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Abstract 

A multi-wavelength, narrow-band, interference filter spectrophotometer has 
been designed by the New Zealand Meteorological Service. Its intended function 
is to provide measurements of atmospheric transmission at ultraviolet, visible, 
and infrared wavelengths, and from these measurements be able to characterise 
the aerosol scattering optical depth as a function of wavelength and determine the 
total amount of ozone in a vertical column of the atmosphere. The design was 
prompted by the similarity of conventional sun photometers to the photometers 
built at the University of Canterbury, New Zealand, solely for the measurement 
of total ozone. The instrument has been built to this design by the Physics 
Department, University of Canterbury, and has been tested and evaluated by the 
author. 

The photometer has eleven filters with bandpasses in the range from 310 nm 
to 940 nm. The bandwidths are 5 nm in the ultraviolet and 10 nm elsewhere. The 
three shortest wavelength filters lie in the Huggins absorption band of ozone and 
are to provide an estimate of the quantity of atmospheric ozone. The remaining 
filters are principally at wavelengths intended for the measurement of aerosol 
optical depth. The filter at 940 nm is for the determination of the quantity of 
water vapour in the atmosphere. Two detectors are used to cover the range of 
wavelengths. The photometer tracks the sun by means of a heliostat. 

A description of the photometer and the measurements made with it in Ne-vv 
Zealand and the Antarctic are presented. These show that this is a design that 
comes close to meeting its objective. Despite the set back of one of the impor
tant ultraviolet filters changing in transmission characteristic, the instrument can 
still provide approximate values for ozone. The systematic errors in these val
ues are discussed. The values it gives for aerosol optical depth show the varying 
wavelength dependence of aerosol scattering. 

The specific problems that limit both the accuracy of the measurements and 
the range over which they can be made are identified and possible solutions are 
suggested. 
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Chapter 1 

Introduction 

The middle atmosphere, the region between ten and a hundred kilometres in 
altitude, is currently generating a great deal of interest. The cartoon included on 
the title page is an illustration of this. It is only in the past few decades that this 
region has been made more accessible by the development of various remote sensing 
techniques, which have led to an appreciation of the importance of the region in 
determining global climate. In that same time we have realised that it is a region 
that is subject to change, from both anthropogenic and natural causes, that can 
influence climate on a global scale. Concentrations of many trace atmospheric 
constituents, such as carbon dioxide and chlorofluorocarbons, are increasing and 
the effects of these increases are likely to be significant. 

It is a region where the thermodynamics and dynamics cannot be separated 
from the photochemistry and chemistry, so that many fields of study must come 
together to achieve an understanding of the processes involved. The importance 
of that understanding lies in being able to forecast the changes that will occur in 
the future so that informed measures can be taken to minimise any anthropogenic 
changes to the region. At present the understanding is not complete, nor is it 
likely to be for some time. Computer models of the middle atmosphere are able 
to make forecasts, but they are limited by not being able to fully represent all 
the atmospheric processes and interactions that occur. Their first goal must be 
simulating the present state of the atmosphere. Measurements of atmospheric 
parameters are crucial in both refining and testing the models and monitoring 
change. 

This project is concerned with the measurement of two atmospheric charac
teristics; namely aerosoP scattering and the quantity of atmospheric ozone. Both 
of these have become more important in recent years with the growing realisation 
that man is capable of altering the radiation balance and climate of the earth. 
The increased use of nitrogen fertilisers and increasing emissions of gases that are 
radiatively or chemically active, or both, must be having a forcing effect on the 

1The word aerosol means a suspension of solid or liquid particles in a gas. It is used here 
to refer to those particles suspended in the atmosphere. In common use, an aerosol is also a 
general term for the pressurised containers in which a propellant is used to produce a fine spray, 
that is, an aerosol. To avoid confusion between the two uses in this work the word aerosol is 
used only in the former sense and the term spray-can is used for the latter. 

1 
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atmosphere and climate. 
Recent events such as the formation of the "ozone hole" and the eruption of El 

Chichon, described on pages 10 and 14 respectively, have demonstrated that per
turbations are possible and potentially serious. The ozone hole is an example of a 
relatively sudden atmospheric change which appears to be caused by the "switch
ing on" of some new process. Such non-linear changes are extremely difficult to 
predict. 

The possibility of a large scale nuclear exchange is an awesome possibility, 
whose effects on the atmosphere and climate are sure to be extensive. The smoke 
from extensive fires and the dust raised by blasts would modify the atmosphere in 
a manner similar to a large volcanic eruption. There have been many models that 
provide possible scenarios: including Turco et al. (1983); Covey et al. (1984); 
a report by the National Research Council (1984) and more recently Malone et 
al. (1986) Schneider (1987) provides a general discussion on this and on the more 
general climate modelling problem. 

Recently there have been reports (Bowman, 1987; Heath, 1988; Reinsel et al., 
1988) of significant reductions in ozone on a global scale. While these are not as 
severe as the depletion found in the Antarctic ozone hole they are nevertheless of 
concern, especially the possibility of depletion in Arctic regions. An international 
panel to look at the ozone trends has been assembled. Its full report is due to be 
published soon but a shorter report has already been published (NASA, 1988). 
The trends from ground-based Dobson measurements in Northern mid-latitudes 
were established by the panel (Table 1.1). The global trend from the satellite 
records, after removing the drift by correlating with Dobson measurements, is 
smaller than earlier estimates at around 2.5% for the period 1978-1985, with sig
nificant variation with latitude. Some of this, from 0. 7 to 2%, could be due to 
the natural variation associated with the 11-year solar cycle of ultraviolet activity 
which reached its minimum in 1985. These findings have strengthened calls to 
limit the production of chlorofluorocarbons. The Montreal Protocol, set up in 
1987 and coming into force when countries representing 66% of world chlorofluo
rocarbon production have ratified it, calls for a 50% reduCtion in production by 
1999. The protocol is due for review in 1991, by which time measurements will 
have more accurately determined to what extent chlorofluorocarbons are respon
sible for depleting ozone, as that is the time of the next solar maximum. The 
problem of ozone depletion is a long term one as the lifetime of chlorofluorocar
bons in the lower atmosphere is of the order of 70-100 years and only a small 
fraction of the total reaches higher up, where the damage is done, each year. 

The problems of modification of the ozone distribution and modification of 
climate can no longer be treated separately. While the main climatic concern used 
to be the greenhouse effect of increasing carbon dioxide, illustrated in Figure 1.1, 
there is now the added concern that many trace constituents are also increasing 
and their cumulative greenhouse effect is as large as that of carbon dioxide. Many 
of these gases, such as methane, hydrocarbons and halocarbons, are active in the 
chemistry that controls ozone. In addition ozone itself is a greenhouse gas, as it 
absorbs in the near infrared, and variations in its quantity or distribution directly 
alters the long-wave or terrestrial radiation balance as well as that of the shorter 
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53-64°N 40-52°N 30-39°N 
Annual average -2.3 ± 0.7 -3.0 ± 0.8 -1.7 ± 0.7 
Winter average -6.2 ± 1.5 -4.7 ± 1.5 -2.3 ± 1.3 

Summer average +0.4 ± 0.8 -2.1 ± 0.7 -1.9 ± 0.8 

Table 1.1: Trends in total ozone from Dobson spectrophotometer measurements. The figures 

are percentage changes for the period 1969-86. 

solar wavelengths. 

Measurements of climatic parameters such as surface temperature are ex
tremely important for the detection of long term trends. Natural variability in the 
parameters measured, on several timescales from minutes to decades, complicate 
the detection. As a general global warming would be accompanied by regional 
temperature changes of varying sizes, both smaller and larger than the global av
erage, care is needed in the interpretation of measurements. The model predictions 
of present greenhouse warming are still too small to be statistically different from 
the natural temperature fluctuations so none of them has yet received positive 
verification. 

Models that aim to predict future climatic change cannot be confined to the 
middle atmosphere as the climate is an interaction between the large masses of 
the atmosphere, ocean and land. The amount of heat, momentum and matter 
exchanged between these three systems depends on parameters such as surface 
temperatures, vegetation cover, winds and cloudiness. These parameters are in
fluenced by the climate and will have important feedback effects in determining the 
state of quasi-equilibrium that determines that climate. Many of these feedback 
mechanisms are not well understood and are difficult to model. How, for exam
ple, will the amount of carbon dioxide that is dissolved in the oceans respond 
to a change in temperature? The answer is crucial to the carbon dioxide budget 
of the atmosphere but as yet cannot be given. Clarifying our understanding of 
these questions will require a co-operative effort spanning many fields of study. In 
the meantime, model predictions of future climate change must be treated with 
caution. A review of many recent climate models with specific reference to the 
carbon dioxide increase is given by Schlesinger and Mitchell (1987). 

The two concerns of this project, atmospheric ozone and aerosol scattering, 
have often been treated separately but because measurements of one are com
plicated by uncertainties in the other a combined approach is fruitful. A brief 
introduction to each follows, in the form of a history of the measurements that 
have been made and a discussion of their characteristics, including their impor
tance to the climate change problem. 
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1.1 Atmospheric Ozone 

1.1.1 History of atmospheric ozone measurement 

The study of atmospheric ozone had its beginnings at the end of last century. 
Ozone had been identified as a constituent in the air at ground level and mon
itored for several years by a chemical method discovered in 1844 by Schonbein. 
Cornu had been investigating the sharp ultraviolet cut-off of solar radiation with 
photographs of the spectrum (Cornu, 1879). In 1881 Hartley made some ab
sorption measurements for ozone and then made the connection between the two 
(Hartley 1881a, 1881b). Absorption bands in stellar spectra in the region 300-340 
nm were noticed first by Huggins (1890) and these were later attributed to atmo
spheric ozone by Fowler and Rayleigh (1917). During 1912-13 Fabry and Buisson 
made laboratory measurements of ozone absorption from 254-334 nm (Fabry and 
Buisson, 1913). They calculated that to reproduce atmospheric absorption at 300 
nm would require total atmospheric ozone equivalent to a 0.5 em layer at standard 
temperature and pressure2 • The first measurements they made in the summer of 
1920, with a double spectrograph, found ozone amounts in the range equivalent to 
0.28-0.34 atm-cm. During the 1920's spectrographic methods for measuring total 
ozone were refined by Gotz and Dobson. Dobson's instrument used a Fery prism 
and photographic recording. Six instruments were made and deployed at various 
stations around Europe during 1925-6 and were re-deployed in 1928 to give a more 
global coverage. Observations made in this period were building up a picture of 
seasonal and latitudinal variation in total ozone (Dobson, 1930; Gotz, 1931). This 
gave the first clues to the circulation patterns in the middle atmosphere. 

In 1931 a general theory, now known as Chapman theory, was presented to 
explain the formation of characteristic layers in the atmosphere by looking at the 
absorption of incoming solar radiation as a function of height (Chapman, 1931). 
This could describe any process in the atmosphere that absorbs radiation, such as 
photoionisation or photodissociation. When applied to ozone it predicted a layer 
of ozone in the lower stratosphere. 

A new spectrophotometer was designed by Dobson in the period 1929-31 using 
photoelectric cells and a double monochromator (Dobson, 1931). The relative 
intensity of light at two wavelengths, initially 311 nm and 326.5 nm, was measured 
by moving a calibrated wedge in one beam until it produced an equal photocell 
output to the other. This instrument, with later modifications, including the 
provision of more wavelength pairs, became the standard instrument for ground 
based ozone measurements and still is. 

Gotz and Dobson also looked at the use of the Umkehr or inversion effect in 
determining the vertical distribution of ozone, ( Gotz and Dobson, 1928). This 
effect occurs where the ratio of light scattered from the zenith sky at two different 
wavelengths which normally decreases as solar zenith angle increases, increases for 
a short interval at large zenith angles. Their aim was to try and link absorption by 
ozone to the temperature profiles measured by balloons and to Chapman theory. 

2This unit is refered to as the atmosphere-centimetre (atm-cm) in this work. Its sub-multiple, 
the milli-atmosphere-centimetre, is known as the Dobson unit in honour of G.M.B. Dobson. 
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They found that the main concentration of ozone was around 20-30 km, somewhat 
lower than expected. 

The global ozone measurements initiated by Dobson have become more ex
tensive especially as a result of the additional efforts during the International 
Geophysical Year (1958) and with the advent of satellite measurements. These 
have helped in the study of both the photochemistry and the dynamics in the 
atmosphere, both of which control the distribution of ozone, the latter being more 
dominant in the lower stratosphere with the former having more control at higher 
altitudes. 

The Dobson spectrophotometer, including a recent semi-automated version is 
still the principal instrument for ground-based determination of ozone. However 
there have been other instruments. For example, there have been a number of 
Russian ozonometers that use gl~ss filters and a Canadian instrument that uses 
a diffraction grating as its dispersive element (Brewer, 1973: Brewer and Kerr, 
1973) for example. Craig (1965) and Khrgian (1973) give surveys of some of these 
as well as in situ measurements. Instruments using interference filters have been 
built here at Canterbury, New Zealand, and are described briefly in Section 1.3. 

Balloon soundings of the vertical profile can be made by either a chemical or 
an optical instrument, and satellite observations of both total ozone and part of 
its vertical profile are now routinely made. It might be thought that the extensive 
ground coverage of satellite measurements make ground based measurements ob
solete, but they have a very important role to play in the calibration and detection 
of trends in the satellite measurements. 

Accounts of the various methods of ground based, in situ and satellite ozone 
measurement, and intercomparisons between them can be found in the measure
ment sections of the proceedings of the last two ozone symposia held by the Inter
national Ozone Commission (IOC, 1980 and 1984) and in the papers describing an 
experimental intercomparison campaign (Chanin 1983a, 1983b, and accompanying 
papers). 

1.1.2 Characteristics of atmospheric ozone 

Ozone is a trace gas in the atmosphere that has absorption features in the ul
traviolet, visible, and infrared regions of the electromagnetic spectrum. The ab
sorption in the infrared region contributes to the greenhouse effect, illustrated 
in Figure 1.1. However, the contribution is not straight forward. An increase of 
ozone in the stratosphere, where its principal effect is the absorption of short wave 
(solar) radiation, will warm the stratosphere but cool the troposphere and surface 
because less short-wave radiation gets through. On the other hand, an increase 
in ozone in the troposphere will have the opposite effect: the surface is warmed 
because the absorption of long wave (terrestrial) radiation is ozone's dominant 
effect as there is less ultraviolet radiation. 

Ozone is formed in the atmosphere by the combination of atomic and molecular 
oxygen according to 

0 + 0 2 + NI -t 03 + M (1.1) 
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Figure 1.1: The Earth's energy balance and the greenhouse effect. The surface is warmer 

because of the absorption and re-emission of terrestrial radiation by gases in the atmosphere, 

principally carbon dioxide and water vapour. Without this, the surface would have an average 

temperature of just 254 K. Figures for energy fluxes are global averages. 

where !vi is a third body, an air molecule, that removes excess kinetic energy. The 
atomic oxygen comes principally from the photodissociation of oxygen molecules 
by ultraviolet light with wavelengths less than 242 nm, although there are other 
sources such as the photodissociation of nitrogen dioxide. 

0 2 + hv ~ 0 +0 (1.2) 

It is the height dependence of Reaction 1.2, as explained by Chapman theory, that 
produces a layer of ozone in the lower stratosphere. A typical profile of ozone and 
temperature is shown in Figure 1.2. 

Despite having a maximum mixing ratio of only a few parts per million by 
volume in the atmosphere, ozone is an extremely important trace gas. It is the 
only atmospheric gas which significantly absorbs radiation at wavelengths between 
240 and 360 nm. This absorption is due to the dissociation reaction 

(1.3) 

The presence of ozone in the atmosphere means that wavelengths from 200-300 
nm are reduced to levels that are unobservable at ground level and those from 300-
340 nm are greatly attenuated. This is biologically important as radiation of these 
wavelengths has adverse effects on both plant and animal forms of life. In humans 
it causes sunburn, various skin cancers, and eye cataracts. Mackie and Rycroft 
(1988) provide a discussion of these effects in relation to the current concern over 
depletion of atmospheric ozone. The ultraviolet absorption is important for a 
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Figure 1.2: Typical profiles of ozone and temperature in the atmosphere. 
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second reason: it intercepts approximately 4% of the radiant energy of the sun 
and this provides the main source of heating in the stratosphere. Without this 
heating the stratosphere, the region of the atmosphere with temperature increasing 
with height, would not even exist. Because the heating at a given place in the 
stratosphere is dependent on how much ozone is there, the distribution of ozone 
plays a primary role in determining the temperature structure and the consequent 
motions within the stratosphere. That stratospheric circulation in turn affects 
the ozone distribution py transporting ozone. The average quantity of ozone as a 
function of latitude and season is shown in Figure 1.3. 

There are also variations on shorter and longer timescales such as the diurnal 
variation, variations from day to day, and variations linked to the quasi-biennial 
oscillation in atmospheric motions in the tropics and the solar activity cycle. Be
cause the circulation of the atmosphere and the distribution of ozone within it 
are so strongly coupled, predicting the effect of changes in either is made more 
difficult. 

Reaction 1.3 does not usually remove ozone from the atmosphere as it is usually 
followed by Reaction 1.1. When this happens the quantity of ozone is unchanged 
and the net effect is to absorb ultraviolet radiation and heat the surrounding air. 

A change in the rate of ozone formation, for example by a change in the 
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Figure 1.3: Average distribution of ozone as function of latitude and season. The level at 

the equator is nearly constant at approximately 0.25 atm-cm. Variations at high latitude in the 

North are large and reach a peak of approximately 0.40 atm-cm in Spring. The effect of the 

Antarctic ozone hole can be seen in the September and October values. The values are from 

NOAA (1988) and represent averages over the period from November 1978 to October 1986. 

distribution of ultraviolet radiation caused by solar activity, will alter the quantity 
of ozone in the atmosphere. However, it is the processes that remove ozone that 
are more sensitive to possible change. The reaction 

(1.4) 

that removes ozone can occur directly but more often occurs as a catalytic process, 
involving a radical X, of the form 

X + 03 -+ X 0 + 02 
XO+O -+ X +02 (1.5) 

giving the same net effect. H or HO, NO, Cl and Br all act in this way. A review 
such as that by Murgatroyd (1982) provides further details. 

For each radical the effect on ozone is determined by its concentration which 
is in turn determined by the its rate of production, destruction and transport. 
Different catalytic reactions vary in importance at different heights as shown in 
Table 1.2. The radicals can be grouped in to catalytic families that may consist 
of a number of radicals along with gases that act as sources, sinks, and temporary 
reservoir species for those radicals. Figure 1.4 represents the three most important 
catalytic families. Interactions between catalytic families are rife; one may inter
fere with another by forming a common reservoir or a mixed ozone destruction 
cycle of the form 
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Altitude k(0)(03) k(N02)( 0) k( ClO)( 0) k(H02)(0) k(H02)( 03) 
(km) (%) (%) (%) (%) (%) 

50 25 7 4 52 -
45 29 24 10 31 
40 18 53 16 10 
35 11 68 13 4 1 
30 10 69 8 2 3 
25 12 78 5 1 8 
20 11 70 1 1 26 

Table 1.2: Calculations of the relative importance of different odd oxygen destruction reactions 

at different heights. Values are expressed as a percentage of the production at that height. 

Source, WMO 1982a. 

Y + 03 -+ YO+ 02 
X 0 + Y 0 -+ X Y + 02 (1.6) 

where X and Y are radicals and which has the net effect of 

(1. 7) 

The last line of Reaction 1.6 may not be a single reaction but consist of several 
steps. Cycles like this are more important at lower altitudes than those of the form 
of Reaction 1.5 as they are not dependent on the photolytic production of atomic 
oxygen. Concentrations of the active catalysts in the parts per trillion range can 
affect the destruction of ozone significantly. There has been concern whenever a 
major anthropogenic source of these radicals has been introduced that modifica
tion to the chemical balance will occur. For example in the seventies there was 
considerable concern about injection of nitrogen oxides into the stratosphere by a 
proposed fleet of supersonic aircraft and there is current concern about chlorine 
radicals that are produced when chlorine bearing halocarbons are photodissociated 
in the stratosphere. 

To successfully model the chemistry of destruction processes a large number of 
species and reactions must be taken into account3 . A system of differential equa
tions, in which the dependant variables are the concentrations of each species, can 
be set up to form a chemical model. Each equation is a continuity equation for 
a particular species, with terms for production, removal, and transport included. 
The rate of each reaction will be a function of the temperature and possibly the 
pressures and radiation flux. If these rates are known, from laboratory measure
ments, then the system may be solved. The coupling between radiation and the 
chemistry is well handled by such a model. The coupling or feedback with the dy
namics is more difficult to account for. Such a simple model will include the effect 

3 Brasseur and Solomon (1986) list 125 reactions involving approximately 60 neutral species 
and a similar number of reactions involving ions 
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Figure 1.4: The three most important catalytic families involved in the removal of ozone: (a) 
Odd-hydrogen; (b) Odd-nitrogen; (c) Odd-chlorine. From NASA (1986). 

of the existing transport only by a simple parameterisation and consequently will 
not have any dynamic feedback at all. The complexity of the chemistry makes 
anything more that a one-dimensional time dependent model difficult so variations 
with latitude and longitude are often ignored. The uncertainty in predicting the 
future level of emissions of various source gases adds to the difficulty in assessing 
the possible chemical changes. Brasseur and De Rudder (1988) discuss the results 
of their chemical-radiative model as well as providing references to other recent 

·models. 

Measurements of as many species as possible are important in verifying these 
chemical models and in establishing if there are any chemical reactions missing 
from them. Extensive reviews of the current understanding of the processes that 
control atmospheric ozone can be found in the assessment reports by the World 
Meteorological Organisation (WMO, 1982a and 1986) and the National Aeronau
tics and Space Administration (NASA, 1986), on which much of the preceding 
discussion is based. 
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The Antarctic ozone "hole", first reported by Farman et al. (1985), is an excel
lent example of an atmospheric change that was almost impossible to foresee. It 
consists of a drastic reduction in ozone over most of Antarctica in the early spring
time, at the time when sunlight has returned after the polar night. An analysis 
of TOMS and SBUV4 satellite data has shown it to have developed over the last 
decade with its severity generally, but not always, increasing from year to year 
(Stolarski et al., 1986). It has spawned intensive research with several possible 
explanations, both chemical (for example Solomon et al., 1986; McElroy et al., 
1986; Crutzen and Arnold, 1986) and radiative (Tung et al., 1986; Mahlman and 
Fels, 1986), being put forward. There was a special issue of Geophysical Research 
Letters (Vol13, No.12, November 1986) containing forty five papers on the topic 
and an overview (Schoeberl and Krueger, 1986, and accompanying papers). 

It was not until measurements of key trace gases and of detailed ozone profiles 
made as part of a special expedition to the Antarctic in 1986 were made that these 
hypotheses could be tested. Profiles showed that the depletion was occurring 
at heights from 10-20 km (Hoffman et al., 1987) and that the chemistry was 
significantly different from that observed at other latitudes and times. Low levels 
of odd-nitrogen, which normally limits the quantity of free odd-chlorine by the 
formation of a common chlorine-nitrogen reservoir, ClON02 , allows very high 
levels of odd-chlorine to exist (Farmer et al., 1987; P.M. Solomon et al., 1987; S. 
Solomon et al., 1987; Mount et al., 1987). Findings from a second expedition in 
1987 and a concurrent campaign of in situ measurements from aircraft have added 
to the knowledge (Pyle, 1988) The mechanism that is depleting the odd-nitrogen 
in the lower stratosphere is related to the presence of polar stratospheric clouds, 
which are formed at temperatures of 195 K or lower and are more common in 
the South than the North because of the lower stratospheric temperatures there 
(McCormick et a.l., 1982). The most likely mechanism is the condensation of ice 
containing HCl and H N03 onto the cloud particles. This ties up the odd-nitrogen 
until the particle either evaporates or is removed by precipitation. The release of 
active chlorine from reservoir species may be enhanced by heterogeneous reactions 
between chemicals in the solid phase and the active nitrogen and chlorine gases 
on the surfaces of these particles (Wofsy et al. 1988). It is interesting to note that 
the reduced levels of nitrogen dioxide were reported before the ozone hole itself 
by McKenzie and Johnson (1984). 

However the hole is not caused solely by perturbed chemistry; the circulation 
of the south polar region, which keeps it largely isolated from lower latitudes by 
a pattern known as the polar vortex, provides the conditions (lower stratospheric 
temperatures and hence a higher incidence of polar stratospheric clouds) for the 
hole to form. The shape of the depleted area at any time is governed by the 
shape of the vortex and can be seen to rotate, driven by planetary scale waves 
(Krueger et al., 1987). The break up of the hole is related to the break up of 
the vortex in late spring and observations of ozone deficient air have been made 
at mid-southern latitudes at this time. The review by Solomon (1988) and the 

4The Total Ozone Mapping Spectrometer and the Solar Backscattered Ultra Violet experi
ments on the Nimbus 7 satellite. 
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special section on polar ozone in Geophysical Research Letters recently published 
(Solomon and Schoeberl, 1988, and accompanying papers) provide accounts of the 
present state of knowledge. 

1.2 Aerosol Scattering 

The second field of study with which this project is concerned is scattering and 
absorption of light in the atmosphere by suspended particles or aerosols. 

1.2.1 History of aerosol scattering and turbidity mea
surements 

The first determination of the diminution of light by the atmosphere was made 
by Pierre Bouger in November 1725 by comparing the apparent intensity of the 
moon at two different elevations (Middleton, 1961). This diminution varies as 
the number of scattering particles in the atmosphere varies due to such things as 
weather patterns, volcanic ei:uptions, forest fires and anthropogenic sources. 

It was the eruption of Krakatoa in 1883 that first prompted broad band mea
surements of transmitted solar flux. Since the turn of the century, with improved 
instruments such as the Angstrom compensating pyroheliometer (Angstrom, 1932) 
being readily available, many measurements of turbidity, or the dirtiness of the 
atmosphere, have been made (Volz, 1968). 

The measurement was usually reduced to some standard parameter such as 
the Linke turbidity factor which is the number of clean, dry atmospheres that 
would produce the same attenuati.on as that observed (Linke, 1922). A clean 
dry atmosphere is defined as one in which the only scattering process is that due 
to air molecules. This measure is still in use as it was during the International 
Geophysical Year, (Ohman, 1958) although other wavelength averaged measures 
such as ~n average attenuation coefficient were and are also used. 

However, scattering by atmospheric particles does not have the same wave
length dependence as molecular (Rayleigh) scattering 5 • This can be seen by 
comparing the washed out skylight of a hazy day with the deep blue of an ex
ceptionally clear day. Scattering by aerosols is generally a more slowly varying 
function of wavelength than Rayleigh scattering so the sky is closer to a uniform 
white. This limits the usefulness of wavelength averaged measures of turbidity, 
such as the Linke factor, because they are a function of the wavelength sensitiv
ity of the detector used and the solar elevations over which the determination is 
made. Thomason et al. (1982) provide a discussion of these difficulties. One way 
of overcoming this (Angstrom, 1929) was to account for the varying wavelength 
dependence of aerosol scattering by relating it to wavelength with a simple power 
law 

(1.8) 

5The dependence of Rayleigh scattering on wavelength, .X, is approximately >. - 4 • It is de
scribed in Chapter 3 on page 34. 
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Wavelength (nm) 
Bandwidth (nm) 

368* 384 500* 778* 862 
5-10 

13 

Table 1.3: Wavelength bands recommended by World Meteorological Organisation for mea

surement of turbidity. * indicates a "primary" standard. 

Where TA is the optical depth due to aerosol scattering and the wavelength is 
expressed in microns (JLm). The exponent of wavelength dependence, o: could vary 
from 0 for large particles (the geometric limit) to 4 for very small particles ( the 
Rayleigh limit) and was thus a crude measure of the typical particle size. A typical 
value for o: being in the range 1-2. Measurements using coloured glass filters to 
determine the coefficient were possible but suffered from large and unreliable errors 
(Angstrom, 1961; Armstrong and Richards, 1982). 

