-June to mid-August. Trace gases measured on the 244 m path were 
NO (221-230 nm), NO2 (349-361 nm), 0 3 and SO2 (279-289 nm), and C6H6 (251-261 nm). 
The spectral windows were chosen as compromises between large differential absorption 
features of the trace gases in question, minimal interference from other trace gases, and 
absence of strong Xe emission lines in the arc lamp spectrum. To achieve a high time 
resolution for the measurements, not all gases were monitored at the same time, but emphasis 
was placed on certain groups of gases for limited periods (eg only primary pollutants NO, 
NO2, and C6H6, or photochemical reaction partners NO, NO2, and 0 3). Table 4.1 summarises 
the instrumental parameters and integration times adopted for the measurements. 

Separate optical band pass filters were used for measurements at different wavelengths to 
reduce stray light in the spectrometer. Interference filters were used for the measurement of 
NO (centre 226 nm, FWHM 18 nm, manufactured by Barr Assoc., USA) and C6H6 (centre 
253 nm, FWHM 25 nm, also by Barr Assoc.), while the broad-band UV Schott glass filter 
UG-5 (transmission approximately 250-400 nm) was used for the measurement of 0 3, SO2, 

NO2, and HNO2. The filters were placed in front of the fibre optic cable entrance by a filter 
wheel controlled by a stepper motor. With these filters in place, the stray light from 
wavelengths above 400 nm, where the bulk of emission energy of the arc lamp lies, was below 
2 % for each spectral region used for measurements. 

As discussed above, the telescope mirror was constantly readjusted to ensure that the 
lamp image remained centred on the cable entrance. The controlling computer was also 
connected through a cellphone link to the power supply and housing of the Xe lamp; this 
allowed remote switching of the lamp and the closing of shutters in front of the lamp housing. 
The latter was used when a recording of the scattered solar radiation background was required 
on the longer absorption path (see discussion in 4.3 and 4.4.3). 

Different integration times were used for the different spectral regions and absorption 
paths, representing empirical compromises between sufficiently high signal-to-noise ratios for 
analysis and short measurement times. The longest integration times were applied to the long
path measurements of HNO2 and NO2. Due to the lower amount of light available, between 40 
and 50 coadded individual scans, corresponding to a total measurement time between 20 and 
25 minutes, were required to produce one transmission spectrum with a signal-to-noise ratio 
of about 3x1Q3, On the shorter paths the substantially higher light levels allowed shorter 
integration times and higher signal-to-noise ratios of approximately lxl04. 

The design of the spectrometer unfortunately does not allow a fast repositioning of the 
grating from one spectral region to the other. Consequently, for a complete measurement cycle 
of NO, NO2, 0 3 and SO2, and C6H6, an average time of 4-6 minutes is spent repositioning the 
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grating between the various spectral windows, so that the total time resolution for short path 
measurements of all of these gases is about 22 minutes. The software allows the user to select 
which spectral regions are to be included in a measurement cycle (eg only NO, NO2, and 0 3). 

Direct emission spectra of the Xe arc lamps were measured at intervals of approximately 
every 100 hours of operation by placing the lamp next to the spectrometer and focusing its 
image onto the fibre optic cable entrance with the help of the telescope mirror used in the 
atmospheric measurements. A regular recalibration of the arc lamp emission spectrum is 
necessary since the relative strength of some isolated Xe emission lines changes over the 
lifetime of the lamp, causing also minor changes in the broad background emission. The Xe 
lamps were replaced after approximately 400 hours of total operation. 

Table 4.1. List of spectral regions and measurement parameters adopted for the retrieval of trace 
gases with the UV/vis measurement system. The 4.29 km path was used between April and early June 
1997, while the 244 m path was used from mid-June to mid-August 1997. 

recorded spectral band pass main target absorption number of scans / 
region (nm) filter (nm) trace gases path length total measurement time 

349- 372 250-400 N02,HN02 4.29km 40-50 / 20-25 minutes 
221 - 230 226 (± 8) NO 244m 30 I 6 minutes 
251 - 261 253 (±13) C6H6 244m 20 I 4 minutes 
279- 289 250-400 0::i,S02 244m 14 / 3 minutes 
349 - 361 250-400 N02 244m 10 / 3 minutes 

4.3 Analysis technique 

The principal method to derive trace gas concentrations from differential UV/vis 
absorption spectra is similar to the one used for infrared spectra. The Levenberg-Marquardt 
algorithm was employed in preference to a linear analysis in order to allow greater flexibility 
in analysis options and to account for non-linear parameters such as shifting of the wavelength 
scale. Differences which exist in the analysis of UV/vis spectra regarding detailed 
mathematics, treatment of the instrument function, and the acquisition of reference absorption 
cross sections, are described in the following paragraphs. 

4.3.1 Mathematical formulation 

4.3.1.1 Approximation for weak absorptions. Since normally no saturated absorptions 
occur in the UV/vis region, the logarithmic formulation of Beer's law can be retained. The 
influence of the instrument function on the observed absorption features (25) can be further 
simplified since absorptions in the UV/vis are generally weak (less than 1 %). This allows a 
Taylor expansion to be applied to the convolved absorption cross sections: 

+co += 
J J(x) · e-cr(v-x)·L•c dx = 1- J J(x) · cr(v- x) · L · c dx, (54) 

-co -co 
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so that the logarithmic form of the differential absorption equation including the instrument 
function can now be written as: 

K +00 M 
log(I(v))=log(I0 (v-d))+ LPk ·Vk_ J J(x)-~cr/v-x-d)dx•L·cj. (55) 

k=O -= J=l 

It is important to note that the Taylor expansion allows the product of path length and 
concentration for the trace gases to be written outside the convolution integral. This means 
that the effect of the instrument function is to a first order independent of the absorber 
concentration, and allows the use of cross sections which are already convolved with the 
instrument function prior to the actual fitting process. 

Similar to the infrared spectra analysis, a wavelength shift d of the measured spectra is 
included in the formulation, but no wavelength stretch. The shift is required because of the 
limited accuracy with which the grating in a Czerny-Turner spectrometer can be positioned for 
each measurement. Although temperature changes in the instrument can not only shift but also 
stretch or squeeze the wavelength scale of the measured spectra, the relatively small fitting 
windows of at most 25 nm did not warrant the inclusion of the wavelength stretch as an 
additional fitted variable. For the spectra obtained during this study, including a wavelength 
stretch factor in the fitting algorithm did not produce statistically significant differences in the 
retrieved trace gas concentrations or residuals, but in some cases led to non-convergent fits. 
Consequently, the wavelength stretch was assumed to be constant and equal to 1 as for the 
infrared spectra. 

The fitting algorithm aims to find the minimum of the discrete sum of the squared 
differences between the logarithms of the measured and calculated spectra: 

, (56) 

If one defines the instrument-dependent cross sections crinstr as the convolution of the true 

absorption cross sections cr with the instrument function J: 

+= 
crinstr (v) = f J(x) • cr(v- x) dx, (57) 

then the logarithm of the calculated spectrum rcalc may be written as: 

K M 
Iog(rcalc(Vj))= log(Io(vi -d))+ LPk · v/- rcrtstr(vi -d)· L· cj. (58) 

k=O j=I 

Note that (58) is identical to the original differential absorption equation (12), except that the 
true absorption cross sections have been replaced by the absorption cross sections crinstr. This 
approximation was not possible for the analysis of infrared spectra where the depth of 
absorptions frequently exceeds 10 %, and consequently the linear Taylor expansion of the 
convolved absorption features (54) no longer suffices. 
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4.3.1.2 Scattered solar background radiation. Atmospheric scattering processes lead 
to a fraction of the diffuse solar radiation being redirected into the field of view of the 
telescope. Since scatter on air molecules and aerosols affects short wavelength visible and 
ultraviolet radiation to a much larger degree than infrared radiation, this scattered solar 
radiation cannot necessarily be neglected for in UV/vis measurements. 

However, due to the high light flux from the Xe arc lamp, the relative intensity of the 
scattered solar radiation always accounted for less than lxI0-4 of the lamp signal in all 
wavelength regions on the 244 m absorption path. Since this is the same magnitude as the 
desired and achieved residual noise level, the solar background signal was not included in 
analysis of measurements obtained over the 244 m path. 

In contrast, on the longer absorption light path of 4.29 km the relative contribution of 
scattered solar radiation during midday could be as high as 3xl0-3 of the signal and therefore 
needs to be accounted for. The presence of scattered solar radiation adds another term to the 
calculated spectrum as recorded by the spectrometer ( omitting the polynomial PK for 
simplicity): 

- 2,crj(v)·crL 

Ica!c (V) = I0 (v) · e j + B(v) (59) 

where B(v) is the scattered solar radiation. Assuming that B is much smaller than I0 (in the 
present study it was always less than I0-2 of I0 ) and using the Taylor expansion of the 
logarithm yields (see (54), (58) and (59)): 

M . 
M B Lcr!nstr(v-d}L•c· 

log(Icalc(v))=log(I0 (v))-I,crtstr(v-d)·L•cj+~-ej=I J J. (60) 
j=l I0 (v) 

For weak absorptions the exponential is approximately equal to 1. Including the background 
polynomial therefore yields the final differential absorption equation: ' 

log(Icalc(Vi)) = log(I0 ( Vi -d)) + I Pk· v/ - I, O"~nstr ( Vi -d) · L• cj + B(vi) . (61) 
k=O j=l Io (Vi) 

In practice the solar background B was measured immediately after the transmission 
spectrum I by closing the shutters in front of the lamp housing, and recording a spectrum with 
the maximum photomultiplier amplification. The term B/10 was then treated during analysis 
like an additional cross section that must be scaled to match the measured spectrum, noting 
that this is possible as long as the differential structure of the solar background is sufficiently 
distinct from the other absorption cross sections. This method reduces the relative noise 
contribution from the solar background measurement and allows the complete removal of the 
solar background signature from the transmission spectrum. The solar background was 
included in the analysis of all measurements obtained between 6:30 and 18:30 on the 4.29 km 
absorption path. For the period from April to early June this was at least 20 minutes before 
and after sunrise and sunset, respectively. 

4.3.1.3 Fitting of emission spectrum. It has already been mentioned that Xe arc lamps 
undergo an ageing process which results in a slow change of the relative intensity of Xe 
emission lines and the underlying continuum. This is caused by the gradual burn-back of the 
electrode tips and deposition of tungsten on the glass bulb which results in a change of the arc 
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temperature, its stability, and the transmission properties of the glass. Consequently frequent 
calibration measurements of the emission spectrum I0 need to be done to ensure accurate 
removal of the spectral features of the arc lamp from the atmospheric transmission spectra in 
the course of analysis. 

Since in the setup of the present study the lamp and spectrometer are located at opposite 
ends of the light path, this recalibration involves transporting the arc lamp into the laboratory 
and therefore interrupting the air pollution monitoring process for some length of time. A 
compromise between accurate analysis and uninterrupted monitoring was therefore sought, 
and an additional fitting parameter was introduced which increases the time span over a which 
a single arc lamp emission spectrum can be used for analysis. 

The spectral regions used for analysis are generally determined by suitable absorption 
features and absence of any strong Xe emission lines in the arc lamp spectrum. Nonetheless, a 
number of weak emission lines and the far wings of strong lines outside the spectral window 
of interest influence the shape of the underlying continuum emission spectrum. In order to 
account for such changes of the emission spectrum between calibrations, the emission 
spectrum was not simply subtracted from the transmission spectra, but rather fitted with an 
additional scaling factor y. The final discrete form of the calculated atmospheric transmission 
spectrum in the UV/vis spectral range is therefore given by: 

The scaling factor 'Y accounts for changes of the intensity of emission lines relative to the 
underlying continuum. If y is greater than 1, the structured features of the emission spectrum 
are emphasised, while for 'Y less than 1, its features are suppressed. To a first order, this allows 
the modelling of the ageing of the arc lamp and therefore expands the time span between 
recalibrations of the emission spectrum. The parameter p is the fitted scaling factor for the 
measured scattered solar radiation as discussed in the previous paragraph. 

It is important to note that the parameters 'Y and p still allow the unique determination of 
the trace gas concentrations cj as long as the differential structure of the arc lamp emission 
spectrum I0 and scattered solar radiation B are sufficiently distinct from the differential 
absorption cross sections crj. For all spectral regions used in the present study, the arc lamp 
spectrum is essentially a continuum with only minor modulations of intensity which do not 
bear any similarity to the absorption cross sections of the retrieved trace gases. The scattered 
solar background between 349 and 372 nm contains a great number of narrow features which 
make it clearly distinct from the differential absorption spectra of NO2 and HNO2 (an example 
for a solar background is given in Figure 4.16). 

4.3.2 Reference cross sections 

Molecular transitions in the UV /vis spectral region are combined electronic-vibration
rotation transitions. The spectral spacing of these absorption lines is so dense that individual 
lines usually cannot be resolved under tropospheric pressures, and thousands of lines may 
contribute to individual bands even over narrow spectral regions of only few nanometres. The 
calculation of synthetic absorption cross sections from molecular line parameters is therefore 
not feasible, and laboratory measurements must be used instead. 
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Since the instrument function of a Czerny-Turner spectrometer cannot be described as 
accurately on a theoretical basis as that of a Fouriertransform spectrometer, it must be 
obtained empirically by recording the shape of a narrow low-pressure mercury lamp emission 
line. This curve is then used to convolve high-resolution absorption cross sections measured 
in the laboratory to produce the instrument-dependent absorption cross section crinstr. 

However, since the instrument function is not entirely independent of wavelength and the 
signature of the instrument used to measure the laboratory cross section cannot always 
completely be filtered out, a viable alternative for the UV/vis region consists in directly 
measuring the absorption cross section of the trace gas in question with the very instrument 
used for the atmospheric measurements. In doing so, any minor irregularities of the instrument 
function over the wavelength range of interest (including eg a potential non-linearity of the 
grating drive) are automatically accounted for. The only disadvantage of this is that to obtain 
absolute numbers, a precisely known amount of gas must be enclosed in a glas~ cell from 
which a transmission spectrum is obtained, and not all gases of atmospheric interest are 
sufficiently stable to achieve this without major technical efforts. 

Consequently, a mixed approach was taken for the present study. For the chemically 
reactive or less easy to handle trace gases 0 3, C6H6, and HNO2, absorption cross sections 
from the literature were convolved with the measured instrument function to produce the 
instrument-dependent cross sections crinstr, while for NO, NO2, and SO2, the differential 
absorption cross sections were measured from known concentrations of these gases in glass 
cells. For NO2, the absolute values of the measured cross sections were calibrated by 
comparison with reference data from the literature. Details of the cross sections for each of 
these gases are given in the following paragraphs and, where relevant, in the cited 
publications. 

4.3.2.1 Ozone. The absorption cross sections of 0 3 were taken from the laboratory 
measurements by Burrows et al., [1998a], for the region from 250 to 295 nm. The uncertainty 
of these reference cross sections is estimated to be 2.6 %. Since the differential absorption' 
features exhibit some temperature dependence between 273 and 293 K, the cross sections 
measured for these two temperatures were linearly interpolated to produce a cross section for 
283 K, which is close to the average temperature encountered during the main measurement 
campaign of the present study. This cross section was then convolved with the observed shape 
of the 253.6 nm emission line of a low-pressure mercury lamp. The effect of the temperature 
dependent 0 3 absorption cross sections on the uncertainty of the retrieved 0 3 concentration 
will be discussed together with further analysis details of 0 3 (4.4.2). 

4.3.2.2 Benzene. The absorption cross sections of a number of aromatic hydrocarbons 
absorbing in the spectral region from 250 to 290 nm have been measured by Trost et al, 
[1997], for a temperature of 293 K. The main species of interest for the present study was 
benzene (C6H6) in the region from 251 to 261 nm, but toluene (C7H8) also shows a weak 
absorption in this region. A relatively large uncertainty of 11 % was reported for the absolute 
cross sections of C6H6 due to the specific instrumental setup used for the measurements. Little 
is currently known about a possible temperature dependence of the C6H6 absorptions. The 
absorption cross sections of both C6H6 and C7H8 were convolved with the shape of the 
253.6 nm mercury emission line to match the present instrument's resolution. 

4.3.2.3 Nitrous acid. Laboratory measurements of the absorption cross section of HNO2 

were also available for only one temperature at 277 K [Bongartz et al., 1991], with an 
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estimated accuracy of 5 o/o; Variations of the absorption strength with temperature are reported 
to be small, in the order of 2 % or less in the range between 277 and 298 K. The measured 
cross section in the spectral range from 340 to 380 nm was convolved with the shape of the 
435.8 nm mercury emission line, since the closer emission line triplet at 360 nm is 
insufficiently resolved with the present instrument to be useable as empirical instrument 
function. 

4.3.2.4 Nitric oxide and sulfur dioxide. The differential absorption cross sections of 
NO and SO2 were measured directly with the instrument used in the present study. Similar to 
(5), the transmission spectrum of a cell filled with a known concentration of a trace gas yields 
the absolute absorption cross section of the gas, less a low order polynomial PK which in this 
case accounts for broad-band absorption and reflection on the windows of the cell: 

1 I (l0 (v)J- ( ) PK(v) --( ) --· og -- -CJ V ----CJ V. 
L•c I(v) L•c 

(62) 

Here c is the known concentration of the gas, L the cell length, and 10 and I the arc lamp 
emission and cell transmission spectrum, respectively. The polynomial PK could in principle 
be determined by comparing the transmission of the filled cell with that of an empty cell, but 
this is not even necessary for differential absorption spectroscopy. As long as PK varies only 
slowly with wavelength, a condition which is fulfilled for UV-grade silica in all spectral 
regions used in this study, the uncorrected cross section CJ (v) in (62) has a differential 

structure identical to the differential absorption cross section CJ1(v) (cf. equation (8)). Both 
differ only by an unknown low-order polynomial, and hence the uncorrected absorption cross 
section CJ (v) can be used instead of the true absorption cross section CJ(V) since only the high
frequency component of the cross section is of relevance in the spectral fitting process. 

To obtain the uncorrected absorption cross sections a (v) of the gases NO and SO2, cells 
were kindly filled to specified amounts by Prof. L. Phillips at the University of Canterbury 
Department of Chemistry, and transmission spectra were obtained. The cells were pyrex 
cylinders with UV-grade silica windows with N2 as fill gas to bring the cell pressure up to 
atmospheric pressure. Both gases are relatively stable in glass cells, and only a long-term 
adsorption effect was observed for NO over several months. Transmission spectra of the NO 
and SO2 cells were obtained on 5 consecutive days after filling, and the differential absorption 
peaks at 226 nm and 284 nm, respectively, remained constant within 3 % over this period. 

The measured differential absorption cross sections were compared with measurements 
available in the literature. Good agreement was found after accounting for the different 
resolutions used in other studies [Martinez and Joens, 1992; Vandaele et al., 1994; Gall et al., 
1991; Mellqvist and Rosen, 1996]. Taking into account possible uncertainties while filling the 
cells, the systematic uncertainty of the NO and SO2 differential absorption cross sections is 
estimated to be in the order of 5 %. 

The approximate temperature of the cells during the transmission measurements was 
295(±5) K. Some laboratory studies have compared the absorption cross sections of SO2 and 
NO at room temperatures with those at stratospheric and chimney emission temperatures 
[Freeman et al., 1984; McGee and Burris, 1987; Mellqvist et al., 1992; Mellqvist and Rosen, 
1996]. Interpolating the measurements reported by these studies, it can be estimated that 
changes in the differential absorption cross sections of both SO2 in the 279 to 289 nm spectral 
window and of NO at 226 nm are unlikely to exceed 5 % for temperatures between 273 and 
295 K. 
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4.3.2.5 Nitrogen dioxide. The absorption cross section of NO2 was also obtained 
directly with the instrument used for the atmospheric measurements. However, since NO2 

reacts with glass impurities and sealants, absolute quantitative measurements require 
considerable experimental effort [eg Merienne et al., 1995]. A further complication with cell 
calibration measurements of NO2 arises from the fact that at high partial pressures, NO2 forms 
the dimer N2O4 and thus reduces the actual concentration of NO2 in the cell [Roscoe and 
Hind, 1993]. To avoid these problems within the present study, the cell transmission 
measurements were only used to obtain the correct shape of the absorption features as seen by 
the instrument. The differential absorption spectrum was then scaled to match the absolute 
absorption cross sections from Schneider et al., [1987], after the latter had been convolved 
with the instrument function. This procedure assures that while the shape of the absorption 
cross sections exactly matches any irregularities of the instrument, the absolute scale of the 
cross sections is as precise as the one achieved by the considerably more sophisticated 
laboratory measurements. 

The cell for NO2 was a glass-sealed silica cuvette since NO2 reacts with the epoxy glue 
used to seal the windows on other cells. The buffer gas for NO2 was pure dry 0 2 since this 
improves the recombination of NO2 after photolysis [P. Johnston, personal communication]. 
The scaling factor for fitting the convolved literature cross sections to the measured 
transmission spectrum was 0.94, indicating that some adsorption of NO2 may indeed have 
occurred on the cell walls, but the correlation coefficient between the measured transmission 
spectrum and the convolved cross sections from Schneider et al., [1987], was greater than 
0.99, indicating a very good agreement over the 349 to 373 nm range. A quadratic background 
polynomial was found to be sufficient to account for the effect of reflection and absorption on 
the cell windows. 

The total systematic uncertainty of the differential absorption cross section of NO2 at 
room temperature (298 K) derived through the procedure described above consists of the 
systematic uncertainty of the absolute values of the laboratory cross sections of Schneider et 
al., [1987], and errors resulting from the convolution and fitting of the laboratory cross' 
sections. A recent study by Merienne et al., [1995], suggested that the values of Schneider et 
al. may have underestimated the true cross sections by about 5 %. This error is most probably 
larger than any errors arising from the fitting procedure, and the total systematic uncertainty of 
the differential absorption cross section of NO2 used in the present study is therefore 
estimated to be about 5 %. 

The absorption cross sections of NO2 are also known to exhibit a non-negligible 
temperature dependence. The effect of this variability on the uncertainty of the retrieved NO2 

concentration will be discussed in conjunction with other measurement details of NO2 ( 4.4.3). 

4.4 Sample measurements and error discussion 

The ambient concentrations of NO, NO2, 0 3, SO2, HNO2, and C6H6, were analysed from 
atmospheric transmission measurements over the 244 m and 4.29 km absorption light paths. 
The following paragraphs give analysis details, sample spectra, and error estimates along with 
estimated detection limits for each of these gases for the relevant light paths. A systematic 
uncertainty affecting all trace gas measurements, namely the uncertainty of the length of the 
absorption light paths, was estimated previously (Chapter 3) to be less than 2 % for both the 
short and long path and will not be repeated in the discussion of the individual measurements. 
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4.4.1 Analysis of NO 
4.4.1.1 Spectral region and fitted parameters. Nitric oxide (NO) exhibits a series of 

strong bands in the far UV region, and most previous studies have used one or more of these 
absorption bands for the spectroscopic measurements of NO in the atmosphere [Edner et al., 
1993; Gall et al., 1991]. The band with the longest wavelength, centred at 226 nm, was 
chosen for analysis in the window from 221 to 230 nm because of the higher emission 
intensity from the Xe arc lamp. The only other absorber in this region with a significant 
differential structure is SO2. The Schumann-Runge continuum of 0 2, as well as scattering on 
air molecules and aerosols, contribute significantly to atmospheric attenuation in this region, 
but these effects are only broad-band for the chosen window and therefore need not be taken 
into account separately. Measurements of NO were only obtained over the 244 m path. 

Figure 4.8 shows a sample transmission spectrum for the 221 to 230 nm region along with 
a fitted spectrum consisting of the cross sections of NO, SO2• The scaled arc lamp emission 
spectrum and background polynomial have already been subtracted for clarity. The uppermost 
panel in Figure 4.8 shows the residual of the fit, while the two middle panels show the 
contributions of the individual absorbers, along with the residual of the fit when their cross 
sections are omitted. A high correlation of the residuals with the missing cross sections is 
indicative of the reliability of the retrieved absorber concentrations. Because of small 
repositioning errors of the grating drive of the spectrometer, the cross sections were shifted to 
obtain the best possible fit with the measured spectrum, and a quadratic background 
polynomial was fitted to account to broad-band atmospheric attenuation and light loss on 
mirror smfaces. 

The average RMS error of the fits for all spectra obtained is l.5xl0-3• This relatively large 
residual is due to the low emission intensity of the arc lamp at very short wavelengths, high 
atmospheric attenuation, poor reflectivity of aluminium-coated mirrors, and consequently low 
photon flux. The largest residuals were recorded for conditions with strong fog or high aerosol 
loading for which the atmosphere becomes almost opaque at very short wavelengths below 
230 nm. The integration time for one transmission spectrum was 6 minutes, corresponding to 
a total of 30 forward and backward scans of the 221 to 230 nm region. 

The following error discussion focuses on the retrieval of NO from this spectral window, 
since the absorptions from SO2 are only included to reduce its inte1ference with NO, but are 
too unreliable at typical ambient concentrations to be of interest for quantitative 
measurements. 

4.4.1.2 Systematic errors. The accuracy of the measured NO cross section is determined 
by the accuracy of the cell filling, adsorption, and noise in the recorded transmission 
spectrum, and the systematic error is estimated to be better than 5 %. Since the cross section 
was measured with the same instrument used in the atmospheric measurements no additional 
error source through convolution with the instrument function exists. 

4.4.1.3 Random errors. As for the infrared measurements, the Levenberg-Marquardt 
algorithm returns standard errors for the fitted parameters, based on an estimate of the 
uncertainty associated with the spectral data points I(vj). Similarly to the infrared 
measurements, the RMS error of the final fit was used as a uniform estimate for the 
uncertainty of the data points, since it is difficult to estimate the noise in a spectrum 
independently of the fitting procedure. In the case of the UV/vis analysis, however, this 
procedure was found to underestimate the true uncertainty of the fitted parameters. 
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Figure 4.8. Lower panel: sample spectrum (diamonds and black line) and fit (red line) of NO and SO2 to an 
atmospheric transmission spectrum between 221 and 230 nm. Upper panel: residual of the fit. Middle panels: 
residual of the fit when either NO or SO2 is excluded (black lines), and the corresponding scaled absorption 
cross sections (red lines). The emission spectrum and.fitted quadratic background have already been subtracted. 
The RMS error of the fit I .Bx J0·3, and the retrieved concentrations are I I 9 ppb for NO and 45 ppb for SO2. 

As already pointed out previously (Chapter 2), the error estimate of the Levenberg
Marquardt algorithm is based on the assumption that the uncertainties of the individual data 
points are uncorrelated and follow a Gaussian distribution. While the latter requirement is 
possibly fulfilled relatively well, the fitting residuals frequently exhibited structured features 
over a range of several spectral data points. The residual given in Figure 4.8 for example 



Chapter 4. Experimental setup and analysis of long-path ultraviolet/visible absorption measurements 105 

exhibits some structure which would be highly unlikely if the noise for each spectral data 
point were entirely uncorrelated with its neighbouring points. Such structures can be attributed 
to occasional large variations of the received light intensity due to arc lamp flicker and strong 
atmospheric turbulence features which are not entirely removed by ratioing of the signal and 
flicker channels, uneven motion of the grating drive, and residual features introduced by the 
uneven grating illumination as discussed previously. The structures tended to change from one 
spectrum to the next and are therefore not systematic features due to unidentified absorbers. 
Nevertheless, due to their non-random distribution over the spectral range they are able to 
influence the retrieved trace gas concentrations to a larger extent than pure random noise. An 
extended discussion of such features and associated errors in trace gas analysis can be found 
in Stutz and Platt, [ 1996]. 

To test the magnitude of the additional uncertainty introduced by these residual structures 
for the present study, the following procedure was followed for a number of spectra. After the 
final fit the retrieved NO concentration was noted, the residual of the fit was subtracted from 
the original spectrum, and then added again with a relative wavelength shift of 2 nm (where 
the fraction shifted out of the long-wavelength end of the analysis window was inserted again 
at the short-wavelength end). Then the fitting procedure was repeated, the newly retrieved NO 
concentration was noted, and the residual subtracted and added with another shift of 2 nm, 
until the residual had come a full circle. This procedure tests the influence of the structured 
residual on the trace gas retrieval, since although the average magnitude of the noise remains 
constant, the location of the structured residual within the fitting window is changed. 

For uncorrelated random noise the concentrations retrieved from the spectra with shifted 
noise would be expected to largely remain within the interval given by the standard error of 
the Levenberg-Marquardt routine, corresponding to a confidence interval of 68 %. However, it 
was found that the typical spread of retrieved concentrations was about twice as large. This is 
consistent with the theoretical conclusions by Albritton et al., [1976], and Stutz and Platt, 
[ 1996], that standard error tend to underestimate the true uncertainty of the fitted parameters if 
the residual contains structured features. To account for the presence of structured residuals in 
the estimated fitting error without the need to repeat the residual-shifting technique for every 
analysed spectrum, the double RMS error of the final fit was used as universal estimate for the 
spectral data point uncertainty and consequent calculation of the standard error by the 
Levenberg-Marquardt routine. Using this convention, the average standard fitting error for NO 
for all spectra measured during the present study was 1.5 ppb over the 244 m path. 

Further random errors of the retrieved NO concentration arise from a potential 
temperature dependence of the NO absorption cross sections, and the uncertainty of 
temperature and pressure along the light path. The uncertainty from the conversion of the trace 
gas number density into atmospheric volume mixing ratio has already been estimated for the 
244 m absorption path to be no more than 1 % (see equation (50)). The maximum variability 
of the strength of the NO absorption band at 226 nm between 273 and 293 K was estimated to 
be less than 5 %, so that the total random uncertainty due to variable pressure and temperature 
during the measurements can also be estimated at 5 %. 

4.4.1.4 Detection limit and summary. Similarly to the infrared absorption 
measurements, the detection limit of NO is calculated as twice the fitting error under clean 
conditions. Since the quality of spectra was strongly affected by atmospheric conditions which 
influence the transmission properties of the atmosphere such as smoke and haze, the standard 
error was generally lower than 1.5 ppb for clean conditions, but it must be kept in mind that 
fog could also affect the quality of measurements even under otherwise clean conditions. 
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The detection limit of NO for the present setup is therefore estimated at 3 ppb for a 244 m 
absorption path. It is worth noting that because of the strong atmospheric attenuation of 
radiation at very short wavelengths, extending the absorption light path in the case of NO 
measurements would not necessarily improve this detection limit. 

As discussed above, the systematic error of the NO measurements is estimated at 5 %, 
and the total random error is given by the root of the sum-of-squares of the individual random 
error terms, which amount to 5 % plus the standard error of the fit whose magnitude depends 
on the quality of the individual spectrum. For low concentrations the fitting error is the 
dominant random error source, while for very high concentrations the temperature dependence 
may contribute significantly. Clearly, more extensive laboratory measurements of the NO 
absorption cross section would be desirable to gain a better understanding of this factor. Table 
4.2 summarises the results of this discussion. 

Table 4.2. List of systematic (S) and random (R) error sources for the retrieval of NO from 
measurements in the 221 to 230 nm spectral region on a 244 m atmospheric path. The estimated 
detection limit for NO in this region is 3 ppb. Fitted trace gases were NO and SO2, a measured 
emission spectrum, and a quadratic background. The relative shift between the atmospheric 
transmission spectrum and the cross sections was fitted. 

Error source 

(S) Absorption cross section 
(R) Spectral noise (RMS error) 
(R) Pressure/temperature 

Total systematic error 
Total random error 

4.4.2 Analysis of 0 3 and S02 

Magnitude 

5% 

~ 1.5 ppb (variable) 
5% 

5% 

~ 1.5 ppb plus 5 % 

4.4.2.1 Spectral region and fitted parameters. Ozone shows differential absorption 
features of decreasing strength between 240 and 330 nm (see also Figure 2.1). While for long 
absorption paths of more than one kilometre the features between 300 and 330 nm have been 
favoured [Platt et al., 1979], the region between 278 and 290 nm has been proposed for 
measurements on shorter paths because of the stronger differential structure [Axelsson et al., 
1990]. Several aromatic hydrocarbon species absorb at shorter wavelengths and make the 
retrieval of 0 3 at wavelengths below 278 nm problematic. For the present study, the window 
from 279 to 289 nm was chosen for analysis, where the only other known significant absorber 
with a differential structure is SO2. Strong evidence was found, however, for the existence of 
an unidentified hydrocarbon or other compound absorbing in this region under polluted 
conditions, and the relevance of such an unknown absorber for the retrieval of the 0 3 

concentration will be discussed below ( 4.4.2.2). As for NO, measurements of 0 3 were only 
obtained over the 244 m absorption path. 

Figure 4.9 shows a measured transmission spectrum with the scaled arc lamp emission 
spectrum and polynomial background already subtracted, and a fitted spectrum consisting of 
the absorption cross sections of 0 3 and SO2, the residual of the fit, and the contributions of the 
individual absorbers. 
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Figure 4.9. Lower panel: sample spectrum (diamonds and black line) and fit (red line) of 0 3 and SO2 to an 
atmospheric transmission spectrum between 279 and 289 nm. Upper panel: residual of the fit. Middle panels: 
residual of the fit when either O 3 or SO2 is excluded ( black lines), and the corresponding scaled absorption cross 
sections (red lines). Emission spectrum and fitted quadratic background have already been subtracted. The RMS 
error of the fit 9.BxJ0-5, and the retrieved concentrations are 16 ppb for O 3 and 12 ppb for SO2. 

The integration time for spectra in this region was 3 minutes corresponding to 14 coadded 
individual scans. The strong differential structures of both S02 and 0 3 mean that both gases 
can be quantitatively retrieved from this spectral region, but 0 3 was the trace gas of main 
interest in the present study. The cross sections were shifted during the fits to account for 
repositioning errors of the grating drive, and a cubic polynomial background was fitted. The 
average RMS error of the residual for all fits was 1 x 104 with typical values ranging between 
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8x10-5 and l.3x10-4, however with occasional outliers as large as 2x10-3. These particularly 
poor fits occurred only under severely polluted conditions and point towards the presence of 
an unidentified absorber which will be discussed in the following paragraphs. 

4.4.2.2 Unidentified absorber in 279 to 289 nm spectral window. Under severely 
polluted conditions (identified by concentrations of NO above 150 ppb and CO above 
5000 ppb ), extremely poor fits were obtained in the 279 to 289 nm window when only the 
cross sections of 0 3 and S02 were used for analysis. Figure 4.10 shows a sample transmission 
spectrum and fit for such conditions. It is obvious that the large residual is not random but 
there exists a clear systematic misfit between calculated and observed transmission spectrum. 
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Figure 4.10. Transmission spectrum (diamonds and black line) and calculated fit (red line)for severely polluted 
conditions. The upper panel shows the residual of the fit (note the expanded scale compared to Figure 4.9). The 
retrieved concentrations for 0 3 and SO2 are 58 ppb and 35 ppb, respectively. The atmospheric temperature 
when the spectrum was recorded was 279 K. 

Two alternative hypotheses can be advanced to explain such a poor spectral fit, either that 
a misfit of the 0 3 absorption cross section occurs because of its known temperature 
dependence and consequent minor change in shape, or that an additional unknown absorber is 
responsible for absorption features which cannot be modelled by the 0 3 and S02 absorption 
cross sections alone. 

The first hypothesis was discounted on the following grounds. Firstly, the spectrum was 
measured at 279 K ambient atmospheric temperature which is very close to the temperature of 
the 0 3 absorption cross section used in the analysis. To further test the possible influence of 
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temperature variation on the quality of the fit, the same spectrum was also fitted with the 
absorption cross sections of SO2 and 0 3 at 273 K, and SO2 and 0 3 at 293 K. However neither 
fit lead to a significant improvement in the residual, and in both cases the shape of the residual 
remained similar to the one shown in Figure 4.10. Furthermore, spectra recorded at similar 
temperatures under clean conditions generally gave very good fits without any evidence for 
systematic residuals, an example of which is given in Figure 4.11. If temperature dependence 
of the 0 3 cross sections were the cause for the observed misfit, it would be expected to occur 
under both clean and polluted conditions. 
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Figure 4.11. Transmission spectrum (diamonds and black line) and calculated fit ( red line) for clean conditions. 
The upper panel shows the residual of the fit. The retrieved concentrations for 03 and SO2 are 28 ppb and 
1.6 ppb, respectively. The atmospheric temperature when the spectrum was recorded was 280 K. 

Secondly, the retrieved 0 3 concentration of 58 ppb is very high and in strong 
disagreement with photochemical theory under polluted conditions. The time of the 
measurement is 19:07, about 2 hours after sunset, so that any photochemical production of 0 3 
is impossible, and the only source for 0 3 is advection and diffusion from the free troposphere, 
which has a background concentration of only approximately 35 ppb. 0 3 concentrations 
measured throughout the afternoon on this day were continuously below 30 ppb. Since 0 3 

undergoes a fast reaction with NO: 

[10] 

very low 0 3 concentrations are expected during polluted conditions. The chemical lifetime of 
0 3 in the presence of 200 ppb NO can be calculated to be less than 10 seconds, which 
precludes advection of ozone-rich air from any other hypothetical source as explanation for 
such a high 0 3 concentration. 
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It was therefore concluded that the systematic residual is not due to a misfit of absorptions 
by ambient 0 3, but that the presence of an unknown absorber gives rise to additional 
absorption features which interfere with the retrieval of 0 3 under highly polluted conditions. 

To investigate the possible presence of an unknown absorber in the 279 to 289 nm 
spectral window, an attempt was made to derive its hypothetical absorption cross section from 
the measured transmission spectra. As already pointed out, the expected 0 3 concentration for 
highly polluted conditions is almost zero because of the fast reaction with NO. Consequently, 
the fitted SO2 absorption, corresponding to an atmospheric concentration of 35 ppb, and a 0 3 
absorption corresponding to an atmospheric concentration of only 0.5 ppb, were subtracted 
from the measured spectrum shown in Figure 4.9. The residual spectrum, shown in Figure 
4.12, should then represent the absorption features of the unknown absorber. The residual 
shows a strong peak around 283 nm with minor shoulders. It is important to note here again 
that this feature could not be modelled adequately with the 0 3 absorption cross sections even 
if cross sections at a range of temperatures were included in the fit, while under clean 
conditions a single 0 3 absorption cross section at 283 K gave very good fits with no sign of 
systematic residuals. It is therefore conjectured that the feature shown in Figure 4.12 is not a 
misfit of the 0 3 absorption cross section, but the differential absorption cross section of an 
additional unknown absorber. 
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Figure 4.12. Differential abso,ption cross section of the unidentified absorber in the 279 to 289 nm spectral 
region. It was obtained by subtracting from the measured transmission spectrum shown in Figure 4.9 the fitted 
SO2 absorption features and the O 3 absmption features corresponding to an atmospheric O 3 concentration of 
0.5 ppb. Absorption units are arbitrary since no information about the true concentration of the absorber exists. 

The complete set of spectra obtained in the 279 to 289 nm region was subsequently re
analysed using the residual spectrum shown in Figure 4.12 as a third absorption cross section 
additional to those of 0 3 and SO2. Interestingly, including this third absorber in the analysis 
did not lead to a noticeable change of the retrieved 0 3 concentration under clean conditions, 
but greatly lowered the 0 3 concentration under polluted conditions. It also significantly 
reduced the residual of spectra which had previously been fitted only poorly, indicating that 
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the same additional absorption cross section was responsible for all major misfits which 
occurred over a range of atmospheric temperatures. 

Figure 4.13 shows the analysis of another transmission spectrum obtained under polluted 
conditions in the 279 to 289 nm region when the unknown absorber is included in the fit, 
displaying the measured and fitted spectrum, residual of the fit, and contributions of the 
individual absorbers. Figure 4.14 shows for comparison the fitting results for the same 
spectrum, but using only the 0 3 and SO2 absorption cross sections. 
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Figure 4.13. Sample analysis of a transmission spectrum obtained under polluted 
conditions with the unidentified absorber included in the fit. The retrieved 0 3 
concentration is 2 ppb, compared to 60 ppb when only S02 and o3 are used in the 
fit. The RMS error is 2. 1x10-4. 
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Figure 4.14. Analysis of the same transmission spectrum as displayed in Figure 
4.15, with the unidentified absorber excluded from the fit. The retrieved 0 3 
concentration is 60 ppb, and the RMS error is J.JxJ0·3• 

l 12 

In the latter case a considerably worse fit results, and the retrieved 0 3 concentration 
changes from 2 ppb when the unidentified absorber is included, to 60 ppb when only the cross 
sections of 0 3 and SO2 are used. The results suggest that incorporation of the unknown 
absorber in the fitting process is necessary to obtain correct 0 3 concentrations under polluted 
conditions, but that its influence is negligible under clean conditions. Note that although the 
shape of the unidentified absorber has been derived from a different spectrum (shown in 
Figure 4.10), a relatively good fit results for the spectrum shown in Figure 4.13. Some minor 
peaks in the residual point to the possibility that the unidentified absorber could in fact be a 
mixture of a number of gases whose relative composition varies slightly with time, but 
insufficient information is available at this time to investigate this problem any further. 

Figure 4.15 shows a detailed comparison of the analysis results for a series of spectra 
during a pollution event when either only the cross sections of 0 3 and SO2, or of 0 3, SO2, and 
the unknown absorber are used. Also shown are the NO concentrations measured alternating 
to the 0 3 measurements. It can clearly be seen that during clean conditions the 0 3 
concentrations are virtually unchanged, and the retrieved pseudo-concentration for the 
unknown absorber is close to zero. This confirms that under clean conditions 0 3 and SO2 are 
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sufficient to model the observed transmission spectrum. On the other hand, during the 
pollution episode peak, the 0 3 concentration drops close to zero when the unknown absorber 
is included, which conforms with current photochemical theory, while unreasonably high 0 3 
concentrations are reported when only 0 3 and S02 are used for analysis. The retrieved 
pseudo-concentration of the unknown absorber follows closely the variation of the measured 
NO concentration. This latter correlation suggests that the absorption features are caused by a 
trace gas of anthropogenic origin. 
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Figure 4.15. Comparison of o3 analysis results for a series of spectra on 19/20 July 1997, using either o3 and 
S02 cross sections only, or 0 3, S02, and the absorption feature attributed to the unidentified absorber. It can be 
seen that good agreement for the o3 concentrations is obtained for clean conditions, but a significant difference 
exists for polluted conditions. The unusually high O 3 concentrations obtained when only O 3 and S02 are used 
for analysis coincide with very high measured NO concentrations, while they are reduced to less than 5 ppb 
when the unidentified absorber is included in the analysis. 
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An attempt was made to identify the unknown absorber which unfortunately proved 
unsuccessful. Since only the small wavelength window between 279 and 289 nm is available 
for its identification, no theoretical knowledge about its chemical structure can be derived. 
Furthermore, it is possible that the broad side shoulders of the absorption peak shown in 
Figure 4.12 are in part resulting from the fitted cubic background polynomial, which makes 
identification of the shape more difficult still. The absorption feature was also compared with 
a set of 24 aromatic hydrocarbon absorption cross sections measured recently in the laboratory 
at the University of Heidelberg, Germany, but no match was found [A. Geyer, personal 
communication; T. Etzkorn, manuscript in preparation]. 

To summarise the findings of this section, there is strong evidence that an unknown 
absorber is responsible for differential absorption features in the 279 to 289 nm region under 
highly polluted conditions. Re-analysing the transmission spectra with the unknown absorber 
included as a third absorption cross section in the fitting process leads to much more plausible 
0 3 concentrations under polluted conditions, while the results change only very little under 
clean air conditions. This suggests that the absorber is an anthropogenic pollutant which is 
emitted from urban combustion processes such as motor vehicle traffic or domestic heating. 

One may explain the fact that this absorber has hitherto been overlooked by other 
researchers in the field of DOAS measurements, and also could not be matched to the 
absorption pattern of any well known aromatic hydrocarbon, by two different arguments. On 
one hand the absorber may be rather specific to the Christchurch situation, where relatively 
strong emissions from the burning of firewood occur during the winter months. This could 
lead to the release of significant quantities of mono- and polycyclic aromatic hydrocarbons 
which are not as common in other industrialised countries which have employed the DOAS 
technique to date. 

On the other hand, most measurements of tropospheric 0 3 focus on the occurrence of 
summer smog, which takes place outside major pollution centres because of the fast removal 
of 0 3 through reaction [10]. This implies that these measurements generally do not encounter 
such high concentrations of primary pollutants as were recorded during measurements of the 
present study. Analysis of a pollution event (Figure 4.15) demonstrates that under conditions 
where primary pollutant concentrations are low the analysis with and without the unknown 
absorber leads to a negligible change in the retrieved 0 3 concentration. A further discussion 
on the potential origin of the unknown absorber will be made in Chapter 5 (5.4.2). 

Based on the above discussion, it was decided to always include the absorption cross 
section of the unidentified absorber in the analysis of spectra in the 279 to 289 nm region. The 
complete set of spectra was reanalysed using 0 3, SO2, and the unidentified absorber as fitted 
cross sections, along with the arc lamp emission spectrum and a cubic background 
polynomial. The following error discussion assumes this latter procedure and concentrates on 
the errors associated with the retrieval of 0 3 concentrations from the spectra. 

4.4.2.3 Systematic errors. The reference absorption cross sections for 0 3 were taken from 
the work of Burrows et al., [1998a]. Besides the potential systematic error of the laboratory 
measurement, estimated at 2.6 %, an additional error source lies in the necessary convolution 
of the laboratory cross sections with the instrument function. A too broad instrument function 
would lead to a broadening of the absorption peaks and hence overestimate the trace gas 
concentration when fitting the convolved cross sections to measured spectra, and 
underestimate the concentrations when the instrument function is too narrow. 

The magnitude of the possible error associated with this is difficult to estimate 
independently, however, and can only be assumed after visual inspection of the quality of the 
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fits obtained for strong absorptions. Since very good fits were obtained for spectra measured 
under clean conditions with relatively high 0 3 concentrations ( ~ 30 ppb, see Figure 4.11 ), the 
total systematic error is estimated to be 5 % or less. As already discussed above, a systematic 
error of similar magnitude is estimated for the SO2 absorption cross sections which were 
recorded with the instrument used in the present study. 

4.2.2.4 Random errors. It has already been mentioned that the absorption cross section 
of 0 3 shows a non-negligible temperature dependence. Fortunately, the shape of the cross 
section in the 279 to 289 nm region does not change very significantly for the conditions 
encountered during the present study (ie relatively short absorption path of 244 m, limited 
temperature range 273 to 293 K, and maximum 0 3 concentration below 35 ppb, leading to a 
maximum peak-to-peak absorption of only 2xl0-3), and therefore does not influence the 
quality of the fits to a significant extent. 

Of greater importance for the present work, however, is the change of the magnitude of 
the differential absorption cross sections in the 273 to 293 K temperature range. The influence 
of this temperature dependence has been calculated using the following procedure. The 
laboratory cross sections measured at 273 and 293 K, respectively [Burrows et al., 1998a], 
were treated like transmission spectra to which the 283 K cross section was fitted, using the 
same analysis algorithm as for the atmospheric measurements. If there were no change of the 
differential structure of the absorption cross sections at different temperatures, an identical 
scaling factor of 1 should result for both temperatures of 273 and 293 K. 

However, the retrieved scaling factors were 0.95 for the 293 K cross section, and 1.05 for 
the 273 K cross section. This means that the differential absorption features decrease by about 
10 % from 273 K to 293 K, leading to an underestimation of the atmospheric 0 3 concentration 
for higher ambient temperatures and overestimation for lower temperatures when only one 
cross section at 283 K is used for analysis. To correct this error, the 0 3 concentration retrieved 
with the 283 K absorption cross section was subsequently scaled by a temperature-dependent 
factor to give the true concentration for spectra recorded at ambient temperature T: 

c(T) =c•(l- 283-T)· 
200 

(63) 

Including the uncertainty of atmospheric temperature and pressure at the time of measurement 
and allowing for possible non-linearities not accounted for by this procedure, the total random 
error of the mixing ratio due to temperature effects is estimated to be less than 3 %. For SO2, 

the potential variation of the absorption cross sections with temperature between 273 and 
293 k has already been estimated to be less than 5 % (see 4.3.2.4). 

The second important random error source for the 0 3 concentration arises from the 
standard error given by the Levenberg-Marquardt routine, based on a spectral noise estimate. 
Tests similar to the analysis of NO were made to determine the influence of structured 
residuals on the uncertainty of the retrieved concentration, and similar results were f_ound. 
Namely the variation of the concentration when shifting the residual was about twice as large 
as expected when the single RMS error was used as spectral noise estimate. Consequently, the 
double RMS error of each fit was used as spectral data point uncertainty to calculate the 
standard errors of the fits. Using this convention, the average standard error returned by the 
Levenberg-Marquardt routine for the concentration of 0 3 was 1.9 ppb. 

