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ABSTRACT 

The principal concern of this study was to examine 

those processes responsible for the low level windf ld over 

the Canterbury Plains. A secondary concern was the 

evaluation of a three-dimensional numerical meso-scale model 

in a wind environment incorporating effects aassociated 

with an adjacent mountain barrier. 

Three complementary approaches were adopted: detailed 

kinematic analysis of spatial and temporal variations in the 

wind regime, an empirical investigation of the relative roles 

of dynamic and thermal forcing in contributing to the regime, 

and application of the Colorado State University meso-scale 

model. Data collection was undertaken over an 18 month 

1982 and 1983 and included continuous period during 

monitoring of thermal and airflow characteristics over the 

plains, and intensive discrete case studies. 

Investigation of spatial and temporal variations in 

the surface wind regime showed that low level ai 

lee of the Southern Alps is strongly diurnal, 

low in the 

spatially 

variable, and seldom reflects gradient airflow. During 

daytime, and in all seasons north-easterly flow (approx

imately lOOOm in depth) predominates over the majority of the 

plains. Within this regime, localised south-easterly sea 

breezes may occur south of Banks Peninsula, while foehn 

north-westerlies frequently invade the western plains (and 

occasionally coastal regions) mostly during spring and 

summer. The nocturnal surface flow regime is dominated by 

katabatic westerly flow particularly in the western and 



xxi 

south-western plains during 

between components of the 

winter. Notable interactions 

wind regime include convergence 

between 

scale 

init 

south-easterly sea breeze embedded in the larger 

north-easterly inland from Peninsula, and 

on of low level north-easterly flow adjacent to the 

Alps on mornings when katabatic winds covering the entire 

plains are removed by mixing associated with daytime heating. 

The influence of local thermal forcing was evident in 

the wind regime in all seasons. Particular e ects include 

the localised sea breeze south of Banks sula and the 

addition of a sea breeze component to both the gradient 

south-westerly and low level north-easterly flows. Rather 

than reflecting a local north-easterly sea ze, the strong 

diurnal periodicity of the surface north-easterly regime 

could be attributed to decoupling of near surface flow from 

the north-easterly prevailing above the planetary boundary 

layer on 36.8% of occasions when surface north-easterly flow 

was observed on consecutive days. 

The dynamic interaction between synoptic scale flow 

and the topography of the South Island was found to be the 

major tor determining the nature rflow over the 

plains. Analysis of the synoptic scale pressure distribution 

revealed that the direction of the lee-side ssure gradient 

paral to the Alps is critical in determining the general 

direction of low level flow over the plains. The direction 

of this gradient, and hence airflow over the plains, appears 

to be modul at two scales. Firstly, within the time 

scale of the passage of typical synoptic sca circulation 

features, the side pressure gradient is characterised by 

a single abrupt reversal associated with a transition from 
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general westerly or south-westerly gradient flow to low level 

north-easterly flow over the plains. Secondly, on a diurnal 

basis lesser variations occur as a result of thermally 

related atmospheric tidal effects whereby pressures tend to 

fall over Canterbury relative to areas both north and west 

from early morning to midafternoon. This latter process 

contributes strongly to the diurnal periodicity of the north

easterly regime. 

Although application of the Colorado State University 

meso-scale model was constrained by available computational 

and financial resources, two series of simulations of daytime 

flow patterns incorporating realistic terrain successfully 

predicted salient features of the wind regime. These 

included the dynamically-induced north-easterly regime, sea 

breeze effects, and convergent flow patterns inland from 

Banks Peninsula. Model results indicated that thermal 

forcing associated with the regional terrain may result in 

augmentation of low level north-easterly flow by 4 5 ms 

over the entire plains under ideal conditions. 

of north-easterly flow in the vicinity of the 

Augmentation 

Canterbury 

coast by local sea breeze effects was also suggested. 

Verification of model results suggest that it is a 

valid theoretical 

application of the 

lighted the need 

tool in such environments. However, 

model in 

to account 

critical input parameters and 

associated with rapidly changing 

mid-latitude mountainous regions. 

the Canterbury region high

for spatial variations in 

the complex interactions 

synoptic scale flows in 
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CHAPTER ONE 

INTRODUCTION 

1.1 RATIONALE 

In the past two to three decades, growing awareness of 

the importance of local airflow patterns to air quality, 

land-use management, weather forecasting, recreation and wind 

energy resource development has spawned a wealth of research 

into the nature of and processes responsible for regional 

windfields. Local circulations such as the land-sea breeze 

and mountain-valley wind, resulting from the interplay of 

thermal and topographic forces, have long been recognised as 

significant components of these windfields. Over the past 

century, local winds have been the subject of numerous 

investigations which have resulted in an extensive liter

ature. Comprehensive reviews of the early literature have 

been compiled by Defant (1951), Flohn (1969) and Munn (1966) 

while Oke (1978) and Atkinson (1981) describe more recent 

developments. In addition to these phenomena, local low 

patterns reflect processes operating at both and 

lesser spatial and temporal scales. For example, local 

airflow may be strongly influenced by the passage of synoptic 

scale circulation features such as anticyclones, depressions 

and fronts. Within a particular regional wind regime, inter

actions between different scales of atmospheric motion result 

in distinctive spat 1 and temporal variations in rflow. 

Despite the considerable attention devoted to local 



2 

circulations such as the sea ze, there is still 

incomplete understanding of the sses and interactions 

which contribute to particular regional windfields. This is 

especially true 

the dynamic inte 

the vicinity of mountainous terrain where 

on of the barrier with the gradient wind 

is likely to complicate local airflow patterns. 

Recent advances in computer technology have resulted 

in increased application of three-dimensional numerical 

models to regional windfield analysis. In view of the 

increasing emphasis on these models as tools to examine the 

underlying processes influencing windfields, it is imperative 

that complementary empirical analysis is used to evaluate 

their performance within a range of environments. The South 

Island of New Zealand with its extensive north-south oriented 

mountain barrier provides an excellent example of an isolated 

topographic feature within an oceanic mid-latitude setting. 

Furthermore, the Canterbury region, characterised by a broad 

flat plain in the lee of the Alps, represents a natural 

laboratory in which to study 

windfields. This setting 

opportunity to evaluate the 

the complexities 

therefore offers 

current generation 

dimensional meso-scale numerical models. 

of 

an 

of 

regional 

unique 

three-

The Canterbury region over the years has become the 

object of increasingly ive wind related research. This 

has been primarily 

interesting nature of the 

stimulated 

windfield, 

by the scientifically 

the agricultural and 

pastoral significance of the area, its wind energy resource 

potential and the air pollution problems experienced by the 

major urban centre, Christchurch. Despite this attention, 

most studies have been general in nature (de Lisle, 1969) or 



have concentrated on particular aspects of nd 

such as the foehn "nor'wester" (Ridson, 1932; Lamb, 1970; 

Tuller, 1977; Surridge, 1980; Reid, 1971). Few studies, th 

the exception of Sturman and Tyson (1981) and 

(1977) have specifically examined the predominant low level 

north-easterly wind, or adopted an holistic approach to wind

field analysis in the region. 

Given the above considerations, the general problem 

with which this thesis is concerned may be regarded as a 

consequence of the following factors: 

(a) There is a poor understanding of the nature of and 

processes responsible for the Canterbury Plains 

wind regime, particularly the strongly diurnal 

predominant low level north-easterly which has few 

parallels in the published literature. The 

apparent interaction of differing sca s of 

atmospheric processes has not only made this regime 

particularly interesting, but also difficult to 

explain. 

(b) There is an incomplete inventory of the environ

ments in which the current generation of 

dimensional meso-scale numerical models have 

general applicability. 

evaluation of 

environments is 

model 

likely 

The verification 

performance in 

to contribute 

complex 

to the 

continued development and increased utility of such 

models. 

In this chapter, the literature related to the various 

elements of regional windfields is reviewed in a general 

manner in order to provide an overview of the subject area. 
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More specific terature reviews are provided in relevant 

chapters. In order to clarify the nomenclature used in this 

thesis, concepts of scale in meteorology and climatology will 

be outlined prior to discussion of the elements of regional 

windfields. The literature review will conclude with a 

discussion of developments in the field of numerical 

modelling as applied to meso-scale circulations. After 

consideration of these objectives in light of the literature, 

the format of the thesis will be outlined. 

1.2 CONCEPTS OF SCALE 

The atmosphere is characterised by phenomena whose 

spatial and temporal scales vary over a wide range. Spatial 

scales are determined by the typical size or wavelength of 

phenomena while time scales represent the typical 1 etime or 

period. Atmospheric features may therefore range from small 

scale turbulence (tiny, shortlived eddies) to the large jet 

streams encircling the earth. In reality, all these phenomena 

form part of a continuum of spatial and temporal scales. 

This provides a likely explanation for the considerable 

disagreement in the meteorological and climatological 

literature regarding the division of atmospheric phenomena 

into particular scale classes (Oke, 1978) 

Most attempts at division of atmospheric phenomena 

into scale classes are based on a combination of the 

horizontal distance scale and a time scale. On this basis, 3 

been generally major scales 

accepted. 

of 

The 

atmospheric 

micro-scale 

motion have 

is concerned with atmospheric 

dynamics with space scales of several metres and time scales 
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of the order of 1 minute. At the oppos end of 

spectrum the macro-scale is dominated by scales greater 

than 1000 km and time scales in the order of 1 week. The 

intermed scale has been defined as the meso-scale and is 

generally considered to include phenomena in the range 1 km -

200 km (Oke, 1978). The scale defini ons and associated 

phenomena are shown in Figure 1.1. The further subdivision 

of each major scale using the Greek suffixes Ct, S, and y was 

suggested by Orlanski (1975) to provide a more precise and 

useful classification. 

In addition to the three-fold division of scale 

described above, two further terms are frequently used in 

weather related studies. Firstly, II synoptic scale" is a 

widely used meteorological term referring to the length scale 

at which features such as anticyclones and fronts are 

apparent (Atkinson, 1981~. Such features typically have a 

temporal scale of 1 day to a week or more and therefore the 

synoptic scale corresponds to an intermediate scale between 

the "meso-S" scale and "macro~ II scale as defined by Orlanski 

(1975). Secondly, "local scale" is often used to describe 

those phenomena with length scales from approximately 100 m 

to 50 km (Oke, 1978). Such features include lake breezes, 

valley fogs, and slope winds and are broadly synonymous with 

the "meso-y II and "micro-a II scales as fined by Orlanski 

(1975). 

Although the scale classes appear somewhat arbitrarily 

defined, empirical evidence does exist for the three-fold 

division. This is found in a number of studies employing 

spectral analysis techniques as pioneered by Panofsky (1955) 

and van der Hoven (1957). These studies have shown two well-
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defined spectral maxima in horizontal windspeeds which are 

interpreted as defining the micro, meso, and macro-sea s. 

Later studies confirm a minimum of energy density on time 

scales from 10 min to 1 day and space scales from 5 50 km, 

corresponding to the meso-scale. However, studies by Goldman 

(1968), Robinson (1967) and Vinnichenko and Dutton (1969) 

have cast doubts on the interpretation of energy spectra 

described above, suggesting that further empirical studies 

are required before the matter is resolved. 

Theoretical support for concepts of scale in meteor

ology has a long history. Jeffreys (1922), in his analysis 

of the equations of motion, produced a three-fold classif

ication of winds based upon their dynamics indicating that 

certain wind types are associated with circulations of 

certain sizes. He demonstraed that if the coriolis term in 

the equations of motion exceeds both the accelerational and 

frictional terms then it is balanced by the pressure gradient 

term resulting in the "geostrophic" wind. If the acceleration 

term balanced the pressure gradient term, winds were referred 

to as "eulerian", while "antitriptic" winds were the result 

of a balance between frictional and pressure gradient forces. 

Charney (1948) extended Jeffreys (1922) work by demonstrating 

that geostrophic flow was primarily associated with large 

scale perturbations such as those manifested in the isobaric 

flow patterns of upper level pressure maps. 

Serious doubts have been expressed 

utility of meteorological scale concepts 

regarding the 

to climatology 

(defined as a statistical treatment of atmospheric phenomena 

within an arbitrarily defined area and time period (Barry, 

1970». For example, Steyn al. (1981) suggest that 
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climatology is involved with spatial and temporal integrals 

of atmospheric processes and tends to be concerned with 

phenomena rather than processes. Hence, the sca of the 

phenomena under consideration determines the range 

examined. A climatological study therefore 

scales 

usually 

integrates processes at scales smaller than the phenomenon 

under study and must consider as forcing functions processes 

at scales ("large scale" refers to large areas in the 

present thesis). General support for the view is provided by 

Barry (1970). 

The present study does not fit comfortably into a 

particular class defined in either meteorological or climat

ological terms. It is concerned with both processes and 

phenomena associated with and contributing to a specific 

regional climate for a particular time period. It incorpor

ates a statistical treatment of atmospheric phenomena and may 

be regarded as having a purely climatological component. 

However, the principle focus of the thesis is an empirical 

and theoretical investigation of processes operating within a 

broad range of scales which are best defined in meteoro

logical terms. Hence, the study may be regarded as meso

scale in scope although it necessarily considers phenomena 

and processes within those transitional scales between the 

micro-scale and meso-scale (the "local l' scale) and the meso

scale and the macro-scale (the llsynoptic" scale). Atmospheric 

scale concepts are therefore referred to in these terms while 

"local" and "regional", which may be regarded as analogous to 

the "local" and "meso-B" meteorological scales, are used when 

referring to the topography of the Canterbury Plains and 

South Island respectively. 
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1.3 OF REGIONAL 

Regional windfie1ds, particularly in areas of land

water and topographic contrast, result from the interaction 

of processes at a range of spatial and temporal scales. 

Synoptic scale effects on the local windfield may result from 

the passage of such circulation features as anticyclones, 

depressions and fronts. At lesser scales both dynamic and 

thermo-topographic effects frequently combine to complicate 

regional windfields. 

barrier and channelling 

Dynamic effects include a variety of 

effects which may be induced by 

obstacles ranging from mountain chains to micro-scale 

features such as plants and buildings. Thermo-topographic 

effects resulting from differential heating include land and 

sea breezes, slope and valley winds, and urban circulations, 

all of which exist at a range of scales. 

1.3.1 Dynamic Influences 

It has long been recognized that major mountain ranges 

such as the Andes, Rock s and Himalayas may significantly 

disturb not only regional airflow, climate and pressure 

patterns but also large scale general circulation features. 

Particular effects of mountainous terrain include the gener~ 

ation of vertically and horizontally propagating mountain 

waves, downslope winds, lee cyclogenesis, pressure field 

distortion, forced planetary scale waves, thermally-induced 

circulations and precipitation. The diverse and extensive 

literature associated with some of these phenomena has been 

reviewed by Smith (1979), Atkinson (1981), Barry (1981) and 

Yoshino (1981). In this section, two dynamic effects 
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associated with 

relevance to this 

mountainous terrain and of particular 

study are discussed. These are the 

deformation of surface pressure patterns and the incidence of 

downslope winds. In addition, reference is made to the more 

general e ects of friction which have important implications 

for windfield analysis. 

1.3.1.1 Pressure Pattern Deformation 

Over twenty years ago various researchers including 

Hess and Wagner (1948), Petterssen (1950; 1955; 1956) and 

Bolin (1950) suggested a general orographic effect consisting 

of the generation of anticyclonic vorticity on the windward 

side of a mountain chain with cyclonic vorticity in the lee. 

This effect, attributed to the compression of the air layer 

passing over the mountain barrier, is shown in Figure 1.2a 

and may be expressed in terms of the equation of conservation 

of potential absolute vorticity. Bolin (1950) has suggested 

that for westerly flow over a north-south barrier there 

exists a critical current velocity which allows air to flow 

over the barrier. The amount of horizontal deflection of the 

airstream as an air current ascends the windward slope was 

shown to vary depending on the current velocity Sturman 

(1977) extended these notions by 

dimensional variability of flow 

representation of the orographic e 

considering the three

direction and speed. His 

ect of a north-south 

barrier under a westerly current in the southern hemisphere 

is shown in Figure 1.2b. Important features the simple 

schematic model are: 

(a) Orographic deflection decreases with height due to 

increased windspeeds and less mountain mass 
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(trajectories 3 and 4 in Figure 1.2b). 

(b) Greatest compression of air layer and deflection of 

flow occurs in the lowest layers (trajectories 1 

and 2). 

(c) Air not passing over the barrier will be d lected 

equatorward parallel to the barriers (trajectories 

land 2). 

(d) In the lee, compensatory flow may occur parallel to 

the barriers at low levels. Depending on the 

thermodynamic stability of the original air 

current, upper level flow may descend to the 

surface on the lee side (thus eliminating the lower 

level inflow at 5 in Figure 1.2b). 

Marked pressure distortions are associated with the 

general orographic disturbance to flow described above. This 

effect is characterised by the development of hydrostatically 

induced high pressure to the windward side of the barrier and 

low pressures in the lee. The associated lee trough is often 

referred to as a "foehn nose" in reference to its link with 

the foehn wind and the appearance of surface isobaric 

patterns (Beer, 1975; Smith, 1979). Several examples of the 

effect of major mountain ranges on the pressure f Id were 

described by Smith (1982). Included was an example of the 

Southern Alps of New Zealand during a severe downslope wind 

storm on 1 August, 1975 showing the characteristic lee trough 

or foehn nose (Figure 1.3). 

A more subtle and less studied e ect of mountain 

barriers on the regional pressure distribution is to induce 

spatial variations in the amplitude and phase the 

thermally-induced diurnal pressure wave. The nature such 
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The Surface Isobaric Pattern Around New Zealand During 
a Severe Dovmslope h'ind Storm on 1 August 1975. 
(from Hill,1979) 
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tides was examined by Chapman and Lindzen (1970). The net 

result of such spatial variations in the diurnal pressure 

wave is the development of variations in local pressure 

gradients which often produce periodic airflow patterns. 

This affect has been noted by Longley (1969) in western 

Canada. Between Calgary and Banff, the horizontal pressure 

difference typically changes by 1.2mb in the period from 

early morning to midafternoon. 

diurnal variation in winds at 

This results in a marked 

Calgary Airport whereby 

nocturnal north-westerlies are frequently replaced by daytime 

south-easterlies. A similar process has been shown to 

contribute to the diurnal periodicity of north-easterly flow 

on the Canterbury Plains (Trenberth, 1977) and possibly to 

low level north-easterly flow in the Latrobe Valley, 

Australia (Hoy, 1984). In a similar study, Wales-Smith 

(1984a, b) has investigated airflow patterns over Cyprus 

using mean monthly mean sea level pressures at 3-hourly 

intervals to describe purely diurnal pressure gradients and 

winds. Utilising a model of the seasonal lee pressure trough 

induced by the Turkish mountains, Wales-Smith (1984b) 

described resultant pressure and flow patterns by day and 

night and at times when no thermally-induced pressure 

gradients existed. 

1.3.1.2 Downslope Winds 

Lee-side downslope winds, like lee waves and the 

deformation of pressure patterns, are primarily the result of 

the obstacle-effect of mountain systems. These winds, by 

definition, are experienced in 

topography responsible for their 

close proximity to the 

formation. Despite their 
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strength, the studies of downslope winds have emphasised 

their distinctive temperature and humidity characteristics. 

As a consequence, these characteristics have provided the 

generic terms for downslope winds; the warm dry "foehn" and 

the cool dry IIbora". Many observational studies of downslope 

winds from throughout the world appear in the literature. 

Comprehensive bibliographies have been compiled by Stepanova 

(1951) and Yoshino (1972). 

Climatological studies of downslope winds are few and 

comparisons from place to place are difficult due to the use 

of different criteria for identifying them (Atkinson, 1981). 

In Canterbury, Kidson (1932), Lamb (1970) and Surridge (1980) 

have noted that the foehn "nor'wester" frequently invades the 

entire plains (average width 40km). This is in contrast with 

studies such as Brinkmann (1974) in Colorado where the down

slope winds were observed to be very localised. 