More accurate measurements can be made with instruments that have narrow 
wavelength bands. The first such instrument, designed by Volz (1959), had chan
nels at 380 nm and 500 nm. These channels could be treated as monochromatic 
and so did not suffer from the difficulties of broad band measurements. A value 
for the wavelength coefficient could be obtained with much less difficulty. Mod
ern sunphotometers have evolved from this instrument (Shaw, 1983). The World 
Meteorological Organisation now has standards for the measurement of turbidity 
at preferred wavelengths (vVMO, 1978). These are shown in Table 1.3 

The particle sizes that contribute to optical turbidity lie in the range 0.1 to 10 
J-lm . Measurements of the wavelength dependence of turbidity contain informa
tion about this size range. As computing power and techniques have improved, 
more and more information about the size distribution has been extracted. In 
some cases it is possible to infer a size distribution from a knowledge of the wave
length dependence of the scattering. While this is an ill-posed problem in that 
many differing size distributions can give the same scattering, successful inver
sions are possible if the solution process is subjected to suitable constraints. The 
mathematical techniques are described in Twomey (1963, 1965) and King (1982) 
and there have been a number of accounts of successful inversions (for example, 
Yamamoto and Tanaka, 1969; Quenzel,1970; King et al., 1978, Tanre et al., 1988). 

There are other ways by which information of the size distribution of particles 
that scatter visible light can be obtained. Because the angular dependence of 
aerosol scattering is a strong function of size, methods sensitive to the direction of 
scattering can be quite successful. Measurements of the solar aurora fall into this 
category, as do active measurements with LIDAR6 systems. Accounts of these 
sorts of methods are to be found in Twomey (1977) and Deepak (1980). Aerosols 
can also be studied by various forms of in situ measurements, which may involve 
collecting the particles or measuring the optical properties of the sample. 

6 LIDAR is an acronym for Light Direction and Ranging 
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1.2.2 Characteristics of Aerosol Scattering 

Aerosols in the troposphere consist of particles of mineral dust, sea salt, soot 
and ash from various combustion processes, organic condensates and products 
of gaseous condensation. The size range can be anything from 10-3 to 103 J.lm 
and different sources will produce different characteristic size distributions. The 
particles can act as condensation nuclei for the formation of raindrops which is one 
of the processes by which they are re_moved from the atmosphere; other processes 
are washout by falling raindrops and gravitational settling out. The lifetime of 
aerosols is short, a matter of a few days or weeks so their distribution varies a 
great deal as production and transport varies. There is however a background 
aerosol in the upper troposphere representing particles that have got through the 
cloud filter. 

There is also a stratospheric aerosol, known as the Junge layer which consists 
mainly of condensates of various sulphate compounds. This layer normally con
tributes only a small fraction of the total aerosol scattering but has a much longer 
lifetime. More complete accounts of the nature of atmospheric aerosols and the 
processes that control them can be found in the books by Junge (1963), Twomey 
(1977) and Monin (1986). 

The importance of atmospheric scattering by aerosols lies in their ability to 
modify the radiation balance in the atmosphere by scattering. Any process or 
event that changes the quantity or nature of atmospheric aerosols will change the 
radiation balance. Increased emission of particulate matter from combustion in 
transport and industry have this potentiaL 

Large volcanic eruptions provide opportunities to study examples of such cli
mate modification. They inject large quantities of dust and gas into the atmo
sphere. The dust usually falls out within a few weeks or months and so provide 
only a short term modification to the radiation scheme. However the gases, mainly 
sulphur dioxide, form droplets of sulphuric acid which can persist in the strato
sphere for a year or more. 

The possible link between volcanic eruptions and climate modification was first 
suggested by Benjamin Franklin when Europe had a severe winter, apparently as 
a consequence of the eruption of Laki in Iceland in 1783 which produced a dense 
haze over most of the region (Mitchell, 1982). With increased scattering in the 
atmosphere, more short-wave radiation is intercepted in the atmosphere and less 
reaches the ground, causing a surface cooling along with an atmospheric warming. 
Radiative transfer models can quantify the effect. 

The eruption of El Chichon in April 1982 has been the most studied volcanic 
eruption ever; it was the first eruption with significant climatic effects that has 
been monitored from satellites. There has been a special issue of Geophysical 
Research Letters (Volume 10, November 1984) on the eruption and Hoffmann 
(1987) provides a more recent review paper detailing the chemical and dynamic 
effects of the eruption. 

Apart from the radiation balance, aerosols are important for the role they 
play in thermodynamic and chemical processes. They act as condensation nuclei 
for cloud droplets and provide surfaces on which chemical reactions can occur. 
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When condensates are formed, species are removed from the gas phase. They are 
therefore important in the chemical budget of the atmosphere and in the climate 
as a whole. 

1.3 Aims of this Project 

Some years ago Dr G. J. Fraser of the Physics Department, University of Canter
bury, instigated the construction of a photometer that used interference filters to 
isolate wavelength bands in the ultraviolet and whose purpose was to provide an 
alternative to the Dobson spectrophotometer for the determination of total atmo
spheric ozone. This was motivated by the fact that the Dobson spectrophotometer 
was out of production, was heavy and difficult to move, and required a skilled op
erator (Dobson, 1957a). The first prototype had six filters with passbands in the 
ultraviolet close to the wavelengths used by the Dobson. They were mounted on a 
wheel which was rotated so that each interrupted the light path in turn, enabling 
the measurements at all wavelengths to be made very nearly simultaneously. The 
photodetector used was a photomultiplier tube with good ultraviolet sensitivity. 
It was made to track the sun by means of an equatorial mount and a constant 
velocity drive to counter the earth's rotation. This instrument is described by 
Matthews in his doctoral thesis (Matthews, 1971) and subsequently (Matthews, 
1972). It was reasonably successful but suffered from some systematic errors. An 
investigation of these errors by Basher led to the construction of a second proto
type which overcame many of them by improving filters and some of the electronic 
circuits. An account of this second project can be found in Basher's doctoral thesis 
(1975) and elsewhere (Matthews et al., 1974; Basher 1977, 1978). 

In any measurement of ozone by differential absorption one of the unknown 
errors is the effect of aerosol scattering. The assumption made in a measurement 
of ozone using only two bands, such as a single pair measurement with the Dobson 
spectrophotometer, is that aerosols do not affect the ratio of intensities. This is 
the same as assuming that aerosol scattering is independent of wavelength and 
that any relative variation in the two signals is due to ozone. A measurement with 
more bands allows a more sophisticated assumption about the wavelength depen
dence of the aerosol scattering. For example, the Dobson double pair method 
assumes that two pairs of wavelengths with similar separation are affected simi
larly by aerosol scattering. This is equivalent to the assumption that the aerosol 
scattering is a linear function of wavelength. The more information available on 
aerosol scattering the better it can be characterised and compensated for in the 
measurement of ozone. The converse is also true, measurements of irradiation in 
the visible to determine aerosol scattering are less accurate because ozone has a 
broad absorption band, the Chappuis band, in the visible. A typical value for the 
ozone amount, according to the latitude and season is often assumed, for example 
by Shaw et al. (1973) but because there are significant short term variations of as 
much as 20% from one day to the next an error is introduced. 

The ozone photometers built at the University of Canterbury were very sim
ilar to the instruments used in many places for the measurement of atmospheric 
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attenuation or turbidity at visible wavelengths. For example an instrument at the 
University of Arizona (Shaw, 1973) had eight filters with passbands from 0.4-0.8 
pm mounted on a similar wheel. This similarity led to the idea of an instrument 
that was designed with a large enough range of wavelength bands to be able to 
characterise both ozone and aerosol attenuation. The basic design of this instru
ment was put forward by Dr Reid E. Basher who is now with the New Zealand 
Meteorological Service. There was some delay between the instrument's concep
tion and its completion as the project was shelved until a willing graduate student, 
the author, arrived to take it on. At that point the filters had already been bought 
and the design was at the stage of rough sketches. There were still some minor 
design decisions to be made and the author and members of the Physics De
partment's mechanical workshop contributed to these. The electronics design was 
handled by the electronic workshop of the Department, some of it based on the de
signs used for the earlier instruments and some of it new (principally the computer 
interfacing). A full description of the photometer is given in Chapter 2. There 
are of course disadvantages in a multi-function design and these are discussed in 
the Chapters 5 and 6. 

The aim of this project was to build, commission, test and use this new pho
tometer and to evaluate the measurements it could make. One of the hopes was 
that if successful it could provide information on the way in which variations in 
aerosol scattering interfere with the determination of ozone. 



Chapter 2 

Description of the Photometer 

The photometer built for this project, in common with the previous photometers 
built at the University of Canterbury, uses interference filters to isolate wavelength 
bands of radiation for measurement. These earlier instruments were designed for 
the sole purpose of measuring atmospheric ozone by differential ultraviolet absorp
tion of direct solar radiation, in the same way that the Dobson spectrophotometer 
does. The small number of channels and the limited range of wavelengths serve 
this single purpose well. 

The current photometer was designed to combine the functions of measuring 
turbidity and the total ozone content of the atmosphere. A number of features 
reflect this. Firstly, the number of channels is larger. There are twelve in all, 
one of which is blocked to monitor the dark response of the instrument. They 
cover a range of wavelengths from the near ultraviolet, through the visible, to 
the near infrared. The provision of such a large number allows the passbands 
to be chosen to provide different kinds of information. Filters with passbands at 
wavelengths with little or no gaseous absorption provide information on aerosol 
scattering whilst others can provide information on particular absorbing species. 

Secondly, to cover the wide range of wavelengths envisaged, there are two detec
tors. One is the same type of photomultiplier as used in the previous photometers 
and the other is a silicon photodiode which, despite an enhanced ultraviolet sen
sitivity compared with other diodes, is most sensitive in the visible and infrared. 
Although having two detectors complicates the instrument, there is the advan
tage that comparisons between the two can be made in channels where they both 
have useful response. Another major departure from previous designs is in the 
method of tracking. Because this instrument is bulkier it is more difficult to use 
an equatorial mount as is would involve turning the whole apparatus. For this 
reason, and because it gives added flexibility for other kinds of measurement, a 
heliostat was used to direct the radiation to the filters and detectors, which were 
held fixed. The heliostat could be moved to any position and was not limited to 
the sole function of tracking the sun. 

A sketch of the photometer is shown in Figure 2.1. A detailed description of the 
various mechanical parts is given in Section 2.1. That is followed by a description 
in Section 2.2 of the electronic circuits needed to control those parts and to convert 
the signals from the detectors to a usable form. Because the instrument was more 

17 
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Figure 2.1: Sketch of the photometer. The motors, tubes and mirrors of the heliostat are 
housed in the cylindrical part at the top. Beneath that is the chamber containing the filter 

wheel and the detectors. At the bottom is the box housing the electronic circuits and power 

supplies. 

complex than before, and because the heliostat required input of elevation and 
bearing, a microcomputer was used to control it and to record the data collected. 
This made the taking of measurements almost completely automatic. Details of 
the computer and how it was interfaced and programmed are given in Section 2.3. 

2.1 Mechanical details 

2.1.1 The heliostat 

The heliostat consists of closed tubes, mounted on bearings so that the objective 
can be pointed in any direction and contains mirrors directing light from the ob
jective vertically downward. Baffles are provided to limit the amount of off axis 
light reaching the filters and detectors further down. The field of view is deter
mined by apertures at the objective end of the heliostat and near the detectors. 
The semi-angle of the field of view is 0.9° (54 minutes of arc). This was kept large 
enough to be sure that the whole of the solar disk was included and small enough 
to minimise the errors due to light scattered into the field of view. 

The alignment of the two mirrors within the tubes was important. They were 
mounted on holders that ensured they were at 45° to the axis of the tube. Each 
then had two degrees of freedom, a lateral movement along the tube and a rotation. 
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The accuracy to which they could be aligned was approximately 0.2 mm and 5 
minutes of arc respectively. This was sufficient to ensure that the whole of the 
rear aperture was illuminated by the direct solar radiation. 

In order to set the instrument up to correctly track the sun, it had to be level. 
That is it had to be positioned so that the vertical axis of rotation of the heliostat 
corresponded to the local vertical. A small spirit level of approximately 1.5 em 
diameter was mounted on a horizontal surface of the photometer. This little device 
is able to level the photometer to an accuracy of a surprising 4 minutes of arc. 
Levelling feet were installed beneath the photometer that between them could 
accommodate up to 2° adjustment. Then the instrument could then be set up on 
any stable and approximately level surface. 

Two electric stepper motors move the heliostat, one for azimuthal movement 
(or bearing) and one for changing the zenith angle (or elevation). Each drives the 
heliostat through a worm drive gear that has an 80:1 reduction ratio. Worm gears 
were used because they provided a large reduction with only one compact pair 
of gears. The step size of the motors is 1.8° which makes the angular precision 
to which the heliostat can be positioned 1.35 minutes of arc. This is far smaller 
than needed, given the field of view and the precision to which the heliostat is set 
up. The gear ratio would have been better at a smaller value. This would have 
had another advantage in that the scan speed of the heliostat would have been 
greater. The value chosen was a compromise between these factors a.nd mechanical 
considerations. The worm wheel had to encompass the tubes of the heliostat and a. 
lower ratio could have been achieved with either a double worm or a much coarser 
pitch, neither of which is desirable from a mechanical point of view. The gears 
themselves were machined in the Physics Department. The drive for the elevation 
also has a pair of 1:1 bevel gears that help avoid mounting difficulties by allowing 
a more convenient orientation of the motor. 

The position of the motors at any time is known only by counting the steps 
since each motor was at its zero position as identified by a limit switch. The 
difficulty of setting up positive position sensing with sufficient precision made this 
the more attractive option. The zero position of the zenith motor was carefully 
checked to be perpendicular to the surface on which the level was mounted to 
a precision of two minutes of arc. The photometer was usually positioned so 
the zero position for the azimuth drive corresponded to the photometer pointing 
approximately southwards. This means that, with the exception of Antarctic 
measurements, the photometer did not have to cross the zero position during any 
readings. 

In any gear system, one must be aware of the problem of backlash and handle it 
adequately. The backlash in the two gear trains is approximately twenty minutes 
of arc at the objective. There is a delicate balance between setting the gears close 
enough to minimise backlash and getting them so tight that they may bind. The 
effect of backlash is largely eliminated by the way the computer did the positioning 
as described in Section 2.3.2. 
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2.1.2 Filters 

Directly below the heliostat is an enclosed chamber containing the filters. They 
are mounted around .a horizontal wheel of 300 mm diameter which is rotated 
about its vertical axis at a constant speed of one revolution per second so that 
the filters interrupt the light path in turn. Attached to the wheel is a disk with 
timing notches around its edge. There are thirteen notches, twelve evenly spaced 
to mark the filter positions and an extra to mark a reference position on the wheel, 
by which the filters could be identified by the computer. 

The transmission of an interference filter at a particular wavelength depends on 
the interference, destructive or constructive, of radiation reflected at the surfaces 
of carefully deposited dielectric layers. Anti-reflective coatings on photographic 
lenses that strive to maximise transmitted light at all visible wavelengths by having 
reflections destructively interfere work on the same principle. Interference filters 
have the much more difficult task of transmitting only a small range of wavelengths 
and blocking as much as possible of the others. Several deposited layers are 
required and broad band blocking filters may be added to limit transmission at 
wavelengths far removed from the main passband. 

Specifications for the filter set were sent to a number of possible suppliers1 . 

They indicated the type of instrument the filters would be used in, and set values 
for the principal characteristics of each. These characteristics are listed in Ta
ble 2.1. 

The bandwidths have to be a compromise between the need to be wide enough 
to blur out the Fraunhofer structure in the solar spectrum but not so wide that 
the effect of atmospheric transmission varies too widely over the passband. The 
bandwidths in the ultraviolet are wider than those of filters used in previous pho
tometers which were 1-2 nm. This means that they cannot be considered as 
monochromatic. The implications of this are discussed in Chapter 3. The very re
strictive specifications on rejection ratio were made to counter problems of leakage 
of side bands that were experienced with earlier Canterbury instruments. This 
meant that the filters would not require additional blocking. 

The filters had to be mounted in holders of a specified size so that any stress 
in the mountings was borne by the holders rather than the filters. They were also 
required to be hermetically sealed in their holders to minimise the absorption of 
water vapour by the dielectric layers of the filters. Details of this and other aging 
processes are discussed in Chapter 5. 

Rather than assuming that the filters matched the specifications exactly the 
transmission of each was carefully measured using a Cary 14 spectrophotome
ter. Details of this instrument and how the measurements were made with it are 
given in Appendix A. In some respects the filters did not meet the specifications 
precisely. The departures were considered acceptable, in fact the specifications 
allowed for such departures if they brought considerable cost savings. 

The measured parameters of the passbands are shown in Table 2.2. Figures 2.2 
to 2.4 show their shapes in both linear and logarithmic plots. Table 2.3 shows the 

1The filter set was supplied by Barr Associates Inc. 
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Wavelength Bandwidth Transmission Rejection 
(nm) (nm) (greater than) (better than) 

311.5 ± 1 5±2 20% 10-5 
317 1 5±2 20% lQ-5 

332.5 1 5±2 20% 10-5 

368*± 1 10 ± 3 30% lQ-4 

420 ± 1 10 ± 3 30% lQ-4 

500*± 1 10 ± 3 30% lQ-4 

600 ± 1 10 3 30% 10-4 

675 1 10 3 30% lQ-4 

778*± 1 10 ± 3 30% 10-4 

862*± 1 10 ± 3 30% lQ-4 

940 ± 1 10 ± 3 30% lQ-4 

Table 2.1: Specifications of the Filter Set. The three shortest wavelength filters are for the 

measurement of ozone. The filters marked with an asterisk are in areas free of gaseous absorp
tion and have been chosen to conform to the World Meteorological Organisation standards for 

measuring turbidity as shown in Table 1.3. The filter at 420 nm may provide information on 

N02 as that gas has some absorption in that region. wavelength. The filters at 600 and 675 nm 
are in the weak Chappuis absorption band of ozone and so are not usually used in turbidity 

measurements. The filter at 940 nm is centred on an absorption band of H20. 

parameters those sidebands which did not meet the specifications for each filter. 
The effect of these sidebands is discussed in Chapter 5. 

The filter transmission characteristics are also temperature dependent. Be
cause this temperature effect was a problem with earlier machines the filter cham
ber in this one is insulated and maintained at a nearly constant temperature with 
a thermostatically controlled heater. The filter wheel has fan blades to help keep 
even temperatures throughout the chamber. To avoid temperature effects at the 
start of each days readings the instrument was left powered up for some time 
before measurements were begun, usually overnight. 

2.1.3 Detectors 

Beneath the filter wheel and in the light path is a half-silvered mirror at 45° to 
the vertical. It splits the light so that some goes to each of the two detectors, one 
of which is directly below the mirror and the other is to the side. The mirror was 
positioned so that the active areas of the two detectors are imaged at the same 
place in order that they both saw the same field of view. It was positioned with a 
precision similar to that of the two fully silvered mirrors described in Section 2.1.1. 

The first detector is a silicon photodiode manufactured by E & EG, type 
number UV-215B. It was selected for its enhanced ultraviolet sensitivity. Its 
spectral sensitivity is broad enough to cover the whole of the wavelength range of 
the filters and is shown in Figure 2.5. Its usefulness in the ultraviolet, however, is 
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Figure 2.2: Measured transmission functions for the ultraviolet filters. The two shortest 

wavelength filters have significant leakages at wavelengths longer than their passband. The two 

plots show the same curves but with linear and logarithmic scales for transmission respectively. 

Filter Centre Peak Bandwidths 
Number Wavelength Transrni ttance (nm) 

(nm) (%) i Trans. 17l Trans. faa Trans. 
1 310.5 15 4.8 7.2 11.0 
2 316.0 17 5.0 7.6 9.5 
3 331.5 26 6.1 8.8 12.9 
4 369.8 30 10.0 15.0 23.0 
5 419.6 45 8.9 12.6 18.8 
6 501.1 72 10.6 14.9 22.4 
7 600.9 65 10.7 14.9 24.0 
8 676.8 79 9.6 15.6 21.2 
9 779.0 78 10.3 14.3 21.6 
10 862.1 78 10.5 15.4 23.8 
11 941.3 65 9.9 13.3 20.0 

Table 2.2: Measured Passbands of the Filter Set 
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Figure 2.3: Measured transmission functions for the visible filters. Transmission scales as for 

Figure 2.2. 

Filter Centre Peak Width Tr ansrnission 
Number ""vVavelength Transrni ttance Ratio 

(nm) (%) (nm) 
1 355 0.007 5.8 4.4xl0 4 

2 365 0.005 4.8 5.0xl0-4 

4 310 0.0017 2.7 5.6x lo-s 

6 > 1200 *0.0004 - *6xlo-4 

7 700 0.006 5.2 9.0x lo-s 

7 1175 0.009 24 L5xl0-4 

8 1150 1.9 4.5 0.02 

Table 2.3: Measured Sidebands of the Filter Set. Filter No. 6 has a passband at wavelengths 

larger than 1200 nm but the parameters are given at that wavelength. The side band for Filter 

No. 8 is the most serious. 
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Figure 2.4: Measured transmission functions for the infrared filters. Transmission scales as for 

Figure 2.2. 

limited by the fact that the signals in that region are smaller due to a combination 
of narrower filter bandwidths, lower filter transmissions and a smaller spectral 
solar irradiance. To minimise the effect of the diode's temperature dependence it 
is mounted in the same chamber as the filter wheel which is temperature controlled 
as described in Section 2.1.2. 

The other detector is an 1P28 photomultiplier tube manufactured by RCA. 
This is a nine stage side-window device using caesium-antimony dynodes and a 
caesium-bismuth photocathode. Details of its power supply are given in the follow
ing section. The spectral sensitivity is classified as S-5 which peaks at 340±50 nm 
and is shown in Figure 2.5. Its long wavelength cutoff is approximately 640 nm. 
An aperture of 5 mm diameter was placed directly in front of the photocathode to 
ensure that the same part of the cathode was illuminated at all times. This was 
important to avoid errors due to non-uniformities in the sensitivity of the cathode 
surface and to ensure that the active areas of the two detectors were the same 
size in order that they have a field of view of the same size. Photomultipliers are 
complex devices and their performance has as much to do with how they are used 
as with any inherent features. A full discussion of the errors in the readings of 
this photomultiplier tube is given in Chapter 5. 

The photomultiplier tube is mounted in a chamber directly below that con-
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Figure 2.5: Spectral sensitivity of the photodiode and the photomultiplier tube. The dotted 

line shows the effective sensitivity of the latter due to a blocking filter that was added later and 

is described in Section 4.2.1. 

taining the filter wheel and photodiode as the elevated temperature of the filter 
chamber would degrade its performance. Both the chambers had to be made as 
light tight as possible. Joints were designed so to minimise straight line paths for 
light to enter the instrument. 

2.2 Electronic details 

The electronic circuits in the photometer consist of the following elements:-

Drivers for the two stepper motors: These consist of constant current supplies to 
maintain holding currents in the motors' windings with the facility to switch 
off and reverse each one in order to step the motor. 

Sensors for the zero positions of the heliostat: The zenith zero position is detected 
with an optical switch2 on the edge of a disk that turned with the objective 
and had one hole drilled in it to activate the switch. Its setting was critical 

2This consists of a light emitting diode on one side and a photosensitive transistor on the 
other. 
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for the alignment of the heliostat: the direction indicated by the switch had 
to be the same as the vertical axis of rotation of the heliostat. This was 
achieved to a precision of 5 minutes of arc. The switch for the azimuth 
movement is a mechanical microswitch. In addition to providing a reference 
point it allows the photometer to be programmed not to wrap its cables by 
more than one revolution 3 . 

A driver for the filter wheel motor: This is set to run the motor at a constant 
speed. Using an identical stepper motor simplified the provision of spare 
parts, and allowed the flexibility of being easily able to change the speed at 
which the wheel was rotated. In fact the initial speed of one wheel revolution 
per second was never changed as there was no need. 

A heater and thermostat for the filter chamber: The heater consisted of a number 
of resistors glued to heat dissipating fins, capable of dissipating 50 W, and a 
temperature sensing circuit wired to switch it on and off. The temperature 
was stable at 38 ± 1 oc 

A sensor for the filter wheel position: This is an optical switch, identical to that 
used for the zenith zero position, mounted around the edge of the timing 
disk on the filter wheel to sense the timing notches on it, and circuits to 
separate its output into two signals, one to give the filter wheel reference 
once per wheel revolution and one to give a pulse for each filter position. 
The latter is used to indicate when the filter is in a suitable position for 
taking a measurement. 

A high voltage supply for the photomultiplier tube: This could be adjusted 
manually from 600 to 1100 Volts in order to vary the gain. The voltage at 
each individual electrode of the tube was determined by a resistive voltage 
divider as shown in Figure 2.6. The power supply was stabilised to ensure 
it did not cause unacceptable variations in the photomultiplier's signal. 

Photomultiplier protection: This was a solenoid operated shutter directly above 
the photomultiplier tube to protect it from light when the filter chamber is 
opened up. This means that the top chamber could be opened up without the 
precaution of disconnecting the high voltage supply from the photomultiplier 
tube. 

Temperature sensors: These consist of a semiconductor device, an LM335, that 
has a temperature dependent breakdown voltage which is amplified to pro
duce a usable voltage signal. They are used to monitor ambient and filter 
compartment temperature. 

A voltage to frequency converter for the photodiode output: This is based on the 
LM331 high-precision voltage to frequency converter. Its output consists of 
a sequence of pulses whose frequency is proportional to it input voltage. To 

3See the section on Antarctic measurements in Chapter 4 
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Figure 2.6: The voltage divider for the photomultiplier tube. The resistors are all 100 kQ 

provide a suitable input for the converter there is a pre-amplifier, the gain 
and offset of which can be adjusted. 

A current to frequency converter for the photomultiplier tube output: This is 
similar in operation to the circuit used in the last prototype photometer. It 
consists of a small capacitor that is charged by the photomultiplier's output 
current and discharged when it reaches a given voltage by a transistor that 
is switched by CMOS logic gates. 

Most of these circuits, and their power supplies, are housed in a separate box 
below the photometer's detector chambers. 

2.3 Interfacing and Programming details 

2.3.1 Interfacing with the Microcomputer 

The photometer is interfaced with a Commodore PET microcomputer. This is an 
eight bit machine that has a 6502 processor. It has been well surpassed by more 
modern microcomputers but is adequate for the job of controlling the photometer. 
The electronic workshop of the Physics Department and the author had previous 
experience with interfacing and programming these machines. 

Connected to the microcomputer, and housed in a box beneath it, is an SS-
30 interface board with five slots which are addressable from the computer. In 
each slot an interface chip, generally a 6522 peripheral interface adapter (PIA), 
is connected to part of the photometer's circuitry. The connections are all made 
through a single 50 conductor cable so that the interface and computer can be 
some distance from the photometer itself. The various connections are:-

A timer and counter for each detector: At the appropriate time the timer is 
initiated to send the frequency output from the detector circuits to a 12 bit 
counter for a duration of 20 ms, during which the filter has moved about 
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one quarter of its diameter. At the end of the timed period the value held 
by the counters is proportional to the detector outputs. 

The analogue to digital converter: This is a chip, ADC0809, with eight ana
logue inputs and lines that enable any one of the inputs to be selected and 
converted to digital form (8 bits). Only three of the inputs are currently 
used. One, the most important, is connected to a simple voltage divider on 
the photomultiplier tube power supply. This signal could be scaled by the 
computer to give the voltage of the supply. The other two are connected to 
the temperature sensors in the filter chamber and on the outside of the pho
tometer. A pulse to initiate the conversion for each input is sent whenever 
a reading is required. 

A real time clock: While a real time clock has now become standard on micro
computers the PET did not have a usable clock system so an external one 
was added. This is a single chip, type MSM5832, controlled by a 32 768 Hz 
crystal. The output of the crystal is divided to produce signals for the chip's 
internal registers that keep track of the date and the time to the nearest sec
ond. The clock is connected to a standard PIA and is powered by a battery 
so that the time is not lost if the instrument is switched off. Its accuracy 
was about ±1 seconds per day which was sufficient for the purpose of sun 
tracking but was checked and corrected once every few days. 

The motor controllers: These are purpose built integrated circuits that switch 
the appropriate windings of the zenith and azimuth motors given the desired 
direction to be stepped. 