A further uncertainty of the 0 3 retrieval arises for highly polluted conditions from the 
possible presence of further unidentified absorbers. It has already been pointed out that the 
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additional absorptions detected in the present study may in fact arise from a variable mixture 
of a number of absorbers, leading to slightly variable absorption features that would need to be 
accounted for. Further unidentified absorption features under polluted conditions could 
therefore lead to a positive or negative offset of the retrieved 0 3 concentrations. Because of 
the relatively similar shape of the absorption features, relatively strong interference with the 
retrieval of 0 3 results when the absorption shape of the unidentified compound are 
mismatched. In the present series of measurements, the minimum 0 3 concentrations were 
around 3 ppb. This is higher than would be expected, since high NO concentrations exceeding 
100 ppb were regularly observed which should lead to an efficient and quick depletion of all 
available 0 3 through reaction [ 1 O]. A sophisticated diffusion model would be required to test 
whether the minimum concentration of 3 ppb is consistent with downward diffusion of Or 
rich air from upper layers during polluted conditions, or if the 3 ppb offset is caused by further 
unidentified absorptions. 

Since this question could not be resolved in the framework of the present study, a 
potential additional offset error for the 0 3 concentration of 3 ppb during polluted conditions 
must be assumed. While this error is systematic in origin, it is counted as random here since it 
is likely to depend on the composition of the atmosphere at the time of measurement, rather 
than on a reproducible property of the instrumental setup or analysis. Further possible 
explanations of the offset of 3 ppb will be advanced later in Chapter 7. 

4.4.2.5 Detection limit and summary. The detection limit for 0 3, given by twice the 
standard error of the concentration, is 3.8 ppb for the average RMS error. However, since the 
lowest 0 3 concentrations occur during polluted conditions where fits are generally of lesser 
quality due to increased haze and the presence of the absorptions from the unidentified 
absorber, a more conservative estimate would be 4 to 5 ppb. This value also covers the 
possible presence of an offset of up to 3 ppb caused by insufficiently modelled absorption 
features of the unidentified absorber. The detection limit for SO2 in the same spectral region is 
significantly smaller due to its larger differential absorption features and lack of correlation' 
with the unidentified absorber; for the typical RMS error of lxlQ-4 it is 0.9 ppb. 

Table 4.3 summarises the uncertainties associated with the 0 3 and SO2 analysis as 
discussed in this section. The systematic errors for 0 3 and SO2 arise from the uncertainty of 
the absorption cross section measurements and, in the case of 0 3, its convolution with the 
instrument function. As discussed previously, the total systematic error for both gases is 
estimated to be less than 5 %. The random errors for both gases arise from the standard errors 
returned by the Levenberg-Marquardt routine, which were typically about 1.9 ppb for 0 3 and 
0.45 ppb for SO2. The temperature uncertainty was estimated to be about 3 % for 0 3 and 5 % 
for SO2. A further uncertainty arises from the possibility of interference from other 
unidentified absorbers. The latter may be responsible for a possible offset for 0 3 during 
polluted conditions with a maximum of 3 ppb. Because of the only weak correlation of the 
SO2 cross sections with the shape of the absorption features attributed to the unidentified 
absorber, no significant interference with the SO2 retrieval is expected when the main 
absorption features are accounted for. 
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Table 4.3. List of systematic (S) and random (R) error sources for the retrieval of 0 3 and SO2 from 
measurements in the 279 to 289 nm spectral region on a 244 m atmospheric path. The estimated 
detection limits are 4 ppb for 0 3 and 0.9 ppb for SO2. Fitted trace gases were 0 3, SO2, and the derived 
absorption feature of an unidentified absorber as depicted in Figure 4.12, as well as the measured 
emission spectrum and a cubic background. The relative shift between the atmospheric transmission 
spectrum and the cross sections was fitted. 

Error source 

(S) Absorption cross section 
(R) Spectral noise (RMS error) 
(R) Interference from unidentified absorber 
(R) Pressure/temperature 

Total systematic error 
Total random error 

Magnitude 

(03) 

5% 
~ 1.9 ppb (variable) 
~ 3 ppb 
3% 

5% 
2-5 ppb (variable) 

4.4.3 Long-path analysis of NO2 and HNO2 

Magnitude 
(S02) 

5% 
~ 0.5 ppb (variable) 

5% 

5% 
0.5-2.0 ppb (variable) 

4.4.3.1 Spectral region and fitted parameters. NO2 exhibits strong differential 
absorptions everywhere between 300 and 480 nm (see also Figure 2.5). HNO2 shows a series 
of absorption peaks between 330 and 380 nm and thus allows the simultaneous measurement 
of both trace gases. Despite the relatively large absorption cross sections of HNO2, its low 
atmospheric concentration implies that absorption paths exceeding 1 km are usually required 
to reliably detect it even under favourable conditions. For the present study, the spectral 
window from 349 to 372 nm was chosen for the measurement of both NO2 and HNO2 over 
the 4.29 km absorption path, containing several strong absorption bands of NO2 and two 
isolated absorption peaks of HNO2. 

A further absorption feature that must be accounted for in this wavelength interval is the 
absorption of the oxygen dimer 0 4 which exhibits a series of broad bands between 320 and 
400 nm, with one band centred at 361 nm. A calculated cross section from the University of 
Heidelberg [T. Etzkorn, personal communication] was used to simulate the absorption feature. 
Due to its broad nature convolution with the instrument function has no significant influence 
on its shape, but it is a sufficiently narrow feature that it cannot satisfactorily be simulated 
with the background polynomial only. The spectral window from 349 to 372 nm is similar to 
the one chosen by Perner and Platt, [1979], for the first reported detection of HNO2 in the 
atmosphere. 

Figure 4.16 gives an example of a transmission spectrum obtained over the 4.29 km path 
during night time, the fitted spectrum, residual, and contributions of NO2, HNO2, and 0 4 
separately. It can be seen that the transmission spectrum is dominated by the NO2 absorptions, 
with the much weaker HNO2 absorption peaks sitting on shoulders of the NO2 absorption 
bands. For this reason knowledge of the exact shape of the NO2 absorption features is 
essential to allow a quantitative analysis of HNO2. Because of the considerably lower photon 
flux over the longer path due to scattering on aerosols and geometrical light losses, longer 
integration times of 20 to 25 minutes were chosen to achieve residual noise levels between 2 
and 8x1Q-4, During heavy smog episodes, however, the atmosphere became nearly opaque 
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below 500 nm and absolute signal levels almost dropped to zero, resulting in residual RMS 
errors of up to 6x 10-3 and consequently higher errors associated with the analysis of the trace 
gas concentrations. The influence of aerosol scattering could also visually be observed as a 
pronounced shift of the apparent Xe lamp colour from white-blue during clean conditions to 
dark yellow during severely polluted conditions. This colour shift indicates that Rayleigh 
scattering on aerosols played a significant role in the broad-band atmospheric attenuation 
during smog episodes. 
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Figure 4.16. Sample transmission spectrum (lower panel, diamonds and black line) over the 4.29 km absorption 
path and fit (lower panel, red line). The top panel shows the residual of the fit, while the middle panels show the 
residuals when the individual absorptions from N02, HN02, and 0 4, are excluded (black lines), and the 
corresponding cross sections (red lines). The RMS error of the fit is 4. I xJo-4, and the retrieved concentrations 
are 12 ppb for N02 and 0.35 ppb for HN02. 
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A cubic background polynomial was fitted and the cross sections were shifted to account 
for grating positioning errors. Since during daytime measurements scattered solar radiation 
contributes significantly to the total light received by the instrument, a background reading 
with the lamp shutters closed was taken immediately after each transmission spectrum 
between 6:30 and 18:30. This solar background spectrum was then fitted during analysis along 
with the absorption cross sections of N02, HN02, and 0 4, as described in 4.3. 

Figure 4.17 shows the relative contribution of the scattered solar radiation to a 
transmission spectrum taken during mid-afternoon along with the fitted trace gas absorptions. 
It can be seen that the solar background spectrum exhibits strong differential features which 
show no significant correlation with any of the absorption cross sections displayed in Figure 
4.16, and can therefore be fitted to the transmission spectrum without interfering with the 
retrieval of the trace gas concentrations. 
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Figure 4.17. Sample measurement during mid-aftemoon showing the contribution of scattered solar radiation 
to the measured transmission spectrum. The lower panel shows the measured spectrum (diamonds and black 
line) and the scaled solar background spectrum (red line, offset vertically for clarity). The middle panel shows 
the remaining spectrum after the solar background has been subtracted (black) and the fitted cross sections of 
NO2, HNO2, and O 4 ( red), while the top panel shows the residual of the fit. The RMS error of the fit is 4x 10-4, 
and the retrieved NO2 concentration is 5 ppb. The HNO2 concentration was below the detection limit of0.J ppb. 
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4.4.3.2 Systematic errors. The systematic uncertainties of the NO2 and HNO2 

absorption cross sections are largely given by the accuracy of the laboratory measurements, 
subsequent convolution with the instrument function, and, in the case of NO2, fitting of the 
cell transmission spectrum. The resulting total uncertainty for the NO2 absorption cross 
section has already been estimated to be in the order of 5 %. 

Bongartz et al., [1991], consider the accuracy of their laboratory measurements of HNO2 

to be about 5 %. Since the absorption cross sections of HNO2 exhibit rather sharp peaks, their 
magnitude varies with the resolution of the recording instrument, and convolution of the 
original cross sections with the instrument function therefore represents another potential 
systematic error source. Allowing for impelfect modelling of the instrument function through 
the Hg line at 435.8 nm, and a potentially incomplete removal of the contribution of the 
original instrument used to record the cross sections in the laboratory, the total accuracy of the 
HN02 reference absorption cross sections used in this study is conservatively estimated to be 
better than 10 % . 

4.4.3.3 Random errors. Similar to the other trace gases discussed in this Chapter, the 
two principal random errors sources are the standard errors returned by the Levenberg
Marquardt fitting routine, and the temperature dependence of the absorption cross sections. 

To the author's knowledge, no specific measurements on the temperature dependence of 
the HNO2 absorptions have been made to date, but Bongartz et al., [1991], report that they 
observed a variation of the absolute peak absorptions of only 2 % between 277 and 298 K. A 
similar estimate may probably be applied to the temperature range 273 to 293 K encountered 
during the present study, given that the reference cross sections were measured at 277 K. 

The differential absorption cross sections of NO2 between 300 and 400 nm exhibit a 
marked increase with decreasing temperature [Harder et al., 1997; Burrows et al., 1998b]. To 
estimate the effect on the retrieval of N02 from long-path absorption measurements, a similar 
procedure as in the case of 0 3 was used. Two laboratory NO2 absorption cross sections 
measured at 273 and 293 K, [Burrows et al., 1998b], were fitted to each other using the same 
analysis algorithm as for the atmospheric measurements. A scaling factor of 1.05 resulted 
when the 293 K cross section was fitted to the 273 K cross section, and a factor of 0.95 for the 
opposite process. 

Since the cross sections used to scale the NO2 cell transmission spectrum were obtained 
at 298 K, [Schneider et al., 1987], it can be estimated that using this absorption cross section 
for fits to atmospheric spectra will overpredict the NO2 concentration by between 8 and 2 % 
for atmospheric temperatures ranging from 273 to 293 K. To correct for this error source, the 
fitted NO2 concentrations were subsequently scaled with the temperature dependent factor: 

c(T) =c·(l- 298-T) 
333 

(64) 

to give the true NO2 concentration for spectra recorded at ambient temperature T. Allowing 
for a greater temperature and pressure uncertainty over the 4.29 km path compared to the 
244 m path, the total random error associated with temperature and pressure uncertainties may 
be estimated to be approximately 5 % for NO2• 

The effect of a structured residual on the error of the fits was estimated with the same 
procedure as for the other trace gases, namely a cyclic rotation of the residual over the spectral 
interval. Similarly to the results for the other spectral windows, it was found that the double 
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RMS error had to be assumed for the spectral noise estimate to arrive at appropriate estimates 
for the standard errors, and all standard errors for the fits were calculated accordingly. 

4.4.3.4 Detection limit and summary. The detection limit for HNO2 on the 4.29 km 
absorption path depended strongly on atmospheric conditions, as the residual of fits varied 
between 2x 1 o-4 during clean conditions with little atmospheric attenuation, and 6x 10-3 during 
heavy smog episodes where the atmosphere became almost opaque at 350 nm. Fortunately this 
did not prevent the measurement of HNO2 during polluted condition since smoggy periods 
were usually associated with increased HNO2 concentrations. However it makes the statement 
of a general detection limit somewhat meaningless, since the atmospheric HNO2 

concentration is not necessarily correlated with primary air pollution because of its 
photochemical origin. For the average clean-air residual of 4x10-4 the typical standard error of 
the fitted HNO2 concentration was about 0.05 ppb, hence placing the detection limit at 
0.1 ppb. For a residual of 1 x 10-3, the detection limit would on average be as high as 0.25 ppb, 
while for extreme smog conditions it reached almost 2 ppb. 

Similarly, the standard error for the fitted concentration of NO2 varied between 0.1 ppb 
for clean conditions up to 4 ppb for highly polluted conditions. Since in the case of NO2 lower 
concentrations are usually associated with clean air conditions, the detection limit of NO2 on 
the 4.29 km path can be given as approximately 0.2 ppb. 

The systematic errors in the cross sections were estimated to be about 5 % for NO2 and 
10 % for HNO2. The total random error consists of the standard error of the fit, ranging 
between 0.05 and 1 ppb for HNO2 and 0.1 and 4 ppb for NO2, and uncertainty due to the 
temperature dependence of the cross sections and the variability of pressure and temperature 
over the light absorption path, which was estimated to be about 2 % for HNO2 and 5 % for 
NO2. Thus for all concentrations encountered during this study the spectral fitting error was 
the dominant random error for HNO2, while for NO2 the uncertainty due to temperature 
effects was of similar magnitude to the fitting error. The estimated errors of the HNO2 and 
NO2 retrieval are summarised in Table 4.4. ' 

Table 4.4. List of systematic (S) and random (R) error sources for the retrieval of NO2 and HNO2 

from measurements in the 349 to 372 nm spectral region on a 4.29 km atmospheric path. The 
estimated detection limits are 0.2 ppb for NO2 and vary between 0.2 and 2 ppb for HNO2 for typical 
atmospheric conditions. Fitted trace gases were NO2, HNO2, 0 4, as well as the measured emission 
spectrum and a cubic background. The relative shift between the atmospheric transmission spectrum 
and the cross sections was fitted. 

Error source 

(S) Absorption cross section 
(R) Spectral noise (RMS error) 
(R) Pressure/temperature 

Total systematic error 
Total random error 

Magnitude 
(N02) 

5% 

0.1 - 4 ppb (variable) 
5% 

5% 

0.2 - 6 ppb (variable) 

Magnitude 
(HN02) 

10% 
0.05 - 1 ppb (variable) 
2% 

10% 
0.05 - 1 ppb (variable) 
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4.4.4 Short-path analysis of NO2 

4.4.4.1 Spectral region and fitted parameters. As mentioned previously, long 
absorption paths are necessary for the detection of HNO2 because of its low atmospheric 
concentration. In contrast, the NO2 concentration in an urban environment is generally high 
enough to allow it to be monitored also on the shorter absorption path of 244 m. A narrower 
spectral window from 349 to 361 nm was chosen for the retrieval of NO2 on the 244 m path in 
order to reduce the required integration time per spectrum and thus increase the time 
resolution of the measurements. Figure 4.16 may be referred to for the relevant absorption 
features of NO2. Since the HNO2 concentrations virtually always remained below 1 ppb 
during measurements on the 4.29 km path, HNO2 absorptions were ignored in the analysis of 
measurements over the 244 m path. This is also possible because the narrower wavelength 
interval from 349 to 361 nm contains only one absorption peak by HNO2 which can in part be 
modelled by the fitted cubic background polynomial. Consequently, only the NO2 absorption 
cross sections were fitted to the measured transmission spectra recorded between 349 and 
361 nm over the short absorption path. 

The same systematic and random errors apply to the retrieval of the NO2 concentration 
from the 244 m absorption path as for the 4.29 km path, albeit with different absolute 
magnitudes. The typical RMS error for fits to transmission spectra obtained over the 244 m 
path in the 349 to 361 nm spectral region was between lxlQ-4 and 2x1Q-4 for integration times 
of 3 minutes, corresponding to 10 coadded scans. Again using the double RMS error as 
estimate of the spectral noise in the Levenberg-Marquardt fitting routine, the average standard 
error of the fitted NO2 concentration was 1.5 ppb for these conditions. This uncertainty could 
be decreased by using a different spectral region where NO2 has stronger differential features 
(eg 424 to 436 nm as shown in Figure 4.3), but for the purpose of the present study, namely 
the investigation of winter pollution episodes in Christchurch, this was not considered 
necessary. 

4.4.4.2 Detection limit and summary. The detection limit of NO2 for the 244 m 
absorption path in the 349 to 361 nm interval can be calculated from the typical standard error 
of the fits to be about 3 ppb. Because of the relatively short absorption path, atmospheric 
conditions did not greatly influence the quality of the spectra. 

As already discussed for the 4.29 km absorption measurements, the systematic error of 
the NO2 absorption cross section is about 5 %, while the random error consists of a 
temperature dependent part and the standard error of the fit. The magnitude of these errors is 
summarised in Table 4.5. Due to the smaller uncertainty of the temperature over the shorter 
244 m absorption path compared to 4.29 km, the random error due to temperature variations is 
estimated to be about 3 %, and the average standard error of the fits was 1.5 ppb, with a 
minimum of 0.9 ppb and maxima around 2.2 ppb. 
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Table 4.5. List of systematic (S) and random (R) error sources for the retrieval of N02 from 
measurements in the 349 to 361 nm spectral region on a 244 m atmospheric path. The estimated 
detection limit for N02 in this region is 3 ppb. Only N02 was fitted along with a measured emission 
spectrum, and a quadratic background. The relative shift between the atmospheric transmission 
spectrum and the cross sections was fitted. 

Error source 

(S) Absorption cross section 
(R) Spectral noise (RMS error) 
(R) Pressure/temperature 

Total systematic error 
Total random error 

4.4.5 Analysis of C6H6 

Magnitude 

5% 
~ 1.5 ppb (variable) 
3% 

5% 

1-4 ppb (variable) 

4.4.5.1 Spectral region and fitted parameters. Benzene exhibits several absorption 
bands in the region from 240 to 270 nm which make it suitable for detection by differential 
absorption spectroscopy. The measured absolute absorption cross sections [Trost et al., 1997], 
convolved to match the resolution of the instrument used in the present study, are shown in 
Figure 4.18. However the straightforward retrieval of C6H6 from atmospheric transmission 
spectra is made difficult by the fact that molecular oxygen Oz also exhibits strongly structured 
absorption bands in this region, namely the Herzberg I bands [Shardanand, 1969; Yoshino et 
al., 1994]. Although the absolute magnitude of the absorption cross sections is rather small, 
the high atmospheric concentration of Oz of 20 % makes it the dominant absorber between 
240 and 270 nm with absorption depths of almost 10 % for a 244 m absorption path. Thus the 
shape of the Oz absorption bands must be very accurately modelled (in the order of 0.1 % ) if 
the much weaker underlying absorption features of C6H6 are to be successfully fitted. 

Unfortunately, the removal of the Oz absorption features from atmospheric transmission 
spectra by fitting measured absorption cross sections is generally not satisfactory. Firstly, due 
to the small absolute value of its cross sections, their measurement in the laboratory is difficult 
and requires closed long-path cells with higher than atmospheric pressures. At the same time, 
the formation of the oxygen dimer 0 4 is favoured by higher pressures and the adequate 
simulation of the absorption spectrum of molecular oxygen under atmospheric conditions is 
therefore not possible with great precision. 

Recently, attempts were made to develop a set of molecular line parameters that describe 
the individual transitions of the Herzberg I bands. While good general agreement with 
observed features was obtained, differences at the sub-percent level remain [Yoshino et al., 
1995; Cann and Nichols, 1991; M. WP. Cann, personal communication]. Additional problems 
occur when irregularities of the grating drive of the instrument used for the atmospheric 
measurements, as well as possible minor variations and distortions of the instrument function 
over the recorded spectral range, need to be taken into account. 
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Figure 4.18. Absorption cross section of benzene in the region from 240 to 270 nm. The laboratory 
measurements by Trost et al., [ 1997], have been convolved with the instrument function. 

270 

For these reasons, differential absorption spectra in this spectral region were analysed 
using an atmospheric transmission spectrum as reference spectrum I0 instead of the arc lamp 
emission spectrum in the calculations. Scaling this reference spectrum to match the fitted 
spectrum accounts for variations in atmospheric pressure and temperature and consequent 
change in the Oz concentration in the absorption path. It allows the accurate removal of the 
dominant Oz absorption features since the reference spectrum was obtained under the same 
instrumental conditions as the spectrum to be analysed. 

This procedure has the obvious disadvantage that the reference spectrum not only· 
contains the absorptions of Oz, but also of any other trace gas present in the atmosphere at the 
time the reference spectrum was· recorded. Strictly speaking, no absolute concentration 
measurement is therefore possible, and the fitting results only give the concentration 
difference relative to the time the reference spectrum was recorded. To the author's 
knowledge, this method has been used by all other researchers who have attempted differential 
absorption measurements of atmospheric trace gases in this spectral region [eg Axelsson et al., 
1995; Stutz, 1996; Trost et al., 1997]. The only alternative would be to record the absorption 
cross section of pure Oz with the instrument used in the atmospheric measurements employing 
an enclosed multiple-reflection long-path cell [White, 1942, 1976]. Such a facility was not 
available for the present study. 

The wavelength interval from 251 to 261 nm was chosen for the measurement of C6H6. 

This region contains two major absorption bands of this gas, as well as some minor 
absorptions from toluene at the high wavelength end, and strong differential absorptions from 
0 3 (compare Figure 2.1). Figure 4.19 shows an example of an atmospheric transmission 
spectrum obtained under polluted conditions, a reference spectrum obtained under clean 
conditions, the residual of the fit, and the individual contributions of C6H6 and 0 3. The 
absorption cross sections and the reference spectra were shifted to achieve the best possible fit 
to the measured spectrum, and a cubic background polynomial was fitted. 

The fitted concentration differences were +10 ppb for C6H6 and -16 ppb for 0 3, implying 
that there was 16 ppb less 0 3 when the spectrum was recorded compared to the time when the 
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reference spectrum was obtained, but 10 ppb more C6H6. This is consistent with 
photochemical theory which would suggest that 0 3 levels decrease during polluted conditions 
in an urban atmosphere because of the reaction with NO, while the concentrations of primary 
pollutants like NO and C6H6 increase. 
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Figure 4.19. Lowest panel: Sample transmission spectrum obtained under polluted conditions (black), and 
reference spectrum obtained under clean conditions (red). Second panel: Difference between transmission 
spectrum and fitted reference. Top panel: Residual of the fit including cross sections of benzene, toluene, and 
ozone. Middle panels: residual minus absorptions from benzene (black) and benzene absorption cross sections 
(red), and residual minus absorption from ozone (black) and ozone absorption cross sections (red). The derived 
absorber concentrations were 10 ppb for benzene and -16 ppb for ozone. The toluene concentration was below 

the detection limit of about 3 ppb and is not shown here. The RMS error of the fit is 4x J0-4• 
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The average RMS error for fits in this region was 3.5xl0-4, but larger residuals up to 
lxl0-3 typically occurred during polluted conditions. This could be explained by a number of 
reasons. Firstly, high pollution episodes are usually correlated with stronger haze and aerosol 
loading of the atmosphere, decreasing the broad-band transmission and therefore the signal 
strength of the received light beam. For the relatively short wavelength of 250 nm, this could 
be responsible for higher noise levels in the recorded spectra. 

However, the larger residuals under polluted conditions did not appear to be entirely 
random noise, but regularly showed structured features. Although these features were not as 
repeatable as in the case of the unidentified absorber in the 279 to 289 nm region, the presence 
of such structures may point to systematic misfits in the analysis of the polluted atmosphere. 
On one hand, the structures could indicate that the strong 0 3 absorptions are not modelled 
well by the convolved cross sections used in this study. Since the largest 0 3 concentration 
differences relative to clean air reference spectra are occurred under polluted conditions, a 
systematic fitting error for polluted conditions could result. Such an error would not 
necessarily be consistently obvious due to overlying statistical noise. 

Alternatively, in light of the discovery of an unknown absorber in the 279 to 289 nm 
region, it would be possible that further absorptions occur in the 251 to 261 nm region which 
have not been accounted for by fitting 0 3, C6H6, and C7H8, as well as the reference spectrum. 
Other absorption cross sections that have been tested for this region include the absorptions 
from o-, m-, and p-xylene, and phenol [Trost et al., 1997]. However no significant 
improvement for a complete series of spectra was obtained with any of these gases, and only 
occasional improvements for individual spectra were obtained which are most likely due to 
the chance fitting of noise spikes. Inclusion of these additional absorbers in the analysis did 
therefore not appear justified. At the same time, a great number of other aromatic and aliphatic 
hydrocarbons could be absorbing in this spectral region. Given the possibility that certain 
gases may be specific to the Christchurch atmosphere due to the relatively strong emissions 
from wood-burning during winter, further tests of combined spectroscopic and possibly gas
chromatographic or chemical detection techniques would be highly desirable to clarify this 
issue. 

In summary, all three points mentioned here are likely to play some role in governing the 
quality of fits in this region, and only further research can pinpoint the source of the remaining 
errors with greater detail. 

Similar tests as for other spectral regions were made concerning the influence the non
random structure of the residual. Contrary to the results from other spectral regions, the 
variation of the C6H6 concentration retrieved from a single spectrum when the residual was 
shifted exceeded the standard errors calculated by the Levenberg-Marquardt routine by almost 
a factor of 3. It was therefore decided that for the case of C6H6, the triple RMS error be used 
as estimate for the spectral data point uncertainty, and standard errors were subsequently 
calculated using this convention. The resulting standard error of C6H6 was on average 1 ppb, 
with a minimum of about 0.5 ppb and a maximum of 3 ppb, again with the higher errors 
associated with polluted conditions. The fact that the Levenberg-Marquardt routine grossly 
underestimates the random uncertainty of the fitting process when only the single RMS error 
is used may point to the presence of systematic misfits in the analysis of spectra in this 
spectral region. The following paragraphs will discuss and summarise the likely systematic 
and random errors associated with the retrieval of C6H6. 

4.4.5.2 Systematic errors. It has already been pointed out that by using an atmospheric 
transmission spectrum as reference spectrum I0 , no absolute concentration measurements are 
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possible since the reference spectrum itself contains absorptions of unknown amounts of the 
trace gases in question. However, to a first approximation, absolute concentration 
measurements of C6H6 can be achieved by using only reference spectra obtained under clean
air conditions. For the purpose of the present study, clean air was defined as showing CO 
concentrations below 200 ppb, and NO concentrations below 3 ppb. Reference spectra were 
therefore recorded before and after extended periods of C6H6 measurements, and only those 
reference spectra for which the concurrently measured CO and NO concentrations met the 
clean-air conditions were used subsequently for analysis of the C6H6 spectra. 

Assuming that the concentrations of CO, NO, and C6H6 are highly correlated since all 
three gases are primary pollutants with mainly motor vehicle traffic as their common source, 
reference spectra obtained under clean-air conditions should contain only minor absorptions 
due to C6H6. Thus the derived C6H6 concentration difference can be treated as absolute 
concentration with a potential systematic offset. 

The magnitude of this offset can be estimated by a number of techniques. Firstly, one may 
note that the clean-air limits of 200 ppb for CO and 3 ppb NO are approximately 3 % of the 
maximum concentrations of these gases recorded in conjunction with C6H6 under polluted 
conditions. The average systematic offset for C6H6 could thus be expected to be of a similar 
relative magnitude. Given that the highest measured C6H6 concentration was 20 ppb, this 
estimate of 3 % would put the systematic offset at approximately 0.6 ppb, which is smaller 
than the typical random error of the fitting routine. 

A further test consists in the occurrence of negative values for C6H6, which would 
indicate that the analysed transmission spectrum contains less C6H6 than the clean-air 
reference. The most negative value obtained for all spectra recorded during this study was -
1.8 ppb, indicating that the first estimate of 0.6 ppb may have underestimated the systematic 
offset. However, only one spectrum showed such a large negative value, and only two more 
spectra showed negative values below -1 ppb. This scatter would be consistent with random 
outliers. 

It must also be pointed out, however, that since different reference spectra were used for 
different measurement periods, the systematic error may be larger for some measurement 
periods than for others. Finally, the supposition that clean-air conditions for C6H6 are related 
to low concentrations of CO and NO must be verified in retrospect from the dataset obtained 
during the extended measurement campaign. This correlation between C6H6, CO, and NO was 
in fact observed and will be discussed in Chapter 5. 

Given the average standard error of the fitted C6H6 concentrations of 1 ppb, the 
systematic offset of the C6H6 concentrations is probably conservatively estimated at 1.5 ppb 
for all data points of the present study. It should be noted that the sign of this systematic offset 
is always negative, ie the derived concentrations always underestimate the true atmospheric 
concentration of C6H6 since the reference spectra contain some residual C6H6. Because of the 
uncertainties involved in deriving this offset, however, no attempt was made to account for 
this by adding some constant number to the derived concentrations. The systematic offset of 
1.5 ppb translates to an error of 7 .5 % for the maximum measured concentration of 20 ppb. 

A second systematic error source for the C6H6 measurem;n'~ consists in the accuracy of 
the laboratory measurements of the cross sections, and their convolution to match the 
resolution of the instrument used in the present study. Trost et al., [ 1997], estimate the total 
accuracy of the C6H6 cross sections at about 11 %. Including potential errors in the 
convolution process, the total accuracy of the convolved cross sections as used for the present 
study is therefore estimated to be at most 15 %. 
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4.4.5.3 Random errors. A considerable number of sources contribute to the total 
random error of the C6H6 measurements. The first major contribution is the standard error of 
the Levenberg-Marquardt spectral fitting routine. Using the triple RMS error of the fits as 
estimate for the spectral data point uncertainty, its magnitude varied between 0.5 and 3 ppb, 
which translates to an approximately constant percentage of 15 % because the higher errors 
were usually associated with more polluted conditions. 

An further error source is the possible existence of an additional unknown absorber in this 
region, as well as a potential mismatch of the 0 3 absorption features. The spectral analysis did 
not produce any constant reproducible residuals (as was the case for the region between 279 
and 289 nm), but nonetheless there appeared to be consistently poorer fitting results under 
polluted conditions than under clean conditions. Any estimate of the possible influence of 
such an error must therefore be highly tentative. It must also be noted that the features caused 
by an additional absorber, or by a mismatch of the shape of the strong absorptions from 0 3, 

could in part be masked by the fitted cross sections of 0 3, C6H6, and C7H8, and therefore lead 
to systematic under- or overestimations of the concentrations of these gases. For the present 
study, a 10 % uncertainty is assumed for the combined possible influence of unaccounted for 
absorbers and potential misfits of the 0 3 absorptions. 

A further random error arises from the potential temperature dependence of the 
absorption cross sections of C6H6. Unfortunately, no information in the literature could be 
found about any studies of the variations of the absorption cross sections of C6H6 at ambient 
temperatures. However, given that the range of temperatures encountered during the present 
study was only small (273 to 293 K), and the absorption bands used for analysis are 
fundamental transitions of the electronic ground state of C6H6, the magnitude of the error 
associated with temperature variations is likely to be considerably smaller than the two other 
random error sources. Including the uncertainty of the temperature and pressure along the light 
path, the total uncertainty related to atmospheric temperature and pressure is probably less 
than 5 %. 

4.4.5.4 Detection limit and summary. As already pointed out, the standard error of the 
C6H6 concentrations varied with the pollution level of the atmosphere. For re~atively clean 
conditions, the average standard error of the retrieved C6H6 concentration was approximately 
0.5 ppb, which would place the detection limit of C6H6 at 1 ppb. It must be kept in mind, 
however, that this is only the detection limit relative to a reference spectrum obtained under 
clean-air conditions. Taking into account the estimated magnitude of the systematic offset of 
the measurements of 1.5 ppb, the true detection limit for C6H6 using the procedure and fitting 
parameters described in this work should therefore be placed at about 2.5 ppb. 

The total systematic error of any C6H6 measurement consists of the systematic offset and 
the uncertainty of the convolved cross sections themselves. Since the offset error is always 
negative, while the error of the absolute values of the cross sections is of unknown .sign, no 
total systematic error was calculated from these two contributions. 

The combined random error consists of the standard error of the fits, using the triple RMS 
error as estimate for the spectral data point uncertainties, a potential influence of unknown 
absorbers and interference from misfitted 0 3 absorption features, and the uncertainty of 
temperature and pressure along the light path and their influence on the absorption cross 
sections. Table 4.6 summarises the systematic and random errors discussed in the previous 
paragraphs. 

It must be emphasised again that a considerable uncertainty exists in the analysis 
procedure of C6H6 which can only poorly be quantified. Firstly, the lack of high quality 
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absorption cross sections of 0 2 requires the use of atmospheric transmission spectra as 
reference spectra I0 during analysis. This introduces a systematic offset whose magnitude must 
be estimated by inference from other measured trace gas concentrations. This uncertainty can 
only be eliminated if closed long-path cells were used to obtain instrument-corrected 
absorption cross sections of pure 0 2. Secondly, the increase of the RMS error of the fits with 
pollution levels points to the possible existence of unidentified absorbers in the 251 to 261 nm 
region, but their influence on the C6H6 retrieval can only very tentatively be estimated and 
must remain open to revision. Correlated spectroscopic and gas-chromatographic, chemical, or 
mass-spectroscopic measurements would be important to clarify this issue. 

Table 4.6. List of systematic (S) and random (R) error sources for the retrieval of C6H6 from 
measurements in the 251 to 261 nm spectral region on a 244 m atmospheric path. The estimated 
detection limit for C6H6 in this region is 2.5 ppb. Fitted cross sections were C6H6, 0 3, and C7H8. The 

reference spectrum I0 was an atmospheric transmission spectrum obtained under clean-air conditions, 

specified by CO concentrations less than 200 ppb and NO concentration less than 3 ppb. The cross 
sections and reference spectrum were shifted to account for grating repositioning errors, and a cubic 
background polynomial was fitted. 

Error source 

(S) Absorption cross section 
(S) Systematic offset 
(R) Spectral noise (RMS error) 
(R) Unidentified absorbers 
(R) Pressure/temperature 

Total systematic error 

Total random error 

Magnitude 

15% 
up to - 1.5 ppb 
0.5-3 ppb 
10% 
5% 

15%, plus systematic 

offset up to -1.5 ppb 
0.5-5 ppb 
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Abstract. This Chapter presents the measurement results of the primary air pollutants CO, 

NO and NO2 (combined to NOx), C6H6, and other hydrocarbons, obtained between mid-June 

and mid-August, 1997, over the 244 m absorption light path on the University of Canterbury 

campus in Christchurch. The observed concentrations are presented and discussed with 

regard to the absolute concentration range and typical diurnal variation of each gas, 

correlations between the various gases, and variations of the typical concentration ratios with 

time of day. The presentation of results will pay particular attention to features which may 

allow conclusions towards the likely sources of these pollutants and their typical 

concentrations in Christchurch in the following Chapter 6. The correlations between primary 

pollutants and greenhouse gases measured during this study are also briefly presented but not 

discussed in detail. 

5.1 Overview of primary pollutant measurements 

A field study of air pollution in Christchurch, using combined infrared and UV/visible 
absorption measurements over the 244 m absorption light path on the University of 
Canterbury campus, was carried out between June 13, 1997, and August 12, 1997. Trace gas 
concentrations successfully analysed during this period are CO, CO2, H20, N20, CH4, C6H14, 

CH30H, C2H4, NO, N02, C6H6, 0 3, and S02, and a further unidentified absorber, most likely 
a hydrocarbon (see discussion in Chapter 4). 

The present Chapter focuses on gases which are generally accepted as primary pollutants 
and whose sources and ambient concentrations are therefore of particular interest in urban 
environments. These are firstly carbon monoxide (CO) which is known to be emitted from 
motor vehicles, industry, and fuel-burning domestic heating appliances. Secondly the nitrogen 
oxides NO and N02, which are grouped together to NOx because of the rapid photochemical 
balance established between these two gases. The main sources for NOx in Christchurch are 
thought to be motor vehicle traffic and industrial emissions. The third major group of primary 
pollutants measured during this study are volatile hydrocarbons, including benzene (C6H6), 

hexane (C6H14) and similar paraffinic hydrocarbons (refer to discussion in 3.3), methanol 
(CH30H), and ethylene (C2H4). To the author's knowledge, only C6H6 has been measured in 
the ambient atmosphere in Christchurch before [Graham and Narsey, 1995; Narsey and 
Stevenson, 1997], however not with a comparably high time resolution. 

It must be mentioned at this point that the present instrumentation does not allow the 
quantification of suspended particulates in the atmosphere over the 244 m absorption path 
with sufficient accuracy. Attempts have been made recently with a UV/visible spectrometer 
covering a large spectral range to obtain particulate concentrations and average size 
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distribution [Flentje et al., 1997], but such efforts were excluded from the present study. It is 
emphasised that particulate matter is recognised as a major air pollutant in Christchurch, and 
only technical limitations precluded it from the list of species studied in this thesis. 

5.1.1 Times of measurements and quality control 

The measurements of CO, NOx, and various hydrocarbons to be discussed in this Chapter 
were obtained over the 244 m absorption light path at the University of Canterbury campus in 
Christchurch between mid-June and mid-August, 1997. Measurements in the infrared and 
ultraviolet/visible spectral regions were obtained over a number of extended periods covering 
several consecutive days each, but it is important to note that the data do not cover the entire 2 
month interval. Although a wide range of meteorological conditions was encountered during 
the measurements, the average recorded concentrations therefore do not necessarily represent 
the true average concentrations for the entire mid-June to mid-August interval. 

The reasons for measurement interruptions are in part data backup, instrument 
maintenance and adjustments after hardware failures in both the infrared and UV/visible 
systems. Further data gaps exist because the measurements in the UV /visible focused on 
particular groups of gases for limited periods instead of the complete range to increase the 
time resolution of the measurements. Consequently, for some days only correlated 
measurements of CO and NOx exist, while for other days correlated measurements of NOx and 
C6H6 are available. Figure 5.1 graphically displays the days when measurements of the 
individual primary pollutants were obtained. Measurements of C6H14, CH3OH, and C2H4, 

were always obtained in conjunction with CO measurements. 

1997 measurements of primary pollutants 

• C6H6 (UV me asurements) 

• NO, (UV measurements) 

• CO and hydrocarbons (IR measurements) 
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Figure 5.1. Graphical display of the time periods when measurements of primary pollutants were obtained 
between mid-June and mid-August, 1997, on the 244 m absorption path at the University of Canterbury campus 
in Christchurch . 
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In total, measurements of CO, C6H14, CH3OH and C2H4 were obtained on 26 complete 
days, of NOx on 24 days of which about 18 days correlate with the CO measurements, and of 
C6H6 on 9 days of which about 8 were correlated with NOx measurements, and all were 
correlated with CO measurements. During the periods when continuous measurements were 
performed, the time interval for infrared measurements was 5 minutes, and for UV/visible 
measurements it varied between 10 and 22 minutes dependent on the number of recorded 
spectral regions. 

All spectra were analysed and temperature corrections were applied where required 
according to the procedures described in Chapters 3 and 4. The raw trace gas concentrations 
were converted into mixing ratios using the ambient temperature and pressure measured at the 
roof of the Geography Department building. The resulting data points were subjected to a 
quality-control procedure consisting of checking the RMS error for each spectral fit and 
investigating possible reasons for particularly large residuals. This procedure lead to the 
investigation of the unidentified absorber in the 279 to 289 nm spectral region, and the 
rejection of spectra obtained after lamp bum-outs, power cuts, accidental telescope de
adjustments, and other hardware failures. However no spectra were rejected solely because of 
unexpectedly large or small trace gas concentrations. 

Since generally days with high wind speeds and consequently very low pollution levels 
were chosen for the calibration of arc lamp emission spectra and data backup, the average 
concentrations obtained during this study may lie slightly on the high side of the true average 
over the total measurement period at this location. On the other hand, CO concentrations 
recorded during late May and the first days of June in conjunction with the long-path 
measurements of NO2 and HNO2 (not included in the present discussion), showed maxima in 
excess of 10,000 ppb. This is higher than the maxima observed during the mid-June to mid
August period. This underlines the fact that the results presented here should be taken as 
'representative snapshots' of limited time periods rather than a complete set of measurements, 
and no general conclusions about average pollutant exposures should be drawn from these 
measurements because of their intermittent nature. The following paragraph summarises the 
observed maxima and minima of each of the primary pollutants within this dataset. 

5.1.2 Observed global concentration range for primary pollutants 

Figure 5 .2 shows as a general example the complete dataset of measured CO 
concentrations during the mid-June to mid-August period. It can be seen that the variability of 
CO concentrations is very large, with concentration peaks as high as nearly 10.000 ppb 
alternating with low pollution episodes with concentrations well below 500 ppb. The 
minimum concentration observed within this dataset was 68 ppb, which is very close to the 
southern hemisphere clean-air value [Moss et al., 1998]. 

A similarly strong variability was observed for NOx concentrations, ranging between a 
minimum of -1.2 ppb (ie below the combined NO and NO2 detection limit) and peak maxima 
of up to 331 ppb. To calculate the NOx concentration, the NO2 measurements were 
interpolated to match the times of NO measurements and then added to the NO concentration 
to give the calculated NOx concentration. The strong variability of NOx was mainly brought 
about by the contribution from NO, which exhibited a concentration range of -2.5 ppb to 
258 ppb, while NO2 varied only between -2 ppb and 80 ppb and did not exhibit similarly 
sharp maxima as CO or NO. The photochemical relationship and concentration balance 
between NO and NO2 will be discussed in more detail in Chapter 7. In the remainder of this 
Chapter, NOx is treated as a single primary pollutant species since the dominant sources of 
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both gases are either direct emission, or conversion between the two species [Finnlayson-Pitts 
and Pitts, 1986; Wayne, 1991; see also Chapters 1 and 7]. 

C6H6 also exhibited significant and abrupt changes in its atmospheric concentration, 
albeit on a much smaller absolute scale. The observed minimum was -1.8 ppb and the 
maximum was 20 ppb, although it should be noted that unfortunately no C6H6 measurements 
were obtained during the pollution episodes which produced the highest CO and NOx 
concentrations. The other hydrocarbons CH3OH, C2H4, and C6H14, measured during this 
study, also showed a very strong variability similar to that of CO, NO, and C6H6. Their 
concentrations ranged from below their respective detection limits to peak concentrations of 
140 ppb for CH3OH, 240 ppb for C2H4, and 1250 ppb for C6H14. 
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Figure 5.2. Complete dataset of measured CO concentrations between mid-June and mid-August, 1997. 

With regard to the recognised harmful effects of the various air pollutants, it is noted that 
the concentrations of neither CO nor NO2 exceeded the WHO or New Zealand air quality 
guidelines at this location during the 1997 measurements. At the same time it should be 
remembered that the height of the light absorption path is an average of 33 m above the 
ground and a considerable distance away from major pollution sources like arterial roads or 
dense housing (see Figure 3.1). Since ground level concentrations in the vicinity of major 
roads are likely be significantly higher, the concentrations are therefore not necessarily 
representative of human exposure in this area. As already mentioned in Chapter 1, no 
quantitative exposure guidelines currently exist in New Zealand for any of the hydrocarbons. 

Because the information that can be gained from such a global view of primary pollutant 
concentrations is rather limited, the next paragraph will examine in more detail the typical 
times of day when pollutant maxima occurred, which are most probably caused by an 
interplay between temporal variations of source emission intensity and meteorological 
parameters. 
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5.1.3 Typical concentration variations with time of day 

5.1.3.1 Carbon monoxide. Of the trace gases measured during the present study, CO is 
the chemically most stable one, with an estimated atmospheric lifetime of about 2-3 months 
[Logan et al., 1981]. Since its main reaction partner is the reaction with OH, its chemical 
lifetime is likely to be even longer during winter. It does not undergo any appreciable wet or 
dry deposition and its concentration is therefore indicative of the effects of changing source 
emission intensities and meteorological parameters on pollutant concentrations. Within the 
temporal and spatial scale of the Christchurch study area, CO can thus be thought of as an 
inert gas whose only sources are anthropogenic emissions with variable strengths, and whose 
only loss process is eddy diffusion and replacement by advection of clean air (see also Figure 
1.6). Because of the relative chemical inertness of CO compared to other pollutant trace gases, 
it will be used as the main reference gas when correlations between the various primary 
pollutants are investigated in this study. 

Figure 5.3 shows the average CO concentration for all measurements obtained during this 
study versus time of day. A marked occurrence of two concentration peaks is obvious. One 
relatively sharp peak appears during the morning hours between 7:00 and 11:00 with the 
maximum at approximately 8:45, and a second more extended episode begins at about 16:00 
and lasting until after 24:00 with the maximum around 19:00. 
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Figure 5.3. Diurnal average CO concentrations between mid-June and mid-August, 1997. 

The obvious source candidate for the morning peak in the CO concentration is morning 
rush hour traffic, while the evening peak may contain contributions from evening rush hour 
traffic and domestic fires. However increased concentrations during the late evening could 
also be caused by traffic only if a decreasing height of the nocturnal inversion layer is taken 
into account. Peak CO concentrations in exceedence of the New Zealand air quality guidelines 
in residential areas are generally only observed during the late evening hours [ CRC, 1993], so 
that the source for these CO pollution episodes is clearly of considerable interest. Later 
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sections of this Chapter and Chapter 6 will concentrate on fingerprinting the pollution patterns 
and pollutant correlations to help resolve this question. 

Concentration patterns similar to the average concentrations were also found on 
individual days with relatively low wind speeds which are frequent duxing wintertime. Figure 
5.4 shows as an example the CO concentrations recorded on two consecutive days (21 and 22 
July) which exhibit strong morning peaks and extended pollution episodes towards the end of 
the day. It is interesting to note, however, that while the general pattern is present on both 
days, the absolute magnitude of the peak concentrations, the ratio of the morning to the 
evening peak, and the time evolution of the evening peaks differ significantly. 

Both days exhibit concentration peaks between 8:00 and 10:00 with the maximum 
occurring around 9:00, but the peak concentrations differ by almost a factor of two. The 
evening pollution episodes start in both cases around 16:00, but on the first day the CO 
concentration continues to increase and reaches its peak only around 22:00 at more than twice 
the value of the morning peak, whereas on the second day the concentration remains virtually 
constant between 18:00 and 22:00, and at a level lower than the morning peak. Since the two 
days are both weekdays (Monday and Tuesday), changes in traffic volume which could 
explain these differences are unlikely, and the reasons must be sought in either altered 
emission strengths from domestic heating due to a change in ambient temperature, or 
variability of meteorological parameters such as inversion layer height and wind speed. These 
possible causes will be investigated in greater detail at a later stage, while the present 
discussion merely presents these features which were frequently observed in the data. 
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Figure 5.4. CO concentrations on 21 and 22 July, 1997. 

5.1.3.2 Nitrogen oxides and hydrocarbons. The concentrations of the other primary 
pollutants exhibit diurnal patterns very similar to that of CO, with the exception of CH3OH 
which does not show a pronounced morning peak. Figure 5.5 shows the average measured 
concentrations of NOx, C6H6, C6H 14, CH3OH, and C2H4 versus time of day. It is worth noting 
that the balance between morning and evening peaks is not constant for all gases. C6H14 
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appears to exhibit the strongest morning peak relative to its evening concentration, closely 
followed by NOx and C6H6 which are similar to that of CO (see Figure 5.3). In contrast, the 
morning peak for C2H4 is significantly lower than its evening peak, and it is almost 
completely absent in the average values for CH3OH. 

Significant variations of the typical ratio between two trace gases over the course of a day 
may point to changing contributions from different emission sources with different primary 
pollutant compositions, as well as photochemical reactions affecting each trace gas to a 
particular degree. The variable ratio in ambient concentrations of the primary pollutants will 
therefore form a key topic of discussion in this and the following Chapter. 

It should also be noted, however, that different numbers of data points were available for 
each trace gas in Figures 5.3 and 5.5, so that the average values have different statistical 
significance for each gas, and a close examination of correlated measurements is required 
before any conclusions can be drawn. Consequently the following sections will investigate the 
correlations between various groups of primary pollutants in more detail with regard to 
temperature and time of day to determine the extent to which the characteristics of different 
emission sources can be found. 
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Figure 5.5. Diurnal average concentrations of NOx, C6H14, CH3OH, C2H4, and C6H6, during mid-June to 
mid-August, 1997. 