1.3.1.3 Fricti ts 
~~~~~=-~~~~ 

A final dynamic influence worthy of note is the weI 

documented effect of friction in the planetary boundary layer 

(PBL) . Near the ground surface, the wind is reduced and 

inclined toward low pressure by an amount that depends on the 

land surface. Over the sea, the surface wind may be reduced 

to approximately 

deflected l5~25° 

two-thirds of the gradient 

from parallel to the isobars. 

speed and 

OVer rough 

ground, surface wind may be only one half of the gradient 

speed and deflected up to 45 0 from the isobars. As a 

consequence of this effect, onshore gradient winds may be 

associated with significant low level convergence as air 

crossing the land-sea boundary is reduced in speed and 
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deflected to the ght (in the southern hemisphere). Above 

the surface, frictional e ects are reduced and flow returns 

to the gradient flow at approximately lkm via the Ekman 

spiral (Petterssen, 1958). 

1.3.2 Effects 

Differential surface heating is directly responsible 

for a suite of meso-scale circulations collectively referred 

to by Jeffreys (1922) as antitriptic winds. Such winds 

resulting from a balance of pressure gradient, gravity and 

frictional forces are characterised by airflow normal to 

isobars. Two such circulations are the land-sea breeze and 

slope and valley wind circulations. 

1.3.2.1 The Land-sea Breeze 

The land-sea breeze, a diurnally reversible circul

ation resulting from differential heating between land and 

water, is perhaps the best understood and most extensively 

documented of all meso-scale circulations. Early theoret

ical works include those of Jeffreys (1922), Haurwitz (1947, 

1959), Schmidt (1947) and Wexler (1946). Subsequently, an 

extensive literature has developed incorporating both 

theoretical and observational studies. 

A multitude of observational studies have documented 

features of the classical sea breeze throughout the world. A 

comprehensive bibliography of sea breeze studies is provided 

by Jehn (1973) while Atkinson (1981) has reviewed both 

observational and theoretical developments. Numerous studies 

in low latitudes include examples from India (Ramanathan, 

1931; Rao, 1955) and north-west Arabia (Steedman and Ashour, 
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1976). A substantial literature has also developed on the 

mid latitude sea breeze (Yoshikado, 1981; Physik, 1982; 

Barbato, 1978), while it is also probable that sea breezes 

occur in high latitUdes as shown by Moritz (1977) near 

Barrow, Alaska. With such an extensive literature it is not 

surprising that the climatology of the sea 

known. For example, variations in velocity, 

ze is well 

on, onset 

and cessation, inland penetration, depth, temperature and 

humidity characteristics of the sea breeze are well

documented at a variety of locations. 

Despite the considerable attention devoted to study of 

the sea breeze, few researchers have examined interactions of 

the true sea breeze or a sea breeze effect with other 

circulations of varying scales. 

exceptions. Schroeder et al. 

There are several notable 

(1967) discussed the super-

imposition of the sea breeze on the low level Pacific Coast 

Monsoon in the western United States. Similarly, Sumner 

(1982), in Tanzania, showed that sea and land breezes are 

superimposed on and interact with the prevailing trade wind 

circulation to produce different timings of rainfall, 

diurnally and seasonally. Kemp (1977) has also observed the 

interaction between sea breeze and synoptic scale components 

over the sh Sea. Here, marked backing of synoptic scale 

west and north-west winds results from differential heating 

over land and sea. 

In addition to the above interactions, a variety of 

studies have investigated patterns of sea breeze convergence. 

A large number of these studies are theoretical and stem from 

the development of three-dimensional numerical meso-sca 

modelling in recent years. For example,Pielke (1973, 1974a) 
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has investigated sea breeze convergence over south Florida 

while McPherson (1970) examined the effect of coastal 

irregularity on the sea breeze. Edinger and Helvey (1961) 

provide an example from the San Fernando Valley, California 

where two sea breezes from different gins on the coastline 

meet, producing a zone of convergence. 

The extensive literature related to both empirical and 

numerical prediction of the sea breeze is discussed in 

Chapter 4. 

1.3.2.2 Complex Terrain 

Winds generated by the presence of sloping topography 

have long been recognised as contributing strongly to 

regional wind climates. These winds result from the 

development of horizontal temperature, pressure and density 

gradients associated with the heating of slopes in comparison 

with free air at the same elevation. 

Slope winds are known to exist within an hierarchy of 

scales. At the smallest scale are the anabatic and katabatic 

winds which may occur on individual slopes. On the Canterbury 

Plains the high frequency of wintertime nocturnal katabatic 

flow has been noted by Ryan (1975). Secondly, the aggregation 

of slopes is responsible for up and down valley wind systems. 

Thirdly, Tyson and Preston-Whyte (1912) recognised a further 

system over the uplands of Natal, South Africa comprising 

mountain-plain and plain-mountain winds with horizontal 

dimensions of the order of 100 200km. These winds were 

observed to occur above ridge level with depths reaching 

800m. Nocturnal velocities of the order of 4 ms- l and day-

time velocities of about 2 ms- l were observed. Tyson and 
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Preston~Whyte (1972, p.649) indicate these meso-scale 

features "frequently have a regional significance as 

important as that of the general rculation". 

Observations and theoretical developments relating to 

slope and valley wind circulations are reviewed by Atkinson 

(1981) while the numerous general treatments include those of 

Defant (1951) and Flohn (1969). Significant recent develop

ments in relation to meso-scale windfields include several 

numerical modelling experiments which examine interactions 

between land-sea breezes and meso-scale winds induced by 

coastal mountains. For example, numerical studies by Mahrer 

and Pie Ike (1977a), Schultz and Warner (1982), Asai and 

Mitsumoto (1978) and Kikuchi et ale (1981) all suggest 

considerable modification of land and sea breezes in the 

vicinity of mountains with a tendency toward a synergistic 

effect between the coincident sea breeze and mountain-valley 

(or mountain-plain) circulations. 

Various studies have described the effects of thermal 

forcing on low level airflow in regions of both land-sea and 

topographic contrast. In an early study, Frenzel (1962), 

showed that the low level diurnal circulation in the San 

Francisco Bay and Central California Valley area results 

primarily from the di erential heating between land and 

water, the diabatic heating of sloping terrain and the 

constraining influence of the topography. Recent studies 

elsewhere lend considerable support to the notion that 

regional windfields may be strongly influenced by the 

combination of sea breeze and mountain-plain type 

circulations. In Venice, Camuffo et ala (1979) suggest that 

regional winds are influenced by a combination of large scale 
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and local effects associated with the Alps, the plain, the 

lagoon and the Adriatic Sea, while in Rome, Calacino and 

Dell'Osso (1978) cite the city, the sea and the topography as 

the principal components influencing the local atmospheric 

circulation. In western Washington State, Mass (1982) has 

shown the interaction between the sea breeze and mountain

valley (or mountain-plain) circulation to be responsible for 

a strong diurnal variation in the region's low level wind 

field which influences cloudiness and precipitation. 

1.4 MODELLING OF REGIONAL WINDFIELDS 

1.4.1 Modelling Approaches 

1.4.1.1 Numerical Models 

Prior to the 1950's theoretical examination of meso

scale circulations was constrained by the need to linearize 

the atmospheric equations of motion in order to ease their 

solution. Many of the early analytical treatments focussed 

on the ubiquitous sea breeze and included the work of 

Haurwitz (1947), Defant (1950), Schmidt (1947) and Smith 

(1955, 1957). However, the advent of the high speed computer 

facilitated the solution of the more realistic non-linear 

equations of motion by numerical methods Since the earliest 

numerical simulations in the late 1950's there has been a 

proliferation of such studies. General reviews of the 

developments in this field are provided by Pielke (1981a) and 

Atkinson (1981, 1983). 

Within the myriad 

types of models can be 

of numerical studies, two major 

identified. The types of numerical 
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models used in meso-scale meteorology are summarised in 

Figure 1.4. Firstly, the majority of studies are associated 

with prognostic numerical models. These offer time-dependent 

solutions to the prognostic equations and hence the abi ty 

to forecast changes in ai low patterns. The second type of 

numerical model is referred to as "diagnostic". These 

provide a simplified representation of surface ai low 

patterns, particularly in regions of complex terrain, without 

the computing expense associated with prognostic models. 

Typically, diagnostic models have only one layer in the 

vertical and provide a single predicted windfield after a 

series of approximations in which new physical effects are 

superimposed on previous solutions. Hence, they are not used 

to forecast forward in time through integration of the 

conservation relations (Pielke, 1981a). Examples of such 

models include those of Fosberg et ale (1976), Rhea (1977) 

and Danard (1977). Pielke (198la) suggests that diagnostic 

models are most effective when sufficient observational data 

is available to satisfy the considerable input requirements. 

For example, in the model described by Fosberg (1976), 

temperature, pressure, elevation and roughness length of the 

underlying surface are required to initialise all computat

ional points in the model domain. 

In regard to the more widely utilised prognostic 

models, Atkinson (1983) identifies two further subtypes. The 

first is a group of models concerned primarily with turbulent 

motion within the planetary boundary layer. These are 

represented by the work of Deardorff (1970, 1974), Shaffer 

and Long (1973), Long and Shaffer (1975) and Orlanski ale 

(1974). The second class of model is principally concerned 
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This class may be differentiated into 

meso-scale flows involving the 

with airflow patterns. 

those general models 

planetary boundary layer, and particular meso-scale models 

related to either sea breeze, urban circulation or slope and 

valley wind prediction (Atkinson, 1983). General meso-sea 

models include several based on the early work of Estoque 

(Estoque and 

1977~ Alpert 

Gross, 1981; Kozo, 1982; Doran and Neumann, 

et al., 1982), a model developed at the 

University of Pennsylvania (Anthes et al., 1980 and Anthes et 

al., 1982) and Tapp and White's (1976) non-hydrostatic model. 

The most widely known of the "particular meso-scale models ll 

is that of Pielke (1974a). This three-dimensional model was 

developed primarily to investigate sea breezes in the 

vicinity of south Florida. Subsequently, the model has been 

generalised to include terrain effects (Mahrer and Pielke, 

1977a) and used for applied purposes in a variety of environ

ments. 

Of the three-dimensional models described above 

Pielke's model is perhaps best suited to windfield analysis 

in regions of complex terrain. The economical "mixed layerll 

model of the University of Pennsylvania has been shown to 

have distinct limitations, when run with realistic terrain 

and strong surface heating (Anthes et al., 1980; Anthes et 

al., 1982), while Tapp and White's (l976) model has been 

developed primarily for insertion into an hemispherical 

forecast model. 

1.4.1.2 Hardware Models 

There are few instances of hardware models in the 

literature concerning meso-scale ai lows. Atkinson (1981) 
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attributes this dearth of stud s to the remarkable success 

of the theoretical investigations described above. It is 

likely that the scaling problems associated with such models 

also contribute to their lack of use. However, two recent 

examples of their application suggest that these models 11 

have an important role to play in meso-scale airflow studies. 

Wales-Smith (19B4a) successfully used a simple wind tunnel 

model to simulate airflow patterns over Cyprus while Manins 

(19B3) used a scale water tank model to simulate thermally 

stably stratified flow over Victoria, Australia. The latter 

experiments suggested that low level easterly flow in the 

Latrobe Valley under north-westerly gradient flow may be 

attributed to a large anticyclonic eddy in the lee of the 

Great Dividing Range. 

1.4.1.3 Empirical Models 

Numerous empirically based prediction models are found 

in the literature on meso-scale airflows. These are 

frequently associated with attempts to predict the occurrence 

and characteristics of sea and lake breezes using statistical 

approaches. For example, Lyons (1972) used an empirical 

approach developed by Biggs and Graves (1962) to develop a 

forecasting technique for the Chicago lake breeze. In a more 

complex study, Ryan (l977) adopted an empirically based 

mathematical approach to predict surface winds in the San 

Bernadino Mountains of southern California. This model 

integrated such components of the resultant wind as the 

mountain-valley wind, slope wind, land-sea breeze, larger 

scale wind systems and the sheltering effect of topography. 
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1.4.2 Application of Prognostic Numerical Models 

Sea and land breezes have been the most frequently 

studied meso-scale phenomena using numerical techniques. 

Pielke (1981a) attributes this to the geographically fixed 

and repetitive nature of the phenomenon. The first example 

of two-dimensional non-linear numerical modelling of the sea 

breeze was undertaken by Estoque (1961, 1962) and was 

followed by numerous others including Fisher (1961), Neumann 

and Mahrer (1971), Moroz (1967), Physik (1976) and Dalu 

(1978). These studies are detailed in Atkinson (1981). 

The first three-dimensional study of the sea breeze 

was carried out by McPherson (1970) in a simulation of the 

effects of a square bay on sea breeze development. This 

study illustrated the development of an asymmetrical 

circulation which was attributed to the coriolis effect. 

Further three-dimensional studies of the sea breeze were 

reported by Pielke (1974a), Warner et al. (1978), Hsu (1979), 

Carpenter (1979) and Kikuchi et al. (1981). The advantages 

of three-dimensional models over their two-dimensional 

counterparts are described by Pie Ike (1974b). 

Numerical models have also been applied to thermally

induced windfields in regions of irregular terrain. For 

example, Mahrer and Pielke (1977a) examined the diurnal 

variability in airflow over the Sacramento and San Andreas 

Mountains of New Mexico during summer. The interaction 

between sea and land breezes and mountain-valley winds has 

also been simulated for mountainous coastal regions. These 

include studies by Mahrer and Pielke (1977b), Ookouchi ~e~t-== 

(1978), Asai and Mitsumoto (1978) and Segal et al. (1983), 

and suggest that interactions between the sea breeze and 
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mountain-valley circu ions are quite complex and not a 

simple superimposition of the two. 

Finally, numer 1 techniques have been applied to the 

investigation of forced airflow over mountains. Such studies 

include those of Hoverma (1965), Klemp and Lilly (1978), 

Mahrer and Pielke (1978) and Anthes and Warner (1974). A 

disadvantage of hydrostatic models such as that used by 

Mahrer and Pielke (1978) in investigating airflow over 

complex terrain is their inability to realistically simulate 

lee waves which may propogate downstream. Only those forced 

waves associated with the underlying topography are simulated 

(Pielke, 1981a). 

1.5 AIMS AND APPROACHES 

Despite the considerable attention devoted to regional 

windfield analyses in the literature, it is possible to 

identify several deficiencies which have important 

implications for the aims and approaches of the present 

thesis. 

In view of the emphasis in the literature on the 

investigation of particular meso-sea phenomena ten in 

continental, tropical, or subtropical regions), and the 

dearth of studies low level airflow in the lee of major 

mountain barriers, it is likely that the Canterbury Plains 

wind regime exhibits many characteristics which are not 

described elsewhere. Although there have been several local 

studies, many aspects of this regime are poorly understood. 

Trenberth (1977) and Sturman and Tyson (1981) have expressed 

a need to investigate the complexities of the Canterbury 
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windfield, particu ly the climatology of and processes 

responsible for the predominant low level north-easterly 

which develops in opposition to the general undisturbed flow. 

The New Zealand Meteorological Service has also indicated as 

an important research objective the identification of the 

relative roles of thermal and dynamic forcing in contributing 

to the wind regime (Steiner, 1984, pers.comm.). 

Internationally, the SUbstantial literature devoted to 

particular meso-scale phenomena suggests a more holistic 

approach to windfield analysis is appropriate. Mass has 

noted the considerable value in defining and understanding 

the interactions between diurnal wind circulations in areas 

of complex terrain and land-water contrast. He suggested 

that regional studies would produce a useful increase in 

forecasting and nowcasting skill. Furthermore, after 

completing observation studies, they would also initiate the 

next step of "regional meso-scale models capable o£ 

simulating not only the thermally forced diurnal circulations 

but their interaction with the larger scale as well" (Mass, 

1982, p.182). Such an empirical approach is particularly 

important in view of the increasing emphasis placed on three

dimensional numerical models which may simulate several 

interacting processes in a single run. In this context, no 

attempts are apparent in the literature to evaluate the 

performance of the current generation of three-dimensional 

numerical models in a setting such as that found in the South 

Island of New Zealand. 

On the basis of these considerations the principle 

objectives of this study may be summarised as follows: 
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(a) To scribe in detail the spatial and temporal 

variations in the Canterbury Plains surface wind 

regime (particular empha s is placed on the day

time surface regime while reference is made where 

appropriate to upper level flow patterns). 

(b) To investigate the role of dynamic and thermo

topographic forcing mechanisms in contributing to 

this regime. 

(c) To assess the utility of the three-dimensional 

Colorado State University Meso-scale Model 

(formally the Oniversity 

Model as developed by 

of Virginia Meso-scale 

Pielke) 

thermally and dynamically-induced 

flow on a coastal plain in 

mountain barrier. 

in investigating 

low level air

the lee of a major 

To achieve these objectives, an approach incorporating 

both empirical and theoretical techniques within a comple

mentary framework has been adopted. Hence, detailed 

description of the windfield by extending the existing 

observational network not only provides a valuable climat 

ology of the region but also facilitates the initialisation, 

verification, and evaluation of the model. Similarly, 

adoption of a modelling approach enables the detailed 

investigation of isolated processes and phenomena which is 

not possible in the natural environment. 
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1.6 IS FORMAT 

The format of this thesis is a logical consequence of 

the aims and approaches described above. Following this 

introduction, Chapter 2 introduces the study area and 

outlines the methods and techniques employed the data 

collection programme. The next three chapters comprise an 

empirical investigation of the Canterbury Plains wind regime. 

In Chapter 3, a kinematic approach is adopted to analysis of 

spatial and temporal variations in the wind regime. Chapter 

4 investigates the effects of local thermal forcing on the 

plains and considers the thermal properties of the 

predominant low level north-easterly, while in Chapter 5 the 

regional wind regime is examined in relation to the inter

action between the Southern Alps topography and synoptic 

scale circulation features. In Chapters 6, 7 and 8, a 

modelling approach to windfield analysis is adopted. The 

model is described in Chapter 6, used to investigate local 

thermal forcing on the plains in the absence of significant 

topography in Chapter 7 and is applied to an examination of 

the interaction between regional topography, gradient airflow 

and thermal forcing in Chapter 8. The final chapter provides 

a summary of conclusions and suggests possible avenues for 

future research. 

During preparation of this thesis some material has 

already been published. For example, an outline of spatial 

and temporal variations in the Canterbury ains wind regime 

(Chapter 2) is presented in McKendry (1983, 1984) and 

McKendry and Sturman (1983), while some case study results 

are presented in Sturman and McKendry (1984). 
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CHAPTER TWO 

THE STUDY AREA AND DATA COLLECTION 

2.1 GENERAL BACKGROUND 

2.1.1 Physiography 

The Canterbury Plains slope gently to the eastern 

coast of the South Island from the Southern Alps which rise 

to over 3000m to the north-west (Figure 2.1). The plains 

average 40km in width and extend l50km along the coast from 

the hills of North Canterbury to the Hunters Hills in the 

south. Banks Peninsula, an eroded volcanic landform reaching 

heights of approximately 900m separates the Canterbury 

coastline into two distinct sections of markedly different 

orientation. 

2.1.2 The Climate of Canterbury 

The South Island's mid-latitude, oceanic location 

places it in the path of a regular_ procession of eastward

moving anticyclones and frontal systems, exposing the region 

to predominantly westerly winds. However, the wind climate 

of Canterbury is strongly influenced by the north-east/ 

south-west orientated Alps which form a barrier to the mid

latitude westerlies. This effect results in winds below 

approximately lOOOm having 

east of 

a 

westerly component 

Figure 2.2 by the mean annual 

north-easterly or south

the ranges. This is shown in 

wind frequency of surface 

directions at Christchurch International Airport (hereafter 



170"E 175°E 

FIGURE 2.1: 

AIRP'pRT 
-.1" 

~=~" --- -,., 
-==-~ (CHR1STCHUR~ ~ 

Oblique View of the canterbury Region Illustrating Major Topographic Features 
ana the Location of Places Mentioned in the Text (Mooified from Sturman ana Tyson,1981) 

W 
I-' 



32 

m.s- I 
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referred to as Christchurch Airport). 

The alpine barrier effect influences Canterbury's wind 

climate in several important ways. Firstly, airflow over the 

barrier is responsible for the warm, gusty, foehn "nor' 

wester" described by Kidson (1932), de Lisle (1969) and Lamb 

(1970). A second important effect of the mountains is to 

deform the surface pressure field under strong north-westerly 

situations such that lower level airflow funnelled through 

Cook Strait to the north recurves into the Canterbury coast 

north of Banks Peninsula. This is in response to a pressure 

gradient directed toward the lee of the Alps (de Lisle, 

1969). Trenberth (1977) extends this notion by suggesting 

that the prevailing north-easterly in Canterbury is in fact 

an enhanced meso-scale sea breeze. The effect is attributed 

to an "interaction between the strong orograph distortion 

of the gradient wind flow by the Southern Alps, which under

goes diurnal changes associated with changes in atmosphere 

stability, and the sea breeze type thermal forcing associated 

with diurnal heating"{Trenberth, 1977, p.339). Thirdly, the 

Southern Alps are responsible for the modification of 

synoptic scale circulation features. For example, Watts 

(1947), Garnier (1958) and Sevele (1969) have noted that the 

barrier e ect the mountain chain frequently retards the 

movement of cold fronts across the South Island~ Similarly, 

Watts (1947), Sevele (1969) and Browne (1975) indicate that 

orographic effects often lead to the formation of new cells 

of high pressure to the east of the South Island. Such 

features may be post-frontal {Sevele, 1969~ or associated 

with an anticyclone in the Tasman Sea extending a ridge of 

high pressure across the South Island. within this ridge a 
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secondary anticyclone to the east of the South Island 

invariably forms. Meanwhile, the original centre remains 

slow moving and eventually loses intensity (Browne, 1975). 

In addition to the low level 'trough-induced' north

easterl s, two local thermo-topographic circulations have 

been identified in the regional wind regime. These consist 

of the sea breeze, and a light nocturnal westerly which is 

well developed in winter. The latter may be regarded as a 

land breeze augmented by a light mountain wind blowing 

seaward and katabatic flow down west/east trending alpine 

valleys (Sturman and Tyson, 1981). 

The diurnal variation of atmospheric stability is a 

factor which strongly contributes to diurnal patterns in 

airflow (Oke, 1978). In Canterbury this effect is partic

ularly marked during winter when light winds and clear skies 

associated with anticyclones frequently occur. In these 

situations, increased nocturnal stability, resulting from 

strong night cooling and the development of inversions, 

inhibits the downward transport of horizontal momentum with 

the result that the surface layer becomes partially decoupled 

from that above and winds near the ground subside. The 

influence of stable conditions on local airflow is therefore 

likely to be greatest by night and in winter and least by day 

and in summer (Ryan, 1977). 

Other climatic parameters are also strongly influenced 

by the topography and location of the Canterbury Region. 

These are apparent when climatological summaries are compared 

for Christchurch Airport and Hokitika on the west coast 

(Table 2.1). The most striking difference between the two 

locations is in precipitation. High rainfall on the west 



TABLE 2.1: Climatological summaries for Christchurch Airport and Hokitika 

CHRISTCHURCH AIRPORT 

RAINFALL. MILLIMETRES 
Highest Monthly/Annual Total 
Normal 

TEMPERATURE. DEGREES CELSIUS 
Mean Monthly/Annual Maximum 
Mean Maximum 
Normal 
Mean Daily Minimum 
Mean Month1v/Annual Minimum 

PRESSURE. MILLIBARS 

PERIOD 

1943-1979 
1941-1970 

1953-1979 
1953-1979 
1941-1970 
1953-1979 
1953-1979 

JAN 

110 
46 

32.1 
22.0 
16.6 
12.0 
6.2 

Mean Monthly/Annual QNH 1954-1979 1013 
Mean Monthly/Annual Minimum QNH 1960-1979 992 

HOKITIKA AIRPORT 

RAINFALL. MILLIMETRES 
Highest 
Normal 

Total 

TEMPERATURE. DEGREES CELSIUS 
Mean Monthly/Annual Maximum 
Mean Daily Maximum 
Normal 
Mean Daily Minimum 
Mean Monthly/Annual Minimum 

PRESSURE. MILLIBARS 
Mean Monthly/Annual QNH 

PERIOD 

1963-1979 
1941-1970 

1963-1979 
1963-1979 
1941-1970 
1963-1979 
1963-1979 

1900-1979 
Mean Minimum QNH 1964-1979 

JAN 

478 
231 

23.2 
19.2 
15.1 
11.4 
6.6 

1013 
996 

FEB 

144 
43 

31.8 
21.9 
16.5 
11. 7 

5.9 

MAR 

178 
53 

APR MAY 

199 
56 

198 
81 

JUN 

168 
56 

29.2 25.9 21.2 17.9 
19.9 17.3 13.8 11.1 
14.6 11.7 8.7 5.9 
10.4 7.1 3.9 1.1 
3.7 0.8 -2.0 -4.0 

JUL 

181 
61 

17.2 
10.4 
5.4 
0.8 

-4.3 

LAT. 43 29S LONG. 172 32E HT. 30 M 

AUG 

149 
53 

19.5 
11.9 
6.7 
2.0 

-3.2 

SEP 

120 
43 

21.6 
14.2 
9.1 
4.2 

-1.6 

OCT 

137 
43 

25.3 
16.8 
11.5 
6.4 
0.1 

NOV 

140 
43 

27.7 
19.2 
13.8 
8.5 
2.3 

DEC 

149 
48 

30.0 
20.6 
15.2 
10.7 

4.9 

YEAR 

987 
626 

33.4 
16.6 
11.3 
6.6 

-4.6 

1015 1016 1015 1013 1013 1014 1014 1014 1012 1011 1011 
995 994 998 990 990 987 988 987 989 989 990 

1013 
987 

FEB 

324 
251 

23.4 
19.7 
15.4 
11. 7 
6.6 

1016 
1001 

MAR APR MAY 

399 
239 

23.3 
19.0 
14.5 
11.2 
5.4 

376 
234 

502 
272 

20.7 17.6 
16.8 14.1 
12.0 9.8 
8.5 5.4 
2.9 -0.2 

1017 1016 
999 992 

1015 
991 

JON 

374 
229 

JUL 

365 
241 

15.7 15.4 
12.2 11.8 

7.5 7.1 
3.0 2.7 

-1.2 -1.3 

1014 
993 

1014 
993 

LAT. 42 43S LONG. 170 59E HT. 39 M 

AUG 

430 
236 

16.5 
12.6 

8.0 
3.7 

-0.9 

1015 
989 

SEP 

480 
239 

17.9 
13.9 

9.6 
5.5 
0.1 

1015 
990 

OCT NOV DEC 

492 
257 

18.3 
14.8 
10.9 
6.9 
1.4 

1014 
993 

482 
277 

20.5 
16.5 
12.2 

B.6 
3.6 

1012 
993 

458 
234 

22.0 
18.2 
13.9 
10.3 
5.0 

1012 
992 

YEAR 

3281 
2940 

25.0 
15.7 
11.3 

7.4 
-2.0 

1015 
991 W 

lJ1 
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coast may be attributed to the forced ascent of the moist 

westerlies over the mountain 

may 

barrier while Canterbury's 

be attributed to the rain-comparatively low rainfall 

shadow effect of the Southern Alps. Air temperatures also 

show major differences. For the months April-September 

temperature normals are higher at Hokitika indicating a 

winter maritime influence. Garnier (1958) att butes the 

occasional high temperatures and low humidities in Canterbury 

to the foehn effect while Ryan's (1980) suggestion that 

katabatic flows and clear anticyclonic conditions promote 

strong night cooling is clearly reflected in a comparison of 

winter minimum temperatures. The distortion of pressure 

patterns by the Southern Alps is shown in a tendency for 

higher pressures at Hokitika throughout the year. 

In summary, the climate of Canterbury may be regarded 

as a consequence of its mid-latitude oceanic location and its 

position in the lee of a formidable mountain barrier. 

2.2 DATA COLLECTION 

2.2.1 Data Requirements 

The dual nature of this study involving the complemen

tary objectives of empirical investigation of surface airflow 

on the Canterbury Plains and the verification, application 

and evaluation of a three-dimensional meso-scale model, 

resulted in the adoption of two approaches to data 

collection. Firstly, continuous monitoring of surface-based 

climatic parameters at several locations was required to 

ci1itate analysis of the regional windfie1d. Secondly, 

discrete intensive studies were required to provide the data 



necessary for the initia 

three-dimensional numerical 

sat ion 

model. 

and 
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verification of the 

This included both 

vertical and horizontal components of the windfield and 

initial vertical profiles of temperatures and humidity. 

As for many other regions of the worl~ there exists a 

large body of historical and contemporary data derived from 

standard meteorological observations for the Canterbury area. 

For example, windspeed and direction, and temperature and 

humidity are recorded continuously at several sites on the 

Canterbury Plains while daily radiosonde and 6-hourly 

rawinsonde soundings are carried out from Christchurch 

Airport. These data were generously made available by the 

New Zealand Meteorological Service and 

erable existing data base for the 

provided a consid

study. However, the 

spatial distribution of Meteorological Service observations 

necessitated the augmentation of this network to facilitate 

windfield analysis. This is discussed in subsequent 

sections. 

2.2.2 Data Used in this Study 

Several sets of data were used in the investigation of 

the Canterbury Plains windfield (locations are shown in 

Figures 2.1 and 2.4). These may be summarised as follows: 

(a) Christchurch Airport data for the period April 1967 

to March 1972 were used in a preliminary analysis 

of north-easterly characteristics. The analysis 

was based on hourly observations windspeed and 

direction, classifications of surface synoptic 

charts and 6-hourly pilot balloon ascents. 
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(b) Available computer coded Meteorological 

hourly wind data were used to investigate spatial 

and temporal variations ln the Canterbury Plains 

wind regime. These data are outlined in Table 2.2 

and were described by McKendry (1983). 

TABLE 2.2: Available Coded Meteorological Service Hourly Surface Wind Data. 

Station 

Christchurch Airport 
Winchmore 
Bromley 
Lyttelton Harbour 
Timaru Airport 
Lincoln 

Hourly surface 
wind speed and 
direction data 

1/1/65-31/12/78 
1/8/70-31/12/75 
1/4/67-31/3/72 
1/6/74-30/4/77 
1/1/77-31/12/80 
Oct-April 1969-80 
July, August, 
Sept 1978 
Sept 1979 

Missing data 
Anemograph 
Type 

Munro 
Dines 
Dines 
Munro 
Munro 
Lambrecht 

(c) Hourly windspeed and direction data recorded at 

addi onal s during the intensive study period 

(January 1982-August 1983) were used to augment the 

data source outlined in (b) above. These data are 

summarised in Table 2.3. 