Various other inputs and outputs to the computer were also necessary. They 
included: 

• an input for the filter wheel timing pulse 

• an input for the filter timing pulse 

• inputs for the limit switches of the motors 

• an output to control the shutter protecting the photomultiplier tube. 

2.3.2 Programming the Microcomputer 

The microcomputer's operating system is Commodore's version of the BASIC lan
guage. Its main drawback is speed; BASIC is slow because it is interpreted as 
it executes rather than being compiled before run time. Since most of the time 
the photometer is waiting to take a reading this does not cause many problems. 
There are however a number of operations that must be done at a rate faster than 
the BASIC could handle. Consequently, the programming for the computer was 
written in three levels. These are:-

1. Machine code routines to perform the operations that must be done faster 
than BASIC can handle. 
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2. Modules written in BASIC to perform all of the tasks required of the pho
tometer. Some of these perform calculations and others will call routines 
from the previous level. 

3. The main controlling program, written in BASIC that calls modules of the 
previous level. 

Machine code routines 

The operations that had to be done with machine-code routines were:-

Read from the real time clock: Since reading the clock involves putting it on 
hold while its registers are read, the whole operation must be completed in 
somewhat less then a second if the time is not to be affected. 

Drive the stepper motors: With the reduction of the worm gear system the faster 
the motors could be stepped the more acceptable the scan speed. A count 
of the steps made had to be kept as this was the only way of knowing the 
position of the motor and hence the direction the heliostat was pointing 4 

. After each step the two motor limit switches were checked to see if they 
were active and appropriate action taken if they were. This meant that if 
the counts of steps were corrupted in any way then the machine would still 
not get in a tangle by over stepping the limit switches. 

Take readings from the detectors: This involves sensing when a filter is in position 
by waiting for the appropriate pulse, gating the counter to integrate the 
readings from the detector and storing the count. This must be done fast 
enough to be ready for the next filter in 80 milliseconds time. The operation 
is continued for several revolutions of the filter wheel, with counts being 
added to previous counts from the same channel until either a specified 
number of revolutions have completed or one of the accumulated counts 
exceeds a preset value. 

Routines to perform these tasks were written by the author in 6502 machine 
code using a simple assembler. All input and output for these routines was han
dled through a buffer of about 80 bytes with each byte being used for only one 
purpose. Calling one of the routines from a BASIC program involved placing any 
required input in the appropriate buffer position, calling the routine and then 
reading any output from the buffer. The intention was that once the machine 
code routines were written, the remaining programming could be done in BASIC. 

This was achieved and none of the routines has required modification from its final 
tested form. It was originally planned to have these routines written or burned 
into a programmable read only memory (EPROM) so that they formed part of 
the permanent system of the instrument. However, it was found during the pro
gramming and testing phase that it was as convenient to have the routines in 

4This need meant that the stepping rate could not be raised past the point where missed 
steps were likely. 
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volatile memory (RAM) and no great advantage was to be gained from setting 
the machine code into a more permanent form. 

Some other routines were also assembled to do things that were always going 
to be done together, that helped in the testing of other routines or would be quite 
cumbersome if done in BASIC. These included:-

Read the analogue to digital converter: The conversion of each input is started 
by a pulse and the digital result is read at the appearance of a flag. This 
was a fairly simple task that could have been done in BASIC but was much 
more elegant in machine code. 

Write to the real time clock: This could have been done from BASIC but would 
have been rather slow, making accurate setting of the clock difficult. 

Initialise the interface chips: Each of the PIAs had to be configured, that is, each 
line had to be designated as either output or input and the way in which 
it was controlled or what it controlled defined. Routines to do this were 
written in machine code to allow the other routines to be run and tested on 
correctly configured devices. 

Dump the buffer contents: This routine showed a listing of the contents of the 
buffer in hexadecimal to allow checking and testing of the other routines. 

The BASIC program. 

The BASIC program that ran the system was kept as modular as possible within 
the constraints of the language. That way the main control loop in the program 
was kept very short, aiding readability and modifications. It had modules to 
perform the following functions:-

Initialise the system variables: This includes setting the latitude and longitude 
required for the calculation of solar position. 

Handle output of data: The data was written to floppy disk after each reading was 
taken. This consisted of taking a copy of the buffer used to communicate 
with the machine code routines along with a checksum to allow for some 
error checking when the data was read. This was the most compact way of 
recording the data. 

Calculate the position of the sun: This was split up into a determination of 
solar position in celestial coordinates (i.e. determining the solar declination 
and right ascension from a knowledge of the season) and a second step, the 
transformation from celestial to local terrestrial coordinates (this required 
knowledge of the local time, time zone and position on the earth, i.e. the 
latitude and longitude)5 . The checks of the algorithm were two fold. The 
values of solar declination and right ascension it produced were checked 

5This division was made in case moon measurements were to be considered at a later date. 
The second step would be common to a calculation of lunar position. 
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against the published values in the Astronorrrical Almanac 6 and was also 
checked against a large existing program written in FORTRAN-66 by Dr N.A. 
Doughty at University of Canterbury some years ago for a sirrrilar purpose. 

Move the motors: The desired position of the motors is converted to the step 
counts and the machine code routine to move the motors is called. Provision 
was made to avoid the effect of backlash in the gears by always approaching 
the final position from the same direction, downwards in the case of zenith 
and clockwise in the case of azimuth, even if that meant overstepping the 
desired position and backtracking. 

In the conversion from terrestrial coordinates to step counts, the direction 
corresponding to the zero position of the azimuth motor had to be known. 
When the photometer was being operated from a fixed platform, this direc
tion could be assigned a value as part of the initialisation routine. However, 
when the photometer was operated from a new or temporary platform the 
direction had to be established with the routine described next. 

Step the azimuth motor: This allows the azimuth motor to be moved by arbi
trary amounts by keyboard command in order to align the photometer with 
the sun. The alignment was established by a combination of positioning the 
shadow of the objective and checking that the signals at the detectors were 
maximised. When the alignment was done the offset between the photome
ter's coordinates and the real terrestrial coordinates was calculated so that 
motor positions for the rest of the day would be correctly set. If measure
ments were to be made over an extended period from a fixed platform then 
the correct offset could be written into the code of the operating program 
and there would no longer be a need for this routine. 

Take readings from the detectors: This task is handled at the machine code level 
because it needs to be done at speed, so this BASIC routine is simply a shell 
that consists of a call to the machine code routine with the appropriate 
parameters set and error checking on return. 

Read the analogue signals: Only three channels of the analogue to digital con
verter are actually used: one each for the photomultiplier tube supply volt
age, the ambient temperature and the filter temperature. The first is the 
most important as the magnitude of the current from the photomultiplier 
tube depends strongly on it 7 • The others are included as checks only. 

'Wait until a given time occurs: Reads the time from the real time clock until it 
reaches the desired time. Return with an error flag if the time has already 
passed. 

6This publication, formerly the American Ephemeris and Nautical Almanac is prepared an
nually by the Nautical Almanac Office, United States Naval Observatory, and Her Majesty's 
Nautical Almanac Office and published jointly by the United States Government Printing Office 
and Her Majesty's Stationery Office. 

7Details of how the signal currents taken with different supply voltages are related are given 
in Section 4.1. 



32 CHAPTER 2. DESCRIPTION OF THE PHOTOMETER 

Once the simple modules were written more complex ones could be built from 
them. For example, a routine to calculate the sun's position for a given time, 
move the motors to that position, wait for the specified time and take a set of 
readings was constructed using calls to the simpler routines. This formed one of 
the building blocks for the main control part of the BASIC program. That part 
could then be relatively short. It defines when to take readings, decides whether 
to save each one to disk and other general housekeeping tasks such as when to 
open and close disk files. Its form was changed for different locations with relative 
ease. Details of these changes are given in Chapter 4. 

The description of the programs has been made deliberately brief. Listings of 
the programs, with explanatory notes, are in Appendix B. 



Chapter 3 

Theory of Direct-Sun 
Measurements 

The simplest description of direct-sun measurements is one which treats each 
measurement as if it were made at a single wavelength. This is referred to here 
as the monochromatic theory. While it is an inappropriate approximation in 
many cases, it provides a good starting point to the discussion of more complex 
descriptions. 

3.1 Monochromatic theory 

The diminution of radiation as it passes through an absorbing or scattering medium 
can be described by the Bouger law which relates the fraction of the radiant flux 
I(A) in the small wavelength range A to A+ dA that is removed in traversing a 
path of length ds by an attenuation coefficient k. 

di(A) 
I(A) - k(A)ds (3.1) 

Since the attenuation is usually 1 proportional to the concentration of whatever 
particles are responsible, k can be written as 

k(A) = o-(A)N (3.2) 

where N is the number density (number per unit volume) of the particles and 
O" is a coefficient with units of area called the effective cross-section. If there is 
more than one mechanism that removes the radiation then k is the sum of the 
individual contributions of the form of Equation 3.2. 

In the atmosphere there are at least three such components. The first is 
that due to scattering by air molecules, called Rayleigh scattering after Lord 
Rayleigh who first described a theory to explain it (Rayleigh, 1899). Rayleigh 
produced an expression for the scattering cross-section of a molecule by treating 

1 Exceptions are discussed later on page 37. 

33 
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it as an isotropic dipole that oscillated in response to the applied electric field of 
the incident radiation. For this the scattering cross-section is 

(3.3) 

where vis the refractive index, N the number density of all molecules, and Dis the 
correction required due to the anisotropy of the molecules. D has a value slightly 
larger than one but there has been some recent debate over the correct value to 
use. This is discussed more fully in Section 5.3. The dependence of the scattering 
cross-section on .A - 4 was the first correct explanation of the blue of the sky. The 
actual wavelength dependence is close to, but not quite .A - 4 , the deviation being 
due to the wavelength dependence of the refractive index v (and also D). 

The second component of k is that due to suspended particles or aerosols. This 
depends in a complex way on the size, the shape and the composition (refractive 
index) of the particle. Mie (1908) described a theory explaining the scattering 
of a uniform spherical particle of arbitrary size. It gives expressions for the scat
tered radiation in the form of an infinite series of spherical Bessel functions. For 
measurements of extinction, the directions in which the radiation is scattered are 
not important but the total amount of radiation removed from the incident beam 
by scattering is. This is expressed in terms of the scattering efficiency Q, which 
is the ratio of its effective scattering cross-section to its actual cross-section , 7r X 

the square of the radius. This efficiency is a function of the size parameter, the 
ratio of the radius of the particle to the wavelength of the incident light, and the 
refractive index v of the particle. At very small values of the size parameter, the 
scattering agrees with Rayleigh theory. At large values the efficiency approaches 
two, twice the intuitive geometric limit of a particle casting a shadow equal to its 
cross-section 2 • Between these extremes the behavior of the efficiency is complex 
and oscillatory. The net effect of a distribution of such spherical particles, in which 
the number density of particles in the size range r to r + dr is n(r ), is 

kM = lrma:r 1rr2 Q(r, .A, v)~(r)dr 
Tmin 

(3.4) 

The size limits of the integral are the sizes that ensure that all aerosol particles 
are included. While Mie's theory is applicable only to uniform spherical particles, 
it is often applied to real particles because to treat them completely is extremely 
difficult. Results from complete solutions for other shapes of particle have different 
features but these tend to be smoothed out when a population of such particles 
of varying size and orientation is considered. Details of this sort and methods of 
calculating Q can be found in Twomey (1977). 

The final component of the total extinction is that due to molecular absorption. 
Various gases will absorb at particular wavelengths and the contribution of each 
will generally be the product of the molecular absorption cross-section and the 
number density as in Equation 3.2. Ozone is the principal absorbing gas at the 

2This is because diffraction at the edges of a relatively large particle also removes light from 
the direct beam. 
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wavelengths considered here. It has strong absorption in the ultraviolet Huggins 
band (300-340 nm) and a broad absorption in the visible Chappuis band ( 400-700 
nm). Other gases with absorption in this range are nitrogen dioxide and water 
vapour. 

The absorption coefficient kin Equation 3.1 can be written as 

(3.5) 

where the ellipsis indicates that further terms to include other absorbing gases 
will be included as necessary. 

For direct solar radiation in the atmosphere the path length ds can be written 
as sec'ljJ(h)dh, where 'ljJ is the angle between the zenith and the beam (known as 
the zenith angle) and h is the height. The direct solar radiation reaching the 
ground I(>.), can be found by integrating Equation 3.1 from h 0 to hET, where 
hET is the height above Which absorption can be ignored. Thus we have 

[ 
J(>.) l 

ln Ia(>.) = fohET rJR(J..)N(h) sec'I/J(h)dh 

fhET rrmax 
- Jo lrmin 7r-r

2Q(r,A,v)n(r,h)drsec'I/J(h)dh 

fohET rJo
3
(>.)No

3
(h)sec'ljJ(h)dh 

(3.6) 

where 10 (>.) is the intensity of solar radiation outside the atmosphere, the ex
traterrestrial solar radiation. As it stands the equation is unwieldy and some 
simplifications can be made. Each term can be simplified by taking the cross
sections out of the integral and writing the equation as 

[ 
J(>.) l 

ln lo().) ::::: -rJR( >.) hhET N( h) sec '1/J( h )dh 

-1~::"' 1r-r
2Q(r, >., v)N(r )dr hhET sec '1/J(h )dh 

(>.) hhET No
3
(h) sec'ljJ(h)dh 

(3.7) 

This involves an approximation in the case of the aerosol scattering term as the 
aerosol is assumed to have the same size distribution at all heights. N ( r) is the 
number of particles, in a vertical column of unit area, with sizes between r and 
r + dr. 

A further simplification is to separate the part of each term that varies with the 
zenith angle. This is done with a quantity expressing the ratio of that term to its 
value for an overhead sun, known as the relative airmass or the column ratio, ex
pressed as a function of the apparent zenith angle at ground level, '1/J(h 0) = 'I/J0 . 
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'lj;0 • For example the colurrm ratio for the Rayleigh term is the function 

fhET 
Jn N(h) sec'lj;(h)dh 

(3.8) 

and the ratios for the other terms are defined similarly. Those for the ozone term 
and the aerosol term are denoted J-to3 and J-lA respectively. The values of these 
ratios are not identical because the height distributions of the different entities 
are different. They are approximated as follows: 

/-lN Values of the integrals in Equation 3.8 are evaluated for a standard atmosphere 
and an empirical fit made to the resulting values following Kasten (1966). 
The empirical function is 

(3.9) 

where a = 0.15, b = 93.885° and c = 1.253 if 'lj;0 is in degrees. The result
ing function accounts for both the curvature of the earth and atmospheric 
refraction along the light path. 

J-to3 Since the bulk of the ozone is concentrated between 20-25 km the secant of 
the zenith angle at that height is used. This is related to the zenith angle 
at the ground by the expression 

J-to3 = sec [arcsin (REEl ~Ell ho
3 

sin( 'lj;o))] (3.10) 

where RE!l=6400 km, the earth's radius, and ho3 is taken as 22 km. 

J-lA Since most of the aerosol scattering occurs in the lower few kilometers of the 
atmosphere, J-lA is taken as the secant of the apparent zenith angle at the 
ground, that is 

J-lA = sec( 'lj;o) (3.11) 

The three colurrm ratios J-lN, J-lo3 , and J-lA are very nearly equal for J-l < 3.0, that is 
for 'ljJ < 70°, and are known collectively as the airmass. However, at 'ljJ = 80° they 
differ by a few percent and for larger zenith angles they are quite different. This 
is shown in Figure 3.1. Care must therefore be taken to use the correct ratio for 
each term in Equation 3. 7, which can now be written in the much simpler form 

(3.12) 

neglecting the possibility of further gaseous absorption terms and where 'TR and 
r A are the Rayleigh and aerosol optical depths respectively, and No 3 is the colurrm 
density of ozone which is the number of ozone molecules in a vertical colurrm of 
unit area. The product No 3 0'o3 is the optical depth due to ozone and is usually 
converted to more convenient units using 

(3.13) 
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Figure 3.1: The airmass functions or column ratios for molecular scattering, ozone absorption, 

and aerosol scattering. The functions are almost identical for zenith angles smaller than those 

shown. 

where Xo3 is the column amount of ozone in centimetres at standard temperature 
and pressure, known as atmosphere-centimetres, and aoJ.\) is the absorption 
coefficient in em -l. 

A knowledge of I(>..) at different wavelengths can yield information about the 
variables in the right hand side of Equation 3.12. For example, the standard single 
pair method used with the Dobson spectrophotometer measures the ratio of I at 
two different wavelengths. The wavelengths are chosen to make the ratio strongly 
dependent on Xo3 , the total ozone. 

Up to this point the discussion has assumed that the Bouger law does in fact 
describe the reduction in radiation as it passes through the atmosphere. However, 
a real spectrophotometer cannot be made to respond only to a single wavelength, 
so a real measurement of radiation cannot be truly monochromatic. It always has 
a finite bandwidth, or range of wavelengths, whether that range is defined by a 
physical aperture in a dispersive system or by the properties of a particular element 
of the system. This can have a significant effect even on narrow band direct-sun 
radiation measurements, which are supposed to be as close to monochromatic as 
possible. Using a monochromatic assumption is adequate if the absorption within 
the band is due to numerous evenly spaced unsaturated absorption features or to 
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to an absorption continuum much broader than the bandwidth. If however, the 
bandwidth of the filter is on the wing of some absorption feature then there will be 
wavelengths that are less strongly absorbed by the atmosphere and those wave
lengths will contribute proportionally more to the measured signal as the path 
length increases. In extreme cases it is possible for the most significant contribu
tion to the measured signal to be from wavelengths some distance from the central 
wavelength of the band. A similar effect can occur if the filters have sidebands, 
are not sufficiently blocked over the range of wavelengths to which the detector 
is sensitive, or if the main passband has not got steep enough sides. A modifica
tion to the monochromatic theory that copes with these effects is described in the 
following section. 

A more serious complication occurs if any of the absorption lines in or near the 
bandwidth are very strong. In that case the absorption within the bandwidth is no 
longer proportional to the quantity of the absorber because processes that broaden 
the line (and hence vary the total absorption) become important. These processes 
are dependent on the pressure and temperature along the path. Houghton (1986) 
provides a brief introduction on how such cases can be treated. One such case 
occurs in the filter set of this instrument and this is discussed in Chapter 4 on 
page 61. 

3.2 Bandwidth theory 

The result of a measurement with a real photometer P, is an integral, over a 
certain range of wavelengths, of the spectral response function R()..), as 

(3.14) 

The spectral response function at a given wavelength).., can be expressed as 

R()..) = RJ()..)F()..)D()..)_ (3.15) 

where R is a proportionality constant that accounts for non-spectral effects such as 
aperture sizes and detector gain, and the three other factors are J()..) the incident 
spectral radiation intensity, F()..) the transmission of the filter, and D()..) the 
relative spectral sensitivity of the detector. 

In practice the wavelength limits will be determined by F()..) or D()..). If the 
range )..1 - )..2 is small enough that the radiation intensity does not vary much 
over the this range, then the measurement can be treated as monochromatic. If 
that is not the case, then a more thorough treatment of the measurements must 
be made. 

For direct-sun measurements considered here the radiation intensity being mea
sured is given in Equation 3.12. Substituting this into Equation 3.15 gives 

(3.16) 

where R0 (,\) is the extraterrestrial spectral response function and R(,\) is the 
spectral response function at the ground. A measurement can thus be represented 
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as 

(3.17) 

At this point an equivalent ozone absorption coefficient ao3 , is introduced. If 
Equation 3.17 is written as 

(3.18) 

then ao3 is defined as 

(3.19) 

Similarly an equivalent aerosol optical depth can be defined as 

(3.20) 

and an equivalent Rayleigh optical depth TR, as 

_ 1 [1~
2 

Ro(>.) exp [-{LNTR(>.)] ciA] 
TR = In ~-----:>.-------

/LN f 2 Ro(>.)dA 
1>.1 

(3.21) 

With these substitutions Equation 3.18 becomes 

(3.22) 

where Po is the extraterrestrial total response 

(3.23) 

Equation 3.22 is analogous to Equation 3.12, developed in Section 3.1, for mea
surements treated monochromaticly. The definitions of the quantities ao3 , TR, and 
'T M are dependent on the order in which they are "extracted" from Equation 3.17. 
A different order could have been used, giving different de:finitions3 . They will in 
general be functions of airmass, total ozone, pressure, and aerosol content of the 
atmosphere. If their behaviour as these parameters vary is known then the effects 
of :finite bandwidth and any sidebands in each :filter can be accounted for. This is 
one of the objectives of the undertaking described in Section 3.3. 

3The order chosen was to ensure that the most rapidly varying function of wavelength, the 
ozone absorption coefficient cxo3 (>.), appears in just one definition. 
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Figure 3.2: The spectral solar irradiance used in the model. The data is a composite from 

Neckel and Labs (1981) and Thekaekara (1974). 

3.3 Spectral model of the measurements 

A computer model was written to simulate the measurements made with the 
photometer. Spectra for the various functions required for it were either measured 
or taken from appropriate references. A brief description of each follows. 

3.3.1 Solar irradiance 

The spectrum for solar irradiance used was based on the data of N eckel and 
Labs (1981) which provides values of spectral irradiance for 2.0 nm bandwidths. 
The centre wavelengths of the bands are unevenly spaced at approximately 2 nm 
intervals. It covers the range 330-1240 nm. Points for shorter wavelengths were 
taken from the spectrum by Thekaekara (1974) which gives solar irradiance at 0.1 
nm intervals. The combined spectrum is shown in Figure 3.2. The accuracy of 
these values is approximately ±10-15% at wavelengths less than 330 nm and ±5% 
at longer wavelengths (WMO, 1986). 
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Figure 3.3: The extraterrestrial response, Ro, and the filter transmission, F (dashed line), for 
filter number 4. Both functions have been normalised with a peak value of 1 to aid comparison. 

3.3.2 Instrumental factors 

The spectral sensitivity of the detectors was assumed to be according to the man
ufacturers' specifications as shown in Figure 2.5. There may be some variation 
from these curves but, since they do not show rapid variations with wavelength in 
the regions in which they are used, the errors involved should be small. 

The filter transmission functions were as measured by the author and described 
in Section 2.1.2 and Appendix A. Diagrams of the functions are shown in Fig
ures 2.2 to 2.4. 

From the functions described so far, the extraterrestrial response functions R0 , 

defined by Equations 3.15 and 3.16, can be computed for each channel4 • These 
represent the wavelengths at which the photometer would respond without any 
atmospheric absorption. Some of them are are shown in Figure 3.6. In most 
instances these do not differ greatly from the filter transmission functions except 
in magnitude (see Figure 3.3), since the latter are more strongly varying functions 
of wavelength than the detector sensitivities. To model an actual measurement 
the properties of the atmosphere must also be modelled. 

4This is not quite true, as the non-spectral part of the function, n, is not known. The 
calculated functions are proportional to Ro. 
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Wavelength Cross-section Wavelength Cross-section 
(nm) cm2 (nm) cm2 

270 8.956xl0-26 400 1.673xl0-26 

280 7.635x I0-26 450 1.027x 10-26 

290 6.553x 10-26 500 6.663xl0-27 

300 5.656 X 10-26 550 4.513xl0-27 

310 4.910xl0-26 600 3.167x 10-27 

320 4.285xl0-26 650 2.288 X 10-27 

330 3. 758x I0-26 700 1.695x 10-27 

340 3.31lx10-26 750 1.282x 10-27 

350 2.929x 10-26 800 9.882x 10-28 

360 2.60lxl0-26 850 7.739x10-28 

370 2.318x l0-26 900 6.147x10-28 

380 2.073 X 10-26 950 4.944xl0-28 

390 1.860x l0-26 1000 4.022x 10-28 

Table 3.1: Values of Rayleigh cross-sections (from Bates, 1984). 

3.3.3 Atmospheric factors 

The Rayleigh scattering cross-sections are taken from Bates (1984). They are 
shown in Table 3.1. The optical depth used was 

rn(A) = .!!_NRcrR(A) 
Po 

(3.24) 

where NR 2.15xl025 is the number of molecules/cm2 in a vertical column of 
the atmosphere at the standard pressure p0 1.01325x105 Pa. 

The aerosol component was modelled by a simple power law according to 
Equation 1.8. Three model aerosols of this form were used, with coefficients 0.5, 
1.0 and 1.5 respectively. The optical depths are shown in Figure 3.4. Some 
simulations were also done with no aerosol at all. 

The ozone absorption coefficient a:(A), is taken from the Handbook of Geo
physics (Valley, 1965). The values are based on the measurements of Vigroux 
(1953). While there have been more recent measurements of these coefficients, 
there have been only a few made at the low temperatures appropriate to strato
spheric conditions. The values are plotted in Figure 3.5. 

Each function used in the model was defined at as many points as were required 
to represent it well. A slowly varying function or part of a function was defined 
by only a few points whilst rapidly varying ones required more. In the case of 
functions taken from published data this meant that errors involved in changing 
the resolution to some standard value were avoided. 

The process of combining functions, either multiplying or adding them, had to 
cope with functions defined at different points. This was done by evaluating the 
resulting function at all the points where either of the input functions had a point 
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Figure 3.4: The aerosol optical depths used in model calculations. They would appear as 
straight lines with slopes of 0.5, 1.0 and 1.5 if plotted on logarithmic scales. 

defined, using an interpolation routine at each point to obtain a value for whichever 
of the input functions that was not defined at that point. The interpolation routine 
was one that allowed the function to be defined at irregularly spaced points. 

Response functions were calculated for each channel as a function of a~rmass. 
This was done for atmospheres with varying parameters of total ozone and aerosol 
optical depth. The absolute values of the response functions are not significant 
as the non-spectral factor (1? in Equation 3.15) that determines the size of the 
real instrumental responses has not been accounted for in the model. However 
relative values are important. The calculated response functions for the channels 
that show a significant variation with airmass are shown in Figure 3.6. The effect 
of the side bands can bee seen clearly. 

To simulate the measurements made with the photometer, the integrals of these 
response functions over wavelength were calculated. This was done with a program 
that could cope with an integrand defined at irregularly spaced points5 . The 
numbers produced are not very useful in themselves but ratios of these numbers for 
different input parameters do provide important information. For example, if the 
calculated response for a given channel and atmosphere is divided by the response 

5The interpolation and integration routines were taken from the library of FORTRAN routines 
produced by the Numerical Algorithms Group. 
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Figure 3.5: Values of the ozone absorption coefficient: (a) Huggins band; (b) Chappuis band. 

calculated for that atmosphere without any ozone absorption, then this represents 
the ratio of integrals that defines the equivalent ozone absorption coefficient, ao3 , 

in Equation 3.19. By doing this for different atmospheres the model can be used 
to look at the way this, and the other parameters introduced in Section 3.2, 
vary as functions of airmass, total ozone, and aerosol characteristics. The values 
calculated for ao3 are shown in Table 3.2 and the way in which these values vary 
with airmass and ozone is shown in Figure 3.7. Values for channell, the shortest 
wavelength filter, are not included for reasons explained in Section 5.1.2 on page 81. 
The channels in the visible band that have significant ozone absorption show much 
less variation in ao3 than do the ultraviolet channels. Channel 2 shows as much 
as 15% change in this parameter over the range of ozone and airmass considered. 
This is due to the relatively large bandwidth and to the fact that the leakage at 
longer wavelengths (where ozone absorbs less strongly) becomes more dominant 
as the airmass increases. 

Values of r A in each channel for one of the model aerosol functions are shown 
in Table 3.3. These do not significantly differ from the values of the aerosol optical 
depth at the centre wavelength of the filter, so the effect of finite bandwidth on 
this parameter is negligible. Similarly, values of the equivalent Rayleigh optical 
depth TR, which are shown in Table 3.4, are close to the values of TR. 