5.1.4 Outline of presentation of primary pollutant measurements 

CO is known to be emitted by motor vehicles and low-temperature combustion sources 
used for domestic heating, such as open fire places and coal and wood burners. NOx on the 
other hand is mainly produced in high-temperature combustion processes, which for the 
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Christchurch area are believed to be almost exclusively motor vehicles [CRC, 1997b]. A 
changing ratio between these two pollutants over the course of a day is therefore instrumental 
for the apportionment of the contribution of motor vehicles and domestic heating to the total 
CO and NOx pollution in the Christchurch city area. The ambient ratio of NOJCO will be 
presented and analysed in section 5.2. 

The main suspected source for C6H6 in an urban environment is petrol. It is emitted 
through motor vehicle exhausts, but also evaporates from filling stations, representing a traffic 
volume-independent stationary source. However the evaporative contribution during 
wintertime is expected to be minor due to the low ambient temperatures. The correlation 
between C6H6 and the major pollutants CO and NOx should therefore be useful in marking the 
traffic-only contribution to ambient CO and NOx concentrations. On the other hand, the 
average ratio between CO and C6H6 could also be used to predict C6H6 concentrations at 
locations where currently only CO is being monitored, such as at inner city residential and 
retail areas [CRC, 1993; Foster, 1995, 1997]. The correlation between C6H6 and CO will be 
the topic of section 5.3. 

Section 5.4 will concentrate on the correlations between the other hydrocarbons C6H 14, 

CH30H, and C2H4, and CO. These hydrocarbons are not detrimental to human health at 
normal ambient concentrations, but may serve as indicators for the contributions of various air 
pollution sources to the total pollution levels. Mention will also be made of the concentration 
pattern of the unidentified absorber which was detected in the 279 to 289 nm spectral region, 
and the degree of correlation found between CO and greenhouse gases which were measured 
as part of this study. More detailed discussion of these latter measurements however must be 
left to future study. 

The results of the correlation studies for the various pollutants in sections 5.2 to 5.4 will 
be drawn together in Chapter 6. Comparison of the observed pollutant ratios will be made 
with overseas field studies and, where they exist, previous measurements in New Zealand. 
The ratios of ambient pollutant concentrations will also be related to the estimated emission 
ratios which can be derived from the Christchurch emission inventory [CRC, 1997b]. While 
meteorological parameters like inversion height, diffusion, and advection may be assumed to 
affect all trace gases to the same extent, differences in emission heights of various sources, 
photochemical reactivity, and deposition processes require a careful analysis of the 
atmospheric fate of each trace gas when emission estimates are compared with ambient 
concentrations. The present Chapter therefore only provides an extensive statistical analysis of 
the observed correlations, while the interpretation of the results follows in Chapter 6. 

5.2 Correlations between primary pollutants: CO and NOx 

5.2.1 Co-variability over short- and long-term periods 

The concentrations of CO and NOx were found to be highly correlated not only in their 
global diurnal averages, but also on individual days. Figure 5.6 shows as example the CO and 
NOx concentrations on 21 and 22 July, 1997. It can be seen that the NOx concentration 
follows the CO concentration not only in the dominant pattern consisting of the morning and 
evening peaks, but also in short-term variations. 

When comparing the variability of these gases on very short time scales of less than 
1 hour, however, it should be noted that the combined integration time for NOx measurements 
is approximately 9 minutes (6 minutes for NO and 3 minutes for N02), with a repeat rate of 
about 16 minutes since 0 3 was also measured during that period. In contrast, the integration 
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time for a CO measurement was only approximately 1 minutes with a repeat rate of 5 minutes. 
This implies that the CO measurements are more sensitive to very short-term concentration 
fluctuations which could be caused by perturbations of the inversion layer, wind fields, and 
local pollution sources. The longer integration time of the NOx measurements will tend to 
smooth out pollution peaks and troughs (when clean air is advected into the light path), and 
the correlation between these gases is therefore not expected to hold during conditions with 
highly variable pollution levels. Evidence of such short-term variations can be seen during the 
night of July 21, and the morning of July 22. 

As already mentioned, NOx is treated as a single primary pollutant because of the rapid 
photochemical balance which is established between NO and N02. Furthermore, the exact 
emission ratio of NO and N02 from major NOx sources like motor vehicles, domestic heating, 
and industry is not well known and the separate discussion of these gases would be misleading 
when establishing the total NOx contribution from these sources. The individual contributions 
of these two gases to the total NOx concentration and the influence of meteorological and 
photochemical processes on the balance between them will be discussed in depth in Chapter 7. 
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Figure 5.6. Concentrations of CO and NOx on 21 and 22 July, 1997. 

5.2.2 Global correlation and linear regression analysis 
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In order to investigate the correlation between CO and NOx further, the NOx data were 
interpolated to match the times of CO measurements for all days on which simultaneous 
measurements of CO, NO, and N02 were obtained between mid-June and mid-August, 1997. 
Figure 5. 7 shows the resulting correlation between CO and NOx for the total of 6442 data 
points. It can be seen that CO and NOx are highly correlated for the complete period with a 
correlation coefficient (r2) of 0. 91, which is statistically significant at the 99. 99 % level. 

A linear regression analysis, using the random errors of each measurement as weighting 
factors for the data points, yielded the following linear relationship between ambient NOx and 
CO concentrations: 
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[NOx)cppb) = 3.50x10-2 · [CO](ppb) +4.6 ppb. (65) 

The calculated 1-cr uncertainties for the slope and y-axis intercept are 0.02xl0-2 and 0.3 ppb, 
respectively. 

Regarding the uncertainties of the fitted parameters, however, a note of caution must be 
issued. The standard calculation of statistical uncertainties is based on the assumption that the 
data points follow a normal distribution around their assumed ideal linear relationship. Yet in 
the case of atmospheric measurements there exists no apriori physical reason for this 
assumption, and deviations from the linear correlation may well be non-Gaussian or contain 
distinct branches of outliers. Furthermore, the strong predominance of low-pollution data 
invalidates the basic premiss that the x-values should be evenly distributed over the 
measurement range. This leaves the standard statistical description, particularly the estimate of 
confidence intervals for the fitted regression parameters, with only limited meaning. 

To arrive at a better quantitative description of the uncertainty of the fitted slope, the data 
were therefore averaged over fixed 500 ppb increments of the CO concentration. This means 
that all data points with a CO concentration between O and 500 ppb were averaged in their CO 
and NOx concentrations to form one average point, similarly all data points with a CO 
concentration between 500 and 1000 ppb, and so on. Upon averaging, each individual 
concentration measurement was weighted with its estimated random error. This procedure 
produced a total of 20 equally spaced data points, with their uncertainties defined by the 
standard deviation of the original measurements which make up the averaged data point. 
These averaged data points are also shown in Figure 5.7. 

A regression analysis of these data is expected to produce more realistic estimates for the 
uncertainty of the slope since the distribution along the x-axis is not skewed towards small 
values. In the case where an averaged data point consisted of only one original measurement, 
the standard deviation of this data point was replaced by the random error of the original 
measurement, since the concept of the standard deviation is not defined for only one point. 
This was the case for 2 points corresponding to the highest and third highest CO 
concentrations. The result of a linear fit to these data is: 

[NOxlppb) = 3.37x10-2 ·[Co](ppb) +4.4 ppb, (66) 

with 1-cr uncertainties for the slope and y-axis intercept of 0.15xl0-2 and 8.0, respectively. 
The slope retrieved from this fit is lower than the one derived from the original dataset, but 
they overlap within their uncertainties. The uncertainty derived for the fitted slope of the 
averaged data is almost a factor of 8 larger than the one for the original dataset, which clearly 
displays the influence of the data distribution on statistical estimates. 

At the same time it should be noted that this method of deriving a linear correlation for a 
strongly skewed dataset is not necessarily preferable to the original method, where all data 
points contribute equally to the fit. A fit to the averaged data does not take into account the 
number of individual measurements which make up each average, and therefore places 
relatively greater emphasis on sparse data points than on densely populated ones. The actual 
value of the fitted slope may thus be strongly influenced by outliers if they are appear in sparse 
averages. 

In the present study, high-pollution data are much rarer than low-pollution data. In the 
dataset shown in Figure 5.7, more than 70 % of all data have CO concentrations of less than 
1000 ppb, and only 1.4 % have CO concentrations exceeding 5000 ppb. Yet in the fit to the 
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averaged points the data above 5000 ppb assume the same statistical weight as the data below 
this level. Furthermore, concentrations can change very rapidly during polluted conditions (see 
Figure 5.6), so that the correlation between high-pollution measurements of different gases is 
generally less reliable. 

Because of this overemphasis that the fit to the averaged data places on sparse 
measurements for extremely high concentrations, the averaging method is only used to derive 
an uncertainty estimate for the slope fitted to linearly correlated data, but the full set of 
original measurements is used to derive the actual value of the slope. This convention will be 
applied to all other fits to correlated datasets in the remainder of this work, unless specifically 
stated otherwise. In the present case, the average ratio of NO/CO for the complete set of 
measurements is therefore given as 3.50(±0.15)x10-2• 
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Figure 5.7. Correlation and linear regression fit for NOx and CO for the complete set of measurements 
obtained between mid-June and mid-August, 1997. Also given are the averaged data points with error bars 
representing their standard deviations. Where only one measurement was available, the error bars are the 
random errors for this measurement. The full line is the linear fit to the original data, and the dotted lines 
represent the uncertainty of this fit, derived from the averaged data. For a discussion of the derived uncertainty, 
see text. 

The very good overall correlation between NOx and CO implies that ambient 
concentration ratio between these two gases does not change significantly over the course of a 
day. This may suggest that both gases mainly stem from a common source, unless there are 
several sources with similar emission ratios for CO and NOx or other factors exist which 
influence the ambient concentration of these gases separately. 
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The fact that the two gases are not perfectly correlated within the complete dataset is open 
to a number of interpretations. Firstly, as already pointed out before, the different integration 
periods for the measurements of NOx and CO imply that slightly different air samples are 
measured for each data point which can lead to differences when the atmospheric 
concentrations of the gases are changing rapidly. Secondly, local pollution sources such as the 
University car park or heating systems may occasionally influence the average ambient 
concentrations. NO/CO emissions may be expected to differ between car parks and normal 
traffic flow on inner city roads due to different engine operating regimes. Upwelling of 
exhaust gases from the car park into the absorption light path could therefore account for a 
slightly altered NO/CO ratio compared to the average ratio in the ambient atmosphere. 

Thirdly, ambient temperature could affect the NO/CO emission ratio of engines, 
particularly during a cold start in the morning. Since a range of temperatures was encountered 
over the whole measurement period, this could result in slightly varying ratios for each 
morning. Finally, variations of the ambient NO/CO ratio could be due to shifts in the balance 
between different pollution sources with different emission NO/CO ratios (ie traffic and 
domestic heating). Such variations would be expected to show a dependence on the time of 
day since the bulk of domestic heating occurs in the evening hours, while the morning peak 
would be expected to consist almost exclusively of traffic emissions. The following 
paragraphs will analyse and discuss the latter two possibilities in more detail. 

5.2.3 Temperature dependence of the NO/CO ratio 

Temperature could affect the ambient NO/CO concentration ratio in two separate ways. 
On one hand, the emission ratio from motor vehicles may show a dependence on temperature 
because of different cold-start characteristics. The influence of ambient temperature has been 
studied for elevated temperatures by Stump et al., [1992a,b], who found that some vehicle 
types exhibited an increase of the NO/CO ratio with temperature, while that from other types 
remained largely constant or even decreased. Because of the dependence on vehicle type 
(presumably also age and tuning of the engine), only an actual field study could help resolve 
this question for New Zealand conditions. The second reason for a possible temperature 
dependence of the ambient NO/CO ratio is the increased probability of the use of open fires 
and wood burners for domestic heating during cold periods. Since the NOx component of 
domestic heating emissions is very low [CRC, 1997b], an increase in domestic heating should 
therefore lower the ambient NO/CO ratio. 

To avoid biasing the data with low pollution measurements, only data points with a CO 
concentration above 1000 ppb were used. The resulting total of 1882 data is plotted as 
NO/CO ratio versus the temperature measured at the roof of the Geography Department in 
Figure 5.8. Interestingly the data show no sign of a temperature dependence at all. The 
correlation coefficient is less than 0.01, and the average ratio is 0.036, in relatively good 
agreement with the regression analysis presented in the previous paragraph. 

The same test was performed using the ground level temperature measured by the 
Canterbury Regional Council at the inner city measurement site, since this temperature should 
be of greater importance for engine operating conditions than the Geography Department 
rooftop temperature. However the correlation coefficient remained below 0.01 also for the 
inner city ground level temperature. 

From the complete lack of temperature dependence of the ambient NO/CO ratio it can be 
concluded that neither of the above mentioned possible temperature effects is sufficiently 
strong to change the ambient NO/CO ratio by a significant degree, or that the two effects 
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counterbalance. In absence of dedicated vehicle emission measurements as a function of 
ambient temperature, this question must remain unresolved within this thesis. 
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' Figure 5.8. NO/CO ambient concentration ratio versus temperature for all data with a CO concentration 
above 1000 ppb. The correlation coefficient for this distribution is less than 0.01. 

5.2.4 Time dependence of the NO/CO ratio 

In order to investigate a possible systematic variation of the ambient NOx/CO 
concentration ratio with time of day, the complete data set was divided into separate periods 
within the course of a day, and a regression analysis performed for each period separately. 
Changes of the ambient NOx/CO ratio would allow to detect and quantify the varying 
strengths of different emission sources for NOx and CO. 

At the same time it must be kept in mind that a lack of variation of the observed ratio 
does not necessarily prove that NOx and CO originate only from one single source, since 
different sources could either have the same emission ratio, or their relative contributions may 
not vary to any significant extent. The results of this investigation will therefore need 
comparison with other data and assumptions to allow conclusions towards the sources of these 
gases, which will be the topic of Chapter 6. The following paragraphs only give a detailed 
description of the dependence of the average NO/CO ratio on the time of day. 

5.2.4.1 Morning and afternoon rush hour, and night time period. In a first attempt, 
three time slots were extracted from the complete dataset. The first group of data comprises 
measurements taken between 7:00 and 11:00 in the morning. During this time, motor vehicle 
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em1ss10ns are be assumed to greatly dominate over em1ss10ns from domestic heating 
(according to a survey on usage of wood and coal for domestic heating, reported in CRC, 
[1997b]). The ambient NO/CO ratio during the morning should thus be close to the traffic 
emission ratio. The second time slot contains measurements obtained between 15:00 and 
19:00. This period covers both the afternoon rush hour and follow-on traffic flow originating 
from shopping etc, but also contains a significant amount of emissions from domestic heating 
which could be expected to begin from about 18:00 onwards. The third time period includes 
all measurements obtained between 21:00 and 6:00, where the emissions should contain a 
significant contribution from domestic heating. 

Since industrial activities are comparatively low in the Christchurch inner city and 
particularly the Riccarton area [CRC, 1997b], motor vehicle traffic and domestic heating are 
assumed to be the main contributors to CO emissions. As already mentioned above, NOx 
emissions from domestic heating are relatively low due to the low operating temperature of 
most heating appliances, and the only significant gaseous pollutant from domestic heating is 
CO. In contrast, motor vehicles emit significant amounts of both NOx and CO. Consequently, 
a lower NO/CO ratio would be expected during the evening and night time period compared 
to the morning rush hour peak because of the relative increase of CO emissions during the 
evening and night. 

Table 5.1 lists the results of the regression analysis for each of the three time periods, and 
Figure 5.9 graphically displays the correlation of data points within each period. It can be seen 
that the night time period from 21:00 to 6:00 indeed exhibits the lowest NO/CO ratio, while 
the afternoon and morning rush hour periods both are about 20 to 25 % higher. It should also 
be noted, however, that the data show a relatively large spread within each group with 
members of each group overlapping with the other ones. Furthermore, the ratio within the 
morning period seems to contain two somewhat separate branches. The branch with the lower 
concentrations exhibits a higher NO/CO ratio, while the very high concentrations exhibit a 
ratio which lies between those of the afternoon and night time periods. No significant, 
differences in atmospheric temperature were found between the high and low ratio branches, 
so that local congestion effects or emissions from the construction sites which in operation at 
the University campus are the most likely reasons for the variation of ratios during the 
morning period. 

Table 5.1. Results of a linear regression analysis of correlated CO and NOx measurements 

for three selected periods of the time of day during mid-June to mid-August, 1997. The 

data points were weighted with their random errors for analysis, with uncertainties derived 
from the averaged datasets as described in 5.2.2. 

time period data points correlation fitted NOJCO slope 1-cr uncertainty 
coefficient (ppb I ppb) for slope 

07:00 - 11:00 1158 0.87 3.84xl0·2 0.18xl0·2 

15:00 - 19:00 947 0.92 3.70xl0·2 o.21x10-2 

21:00 - 06:00 2544 0.91 3.09x10·2 0.13xl0·2 
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The uncertainties for the slopes of the regression analysis, also listed in Table 5.1, were 
derived using the same averaging technique as described in 5.2.2. It can be seen that the slopes 
for the morning and afternoon periods overlap within their estimated uncertainties, while the 
night time slope is significantly lower. It is noteworthy that uncertainties derived from fits to 
the complete data sets would be substantially smaller, typically in the order of 0.03x 10-2. This 
would make the difference between the morning and afternoon slopes significant, a conclusion 
which can hardly be supported after a visual inspection of the data distribution shown in 
Figure 5.9. 

To summarise the findings of this section, a statistically significant variation of the 
measured NO/CO ratio exists between the morning and afternoon/evening rush hour periods 
on one hand and the late night on the other hand, while the morning and afternoon/evening 
periods exhibit only a minor difference. The time periods were selected to represent different 
emission strengths from motor vehicles and domestic heating. The morning period from 7:00 
to 11 :00 is assumed to be dominated by motor vehicle emissions, while domestic heating is 
expected to increasingly contribute during the afternoon/evening period from 15:00 to 19:00, 
and the night time period from 21:00 to 6:00. 

In the next paragraph, a different time distribution will be used for to allow comparison of 
the observed NO/CO ratio with the ratio which may be predicted when emission data from 
the Christchurch emission inventory, [CRC, 1997b], are used. The use of slightly different 
time slots also represents an independent test of whether the difference in slopes is of 
significance, or whether it is only dependent on the exact definition of the time periods. 
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Figure 5.9. Correlation between NOx and CO for three separate periods during the time of day. The regression 
slopes were fitted weighting each data point with its random error. 
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5.2.4.2 Time slots of the Christchurch emission inventory. The Christchurch emission 
inventory, [CRC, 1997b], gives specific emission estimates for domestic heating, traffic, and 
industry for the time periods from 6:00 to 10:00, 10:00 to 16:00, 16:00 to 22:00, and 22:00 to 
6:00. The correlated NOx and CO measurements were re-analysed for these time slots to allow 
direct comparison of the measured ambient NO/CO ratio with the ratio which may be 
predicted using these emission estimates. Table 5.2 shows the regression results for these 
periods. The general trend of the NO/CO ratio is consistent with the results for the periods 
used in the previous paragraph. 

Table 5.2. Results of a linear regression analysis of correlated CO and NOx measurements 
for times of day corresponding to the time slots used in the Christchurch emission 
inventory, [CRC, 1997b], during mid-June to mid-August, 1997. The data points were 
weighed with their random errors for analysis, with uncertainties derived from the 
averaged datasets as described in 5.2.2. 

time period data points correlation fitted NOJCO slope 1-cr uncertainty 
coefficient (ppb / ppb) for slope 

06:00 - 10:00 1163 0.92 4.02xl0-2 0.18xl0-2 

10:00 - 16:00 1450 0.83 3.78xl0-2 0.26xl0-2 

16:00 - 22:00 1596 0.94 3.54xl0-2 0.18xl0-2 

22:00 - 06:00 2239 0.87 3.0lxl0-2 0.23xl0-2 

Similar to the results of the preceding paragraph, the NO/CO decreases between morning 
and night, with statistically significant differences between the overnight period (22:00 to 
6:00) and the day time, as well as between the morning rush hour (6:00 to 10:00) and evening 
(16:00 to 22:00). The conformity of the NO/CO ratio for the time periods chosen in this and 
the previous analysis confirms that the diurnal change of this ratio is not caused by chance 
outliers depending on the grouping of the data, but that the change is of statistical significance. 
The general trend from both groups of time slots is a decrease of the NO/CO ratio from the 
morning until the late night, with the largest difference occurring between the late night period 
and the morning rush hour. 

Figure 5.10 shows the data points corresponding to the 6:00 to 10:00, and 22:00 to 6:00 
periods. It is noteworthy that the fitted slope for the night period is only 75 % of the slope for 
the morning period, but the higher morning ratio seems to be mainly caused by data points 
with CO concentrations below 4000 ppb. For highly polluted conditions during the morning 
period, the NO/CO ratio is considerably closer to the night time ratio. Nonetheless, the 
average ratio for only the high pollution data from the morning period is still larger than the 
ratio for the complete night time period. 

To further validate the correlation between NOx and CO observed in the data of the 
present study, the next paragraph compares the measured NO/CO ratio to measurements 
obtained by the Canterbury Regional Council at an inner city location. Final conclusions 
regarding the contributions of potential sources will only be drawn in Chapter 6. 
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Figure 5.10. Correlation between NOx and CO for morning (6:00 to 10:00) and late night (22:00 to 6:00) 
periods, corresponding to time slots chosen in the Christchurch emission inventory [CRC, 1997b]. The 
regression slopes were fitted weighting each data point with its random error. 

5.2.5 Comparison of NO/CO ratio with inner city measurements 

The Canterbury Regional Council obtains continuous measurements of ambient NO, 
NO2, and CO concentrations in 10-minute intervals as part of its air quality monitoring 
programme, [CRC, 1993, 1997a], in the suburb of St. Albans near the central business district. 
The measurement site is indicated in Figure 1.9, and the sensors (chemoluminescence for NO 
and NO2, non-dispersive infrared for CO) are mounted according to EPA standards for 
residential monitoring sites [T. Abercane, personal communication]. Quality-assured data 
from this site were kindly made available for comparison with results from the present work. 

The NO/CO ratio at this location was analysed using the same time periods as those used 
in the emissions inventory, namely the complete set of data, and the four separate periods 6:00 
to 10:00, 10:00 to 16:00, 16:00 to 22:00, and 22:00 to 6:00. Since no individual error 
estimates are available for the Regional Council data, general assumptions regarding the 
uncertainties associated with the data had to be made in the regression analysis. Occasional 
drifts in the stability of the CO monitor, with negative concentrations as low as -700 ppb, 
suggest a precision of the CO data of no better than about 500 ppb. A similar approach for the 
NO and NO2 measurements places the uncertainty for the NOx data at about 3 ppb. All data 
points were weighted with these constant errors in the regression analysis. 

To reduce potential inconsistencies between the University of Canterbury and Regional 
Council measurements which could arise from particular pollution episodes, only those 
Regional Council measurements for which simultaneous data were obtained at the University 
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(results shown in Table 5.2) were used in the regression analysis. Table 5.3 summarises the 
results of a regression analysis of the correlation between NOx and CO from this dataset. 

Table 5.3. Results of a linear regression analysis of correlated CO and NOx 
measurements at an inner city location. The data are from the Canterbury 
Regional Council's Air Quality Monitoring Programme. Only data points 
coinciding with the spectroscopic measurements summarised in Table 5.2 
were used, and uncertainties were derived with the averaging procedure 
described in 5.2.2. 

time period correlation fitted NO/CO slope 1-cr 
coefficient (ppb / ppb) uncertainty 

06:00 - 10:00 0.89 3.59xl0-2 0.20xl0-2 

10:00 - 16:00 0.76 3.57xl0-2 0.52xl0-2 

16:00 - 22:00 0.96 4.24xl0-2 o.12x10-2 

22:00 - 06:00 0.96 3.44xl0-2 o.12x10-2 

diurnal average 0.93 3.69xl0-2 0.17x10-2 

By comparing Tables 5.2 and 5.3, a number of observations can be made. Firstly, the 
diurnal average NO/CO ratio of the inner city measurements of 3.69(±0.17)xl0-2 is in very 
good agreement with the average ratio of the spectroscopic measurements at the University of 
Canterbury of 3.50(±0.15)xl0-2. This is worth noting since the absolute concentrations of CO 
and NOx at the inner city site are on average almost twice as high than the concentrations 
recorded at the University of Canterbury site. This can be explained by the greater proximity 
to emission sources such as major roads and residential housing, and the significantly lower 
height of the measurements of about 3 m. For strong inversion conditions as they typically 
occur during evening and night in the Christchurch area, the height of the measurements is 
likely to be a determining factor for ambient concentrations. The fact that the NO/CO ratio is 
nonetheless very similar to that observed at the University campus confirms the relevance of 
the ratio of primary pollutants for the study of emission sources. 

However the diurnal variation of the NO/CO ratio in the inner city differs from that 
observed at the University. In the inner city data, the maximum ratio is obtained during the 
afternoon/evening between 16:00 and 22:00, but the minimum ratio occurs again during the 
night time from 22:00 to 6:00. Figure 5.11 shows the data points for these two periods. It can 
be seen that the difference between the two ratios is indeed significant, with the minimum 
being about 20 % lower than the maximum ratio. The maximum inner city ratio of 4.24xl0-2 

is higher than the highest ratio observed in the University of Canterbury measurements of 
4.02xl0-2 which occurs during the morning hours (6:00 to 10:00). 

In the absence of a direct intercomparison of the measurement equipment used for the 
inner city measurements with the spectroscopic setup of the present work, explanations for the 
discrepancies between the two data sets must remain at best tentative. On one hand, the 
different ratios and the times of their occurrences may reflect a different balance between 
traffic and domestic heating in the inner city district compared to the Riccarton area. Since the 
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Riccarton area contains large shopping areas but few entertainment facilities, a stronger 
decrease in traffic during the evening could be expected than for the inner city. 

On the other hand it should be kept in mind that the inner city measurements are point 
measurements obtained about 3 m above the ground, compared to the elevated long-path 
measurements of the present work. Local pollution influences with particular emission ratios 
at certain times of day may therefore have a stronger influence on the data obtained in the 
inner city. For example, the elevated NO/CO ratio during the afternoon and evening could be 
related to a regularly occurring traffic jam in nearby Cranford Street. A similar situation is 
unlikely to be of significance at the University site which is relatively far away from potential 
traffic jam areas. An on-site intercomparison between the different measurement techniques, 
as well as the investigation of the influence of height on the observed NO/CO ratio due to 
local mixing of pollution sources, would be required to give more definite reasons for the 
observed differences. 
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Figure 5.11. Correlation between NOx and CO for afternoon/evening ( 16:00 to 22:00) and late night (22:00 to 
6:00) periods. The data are from the Canterbury Regional Council's inner city monitoring station. 

The comparison of the NO/CO ratios observed at the inner city measurement location 
and at the University of Canterbury may be summarised as follows. The NO/CO ratios at the 
two sites are in relatively good agreement over the 24-hour average, with 3.69x 10-2 observed 
in the inner city and 3.50x10-2 at the University campus. The slopes overlap within the 
intervals defined by their uncertainties . The diurnal variation of this ratio is somewhat 
different at the two sites. The University site shows a steady decrease of the ratio from early 
morning towards the late night, while the inner city location exhibits its maximum ratio during 
the afternoon/evening time slot, followed by its minimum during the late night. Different 
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traffic emission patterns, measurement techniques and measurement heights are the most 
likely explanations for these minor differences. 

Conclusions regarding the contributions of the various emission sources to the diurnal 
variation of the NO/CO ratio will be drawn in Chapter 6. The following sections present and 
discuss the observed ambient ratios of the other primary pollutants studied in this work. 

5.3 Correlations between primary pollutants: CO and C6H6 

Benzene (C6H6) is a constituent of motor vehicle petrol. It is emitted into the atmosphere 
through tailpipe emissions from cars, and through evaporation from filling stations. During 
winter evaporative losses are however likely to be small because of its relatively high boiling 
point of 80 °C. Other things being equal, ambient C6H6 concentrations in winter would be 
expected to be proportional to traffic activity, and the correlation of C6H6 with other 
pollutants such as CO or NOx may therefore act as an indicator for the sources for these other 
gases. A the same time, a high degree of correlation between C6H6 and CO could be used for 
the estimation of C6H6 concentrations where to date only CO has been measured, such as near 
major roads in Christchurch [Foster, 1994, 1997]. The following paragraphs will investigate 
the average correlation between CO and C6H6, analyse the time dependence of the C6HiCO 
ratio, and present estimates of the possible C6H6 concentration range at other locations. 

5.3.1 Co-variability 

Within the precision limits of the measurements, the ambient C6H6 concentrations 
showed a high degree of correlation with CO both on short- and long-term time scales, similar 
to that observed between CO and NOx. Figure 5.12 shows as an example the observed 
concentrations of C6H6 and CO on the evening of 25 July, 1997. It can be seen that the C6H6 

concentration varies similarly to the CO concentration with respect to both the general 
structure of the evening pollution peak, and the degree of minor variations during that episode. 

The good correlation between these two species is of interest as it might suggest that most 
of the ambient CO during this period stems from the same single source as C6H6, namely the 
exhaust of motor vehicles. However it should be noted that over limited periods of time 
meteorological factors can control changes of ambient concentrations of air pollutants in 
similar ways even if they come from different sources, so that additional information such as 
the variation of the ambient C6HiCO ratio with time of day is required to decide whether an 
existing correlation indicates a common source. 

5.3.2 Global correlation and variation of C6HJCO ratio 
with time of day 

The good correlation between C6H6 and CO is maintained in the complete dataset 
obtained between mid-June and mid-August, 1997, where correlated measurements of these 
two gases are available for a total of 9 days. Figure 5.13 plots the measured ambient CO 
versus C6H6 concentrations, where the CO data were interpolated and averaged to match the 
integration times of the C6H6 measurements. 
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Figure 5.12. Concentrations of C6H6 and CO during the evening of 25 July, 1997. 
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A linear regression fit yields the following linear relationship: 

(67) 

The estimated uncertainties for the fitted slope and y-axis intercept are 0.37xIQ-3 and 1.4 ppb, 
respectively. The regression coefficient is 0.83 for 718 data points, which is significant at the 
99.9 % level. The larger spread of the data around the linear fit, compared to the higher 
correlation between NOx and CO, can in part be explained by the relatively large random error 
of approximately 20 % of the C6H6 measurements. 

However, the variability could also point to a systematic variation of the C6HiCO ratio 
with time of day within the complete data set, which could be used to determine the relative 
contribution of non-benzene emitting sources to the total CO emissions. The regression 
analysis was therefore repeated for different parts of the day, using the same time slots as in 
5.2.4.1 for the NO/CO correlation, namely the morning rush hour period from 7:00 to 11:00, 
the afternoon rush hour and early evening from 15:00 to 19:00, and night time from 21:00 to 
6:00. The results of this analysis are listed in Table 5.4. 

Table 5.4. Results of a linear regression analysis of correlated CO and C6H6 

measurements for three selected periods of the time of day during mid-June to mid-August, 
1997. The data points were weighted with their random errors for analysis, and 
uncertainties were derived with the averaging procedure described in 5.2.2. 

time period data correlation fitted C6H6/CO 1-cr uncertainty 
points coefficient slope for slope 

07:00 - 11:00 134 0.89 2.45xl0-3 0.33xl0-3 

15:00 - 19:00 95 0.92 3.76xl0-3 0.45xl0-3 

21 :00 - 06:00 297 0.85 4.40xl0-3 0.52x10-3 

The C6H6/CO ratio shows a clear increase from 2.45xI0-3 during the morning rush hour 
to almost the double value of 4.4xI0-3 during the night. It can be seen from a plot of the 
different time periods, shown in Figure 5.14, that the data points belonging to the three 
periods show a considerable spread around their mean correlations, but nonetheless a clear 
separation of the mean ratio between these periods exists. 

This observed increase of the C6HiCO ratio between morning and night time could 
indicate that an additional source of C6H6 is active during the evening and night which is not 
also a strong source of CO. Alternatively, the C6H6/CO emission ratio of the hypothetical 
single source of both C6H6 and CO could change with time of day. These possibilities will be 
discussed in detail, along with the results for other primary pollutants, in Chapter 6. A third 
explanation for the variation of the observed C6H6/CO ratio could however also lie in the 
measurement technique. It has already been mentioned that the residual of the spectral fits in 
the 251 to 261 nm region was not always satisfactorily flat, but showed occasional signs of 
additional absorptions which were unaccounted for in the present analysis. If a hydrocarbon 
originating from domestic heating processes absorbs in this spectral region, it could mask as 
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C6H6 in the analysis and therefore lead to an over-prediction of the ambient C6H6 
concentration during night times. The likelihood of such an interference occurring seems 
limited by the fact that the residuals of the C6H6 analysis are independent of the time of day 
when the measurements were obtained, but the presence of unidentified absorbers interfering 
with the retrieval of C6H6 could not be ruled out entirely. 
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Figure 5.14. Correlation between C6H6 and CO for three different pal1s of the day. 

It should also be pointed out here that C6H6 does not undergo wet or dry deposition at 
relevant rates, and its dominant chemical loss from the atmosphere is the reaction with 
hydroxyl (OH) radicals at a rate of l.2x10-12 cm3 molecule-1 s-1 [Atkinson et al., 1979]. For a 
OH concentration of 1 x 106 molecule/cm3, the chemical lifetime of C6H6 can be calculated to 
be in the order of 10 days. In the urban winter atmosphere, OH concentrations are likely to be 
substantially lower [Crutzen and Zimmermann, 1991; Zimmermann and Poppe, 1993]. This 
means that less than 0.5 % of the ambient C6H6 will be lost per hour during daytime due to 
chemical processes. The significant difference between the day and night time ratio of 
C6H6'CO can therefore not be explained by the chemistry of C6H6, but must be related to the 
emission characteristics of the sources of both C6H6 and CO. 

In summary, a high correlation between ambient CO and C6H6 concentrations is observed 
for all times of day. Yet the C6H6'CO ratio increases significantly from morning through 
afternoon and evening into the late night. This increase requires further evaluation of the 
potential sources of both C6H6 and CO and of potential problems in the measurements of 
C6H6, particularly since it would seem to contradict the assumption that domestic heating 
represents a significant source of CO, but not of C6H6, which should in fact lead to a lowering 
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of the ambient C6H6/CO ratio during the night. This discussion will be carried further in 
Chapter 6. The presentation of the C6H6 concentrations and their correlation with CO is 
concluded in the following paragraph with an investigation of the total observed concentration 
range, and implication of this correlation for other locations within Christchurch. 

5.3.3 Range of observed C6H6 concentrations and implications 
for other locations 

The maximum C6H6 concentration observed during the mid-June to mid-August period 
was 20 ppb for a 5-minute measurement, which correlated with a CO concentration of 
3600 ppb. Several other measurements exceeded 16 ppb, correlated with CO concentrations 
between 4000 and 6000 ppb. No C6H6 measurements were obtained during the episode which 
yielded the highest recorded CO concentrations in excess of 9000 ppb, but given the relatively 
high general correlation between CO and C6H6 observed in the dataset, even concentrations in 
excess of 20 ppb are likely to occur at the University measurement site for very short periods 
under severely polluted conditions. 

It has been mentioned previously that the concentrations recorded at the University are 
unlikely to be representative of human exposure since they are a significant distance away 
from major roads, and the light path has an average height of 33 m above the ground. It is 
therefore tempting to use the observed correlation between C6H6 and CO to estimate the C6H6 

levels at sites where to date only CO has been measured. Sites of interest would be the air 
quality monitoring site of the Canterbury Regional Council in the inner city, which is set up to 
record typical residential exposures to air pollutants, and roadside measurements which 
indicate the exposures of individuals working in a highly polluted environment. This approach 
seems justified by the fact that the NO/CO correlation, discussed in earlier sections, was 
almost identical between the inner city monitoring station and the measurements conducted at 
the University campus, despite the maximum values differing by almost a factor of two. 

At the same time, it must be emphasised that such an extrapolation is based on the 
assumption that the same linear relationship between C6H6 and CO does in fact hold for other 
locations, and that the linearity is maintained for higher values. If sources other than traffic 
contribute significantly to the ambient concentrations of either gas at the University site, use 
of the observed correlation to estimate C6H6 concentrations at other locations would be 
inappropriate. Furthermore, until the exact reason for the variability of the C6H6/CO ratio with 
time of day is known, only the average correlation for the complete dataset should be used. 
Comparative measurements at other sites are necessary to test the validity of these 
assumptions. 

Besides the routine monitoring programme of various air pollutants by the Canterbury 
Regional Council in the suburb of St. Albans, measurements of CO in the Christchurch 
atmosphere have been carried out alongside Riccarton road at street level, [Foster, 1994, 
1997]. Measurements obtained during June and July, 1993, revealed that the 8-hour exposure 
guideline of 8 ppm for CO was exceeded on 51 out of 60 days at street level by the side of the 
road. Using the linear relationship (67) between C6H6 and CO, it can be estimated that during 
the same time, C6H6 concentrations probably exceeded 27 ppb for more than 8 hours on 51 
days. However it must be kept in mind that high-octane petrol was only gradually phased in 
over the past few years in New Zealand to replace leaded petrol, and consequently the 
relationship derived in the present work may not be fully applicable to the 1993 study. 

The Regional Council measurements at the St. Albans monitoring site show that the 
8-hour CO exposure guideline is exceeded an average of 9 times per year, depending on the 
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prevailing meteorological conditions during the winter months. The same extrapolation would 
therefore predict that C6H6 concentrations also exceed 27 ppb an average of 9 times per year 
for more than 8 hours at the monitoring site, which again rests on the assumption that the 
C6HiCO correlation detected in the present dataset is also applicable to residential areas. 
Because of the carcinogenic nature of C6H6, which implies that no safe exposure limit exists 
for this compound, additional measurements to validate these concentrations appear highly 
desirable. 

Comparisons of the measured and extrapolated concentrations with overseas studies and 
emission estimates will be made in the following Chapter. To conclude the presentation of 
results of primary pollutant measurements, the next section will show the findings of the 
measurements of the hydrocarbons CH3OH, C6H14, and C2H4 , in the infrared range. Brief 
mention will also be made of the concentration pattern of the unidentified absorber discovered 
in conjunction with the 0 3 measurements, and the correlation of the greenhouse gases CO2, 

N2O, and CH4, with the main primary pollutant CO. 

5.4 Correlation of primary pollutants: CO and hydrocarbons, 
and greenhouse gases 

None of the other primary pollutants CH3OH, C2H4, and C6H14 is considered dangerous 
to human health at the levels observed in Christchurch, but nonetheless a detailed 
investigation of their concentrations and correlation with other gases seems worthwhile. This 
is largely because information about their ambient concentrations may serve as important test 
for future emission inventories, and they may also provide additional evidence for the 
strengths of various emission sources in Christchurch. In this context the unidentified absorber 
discovered in the 279 to 289 nm region will also be discussed. Although no absolute 
concentration values can be given because no absolute absorption cross sections could be 
obtained, its correlation with other primary pollutants may provide important clues towards its 
identification in later work. 

It also appears useful to briefly discuss the concentrations of the greenhouse gases CO2, 

CH4, and N2O, the analysis of which is largely a by-product of the retrieval of the 
concentrations of other target gases such as CO and C6H14. Their anthropogenic budgets are 
of interest for total greenhouse gas emission inventories, and measurements in a polluted 
environment provides an opportunity to estimate their urban emission rates. However since 
these gases do not form the main focus of the present work, only a brief summary of the main 
measurement results will be given. 

5.4.1 Correlation of hydrocarbons with CO 

The ambient concentrations of the hydrocarbons C2H4, C6H14, and CH3OH, exhibited a 
relatively high degree of correlation with CO. The correlation generally held over both short
and long-term periods of up to 8 hours, similar to the correlations observed of CO with NOx 
or C6H6. From the total dataset of IR measurements between mid-June and mid-August 1997, 
correlation coefficients of 0.68 for C6H14, 0.50 for CH3OH, and 0.88 for C2H4 were obtained 
for the correlation with CO. Although all coefficients are significant at the 99.9 % level, the 
correlation plots for all three gases showed interesting features which were found worth 
investigating. 
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In particular, the relatively large scatter in the C6H14/CO correlation data was caused by 
several groups of outliers associated with very high C6H14 but low CO concentrations. In 
contrast to this, either correlation of CH3OH and C2H4 with CO appeared to consist of two 
distinct branches, with the branches for CH3OH being more distinct than for C2H4. These 
features are described in more detail in the next paragraphs. 

5.4.1.1 Outliers of C6H14 and correlation of remaining dataset with CO. Figure 5.15 
shows the variation of the concentrations of C6H14 and CO during the evening of 15 and 
morning of 16 July, 1997. It can be seen that the concentrations of both gases are highly 
correlated except for a brief period between 1:30 and 2:30 at night, where extremely high 
C6H14 concentrations were observed, while CO remained at fairly low levels. Since neither of 
the other gases measured at the same time (NOx, CH3OH, and C2H4) showed a similar 
concentration peak, it is concluded that the high C6H14 concentrations are most likely caused 
by a local C6H 14 leak, possibly from the nearby Department of Chemistry, or gas cylinders in 
use at the Department of Physics and Astronomy. It must also be remembered that the C6H14 

concentration given in this study in fact represents a compound concentration for all aliphatic 
hydrocarbons (mainly alkanes) including propane and butane, which are in widespread use as 
aerosol propellants and gas burners. Local contamination from such a gas source therefore 
appears as a highly probable cause for high C6H14 values. 

A total of 4 such series of outliers could be singled out from the complete dataset of 
correlated CO and C6H14 measurements. These events occurred at irregular times at night or 
during the day, and none of them could explicitly be related to general pollution patterns such 
as traffic rush hours or domestic heating periods. It was also found that the highest C6H 14 

concentrations observed during the whole measurement period in excess of 1000 ppb were 
related to such contamination events. When these 4 events with a total of 178 data points were 
removed from the dataset, the maximum C6H14 concentration was only 650 ppb. As a 
consequence, the overall correlation coefficient between CO and C6H 14 increased from 0.68 
for the complete dataset to 0.82 for the reduced dataset. There exists the obvious possibility' 
that some of the remaining variability in the correlation could be attributed to minor leaks, but 
no independent measure exists to determine the occurrence of such events. 

A regression analysis performed on the remaining data points yielded the following linear 
relationship between the concentrations of C6H 14 and CO: 

(68) 

The slope of the correlation was found to be only moderately dependent on the time of 
day. If only measurements taken between 7:00 and 11:00 were selected, the slope was 
5.5xl0-2, while a lower slope of 4.8xl0-2 resulted for measurements between 21:00 and 6:00, 
with both subsets showing considerable spreads. This difference in slopes of 13 % is smaller 
than the difference observed for the NOx/CO ratio of 25 % for the same time periods, and the 
estimated uncertainties for the individual slopes overlap. Due to the added possibility of 
residual contamination of the C6H 14 measurements from the suspected local source discussed 
above, however, it is therefore unlikely that this difference is of significance with respect to 
typical ambient concentrations. 
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Figure 5.15. Concentrations of CO and C6HJ4 during the evening a11d night of 15 and 16 July, 1997. The error 
bars represent the variable standard errors of the spectral fits . 

The relatively good linear correlation of the remaining dataset throughout the day 
suggests that C6H14 largely stems from the same source as the bulk of CO in the ambient 
atmosphere. Only the slight decrease of the C6H1iCO ratio towards the night could be 
interpreted that there exists a source of CO with a lower C6H14 emission which is mainly 
active during the night. Alkanes do not undergo wet or dry deposition, and their main 
chemical loss process in the urban atmosphere consists of the reaction with OH radicals, 
which has a variable rate constant between 2.7x10-13 and 8.0xl0-12 cm3 molecule-I s-1 
[Atkinson, 1986]. Assuming again a maximum OH concentration of lx106 molecule cm-3 
during noon, this translates into a chemical decay rate of at most 4 % per hour during the day 
for the most reactive (usually the heaviest) alkanes, and substantially less during the evening 
and night or for lighter compounds. Highest concentrations were typically observed during the 
morning and evening when OH concentrations are more than one order of magnitude below 
the noon maximum, and chemical loss rates for alkanes during times of peak pollution are 
therefore substantially lower. 

Thus chemical losses can not explain the difference in the day and night time ratio with 
CO. Conclusions towards the likely sources for ambient C6H14 and CO in Christchurch, and 
comparison with other field studies and emission scenarios, will be made separately in 
Chapter 6. 
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5.4.1.2 Branched correlations of C2H4 and CH30H with CO. A detailed analysis of 
the concentrations of C2H4 and CH3OH revealed that their concentrations were significantly 
lower during the morning than during the evening and night when compared to that of CO. 
Figure 5.16 shows as an example the concentrations of the 3 gases on 22 July, 1997. The 
concentration of CO decreases during the late night, exhibits a distinct peak in the morning, 
and reaches high levels again during the evening. While the C2H4 concentrations at night 
times closely follow those of CO (albeit on a lower absolute scale), the morning pollution 
peak of C2H4 reaches only about 60 % of the CO peak. This behaviour is even more 
pronounced for CH3OH, whose concentrations are well correlated with those of CO during the 
late evening and night, but virtually no morning peak occurs at all. 
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Figure 5.16. Concentrations of CO, CH30H, and C2H4, on 22 July, 1997. 

To confirm this difference in the ratio of C2H4 and CH3OH relative to CO, the complete 
dataset was again separated into 3 different times of day, 7:00 to 11:00, 15:00 to 19:00, and 
21 :00 to 6:00, and a linear regression analysis was performed on each of these subsets. The 
results of this analysis, listed in Table 5.5, agree with the findings from the particular case of 
22 July. The typical CH3OH/CO ratio during the morning period is less than a quarter of the 
night time ratio, with the afternoon/evening ratio lying between the morning and night ratio. 
The lower correlation coefficient for the morning period of 0.26, albeit still significant at the 
99.9 % level owing to the large number of data points, is mainly caused by a considerable 
scatter of data related to low-pollution conditions, where the CH30H measurements are near 
the detection limit. For C2H4, the average morning ratio with CO is about 60 % of the night 
time ratio, with the value for the afternoon/evening period at about 85 % of the night time 
ratio. Within each of these two periods, the C2H4 concentrations are highly correlated with 
those of CO. 
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Table 5.5. Results of a linear regression analysis of CH3OH and C2H4 measurements relative to 
CO for three selected periods of the time of day during mid-June to mid-August, 1997. The data 
points were weighted with their random errors for analysis, and uncertainties were derived with the 
averaging procedure described in 5.2.2. 

time period data CH:PH C2H4 fitted CHpH/CO fitted C2HiCO 
points corr.coeff. corr.coeff. slope slope 

07:00 - 11:00 1629 0.26 0.93 2.3(±0.5)xl0-3 1.4(±0.l)xl0-2 

15:00 - 19:00 1363 0.72 0.92 5.9(±1.3)xl0-3 2.1(±0.l)xl0-2 

21:00 - 06:00 3544 0.72 0.93 l l.8(±1.6)xl0-3 2.4(±0.l)xl0-2 

Figures 5.17 and 5.18 plot the concentrations of CH3OH and C2H4, respectively, versus 
CO for the different time periods. The difference in the slopes of the branches for morning and 
night time is clearly evident for both gases. 

Occasional outliers can be observed in the CH3OH data, although it should be kept in 
mind that the uncertainty of the CH3OH measurements may in part be responsible for a scatter 
in the correlation. Since CH3OH is produced locally at the Department of Chemistry and is in 
general use for cleaning purposes of chemical and optical equipment, it seems reasonable to 
assume that occasional contamination of the sampled air mass may have occurred, similar to 
the case of C6H14. This would in particular explain one series of very high concentrations 
which occurred at night time while CO concentrations remained below 1000 ppb. No obvious 
series of outliers occur in the C2H4 data. 

The strong differences of both the CH3OH/CO and C2H4'CO ratios between the morning 
rush hour and night time suggest that the sources for CH3OH and C2H4 may be different to 
that of the bulk of CO, or at least that a number of sources exist which are active at different 
parts of the day with strongly different emission ratios. The very low morning CH3OH/CO 
ratio implies that the main source of CO during the morning does not emit substantial amounts 
ofCH3OH. 

At the same time it is important to note that the existence of a correlation of CH3OH with 
CO during the night does not necessarily imply that during that period the sources for CO and 
CH3OH are identical. Large variations in the peak CO concentration during the night are 
observed from day to day, which must be attributed to changes in meteorological conditions. 
Similarly, strong variations of the CO concentration during a single night are more likely to be 
caused by meteorological factors rather than short-term changes in emission intensity. The 
variable height and strength of the inversion layer, and wind speed and direction, affect all 
trace gases to the same extent, and the ambient concentrations of trace gases which are 
emitted during similar times of day will therefore show similar short term variations even if 
they originate from separate sources. It is therefore possible that although CH3OH and CO are 
highly correlated during the night, the CH3OH sterns from a source different to that of CO. 