TABLE 2.3: Summary of Continuous Surface Observations Recorded Specifically 
for the Present Study. 

Hourly Windspeed Greendale 
and direction West Eyreton 

Leeston 
Methven 

(direction only) Woodend 

Air Temperature Bromley 
(Screen) Courtenay 

Relative Bromley 
Humidity Courtenay 
(Screen) 

Period of 
Data 

6/4/82-31/8/83 
23/7/82-31/8/83 
4/3/82-31/8/83 

18/9/82-25/2/83 
17/7/82-31/8/83 

19/8/82-31/8/83 
25/8/82-31/8/83 

19/8/82-31/8/83 
25/8/82-31/8/83 

Missing Instrument 

20/5/83-16/6/83 Lambrecht 
Lambrecht 

16/7/83-16/8/83 Lambrecht 
Lambrecht 
Weather 
measure 
Lambrecht 
Lambrecht 

Lambrecht 
Lambrecht 
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(d) Sundry data were obtained from standard Meteor~ 

ological Service observations the study priod 

and are shown in Table 2 4. 

(e) Intensive case study data were also collected 

during the study period. Although 10 such studies 

were attempted, for various reasons (logistical 

problems, changeable weather conditions and 

duplicated results) only 3 were used in subsequent 

analysis (Table 2.5). Reference to particular 

features of the 7 excluded case studies is made 

where appropriate. 

As shown in Table 2.5, time in the present study is 

referred to in terms of hours and minutes (0930h represents 9 

hours and 30 minutes local standard time). In Chapters 6, 7 

and 8 a decimalised version (09.50h represents 9 hours and 30 

minutes) is utilised in relation to numerical simulations and 

is identified by a decimal point. 

2.2.3 Climatic Representativeness of the Intensive Study 

Period 

Variability is a well-documented feature of climate in 

the vicinity of New Zealand. This is apparent recent 

research on a variety of parameters. For example, various 

studies suggest there has been general warming over New 

Zealand since 1950 (Salinger and Gunn, 1975: Salinger, 1979, 

1982: Trenberth, 1977) whi precipitation appears to vary in 

phase with the quasi-eleven year solar cycle (Tomlinson, 

1980: Vines and Tomlinson, 1980). In a preliminary analysis 

of synoptic scale atmospheric circulation indices for the 

South Island, New Zealand over a 20 year period, Sturman et 



TABLE 2.4: sundry Data Collected for the Intensive Study Period 1/1/82-31/8/83. 

variable 

Surface synoptic pressure 
distribution 

Mean sea level pressure 

Solar radiation totals 

Windspeed and Direction 
(vertical profile) 

Temperature and Humidity 
(vertical profile) 

Temperature and Humidity 
(surface) 

Sea Surface Temperature 

Source 

N.Z. Meteorological 
Service (NZMS) 

NZMS 

NZMS 

NZMS 

NZMS 

NZMS 

N.Z. Oceanogr. Inst. 

Frequency of 
Observations 

3-hourly 

hourly 

hourly 

hourly 

hourly 

dai 

6-hourly 

daily 

continuous 

daily 

Location 

Kaikoura 

Christchurch Airport 

Hokitika 

Dunedin Airport 

Christchurch Airport 

Christchurch Airport 

Christchurch Airport 

Christchurch Airport 

Lytte1ton Heads 

Comments 

midday radiosonde 

early morning at 
Camp Bay or 
Lyttelton Heads 

J;>. 

o 



TABLE 2.5: Pilot Balloon Case Study Observations Used in the Present Study. 

Day 

08 December 1982 

27 1983 

65 July 1983 

Observation Sites 

West Melton 

University of Canterbury 

New Brighton 

West Melton 

Taumutu 

of Canterbury 

West Melton 

of Canterbury 

New Brighton 

Time of Radiosonde 
Ascent 

None 

0600h 

0715h 

Period of 
Observation 

0930-l600h 

0830-1600h 

0930-1730h 

J::,. 

I--' 
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al. (1984) noted marked intra-annual, biennial, annual and 

semi-annual variations in the atmospheric circulation over 

the region. However, the gene pattern confirmed the 

dominance of anticyclonic circulation and westerly rflow, 

with anticyclonic westerly being the most frequent type in 

all seasons. 

The intensive study period (January 1982-August 1983) 

was associated with an extreme phase in the Southern Oscil 

lation, an irregular oscillation involving the interchange of 

atmospheric mass between the Pacific and Indian Oceans in the 

tropics and subtropics (Collen, 1983). The main effect of 

this large scale pressure anomaly in the New Zealand region 

was an increase in the frequency of south-westerly flow which 

interacted with New Zealand's topography to increase rainfall 

in the south and west of the South Island and reduce the 

rainfall in the north and east of the country. This 

anomalous pattern was evident in January and February 1982, 

but did not become established until the winter of 1982 when 

the low index phase of the Southern Oscillation was 

responsible for high frequencies of south-westerly flows. 

This pattern continued throughout the study period until June 

1983 when the Southern Oscillation index returned to 

near-normal values. The following period was characterised 

by an unusual predominance of easterly airflow. In Figure 

2.3 the diurnal variations in surface wind directions at 

Christchurch Airport in January and June are presented for 

both the intensive study period (1/1/82-31/8/83) and a 

representative period (1/1/65-31/l2/78). The strong 

similarities between the two sets of data suggest that 

despite the low-index phase of the Southern Oscillation, 
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surface airflow over the Canterbury Plains during the study 

period was representative of typical conditions. The only 

major descrepancy between the two sets of data is the higher 

than normal frequency of west to north-westerly winds in 

January 1982 and 1983. This may be attributed to the higher 

than normal frequency of south-westerly to westerly gradient 

flow described above. 

Although gradient rflow over the region was somewhat 

anomalous during the intensive study period, this did not have 

a marked impact on the thermal regime. Mean maximum and 

minimum temperature data from Christchurch Airport are 

presented in Table 2.6. When individual months are compared 

with temperature normals no consistent pattern emerges for 

the entire period. Several months over the period showed 

temperature variations from normal of greater than lOCo The 

months of January, February and March 1982 were warmer than 

usual due to a higher than normal frequency of warm air 

advection associated with north-westerly winds. In contrast, 

April 1982 was characterised by cooler temperatures assoc

iated with a high frequency of winds from an easterly 

quarter. August 1982 was marked by warmer than usual temper

atures associated with dry, clear anticyclonic conditions. A 

series of extremely cold spells were responsible for cooler 

than normal temperatures in October 1982 while an unusually 

high frequency of north-westerlies in November, 1982 resulted 

in temperatures considerably warmer than usual. February, 

1983 showed lower than normal temperatures due to a high 

frequency of south~westerly winds. 

Fluctuations in sea surface temperature (hereafter 

referred to as SST) over the study period were more 



TABLE 2.6: Screen-level Temperature Christchurch 

1982 
MEAN MAX + MIN DIFF. FROM 

MAX MIN 2 NORMAL 

January 24.0 11.5 17.8 +1.2 

February 23.9 11.3 17.6 +1.1 

March 21.1 10.7 15.9 +1.3 

15.2 4.8 10.0 -1. 7 

14.9 3.2 9.1 +0.4 

June 10.7 0.5 5.6 -0.3 

July 10.4 -0.3 5.1 -0.3 

August 14.1 1.5 7.8 +1.1 

14.1 2.8 8.5 -0.6 

October 16.1 4.2 10.2 -1.3 

November 21.9 9.7 15.8 +2.0 

December 20.5 8.5 4.5 -0.7 

Source: NZ Gazette. 

during Study Period (January 1982-August 1983) 

1983 
MEAN MAX + MIN DIFF. FROM 

MAX MIN 2 NORMAL 

22.4 10.0 16.2 -0.4 

19.7 10.5 15.1 -1.4 

21.0 9.4 15.2 +0.6 

19.7 10.5 15.1 -1.4 

13 .8 4.1 9.0 +0.3 

11.3 1.2 6.3 +0.4 

9.9 0.6 5.3 -0.1 

12.7 2.0 7.4 +0.7 

,.;:::,. 
lJ1 
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consistent than for air temperature (Table 2.7). Unfortun

ately, the short data record (sta August, 1978) prevented 

comparison of these variations with long term trends. 

However, a qualitative assessment of variations can be made 

by consideration of monthly maximum and minimum SSTs over the 

entire period. Over the study period the SST record can be 

subdivided into two major sections. January to November 1982 

was characterised by maximum and minimum SSTs similar to 

those recorded for the period 1979 1981. In contrast, 

December 1982 to July 1983 showed marked departures from 

temperatures recorded for previous years with both maximum 

and minimum SSTs being considerably lower. It is likely that 

this pattern is a result of the phase of the Southern Oscil

lation index over the period which led to a higher than usual 

frequency of winds from the south and west. These airflow 

patterns would contribute to cool SSTs as a result of the 

effects of cold advection and coastal upwelling. 

To summarise, unusually cool SSTs and a high frequency 

of west to south-westerly winds meant that the intensive 

study period was somewhat anomalous in regard to those 

factors likely to influence local airflow patterns. However, 

in view the emphasis in the present thesis on the 

investigation of processes influencing climate rather than 

climatological parameters themselves, the unrepresentative 

nature of the study period is not cruc 1. Notwithstanding, 

seasonal patterns identified on the basis of the 18 month 

data period should be regarded with some caution. 



TABLE 2.7: Monthly Extremes of Sea Surface Temperatures (oC) Lyttelton Heads (August 1978-August 1983). 

1978 1979 1980 1981 1982 
MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN 

19.2 16.8 20.0 15.0 MISSING 20.2 14.8 

19.7 17.1 19.5 15.6 17.1 20.1 16.7 

March 17.9 15.3 16.7 14.7 17.9 15.9 18.7 16.5 

April 16.0 13.1 14.7 13.6 16.6 13.9 16.9 13.4 

May 13.3 10.5 13.6 11.4 14.1 10.9 13.9 10.9 

June 10.6 8.9 12.2 8.7 11.4 9.7 11. 2 8.6 

July 9.7 8.3 9.9 7.9 9.8 7.9 9.4 7.1 

August 10.1 9.0 MISSING 9.2 7.9 8.8 7.9 9.4 7.6 

September 11.1 9.9 10.2 9.8 12.6 8.9 10.9 8.0 11.6 9.0 

October 13.2 10.5 13 .2 10.5 14.3 11.5 13.1 10.3 12.2 10.9 

November 15.5 12.9 17.0 13.2 14.8 13.2 17.0 12.5 14.9 12.4 

December 18.7 14.6 17.5 14.5 17.9 14.0 18.2 13.5 16.5 10.4 

1983 
MAX 

17.5 

17.8 

17.5 

15.0 

12.9 

9.7 

8.2 

8.8 

MIN 

15.4 

16.5 

15.1 

12.5 

9.5 

8.0 

6.7 

7.8 

.b. 
--.J 
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2.2.4 Field ~rogramme Requirements 

Several considerations were taken into account in the 

development of the field programme: 

(a) The continuous monitoring period should be as long 

as possible within the bounds of the study. For 

those continuous recording sites installed to 

augment the existing meteorological service network 

a minimum of 1 year's data was required. 

(b) Additional observation sites should be located to 

provide the most efficient means of augmenting the 

existing 

objectives 

equipment. 

climatological network given the 

of the study and limited supply of 

(c) For both continuous and discrete observations, the 

site locations must be representative, 

unobstructed, easily accessible and secure. 

(d) Given the extensive amount of data potentially 

generated by such a research project the field 

programme required that sites be adequately 

serviced and the data reduced and analysed within 

the bounds of the research period. 

(e) Potent 1 logistical problems related to the 

organisation of personnel to run several pilot 

balloon observation sites simultaneously should be 

minimi 
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2.3 THE EXPERIMENTAL SITES - CONTINUOUS RECORDING 

2.3.1 Rationale for Location 

As shown in Figure 2.4, the pre-existing anemograph 

network on the Canterbury Plains is strongly biased toward 

coastal locations and in particular the Christchurch urban 

area. To augment this spatial distribution and thereby 

facilitate a more detailed quantitative analysis of ai low, 

3 additional anemographs were available. Their location 

reflected the following considerations: 

(a) with limited resources anemograph location should 

provide the most efficient means of identifying 

spatial and temporal variations in the Canterbury 

Plains windf ld. 

(b) Anemograph location should reflect zones of 

uncertainty regarding the local airflow regime. 

(c) The region adjacent to Banks Peninsula is of 

particular interest as a result of the likely 

effects of this prominent topographic feature on 

airflow. 

(d) Anemograph location should, where possible, reflect 

possible zones of interaction below onshore and 

offshore flow regimes (identified by earlier 

workers). Consequently, anemographs should be 

located in the central plains rather than immed

iately adjacent to the Alps to minimise the 

possibility of missing onshore flows. 

For these reasons, anemographs were installed at West 

Eyreton and Greendale to provide representative data for the 

interior plains to the west and north of Banks Peninsula 



o 10 

wEST EYRETON~ 

CHRISTCHURCH AIRPORT 
XG VNIVERSfTY~ 

WEST MELTON 0 j NEW BRIGHTON 

o .u.I"..... TG BROMLEY 

20 11m 

..fJ... Miscellaneous Anemograph 
~ data also utilised 
G Existing Meteorological Service 

Anemographs 
~ Additional Anemographs installed 

for present stud y 
G Pilof Balloon Observation Sites 

T Thermograph B· Hygrogroph 
installed for study 

X Exisfing Thermographs 

FIGURE 2.4: Location of Sites and Instrumentation. U1 
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while the sting Winchmore site fulfilled this objective to 

the south-west of the peninsula. A third additional anemo

graph was located at Leeston in the coastal region to the 

west of Banks Peninsula. Although in relatively close 

proximity to an anemograph at Lincoln, the latter site is not 

only unlikely to be representative of coastal airflow but 

also has poor instrument exposure (1m above ground level). 

In addition to these locations, anemograph data were available 

from Methven the growing season (October-March), providing 

valuable information on airflow adjacent to the Alp~ and from 

Woodend where only wind direction data were available. 

Existing temperature and humidity recording sites are 

also biased towards coastal locations near Christchurch 

(Figure 2.4). Two additional pairs of thermographs and 

hygrographs were available to augment this network. Their 

location reflected the following considerations: 

(a) In terms of the objectives of the study, detailed 

analysis of spatial and temporal variations in the 

local thermal regime is less critical than for 

windfield analysis. Primary concerns are the 

magnitude of land-sea thermal contrast and 

modification of the thermal regime by onshore 

airflow. 

(b) One site should be sufficiently far inland to 

investigate the inland penetration of onshore flow. 

In addition, this s should provide a true 

indication of the magnitude of land-sea thermal 

contrasts, largely unaffected by marine influences. 

(c) A second site should be located at the coastline to 

provide data on the thermal characteristics of 
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onshore flow unaffected by terrestrial heating. 

(d) The two sites should, when combined with the 

existing network, facilitate a transect approach to 

the analysis of onshore flow normal to the coast

line. 

Two sites that fulfilled these criteria were selected; 

Bromley, a coastal site with pre-existing anemograph and 

Courtenay, midway between the Greendale and West Eyreton 

anemograph sites. The latter thermograph and hygrograph site 

was selected with the objective of providing additional 

information on surface airflow in the western plains. This 

was based on the assumption that particular wind regimes have 

distinctive thermal and humidity characteristics, and could 

therefore be discerned from the thermograph and hygrograph 

traces. 

2.3.2 Site Exposure and Instrumentation 

Particular sites chosen for the location of anemo

graphs, thermographs and hygrographs reflected the need for 

representative data from each station. All meteorological 

instruments were exposed with minimum obstruction to airflow. 

This was relatively easy to achieve in the flat featureless 

Canterbury rural environment. At both Greendale and West 

Eyreton anemographs were located on existing poles of 5.9 and 

Sm respectively (although less than the standard observation 

height of lOm(this was considered to be satisfactory in terms 

of the objectives of the study). Both were located in open 

fields well clear of obstructions as illustrated for the West 

Eyreton site in Plate 2.1. At Leeston the anemograph was 

exposed at 10m above a low building and clear of any 



PLATE 2.1: West Anemograph Site. 

PLATE 2.2: Courtenay Instrumentation Showing Thermograph and 
Hygrograph. 

53 
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obstructions likely to significantly influence airflow. 

Woelfle type Lambrecht anemographs were installed at each 

site. The accuracy of these instruments is examined in 

Appendix I. 

Similar principles outlined above were applied to the 

siting of thermographs and hygrographs. At Courtenay (see 

Plate 2.2) the instruments were placed in a standard N.Z. 

Meteorological Service Stevensons screen in a large open 

field. At Bromley, the instruments were exposed in a similar 

fashion within an existing climatological enclosure. 

Lambrecht instruments were used at both sites. The calib-

ration of these instruments is also examined in Appendix I. 

2.4 CASE STUDY OBSERVATIONS 

2.4.1 Rationale for Selection 

As mentioned in previous sections the primary 

objective of the case study component of the field programme 

was to provide a three-dimensional perspective of airflow on 

the plains. Not only would this provide detailed empirical 

data but also the necessary information for initialisation 

and verification of a three-dimensional numerical model. The 

general 

balloons 

approach involved the simultaneous release of pilot 

from several pilot balloon theodolite tracking 

stations across 

temperature and 

the plains. 

humidity were 

Initial vertical profiles of 

provided by radiosonde 

soundings from Christchurch Airport (at approximately sun

rise). Selection of potentially suitable case study days 

were based on the following criteria: 
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(a) Case study days should be characterised by 

relatively clear skies (to facilitate pilot balloon 

tracking) and the potential for the development of 

onshore flow. 

(b) Days should be selected on Meteorological Service 

advice and be associated with post-frontal synoptic 

situations and anticyclonic passage, as these are 

the most likely conditions for local wind develop

ment. 

(c) Case studies 

seasons and 

should be representative 

reflect a variety of 

conditions encompassed by (b) above. 

of all 

synoptic 

(d) Sufficient personnel, equipment and transportation 

should be available to operate the pilot balloon 

theodolite tracking stations at least during day

light hours and at short notice. 

2.4.2 Selection of Sites and Instrumentation 

Pilot balloon observation sites for particular case 

studies (Table 2.5 and Figure 2.4) were chosen to efficiently 

satisfy experimental objectives given limited resources. At 

each location pilot balloon theodolites were ea ly sited 

away from obstructions_ The New Brighton site was chosen to 

reflect coastal onshore flow unaffected by frictional effects 

while the university served a dual role as an observation 

site and a co-ordinating centre. West Melton reflected 

airflow patterns on the inland plains and Taumutu was chosen 

specifically to investigate onshore flow south of Banks 

Peninsula. At each site, standard pilot balloon theodolites 

and 20 gm meteorological balloons were utilised. 
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Early morning radiosonde soundings were conducted 

using the standard equipment and practices of the N.Z. 

Meteorological Service. In all soundings 500 gm balloons 

inflated to a 1000 gm filler weight were employed. This gave 

an ascent rate of the order of 300 m.min- l . 

2.4.3 Pilot Balloon Technique 

For all case studies the single theodolite tracking 

technique was adopted. In this approach, pilot balloons are 

assumed to have a constant rate of ascent. A number of 

factors have been identified as contributing to errors 

associated with this method (Rider and Armendariz, 1970). 

These may be related to the effects on rates of ascent of 

aerodynamically induced balloon motions, balloon response to 

vertical shear of the horizontal wind, icing and condensa-

tion, variations in size and mass of balloon, anomalous 

variations in atmospheric density, variations in drag 

coefficient, convection and radiation. Much debate has also 

centred around the role of temperature lapse rate on pilot 

balloon soundings (Reynolds, 1966; Boatman, 1974~ Nelson, 

1975; Murray and Auer, 1976). Most of these errors may be 

eliminated by utilising the double-theodolite approach where 

the assumption of a constant rate of ascent is not required. 

In view of the objectives of the study, selection of 

the single balloon method can be justified on several 

grounds. Firstly, the logistics of running several double 

theodolite stations simultaneously rendered such an approach 

impracticable. Secondly, since the study is primarily 

concerned with the lowest 1000 2000m of the atmosphere errors 

related to anomalous rates of ascent would be minimised. 
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Finally, notwithstanding the types of error to which the 

single pilot balloon method is susceptible results 

compared favourably with those of the Meteorological Service 

radar-tracked radiosonde and pilot balloons. On virtually 

all occasions ascents coincided with known depths of onshore 

flow from Christchurch Airport soundings. 
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CHAPTER THREE 

KINEMATIC WINnFIELD ANALYSIS 

3.1 INTRODUCTION 

Windfields in the vicinity of coastal areas or complex 

topography frequently exhibit great spatial and temporal 

variability resulting from the interaction of thermally

induced diurnal circulations, such as the land-sea breeze and 

mountain-valley winds, with larger scale flows. Dynamic 

effects related to topography, such as those responsible for 

the lee trough-induced north-easterly noted earlier, may add 

to the complexity of such regimes. The primary concern of 

this chapter is the detailed description of spatial and 

temporal variations in the Canterbury surface wind regime. 

Firstly, seasonal and diurnal patterns of windspeed 

and direction are examined at several locations on the plains 

in order to identify spatial and temporal variations in the 

surface windspeed The predominant north-easterly regime is 

then examined in greater detail. Particular emphasis is 

placed on the regime's temporal characteristics and relation

ship with upper air flow. Finally, implications of this 

kinematic analysis are discussed in relation to the influence 

of both dynamic and thermal effects on the regional 

windfield. 
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3 2 PREVIOUS STUDIES 

Despite some detailed research on particular aspects 

of Canterbury's wind regime, few studies have attempted to 

define spatial and temporal variations of both windspeed and 

direction. Usually only qualitative references have been 

made to such variations. For example, de Lisle (1969, p.70) 

suggests that the coastal north-easterly is particularly well 

developed in the vicinity of Christchurch "and sometimes 

extends inland beyond Ashburton". Other studies have 

addressed this problem quantitatively but without adopting an 

holistic approach. Lamb (1970, 1974) examined regional 

patterns in the "nor'wester" and its effect on the surface 

heat budget. In his study, the time of the foehn north

westerly onset on the plains was found to be the product of 

the relative exposure of areas to two competing forces, the 

north-westerly advancing from the foothills to the west and 

the coastal north-easterly funnelling in behind Banks 

Peninsula. Consequently, the north-westerly was found to 

reach coastal areas to the south of Banks Peninsula before 

areas further north. 

Cherry and Smith (1980) contributed to the study of 

regional wind patterns in their assessment of the Canterbury 

wind energy resource Utilising wind-run data from a large 

number of sites they identified broad spatial and temporal 

variations in mean windspeeds in the region. Over the 

majority of the plains, mean windspeeds (10m above ground 

-1 level) were found to be in the range of 3.5 4.0 ms Higher 

windspeeds occurred between the Rakaia and Waimakariri rivers 

with speeds decreasing to both the north and south of this 
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zone. Along the coastal str from the Rangitata River 

northward, onshore winds were found to augment windspeeds by 

approximately 1-2 -1 
ms .. Mean windspeeds in excess of 6 ms- 1 

were observed in the valleys and gorges of the Southern Alps 

and over much of Banks Peninsu 

Several studies in the vicinity of Christchurch have 

examined the "urban fect II on spatial and temporal 

variations in the surface windfield. Tapper (1981), in a 

study of atmospheric infra-red radiation over Christchurch, 

noted the nature of urban-rural wind variations in the area. 

Banks Peninsula was found to exert considerable influence on 

the regional wind flow, particularly at lower levels within 

the boundary layer. For example, the low level north-easterly 

was found to be de ected 40-60 degrees between central 

Christchurch and Lincoln. Furthermore, for most wind 

directions, winds at rural sites were 50-60% stronger and 

calms significantly less frequent than at central city sites 

over the two year study period. 

Ryan (1975, 1980), in studies of low level airflows 

over Christchurch on nights of high air pollution potential, 

found that surface flow patterns are invariably of three 

types; north-east, south-west or north-west. Light north-

westerly flow was found to be of two types. Nocturnal 

surface north-wester s overlain by north-easterly flow at 

300m was deemed to be katabatic in nature while north-

weste ies associated with south-westerly flow aloft were 

considered to be the result of frictionally-induced veering 

of the south-westerly flow. 

Temporal variations in the Canterbury wind regime have 

been investigated at particular sites. For example, there 
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has been comprehensive examination diurnal and seasonal 

variations in windspeed and direction at both Christchurch 

Airport (Sturman and Tyson, 1981; McGann, 1983) and Timaru 

Airport (Sturman, 1980). Only Surridge (1980) has utilised a 

combined spat 1 and temporal approach in his limited examin

ation of variations in the height of the wind shear boundary 

layer between the foehn north-westerly and onshore north

easterly in the vicinity of Christchurch. Surridge (1980) 

observed that the windshear boundary between the opposing 

winds slopes gently downward to the west with an increase in 

slope as the boundary approaches the surface. 

In summary, previous work relevant to the examination 

of spatial and temporal patterns in Canterbury's wind regime 

has tended to be piecemeal and site-spe fico To date no 

studies have adopted an holistic approach in which detailed 

spatial and temporal variations are investigated at the 

regional scale. 

3.3 APPROACHES TO WINDFIELD ANALYSIS 

In previous stud s, a variety of approaches have been 

adopted in the analysis of spatial and temporal patterns 

associated with sur ce airflow. In most cases these 

approaches are based on hourly observations of windspeed and 

direction from a number of recording sites. For example, 

Hardy and Walton (1978) utilised principal components 

analysis, generalised to the treatment of vector fields, to 

investigate spatial and temporal variations in a 12 month 

record of mean hourly wind velocities from 10 measurement 

sites located in the San Francisco Bay area. Although useful 
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in resolving ial distributions of regional wind veloc

ities, this technique appeared inadequate in the examination 

of wind directions. In contrast, Mass (1982), in describing 

western Washington's diurnal windfield, computed resultant 

(or vectorially averaged winds) for each hour at 32 stations. 

This approach proved suitable for the analysis of diurnal 

variations. However, considerable information was lost in 

terms the day to day variations. Other quantitative 

approaches to regional windfield analysis include those of 

Kamst et ale (1980) and Cehak and chler (1968) where wind 

directions at a base s were compared with other sites for 

simultaneous observations. This technique appears best 

suited to the analysis of subtle variations in wind direction 

in regions which at one point in time may reflect the 

influence of several interacting airflows. 

The traditional windrose has been used extensively for 

the representation of airflow patterns. However, Lyons 

(1977, p.233) suggests that standard windrose diagrams 

"contain no information on the time and space variability of 

the flow and in particular are inadequate for representing 

interrelations between stations". Notwithstanding, Tyson and 

Seely (1980) showed the approach to be extremely satis ctory 

in identifying and describing patterns in the local windfield 

over the Central Namib by presenting windrose diagrams on 

regional maps to illustrate both seasonal and diurnal 

patterns. 

In view of the primary concern of this chapter to 

investigate detailed spatial and temporal variations in the 

Canterbury Plains wind regime resulting from several inter

acting regimes, the adoption of a combination of methods was 
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cons red most appropriate. In accord with Sturman and 

Tyson (1981), contoured frequencies of wind direction by both 

of day and month for each site provide an initial 

description of temporal variations in wind direc on at each 

site. Further detail is provided by windrose mapping as used 

by Tyson and Seely (1980). This approach has the advantage 

of visually representing spatial and temporal variations in 

both wind direction and speed for a large number of sites 

where the data are not synchronous. For the period of 

synchronous observations at all sites (January 1982-August 

1983) the approach of Cehak and Pichler (1968) and Kamst et 

ale (1980) was simplified to the crosstabulation of simulta

neous wind direction observations (10 degree intervals) at 

Christchurch Airport with all other sites. This approach 

allowed the identification of particular assoc ions of 

ai low types in both a temporal and spatial context. 

Finally, quantitative evaluation of the spatial 

patterns of onset and cessation of the predominant north

easterly circulation was achieved by the development of a 

spatial vector (detailed in Appendix IV) characterised by a 

magnitude (rate of onset/cessation) and direction. These 

values were derived for each north-easterly event by reducing 

the onset/cessation times for a 4 point grid to north-south 

and east-west components. The spatial vector was computed by 

converting from cartesian to polar coordinates. though 

only representative of gross patterns, this approach allowed 

quantitat analysis of spatial patterns associated with a 

large number of events without the loss of information 

arising from the application of more complex spat lly 

orientated statistical techniques. 
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3.4 PLAINS WIND REGIME 

3.4.1 1 Variat 

In Appendix II, percentage frequenc s of surface wind 

direction by month for each of 9 anemograph sites are 

presented in contour diagrams. Representative examples are 

shown in Figure 3.1 for Christchurch Airport, Winchmore and 

Leeston. With the exception of Timaru and Winchmore, north

easterly flow predominates at all sites with highest 

frequencies associated with locations north of Banks 

Peninsula. The north-easterly regime displays marked season

ality with maximum frequencies associated with late summer 

(January-February) and a minimum in winter. South-easterly 

onshore flow south of Banks Peninsula also exhibits marked 

seasonality with a strong maximum in the summer months. This 

effect is strongly developed at Leeston and to a lesser 

degree at Winchmore and Greendale. At Lincoln this pattern 

is reflected by a seasonal variation in south-south-easterly 

winds while at Timaru winds are from the east. South-westerly 

and north-westerly flows also show marked seasonality at all 

sites, particularly those based on longer data records. 

South-westerlies are most frequent in winter months and 

appear to be most strongly developed at those sites north of 

Banks Peninsula. The winter maximum may be attributed to the 

seasonal variation in the general circulation wh the 

spatial variation may reflect the masking effect of westerly 

katabatic flows at sites further inland. A secondary maximum 

in north-westerly flow is apparent spring at all sites 

reflecting a marked increase the frequency of foehn winds 

due to the southward movement of the mid-latitude high 

pressure belt. 
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Topographic effects are most pronounced in Lyttelton 

Harbour where the north-east/south-west orientation of the 

harbour and surrounding hills promotes strong ltering and 

funnelling effects. This results in a wind regime composed 

almost exclusively of north-easterly and south-westerly 