The model could also be used to check for other things. The effect of sideband 
leakages can be determined by evaluating the integrated response for just that 
part of the filter transmission functions and comparing its value with the total 
response for the same channel. The effects of wavelength shifts in the passbands, 
due to temperature or aging, can be investigated in a similar way by comparing 
the calculated responses for unmodified and modified filter transmission functions. 
The results of these procedures are discussed in Section 5.1.2. 
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Equivalent Ozone Absorption Coefficient, ao.p (em) 1 

Filter X=0.20 em X=0.30 em X=0.40 em 
Number f.l 2 p=5 p=2 p=5 p,=2 p,=5 

2 10.02 9.566 9.950 9.385 9.886 9.201 xl0-1 

3 1.190 1.178 1.187 1.170 1.192 1.169 xl0-1 

6 3.596 3.629 3.609 3.647 3.622 3.651 xlo-2 

7 1.346 1.350 1.348 1.349 1.349 1.349 x1o-1 

8 4.026 3.953 3.961 3.929 3.960 3.923 x1o-2 

Table 3.2: Values of equivalent ozone absorption coefficient calculated from modelled response 

functions according to Equation 3.19. The channels not shown have coefficients smaller than 

l0- 3 • All the values should be multiplied by the value in the right-hand column of the same 

row. There was very little variation in the calculated coefficients for the three different model 

aerosols. 

Filter ra(Ac) rA 
Number p=2 fL 5 

2 0.03154 0.03158 0.03158 
3 0.03007 0.03016 0.03011 
4 0.02717 0.02702 0.02706 
5 0.02381 0.02384 0.02379 
6 0.01999 0.01996 0.01993 
7 0.01667 0.01666 0.01661 
8 0.01481 0.01470 0.01476 
9 0.01285 0.01278 0.01284 
10 0.01160 0.01156 0.01159 
11 0.01064 0.01073 0.01061 

Table 3.3: Values of the equivalent aerosol optical depths 1' A, calculated from Equation 3.20 

for the model aerosol that has a logarithmic slope of one, compared with its optical depths at 

the centre of each filters passband TA(Ac)· 
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Figure 3.6: Response functions those channels that show significant variation with airmass. 

In each plot the dashed line represents the extraterrestrial response function Ro(.A) and the 

remaining three lines are the response function R(.A) for airmasses two, four and six respectively. 

All curves have been normalised with a peak value of 1 to aid comparision. The functions for 

the other channels showed variations of the order of the line widths in these plots. 



3.3. SPECTRAL MODEL OF THE MEASUREMENTS 47 

Cndnnel 2 Depth• 20.0% 

Channel 6 Depth= 2.0r. 

Chdnnol 7 Depth= 1 .OX 

Chonnol 3 Depth= 5.0% 

ChAnnel a Dopth= 5.0X 

Figure 3. 7: Variation in calculated equivalent ozone absorption coefficients 7io3 • with airmass 

and total ozone, for the channels with significant ozone absorption, presented as three dimen

sional blocks. The actual values of the coefficients are not shown. The depth of each block at 
the left hand corner, expressed as a percentage of the value at that corner, is shown. 
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Filter TR(Ac) 7"R 
Number Jl 2 J1=5 

2 0.9724 0.9676 0.9662 
3 0.7925 0.7914 0.7906 
4 0.5099 0.5000 0.4992 
5 0.2933 0.2938 0.2937 
6 0.1433 0.1417 0.1417 
7 0.0681 0.0675 0.0675 
8 0.0422 0.0417 0.0417 
9 0.0238 0.0237 0.0236 
10 0.0157 0.0158 0.0157 
11 0.0111 0.0106 0.0108 

Table 3.4: Values of the equivalent Rayleigh optical depths TR, calculated from Equation 3.21, 

compared with the Rayleigh optical depths at the centre of each filters passband rR(>.c)· 

3.4 Application to real measurements 

3.4.1 Determining the extraterrestrial responses 

One of the more troublesome aspects of measurements of solar radiation is calibra
tion. The electrical signal from a photodetector is not usually related directly to 
standard units of radiation. One needs to know from a given signal on a particular 
channel at a particular time what the atmospheric attenuation at that wavelength 
is. This is equivalent to knowing the signal that the photometer would give on 
that channel at that time if there were no atmosphere. This signal is known as the 
extraterrestrial constant for that channel and is denoted Po in Equations 3.22 and 
3.23. The method used to establish the extraterrestrial constant most commonly 
is the Langley method. This involves making the assumption that the atmosphere 
is not changing significantly during a day or a half day. Under this assumption 
the response of the photometer will depend only on the airmass, which is a known 
function of the solar zenith angle. If the Bouger law applies then a plot of the 
logarithm of the response against airmass will be a straight line with slope equal 
to the optical depth and intercept at zero airmass equal to the extraterrestrial 
constant. In practice Langley's method is difficult to use and the extraterrestrial 
constants derived from it vary from day to day. This is because the clear day with 
a static atmosphere assumed by the method just doesn't occur at most locations. 
The days that have variations due to small patches of optically thin high cloud 
are identified by dips in what is supposed to be a straight line. Even recognis
ing these is not enough to ensure success as it is quite likely that a monotonically 
changing optical depth can produce a Langley plot that is perfectly linear yet gives 
erroneous values of the extraterrestrial constant. Shaw (1976) works through the 
mathematics of an example to illustrate this. Light scattered into the field of 
view can influence the values measured, especially at large zenith angles. This is 
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discussed in Section 5.1.1. 
The alternative to the Langley method is an absolute calibration with standard 

lamps coupled with a knowledge of the solar spectrum at each wavelength band of 
interest. That is, if you know the response of the photometer to a known irradiance 
from the lamp then you can infer its response to the known irradiance of the 
sun. While this seems more attractive because it is independent of atmospheric 
conditions, it cannot give a calibration to the same precision as a good Langley plot 
because of the uncertainties on both the spectral output of the lamp and that of 
the sun. The irradiance of the sun in small wavelength bands is known only to 5% 
at visible wavelengths and even less precisely at ultraviolet wavelengths (WMO, 
1986). The irradiance of a given standard lamp can also have an uncertainty of 
approximately 5% (Shaw, 1976). In addition there is also the assumption that, 
over the range of wavelengths that contribute to the signal in each channel, the 
spectral characteristics of the lamp and the sun are similar enough not to cause 
errors. If they are not then the results can be misleading. 

In practice the extraterrestrial constant is only a constant if a correction is 
made for the variation throughout the year of the distance between the earth and 
sun. This varies by approximately 3% from extreme to extreme which means that 
the solar irradiance, inversely proportional to the square of the distance, varies by 
6%. 

3.4.2 Analysing the measurements 

To extract the parameters of interest from the measurements, Equation 3.22 is 
rewritten as 

(3.25) 

where the superscript i indicates the quantities applicable to the ith channeL 
If Pj is known then the total extinction, the quantity on the left hand side of 
Equation 3.25, is known and one can proceed with separating the components 
that make it up. The Rayleigh term is known from Equations 3.24 and 3.8 and 
can be subtracted. The other two components are more difficult to separate and 
it is here that some assumption is usually made about one in order to evaluate 
the other as discussed in Section 1.3. If the objective is to obtain the aerosol 
component then measurements will have been made at wavelengths that avoid 
strong absorption by ozone. If wavelengths that do have some ozone absorption 
are included then a typical value for the total ozone is often assumed. Ideally if the 
quantity flAT~ Jlo3 Xo3ab

3 
was known for all channels then the two components 

could be separated from the knowledge that the second term is proportional to o:b
3 

and that the first is likely to be a fairly smoothly varying function of wavelength. 
This was the approach used by King and Byrne (1976) who assumed that the 
aerosol optical depth would take the form 

(3.26) 

The justification for doing this is that many measured optical depth functions 
follow the power law given in Equation 1.8, which make the logarithm of the 
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aerosol optical depth a linear function of the logarithm of wavelength. The third 
parameter is added to allow a degree of curvature to this relationship. A measure of 
how well this model fits the measured optical depths is the difference between the 
logarithm of the aerosol optical depth given by Equation 3.26 and that measured 
on each channel, assuming a value for total ozone. King and Byrne then found 
the values of the parameters Xo3 , ao, a1 and a2 that minimised these differences 
by a weighted least-squares method. One of the options considered for analysing 
the readings from this photometer was to apply this method. The inclusion of the 
ultraviolet wavelengths with strong ozone absorption would make it more accurate 
than such a fit using just visible wavelengths. 

If the objective is to get accurate values for total ozone then the choice of 
wavelengths is different. They are generally chosen in the range 310-340 nm where 
the Huggins absorption band of ozone varies rapidly with wavelength. At these 
wavelengths it is more difficult to determine extraterrestrial constants because the 
magnitude and variability of the total optical depth is much larger. What is done 
instead is to look at the ratios of channels. If Equation 3.25 is combined for two 
channels, then 

where pij = pi/ pj, P~j 
-i _j 
aoa - aoa. 

(3.27) 

P.ijP/ -Tij -
0 Ol R -

The advantage of doing this is that the ratios of extraterrestrial responses 
are more easily determined than their absolute values. This is because many 
of the variables that interfere with an accurate determination of extraterrestrial 
constants for individual channels will act similarly in each channel, making the 
ratio more stable. This technique of taking ratios is the method used in the 
determination of ozone with the Dobson spectrophotometer. For a given ratio, 
the ozone can be determined as 

(3.28) 

Since the wavelengths are so close, the simplest approximation that can be 
made is that the aerosol optical depth is the same in two channels. That is that 
r1 = 0. This is known as the single pair method. A better evaluation of ozone 
can be made by taking readings at more than two wavelengths and allowing for 
differing aerosol optical depths in each channel. If the aerosol optical depth is 
assumed to vary linearly with wavelength 

(3.29) 

then Equation 3.27 becomes 

(3.30) 
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where ).ii ).i- ).i. Under this assumption measurements of two ratios can be 
used to provide a more reliable estimate of ozone according to 

(3.31) 

where ij and kl are pairs of wavelengths that may or may not have a common 
member. The assumption of an aerosol optical depth that varies linearly with 
wavelength is a reasonable one over a short spectral range and works well in 
practice. For the Dobson spectrophotometer pairs of wavelengths are chosen so 
that the difference in wavelength is similar and the aerosol term becomes zero. 
The double pair method is preferred for measurements of total ozone as is it more 
reliable (Dobson, 1957a, 1957b). 

The shortest three wavelength channels for this photometer have wavelengths 
at suitable points in the region 310-340 nm to provide such an estimate. 
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Chapter 4 

Measurements made with the 
photometer 

In this chapter the measurements that the author made with the photometer are 
discussed. 

4.1 Voltage dependence of the photomultiplier 
• gain 

The magnitude of the output current of the photomultiplier tube depends strongly 
on the potential differences applied to its various stages. The simplest method is 
to use a voltage divider to supply these potentials, as shown in Figure 2.6. With 
such a divider, the overall gain G, of the tube is (Philips, 1970) 

(4.1) 

where 8 is the mean gain for a single stage, also known as the mean secondary 
emission factor, and N is the number of stages. To a good approximation, it is 
directly proportional to the voltage per stage Vs, as shown. 

In order to be able to relate measurements taken with the photomultiplier 
tube at different supply voltages, a series of measurements was made over the full 
range (600-1100 Volts) with a constant irradiance provided by a tungsten lamp. 
These measurements are shown in Figure 4.1a. The data was found to lie close to 
the expected behaviour of Equation 4.1, as shown in Figure 4.lb. A fit based on 
the data for just one channel was made so that all counts taken could be related, 
no matter what the supply voltage was when the reading was taken. The fact 
that the voltage was recorded by the computer for each measurement made the 
correction much simpler than if it had to be recorded manually. 

53 
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Figure 4.1: Dependence of the photomultiplier tube signal on supply voltage for three channels 
plotted on linear scales and then logarithmic scales. 

4.2 Measurements at Christchurch, 
New Zealand. 

The photometer was operated for most of the measurements at the University of 
Canterbury, Christchurch, New Zealand ( 43°3l'S, l72°35'E). vVhile this was not 
an ideal station geographically for such measurements, being at low altitude and 
in a city that has a significant smog problem, it had the advantage of being close 
to the technical support needed when problems were encountered. In addition 
it was easy to operate the photometer for extended periods as the author could 
get on with other work and yet be close to the photometer if needed. As the 
instrument is not cpmpletely weather proof one has to keep a weather eye out 
whenever it is operating. The previous University of Canterbury photometers had 
been successfully operated from the same position. 

4.2.1 Initial Problems 

As soon as the photometer was taken from the test bench and used to take direct 
sun measurements, a number of problems showed up. For early tests the instru
ment was placed on a movable platform so that it could be brought back to the 
workbench with ease. The first few weeks of operating and testing the instrument 
in the open air were involved with locating and eliminating light leaks in the de
tector chambers. Despite the best of intentions, these had occurred at some of the 
joined edges and corners and at the entry points for the electronic wiring. At each 
point in this procedure, it was only the largest leak that was identifiable. The final 
test of the effectiveness of the light proofing was to .block the objective aperture 
of the heliostat and observe the signal of the detectors for varying ambient light 
conditions. Eventually no variation was found between the signals over the range 
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of full sunlight to darkness. 
The next problem that became apparent was that there was an extremely 

large variation in the photomultiplier tube signals between channels. The signals 
in the visible channels exceeded those in the ultraviolet by more than three orders 
of magnitude. The ultraviolet signals are smaller due to a combination of lower 
solar irradiance, lower atmospheric transmission, lower filter transmission, and 
narrower filter passbands. Each of these factors becomes more effective as the 
wavelength becomes shorter so the problem is worst at the shortest wavelength 
filter. This made it difficult for the digital recording of the signals, because the 
digital ~lectronics had a limited range (and precision) defined by the number of 
bits in the digital counters. Because the photomultiplier tube is intended as the 
detector for the ultraviolet wavelengths, the good signals in the visible region are 
not useful. In an attempt to reduce the difficulty, neutral density filters, made 
of stainless steel gauze, were placed next to the interference filters with visible 
passbands. This approach was not successful as very large attenuations were 
needed to solve the problem for the photomultiplier tube and these caused exactly 
the same problem for the photodiode. The solution was to place a filter that 
strongly attenuated the visible wavelengths in the light path between the beam 
splitter and the photomultiplier tube to limit the magnitude of the signal from the 
visible channels. This filter was a piece of visible blocking glass. The transmission 
of this blocking glass as measured by the author with the Cary spectrometer is 
shown in Figure 4.2, and the modified sensitivity of the photomultiplier tube is 
shown in Figure 2.5. While this reduced the problem to the extent that the 
digital counters could record a usable signal on all channels there was still a range 
of two orders of magnitude at an airmass of two. To reduce this further, a neutral 
density filter with a transmission of approximately 30% was retained in channel 
4 (368 nm) as this was then the largest signal for the photomultiplier tube. The 
range required of the photomultiplier tube detector circuits is still large and this 
has affected the performance of the instrument. 

4.2.2 Details of the measurements made 

Once the initial problems described in the previous section were sorted out a more 
permanent mounting was constructed and a weatherproof cover made so that the 
instrument remained outside and that alignment at the start of each day was not 
required. The photometer was run on as many days as possible for the period 
from late March to mid September 1986 and from February to April1987. 

Initially the photometer was programmed to take readings at equally spaced 
time intervals of either 15 minutes or 10 minutes. It was found desirable to have the 
photometer perform some sort of check on whether the data was worth recording 
to limit the amount of disk space taken up with unusable data. This was simply 
a test on the size of the largest count taken: if it was below a certain limit then 
the reading was not recorded. The cut-off value was low enough so that there was 
no possibility of discarding a reading that could possibly be useful. There are still 
many of the recorded readings that are too low to make use of. 

The idea of taking readings equally spaced in time seemed the best policy 
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Figure 4.2: Transmission of the visible blocking filter that was added to limit the signal 

recorded by the photomultiplier tube in the visible channels. 

at first. However it was found that this left Langley plots with very few points 
at high airmass. This is illustrated in Figure 4.3a which shows a plot for a day 
when readings were taken every fifteen minutes. To overcome this, the program 
was modified to take a reading if either a certain time had passed or the airmass 
had changed by a certain amount since the last recorded reading. So during the 
middle of the day, when the airmass changes slowly, the frequency of readings was 
determined by the time interval. As the rate of change of the airmass increased the 
readings became more frequent. This modification made statistical fits to Langley 
plots more reliable since the distribution of readings as a function of airmass was 
more even. A Langley plot for such a day is shown in Figure 4.3b. 

A minor refinement, made at the same time, was to have the controlling pro
gram position the motors so that the objective pointed directly downwards, its 
most protected position, whenever the sun was below the horizon 1 . This helped 
keep the objective as clean as possible. The program ensured that the data file 
to the disk was closed at these times, since any power interruption while the file 
was still open would entail a time consuming process to recover the data recorded 
in that file. A new data file would be opened when the photometer's program 
was started if, and only if, the sun was in the sky. Otherwise, opening the data 
file was delayed until the next sunrise. At sunset the file was closed. With these 
modifications the instrument could be left uncovered on fine nights and could start 
taking readings at sunrise the next morning. 

Although it was n9t implemented for the early measurements the program 
that ran the photometer was modified to print a log of when it was able to take 
measurements, details of data files opened and closed, and various other impor
tant operations. This was of assistance in tracking down what happened when 
things went wrong and provided a record of whether the measurements had been 

1 Prior to that the photometer would point in the direction of the sun, whether it was upwards 
or downwards in the local coordinate frame. 



4.2. MEASUREMENTS AT CHRISTCHURCH, NZ 

7 

!!! 
5 6 
0 
u 
c 

5 
0 2 

(a) 

Intercept 6.858 

14 of 19 points 

4 
Alrmasa 

6 

7 

~ 
z 
5 6 
u 
c 

5 
a 0 2 

(b) 

Intercept 6.801 

44 of 49 polntn 

4 
Alrmaaa 

57 

6 8 

Figure 4.3: Comparison of Langley plots for different spacing readings: (a) Readings spaced 

evenly in time make the number of points at high airmass too small; (b) By taking readings 

more frequently as airmass increases, the points are more evenly spaced on the Langley plot. 

discarded by the program as being too low. 

4.2.3 Analysing the measurements 

The first priority in analysing the readings was to establish the extraterrestrial 
constants PJ, for each channel. The Langley plots obtained for this instrument 
varied greatly in quality. Some of them could be immediately discarded because 
the plotted values did not even lie on a straight line (Figure 4.4a). After elim
inating those plots that were obviously unsuited for calibration purposes, those 
remaining still showed considerable variation in the fitted value of the extrater
restrial constant. This is because monotonic changes in the optical depth can 
produce linear plots with incorrect intercepts as discussed in Section 3.4.2. Some 
typical plots of varying quality are shown in Figure 4.4. 

By careful inspection of the fits and the kind of bias introduced in them by 
poor data points, especially at low airmass, values were found to be consistent 
to 2% for all but one of the channels in the visible and infrared. The exception 
was the longest wavelength filter at 940 nm. This is because there is a strong 
absorption feature of water vapour in that region which cannot be adequately 
described by the Bouger law. The Langley plots for this channel were generally 
curved because of this. Its extraterrestrial constant could only be found to the 
nearest 10%. 
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The only extraterrestrial constant that could be determined adequately in the 
ultraviolet was for filter 4 at 368 nm. This was established to 4%. The remainder 
could not be determined to better than 10%. Two reasons contributed to this. 
The first is that the optical depths are larger at these wavelengths and so the 
uncertainty in the intercept on the Langley plot is larger. The second is that 
the signals are weaker and that they are usable over a smaller range of airmass, 
making the Langley plots less reliable. The shortest wavelength filter provided 
no reliable Langley plots. This was because the signal was still so weak that it 
became too small to measure at an airmass of just three. This meant that Langley 
plots for that channel were extremely limited in their range of airmass and could 
not be relied upon. An example of this is shown in Figure 4.5. In addition to these 
problems, the passband of this filter was found to have shifted sometime during 
the course of the measurements. This is discussed in Section 5.1.2 on page 81. 

The difficulty experienced in establishing good values for these constants was 
due to the poor suitability of the site for such work. It has made the analysis of 
results somewhat more difficult than it should have been. The difficulty in the 
ultraviolet especially complicates the extraction of information on ozone. 

To get values for total ozone from the readings, the intention was to use the 
three channels (at 311, 317, and 332 nm respectively) in the Huggins absorp
tion band of ozone to define two ratios of photometer responses and evaluate the 
column amount of ozone using Equation 3.31. However, since the information 
from the shortest wavelength filter was not usable the only option left was to use 
Equation 3.28 with the readings from the remaining two useful channels. Some 
experimentation in using the next channel at 368 nm with these two, to provide 
enough information to use Equation 3.31 was attempted. However this was not 
successful because the assumption of a linear aerosol was not a good one over 
the wider range of wavelengths. The ratio of channels 2 and 3 was well defined 
and produced Langley plots with an extraterrestrial value PJ3

, consistent to 3%, 
considerably better than values for the channels taken individually. The principal 
cause for the uncertainty was the fact that as airmass increases the signal on chan
nel 2 eventually drops to a point where the detector circuit is unable to record a 
useful reading. The airmass at which this occurs is dependent on the total optical 
depth but generally occurs somewhere in the region of an airmass of four. 

Using the experimentally determined value for PJ3 , a simple calculation using 
Equation 3.28, neglecting the aerosol term, produces an estimate of the total 
ozone. These estimates of ozone were constant, or nearly constant, through those 
of the days that were stable in total optical depth. At airmasses greater than four 
the estimate dropped considerably due to the loss of a significant signal on the 
shorter wavelength channel. On winter days this means that the period of time 
over which the estimates are reliable is relatively short. However, for much of these 
days this simple measure of total ozone proved stable. Figure 4.6 shows a selection 
of such days. The variation from one reading to the next on these days is typically 
0.01 atm-cm. Although no independent measure of ozone was available it is likely 
that the values are significantly lower than the true value of total ozone by as much 
as 20-30%. This error is not surprising given the uncertainty in the value of PJ3 of 
3% and the fact that the calculation involves the difference of the measured drop 
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Figure 4.4: A selection of Langley plots of varying quality: (a) A plot obviously unsuited for 
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good but is suspect because of the increase in optical depth at low airmass; (d) An excellent 
plot. 
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Figure 4.5: A typical Langley plot for channel 1. The point at which the signal 
becomes too small to accurately measure is at an airmass of approximately three. 

in the ratio P 23 , and the assumed drop due to Rayleigh scattering. Taking this 
difference magnifies the error. The consistently low values could however point to 
uncertainties in the values of the effective ozone absorption coefficients that have 
been calculated for these channels. Some days showed an increase in this measure 
of ozone at low airmass whilst others showed the opposite pattern (Figure 4.6). 
There are several possible reasons for this: it could be a genuine change in the 
quantity of ozone but it is more likely to be some sort of systematic error in the 
readings due to there being a significant difference in the aerosol optical depths 
at the two wavelengths. 

Because the method used to establish total ozone from the ultraviolet chan
nels was far from satisfactory, an attempt was made to determine total ozone 
independently using the readings at visible wavelengths and the fact that some 
of the channels lie in the weak Chappuis absorption band of ozone. As described 
in Section 3.4.2, it is possible to infer an estimate for total ozone from measure
ments of optical depth at a number of points by allowing a model aerosol (given 
by Equation 3.26) and an unknown quantity of ozone to vary in such a way as to 
fit the measured depths. This was attempted with the readings of the photometer 
using channels 5-10 (420-862 nm). Channel 4 (368 nm) was not included as its 
extraterrestrial constant was not as well determined. Channel 11 (940 nm) was 
not included because of the water vapour absorption in that channel. The tech
nique is similar to that used by King and Byrne (1976) described in Section 3.4.2 
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on page 49. This technique, although it was not expected to perform well because 
of the uncertainties that remained in the values of Pj, and because the ozone ab
sorption is weak and represents only a small proportion of the total optical depths, 
gave remarkably stable results. Because these values are the result of an optimisa
tion routine that is given an initial estimate of the solution, the final solution may 
depend on that estimate. A check of this was made by repeating the procedure 
with a deliberately poor initial estimate (of 0.1 atm-cm) and the same solutions 
were found. Figure 4. 7 shows the readings that were obtained on the days that 
are shown in Figure 4.6. 

The values are of the correct order of magnitude, consistent throughout the day. 
The absolute value is generally higher than the value derived from the ultraviolet 
readings. There is also a systematic error in this measure that gives higher values 
for total ozone as airmass increases. The reason for this is probably that the 
problem is ill conditioned, and with larger values of total extinction the tendency 
is to attribute more of this to ozone. Past a certain point the optimisation routine 
fails to find a suitable minimum at alL A fuller determination of the source of this 
error would be possible if better values for the extraterrestrial responses PJ, were 
available. The time variation of the optical depth in one of the visible channels is 
given in Figure 4.8. This gives an indication of how stable the days were and to 
what extent the values of the counts were reduced. The typical measured aerosol 
optical depths for these days is shown in Figure 4.9. The accuracy of the values 
are limited by the precision to which the extraterrestrial constants are known. 
The uncertainty in the amount of ozone increases the error in aerosol optical 
depth around 600 nm. Those days that have an aerosol optical depth which varies 
little with wavelength are dominated by larger particles. Where the wavelength 
dependence is stronger the particle size is generally smaller. If the depths were 
known more precisely then it would be possible deduce particle size distributions 
from them. For the six days shown, the wavelength exponent of the aerosol optical 
depth (defined in Equation 1.8) varies from zero to 1.3 ± 0.2 

It can be seen that the performance of the two measures of ozone changes 
as the magnitude and wavelength dependence 'of the optical depth vary. The 
days that these measures are most stable are those with a low optical depth 
that doesn't vary much with wavelength. When the aerosol optical depth does 
have a strong wavelength variation, the ultraviolet-derived values of ozone show a 
positive correlation with airmass and the increase of the visible-derived value at 
high airmass gets much worse. 

The longest wavelength band, centred on 940 nm, was included on the pho
tometer to see if a simple estimate of water vapour could be made from it. ·water 
vapour has a strong absorption band in this region. This has been used before with 
other photometers (Shaw, 1976; Tanre et al., 1988). The absorption i.s not linear 
with path length so Langley plots, in which the logarithm of the measured signal 
is plotted against airmass, for that channel are typically curved. Consequently 
the extraterrestrial constant for that channel was never determined to better that 
about 10%. However a good approximation for the water vapour absorption, is 
that it is proportional to the square root of the amount of absorber (water vapour) 
in the radiation path (Volz, 1974). The total extinction in that channel will have 
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Figure 4.10: The strong water vapour absorption in the passband of the 940 nm makes the 

conventional Langley plot curved. The ratio of the 940 nm signal to the 862 nm signal is also 

curved. However if gives an almost straight line when plotted against the square root of the 

airmass. 

contributions from molecular scattering, aerosol scattering, and the water vapour 
absorption. The first two contributions are linear and can be described by the 
Bouger law. Some way of separating them from the other component is required. 
The simplest way of doing this is to take the ratio of the signal on the 940 nm 
channel to that on the adjacent 862 nm channel. The variation in this ratio will 
principally be due to the water vapour absorption. A plot of the logarithm of this 
ratio against the square root of airmass is significantly straighter than the con
ventional Langley plot (Figure 4.10). This seems a good indication that if better 
calibrations were made for the instrument then it could indeed provide estimates 
of the water vapour content of the atmosphere. A more sophisticated method, 
that used extrapolation of the measured aerosol optical depths in the infrared· 
channels to estimate the aerosol optical depth at 940 nm, could also be tried. 
Such an approach is likely to be an improvement on assuming that the aerosol 
optical depths at 862 nm and 940 nm are the same. 

In addition the photometer was operated at two other sites. These measure
ments are discussed in Sections 4.3 and 4.4. 

4.3 Measurements at Arrival Heights, Antarc
tica 

The photometer was taken to the Antarctic for a period of eight weeks as part of 
the New Zealand Antarctic Research Programme, 1986-87 summer season (DSIR, 
1986). It was installed at Arrival Heights (77°49'S, 166°39'E) a few kilometers 
from the United States' McMurdo station and New Zealand's Scott Base. The 
dates of the trip were October 20 until December 12, 1986. Observations were 
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20 October: Travelled to Scott Base. 
21-22 October: On survival training course. 

Technician unpacked equipment at Arrival Heights. 
23-24 October: Assembled and checked photometer. 

Removed all-sky camera and its dome. 
Installed skylight and photometer. 

25-27 October: Traced faults in photometer caused by static. 
Solved problem of condensation on skylight. 

27 October: Technician returned to N.Z. 
28-29 October: Ran checks on alignment and programming. 

30 October Equipment running automatically. 
9 December: Checks made approximately daily. 

10-12 December: Took down and packed equipment. 
Replaced all-sky camera and dome. 