Similar observations and arguments as for CH3OH apply to C2H4. The notably higher 
C2H4'CO ratio during the night compared to the morning implies that either an additional 
source of C2H4 is active during the night, or that the C2H4'CO emission ratio of the main 
source increases. If an additional source is responsible for C2H4 emissions during the night, 
the high short-term correlation of C2H4 with CO may again be caused by meteorology 
affecting the dispersion of both C2H4 and CO to the same extent. 
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The causes for the observed correlations will be discussed further, and conclusions 
towards identity and relative strengths of the sources of CH3OH, C2H4, and CO at various 
times of day will be drawn in Chapter 6. 

5.4.2 Variability of unidentified absorber and correlation with CO 

The scaling factor of the hypothetical absorption cross section, associated with an 
unidentified absorber in the 279 to 289 nm region (see 4.4.2), can be interpreted as relative 
measure of its ambient concentration. Although no absolute numbers can be obtained, the 
scaling factor can nonetheless serve as a measure of relative changes of its concentration, and 
thus also for its correlation with other primary pollutants such as CO. 

It has already been shown that on a short time scale, the retrieved concentration is well 
correlated with the primary pollutant NO (see Figure 4.15). After interpolation to match the 
corresponding measurement times, correlation coefficients of 0.56, 0.49, 0.75, and 0.70, were 
obtained for the correlation with CO, NOx, C2H4, and CH3OH, respectively. The relatively 
higher correlation with the hydrocarbons C2H4 and CH3OH suggests that the concentration 
pattern of the unidentified absorber may be similar to the latter two gases. A regression 
analysis against CO was therefore performed for separate times of day similar to that for the 
other gases. The results are listed in Table 5.6, and Figure 5.19 graphically displays the 
different ratios observed for the unidentified absorber and CO for the three time periods. 

Table 5.6. Results of a linear regression analysis of the unidentified 
absorber concentrations relative to CO for three selected periods of the 
time of day during mid-June to mid-August, 1997. The data points were 
weighted with their random errors for analysis. Note that the slope 
refers to arbitrary units for the concentration of the unidentified 
absorber, and uncertainties were derived with the averaging procedure 
described in 5.2.2. 

time period corr.coeff. fitted slope uncertainty 

07:00 - 11 :00 0.35 0.30xl0-2 0.07xl0-2 

15:00 - 19:00 0.66 l.34xl0-2 0.15xl0-2 

21:00 - 06:00 0.68 l.51xl0-2 0.14xl0-2 

The ratio between the unidentified absorber and CO shows a clear increase between the 
morning rush hour and the evening and late night periods. The morning ratio is only one fifth 
of the late night ratio and less than one quarter of the afternoon/evening period. The variation 
of the ratio with time of day is very similar to the ratio of CH3OH/CO presented earlier (Table 
5.6 and Figure 5.17). The most likely origin of the unidentified absorber will therefore be 
discussed together with the possible sources of methanol in Christchurch in Chapter 6. 
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Figure 5.19. Correlation between CO and the unidentified absorber detected in the 279 to 
289 nm spectral region for different times of day. 

5.4.3 Correlations of greenhouse gases with CO 

162 

9000 

Greenhouse gases play an important role in the stability of the earth's climate by 
absorbing and reflecting infrared radiation emitted by the earth's surface. It is feared that a 
global increase in atmospheric concentrations of gases which are strong infrared absorbers 
may lead to an increase of surface temperatures, with potentially devastating effects on a 
global scale. Major anthropogenic emissions of greenhouse gases come from industrial 
activities (CO2, CFCs), agriculture (CH4 and N2O), and biomass burning in tropical regions 
(CO2, N20, 0 3). A summary of the current understanding of emission sources and chemical 
processes affecting the concentrations of these gases in the earth's atmosphere can be found in 
IPCC, [1996a,b]. 

The greenhouse gases CO2, CH4, and N2O, are dominant infrared absorbers and had to be 
included in the analysis of the 2140 to 2240 cm-1 and 2770 to 3060 cm-1 spectral windows to 
achieve satisfactory fits to the transmission spectra. The fitting algorithm therefore returns the 
concentrations of these gases associated with each transmission spectrum as a by-product of 
the analysis of the concentrations of the target gases CO and C6H 14. 

However the windows chosen for analysis are not ideal for the retrieval of the 
concentrations of CO2, CH4, and N2O, and the derived concentrations are therefore less 
precise than they could be when a more sophisticated instrumental setup and dedicated 



Chapter 5. Measurements of primary air pollutants and their concentration ratios 163 

analysis procedure is used [Ferretti et al., 1998]. Since the main focus of the present work lies 
in the retrieval of the concentrations of major air pollutants, rather than precise measurements 
of greenhouse gas concentrations, no extensive tests to confirm the relevance of the standard 
errors and possible influences of temperature and polynomial backgrounds on the fitted 
concentrations of the greenhouse gases were made. Consequently, the following paragraphs 
will merely present some of the basic features of the measurement results, and a more detailed 
study of their ambient concentrations and correlation with other primary pollutants must be 
left to future work. 

5.4.3.1 Carbon dioxide (CO2). CO2 exhibits a number of strong absorption bands in the 
infrared region. One of its bands extends from 2200 to 2450 cm-1, with the lower wavenumber 
wing reaching into the window used for the retrieval of CO. The CO2 absorptions therefore 
had to be included in the fitting of spectra in this region, and CO2 concentrations were derived 
along with CO from the spectral window between 2140 and 2240 cm-1. This spectral window 
is not ideal for the analysis of CO2 because of the banded structure of its absorption cross 
section, and consequent strong influence of potential misfits of the instrument function on the 
band peaks. The average standard error for the retrieved CO2 concentration in this window 
was 5 ppm, which is higher than what could be achieved if a single isolated absorption line 
was used for analysis, and further potential systematic errors in the retrieved CO2 

concentrations may exist in this window. 
With these caveats in mind, a number of observations can be made from a correlation plot 

between CO2 and CO, which is presented in Figure 5.20. Firstly, CO2 appears to be 
reasonably strongly correlated with CO, which is in agreement with the fact that all urban 
combustion processes, including all processes which emit CO, also emit CO2. Secondly, the 
data show a considerable spread around a hypothetical linear correlation. On one hand, this 
spread could be caused by errors in the spectral analysis, and a dedicated analysis of CO2 from 
the infrared spectra would be preferable, but was not attempted during the present stud,Y. On 
the other hand, the large scatter can in part be explained by the fact that the sources and 
emission balances for CO2 are different to those for CO, and a different ratio for the ambient 
concentrations of these gases may be expected depending on the origin of the air mass. 

Thirdly, it is worth noting that a relatively sharp and almost linear lower boundary line 
seems to exist in the correlation between CO2 and CO. This boundary line could be 
interpreted as the COiCO emission ratio for the source with the largest relative CO content, 
while data points with high CO2 but low CO values more likely come from other sources. 

The lower boundary of the data can be expressed in the linear form: 

[CO2 ](pprn) = 13.Sxl0-3 ·[CO)cppb) +380 ppm. (68) 

The estimated CO2 concentration for clean air (ie for low CO concentrations) is 380 ppm, in 
fairly good agreement with long-term CO2 measurements conducted at a clean-air site in New 
Zealand [Brailsford et al., 1998]. The slightly lower average clean air value obtained by 

·· Brailsford et al. of about 364 ppm, corresponding to a difference of about 4 %, may point 
towards a small systematic error in the infrared analysis, which could be introduced by the line 
parameters to calculate the CO2 absorption cross sections, or the influence of a mismatch of 
the instrument function in the calculated spectra. No attempt was made to resolve these 
differences in the framework of the present study, however, and a detailed analysis of CO2 

concentrations in Christchurch must be left to future work. 
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Figure 5.20. Correlation between measurements of CO and CO2. The solid line indicates an estimate for the 
lower boundary of the correlation ( see text for details). 

5.4.2.2 Methane (CH4). CH4 shows strong absorption bands between 2900 and' 
3300 cm- 1 where it is easily identified in infrared transmission spectra. Its main emissions in 
New Zealand come from cattle and sheep, but globally other anaerobic environments such as 
rice paddies are also significant sources. It is also produced to some extent in industrial 
processes where it forms an intermediate product in the oxidation chain of more complex 
hydrocarbons, and emitted by traffic and domestic heating with wood and coal [Finnlayson
Pitts and Pitts, 1986; Harvey et al., 1998; Jarvis et al., 1998; USEPA, 1996]. 

Similarly to CO2, the CH4 concentrations were obtained as part of the fitting process for 
another target gas, in this case C6H 14, in the spectral window from 2770 to 3160 cm-1. 

Because of the very strong absorptions of CH4 in this region, influences of the instrument 
function are likely to lead to larger than necessary random errors in the analysis, and also to 
possible systematic errors. The average standard error returned by the Levenberg-Marquardt 
routine for the retrieved CH4 concentrations in this window is 0.016 ppm, or approximately 
1 % of the mean clean-air concentration. This error is likely to be underestimating the true 
uncertainty of the CH4 measurements. 

The CH4 concentrations retrieved from the present dataset showed a weak but significant 
correlation with CO, with a correlation coefficient of 0.27 for a total of 9177 data points. This 
implies that emissions of CH4 from urban activities indeed form a relevant contribution to the 
total CH4 emission budget. The minimum CH4 concentrations, obtained under clean-air 
conditions when CO remained below 200 ppb, were between 1.6 and 1.8 ppb, in good 
agreement with routine clean-air measurements at the New Zealand coast [Bromley et al., 
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1998]. Because of the relatively large spread of the data, no attempt was made in the present 
work to derive a general linear relationship between CH4 and CO, or to compare the 
implications of such a relationship with current estimates of urban CH4 emissions in New 
Zealand. 

5.4.3.3 Nitrous oxide (N2O). The main source of N2O lies in emissions from fertilised 
paddocks, and industrial or automotive emissions are expected to be comparatively small for 
New Zealand [Sjodin et al., 1995]. Its concentration was derived from analysis of the 2140 to 
2240 cm-1 window, where it exhibits a broad· absorption band which is unresolved at a 
resolution of 1 cm-1. The typical standard error for the retrieved N2O concentration was 
2.8 ppb. However due to the broad nature of the N2O absorption, the possibility of cross
interference with the polynomial background included in the fitting process exists, which 
would give rise to an additional systematic error in the N2O concentration. No tests to 
estimate the potential magnitude of such an error were made during the present study, and the 
accurate retrieval of N2O from open-path infrared transmission spectra must be left to future 
projects [eg Ferretti et al., 1998]. 

The correlation of N2O with CO was found to be very weak, with a correlation coefficient 
of less than 0.01. This confirms the lack of significant urban sources for N2O. The mean N2O 
concentration for the mid-June to mid-August period was 312 ppb with a standard deviation 
of 6 ppb, in good agreement with other measurements for the southern hemisphere [Martin, 
1998; Ferretti et al., 1998]. The relatively large spread of the data means that any weak 
correlation between N2O and CO would be submerged in the scatter of the data, and no 
attempt was made to investigate the possibility of minor urban contributions, or the 
dependence of the N2O concentrations on the rural or oceanic origin of the sampled air mass, 
in more detail. 
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6 Reconciliation of ambient pollutant ratios with 
emission inventory data and field studies 

Abstract. The ambient concentration measurements of primary pollutants presented in 

chapter 5 are compared with Christchurch emission inventory data [CRC, 1997b], and 

previous New Zealand and overseas field studies. The emission inventory data are described, 

and the bases for comparison of emission estimates with ambient concentration measurements 

is discussed. Possible reasons for discrepancies between the ambient concentrations 

calculated from emission estimates and the observed concentrations are discussed with 

regard to the influences of meteorology, photochemistry, deposition processes, and the 

assumptions which had to be made within the emissions inventory. Differences between 

previous measurements and the results of the present study can to a large extent be explained 

by differences in measurement techniques and integration times, and variability of 

meteorological conditions and emission sources where overseas data are concerned. 

Conclusions will be drawn towards the distribution of emission source strengths in 

Christchurch, and future work to clarify remaining problems will be suggested. 

6.1 Description of emission inventory data, and prediction of 
ambient concentrations using emission estimates 

6.1.1 Emission inventory data 
The Christchurch emission inventory, [CRC, 1997b], gives estimates for the total 

emissions from motor vehicle traffic, domestic heating, and industry, for the time periods 6:00 
to 10:00, 10:00 to 16:00, 16:00 to 22:00, and 22:00 to 6:00. The estimates are designed to be 
representative of a typical winter's day and are made for individual suburbs of Christchurch, 
and the inner city area as a whole. Regions of particular interest for comparison with the 
results of the present study are the Riccarton suburb, which includes the University of 
Canterbury campus as well as a major shopping area along the busy Riccarton Road, the St. 
Albans area in which the Canterbury Regional Council's main air quality monitoring station is 
located, the central business district adjacent to St. Albans, and the total inner city area which 
includes the above suburbs plus a number of others. A map displaying the main suburb areas, 
location of monitoring stations, and major arterial roads can be found in Figure 1.9. Detailed 
outlines of the suburb boundaries used for the emissions inventory can be found in CRC, 
[1997b]. The specific air pollutants included in the emission inventory are CO, NOx, SOx, 
PM10, and total volatile organic compounds excluding methane (VOC). The latter were not 
speciated into individual substances or groups of compounds. 

A potential cause for inaccuracy in the comparison of the measurements of the present 
study with emission inventory data arises from the fact that all emissions are given in mass 
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units, while the ambient measurements are reported in molecular density units. This makes a 
comparison between these two datasets difficult since NOx consists of the molecules NO and 
NO2, which are of different masses (30 a.u. for NO and 46 a.u. for NO2). A certain ratio 
between these two molecules must therefore be assumed if the emission data are to be 
compared with the NOx measurements. A ratio of 90/10 for NO/NO2 is frequently used [G. 
Kuschel, personal communication], but it must be recognised that this assumption is not based 
on concrete measurements in the case of the Christchurch study. 

The inverse process, translating the mixing ratio measurements of the present study into 
mass units is equally problematic. Although it obviously does not suffer from uncertainty 
regarding the NO/NO2 balance, it must be remembered that NO and NO2 rapidly form an 
equilibrium in the atmosphere, and the measured ambient NO/NO2 ratio is unlikely to 
correspond to the emission ratio except for very highly polluted conditions. Consequently, 
although no nitrogen is lost in the process and the ambient molecular NOx concentration 
should therefore correspond to the emitted number of NOx molecules, a mass gain through the 
conversion from NO to NO2 is likely to occur, and the measured ambient mass of NOx is 
likely to be higher than the emitted mass of NOx. 

Since the extent to which conversion from NO to NO2 occurs dep·ends on atmospheric 
conditions (eg ozone concentration and degree of atmospheric mixing) and is therefore highly 
variable over short periods, the conversion of the emitted masses given in the emission 
inventory into molecular quantities was preferred as a more constant option for the 
comparison. A ratio of 90/10 for NO/NO2 was assumed, corresponding to a molecular mass of 
31.6 a.u. for NOx, and implications of a possible systematic error in this assumption will be 
discussed where appropriate. . 

A similar but even more difficult problem arises for comparison of emitted and ambient 
VOCs. The emission inventory only states the total emitted VOC mass for traffic, domestic 
heating, and industry, but does not break up the total VOC into its separate components. 
Given the strong dependence of individual species fractions on type, age, and operating 
condition of engines, heating appliances, and industrial machinery, it is clear that a detailed' 
comparison of individual species measurements with grand estimates could only be of very 
limited meaning. Consequently, given the wide spread of estimates and measurements for the 
individual species fractions of total VOCs both in emission and ambient data [eg Nelson et al., 
1983; Nelson and Quigley, 1984; Finnlayson-Pitts and Pitts, 1986; Liibkert and De Tilly, 
1989; Stockwell et al., 1990; Stump et al., 1992a,b; Lyons et al., 1994; Sturm et al., 1994; 
Almbauer et al., 1995; Zhang et al., 1995; Bishop et al., 1996; USEPA, 1996; Singer and 
Harley, 1996], it would not seem reasonable to compare fractions of the total VOC estimate 
given in the Christchurch emission inventory with concentrations of individual species 
measured during the present work. Detailed estimates and concrete emission measurements of 
individual gases based on vehicle type and age, heating appliances, and industry specifically 
for Christchurch would be required to allow validation of the total VOC estimates given in the 
emissions inventory. 

6.1.2 Prediction of ambient concentration ratios based on 
emission estimates 

Keeping these limitations in mind, ambient concentration ratios may be calculated from 
the source emission strengths of the individual compounds given in the emissions inventory 
for the various suburbs. The different emission ratios from traffic, domestic heating, and 
industry lead to variable predicted ambient concentration ratios at different times of day due to 
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the varying balance between the main source. This variation in the predicted ambient ratio 
should through comparison with measured ratios allow the determination of the dominant 
sources of the primary pollutants. However two important assumptions are made in the 
prediction of ambient ratios from the emission data. 

6.1.2.1 Chemical stability. Firstly, it is assumed that the ratio of trace gases does not 
change between emission and detection in the ambient atmosphere, since meteorological 
factors such as advection and diffusion affect all trace gases to the same extent. Because eddy 
diffusion in the troposphere is several orders of magnitude more efficient than molecular 
diffusion, this applies to all trace gases regardless of their molecular weight [Wayne, 1991]. 
However, a second requirement for the assumption to be true is that chemical reactions do not 
alter the atmospheric concentrations of the trace gases in question between their emission and 
detection in the ambient atmosphere. Since the typical period over which pollution episodes in 
Christchurch last is about 2 hours during the morning and up to 6 hours during the night, the 
chemical lifetime with respect to chemical reactions or deposition should be at least in the 
order of days for the trace gases to be regarded as chemically stable. 

It has already been discussed that the lifetime of CO is in the order of 2 to 3 months, 
while for C6H6 it is at least 10 days. For hydrocarbons somewhat shorter lifetimes can be 
calculated, ranging between 1 day for the fastest reacting compounds to weeks for more stable 
species. As explained in chapter 5, these lifetime estimates are generous lower limits since 
during winter the main reaction partner for all these gases is the hydroxyl radical (OH). The 
ambient concentration of OH depends on a number of factors including solar radiation and 
presence of tropospheric ozone, both of which are greatly reduced during winter in a polluted 
urban atmosphere. A similar conclusion can be derived for the lifetime of NOx, and details of 
the arguments applying to NOx will be given in a later section of this chapter (6.2.2). It should 
also be noted that the measurement precision for most trace gas measurements reported here is 
of a similar order of magnitude as the largest estimated variability due to chemical reactions. 
To summarise this discussion, the ambient concentration ratios of these compounds may, for 
the purposes of the present study, be assumed not to be influenced by chemical reactions over 
the typical time periods of pollution episodes. 

6.1.2.2 Relative height distance of sources and measurements. The second important 
assumption made when comparing measured ambient concentration ratios with predictions 
based on emissions is that the contributions of the various sources become equally mixed in 
the atmosphere. Since industrial emissions are generally of minor importance for the trace 
gases this study focuses on, the relevant emission heights are approximately 3 to 5 m for 
domestic heating, and 0.5 to 2.5 m for traffic exhaust emissions from cars and trucks. Good 
mixing up to 2.5 m of traffic exhaust may be assumed even if the exhaust mainly stems from 
cars due to the local turbulence produced by the traffic flow. However this slight difference in 
emission heights could introduce a certain bias in measurements conducted at low heights 
around 5 m, since they might be exposed to a higher fraction of domestic heating than traffic 
emissions. This would imply that the ambient concentration ratio sampled at 5 m may not 
represent the true average of the emission ratios of domestic heating and traffic for the area, 
but predominantly the domestic heating ratio. 

Since the average measurement height in the present study was 33 m, this effect most 
likely plays only a very minor role in the comparison of the predicted and measured ambient 
concentration ratios. An extremely strong inversion separating the air below 3 m and above 
would be required in order to bias the concentration ratio measured at 33 m. Since no such 
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inversion could possibly exist during sunny mornings due to the rapid heating of the ground, 
this effect could only play a role during the night, and a strong diurnal variation of the 
measured concentration ratios would have to be seen. The absence of a strong variability of 
the NO/CO ratio with time of day implies that this possible effect is in fact negligible for the 
measurements conducted at 33 m. This poiµt is argued further in section 6.2.2 of this chapter. 

) 

6.1.2.3 Summary. To conclude this discussion, ambient pollutant concentration ratios 
may be predicted from emission estimates of the individual compounds given in the 
Christchurch emission inventory [CRC, 1997b]. The predicted concentration ratio of primary 
pollutants in the ambient atmosphere is simply given by the ratio of their total emissions from 
all sources within a specified area over a given time period. The ambient ratio is assumed to 
be determined by the emission ratio because all of the trace gases discussed here are 
chemically sufficiently stable so that their concentration ratios do not change appreciably over 
periods of only a few hours, and meteorological parameters affect all trace gases to the same 
extent. The height of the measurements of 33 m is sufficiently distant from the height of the 
main emission sources ( domestic heating and traffic) that a bias of the data caused by differing 
emission heights is unlikely. 

It must be emphasised that the authors of the emissions inventory do not imply the 
validity of these assumptions, and the responsibility for their applicability lies entirely with the 
author of the present work. Furthermore, the assumption of the relative chemical inertness of 
all primary pollutants discussed here is only valid for pollution episodes up to 6 hours in 
Christchurch during winter, and cannot be generalised for other locations or seasons. 

It should also be noted that this conclusion only applies to the ratio of concentrations, not 
to absolute concentrations. Absolute concentrations of individual pollutants should show a 
strong dependence on the height of measurements due to reduced mixing of the atmosphere 
under inversion conditions. fu contrast, the ratio of pollutants is not expected to change 
significantly with height because their transport processes are identical, and no sufficiently 
fast chemical reactions exist to change their relative concentrations during transport. ' 

Having made and justified these general assumptions, section 6.2 will compare the 
measured ambient NO/CO ratio with predictions derived from the Christchurch emission 
inventory. Conclusions regarding the sources of NOx and CO in Christchurch will be drawn 
from this comparison, which are also supported by other field studies and factual emission 
measurements of the New Zealand vehicle fleet. The correlations between CO, NOx, and the 
hydrocarbons measured during the present study will be contrasted with overseas data and 
available emission measurements in section 6.3. Comparison of individual compounds with 
gross VOC estimates will be made where appropriate in an attempt to arrive at tentative 
conclusions for sources of individual hydrocarbons in Christchurch. A final synopsis of the 
observed and predicted pollutant patterns and their consequences for the likely emission 
strengths in Christchurch will be given in section 6.4, followed by a discussion of suggested 
future work to reduce remaining uncertainties and clarify open questions. 

6.2 Comparison of measured NO/CO ratio with predictions 
based on emission inventory data 

Table 6.1 lists average NO/CO ratios predicted using Christchurch emission inventory 
data for four specified time periods in certain suburbs, and compares them with the observed 
atmospheric NO/CO ratios presented in the previous sections. The predicted ratios were 
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calculated from the total NOx and CO emissions from domestic heating, traffic, and industry. 
The specific areas chosen for comparison are Riccarton suburb containing the measurement 
site at the University of Canterbury, St. Albans suburb containing the monitoring site of the 
Canterbury Regional Council, the central business district adjacent to St. Albans, and the total 
inner Christchurch area (see Figure 1.9 for suburb and measurement site locations). 

Table 6.1. Comparison of predicted NO/CO ratio based on the Christchurch emission 
inventory, [CRC, 1997b], with the measured ratio during the mid-June to mid-August period, 
for different times of day. The measured ratios consist of the spectroscopic measurements 
obtained during the present study (University), and data provided by the Canterbury Regional 
Council (inner city). The emission inventory data have been converted into molecular fractions, 
assuming molecular masses of 31.6 a.u. for NOx and 28 a.u. for CO. 

time period Riccarton St. Albans Central total University inner city 
City inner city (measured) (measured) 

06:00 - 10:00 14.3xl0-2 10.7x10·2 16.9x10·2 13.7x10·2 4.0xl0·2 3.6x10·2 

10:00 - 16:00 14.lx10·2 11.5x10·2 16.3x10·2 13.7x10·2 3.8xl0·2 3.6x10·2 

16:00 - 22:00 9.6xl0·2 5.5x10·2 13.2x10·2 8.3x 10·2 3.5x10·2 4.2xl0·2 

22:00 - 06:00 13.7x10·2 6.3xl0·2 26.7x10·2 1 l.5x10·2 3.0x10·2 3.4x10·2 

diurnal avg. 12.5x10·2 8.2xl0·2 15.9x10·2 l l.3x10·2 3.5x10·2 3.7x10·2 

A number of general observations can be made from comparing the columns of Table 6.1. 
Firstly, the ratios predicted using the emission inventory consistently exceed the measured 
ratios by between 40 % and over 300 %. Secondly, the ratios predicted for the Riccarton, St. 
Albans, and total inner city area are in fairly good agreement with respect to the diurnal 
pattern of change of the NO/CO ratio, but the absolute value of the ratio differs by up to 
30 %. The ratio predicted for the central city district is considerably higher than for the three 
other suburbs, and its diurnal variation is also different. Thirdly, neither pattern of diurnal 
variation of the NO/CO ratio agrees with the observed pattern at the University or inner city 
measurement location. These discrepancies will be discussed in turn in the following 
paragraphs. 

6.2.1 NOxf CO ratios predicted for individual suburbs 
at various times of day 

Before discussing any discrepancies between predicted and measured ambient 
concentrations, it is necessary to understand the reasons for the differences in the predicted 
ratios themselves for the various suburbs. 

6.2.1.1 Riccarton, St. Albans, total inner city. Fairly good agreement exists in the 
general pattern of the NO/CO ratio between Riccarton, St. Albans, and the total inner city 
area. The two major sources in these areas are emissions from motor vehicles and domestic 
heating, with industry contributing less than 10 % of the estimated total NOx or CO emissions. 
The variation of the NO/CO ratio with time of day arises from the variation of the strengths 
of the domestic heating and traffic sources. More than two thirds of the total diurnal emissions 
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from domestic heating are assumed to occur in the time slot between 16:00 and 22:00, while 
the peak of traffic emissions is predicted to occur between 10:00 and 16:00 with about 45 % 
of the daily total emissions. 

The NO/CO emission ratios given by the emission inventory for domestic heating and 
traffic are 0.013 and 0.146, respectively. The relative increase of the domestic heating 
component therefore leads to a lower predicted NO/CO ambient ratio during the 16:00 to 
22:00 period. The predicted night time ratio is also slightly lower than that during the morning 
since about 10 % of the total domestic heating is expected to occur between 22:00 and 6:00, 
but only about 5 % of the daily traffic flow. 

Differences in the absolute values of the ratios between the individual suburbs during the 
various time periods follow from the balance of residential area compared to traffic load, and 
the heating means employed in these areas. The highest average NO/CO ratio is predicted for 
Riccarton because of the dominance of Riccarton Road and traffic flows related to the 
Riccarton shopping area. 

6.2.1.2 Central business district. The large difference in both absolute values and 
pattern of diurnal change of the NO/CO ratio between the central business district and the 
other three study areas arises from the dominance of industrial emissions, and only limited 
domestic heating. The average NO/CO emission ratio from industry is about 3.2 for the 
central business district. Since industrial emissions in the central business district make a 
significant contribution to the total NOx emissions particularly during the 22:00 to 6:00 
period, the predicted ambient NO/CO ratio is strongly shifted towards higher values. 
Increased domestic heating is again responsible, however, for the lowest value occurring 
during the 16:00 to 22:00 period. 

6.2.1.3 Summary. To summarise this brief discussion of the emission inventory data, 
good general agreement exists between mixed residential suburbs regarding the diurnal 
variation of the predicted NO/CO ratio, with differences in absolute value explicable by the' 
balance between traffic density and residential area. Predicted NO/CO ratios are considerably 
higher in the central business district because of relatively stronger industrial emissions, which 
typically have a NO/CO emission ratio greater than one. 

Since the distance between the central business district and the University of Canterbury 
measurement site is more than 4 km, dominance of the mixed traffic/residential NO/CO 
pattern should be expected in the measured ambient concentration data, with placement of the 
measurement site within the suburb being of lesser importance because of its distance from 
major roads. The Canterbury Regional Council air quality monitoring site is also placed in a 
mixed traffic/residential area, albeit in the vicinity of two major roads (Bealey A venue and 
Cranford Street). Because of its proximity to the central business district, the site could show 
some influence of emissions from that area depending on wind speed and direction, but 
occurrence of such events must be left to a more detailed study. 

6.2.2 Comparison of University measurements with predictions 
based on Riccarton emission data 

Severe disagreements are obvious between the NO/CO ratio measured at the University 
of Canterbury campus and the ratio predicted for any of the aforementioned study areas of the 
emission inventory. To make the comparison more specific, explicit comparisons will only be 
drawn with the emission estimates for the Riccarton area in the remainder of this section. 
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The measured ratio is consistently much lower than the predicted one, with the largest 
difference occurring between 22:00 and 6:00, where the measured ratio is only about 22 % of 
the predicted ratio. The closest agreement is obtained between 16:00 and 22:00 with the 
measured ratio approaching about 36 % of the emission ratio. Averaged over 24 hours, the 
measured ratio is 28 % of the predicted one. 

The measured variation of the NO/CO ratio with time of day is also in disagreement with 
the predictions. While the measurements show a steady decrease of the NO/CO ratio with 
time of day towards a minimum during the late night period from 22:00 to 6:00, the emission 
data would predict a significant minimum to occur during the evening from 16:00 to 22:00, 
and the ratio during the late period to be much closer to the morning and midday periods. A 
number of principal explanations for these discrepancies exist which will be discussed in turn 
in the following paragraphs. 

6.2.2.1 NO/N02 emission balance. It has already been pointed out that the conversion of 
NOx in mass units to mixing ratio represents a potential error source. To test the possible 
magnitude of an error in the assumed NO/NO2 balance, one could assume that all NOx is in 
fact emitted as NO2, which would bring the average predicted NO/CO ratio down to 
8.6xl0-2. In this case the average measured ratio would be 41 % instead of 28 % of the 
predicted ratio. This assumption is however not reasonable particularly for the night time 
period, where high NO concentrations were regularly observed and no fast photochemical 
pathway exists which could transform any emitted NO2 into the observed ambient NO. The 
90/10 split for NO/NO2 in NOx emissions is also supported by road-tunnel measurements 
which show that at least 90 % of the total NOx are emitted as NO in the case of motor 
vehicles, which form the main source of NOx in Christchurch [Pierson et al., 1996]. 

6.2.2.2 Systematic measurement errors. As with any comparison between 
measurement and theory, disagreement could be caused by systematic errors in the data 
analysis. However the very good agreement of the ratio measured in the present study with the 
ratio derived from the inner city measurements obtained by the Canterbury Regional Council, 
as discussed in 5.2.5, makes this possibility highly unlikely. The difference of the average 
NO/CO ratios measured at the University and inner city sites is 5.4 %, which is in the order 
of the combined systematic uncertainty for the CO and NOx measurements. It appears 
improbable that measurements using different techniques at different sites should contain 
systematic errors of virtually identical magnitude and sign, and other reasons for the 
discrepancy between the ambient and estimated emission ratio of NO/CO must be sought. 

6.2.2.3 Chemical loss processes for NOx. A meaningful comparison between the 
measured ambient NO/CO ratio and predictions based on emission data requires that no 
change in the NO/CO ratio occur in the dilution process. As discussed before, this is a 
reasonable assumption if the ambient concentrations of both gases are only affected by 
emission rates and atmospheric dynamics (ie diffusion and advection processes), but not 
chemistry. For the temporal and spatial scales of this study, this is certainly justified for CO 
because of its relatively long atmospheric lifetime of 2 to 3 months. However the chemical 
lifetime for the combined species NOx is significantly shorter since both NO and NO2 

participate in a number of important chemical reactions. This paragraph will discuss these 
chemical processes to investigate whether the low ambient NO/CO ratio could be explained 
by a chemical loss process for NOx, which would require that substantial chemical conversion 
of NOx occur within a few hours. 
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The most important chemical pathway for NO is the fast reaction with 0 3 forming NO2 

[10]. This reaction does not lead to a net loss of NOx. Alternative reactions with peroxides 
([13] and [14]) are of minor importance in the polluted winter atmosphere because of the low 
photochemical reactivity and hence low peroxide concentrations, but in any case these 
reactions also transform NO into NO2 and thus maintain the total NOx concentration. The only 
important chemical reactions leading to a net loss of NOx occur through reactions of NO2• 

The main chemical transformations of NO2 leading to a net loss of NOx are the reaction 
[4] with 0 3, leading to the formation of NO3, and reaction [3] with OH, forming HNO3. The 
chemical lifetime of NO2 for the reaction with 0 3 can be calculated to be about 17 hours for 
0 3 concentrations of 30 ppb, [DeMore et al., 1992], and considerably longer for lower 0 3 

concentrations typically associated with pollution episodes. The maximum daytime OH 
concentration in winter for mid-latitudes is about lxl06 molecule/cm3, so that the minimum 
daytime lifetime of NO2 through reaction [3] is about 20 hours. However considerably longer 
times result for the 24-hour average under polluted conditions, particularly since major 
pollution peaks generally occur during the morning when the sun is still very low, or during 
the evening well after sunset during winter time [Lu and Khalil, 1991; Crutzen and 
Zimmermann, 1991; Zimmennann and Poppe, 1993]. Other reactions of NO2, such as with 
itself and NO, or with alkoxy radicals, are of minor importance with regard to the NOx budget 
under winter conditions [Finnlayson-Pitts and Pitts, 1986; Wamecl,, 1988; see also chapter 8]. 

Since NO3 formed in reaction [4] rapidly photolyses during the day to reform NO2, while 
the concentration of OH needed for reaction [3] decreases strongly during the night, the 
maximum chemical loss rate for NO2 through reactions [3] and [4] will generally be 
overestimated by the combined peak rates for these reactions. Even so, the combined loss rate 
is only 2.3x10-5 s-1, or 2.5 ppb per hour for a typical NO2 concentration of 30 ppb under 
polluted conditions. By comparison, the total NOx concentration during smog episodes 
regularly exceeds 200 ppb, with NO representing the bulk of NOx. Thus chemical losses of 
NO2 represent no more than 1.3 % of the total NOx per hour. , 

In summary, while chemical loss processes are important for the long-term fate of 
nitrogen oxides in the troposphere, they do not lead to a substantial reduction of ambient NOx 
concentrations during peak winter pollution episodes. At the same time it is important to note 
that during summer conditions, particularly on larger spatial and temporal scales such as the 
Los Angeles air basin, reactions [3] and [4] indeed present the dominant loss process for NOx 
[Finnlayson-Pitts and Pitts, 1986]. 

6.2.2.4 Deposition of NO2• The major removal process of gaseous nitrogen species from 
the atmosphere is conversion into HNO3, and consequent wet or dry deposition. Average dry 
deposition velocities between 0.5 and 1.3 emfs have been estimated for HNO3 depending on 
the surface type, resulting in average deposition lifetimes of HNO3 in the order of 7 hours 
[Logan, 1983; Penner et al., 1991; Atkins and Lee, 1995]. Wet deposition can be substantially 
faster, reducing the lifetime of HNO3 to less than 1 hour during rain episodes. Yet the 
discussion in the last paragraph showed that this process could not explain lowered NOx 
concentrations within the Christchurch area, since the transformation from NO2 into HNO3 is 
too slow during polluted winter conditions. 

An alternative route exists, however, in the direct dry deposition of NO2 to concrete 
surfaces and uptake in plant stomata. Estimates for the dry deposition velocity of NO2 depend 
on the surface type and vary between 0.05 and 0.5 emfs [Logan, 1983; Penner et al., 1991; 
Atkins and Lee, 1995]. The resulting deposition lifetime is therefore in the order of 15 hours 
or more, so that a loss of 2 ppb NO2 per hour could be expected for ambient NO2 
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concentrations of 30 ppb. This loss rate is comparable to the maximum winter time chemical 
loss of NO2, so that a total of at most 2 % of the total NOx per hour may be lost through the 
combined effects of chemical reactions and deposition of NO and NO2. 

From this it can be concluded that neither no known chemical or physical processes can 
account for a substantial loss of NOx compared to CO during winter smog episodes since they 
occur only over periods of a few hours within the city area of Christchurch. 

6.2.2.5 Differences in emission and measurement heights. The lower than predicted 
NO/CO ratio could also be caused if emissions from domestic heating dominated the ambient 
concentrations measured at the University, since the NO/CO emission ratio from domestic 
heating is significantly lower than that from traffic. It has already been argued, however, that 
the small difference in emission heights between domestic heating (3 to 5 m) and road traffic 
(0.5 to 2.5 m) should not lead to a systematic bias towards the sampling of emissions from 
domestic heating because the height of the measurements is 33 m, significantly higher than 
both emission sources. Apart from this general reasoning, particular features of the measured 
concentrations argue also against the emission height being of relevance to the ratios 
measured in this study. 

Firstly, a strong inversion which would separate traffic emissions from domestic heating 
emissions up to the measurement height of 33 m could only exist during the night, since solar 
ground heating would quickly beak up any such inversion during daytime. Consequently, an 
even mixture of traffic and domestic heating emissions should be sampled during the morning, 
but predominantly domestic heating emissions during the night. In such a case, a very strong 
variation of the ambient NO/CO ratio with time of day would be expected because of the 
strong difference in the NO/CO ratio in the emissions from these two sources, and better 
agreement with predictions should be obtained during the morning than during the. night. 
However as described in chapter 5, no significant variation of the NO/CO ratio with time of 
day could be found. The NO/CO ratio measured during the morning is only 28 % of the 
predicted ambient ratio, and 36 % and 21 % during the evening and night, respectively. ' 

Secondly, if emission heights were responsible for the low observed NO/CO ratio, strong 
differences between the ratio measured at the University at 33 m and in the inner city at 3 m 
should be observed. The fact that the ratios at both sites show only moderate diurnal variation, 
and ratios at both sites are quite similar, but none agrees with predicted ratios, indicates that 
another explanation for the discrepancy between prediction and measurement must be found. 

6.2.2.6 Revision of emission inventory estimates. To summarise the discussion in the 
previous four paragraphs, no sufficient physical, chemical or meteorological reasons have 
been found why the measured ambient NO/CO ratios should be substantially lower than the 
ratios predicted using Christchurch emission inventory data. 

Consequently, the only plausible conclusion which can be drawn from this disagreement 
is that in the emission inventory, either CO emissions are considerably underestimated, or 
NOx emissions are overestimated, or a combination of both. Since it is beyond the scope of 
the present study to discuss and qualify procedures to derive emission inventories, only a few 
brief comments on the most likely interpretation of this disagreement can be made here. 

If the main inaccuracy in the emission inventory data were to lie in domestic heating 
emissions, it would have to be an underestimation of CO since very little NOx is expected to 
come from domestic heating anyway. However CO emissions from domestic heating would 
have to be underestimated by more than a factor of 15 to produce an average NO/CO 
emission ratio in agreement with the measurements. Such a gross underestimate appears 
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highly unlikely. Furthermore, a much stronger variation with time of day of the NO/CO ratio 
should be observed if domestic heating was the dominant emitter of CO in Christchurch, since 
almost 80 % of domestic heating emissions are supposed to occur during the evening and 
night [CRC, 1997b]. 

In contrast, emissions from motor vehicles have been observed to vary considerably 
between different countries even for supposedly similar fuels and vehicle fleets [Zhang et al., 
1993]. Extensive on-road field studies demonstrate that the emission of CO and hydrocarbons 
strongly depend on both average vehicle age and tuning of individual engines, the 
quantification of which is difficult to achieve from statistical data only [Singer and Harley, 
1996; Bishop et al., 1996; Jones et al., 1997]. On-road emission measurements show that 
older vehicles have a greater tendency to be gross CO than NOx polluters [Zhang et al., 1996]. 
Estimates regarding the emission factors of NOx from cars are therefore frequently assumed to 
be more reliable than for CO and hydrocarbons, and differences between measured and 
predicted NO/CO ratios in first-stage emission inventories have frequently been blamed on 
underestimation of CO emissions [eg Ingalls, 1989; Fujita et al., 1992]. 

The emission inventory assumed the average New Zealand wide age structure of the 
vehicle fleet during 1993 in the Christchurch emission calculations [ G. Kuschel, personal 
communication], thus accounting for the fact that average vehicle age in Canterbury appears to 
be older than the New Zealand average [Jones et al., 1997]. However given absence of either 
actual on-road measurements or compulsory emissions testing in New Zealand, combined 
with a New Zealand-typical do-it-yourself attitude which is unlikely to make emissions the 
most importa,nt goal for motor vehicle maintenance, it would appear plausible that local CO 
emissions significantly exceed the averaged United States and European standards on which 
the Christchurch inventory was based. 

Recent car exhaust emission measurements further suggest that increases of CO 
emissions of several hundreds of percent can occur for congested traffic at cold temperatures, 
compared to the standard urban drive cycle [Farrow, 1993]. The strong effects of congestion 
on CO emissions are backed up by a recent New Zealand study of motor vehicle emissions,' 
[Jones et al., 1997], which will be discussed in more detail below (6.2.3.1). Another major 
result from the study by Jones et al. is that an extremely wide variability exists in the CO 
emissions of older carburetted vehicles which are in use in New Zealand, and that a poorly 
tuned engine can exceed the average NO/CO emission ratio of its class by an order of 
magnitude. This implies that factual on-road emission measurements such as those reported by 
Zhang et al., [1993, 1996], and Bishop et al., [1996], are required to produce reliable 
statistical estimates for emissions of CO and NOx from the New Zealand vehicle fleet, since 
standard estimation techniques are unable to account for the presence of gross polluters. 

If it is tentatively assumed that the emission inventory underestimates the CO emissions 
from motor vehicles by a factor of 4, emission rates of 3.65x10-2, 3.65xl0-2, 3.33xl0-2, and 
3.60xl0-2, are predicted for the 6:00 to 10:00, 10:00 to 16:00, 16:00 to 22:00, and 22:00 to 
6:00 time slots, respectively. The assumption of a general underestimation of traffic CO 
emissions by a factor of 4 would therefore bring good agreement between the measured and 
predicted average ratios. Assuming that CO emissions from traffic at all times of day would 
also explain the lack of variation in the observed NO/CO ratio, and the relatively good 
agreement between the University and inner city measurement sites. 

However, even with this assumption the observed variations with time of day are still 
different from the predicted ones. Two alternative (though not exclusive) resolutions exist for 
this remaining discrepancy. It should be noted, however, that the differences between 
measured and predicted ratios are close to the uncertainties of the observations, and more 
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precise measurements would be required to distinguish between these two tentative 
explanations. 

On one hand, the peak time of emissions from domestic heating could have been assumed 
as too early. The effect of bulk-loading of wood over night can lead to substantially increased 
CO emissions and is likely to occur rather towards the later evening and night hours [Brady 
and Pullen, 1985; CRC, 1993; USEPA, 1996]. While the emission inventory data on domestic 
heating were based on a consumer survey regarding the typical times of use of wood and coal 
burners, factual emissions from overstacked burners could extend from the evening (16:00 to 
22:00) period into the overnight period (22:00 to 6:00), thus explaining the low NO/CO ratio 
during the late night period. 

The other alternative is a change in the vehicle fleet composition with time of day, which 
was not taken into account in the Christchurch emission inventory [ G. Kuschel, personal 
communication]. The emission inventory assumes that heavy duty vehicles are responsible for 
48 % of all traffic NOx emissions, but only 10 % of the CO emissions, with the balance 
mainly due to light duty petrol (ie passenger) vehicles. A diurnal variation in the balance 
between heavy duty diesel vehicles, which are more frequently used for industrial and 
commercial purposes operating during the day, and passenger vehicles, could therefore lead to 
a substantial change of the overall NO/CO emission ratio from traffic with time of day. 

If the fraction of heavy duty diesel vehicles relative to light duty passenger vehicles is 
reduced by 60 % from the morning rush hour (6:00 to 10:00) to the overnight time slot (22:00 
to 6:00), a reduction of about 25 % of the predicted ambient NO/CO ratio would result, in 
very good agreement with the changes in the measured ratio. Obviously an on-road survey of 
vehicle fleet composition would be required to resolve this question, which could however be 
easily combined with on-road emission measurements. 

The next paragraphs will compare the Christchurch data with other field studies of 
ambient NOx and CO concentrations and traffic emissions in order to place these hypotheses 
in a wider context. 

6.2.3 Comparison of NO/CO ratio with other field studies 

6.2.3.1 New Zealand motor vehicle emission measurements. A first comprehensive 
report on factual emissions of vehicles used in New Zealand has recently been completed for 
the Ministry for the Environment [Jones et al., 1997]. The results from this report support the 
suggestions made in the previous paragraph, namely that vehicles with high age may 
contribute disproportionately to emissions of CO and hydrocarbons, and that cold-start 
congested conditions can lead to very strong increases of CO, but not NOx emissions from all 
vehicle types. 

The report gives emissions obtained on a chassis dynamometer for a wide range of drive 
cycles and different categories of engine technology and state of tuning. The very wide 
variation of emissions between vehicles makes straightforward generalisations of the results 
impossible. However it was shown that the NO/CO emission ratio was generally lowest for 
congested urban traffic, and for some vehicles, for the US-EPA standard drive cycle under 
cold start conditions. 

The NO/CO emission ratio from a mistuned vehicle was partly below 0.01 for these 
drive cycles, caused by disproportionately large emissions of CO and hydrocarbons. Cars with 
carburettor engines tended to exhibit emission ratios between 0.03 and 0.07, in relatively good 
agreement with the ambient NO/CO ratio of 0.035 observed in the present study, while fuel 
injected cars on average showed higher ratios because of their significantly reduced emissions 
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of CO. It would be well within the range of uncertainty of any extrapolation of these results 
for Christchurch winter conditions that the typically higher emission ratios from catalyst 
equipped cars would be offset by a small percentage of badly mistuned and older vehicles. 

In summary, the results of motor vehicle emission measurements are broadly consistent 
with the hypothesis that the difference between the predicted and observed NO/CO ratios in 
Christchurch is due to an underestimation of average CO emissions from motor vehicles in the 
emissions inventory. Given the wide spread of results for individual vehicles, it would appear 
strongly desirable to complement the emissions study with real-world on-road measurements 
in Christchurch to obtain a representative cross-section of the vehicle fleet emissions at 
different times of day and year. 

6.2.3.2 Field measurements of ambient NO/CO ratio. There is a very wide spread of 
data regarding the ambient NO/CO ratio in the literature from overseas locations, and only a 
selected few of particular interest will be referred to here. 

With regard to New Zealand data, the NO/CO ratio measured in Christchurch may be 
compared with the ratio measured at a busy roadside in Auckland [Kuschel et al., 1998]. The 
average ratios which may be calculated from observations during the morning and afternoon 
rush hours in Auckland were about 3.lxl0-2 and 3.0xl0-2, respectively. The relatively close 
agreement with the ratio measured in the present work, and the fact that the Auckland 
measurements were conducted in very close proximity to an urban road intersection so that 
ambient concentrations should be dominated by motor vehicle emissions, support the 
hypothesis that the low NO/CO ratio measured in Christchurch is in fact caused 
predominantly by motor vehicle emissions. However it must be noted that the Auckland study 
used different techniques for the measurement of NOx (long-path absorption) and CO (fixed
point non-dispersive infrared), implying that different air parcels were sampled for the 
ambient NOx and CO measurements. The Auckland data may therefore show a certain bias in 
the calculated NO/CO ratio, which means that both the good general agreement and the 
remaining slight difference should not be overinterpreted. ' 

In contrast, average ambient NO/CO ratios in Europe and the United States would be 
expected to be higher than in New Zealand because of the relatively stringent emission 
controls which are now in place in these countries which tend to reduce CO emissions by a 
greater fraction than NOx [Stump et al., 1992a,b; Jones et al., 1997]. Road-tunnel 
measurements indicate a NO/CO emission ratio from motor vehicle traffic of about 8.7xl0-2 
during 1992 in the United States (Baltimore Harbour and Pennsylvania Turnpike) [Pierson et 
al., 1996]. Slightly lower average NO/CO ratios between 5.4xl0-2 and 8.0xl0-2 can be 
derived from a study by Derwent et al., [1995], of air pollutants at an urban roadside in central 
London. 

Measurements of the NO/CO ratio in ambient air in the United States during the last 
decade tend to show lower ratios in the order of 4.5x 10-2 to 7 .Ox 10-2 [Fujita et al., 1992; 
Magliano et al., 1993; Goldan et al., 1995]. Because of the different relative contributions of 
industrial and domestic emissions, and the potential effect of photochemical loss for NOx 
under non-winter conditions in field studies involving larger areas, direct comparison of these 
ratios with the New Zealand measurements would not appear very meaningful, and no further 
interpretation of these ambient ratios is attempted in this study. 