winds. 

3.4.2 Diurnal Variations in Windspeed and Direction 

Diurnal variations in wind direction for those sites 

used during the study period to augment the existing observ

ational network are presented for each season in Appendix II. 

Particular examples of diurnal patterns associated with 

existing sites are shown in Figure 3.2. The predominant 

north-easterly shows marked diurnal variations, particularly 

at the inland locations of West Eyreton, Greendale and 

Methven where it displays a marked maximum in the period 

l300-l800h. Those sites south-west of Banks Peninsula 

(Leeston and Winchmore) have high afternoon frequencies of 

south-easterly winds resulting in a significant decrease in 

the frequency of north-easterlies at this time. At ncoln, 

the same effect is evident in the strong diurnal variation in 

southerly winds especially in summer. In contrast, coastal 

sites north of Banks Peninsiula show a maximum in north

easterly winds in late afternoon with a marked tendency for 

high frequencies of north-easterlies throughout the day. 

In addition to exhibiting strong seasonality, as 

described in the previous section, north-westerly winds show 

marked diurnal variability. This is extremely pronounced in 

the Timaru winter example (Figure 3.2a) where the nocturnal 

nature of katabatic flow is clearly apparent. This diurnal 

pattern is evident at all sites except Methven where it is 
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likely that strong foehn winds funnelled through the Rakaia 

Gorge are responsible for an afternoon maximum in north

westerly flow. 

A prominent feature of the diurnal pattern in wind 

direction shown at Christchurch Airport (Figure 3.2b) is the 

daytime backing of the gradient south-westerly winds in phase 

with the north-easterly maximum. This phenomenon was noted 

for the same location by Sturman and Tyson (1981) and 

attributed to the effects of sea breeze forcing. A similar 

effect is evident at Winchmore (Figure 3.2c) where the north

easterly rather than the south-westerly shows a diurnal 

rhythm. The effect can also be discerned at Greendale, 

Lincoln and Leeston. 

Windrose diagrams are presented in Appendix II for 

6-hourly diurnal periods by season. In Figure 3.3 windroses 

are also shown on regional maps for 3-hourly periods and 4 

seasonally representative months of the year. Three-hourly 

variations by month were selected to emphasise temporal 

variations. Detailed comparisons between sites should be 

undertaken with caution for the following reasons: 

(a) The period of record at each site varies markedly 

as described in section 2.2.2. However, results of 

section 2.2.3 suggest that the surface wind regime 

for the short study period may be regarded as 

representative. 

(b) The sensitivity of instruments to low windspeeds 

varies. 

The period 0000-0300h shows several features typical 

of nocturnal airflow on the Canterbury Plains (Figure 3.3a). 

For all seasons winds are typically light with a tendency for 

light downslope flow from the west or north-west. At sites 



FIGURE 3.3: Three-hourly Frequencies of Windspeed and Direction 
for January ,June and October for (a) 0000-0300h 
(b) 0600-0900h (c) 1200-1500h and (d) 1800-2100h. 
(Data Periods for each Site are Shown in Tables 2.2 
and 2.3). 
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FIGURE 3.3 Continued. 
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nearest the coast (Bromley and Christchurch Airport) it is 

likely that a lack of instrument sensitivity to light winds 

results in an overestimation of the frequency of calms. 

Similarly, at Lincoln, exposure of the instrument at approx

imately 1m above ground level is likely to contribute to the 

high frequency of winds less than 1 ms 1 Light nocturnal 

downslope flow is best developed in the winter months and 

closest to the Alps where slopes are steepest. General 

support for the katabatic origin of this regime can be found 

in a consideration of spatial variations in wind direction 

with slope. Consequently, at West Eyreton light downslope 

flows are more westerly than at sites further south where the 

plains tend to slope to the south-east. The anomalous 

frequency of strong north-westerly winds in January for 

Greendale, West Eyreton, Leeston, Methven and Lincoln 

reflects the unusually high frequency of north-westerly foehn 

winds for this month during the study period (N.Z. Gazette). 

The period 0600-0900h is also strongly influenced by down

slope flow, particularly in autumn and winter, when it often 

extends across the entire plains. 

As described earlier, regional daytime patterns 

strongly reflect the north-easterly influence. The period 

l200-l500h also indicates the importance of strongly diurnal 

south-easterly onshore flow south of Banks Peninsula. This 

flow is of comparable strength to the north-easterly regime. 

The e ect of topography on wind direction in the vicinity of 

Banks Peninsula is also apparent at this time. At Bromley, 

maximum onshore frequencies are associated with easterly 

winds, while at both Leeston and Lincoln the "nor-easter" 

comes from a northerly direction. The latter effect is 

probably due to airflow being forced around the western 
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margins of Banks Peninsula. At Methven, the predominance of 

north~westerly flow throughout the day may be attributed to 

the proximity this location to Rakaia Gorge which funnels 

the synoptic scale flow onto the western plains 

In each month early evening (1800-2100h) is character

ised by a return to nocturnal airflow patterns. However, in 

summer, the north-easterly still tends to predominate. In 

winter, light katabatic flow is a salient feature of the flow 

regime at this time although frequencies are not as great as 

for the period 0600-0900h when cold air drainage is fully 

developed. When compared with the marked contrasts in 

airflow patterns between summer and winter, those months 

representative of autumn and spring are generally transi

tional in nature for all time periods. 

3.4.3 Simultaneous Spatial Variations 

In this section, hourly wind irections at each of 6 

sites are compared with simultaneous observations at 

Christchurch Airport. This provides a broad overview of 

spatial variations in wind direc on over the plains at 

particular times and under particular airflow regimes, a 

per tive not examined in previous sections. 

Frequency contour diagrams comparing wind direction 

(10 degree intervals) at Christchurch Airport with simult 

aneous observations at all other s s are presented in 

Figure 3.4. Seasonal and diurnal variations were also 

examined for all s s. Due to the large number of diagrams 

generated this material is not presented here. However, the 

results of this analysis are implicit in consideration of the 

same data presented in windrose form in Figure 3.3 and 

Append II. Cursory examination of patterns for each site 
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reveals that generally, surface rflow on the plains is 

characterised by similar wind directions at all sites. This 

is especially true when surface winds between 180 and 360 

degrees are experienced at Christchurch Airport. With the 

possible exception of light katabatic north-westerlies, these 

winds generally represent synoptic scale airflow. As might 

be expected, greatest variations in wind direction over the 

region occur in conjunction with the north-easterly 

circulation. Only at Bromley is north-easterly flow at 

Christchurch Airport not associated with significant airflow 

from other directions. This is clearly a result of the close 

proximity of the two sites. 

At Leeston, although north-easterly flow still predom

inates, two other regimes are evident during north-easterly 

flow at Christchurch Airport; the south-easterly and the 

north-westerly. Examination of the seasonal and diurnal 

patterns (Appendix II) reveals that south-easterlies occur

ring during north-easterly flow north of Banks Peninsula are 

strongly dependent on time of day and season. Maximum 

frequencies occur during the summer months and almost 

exclusively in the period 1200-1500h. This is strongly 

suggestive of the effects of thermal forcing. North-westerly 

flow at Leeston during north-easterly events also exhibits 

marked diurnal periodicity with maximum frequencies occurring 

during night-time. High proportions of calms recorded at 

Christchurch Airport during both north-easterly and north

westerly flow at Leeston show a strong nocturnal maximum and 

clearly reflect the different sensitivities of the respective 

anemographs to low windspeeds. A final feature of airflow at 

Leeston is the presence of topographic forcing associated 
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with Banks nsula. As previously noted this results in a 

more northerly component to the "nor-easter" at Leeston. 

Airflow at Greendale reflects the land position of 

this site to the west of Banks Peninsula. Here, as at 

Leeston, north-easterly events at Christchurch Airport are 

associated with both north-westerly and south-easterly air

flow. However, the relative importance of each regime is 

different. At Greendale, lesser frequencies of onshore flow 

are compensated by relatively high frequencies of north

westerlies during north-easterly events. This north-westerly 

flow exhibits litt diurnal or seasonal variability. Calms 

at Christchurch Airport are again associated with north

westerly flow inland. This feature is most conspicuous in 

winter and is strongly diurnal with highest frequencies in 

the period 

Greendale 

0000 0600h. South-easterlies 

during north-easterly events 

occurring at 

at Christchurch 

Airport share with Leeston a strong diurnal and seasonal 

periodicity. 

The airflow regime at Winchmore shows similar features 

to both Greendale and Leeston in regard to the association of 

both south-easterly and north-westerly flow with north

easterly events at Christchurch Airport. Again south-easterly 

flow is strongly diurnal and seasonal while a lack of diurnal 

variation in the north-westerly suggests litt thermal 

influence. 

Comparison the airflow regime at Methven with that 

at Christchurch Airport reveals several features not apparent 

at other sites, notably, the very high frequency of north

westerly winds. In contrast to other sites, it is the north

easterly at Methven which shows strong diurnal periodicity, 

reaching a maximum frequency in the late ternoon. The 
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relatively low frequency of north-easterly flow at Methven 

and the association of a wide range of flow directions with 

north-easterly flow at Christchurch Airport suggests that 

Methven is close to the inland limit of that zone influenced 

by the north-easterly circulation. 

Surface airflow at West Eyreton shares many of the 

features of the other sites north of Banks Peninsula. In 

particular, there is an absence of south-easterlies 

associated with north-easterlies at Christchurch Airport, a 

marked contrast to sites further south and west. However, 

West Eyreton does share with other inland sites a marked 

tendency for westerly flow in association with north-

easterlies at Christchurch Airport. Unlike Winchmore and 

Greendale these westerlies are both strongly diurnal and 

seasonal. Maximum frequencies occur in the period 0000-0600h 

and in winter, suggesting that this pattern is the result of 

katabatic influences. 

3.5 THE NORTH-EASTERLY CIRCULATION 

3.5.1 Background Climatology 

In this section, the climatology of the north-easterly 

regime is briefly outlined with the objective of providing a 

broad understanding of this distinctive regime. Analysis is 

based on 5 years of observations of north-easterly events 

(continuous periods of surface north-easterly flow) at 

Christchurch Airport (1967-1972). 

In previous sections both the spatial and temporal 

predominance of the surface north-easterly circulation was 

identified. In Figure 3.5 the broad seasonal variability in 

the frequency of the regime at Christchurch Airport 

reinforces this observation. Although surface north-easterly 
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events occur with approximately equal probability in all 

seasons, there is a marked variation in the duration of 

events. As a consequence, winter north-easterlies tend to be 

of shorter duration than their summer counterparts which are 

experienced on average 51.3% of all hours Examination of 

the duration of events by season (Figure 3.6) reflects these 

variations. In all seasons, north-easterly durations have 

maximum frequencies associated with event durations of 6-12 

hours. Winter months appear to hold a disproportionate share 

of shorter duration events (less than 10 hours) while the 

summer months have a disproportionate 

duration events (greater than 42 hours). 

such variations reflect seasonal variations 

share of longer 

It is likely that 

in day length, 

solar radiation inputs and boundary layer stability. 

Examination of the times of onset and cessation of the 

surface north-easterly further emphasises the strong diurnal 

periodicity of the regime. As shown in Figure 3.7, north

easterlies are usually initiated in daylight hours, with 

36.5% of onsets in the first 4 hours following sunrise. Only 

in the months of December and January does there appear to be 

a marked tendency for later onset. In these months the local 

maximum 7-9 hours after sunrise represents early afternoon 

onsets. The majority of events last beyond sunset with 

maximum frequencies of cessation associated with the period 

up to 4 hours following sunset. 

As well as exhibiting strong diurnal periodicity, the 

north-easterly circulation displays distinctive structural 

features. Because these are best described in three-

dimensions, only broad generalisations related to the 

strength and depth of the regime are outlined here. These are 
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presented in the form of contour di ams by season in 

3.8. The north-easterly circu tion at Christchurch Airport 

shows considerable seasonal variability in maximum mean 

hourly surface velocity. Maximum strengths occur the 

summer months when the north-easterly typically attains 

velocities of 7-8 ms- l . In winter, the north-easterly is less 

strong with velocity maxima typically in the range of 5-6 

ms- l In all seasons, wind velocities seldom exceed 10 ms- l . 

The depth of the north-easterly layer also displays 

seasonal variability as shown in Figure 3.8b. Although 

accurate to only 200-300m, mean depths of north-easterly flow 

for each event derived from pilot balloon and radar wind 

observations emphasise the low level nature of the north

easterly phenomenon. Few events attain mean depths in excess 

of 1000m while the majority are less than approximately 750m. 

Increased depths occur in summer while lesser depths are 

associated with the cooler months. It is likely that shallow 

depths in spring are associated with the higher frequency of 

stronger foehn winds at this time result in a limitation 

of the depth of the north-easterly circulation. 

3.5.2 iation Circulation Patterns 

Sea level atmospheric circulation over the South 

Island was classified using a subjec·tive technique similar to 

that of Lamb (1950, 1965, 1972). The 27 classes are detailed 

in Appendix III and have been applied by Sturman et al. 

(1984). 

The high frequency of surface north-easterly winds on 

the Canterbury ains indicates that the circulation may be 

associated with a variety of synoptic scale circulation 
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types. Examination of Figure 3.9 reveals that this is indeed 

the case At the time of onset, north-easterly events at 

Christchurch Airport are associated with a broad range of 

synoptic situations (detailed in Appendix III). These 

patterns are most frequently characterised by anticyclonic 

curvature,although a significant proportion of situations 

incorporating a westerly component show cyclonic or unspec

ified isobaric curvature. 

The most important gradient wind direction at the time 

of surface north-easterly onset is classified as south

westerly (28.8% of all events), with a strong bias toward 

anticyclonic isobaric curvature. Such situations usually 

herald the approach an anticyclone from the central Tasman 

Sea (see Appendix III). North-easterlies also tend to be 

associated with easterly gradients or slack gradients with 

anticyclonic curvature. These situations frequently occur 

with an anticyclone positioned directly over the South Island 

Often, these anticyclones 

either side of the main 

or moving off to the south-east. 

are characterised by twin cells 

divide resulting in easterly flow in the vicinity of the 

Canterbury Plains. 

The second most important gradient wind directions 

associated with north-easterly surface winds are westerly or 

north-westerly. These types show no particular tendency in 

respect to isobaric curvature and are characterised by strong 

flow across the mountain barrier and through the straits to 

the north and south. Usually, such flow is associated with 

appreciable lee trough development on the eastern side of the 

Alps. 
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For all seasons, the maximum frequency of north-

easter events is associated with anticyclon south-

westerly situations with the exception of the winter period 

when this maximum is shared with the anticyclonic no

direction type. No marked seasonal variation is apparent ln 

the data, although in spring there is a tendency north

easterlies to be associated with higher frequencies of 

cyclonic north-westerlies, a reflec on of seasonal movements 

in the latitude high pressure belt described ea 

3.5.3 Spatial Patterns of Onset and Cessation 

In previous sections, broad spatial and temporal 

variations associated with surface north-easterly flow on the 

Canterbury Plains were investigated. In this section, 

spatial and temporal patterns associated with north-easterly 

invasion and retreat on the plains are examined. 

In Figure 3.10, the 

duration of north-easterly 

spatial pattern of absolute 

flow and the percentage of 

occasions when north-easterly events were experienced at all 

sites is presented. From the patterns it is apparent that a 

high proportion of north-easterly events extend across the 

entire plains. Clearly, north-easterly flow is most frequent 

at those sites north of Banks Peninsula. However, 60% of 

north-easterly events initiated at Bromley also occur as far 

west as Methven at the foothills of the Southern Alps during 

spring and summer. Although north-easterly events usually 

influence the entire pI , the total duration of events is 

considerably less for those sites furthest from Bromley. 

This result has important implications in terms of the nature 

of north-easterly onset and cessation across the plains 

suggesting that the surface north-easterly is initiated at 
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the coast first and ceases at the coast last A simple 

vector index (outlined in Appendix IV) reflecting both the 

rate and direction of movement of the time of onset and 

cessation of the north-easterly across the plains was 

developed to invest this poss lity. A summary of 

events examined for the iod 3/8/82-31/8/83 is provided in 

Table 3.1. A small proportion of cases were excluded because 

observed patterns of onset did not reflect a simple pattern 

able to be represented by a vector. For example, onset at 

Bromley and Greendale, prior to both Leeston and West 

Eyreton. 

TABLE 3.1: Applicability of Vector Index to Cases of North-easterly 
Onset - 3/8/82-31/8/83. 

Total Surface North-easterly EVents 

Cases When Index Applicable (north
easterly observed at all 4 sites) 

Cases Excluded Due To Anomalous Results 

Onset 

219 

138 

26 

Cessation 

219 

136 

34 

The direction (6) and rate (r) of onset and cessation 

for all events analysed are presented in a form analogous to 

windrose diagrams in Figure 3.11. 

Spatial patterns associated with north-easterly 

invasion of the plains exhibit considerable variability. 

Although a marked tendency sts for north-easterlies to 

penetrate inland from the coast, a high proportion of events 

are also associated with initial onset inland. This is shown 

by the high proportion of events associated with onsets from 

a westerly quarter. General support for this result is 

provided by a compa son of Winchmore and Bromley onset times 

for those occasions when north easterlies were initiated 

earl r at Greendale than at Bromley. On 77% of those 
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occasions, north easterlies were also recorded earlier at 

Winchmore than at Bromley. 

In contrast to onsets, spatial patterns associated 

with north-easterly cessation exhibit remarkable consistency. 

The vast majority of events are associated with ea iest 

cessations inland and latest cessations in the vicinity of 

the coast. Possible explanation for this pattern are the 

undercutting of the north-easterly by the cool dense air of 

katabatic flow emanating from the western plains, and the 

termination of north-easterly flow by foehn wind invasion of 

the plains from the west. 

Comparison of the velocity classes associated with 

north-westerly onset and cessation patterns also highlight 

marked differences. Whi north-easterly retreat from the 

plains is a slow progressive phenomenon, invasion of the 

plains by the north-easterly tends to be extremely rapid. 

Only on those occasions when the north-easterly invades the 

plains from the north-east does the regime appear to show the 

characteristics of frontal onset. 

In Figure 3.12 the tendency for north-easterlies to be 

initiated inland is reflected in the significant proportion 

of events associated with a negative east-west component of 

the onset vector. The greatest proportion of these events 

(53.4%) occurred in the period 0600-1200h and were associated 

with light downslope westerlies across the entire plains 

immediately prior to north-easterly onset. Only 7 occasions 

of such downslope flow were not associated with initial 

surface north-easterly onset inland. 

found to contribute to the relatively 

Other flow patterns 

high frequency of 

inland onsets include cases of strong north-westerly 

nocturnal flow prior to north-easterly onset, and cases when 
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south~easterly winds prevail to the south-west of Banks 

nsula with southerlies at coastal sites north of 

peninsula. It is likely that the group results from 

the arbitrary def tion of the north~easterly as having a 

direction from 020 1200 This increases the probability of a 

swing to north-easterly flow being apparent earlier inland 

where the preceding surface flow already has as an easterly 

component. 

To illustrate the complexities of north-easterly onset 

over the plains, a winter example in which north-easterly 

onset was preceded by light katabatic westerlies over the 

entire plains is presented below. A similar case study 

example was also observed on 26 August 1983. 

On 5 July 1983 weather in the Canterbury region was 

characterised by c skies associated with moderating south 

to south-westerly gradient flow. Despite general southerly 

flow aloft (Figure 3.13) light westerly katabatic winds of 3 

1 ms prevailed over the plains during the morning. Through-

out the day winds aloft gradually shifted from southerly to 

westerly resulting in the development of a lee trough by 

evening. Associated with this development was a reversal 

the pressure gradients along (Kaikoura-Christchurch) and 

across (Hokitika-Christchurch) the Alps. This was respons 

ible for the change to north-easterly flow over the plains at 

approximately midday. These effects are discussed in greater 

detail in Chapter 5. 

As shown in Figure 3.13d the onset of north-easterly 

flow across the plains was associated with marked spatial 

variations. At Winchmore, the transition from north-westerly 

to north-easterly surface winds was clearly apparent at 

1130h. This change was associated with an increase in north-



Q 
E 
w 
u 
z 
W 
a: 
W 
"-
u. 
0 

W 
a: 
;;:) 
Vl 
Vl 
W 
It: 
(l, 

0600 57-133 
10000 

~ 1020 

~ 
~ tf ~ ~ 

9000 \¢ \¢ 
~ 

10<5 
~ 

V ~ ~ ~ 
8000 

~ ~ L,. ~ \... ~ [", 
7000 \¢ \I k: ~ KEY 

~ 
~ 

~ ~ 
, 1,5 

" t 1-5 -<I 
6000 ~ Y t f f 

r 4-65 

""" 
r 65-9 

E I" ~ t.. \\ r: F 9-115 
5000 

V " '\v ~ 11'5-'4 

(a) ~ ~ v\'" I' 14 -16,5 

:1 
,,/1 4000 b ¥ V'" II 16'5-'9 
I ' ..... " 19-21-5 
I b V v\" " , 

J 'v v 

~ 
1\ I ~OOO 'Iv \.-I r 2 , I 

'Iv V 

I J 

,,1 l- r-I \v 'L-I 

1 
y: / 2000 

r { 
( 

I 

~ 
~ I 

I "'"" 0 ....... 
24 1000 

, 
~ -I :<" ., 

--- HOKITU\A- CHRIS1CHUflCH I 1"" .,..., 
-2 0 

- KAIKOURA - CHRIS1CHURCH 00 06 12 18 24 
TIME (houri I (Hours) 

-3 

(c) (b) 

o 10 

Isochrones of NE onsel 

(d) 

FIGURE 3.13: Surface North-easterly Onset Across the Plains 
on 5 July 1983: 
( Surface Synoptic Pressure Chart 
(b) Level Flow (Christchurch Airport) 
(c) Syno9tic Scale Pressure Differences 
(d) Isochrones of Surface Onset 

93 

m,s.-I 



94 

easterly windspeeds with onset. Verif ation of this pattern 

is provided at Greenda where north-easterly winds also 

repl katabatic flow at 1130h. At West Eyreton, the north-

easterly was not apparent until 1220h and unlike Greendale 

and Winchmore the transition to north-easterlies was 

accompanied by a period of light winds. A similar pattern 

was evident at Leeston. At Christchurch Airport and Wigram, 

there was an indication of easterly flow at 1130h, although 

winds remained light and variable until approximately l330h. 

However, at Bromley surface north-westerly flow continued 

until 124Sh when winds abruptly changed to north-easte s. 

At Woodend, change to the north-easterly flow did not occur 

until after l21Sh. 

It is likely that variations in the sensitivity of the 

different instruments is partly responsible for the observed 

spatial variations in north-easterly surface onset (see 

discussion in Chapter 3), since the Woelfle type anemographs 

at Greendale, Leeston and West Eyreton are more sensitive to 

low windspeeds than the instruments at Christchurch Airport, 

Wigram, Winchmore and Bromley. However, general support for 

the spatial pattern onset shown in Figure 3.l3d is 

provided by a transect of pilot balloon observations shown in 

Figure 3.14. At West Melton, surface onshore flow is c rly 

apparent prior to that observed at e r the university or 

the coastal New Brighton site. Furthermore, light north-

easterly flow is evident above the disintegrating katabatic 

wind to the onset of the surface north-easterlies. 

This e ect is not apparent in the New Brighton data. 

Instead, westerlies 
-1 

ing 4 ms and up to 400m in depth 

abruptly give way to north-easterlies between the 1230 and 
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l300h ascents. 

transitional in 

The file at 

nature providing 

university is clearly 

further support for the 

observed pattern. 

This example highlights two important features 

regarding the frequently anomalous nature of north-easterly 

onset on the plains. Firstly, it shows the complex nature of 

the interaction between the katabatic wind and the north

easterly and provides support for the view that cases of 

surface north-easterly onset inland are often inextricably 

linked to the mode in which katabatic winds dissipate over 

the pI ns. A possible explanation for the observed spatial 

pattern is that slope heating in the western foothills 

eliminates the supply of cold dense air available for 

katabatic flow and encourages the development of upslope 

flow. The remaining dense air therefore drains coastward 

from the plains. As a consequence, katabatic winds at the 

coast not only last longer but may be deeper and stronger. 

Secondly, the example also suggests that the same spatial 

variations in heating and stability responsible for breaking 

up the katabatic may be responsible the init on of 

flow toward the mountain barrier in the vicinity of the 

mountain-plain interface. However, further re is 

required to investigate this possibili 

3.6 DISCUSSION 

Although the primary concern of this chapter is with 

kinemat analysis, examination of the wind regime has 

revealed complexities which are strongly indicative of the 

interaction of both thermo-topographic and dynamic ing. 
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Marked diurnal periodicity in onshore flow, partic 

ularly in the warmer month~ suggests that thermal forcing 

plays an important role in the local wind regime. This 

effect is not only manifested in the development of onshore 

winds. Sturman and Tyson (1981) considered the daytime 

backing of synoptic scale south-westerly winds in phase with 

the north-easterly at Christchurch Airport to be the result 

of a balance between the onshore component of the sea breeze 

and the south-westerly. This leads to a general backing of 

the south-westerly. Further support for this theory is 

provided at Winchmore where the north-easterly rather than 

the south-westerly shows a diurnal rhythm. It is suggested 

that these diurnal shifts in the north-easterly are related 

to the daytime development of an onshore south-easterly sea 

breeze component south of Banks Peninsula. This effect is 

also evident at Greendale and Leeston,although it appears 

that topographic forcing by Banks Peninsula to the ea 

re cts the degree to which veering may occur. However, 

the extent to which diurnal periodicity in the surface 

windfield is due to diurnal variations in boundary layer 

stability rather than a consequence of thermal forcing is 

unclear. Certainly, the effect contributes to the high 

frequency of downslope flow which is well developed 

nocturnally and in winter but is also conspicuous at some 

sites throughout the year (West Eyreton). 

Marked spatial and temporal variations in wind 

direction across the plains not only reflect thermal forcing 

mechanisms but also forcing due to local topography. For 

Ie, it is likely that the diurnal nature of light 

westerlies at West Eyreton is due to the location of the 
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observation site to east of the inland zone of foehn 

north-westerlies (which may occur in association with north~ 

easterlies). Consequently, these westerlies reflect only 

light katabat flow whereas at Winchmore, Greendale and 

Methven the high north-westerly frequency in association with 

north-easterlies at Christchurch Airport represents a combin

ation of nocturnal katabatic and daytime foehn winds. Hence, 

there is little diurnal variation at these sites. This 

assessment is in accord with the suggestion of Lamb (1974) 

that the high plains, particularly in the vicinity of 

Ashburton and Winchmore, are more susceptible to foehn 

influence due to the channelling of the north-westerly by the 

major river gorges and valleys. 

The simultaneous association of north-easterly flow 

with other airflow directions, notably the south-easterly 

flow of Banks Peninsula, the light downslope north-westerly 

flow and the strong foehn north-westerly, suggests that this 

regime is likely to be responsible for significant inter

actions especially in the vicinity of Banks Peninsula. Such 

marked spatial and temporal variations in surface windspeed 

and direction on the plains at any particular time underlines 

the need for a three-dimensional perspective on the regime. 

This is particularly true near Banks Peninsula where the 

effects of coastline curvature and topographic forcing assume 

considerable significance. 

Low level north-easterly rflow is clearly the most 

conspicuous element of the Canterbury Plains sur e wind 

regime. Although broad features of the regime are in agree

ment with previous descriptions (de Lisle, 1969; Kidson, 

1932), this analysis provides previously undocumented details 
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which have important implications for the investigation of 

the roles of thermal and dynamic f ng in the region. 

Although the north-easterly exhibits strong diurnal period 

icity indicative of thermal forcing, recognition of marked 

stability relat effects on the plains reflected in high 

nocturnal frequencies of calms and katabatic winds, suggests 

that such boundary layer variations may contribute to 

observed patterns of surface north-easterly onset and 

cessation across the plains. As a consequence, the surface 

wind regime may f ly become decoupled from upper level 

north-easterly flow, thereby giving the surface wind many of 

the characteristics of a true sea breeze and masking to a 

considerable degree upper level flow patterns. 

As suggested by earlier discussion, the north-easterly 

is most frequently associated with westerly synoptic scale 

flow. However, the frequent association of north-easterly 

onset with situations of south-westerly surface isobaric 

curvature was unexpected in view of the emphasis on "forced 

north-easterlies" under west to north-west synoptic flow 

found in the literature (N.Z.M.S., 1982). Although the 

synoptic classification used takes no account of the possib

ility of westerly flow aloft and south-westerlies near 

surface, this resu suggests that the process of north

easterly onset is more complex than previously suggested. 

In regard to the spatial extent of the north-easterly, 