12 December: Returned to N.Z. 

Table 4.1: Brief diary for the Antarctic trip. 

made for the period 29 October until 10 December. A brief diary of the trip 
appears in Table 4.1. Unfortunately the NZARP research schedule did not allow 
the trip to be brought to an earlier date in the season so that the photometer 
could be in place for more of the time that the ozone hole was present. 

4.3.1 Modifications required 

Some modifications were required to the instrument and the program to control 
it. Operating the photometer in the open air was considered. The uncertainty 
involved in keeping a prototype instrument such as this operating at temperatures 
as low as -20°C was considered too great. The mechanical parts would be subject 
to large temperature gradients and the electronic circuits would be operating 
outside their specified temperature range. There was also the risk of damage 
to the photometer if accidentally left unattended in adverse weather conditions. 
It was decided therefore to install the photometer inside a laboratory in such a way 
that it looked out of a skylight. Unfortunately, this decision meant that very much 
less could be expected from absolute values of the readings from the photometer, 
but that relative values would still contain useful information. 

The skylight was a cylindrical arrangement with twelve flat vertical panes. 
A drawing of the window is shown in Figure 4.11. This construction was used 
as the range of zenith angles over which the measurements would be taken was 
approximately 55-80°. The glass used was supplied by Schott of West Germany 
and carried the code number WG280, indicating it had a usable transmission at 
wavelengths longer than 280 nm. It had a transmittance of 0.95 at the shortest 
wavelength used by the photometer and more than 0.99 at visible and infrared 
wavelengths. The window assembly was bolted over a hole in the laboratory roof 
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Figure 4.11: The skylight used for Antarctic measurements 

that had been used for another experiment, an all-sky camera for recording auroral 
events. 

The ceiling of the laboratory was a panel made up of 100 mm of foam insulation 
sandwiched between thin sheets of steel. The photometer was held up to this panel 
with brackets supporting the fiat plate which usually formed the top of the box 
containing the electronic circuits for the photometer. That box was placed on a 
bench below the photometer because its weight was too great to be supported by 
the ceiling panel. Extension cords to link the photometer with its electronics were 
made up and checks were mad~ that doing this did not alter any readings. 

Problems encountered in setting the photometer up included one of the in
tegrated circuits in the interface being damaged by a static electrical discharge 
during assembly. This was easily traced and rectified. The second problem en
countered was how to prevent condensation from forming and then freezing on the 
inside of the skylight. After failing to find a suitable hot air blower that would 
keep the inside surface of the window warm enough, not only to prevent the freez
ing of the condensation but also limit its formation, a small cheap hair drier was 
bought from the US Navy store at McMurdo station and this served well until a 
more reliable alternative could be sent down from New Zealand. 

The photometer's operating program had to be modified so that it took mea
surements continuously. The previous control method of using sunrise and sunset 
as the times to control the opening and closing of the disk data files was obviously 
not suitable at a station where the sun did not set. Taking measurements at all 
values of azimuth was the second new factor to contend with. The solution was to 
use midnight as the time to close the file that the day's data had been written to, 
open the new day's data file, and drive the azimuth motor one revolution in the 



4.3. MEASUREMENTS AT ARRIVAL HEIGHTS, ANTARCTICA 69 

opposite direction to the sun's apparent motion in order to unwrap the cables. 
The photometer performed well during the period of observations. A power 

surge or interruption caused the computer to fail once. The fault was discovered 
after a few hours and although the data file that was open at the time was not 
properly closed, it was recoverable. It would be possible, with a more sophisticated 
computer, to set the instrument up so that such an event would be less troublesome 
and cause no loss of data and this may well be an option to consider in the future. 

4.3.2 The measurements 

Because the instrument was looking through a window that was exposed to the 
elements on the outside and to condensation on the inside, the absolute values of 
the counts were less reliable than for measurements made in the open air. A plot 
of the typical kind of recorded optical depth with time is shown in Figure 4.12a. 
While the measurements were being made it was hoped that, despite the large 
variations in the values, a base level could be identified when they were plotted 
against time. This occurred on a few days, one of which is shown in Figure 4.12b. 
The spikes in this record are caused by the small structural rods at some of the 
corners of the skylight. These affected the reading over a wider interval of the 
azimuth angle that was anticipated. While it may be possible to do something 
useful with these measurements any information from them would be very poor 
in quality. 

However, ratios of counts were better defined and these enabled signals to 
be used to do the simple determination of ozone with the two good ultraviolet 
channels. Despite short term scatter, over time scales of a few tens of minutes, 
the values of total ozone were remarkably self consistent. A number of days are 
shown in Figure 4.13. Many of the days show a characteristic pattern of values 
that peak around noon. These are a number of possible explanations for this. 
One is that the glass of the window has a transmission that is approximately 1% 
lower at the shorter wavelength that at the longer. of the two wavelengths used 
for the ozone estimate. This difference will become more significant as the path 
length through the glass increases, and will decrease the value of the measured 
response ratio. Since the window panes are vertical, this error is larger when the 
zenith angle is smaller, around noon. The other possible explanation is that the 
measurement is a real indication of a horizontal gradient in total ozone. At such a 
high latitude during the summer the sun's path stays low in the sky and appears 
to do complete circuits around the sky. This means that direct sun measurements 
at such a station are sampling a part of the atmosphere that is much larger in 
horizontal extent than at a mid-latitude station. Since the horizontal gradient 
of ozone at that time is an increase to the North, the variation in the retrieved 
ozone value may well reflect this. The two possibilities are not easy to distinguish, 
but the fact that the pattern is common but not universal in the readings suggest 
something that at least part of the effect is is dynamic rather than static. A time 
series of those readings taken within an hour of noon is shown in Figure 4.14. 
The behavior of these readings is generally consistent with satellite measurements 
made at the same time (Krueger et al., 1987). The rise from very low values 
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Figure 4.12: Optical depth at Arrival Heights as a function of time for two typical days. 

of ozone at the beginning of November is particularly interesting. It seems that 
despite the poor quality of this measure it has responded appropriately to a large 
change in total ozone. 

4.4 Measurements at Lauder 

In an attempt to resolve some of the difficulties in analysing the readings taken 
so far, a two week period of readings was undertaken at Lauder, Central Otago 
( 45°03'8, 169° 41'E) where the Physics and Engineering Laboratory, part of the 
New Zealand government's Department of Scientific and Industrial Research, runs 
an atmospheric research station. Lauder is at a higher altitude than Christchurch 
and is not close to a city. The measurements were close to the summer solstice 
and so there was a good chance that better values to the extraterrestrial con
stants could be obtained. Routine measurements of total ozone are made here 
with an automated Dobson spectrophotometer, measurements of the vertical dis
tribution of ozone are made with Umkher Dobson measurements, and a balloon 
borne electrochemical ozonesonde launched weekly. 

Unfortunately, the weather was not favourable and all of the nine days that 
were fine enough to operate the photometer were marred by high cloud or high 
optical depth during all or part of the day. Figure 4.15 shows a Langley plot for 
a typical day. Measurements were possible on a total of just nine days. The mea
surements were discontinued when the automated Dobson instrument developed 
a mechanical fault that required spare parts to be flown from overseas. 

Despite the poor weather it became apparent during the measurements that 
the restricted range of the photomultiplier detector circuits made it extremely 
difficult to take readings over the full range of airmasses encountered during a 
day. That range had become more of a problem because the noon airmass was 
so much closer to one than any of the previous readings. Some readings at low 
airmass were incorrect because the counters had overflowed and the problem of 



4.4. lviEASUREMENTS AT LAUDER 

861031 
.60 

,55 

,50 

,., 
... ... "' +I 

E 
u 

.35 I 

" ~ 
"' ,30 

" .25 c 
0 
N 

0 .20 

.15 

.10 

.05 

0 • 10 H 12 !:.J f" tS 16 i7 1& 

Local time 

861118 
.60 

.55 

.so 

... 
• ,40 

u 
,35 I 

E 

.· . .. . 
+ t I *t ...... t• It" •' ~ ••••• • 

.. . .. · . ..-· .......... , 
.. . 30 

• . 25 c 
a 
N 

0 .20 

,15 

'10 

.05 

0 • tl) 11 Li t~ 14 15 16 17 Hl 

Local t \me 

.60 

,55 

.50 

·" 
,40 

" u 
,35 I 

" M .. ,30 

" .25 c 
0 
N 

0 .20 

'15 

,\0 

.05 

0 

.55 

.50 

.30 

~ .2S 
0 
N 

0 .20 

,U 

'10 

,05 

......... ··· 
.... t 

• 

861113 

·. .. 
.. .... . .. .. .... . .. ~ 

tO 11 12 i3 U 15 16- 17 1S 

Loca I tIme 

861125 

? •. ~~~~~~.~.~.~.~.2~+-,,~.~.~.7.~ .. ~~17~1'0 
Local time 

71 

Figure 4.13: Total ozone during selected days at Arrival Heights, Antarctica. The values are 

derived from the ratio of channels 2 and 3. 
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Figure 4.14: Values of total ozone at Arrival Heights for 29 October to 12 December 1986. 

All readings that were taken within an hour of local noon are shown. 
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Figure 4.15: Langley plot for a typical half-day at Lauder, the afternoon of Janaury 15, 1988. 

poor signals at high airmass remained. Langley plots for the four ultraviolet 
channels taken on the last day at Lauder illustrate this vividly (Figure 4.16). 

However measured values of ozone with the photometer were stable for some 
of the periods of observation. The results from two such days are presented. 

Figure 4.17 shows the day of January 8. This day started well with low optical 
depth before 0900. Both estimates of ozone produce sensible values but the value 
derived from the ultraviolet is too low by 30% and is decreasing considerably as 
the airmass increases. For the rest of the morning the optical depths are so high 
that neither measure of ozone gives sensible values. At 1300 the readings stabilise 
but with a significantly higher optical depth. This depth is decreasing with time. 
The ultraviolet-derived value for ozone is stable during this period at 0.25 atm
cm. whilst the methods using visible channels gives poor values that are rapidly 
changing. The quantity of ozone measured with the Dobson was 0.322 atm-cm or 
322 Dobson units. 

Figure 4.18 shows the day of 12 January. Only half a day's readings were 
possible before the weather clouded over. During the time of the readings both 
measures of ozone were changing significantly with airmass. The drift reverses 
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Figure 4.16: The problem of range in the photomultiplier. The four plots were taken on the 

morning of January 16, 1988. The photomultiplier tube voltage was set too high and the counter 

overflowed on the two longer wavelengths. At the other two wavelengths the airmass range of 

useful signals is limited by their small size. The program that produced these plots has not 

coped well with fitting a straight line to the points. 
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Figure 4.17: Readings at Lauder on 8 January 1988. At top left are the estimates of total 
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Figure 4.18: Readings at Lauder on 12 January 1988. The plots are the same as for Figure 4.17. 

at the time that the optical depth starts to increase. The ultraviolet-derived 
value is again too low by a similar factor. The values obtained by the Dobson 
spectrophotometer throughout the morning were all within the range 0.283±0.002 
atm-cm (283±2 Dobson units). 

For the conditions encountered at Lauder, the photometer performecf poori"y 
in the determination of ozone. While the two methods for deriving ozone from 
its readings - from the Huggins band in the ultraviolet and the Chappuis band 
in the visible - both give estimates of the correct order of magnitude, there are 
significant systematic errors, especially in the former. 
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Chapter 5 

Error Analysis 

In this chapter the sources of error in the measurements made by the photometer 
are accounted for. These can be divided into errors that affect the amount of light 
received by the detectors, those that affect the value of the counts recorded by the 
photometer's computer, and those introduced in deriving the final parameters. 

5.1 Errors affecting the amount of light received 

This kind of error is the most difficult to quantify. The order in which they are 
considered follows the light path from the top of the atmosphere to the detec
tors. The errors due to varying atmospheric transmission and their effects on the 
calibration of the measurements have been discussed in Section 3.4.1 and are not 
considered further here. 

5.1.1 Scattered light into the field of view 

Much of the scattering in the atmosphere has a strong component in the forward 
direction. This means that some of the light travelling in the same direction as the 
direct beam, and received by the photometer, is scattered into the field of view and 
is not part of the direct solar radiation we are trying to measure. An instrumental 
field of view that is larger than the sun's disk will allow even more scattered light 
in. The effect of this light will become more significant at higher airmass as the 
ratio of scattered to direct radiation increases. This is one of the many reasons 
for limiting the airmass range over which measurements are taken. Shaw (1976) 
discusses calculations for a field of view with a 2.5° semi-angle, larger than that 
used in this photometer, at a wavelength of 371 nm. Plots of the ratio of diffuse 
radiation within that field of view to the direct solar radiation and the consequent 
error in the measured optical depth are calculated as a function of airmass and 
total optical depth. The error increases with total optical depth and becomes 
much larger at airmasses greater than five. The relative error in the measured 
optical depth remains roughly constant at 0.025 as long as measurements made at 
zenith angles greater than 80° are not used. If the field of view was larger, then 
the error would be greater. It is worthwhile then to keep the field of view as small 
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as possible so long as tracking is accurate enough to keep the sun within the field 
of view. 

The next thing that can happen is that stray light entering the objective at 
angles outside the field of view can get to the detectors. The baffles in the heliostat 
are intended to prevent this. Their effectiveness can be checked by blocking the 
direct solar radiation from the instrument with an object sufficiently far away that 
the light reaching the instrument from other directions is not altered. The signal 
obtained in this manner was compared with the signal obtained with the objective 
completely blocked. This revealed a small but detectable difference between the 
two signals but it represented a small fraction of the direct signal, typically less 
than 0.4% at zenith angles less than 80°' in the channels that have strong signals. 
This means that direct-sun measurements are not affected significantly. If however, 
measurements of sky radiation were carried out with this instrument then the effect 
of this error would need further investigation. 

An error peculiar to an instrument with a heliostat is that at different ori
entations the small polarisation that occurs on reflection at the mirrors affects 
the measurement in a way that depends on the relative position of the mirrors. 
However, since all the measurements considered in this report were direct-sun 
measurements the effects of this polarisation will be negligible compared to other 
errors considered in this section. If measurements of polarised or partially po
larised radiation, such as skylight, were considered then the effects of this error 
may become more significant. 

5.1.2 Errors due to the filter transmission 

Basher (1975) found that sidebands in the filter transmission functions could cause 
significant errors. Compared with previous filter sets used at Canterbury, the 
present set is extremely well blocked. Details of the filter transmission were given 
in Section 2.1.2. The effect of those sidebands that were found was estimated 
using the model of the measurements described in Section 3.3 and are shown 
in Table 5.1. The infrared leakage of filter 8, which was of the most concern 
because it had the highest transmission ratio, contributes less than 0.5% to the 
total signal on that channel. Far more serious leakages exist in the two filters 
with the shortest wavelength passbands. This is because the ozone absorption is 
a rapidly varying function of wavelength and a sideband at a wavelength where 
ozone absorbs less strongly than at the passband (that is at a longer wavelength) 
begins to dominate the total response as airmass increases. The measurements 
made with these two filters must be treated more carefully as a consequence. The 
calculation of equivalent ozone absorption coefficients, described in Section 3.3, 
will include the effect of the sidebands. 

The transmission of filters changes with temperature due to the temperature 
dependence of the refractive index and thermal expansion of the dielectric layers. 
The main effect of temperature is to shift the passband. The relative shift is lin
ear, positive, and can be as much as 5xlo-s ;oc (Blifford, 1966). Basher (1975) 
measured values of approximately 3x1Q-5 ;oc in the filter set he used. The error 
due to temperature effects in the filters has been minimised by having them tern-
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Filter Centre Wavelengths (nm) Transmission Response Ratio 
Number Passband Sideband Ratio tt=2 p,=5 

1 311 365 4.4x10 4 0.013 0.28 
2 317 365 5.0x1o-4 0.0034 0.035 
4 368 310 5.6x1o-5 1.4x1o-e 8.2x1o-s 
6 500 > 1200 *6x1o-4 4.8x10-4 7.7x1o-4 

7 600 700 9.0xl0-5 6.7x1o-5 8.1x10-5 

7 600 1175 1.5x 10-4 2.3xlo-5 3.2xlo-5 

8 675 1150 0.02 0.0040 0.0046 

Table 5.1: Ratios of the response in filter sidebands to the total response for that channel. 

The figures are calculated using the model described in Section 3.3 for an atmosphere with 

0.3 atm-cm ozone. Values are given for airmasses of two and five, representing values near to 

the ends of the typical range over which measurements are made. 

perature controlled. The temperature in the filter chamber of the photometer is 
38±1 °C. Assuming a similar value for the temperature coefficients of the present 
filter set, the passband shifts due to temperature variations during the measure
ments are limited to a few hundredths of a nanometre and so are insignificant. 
There is however the error due to the fact that the filter transmission measure
ments were made at a lower temperature, of around 25°0. This is because the 
spectrophotometer used to make the transmission measurements has no provision 
for maintaining the filter at a given temperature. The likely shift in passband due 
to a l5°C difference in temperature is a relative shift of 5x1Q-'1 which is 0.15 nm 
for the ultraviolet filters and proportionately larger for the visible and infrared 
filters. The effect of such a shift has been calculated with the model described in 
Section 3.3 by shifting the filter transmission functions the appropriate amounts 
and calculating the effect this has on the response in each channel. The results 
are shown in Table 5.2. Given that the effect of this shift is significant in the case 
of the shorter wavelength filters, it was decided to use the shifted filter transmis
sion functions in further calculations on the ground that some correction for the 
discrepancy between the filters' temperature for the transmission measurements 
and their operating temperature in the photometer is better than not correcting 
at all. 

The transmission of the filters is also a function of the angle of incidence. 
The way in which this affects the measurements that were made of the filter 
transmission is discussed in Appendix A. Measurements of the transmission of 
some of the filters were made at varying angles of incidence and these showed that 
the principal effect of changing the orientation was to shift the central wavelength 
of the main passband to shorter wavelengths. A simple model (Basher, 1975) has 
the relative shift proportional to the square of the angle of incidence (), according 
to 

(5.1) 
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Total Response, P Ozone Coefficient, ao3 

Filter X=0.25 em X=0.35 em X=0.25 em X=0.35 em 
Number J-L=2 J-L=5 J-L=2 J-L=5 J-L=2 J-L=5 J-L=2 J-L=5 

2 2.0 4.4 2.8 5.9 -2.2 -2.1 -2.2 -2.1 
3 0.21 1.0 0.37 1.2 -2.2 -2.2 -2.1 -2.2 
4 -0.05 0.25 -0.05 0.25 - - - -
5 0.21 0.42 0.22 0.42 - - - -
6 0.08 0.13 0.05 0.09 -0.78 +1.3 -0.25 +1.1 
7 0.16 0.23 0.17 0.25 -0.66 -0.37 -0.66 -0.30 
8 0.02 0.07 0.02 0.09 -0.45 -0.56 -0.85 -0.45 
9 0.03 0.06 0.04 0.06 - - - -
10 0.16 0.17 0.16 0.15 - - - -
11 - - - - - - - -

Table 5.2: Calculated effect of filter pass bands shifting with temperature. The assumed shift 

is +5 X 10-4 • The values are the percentage changes in the total response P, and the effective 

ozone absorption coefficient ao3 • These are shown for 0.25 and 0.35 atm-cm (250 and 350 

Dobson units) total ozone and air masses of two and five. 

The measurements taken with the Cary spectrophotometer fitted this law well 
(see Figure 5.1). The value of the coefficient B was typically 0.2, similar to the 
values found by Basher, although some filters were 30% lower. 

The angular dependence can affect the effective transmission of the filter whilst 
installed in the photometer in two ways. The first is that the filter must be 
mounted perpendicular to the principal axis of the incoming beam to prevent an 
unwanted shift in the passband. The precision need not be great: if the filter 
is aligned to a precision of just half a degree then the passband shift will be of 
the order of 10-5 or thousandths of a nanometre. The second effect is due to the 
fact that the light incident of the filter is not a collimated beam but contains a 
range of incident angles. This will shift and broaden the filter passband. As a 
rough approximation, the effect of a beam with a certain semi-angle is half that 
of tilting the filter through the same angle. In the photometer the field of view is 
limited to a semi-angle of 0.9° so the shift is likely to be of the order of 3 x 10-5 • 

For direct-sun measurements the dominating direct solar radiation is limited to a 
semi-angle of only 0.3° so the effect is even smaller. 

The uncertainty of having a different beam geometry between the filter trans
mission measurement and the measurements made with the photometer could 
be removed by taking the transmission measurements with a collimated beam at 
varying angles of incidence and calculating the transmission for the beam geom
etry of the photometer. This is the approach used by McKenzie (1981). A more 
direct approach, if it were possible, would be to determine the filter transmission 
with a beam of identical geometry to that of the photometer by making the mea
surements in the instrument in which they will be used. Neither of these options 
was easily available to the author. However, simple checks of the effect of the spec-
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Figure 5.1: The variation of the centre wavelength of the main pass bands of three of the filters. 
The variation is plotted against the square of the angle of incidence of the Cary's beam to check 

the fit of Equation 5.1. 

trometer's beam geometry, described in Appendix A, failed to find any difference 
in the measured filter transmission. 

The characteristics of interference filters are subject to changes over time. 
Short term changes are mainly due to absorption and desiccation of water vapour 
by the dielectric layers (Furman and Levina, 1971 ). This is minimised by hermet
ically sealing the filter between windows, so that the volume of air with which the 
filter can exchange water vapour is as small as possible. Basher (1975) estimated 
that a hermetically sealed window within 0.02 rom of the filter would restrict shifts 
in the passbands of the filter to the order of 10-2 nm which is adequate for use in 
the photometer. 

There is the possibility of longer term changes in the filter characteristics. 
These may occur due to other processes: a failure of the seal; crystalisation in the 
dielectrics; or chemical interactions between layers. For this reason,the transmis
sion characteristics of the filters used in this project were checked four years after 
the initial measurements were made. The central wavelength of one filter, that for 
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Figure 5.2: The shift in the passband of filter 1. The dashed line shows the original measure

ment. The solid line shows the measurement taken four years later. 

the shortest wavelength, was found to have shifted from 310.5 to 309.9 nm along 
with a small drop in the peak transmission. This is shown in Figure 5.2. In a 
spectral region in which the ozone absorption changes rapidly with wavelength, 
this seemingly small shift decreases the total response P by as much as 30% and 
increases the effective ozone absorption coefficient by approximately 8%, as de
termined from the modeJ of Section 3.31 • Values of these changes are shown in 
Table 5.3. As it was not clear exactly when the passband shifted the readings 
from that channel could not be used with any confidence. The passbands of the 
other filters had not detectably changed in the four years between measurements. 

Since the transmission of interference filters is unlikely to be completely uni
form because of the difficulty of depositing many uniform dielectric layers, the 
effect of this must be considered. Checks were made with the Cary spectrometer 
on the uniformity of some of the filters by masking the beam so that the area 
of the filter illuminated was similar in area to the amount that is illuminated in 
the photometer, approximately 20 mm 2 • Different parts of the filter were used 
but no difference in the main passband characteristics, peak transmission, centre 

1 By comparing the integrated response obtained for the original and shifted filter 
transmissions. 
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Total Total Response, P Ozone Coefficient, ao3 

Ozone p=2 p=5 p 2 p=5 
0.25 -40 -50 +7.9 +8.3 
0.35 -42 -54 +7.6 +8.4 

Table 5.3: Calculated effect of filter 1 passband shift. The shift is as shown in Figure 5.2. The 
values are the percentage changes in the total response P, and the effective ozone absorption 

coefficient, ao3 , and are shown for 0.25 and 0.35 atm-cm (250 and 350 Dobson units) total ozone 
and airmasses of two and five. 

wavelength, or bandwidth, were found. To reduce the possible errors due to fil
ter non-uniformities the distance between the filters and the detectors was kept 
as small as possible so that the part of the filter used does not depend on the 
direction of the incident radiation, and the filters held with a fixed orientation in 
the filter wheel so that the same part of each filter is always used. The filters also 
move during the measurement, so that the filter characteristics are averaged out 
as the radiation scans across the filter, reducing the error further. 

5.2 Errors affecting values of counts 

In this section those errors that affect the values of the counts for a given distri
bution of light are considered. 

5.2.1 Variations in the detectors 

The first of these is variations in the sensitivity of the detectors. If this changes 
at all in response to anything but the incident light intensity then the assumption 
that knowing the detector signal means knowing the light intensity is invalid unless 
the effect is quantified and compensated for. 

The colour-voltage effect of the photomultiplier tube. 

It was originally intended that the voltage divider for the photomultiplier tube be 
built with zener diodes instead of resistors on the first two stages2 . On previous 
University of Canterbury photometers this was done to stabilise the voltage on 
those first stages (Matthews, 1971; Basher, 1975). The rea..":lon for doing this is 
that the relative spectral sensitivity of the tube can be a function of the voltage 
on these two stages (Carleton, 1974). This is known as the colour-voltage effect 
and arises because the performance of the cathode and the first dynode change 
as the electric field around them changes. There are several reasons for this. The 
effective electron affinity3 is reduced at higher fields. This affects the sensitivity 
at all photon energies but has a greater effect in the spectral region on the longer 

2That is the cathode to first dynode and the first to second dynode. 
3 Electron affinity is the energy required to eject an electron from the cathode. 
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wavelength side of the peak sensitivity, where the photon energies are close to the 
energy required to emit photoelectrons. The second effect is that the collection 
efficiency of faster photoelectrons at the first dynode is better at high fields. This 
improves sensitivity on the short wavelength side of the sensitivity curve were 
photon energies are large enough to produce the more energetic photoelectrons. 
The combined effect of these two factors is to broaden the sensitivity curve at 
higher fields. However, a more significant effect is that with different electric fields 
around the cathode and first dynode, the trajectories of the electrons emitted is 
different and those that are collected by the dynode will come from a slightly 
different area of the cathode, which may be more or less sensitive at a given 
wavelength. This is because the spectral sensitivity of the cathode surface is 
non-uniform4

• This last effect means that the magnitude of the colour-voltage 
dependence varies from tube to tube. In order to establish their importance for 
the particular 1P28 tube used in the photometer, a closer look at the measurements 
taken to establish the variation in gain with voltage (described in Section 4.1) was 
made. When the data were taken and plotted (Figure 4.1) there appeared no 
difference in the voltage dependence of individual channels. However, by plotting 
ratios of channels a difference can be detected. Figure 5.3 shows this for the three 
channels that were plotted in Figure 4.1. There is definitely a colour-voltage effect 
for this tube which, except at small voltages where digital noise has affected the 
ratios, is approximately linear with voltage. The ratios of some channels vary by 
±8% over the full voltage range. This is an intolerably large error. However, the 
atmospheric measurements that were made with the instrument were made with 
photomultiplier supply voltages in the range 700-900 V, over which the ratios vary 
by considerably less. It was found that the signal for each channel still followed 
the power law (Equation 4.1) well but with slightly different coefficients. The 
process of adjusting counts taken at a given voltage to an equivalent count at a 
standard voltage was modified accordingly. In doing this it is assumed that the 
wavelengths contributing to the measured signal on a given channel are dominated 
by the wavelengths in the filter passband. If a measurement was made which 
was dominated by some other wavelength then the measurements will be affected 
by a different amount and the adjustment incorrect5• The maximum change in 
any of the photometer measurements due to this new correction was 0.8%. It 
seems reasonable to assume that, despite the assumptions made in applying the 
correction, it will have removed at least 90% of the error, leaving a residual error 
of 0.08% or less. 

Also of concern in relation to making accurate measurements with the photo
multiplier tube are short term changes in the supply voltage. Such changes cause 
changes in the gain of photomultiplier tube according to 

dG 
G 

dV 
v (5.2) 

4This is why it is so important to ensure that the same area of the cathode is illuminated for 
all measurements. 

5What has been done is to correct all measurements on the assumption that the wavelengths 
contributing to the signal are the same as for the calibration measurements with a tungsten 
lamp. 



5.2. ERRORS AFFECTING VALUES OF COUNTS 

1.10 

1.0B 
Ul 

tO 
c 1.0b 
en 

Ul 
1 . 04. 

L 
Q) 

1.02 
0.. 

+' 
1.00 

::l 
E 
0 
+' .98 
0 

...c 
a. 
Q) 

,96 

> 
....... 