It does however seem worth noting that the ambient NO/CO ratio observed in southern 
California during the seventies was significantly lower than in studies during the eighties and 
nineties. Tuazon et al., [1980], report typical ambient NO/CO ratios between 2.5xl0-2 and 
4.0xlQ-2 during 1977 in Riverside, California. While again the influence of emission sources 
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and photochemistry on the fate of NOx must be taken into account and the absolute number 
should therefore not be taken at face value, the lower NO/CO ratio may indicate the effect of 
later vehicle tuning programmes and emission controls on CO and NOx emissions. 

It is tempting to speculate that the better agreement of the NO/CO ratio in New Zealand 
with measurements in the United States during the seventies than the nineties reflects the fact 
that vehicle emissions in New Zealand are not controlled by regular tests, but rely on 
individual owners' maintenance efforts, and that thus factual emissions are closer to times 
when in the United States emission controls only started to be put in place. 

It should be clear that this correlation is very speculative and a detailed knowledge of 
types of industrial emissions, photochemical and meteorological conditions, and details on 
both New Zealand and overseas vehicle emissions would be required to allow. a detailed 
comparison of measurements of ambient NO/CO ratios. However such efforts clearly go 
beyond the scope of the present study. 

6.2.4 Summary 

The comparison of the NO/CO ratio as measured at the University of Canterbury campus 
with the ratio predicted for Riccarton suburb can now be summarised. 

The discrepancy between the average measured and pr~dicted NO/CO ratio over a 
24-hour period cannot satisfactorily be explained by reference to systematic measurement 
errors or chemical and physical processes which would lower the ambient NO/CO ratio 
compared to its emission value. Instead, the only plausible explanation for this disagreement 
was that the emission inventory either overestimates NOx emissions, or underestimates CO 
emissions. 

Out of the emission estimates of NOx and CO from domestic heating and traffic, 
reliability of the CO emissions from motor vehicles appears lowest because of the large 
variation of emissions with vehicle age and tuning state of engines revealed by on-road studies 
overseas. The average predicted NO/CO ratio would be in good agreement with the 
measurements if one assumed that average CO emissions from motor vehicles in Christchurch 
are in fact 4 times larger than estimated. The observed ambient ratio is similar to 
measurements conducted in the United States before stringent emission controls were 
introduced, and with average emission ratios measured for older car models in the New 
Zealand vehicle fleet. Congestion and cold-start effects may also contribute to an 
underestimation of the CO emissions from motor vehicles. 

Even with this assumption, however, the pattern of diurnal variation of the NO/CO 
emission ratio with time of day still disagrees with the measured one. The discrepancy is 
however of a similar order of magnitude as the uncertainty of the measurements and should 
therefore not be overrated. Potential explanations for the remaining disagreement lie in the 
time of peak emissions from domestic heating, and in the variation of the heavy duty diesel 
vehicle fraction relative to the total vehicle fleet. Assuming a 50 % reduction of the heavy 
duty diesel vehicle fraction during the night time relative to the morning rush hour, a 25 % 
lower NO/CO ratio would be predicted during the night compared to the morning, in very 
good agreement with the measurements. 

It must be stressed, however, that due to the lack of New Zealand-specific on-road vehicle 
emission measurements, and the lack of knowledge of changes in the fleet composition 
depending on time of day for individual suburbs, these proposed resolutions should be treated 
as merely plausible speculations rather than rigorous derivations. Too many uncertainties exist 
in the assumptions which were made for the comparison of predictions based on emission data 
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with actual measurements of the ambient concentration ratio. Alternative explanations for the 
discrepancies, such as influence of the height of the measurements and emission sources, as 
well as chemical reactions and diffusive mixing, were argued to be implausible, but cannot be 
ruled out entirely at present. 

Supporting studies which would help place the conclusions towards the sources of NOx 
and CO on firmer grounds will be suggested at the end of this chapter. Further support for 
these hypotheses, however, can be derived from an investigation of the correlations of other 
primary pollutants, notably C6H6, with CO, which will be discussed along with other 
hydrocarbon measurements in the next section. 

6.3 Comparison of hydrocarbon pollutant correlations 
with other field studies 

This section will attempt to derive further information regarding the sources of air 
pollutants and their relative strengths from the correlations between the hydrocarbons and CO 
and NOx, and their comparison with other measurements. Unfortunately, the absence of 
compound-specific information for VOCs in the Christchurch emissions inventory makes the 
inventory unsuitable for prediction of ambient concentrations of individual hydrocarbons, and 
subsequent comparison with measurements obtained during the present study. Nonetheless to 
place the results of the present work into context, the observed correlations and ratios between 
hydrocarbons, NOx, and CO, will be compared with a few selected field studies and emission 
measurements made overseas. 

However it must be reiterated that results from different countries should be expected to 
differ widely. One reason for this is the lack of emission controls for the New Zealand vehicle 
fleet, and consequent probability of abnormally high polluters. Another difference to 
industrialised northern hemisphere countries is the relatively widespread use of wood and coal, 
for winter time domestic heating in Christchurch, which could result in emissions particularly 
of hydrocarbons which may not be present to a similar extent in other cities overseas. The 
comparison of hydrocarbon correlations should therefore only be viewed as a starting point for 
future emission inventory and source allocation work. 

6.3.1 Correlation of C6H6 with other primary pollutants, and absolute 
range of concentrations 

C6H6 is a pollutant now common in urban areas in most countries because it is emitted 
through the exhaust system of petrol motor vehicles. Its emission fraction depends on the 
exact composition of the fuel used, and on the age and tuning state of the individual engine. 
This is because the relative C6H6 concentration has been observed to increase in the tailpipe 
exhaust compared to its liquid concentration in the fuel, so that the combustion process can be 
assumed to play a role in determining its emission strength [Diiffy and Nelson, 1996; Shao, 
1998]. A further potential source for ambient C6H6 is the combustion of wood in open fires 
and wood stoves [Barrefors and Petersson, 1995; USEPA, 1996]. While this source is 

· generally neglected in source allocation studies of C6H6 overseas due to the relatively low 
usage of wood fires for domestic heating, it may play some role in the Christchurch 
environment and will be discussed later in this section. 

With these likely causes for variability in mind, the following paragraphs will first discuss 
the time dependence of the C6HiCO ratio observed during the present study, and then 
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compare the C6H6 measurements with other New Zealand data, and finally with overseas 
measurements. 

6.3.1.1 Correlation of C6H6 and CO at various times of day. The analysis in chapter 5 
showed that the average C6H6/CO ratio between day and night time increases by almost a 
factor of 2. Measured ratios were 2.45xl0-3, 3.76xl0-3, and 4.40x1Q-3 for the periods 7:00 to 
11 :00, 15:00 to 19:00, and 21 :00 to 6:00, respectively. This increase is somewhat surprising if 
it is assumed that motor vehicles are the only relevant source of C6H6, since in that case the 
C6H6/CO ratio would be expected to decrease during the night because of additional CO 
emissions from domestic heating. 

If the conclusions regarding the strength of CO emissions from motor vehicles are correct, 
this decrease would be expected to be small or absent because ambient CO concentrations are 
at all times of day dominated by motor vehicle emissions. However even with this assumption 
the reason for a nocturnal increase of the C6HiCO ratio is not fully understandable. Two 
alternative, although not mutually exclusive, explanations for this phenomenon can be given 
at the present stage. 

The first explanation rests with a change of the vehicle fleet composition. It has been 
suggested previously that the fraction of petrol vehicles compared to diesel vehicles may 
increase towards night, leading to a decrease of the ambient NO/CO ratio. This same change 
of fleet composition could also be responsible for an increase of the ambient C6H6/CO ratio, 
since diesel engines emit less C6H6 than high-octane petrol powered cars, and are more 
common in commercial and industrial vehicles which are used predominantly during daytime. 
Unfortunately there is a lack of information on the true C6H6 emissions from diesel engines to 
further examine this hypothesis [NZMT, 1996]. 

One problem with this explanation lies in the fact that, according to the emission 
inventory, heavy duty diesel vehicles are only responsible for about 3 % of the total traffic 
CO, but 46 % of the NOx emissions. If these estimates reflect the true emissions, a decrease of 
the heavy duty diesel vehicle fraction could therefore well explain a decrease of the NO/CO 
ratio, but not an increase of the C6HiCO ratio. It is an open question whether higher than 
predicted CO emissions from diesel vehicles could be responsible for both a decrease of the 
NO/CO and an increase of the C6H6/CO ratio in the ambient atmosphere. On-road 
measurements of vehicle emissions, and information on changes of the vehicle fleet 
composition over the course of a day would be required to resolve this issue. 

An alternative explanation of the nocturnal increase of the C6H6/CO ratio however exists 
in direct C6H6 emissions from wood fires used for domestic heating. This source is not 
generally acknowledged in discussions on aromatic hydrocarbons in the ambient atmosphere 
since in most places traffic emissions greatly dominate the contribution from wood fires. 
However given the relatively high usage of wood for domestic heating in Christchurch during 
winter [CRC, 1993; 1997a,b], a closer look at possible emission rates is warranted. 

Burning of wood at low temperatures is known to be responsible for the release of a wide 
range of polycyclic aromatic hydrocarbons [Freeman and Cattell, 1990; McKenzie et al., 
1994; Jenkins et al., 1996], and also a range of monocyclic aromatics including benzene, 
toluene, and others. The benzene fraction of the total emitted VOCs is expected to vary 
considerably with type of burner and fuel [Barrefors and Petersson, 1995; USEPA, 1996]. A 
recent emissions inventory for Auckland estimated that benzene may comprise as much as 
11 % by weight of the total emitted VOCs (excluding CH4) [ARC, 1998]. The benzene 
fraction of the total VOCs emitted from motor vehicles is on average about 5 % by weight 
[Nelson and Quigley, 1984; USEPA, 1996]. 
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These em1ss1on fractions were used as guiding values to calculate total benzene 
emissions, based on the total VOC emissions from domestic heating and traffic given in the 
Christchurch emission inventory, [CRC, 1997b]. Table 6.2 lists the estimated mass and 
fractions of benzene emissions from these two sources at different parts of the day for the 
suburb of Riccarton in Christchurch. 

Table 6.2. Estimated benzene emissions in Riccarton suburb, 
Christchurch, at different times of day from domestic heating and 
motor vehicle traffic. The emissions were calculated assuming 
emission fractions of 11 % and 5 % by weight of the total VOC 
emissions from domestic heating and traffic, respectively. Percentages 
refer to the relative contributions of domestic heating and traffic to 
the total benzene emissions within a given time period. 

time period 

06:00 - 10:00 

10:00 - 16:00 

16:00 - 22:00 

22:00 - 06:00 

diurnal avg. 

domestic heating 

kg percent 

1.2 7 

3.5 10 

27.9 59 

0.7 17 

33.3 32 

motor vehicles 

kg percent 

15.4 93 

31.7 90 

19.0 41 

3.4 83 

69.5 68 

It can be seen that according to these estimates, domestic heating may indeed be 
responsible for more than 50 % of the total benzene emissions during the late afternoon and 
evening (16:00 to 22:00), and for almost a third of the daily average. However during the 
morning and during the day, benzene emissions are dominated by traffic with more than 90 %. 

The high benzene emissions from domestic heating would readily explain the observed 
night time increase of the ambient C6HiCO ratio. Using the emission figures given in Table 
6.2, one would predict that the ambient C6HiCO ratio should double between the morning 
and evening, in very good agreement with the observed increase presented in chapter 5. This 
prediction assumes that CO emissions from traffic must be scaled upward by a factor of 4, as 
has been argued earlier (6.2), and hence that domestic heating does not contribute significantly 
to ambient CO concentrations. 

Unfortunately, the good agreement between predicted and observed C6HiCO ratio may 
be no more than fortuitous. If the emission inventory indeed underpredicted CO emissions by 
a factor of 4, then it is very likely that hydrocarbon emissions are also underpredicted, since 
generally a positive correlation for emission factors for CO and hydrocarbons is found for 
motor vehicles [Bishop et al., 1996; Jones et al., 1997]. This would mean that VOC and hence 
C6H6 emissions from motor vehicles may be stronger than the data calculated in Table 6.2 
suggest. Furthermore, very large uncertainties exist in the application of single scaling factors 
for the C6H6 fraction of the total VOC emissions from either domestic heating or traffic 
[USEPA, 1996; Shao, 1998], so that the emission calculations presented here can at best act as 
indicators of the need for further research. 
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At the same time, this calculation and the fact that it provides a plausible explanation for 
the otherwise unexplained increase of the ambient C6HiCO ratio between morning and 
evening, indicates that domestic heating may be a significant contributor to ambient C6H6 in 
Christchurch during winter. Hydrocarbons specific emission measurements for typical heating 
appliances used in Christchurch, in combination with a testing of wood fuels, would be 
required to produce more reliable emission factors for C6H6. This issue must remain 
unresolved within the framework of the present study. 

6.3.1.2 Comparison of C6H6 measurements with other New Zealand data. 
Measurements of C6H6 in residential areas in New Zealand have been performed by Graham 
and Narsey, [1995], and Narsey and Stevenson, [1997]. Because of apparent data quality 
problems of the first study, this comparison will concentrate on data presented in the later 
study, related to measurements conducted in 1996. The study used a filter method followed by 
GC-MS analysis to determine C6H6 concentrations (along with other aromatics) at a variety of 
inner city and residential sites over 24 hour averages. Estimated annual average concentrations 
range between 0.65 ppb for an Auckland residential site to 3.8 ppb at Riccarton road in 
Christchurch. By comparison, the average C6H6 concentration observed between mid-June 
and mid-August, 1997, at the University measurement site was 3.5 ppb. However it must be 
kept in mind that those measurements focused more on pollution episodes than on clean air 
conditions, and that average summer concentrations are likely to be significantly less because 
of the higher average wind speed and lack of severe inversion conditions. Because of the data 
gaps of the University measurements, no estimate of a true winter or yearly average C6H6 

concentration is attempted. 
Of greater interest is therefore the correlation Narsey and Stevenson observed with 

ambient NOx levels. Their study reported average C6HiNOx ratios between 0.02 and 0.038 
(ppb/ppb) for various sites in Auckland and Christchurch over 24 hour periods. This is only 
about one third of the average C6HiNOx ratio for measurements of the present study of 
0.092(±0.014), derived from a regression analysis similar to the one performed in section 
5.3.2. Typical correlation coefficients between NOx and C6H6 for the 24-hour averages 
reported by Narsey and Stevenson ranged between 0.63 and 0.69, which is also lower than the 
correlation of 0.84 observed in the present study. It is currently not clear whether these dif
ferences may be attributable to the different measurement technology and/or integration times 
used by the different studies. A direct comparison between the filter method and long-path 
absorption measurements would be of considerable interest, particularly since the presence of 
unidentified absorbers which could interfere with the spectroscopic C6H6 measurements could 
not be ruled out. 

The first differential absorption measurements in New Zealand outside the present study 
have been conducted recently by Kuschel et al., [1998], who measured the ambient 
concentrations of C6H6, NOx, and other trace gases at an urban intersection in Auckland. CO 
was also measured with a non-dispersive infrared fixed-point monitor. The measurements 
showed relatively high average C6H6 concentrations in the order of 20 to 25 ppb which can be 
explained by the proximity to the road and high traffic volumes. These concentrations are 
similar to those predicted for Riccarton road when the correlation between C6H6 and CO is 
used to estimate roadside C6H6 concentrations (see 5.3.3). 

It is noteworthy, however, that the Auckland study did not reveal a significant correlation 
between ambient C6H6 and CO, contrary to the results of the present work. While a good 
correlation between other primary pollutants was observed (CO/NO, CO/NMHC, CO/C7H8), 

levels of C6H6 were rather constant throughout the day. It is currently not clear whether 
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advection of significant amounts of C6H6 from other sources may have been responsible for 
this. Again, an intercomparison of instruments and techniques to increase confidence in 
current C6H6 measurements would appear very worthwhile. 

The first drive-cycle measurements of C6H6 emissions from New Zealand motor vehicles 
have been reported by Shao, [1998]. Combining the data from Shao with the CO emission 
factors by Jones et al., [1997], which were recorded using the same vehicles and drive cycles, 
typical C6H6/CO emission ratios between lxI0-3 and 6xI0-3 are derived, in good agreement 
with the average ambient ratio of 3.4(±0.4)x10-3 reported in the present study. However the 
drive-cycle emission factors showed a high dependence on driving conditions and type and 
age of vehicle. Gross polluters, which have been assumed to be in part responsible for the high 
CO emissions from motor vehicle traffic, are also likely to emit significantly more C6H6 than 
the average vehicle of a given engine class, thereby shifting average emissions towards higher 
values [Shao, 1998]. On-road measurements are probably needed to compare the emissions of 
individual cars with the real-world average and allow reliable statistical emission estimates for 
the New Zealand vehicle fleet. 

6.3.1.3 Comparison of C6H6 measurements with overseas field studies. A number of 
studies into the ambient concentrations of C6H6 in urban areas overseas have been published 
in recent years. The range of absolute C6H6 concentrations in other urban centres is of general 
interest because of its classification as a likely human carcinogen [MFE, 1994]. However the 
strong influence of meteorology on absolute pollutant concentrations leaves direct 
comparisons with only limited meaning, and emphasis will therefore be placed on correlated 
measurements of C6H6 and CO, NOx, or other hydrocarbons. 

Bracco et al., [1997], reported occasional very high C6H6 concentrations in excess of 
50 ppb in the ambient atmosphere in Rome, Italy, during winter time. They also used the 
differential absorption spectroscopy technique and obtained good agreement between 
spectroscopic and gas-chromatographic measurement techniques. Their data appear to be the 
highest concentrations reported in the literature to date. It is noteworthy that the C6H6' 

concentrations predicted from the results of the present study for Riccarton Road in 
Christchurch (see 5.3.3), would fall into a similar order of magnitude during high pollution 
episodes. 

Measurements in a road-tunnel in Sydney, Australia, revealed an average C6H6 

concentration of 45 ppb during the October/November 1994 study period [Duffy and Nelson, 
1996]. This value would again be comparable with the estimated peak C6H6 concentrations 
during winter time along Riccarton road. This does not appear unreasonable since during very 
still conditions very little air exchange occurs, and meteorological conditions may well 
simulate a 'cold-air' tunnel for a limited period of time. 

Correlated measurements of C6H6 and CO in an inner city location were performed by 
Guerra et al., [1995], in Milan, Italy. Their C6H6 concentrations were somewhat lower than 
those measured in Rome, with averages around 16 ppb during rush hours in winter time. They 
observed a high correlation between average CO and C6H6 concentrations during the morning 
and evening rush hours, with an average C6HiCO ratio of approximately 2.7x10-3 (ppb/ppb). 
This ratio compares reasonably well with the average ratio of 3.4xI0-3 observed in the present 
study. An extensive set of primary air pollutant measurements near a roadside in central 
London was reported by Derwent et al., [1995]. Their data allow the calculation of mean 
weekday C6H6/CO ratios between 2.4x10-3 and 3.8x10-3, in very good agreement with the 
results of the present study. The average C6H6/NOx ratios obtained during the same study 
varied between Sxl0-2 and 7.5x10-2, while the average value reported by Bower et al., [1994], 
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during an episode of very high pollution in London, was approximately 1.7x1Q-1. The average 
ratio of the present study of 9.2xI0-2 lies between these values. 

Low ambient ratios of C6H6 versus NOx and CO were also reported by Goldan et al., 
[1995], for measurements obtained at the outskirts of Boulder, Colorado. They found an 
average C6H6/NOx ratio of approximately 1.SxI0-2, from which a C6H6/CO ratio of l.0xlQ-3 
can be derived for their data. The absolute C6H6 concentrations with a maximum of 1.7 ppb 
are also relatively low, but this is in part explained by the fact that the measurement site did 
generally not experience any substantial pollution episodes. Different fuel and engine 
technologies, combined with different emission standards, appear as the most likely reasons 
for the lower C6H6/CO and C6H6/NOx ratios in this study. 

In addition to the New Zealand based study by Shao, [1998], measurements of the 
emissions of various hydrocarbons from motor vehicles under simulated driving conditions 
have been reported by a large number of authors [eg Nelson and Quigley, 1984; Lipari, 1990; 
Stump et al., 1992a,b]. The data from Stump et al. for a range of common passenger cars in the 
US allow the calculation of an average C6HiCO emission ratio between 0.8x 10-3 and 
1.6x1Q-3. This range is in good agreement with the measurements in Boulder, but again 
significantly lower than the European studies and the ratio reported in the present work. In 
contrast, the average C6H6/NOx emission ratio measured by Farrow et al., [1993], ranged 
between 7x10-2 for a cold urban drive cycle and 13xl0-2 for highly congested traffic, which is 
in good agreement with the average ratio of 9.2xI0-2 measured in Christchurch. 

Due to the wide spread of existing measurements and emission data, no attempt to resolve 
these discrepancies will be made within this study. Comparison of the drive-cycle 
measurements by Shao, [1998], with additional random samples and road-tunnel studies 
would obviously be of considerable interest to allow more reliable statistical estimates of the 
impact of motor vehicles emissions on ambient C6H6 concentrations in the Christchurch city 
area. It should also be noted that if emissions from domestic heating indeed contribute 
significantly to ambient C6H6 levels in Christchurch, then detailed comparisons of C6H6/CO 
ratios would also have to take wood-burning as a potential factor into account. However no 
extensive field studies of C6H6 emissions from domestic heating are known to the author of 
this study, and the relevance of this source must be left to future study. 

6.3.1.4 Summary of C6H6 measurements. The C6H6 concentrations and its average 
ratio with CO and NOx reported for the Christchurch area are. compatible with the rather wide 
range reported from overseas and other New Zealand studies. The average C6H6/CO ratio is in 
good agreement with measurements in central London, but somewhat higher than the ratio 
observed in Milan. Absolute values measured at the University of Canterbury site fall into the 
lower range of concentrations for urban locations (with the exception of the measurements at 
Boulder), but this is most likely due to the relatively high elevation of the Christchurch 
measurement site above the ground. If the C6H6/CO ratio derived from the present data is used 
to predict C6H6 at other inner city locations where to date only CO has been measured (ie 
Riccarton Road, see Foster, [1995]), very high concentrations regularly exceeding 30 ppb are 
calculated for rush hour periods. Such concentrations would be comparable with values 
observed in the centres of major cities such as Auckland, Rome or London. This would be 
plausible since the very stable meteorological conditions which frequently occur in 
Christchurch during winter allow very little mixing of the air within the city area. Local air 
pollution levels during rush hour near a busy road in Christchurch can therefore be expected to 
be similar to pollution levels in other cities, regardless of the total city size. 
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At the same time, it must be kept in mind that the very high extrapolated C6H6 

concentrations would only be expected to occur in the immediate vicinity of major roads, 
since measurements of CO have shown that pollution levels fall off sharply with distance from 
the pollution source under such conditions [Foster, 1994, 1997]. The extrapolated values are 
therefore not necessarily representative of average residential or even inner city exposure to 
C6H6. Furthermore, because of the relatively small size of Christchurch compared to cities 
like London or Rome, the likelihood of the build-up of air pollutants over a number of days 
which could lead to extremely high concentrations [eg Bower et al., 1994; Derwent et al., 
1995] is significantly smaller. 

Insufficient information is cmTently available to determine whether domestic heating 
makes a significant contribution to ambient C6H6 levels in Christchurch. The night time 
increase of the ambient C6HiCO ratio would be in good agreement with an estimates 
indicating that between 16:00 and 22:00, more than 50 % of the ambient C6H6 may originate 
from wood-burning. However since this estimate was derived using highly uncertain emission 
fractions, additional measurements are clearly needed to support this hypothesis. 

In view of the carcinogenic nature of C6H6 and the high predicted concentrations for 
some locations in Christchurch, more measurements at other sites would be highly desirable. 
Since C6H6 is often cited as one of the main traffic related air pollutants, the role of domestic 
heating in relation to this pollutant is of obvious relevance for air quality management. While 
the relatively good agreement obtained between spectroscopic and gas-chromatographic 
measurements of C6H6 lends some confidence to the measurements, field-intercomparisons in 
New Zealand would be important to confirm the validity of the spectroscopic measurements 
made to date. This is particularly the case because of the possibility of unidentified absorbers 
interfering with the C6H6 analysis which may not be of similar relevance in overseas 
locations. Additional simultaneous measurements of C6H6 and CO near major intersections 
could also be used to confirm the general correlation between these gases, and to help explain 
the change of the C6HiCO ratio with time of day observed during the present study. 

6.3.2 Concentrations of other hydrocarbons, and correlation 
with NOx and CO 

The hydrocarbons CH3OH, C2H4, and C6H14, measured during this study are also 
observed frequently in field studies overseas. To the authors knowledge, no published 
measurements of these gases in the ambient urban atmosphere exist for New Zealand. Since 
furthermore the Christchurch emission inventory does not specify the fractions in which these 
gases contribute to the total hydrocarbon emissions, discussion of these gases is limited to a 
brief comparison with other field studies and some general emission estimates. 

6.3.2.1 Hexane (C6H14) and other paraffinic hydrocarbons. When comparing the 
C6H 14 concentrations reported in this study with other measurements, it must be remembered 
that the values given in this work represent the total paraffinic hydrocarbon concentration, 
expressed in equivalent absorption units of C6H14 (see discussion in 3.4.3). Since the 
absorption cross sections of other important hydrocarbons like butane, propane, pentane, etc, 
all have similar shapes but different absolute strengths, and the fractionation of these 
hydrocarbons in the Christchurch winter atmosphere is not known, no absolute concentrations 
can be derived from the present measurements. Hanst et al., [1982], suggested that the 
strength of the absorption band peak at 2975 cm-1 is roughly proportional to the number of 
saturated carbon bonds (-CH2 and -CH3) in any molecule, and the total absorption could 
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therefore serve as an indicator of the total carbon concentration present in paraffinic 
hydrocarbons. This is however only a crude first approximation which is only valid for 
molecules with up to 6 carbon atoms [Mellqvist et al., 1995]. Because of these difficulties and 
the lack of basic information regarding the composition of hydrocarbons in the Christchurch 
atmosphere, no attempt has been made in the present work to apply such estimates to the 
equivalent C6H14 concentrations. Intercomparison of the spectroscopic measurements with 
gas-chromatography, which could give a detailed quantitative estimate for specific 
hydrocarbon concentrations, is therefore highly desirable for future work. 

Motor vehicle emissions are generally accepted as the main source for paraffinic 
hydrocarbons in the urban atmosphere. Their emission has been studied in stationary and on
road measurements [eg Stump et al., 1992a,b; Zhang et al., 1993; Duffy and Nelson, 1996; 
Bishop et al., 1996; Jones et al., 1997], and their observed concentrations in polluted ambient 
air frequently reproduce the relative emission fractions [Nelson et al., 1984; Goldan et al., 
1995; Derwent et al., 1996; Duffy and Nelson, 1996]. The very high correlation between the 
equivalent C6H14 and CO concentrations observed in the present study for all times of day in 
the ambient atmosphere confirms this assumption for Christchurch. 

Since it has been concluded that motor vehicles most probably are always the dominant 
source of CO in Christchurch (see 6.2.3), the virtually constant ambient C6H14/CO ratio with 
time of day suggests that domestic heating is not a significant emitter of paraffins. This is also 
in agreement with emission estimates by USEPA, [1996], which imply that the dominant 
species emitted from wood-fires might be olefins, alcohols, and oxygenated hydrocarbons. 
The minor decrease of the ratio between the morning and afternoon rush hours and late night 
would be consistent with that assumption. At the same time, a diurnal change in the 
composition of the vehicle fleet could also lead to a change of the C6H1iCO emission ratio, 
similar to the argumentation advanced for the NO/CO and C6H6/CO ratios. Since the 
potential effect of such a change is presently not known for the Christchurch conditions, 
reduced emissions from an altered composition of the vehicle fleet during the night could 

t 

mask increased C6H14 contributions from domestic heating. 
At the present stage, the discussion must therefore conclude that the C6H14 measurements 

and their correlation with CO are consistent with the assumption that motor vehicle traffic 
emissions dominate ambient levels of paraffinic hydrocarbons in Christchurch. More specific 
emission and ambient concentration measurements of individual hydrocarbons are required, 
however, to consolidate this interpretation and allow quantitative estimates to be derived from 
the spectroscopic measurements made during the present study. 

6.3.2.2 Ethylene (C2H4). The strong correlation found between C2H4 and CO found 
during morning suggests that C2H4 is at least in part emitted from motor vehicles. However 
the significant increase of the C2HiCO ratio between the morning rush hour and late night 
could either point to the existence of an additional source of C2H4 at night, or to a change in 
the emission ratio of the main source. 

Emission studies of the exhaust from motor vehicles confirm that C2H4 constitutes a 
major fraction of the total emitted hydrocarbons [Nelson and Quigley, 1984; Stump et al., 
1992a,b; Scheff and Wadden, 1993], in agreement with the first hypothesis. According to these 
measurements, about 6 to 11 % by weight of the total hydrocarbons from petrol powered 
motor vehicles is emitted as C2H4. Since no total hydrocarbon measurement was obtained 
during the present study, this fraction cannot be compared with the Christchurch data. The 
C2HiCO emission ratio measured by Stump et al. was between 4.5xl0-3 and 8.lxl0-3, which 
is between one half and one quarter of the 1.4x10-2 ratio found in Christchurch during the 
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morning rush hour. It is interesting to note, however, that the C2HiC6H6 emission ratios 
measured in the same studies was between 0.15 and 0.2, which agrees well with the ratio of 
0.19 found in the Christchurch ambient air measurements. This may indicate that typical 
emissions rates of CO and total non-methane hydrocarbons may be more variable than the 
ratios between individual hydrocarbons in motor vehicle exhaust. 

Derwent et al., [1995], also found lower ambient C2HiCO ratios of approximately 
7x1Q-3 in the yearly average. Their maximum ratio of 9.8x1Q-2 was observed during early 
winter, which is only 30 % below the average value recorded during the Christchurch winter 
in the morning. Their C2HiC6H6 ratio of 3.3 is about 30 % lower than the Christchurch value. 

The average C2H4 concentration of 150 ppb measured by Nelson et al., [1996], in a 
Sydney road tunnel, is of a similar magnitude as the highest C2H4 concentrations measured in 
ambient air in Christchurch during highly polluted conditions. However it should be noted that 
considerably higher C2H4 concentrations may be extrapolated for other highly polluted sites 
such as Riccarton road. In contrast, the comparison of C6H6 found that only the extrapolated 
values for Riccarton road approached the road tunnel concentrations. 

The reasons for the relatively high C2H4 concentrations in the Christchurch atmosphere 
compared to emission and ambient air measurements are open to speculation. One major 
explanation may lie in emissions of C2H4 from domestic heating with wood and coal. The 
Auckland emissions inventory, [ARC, 1998], assumed that as much as 26 % by weight of the 
total VOC emissions from domestic heating may be in the form of C2H4. This would suggest 
that during the night domestic heating represents a significant source of C2H4 in the ambient 
Christchurch atmosphere. This source would also explain the observed increase of the ambient 
C2HiCO ratio between the morning, when domestic heating emissions are low, and the 
evening and night time. 

It must also be noted however that a significantly stronger increase of the C2HiCO ratio 
between morning and evening would be predicted if in fact 26 % of the total VOC emissions 
were in the form of C2H4. The observed increase of the ratio between the morning rush hour, 
(7:00 to 11:00) and night time (21:00 to 6:00) is 1.7, while applying emission factors of 10 % 
for traffic and 26 % for domestic heating to Christchurch emission inventory estimates of total 
VOC emissions would predict a night time increase of almost a factor of 3 [CRC, 1997b]. 
New Zealand based measurements of specific hydrocarbon compound emissions from 
domestic heating would be required to allow use of this gas for a more reliable source 
identification. 

In summary, the high correlation of C2H4 and CO during the morning suggest that in 
Christchurch, similar to other countries, motor vehicle traffic contributes significantly to the 
ambient C2H4 concentrations. The increase of the C2HiCO ratio between morning and 
evening by a factor of 1. 7 may indicate that domestic heating contributes significantly to 
ambient C2H4 concentrations in Christchurch during winter. A more quantitative allocation of 
sources of C2H4 must however remain open until more detailed information regarding 
hydrocarbon emissions of different motor vehicle types, and speciated hydrocarbon 
measurements from domestic fires in New Zealand become available. 

6.3.2.3 Methanol (CH3OH). The source for the high CH3OH concentrations in 
Christchurch is currently not clear. To the author's knowledge, no significant industrial or 
traffic related combustion processes in Christchurch use alcohol-based fuels which could be 
responsible for the substantial amounts observed in the measurements. This is in contrast to 
the United States, where methanol/ethanol mixtures have been trialed as alternative fuels, and 
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consequently large amounts of these alcohols are observed in ambient air [Hanst and Hanst, 
1990; Goldan et al., 1995]. 

The average CH3OH/NOx ratio in the Christchurch measurements varied between 
7.4x1Q-2 during the morning rush hour and 3.7xl0-1 during the night, and a similarly strong 
increase was observed for the CH3OH/CO ratio (see chapter 5). This increase suggests that the 
source for CH3OH in Christchurch is mainly active during the evening and night time, and ' 
that traffic emissions play only a minor role. Otherwise, either significantly higher CH3OH 
concentrations would have to be observed during the morning rush hour peaks, or a change in 
the average CH3OH/CO emission ratio from traffic by more than a factor of 5 would have to 
occur. Both options appear sufficiently implausible that an additional emitter for CH3OH must 
be sought. 

Because of the predominantly night-time emissions of CH3OH, domestic heating appears 
as its most likely source in Christchurch. Low-temperature burning of wood is known to 
release a wide range of gases including alcohols and aldehydes [Barrefors and Petersson, 
1995; USEPA, 1996]. An average emission CH3OH/CO emission ratio of 2.5xl0-2 has been 
reported for the combustion of green ponderosa pine [McKenzie et al., 1994]. The maximum 
ambient CH3OH/CO ratio observed during the night in Christchurch was l.2xl0-2. This ratio 
would be in rough agreement with predictions which take into account that most of the CO in 
the ambient atmosphere in Christchurch originates from motor vehicles, and not from 
domestic heating. Clearly additional measurements of actual emission factors for the types of 
wood and heating appliances used in New Zealand would be required to confirm this 
hypothesis. It seems worth pointing out that because of the low CH3OH emissions from 
traffic, a detailed knowledge of CH3OH emissions from domestic heating would allow its use 
as a natural marker compound to study the relative contribution of domestic heating emissions 
to polluted air masses. 

6.4 Summary, conclusions, and suggestions for primary 
pollutant measurements in Christchurch 

The discussion of the concentrations and ratios of the individual primary pollutants meas
ured in this study have suggested a number of hypotheses regarding their sources in 
Christchurch, and the validity of current emission inventory estimates. An attempt will now be 
made to draw the separate outcomes together to form a coherent conclusion. It must be recog
nised, however, that the limited number of measured trace gases, particularly hydrocarbons, 
and the even less detailed knowledge about the emission fractions of these gases from the 
various potential sources in the Christchurch area, implies that these conclusions should at the 
moment only be treated as plausible inferences, rather than conclusive derivations. 

Consequently, the second part of this section will outline suggested future directions of 
research. Arguments arising from results of the present study will be advanced to show which 
particular research topics would be of interest to fill current information gaps, and to arrive at 
more rigorous conclusions towards the contribution of the various pollution sources to the 
general air quality in Christchurch during the winter months. It must be emphasised again at 
this point that the present study does not deal with the recognised problem of air pollution 
from particulate matter. 
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6.4.1 Sources of primary pollutants in Christchurch 

6.4.1.1 Sources of NOx and CO. The measured average NO/CO ratio was found to be 
considerably lower than the ratio predicted using data from the Christchurch emission 
inventory, and also lower than the ratio obtained in measurements overseas. It is similar to 
results from roadside measurements in Auckland, however. The low ambient ratio found at 
the University site is also in very close agreement with measurements taken in the inner city 
by the Canterbury Regional Council. Chemical loss processes which would lead to a depletion 
of NOx within a sufficiently short time frame can be virtually ruled out for the conditions of 
the measurements, and the lack of a strong diurnal variation of the ambient ratio indicates that 
the slightly different height of emissions from domestic heating and traffic is only of minor 
importance for the interpretation of the data recorded at the University. It was concluded that 
the reason for the discrepancy between predicted and measured ambient NO/CO ratio lies in 
assumptions made in the Christchurch emissions inventory. According to this conclusion, th 
emission inventory either underpredicts the CO emissions or overpredicts the NOx emissions 
from either traffic or domestic heating, or both. Industrial emissions should be known with 
relatively high accuracy and most definitely play only a very minor role in the Riccarton area. 

Since domestic heating is assumed to emit only little NOx, erroneous estimates cannot be 
responsible for the too high predicted NO/CO ratio. It follows that in order to bring 
predictions in line with the measurements, assumptions of either traffic CO emissions would 
have to be scaled upward by a factor of 4, or traffic NOx emissions would have to be scaled 
downward by the same factor. Alternatively, CO emissions from domestic heating would have 
to be scaled upward by a factor of 15. 

While obviously these alternatives are not mutually exclusive, the last alternative appears 
to be the least plausible one, firstly because of the magnitude of the error, and secondly 
because a much stronger diurnal change in the ambient NO/CO ratio than measured should 
result if domestic heating represented such a strong source of CO in Christchurch. 

NOx emis.sions from motor vehicles, albeit highly variable, are unlikely to be grossly, 
overpredicted by the emission inventory since on-road studies made overseas indicate that 
there is a higher probability for gross polluters than for zero-emission vehicles to skew the 
statistical average. A strong increase in CO emissions was found by on-road measurements 
overseas for vehicles with defective emission control systems and higher age. Such very high 
emissions are confirmed by recent drive-cycle measurements of New Zealand passenger cars 
which were not available at the time the emissions inventory was completed. The same study 
also indicated that congested cold-start conditions can lead to a significant increase of CO 
emissions, while NOx emissions are much less affected. The probability that CO emissions 
from traffic are underpredicted by a factor of 4 in the current emission inventory therefore 
appears to be the most plausible solution. A combination of underprediction for CO and 
overprediction for NOx can however not be ruled out, and a significant spread of CO 
emissions from domestic heating should also be expected which may lead to considerable 
uncertainties in the average estimates. 

The observed diurnal variation of the NO/CO ratio can be explained by assuming a 
change in the fleet composition over the course of a day, with the fraction of heavy duty diesel 
vehicles likely to be reduced during the night compared to the day time. This explanation is 
tentative as no detailed data regarding the time dependence of the fleet composition are 
available, and, given the assumed error in the total fleet CO emissions, the distribution of 
emission among different vehicle types is even less certain .. Estimates regarding the peak 
emission times from domestic heating may also contribute to the remaining discrepancy 
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between predicted and measured ratio, since overstacking of wood burners may lead to 
prolonged CO emissions which could not be adequately modelled by the emission inventory. 

6.4.1.2 Sources and concentrations of C6H6. The relatively high correlation observed 
between C6H6 and CO confirms that traffic emissions form a substantial source of C6H6 in the 
ambient atmosphere. It is currently not clear why similar measurements in Auckland do not 
show a similarly strong correlation. The average C6H6/CO and C6HiNOx ratios measured in 
Christchurch are of similar magnitudes as those observed in some European cities, but 
somewhat higher than that observed in the United States. Differences in emission controls and 
fleet age are the most likely reasons for the differences. 

Peak concentrations of C6H6 observed at the University site are lower than those observed 
in larger city centres, which may be explained by the relatively large height of the 
measurements above the ground which is likely to reduce pollutant concentrations during 
inversion conditions. The average C6HiCO ratio allows the prediction of C6H6 

concentrations at other parts of the city where to date only CO has been measured. Relatively 
high values are predicted in the vicinity of congested inner city roads, with concentrations 
similar to those observed in other cities. 

The observed increase of the average C6H6/CO ratio from the morning rush hour towards 
the night may indicate that emissions from wood-burning used for domestic heating contribute 
significantly to ambient C6H6 concentrations during the night, while CO concentrations are 
dominated by traffic emissions. The sparsity of emission data, and lack of dedicated 
measurements which take wood fuels and burner types typical for New Zealand into account, 
make exact quantification of the potential contribution from domestic heating difficult. The 
available data suggest that as much as 50 % of the ambient C6H6 during the evening may 
originate from wood-burning, in agreement with the observed increase of the ambient 
C6H6/CO ratio by a factor of 2. 

An alternative explanation for the observed increase is a change in the composition of the 
vehicle fleet between day and night. However this explanation is only valid if furthermore 
heavy duty diesel vehicles contribute to a larger extent than currently assumed to the total 
traffic CO emissions. This would to some extent contradict the explanation for the night time 
decrease of the NO)CO ratio given in the previous paragraph. Uncertainties in the 
measurements and derived pollutant ratios, and lack of information from other measurement 
sites with high traffic density prevent more definite conclusions at this time. 

6.4.1.3 Sources of paraffins, ethylene, and methanol. The high correlation of the 
concentrations of paraffinic hydrocarbons with CO throughout the day identifies motor 
vehicle traffic as the dominant source of these hydrocarbons in the Christchurch atmosphere. 
Insufficient information is currently available to compare the measurements with emission 
inventory based predictions. The spectroscopic measurement technique does at present not 
allow distinguishing between the emission fingerprints of different vehicle types, and little is 
known about the speciation of hydrocarbons emitted from either motor vehicle traffic or 
domestic heating. 

The strong correlation between C2H4 and CO during the morning rush hour confirms 
predictions that traffic exhausts are a major C2H4 source in Christchurch. The C2H/CO ratio 
during the morning is higher than that observed in car emission studies, which may be caused 
by specific emission details of the vehicle fleet. Insufficient knowledge exists regarding 
speciated hydrocarbon emissions from motor vehicles in New Zealand. 
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The increase of the average C2HiCO ratio between morning and night by a factor of 1.7 
suggests that traffic is not the only source of C2H4 in Christchurch. Combustion of wood is 
known to release substantial amounts of C2H4, and the observed night time increase of the 
C2HiCO ratio would be in agreement with the assumption that domestic heating contributes 
significantly to the ambient C2H4 concentration during the evening and night. Sparsity of 
concrete emission data however makes quantitative predictions and comparison with 
measurements highly uncertain. 

The origin of high CH3OH concentrations in the Christchurch during the night is unclear. 
Its significantly lower ratio with CO during the morning rush hour suggests that traffic is only 
a minor source of CH3OH. Domestic heating is the most likely candidate for its source 
because of the strong increase of the CH3OH/CO ratio during the night. Studies on 
hydrocarbon emissions from the low-temperature combustion of green wood indicate that 
substantial amounts of CH3OH may be released from wood burning. Comparison of the 
ambient CH3OH/CO ratio with emission data from wood-burning is however difficult because 
of the strong influence of traffic emissions on ambient CO concentrations, and the likely 
strong variability of CH3OH emissions from wood fires depending on operating temperature 
and type of wood fuel. 

6.4.1.4 Other pollutants. No attempt was made within the framework of this thesis to 
compare the concentrations of additional measured trace gases, such as SO2, CH4, or CO2, 

with emission inventory predictions. Since the current instrumentation did not allow the 
measurement of suspended particulate matter, the contributions of the various potential 
emitters to PM 10 concentrations in Christchurch were also excluded from the discussion. 

6.4.2 Suggested future work 

The summary given in the last paragraphs clearly identifies a number of areas of research 
which could greatly contribute to our understanding of pollution sources in Christchurch, and' 
potentially other areas of New Zealand and overseas. 

6.4.2.1 Motor vehicle emission measurements. On-road measurements of the emissions 
from motor vehicles show that there is significant spread between individual vehicles even in 
countries which have relatively strict emission controls, with gross polluters substantially 
increasing the mean emissions of the vehicle fleet. A major disagreement was found between 
predictions based on emission inventory estimates and the observed ratio of the primary 
pollutants NOx and CO. Recent drive-cycle measurements of vehicles operating on New 
Zealand roads indicate that older and mistuned vehicles may contribute disproportionately to 
the average emissions. An extensive on-road measurement programme regarding the factual 
average emissions of the New Zealand vehicle fleet therefore appears highly desirable. 

The technology to perform such measurements is readily available and has been tested in 
a large number of field studies worldwide [Bishop et al., 1996; Zhang et al., 1996]. Such on
road studies should be backed up with more frequent stationary emissions testing of the 
individual vehicle groups thought to be of importance in New Zealand, in particular to also 
establish the emission ratios of other trace gases such as C6H6 and C2H4 which are either of 
health concern or could aid the fingerprinting of vehicle types. 

If road-tunnels are chosen as measurement sites, on-road emission measurements could 
also be performed with technology already available in New Zealand, since within road
tunnels motor vehicle traffic is the only source of air pollutants. Adequate information about 
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the vehicle fleet composition could be obtained for different measurement periods to aid in the 
fingerprinting of vehicle type emissions. 

6.4.2.2 Definition of vehicle fleet composition for different parts of the day. A second 
major source of uncertainty in interpreting the diurnal change of pollutant ratios, particularly 
NO/CO, is the lack of information on the variability of the vehicle fleet composition within 
Christchurch. Since some important pollutants such as NOx, CO, and C6H6 are emitted in 
different quantities from different vehicle groups, interpretations of their ambient 
concentrations requires not only total traffic flow information, but also a consideration of the 
types of vehicles, such as heavy duty diesel and light duty petrol vehicles, which are active 
during different parts of the day. At the same time, such studies are only of value if reliable 
information on the emissions produced by these vehicle types is available. 

6.4.2.3 Speciated ambient hydrocarbon measurements. Once the information from the 
two studies described in the previous two paragraphs is available, detailed measurements of 
the hydrocarbon composition of the ambient air would become a valuable tool to test the 
correctness of the procedures employed in these studies. Such measurements, most likely 
employing a gas-chromatographic technique followed by mass-spectroscopy or flame
ionisation detection, would allow the fingerprinting of emissions from different vehicle types, 
their changing fractions with time of day, and the identification of non-traffic contributions to 
the total air pollution in the city area. Long-path infrared differential spectroscopy with higher 
resolution would also allow the detection of more hydrocarbons with greater accuracy. 

6.4.2.3 Instrument calibration and additional measurements of C6H6• The discussion 
of the concentrations of C6H6 and its ratio with other pollutants was based on the assumption 
that the spectroscopic measurements contains no additional undetected systematic error. The 
possible existence of such an error could not be ruled out, however, since unexplained 
residuals in the spectroscopic analysis occurred during highly polluted conditions. In v1ew of 
the rather high concentrations which are predicted for inner city locations in the vicinity of 
congested roads, an instrument intercomparison of the spectroscopic system with accepted 
conventional techniques would be highly desirable. Also of some concern is the fact the while 
a high correlation between C6HiCO was found in Christchurch ambient air, no, such 
correlation existed in measurements performed in Auckland at a traffic intersection. 

Further measurements near busy intersections should be made to confirm the high 
predicted C6H6 concentrations, and to test the validity of the C6H6/CO ratio as means to 
estimate C6H6 concentrations where only CO has been measured. Measurements of the 
C6HiCO ratio at traffic dominated sites would also be of value in gaining further 
understanding of the variability of this ratio with time of day and vehicle fleet composition. 
Such measurements would also be of value for the assessment of C6H6 levels in other New 
Zealand cities which lack the technical resources to perform actual measurements of C6H6. 

Another topic of concern is the potential emission of significant quantities of C6H6 from 
domestic heating in Christchurch. Emission studies of hydrocarbons emitted from a range of 
wood burners and wood fuel types could help resolve this question. This is of particular 
importance since the relative contributions from motor vehicle traffic and domestic heating 
play a considerable role in discussions on ambient air quality, and ambient C6H6 is frequently 
regarded as an air pollutant for which traffic is solely responsible. Furthermore, the prediction 
of C6H6 levels on the basis of CO measurements is only possible when the relative 
contribution of domestic heating to C6H6 can be reliably estimated. 
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6.4.2.4 Emission measurements of domestic heating appliances. As mentioned above, 
very little detailed knowledge exists at the moment regarding detailed hydrocarbon emissions 
from domestic heating. Since the hydrocarbon composition is likely to be very different to that 
of motor vehicles, emission profiles and corresponding hydrocarbon measurements in the 
ambient atmosphere would allow distinguishing the relative contribution of domestic heating 
to the total pollution levels at different parts of the day, and during smog episodes. Particularly 
hydrocarbons which are not common in motor vehicle exhaust, like CH30H, would allow 
estimates of the relative contribution of domestic heating to ambient CO concentrations if the 
average CH30H/CO emission ratio from wood-burners in Christchurch were known. 