results are in qualitative agreement with de Lisle's (1969) 

suggestion that the north-easterly is well developed in the 

vicinity of Christchurch and may extend inland beyond 

Ashburton. However, the present results indicate that the 

north-easterly is less of a coastal phenomenon than inferred 
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by de Lisle (1969), with north-easterly events on the 

majority of occasions extending at least to Winchmore in the 

south-west and as far as the foothills of the Alps to the 

west. The magnitude of the north-easterly regime therefore 

suggests that those mechanisms responsible for north-easterly 

flow operate beyond the scale of local sea breeze forcing. 

The results of the present chapter suggest several 

research priorities relating to the improved understanding of 

the Canterbury Plains windfield and causative processes. In 

the context of this study, the following avenues of inves

tigation are worthy of particular attention. 

(a) The relative importance of boundary layer vari

ations and thermal forcing of the sea breeze type 

in contributing to diurnal periodicity ln the 

onshore flow regime. 

(b) The extent to which topography in the region, 

particularly Banks Peninsula, is responsible for 

spatial variations in airflow across the plains. 

(c) The relative importance of thermal and dynamic 

forcing (due to the Southern Alps) in contributing 

to the predominant north-easterly flow. 

(d) The effect of spatial and temporal variations ln 

slope heating and cooling on the nature of and 

interactions associated with katabatic and north

easterly flow. 
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3.7 srONS 

Several major conclusions can be drawn from this 

kinematic ana 

Plains. 

is of airflow patterns on the Canterbury 

(a) The surface wind regime is composed of several 

components, all of which exhibit marked spatial and 

temporal variations. The salient feature is the north

easterly regime which predominates over the entire 

section of the plains encompassed by the study area. 

In addition, the coastal region to the south of Banks 

Peninsula is frequently influenced by south-easterly 

winds which, as with the north easterly, are best 

developed during summer afternoons. 

downslope flow is best developed 

winter months adjacent to the Alps. 

Light westerly 

at night in the 

This regime is 

most pronounced in the vicinity of West Eyreton where 

it is apparent in all seasons. 

(b) The study revealed a thermally-induced diurnal shift 

ln the direction of the north-easterly south of Banks 

Peninsula similar to the daytime shift in the south

westerly north of Banks Peninsula observed by Sturman 

and Tyson (1981) 

(c) When surface winds Christchurch Airport match the 

synoptic sca airflow, the flow across the plains is 

generally homogeneous. However, during north-easterly 

events there may be marked spatial variations in 
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windspeed and direction across the plains. During 

daytime, north-easterly events are frequently assoc

iated with south-easterly flow south of Banks 

Peninsula or north-westerly flow adjacent to the 

Alps. Nocturnal north-easterly flow at the coast is 

generally associated with light downslope westerlies 

further west. 

(d) North-easterly events occur with approximately equal 

probability in all seasons. However, the total 

duration of surface north-easterly flow is consider-

ably less during the winter months. The north-

easterly regime is strongly diurnal with 36.5% of 

events at Christchurch Airport being initiated in the 

first 4 hours after sunrise. Maximum velocities occur 

in summer months when speeds are typically 7-8 ms- l 

while mean depths of the north-easterly are usually in 

the range SOO-IOOOm. North-easterly events are 

generally associated with gradient airflows from a 

westerly quarter, with maximum frequencies at the time 

of north-easterly onset associated with anticyclonic 

south-westerly situations. 

(e) Marked contrasts exist between modes of north-easterly 

onset and cessation across the plains. North-easterly 

onsets show no clearly defined spatial pattern. 

Although situations in which the flow is initiated at 

the coast and then penetrate inland are most frequent, 

initiation of surface north-easterly flow frequently 

show a reverse pattern. Such patterns are typically 



103 

associated with light downslope flow extending the 

full width of the plains in the period immediately 

following sunrise and preceding north~easterly onset. 

In contrast, the cessation of the north-easterly at 

the surface exhibits a well defined spatial pattern in 

which cessation occurs at those sites closest to the 

Alps first and is maintained at the coast longest. 
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CHAPTER FOUR 

LOCAL SCALE THERMAL FORCING 

4.1 INTRODUCTION 

The objective of this chapter is to assess the likely 

extent to which local thermal forcing is responsible for the 

marked diurnal periodicity of onshore winds on the Canterbury 

Plains. Utilising an empirical approach, the relationship 

between onshore airflow occurrence and a variety of factors 

likely to influence the thermal forcing mechanism is 

examined. Such factors include the magnitude of land-sea 

temperature contrasts, synoptic situation, upper level 

airflow, feedback e ects and stability influences. No 

attempt is made to account for those large scale thermally

induced effects attributable to the Southern Alps. 

Following a literature review, an outline is given of 

the approach adopted and data used. Emphasis is then placed 

on an assessment of sea breeze frequency and characteristics 

both north and south of Banks Peninsula. In this context, 

"sea breeze" is narrowly defined as only those circulations 

initiated by a positive land-sea thermal differential in 

opposition to the prevailing gradient flow. No attempt is 

made to assess the "sea breeze component" (Sturman and Tyson, 

1981) of hybrid north-easterly types. These effects are 

examined in subsequent chapters. 

thermal influences associated with 

easterly circulation are examined 

Finally, two secondary 

the predominant north

in a spatial context. 
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Firstly, the effect of marine air invasion of the plains on 

horizontal temperature gradients is examined. Secondly, the 

role of diurnal planetary boundary 1 variations in 

contributing to periodicity of surface north-easterly winds 

is investigated. 

4.2 BACKGROUND 

4.2.1 The Nature of Thermal Forcing 

The surface of the earth has been described as a 

"patchwork quilt" of areas with different s and physical 

characteristics (Oke, 1978). Each surface is exposed to both 

diurnal and seasonal variations in solar energy inputs. In 

areas of land-water or topographic contrast where markedly 

different surfaces are juxtaposed, differences in thermal 

properties are responsible for the development of horizontal 

temperature gradients. These gradients are responsible for 

horizontal variations in pressure that give rise to air 

movement at a range of scales. At the meso-scale, thermal 

forcing is responsible for such phenomena as local sea and 

land breezes, slope and valley winds and the formation of 

thermal lows over land masses in summer (Mathews, 1982), 

The development of idealised sea and land breezes has 

been described by elke (1981b) following the original 

discussion by Defant (1951). Pielke (1981b) describes the 

sequence of events depicted schematically in Figure 4.1 as: 

(a) In the early morning the pressure surfaces are 

presumed flat and no winds are generated (0600h). 

(b) Later in the morning, mass is mi upward over 

land by turbulent mixing in the unstably stratified 
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bound a layer creating an offshore pressure 

gradient (0900h). 

(c) The offshore flow of air above the ground near the 

coast creates a low ssure region and onshore 

winds (the sea breeze) develop at the ground 

(1200h). 

(d) The onshore winds advect cooler marine air over the 

land thereby advecting the horizontal temperature 

gradient and, hence, the sea breeze inland. The 

distance the sea breeze travels inland depends most 

directly on the intensity of the total heat input 

to the air (Pearson, 1973) (1500h). 

(e) As the sun sets, long-wave radiational cooling 

becomes dominant over so heating, while the 

local windfield removes the horizontal pressure 

gradient. The pressure s again become 

horizontal (1800h). 

(f) As long-wave cooling continues, the air near the 

ground becomes more dense and sinks. The result-

ant lowering of the pressure surfaces a short 

distance above the ground creates an onshore wind 

at that level (2l00h). 

(g) In response to the loss of mass above the ground a 

pressure minimum develops at the ocean surface 

immediately off the coast. The offshore wind which 

then develops near the surface is called the land 

breeze (2400h). 

(h) The land breeze penetrates some distance offshore 

depending on the amount of cooling over the land. 

Because the planetary boundary layer is stably 
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stratified at night, the land breeze is a shallower 

and w phenomenon than the daytime sea breeze 

(0300h). 

(i) The sequence begins again on 

second day_ 

the morning of the 

Although this simplified 

of the 

representation 

thermal forcing 

adequately 

mechanism, describes the nature 

development of the sea breeze circulation in reality is 

strongly influenced by a variety of factors. These include 

the magnitude of the land-sea temperature differential, the 

strength and direction of the prevailing synoptic flow and 

stability and terrain effects (Munn, 1966). These luences 

are discussed in the following section. 

As well as initiating thermally-induc circulations 

exhibiting diurnal periodicity, the diurnal cycle heating 

and cooling also strongly influences the nature of low level 

rflow. The planetary boundary layer, that layer of the 

atmosphere directly influenced by the earth's surface, is 

almost 

heating 

1979). 

constantly evolving in response to both the diurnal 

cycle and changing synoptic condi ons (McBean, 

The vertical stratification of temperature in this 

important since it determines the atmospheric 

which in turn controls the intensity of thermal 

layer is 

stability 

turbulence and the depth of surface mixing. At night, with 

radi onal coo ng from the earth's surface the planetary 

boundary layer is typically stable and relatively shallow. 

During daytime, surface heating promotes convection and the 

boundary layer is typically unstable and deeper. With strong 

daytime instability the vertical gradient of wind is weakened 

as a result of the promotion of vertical exchange over a deep 
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xing the greater momentum of the faster 

air with that closer to the surface. 

Conversely, strong stability inhibits the transfer of 

momentum so the surface layers become partially decoupled 

from upper layers and winds near the surface subside (Oke, 

1978). As a consequence, surface windspeeds tend to exhibit 

a diurnal variation with lowest speeds at night and higher 

velocities during day. 

4.2.2 Factors Influencing Sea Breeze Development 

Many observational and theoretical studies aimed at 

identifying both direct and indirect influences on sea breeze 

occurrence have been undertaken. 

The importance of gradient wind and direction on 

sea breeze development was recognised early, especially in 

mid-latitude locations. Wexler (1946) remarked that the 

onset of the sea breeze is later under offshore gradient flow 

than in calm conditions. Furthermore, when gradient flow is 

stronger, the sea breeze is suppressed but the offshore 

gradient wind is reduced. Under onshore gradient wind the 

sea breeze was recognised as a small increase in the pre-

sting onshore gradient flow. Although Wexler (1946) 

considered sea breezes in gradient winds parallel to the 

shore to be rare, Di t and Nicholson (1964) Frizzola and 

sher (1963) show litt hindrance to sea breeze development 

in such circumstances. Most research on the effect of 

gradient winds on sea breeze development has concentrated on 

the influence of offshore winds. This is ly due to the 

strict definition of the sea breeze used by some practit

ioners (e.g. Munn, 1966; Barbato, 1978) whereby the sea 
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breeze is considered to develop only in offshore winds. At 

New York, zzola and Fi r (1963) showed that if the 

offshore gradient wind was about 8 10 ms- l and the land-sea 

temperature contrast was less o than 6 C then no sea ze 

would form. This is in agreement with other mid-latitude 

locations. For example, in Britain, Kimble et al. (1946) and 

the Air Ministry (1943) both suggested that offshore winds 

exceeding 8 ms 1 would suppress sea breeze development. 

General support for this assertion is provided by Brittain 

(1978) in the development of an empirical sea breeze model 

for Eskmeals, United Kingdom. Yoshikado (1981), in Japan, 

also suggests that when the gradient windspeed exceeds 10 

ms- l the probability of sea breeze occurrence shows notable 

differences according to gradient wind direction. 

The relationship between land heating, synoptic air-

flow and sea breeze development has also been approached froIT. 

a theoretical standpoint. Both Haurwitz (1947) and Defant 

(1951) considered the effects of the general wind in their 

early linear theories. Estoque (1962), using a non-linear 

numerical model, compared the effect of gradient winds from 4 

-1 directions at 5 ms with sea breeze development under calm 

conditions. The results were in general agreement with 

earlier observations 1 with offshore winds of 5 ms reducing 

the inland penetration of the sea breeze. Ike (1974a) 

noted similar effects in a study of Florida's wind regime 

using a three-dimensional numerical model. Walsh (1974) 

utilised a linear model to investigate the land-sea 

temperature differences required to create net onshore flO\>.' 

in opposition to a basic current. These results were in good 

agreement with those derived empirically by Biggs and Graves 
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(1962) and Lyons (1972) in the Great s. With offshore 

winds than 6 ms- l it is apparent that large land-sea 

temperature differentials are required to induce sea breeze 

development. 

A number of studies have examined the relationship 

between land-sea temperature difference and sea breeze 

component strength. These studies are well summarised by 

Mathews (1982). 

that: 

v 

He suggested for Nowra, New South Wales 

( 4.1) 

where V is the sea breeze component strength (knots), T is 

the land-sea temperature difference (oC) using air temper

ature at Nowra and sea-surface temperature of adjacent 

coastal waters. This relationship was then us to predict 

vectorally the influence of the sea breeze on gradient wind 

speed and direction. 

Several studies have examined the relationship between 

the sea ze and coastal upwelling whereby cooler water 

from subsurface layers is brought to the surface by horizontal 

flow. Ekman (1905) showed that the net transport surface 

water due to surface wind stress is directed 90 degrees to 

the right of surface wind in the northern hemisphere and 

to the left in the southern hemisphere. This is due to the 

combined effects of coriolis and frictional forces. 

Consequently, in the Canterbury region, major coastal 

upwelling sodes could be expected to occur with sustained 

periods of surface north-westerly winds. Off coast of 

Oregon,upwelli during northerly winds has resulted in 80 C 
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decrease sea surface temperature in a few days (Holladay 

and O'Brien, 1975). In this region, Hawkins and Stuart 

(1980) have shown that in contrast to southerlies which 

decrease land-sea 

upwelling events result 

gradients and strong 

air temperature gradient, northerly 

in increased land-sea temperature 

sea breezes. al support for 

such observations regarding air-sea raction within a sea 

breeze coastal upwelling regime has been provided by Clancy 

et al. (1979). 

Atmosphe stability has also been cited as a factor 

influencing sea breeze development. Wexler (1946) noted that 

the time of eatest vertical instability was the most 

favourable time for sea breeze penetration. This has been 

confirmed by a number of studies including Johnson and 

O'Brien (1973), Pearce (1968), and Br (1978). The 

effect of 

mechanism 

a stable atmosphere 

on the vertical sea 

is to act as a damping 

breeze circulation. In 

contrast, less stable conditions promote the extension of the 

circulation both vert ally and horizontally. 

Topography is also a factor which contributes to the 

marked diversity of sea breeze characteristics. This may be 

the result of both the form of the land and its vegetation 

cover (Atkinson, 1981). The presence of sloping land 

adjacent to a coast1 may accentuate sea breeze development 

if the slopes heat up ster than surrounding land. For 

example, Mass (1982) in Western Washington State has 

described the development of upslope winds in terms two 

mutually supportive circulations, the sea breeze and an 

upslope wind, acting synergistically. These effects have 

been investigated using a two-dimensional model by and 
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Pielke (1977a). In agreement with Mass (1982) it was found 

that the sea breeze and mountain circulations acting together 

produce a more intense circulation during the day and ght 

than they do acting separately. The same problem has also 

been studied numerically by Ookouchi et ale (1978), Asai and 

Mitsumoto (1978) and Kikuchi et alB (1981) with similar 

results. A major deficiency in these studies has been the 

neglect of effects arising from the superimposition of a 

gradient airflow, an important consideration in mid

latitudes. 

The nature of the land surface may also be a factor 

influencing sea breeze development, particularly if the 

forces working for and against sea breezes are nearly equal 

(Atkinson, 1981). Given the same radiat input of energy, 

dry barren coastlines heat up more quickly than moist well

vegetated surfaces. This effect has been studied numerically 

by Physik (1980) in an examination of the influence of soil 

moisture content on the inland penetration of the sea breeze. 

In a series of experiments in which the Bowen ratio was 

varied systematically, he found that the moisture content of 

the land over which a sea breeze passes can significantly 

fect both the distance and speed of penetration. 

From the above discussion it is apparent that the sea 

breeze phenomenon is st developed under conditions of 

strong thermal inputs and slack pressure gradients. Not 

surprisingly, sea breeze observations tend to show marked 

seasonality with a summer maximum and a clear association 

with anticyclonic conditions in which c 

winds usually predominate. 

r skies and light 
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4.2 3 s Work in New Zealand 

In the New Zealand published literature, 1itt 

emphasis has been aced on the effects of thermal forcing on 

surface r flow. The nature of thermo-topographic influences 

has studied in general terms by Revell (1972) with 

reference to the North Island summer situation, and by 

Trenberth (1977) in relation to surface atmospheric tides. 

Revell (1972) noted that in spring and summer, particularly 

when differential heating is greatest, sea breezes become 

ent ned into more extensive wind systems. 

incorporating large scale anabatic flow may be 

the South or North Islands and are the 

Such systems 

as large as 

result of an 

adjustment between the general airflow and 

associated with meso-scale heat lows. 

the circu on 

Consequently, the 

simp classical type of "pure" sea breeze is compara ly 

rare. Trenberth (1977) provided further evidence for this in 

relation to the Canterbury north-easterly and Manawatu south

westerly "sea breezes". Using a north-easterly developed 

a e trough as an example, Trenberth (1977) showed that the 

trough and weak pressure gradients become enhanced by a 

heat low resulting in a meso-scale circulation (of the order 

hundreds of kilometres) which may occur throughout the 

year. Within this system sea breeze effects occur at the 

local scale. 

At Hokitika, on the west coast of the South Island, 

Thompson (1977) observed that the "sea ze" is not a 

thermally-induced circulation but is strongly 

luenced by the proximity of the Southern Alps and the 

ling onshore gradient flow. Thompson and Neale (19Bl) 

also showed that local topography may luence sea breeze 
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occurrence at Nelson Airport during offshore south

westerlies. At this location, it is suggested that the ease 

with which the sea breeze develops is dependent on the 

position of troughs and ridges within the topographically

induced lee wave train. Consequently, the sea breeze is 

encouraged to extend across the area when the south-westerly 

is lighter and is inhibited when the south-westerly is 

stronger. 

In the Canterbury region, few studies have been 

concerned specifically with the nature of thermal forcing 

although references have been made to such effects in general 

climatological summaries (e.g. de Lisle, 1969). The most 

intensive study of the Canterbury sea breeze was carried out 

as part of the Canterbury Project (D.S.I.R., 1951), an 

attempt to study the formation of advection ducts formed by 

the offshore movement of warm dry air over the sea and their 

e ects on radio-wave propagation. Data were collected on a 

wide variety of parameters using instrumented aircraft and 

trawlers, wired sondes, radiosondes and pilot balloons. 

Despite the intensity of the research e ort, the data have 

been subjected to only minimal analysis. Nevertheless, it 

remains the most comprehensive study of its type to date. 

The Canterbury Project has two major limitations in 

respect to clarification of the role of thermal forcing on 

the plains. Firstly, the project was concerned only with 

foehn north-westerly situations and hence a potentially 

biased view of sea breeze development is presented. 

Secondly, the study area was restricted to the coastal region 

south of Banks Peninsula in the vicinity of the Ashburton 

River. As a result the nature of sea breeze development in 

relation to the predominant north-easterly north of Banks 
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Peninsula was neglected. Despite these limitations, the 

Canterbury Project provides a useful indication of the 

climatology and structure of the sea breeze south of the 

peninsula. Sea breezes were noted on 40 of the 74 cases 

examlned and were found to occur in all months except July 

over the 14 month study period. Sea breezes that developed 

in north-westerly situations were typically overl by 

north-easterlies and were commonly between 90 and 180m in 

depth. The south-easterly sea breeze was found to back to 

north-easterly with passage inland making it difficult to 

identify the limit of inland penetration. 

Sturman and Tyson (1981), in a preliminary study, have 

attempted the only climatology of sea breeze effects north of 

Banks Peninsula by uti sing Christchurch Airport data and 

pilot balloon observations from the University of Canterbury. 

In accord with the Canterbury Project (D.S.I.R., 1951), sea 

breeze effects were shown to occur throughout the year 

reaching a maximum summer. Sea breeze development was 

also shown to be complicated by the presence of the shallow 

north-easterlies 

trough. Sturman 

blowing into the orographically-induced lee 

and Tyson (1981) suggested that this 

augmentation by, and interaction with, the low level lee 

trough-induced north-easterly gives the Canterbury sea breeze 

site-specific qualities. For example, on occasions, Sturman 

and Tyson (1981) identified double maxima in north-easterly 

velocity profiles, a feature they attributed to the super

imposition of the low level sea breeze on the larger scale 

trough-induced north-easterly. Unfortunately, as with 

other studies concerned with sea breeze effects in New 

Zealand, little emphasis was placed on the thermal forcing 
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mechanism itself. For example, no mention was made of the 

magnitude of the land-sea temperature differential associated 

with particular "sea breeze" events. This may be a serious 

omission in a region of comp topography resulting in an 

over-estimation of the importance of the local sca sea 

breeze. Certainly, the assertion of Sturman and Tyson (1981) 

that "sea breeze~' occurred on 42% of days in July, 1979 would 

hold greater weight if data on land and sea surface temper

atures were included. 

As detailed in the previous chapter, nocturnal airflow 

patterns have been examined by Ryan (1975, 1980) for winter 

in the vicinity of the Christchurch urban area. Sturman and 

Tyson (1981) also noted that offshore downslope flow is well 

developed in the winter months and may be attributed to a 

land breeze augmented by a light mountain-pI n wind with an 

added gradient component. Implicit in both studies is the 

notion that katabatic onset is associated with the process of 

nocturnal cooling in which surface airflow becomes decoupled 

from that prevailing aloft. As suggested by Ryan (1975), 

nocturnal surface north-westerly flow at Christchurch Airport 

is frequently associa with onshore north-easterly flow at 

300m. Consequently, in Canterbury, diurnal boundary layer 

variations may be cons red an important thermally related 

factor contributing to the diurnal periodicity of the surface 

onshore north-easterly 

The Christchurch urban heat island has been studied 

previously by Sham (1968), Kingham (1969), Tapper (1976) and 

Tuller (1977), and found in each study to exhibit maximum 

urban-rural differences in the order of 5-6o C. However, Ryan 

(1975) suggests that because flow patterns appear to be 
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strongly influenc by topography in Christchurch, little 

evidence of a heat island circulation can be identified. 

Although some attention has been devoted to the nature 

of thermal forcing in the Canterbury region, research related 

to the influence of airflow on the thermal regime has been 

sparse. Lamb (1974), in examining the "nor'wester's" 

potential foehn influence on surface heat exchanges, noted 

that sensible heat flux is directed downward in most north

westerly events while in easterly periods it tends to be 

directed upward. Using a 

examined the effects of 

similar 

a foehn 

approach, Tu (1980) 

wind on human thermal 

exchange by comparing data recorded during a number of 

"nor'wester's" and at equivalent times on adjacent days with 

other weather types. 

4.2.4 Approaches and Data Availability 

The magnitude of land-sea thermal contrasts was 

identified in the previous section as the major tor 

responsible for sea breeze generation. In addition, several 

factors including the direction and strength of gradient 

airflow, low level stability and the occurrence of coastal 

upwelling were shown to important factors Ii ly to 

contribute to sea breeze development. The diurnal cycle of 

the planetary boundary layer was a factor also identified as 

contributing to the diurnal periodicity of onshore surface 

winds especially in association with downslope flows. 

In this chapter, the climatology thermal effects is 

investigated using a suite of quantitative techniques 

including simple cross-tabulation, regression analysis and 

discriminant analysis. In respect to the identi cation of 
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sea breeze events the principal criterion adopted is the 

difference between nearshore sea surface temperature (SST) 

and screen level temperature over land (T). This has been 

widely used as an indicator of potential sea breeze effects. 

For example, Brittain (1978) in forecasting sea zes at 

Eskmeals noted that the sea breeze only sets in when T-SST>O. 

Similar approaches have been used elsewhere by Lyons (1972), 

Biggs and Graves (1962), Mathews (1982) and Sumner (1977). 

However,Sumner (1977) suggests that the critical parameter is 

the temperature between land (not screen level air) and sea 

temperature. As a result, the use of air temperature over 

land means that the time at which equality is established can 

only be approximated. In the following analysis, a positive 

value of T-SST at onset of onshore flow is used as the 

principal crite on for identifying sea breezes. 

The data used to investigate thermal effects include 

continuous anemograph and thermohygrograph data collected 

from a number of sites during the study period (January 1982-

August 1983). In addition, selected case studies from the 

study period illustrate points raised in the climatological 

analysis. Sea surface temperatures were measured by 

thermometer at the head of Lyttelton Harbour gure 2.1). 

These early morning observations by pilot launch staff 

represent the most consistent and reliable record of SST data 

for the region. Examination of satellite rived SST data 

and data recorded during the Canterbury Project (D.S.I.R., 

1951) suggests that SSTs decrease offshore on the east coast 

of the South Island, while temperatures in the on north 

of Banks Peninsula are slightly higher than those to the 

south of Banks Peninsula. It was noted during the Canterbury 
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Project that the Canterbury Bight SSTs in the f st 80km 

offshore are little luenced by the cold northward flowing 

current along the east coast of the South Island. In some 

seasons, particularly summer, the difference in the SST 

between coastal waters and those beyond 120km offshore may be 

50 C. However, in most seasons sharpest gradients lie between 

80-ll0km. This suggests that Lyttelton Harbour temperatures 

represent a reasonable approximation to SSTs in the zone of 

Canterbury coastal waters likely to contribute to horizontal 

temperature gradients responsible for sea 

Climatological investigation of 

boundary layer variations on surface 

ze development. 

the role of diurnal 

airflow in the 

Canterbury region was restricted by the nature of data 

available. Although surface climatic parameters are 

continuously recorded at a number of sites, vertical profiles 

of windspeed and direction are only available at Christchurch 

Airport at 6-hourly intervals with temperature and humidity 

every 12 (summer) or 24 hours (winter). In addition, sur e 

wind observations suffer from the lack of sensitivity of 

existing instruments to low windspeeds. Vertical profiles 

are usually of insuff ient resolution to provide the details 

of near surface effects. As a resu , the brief analysis of 

boundary layer effects represents only a crude assessment and 

is essentially an adjunct to the primary concern of this 

chapter, the investigation of local thermal forcing on the 

Canterbury Plains. 
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4.3 SMENT OF SEA BREEZE INFLUENCE 

4.3.1 Land-sea Thermal Contrasts 

Maximum and minimum land-sea temperature differentials 

with associated standard deviations the study period are 

shown in Figure 4.2. Mean daily maximum temperatures at 

Court are consistently greater than near-shore SSTs for 

all months over the study period. Conversely, mean daily 

minimum temperatures fall well below SSTs for all months. As 

expected, maximum thermal contrasts occur in the summer 

months when the diurnal cycle heating is strongest. 

Unusually high temperatures in November, 1982 associated with 

a high frequency of foehn events are responsible for the high 

maximum land-sea temperature differentials recorded that 

month. Minimum land-sea temperature differentia also 

exhibit marked seasonality with greatest thermal contrasts 

again occurring in the warmer months. 

Examination of Figures 4.3a, b, reveals a strong 

relationship between the magnitude of thermal contrasts and 

synoptic airflow over the region. Maximum positive land sea 

temperature differentials are associated with moderate north

westerly flow, a direct result of the foehn effect producing 

warmer temperatures over land with coastal upwelling and 

cooler SSTs. South-westerly airflows are characterised by 

lesser positive land-sea temperature differentials. In 

contrast, gradient winds having a predominantly onshore 

(easterly) component are associated with near- zero or 

negat land-sea temperature different Is. 

contrast between minimum temperatures and SSTs 

The thermal 

(Figure 4.3b) 

appears to be less strongly influenced by synoptic airflow. 
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tiinus One Standard Deviation is Shmm. 

122 



180' 

360· 

b 

270°-\--+ __ 1_~_-l 

135 0 

180· 
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(Note Different Contour Intervals) 
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All wind direc ons are associ with negative land-sea 

temperature differentials of the order of -5 to lOoC. The 

only exception is with moderate north-westerly airflow where 

the foehn effect is again apparent resulting in high minimum 

temperatures and lesser thermal contrasts. In such situations 