.94 tO 

Ql 

a: .n 

'I 
\ 
I 
\ 
I 
\ 
I 
\ 

" -- - -- -. 332 n• 

+ 420 n• 

o---· 

I 

\ .,. ..... .,..w ... 

X..,. '" 

' ' ' 

675 "" 

'l<... ... ... ... ... 

600 650 700 750 800 850 900 950 1000 1 050 11 00 

Supply voltage (VJ 

85 

Figure 5.3: The colour-voltage effect for the photomultiplier tube. The ratio of the count 

on each channel to that on the 420 nm channel is shown as a function of supply voltage. The 

ordinate of each line has been scaled so that the point for 800 V is at 1. The data used are the 

same as for Figure 4.1. 

which comes from differentiating Equation 4.1. The stabilisation of the power 
supply is 0.02%, over a period of a second, which gives a gain stability of 0.2% ori 
that time scale. Changes to the supply voltage over longer times are of less concern 
as· they affect the magnitude of all signals in the same way. While this means that 
quantities such as optical depths will be in error, most of the parameters derived 
from the measurements depend on the ratios between channels. 

The photodiode measurements also have a variable gain. This is adjusted with 
a variable resistor in the amplifier circuit. Once it was set at a suitable value 
determined from the first few days of operation of the photometer, it was not 
changed at all. 

The output signals of both detectors include a component that is independent 
of the radiation level, known as the dark signal. In the photomultiplier tube this 
is due mainly to the thermionic emission of electrons from the cathode which is 
dependent on temperature and gain. Other contributions come from ohmic leakage 
and various other effects such as internal fluorescence, residual gas ionisation, and 
ionic currents in the glass walls of the tube. For the diode the dark signal is the 
result of an offset in the amplifying circuit. These signals would be a significant 
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source of error if they were not continuously monitored by having a twelfth channel 
that is blocked off. The first step in analysing the readings is to subtract this dark 
reading from the counts. 

The photodiode has a significant temperature coefficient. This varies, and 
even changes sign, with wavelength. The values quoted in the manufacturer's 
specifications are -0.1 %;oc at 350 nm and +0.5%;oc at 900 nm. This has very 
little effect as the diode is in the filter chamber whose temperature is controlled 
to the nearest degree. 

The photomultiplier tube is not thermostatically controlled. Its gain is tem
perature dependent and is of the order of 10-3 ;ac (Philips, 1970). The maximum 
range of temperature that the photomultiplier tube operates at is 20 to 30° C which 
implies that gain changes of the order of 1% are possible. However on a. given day 
the temperature inside the photometer will be stable to a few degrees so this error 
will be reduced somewhat, especially if the instrument has been running for long 
enough for it to reach equilibrium temperatures. 

The linearity of the photodiode is better than 1% over six orders of magnitude 
in response, although less of this range can be used in this instrument because of 
limitations of the digital recording of the signal. 

The whole of the photosensitive surface of the diode, a. circle with a diameter 
of 5 mm, was illuminated as there was no aperture to limit the illumination to 
any one part of the surface. This means that any surface non-uniformity is not 
important in this application. 

The linearity of the photomultiplier tube is limited at the low end of its working 
range by the dark current. Since the dark current is measured and corrected for 
this is of no concern in this instrument. At the high end of the range linearity 
is limited by the need to keep the anode current a small fraction of the total 
bleeder current in the voltage divider. The bleeder current at a typical working 
voltage of 800 V is 0.8 mA. If the current drawn at any point from the divider is 
a significant fraction of this then the current in the divider's resistors, and hence 
the voltage across them, is modified. The error shows up in the final stages and at 
the anode because that is where the currents are largest. Philips (1970) gives an 
expression for the relative gain change dG / G, as a. function of the anode current 
ia, the bleeder current h, the number of stages N, and the mean gain per stage 8 

dG 
G 

(5.3) 

For the 1P28 photomultiplier tube, N = 9 and 8 can be calculated from the speci
fied current amplification A, since A 8N. Values of 8 for different supply voltages 
and the consequent gain changes are shown in Table 5.4. The gain inaccuracy can 
be approximated with 

dG = Q , 5ia 
G .o . 

2b 
(5.4) 

The maximum count that can be measured with the digital counters in the 
20 ms timing interval corresponds to an anode current of 20 pA. At a typical supply 
voltage of 800 V this is 2% of the bleeder current. At this point the inaccuracy 
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Supply Total current Mean gain Relative gain 
Voltage amplification A per stage 8 change dG/G 
500 v 9x103 2.75 0.84ia/ib 
600 v 3x104 3.14 0.85ia/ib 
700 v 9xl04 3.55 0.86ia/ib 
800 v 2.5x105 3.98 0.81ia/ib 
900 v 5xl05 4.30 0.81ia/io 
1000 v 1.2x 106 4.73 0.81ia/ib 

Table 5.4: Gain changes for the photomultiplier tube due to excessive anode current modifying 

the voltages in the final stages. The gain changes are proportional to the ratio of anode current 

ia to the bleeder current in the voltage divider ih, and are calculated using Equation 5.3. 

Supply Bleeder Anode current, ia 
Voltage Current (JlA) 

(V) (rnA) dG/G = 1% dG/G = 0.1% 
500 0.5 5.8 0.6 
600 0.6 7.1 0.7 
700 0.7 8.2 0.8 
800 0.8 9.4 0.9 
900 0.9 10.6 1.1 
1000 1.0 11.8 1.2 

Table 5.5: Limits on the photomultiplier anode current to keep the inaccuracy in gain to 1% 

and 0.1%. 

in the total gain of the tube is around 1. 7%. Using the results in Table 5.4 the 
maximum allowed currents to limit the inaccuracy to 1% and 0.1% respectively 
are shown in Table 5.5. These limits could be increased by increasing the bleeder 
current, either for the whole voltage divider by increasing the output current of 
the high voltage power supply, or just on the final stages by supplying them with 
a different power supply. 

5.2.2 Conversion to digital signals 

The next step in the measurement process, the conversion of the output signals 
to digital form, also introduces errors. For the photodiode the voltage controlled 
oscillator has a linearity over the range 0-100 kHz of better than 0.03% so this is 
not a significant source of error. The linearity of the current to frequency circuit, 
used to convert the photomultiplier tube signal, is shown in Figure 5.4. The per
formance of the circuit becomes slightly non-linear at input currents below 1 nA. 
The range of currents over which it is used is in the photometer is approximately 
2 nA-30 j.tA, this being the range that the digital circuits are set up to measure. 
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Current (uAl 

Figure 5.4: The linearity of the current to frequency circuit. 

\"'ithin this range the linearity of the circuit is better than 0.5%. 

The final step in the conversion of the analogue signal from the detectors to the 
digital counts relies on a consistently accurate integration time during which the 
output pulses from the frequency circuits are counted. The times were generated 
by a monostable circuit which produced a timed interval of 20 ± 0.1 ms. The 
uncertainty of any given interval is thus ±0.5% but since most measurements 
are made over a number of intervals, typically 10-20, this error is reduced by 
approximately half an order of magnitude. 

As long as the counters do not overflow during a single timed interval, some
thing that is avoided by having the detector gains set at suitable values, the only 
error in the conversion to a digital count is the rounding error from taking only 
whole numbers. This becomes significant at low count rates. If all the counts are 
low then the controlling program of the photometer will take counts over a larger 
number of filter wheel revolutions to reduce the error. For example, if the count 
rate on a given channel is only 50 pulses in the 20 ms interval then the digital 
error in a measurement made on just one timed period is an unacceptable 2%. If 
that mca.suremen t is taken as the aggregate over ten wheel cycles then the error 
is 0.6%. If the magnitude of all the signals could be somehow made similar, then 
the digital error need not be of concern. There is however a considerable variation 
in the magnitude of the signals, especially in the ultraviolet channels. This means 
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that the range of airmass over which a useful measurements can be taken is limited 
on some channels. Instances of this were discussed in Chapter 4. 

In summary, the error in any value recorded by the photometer is dependent 
on the operating conditions. If there are no problems with the magnitude of the 
signal being too large or too small, then errors due to other effects can be limited to 
approximately 2% for the photomultiplier tube and 1% for the photodiode. If the 
the photomultiplier is operated at currents of 10 nA or higher then an additional 
error is introduced of 1%. 

5.3 Errors introduced in calculations 

There are several sources of error introduced in the calculations. The most signifi
cant error introduced in reducing the data is the uncertainty in the experimentally 
determined extraterrestrial responses P~, of the instrument. The sources of this 
error are discussed in Section 3.4.1 and their magnitude is given in the previous 
chapter. 

In Chapter 3 mention was made of the depolarisation correction to the Rayleigh 
scattering coefficient. This is discussed more fully here as it has been the cause 
of recent debate. In the scattering from an isotropic molecule, the light scattered 
at right angles to an unpolarised incident beam is totally polarised, with its elec
tric field perpendicular to the plane of scattering. The effect of anisotropy is to 
allow some of the opposite polarisation to be scattered in this direction. The 
depolarisation factor p of the light scattered at right angles, defined as the ratio 
of the parallel to the perpendicular component, is a measure of the effect of the 
anisotropy. Cabannes (1921) showed that in this direction the light scattered by 
the anisotropic molecule exceeds that scattered by an isotropic molecule by a fac
tor :~~p· King (1923) showed that the factor was different for total scattering, 

being ~~~;, because the angular distribution of the scattered light is changed. Nei
ther of these workers had considered molecular rotation, the effect of which is to 
·produce two side bands in the radiation radiated by the molecules with wavelength 
slightly to each side of the incident wavelength. These side bands form the Raman 
rotational spectrum of the molecule. There has in recent years arisen a confusion 
about whether the Raman bands should be included in the measurement of the 
depolarisation ratio or not. This is because molecular spectroscopists reserve the 
term Rayleigh scattering for the scattering that occurs with no shift in wavelength, 
that is excluding the Raman scattering. Some workers, Hoyt (1977), Frohlich and 
Shaw (1980), have excluded the Raman lines by using laser measurements of 
the depolarisation of elastically scattered light. The polarisation corrections they 
used (1.02) were significantly lower than the value of 1.06 used in older calcula
tions such as Penndorf (1957) and Elterman (1968). There was the suggestion 
that these differences could explain some of the problems in calibrating sun pho
tometers. Measurements of depolarisation ratios are not always clear on whether 
the Raman lines were included or not, and there is also the possible confusion of 
measurements taken with polarised sources of light. Differences between depolar
isation ratios can be accounted for (see Young, 1980) but only if one is aware that 
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there are different values. Since, in atmospheric applications, the interest is in the 
total radiation scattered, the Raman components should be included. In many 
cases it is unlikely that the Raman components are able to be differentiated from 
the rest of the scattered radiation anyway, as in broad band measurements. Young 
(1981a, 1981 b) has written papers carefully explaining the issue in order to clear 
the confusion and arrive at the best value for the correction. His conclusion is that 
the best values for depolarisation lie between the old and new values. Nicolet et 
al. (1982) responded to this by taking a median value of 1.03 0.01. Recently a 
calculation of the scattering cross sections that includes the wavelength variation 
of the depolarisation correction has been published (Bates, 1984), and it is these 
that are used in this project (see Table 3.1). The agreement between these and 
experimental values is claimed to be rather better than 1%. The correction factor 
used lies in the range 1.05 0.005 in the wavelength range of the photometer 
(300-1000 nm) and so is consistent with Young. 

Another parameter introduced in the calculations is the airmass. The functions 
used to describe it were described in Section 3.1. The airmass for Rayleigh or 
molecular scattering was approximated by the function given in Equation 3.9. 
Kasten (1966) estimates that for zenith angles less than 86° the deviation from 
his calculated airmass is less than 0.1 %. However these calculations are for a 
standard atmosphere and so the airmass should not be considered to be that 
precise for a real atmosphere. At small airmass there should be little problem but 
at airmass greater than five all the airmass functions (Equations 3.9, 3.10, and 
3.11) should be viewed as good approximations accurate to a percent or so. 

The ozone absorption coefficients are based on laboratory measurements. There 
have been a number of measurements (Griggs, 1968; Simons et al., 1973; various 
papers in IOC, 1984) that are more recent than the ones used in this project 
(Valley, 1965). However they have either been made at room temperatures, which 
are significantly different from the temperatures in the lower stratosphere, or the 
values themselves have not been published. The temperature dependence of the 
coefficients is complex. The maxima tend to decrease in absorption with increas
ing temperature whilst the minima increase. This can be interpreted as the effects 
of a large number of overlapping lines which are broadening as temperature in
creases. Measurements taken at room temperatures can be corrected to other 
temperatures by using the Vigroux measurements at different temperatures, as is 
done in Klenk (1980) for satellite and Dobson bands, but it is a complex procedure 
and considered to be beyond the scope of this project. 

Even if the values of ozone absorption coeficient ao3 , were perfect there is still 
the error in determining the calculated values of the equivalent ozone absorption 
coeficient ao3 , for each filter. The uncertainties in the filter transmission measure
ments - from both the transmission values and the their wavelength calibration 
- can cause significant changes in these values, as is demonstrated in the results 
shown in Tables 5.3 and 5.2. Consequently the equivalent absorption coefficients 
may be in error by several percent. It is only by improving the performance and 
calibration of the photometer, especially in the ultraviolet, that the effect of this 
particular error can be quantified. If the errors in the filter transmission measure
ments are found to be too large, then a more accurate measurement, made at the 
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same temperature that the filters operate at in the photometer would be required. 
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Chapter 6 

Discussion 

6.1 The photometer's design 

The idea of providing a sun photometer with bands over such a wide range of 
wavelengths is an ambitious one. To have in a single instrument, that is relatively 
portable, the ability to measure both aerosol characteristics and the quantity of 
atmospheric ozone is a distinct advantage over having two separate instruments. 
Even an accuracy of 10% in the measured value of ozone means that the errors 
in measured aerosol optical depths at those wavelengths in the visible that ozone 
absorbs are reduced. Despite some remaining difficulties, the photometer has gone 
part of the way to doing this. 

Having an automated instrument is a significant advantage over an instru
ment that has to be operated manually. It allows readings to be taken far more 
frequently and the data to be recorded automatically. The only reason why the 
computer controlling the instrument, in this case, could not do some simple anal
ysis of the results, as they are taken, is the poor calibration of the extraterrestrial 
constants. If that difficulty were overcome then a direct readout of the parame
ters of interest could be made almost instantaneously. The raw data could still 
be recorded in a way that allowed a re-analysis of the calculations. This has been 
achieved in the semi-automation of Dobson spectrophotometers which can take a 
measurement and then provide a direct readout of the quantity of ozone. This is 
a vast improvement over the skilled operations required to take a measurement 
with the unmodified Dobson instruments. 

However the photometer's design has a number of disadvantages. It was de
signed to measure both aerosol characteristics and to determine ozone. By nature, 
anything that is designed to do more than one thing will often perform less well 
than a single purpose design, and this photometer is no exception. 

Firstly, the photometer is more complex than it would be if it had only one 
function. By having a large number of filters, it has to be physically bigger than 
previous instruments. This makes it less portable than a filter instrument designed 
to do one thing, such as the previous University of Canterbury ozone photometers 
or a Volz sun photometer. It can still be moved by one person, which means it is 
much more portable than a Dobson spectrophotometer. 

Using a heliostat that tracks the sun, rather than pointing the whole instru-
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ment with an equatorial mount, introduces the complications of extra optical 
surfaces in the light path and the fact the light path is not identical for all mea
surements. The mirrors in the heliostat must be aligned to better than a few 
minutes of arc to be sure that the light path is correctly aligned. A sun photome
ter that is light enough to be tracked by turning it on an equatorial mount has a 
much simpler light path. 

Having two detectors increases the alignment problems. Care must be taken 
to ensure that the field of view of the two are identical in size and position. 

The error that was made with the photomultiplier tube voltage divider, de
scribed in Section 5.2.1, did not cause large errors in the measurements made with 
the instrument but there is no doubt that this is the sort of situation that is far 
better to avoid than to have to correct for. 

One disadvantage with having a larger number of channels is that this in
evitably means that there is a range of signal strength from channel to channel 
and that the detectors and the way the signal is recorded must cope with this 
range. When those signals also start to vary the range required of the detector 
circuits is further increased. This means that precision and accuracy are sacri
ficed on some channels because the signal becomes small compared with the noise. 
Because the filter bandwidths and the spectral irradiance are similar over much 
of the visible and infrared, and because attenuation by the atmosphere at these 
wavelengths is not large, the range of the detector circuits is adequate in these 
regions. However in the ultraviolet, the range in signal strengths is much larger 
and it is the weakest signals that are attenuated the most by the atmosphere, 
meaning that they vary the most during the course of a day. Even though signif
icant reductions in the range required were achieved by the author, the limit on 
dynamic range imposed by the digital counters used cannot cope with the range 
of signal expected of it. This means that it is impossible to set the gain of the 
photomultiplier tube at a suitable value for a whole day's readings. In the same 
day that the signal on one channel is being lost due to noise or scattered light at 
high airmass, problems are encountered with the digital counter overflowing on 
other channels at lower airmass.· If the photomultiplier tube's gain is set lower 
to eliminate the overflow then the weaker signals are useful over an even smaller 
range. The weakest signal of all was at the shortest wavelength and even if the 
passband of that filter had not shifted the readings were of limited use. 

The solution to the problem is to increase the range over which useful measure
ments can be made. There are two ways of approaching this. One is to increase 
the number of bits available in the digital counter. The number of bits in the 
counter is currently eleven and accumulated sums are stored in a sixteen bit regis
ter. If these values were increased then the gain of the photomultiplier tube could 
be increased without causing overflows of the counts from the stronger signals. 

A second solution is to provide a way that the computer can control the voltage 
applied to the photomultiplier. Then it could set the voltage to an appropriate 
value, determine by trial readings, to make each measurement. A system such as 
this is used in the automated Dobson spectrophotometers, although it made much 
simpler in that instrument by the fact that the aim is to establish that two signals 
are equal rather than measure the absolute value of any one signaL 
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6.2 Conclusions 

It has been shown that the photometer can provide measurements of atmospheric 
ozone and aerosol characteristics. Even with a value for ozone that is not very 
precise, the aerosol optical depths in the visible are more useful than if a value to 
the ozone content has to be assumed. This project has highlighted the difficulties 
in setting up and calibrating a new type of instrument. 

The loss of the information from the shortest wavelength channel centred on 
311 nm was significant. A full measurement of the filters transmission function 
with wavelength is time-consuming, requires that the filter be removed from the 
instrument and so cannot be carried out frequently. The shift has compromised 
the ability of the photometer to provide good estimates of ozone. It would have 
been the most sensitive to ozone, with an ozone absorption coefficient larger than 
any of the other channels by a factor of three or more. 

The second limitation is the accuracy of the extraterrestrial constants. This 
was a matter of logistics. As the photometer was a prototype, it was not consid
ered practicable to operate it at remote sites where the technical support to cope 
with any difficulties was not available. Since previous University of Canterbury 
photometers have been adequately calibrated in Christchurch, it was assumed 
that sufficient readings in Christchurch would provide good enough extraterres
trial constants. However these instruments were easier to calibrate because one 
was only interested in the ratios of extraterrestrial constants in order to determine 
total ozone. The absolute values of these constants were not as important as the 
wavelengths of the channels were sufficiently close that one could expect much less 
in the way of variation between channels except from changes in ozone. To be 
able to make measurements of aerosol optical depths one must have an absolute 
calibration for each channel of interest and this proved much more difficult to do 
than was anticipated. The measurements that were undertaken at Lauder in an 
attempt to rectify the problem did not provide good enough readings to do so. 

The channels in the ultraviolet had broader bandwidths than would be used in 
an instrument designed solely for the determination of ozone. Previous University 
of Canterbury photometers used bandwidths of approximately 2 nm whilst this 
one uses widths of 5 nm. Because of the difficulties with the loss of the 311 nm 
channel, the problem of insufficient range and the low accuracy of extraterrestrial 
responses, the precision with which which such broad filters can determine the 
quantity of ozone has not been determined. The effective ozone absorption coeffi
cients vary significantly with ozone and airmass for these filters. Their usefulness 
depends heavily on the accurate calculation of the effective absorption coefficients 
and their vadation. These calculations in turn require good values for the ozone 
absorption coefficient as a function of wavelength at a temperature applicable to 
stratospheric conditions and accurate measurements of the filter transmission at 
the temperature at which they are operated. When the instrumental problems 
have been solved it may well be that better measurements of both these functions 
will be required to improve the performance of the photometer in determining 
ozone. 

The design of the instrument was one of compromises and so the objective of 
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looking at the interaction of ozone absorption and aerosol scattering was rather 
ambitious. The photometer can provide measures of both but since its ozone 
measurement must be less reliable it can do little in quantifying the effect of 
aerosol scattering on ground based ozone measurement. If the sole objective were 
to investigate the way in which ground based ozone measurements are affected by 
aerosol scattering, then measurements with a much better wavelength resolution 
at several points in the range 300-340 nm would do the job. A measurement of 
the ultraviolet spectrum in the direct solar beam or in zenith skylight over these 
wavelengths would allow an even more reliable investigation of these effects. 

In the converse problem the photometer is more useful. Even a crude measure
ment of ozone such at this photometer is able to make can improve the accuracy 
of aerosol optical depths in the region around 600 nm over the usual method of 
assuming a typical value for ozone. 

Despite its shortcomings the photometer can produce useful measurements. 
The visible channels provided the same sort of information on optical depth that 
a simpler sun-photometer could provide. Despite the loss of an important channel, 
measures of ozone were made. While these do suffer from significant systematic 
errors, the ways in which they can be improved are known. If these improvements 
can be made then the result will be a useful and portable instrument which could 
provide good values of both total ozone and aerosol characteristics. 



Appendix A 

Measurements of the filter 
transmission 

The author measured the transmission functions of each of the interference filters. 
The instrument used to do this was a Cary 14 spectrophotometer owned by the 
Condensed Matter research group of the Physics Department of the University of 
Canterbury. This uses a variety of radiant sources and detectors to cover a range 
of wavelengths from 0.19 to 2.6 ttm. The source used in this work was a quartz 
iodine lamp and the detectors were a photomultiplier tube of the same type as 
the one in the photometer (an RCA 1P28) and a lead sulphide detector for the 
infrared. The spectrophotometer uses a scanning monochromator consisting of a 
quartz prism and an echelette grating to produce a beam of known wavelength. 
This beam is passed alternately through a sample and a reference chamber by a 
mechanical chopper. The ratio of the two intensities, as measured by the detector 
in use, provides a measure of the transmission of the sample. The transmission is 
shown on a scale as an optical density1 from zero to two. The scale could be read 
directly or pens attached to the instrument to record the values on chart paper. 
Both the chart and the monochromator could be driven at a constant speed to 
provide a plot of optical depth as a function of wavelength. Wavelength calibration 
was achieved by comparison with the known lines in a Mercury lamp and was good 
to ±0.1 nm as long as care was taken to eliminate the effects of slack in the gear 
trains that drive the monochromator and chart. This was done by always driving 
the wavelength gear train in one direction only, the same direction used to make 
the calibrations of wavelength, and by ensuring that there is no slack in the chart 
drive at the start of a scan. 

Since the low transmission parts of the filter spectra had to be checked, the 
limit of only 1% transmission had to be circumvented. This was achieved by the 
positioning of neutral density filters in the reference beam. These filters consisted 
of layers of stainless steel gauze held together in a configuration that gave an 

10ptical density is the negative of the common logarithm of the transmission, that is an 
optical density of x corresponds to a transmission of lo-x . The Cary can in fact be converted to 
read transmission directly, which would have been slightly more convenient, by the substitution 
of the potentiometer which provides the feedback by which the pen carriages are positioned, but 
this was not available to the author. 
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integral optical density of either one or two and were oriented to avoid any Moire 
fringes. One or more of these filters could be placed in the reference beam to 
provide an optical density in that beam of as much as four. Since the Cary records 
the ratio of sample beam intensity to that of the reference beam this meant that 
the filters could be checked to optical densities of 5 or 6, that is to transmissions 
of 10-5 or 10-6 • The limit depends on the noise limit of the instrument, due to 
internally scattered light and electrical noise in the various circuits. 

The resolution of the measurements was variable. This is because of a complex 
servo slit system that the Cary uses to compensate for the variations in the spectral 
sensitivity of the detector and the intensity of the source in use at the time. The 
slits, two in the light path of each beam, are adjusted to keep the amplified 
electrical output of the detector at a constant level. That means that if either of 
the beams is attenuated, the source become weaker, or the detector becomes less 
responsive at a particular wavelength then the slits will widen to compensate. This 
allows a wider range of wavelengths into the beam. There is a fixed relationship 
between the slit width and resolution at a given central wavelength, defined by 
the dispersion of the monochromator. This is of considerable importance when 
the measurements of the low transmission parts of the filters are scanned with 
the neutral density filters in place, as the transmitted beams have low intensity. 
Fortunately the operator is not completely at the mercy of the instrument in 
this respect. There are several instrumental parameters that can be modified to 
increase the signal and hence decrease the slit widths and increase the resolution. 
These are: 

• Increasing the voltage supplied to the lamp being used as the source to 
increase its intensity. 

• Increasing the amplification of the detector feedback signal that is supplied 
to the slit servo system. 

• If the photomultiplier tube is being used as the detector, increasing the 
voltage supplied to it to increase its gain. 

Each of these can be adjusted to help achieve the required resolution, but the 
second and third do so at the expense of increased noise in the recorded signal. 

The need to be aware of the resolution for a particular measurement was in
creased by the nature of the filter transmission curves. When the transmission 
varies slowly or linearly with wavelength there is little error from a finite band
width and so no need for concern. If however the transmission is more complex 
then a finite resolution will introduce an error into the measurement because it is 
an average over the range of wavelengths in the beam. The transmission of the 
filters resemble exponential functions of wavelength of the form 

(A.l) 

in the skirt regions to either side of the passband2 • The relative error in the 
measured value Tm, of such a transmission function made with a finite bandwidth 

2That is, plots of optical density or logarithmic plots of transmission appear almost linear in 
these regions. 
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Figure A.l: The error in measuring a transmission that is an exponential function of wave

length T = a 1 >. + a0 , with a finite resolution bA. The result Tm, of the measurement centred at 

Ac is represented by the average of the function between Ac - 5; and Ac + 6;. This differs from 
the actual value of the function at >-c by a factor of si~h s where e a1 

8 >.., can be calculated (see Figure A.l) and is equal to 

ET =:: Tm- T = sinh e _ 1 r e 
a18>. 

wheree = --
2 

(A.2) 

This relationship can be used to determine the resolution required to keep the 
error acceptable. The regions to either side of the main passband of each filter 
are extremely steep and care must be taken to manage the instrument, using 
the steps listed above, so as to keep the error within reasonable bounds. As an 
example the resolution errors at selected points in the skirt region on one side 
of the passband of filter 4 (368 nm) are shown in Table A.l. The effect of the 
Cary's beam geometry on the measurements is important. The transmission of 
an interference filter is a function of the angle of incidence. Normal incidence was 
assured for the measurements by checking that the reflected image of the entrance 
slit in the sample chamber coincided with the slit. There is the possibility that 

fHE LII3AAI'fV 
UNIVERSITY OF CANTERBURT 

CHRISTCHURCH, bi.Z. 
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Wavelength, Ac (nm) 373.6 377.6 384.9 396.2 
Measured Transmission, Tm 0.251 0.0316 l.Ox10-3 3.2x 10-5 

Resolution, 8,\ (nm) 0.1 0.2 0.5 1.2 
Gradient, a1 (nm)-1 0.20 0.57 0.34 0.29 

Error, 8T (%) 0.002 0.05 0.12 0.5 

Table A.1: The resolution error in transmittance measurements for filter 4. The wavelengths 

shown represent points progressively further from the main peak. The resulution gets worse as 

the transmission decreases. 

there is an error in the measured filter transmissions due to the range of angles of 
incidence in the Cary's beam. The beam has a rectangular geometry with different 
semi-angles of 4° and 1.5° in the horizontal and vertical respectively. Some idea 
of the magnitude of the effect can be obtained by placing masks at the entrance 
slits of each chamber to remove the outer, more divergent, parts of the beams 
and repeating the measurements. Care is needed when masks are used that the 
balance between the reference and sample beams is not lost. For this reason, and 
because the signals are made smaller by the masks, these measurements are less 
precise than when the full beams are used. They did show, however, that the main 
features of the transmission curves, the central wavelengths, peak transmission, 
and bandwidths did not change within the accuracy of the measurements. As 
a further check, the measurements that were made with the filters deliberately 
tilted, reported in Section 5.1.1, establish the magnitude of the angle dependence. 
Using the same approximation to estimate the effect of a range of incident angles, 
the passband shifts due to the Cary's beam are of the order of 0.05%. 