The present knowledge and measurement capability is forced to focus on the major 
pollutants NOx and CO. Although an important basic hypothesis was derived using these two 
gases, namely that domestic heating plays only a minor role regarding CO emissions even 
during the evening and night, this hypothesis could only be tested and confirmed using 
speciated hydrocarbon measurements which would more clearly allow distinguishing between 
different pollution sources. Such an emissions study could also help identify the absorber 
which was detected in the 279 to 289 nm region where 0 3 is frequently measured. The 
knowledge of the origin of this absorber would be clearly be of considerable interest 
worldwide, as most commercial differential absorption spectrometers measure ambient 0 3 
concentrations in this spectral region and rely on accurate information on other potential 
absorbers. 

It also seems worth noting that Fourier-transform infrared spectroscopy can also be used 
in passive mode to sample emissions from chimneys [Haiis et al., 1995]. This technique relies 
on the emission of infrared radiation from heated gas samples, and the comparison of this 
radiation with the emission from the ambient atmosphere. While the calculation of absolute 
emission rates requires knowledge of the gas flux as well as the emission spectrum, gas 
concentration ratios in the hot plume could be derived without additional measurement 
requirements and would allow the sampling of a wide variety of wood burners and fuels. 
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7. Secondary pollutants in the urban winter 
atmosphere: Balance between NO, N02, and 0 3 

Abstract. The photochemical processes affecting the concentrations of NO, N02, and 0 3 in 

Christchurch are investigated. A strong anti-correlation between NO and O 3 was found which 

is consistent with current photochemical theory. The maximum O 3 concentrations measured 

at the University of Canterbury were 32 ppb which suggests that no significant photochemical 

production of 0 3 occurred during the measurement period. Evidence is shown for the 

chemical production of N02 through the reaction of NO with 0 3, and the resulting peak 

concentrations of N02 are related to the availability of 0 3. Comparison of the N02 and NO 

data for the inner city and at the University measurement site reveal that N02 concentrations 

are significantly lower in the inner city, while NO concentrations are up to a factor of two 

higher than at the University. This is explained by the reduced amount of 0 3 available at the 

ground to convert NO into N02. From this theory, predictions regarding future N02 

concentrations are derived. Possible use of the measurement system for the monitoring of 

photochemical smog episodes during summer is considered on the basis of the present 

experiences. 

7.1 · Factors influencing the balance between NO, N02, and 0 3 

Nitrogen oxides (NOx) are emitted by all combustion processes with a sufficiently high 
temperature to break up molecular nitrogen (N2). From a human health perspective, nitrogen 
dioxide (NO2) is of major interest since it affects the respiratory system and also causes plant 
damage [Stern, 1986], and the understanding and prediction of ambient NO2 levels is of con
siderable interest for air quality management plans. However the bulk of nitrogen oxides is 
emitted as nitric oxide (NO), while NO2 is mainly formed in photochemical reactions in the 
ambient atmosphere. The percentage of directly emitted NO2 compared to its chemical forma
tion is of obvious importance with regard to air quality control measures. 

In contrast to chemically inert primary pollutants like CO, the prediction of NO2 levels in 
the urban atmosphere therefore requires not only knowledge of the main immediate sources of 
NO and NO2, but also of the processes leading to the transformation of NO into NO2. One of 
the major species involved in this transformation is 0 3 which occurs naturally in the tropo
sphere. The clean air background concentration of 0 3 varies between about 50 ppb in the 
northern hemisphere, and 30 to 35 ppb in the southern hemisphere [Warneck, 1988]. The 
chemistry responsible for the balance between NO, and NO2, and 0 3 under urban conditions 
will be briefly reviewed in the following paragraphs, but the reader is also referred to 
Chapter 1 and the monographs by Wameck, [1988], and Wayne, [1991], for more details. 
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7.1.1 Chemical processes 

As already discussed at some length in Chapter 1, the dominant reaction converting NO 
into NO2 is the fast bimolecular reaction with 0 3: 

[10] 

The rate coefficient for this reaction is 2.2xl0-12xe-1430rr cm3 molecule-I s-1, where T is the 
ambient temperature in Kelvin [DeMore et al., 1992). It follows that for an ambient 0 3 
concentration of 30 ppb, the chemical lifetime for the conversion of NO into NO2 is only 
about 1.5 minutes, while for 0 3 concentrations of only 1 ppb the lifetime is almost one hour. 

For high NO concentrations, reaction [10] leads to a very quick depletion of all available 
0 3 within a given air parcel. The chemical lifetime for 0 3 with regard to reaction [ 1 O] can 
similarly be estimated to be about 5 minutes for a NO concentration of 10 ppb, but only a few 
seconds for NO concentrations greater than 100 ppb. After all 0 3 has been depleted from the 
ambient atmosphere, reaction [10] can no longer proceed, and continued emissions of NO lead 
to a build-up of NO rather than formation of NO2. The ratio of NO2/NOx is therefore generally 
higher in ambient air than in direct emissions, and the ambient ratio approaches the emission 
ratio under highly polluted conditions. 

A further production mechanism of NO2 in. the absence of 0 3 is thought to exist in the 
self-reaction of NO with molecular oxygen: 

[34] 

where the rate constant is given by 3.3x1Q-39xe530ff cm6 molecule-2 s-1 [Baulch et al., 1982]. 
Since the temperature dependence of this reaction is negative and the conversion rate varies 
with the square of the NO concentration, reaction [34] is of significance only under highly 
polluted and cold conditions after all available 0 3 has been depleted. At an ambient 
concentration of 100 ppb for NO at 273 K, a NO2 production rate of only 0.2 ppb per hour 
results, but for ambient NO concentrations of 1000 ppb a significantly higher rate of 22 ppb, 
per hour is calculated. This reaction can therefore produce NO2 from NO in highly polluted air 
masses. Very high NO2 concentrations in recent London smog episodes have been attributed 
to this reaction [Bower et al., 1994; Derwent et al., 1995]. The possible role of this reaction 
for NO2 levels in Christchurch must be investigated to assess whether increases in traffic 
volume leading could lead to future exceedences of the ambient air quality guidelines. 

The chemical fate of any NO2 produced through either reactions [10] or [34] depends on 
the meteorological conditions. Given sufficiently strong solar radiation, NO2 photolyses into 
nitric oxide and atomic oxygen [9], and the latter reacts quickly with molecular oxygen to 
produce 0 3 [8]. Under polluted conditions, however, the produced 0 3 will quickly react with 
NO again to reform NO2. The main chemical production and loss processes of 0 3 are 
therefore intricately linked to the availability of and balance between NO and NO2. 

7.1.2 Sources and sinks 

The only relevant sources for NO and NO2 in urban areas are anthropogenic emissions, 
where NO is emitted directly, and NO2 is formed from NO in one of the two chemical 
reactions described above. Field measurements of the NO/NOx emission ratio from motor 
vehicles show that between 93 and 97 % of NOx are emitted as NO. The major factor 
determining the exact emission balance was the fraction of vehicles using spark ignition, with 
higher NO/NOx ratios associated with spark ignited engines [Pierson et al., 1996]. To the 
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authors knowledge, no representative measurements of the NO/NOx emission ratio exist for 
New Zealand vehicles. 

Since Christchurch is the only major pollution centre in the area, wind driven advection 
and diffusion lead to dilution of polluted air generally within less than 12 hours, leading to a 
decrease of ambient NOx concentrations in the urban area. Within such short periods of time, 
chemical deposition processes have been shown in Chapter 6 to be of only minor importance 
during winter time. Overall levels of NOx can therefore be expected to inversely depend on 
wind speed and the height and strength of the inversion layer, while photolysis of N02 only 
alters the balance between NO and N02, but does not change overall NOx concentrations. 

The distribution of sources and sinks is rather different for 0 3• One of the main sources 
for urban 0 3 in winter is advection of ozone-rich clean air through wind and diffusion, while 
the reaction with NO represents a sink for 0 3 within the city area. At the same time, it is 
recognised that 0 3 can also be produced photochemically in urban plumes in the presence of 
N02, hydrocarbons, and sunlight. As discussed in 1.2.2.2, the question of whether an overall 
production or loss of 0 3 in an air parcel occurs depends on the availability of sunlight and the 
presence of peroxy radicals which can convert NO into N02 through an additional pathway 
which does not involve 0 3. In the winter atmosphere, the amount of solar radiation and 
consequently the concentration of OH radicals which lead to the formation of peroxy radicals 
is comparatively low. Consequently, photochemical production of 0 3 is not generally of major 
interest during winter, and the dominant reaction is scavenging of 0 3 through NO. 

The maximum 0 3 concentration observed at the University of Canterbury during the mid
June to mid-August 1997 measurement period was 32 ppb, which is close to the clean air 
value near the ground measured at unpolluted sites in New Zealand [ G. Bodeker, G. 
Brailsford, personal communications; see also Figure 7.1]. This suggests that indeed no 
significant photochemical production of 0 3 occurred within the Christchurch city area during 
winter. The chemical mechanisms which could be responsible for the formation of 
photochemical smog in the wider Christchurch area will therefore not be examined wit~in the 
present work. It is emphasised, however, that elevated 0 3 concentration within an urban area 
is less likely to occur than in its wider environs even under summer conditions because of the 
immediate depletion of 0 3 through direct emissions of NO. More measurements in the 
downwind environments of Christchurch during the summer months would be required to 
assess the possibility of excess 0 3 formation in the plume of Christchurch. The capability of 
the long-path differential absorption technique to monitor 0 3, NO and N02 concentrations 
would make such an instrumentation well suited to study summer smog. To allow a 
quantitative study of 0 3 formation, several such instruments would need to be placed along 
the downwind path from Christchurch, since 0 3 concentrations are also influenced by 
deposition processes which could make interpretation of single point measurements difficult. 
In addition, correlated measurements of hydrocarbon concentrations would be required to 
allow comparison of observed NOx and 0 3 concentrations with quantitative model studies, 
since the driving force behind a net production of 0 3 is the conversion of NO into N02 

through reactions with organic peroxides. Such work however must be left to future projects. 
As mentioned in the previous paragraph, 0 3 reacts relatively fast with many inorganic and 

organic surfaces. This leads to a net loss of 0 3 at the ground even without the presence of 
significant emissions of NO [Hass et al., 1997; Padro, 1996]. The effect of this deposition 
process is usually a decrease of the 0 3 concentration with decreasing distance from the ground 
within the boundary layer. Examples of this are shown in Figure 7 .1, which presents height 
profiles of the 0 3 concentration at a clean air site (Lauder, Central Otago, New Zealand). 
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Figure 7.1. Vertical profiles of O 3 concentrations obtained at Lauder, Central Otago, through 
balloon sonde measurements during still conditions. Data kindly provided by Dr. G. Bodeker, 

National Institute of Water and Atmospheric Research, Lauder. 

As a result of this deposition process, increased vertical mixing of air within the boundary 
layer can thus lead to enhancement of the 0 3 concentration near the ground, while during 
stable atmospheric conditions 0 3 may become depleted at ground level even without the 
presence of significant quantities of NO emissions. This makes interpretation of ground level 
0 3 concentrations without additional information on vertical diffusion and general wind 
patterns somewhat problematic. The present study therefore focuses mainly on the 
concentrations of N02 within Christchurch, and 0 3 will only be examined where it• 
participates in the chemical formation of N02. 

7.1.3 Concentrations of NO2 in the Christchurch area 

The major issue of interest in the Christchurch area is the potential for excessive N02 

concentrations during winter, and to understand the meteorological and emission factors 
contributing to such episodes. To date, only one exceedence of the ambient air quality 
guidelines with regard to N02 has been observed in 1990, [CRC, 1997a], but a detailed 
understanding of its production mechanism is required to be able to predict the likelihood of 
such events occurring in the future. The Canterbury Regional Council currently only monitors 
N02 in the central city (see Figure 1.9), and additional measurements of this gas at other 
locations are necessary to understand its distribution within the city area. 

It was shown that the rate at which N02 is produced in the atmosphere depends not only 
on direct emissions of NO and N02, but also on the availability of 0 3, ground level 
temperature, and absolute NO concentrations. Thus the advection of ozone-rich clean air can 
increase the production of N02, but also lead to a lowering of the overall NOx concentration 
because the polluted air becomes diluted. This implies that an understanding of the 
distribution and concentrations of 0 3 is not only of interest in itself, but is also strongly linked 
to the occurrence of N02 pollution in Christchurch. The measurements of 0 3 presented in this 
study are the first 0 3 measurements conducted in the Christchurch city area since 1978 
[McKendry, 1996; CRC, 1997a]. 
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Section 7 .2 will discuss the observed relationship between NO, NO2, and 0 3 at the 
University of Canterbury site with regard to general patterns and influence of meteorology. 
The anti-correlation between NO and 0 3 will be examined on a short- and long-term basis, 
and the typical chemical production of NO2 from the chemical conversion of NO will be 
estimated and compared with the measurements. 

The production of NO2 in the Christchurch area will be analysed in more detail in section 
7 .3, where specific episodes which lead to very high NO2 concentrations will be described. 
This will also include a comparison between the NO2 concentrations at the University 
measurement site, and the data obtained by the Canterbury Regional Council in the inner city 
area. This comparison indicates that higher NO2 concentrations occur at a higher elevation 
above the ground, which is consistent with the explanations given for the NO2 episodes 
discussed in the previous section. The findings of this Chapter will be summarised in section 
7.4, and a formula for the predictions of future ground level NO2 concentrations will be 
presented based on the results of this study. 

7.2 Observed relationship between NO, N02, and 0 3 

The expected inverse relationship between the concentration of NO and 0 3 could indeed 
be observed in the data obtained at the University measurement site. The anti-correlation was 
found to hold both during individual days, and for the complete dataset. The following 
paragraphs will present this correlation in more detail, after which the observed concentration 
ranges of NO2 will be analysed. 

7.2.1 Short-term correlation between NO and 0 3 

Figure 7.2 shows continuous measurements of NO and 0 3 over a period of 4 days during 
July 1997, containing a number of noteworthy features. A general anti-correlation between 
NO and 0 3 is immediately obvious. Short-term pollution episodes during the morning rush 
hours of July 17 and 18, and the evening rush hour of July 17, are correlated with short-term 
depressions of the 0 3 concentrations. It is interesting to note that although the NO 
concentrations do not exceed 50 ppb during these episodes, 0 3 shows a significant reduction 
from over 20 ppb to less than 10 ppb. A slightly more extended pollution period during the 
night of July 18/19, lasting about 8 hours in total, resulted in 0 3 concentrations below 10 ppb 
for the whole period. The lowest 0 3 concentrations of less than 5 ppb were observed during 
the night of July 19, where NO concentrations approached 200 ppb for a short period, which 
were the highest during these 4 days. 

Regarding the absolute value of 0 3 concentrations during pollution episodes, it should be 
kept in mind that the analysis of spectra used to derive 0 3 concentrations was made difficult 
by the presence of an unidentified absorber (see 4.4.2). Although measures were taken to 
account for this absorber, an additional uncertainty of 3 ppb was estimated to arise from this 
unknown absorber, bringing the total random error of 0 3 during polluted conditions to almost 
5 ppb. It is therefore consistent with the analysis procedure to assume that the 0 3 
concentration during the very strong pollution episodes was in fact zero. Because of the very 
short lifetime of 0 3 under the presence of NO concentrations in excess of 100 ppb, this 
assumption would be more consistent with the photochemical theory. 
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Figure 7.2. Concentrations of o3 and NO during 17 to 20 July, 1997, measured at the University. 

A further feature of interest in the data presented in Figure 7.2 are the very short-term 
variations of both the 0 3 and NO concentrations during the nights of July 18/19 and 20. The 
0 3 concentration follows the variations of the NO concentrations inversely even for these very 
short periods. Figure 7.3 shows the concentrations of these two gases for the night of July 20 
in greater time resolution. 

Since 0 3 cannot be produced photochemically during the night, the increase of 0 3 
associated with a reduction of NO concentrations after brief pollution peaks must be caused 
by a dynamic advection of clean air into the absorption light path, rather than a change in 
emission patterns. The alternating observation of more and less polluted air parcels could be 
caused by changes in the inversion layer height, induced by wave-like patterns in the general 
wind fields over Christchurch. Evidence of episodic intrusion of clean air during polluted 
conditions was also presented by van den Ass em et al., [ 1996]. 

Finally it is worth noting that the maximum 0 3 concentrations during the 4 day period 
displayed in Figure 7.2 occur when NO concentrations are close to the detection limit. The 
highest concentration in excess of 30 ppb is observed during the early morning of July 19, 
with similarly high values during the afternoon of July 19 and 20. The occurrence of these 
maxima both during the night and afternoon again suggests that the origin of 0 3 is 
predominantly advection of clean ozone-rich air masses, since no photochemical production 
could occur during the night which would give rise to an increase of 0 3 concentrations during 
the night. The periods of high 0 3 concentrations were also associated with relatively high 
wind speeds which probably lead to increased downward mixing of ozone-rich clean air 
through the windshear created near the ground. 
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7.2.2 Global relationship between NO and 0 3 
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The anti-correlation observed between NO and 0 3 on a day-to-day basis is also pres,ent in 
the complete dataset for the mid-June to mid-August period, displayed in Figure 7.4. The 0 3 

data were interpolated to match the times of the NO measurements. A number of observations 
can be made from this correlation which will be discussed in detail below. 

7.2.2.1 General correlation. Two limiting cases for the correlation can be defined. 
Firstly, 0 3 concentrations in excess of 25 ppb occur only when NO concentrations remain 
below 25 ppb. Secondly, 0 3 concentrations always remain below 10 ppb when NO exceeds 
75 ppb. Both observations are in good agreement with the fact that NO very efficiently 
scavenges ambient 0 3 through reaction [10], and that advection of clean air is most likely the 
dominant source of 0 3 in Christchurch during winter time. 

A numerical description of this relationship was attempted in the form of an exponential 
fit to the data, which yielded the following dependence (data points with NO concentrations 
below zero were excluded): 

[03] = 29 ppb x [Nor0.3 89 . (69) 

The correlation coefficient of 0.54 obtained for this relationship is significant at the 99.9 % 
level. The data are relatively well reproduced by this exponential representation. Particularly 
the steep decline of the 0 3 concentration for only slightly elevated NO values is in good 
agreement with the observations discussed in the previous paragraphs (see Figure 7.2) . A 
linear fit to the data results in a considerably lower correlation coefficient of only 0.27. 
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Figure 7.4. Correlation between NO and O 3 for the complete set of correlated measurements obtained between 
mid-June and mid-August. The O 3 data were inte1polated to match the times of the NO measurements. The solid 
line is an exponential fit to the data ( see text for details). 

The reason why the correlation between 0 3 and NO is better represented by an 
exponential than a linear fit can be found in the processes responsible for the 0 3 

concentrations during polluted winter conditions. If it is assumed that the only significant 
source of 0 3 in the winter atmosphere is advection of clean air into the city area, scavenging 
of 0 3 by NO should lead to an essentially linear relationship for NO concentrations up to the 
maximum 0 3 concentration, which was found to be approximately 32 ppb. At these 
concentration levels, one molecule 0 3 becomes destroyed in exchange for the conversion of 
one molecule NO into N02. As 0.3 becomes depleted from the ambient air, further emissions 
of NO lead to a build-up of its ambient concentration, while 0 3 concentrations remain at a 
very low level. This relationship is well matched by the high-NO arm of the exponential 
expression, but cannot be reproduced by a single linear description for the whole 
concentration range. 

It should be kept in mind, however, that no apriori reason exists for the particular 
exponential form of the function fitted to the data, and the numerical values found in the 
present study should only be taken as indicative of the general relationship between 0 3 and 
NO. A similarly good numerical description of the data could be achieved by two separate 
linear relationships, one for relatively clean air conditions, where emissions of NO lead to a 
proportional depletion of 0 3, and the other for polluted conditions, where 0 3 concentrations 
remain close to zero due to the high concentration of NO molecules. It should also be noted 
that because of surface deposition processes which lead to a loss of 0 3 even under clean air 
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conditions, the correlation between ambient 0 3 and NO concentrations is unlikely to be as 
high for any numerical description as that of the primary pollutants discussed in Chapter 5. 

A further point of interest is the fact that the 0 3 concentrations do not approach zero for 
very high NO concentrations, which will be discussed in the next paragraph. 

7.2.2.2 Non-zero 0 3 concentrations for highly polluted conditions. Because of the 
very short chemical lifetime of 0 3 with regard to reaction [10] under polluted conditions, the 
presence of non-zero 0 3 concentrations for NO concentrations greater than 100 ppb seems to 
contradict the basic photochemical theory outlined at the beginning of this Chapter. It must be 
reiterated, however, that a considerable uncertainty of almost 5 ppb is associated with the 0 3 

measurements during highly polluted conditions because of the interference of an unidentified 
absorber with the retrieval of 0 3 (see discussion in 4.4.2). As a consequence, most 0 3 

measurements correlated with very high NO concentrations, as shown in Figure 7.4, must be 
considered to be at or below the detection limit for 0 3. The assumption that these 0 3 

concentrations are in fact zero, as suggested by the photochemical theory and high NO 
concentrations, is thus consistent with the errors associated with the measurements. However 
two additional explanations of the non-zero 0 3 concentrations can be given in alternative to 
the interference from an unidentified absorber. 

On one hand, continued vertical diffusion through the top of the inversion layer could 
supply a constant flow of clean, ozone-rich air into the absorption light path. This possibility 
is not entirely out of the question, since during polluted conditions the top of the inversion 
layer is likely to be of a similar height as the measurement path at 33 m. This is in contrast to 
measurements at ground level where any remaining 0 3 would quickly be scavenged by NO. 
On the other hand, since the product of the reaction of NO and 0 3 is NO2, high NO2 

concentrations should be expected if this diffusion process takes place. A sophisticated 
diffusion model would be required to quantitatively analyse the merits of this explanation, and 
to examine whether the observed concentrations of 0 3 and NO2 would be consistent with this 
theory. The actual occurrence of very high NO2 concentrations during the measurements 
obtained at the University of Canterbury site, and their relationship with ambient 0 3 

concentrations, will be discussed at later stage (7.3). 
The second explanation for non-zero 0 3 concentrations consists in the possibility that the 

arc lamp used as light source for the ultraviolet measurements produces itself a non-negligible 
quantity of 0 3 during very still conditions. The strong emission of UV radiation below 
240 nm from the lamp allows the photolysis of 0 2 through the Herzberg absorption band: 

0 2 + hv (A < 240 nm) • 2 0 [35] 

The O atoms produced in this process combine quickly with molecular oxygen to form 0 3 

according to reaction [8]. While this process is unlikely to be of significance under most 
conditions, the complete absence of wind could potentially allow the build-up of a cloud of 0 3 

immediately in front of the lamp. No independent quantitative estimate of such an 0 3 build-up 
could be obtained, but the fact that sometimes the produced 0 3 could be detected by its smell 
suggests that a very local 0 3 concentration of several hundreds of ppb was present in the 
immediate vicinity of the arc lamp. Since the spectroscopic long-path technique effectively 
averages the absorber concentration over the absorption light path, a systematic offset of the 
retrieved ambient concentrations of 3 ppb over the 244 m absorption path could be caused by 
a cloud of 0 3 with a concentration of 500 ppb over a range of only 1.5 m. 

Additional measurements of 0 3 with a significantly more sensitive instrument (which 
would also need to be free of potential interferences from other pollutants likely to be present 
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in the Christchurch winter atmosphere) would be of considerable interest to test these 
hypotheses. However this question could not be resolved in the framework of the present 
study, since no additional 0 3 instrument capable of monitoring very low 0 3 concentrations 
under highly polluted conditions was available for comparison. 

7.2.3 Production of NO2 through 0 3 depletion 

As pointed out in the introduction to this Chapter, one of the reasons for interest in winter 
time urban 0 3 is its role in forming NO2 from primary emissions of NO. A simple chemical 
balance scheme can be used to investigate the importance of this process for the absolute 
ambient NO2 concentrations within the city area [Leahey and Hansen, 1990]. This basic 
scheme will be described in the following paragraph. 

The scheme assumes that (1) no 0 3 is produced photochemically within the city, and (2) 
the air parcels arriving at the measurement site have a 'simple' dynamic history. The latter 
condition means that essentially clean air with relatively consistent background 0 3 

concentrations arrives in the city, NO and NO2 are emitted as primary pollutants into the air 
parcel, fast chemical conversion occurs, and then the pollutant concentrations within this air 
parcel are recorded at the measurement site. This situation is best described as a very simple 
chemical box model as outlined in Chapter 1 (Figure 1.6). The total NO2 concentration in the 
urban box therefore consists of the NO2 emitted directly by the pollution source ('primary 
NO2'), and the so-called excess NO2 formed through the conversion of NO ('secondary NO2'). 

Since the reaction responsible for the formation of NO2: 

[10] 

produces exactly one NO2 molecule for each 0 3 molecule destroyed, a negative linear one-to
one relationship between the excess NO2 concentration and 0 3 concentration is expected. The 
excess NO2 concentration in an air parcel may be calculated as the difference between the 
total NO2 concentration and the primary NOz-fraction of the total nitrogen oxides (NOx): 

(70) 

Figure 7 .5 displays the relationship between ambient 0 3 and excess NO2 concentration as 
observed at the University of Canterbury measurement site, where an average NO2/NOx 
emission fraction of 0.1 has been assumed. The relationship shows indeed a strong linear 
characteristic, with a number of noteworthy features. 

Firstly, it should be noted that the excess NO2 is always expected to be positive if no loss 
process exists for NO2 except photolysis. The photolysis of NO2 in an atmosphere with low 
concentrations of peroxides produces a null effect regarding the NO/NO2 balance: 

NO2 + hv • NO + 0 

NO + 0 3 • NO2 + 02 

0 + 0 2 + M • 0 3 + M 

net: (null) 

[9] 

[10] 

[8] 

During winter reaction [9] is relatively slow and therefore the balance of the equilibrium lies 
on the side of NO2 except under extremely polluted conditions when 0 3 concentrations are 
near zero. 
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The calculated excess NO2 can therefore be used as a test for the assumed NO2/NOx 
emission ratio. For the present dataset a ratio of 0.1 was the largest value which did not 
produce negative excess NO2 concentrations. Using a substantially smaller fraction (for 
example 0.05) results in a skewing of the relationship towards high NO2 concentrations which 
are not caused by chemical conversion, but primary emissions of NO2. The NO2/NOx 
emission ratio of 0.1 therefore seems to fairly well characterise the primary emission balance 
of NO and NO2 in Christchurch. 

Secondly, in Figure 7.5 a large number of data points exist which exhibit low 0 3 

concentrations, but also relatively low excess NO2. It is hypothesised that this 0 3 depression is 
due to deposition of 0 3 on the ground, rather than chemical conversion. Relatively large 
deposition velocities between 0.3 and 1.0 emfs measured on a variety of surfaces can lead to 
an efficient removal of 0 3 from air at ground level (see also Figure 7.1 as example) [Hass et 
al., 1997; Padro, 1996]. Insufficient data and resources exist to investigate the individual 
history of air parcels observed during the present study, however, so that the influence of 
mesoscale meteorology on the background 0 3 concentration in air parcels entering the city 
must be left to future work. 

Thirdly, the theoretical one-to-one relationship between excess NO2 and ambient 0 3 
suggests that the data correlation should be well characterised by the linear description: 

03 = 32 ppb - NOzexcess, (71) 
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where an average clean air background 0 3 concentration of 32 ppb is assumed, corresponding 
to the highest 0 3 concentration observed during the whole study period. Closer examination 
of the data in Figure 7.5 however reveals that somewhat more than one excess NO2 molecule 
seems to be produced for each 0 3 molecule lost. This is open to two alternative explanations 
which essentially correspond to those given in the previous discussion of the relationship 
between NO and 0 3. 

On one hand, it is striking that only very few data points with 0 3 concentrations close to 
zero exist. As discussed before, it could be assumed that this is due to analysis problems 
caused by the unidentified absorber, or by local 0 3 production from the arc lamp, and that 
therefore the true 0 3 concentrations for polluted conditions are in fact zero. A downward 
correction of only those 0 3 measurements obtained under polluted conditions by 
approximately 3 ppb would be within the estimated random error of the 0 3 measurements (see 
Chapter 4.4.2), and would bring the observed correlation between ambient 0 3 and excess NO2 

into better agreement with the theoretical relationship (71). It should also be kept in mind that 
random errors in the order of up to 10 ppb are associated with the measurements of NO and 
NO2 for very large concentrations, and that the discrepancy between excess NO2 production 
and ambient 0 3 depletion is within the range of uncertainty of the data. 

On the other hand, the production of more than one excess NO2 molecule for each 0 3 

molecule destroyed could be caused by a sustained influx of 0 3 into the air parcel. This would 
allow the conversion of additional NO into NO2 without fully depleting the ambient 0 3. The 
fact that the observed correlation between excess NO2 and 0 3 does not deviate significantly 
from the theoretical relationship (71) suggests that this process is not very strong, but it could 
nonetheless be relevant in explaining the few occasions where the excess NO2 was greater 
than 35 ppb, above the maximum background 0 3 level expected for the Christchurch area. 

The following section will therefore examine in more detail the meteorological 
circumstances when particularly high excess NO2 concentrations were observed. Comparison 
will also be made between the excess NO2 concentrations observed at the University of 
Canterbury site and those observed in the inner city at ground level, in order to determine the' 
probable contribution of 0 3 influx or other reactions to elevated NO2 concentrations. 

7.3 Discussion of peak NO2 episodes 

In the complete dataset of correlated NO, NO2, and 0 3 measurements obtained during the 
mid-June to mid-August period, several episodes with particularly high NO2 concentrations 
were observed. As an example, Figure 7.6 shows the concentrations of NO, NO2 , and 0 3 for 
the afternoon and evening of July 15, 1997. 

During this episode, NO2 concentrations exceeded 50 ppb for about 3 hours between 
18:00 and 21:00. These high concentrations were positively correlated with high 
concentrations of NO with a peak of 260 ppb, while 0 3 was suppressed to below the detection 
limit. If it is again assumed that the primary emissions of NO2 account for 10 % of the total 
NOx, the excess NO2 produced during this episode reaches a peak of 41 ppb around 20:00. 
This may be compared with the 0 3 concentration observed in clean air masses, where the 
highest observed concentration was just below 32 ppb, from which it could be concluded that 
almost 1 O ppb excess NO2 during this episode cannot be accounted for by the simple 
production scheme introduced in the previous section (7.2). It is reiterated, however, that this 
discrepancy should not be overinterpreted since random errors of a similar magnitude are 
associated with the measurements of NO and NO2 alone. 
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Figure 7.6. Concentrations of NO, N02, and 03,for the afternoon and evening of July 15, 1997. 
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In order to better understand the conditions leading to such strong excess NO2 production, 
the following paragraphs will first examine the meteorological parameters associated with this 
and other episodes, and then compare the NO2 measurements from the University of 
Canterbury with data obtained by the Regional Council in the inner city. 

7.3.1 Meteorological parameters related to high excess NO2 episodes 

Figure 7 .7 graphically displays some important meteorological parameters for Tuesday, 
July 15, 1997. The day was fine with little morning cloud and a clear afternoon, as can be seen 
from the smooth measured solar radiation curve. The maximum of 336 (signal value from 
UV-A weighted photometer) is close to the average value observed for clear days during this 
time of the year. The high solar radiation produced relatively high ground level temperatures 
of 285 K, which dropped rapidly to 276 K around 18 :30, and to 273 K around midnight. 
Ground level temperatures are measured routinely near the Geography building at the 
University of Canterbury campus by the Department of Geography. In contrast, the 
temperatures measured at the roof of the Geography building climbed only slightly above 
282 K during the day, but dropped to only 279 K at 18:30, and remained above 274 K until 
after midnight. This resulted in a strong temperature inversion from about 17:00 onwards, 
which explains the general build-up of pollutants during the evening as the polluted ground 
level air became trapped underneath warmer atmospheric layers aloft. Somewhat unusually for 
a clear day, wind speeds throughout the day remained mostly below 2 mis, with a peak of only 
2.5 mis occurring around 16:00. 

The minimum wind speed of only 1 mis just before 20:00 coincides with the NO 
concentration peak (Figure 7.6), and also with the peak CO concentration of more than 
9000 ppb. The coincidence of temperature inversion , low wind speed, and high pollution 
levels supports the hypothesis that trapping of primary pollutants was responsible for the 
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occurrence of this episode, rather than unusually strong emissions. From this combination of 
meteorological factors, the following tentative explanation of the large excess N02 

concentration during the evening can be derived. 
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The strong solar radiation produced a convectively well mixed boundary layer during the 
day. This is confirmed by the high and relatively constant 0 3 concentrations of up to 25 ppb 
during the afternoon, which were sustained at a concentration above 20 ppb until after 16:00 
(Figure 7.6). This well mixed atmosphere allowed a very rapid conversion of all emitted NO 
during the beginning of the rush hour period into N02, explaining the rapid rise of N02 

concentrations between 16:00 and 18:00. 
The onset of the rush hour period at 16:00 coincided with an increase of the wind speed 

from 1 mis to 2.5 mis. While this probably resulted in lower levels of the primary pollutant 
NO, as can be seen from a weaker increase in its concentration between 17:00 and 18:00, it is 
conceivable that it also caused more 0 3 to be mixed into the atmospheric surface layer while 
the temperature inversion was forming. 

After 18:00 the wind speed decreased again to below 1 mis at 20:00, and the temperature 
inversion increased to approximately 2 degrees . The combination of these two factors 
effectively encapsulated the ground level air and allowed the build-up of primary emissions of 
N02 and NO. The fact that the peak concentrations of NO and N02 occur at almost the same 
time can be taken as indicative that the increase for both gases after 18 :00 originates from the 
build-up of primary emission, while most of the excess N02 was produced before the 
formation of the stable nocturnal inversion layer. This hypothesis can be confirmed by plotting 
the excess N02, again defined as the total observed N02 minus 10% of the total observed 
NOx, along with the other gases in Figure 7.8. 



Chapter 7. Secondary pollutants in the urban winter atmosphere: Balance between NO, N02, and 0 3 

75 

70 

65 

60 

55 

50 
:;;-

45 c.. 
.e 
= 40 

0 
-0 

35 C 

"' ~ 0 30 z 
25 

20 

15 

10 

5 

0 

............... 03 

NO 

excess N0 2 

'. · .... -· ····............. ... .-·· 
·······•············· . 

14 :00 16 :00 18 :00 20 :00 
time of day (July 15, 1997) 

.-··· ·· .... ······· ·· ... 
._ .. ·· 

22 :00 0:00 

Figure 7.8. Same as Figure 7.6, plus the excess NO2 calculated for this period. 

209 

300 

275 

250 

225 

200 

175 
.c 
c.. 

150 .e 
0 

125 
z 

100 

75 

50 

25 

0 

This sequence of events is in interesting contrast to another episode where similarly high 
NO concentrations were observed, but N02 remained at a much lower level and its peak 
concentration occurred substantially later than the peak NO concentration. Figure 7.9 displays 
the concentrations of NO, N02, and 0 3, and excess N02, for July 7, 1997. The maximum NO 
concentration of 240 ppb was observed at about 9: 15 during the morning rush hour, while the 
N02 concentration peak with 52 ppb occurred only at about 10:45. The peak of the excess 
N02 concentration coincides with the peak of the absolute N02 concentration, while the 
excess N02 during the peak of the NO concentration is zero. 

To explain this rather different behaviour it is important to note the different 0 3 
concentration preceding the onset of primary NO emissions, compared to those shown in 
Figure 7.8. From Figure 7.9 it can be seen that 0 3 was substantially depressed during the early 
morning hours, with an average concentration of only 7 ppb. The reason for these low 0 3 
concentrations could either lie in an extremely stable nocturnal boundary layer which did not 
allow the replacement of chemically depleted 0 3, or in the deposition of 0 3 onto plant and 
concrete surfaces during the night. In the absence of detailed information about the 
atmospheric stability and wind fields during the early morning it is difficult to distinguish 
between these two effects, but fortunately this is not necessary to explain the subsequent chain 
of events. 

Because of the initially low 0 3 concentration, emitted NO becomes transformed only 
slowly into N02. Consequently, the excess N02 remains close to zero until the peak NO 
concentration of 240 ppb is reached. Most of the N02 present before the NO peak would 
therefore have originated directly from primary emissions. It is only from about 9:30 onwards 
that the excess N02 concentrations begin to rise substantially, which is also the time when 
ambient 0 3 levels begin to increase. 
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This change can be explained by the fact that solar radiation started heating the ground, 
thus reducing the atmospheric temperature inversion which had persisted during the night. The 
temperature inversion also explains the low 0 3 values observed during the night, since the 
inversion would have reduced the air exchange between the ground and upper layers and 
prevented the replacement of depleted ground level 0 3. Increased convective mixing of the 
atmosphere during the morning would have entrained ozone-rich layers of air above the city 
into the ground layer, thereby allowing the chemical conversion of NO into NO2• Since the 
convective mixing also serves to dilute the overall primary pollutant concentration, the NO 
concentration decreases strongly while chemical conversion still builds up ambient NO2. The 
temperature inversion between the ground level and 28 m only broke up by about 11 :00, after 
which NO2 concentrations decrease rapidly due to the much more effective venting of the 
entire boundary layer. 

The excess NO2 produced during this episode reaches a maximum concentration of about 
38 ppb. This is larger than the estimated clean air 0 3 concentration available for depletion, but 
because the conversion is stimulated by the continuous entrainment of 0 3 into the atmospheric 
surface layer while the height of the inversion layer grows, no exact one-to-one relationship 
between produced excess NO2 and depleted ambient 0 3 can be expected. 

The importance of ground level mixing of ozone-rich air with polluted air masses to form 
NO2 is further elucidated by a comparison of the typical NOifNOx ratios observed at the 
University of Canterbury with measurements obtained by the Canterbury Regional Council at 
the routine monitoring site in the inner city. This comparison will be made in the next section. 
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7.3.2 Comparison of NOzfNOx ratios at the University and inner city sites 

Figure 7.10 shows the correlation between NO2 and NOx for the inner city measurement 
and the University. Only periods where correlated measurements of NO and NO2 on both sites 
are available were used for this comparison. It should be remembered that the inner city 
measurements are taken at a height of about 3 m close to busy roads and the central business 
district, while the University measurements are obtained 33 m above the ground at some 
distance from major roads. While the horizontal separation of the two sites may account for 
some of the differences, major contrasting characteristics can be attributed to their different 
elevations above the ground. These differences, and the role played by 0 3 in contrasting the 
two sites, will be discussed in the following paragraphs. 

7.3.2.1 Absolute range of concentrations. The maximum NOx concentrations in the 
inner city are about twice those observed at the University, but the maximum NO2 

concentrations in the inner city are generally lower than those at the University. Only a small 
percentage of the inner city NO2 concentrations exceed 35 ppb, while a significant portion of 
the NO2 concentrations at the University are higher than 50 ppb. It is also noteworthy that a 
rather sharp cutoff point appears to exist for inner city NO2 concentrations above 35 ppb, 
while the number of University data with higher concentrations decreases more gradually. 

This can be explained by the fact that production of excess NO2 is limited by the 
availability of 0 3. Since during pollution episodes only very little 0 3 is likely to reach the 
ground level through diffusive transport, the total excess NO2 which can be produced is 
limited by the 0 3 available in the ambient air at the start of the pollution episode. The highest 
0 3 concentrations observed at the University were 32 ppb, so that the maximum possible NO2 

production within an isolated air parcel would be of a similar magnitude. 
Since near the ground 0 3 is also removed through dry deposition, less than the maximum 

possible NO2 is likely to be produced during very still conditions. Yet those are also the 
conditions which typically lead to the highest pollution levels. This may explain why jn the 
inner city, for very high NOx concentrations exceeding 600 ppb, the total NO2 concentrations 
are only slightly higher than those expected from primary emissions alone. In contrast to this 
situation, at the higher elevation of the University measurements diffusive mixing of air is 
more likely to replace depleted 0 3 to some extent. This allows the production of considerably 
more than 32 ppb excess NO2, in agreement with the case studies discussed in the previous 
paragraphs. 

7.3.2.2 Limiting NO2/NOx ratio. Besides the differences in absolute concentrations at 
the two locations, the correlations differ further in the limiting ratio between NO2 and NOx. It 
has already been explained that the ambient NO2/NOx ratio is expected to always be larger 
than the emission ratio, since no efficient conversion mechanism exists which would allow the 
stable formation of NO from NO2. The lower boundary of the NO2/NOx correlation should 
therefore be indicative of the emission ratio of these two gases. 

For the inner city data the lower boundary of the NO2/NOx correlation is described by a 
linear function of the form: 

(72) 

while the corresponding gradient for the University data is about to 0.1. The ratio of 0.06 for 
the inner city data is in good agreement with data reported by Pierson et al., [1996], for mixed 
diesel and petrol powered motor vehicle exhaust. It is unclear whether the higher minimum 
ratio at the University site is due to the fact that some minimal chemical conversion of NO 
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into NO2 always takes place before an air parcel reaches the University measurement site, or 
whether a slightly different source combination in the motor vehicle fleet is responsible for a 
different emission ratio in the Riccarton area. 
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Figure 7.10. Correlation between N02 and NOxfor the inner city measurements obtained by the Canterbury 
Regional Council at 3 m height (left panel), and for the University measurements at 33 m height (right panel). 
Only periods for which measurements on both sites were available have been used for this plot. 

One mechanism which could be responsible for the higher minimum NO2/NOx ratio at 
the University compared to the inner city is the self-reaction of NO [34]. This reaction is 
unlikely to lead to serious NO2 pollution episodes because the reaction coefficient is small and 
serious pollution events in Christchurch do not usually last for more than a few hours because 
of its geographical location within a clean air environment. 

However it can be estimated that for an ambient NO concentration of 500 ppb, slightly 
more than 5 ppb NO2 are produced per hour through reaction [34]. Since NO concentrations at 
ground level sometimes reach these concentrations for one or two hours, air parcels which 
originate at a polluted site at ground level and become transported towards the elevation of the 
University measurements will exhibit slightly elevated NO2 concentrations. The most ·polluted 
air masses observed at the University could therefore show a slightly higher NO2/NOx ratio 
than the inner city data. 

Because episodes with high NO concentrations exceeding 500 ppb in the inner city 
usually do not last for more than two hours, the maximum additional NO2 produced would be 
in the order of 10 ppb. Such an amount is not of major relevance from a health perspective, 
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but is of obvious interest in the general understanding of the chemical processes controlling 
NO2 in the urban atmosphere. A detailed investigation of the history of individual air parcels 
which arrive at the University would be required to fully test this hypothesis, but this was not 
possible within the present work. In the absence of detailed trajectory calculations, it can only 
be concluded that the higher NOzlNOx ratio at the University is consistent with reaction [34) 
contributing to NO2 formation. 

7.3.2.3 Comparison of N02 and NOx concentrations for specific cases. The 
explanations given for the different NO2 and NOx concentrations at the inner city and 
University sites may be tested on the specific episodes already discussed. Figure 7.11 shows 
the NO and NO2 concentrations for both the University and inner city sites for 7 July, 1997 
(see also Figure 7.9). It can be seen that on this particular morning, inner city NO 
concentrations were almost twice those observed at the University, and an important part of 
the morning pollution peak occurs significantly earlier than at the University, possibly due to 
the strong ground layer inversion. 
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During the first part of the pollution episode, inner city NO2 concentrations are also 
higher than those at the University, but they are closely correlated with the inner city NO 
concentrations. This suggests that during the first part of the pollution episode most of the 
ambient NO2 originated from primary emissions. This is confirmed in Figure 7.12, which 
plots the NOzlNOx ratio for the inner city and University sites for the relevant time period. 

The NOzlNOx ratio in the inner city remains virtually constant at its estimated emission 
ratio of 0.06 until 9:30, when NO concentrations begin decreasing. This indicates that at 9:30 
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mixing of the atmospheric smface layer with cleaner air masses started, resulting in dilution of 
the primary pollutants, and transformation of NO into N02 through 0 3 advected into the 
ground layer. This chemical conversion process becomes manifest in the increase of the 
ambient NOzlNOx ratio in the inner city. 
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Figure 7.12. Variation of the NO2/NOx ratio during 7 July, 1997, at the inner city and University site. 
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In contrast, the N02/NOx ratio observed at the University site decreases between the early 
morning at 6:00 until about 9:30, where it reaches its minimum value of approximately 0.1. 
This could be explained by the presence of some 0 3 in this elevated location which allowed a 
limited conversion of NO into N02, until 0 3 becomes entirely depleted during the morning 
rush hour. After 9:30, however, the increased mixing of the atmosphere brought in substantial 
quantities of 0 3 from cleaner atmospheric layers aloft, resulting in a rapid conversion of NO 
into N02 at this level. This results in a stronger rise of the N02/NOx ratio at the University 
site than at ground level in the inner city. 

Between 10:00 and 12:00, NO concentrations are virtually identical at the inner city and 
University. However due to the higher elevation of the University site, more 0 3 is available 
for conversion of NO into N02, resulting in higher N02 concentrations at the University than 
in the inner city during that period. The elevated N02/NOx ratio at the University is 
maintained throughout the afternoon because of the greater exposure of the higher elevation 
site to advected 0 3• 

A similarly coherent explanation of the observed N02/NOx ratio for both measurement 
sites can be given for the episode on 15 July, 1997, which has also been examined previously 
(Figures 7.6 to 7.8). As discussed earlier, during this episode a large excess N02 production at 
the University site was attributed to mixing of ozone-rich air with emissions of NO at the 
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beginning of the afternoon rush hour, resulting in sustained high N02 concentrations 
throughout the evening. Figure 7.13 displays the concentrations of NO and N02 observed at 
the University and in the inner city for this period. 
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Figure 7.13. Concentrations of NO and NO2 at the University and inner city measurement site. Note the 
expanded scale of NO compared to Figures 7.6 and 7.8. 
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The inner city NO concentrations are more than twice as large as those at the University, 
while N02 concentrations in the inner city are always at or below the University level. The 
factors leading to the different concentrations in the inner city compared to the University can 
be explained as follows. 

Between 16:30 and 18:00, the inner city N02 concentrations increase rapidly from about 
8 ppb to 30 ppb, after which they only gradually climb to a first maximum of about 38 ppb at 
20:00, and reach a second maximum of 45 ppb at 22:00. Inner city NO concentrations increase 
from approximately 6 ppb at 16:30 to 180 ppb at 18:00 and reach their maximum of about 
550 ppb at 20:45. Using an NOifNOx emission ratio of 0.06 for the inner city, it can be 
calculated that only 11 ppb N02 originate from primary emissions during this episode. Since 
the total increase during this period was about 22 ppb, the remainder of 11 ppb must be 
attributed to chemical conversion of NO. 

This chemical conversion explains the rapid rise of N02 during the onset of the pollution 
period, while NO still remained at very low levels. After 18:00 the N02 concentration 
increases significantly less rapidly despite a continued rise of NO. This suggests that after 
18:00 all ground level 0 3 had become depleted, and the remaining rise in N02 was 
exclusively due to direct emissions. 

This explanation is in good agreement with the change of the NOifNOx ratio for this 
period, which is displayed in Figure 7.14. A relatively high NOifNOx ratio is maintained in 
the inner city until shortly after 17:00. The final rise of this ratio between 16:30 and 17:00 is 
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caused by the conversion of NO into N02 through the available 0 3. The NOifNOx ratio then 
decreases rapidly until it reaches the estimated emission ratio of 0.06 around 19:00. This 
decrease is due to the continued emission of large amounts of NO which can no longer be 
converted into N02. This ratio remains at the low level of 0.06 throughout the pollution 
episode, suggesting that no substantial quantities of new 0 3 were transported into the ground 
1ayer which could have allowed additional production of N02. 
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Figure 7.14. Variation of the NO2INOx ratio during I 5 July, 1997, at the inner city and University site. 

At the University measurement site, the NOifNOx ratio decreases more slowly and 
reaches its minimum only at 19:30. Similar to the inner city measurements, the ratio rises 
suddenly at the beginning of the pollution period, which suggests that initially most emitted 
NO was converted into N02. The slower decline of the ratio however suggests that sustained 
0 3 was available at the higher elevation of the University measurements, and therefore 
substantially more N02 could be produced through chemical conversion from NO. Because of 
this sustained production of excess N02, the N02/NOx ratio always remains above 0.2 even 
during the time of the pollution peak. This elevated ratio indicates the presence of a large 
quantity of excess N02. 

The brief increase of the N02/NOx ratio during the later evening coincides with a 
reduction of the NO concentration. This may indicate that an influx of clean air partly diluted 
the NO concentration, but at the same time supplied sufficient amounts of 0 3 to allow more 
N02 to be produced. Consequently, the N02 concentration at the University shows a 
secondary maximum around 22:00 while NO remains at a reduced level. 
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7.4 Summary and prediction of future NO2 concentrations 

The analysis of NO, N02, and 0 3 concentrations in Christchurch presented in this 
Chapter allows the following summary and conclusions. Consistent explanation of the 
observed concentrations of NO, N02, and 0 3 could be achieved by referring to a basic 
chemical mechanism which consists in the conversion of NO into N02 via reaction with o3. 