minimum temperatures are frequently warmer than SSTs. 

SSTs showed marked fluctuations during the study 

period both on a seasonal and short term basis. Examination 

of Figure 4.4 reveals the study period included two 

major upwelling episodes, from 5-8 January 1982 and from 26 

November to 6 December 1982. In the January episode a SST 

o decrease of 3.7 C was recorded. During this period surface 

winds at Bromley were marked by strong north-westerly winds 

beginning at 0400h on 4 January and continuing till 2200h on 

6 January when they were replaced by cool south-westerlies. 

These continued till 0400h on 9 January. A similar pattern 

was evident in the December 1982 episode when a SST decline 

of 4.2 oC was recorded. At Bromley, surface north-westerlies 

began at 0900h on 25 November and continued till l420h on 28 

November. The north-westerlies were then followed by surface 

south-westerl s until 1700h on 2 December. Both examples 

are in accord with observations of upwelling events elsewhere 

and described in section 4.2.2. Short term fluctuations in 

the SST trace, although of lesser magnitude, suggest that the 

day to day variation in SST is highly sensitive to the 

combined effects of cool and warm advection and coastal 

upwelling. 
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4.3.2 

In 

periodicity 

easterly 

Peninsula. 

Occurrence North of Banks Peninsu 

Chapter 3, 

in the 

r was 

a strong 

frequency of 

noted for 

diurnal and 

surface winds 

sites north of 

126 

seasonal 

from an 

Banks 

These winds correspond to the direction from 

which a true sea breeze might be expected in this region. 

Table 4.1 provides a frequency summary of all days in 

the period September 1982 to August 1983 categorised 

according to the nature of surface north-easterly development 

at Bromley and land-sea thermal contrasts. Surface north

esterly winds were experienced at Bromley on most days 

(73.9%) with the highest frequency of events beginning after 

sunrise and prior to midday. The next highest frequency 

associated with the onset of north-easterly winds is for 

those north-easterlies initiated after midday and prior to 

sunset. Lesser frequencies are associated with nocturnally 

initiated events. 

Examination of percentage frequencies of positive and 

negative land-sea temperature differentials at surface north 

easterly onset reveals that on only 31.6% of occasions are 

morning north-easterlies associated with positive 

differentials (31 occasions). A considerably higher 

percentage of 65.3% (32 occasions) is recorded for afternoon 

north-easterlies. The distribution of temperature 

differentials associated with these north-easterly types is 

presented in Figure 4.5. For north-easterl s initiated in 

the morning, maximum frequencies are in the range -3 to -2 oC 

suggesting little likelihood of sea breeze forcing. 

secondary maximum is found in the range of 0 lOC ind 

that for some events land-sea temperature equality may 

A 

ing 

be a 

critical threshold for north-easterly initiation. For after-



TABLE 4.1: Frequency of Land-sea Temperature Differentials Associated with Surface North-easterly Events Observed at 
Bromley According to Time of Onset (1/8/82-31/8/83). 

of Surface North-easterly Event % Frequency (N) 

No North-easterly 26.1 (95) 

North-easterly onset between sunrise and midday 28.6 (104) 

North-easterly onset between midday and sunset 14.3 (52) 

North-easterly of previous day's event 15.1 (55) 

Nocturnal onset throughout day 8.2 (30) 

Short duration nocturnal north-easterly 7.7 (28) 

TOTAL 100.0 (365) 

% of Each Type When Temperature Differential is 
positive (Absolute Frequency is shown in 
Parentheses) 

Courtenay 
MAX - SST 

43.2 (4l) 

79.8 (83) 

71. 2 (37) 

92.7 ( 51) 

86.7 (26) 

75.0 (21) 

Bromley Onset 
TEMP - SST 

31.6 (31) 

65.3 (32) 

18.5 ( 5) 

41. 7 (10) 

Bromley Cessation 
TEMP - SST 

29.6 (29) 

26.5 (13) 

50.0 (13) 

45.8 (11) 

I-' 
N ___ I 
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noon north-easterlies, a high proportion of the events are 

associated with relatively large positive thermal contrasts 

indicating that these events are associated with either 

greater warming later 

the coastal and inland 

in the day or foehn events. At both 

sites, north-easterly cessation is 

predominantly associated with negative land-sea thermal 

contrasts reflecting the predominance of nocturnal cess ons 

described in Chapter 3. Despite the low proportion of events 

initiated with positive land-sea thermal contrasts, a high 

proportion of north easterly days are associated with 

positive maximum land-sea temperature 

suggests that the local sea breeze 

significant factor contributing to the 

easterly events, but may contribute 

strength of the resultant circulation. 

differentials. This 

effect may not be a 

itiation of north 

significantly to the 

In order to investigate the frequency of sea breezes 

north of Banks Peninsula, two criteria were initially applied 

to the 269 cases of continuous surface sterly flow: 

(a) The north-easterly event should be initiated with a 

positive land-sea temperature differential based on 

Bromley thermograph data. 

(b) The event must display a mode of onset character

ised by initial onset of the land sea interface and 

a subsequent arrival at inland sites. 

The usual assumption of a circulation exhibiting a 

urnal periodicity was waived because of possibility of 

sea breezes being subsequently modified by changes in synop

tic scale circulation. On this basis, 36 potential sea 

breeze events were identified for the study iod (13.4% of 

all north-easterlies) 

4 • 2 • 

These events are presented in Table 
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TABLE 4.2: Occasions when North-easterly Onset Associated with positive 
Land-sea Temperature Differential and Sea Breeze Mode of 
Onset. 
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Date h ms- l °c MJm-~ Direction(O)/Speed(ms-1 ) 
1982 
September 24 1255-Missing 6.1 2.4 7.1 U-N 210/6 288/7 308/8 

25 0930-2005 10.2 2.4 10.5 C-ND 050/3 022/7 329/14 
26 1205-2305 9.7 2.3 12.1 U-W 210/7 265/3 273/8 

November 18 1210-2150 8.2 5.4 15.9 U-NW 210/6 318/4 287/24 
28 1320-1830 5.8 11. 2 24.9 C-NW 280/11 305/11 313/28 

December 1 1615- '" 8.2 2.1 24.1 A-NE 180/5 243/6 196/11 
6 0550-2420 11.2 0.6 26.9 U-NW 060/5 279/4 283/18 
7 1305-1950 10.7 4.8 23.6 C-SW 210/5 291/7 285/22 
8 1015- '" 7.7 1.2 16.0 A-SW 160/5 284/1 250/17 

15 1030-2815 13.3 6.7 28.1 A-NW 360/2 267/4 236/16 
1983 
January 5 1215-2845 8.7 1.9 24.2 U-NW 170/9 231/8 257/16 

6 1310-2115 10.7 5.9 25.5 U-W 280/4 280/7 273/21 
8 1235- 1< 11.7 4.0 21.3 U-SW 280/8 261/8 239/20 

14 1100-1400 10.7 1.7 29.9 U-W 300/7 313/5 281/15 
18 1245-2420 14.8 6.4 29.4 C-NW 210/8 257/8 270/22 
22 1245-3235§ 12.2 4.5 30.1 C-SW 210/10 235/9 255/32 
29 0900-3235 11. 7 2.1 21.4 U-W 200/8 000/0 249/13 
30 1145-2920 12.2 7.0 28.3 U-W 240/5 244/9 255/20 

February 1 1400-2515 9.2 2.2 18.3 A-SW 000/0 197/6 208/28 
3 1450-2805 12.2 1.3 9.3 U-W 230/5 178/3 254/10 
4 1200-2815 13 .8 6.5 26.3 U-SW 270/13 278/17 268/29 

10 1235-1440 1.8 26.1 U-SW 180/5 212/3 223/25 
14 1200- '" 9.2 2.5 26.0 A-SE 200/5 192/7 220/10 
24 1625-2005 5.1 2.0 12.0 A-NW 000/0 277/9 285/14 
25 0950-2200 10.7 0.8 23.1 A-ND 240/3 306/4 222/11 
28 1435-2445 6.6 1.5 11.6 U-W 220/7 260/8 280/18 

March 20 1230-2030 13.8 10.3 18.7 C-W 290/8 260/9 245/13 
21 0945-Missing 12.2 2.2 10.8 U-ND 200/8 081/1 242/12 

April 1 1130-2010 8.2 1.7 14.3 U-W 230/2 313/13 300/22 
3 1430-1855 5.6 4.1 16.1 U-SW 270/7 287/3 277/15 

24 1530-3200 7.1 6.7 9.0 U-SW 000/0 228/5 231/7 
26 1130-2710 12.8 0.2 2.4 C-NW 240/3 MD 304/14 

July 12 1420-1800 0 2.8 4.0 A-E 000/0 339/1 192/8 
29 1305- 1< 6.1 5.1 2.8 A-NW 000/0 263/2 234/18 

August 16 1130-2140 5.1 2.7 4.6 A-SW 000/0 233/3 188/14 
29 1130-2345 6.6 0.1 5.6 A-NE 210/01 355/7 062/11 

'" No cessation until late the following day. 
§ Times greater than 2400 represent times the next day 

(i.e. 2400 + x hours) 
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The majority of cases are associated with late morning 

or afternoon onsets and a tendency for the event to continue 

into the late evening or early morning. One third of the 

cases show no diurnal periodicity with the north-easterly 

isting well into the next day_ events display marked 

seasonality with highest frequencies occurring in the period 

December to February, and only 4 possible examples in the 

cooler period May to August. This result is strongly 

indicative of the on of thermal forcing. However, on 

only 58% of occasions do daily solar ion totals exceed 

mean values for corresponding months. 

Examination of synoptic circulation types and 1200h 

windspeed and directions suggests that rtually all of the 

events identified are associated with offshore gradient flow. 

The 

is 

ationship between surface and 600mb 

presented in Table 4.3 for both 

airflow patterns 

the diurnal and 

non-diurnal types. Highest frequencies are associated with 

600mb airflow from a south-westerly quarter (58%). More than 

half of these events splay no diurnal iodicity and with 

exception of one easterly event the remainder are 

associated with north-westerly flow aloft. Typically, such 

situations 

development. 

are associated with significant 

Of the 36 events, approximately one 

lee trough 

half are 

preceded by surface south-westerly winds However, the 

greatest individual cell frequency is associated with surface 

south-westerly winds and north-westerly winds aloft. Again, 

these cases are generally characterised by appreciable lee 

trough development. It is likely that the transition from 

sur e south-westerlies to north-easterlies in these 

situations is due primarily to the dynamic interaction of the 



TABLE 4.3: Frequency of Level and Surface Airflow Patterns 
(recorded at Christchurch Airport) Associated With 36 
Potential North-easterly Sea Breeze Events. 

NORTH-EASTERLY DISPLAYING DIURNAL PERIODICITY AT SURFACE 

Surface Wind Direction 
Prior to North-ea Onset at 
Christchurch Airport at 1100h 

0-90 

91-180 

181-270 

271-360 

CALM 

TOTAL 

wind Direction 600mb 
1100h Rawinsonde ascent 
0-90 90-180 180-270 

2 

1 4 

1 

2 

1 9 

NORTH-EASTERLY DISPLAYING NO DIURNAL PERIODICITY AT SURFACE 

0-90 

91-180 2 

181-270 5 

271-360 2 

CALM 3 

TOTAL 12 

132 

270-360 

2* 

8 

3 

1 

14 

"'Cases when already at Christchurch Airport at 1100h. 
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synoptic scale pressure field with local topography rather 

than localised sea breeze forcing. In this context, perhaps 

the greatest opportunity for unmodified sea breeze develop

ment is associated with those southerly or south-westerly 

gradient airflows where distortion of the pressure field due 

to cross-alpine flow is minimised. 

Consideration of the spatial extent of the 36 

potential sea breeze events provides support for the 

suggestion of Revell (1972) that sea breezes in New Zealand 

are invariably entrained into more extensive thermally forced 

systems. Approximately two thirds of events were recorded at 

both Greendale (50km inland) and Winchmore where the sea 

breeze would be expected to be from a south-easterly 

direction. This suggests that many of the examples exist at a 

scale somewhat larger than the classical model of a mid

latitude sea breeze which may be expected to penetrate 20 to 

50 km inland (Atkinson, 1981). Consequently, the majority of 

those situations which hold the greatest potential for sea 

breeze development north of Banks Peninsula are characterised 

by low level north-easterly flow of considerable spatial 

extent. ThiB~~~ndicates a likely contribution from other 

forcing mechanisms. 

Hourly pressure differences between Kaikoura and 

Christchurch and Hokitika and Christchurch for the 36 cases 

suggest that the majority are associated with diurnal 

variations likely to contribute to north-easterly flow. 

These effects are in agreement with the results of Trenberth 

(1977) and are examined in detail in the following chapter. 

It is apparent that the majority of potent 1 

unmodified sea breeze north-easterlies are in fact strongly 
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influenced by the dynamic interaction of the synoptic scale 

surface pressure distribution with the local topography, a 

likely factor contributing to the broad spatial extent of 

such north-easterlies on the plains. Undoubtedly, thermal 

forcing contributes significantly to these events. However, 

such effects make it extremely difficult to argue on a 

quantitative basis the status of a particular north-easterly 

as a pure unmodified sea breeze as described by Sturman and 

Tyson (1981). Nevertheless, sea breeze effects are 

discernible as the following example illustrates. 

On 10 February 1983, the Canterbury Plains were 

influenced by south-westerly conditions associated with high 

solar radiation inputs and relatively light surface winds. 

Although a weak thermal low was evident on the mid-afternoon 

surface synoptic chart (Figure 4.6), surface airflow along 

the east coast of the South Island was predominantly 

southerly or south-easterly, with the exception of light 

north-easterly flow at Kaikoura. 

Air temperatures rose to approximately 20 0 C exceeding 

the nearshore SST of 16.7oC (Figure 4.6b). Between 0900 and 

1100h, south-east winds replaced light nocturnal westerlies 

and continued throughout the day at most sites. As shown in 

Table 4.2 in the previous section, winds aloft were from the 

south-south-west suggesting an absence of lee effects. While 

south-easterlies strengthened at West Eyreton, Greendale and 

Leeston, a marked swing to light variable east to north-east 

winds was experienced at Bromley between 1320h and 1545h 

(Figure 4.6c). This was part of a lesser backing of the wind 

in the period 1100-1700h corresponding exactly to the period 

of positive land-sea differential. Further north at Woodend, 
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a marked swing to north-easterly winds was apparent in the 

period 1300 19l0h suggesting that the circulation was better 

developed in this vicinity. No such 

north-easterly flow was noted at 

inland sites during the same period. 

swing to easterly or 

Christchurch Airport or 

Despite the lack of cross-alpine flow aloft, mean sea-

level pressure differences between Kaikoura and Christchurch 

and Hokitika and Christchurch show a marked diurnal variation 

reSUlting in a maximum in the ssure gradients directed 

toward the plains in early afternoon (Figure 4.6d). It is 

likely that this effect was almost wholly thermally-induced 

and was responsible for some of the observed variations in 

the windfield over the plains. However, the relatively short 

duration of the localised north-easterly flow suggests that 

this effect may be attributed to more local thermal effects 

rather than the diurnal pressure variations apparent at the 

synoptic scale. 

This example provides a clear indication of the 

localised nature of unmodified sea breeze development north 

of Banks Peninsula and is in marked contrast to the broad 

spatial extent and persistence of typical north-easterly 

events. However, it also highlights the problems involved in 

differentiating between local sea breeze effects and large 

scale thermal forcing associated with the elevated terrain of 

the South Island region. 

4.3.3 Sea Breeze Occurrence South of Banks Peninsula 

In contrast to the zone north of Banks Peninsula where 

the sea breeze influence is masked to a considerable degree 

by the predominant onshore north-easterly, the markedly 
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different orientation of the coastline south of Banks 

Peninsula renders the area more amenable to the examination 

of sea breeze influences. 

The strong diurnal periodicity in south-easterly winds 

at Leeston was recognised in Chapter 3. Examples of the 

types of diurnal south easterlies identified at Leeston are 

shown in Figure 4.7. Relative frequencies of each type are 

presented in Table 4.4. 

TABLE 4.4: Frequency of South-easterly Events and North-easterlies 
Recorded at Leeston (March 1982-August 1983) 

Type 

(A) North-easterly with south-easterly embedded 

(B) South-easterly prior to or following north-easterly 

(C) South-easterly embedded in westerly 

(D) Westerlies backing to south-easterlies 

(E) Continuous north-easterly with no shift to 
south-easterly 

Frequency 

77 

56 

20 

12 

100 

The most frequent south-easterly events observed at 

Leeston were embedded in north-easter esc The sudden onset 

and cessation of these events produces an extremely 

distinctive anemograph signature. On other occasions south-

easterlies were observed to occur either prior to or after a 

period of north-easterlies and were most frequently 

associated with a gradual swing from south-westerly to north-

easterly winds. Daytime south-easterl s were occasionally 

observed at Leeston in association with other wind direction 

the most frequent events being south-easterlies embedded in 

surface westerlies. South-wester es were also observed to 

slowly back to the south or south-east during daytime. Of 

those daytime north-easterlies occurring at Leeston 43% were 

associated with a change to the south-east. 
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(b) South-easterly Prior to or Following North-easterly 
(c) South-easterly Embedded in Westerly 
(d) Westerlies Backing to South-easterlies 
(e) Continuous North-easterly with no Shift to 

South-easterly. 
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Hereafter, emphasis is p on those south 

easterlies embedded within north-easterlies (Type A) the 

lowing reasons: 

(a) These events exhibit a c rly defined onset and 

cessation which simplifies the analysis of thermal 

forcing. 

(b) They are most likely to sent a sea breeze 

influence due to their association with north

easterly winds which occur in situations conducive 

to sea breeze development. 

(c) These events are directly comparable with the 

frequent, strongly diurnal, but continuous (no 

swing to south-easterly flow) north-easterly events 

at Leeston. This simplifies the assessment of 

those factors influencing sea breeze development in 

the region. 

(d) They occur most frequently. 

The monthly frequency and mean monthly onset and 

cessation times for Type A 

presented in Figure 4.8. 

seasonality, with a maximum 

south-easterly events 

These events show 

frequency of events in 

are 

marked 

late 

summer and autumn, and a minimum in the winter months of June 

and July. Similarly, patterns of onset show considerable 

seasonality with latest onsets occurring winter months and 

earliest onsets in December and January. In contrast, mean 

values of cessation although displaying considerable 

variability, show little seasonality. Without further 

detailed analysis here, it appears that this pattern of 

cessation is due to the interaction between the south

easterly and the north-easterly which frequently strengthens 
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in late afternoon. Consequently, the south~easterly is 

frequently prematurely obliterated by the north-easterly. 

Examination of the land-sea temperature differentials 

associated with south-easterlies embedded in north-easterlies 

at Leeston (Figure 4.9) provides further confirmation of the 

sea breeze effect south of Banks Peninsula. Over the study 

period, 78.7% of occurrences were associated with a positive 

land-sea temperature differential at Christchurch Airport at 

onset. Of the remainder, a further 10.6% of occurrences were 

associated with south-easterly gradient winds aloft. This 

suggests that such south-easterlies are not prima ly sea 

breezes, but the corning to ground of gradient airflow 

associated with thermal mixing. No explanation is offered 

for the final 10.7% of occasions except that the associated 

land-sea temperature differentials are in the range 0 to 

-2 oC, well within the bounds of possible error related to the 

calculation of land-sea temperature gradients on the basis of 

Lyttelton nearshore data and Christchurch Airport screen 

temperatures. 

Further evidence that the embedded south-easterly 

events are thermally forced is provided by an event on 6 

December 1982 (Figure 4.10). This event was conspicuous for 

its early onset (approximately 0750h), over one and a half 

hours prior to the next earliest event of the 75 occurrences. 

Despite the early onset on this occasion, the air temperature 

over land at onset (IO.9 0 C) exceeded the SST (10.4 o C) due to 

unusually low sea surface temperatures associated with a 

major coastal upwelling event described earlier (Figure 4.4) 

Table 4.5 provides a comparison of the circulation 

types (described in Chapter 2 and detailed in Appendix III) 
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associated th embedded south~easterlies and continuous 

north-easterly events at Leeston. The majority of Type A 

south-easterly events are associated with anticyclonic 

conditions, the highest frequenc s being associated with 

A-ND, A-NE and A-NW types respectively. These types are most 

frequently associated with the passage of an anticyclone 

across New Zealand and involve the development of a 

characteristic double high pressure system on the surface 

isoba chart, with centres to both the east and west of New 

Zealand, and a shallow trough over the Southern Alps (see 

following example). Type A events also often occur in south-

westerlies preceding an anticyclone (A-SW). Although Type A 

events are strongly associated with anticyclonic circulation 

types, they cannot be differentiated from continuous north-

easterlies on this basis alone. A high proportion of 

continuous north-easterlies are also associated with anti-

cyclonic situations. 

TABLE 4.5: Circulation Types (1500h) Associated with Embedded South-
easterlies (TYPE A) and Continuous North-easterlies (TYPE E) 

at Leeston. 

ANTICYCLONIC CYCLONIC UNSPECIFIED 

North 4 11 1 4 3 

North-East 16 8 

East 6 

South-East 

South 

South-West 8 4 2 2 1 3 

west 3 3 3 1 6 

North-West 9 15 3 18 2 9 

No Duration 20 8 1 1 2 

TOTAL 66 49 6 28 5 23 

NB: Circulation Classification outlined in Appendix III. 
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Despite the range of circulation types assoc with 

Type A events, examination of the influence an opposing 

gradient wind on sea breeze occurrence is greatly simplified 

since all the events described are developed within the 

larger scale north-easterly. In terms of the classical 

studies of sea breeze development described ea ier, the 

north-easterly effectively represents a gradient flow 

incorporating an offshore component to the south-west of 

Banks Peninsula. 

In order to investigate the influence of the strength 

of north-easterly airflow on south-easterly events at 

Leeston, 1500h surface north-easterly wind strength from both 

Lincoln and Leeston (where possible) was used as a surrogate 

for the intensity of north-easterly circulation (both sites 

have Lambrecht Woelfle type anemographs). If south-easterlies 

were present at Leeston at 1500h, nearby Lincoln data was 

used. Windspeeds immediately prior to south-easterly onset 

at Leeston were then used to examine seasonal variations in 

critical velocities suitable for south-easterly development. 

In Figure 4.11, the frequency of surface north-easterly 

strengths at 1500h is presented for Type A south-easterlies 

and continuous north-easterlies. Comparison of the two types 

suggests that Type A south-easterly events are associated 

with relatively light north-easterlies while stronger north

esterlies inhibit sea breeze development. The threshold for 

sea breeze occurrence appears to vary with season. In 

summer, Type A events were observed in north-easterlies 

reaching a maximum surface velocity at Lincoln (1500h) of 7 

ms In contrast, winter events never developed in north-

ea es exceeding a maximum velocity of 4.5 ms- l • Autumn 
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and spring seasons appeared to have transitional thresholds 

-1 of 6.0 and 5.0 ms respectively. 

Consideration of the 55 continuous north-easterly 

events with wind speeds less than the seasonal threshold 

strength for sea breeze development provided an indication of 

those factors responsible for non-occurrence of the sea 

breeze. For the two synoptic classifications most frequently 

associated with sea breeze development (A-NE and A-ND), all 

events except one were associated with maximum land-sea 

o temperature differentials less than 1 C. Of the total cases, 

55% were associated with non-anticyclonic flow with the 

majority of these associated with westerly gradients. The 

relatively high proportion of sub-threshold continuous events 

in autumn and winter again suggests that surface heating and 

low level stability may be factors influencing sea breeze 

development on the Canterbury Plains. 

Comparison of seasonal means of surface north-easterly 

wind speeds prior to south-easterly onset at Leeston with 

mean seasonal land-sea temperature differentials provides 

further evidence of seasonally varying thresholds to south-

easterly sea breeze occurrence (Figure 4.12). In both winter 

and spring, although opposing north-easterlies are lighter 

than in summer and autumn, larger land-sea temperature 

differentials are required to initiate sea breeze 

development. However, standard deviations suggests there is 

still considerable variability within seasons. 

These results suggest that the seasonal variation in 

surface heating and low level atmospheric stability may be a 

critical factor influencing sea breeze development on the 

Canterbury Plains. In summer, it is likely that anticyclonic 
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th strong diurnal heating promote shallow 

and thus, sea breeze development may be 

initiated. In contrast, winter conditions are associated with 

weaker diurnal heating and more stable atmospheric 

conditions. Consequently, any initial vertical motion may be 

inhibited to the extent that virtually no horizontal flow can 

result on a sufficiently large scale. Within this regime it 

is not surprising that the combination of factors necessary 

for sea breeze development, particularly the magnitude of the 

land- sea temperature differential and the strength of the 

opposing flow, also exhibit seasonal variability. 

In the following example, the structure and temporal 

characteristics of a south-easterly (Type A) event are 

investigated in detail to illustrate those points raised in 

the previous discussion. 

January 27, 1983 was characterised by clear skies and 

anticyclonic conditions. Surface synoptic charts from 1100-

2300h are shown in Figure 4.13a. Over this period, the 

north-westerly flow to the west of an anticyclone covering 

central New Zealand gradually strengthened resulting in the 

intensification of a lee trough over the South Island. Winds 

aloft over this period gradually veered from strong south

south-westerlies to lighter westerlies with the intensifying 

north-westerly flow. 

Surface winds over the Canterbury Plains had been 

south-westerly during the 26th January turning to light 

westerlies overnight. A north-easterly developed early on 

the 27th (around 0755h at Bromley) and quickly covered the 

entire plains. Examination of temperature data for coastal 

Bromley and inland Courtenay (Figure 4.13c) reveals that this 
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north-easterly was not a "true" sea ze s 

temperature differential was approximately 

151 

the land-sea 

8.2oC based on 

courtenay temperatures. However, a pos sea temper

ature differential did develop during late morning and mid

afternoon with a maximum land-sea thermal contrast of 2.6oC 

based on Courtenay temperatures. In contrast, Bromley 

temperatures remained close to SST throughout the day, 

suggesting that the north-easterly warms as it travels 

inland. These effects are described in subsequent sections. 

Vert al profiles of temperature from radiosonde 

ascents at Christchurch Airport are shown in Figure 4.l3d. 

At 0700h the profile shows two prominent low level inversions 

which appear to reflect not only the effects of rad onal 

cooling but also low-level airflow consisting of light 

surface west-north-westerlies overlain by very light south-

easterlies, a likely precursor to the imminent north-

easterlies. Support for this observation is found in the 

midday ascent. This shows an elevated inversion, correspond

ing to that at 0700h, which is related to the top of the 

cool, moist north-easterly circulation shown in the time 

height cross-section of winds at the University site (Figure 

4.13f). The north-easterly, which continued throughout the 

27th and 28th, was approximately 700m in depth and overlain 

by light westerlies backing to stronger south-westerlies 

aloft. 

The onshore component of winds at Taumutu (positive 

values are onshore, orientation normal to coastline 165 0
) 

shows a similar vertical wind profile to the University site 

(Figure 4.13f, g). However, a south-easterly breeze developed 

in opposition to the north-easterly flow prior to 1100h and 
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continued until approximately 1545h when it was replaced by 

north-easterlies. The south-easterly circulation reached a 

depth of 200-300m and at onset was associated with a positive 

o land-sea temperature differential of approximately 0.8 C. At 

cessation, the land-sea temperature differential was approx

imately 3.00 C. The south-easterly sea breeze penetrated as 

far as Leeston (Figure 4.l3e), but was not recorded at any of 

the other anemograph sites including Lincoln or Winchmore. 

At Leeston, the south-easterly reached a maximum surface 

-1 velocity of 4.5 ms . 

A notable feature of the vertical wind profile at 

Taumutu during the sea breeze event was the corresponding 

increase in the offshore wind component immediately above the 

circulation. This disappeared with the cessation of the 

south-easterly and may be attributed to augmentation of the 

north-easterlies by the sea breeze return flow. 

The reason for the premature cessation of the south-

easterly sea breeze is apparent in the time-height cross-

section of the onshore component (Figure 4.l3f) at the 

University site (onshore winds are positive and represent 

north-easterlies since orientation normal to coastline north 

of Banks Peninsula is approximately 75 0
). A general increase 

in the low level velocity of the north-easterly occurred 

after l400h with onshore winds exceeding 10 ms- l between 1500 

and l600h. Support for this observation is provided by the 

Lincoln anemograph trace which showed an increase in surface 

north-easterly velocity from 5 ms- l to 7 ms- l between 1500 

and l600h. This observation is in accord with earlier 

results in this section which suggest that summer south-

easterly sea breezes will not develop in north-easterlies 
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-1 reaching a of greater than 7 ms In this 

it appears the south-easterly was prematurely obliter-

ated by a strengthening of the north-easterly beyond this 

critical value. It is likely that this strengthening 

north-easterly was associated with the intensification of the 

lee trough shown in Figure 4.l3a. 

4.4 EFFECTS ASSOCIATED WITH THE 

4.4.1 Influence on Thermal Regime 

Several previous studies hve examined the influence of 

the sea breeze on surface temperature and humidity. Of the 

recent studies, including those by Sumner (1977) in Britain, 

Physik (1982) in Australia, and Barbato (1978) in New York, 

most support the view held by Wexler (1946) that passage of 

the sea breeze is associated with a drop in temperature and 

increase in dew point. However, with passage inland, the 

contrasts in temperature and humidity across the sea ze 

interface are attenuated as surface characteri fuse 

through the sea breeze circulation. 

Earlier results in this chapter suggest that the 

north-easterly circulation is not a sea breeze the 

generally accepted sense. However, it possesses many of the 

characteristics of the sea breeze. Consequently, it is 

likely that the north-easterly has two important effects 

relating to thermal processes on the Canterbury Plains. 

These are: 

(a) The advection of marine air across 

Plains is likely to strongly 

the Canterbury 

influence the 

magnitude of horizontal temperature gradients, 
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thereby creating a complex feedback system 

influencing the thermal component the north-

easterly as well as spatial and temporal patterns 

of temperature over the pI ns. 

(b) Because the south-easterly sea breeze is most 

frequently developed within the north-easterly, the 

thermal properties of the north-easterly are likely 

to play an important role in sea breeze development 

south of Banks Peninsula. 

These effects are discussed in this section. 

4.4.4.1 Temperature Traces 

In contrast to the often observed effect of sea 

breezes on daytime temperature traces, the onset of north-

easterly winds on the Canterbury Plains is seldom accompanied 

by a significant decline in temperature. As shown in Table 

4.6, the majority of events (62.7%) show a rise in 

temperature in the two hour period following onset at 

Bromley. Of those events accompanied by a decline in 

temperature following onset, most are associated with 