Appendix B 

Programs for the photometer 

Included in this appendix are further details of the programs used for the pho
tometer. 

B.l Machine code routines 

The assembler used to write the machine code routines was MAE, a Macro 
Assembler and Editor produced by Eastern House Software. The input to the 
assembler is a program consisting of the following 

Op-code mnemonics: consisting of three letters. Each of these corresponds 
to an operation that the processor can perform and which is assigned a 
singe byte operation code. The mnemonics for the op-codes are standard 
abbreviations for the 6502 processor and are common to all6502 assemblers. 
Some of the operations must be followed by parameters, of either one or two 
bytes, representing data or a memory location. The assembler allows these 
to be defined in a number of ways, as a binary, decimal, or hexadecimal 
number or with an alphanumeric label. 

Assembler directives: consisting of a period and two letters. These are instruc
tions to the assembler that are not reflected directly in the output. Examples 
are the definitions of labels, the inclusion of another file, or details of where 
the output should go. 

Comments: being anything following a semi-colon on a given line. A liberal 
commenting policy is advisable to aid the readability of the routines. 

Although the programs are still more difficult to read and work with than a 
high level programming language they are a considerable improvement on working 
with the raw machine code sequences of code bytes. The ability to have meaningful 
alphanumeric labels representing memory locations is especially helpful, be they 
locations used for data storage or specific point in the routines themselves. The 
assembler produces machine code output in an process similar to the way that a 
compiler1 produces object code from a program written in a high level language. 

1The operation of an assembler is simpler because there is a one-to-one correspondence be
tween the mnemonics in the input and the operation codes in the output. 
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Source listings for the routines follow. 

The Initialisation Routines 

Routines to configure each of the Peripheral Interface Adapters correctly for the 
use to which it is to be put. Most of the other routines will call the appropriate 
initialisation to ensure correct configuration. 
--------------------FILE PU .SRC--------------------
0010 
0020 ;SUD10UTIIBS TO COIFIGURB BlCB PU 
0030 
OOiO ;DUB 8i-1218 
0060 
0060 PUCOIF 1Sl PBCOIF 
0070 JSl lDCOIF 
0080 JS1 PDCOIF 
0090 1S1 CLCOIF 
0100 ns 
0110 
0120 
0130 PHULT • DE $9000 ;PHOTOHUL TIPLIBa 
ouo 
0160 ;P10-7 I/P BITS 0-7 OF COUll 
0160 ;PB0-3 I/P BITS 8-10 OF COUll 
0170 ;PB6 I/P FILIEl PULSE (+VB 12/lEV) 
0180 ;PB7 I/P COUll FLAG (H=COUITIIG) 
0190 ;Cll I/P COUll OVUFLOV (BIT 11) 
0200 ;C12 0/P CLBU COUilB1 (-VB PULSE) 
0210 ;CBI I/P CYCLE PULSE (-VB 1/1EV) 
0220 ;CB2 0/P SUU COUll (-VB PULSE) 
0230 
02i0 PBCOIF LOA 10 
0260 SU PHULT+1 
0260 STA PHUL T+3 
0270 STA PHULT ; 1 POl I II PUT 
0280 STA PHULT+2 ;B POll II PUT 
0290 LDA 11,00101110 
0300 STA PHULT+1 ;C11 1CTIVE' 
0310 STA PHULT+3 jCB1 ACTIVE' 
0320 liS 
0330 
OliO 

CA2 
CB2 

TUDE 

0/P 
0/P 

0360 A/D , DB $900i ;1 TO D COIVERIBa,EIC 
0360 
0370 ;P10-7 I/P D1T1 FlOB A/D 
0380 ;PB0-2 0/P 1DD1 10 1/0 
0390 ;PB6 I/P ZEIITB ROTOR LIBIT (1CTIVB L) 
OiOO ;PB7 I/P 1ZIHUTB ROTOR LIBIT (1CTIVE B) 
OUO ;Cll I/P BID OF COIVERSIOI (01 ') 
Oi20 ;C12 0/P SBUITEl SDLBIIOD OliVE (B•SBUT) 
Oi30 ;CB2 0/P ADD1 LllCB,SUlT OF COIVB1SIOI 
OHO 

PULSE 
PULSE 

Oi60 SRUTIEl • DE 1DPU ;O•OPBI,OTHBlVISE CLOSE 
OHO • 
OHO ADCOIF LD1 10 
Oi80 su 1/D+1 
Oi90 STA 1/0+3 
0600 su 1/D ;PB0-7 II PUT 
0610 LD1 IX111 
0620 su 1/0+2 ;PB0-2 0/P ,PB3-7 I/P 
0630 LOA IX11111111 
OHO BIT SHUTIU ;OPEl SBUl'TBl? 
0660 BIB s ;IO,LEAVB CA2 BIOH 
0660 AID 11,11110111 ;TES,UU. C12 LOV 
0670 s AID 11,00111110 ;Cli ACTIVE' ,CA2 0/P 
0680 ST1 1/0+1 
0690 LDA IY.00101100 
0600 SH 1/0+3 ; CB2 D/P PULSE 
0610 us 

The Buffer Routines 

0620 • 
0630 • 
06i0 PROIO 
0660 

, DB $900C 

0660 ;PA0-7 I/P BITS 0-7 OF COUll 
0610 ;PB0-2 I/P BITS 8-10 OF COUll 

;PHDIDDIODE 

0660 ;PB7 I/P COUll PUG (B•COUiliiG) 
0690 ;CU I/P COUll OVBIFLOV (BIT 11) 
0700 ;C12 0/P CLBU COUilBl (-VB PULSE) 
0710 ;CB2 0/P STAll COUll (-VB PULSE) 
0720 
0730 PDCOIF LD1 10 
OHO su PHDIO+i 
0760 Stl PHDID+3 
0760 STA PHDIO ; 1 POl T II PUT 
0770 511 PBDI0+2 ;B POll II PUT 
0780 LOA IX00101110 
0790 STA PBDI0+1 ;C11 ACTIVE', CA2 

0800 SU PBDI0+3 ;CBI 1CIIVB', CB2 
0810 liS 
0820 
0830 
08i0 CLOCI ,DB $9010 ;lEJL TIRE CLOCI 
0860 
0860 ;Pl0-3 I/P D0-3 DATA FlOB CLOCI 
0870 ;PH-7 I/P COISTAIT $3 
0880 ;PB0-3 0/P 1DDlESS TO CLOCI 
0890 ;PH 0/P VliTE 
0900 ; PB6 0/P BOLO 
0910 ;PB6 0/P 1B1D 
0920 ;CU I/P 01 (1 HZ PULSES) 
0930 ;CA2 I/P 02 (1/60 HZ PULSES) 
09i0 
0960 CLCOIF LOA 10 
0960 SH CLOCI+l 
0970 SH CLOCI+3 
0960 S11 CLOCI ; A POll IIPUI 
0990 LD1 IX11111111 
1000 S11 CLOCH2 ;B POll OUTPUT 
1010 LOA IY.100 
1020 S11 CLOCJ:H 
1030 S11 CLOCI:+3 

10i0 LDI CLDCI+2 ;CLBU ClB FLAGS 
1060 CHP CLOCJ:+3 

1060 BEQ 1 
1070 LD1 IUOO 
1080 SU HllOl 
1090 1 liS 
1100 . 

0/P PULSE 
0/P PULSE 

This consists of definitions of the vanous locations in the data buffer used to 
communicate with the BASIC operating system and a routine to display its contents 
with appropriate labels. 
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··----------·······-PILE BUD. SlC-----------·····----
0020 ;lSSIGI DUFFEl LiBELS 
0030 l II HFK BUFFBl 12 
ooto 
0050 
0060 
0070 BtTFFBl 

0080 ' 
0090 PDBUFF 
0100 PRBUF1 
0110 SRBUF1 
0120 lDBUFF 
0130 CLBUFF 
0140 Flli'U 
0150 lDPU 
OUO SHPU 
0170 BllOl 

0180 ' 

;DUB 8\•1218 

. DB $0381 

.DB Blll'FBl 
• DE PDBUFF+H 
• DE PBBUFF+2t 
, DB SHBUFP+8 
, DB lDBUFF<8 
, DB OLBUl'F+16 
.D! ll!PU+2 
.DB IDPU+l 
.DB SRPU+2 

;H UTES FOl PO COUITS 
;2t BTTBS FOl PI COUilS 
;S BYTES FOl BOtOiS 

; 8 BTIBS POl 1/D 
; 13 BTTBS FOl CLOCl 
;2 BTIBS FOl FV lOU!IIB 
l 2 BYTES POl AD lOUT II! 
;:2 BTTRS FOl SB lOUtUE 

J TO STOlE !1101 CODES 

0190 DISBUl' 
0200 

;.DISPL.l T llUFFE& 01 SCaR:S:I 

0210 ;lOB lOUTIIES 

0220 :------------
0230 lllCBl .DB $F266 
02t0 DIS PH , DE $DtF7 
0260 DSP1CB , DB $DolE 
0260 SPACE • DB $D531 
0270 Cltr .DB $DSH 
0280 
0290 
0300 
0310 H 

0320 
0330 
0340 
0350 

LD.t 10 
PR.t 
LD.t II, BUFFBl 
SH •$FC 
LD! IL- BUFFER 
sa •$FB 
PL.t 

;iliUS .t 15 ASCII CHU 
;HBBOlT DISPLiT 

l II ITULISB COUUBl 

;SEt POIUU TO BUFFU 
;O:St COUlTER. 

The Clock Routines 

0360 
0370 
0380 
0390 
otoo 
OHO 
0'120 
ot3o 
OHO 
Ot60 
Oi60 
0470 
Ot80 
ouo 
0600 
OSlO t 
0620 
0530 
0540 u 
0550 
0660 
0610 
0580 
0&90 
0600 
0610 
0620 
0630 

PIA 
HI 
.ISL 
!SL 
CLC 
.toe •tFB 
SH •tPD 
LDl 10 
.IDC •$FC 
SH •tFC 
LO.t BR.tOUO,I 
BIB l 
lSI DSP!CR 
CLC 
DCC 1l 
lSl lllCBl 
LOA BUOUG+I,I 
lSl lllCRl 
LD.t IS 
lSl DISPB 
lSl ClH 
PU 
CLC 
lDC 12 
PHi 
C!P 122 
BCC I 
PL.t 

OHO lTS 
0650 
0660 BE.IDUG .DT 'PO' 0 0 0 

.BT 'PH' 0 0 0 

;lBBP con 

;!UL!IPLT COtJI'l'BI. BT t 

;.tDD TO POHTU 

;Gil BUDUG 1ST CR.tl 
lIS IT 1 U&O BYTE? 
;TES, PUll SPl.CSS 

:lo, Vlln 1ST cua 
;GET 210 CUUCTU 
filll'IE I1 
;I OF Bf!XS 10 DISPLH 
;Pun BUFFEt connts 

;on counn 

l IIClBUIT DT 2 
;S.tYE 01 SHOI 
;YIIISHA07 
;10. DO IEX't lUE 
;TES 

0670 
0680 .BT 'SlUDCL I 0 'Bl f 
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A routine to read the clock and put the data the buffer as well as one to do 
the opposite. The latter must configure the PIA differently, so that data can be 
written to the dock on lines that are usually designated a.s input only, and so is 
longer. 
···----------·-··---FILE CLR. SRC--------·······-----
OOtO ;HUU·1211 
00&0 ' 
0060 lEtDCL 
0090 
0220 
0230 
02t0 
02&0 
0260 
0270 TLOOP 
0280 
0290 
0300 c 
03!0 
0320 
0330 
OHO 
0350 
0360 
0370 
0380 
0390 
0!00 
OHO 
ono 
Ot90 

;lOUliiE 10 U.ID lR.tL TIHE CLOCI 
3Sl CLCOIF ;COFIQUIR HE PU 

LDX 10 
LDT IXOO!OOOOO 
STT CL0Cl+2 
LOT H9 
DEY 
DIE TLOOP 
LDT IXO 1!0!100 
STT CLOCH2 
lOP 
lOP 
lOP 
LD1 CLOCl 
ST.t CLBUFF, I 
III 
DET 
n.t 
CRP IXO!OlU!! 
DIE C 
S'IT CLOCl+2 

us 

;HOLD CLOCI 
;VUT l&O USEC 

;101 FIIISBED 

i OUTPUT iDIHt.ESS 
;V.tU 6 USBC 

U.ID DiU 
SlOU IT 
BUFfER IIDEI 
CLOCI .IDDlESS 

F!IISRBD? 
10, DO IEXT U!O 
TBS ULE.tSB ROLD 

·-··-···--·---------FILE SCL. SlC··------------------
0010 SETCL 
00&0 

;lOUIIIE !0 Vli!E Dil.l TO CLOCI 

0060 
0070 
0080 ;lECOIFIOUl! !HE PU 
0090 LD.t 10 
0100 
0110 
0120 
ouo 
OHO 
0160 
0160 
0170 
0180 
0220 
0230 
OliO 
0250 
0260 T 
0270 
0280 
0290 CLIVl 
0300 
0310 
0320 
0330 
0310 
0360 
0360 
0370 
0380 
0390 
0100 
ouo 
0120 
0430 
013& 
OHO 

SU CLOCI+l 
SU CLOCU3 
LD.l IX11111111 
ST.t CLOCK 
SU CL0Cl+2 
LDl IXiOO 
S!i CLOCH! 
SU CLOCI+3 
LDI CLOCHl 
LDI 10 
LOT IMOIOOOOO 
STT CL0CH2 
LDT 119 
DRT 
BIB T 
LDT IXOOIOIIOO 
LD1 CLDUFF, I 
SlT CLOCHl 
SU CLOC[ 
tn 
OU IXOOOIOOOO 
SH CL0Ch2 
JOP 
StT CL0Cl+2 
IJI 
PET 
TH 
CHP IXOO!OOOOO 
BIB CLiil 
LOT IX01011111 
S'IT CLOCI+l 

lSl CLCOIF 
ITS 

i i POl t QU'IPUl 
iB POll OUTPUT 

;CLJ>.tl FL.IOS 

;HOLD 
;V.IIT ISO USBC 

;IO'l FIIISHED 

; KDLD l 1ST CI.OCl iDDl 
:OEl DJ.Tl 
:VUU UDlESS 
;VlUE DiU 

;VUIR LIJE RIOB 

;VlilB LIJB LDV 
:l>i'U IIOE:I 
;CLOCl .tDDUSS 

;FliiSiiD? 
;I01 DO U:XT Vll1B 

;TESt ULBiSB BOLD 

;COIFiatllR FOl lE.tD OILT 
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The Analogue to Digital Converter Routines 

The main routine reads just one channel of the A-D converter. A routine that 
uses that to read all of the channels was written as well as one that could be called 
like a function from BASIC. 

Also in this file are routines to operate the photomultiplier tube protection 
shutter which is controlled by a line on the same PIA. 
--------------------PILE AD. SlC-------------------- 0200 • 
0010 ;lOUTIIES TO lEAD TBB A TO D 
0020 • 
0030 ;DATB 8i-1218 
0032 • 
OOH ADCBU • DB ADPU+I 
OOiO • 
0060 ADUSl ; TO DB CALLED PlOH BASIC BT USl(CBH I) 
0060 1Sl $C92D ;FP TO IITBOBl ($11) 
0070 LOA $11 ;OBT CBAIIEL 10. 
0071 SU ADCBH 
0080 1S1 lEADAD 
0086 
0090 
0100 
OliO • 

TAT 
LOA 10 
1BP $CiDC 

;T HOLDS LOV BTTB 
;1 HOLDS HIGH BTTB 
;IITBOBl tO FP,lBtUU 

0120 ADALL ;lEADS AID STORES CBAIIBLS 0-7 
0130 LOA 17 
0131 SU ADCBU 
OliO 1 151 lBADAD 
0160 DEC ADCBU 
0170 BPL 1 
0180 us 
0190 • 

The Motor Routines 

0210 lBADAD 
0230 

; lEADS OIB CBAIIBL OP A/D 
1Sl ADCOIP 

OHO 
OH6 
0260 
0260 BOCI? 
0270 
0280 
0290 
0300 
0310 • 

LOA A/D 
LDI ADCRU 
STI A/0+2 
BIT A/D+I 
BPL BOCI? 
LDA A/D 
SU ADBUPP ,I 
us 

;CLB.U Cll FLJ.OS 
;OBI CUJIBL I 
;0/P CBJ.J.I,Sillt COIV'I 
;IS COIVBlSIOI DOIB? 
;10 ,LOOJ: lG.lii 
;TBS,lBJ.D D.lTJ. 
;STOlB DATA II BUPFB1 

0320 OPEl 
0330 
03i0 
0360 

; lOUTIIB TO OPEl SBUTTBl 
LDA 10 
SU SBUTTBl 
1S1 ADCOIF 

0360 ITS 
0370 • 
0380 CLOSE ; lOUTIIB TO CLOSE SHUTTBl 
0390 LDA I$FF 
OiOO STA SBUTTBl 
OiiO 1Sl ADCOIF 
Oi20 US 
Oi30 • 

The routine to move the motors is the largest of the group. It must keep track of 
the current position of both motors and compare them with the positions desired 
to establish the direction to move each motor. At each step the limit switches 
must be checked and a step only allowed to proceed if it is in the opposite direc
tion to that which activated the switch. A delay is put after each step because 
the speed at which the motors can be reliably stepped is finite2

• A second routine 
uses the first to drive the motor back onto their limit switches: that is, to zero 
them. 

2The motors could be moved faster if a routine could ramp their speed, that is slowly increase 
at the start of the move and decrease at the end. This would be worth pursuing if applications 
of the photometer required higher scan speeds. 
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--------------------FILB Sl. 510·-------------------
0010 STKPI 
0020 
0030 
OOiO 

; SlKPPIIG l01JTIIE 

;D1TEU•I218l. 

0050 ROTOIIS 
0060 

. DE $9008 ;IOTOl !DDlBSS 
;D7 ZEI Dil)I,1H .lZl Dll'l 

0070 t 1•FOlVU.D. O•lU.CI 
0080 
0090 

106 ZBI CLOCK, DO !Zl CtOCI 
;PULSE LOV TO STBP 

0100 
0110 ;FOUl 2 BTTB COO"I!S TO IBEP TUCI OF IOTOlS 
0120 DPZBI .DE SRBUFF ;DBSIUD POS'I,ZEI IU 
OUO DPl.ZI .DR SBBUFF+l ;DBSilBD POS'I,.IZI BTl 
OUO CPZEI .DI S!BUFP'i4 ;ClU.t.£11' 'POS'I,~!W 11l 
0150 CPiZI .DE SIBUFF+G ;CIJUBJT POS'I,1ZI Ill 
0160 • 
0170 LDZBI 
0!80 LHZI 
0190 

.DB SBPU ;TO S!OaE LlST 

.DB SIPU+I ;DUBCTIDIS STBPPBD 

0200 
OliO 
0220 

Lnl 10 
ST1 !llOl 

0230 LIKU 
OliO 

.DX 1/0*2 ;01 D SIDB OF 1/0 PU 
i ZBI LI!ll PB6 LOll 

0250 ;.IZI LUll PB7 RIOR 
0260 !Sl .IDCOIF ;COIFIGIJlB !BB 1/D PI.I 
0270 
0260 LDI ltFF 
0290 
0300 
0310 ZEITBST LDl OPZEHI 
0320 CBP CPZEI+i 
0330 BIB ZEIDll 
OHO LDl DUEl 
0350 caP cnu 
0360 BEQ ZBIUO 
0370 
0380 ZRKDil LDl ftFF 
0390 BCS ZULU 
0400 LDi U7F 
0410 ZBILIB BIT LIRU 
0420 »YS ZEIIOVB 
0430 TU 
OHO LDl. HUOl 
0460 Oll U 
0460 SU EUOl 
0470 TTl. 
0480 CIP LDZEI 
Oi90 BIB ZEISTEP 
0500 lSL .I 
0610 BCS ZEIEID 
0620 LH 10 
0630 SU CPZEI 
OUO SU CPZBI+l 
0550 ZEIEIO LOX 10 
0560 BBQ lZIUST 
0670 
0680 ZUROVB SU LDZEI 
0690 
0600 
0610 
0620 
0630 

UT 
LDl XUOl 
.UOI$FB 
STl Bll01 
TTl 

0640 ZUSlBP S!i IOTOlS 
0650 liD U»F 
0660 SU RO!OlS 
0610 OU U7F 
0680 SU ROTOlS 
0690 !SL 1 
0700 BCS IICZ 
0710 LDl CPZEI 
0120 BIB DECZ 
0730 DBC CPZU+l 
OHO DBCZ DBC CPZEI 
0750 DeC lZI!BST 
0760 IICZ IJC CPZU 
0170 BIB lZili!S! 
0780 liC CPtU+l 
0790 
0800 
0810 lZXUS! LDl DP!ZI+l 
0620 CIP CPUI+1 
0630 BU UIDIA 
0840 LDl DP.IZI 

i IIITULISE 

i ZEI lOVE lBQ- 1 D? 
;COIPUE RIOR BTUS 

;8109 JTIES EQUAL, 
; SO CORPlU LOV BT!BS 
; 10 lOVE l!QU11Ul 

;C•O,BiCIVUO 
; IS Lilli SVITCB l.CTIVB? 
;IO;UPO.ltB LD,DO S'l:SP 

i OET XllOl CODE 
;trPDUX X'l' 
;S!OiK IT 

;Silii Dli.'l .lS L1ST STEP? 
iiO, DO SlliP 
i C .. Dil 1 I 

;LlST STEP BICI CPZBI_O 

;TO 7UO BID UP ZBI 

;lBCOlD DilBC!XOI 

;OiT BllOl CODE 

;CLBU BIT 0 

;llli'IJi Oil' I 10 !O!Ol 

;CLOCI DOlll 

;CLOCl 1lF 
;C_DIJ.'I 
;UPDi!ll CPZU 

;iZI BOVB lBQ 'D? 
;COBPHB BIGR BT!BS 

;BIOS BT'IBS BQUJ.L, 

The Filter Wheel Routine 

0850 
0860 
0870 
oeeo nun 
0690 
0900 
0910 AZILIB 
0920 
0930 
OHO 
0960 
0960 
ono 
0980 
0990 
1000 
1010 
1020 
1030 
10i0 
1050 

CKP CPiZI 
BBQ iZXEID 

LO.I UF1 
»CS iZXLlR 
LD1 UFO 
BIT LIRil 
BPL iZIROVB 
UY 
LOA BllOl 
ou 12 
S!l BUOl 
TTl 
CRP LDiZI 
BIB .IZISTEP 
I.Sl 1 
LSl 
BCS UIBID 
LDi 10 
ST1 CPiZI 
STl CPlZHI 
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; SO COKPlli LO'il BTUS 

;10 ROVE lEQ1llED 

;C•O,BiCiillD 
)IS LIB IT SVITCB iCT !VB? 
;IO,UPOiTB LO,OO SIBP 

; OU BJI.lOl CODE 
;UFD.liB IT 
;STOlB lT 

;SUB Dll'l lS UST SlBP? 
;10,00 STEP 

;C_Dll'l 

;LiST STEP B.ICX CPlZI.O 

!060 UIBID 
1070 

CPl 10 ;lS ZBI FlUSUO .i.LSO? 
DIS STBPOXL ; 10, DELl! 

1080 
1090 
1100 lZIROYB 
1110 

lTS ;TBS, .ILL DOIB ! 

S!l LDUI 
TlT 

1120 LOA BUOl 

H30 UD UFO 
1140 S!l BllOl 
1150 TTl 
1160 iZISTBP SU BO!OlS 
1170 liD I$FE 
1180 STi IOTOlS 
1190 OU ltFD 
1200 STl IO!OlS 
1210 LSl 1 
1220 LSl i 
1230 BCS IICl 
IHO LU CP.IZI 
1250 BIB DBOi 
1260 DEC CPUI+I 
1270 DBC1 DEC CP12X 
1280 DCC stBPDSL 
1290 UC1 IIC CUZI 
1300 DIE STEPDEL 
1310 IIC CPAZI+1 
1320 
1330 S!EPDEL LOT 1250 
IHO D lOP 
1350 lOP 
1360 lOP 
1370 lOP 
1380 lOP 
1390 lOP 
1400 lOP 
HIO JDP 
1420 DBT 
1430 
1HO 
1450 

BU 
TIP ZU!EST 

;IBCOlD DilECTIOI 

;<JEt EllOi. CtlD:E 
;cnu »n 1 

;Vtlt.E DU tf TO !OtOl 

;CLOCI POVJ 

;CLOCI lJP 

;C_.f>Ik'l 
;lJPDl!B CPlZI 

;DELAT 

;ucx to sun 

H60 ZXlOM 
H70 

:lOU! IIi 'IO "Zil011 JOTOitS 

1480 
1490 
1500 
1610 
1520 
1530 
1HO 
16i2 
15i3 
15&0 
1660 
1570 
1580 
1690 
1600 
1610 
1620 
1630 
1HO 
1UO 
1660 

LDi IHO ;tOlD lLL RIOR DTTBS 
SH CPZU+! 
S'U CPlZI+! 
SH OPZBI+l 
SU DP.IZI+1 
LOA 10 
SU CPZBI 
S!l CPUI 
SH LDZBI 
ST1 LDAZI 
LD.I 132 
SU DPZEI 
SU DPlZI 
lSl S!EPR 
LD.I 10 
SU DPZEI+l 
SU DPlZI+I 
STi DPZEI 
Sli OPUI 
lSl STEP!! 
ns 

;LO.i.D LOV BYlES 

; IOIDRB LIHI!S IF 1BBT 
;UB 1CtiYB iT PlBSU! 
;STBP 32 STEPS FOlVUD 
;TO EISIJlB IOTOlS UE 
;FlBB OF LUITS 
;DO S!BPS 
;LOAD DP IIITR ZBlO 