On the basis of this mechanism and a simple qualitative model of air exchange in the 
Christchurch city area, the observed peak N02 concentrations appear to be well understood. 

However the discussion presented in this Chapter is largely qualitative because no 
detailed information regarding the dynamic processes responsible for the advection and 
diffusion of 0 3 into the stagnant polluted air within the city area could be included in the 
framework of this thesis. More research involving a complex 3-dimensional model describing 
air flow patterns over Christchurch, and its coupling to a chemical mechanism, would be 
needed to test the general assessment and predictions of N02 concentrations and their 
generation mechanism. 

The following paragraphs first summarise the results and conclusions derived from the 
observed concentrations of NO, N02, and 0 3 (7.4.1), and then use this simple model to 
predict future maximum N02 concentrations in the Christchurch atmosphere (7.4.2). 

7.4.1 Summary 
A strong general anti-correlation was observed between NO and 0 3 consistent with 

current photochemical theory. The maximum 0 3 concentration observed during the winter 
period was 32 ppb, which is close to the expected clean air value near the ground. This 
implies that no significant amounts of 0 3 were photochemically produced during the winter 
within Christchurch. However no conclusions regarding the potential occurrence of 
photochemical smog during the summer should be drawn from this finding, as more 
measurements at locations outside the city area would be required to test this possibility.' 

No exceedences of the ambient air quality guidelines were observed for N02 either at the 
University or at the inner city monitoring site. A comparison of the N02 concentrations 
observed at these two sites however revealed that the University site typically experienced 
higher N02 concentrations than the inner city. This is in strong contrast to the relationship for 
primary pollutants like NO and CO, where the inner city site regularly detects concentrations 
almost twice those at the University during pollution episodes. 

This different behaviour arises from the fact that only a small fraction of the ambient N02 

stems directly from emissions, and significant amounts are produced through the chemical 
transformation of NO into N02. An analysis of the 0 3 measurements obtained simultaneously 
with NO and N02 at the University suggests that the observed N02 concentrations can be 
explained by the chemical conversion of NO into N02 via the reaction: 

[10] 

The amount of chemically produced excess N02 showed a linear anti-correlation with 
ambient 0 3, which supports this hypothesis. Deviations from the linear correlation can largely 
be explained by the existence of additional loss processes for 0 3 through dry deposition at the 
ground, or by increased N02 production because of sustained mixing of clean and polluted air. 

The concentrations of NO are generally too low for the self-reaction of NO, [34], to play a 
major effect as an additional N02 production channel. However during extended pollution 
episodes, it is estimated that lip to 10 ppb N02 may be produced through this reaction. 
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Detailed examination of two pollution episodes showed that the ambient 0 3 levels at the 
beginning of a pollution episode are of great importance in determining the maximum ambient 
NO2 concentration. Since pollution episodes are triggered by reduced atmospheric mixing, 
little exchange of air masses which could replace depleted 0 3 occurs. The amount of 
chemically produced NO2 thus depends to a large extent on the initial 0 3 concentration. This 
effect has been shown to limit the NO2 concentration in the inner city, where during peak 
pollution times the ambient NOifNOx ratio was always close to its derived emission ratio of 
0.06. The 0 3 available for production of NO2 near the ground is probably further reduced by 
loss of 0 3 through deposition. 

Production of NO2 in excess of the maximum ambient 0 3 concentration was only 
observed at the University and could be attributed to mixing of ozone-rich clean air aloft with 
polluted air. The total NO2 concentration produced through chemical conversion however 
never exceeded 42 ppb, which implies that this process is of limited effectiveness. Yet the 
results of this study lead to the conclusion that peak NO2 levels in the Christchurch air are 
likely to occur just below the height of the temperature inversion, where maximum mixing of 
0 3 with NO during pollution episodes would occur. This is in contrast with concentrations of 
primary pollutants which are expected to be highest near the ground where they are emitted. 

The increased production of NO2 at greater heights also explains the brown haze layer 
which is frequently observed over Christchurch on clear days during winter time [CRC, 1993, 
1997a]. During clear days, heating of the ground leads to effective vertical mixing and 
therefore supplies polluted air originating from the ground with ozone-rich air from aloft. At 
the interface of these air masses NO is converted into NO2, leading to higher NO2 

concentrations in a layer above the city than at the ground. A detailed meteorological 
modelling study would be required to estimate the height at which the peak NO2 concentration 
is expected. No such attempt was made during the present study. 

7.4.2 Prediction of future NO2 concentrations 

Since Christchurch rarely experiences episodes where the atmosphere is stagnant for more 
than 12 hours because of its geographic location, it may be predicted that NO2 levels in the 
inner city are unlikely to rise by more than the general NOx emissions in the future. The 
expected maximum NO2 concentration at the ground can be estimated by adding the 
maximum clean air 0 3 concentration of 32 ppb, which limits the total amount of NO2 which 
can be produced through chemical conversion, to the NO2 fraction of primary NOx emissions. 
This yields the formula: 

[NO2maxJ = 32 ppb + 0.06 X [NOxmax]. (73) 

However this maximum NO2 concentration is an upper limit because 32 ppb represents an 
upper limit to ground level 0 3 concentrations. Since still conditions are a prerequisite for 
pollution episodes, 0 3 concentrations are likely to be lower at the beginning of such episodes 
due to additional losses through deposition at the ground. The effect of reaction [34] for the 
additional production of NO2 depends both on maximum NO concentrations during pollution 
episodes, and the time for which these episodes last. Since very high NO concentrations in 
excess of 500 ppb rarely are sustained for more than 1 hour, it can be estimated that at most 
10 ppb of NO2 may be produced in addition to that estimated above (73) during a single 
pollution episode. 

A different picture emerges for NO2 concentrations at higher elevations within the city 
area, which may be of importance for high-rise buildings and general visibility across the city. 
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At higher levels more N02 can be produced photochemically through diffusive mixing of 
ozone-rich clean air with polluted air masses. This effect was shown to lead to N02 

concentrations which exceed those at ground level. In addition, more 0 3 tends to be available 
initially at a higher elevation. The dataset obtained during the winter of 1997 indicates that the 
effect of additional mixing is only of limited effectiveness. 

However the influence of diffusive and turbulent mixing on the resulting N02 

concentrations makes quantitative predictions difficult, and a complex 3-dimensional model 
would be required to simulate the chemical and dynamic fate of clean air parcels which enter 
the city area. Additional measurements of NO, N02 and 0 3, at different heights at the same 
location would also be of great importance to test any model studies with further data. 
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8. Night time chemistry in the polluted 
atmosphere: Observations of N02 and HN02 
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Abstract. The results of simultaneous measurements of N02 and HN02 over the 4.29 km long 

absorption light path over Christchurch are presented and discussed. The measurements of 

HN02 are the first observations of HN02 in the southern hemisphere. The HN02 

concentrations were correlated with N02 and ranged from below 30 ppt to a maximum of 

2.9 ppb. The highest values were observed at night during highly polluted conditions, 

associated with high concentrations of both N02 and suspended particulate matter. A 

technique to estimate the relative abundance of suspended particulate matter in the 

atmosphere is introduced. The ratio of HNO/N02 showed a positive correlation with the 

derived concentration of particulate matter, which supports the hypothesis that HN02 is 

fanned in a heterogeneous reaction involving N02 and aerosols. The results of this study are 

compared with previous measurements of HN02 in northern hemisphere cities. 

8.1 Chemistry, sources and sinks of HNO2 

A brief review of the current understanding of the chemistry, sources, and sinks of HNO2 

in the polluted urban atmosphere will be presented. The reader is also referred to the summary 
already given in Chapter 1 of this thesis, and to the paper by Harrison et al., [1996], which 
presents a good overview on current issues in the chemistry of HN02. 

8.1.1 Chemistry of HN02 

The interest in atmospheric HNO2 is twofold. It originated from concern that its reaction 
with aliphatic amines would form nitrosamines which are known to be carcinogenic to 
humans [Fahmy and Fahmy, 1976; Mahanama and Daisey, 1996]. While this concern is still 
valid, it is recognised that typical concentrations of HNO2 in the ambient urban atmosphere 
are not high enough to warrant its classification as a pollutant of major interest in itself. Local 
production of HN02 from gas stoves and similar appliances can lead to substantially higher 
local concentrations, however, and medical interest in the impact of HNO2 on the human 
respiratory system continues [Beckett et al., 1995, and references therein]. 

The currently greater interest in HNO2 arises from the fact that its photolysis: 

HNO2 + hv • NO+ OH [30] 

presents a very efficient source of OH radicals which are of major importance in atmospheric 
chemistry, particularly the formation of photochemical smog. The other main source for OH 
radicals, the photolysis of 0 3 (reactions [16] followed by [17]), is slow during sunrise and 0 3 

concentrations in the early morning are often lower than during the day. The photolysis of 
HNO2 may therefore act as the dominant source of OH radicals during the morning hours, and 
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the ability to monitor and predict ambient urban HNO2 concentrations is of considerable 
importance in the modelling and assessment of photochemical smog. 

The reactions responsible for the formation and destruction of HNO2 have only emerged 
over the last decade or so, and considerable uncertainties regarding the relative importance of 
individual pathways still exist. It is generally accepted that the dominant homogeneous 
chemical loss mechanism for HNO2 during the day is its photolysis [30], which explains why 
higher concentrations are generally observed during the night than during the day. 

The reverse of the photolysis reaction is a homogeneous formation mechanism: 

NO + OH + M • HNO2 + M. [27] 

While this process can be shown to be significant under polluted conditions during the day, it 
is generally balanced by the subsequent photolysis of any HNO2 formed. The homogeneous 
reaction of NO2 and HO2, similar to [27], has been shown recently to be too slow to be of 
significance in the atmosphere [Tyndall et al., 1995]. The fact that HNO2 concentrations often 
rise strongly after sunset also points to the existence of another production mechanism which 
does not directly involve reactions with HOx radicals. 

A number of workers have proposed heterogeneous formation pathways· involving 
nitrogen oxides and water vapour, proceeding as follows [Lammel et al., 1990; Notholt et al., 
1992; Calvert et al., 1994; Andres-Hernandez et al., 1996; Harrison and Kitto, 1994; 
Harrison et al., 1996]: 

NO+NO2 +H2O 
surface 2HNO2, [28] 

and 

2NO2 +H20 
surface [29] 

where the surface can be either solid (ground, buildings), or suspended particulate matter 
(aerosols). It is important to note that the heterogeneous reactions [28] and [29] are only 
summary representations of a whole physico-chemical reaction sequence rather than an 

I 

accurate description of a single step. This is indicated by the fact that reaction [29] appears to 
be of first order with regard to NO2 concentrations despite its stoichiometry [Lammel et al., 
1990]. While some doubt continues about the relative importance, formulation, and rate 
constants involved in these processes, [Harrison et al., 1996; Andres-Hernandez et al., 1996; 
Lammel, 1996], they provide plausible general mechanisms for the night time formation of 
HNO2 and its observed dependence on general pollution levels. 

Recent work suggests that heterogeneous reactions may also act as important sinks for 
HNO2 through dry deposition [Harrison and Kitto, 1994; Harrison et al., 1996]. The net flux 
of HNO2 to or from the ground was reported to be dependent on NO2 concentrations, 
suggesting that dry deposition of HNO2 competes with heterogeneous formation through 
reaction [29], with an equilibrium point established for ambient NO2 concentrations of 
approximately 10 ppb. Rural concentrations of HNO2 may therefore be expected to be 
relatively depleted in HNO2, while under polluted urban conditions the presence of NO2, 

concrete building, and aerosols could significantly enhance ambient HNO2 concentrations. 

8.1.2 Balance between sources and sinks of HNO2 

Harrison et al., [1996], combined the processes described above in a model study applied 
to measurements in rural and urban England and concluded that these processes can in fact 
explain the observed ambient HNO2 concentrations. Harrison et al. used only the 
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heterogeneous production of HN02 on the ground, but neglected reactions on aerosol surfaces 
since no periods with significant aerosol loadings were encountered during their experiments. 
Their study also found that primary emissions of HN02 from automotive exhaust gases, which 
had been proposed as a potentially significant source in earlier work, [Pitts et al., 1984; 
Sjodin, 1988], were negligible compared to chemical production processes, consistent with a 
more recent study [Kirchstetter et al., 1996]. 

To summarise the current knowledge, HN02 is produced during the day through the 
homogeneous reaction with NO and OH radicals and simultaneously undergoes rapid 
photolysis, keeping ambient daytime concentrations typically at the sub-ppb level. After 
sunset, heterogeneous reactions of NO and N02 become the dominant production processes, 
where the surface is either provided by the solid ground, or by aerosols. The influence of 
suspended particulates on ambient HN02 concentrations has been demonstrated by Notholt et 
al., [1992], and Andres-Hernandez et al., [1996], who observed elevated night time 
concentrations of HN02 up to several ppb even under moderately polluted conditions when a 
high surface density of aerosols was present. 

At the same time, HN02 is partially lost through dry deposition. A net production of 
HN02 through heterogeneous reactions on solid ground surfaces is expected whenever ground 
concentrations of N02 exceed approximately 10 ppb, otherwise a net loss of HN02 towards 
the ground occurs [Harrison et al., 1996]. The relative importance of heterogeneous reactions 
at the ground and on the surface of aerosols is presently not clear and could be expected to 
vary considerably from site to site depending on aerosol concentration and composition. 

After sunrise, nocturnal HN02 photolyses rapidly with the potential to release large 
quantities of OH radicals into the atmosphere, providing a significant increase in the overall 
photochemical reactivity of the atmosphere before OH production from the photolysis of 0 3 

begins. Daytime concentrations of HN02 are again determined by the balance between solar 
radiation, availability of NO and N02, and surfaces for heterogeneous reactions. 

8.2 Scope of measurements in the Christchurch atmosphere 

The Christchurch atmosphere provides an opportunity to test current theories about HN02 

production because of the frequent formation of a stable night time inversion layer, and the 
presence of large concentrations of suspended particulate matter which presumably could act 
as surfaces for the heterogeneous formation of HN02 according to reactions [28] and [29]. 
Measurements of ambient HN02 and N02 were carried out between April and early June, 
1997, over 4.29 km long absorption light path over Christchurch (see Figure 3 .1 for details of 
the light path). Since no measurements of NO could be obtained on the long absorption path 
because of the near opacity of the atmosphere at very short wavelengths, the results of the 
measurements obviously cannot yield any information regarding the relative importance of 
reaction [28], involving both NO and N02, compared to [29] which depends only on N02. 

Instead, the main focus of this study, besides the basic detection of HN02 in the atmos
phere and recording of its typical diurnal behaviour, will be placed on the question whether 
reactions [28] and [29] can be shown to occur on aerosols in addition to the solid ground. 

The interpretation of measurements of HN02 is however made difficult by the different 
time scales involved in the chemistry affecting NO, N02 and HN02, and by meteorological 
changes affecting the structure of the nocturnal boundary layer. The problems and opportuni
ties associated with these factors will be explained below, and a strategy for the interpretation 
of the HN02 measurements conducted during the present study will be developed. 
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8.2.1 Influence of meteorology 

As already discussed with regard to primary pollutants, concentration changes during the 
evening and night in Christchurch are dominated by changes of the height and strength of the 
inversion layer, associated vertical diffusion, and the structure of horizontal wind fields and 
wind shear. This for example caused the pollutants CO and CH3OH to exhibit a positive 
correlation during the night although it was concluded that they most probably originate from 
different sources. 

This situation is exacerbated in the measurements over the long absorption path of 
4.29 km, which has a greater distance from the ground than the short absorption path at the 
University of Canterbury campus (average 48 m compared to 33 m). During the night it was 
frequently observed that a rather sharp transition zone at about 50 m height existed, below 
which visibility was very low due to high aerosol concentrations and presence of fog, whereas 
above this layer the air was much clearer. The exact height of this layer however varied, 
sinking sometimes entirely below the absorption light path, and sometimes rising above it. 
Thus within a fraction of one hour, the instrument was sampling either highly polluted air with 
considerable aerosol loading, or relatively clean air with low aerosol and fog concentration. 
This resulted in very strong changes of the measured concentrations of NO2 and HNO2 over 
short time periods. Such short term variability makes a meaningful comparison with 
photochemical model calculations impossible, since insufficient general information or 
measurements regarding the structure of the nocturnal boundary layer exist to allow numerical 
modelling of the height and strength of the inversion layer. 

Correlation of the spectroscopic measurements obtained over the 4.29 km long absorption 
light path at 48 m with ground based measurements obtained by the Canterbury Regional 
Council in the inner city is therefore also of limited value. Recent studies have provided 
important insight into aspects of the nocturnal boundary layer during selected episodes [van 
den Assem, 1997], but knowledge is still insufficient to derive model constants for vertical 
transport processes from routine data only. 

It has also been shown in Chapter 7 that NO concentrations decrease with height, whereas 
the concentration of NO2 typically increases with height due to chemical production. The 
night time production of HNO2 on aerosol surfaces may therefore be expected to vary 
significantly between the ground and the height of the light path of 48 m. Aerosol 
concentrations are expected to fall off with height, but since no other primary pollutants like 
NO or CO could be measured on the long absorption path, the extent of this fall-off could not 
be determined during the present study. 

For these reasons, no attempts will be made to use ground level data from the central city 
for interpretation of the spectroscopic measurements, and the only data which can be 
meaningfully related to each other are the concentrations of HNO2 and NO2 obtained from the 
long-path spectroscopic measurements. 

It is however possible to derive a further quantity from these measurements which is vital 
for the heterogeneous chemistry believed to be involved in the production of HNO2. This is 
the total aerosol loading of the atmosphere which, as will be explained in the following 
section, can be approximated by measurements of the atmospheric attenuation. 

8.2.2 Derivation of aerosol loading of the atmosphere in the light path 

The previous section discussed the influence of meteorology on pollutant concentrations 
due to the variability of the inversion layer height. This variability was most clearly detectable 
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by a distinct difference in visibility below and above the inversion which may be attributed to 
different aerosol concentrations. 

The variation of visibility can to a first approximation be quantified by the change of the 
attenuation of the light beam at 349 nm. The instrument sets the amplification of the photo
multiplier tubes at the beginning of each measurement, which together with the photocurrent 
produced by the photomultipliers allows the subsequent calculation of the total light intensity 
received by the instrument. Following Beer's law: 

(74) 

the ratio of the light intensity I0 during clear (usually daytime) conditions and I during polluted 
conditions allows the calculation of the total atmospheric attenuation 't over the absorption 
light path at 349 nm. The somewhat subjective selection of a reference intensity I0 obviously 
introduces a systematic offset for the calculated attenuation, but does not influence the 
variation of 't over coherent time periods. 

Figure 8.1 shows as an example the variation of 't during the course of one night. It can be 
seen that the attenuation varied extremely between individual measurements (time resolution 
approximately 25 minutes), which can only be explained by the inversion layer growing up to 
and sinking below the height of the absorption light path. The alignment of the receiving 
telescope mirror was routinely checked throughout the night to ensure that the variations of 
the received light intensity due to potential misalignment were minimal. 
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Figure 8.1. Variation of the atmospheric attenuation -r during the night of 5/6 June, 1997. The reference 
intensity 10 used to calculate nvas the maximum intensity recorded between 27 May to 9 June, 1997. 
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The role of aerosols in the reduction of visibility could also be confirmed visually. During 
clear conditions, the light emitted by the Xe lamp appeared bright white-blue, while during 
polluted conditions, the visible light intensity not only decreased noticeably, but the apparent 
lamp colour also shifted towards a dark yellow. This colour shift is consistent with the effect 
of Rayleigh scattering for shorter wavelengths. The effect of scattering of light on aerosols at 
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different wavelengths has been used in a quantitative way to retrieve aerosol concentrations 
and size distribution with a DOAS system [Notholt et al., 1996; Flentje et al., 1997]. A 
similar retrieval of aerosol parameters was not attempted in the present study due to the 
limited wavelength coverage of the instrument and in order to maximise the time resolution of 
the HN02 measurements, but is suggested that this woq,ld provide an important enhancement 
of the capabilities of the monitoring system developed in the present study. 

In a zeroth order approximation, it may be assumed that the atmospheric attenuation 't is 
proportional to the total aerosol loading of the atmosphere, since for a fixed size distribution, 
the attenuation t would be given by: 

't = O'aerosol X Caerosol XL, (75) 

where O'aerosol is the absorption coefficient of the aerosols in their given size distribution at 
349 nm, caerosol is the aerosol particle concentration, and L the length of the absorption path. 

Severe limitations of this approximation are obvious. Firstly, (75) only applies in the 
single scattering limit which may not be valid for the nearly opaque conditions encountered 
during highly polluted conditions. Secondly, the size distribution of the aerosols may change 
between nights and even during the course of a single night, which would alter the average 
absorption coefficient at a given wavelength. Thirdly, with regard to the impact of aerosols on 
the heterogeneous formation of HNO2, the quantity of interest is not the number of aerosol 
particles, but their surface density, which again depends on the size distribution. Fortunately 
this effect is partly compensated by the fact that a decrease in the average size increases both 
the absorption coefficient at 349 nm due to the wavelength dependence of Rayleigh scattering, 
and the surface density of the aerosols in the atmosphere, so that the attenuation is in fact 
rather a measurement of the surface density than particle concentration of aerosols. 

It should also be noted that fog can also change visibility rather abruptly due to phase 
transitions of the water vapour caused by the temperature change across the inversion, which 
may not necessarily correspond to a similarly strong change in aerosol concentrations. The 
reaction coefficient of the heterogeneous reactions [28] and [29] probably depends on· the' 
balance between water vapour and particles in the wet aerosols being formed, and to assume 
that this balance is constant over the course of a night introduces a further uncertainty. Fog 
droplets with very little aerosol content cannot be distinguished from sooty aerosols using the 
atmospheric attenuation at a single wavelength as the sole measurement. 

For these reasons, the use of 't as a measure for the aerosol loading of the atmosphere with 
the aim to study the heterogeneous formation of HNO2 must be treated with great care and 
should not be overinterpreted. Nonetheless the attenuation will be used in this Chapter to 
study the dependence of HNO2 concentrations on the aerosol loading of the atmosphere since 
no other data of aerosol concentrations at the measurement height of 48 m are available. It 
should be clear that this can only represent a first step towards a more sophisticated effort to 
study the chemistry and physics involved in these processes. 

8.2.3 Time scales of HNO2 and NO2 chemistry 

If the limitations of the aerosol loading derived from the atmospheric attenuation 't are 
accepted, the long-path spectroscopic measurements yield simultaneously the concentrations 
of HNO2, NO2, and total aerosol loading in the absorption light path. These are important 
parameters which should allow the study of the influence of heterogeneous chemistry on 
HNO2 concentrations in the atmosphere. 
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Statistical analysis of the correlation between these three measured variables are however 
further complicated by the different time scales involved in the chemistry of NO2 and HNO2, 

as pointed out most clearly by Lammel, [1996]. As discussed in Chapter 7, NO2 

concentrations can increase rapidly through conversion of NO if ozone-rich air is mixed with 
polluted air masses. Such processes are expected particularly at elevated heights close to the 
temperature inversion. In contrast, HNO2 formation is generally estimated to be significantly 
slower, with typical production rates ranging between 0.6 % and 2 % of the ambient NO2 per 
hour [Sjodin, 1988; Notholt et al., 1992; Harrison and Kitto, 1994; Harrison et al., 1996]. For 
an ambient NO2 concentration of 30 ppb, this corresponds to a build-up rate between 0.18 and 
0.6 ppb per hour. The measured concentration of aerosols in the absorption light path is 
expected to reflect changes in the structure of the boundary layer which may be rather sudden 
at the height of the main temperature inversion. These different time scales imply that no 
simple correlation between these two gases can be expected even if HNO2 was produced 
exclusively from NO2 on aerosol surfaces. 

On one hand, the ratio of HNO2/NO2 would be expected to grow even after primary 
emissions and conversion of NO into NO2 had stopped because of the continued chemical 
formation of HNO2. On the other hand, NO2 concentrations could rise rapidly due to mixing 
of clean ozone-rich air with polluted air masses, causing at the same time HNO2 

concentrations to decrease due to dilution. Depending on NO concentrations, however, 
increased vertical mixing and horizontal advection . of clean air could also lead to a general 
lowering of pollutant levels, causing a decrease of the concentrations of both species. 

To make matters worse, concentrations of NO2 and HNO2 would be expected to show 
some correlation. even if there existed no immediate chemical link between them due to the 
general build-up of pollutants within the nocturnal boundary layer under inversion conditions. 

Thus the lack of a strong positive correlation between HNO2 and NO2 does not 
necessarily indicate that either reaction [28] or [29] is the dominant production pathway for 
HNO2, while the presence of a positive correlation does not by itself indicate that both species 
are in fact related through an immediate chemical production sequence. Auxiliary 
measurements and additional inferences must be made to examine the relevance of 
heterogeneous formation of HNO2, and the role of aerosols played in the process. 

In summary, the correlation and ratio between HNO2 and NO2 is likely to depend on the 
individual history of the sampled air parcel for any given chemical production mechanism. 
The expected scatter of the observed correlation therefore makes distinguishing between 
different mechanisms, and the quantitative derivation of production rates difficult to achieve 
from measurements at a single site [Lammel, 1996]. This is consistent with the study by 
Harrison et al., [1996], who found a better correlation between NO2 and HNO2 at a suburban 
than at an urban location, which was attributed to the different chemical time scales involved. 

At the suburban site, the equilibrium between production and loss processes for HNO2 is 
more likely to be established than at an urban site, where primary emissions of NO2 and 
conversion of NO into NO2 lead to rapid variations of NO2 concentrations to which HNO2 

does not respond in a similarly rapid way. 
It should be noted that this problem differs from the correlation between primary 

pollutants discussed in chapters 5 and 6 where it was assumed that the only sources for these 
gases were direct emissions, and none underwent significant chemical loss processes over the 
time scale of only a few hours. Thus different sources for CH3OH and CO could be 
established on the basis that their ratio was significantly different during the morning and 
evening pollution peaks, while it was concluded that their high degree of short-term 
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correlation during night time was due to their concentrations being controlled by 
meteorological parameters. 

8.2.4 Interpretation of HNO2 measurements obtained during 
the present study 

Because of the difficulties associated with a general statistical analysis of NO2 and HNO2 

concentrations and their correlation, the present study will largely concentrate on some general 
results of the HNO2 measurements, and the discussion of a few selected episodes. Throughout 
the remainder of this Chapter, the problems discussed in the previous sections should be kept 
in mind as they will not always be repeated in detail. 

Section 8.3 presents the results of the spectroscopic long-path measurements of HNO2 

and NO2 with regard to the absolute observed concentration range of both gases. The 
concentrations are also compared with typical values observed in previous studies overseas, 
and the influence of meteorological parameters on the absolute concentrations of these gases 
is discussed. The concentrations of NO2 and HNO2 exhibit a general positive correlation 
which however may largely be attributed to the dominance of meteorology on pollutant 
concentrations in the Christchurch atmosphere. 

The ratio between HNO2 and NO2 however is also positively correlated with the 
atmospheric attenuation. This suggests the occurrence of heterogeneous production of HNO2 

on aerosol surfaces. The correlation between the HNOifNO2 ratio and aerosol concentrations 
will be presented and analysed in a general statistical sense in section 8.4.1. The hypothesis 
that heterogeneous production of HNO2 occurs is argued further in section 8.4.2, where a few 
selected episodes are investigated with regard to the variations of aerosol concentrations and 
the HNOifNO2 ratio. 

Section 8.5 will discuss potential improvements of the current experimental setup to 
allow future quantification of HNO2 production rates and investigation of chemical formation 
pathways with greater certainty than is possible on the basis of the present dataset. ' 

8.3 Absolute concentrations of HN02 and N02 

Intercomparisons between differential absorption spectroscopy and denuder techniques 
for the detection and quantification of HNO2 have shown that the spectroscopic measurement 
is reliable and can reach a sensitivity and time resolution comparable if not superior to 
conventional chemical annular denuder techniques [Febo et al., 1996; Harrison et al., 1996]. 
The absorption path length, sensitivity and averaging times reached with the instrument 
developed in the framework of this thesis have already been discussed in Chapter 4. The 
observations of HNO2, presented in the following sections, are to the author's knowledge the 
first measurements of HNO2 in the southern hemisphere. 

Measurements of HNO2 and NO2 were performed over the 4.29 km absorption light path 
between central Christchurch and the University of Canterbury, on a number of nights and 
days between March and early June 1997 (see Figure 3.1 for a map of the light path). Details 
regarding the measurements and typical systematic and random errors associated with the 
retrieved concentrations have already been given in Chapter 4. The following paragraphs will 
present the general results of the measurements of NO2 and HNO2, and the basic correlation 
observed between the two gases. 
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8.3.1 Concentrations of HNO2 

The absolute concentrations of HNO2 during the study period varied from below the 
typical detection limit of 0.1 ppb to a maximum of 2.9(±1) ppb. Figure 8.2 presents a 
histogram of the complete set of measurements, which shows that about 47 % of the 
measurements were below the detection limit of 0.1 ppb, with a further 50 % of the data 
between 0.1 and 1.0 ppb. On a few occasions HNO2 concentrations exceeded 1.5 ppb which 
will be investigated in more detail later (8.4 and 8.5). Similarly to measurements of primary 
pollutants, HNO2 measurements were not taken continuously throughout the study period, so 
that this distribution of data does not necessarily reflect the typical concentrations of HNO2• 
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Figure 8.2. Histogram of HN02 concentrations observed in Christchurch during the 
early winter (April to early June) of 1997. The total number of data points is 546. 

These concentrations are comparable with other measurements taken in moderately 
polluted urban environments [Notholt et al., 1992; Stutz, 1996; Harrison et al., 1996; Andres
Hernandez et al., 1996], but lower than those obtained under extremely polluted conditions 
[Appel et al., 1990]. While the values reported by the former workers range between 0 and 
3 ppb, with the bulk of the data below 1 ppb, the latter study found HNO2 concentrations up to 
12 ppb. 

Measurements of HNO2 in Milan by Febo et al., [1996], also found rather high HNO2 

concentrations which exceeded 10 ppb during some episodes, despite general pollution levels 
being comparable to those of Christchurch. The main difference appears to lie in the 
concentrations of NO2, which were about a factor of three higher than in the Christchurch 
inner city. This confirms the potential importance of NO2 for the chemical production of 
HNO2. As Febo et al. point out, however, an analysis of the vertical stability of the nocturnal 
atmosphere and associated transport of trace gases would be required to gain a quantitative 
understanding of the processes involved. 

The typical diurnal variation of the HNO2 concentrations observed in Christchurch 
showed a strong increase after sunset, with maximum values generally occurring before 
midnight. Figure 8.3 shows the average concentration for the complete dataset versus time of 
day. A secondary maximum can be observed during the morning rush hour between 8:00 and 
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10:00. In interpreting this diurnal variation, it should be noted that the individual data points 
were weighted with their random errors in the calculation of averages, and unequal numbers 
of measurements are available for different hours. In particular, the weighted averaging 
process suppresses some very high values in excess of 1 ppb which were occasionally 
observed during the early evening (between 20:00 and 22:00), since those data were sparse 
and also associated with large random errors due to the high opacity of the atmosphere and 
consequent poor quality of transmission spectra. The standard deviations of the averages 
displayed in Figure 8.3 are typically of similar values as the averages themselves, indicating a 
large day-to-day variability of the HN02 concentrations depending on meteorological 
conditions. 
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Figure 8.3. Average HNO2 concentration versus time of day. Data points were weighted with the random 
error. Note that unequal numbers were available for different times of day. 

A similar diurnal pattern with a pronounced night time maximum, and occasional lesser 
peak during the morning rush hour, has also been observed in many other studies [Notholt et 
al., 1992; Andres-Hernandez et al., 1996; Stutz, 1996; Harrison et al., 1996]. It has also been 
pointed out, however, that meteorological factors such as temperature inversions and 
consequent changes of diffusion coefficients can have a sufficiently strong effect on ambient 
HN02 concentrations to dominate variations in the chemical production and loss processes 
[Sjodin, 1988; Febo et al., 1996; Harrison et al., 1996]. 

It is worth noting that the general diurnal concentration pattern of HN02, as displayed in 
Figure 8.3, is very similar to the pattern observed for most primary pollutants on the short 
absorption path (see Chapter 5, Figures 5.3 and 5.5). While this could in principle point to 
direct emissions as a dominant source also for HN02, it also seems plausible that 
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meteorological factors such as inversion strength and horizontal winds dominate the average 
concentrations of all anthropogenic trace gases in the city area, regardless of their source in 
direct emissions or chemical reactions involving other primary and secondary pollutants. 

Summarising these general observations, the HNO2 concentrations measured in 
Christchurch are comparable in absolute value to other moderately polluted urban 
environments in the northern hemisphere. The diurnal variation is probably dominated by 
meteorological variables, so that the influence of potential direct emission and chemical 
production cannot be determined independently in this general picture. Since chemical 
reactions are believed to be the main source of HNO2, concentration changes during 
individual periods, and correlations with other trace gases must be examined to achieve a 
better understanding of the atmospheric production and loss processes of HNO2. 

Such an investigation will be carried out in later sections (8.4 and 8.5), while the 
following paragraphs will summarise and discuss the NO2 concentrations measured 
simultaneously with HNO2. 

8.3.2 Concentrations of NO2 

The NO2 concentrations observed over the long absorption path, retrieved from the same 
spectra as HNO2, were relatively low. Concentrations ranged from a minimum of 0.5 ppb to a 
maximum of 33 ppb. Figure 8.4 displays a histogram of the observed concentrations. The NO2 

concentrations are substantially lower than the maximum concentrations observed during the 
mid-June to mid-August period over the shorter absorption path at the University of 
Canterbury, where concentrations frequently exceeded 40 ppb and exhibited maxima over 
70 ppb (see Chapter 7) . This is despite the fact that during the long-path absorption 
measurements, several significant pollution episodes occurred in Christchurch, where CO 
concentrations measured on the short absorption path at the University of Canterbury 
exceeded 10 ppm, and inner city concentrations at ground level reached above 24 ppm. 
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Figure 8.4. Histogram of NO2 concentrations observed in Christchurch during the early winter 
( April to early June) of 1997 on the long absorption path. The total number of data points is 546. 
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The most likely explanation for the relatively low NO2 concentrations is that the 
formation of a strong temperature inversion during the night prevents the efficient upward 
transport of both primary and secondary pollutants. This would lead to generally lower 
concentrations of all anthropogenic pollutants at a height of 48 m, which is closer to layers of 
clean air above the temperature inversion, compared to 33 m or the ground. Unfortunately, no 
primary pollutants were measured on the long absorption path so that no direct comparison of 
the concentrations of chemically stable trace gases at different heights is possible. 

This explanation is supported by the fact that on the long absorption path, large changes 
in the NO2 concentration were observed over very short time periods. This indicates that the 
absorption light path was often close to, and sometimes above, the top of the main 
temperature inversion. Figure 8.5 shows as example the concentration of NO2, the 
atmospheric attenuation, and the horizontal wind speed during the evening and night of 5 and 
6 June, 1997. During the early evening around 19:00, the NO2 concentration drops to half its 
value within less than one hour and then increases again to more than its original value. This 
is followed by a lesser drop and recovery around 22:00. 
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Figure 8.5. Concentration of NO2 (diamonds and solid line) and atmospheric attenuation (dashed line) as 
measured on the long absorption light path, and wind speed (dotted line) measured on the roof of the Geography 
building, on 5/6 June, 1997. Error bars on the NO2 data points represent the estimated random error for each 
measurement. 

It is hypothesised that the height of the inversion layer, below which the bulk of air 
pollutants is trapped, varied between above and below the height of the absorption light path. 
Thus during periods when the inversion layer sinks below the light path, cleaner air masses 
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with low pollutant concentrations are sampled, while when the inversion rises just above the 
measurement height, pollutant concentrations in the light path increase very strongly. 

The atmospheric attenuation of the light beam measured at 349 nm exhibits a relatively 
high degree of correlation with the changes in NO2 concentration. It is worth noting that while 
the drop in NO2 concentration and atmospheric attenuation after 2:00 in the morning can be 
explained by increased air flow over the city, the strong changes during the early night are not 
substantially correlated with changes in wind speed. This supports the explanation that 
variations of the height (and possibly strength) of the inversion layer are responsible for the 
variability of the NO2 concentration and atmospheric attenuation during the early night. 

It should also be noted that the correlation between atmospheric attenuation and NO2 

concentration during the displayed period is not perfect. This is in agreement with the concept 
that aerosol concentrations are only affected by emissions and meteorological changes, while 
NO2 as a secondary pollutant is produced chemically from NO when polluted air is mixed 
with clean ozone-rich air. Thus the lesser drop in NO2 concentrations, compared to the 
atmospheric attenuation, between 21 :00 and 23:00 could be explained by chemical production 
of NO2 at the top of the inversion layer. 

The relatively high NO2 concentrations before 19:00 compared to aerosol concentrations 
may be due to the fact that the main source for NOx are motor vehicle emissions which peak 
between 16:00 and 18:00, while domestic heating emissions, which are the strongest source 
for suspended particulate matter in Christchurch, [CRC, 1997b], begin only later in the 
evening. Alternatively, the strong rise of NO2 concentrations before 19:00 could also be 
produced by strong mixing of primary emissions of NO with 0 3 at the measurement height. 
These interpretations are obviously highly speculative, and height resolved measurements of 
primary and secondary pollutants, together with vertical and horizontal air flows, would be 
required to put such explanations on firmer grounds. 

To summarise this discussion of observed NO2 concentrations, the strong variability and 
relatively low values suggest that the absorption light path was frequently close to, and 
sometimes above, the dominant inversion layer. No observations of vertical profiles of 
pollutant concentrations which could confirm this explanation have been made in 
Christchurch to date, and future campaigns studying the vertical distribution of pollutants in 
the atmosphere within the nocturnal boundary layer therefore seem highly desirable. 

The high variability of the NO2 concentrations underlines the need for caution in the 
interpretation of the observed correlation between HNO2 and NO2 (see section 8.2). High NO2 

concentrations observed in the long absorption path may be either caused by high general 
pollution levels, or by mixing of polluted air with ozone-rich clean air above the inversion 
layer. In the latter case, the time scale for the production of NO2 is likely to be only in the 
order of minutes. Thus HNO2 concentrations would take considerably longer than NO2 to 
reach their peak concentrations, leading to a low initial HNO2/NO2 ratio. On the other hand, if 
high NO2 concentrations reflect generally high pollution levels, the relatively slow transport of 
the pollutants to the height of 48 m of the light path would allow more chemical production of 
HNO2 and hence a relatively higher ratio between HNO2 and NO2. Obviously a complex air 
parcel trajectory study or tracer experiment as suggested by Lammel, [1996], and Febo et al., 
[1996], would be required to distinguish between these two cases. No such extensive project 
was however possible as part of the present work. 

The following presentation and discussion of the observed ratio between HNO2 and NO2 
should therefore be read with these provisos in mind. 
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8.3.3 Correlation between HNO2 and NO2 

A clear positive correlation between HNO2 and NO2 concentrations was observed. The 
correlation is shown in Figure 8.6 for the complete dataset of 546 measurements. The 
correlation coefficient for the complete dataset is 0.54, which is significant at the 99.9 % 
level. The average HNOifNO2 ratio is 1.6(±1.0)xl0-2. This ratio is within the wide range 
between approximately 0.005 and 0.04 which can be derived from other studies [Sjodin, 1988; 
Lammel et al., 1990; Notholt et al., 1992; Harrison and Kitto, 1994; Harrison et al., 1996; 
Andres-Hernandez et al., 1996; Febo et al., 1996]. 

Figure 8.6 also shows the averaged data points, derived by grouping the NO2 
measurements into intervals of 5 ppb, and averaging the corresponding HNO2 concentrations. 
This removes some of the scatter inherent in the individual data points and gives a clearer 
indication of the general relationship between HNO2 and NO2. 
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Figure 8.6. Correlation between HNO2 and NO2for the complete dataset. The red diamonds are averages of 
the data, grouped in intervals of 5 ppb for NO2, with error bars representing their standard deviations. 

A number of important points are worth noting when interpreting Figure 8.6. Firstly, it is 
reiterated that a positive correlation between HNO2 and NO2 cannot be taken as sufficient 
indication of a chemical production link between the two gases because of the dominant 
influence of meteorological parameters on general pollution levels within the nocturnal 
boundary layer. The relatively wide spread of the correlation is therefore also open to a wide 
range of interpretations. In the absence of a direct chemical link between HNO2 and NO2, the 
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scatter could simply be caused by the different chemical pathways and emission sources of the 
two gases in a given air parcel. Alternatively, if HNO2 is linked to NO2 through chemical 
reactions, a less than perfect correlation would be expected due to the relatively fast variability 
of NO2 concentrations compared to the slower build-up rate for HNO2 and the potential 
influence of aerosol concentrations on the conversion rate. 

Secondly, the average HNOifNO2 ratio of 1.6xl0-2 is dominated by the majority of data 
points belonging to low-pollution episodes with NO2 concentrations below 20 ppb (80 % ), 
while a significantly higher ratio of about 3xl0-2 is observed for NO2 concentrations above 
20 ppb (20 %). A quadratic dependence of HNO2 on NO2 would therefore give a better fit to 
the data than a linear one. While this would be consistent with the stoichiometric form of 
reaction [29], it is in contradiction to previous findings which report the relationship between 
HNO2 and NO2 to be linear [Appel et al., 1990; Lammel et al., 1990; Harrison et al., 1996]. 
Harrison et al. however also identified a small quadratic component in their HNOifNO2 

correlation, which they attributed to a potential second-order component in the formation 
reaction [29]. 

However a quadratic relationship between HNO2 and NO2 could also be explained if 
reactions [28] and [29] take place on aerosol surfaces in addition to the solid ground. Since in 
that case the production rate of HNO2 is related to the concentrations of its precursors in the 
gas phase as well as the total surface available for these reactions, a quadratic relationship 
between HNO2 and NO2 would be expected if NO2 concentrations are positively correlated 
with aerosol concentrations. Such a general positive correlation would be plausible because of 
the dominance of meteorological conditions on general pollution levels in Christchurch. 

A related point of interest lies in the few apparent outliers of the dataset shown in Figure 
8.6, where occasionally very high HNO2 concentrations in excess of 1 ppb were observed. A 
detailed case study is required to investigate the extent to which these outliers may be 
correlated with particularly high aerosol concentrations, which would further support the 
importance of heterogeneous reactions on aerosol smfaces in the production of HNO2• 

The following section will therefore examine the extent to which aerosol concentrations 
may be able to explain both the apparent quadratic relationship between NO2 and HNO2 

concentrations, and the occurrence of very high HNO2 concentrations in excess of 1 ppb. 

8.4 Dependence of HNOzfN02 ratio on aerosol density 

8.4.1 Correlation of complete dataset 

8.4.1.1 Statistical description of data. The influence of aerosols on the correlation 
between HNO2 and NO2 can be demonstrated by correlating the HNO2 concentration with the 
product of NO2 and the atmospheric attenuation. This correlation, plotted in Figure 8.7, would 
be expected to be linear if reactions [28] or [29] indeed occur on the surfaces of aerosols. This 
relies on the assumption that, as discussed previously, the atmospheric attenuation is a zeroth
order approximation of the total aerosol surface density. 

It can be seen that indeed a significantly better linear correlation results, with a correlation 
coefficient of 0.76 compared to 0.54 for the correlation between HNO2 and NO2 only. The 
data points are generally well described by a linear form over the whole range of values for the 
product of NO2 concentration and atmospheric attenuation, while a clear non-linear increase 
towards higher values of NO2 was evident in the correlation between HNO2 and NO2 only. 
Only two distinct outliers remain in this correlation, while the linear correlation between 
HNO2 and NO2 left more than 5 data points unaccounted for. It should also be noted that the 
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random error for the highest observed HN02 concentration of 2.9 ppb is as large as 1 ppb due 
to the poor quality of the spectrum obtained under nearly opaque conditions, so that its high 
absolute value should not be overinterpreted. Error bars for the individual measurements were 
not plotted in Figure 8.7 to avoid obscuring the diagram. 
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Figure 8.7. Correlation between HN02 and the product of the N02 concentration and atmospheric attenuation. 

If heterogeneous reactions on aerosols do play a role in the formation of HN02 from N02, 

then the HNOzlN02 ratio is expected not to be constant, but rather a linear function of the 
aerosol concentration ( other parameters being equal). To further test the statistical dependence 
of the HN02 concentration on the aerosol loading, Figure 8.8 therefore plots the measured 
HNOzlN02 ratio versus the atmospheric attenuation measured at 349 nm, where the black 
diamonds represent the ratios derived from individual measurements. The red diamonds 
represent the average ratio for increments of the atmospheric attenuation in intervals of 4, 
where the individual data were weighted with their random uncertainty. Error bars plotted 
with the average HNOzlN02 ratio represent the standard deviation of the individual data used 
to calculate each average. 

The averaged data in Figure 8.8 exhibit a clear positive correlation between the 
HNOzlN02 ratio and the atmospheric attenuation despite the relatively large spread of the 
individual data points. It is worth noting that most of the outlying individual data points are 
not statistically significant as many contain very large random uncertainties. The uncertainty 
Li HNOzlN02 of an individual HNOzlN02 ratio was calculated according to: 
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(76) 

where~ HNO2 and ~ NO2 denote the random errors for individual measurements of HNO2 
and NOi, respectively. Larger errors are typically associated with measurements obtained 
under clean conditions with low NO2 values, and with spectra under highly polluted 
conditions due to the poor transmission of the atmosphere and hence increased statistical noise 
levels. The random uncertainty of the HNO2'NO2 ratios varies between a minimum of 2.2x10-
3 and a maximum greater than 0.1. 

The occasionally very large uncertainties also explain the negative ratios which are 
calculated for some measurements. Negative ratios are mainly obtained for clean conditions 
where HNO2 concentrations are below the detection limit and the spectral analysis assigns a 
negative value to the scaling factor of the HNO2 absorption cross section. As discussed in 
Chapter 2, a negative concentration does not invalidate the measurement technique but merely 
indicates that an absorption below the limit of detection was present. In these cases, the 
random uncertainty is larger than the absolute value of the retrieved concentration. Although 
negative concentrations for HNO2 are physically meaningless, they have not been corrected to 
zero since this would invalidate the averaged values. Similarly to Figure 8.7, random 
uncertainties for the individual HNOi/NO2 are not plotted in Figure 8.8 to avoid obscuring the 
diagram. 
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Figure 8.8. Correlation between HNO~O2 ratio and atmospheric attenuation. Black diamonds are individual 
measurements, red diamonds are averages in intervals of 4 for the atmospheric attenuation. The red line 
indicates a linear fit to the averaged data. For details, see text. 
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To quantify the dependence of the HNOi/NO2 ratio on the aerosol concentration, a linear 
fit was applied to the averaged data where the data points were weighted with their random 
uncertainties. The result of this fit is: 

HNO2'NO2 = 3(±8)x1Q-3 + 9(±3)x1Q-4 x 't. (77) 

A very similar slope and y-axis intercept are obtained when the complete set of individual data 
points is fitted and each individual point is weighted with its uncertainty. The correlation 
coefficient for the complete dataset is 0.37, while for the averaged dataset it is 0.81. The 
former is significant at the 99 .9 % level due to the relatively large number of data points 
involved, while the latter is significant at the 99 % level. 

8.4.1.2 Discussion. The measurement of the atmospheric attenuation at only one 
wavelength does unfortunately not allow a quantitative expression for the aerosol surface 
density, since both size distribution and particle concentration would be required for this. 
These parameters could only be derived from extinction measurements spanning a wide range 
of wavelengths [Notholt et al., 1992; Andres-Hernandez et al., 1996; Flentje et al., 1997], 
which was not attempted as pa1t of the present study. 

If it is however assumed that the atmospheric attenuation is a linear measure of the 
aerosol smface density in the light path, the high correlation observed between the attenuation 
and the HNO2/NO2 ratio would suppmt the hypothesis that the reactions responsible for the 
formation of HNO2 not only occur on solid surfaces, but also on suspended particulate matter. 
The enhancement of HNO2 production in the presence of high aerosol concentrations supports 
similar findings by Notholt et al., [1992], and Andres-Hernandez et al., [1996]. 