afternoon north-easterlies. This is not surprising since at 

this time the diurnal temperature wave is likely to have 

already reached or is approaching its maximum. 

TABLE 4.6: of occasions When North-easterly Onset at Bromley is 
Accompanied by Cooling and Warming in the Following Two-hour 
Period for North-easterly Events Classified by Time of Onset 
(1/8/82-31/8/83). 

TYPE OF SURFACE NORTH-EASTERLY EVENT 

North-easterly onset between sunrise and midday 

North-easterly onset between midday and sunset 

North-easterly part of previous day's events 

Nocturnal onset continuing throughout day 

Short duration nocturnal north-easterly 
TOTAL 

Temp. at Bromley 2 Hours 
After On§et Minus Onset 
Cooling Warming Total 

12 86 98 
41 8 49 

0 2 2 

9 19 27 

14 10 24 

75 125 200 



155 

Examination of the effect of the north-easterly on the 

temperature profile is complicated by a number of factors. 

Not only are north-easterly events seldom associated with a 

decrease in temperature but also the most frequent time of 

onset (prior to midday and after sunrise) coincides with the 

period when temperatures are likely to be increasing in a 

sinusoidal fashion. Consequently, it is difficult to 

determine whether a decline in the rate of temperature 

increase is due to the north-easterly or simply a function of 

the diurnal temperature wave. Unlike true sea breezes, 

north-easterlies may be initiated at any time during the 

diurnal temperature cycle. It is therefore difficult to 

gauge the north-easterly influence on the basis of temper

atures immediately prior to or after north-easterly onset. 

However, if it is assumed that the temperature of the 

north-easterly at the coast is related to that sur over 

which has been resident (the sea), then consideration of 

SST provides a means of gauging the likely e ect of north

easterly onset on the thermal regime on a particular day_ 

A regression between air temperature two hours afte~ 

onset minus temperature at onset of the north-easterly at 

Bromley (T2-TB), and onset temperature minus SST (TB-SST), 

revealed a correlation coefficient of -0.67, significant at 

the 0.01% level, for those events initiated during daytime. 

This suggests 

of SST, onset 

that if air temperature at onset is in excess 

of the north-easterly is likely to be 

associated with a decline in temperature. Conversely, if r 

temperature at onset is less than SST, warming is likely to 

continue. The regression equation given by 

(TB-SST) = -1.01(T2-TB) + 0.21 (4.2) 



156 

may be simplied to give 

T2 :: SST + 0.21 (4.3) 

if the coefficient 1.01 is rounded to -1.0. This indicates 

that in the period immediately ter onset, air temperature 

tends toward SST. Mean monthly variations in the difference 

between onset temperature and SST suggests that this 

relationship exhibits considerable seasonality with a 

tendency for onset temperatures greater than SST to occur in 

the warmer months. It is likely that many of these events 

are associated with greater solar heating of the land surface 

and the transition from warm north-west advection to the 

cool, moist north-easterly. In contrast, the cooler months 

are associated with onset temperature less than SSTs. This 

suggests that the onset of the north-easterly does not 

initially result in significant truncation of the temper

ature profile, but may be associated with warming. 

4.4.1.2 Comparison of Inland and Coastal Sites 

Figure 4.14 shows the mean monthly difference between 

maximum temperatures at Courtenay (inland) and Bromley 

(coastal) for all occasions when north-easterlies were 

experienced at both sites at the time of temperature maximum 

(north-easterly flow at Courtenay was inferred from Greendale 

and West Eyreton anemograph data). In the period December to 

April, inland maximum temperatures during north-easterlies 

tend to be greater than coastal maxima, indicating a warming 

of the north-easterly as it travels inland. In contrast, the 

period May to November is associated with lesser differences 

between inland and coastal sites with a tendency for inland 
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maxima to coo r than coastal maxima in some months It 

is likely that this seasonal variability in the modification 

of north-easterly thermal properties with passage inland is 

the re of seasonal variations in the local 

balance. The important physical characteristics which 

influence energy transfers include albedo, soil conductivity, 

soil moisture, adiabatic warming, thermal advection, 

katabatic flow, atmospheric humidity and transmissivity, and 

surface roughness and vegetation cover (Oke, 1978). 

Unfortunate , investigation of the contribution of such 

parameters to modification of north-easterly thermal 

properties is beyond the scope of this study. 

Four examples presented in Figures 4.1Sa,b,c,d serve 

to illustrate the patterns described in this section: 

(a) 1 January 1983: A north-easterly, developing during 

morning and covering the entire plains, was associated with 

an anticyclone approaching the South Island and reached a 

maximum surface strength of 9 ms- l Solar radiation receipts 

were the highest of the month (31.2 MJm- 2 ) and near-shore SST 

was 15.4oC. At Bromley, marked truncation of the normal 

temperature trace was associated with onset of the onshore 

north-easterly with the result that maximum temperature 

remained close to SST. However, at Christchurch Airport 

maximum temperatures reached 19.5oC with litt rent 

ect of the north-easterly on the temperature trace. 

Simi , inland Courtenay temperatures rose to a maximum of 

This example suggests that in situations of high solar 

radiation receipts the north-easterly rapidly assumes the 

cha stics of the surface over which it travels. 
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Consequently, at inland, sites onset of the north-easterly is 

not accompanied by any marked modification of the temperature 

trace. 

(b) 20 July 1983: A north-easterly developed prior to mid-

day and extended inland beyond Greendale and West Eyreton. 

This was again associated with anticyclonic clear sky 

conditions. Solar radiation receipts were high for winter 

-2 0 (7.1 MJm ) and nearshore SST was 7.8 C. The north-easterly, 

which replaced light westerly winds, reached a maximum of 4.5 

ms- l at Christchurch Airport and 2 ms- l at inland sites. 

In contrast to the previous example, temperature 

traces at both inland and coastal sites were very similar. 

Onset of the north-easterly was associated with a negative 

land-sea temperature differential. Consequently, onset was 

not associated with a decline in temperature and temperatures 

continued to rise to approximately lOC in excess of SST. 

(c) 4 February 1982: A north-easterly developed in early 

afternoon in opposition to a warm dry north-westerly 

associated with strong north-westerly flow aloft and lee 

trough development. Due to the foehn effect, air temperatures 

over land were considerably warmer than SST (17.6oC). The 

north-easterly moved inland in a frontal fashion extending 

inland beyond Courtenay. It then retreated coastward to a 

point between Christchurch Airport and Courtenay. 

North-easterly onset at both inland and coastal sites 

was associated with a marked drop in temperature and increase 

in relative humidity. At Bromley, temperatures dropped 70 C 

at onset and then stabilised at a temperature very close to 

SST. At Courtenay, the relatively short period of north-
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easterly flow was associated th a temperature decline 

o only 3.4 C. This suggests that a simi process of warming 

occurred to that described in Figure 4.lSa. 

(d) 5 July 1983: During the period of study, onshore 

winds were also observed to have a considerable influence on 

nocturnal cooling rates as illustrated in this final example 

(Figure 4.15d). 

A light north-easterly, replacing light westerly flow, 

developed during early afternoon in clear sky anticyclonic 

conditions. Inland, velocities reached 3 ms- l . At Bromley, 

the north-easterly event was characterised by a pronounced 

lull in the period 1600-1930h followed by a strengthening 

from an easterly direction. This was also noted at 

Christchurch Airport, and Greendale but not at West Eyreton 

where the easterly was replaced by light westerlies. The 

north-easterly flow remained aloft throughout the night to a 

depth of approximately 600me 

Until 1930h, Bromley, Courtenay and Christchurch 

Airport thermograph traces showed a uniform pattern of 

cooling. However, after 1930h considerable variations were 

apparent, the most conspicuous being the increase in 

temperature at Bromley associated with the easterly. This 

was followed by a sharp decrease in temperature at approx-

imately 0400h associated with the onset of light westerly 

katabatic flow. As such winter situations are characterised 

by strong radiation inversions in the vicinity of 

Christchurch, it is likely that the warming was due to down-

ward entrainment of warmer air from the easterly aloft. This 

effect is apparent to a lesser extent at Christchurch Airport 

where strengthening of the easterly resulted in a temporary 
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halt to the coo process followed by a marked decline At 

Courtenay, this e ect is not apparent. Rather, sustained 

cooling is followed here by the onset of katabatic flow. The 

marked fluctuations in the temperature trace at Courtenay 

appear consistent with observations of surging in downslope 

flow elsewhere (Tyson, 1968; McNider, 1982). 

Ryan (1980) noted that in situations where nocturnal 

surface winds turn from north-east to north-west at 

Christchurch Airport, with north-easterly winds at 300m, 

there is no temperature discontinuity at onset of the 

katabatic. In these situations, Ryan (1980) observed that 

mean cooling prior to onset was 7.2oC (standard deviation 

1.4). In this example, although a marked discontinuity is 

apparent at Bromley, the results appear consistent with Ryan 

(1980). Comparison of anemograph and thermograph signatures 

for Bromley suggest that the marked temperature discontinuity 

is associated not with the onset of katabatic flow but the 

decline in surface velocity of the easterly. As Ryan (1980) 

suggests, it is this "pre-cooling" that is necessary for 

onset of the light westerly. For both Christchurch Airport 

and Bromley, 

situation. 

"pre-cooling" is approximately 8.SoC in this 

In summary, the thermal regime of the Canterbury 

Plains is strongly modified by the inland advection of moist 

marine air within the predominant onshore north-easterly. 

The magnitude of this influence is dependent on the nature of 

land-sea temperature contrasts at the time of north-easterly 

onset. In the warmer months, the north-easterly has its 

greatest influence on the thermal regime since inland 

temperatures at onset are more likely to exceed SSTs. 
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However, the thermal properties of the relatively cool north-

easterly are rapidly modified with passage inland due to 

boundary layer processes. This results in the maintenance of 

temperature gradients between inland and coastal locations. 

Conversely, in the cooler months SSTs are most likely to be 

in excess of air temperature at onset. The modification of 

temperature traces associated with north-easterly passage is 

therefore less apparent. Low solar radiation receipts and 

stable conditions in winter mean there is little modification 

of thermal properties on passage inland. As a result, 

horizontal temperature gradients are weakened. Nocturnal 

north-easterlies play an important role in moderating night-

time cooling. This is most apparent adjacent to the coast 

and in winter may promote warming resulting from the entrain-

ment of air from aloft. 

4.4.2 Boundary Layer Effects Contributing to Diurnal 
Variability 

In previous sections, it was recognised that the 

surface north-easterly displays strong diurnal periodicity. 

In this section, the contribution of diurnal boundary layer 

variations to this pattern is discussed in relation to 

Christchurch Airport data. 

Utilising Christchurch Airport surface wind data for 

the period January 1982 to August 1983, 204 events in which 

north-easterly flow was apparent on consecutive days were 

identified. In Table 4.7 these are classified according to 

the nature of nocturnal flow. 
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TABLE 4.7: Classification of Nocturnal North-easterly Flows at Christchurch 
Airport According to Surface Flow and Flow Aloft. Events 
Comprise North-easterly Flows on Consecutive Days. 

Surface North-easterly North-easterly Aloft No. of Events 

TYEe (anemograEh) (OOOOh and 0600h soundings) 

1 Discontinuous (diurnal) Discontinuous 65 

2 Continuous Continuous 64 

3 Discontinuous (diurnal) Continuous 75 

In Figure 4.16, absolute frequency windrose diagrams 

are presented showing gradient wind directions (derived from 

surface isobaric orientations) for each type for all seasons. 

Diurnal circulations (TYPE 1) are primarily associated with 

synoptic airflow from a north-westerly or south-westerly 

quarter. Maximum frequencies are associated with south-

westerly flow in autumn months. In contrast, continuous 

surface north-easterly events tend to be associated with 

northerly or north-westerly flow in all seasons. Events 

exhibiting a diurnal periodicity at the surface, but not 

aloft, are associated with a range of synoptic situations 

with highest frequencies occurring for autumn and winter 

gradient north-easterly situations. 

These results are in qualitative agreement with the 

north-easterly classifications suggested by Sturman and Tyson 

(1981) whereby continuous north-easterly flow (TYPE 2) tends 

to be associated with either strong lee trough situations 

associated with cross-alpine flow or synoptic north-

easterlies. Either case may show marked diurnal periodicity 

the surface layer. 

In an attempt to identify those factors responsible 

for the partition of those events with continuous flow aloft 

into two types (TYPES 2 and 3), stepwise discriminant 

analysis was employed as an interpretive technique. The 
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method used was min sation of Wilkls Lambda, a test which 

takes into account differences between all group centroids 

and the cohesion (homogeneity) with the groups. 

The 7 disciminating variables used in this analysis 

are sented in Table 4.8, in the order of inclusion, and 

represent a combination of variables considered to r~present 
I 

both the state of the synoptic sc circulation and local 

thermal characteristics. The Kaikoura-Christchurch mean sea 

level pressure difference was utilised since this was 

identified by Trenberth (1977) as strongly influencing north-

easterly development. 

Interpretation of the results shown in Table 4.8 and 

Table 4.9 suggest that the 4 variables selected offer 

considerable discriminating power with 75.8% of the original 

data set being correctly classified on the baSis of the 

variables used. Of the 71 TYPE 3 cases observed, only 15.5% 

were incorrectly classi ed as TYPE 2 events on the basis of 

the 4 discriminating variables (Table 4.9). Clearly, those 

variables offering most discriminating power are the 

Kaikoura-Christchurch pressure difference and early morning 

cloud cover. 

Examination of the mean and standard deviations for 

each variable provides some indication of the processes 

responsible for difference between the two of 

continuous north-easterlies (Table 4.8). For continuous 

surface north-easterlies, significantly higher values of mean 

Kaikoura-Christchurch ssure difference at 0600h and 

maximum north-easterly strength the previous day are 

apparent. This suggests that the magnitude of synopt scale 

forcing of the north-easterly and north-easterly strength are 

important variables determining whether the north-easterly 



TABLE 4.8: Variables Used In Discriminant Analysis of Type 2 and Type 3 North-easterlies. 

Standardised Canonical 
TYPE 2 TYPE 3 Wilk's Discriminant Function 

1 Kaikoura-Christchurch MSL Pressure Difference (0600h) mb 0.94 0.72 0.30 0.64 0.82 0.73 

2 Cloud-cover (0600h) 1/8s 5.05 2.73 3.80 3.03 0.75 0.61 

3 Maximum day) - Minimum Temperature* °c 7.85 3.34 6.28 3.01 0.71 0.48 

4 Previous Day at 
ms-1 13.5 2.84 8.6 3.0 0.71 0.17 

5 Sea Surface - Minimum Temperature* °c 4.64 2.71 4.45 3.12 

6 Minimum Temperature* °c 9.54 3.61 8.17 4.36 

7600mb Windspeed (0600h) ms-1 12.13 5.68 9.78 6.01 

*Minimum Temperature for TYPE 3 = at Cessation of North-easterly. 

I-' 
~ 
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TABLE 4.9: Classification Results of Discriminant Analysis of Type 2 
and Type 3 North-easterlies. 

168 

Observed 
Type Frequency 

Types predicted by the discriminant 
model for each of the observed types 

TYPE 2 TYPE 3 

TYPE 2 61 40 (65.6%) 21 (34.4%) 

TYPE 3 71 11 (15.5%) 60 (84.5%) 

75.6% of observed cases were correctly classified by the dimensional 
model. 
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becomes decoupled from surface flow. The inclusion of two 

variables related to boundary layer variations suggests the 

nature of this relationship. The low mean value of cloud 

cover for TYPE 3 is consistent with clear sky conditions 

which promote radiational cooling, inversion conditions and 

the likelihood of decoupling of low level flows. Mean 

temperatures and temperature ranges suggest that this 

relationship has a strong seasonal component (as shown in 

Table 4.8) with mean temperatures at cessation for TYPE 3 

events being lower than absolute minimum temperatures for 

TYPE 2 events. The apparently anomalous mean values for 

nocturnal cooling prior to surface north-easterly cessation 

may also be attributed to seasonal effects. Although less 

nocturnal cooling occurs for TYPE 3 events, the majority of 

these events occur in autumn and winter when the diurnal 

cycle of heating and cooling is less pronounced. When 

considered in association with the lower TYPE 3 mean minimum 

temperatures it is apparent that the process of decoupling of 

surface airflow is most likely to occur in conditions of 

light winds, clear skies and strong nocturnal cooling. 

In order to investigate the possibility that this 

general 

gradient 

result was biased by the high frequency of winter 

north~easterly situations in TYPE 3 (typically 

anticyclonic conditions with lighter winds and strong winter 

cooling), mean values of the Kaikoura-Christchurch pressure 

difference for all synoptic situations are presented in 

Figure 4.17. For all situations, the mean pressure 

difference is significantly lower for TYPE 3 events. As 

might be expected, the mean maximum strength of the previous 

day's easterly for each synoptic type is also less for 

virtually all types. 
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The degree to which bounday layer processes may result 

in the decoupling of surface flows from those aloft is there

fore clearly the result of a combination of synoptic scale 

effects and local boundary layer processes. In situations 

where gradient flow has a significantly northerly component, 

maintenance of north-easterly flow at the surface is 

primarily a function of the strength of synoptic scale 

circulation9 Given light winds and clear skies, it is likely 

that surface winds will become calm or shift to light down

slope flow. 

4.5 DISCUSSION 

In investigating those local thermal processes 

responsible for the diurnal periodicity of surface onshore 

winds on the Canterbury Plains, a number of points emerge. 

These stem primarily from two complicating topographically 

related factors which are peculiar to the region. Together, 

these give the local sea breeze site-specific qualities. 

Firstly, the barrier ect of the Southern Alps contributes 

to the low level north-easterly which corresponds to the 

expected sea breeze direction north of Banks Peninsula. 

Secondly, Banks Peninsula separates the coastline into two 

sections of markedly different orientation suggesting the 

likelihood of two separate sea breeze regimes. 

In contrast to Sturman and Tyson (1981), few north

easterly events were found to be consistent with classical 

models of sea breeze circulations described elsewhere in the 

literature. This can be attributed to the lack of data 

available to Sturman and Tyson (1981) regarding the magnitude 
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of local thermal forcing and spatial patterns of onset and 

cessation associated with north-easterly events. However, it 

is also possible that the strict definition of sea breezes 

used in this study may explain the apparent differences. 

There appears to be two reasons for possible underestimation 

of the frequency of sea breezes in the present study. These 

are: 

(a) The difference between land surface (rather than 

air temperature) and sea surface temperature may be 

a more meaningful indicator of thermal forcing. 

(b) Thermal gradients may exist on a scale larger than 

those investigated in this study and be responsible 

for the "meso-scale enhanced II sea breeze described 

by Trenberth (1977). 

These effects are investigated in a subsequent chapter. 

Nevertheless, the magnitude of the north-easterly 

circulation and the spatial and temporal patterns associated 

with its onset support the view held by Revell (1972) that 

unmodified sea breezes are relatively rare in the New Zealand 

context. 

Notwithstanding, the south-easterly sea breeze south 

of Banks Peninsula exhibits many of the features of the 

classical sea breeze described in other mid-latitude 

locations, particularly when developed within the north

easterly circulation. Although this was recognised by the 

Canterbury Project (D.S.I.R., 1951) for situations predomin

antly associated with north-westerly gradient flow, the 

extension to all situations 

perspective on this regime. In 

in this study provides a new 

the context of the above 

discussion, the high proportion of these south-easterly 



events associ with positive land-sea 

different Is justifies the selection of this 

local sea breeze analysis in the region. 
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temperature 

Although the south-easterly sea breeze exhibits many 

of the often-observed mid-latitude sea breeze character

istics, exhibits major site-specific qualities not 

discussed elsewhere in the literature. One such character

i is the frequent interaction of the sea breeze with the 

broader scale north-easterly circulation. This has important 

theoretical implications particularly in relation to 

numerical sea breeze modelling where the circulation is 

invariably simulated within some opposing gradient flow. 

A further site-specific characteristic of the south

easterly sea breeze is its often premature cessation, 

although synoptic conditions remain conducive to sea breeze 

development. Again, this is a result of the interaction of 

the sea breeze with the north-easterly circulation which 

tends to strengthen in late afternoon with intensification of 

trough development and thermal forcing. 

The magnitude of land-sea temperature contrasts, the 

strength and direction of opposing airflow, low level 

stability and synoptic situation were ident ied as major 

factors influencing sea breeze development on the Canterbury 

Plains. Although the importance of these tors has long 

been recognised in the international literature, only scant 

attention has been paid to the effect of seasonal variations 

in low level stability on the thresholds to sea breeze 

development. It is likely that this neglect is due to the 

predominantly summertime nature of the class I sea breeze. 

Identification of seasonal variations in the thresholds for 
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sea breeze development traditionally used for sea breeze 

forecasting suggests that the inclusion of a stabi ty 

related parameter may result in improved skill. 

The preliminary resu regarding the e ects of the 

north-easterly on the thermal regime of the Canterbury Plains 

show that marked seasonal variations exist which may be of 

major significance in an applied context. A more 

comprehensive energy balance approach such as that adopted by 

Lamb (1974) should be used to identify in a quantitative 

manner the net effect of north-easterly flow on the daily 

near surface heating cycle. 

4.6 CONCLUSIONS 

Several major conclusions can be drawn from this 

investigation of local thermal processes responsible for the 

diurnal periodicity of onshore winds on the Canterbury 

Plains. 

(a) In all seasons, the thermal regime of the Canterbury 

Region is conducive to the development of horizontal 

temperature gradients and hence sea breeze e ects. 

Nearshore sea surface temperatures show marked short

term fluctuations due to the combined effects of cool 

and warm advection, coastal upwelling and the diurnal 

cycle of heating. 

(b) The predominant north-easterly circulation is seldom 

consistent with the class 1 model of an unmodified 

localised sea breeze. Of the 36 possible examples 

identified in a one year period, only a small 
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were unmodified by the interaction loc 

topography and the surface pressure distribution 

However, 81% of north-easterly days were associ 

with positive land-sea temperature differentia 

suggesting that most north-easterlies contain a sea 

ze component. True north-easterly sea breeze 

e ects are most discernible in conditions of weak 

pressure gradients not associated with cross-alpine 

flow. 

(c) The clearest expression of unmodified locali sea 

ze development is found in the south-ea y 

south of Banks Peninsula where it is frequent 

embedded in the predominant shallow north-easterly. 

Events are typically associated with clear anti 

cyclonic conditions and positive land sea temper

ature differentials. They exhibit strong diurnal 

periodicity 

associated 

and 

with 

marked seasonality. 

coastal upwelling 

Sea 

events 

zes 

are 

characterised by early onsets. Given suitable 

synoptic conditions sea breeze development is 

dependent on north-easterly strength and seasonal 

variations in stability. 

(d) The general effect of the invasion of marine air by 

the north-easterly is to weaken the development of 

horizontal temperature gradients. Regression analysis 

yielded a clear relationship between air temperature 

two hours after north-easterly onset and SST. In the 

period December-April, the north-easte warms 



(e) 

apprec 

of the 

On 36.8% 

events 
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with passage inland while in the remainder 

r is a tendency cooling inland. 

occasions when surface north-easter 

were observed on consecutive days at 

Christchurch Airport the apparent diurnal periodicity 

of the circulation could be attributed not to the sea 

breeze mechanism but to the decoupling of surface flow 

from the continuous north-easterly prevailing aloft. 

This was most likely to occur under conditions of weak 

pressure gradients and clear skies. 
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CHAPTER FIVE 

SYNOPTIC SCALE INFLUENCES 

5.1 INTRODUCTION 

In previous chapters, the Canterbury Plains wind 

regime was described and the role of local scale thermal 

forcing in contributing to the wind regime assessed. In this 

chapter, emphasis is shifted to the investigation of those 

processes influencing local airflow which operate at the 

synoptic scale where interactions between the synoptic scale 

circulation, the extensive mountain barrier and regional 

scale thermal effects assume considerable importance 

(Trenberth, 1977; Revell, 1972). As outlined in Chapter 1, a 

major consequence of such interactions is the marked 

distortion of the pressure field and hence ai low in the 

vicinity of mountain barriers (Smith, 1982). This results 

from a combination of dynamic and thermal effects. 

The following analysis of these effects incorporates 

two primary objectives. The first is to examine the 

luence of pressure variations associated with particular 

synoptic scale airflows on low level airflow in the of 

the Alps. The second objective is to assess the relative 

importance of such processes in contributing to the incidence 

and strength of the predominant low level north-easterly. 

Rather than considering the spatial and temporal complexities 

airflow on the Canterbury Plains described in Chapter 3, 

emphasis is placed on the regional windfield as represented 

by surface winds at Christchurch Airport. 
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5.2 PREVI WORK 

As described in Chapter 1, much of the international 

literature related to the effects of mountains on ai ow has 

ion of emphasised broad sca effects, particularly the 

either horizontal or vertical wave motions at a range of 

scales. Other studies 

between mountain barriers 

circulation features. 

have investigated the interaction 

and surface synoptic scale 

Surprisingly few studies have 

attempted to investigate in detail low level ai low induced 

by pressure distortions in the lee of a major mountain 

barrier. 

In the Canterbury region, 3 studies have attempted to 

relate surface airflow to the general airflow and pressure 

distribution. The first published attempt was that of 

Summers (1954), in which surface wind at Wigram was related 

to pressure differences between Kelburn and Taieri and 

Hokitika and Wigram (Figure 5.1) for the period June to 

August 1954. Although a number of general observations were 

made in the liminary study, no correlation could be found 

between ssure-based parameters and north-easterly 

strength. However, it was noted that during I high-index , 

situations (characterised by the regular progression of 

fronts across the South Island with high sure cells to 

the north and low pressure to the south) low at Wigram 

followed a regular sequence from south-we to north

easterly to north-westerly and back to south-westerly. This 

cyclic pattern was accompanied by a characteristic anti

clockwise cyclic variation with time when the pressure 

differences Kaikoura-Taieri (X-axis) and Hokitika-Wigram 
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FIGURE 5.1: Stations from which Pressure Differences
Mentioned in the Text are Calculated. 
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(Y-axis) were plotted on cartes coordinates. South-

westerly winds were typically associated with the period 

following frontal pass This study was extended by Nea 

(1959) using data for the period 1950 53, and essentially the 

same pressure difference parameters. Although both studies 

noted significant ationships between airflow on the 

Canterbury Plains and the pressure distribution in the South 

Island region, only cursory attention was devoted to those 

mechanisms responsible for the strongly diurnal low level 

north-easterly wind. 

A more detailed investigation of pressure variations 

in the New Zealand region was attempted by Trenberth (1977) 

in his study of atmospheric tides in New Zealand's surface 

pressure field. utilising data covering a 15 year period he 

discovered a much greater amplitude in the diurnal solar tide 

locally than had been previously suspected, with marked 

variations in phase across the country. Trenberth (1977) 

suggested that the major ctor determining the pattern in 

the diurnal tide was the interaction of New Zealand's 

mountainous terrain with the synoptic scale circulation, 

which results in high pressure windward of the barrier and 

low pressure in the lee. This deformation of the ssure 

field over the South Island has been described by de Lisle 

(1969), Smith (1982), Hutchings (1944) and Hill (1979). The 

orographic distortion is thought to be greatest in early 

afternoon and at a minimum during the night. This may be 

attributed to the broad scale diurnal variation of surface 

wind and atmospheric stability. Because of seasonal 

variations in the synoptic scale circulation over New 

Zealand, maximum tidal amplitude occurs in November when 
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westerly cross-alpine flow reaches a maximum In addition, 

Trenberth (1977) suggests that relative differences in phase 

and amplitude of the atmospheric tide are caused by 

orographical distortion of the flow by heat low effects 

associated with diurnal heating, an affect which is strongest 

in December and January. This combination of processes was 

used by Trenberth (1977) to explain the diurnal and seasonal 

variation in the north-easterly wind on the Canterbury Plains 

which he discovered could be related to the pressure differ

ence Kaikoura-Christchurch. On a diurnal basis, relative 

pressure was found to fall at Christchurch and se at 

Kaikoura from midnight to midafternoon with maximum ~mplitude 

in summer. This provides a general explanation for the 

diurnal periodicity and summertime maximum in mean strength 

of the north-easterly. 

At a larger scale, a variety of studies has discussed 

the influence of New Zealand's topography on synoptic sca 

circulation features. These include Watts (1947), Trewartha 

(1961), Sevele (1969) and Browne (1975). A notable influence 

identified in several of these studies is the effect of 

topography on the passage of anticyclones. Both Sevele (1969) 

and Browne (1975) noted the tendency for anticyclones in 

summer to split into two centres ther side of New Zealand, 