;STEP BACI TO LXRUS 

The operations performed by this routine to obtain the counts from the detector 
circuits are described in Section 2.3.2. 
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--·····---····--····FILE Pll, SlC---·-------·----··--
0010 Pl!BEBL ;lOUtliE !0 TUl! C0111TS FlOK FIL!EI liRBEL 0460 ou 1$20 l PD COUIUl OVEIFLOli•UZ 
0020 OHO sn !not 
0030 ;DHB 84•1221 Oi80 FVSTOlB LDl PIULT<2 ;IBiD PI PlB,CLBil PLUS 
0040 0490 liD IT ;GST 3 !I BITS OF PI COUll 
0060 10, CTC .DB FIIPU 0600 PRl ;SlV! tiU 01 SHCl 
0060 UICOUU ,DE FliPll+l OSlO LOA PIUL! ;lEU PH Pll,CLEH COUilU 
0070 lSl PICOIP 0620 CLC 
0080 lSl PDCOIP 0630 1DC PIBUFF, T ;100 LOll ITT! OF PI COUIT 
0090 LDI 10 0640 STJ. PIJH.JFP 1 T ; StOlE lEV LOV BTtJ 
0100 LP! IO 0660 PLA ;lUIBIV! HIGH BUS 
OliO LD1 IO 0660 lDC PIBUPF+I, T ;tnD HIGH BYTE OF PI COUIT 
0116 STJ. BUOl 0610 SU PRBUFF+1, T ;stOU UV BIQB &TTB 
0120 p SU PIBUFF, T 0580 ADC 17 tBIGH IfT'tl .J7 
0130 S'U, PDBTJfP', T 0690 CIP UICOUit ;IS TBI$ >• liiCOUil? 
ouo liT 0600 DCC q ::10, OI 
0160 CPT 124 0610 SU IO,CTC ;US, SIGilL SlOP 
0160 BCC P 0612 TTA 
0170 061i LSl l ;(Jli'I CI111EL I Z 
OleO LDl PBULT PULSB C!2, CLIU C0!1Uil 0616 au U5o ;PB BUCOI!JT=$5l 
0190 LDl PBDIO PllLSB 012, CLEU COUUU 0618 SU BllOl 
0200 LDi PBULH2 CLEll CRB FLAGS 0620 q LDl PHDI0+2 ;UiD PD PU,CL!U FLUS 
0210 LDi PBDI0+2 CLBU CaB FLUS 0630 110 11 ;OEl 3 U DIU OF PD COUIT 
OllO 0640 PU ;SlVB TBEI OJ SUCI 
0230 CTCLB? Bll PBULH3 ; US CTCLB PULSB UI!VED? 0650 LDl PRDIO ;IUD PO PU,CLSU COI!ITBl 
02~0 BPL CTCLB? ;lOt lOOI i<Jlll 0660 CLC 
0250 III ;crcu coun 0670 lDC PDBUFF, T ;ADD LOV BTTE OF PO COUIT 
0260 LDT 1$0 ;2•CBUIEL I 0680 SU PDB1l1'F, T ;StOlE IBV LOll BT!li 
0270 FILIEl? BIT PBIJLHl ; US FILl at PULSE UliVBD? 0690 PU ;UllSIVE IIOB JIUS 
0280 BVC PXLTBl? ;10, LOOI AOHI 0700 lDC P»DUFF+1 1 T ;ADD HIGH BTTE OF PD COUIT 
0290 lSl FVDlit ;DBL.IT lOBS 0710 SU PDBUFF+I, T ;STOIB lEV BIOR BYTE 
0300 SU PBULT+2 ; SHiT PH CO!IIT 0720 lDC 17 ;!IGI BTU H 
0310 STl PBDI0+2 ;StAlt PD COUIT 0130 CRP BUCOUit ; IS THIS >• 1.1ICOUI1? 
0320 PIBOC? !IT PBUL'I+2 ; IS PI COUll DOU? OHO DCC BIDFXL 110 t 01 
0330 BKI PIUC? ;10, tOOl AU II 0750 Sli IO.CTC ;TBS, SIGUL stOP 
03tO PDBOC? »>t PRDI0+2 ; IS PD COUU DOIB? 0752 TH 
0350 BBI PDEOC? ;10, LOOK AGHJ 0764 LU l ; OU CBUiliL I Z 
0360 BIT PRULTH ; DID P! COUJT OVSlPLOll? 075~ OU IUO ;PD UICOUJT•UZ 
0370 BPL 0 :Jo, ol 0768 SU EllOl 
0380 TU OHO BIDFIL IIT 
0390 LSl l ;OI!T CBUUL I Z 0170 liT ;UPD1U CUIIBL liDBI 
0400 ou 1$30 ;PB COUlTER OVBlPLOV•$3Z 0780 CPT 124 ;DOIX lLL 12 CB1UBLS? 
0410 SU ERlDl 07~0 »BQ EJDCTC ;US 
0420 0 BIT PBni0+1 ;DID PD COUII OVlllFLOV? 07~5 UP FILUl? ;10, DO IEIT CH!IIB:L 
Ot30 BPL FllSTOlB ;10, 01 0800 !JDCTC en 10. ere ;DOIA lBQ'D I OF CTCLBS? 
OHO xu 0810 BBQ BIDPV tTRS 
ono LSI l ;OBT CBliiEL I Z 0815 JKP CTQLB? liO 1 DO J!IT CYCLE 

Linker File 

This is the file that links the routines together and provides the assembler with 
instructions on where to put the output. It also contains extra entry points for 
most of the routines so that all entry points are together in one place at the start 
of the machine code. 
--···-·······--·····FILB lli1SS, CIT·------·--····-----· 
0010 .BJ 0110 JRP PUCOIF 
0020 ,CI ;1.11 COIUOL FILB 0120 UP OPBI 
0030 0130 liP CLOU 
0040 ;DliB86-221 OHO lBP lDlLL 
0060 0160 UP ADUSl 
0060 .»A $7918 0160 UP lBiDCL 
0070 ,BC $7918 0170 7HP SBICL 
0080 .OS 0180 liP SUPS 
0~~0 DUO JIP ZBROR 
0100 0200 JIP FVHBBL 

0210 
0220 ,PI "PI1.SlC1218" OOJFIGIJUS BICB OP PUS 
0230 .FI "BUD.SlC:121811 DBPIIBS,D!SPL1TS BUFFBl 
02i0 .FI HCLl.lJIC1211*' lBl~S lEAL tiRE CLOCl 
0260 .FI H$Ct.SlC12UH SBTS CLOCl 
0260 .Pl 11SJI.Sl01218111 DliVIS STBPP!il IOIOlS 
0270 ,Fl UJ.I).$lC1218u DI!VBS l TO D 
0280 .li "FW.SlCI221" lBlDS FILTEl VRBBL D!U 
0290 ,BI 

The output from the assembler IS a block of machine code that occupies just 
less than a thousand bytes. 

The buffer used to transfer information between the BASIC program and the 
machine code routines is shown in Table B.L Labels used in the assembly code 
can be seen to correspond to locations in this buffer. The position of the buffer 
in the computers memory was chosen so that the BASIC operating system would 
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Use Organisation Memory locations 
Photodiode counts 12x 2 bytes $0381-$0398 897-920 
Photomultiplier counts 12x 2 bytes $0399-$03b0 921-944 
Motor positions 4x 2 bytes $03bl-$03b8 945-952 
A-D values 8x 1 byte $03b9-$03c0 953-960 
Date and time 13x 1 byte $03cl-$03cd 961-973 
Miscellaneous llx 1 byte $03ce-$03d8 974-983 

Table B.l: The data buffer used to communicate between BASIC and machine code routines. 

The two columns for memory location give the addresses in hexadecimal and decimal respectively. 

not alter it. 

B.2 BASIC routines 

The BASIC routines were written in a style designed to maximise speed of execu
tion rather than readability. Thus statements are joined in single lines with few 
embedded spaces and short variable names, as reading any superfluous charac
ters, including comments, slows the program's execution. Two further features 
that makes BASIC less readable are: 

• All variables are global and cannot be passed as parameters to subroutines. 
This means that the side-effects of each subroutine, that is the variables it 
changes, are difficult to identify without a careful inspection of the subrou
tine itself. 

• Subroutines are called by line number only and can't be given meaningful 
names. To partially counter this the first line of each routine is a comment 
line giving a short description of the task it performs. 

The routines are presented here, grouped by function. Calls to the machine code 
routines are made with the BASIC command SYS (address). 

The Clock Routines 
The BASIC routines define a set of variables for the date and time. This is gen
erally used to represent the time when the next reading will be taken. The data 
in the buffer, which are the most recently read data from the clock, represent the 
current time. 

9000 REM**READ REAL TIME CLOCK+* 
9010 BU=961:SYS(OC+15) 
9030 REMGET RID OF CLOCK DATA BITS 
9040 POKEBU+7,(PEEK(BU+7)AND243) 
9050 POKEBU+4,(PEEK(BU+4)AND243) 
9060 FORA=OT012:POKEBU+A,(PEEK(BU+A)AHD63):NEXTA 
9070 RETURN 
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9200 REM**ASSIGN DATE AND TIME TO VARIABLES 
9210 BU=961:A=10:B=528 
9220 IFE<>OTHEN9260 
9230 SE=A•PEEK(BU+11)+PEEK(BU+12)-B 
9240 HI=A*PEEK(BU+9)+PEEK(BU+10)-B 
9250 HR=A•PEEK(BU+7)+PEEK(BU+8)-B 
9260 DY=A+PEEK(BU+4)+PEEK(BU+5)-B 
9270 HO=A•PEEK(BU+2)+PEEK(BU+3)-B 
9280 YR=A*PEEK(BU)+PEEK(BU+i)-B-80 
9300 A=1:B=.5:C=O 
9310 IFH0<3THEN9340 
9320 A=3:B=59.5:D=YR/4 
9330 C=INT(D-INT(D-.1)) 
9340 TD=INT((MO-A)*30.6+B) 
9350 TD=TD+C+DY 
9360 D=INT((YR-1)/4) 
9370 TD=YR•365+D+TD-1 
9380 LH=RR-1 
9390 RETURN 

9400 REM•*PRINT DATE ABD TIME FROM BUFFER** 
9430 BU=961:B=PEEK(BU+6)-47 
9450 PRINTMID$("SUBHOBTUE'iiEDTRUFRISAT",3*B-2,3);", "; 
9460 B=10*PEEK(BU+2)+PEEK(BU+3)-528 
9480 PRI.IlTMID$("JABFEBHARAPRHAYJUBJULAUGSEPOCTBOVDEC",3*B-2,3);" "; 
9490 PRIHTCHR$(PEEK(BU+4));CHR$(PEEK(BU+5));", 19"; 
9510 PRINTCHR$(PEEK(BU));CHR$(PEEK(BU+1));". "; 
9530 PRI!lTCHR$(PEEK(BU+7));CBR$(PEEK(BU+8));":"; 
9550 PRillTCHR$(PEEK(BU+9));CBR$(PEEK(BU+10));":"; 
9570 PRIHTCHR$(PEEK(BU+11)) ;CHR$(PEEK(BU+12)) ;"n" 
9590 RETURN 

9600 REH*+COHPARE TIME VARIABLES TO BUFFER** 
9610 BU=961:E=O 
9620 B=528:A=10 
9630 IFYR<>A*PEEK(BU)+PEEK(BU+1)-B-80THENE=-1 
9640 IFHO<>A*PEEK(BU+2)+PEEK(BU+3)-BTHENE=-1 
9650 IFDY<>A*PEEK(BU+4)+PEEK(BU+5)-BTHENE=-1 
9660 DH=A*PEEK(BU+7)+PEEK(BU+8)-B-HR 
9670 DM=60•DH+A•PEEK(BU+9)+PEEK(BU+10)-B-HI 
9680 DM=DM+(A+PEEK(BU+11)+PEEK(BU+12)-B-SE)/60 
9690 RETURN 

9800 REM+*VAIT UNTIL CLOCK TIME EQUALS VARIABLES** 
9810 GOSUB9000:GOSUB9600 
9830 IFE<>OTHEHPRINT"DATE INCORRECT":GOSUB9200:GDSUB9400:STOP 
9840 IFDH>OTHENPRIHT"TIME HAS ALREADY PASSED":PRINT#4,"*"; :C=-1:GOSUB9900 
9850 IFDM=OTHEHRETURB 
9860 GOSUB9400:GOT09810 
9900 REM***IHCREMEBT TIME VARIABLES*** 
9910 MI=INT(MI+1):IFMI>=60THEBMI=IUT(MI-60):HR=INT(HR+1) 
9920 IFSE<>OTHEBSE=O:GOT09910 
9930 RETURN 

The A-D and Shutter Routines 
Three routines that respectively read the analogue to digital converter's eight 
channels, assign the three of them currently used to BASIC variables and display 
the values on the screen, along with calls to the routines to open and close the 
shutter above the photomultiplier tube. 

8000 REM•*READ ALL CHANNELS OF A/D** 
8010 SYS(OC+9) 
8200 REM**ASSIGB A/D DATA ** 
8210 BU=953:A=25S:B=.5:C=.1 
8220 HT=INT(PEEK(BU)•1100/A+B) 
8230 TF=C*INT((PEEK(BU+1)*51/A+B)/C) 
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8240 TA~C•INT((PEEK(BU+2)•51/A+B-10)/C) 
8250 RETURH 
8400 REM**PRINT A/D DATA** 
8410 PRIHT"TUBE H~ ";HT;"w VOLTS " 
8420 PRINT"TEHP(FILT)= ";TF;"w DEG C " 
8430 PRI!iT"TEHP(AHB)= ";TA;"w DEG C " 
8440 RETURN 
8600 REH**OPEN SHUTTER** 
8610 SYS(OC+3):RETURN 
8650 REM CLOSE SHUTTER** 
8660 SYS(OC+6):RETURN 

The Filter Reading Routines 
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Again three routines that obtain, assign, and display the data, which in this case 
are the counts from the photodetectors for each of the filters. 

7000 REM**TAKE FILTER READINGS** 
7001 PRIBT"r **TAKING FILTER COUNTS** o" 
7020 BU=977:POKEBU,NC:POKE(BU+1),MC 
7040 SYS(OC+27):NC=PEEK(977) 
7200 REM**ASSIGN FILTER READINGS** 
7210 BU=897:B=256:D=O 
7220 FORN=OT01:FORM=OT011 
7230 A=BU+24•N+2*M 
7240 C=(PEEK(A)+B•PEEK(A+1))/NC 
7245 C(K,N)=C:IFC>DTHEND=C 
7250 NEXT:NEXT:RETURH 
7400 REM**PRINT FILTER READINGS** 
7410 PRINT"FILTER# DIODE COUNT TUBE COUNT" 
1420 FORM=OT011 
7430 PRIBTK;TAB(10);C(M,O);TAB(25);C(M,1) 
7440 NEXT:RETURH 

The Motor Routines 
Two routines to handle the motor movements, the main one and a call to zero 
the motors. The position that the BASIC system wants the motors in is held 
in the variables ZE and AZ which are the zenith and azimuth in degrees. The 
azimuth is measured clockwise from south, a convenient choice for the southern 
hemisphere. The offset between this and the azimuth motor's coordinates is stored 
in the BASIC variable AI as well as in three bytes of the data buffer. When 
making measurements from a :fixed platform where the offset is known the value 
is initialised by writing the appropriate value to the buffer and calling a routine 
to set AI from that. 

6000 REH**MOVE MOTORS TO POSITION GIVEN BY VARIABLES** 
6001 PRINT"MOVIBG MOTORS" 
6005 BU=945:C=.0225:D=256:E=16000 
6010 A=ZE/C-20:IFA<OTHENA=O 
6020 B=INT(A/D):A=A-D•B 
6030 POKEBU,A:POKE(BU+t),B 
6035 A=AZ/C+AI-20 
6036 IFA<OTHENA=A+E 
6037 IFA>=ETHENA=A-E 
6040 B=INT(A/D):A=A-D*B 
6060 POKE(BU+2),A:POKE(BU+3),B 
6060 SYS(OC+21) 
6070 A=ZE/C+.5:B=INT(A/D):A=A-D*B 
6080 POKEBU,A:POKE(BU+t),B 
6090 A=AZ/C+AI+.S 
6091 IFA<OTHENA=A+E 
6092 IF!>=ETHENA=A-E 
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6100 B=IHT(A/D):A=A-D*B 
6110 POKE(BU+2),A:POKE(BU+3),B 
6120 SYS(OC+21) 
6199 RETURN 
6200 REK**SET AI TO VALUE HELD IN BUFFER** 
6210 BU=974:D=256 
6220 A=PEEK(BU):IFA>1THEHA~-1 
6230 AI=A*(PEEK(BU+1)+D•PEEK(BU+2)) 
6240 RETURN 
6400 REK**PRINT BASIC POSITION** 
6410 A=.1:D=.5:B=A•INT(ZE/A+D}:C=A+IHT(AZ/A+D) 
6420 PRINT"ZENITH ";B;"ll DEG, ";TAB(16);"AZIMUTH ";C;"li DEG ":RETURN 

6800 REK•*ZERO THE MOTORS** 
6801 PRI!lT"ZEROI!lG MOTORS" 
6805 ZE=O:AZ=O:AI=AI:SYS(OC+24):RETUR!l 

A further routine to allow for manual control of the azimuth motor was written. 

6600 REK••STEP AZI MOTOR FROM KEYBOARD** 
6605 PRINT"c rKEYBOARD STEPPER FOR AZIMUTHH HOTORo" 
6610 PRUIT"sPRESS r+o OR r-o TO SET STEPPING DIRECTION" 
6615 PRINT" (POSITIVE IS ANTICLOCKlliSE)" 
6620 PRIHT"sPRESS rRo TO RETURN TO CALLING ROUTillE" 
6625 PRIHT"sPRESSIIiG A NUI!BER ll (0-9) lULL MOVE THE" 
6630 PRINT"KOTOR BY 2·11" STEPS (1STEP=.0225 DEG)s" 
6635 C=.0225:FORH=OT09:PRillTll;TAB{5);2·lf;TAB(10);"STEPS";TAB(18);C*2-ll;TAB(23);"DEG":llEXT 
6640 BU=947:D=256:E=O 
6650 A=PEEK(BU)+D•PEEK(BU+1) 
6655 AI=INT(A-AZ/C+.5) 
6660 PRillT"srMOVED SO FARo" 
6665 PR.IliTAI;"ll STEPS (";AI*C;"li DEG) lUU1.11 

6670 A=SGH(AI):IFA<OTHENA=255 
6675 POKE974,A:A=ABS(AI):B=IHT(A/D):A=A-D*B:POKE975,A:POKE976,B 
6690 GET!$ 
6700 IF A$="+"THEliE=1 
6710 IF A$="-"THEHE=-1 
6720 IF A$="R"THEHRETURli 
6730 IFA$<"0"0R A$>"9"THEll6690 
6740 A=PEEK(BU)+D•PEEK(BU+1) 
6750 A=A+E*2'VAL(A$) 
6753 IFA<OTHEllA=O 
6754 IFA>16000THEllA=16000 
6760 B=INT(A/D): :A=A-D*B 
6770 POKEBU,A:POKE(BU+i),B 
6780 SYS(OC+21):GOT06650 

The Solar Tracking Algorithm 
This was based loosely on the FORTRAN program given by vValraven (1978). A 
small refraction correction, effective only at large zenith angles, according to 
(Archer, 1980)3 is included. 

5000 ll.EK**CALCULATE ZEHITH t AZIMUTH** 
5010 GOSUB9600 
5020 IFE<>OTHENGOSUB9200 
5030 IFHR<>LBTBENGOSUB5200 
6040 !=60:B=(HI+SE/A)/A 
6050 RA=CRA+GRA*B:DE=CDE+GDE*B 
5060 UT=HR+B-TZ:TT=TD+UT/24 
5070 A=1.759335+P2+(TT/365.25-YR)+3.694E-7+TT 

3 As the photometer's program was calculating positions even for times when the sun was 
below the horizon the singularity in this empirical correction at 92.7° caused some difficulty. 
This was done by using Archer's correction for zenith angles < 91.5° and a constant correction 
for larger angles. 
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5075 IFA>=P2THENA=A-P2 
6080 A=A+(UT*15-LO)*RD 
5085 IFA>=P2THENA=A-P2 
5090 C=RA-A 
5095 D=LA*RD 
5100 B=SIN(D)*SIB(DE)+COS(D)•COS(DE)*COS(C) 
5110 ZE=p/2-ATJ(B/SQR(1-B•B)) 
5120 B=COS(DE)•SIJ(C)/SIH(ZE) 
5130 AZ=ATH(B/SQR(1-B•B)) 
5140 AZ=AZ/RD 
5150 IFCOS(ZE)>=SIN(DE)/SIB(D)THEBAZ=180-AZ 
5160 IFAZ<OTHERAZ=AZ+360 
5162 REK**REFRACTIOH CORRECTION TO ZE** 
5163 IFZE/RD>91.5THEBZE=ZE-.019:GOT05170 
5164 B=COS(ZE):A=1/(.955+(20.267*B))-.047121 
5166 B=B+.0083•A:ZE=p/2-ATH(B/SQR(1-B*B)) 
5170 ZE=ZE/RD 
5190 RETURN 
5200 REK•*SET UP LINEAR APPROX'H FOR R.ASC'H t DECL'H** 
5210 HR=HR+1:GOSUB5400:GRA=RA:GDE=DE 
5220 HR=HR-1:GOSUB5400:CRA=RA:CDE=DE 
5224 IFZE<>180THEBPRIHT#4 
5225 PRINT#4,RIGHT$(STR$(HR),2); 
5230 GRA=GRA-RA:GDE=GDE-DE:LH=HR:RETURH 
5400 REM•*CALCULATE R.ASC'N t DECL'B** 
5410 UT=RR-TZ 
5420 TT=TD+UT/24 
5430 !=P2*TT/365.25 
6440 B=-0.031271-4.53963E-7*TT+A 
5450 C=4.900968+3.67474E-7*TT 
5460 C=C+(0.033434-2.3E-9*TT)*SIB(B) 
5470 C=C+0.000349+SIH(2*B)+A 
5480 D=0.40914~6.2149E-9•TT 
5490 RA=ATN(TAN(C)•COS(D)) 
5500 IFCOS(C)<OTHEBRA=RA+P2/2 
55~IFRA<OTHERRA=RA+P2 

5520 B=SIR(C)*SIB(D) 
5530 DE=ATR(B/SQR(l-B*B)) 
5540 RETURN 

Miscellaneous Routines 
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Grouped together are the routines that initialise the variables4, open a disk data 
file, write a record to that file, display the current data and display error mes
sages. The name of the data file includes the date and hour it is opened to avoid 
duplicate names. The format of the data written to the disk is a direct copy of 
the data buffer contents as this gives the most efficient packing on the disk. A 
checksum is added so that single-bit errors can be detected in the data when it is 
read back. 

4000 REH•*SET UP VARIABLES** 
4005 DIMC(11,1),P(11,1) 
4010 A=O:B=O:C=O:D=O:E=O 
4020 I=O:J=O:K=O:L=O:H=O:H=O 
4030 OC=31000:SYSOC:REH38912,40960 
4040 BU=897:NC=1:MC=64:P2=2+p:RD=p/180:LA=-43.51:L0=-172.58:TZ=12:LR=-O:LZ=99 
4060 L$="RUTHERFORD BLDG., U OF C ,ILAM" 
4065 POKE974,255:POKE975,16:POKE976,10:GOSUB6200:REM AZI SET FOR THIS SITE 
4070 DEFFNAM(X)=i/COS(X+RD) 
4090 RETURN 
4100 REM+*OPEH DISK DATA FILE FOR WRITE ** 
4110 A$="DATA/":BU=960:FORH=1T09 

4 All variables in BASIC are globaL The ones that are to be used often are declared first to 
increase the speed with which they are accessed. 
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4120 A$=A$+CHR$(PEEK(BU+N)):HEXTB 
4130 PRIHT"cssssDATA FILE CALLED r";A$;"o" 
4140 DOPEB#8,(A$),V,D1 
4150 IFDS=OTHEHPRiliT"ssHOW OPEN FOR WRITE" 
4155 PRIBT#4," START OF FILE ";A$ 
4160 IFDS<>OTHEBPRINT#4,DS$ 
4170 RETURN 
4200 REM**VRITE DATA TO DISK WITH CHECKSUM** 
4210 BU=896:B=O:D=256 
4215 IFDS<>OTBEBPRIBT#4,DS$ 
4220 FORB=1T087:A=PEEK(BU+B):B=B+A:B=B-D*IBT(B/D) 
4230 PRIBT#8,CHR$(A); :BEXTB 
4240 LR=RR•60+HI:LZ=ZE 
4250 POKE(BU+88),B:PRIBT#8,CHR$(B) 
4255 IFDS<>OTBENPRIBTDS$:STOP 
4260 RETURN 
4300 REH++PRIBT BASIC TIME** 
4310 PRI!lT"sss"M$; 
4320 PRIHTHR;":";HI;":";SE;"ss":RETURN 
4600 REK**PRI!lT ALL RELEVANT DATA** 
4610 PRI!IT"c":GOSUB9400 
4620 PRINT"s":GOSUB6400 
4630 GOSUB8400 
4640 PRINT:GOSUB7400 
4650 PRINT:GOSUB4800 
4690 RETURN 
4700 REK**PRINT BUFFER** 
4710 SYS(OC+163) :RETURN 
4800 REK**PRINT ERROR CODE** 
4810 E=PEEK(983):A=EAND240:B=EAND15 
4820 IFE=OTHENPRINT"OK":RETURN 
4830 IFA=OTBEHGOT04850 
4839 IFA>800RA<320RB>11THE!lPRIHT"'l''l'???":RETURN 
4840 IF(AABD32)=32TIIENPRINT"rCOUllTER OVERFLO\Io Oil ":PRIHT#4,E 
4841 IF(AAND64)=64THENPRI!IT"KAXIHUM COUNT 0!1 "; 
4842 IF(AAIID16)=16THENPRI!IT"TUBE, "; 
4843 IF(AAIID16)=0TIIENPRI!IT"DIODE, "; 
4844 PRIBT"FILTER#";B:RETURN 
4850 IFB>4TIIENPRIBT"?'l''l'?'l'": RETURN 
4851 IFB=1THENPRIBT"ZENITH MOTOR AT LIHIT":RETURN 
4852 IFB=2TBENPRI!IT"AZIMUTH MOTOR AT LIHIT":PR4,"AZI LIMIT":RETURN 
4853 IFB=3THENPRINT"BOTB MOTORS AT LIHIT":R.ETURN 
4854 IFB=4TREIJPRINT"CLOCK NOT WORKIIJG":RETURN 

Main Control Loop 
A listing of the main control part of the program as used for measurements in 
Christchurch is reproduced here. As already remarked, it is not very readable. 
The first line is a call to a machine code routine, necessary because the program 
memory flags need restoring if the program has been loaded from a bootstrap 
program. Various messages are printed to the screen to keep the operator informed 
of what the program is doing. The subroutines that are called by line number can 
be identified by reference to their listings. 

1 IFPEEK(634)=169THENSYS634 
10 GOSUB3600:HI=HI+1:SE=O:LZ=180:LR=O 
15 GOSUB9900:IFBR=24THE!IGOSUB3800:GOSUB3000:GOSUB3700 
20 M$="FI!lDIJlG POSITION FOR ":GOSUB4300:GOSUB6000:IFZE>90TBEIIZE=180 
26 IFZE=180ANDBR>12THEHGOSUB3800:GOSUB3000:GOSUB3700:GOT015 
26 IFZE=180THEHGOSUB9800:GOT015 
30 IFHR•60+MI-LR>=200RABS(FNAM(ZE)-FNAM(LZ))>=0.1TBENGOT050 
40 PRINT"STANDBY.":GOSUB6000:GOSUB9800:PRIIIT#4,".";:GOT015 
50 GOSUB3200:IFD<20THENPRIHT"sDUD R.EADING?,NOT SAVING":PRI!lT#4,"?";:GOT015 
60 PRI!lT"sGOOD READING! ,SAVING":GOSUB4200:PRINT#4,"!";:GOT015 
199 STOP 
2998 GETA$:IFA$<>CHR$(13)THE!l2998 
2999 STOP 
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3000 REH••HOLD VHILE MIDNIGHT PASSES** 
3010 PRIJIT#4, "WAITING FOR MIDNIGHT -- "; 
3020 GOSUB9000:GOSUB9200:IFHR>OTHEN3020 
3030 PRINT#4,"GOT IT":LR=-1:RETURll 
3200 REH**TAKE READING AT GIVEN POSITION AND TIME** 
3210 HC=30:GOSUB9600:IFE=-1THEHSTOP 
3220 PRIHT"sss":GOSUB6400:GOSUB6000: 
3230 M$="TAKING READIHG AT ":GOSUB4300:GOSUB9800:IFC=-1THEHD=O:RETURH 
3240 GOSUB7000:GOSUB8000 
3250 RETURI 
3600 REH••COLD START UP (AZIMUTH SETTIHG ASSUMED)** 
3605 GOSUB4000:GOSUB9000:GOSUB9200:GOSUB8000 
3610 PRIHT"c":GOSUB5600:PRIHT"ss":GOSUB9400:PRUT 
3620 OPEI4,4:GOSUB6800:GOSUB5000:IFZE>90THENZE=180 
3625 GOSUB6000 
3700 REH **WARM START** 
3730 GOSUB9000:GOSUB9200 
3740 GOSUB4100:GOSUB8600 
3750 RETURN 
3800 REH**FIHISH UP** 
3805 PRIIIT"CLOSING DATA FILE" 
3810 DCLOSE:PRiliT#4,"EHD OF FILE" 
3830 RETURH 
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Different programs were used for the measurements at other sites. The latitude 
and longitude were coded into the program in the subroutine that initialised the 
variables. For the measurements at Lauder a version that allowed positioning of 
the azimuth motor at the start of each day using the keyboard stepping routine 
was used as the photometer was operated from a mobile platform that was packed 
away each day. The program for the Antarctic measurements was considerably 
modified, as described in Section 4.3. 
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