The limit of the HNO2/NO2 ratio for weak atmospheric attenuation, corresponding to very 
low aerosol concentrations, of 3(±8)x10-3 is in relatively good agreement with the ratio 
observed by Notholt et al. and Andres-Hernandez et al., at low aerosol levels and moderate 
pollution conditions. From the data presented by these authors, HNO2/NO2 ratios of typically 
less than 0.01 can be derived for low aerosol levels, while under high aerosol densities the 
typical ratio is closer to 0.03. A similar increase of the HNO2/NO2 ratio in the present dataset 
for higher atmospheric attenuation is in relatively good agreement with their data for episodes 
of high patticle concentrations. Unfortunately, the smface densities measured during the 
studies of Notholt et al. and Andres-Hernandez et al. cannot be compared with the results of 
the present study since no quantitative estimate of the total aerosol surface density can be 
derived from the present attenuation data. 

The very small number of exceedingly high peak ratios observed in the present data, 
which are close to 0.1, are higher than any of the observations by Notholt et al., [1992], and 
Andres-Hernandez et al., [1996]. This may be explained by the unusually high aerosol 
concentrations in the Christchurch atmosphere during some nights of early June 1997. A 
similarly high ratio was observed by Febo et al., [1996], in Milan, where NO2 concentrations 
as high as 100 ppb were correlated with HNO2 concentrations of about 10 ppb. Unfortunately 
no aerosol concentrations for these periods were repmted. 

The influence of the aerosol concentration on the HNO2/NO2 ratio is in some contrast to 
the data reported by Harrison et al., [1996], who were able to model observed HNO2 
concentrations assuming only reaction [29] occurring on solid surfaces at a constant rate. The 
typical HNO2/NO2 ratio reported by these authors is about 1.SxI0-2 for a suburban site, and 
they concluded that aerosol concentrations played no detectable role in the HNO2/NO2 
relationship at their site. Since no aerosol concentrations were reported, a direct comparison 
with the other studies is unfortunately not possible. The ratio of 1.Sxl0-2 would however be in 
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fair agreement with the measurements reported in the present study and Notholt et al., [1992], 
and Andres-Hernandez et al., [1996], for a low to moderate aerosol loading. 

As mentioned previously, Harrison et al. also observed a quadratic dependence between 
HN02 and N02 for the highest N02 concentrations. The highest HN02/N02 ratio in their data 
was excess of 3.SxI0-2, similar to the higher end of ratios observed in the present dataset. 
While Harrison et al. attributed this to a potential second-order component of the N02 

formation pathway, the discussion presented here suggests that increased aerosol 
concentrations correlated with high N02 pollution episodes could also be responsible for the 
quadratic relationship. 

As has been pointed out previously in this work and in numerous other studies [Febo et 
al., 1996; Andres-Hernandez et al., 1996; Lammel, 1996], the complexity of the nocturnal 
boundary layer structure makes conclusive interpretations of chemical trace gas correlations 
difficult. Particularly with regard to differentiation between surface production of HN02 on 
the solid ground and aerosols, it must be noted that high pollution episodes are usually 
associated with lower inversion heights. Thus for a given aerosol and N02 concentration, 
more HN02 should be produced through reactions [28] and [29] under lower inversion heights 
than under diffusive conditions because the ratio of available reaction surface to total air 
volume is larger in a shallow inversion layer. However at the same time deposition of HN02 

would also be expected to become more important under shallow inversion conditions. 
Clearly, extensive datasets of meteorological parameters which allow a description of surface 
fluxes and the vertical profiles of NO and N02 concentrations would be required to 
distinguish and quantify these individual processes. 

To summarise this discussion, the observed correlation between the HN02/N02 ratio and 
atmospheric attenuation suggests that a significant portion of HN02 may be formed through a 
reaction involving N02 and aerosols, in addition to heterogeneous reaction of N02 on solid 
surfaces at the ground. Since no NO was measured in the absorption light path in the present 
study, no information regarding the relevance of either reaction [28] or [29] can be derived. 
Due to the experimental limitations of the present work, no quantitative relationship between 
the HN02/N02 ratio and the aerosol surface density can be derived. 

At the same time, the observed statistical correlation between the HN02/N02 ratio and 
the atmospheric attenuation cannot be taken as conclusive proof of the importance of 
heterogeneous reactions on aerosol surfaces. Ambient concentrations of virtually all trace 
gases of primary, secondary, or tertiary anthropogenic origin are expected to exhibit some 
degree of positive correlation over limited time periods due to the dominant effects of the 
inversion layer on air exchange within the city area. The correlation of the HN02/N02 ratio 
with the aerosol concentration could simply reflect the fact that under very stable conditions, 
where particularly high aerosol concentrations are observed, less N02 is produced through 
conversion of NO due to reduced mixing with ozone-rich air and hence the HN02/N02 ratio is 
relatively higher than under convective conditions which lead to lower aerosol densities but 
greater N02 production. Also the relative importance of formation of HN02 on the ground, 
compared to dry and wet deposition of HN02, depends on the ground concentration of N02 

and the vertical structure of the boundary layer. HN02 and N02 concentrations at the 
measurement height of 48 m do not necessarily reflect the average production and loss 
mechanisms occurring over a range of heights due to the vertical concentration gradients of 
their precursors. 

An attempt to further clarify the processes which determine HN02 concentrations in the 
Christchurch will be made by examining a few selected smog episodes in greater detail in the 
following section. This will allow to further test the proposed influence of aerosol 
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concentrations on HN02, since meteorological conditions can be better characterised for 
limited periods than in the statistical description of the complete dataset. 

8.4.2 Individual case studies 

8.4.2.1 June 9, 1997. Figure 8.9 shows the variation of the concentrations of HN02 and 
N02 on 9 June, 1997, along with the calculated HNOzlN02 ratio and the atmospheric 
attenuation. The error bars represent the random uncertainties of the gases and their ratio. A 
considerable change of the HN02/N02 ratio from about 0.01 to 0.03 occurs between 18:30 
and 19:30, which is associated with a sudden rise in the atmospheric attenuation. 
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Figure 8.9. Variation of HN02, N02, atmospheric attenuation, and HN02fN02 on 9 June, 1997. 
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It is particularly noteworthy that N02 concentrations were at a relatively high level above 
20 ppb during the late afternoon and early evening. The N02 maximum of almost 30 ppb 
occurred at about 17:30, while HN02 remained below 0.4 ppb. In contrast, the maximum 
HN02 concentration of almost 0.8 ppb was reached when N02 was only about 23 ppb, but the 
atmospheric attenuation was almost a factor of 3 higher than during the day. 

The simultaneous decline in the concentrations of both N02 and HN02, along with the 
atmospheric attenuation, around 19:00, was probably caused by a lowering of the inversion 
height as neither wind speed nor direction show a significant correlation with this event. 

The high correlation of the HNOzlN02 ratio during this period with the atmospheric 
attenuation, along with the fact that high N02 concentrations during the early evening did not 
lead to high HN02 concentrations, seems to strongly support the hypothesis that additional 
HN02 production occurs on the surfaces of aerosols. It should also be noted that sunset on this 
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day was before 17:00. Photolysis of HNO2 may therefore be in part responsible for the low 
HNO2 concentrations during noon and the early afternoon, but not during the period between 
about 16:00 and 19:00. 

However, the fact that the HNO2 maximum is reached later than the NO2 maximum can 
also be explained when reactions on the surfaces of aerosols are not taken into account. 
Previous studies derived average build-up rates for HNO2 between 0.6 and 2 % of the ambient 
NO2 [Sjodin, 1988; Notholt et al., 1992; Harrison and Kitto, 1994; Harrison et al., 1996]. If a 
constant build-up rate of 1 % of NO2 is assumed throughout the evening, and an average NO2 

concentration of 20 ppb, a build-up rate of 0.2 ppb HNO2 per hour is calculated. If it is further 
assumed that substantial HNO2 formation starts only just before sunset at 16:30, where a base 
HNO2 concentration of 0.2 ppb was recorded, a concentration of 0.8 ppb at 19:30 would be 
expected, which is in good agreement with the observations. While this calculation is 
obviously only a rough estimate based on a number of assumptions (ie that NO2 

concentrations within the inversion layer are roughly constant at about 20 ppb, and that the 
brief clean-air period did not lead to unusual mixing of air masses), the discussion shows that 
the rise of the HNO2/NO2 ratio and time of the maximum HNO2 concentration could be fully 
explained assuming an aerosol-independent formation rate. 

8.4.2.2 June 6/7, 1997. Stronger evidence in support of the formation of HNO2 on 
aerosol smfaces is presented by an event which occurred during the night of June 6 and 7, 
1997. Figure 8.10 shows the concentrations of HNO2 and NO2, as well as the HNO2/NO2 ratio 
and atmospheric attenuation similarly to Figure 8.9. The night of 6/7 June was characterised 
by only a very brief period of high attenuation at the measurement height at 19:30, after which 
it declined again to relatively low levels. Since this decline was not associated with a change 
in wind speed or direction, it is speculated that again a lowering of the inversion height meant 
that the layer of polluted air was below the average absorption path. This is interpretation is 
supported by the fact that PM 10 concentration recorded in the inner city at ground level 
increased at about the same time as the atmospheric attenuation, but then sustained their level 
until after midnight. 

NO2 reaches high levels about 2 hours before the HNO2 peak, and remains on relatively 
high concentrations for another two hours afterwards. The delayed rise in HNO2 compared to 
NO2 can in part again be explained by the slower build-up rate for HNO2. It should however 
be noted that the average rate to reach the HNO2 peak concentration of 1.5 ppb at 19:30 from 
a starting concentration of 0.1 ppb at 16:00 is 0.4 ppb per hour, or a factor of 2 higher than the 
rate derived in the previous episode discussed. The atmospheric attenuation during the 
pollution peak is also higher than the attenuation during the previously discussed episode. 
Unfortunately, the lack of knowledge of the NO2 concentrations at other heights within the 
inversion layer makes a direct comparison of build-up rates relatively meaningless. 
Differences in the vertical profile of NO2 between these days could well lead to different 
HNO2 production rates which cannot be accounted for by measurements over a single 
absorption path. 

Of greater interest is the fact that the HNO2 concentrations decline quickly after the time 
of the peak attenuation. If the slow production rate for HNO2 at solid smfaces sufficed as sole 
explanation for the delayed rise of HNO2 compared to NO2 concentrations, it would be 
expected that HNO2 remains on a high level until general dilution of the polluted air mass 
takes place. The fact that HNO2 and atmospheric attenuation are correlated during a period of 
decline, while NO2 remains on an elevated level, could therefore be interpreted as evidence 
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that the equilibrium between HN02 and N02 does indeed depend on the aerosol 
concentration, and not on the N02 concentration alone. 

At the same time, the reason for the higher N02 concentrations after the pollution peak 
could lie in the additional production of N02 through the chemical conversion of NO with 0 3. 

Thus the simultaneous decline of aerosol and HN02 concentration could be caused by a 
general dilution of air pollutants at the measurement height, or a decrease of the average 
inversion height, while the N02 continues to be produced during this period because polluted 
air containing NO is mixed with ozone-rich clean air, causing N02 concentrations to remain 
virtually constant. Consequently the HNOifN02 ratio could decline during this period along 
with the aerosol concentration although no direct chemical relation is required to exist for this 
explanation to be valid. Additional measurements which give evidence of the origin and 
vertical structure of the sampled air masses, as well as the chemical processes which are 
responsible for changes in N02 concentration, would be required to arrive at more definite 
conclusions. 
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8.10. Variation of HN02, N02, atmospheric attenuation, and HNO-ifN02 on 617 June, 1997. 

8.4.2.3 June 5/6, 1997. A similar ambiguity exists in the interpretation of the 
concentrations observed during the preceding evening and night, which are displayed in 
Figure 8.11. The variation of the N02 concentration and atmospheric attenuation during this 
period has already been discussed in previously in this Chapter (Figure 8.5 and section 8.3.2). 
The period is characterised by a very large variability of the atmospheric attenuation and 
concentrations of N02 and HN02 which is probably due to the average height of the 
temperature inversion varying around the height of the absorption light path. 
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Figure 8.11. Variation of HN02, N02, atmospheric attenuation, and HNOifN02 on 5/6 June, 1997. 

The slower increase of HN02 compared to N02 during the early evening can again be 
explained by the slow production rate of HN02. The average build-up rate for HN02 between 
16:00 and the first pollution peak, which is reached at about 19:30, is 0.65 ppb, or about 2.5 % 
of N02, per hour. Comparison of this rate with other episodes is again difficult due to the lack 
of knowledge about N02 and aerosol concentrations at different heights within the inversion 
layer from which the sampled air masses originated. 

It is worth noting that after the first pollution peak both the atmospheric attenuation and 
HN02 concentration decline strongly for about 3 hours, while N02 remains at a significantly 
higher level. This period of cleaner air is followed by a second pollution peak at about 22:30. 
The HNOifN02 ratio closely follows the variation of the attenuation during this period. The 
reason for the sustained N02 concentrations could again lie in the conversion of NO into N02 
at the top of the inversion layer, but the good agreement between the HNOifN02 ratio and the 
atmospheric attenuation for a number of separate periods discussed in this study makes this 
regular coincidence somewhat unlikely. 

The alternative explanation, that aerosol concentrations determine the local equilibrium 
between HN02 and N02 and therefore a positive correlation exists between the atmospheric 
attenuation and the HNOifN02 ratio, appears more probable. The very high HNOifN02 ratio 
during the first pollution peak in excess of 8x10-2 is however unexplained by either 
hypotheses. It is also not clear why HN02 concentrations decline more rapidly after the second 
pollution peak at 22:30, while both N02 and attenuation remain at higher levels until after 
midnight. 
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HNO2/NO2 ratio for a variety of meteorological conditions makes this chance agreement 
somewhat less likely than the assumption of a chemical link between the two. 

Secondly, it must be noted that the aerosol concentration, derived from the atmospheric 
attenuation, is obtained through the same spectra from which the concentrations of HNO2 and 
NO2 are retrieved. A degradation of the quality of the absorption spectra generally takes place 
when the atmospheric attenuation is highest, so that HNO2 concentrations are never very far 
above their detection limit. Although the generally flat residuals do not show any signs of a 
systematic interference, it would be possible that under very high atmospheric attenuation a 
systematic error occurs in the analysis of HNO2 which would influence the general trend of 
the HNO2 data. Obviously such a question can only be resolved by an intercomparison 
between different techniques under Christchurch conditions, which was beyond the scope of 
the present study. 

In summary there exists strong evidence that heterogeneous reactions on the surface of 
aerosols may contribute to the overall production of HNO2 in the nocturnal boundary layer, 
but alternative explanations currently rule out any definite conclusions or the derivation of 
quantitative relationships. The final section of this Chapter will therefore attempt to briefly 
describe improvements which could be made to the current measurement setup in order to 
help resolve these questions in the future. 

8.5 Potential improvements to HNO2 measurements 
and analysis 

8.5.1 Incorporation of mixing processes and vertical diffusion 

One of the key problems of the present study was the influence of meteorology on the 
observed trace gas concentrations and the HNO2/NO2 ratio. The measurement height was 
frequently close to a major transition between polluted and clean air in the nocturnal boundary 
layer, and variations of the height of this layer lead to large variations of observed trace gas 
concentrations. Furthermore, the fast production of NO2 through the reaction of NO with 0 3 

when polluted air is mixed with ozone-rich clean air may have lead to short-term variations in 
the HNO2/NO2 ratio which make studies of the influence of heterogeneous reactions on 
aerosol surfaces difficult. 

A similar problem was reported by Harrison et al., [1996], who found a significantly 
better correlation between HNO2 and NO2 at a suburban than at an urban site. They attributed 
this difference to the fact that in the suburban location the air masses were closer to the 
chemical equilibrium with regard to the formation of HNO2 from NO2, while the urban site 
was too strongly influenced by direct emissions of NO2 and small-scale fluctuations. 

Future studies on HNO2 in Christchurch could alleviate this problem by choosing a lower 
height for the absorption path which would ensure that air masses within the inversion layer 
are sampled. Given that the boundary appeared to be close to the height of the present 
measurements during very still conditions, a height of 20 to 30 m would probably allow the 
sampling of air masses with a more consistent history, while still retaining sufficient distance 
from ground sources to allow some equilibration of the gases involved in the production of 
HNO2. 

A further improvement in this regard could be made if near simultaneous measurements 
of NO2 and HNO2 were made at various heights. This would allow an assessment of the gas 
flux between emission at the ground and detection at greater heights, and consequently the 
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more precise derivation of the build-up rate for HNO2. Height-resolved measurements of NO2 

would also allow a better understanding of changes of the NO2 concentration due to 
downward mixing of ozone-rich air from aloft, which potentially leads to considerable 
changes in the HNO2/NO2 ratio. 

Important knowledge regarding the trajectories of air parcels and vertical mixing times 
could also be obtained from measurements of horizontal and vertical wind speeds and 
diffusive fluxes. A tracer experiment similar to that of Febo et al., [1996], who used the 
naturally emitted radioactive trace gas radon as a measure for vertical diffusivity between the 
ground and the measurement height, permits a low-cost measure of obtaining important 
information on vertical mixing processes. A direct measurement of the structure of the 
inversion layer through acoustic radar could give more information on the concrete height of 
temperature inversions and their likely effect on the rate of ver~ical mixing within the 
boundary layer. 

An alternative way to account for the elapsed time in air parcels between emission and 
observation consists in the application of several NO2 point sensors at a fixed height above the 
ground in a favoured wind direction, and finally analysis of air masses at a suburban location 
where local emissions are minor. The outskirts of Christchurch lend themselves to such 
experiments as there exists a rapid transition from high urban emissions to rural conditions 
which would allow undisturbed equilibration of the transported air parcels. Preliminary 
experiments however would need to be carried out to determine whether N02 levels remain 
sufficiently high for a significant HNO2 production under typical meteorological 
circumstances. 

8.5.2 Measurement of additional pollutants 

It has already been discussed that the use of the atmospheric attenuation as a measure for 
the aerosol surface density can at best be regarded as a zeroth order approximation. It has been 
shown that differential absorption spectroscopy can derive the average size and surface' 
density of aerosols by recording the effects of scattering over a wide range of wavelengths, 
and comparing the observed fall-off towards shorter wavelengths with calculations which 
assume a typical size distribution and incorporate Mie scattering [Box and Lo, 1976; Notholt 
et al., 1992; Andres-Hernandez et al., 1996; Flentje et al., 1997]. The current spectrometer is 
not optimised for such measurements as the 2400 1/mm grating only permits observation of 
wavelengths up to 450 nm. Using a spectrometer which measures radiation up to 900 nm 
while still retaining sufficient sensitivity to reliably measure HNO2 would allow incorporation 
of the absolute aerosol surface density into the routinely measured parameters. 

A further improvement of the HNO2 measurements themselves, using the same 
spectroscopic measurement principle, could be made by replacing the light detection through 
photomultiplier tubes . with a diode array which samples an entire spectral window 
simultaneously. The significantly higher light throughput of such a design would allow 
shortening of the integration time over long absorption paths and thus increase the sensitivity 
of the system to the influence of meteorological perturbations. 

An additional measurement of NO, along with NO2 and HNO2, would be necessary to 
distinguish between the relative importance of reactions [28] and [29] in the formation of 
HNO2. Since the absorption bands of NO are too far in the short-wavelength region of the 
ultraviolet to allow the measurement over long absorption paths, a combination of point 
sensor measurements of NO with long-path measurements of NO2 and HNO2 is inevitable. 
Over very long absorption paths such as that used in the present study, the combination of a 
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single point measurement of NO with the average NO2 and HNO2 concentration over 4.29 km 
poses inherent problems regarding the spatial variability of the different gases. Ideally, several 
NO sensors should be applied along the light path to allow a combination of the datasets. 

The measurement of other primary pollutants such as CO would give further insight into 
vertical mixing processes and their effect on the dilution of primary pollutants. Comparison of 
concentrations of CO and NO2 at the ground and at the height of the HNO2 measurements 
would produce further insight into the chemical production of NO2, and the influence this 
production has on the observed HNO2/NO2 ratio at a given height. 

8.5.3 Model calculations 

Quantitative testing of current theories and the degree to which they are determined by 
measured parameters would only be possible through model calculations which combine 
simulations of air exchange patterns, emission of pollutants, and chemical conversion. While 
the chemistry involved in the formation of HNO2 is relatively simple [Harrison et al., 1996], 
very complex chemical reaction schemes must be employed if the concentrations of some 
crucial reaction partners, particularly the concentration of OH, are to be predicted reliably 
[Zimmermann and Poppe, 1993; Poppe et al., 1993; Eisele et al., 1994]. The combination of 
such a chemical scheme with a quantitativ~ simulation of emissions and dynamical 
distribution of trace gases within the Christchurch air shed is a very complex task which 
would require the concerted effort of several workers. 

Some limited insight could however be gained if measurements of HNO2 and other 
relevant trace gases within the nocturnal boundary, described in the two previous sections, 
were to be modelled with a fixed box model whose variable height is defined by the height of 
the inversion layer. A box model with very simple chemistry has been applied to measurement 
by Harrison et al., [1996], who reported good agreement between calculations and 
measurements. Limitations on available measurement equipment for HNO2 are unlikely to 
produce more than one or at best two simultaneously measured data points, so that the lack of 
spatial resolution of a box model would not greatly limit the value of a comparison between 
such model data and observations. 

From the model description by Harrison et al. it is however clear that lack of knowledge 
of meteorological parameters such as the inversion height, and uncertainties of chemical 
parameters such as the dry deposition velocity of HNO2, can at present only produce 
qualitative comparisons. The testing of various reaction schemes with such a box model could 
however reveal qualitative differences between the various hypotheses regarding the reaction 
pathways and influence of aerosols in the heterogeneous formation of HNO2, which in tum 
may allow a clearer prescription of measurements to resolve remaining questions. 



Chapter 8. Night time chemistry in the polluted atmosphere: Observations of NO? and HNO? 248 



9. Summary, conclusions, and suggestions 
for future work 

9.1 Instrument design and performance 

9.1.1 Review of measurements and operational conditions 

249 

A spectroscopic differential absorption system for the measurement of tropospheric trace 
gases in the open atmosphere has been designed, built, and operated. The technique allows the 
measurement of ambient trace gas concentrations by transmitting a light beam through the 
open atmosphere and recording their characteristic absorption patterns for quantitative 
analysis. Two spectrometers, one for the ultraviolet/visible and one for the infrared spectral 
range, were employed during the present study to obtain transmission spectra over a wide 
range of wavelengths which allow the measurement of a number of trace gases of relevance to 
urban air quality issues. 

The infrared spectrometer is a Bomem MB-100 Fourier-transform spectrometer with an 
unapodized resolution of 1 cm-1 and an MCT detector. Transmission spectra over an 
absorption path of 244 m were recorded at the University of Canterbury campus in 
Christchurch at an average height of 33 m above the ground. Analysis of the spectra in 
wavelengths between 940 and 3300 cm-1 allows the retrieval of the ambient concentration of 
CO, C2H4, C6H14, CH3OH, CO2, N2O, CH4, and H2O. The study focused on the 
concentrations of the first 4 gases because of their relevance to urban air quality and source 
apportionment. The concentrations of these gases were retrieved using a non-linear least 
squares spectral fitting algorithm developed during the course of this study. ' 

The ultraviolet/visible spectrometer is a Czerny-Turner monochromator with a 2400 I/mm 
grating and photomultiplier tubes as detectors. The instrument employs a beam-splitter and 
two simultaneous high-and low-resolution channels to remove atmospheric turbulence from 
the transmission spectra. This design is based on earlier work by Johnston and McKenzie, 
[1984]. Transmission spectra were obtained over two alternative light paths, one over 244 m 
set up in parallel to the infrared one at the University of Canterbury campus, while the other 
one extended over 4.29 km between the Central Police Station in the central business district 
and the University of Canterbury, at an average height of 48 m. The system covers the spectral 
range between 220 and 440 nm, and recorded trace gases include NO, NO2, 0 3, C6H6, HNO2, 

and SO2. Simultaneous measurements of HNO2 and NO2 were obtained over the long 
absorption path of 4.29 km, while the shorter absorption path allowed measurements of NO, 
NO2, 0 3, and C6H6 in correlation with the infrared measurements. The analysis algorithm to 
analyse spectra in the ultraviolet/visible range is similar to the one used for the infrared 
measurements and was also developed by the author of this thesis. 

After extensive testing and optimisation of the spectrometers for routine operation during 
1995 and 1996, two intensive measurement campaigns of gaseous air pollutants were 
conducted in Christchurch in the autumn and winter of 1997. Transmission spectra over the 
4.29 km long absorption path were obtained between April and early June, 1997, which 
yielded the ambient concentrations of HNO2 and NO2, and an estimate of the total aerosol 
surface density. The time resolution of these measurements was about 25 minutes, which 
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produced detection limits for N02 below 1 ppb and a sufficient sensitivity for HN02 to allow 
the observation of diurnal variation. To the author's knowledge, these are the first 
measurements of HN02 in the southern hemisphere. 

Routine measurements over the shorter absorption path of 244 m at the University of 
Canterbury campus were conducted with the infrared and ultraviolet/visible spectrometers 
operating in parallel between mid-June and mid-August, 1997. Target gases for these 
measurements were CO, NO, N02, 0 3, C6H6, C6H14, C2H4, and CH30H. Measurements in 
the infrared had a time resolution of 5 minutes with very extremely good detection limits for 
CO, and satisfactory limits for the hydrocarbons C6H14, C2H4, and CH30H to allow their clear 
identification. Measurements in the ultraviolet/visible had a time resolution of approximately 
22 minutes when all gases were monitored, and less if only sub-groups of these gases were 
targeted. The detection limits for all gases in the ultraviolet/visible range were sufficiently low 
that their variation in an urban atmosphere could be observed over a wide range of 
meteorological conditions and emission strengths. 

Details and initial results from the ultraviolet/visible system, representing the first 
application of this technique for urban air pollution monitoring in New Zealand, have already 
been reported in the literature [Reisinger et al., 1998a]. Results from the correlated 
measurements of NO, N02, CO, and C6H6 are published in Reisinger et al., [1998b], and 
details about an unidentified absorber with potential consequences for similar spectroscopic 
systems are reported in Reisinger, [1998c]. 

9.1.2 Suggested instrumental improvements 

During the routine measurements in 1997, a number of areas became obvious where time 
resolution, sensitivity, or number of detectable species with the spectroscopic systems could 
be improved. 

The infrared system is largely limited by its spectral resolution of only 1 cm-1. The 
relatively low resolution implies that the instrument function dominates the observed shape' 
and depth of absorption peaks. While this did not cause any major problems for the trace gases 
studied in the present work, the detection limits and precision of the measurement of C2H4 

and CH30H could probably be improved by using a spectrometer which allows measurements 
at a higher resolution. Other trace gases of interest which exhibit weak absorptions in the 
infrared, such as formaldehyde, acetylene, formic acid, and a number of aromatic 
hydrocarbons would also become detectable if transmission spectra could be acquired under a 
higher spectral resolution. Extension of the atmospheric absorption path would also increase 
the depth of trace gas absorptions. While this would not lead to substantial improvements of 
the capability of the current system, it would greatly add to the number of species whose 
concentrations can be measured under higher resolution. 

Limitations inherent in the design of the ultraviolet/visible system also became evident 
during this study. The use of a fibre optic cable to transmit the light collected by the telescope 
mirror into the spectrometer was only possible through the use of a mode mixer and diffuser 
plate which allows an even illumination of the grating. While this improved spectral stability, 
the consequent loss of photons increased the required integration time for measurements on 
long absorption paths. Replacement of the beam splitter and photomultiplier tubes as detectors 
with a photodiode array would increase the photon flux by about two orders of magnitude and 
give time resolutions of about 5 minutes even for measurements over long light paths. Use of 
extended light paths would also allow the quantification of formaldehyde which is an 
important species in polluted urban air masses. Optical stability of the ultraviolet/visible 



Chapter 9. Summary, conclusions, and suggestions for future work 251 

system, calibration of arc lamp emission, and flexibility of its setup could be increased by 
replacing the current operational mode, where the light source is at one end of the light path 
and the spectrometer at the other, with a bi-directional light path employing retroreflectors. 

It would also be useful to extend the wavelength range of the ultraviolet/visible system to 
longer wavelengths up to 800 nm. Over such a wide spectral interval, the observation of 
broad-band Rayleigh and Mie scattering in the atmosphere permits the additional retrieval of 
an approximate size distribution and number density of suspended particulate matter [Flentje 
et al., 1997]. This would be of particular interest in Christchurch because of the known 
problem of high aerosol concentrations, and continuing debate over concentration, 
distribution, and sources of particulate matter compared to gaseous air pollutants. 

9.1.3 Instrument calibration 

The measurements conducted during the present study revealed the presence of an 
unidentified absorber between 279 and 289 nm in the atmosphere under polluted conditions. 
To the author's knowledge, this spectral region is also used by commercial systems which 
employ the differential absorption technique to monitor ambient 0 3 concentrations. It was 
shown that a considerable error in the retrieved 0 3 concentration results under polluted 
conditions if this absorber is not accounted for during analysis. Attempts to identify this 
absorber have failed to date, which leads to the conclusion that it may be specific to New 
Zealand because of particular types of wood used for domestic heaHng. Alternatively, it may 
have been overlooked by other researchers because 0 3 measurements generally focus on 
photochemical smog conditions during summer where pollution from primary pollutants is 
low. An analysis of hydrocarbon concentrations using gas-chromatographic techniques, and 
comparison with extensive sets of reference spectra would be required to identify this 
unknown absorber. An extended description of the unidentified absorber was published in 
Reisinger, [1998c]. 

Measurements of C6H6 also revealed recurring residuals during the spectral artalysis 
which may point to the presence of additional interferences. Average C6H6 concentrations 
obtained during the present study were higher than previous measurements of C6H6 in 
Christchurch using conventional chemical techniques, but differences in averaging times and 
sensor placement do not allow a direct comparison of the recorded concentrations. 
Measurements of C6H6 using a commercial differential absorption spectrometer in Auckland 
suggested a substantially different correlation with other trace gases compared to what would 
be expected on the basis of the present study, but differences in measurement location, 
meteorology, and emission patterns may also have played a role. An intercomparison of the 
different measurement techniques to clarify the influence of averaging times, and reliability of 
absolute concentrations of C6H6 retrieved using different spectroscopic and chemical 
techniques, appears highly desirable. 

9.1.4 Alternative measurement locations 

Measurements during the present study were obtained from a fixed location, namely the 
Physics building on the University of Canterbury campus. While some flexibility and spatial 
resolution of the ultraviolet/visible measurements could be achieved by placing the ultraviolet 
light source either on the University campus or the Christchurch Central Police Station, 
measurements of air pollutants in additional locations in Christchurch would be of 
considerable interest. The main obstacle to a flexible use of the system currently consists of 
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the need to supply a solid mounting base and power for the light sources and spectrometers at 
opposite ends of the absorption path; As discussed above, use of retroreflectors would 
eliminate the need for a power supply at the one end of the light path and therefore allow its 
easier use in street canyons and long-path applications. 

The discussion of measurements obtained during the present study showed that lack of 
knowledge of vertical profiles of pollutant concentrations and potential influence of different 
emission heights makes the reliable quantification of their sources difficult. Open-path 
differential absorption technique could be used to obtain vertical profiles of pollutants ( eg 
CO) through the simultaneous use of light paths at different heights. This could also clarify 
questions regarding human exposure at ground level compared to monitoring heights at 3 m 
which were not discussed in the present study. 

Further applications of this technique lie in the monitoring of real-world emissions of the 
New Zealand vehicle fleet and from domestic heating. Measurements of average emissions are 
important to account for the impact of gross polluters on statistical estimates. The wide range 
of trace gases which are detectable with the differential absorption technique would make it 
well suited to study average emission ratios of NOx, CO, C6H6 and other hydrocarbons from 
motor vehicles in road-tunnels. The Christchurch-Lyttelton tunnel would be an obvious 
candidate for such measurements. Road-tunnel data could be further compared with street 
canyon measurements along major arterial roads in the city area, eg Riccarton Road. Both 
infrared and ultraviolet/visible spectrometers could be easily placed in buildings which 
overlook major intersections. 

Similar emission studies could be conducted for experimental setups and real-world 
emissions from domestic heating, with the aim of acquiring emissions ratios of prominent air 
pollutants representative for New Zealand heating appliances and wood fuels. This would be 
of particular value in light of the discovery that wood-burning in Christchurch might be 
responsible for emissions of C6H6 comparable to those from traffic during the night, which 
will be reviewed in more detail below. 

9 .2 Measurements of primary pollutants: 
CO, NOx, C6H6, C6H14, C2H4, and CH30H 

9.2.1 Review of recorded concentrations 

Concentrations of the primary pollutants CO, NOx, C6H6, C6H14, C2H4, and CH3OH were 
analysed for the period from mid-June to mid-August, 1997, over the 244 m absorption path 
on the University of Canterbury campus. NOx is treated as a single primary pollutant species, 
consisting of the sum of the concentrations of NO and NO2, because of the rapid equilibrium 
which is established between these two gases. 

Concentrations of CO never exceeded ambient air quality guidelines during the 
measurement period, which is probably due to the relatively large height of the absorption 
path of 33 m, and the considerable distance of the University campus from major roads and 
dense residential housing areas. No guidelines exist for the other primary pollutants discussed 
here, but C6H6 is recognised as a carcinogenic species. All trace gases exhibited very large 
variations from day to day and during individual days due to varying emissions and the 
influence of meteorology on the accumulation of air pollutants in Christchurch. 

Despite the large variability of absolute concentrations, a significant degree of correlation 
was observed between the concentrations of the individual primary pollutants. CO was 
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generally used as a reference gas in correlation studies because of its very long chemical 
lifetime in the atmosphere. Some trace gases exhibited a very high correlation and nearly 
constant ratio during the study period (NO/CO, C6H1iCO), while the average ratio for other 
gases differed markedly between the morning rush hour and evening/night time (C6H6/CO, 
C2HiCO, CH3OH/CO). Both the constancy and variability of correlations was used to 
establish probable sources and their strengths for the individual compounds in Christchurch. 
These are reviewed in the following paragraphs. 

9.2.2 Sources of primary pollutants in Christchurch 

The measured ambient ratios between primary pollutants was compared with predictions 
derived using a recent emission inventory for Christchurch [CRC, 1997b]. All primary 
pollutants discussed in the present study are chemically sufficiently inert during winter 
pollution episodes, so that the predicted ambient concentration ratio of primary pollutants is 
simply given by the ratio of their total emissions from all sources within a specified area over 
a given time period. Dispersion of primary pollutants only changes their absolute 
concentrations, but not their ratio since meteorological parameters affect all trace gases to the 
same extent. It was also argued that the height of the measurements at the University of 33 m 
is sufficiently distant from the height of the main emission sources ( domestic heating and 
traffic) that a bias of the data caused by slightly different emission heights is unlikely. The 
lack of variation of the NO/CO ratio with time of day supports this conclusion and allows 
inferences towards the sources of the v.arious air pollutants to be made. 

The average NO/CO ratio observed at the University was considerably lower than the 
ratio predicted using the emissions inventory, but in good agreement with the ratio measured 
by the Canterbury Regional Council in the central business district. Chemical changes, 
deposition processes, and systematic errors are unlikely explanations for the discrepancy 
between predicted and measured ratios. The most plausible reason for the disagreement was 
an underestimation of CO emissions from motor vehicles. Estimated CO emissions would 
need to be scaled upward by a factor of 4 to bring predicted and measured ratios into 
agreement. This conclusion is consistent with recent drive-cycle measurements of NOx and 
CO emissions of motor vehicles representative of the New Zealand vehicle fleet [Jones et al., 
1997], and with the NO/CO ratio measured at a busy road intersection in Auckland [Kuschel 
et al., 1998]. 

Absolute concentrations and the strong correlation of C6H6 with CO were consistent with 
measurements obtained in overseas studies, and with recent emission measurements of C6H6 

from a range of New Zealand motor vehicles [Shao, 1998]. The derived average C6H6 

concentration and the C6H6/NOx ratio is somewhat higher than that measured with 
conventional techniques [Narsey and Stevenson, 1997]. It is currently unclear whether these 
differences are due to systematic offsets in the different techniques, averaging times, or 
location of measurement sites, and an intercomparison would be highly desirable to increase 
confidence in either technique. The correlation between C6H6 and CO allows the prediction of 
C6H6 concentrations where to date only CO has been measured, eg near Riccarton Road or at 
the central city monitoring site. The predicted concentrations are consistent with those 
observed in major city centres overseas. 

A considerable increase of the C6H6/CO ratio between the morning rush hour and the 
night time suggests that an additional source of C6H6 may be active in Christchurch during the 
night. Emission fractions for wood-burning applied to data from the Christchurch emission 
inventory suggest that domestic heating may be responsible for more than 50 % of the total 
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C6H6 emissions during the evening in Christchurch [ USEPA, 1996]. Such an estimate would 
be in good agreement with the observed concentrations. However the quantification of C6H6 

emissions from domestic heating on the basis of the current data is highly uncertain, and 
additional emission measurements and field studies are desirable. This is particularly the case 
since C6H6 is generally regarded as an air pollutant whose only dominant source is motor 
vehicle traffic. 

The high correlation of alkanes, expressed as equivalent C6H14, and CO confirms motor 
vehicles as the main source for this group of gases. Additional measurements of emissions and 
ambient concentrations of individual hydrocarbons would be required to arrive at more 
specific conclusions regarding the contributions of individual engine types or potential minor 
contributions from domestic heating. 

C2H4 was also found to be correlated with CO, but the C2HiCO ratio increased 
significantly between the morning and the night. This suggests that its sources are both motor 
vehicle traffic and domestic heating, in good agreement with emission fractions reported in 
overseas studies. However more specific emission data for motor vehicle exhausts and various 
types of domestic heating appliances would be required to use the observed ratio for a 
quantitative source apportionment. 

Concentrations of CH3OH were generally much higher during the night than during the 
day, and its ratio with CO increased by a factor of 5 between these periods. The average 
CH3OH concentration in Christchurch during the night is significantly higher than values 
reported from overseas studies. The strong nocturnal increase suggests that CH3OH is mainly 
emitted by domestic heating and could be used to distinguish air pollution from domestic 
heating from that caused by traffic emissions. However insufficient knowledge exists at 
present about actual emission rates of CH3OH from domestic heating appliances and types of 
wood fuel to allow further quantitative analysis of the ambient measurements. 

9.2.3 Suggested future work 

Strong discrepancies between the predicted and observed ratio of NO/CO suggest that 
current estimates of CO pollution in Christchurch may underestimate the role of motor vehicle 
traffic. While drive-cycle measurements of emissions from New Zealand vehicles have 
recently become available [Jones et al., 1997; Shao, 1998], their large spread underlines the 
need to combine such data with knowledge about the statistical distribution of gross polluters 
in order to allow valid statistical estimates to be made. Furthermore, no detailed 
measurements of individual non-aromatic hydrocarbons are yet available. On-road emission 
measurements in tunnels or at busy intersections which are dominated by traffic emissions 
would allow the measurement of emission ratios of NOx, C6H6, CO, and a variety of 
hydrocarbons of the fleet average, and consequently a more quantitative source allocation 
when comparing ambient concentration ratios with emissions. 

More accurate predictions of traffic emissions, particularly the average NO/CO emission 
ratio, at different times of day are also hampered by insufficient knowledge of possible 
changes of the composition of the vehicle fleet during the day. This is because diesel vehicles 
are estimated to contribute significantly to emissions of NOx, but not CO. Since diesel 
vehicles are heavily used by commercial operators, a change in the fraction of the total vehicle 
fleet with time of day would lead to a change in the average emitted NO/CO ratio. This 
makes at present the comparison of ambient data with the estimated combined emissions from 
traffic and domestic heating difficult. 
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A similar lack of knowledge exists about emissions of hydrocarbons from domestic 
heating which would allow the fingerprinting air pollution originating from this source. 
Specific hydrocarbon emission fractions would need to be measured for a variety of operating 
conditions of domestic heating appliances and wood fuels to allow reliable statistical 
estimates. Because of the dominant influence of meteorology on absolute pollutant 
concentrations in Christchurch, measurement of the emission ratio of particular compounds 
relative to that of CO would be of greater value for the comparison with ambient 
concentrations than absolute emission rates. Emissions of CH30H and C6H6 from domestic 
heating relative to CO are of particular interest since it was shown that CH30H could act as 
marker species for domestic heating emissions, while the latter is of obvious concern due to its 
carcinogenicity and ubiquitous presence in the Christchurch atmosphere. 

9.3 Measurements of the secondary pollutant N02, 
and correlation with ambient 03 

9.3.1 Review of recorded concentrations 

The concentration of N02 was recorded together with the concentrations of NO and 0 3 

during several extended period between mid-June and mid-August, 1997, over the 244 m 
absorption path at the University of Canterbury. Analysis of the correlation between these 
three gases showed that ambient N02 concentrations can be explained by a small component 
of primary emissions of N02, and chemical formation through the reaction of NO with 0 3 . 

The amount of chemically produced N02 was shown to depend on the extent of mixing which 
occurs between polluted air masses rich in NO, and clean air masses rich in 0 3. 

Although N02 concentrations did not exceed ambient air quality guidelines at the 
University measurement site, it is worth noting that they were consistently higher than those 
observed in the city centre at the Regional Council monitoring station near the ground. The 
higher concentration of N02 at greater heights has implications for air quality monitoring 
strategies, as exceedences of ambient air quality guidelines are more likely to occur at some 
distance above the ground than at ground level. This is in contrast to primary pollutant 
concentrations (like NO or CO) which usually show a decrease with height. 

9.3.2 Conclusions regarding chemistry and dynamics of NO2 

The observed increase of N02 concentrations with height can be explained by the fact that 
N02 is produced from the reaction of NO with 0 3. Since 0 3 is available in greater 
concentrations in clean air masses, and becomes depleted rapidly in polluted air masses, more 
N02 can be produced near the top of the inversion layer by mixing of polluted air with ozone
rich air from aloft. It is concluded that the brown haze layer which is frequently observed over 
Christchurch during still winter days consists of elevated concentrations of N02. While the 
maximum N02 concentrations which can form at the top of the inversion layer are difficult to 
predict because of the strong influence of atmospheric dynamics, N02 concentrations near the 
ground appear to be limited by the availability of 0 3. This allows the prediction of maximum 
N02 concentrations in the future, based on emissions of total NOx. 
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9.3.3 Suggested future work to improve model predictions 

The dependence of N02 concentrations on chemical reactions, and diffusive mixing of 
polluted air with ozone-rich clean air, implies that predictions of its concentrations are 
significantly less certain than those for primary pollutants which are relatively inert. While 
rough predictions of ground level N02 concentrations are possible through the formula 
developed in the present work, additional measurements at various heights would be desirable 
to test the explanation proposed in this study. Ideally, simultaneous measurements of a 
primary inert pollutant like CO, of NO and 0 3 as precursors of N02, and of N02 itself, would 
provide invaluable insight into diffusive and advective exchange processes taking place inside 
and at the top of the inversion layer. Such data could also be used to test meteorological 
models which predict the dispersion of primary pollutants such as CO and PM 10 in the 
Christchurch city area. 

9.4 Measurements of HNO2, and the influence of 
heterogeneous reactions on its formation 

9.4.1 Review of recorded concentrations and correlation with NO2 

The concentrations of HN02 were measured between April and early June, 1997, on the 
4.29 km long absorption path. Analysis of the transmission spectra also produced the 
concentration of N02 in the absorption path, and a rough estimate of the total aerosol surface 
density. The latter was measured through the total extinction of the radiation at 349 nm 
transmitted through the atmosphere. 

The absolute concentration range of HN02 lies within the range of concentrations 
reported in overseas studies. Its concentration was always sufficiently low that it is of no 
concern from a health perspective, but the measurements allow investigation of the chemistry, 
responsible for its production and loss which is of importance for the understanding of 
photochemical smog formation. HN02 concentrations were typically highest during the night 
and highly correlated with N02. This is in agreement with current theories that HN02 is 
formed through a heterogeneous reaction involving N02. 

The HN02/N02 ratio was not constant, but exhibited a significant dependence on the 
estimated aerosol surface density. This supports the hypothesis that significant heterogeneous 
formation of HN02 may take place on the surface of aerosols in addition to reactions on the 
solid ground. However, the observed concentrations would also be consistent with 
heterogeneous reactions on solid surfaces as the only source of HN02• Lack of information 
about the vertical stability of the nocturnal boundary layer, and about air exchange processes 
through the top of the inversion layer implies that no definite conclusions about the role of 
aerosols in the formation of HN02 can be reached at this stage. 

9.4.2 Suggested improvements of measurements and model design 

The main difficulty in a quantitative assessment of the reactions involved in the formation 
of HN02 lies in the inability to account for the different time scales in the chemistry of N02, 

HN02, and in changes to the height of the inversion layer. Comparison of measurements with 
simulations of a box model require the height of the boundary layer as a crucial variable which 
would need to be obtained through vertical temperature soundings. Under strong inversion 
conditions, vertical profiles of the concentrations of the precursors of HN02, namely NO, 
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N02, and aerosols, would need to be known to allow definite conclusions regarding the 
formation of HN02. The use of tracer elements to estimate the relative age of air parcels since 
their emission from the ground would also provide important insight into the different 
chemical mechanisms. 

A significant uncertainty in the present study is also due to the fact that the aerosol 
surface density could only be estimated using a very crude extinction model. Measurements of 
the actual surface density of suspended particulates would be required to allow quantification 
of the different formation pathways and comparison with other studies. 

9.5 Links of this work to other air quality studies 

It has been shown that the near simultaneous measurement of various trace gas 
concentrations can be used to validate and, to some degree, correct emission estimates of 
primary pollutants. Similarly, the concentrations of secondary pollutants such as N02 or 
HN02 could be interpreted by relating them to measurements of other trace gases. Work 
which has been suggested in certain areas to reduce uncertainties of the conclusions would 
frequently also bring considerable benefits to other fields of research. 

For example, measurement of vertical concentration gradients of primary and secondary 
pollutants would not only allow the more precise prediction and understanding of the 
formation of N02 and HN02 in the atmosphere, but also permit better quantitative estimates 
for the dispersion of primary pollutants under inversion conditions. Similarly, extension of the 
ultraviolet/visible spectroscopic measurement system to record the size distribution and 
absolute concentration of aerosols would not only be of immediate relevance to the issue of air 
pollution through suspended particulates, but also allow the quantification of production 
mechanisms of HN02 through heterogeneous reactions on aerosol surfaces. 

The comparison between air quality predictions based on emission estimates and actual 
ambient air measurements was mainly hampered by a lack of detailed information 'about 
emission rates of specific compounds. A further uncertainty arises from the inability to 
account for the presence of gross polluters when statistical estimates of average emissions are 
made. The spectroscopic systems designed in the present study could be used to alleviate 
associated uncertainties through measurements of average emission ratios in road-tunnels over 
busy urban traffic intersections. While such studies mainly provide emission ratios and not 
absolute emission rates, they could act as important markers for comparing emission estimates 
with ambient measurements, and as input for future emission inventories. It seems also worth 
pointing out that a modified version of the present instrumentation has been used successfully 
to obtain absolute on-road traffic emission data for NOx, CO, and C6H14 [Bishop et al., 1996]. 
Comparison of such data with ambient measurements would greatly increase confidence in 
estimates regarding the average New Zealand vehicle fleet. 

Measurements of emission ratios of specific trace gases from wood-burners could also be 
obtained relatively easily with the present instrumentation in an experimental setup. 
Knowledge of emission ratios of hydrocarbons from domestic heating appliances would not 
only allow a more conclusive source apportionment through comparing ambient ratios with 
those predicted by emission estimates, but would also provide important feedback for the next 
generation of emission inventories in New Zealand. 

A final area of potential cooperation exists in the field of more sophisticated models of 
atmospheric transport and chemistry, and comparison with measurements. It has been argued 
in this thesis that the effects of chemical reactions, wet and dry deposition, photolysis, and 
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differing emission heights are only small when emission ratios are compared with the ambient 
ratio of primary pollutants during winter pollution episodes. While these arguments were 
based on reasonable assumptions, reliable quantification of these factors requires the linking 
of emission data with a realistic chemistry and transport model for the Christchurch air shed. 

Current studies attempt the formulation of a complex 3-dimensional model of the 
Christchurch air shed [van dem Assem, 1997], and will provide an obvious opportunity to 
compare modelled concentrations of primary pollutants with measurements. Because of the 
large range of trace gases which can be measured with the current instrumentation, the 
determination of the model results would be sufficiently higher compared to the modelling of 
only one or two pollutants such as in earlier studies. 

Incorporation of a chemistry module into such a meteorological air shed model would be 
necessary to model the concentrations of secondary pollutants such as NO2 and HNO2. The 
Christchurch winter atmosphere would provide the opportunity to test the meteorological and 
chemical performance of such a model almost independently because of the range of 
chemically relatively inert primary pollutants, whose concentrations are mainly dependent on 
emissions and dispersion, and reactive trace gases like NO2 and 0 3 which are strongly linked 
to chemical processes. 
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