as a result of thermal e ects. Rather than move onto the 

warm land as they approach New Zealand, anticyclone centres 

tend to decelerate while a ridge of high pressure continues 

to extend eastward. A new anticyclone cell subsequently 

forms to the east of 

typically remains slow 

Consequently, in summer, 

the country. The original centre 

moving and then dissipates. 

maxima in anticyclone frequency 
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occur in the central Tasman Sea and to the east the South 

Island. In contrast, the winter situation is characterised 

by a maximum in anticyclone frequency immediately to the east 

of the South Island (Browne, 1975). A further effect of the 

Southern Alps noted by Watts (1947) and Seve Ie (1969) is the 

tendency for local anticyclones to develop to the east of the 

South Island in the cold air following a cold front when part 

of the front has been held stationa by the Alps. 

Consequently, the general effect of the Southern Alps is to 

markedly increase the frequency of anticyclonic activity in 

the offshore Canterbury region. 

5.3 DATA 

The paucity of surface-based synoptic scale observa

tions in the New Zealand region severely limits detailed 

analysis of the effect of the Southern Alps on synoptic scale 

airflow. The large expanse of ocean surrounding New Zealand 

is largely devoid of regular pressure and wind observations. 

Detailed observations of regional ai low over the South 

Island are restricted to wind soundings from either the far 

south at Invercargill (located in Figure 5.1), the r north 

at Kelburn or in the lee of the mountain barrier at 

Christchurch Airport. Consequently, it is difficult to 

determine the undisturbed general flow over the region. In 

order to examine synoptic scale effects on low level airflow 

in the lee of the Southern Alps a combination of parameters 

was therefore utilised. 

Two approaches were adopted for the estimation of the 

undisturbed synoptic scale flow over the South Island. 
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Firstly, the 6-hourly 600mb wind at Christchurch Airport was 

used to estimate the direction and magnitude of upper level 

flow. Secondly, an indication of lower level broader scale 

flow associated with the passage of surface synoptic scale 

circulation features was achieved by classification of 

(see surface isobaric curvature over the South Island region 

Appendix III). Although a degree of subjectivity is 

associated with the alignment of surface isobars over the 

ocean surrounding New Zealand, this method provides a reason

able approximation to flow in the vicinity of the Southern 

Alps. 

Investigation of the regional pressure distribution 

over the South Island was based on hourly station mean sea 

level pressure values for the study period. The data 

utilised in the analysis are presented in Table 5.1. 

TABLE 5.1: Details of Stations used in the Analysis. 

station 

Kaikoura 

Hokitika Aerodrome 

Lat Os 

42.4 

42.7 

Christchurch Airport 43.5 

Dunedin Airport 45.9 

173.7 

171.0 

172.5 

170.2 

Elevation (m) 

101 

40 

30 

2 

Data Period 

1/1/82-31/8/83 

1/1/82-31/8/83 

1/1/82-31/8/83 

1/1/82-31/8/83 

The data for each station represent hourly observations of 

mean sea level pressure (measured to nearest O.lmb). This 

parameter is calculated by the reduction of cistern level 

pressure to mean sea level pressure on the basis of a 

standard atmospheric lapse rate. This representation of mean 

sea level pressure eliminates errors involved in the commonly 
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used adjustment of cistern level pressure to mean sea level 

pressure which assumes an isothermal lapse rate The 

problems associated with this parameter are described by 

Trenberth (1977) and may be attributed to the effects of 

marked diurnal variations which may add a spurious amount to 

tidal pressure oscillations. Calculations by Trenberth 

(1977) for all July hourly tendency observations at 

Christchurch Airport over a 15 year period indicate a net 

standard error of 0.038mb for monthly means and 0.030 mb for 

yearly means. This provides a simple estimate of the confid

ence that can be placed in the data. 

Selection of stations to represent the pressure 

variations over the South Island was based on the following 

criteria: 

(a) Standard Meteorological Service hourly observations 

should be available. 

(b) Stations should be as close as possible to sea 

level to minimise errors involved in the reduction 

to mean sea level pressure. 

(c) Pressure differences between pairs of stations 

along the east coast of the South Island and across 

the Southern Alps are likely (on the basis of 

previous work) to provide the best representation 

of pressure variations within the region. 

Examination of the relationship between the low level 

north-easterly and synoptic scale processes was based on a 

more rigorous approach to the identification of north

easterly 'events' than employed previously. As shown in the 

previous chapter, decoupling of lower level flows from those 

above may result in over-estimation of distinct diurnal 
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north~easterly events on the Canterbury Plains if identific~ 

ation is made solely on the basis of surface wind records. 

To eliminate this problem, north-easterly events were 

identified from the 6-hour1y radar wind soundings at 

Christchurch Airport. If a low-level north-easterly was 

absent from one sounding yet was apparent in the subsequent 

sounding then north-easterly onset was deemed to occur during 

that 6 hour period. On this basis 252 north-easterly events 

were identified in the period 1/1/82-31/8/83. 

5.4 SYNOPTIC SCALE PRESSURE VARIATIONS 

5.4.1 Temporal Variations 

In Figure 5.2 the monthly mean daily maximum and 

minimum and times of associated pressure difference extremes 

are presented for each of the pressure differences Kaikoura

Christchurch, Hokitika-Christchurch and Christchurch-Dunedin. 

On a seasonal basis, each maximum pressure difference shows a 

similar pattern with greatest differences occurring in the 

warmer months and lowest maxima in winter. A local peak in 

November is in accord with the result of Trenberth (1977) and 

may be attributed to the high frequency of westerlies at this 

time. Such flow results in strong lee trough development and 

hence strong pressure gradients both perpendicular and 

parallel to the mountain chain. 

Comparison of the maximum and minimum pressure 

differences for each of the three pressure difference legs 

suggests that for Kaikoura-Christchurch, and to a lesser 

extent Christchurch-Dunedin, there is a marked tendency for 

reversal of the pressure gradients parallel to the Alps on a 
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diurnal basis (ie minimum pressure differences are strongly 

negative and maximum pressure differences strongly positive). 

In contrast, the Hokitika-Christchurch pressure differences 

suggest that on a high proportion of occasions, both maximum 

and minimum pressure differences are positive, particularly 

in summer. 

For both the Christchurch-Dunedin and Kaikoura-

Christchurch pressure differences, seasonal variations in the 

minimum pressure difference are less marked than for the 

maximum. This suggests that in summer, additional thermal 

forcing results in an increase in the maximum pressure 

difference and hence the amplitude of the 

difference wave. Although discernible 

diurnal pressure 

for the Hokitika-

Christchurch difference, this seasonal variation in the range 

between the monthly mean dai maximum and minimum pressure 

differences is less pronounced and suggests that there is 

less of a thermal impact on pressure differences across the 

Alps. 

The times of the maximum and minimum pressure dif 

ences suggest two influences contribute to the apparent 

diurnality. Firstly, in each case a major peak in the 

frequency distributions for both maximum and minimum pressure 

di erences is found near midnight This is an aberration 

resulting from the nature of data analysis and may be 

attributed to synoptic situations associated with steadily 

changing pressure gradients. Hence, steadily decreasing 

pressure gradients over a period greater than the 24 hour 

daily period used the data analysis result in an 

artificial maximum pressure difference at OlOOh and an 

artificial minimum at 2400h. Steadily increasing pressure 

gradients have a reverse effect. 
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A second factor contributing to the observed 

diurnality in the mean daily extremes pressure differ

ences is reflected in the tendency for maximum pressure 

differences to occur in late afternoon for both the Kaikoura

Christchurch and Hokitika-Christchurch pressure differences. 

This feature is especially strong for the Kaikoura

Christchurch case and is matched by a lesser early morning 

peak (0600h) in the minimum pressure difference. This result 

is in agreement with the findings of Trenberth (1977) and may 

be attributed to spatial variations in the amplitude and 

phase of the solar diurnal atmospheric tide resulting in 

regular diurnal variations in the pressure differences 

between the two sites. In addition, the presence of a 

diurnal peak for the cross-alpine maximum pressure di erence 

provides quantitative support for Trenberth's (1977) 

suggestion that there is a diurnal variation in the 

orographically-induced lee trough due to the broad scale 

diurnal variation in surface wind and atmospheric stability. 

The distinct lack of any daytime peak in the frequency 

distribution of maximum and minimum Christchurch-Dunedin 

pressure differences suggests that this parameter is a poor 

predictor of the marked diurnal variations in the surface 

wind regime over the Canterbury Plains. Consequently, in 

subsequent sections little attention is devoted to this 

parameter. 

5.4.2 Relationship to Upper Level Airflow 

Mean hourly pressure differences associated with 600mb 

flow directions are presented in Figure 5.3. With general 

flow from east of the Southern Alps the pressure differences 
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show a consistent with negat gradients (Hokitika~ 

Christchurch) across the Alps and between Kaikoura and 

Christchurch. This reflects the tendency for relatively high 

pressures to the south and east of Banks Peninsula during 

such flow conditions. No significant diurnal periodicity is 

apparent in these sure differences with the possible 

exception of flow from south-southwest. Although this flow 

is not directly across the main divide, there is likely to be 

some diurnal variation in the pressure distortion associated 

with flow across the topography of the southern half of the 

South Island. As suggested by Trenberth (1977), such 

pressure distortions would be 1 ly to show diurnal 

periodicity associated with the larger scale diurnal 

variation in surface wind and atmospheric stability. 

With gradient flow from west of the Southern Alps, the 

predominant upper level flow direction, the pressure di er

ences reflect the marked diurnal periodicity described in the 

previous section. Hence, there is a pronounced maximum in 

each of the pressure differences in late afternoon and an 

early morning minimum. In addition to its diurnal periodicity 

the Hokitika-Christchurch pressure difference varies greatly 

in magnitude with upper level flow direction. As expected, 

maximum cross~alpine pressure gradients are associated with 

flow from 270-315 degrees. This flow is approximately normal 

to the mountain barrier and is therefore likely to result in 

pronounced pressure distortions over the South Island region. 

In contrast, the mean Kaikoura-Christchurch pressure gradient 

varies little in magnitude for the different upper level 

westerly classes. For each class,the ssure difference is 

typically positive with a mean maximum ternoon pressure 
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difference in the order of 1mb. It is likely that this 

results from the alignment of the Kaikoura-Christchurch 

gradient along the s of the orographically-induced lee 

trough. Consequently, a similar pressure difference would 

develop for all airflow from a westerly quarter. In contrast, 

the cross-alpine pressure difference (normal to the axis of 

the lee trough) is considerably more sensitive to the 

direction of flow. 

5.4.3 Influence on Surface Airflow Regime 

In Figure 5.4, hourly surface wind frequencies at 

Christchurch Airport are related to the Kaikoura-Christchurch 

and Hokitika-Christchurch pressure differences for 4 upper 

level flow directions. Two of the flow classes represent 

cross-alpine flow with a westerly component while the 

remaining two represent gradient cross-alpine flow with an 

easterly component. 

The most conspicuous feature of the surface flow on 

the Canterbury Plains is the strong tendency for surface flow 

parallel to the Alps irrespective of upper level flow 

direction. Even with 600mb flow from an easterly quarter the 

barrier effect of the Southern Alps results a high 

proportion of surface winds from the south-west. When viewed 

in relation to the Kaikoura-Christchurch pressure difference 

it is apparent that the direction of lee-side surface flow is 

strongly dependent on the direction of the pressure gradient 

along the Alps. Hence, a positive Kaikoura-Christchurch 

pressure difference invariably results in north-easterly 

surface winds, while a gradient in the opposite direction 

results in south-westerly winds. With a weak Kaikoura-
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Christchurch gradient there is marked tendency for light 

winds or calms The Hokitika-Christchurch pressure di erence 

appears 

a strong 

to have little influence on this pattern except that 

positive gradient across the Alps is often 

associated with flow with a westerly component. In these 

situations, lee-side surface winds are typically north-west, 

reflecting the foehn effect. 

The best discrimination between south-west and north

east flow on the Canterbury Plains on the basis of the 

Kaikoura-Christchurch pressure difference is for upper level 

flow from 140-2300
• For this situation, virtually no north

easterly winds result from a negative Kaikoura-Christchurch 

pressure gradient since the tendency for a local south

westerly is reinforced by the synoptic scale flow. 

Consequently, the transition from south-west to north-east 

surface winds over the plains appears to be totally dependent 

on the development of a positive Kaikoura-Christchurch 

pressure difference. 

In an attempt to verify those patterns revealed by 

graphical methods above, stepwise discriminant analysis using 

the method of minimisation of Wilk's lambda (as used in the 

previous chapter) was employed. Hourly data the period 

1/1/82-31/8/83 were class ied according to surface wind 

direction at Christchurch Airport (5 classes) and 600mb flow 

direction (4 classes). As the graphical analysis, the 

Kaikoura-Christchurch and Hokitika-Christchurch pressure 

differences were chosen as discriminating variables. The 

probabilities of surface flow directions for each of the 4 

analyses (one for each 600mb flow class) were calculated on 

the basis of absolute frequencies. Consequently, more weight 
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was to predominant surface flow direc ons (north~ 

east and south-west). On the basis of the pressure 

differences associated with each hourly wind obsevation, the 

discriminant model was used to predict the surface airflow 

direction at Christchurch Airport. These results are 

presented in Table 5.2. Values within each row sum to 100% 

and represent the partition of all occurrences of the 

observed combination of surface and upper level flow into 

predicted surface wind directions. Values in the leading 

diagonal (boxed) represent the percentage of observed cases 

of surface airflow for given upper level flows correctly 

predicted by the discriminant model. 

In agreement with the graphical analysis, the two 

pressure differences exhibit considerable discriminating 

power in terms of the two predominant sur e flow 

directions. For example, with northerly flow aloft, north

easterly surface flow is correctly predicted on the basis of 

pressure difference on 93.1% of occasions. On only 6.9% of 

occasions is observed north-easterly surface flow incorrectly 

classified as a south-westerly. With southerly flow aloft 

the discriminant model is less successful but still correctly 

predicts north-easterly surface airflow for 72.5% of cases. 

The predictions exhibit a slightly lower degree of skill 

relation to observed surface south-westerly flow at 

Christchurch Airport. 

A feature the data not revealed by the graphical 

analysis is the marked tendency for observed light winds and 

calms ('Calm' classification) to be associated with predicted 

surface north-easterly classifications (88.8% for northerly 

flow aloft). Only with southerly flow aloft are c 



TABLE 5.2: Classification results of discriminant analysis of hourly surface airflow directions for each of four 600mb 
flow classes on the basis of Kaikoura-Christchurch and Hokitika-Christchurch pressure differences. 

OBSERVED FLOW Predicted Surface Airflow Directions (Christchurch Airport, 0) 

600mb Flow Showin~ % of observed cases Eredicted by Discriminant Model 
Surface Direction (0) 000-090 090-180 180-270 270-360 CALM N (Prior probability) 

320-050 93.1 6.9 707 (0.53) 
North-easterly 050-140 79.8 1.9 18.3 :257 (0.31) 

140-230 72.5 16.5 10.9 822 (0.23) 
230-320 81.3 7.7 11.0 2994 (0.38) 

South-easterly 
320-050 68.0 [] 32.0 50 (0.04) 
050-140 25.8 51.6 22.6 31 (0.04) 
140-230 37.7 51.2 11.1 162 (0.04) 
230-320 59.9 28.4 11.7 317 (0.04) 

320-050 44.9 55.1 301 (0.22) 
South-westerly 050-140 6.1 77.7 16.2 296 (0.35) 

140-230 6.4 91.1 2.5 1690 (0.47) 
230-320 33.6 65.1 1.3 1794 (0.23) 

North-westerly 
320-050 88.1 10.9 CJ 101 (0.08) 
050-140 40.0 20.0 40.0 30 (0.04) 
140-230 23.4 68.3 

~0.1 
8.3 265 (0.07) 

230-320 52.4 7.5 1658 (0.21) 

Calm 
320-050 88.8 11.2 [2J 178 (0.13) 
050-140 42.6 9.1 220 (0.26) 
140-230 35.5 53.2 11.2 695 (0.19) 
230-320 77 .1 15.6 6.6 1204 (0.15) 

TOTAL CASES = 13772 

i-' 
1.0 
U'1 



predominantly associated 

westerlies (53.2%). This 

recorded at Christchurch 

with predicted 

result suggests 

Airport are most 

sur 

that 

likely 

associated with the low level north-easterly flow. 
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south~ 

'calms' 

to be 

Support 

for this resu is found in the previous chapter which showed 

that nocturnal surface flow at Christchurch Airport 

frequently becomes decoupled from the predominant low level 

north-easterly which may continue above the boundary layer. 

Results of the discriminant analysis for observed 

surface north-westerly flow reflect the two main types of 

north-westerly flow observed on the plains. With westerly 

and northerly flow aloft, most north-westerlies are 

associated with those pressure differences characteristic of 

north-easterly surface flow and are most likely to reflect a 

foehn influence. However, with easterly or southerly flow 

aloft surface north-westerlies tend to occur in those 

conditions characteristic of south-westerly or calm surface 

flow. It is probable that these north-westerlies represent 

katabatic winds since they occur in the absence of any 

westerly wind component aloft. 

These results suggest a relatively simple relationship 

between surface airflow on the Canterbury Plains and gradient 

airflow whereby low level winds develop in response to the 

direction of pressure gradients parallel to the Alps. 

However, previous chapters show there are marked spatial and 

temporal variations in the surface wind regime resulting from 

the e ects of local thermo-topographic wind systems. For 

example, south of Banks Peninsula, the general pressure 

distribution responsible for north-easterly flow at 

Christchurch Airport may instead result in localised south-
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easterly sea 

easterly flow 

zes embedded in the more general north~ 

during ternoon. Similarly, under west to 

north-westerly gradient flow, inland sites are likely to have 

a higher frequency of north-westerly foehn winds than 

Christchurch Airport which predominantly experiences north

easterly winds in such circumstances. 

5.5 THE NORTH-EASTERLY REGIME 

Previous results (Trenberth, 1977; Summers, 1954; 

Neale, 1959) suggest the incidence and magnitude of low level 

north-easterly winds on the Canterbury Plains is strongly 

dependent on the broad scale synoptic situation and 

associated pressure variations. In this section these 

effects are investigated in greater detail. 

5.5.1 Relationship to Synoptic Scale Circulation Features 

In Figure 5.~ daily surface synoptic charts for mid

afternoon (1500h) are categorised according to isobaric 

orientation and the incidence of both lee trough and north

easterly occurrence. Lee troughs were ident ied by the 

presence of a characteristic 'kink' in the isobars on surface 

isobaric charts. Afternoon situations were selected since 

they have the greatest probability north-easterly winds 

and are also typically associated with maximum north-easterly 

strength. 

A salient feature of the data is the 

frequency of south-westerly winds in summer. 

the extreme phase of the Southern Oscillation 

Chapter 2. Although the study period is 

unusually high 

This reflects 

described in 

not strictly 
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representative of typical seasonal variability in the general 

circulation over New Zealand, the seasonal pattern does 

display some of the more usual variations. For example, the 

pronounced spring maximum in north-westerly flows. 

The high incidence of lee trough occurrence over the 

South Island region is a second prominent aspect of data. A 

distinct lee trough was apparent at midafternoon on 51% of 

days. As expected this lee pressure distortion is predomin

antly associated with westerly, north-westerly and northerly 

cross-alpine flows. Afternoon north-easterly winds were 

experienced at Christchurch Airport on 48% of days. Of 

these, 70% were associated with lee trough development. 

For any given afternoon synoptic scale flow direction, 

the highest probabilities of north-easterly occurrence are 

found with northerly, north-easterly and north-westerly 

situations. Greatest frequencies are associated with north

westerly situations in all seasons. The lowest probability 

of north-easterly winds occurs with the modal 

class. Within this group, the greatest 

south-westerly 

probability of 

north-easterly occurrence is in summer and autumn. Very few 

such events occur in the winter months. A winter minimum in 

north-easterly occurrence is also apparent for the no 

direction class (virtually all of these cases are character

ised by an anticyclone centred over New Zealand). It is 

likely that the higher summertime incidence of north-easterly 

winds in these situations can be attributed to the summertime 

maximum in the process of thermo-topographically induced 

anticyclone "splitting" described by Browne (1975). This 

would result in increased frequency of lee trough development 

and hence promote north-easterly development. 
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5.5.2 

Results from previous sections indicate that generally, 

the onset of north~easterly flow on the Canterbury Plains is 

reflected in either the initial development of, or 

augmentation of a positive Kaikoura-Christchurch pressure 

difference. In Figure 5.6, mean pressure differences at the 

end of the 6 hour period (defined by the regular wind sound

ings at Christchurh Airport at 0600, 1200, 1800, 2400h) 

during which north-easterly onset was observed to occur, are 

shown for the predominant 600mb flow directions. As shown 

previously, both the Hokitika-Christchurch and Kaikoura

Christchurch pressure differences are generally positive 

following north-easterly onset. Mean values of the Hokitika

Christchurch pressure difference clearly reflect the 

incidence of lee trough development with maximum values 

associated with flow normal to the mountain chain approxi

mately 4mb higher than for southerly flow. In contrast, the 

mean magnitude of the Kaikoura-Christchurch pressure 

difference varies over a range of only O.35mb (note different 

scales in Figure 5.6) with maximum values associated with 

north-north-westerly upper level flow. However, significant 

variations are apparent in respect to the 6-hourly change in 

pressure difference associated with north-easterly onset 

(dotted bars in- Figure 5.6). For both pressure gradients, 

most rapid changes are associated with south to south

westerly upper level flow while minimum changes are 

associated with northerly flows. This is to be expected as a 

marked change in the regional pressure distribution would be 

required to induce a reversal in surface flow direction under 

originally southerly conditions. Conversely, relatively 
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small changes in the ssure would initiate north 

easterly flow under an existing northerly upper level flow 

regime. For the two southerly flow directions, 180-2100 and 

210-240 0
, the mean 6-hourly change in the pressure difference 

is of simi magnitude to the final pressure difference at 

the end of the 6 hour period. This suggests that the onset 

of north-easterly flow in these circumstances is generally 

associated with a major reversal in the Kaikoura-Christchurch 

pressure difference. For the remainder of the flows which 

incorporate a westerly cross-alpine component, the 6-hourly 

change in pressure difference on average comprises only a 

small proportion of the final pressure difference. This 

indicates that under westerly flow conditions, north-easterly 

onset is induced by augmentation of the pre-existing positive 

pressure gradient between Kaikoura and Christchurch. Further 

support for this observation is found in the high proportion 

(50%) of southerly cases (180-210 0
) associated with a trans

ition from a negative to a positive Kaikoura-Christchurch 

gradient compared to the low proportion (8%) for flow from 

300-3300
• For a significant proportion of north-easterly 

events, especially those associated with west to north

westerly upper level winds, onset is associated with a slight 

decline in the Hokitika-Christchurch pressure difference. 

This indicates that variations in the longitudinal component 

of the pressure distribution are more critical in initiating 

north-easterly events than variations in the cross-alpine 

pressure gradient. 

Diurnal and seasonal variations in the frequency and 

mean pressure difference variations associated with north

easterly onset are shown in Table 5.3. 



TABLE 5.3: and Mean Pressure Difference (rob) at end of 6 Hour Period of North-East Onset and 
Pressure Changes (mb) by SeaSOR. and Time of (1/1/82-31/8/83). 

*KI-CH Kaikoura-Christchurch Pressure Difference 
HK-CH Hokitika-Christchurch Pressure Difference 
sd = standard deviation 

TIME OF DAY OF NORTH-EASTERLY ONSET 
0000-0600h 0600-1200h 

SEASON 

SUMMER Frequency 

6-hour1y (sd 

KI-CH* 

14 

0.9(1.1) 

Pressure difference (sd) 1.1(0.7) 

AUTUMN Frequency 

6-hourly (sd) 

18 

0.6(0.8) 

Pressure difference (sd) 0.8(0.5) 

WINTER Frequency 

6-hourly change (sd) 

17 

0.5(0.8) 

Pressure difference (sd) 0.8(0.B) 

SPRING Frequency 

6-hourly change (sd) 
8 

1.0(1.0) 

Pressure difference (sd) 1.1(1.5) 

HK-CH* 

-0.0 (1. 7) 

3.8(3.1) 

0.4(1.4) 

2.8(3.7) 

0.7(2.0) 

2.2(3.3) 

0.7(1.4) 

2.9(5.8) 

KI-CH 

24 

0.8(0.7) 

1.0(0.7) 

35 

0.5(0.9) 

0.9(0.7) 

25 

0.6(0.7) 

0.6(0.5) 

19 

0.6(1.8) 

0.7(1.0) 

HK-CH 

1.2(2.0) 

3.5(3.0) 

1.0(2.3) 

3.5(3.6) 

0.9(2.0) 

2.1(3.2) 

0.8(2.9) 

3.6(3.8) 

1200-1800h 
KI-CH 

34 
0.4(1.4) 

0.8(1.0) 

16 

0.2(1.2) 

0.5(0.8) 

13 

0.4(0.6) 

0.9{0.8) 

11 

0.5(1.6) 

0.9(1.1) 

HK-CH 

0.2(2.2) 

4.4(3.6) 

1.0(2.0) 

2.3(3.8) 

0.1(1.4) 

3.8(3.4) 

1.4{1. 7) 

4.2{2.7) 

1800-2400h 
KI-CH 

5 

-0.3(0.2) 

0.8(0.6) 

4 

-0.3(0.9) 

1.0(1.0) 

4 

-0.7(0.5) 

0.1(0.8) 

5 

0.7(1.1) 

0.4(0.9) 

HK-CH 

0.7(1.0) 

3.0(0.8) 

-0.2(2.5) 

4.0(3.5) 

-1.8(0.6) 

3.1(1.4) 

-O.B 1.7 

3.4 2.4) 

1"-' 
o 
w 
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During the study od, most onsets occurred in late 

morning (0600 200h) for all seasons except summer. More 

detailed analysis of the high frequency of summmer afternoon 

onsets provides an insight into the processes responsible for 

their occurrence. As shown in gure 5.7, 18 of the 34 cases 

were associated with south-westerly isobaric curvature. Each 

of the 18 cases was associated with clear skies and positive 

land-sea temperature differentials. In 13 of the 18 cases 

north-easterly onset was associated with a change in the 

Kaikoura-Christchurch pressure difference from negative to 

positive and a strong diurnal periodicity in the afternoon 

pressure difference resulting in a return to either negative 

or near-zero pressure differences by evening. In these 

situations, north-easterly flow was invariably apparent at 

Winchmore (located in Figure 2.1) to the south-west but was 

of relatively short duration. The strong diurnal periodicity 

of pressure gradients associated with these events is 

strongly indicative of thermally related effects. A possible 

explanation for this conspicuous phenomenon is the develop

ment of a regional scale thermal low in southerly summer 

situations characterised by clearing skies and moderating 

winds. Such a development would hasten the typical trans

ition to north-easterly flow. However, with a return to 

nocturnal conditions this forcing mechanism would be reduced 

resulting possibly in a further reversal of gradients and 

return to south-westerly winds. More persistent north 

easterly winds would not develop until such time as a 

positive Kaikoura-Christchurch gradient was more firmly 

established. 
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The ssure variations assoc with the onset of 

Table 5.3 illustrate a 

rstly, the relatively 

th virtually all the 

north-easterly events presented in 

variety of other important features. 

high standard deviations associated 

individual cell frequencies 

reflect a great variability 

pressure variations associated 

easterly winds. The only 

for both pressure gradients 

in the spatial and temporal 

with the onset of north

consistent pattern is the 

predominance 

differences 

To a large 

of positive Kaikoura-Christchurch pressure 

after north-easterly onset described previously. 

degree the 6-hourly changes in pressure 

differences reflect the diurnal variations in pressure 

gradients described by Trenberth (1977), whereby relative 

pressures fall at Christchurch and rise at Kaikoura (and 

Hokitika) from midnight to midafternoon. This effect 

explains the negative mean 6-hourly pressure difference 

changes for the period 1800-2400h, and hence the considerably 

higher proportion of north-easterly events initiated in the 

period 0000-0600h. There is a distinct tendency in all 

seasons except winter for north-easterl s initiated in the 

period 0000-0600h to be associated with both the highest mean 

pressure differences at the end of the 6 hour period and the 

most rapid changes in the pressure gradient. As well as 

demonstrating that the initiation of north-easterly flow on 

the Canterbury Plains is not dependent on daytime thermal 

effects, this result suggests that with increased nocturnal 

stability and the absence of thermal influences, significant 

changes in the pressure gradient along the mountain barrier 

are required to initiate nocturnal events. 
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5.5.3 

The strong diurnal and seasonal periodicity in north

easterly strength has been noted by Trenberth (1977) and in 

the present research (Chapter 3). In Figure 5.8, the 

di bution of midafternoon north-easterly strengths for 

summer and winter are shown for each of the major synoptic 

scale flow directions. The mean values represent seasonal 

extremes while spring and autumn are transitional. For all 

flow directions mean winter north-easterly strengths are 1-2 

ms- l lower than summer values. This seasonal variation is 

most marked for north-westerly situations which are 

invariably associated with lee trough development. North-

westerly situations also provide the extreme seasonal means 

for all the flow directions. The highest probability of 

strong low level north-easterly flow is clearly associated 

with summer north-westerly situations while there is a 

suggestion that winter north-westerly situations are 

associated with lightest north-easterlies. For the remaining 

types of synoptic situation the considerable degree of over

lap in the standard deviation bars suggests there is 

considerably less seasonal variability in afternoon north

easterly strength for these groups. However, it is probable 

that the distribution of wind strengths is skewed and there-

fore the representation of standard deviation 

5.8 may not be strictly accurate. 

in Figure 

Further support for the observation that the majority 

of strong afternoon north-easterlies ar~ associated with 

summer north-westerly situations is provided by analysis of 

the strongest 60 afternoon cases (20% of all cases) which 

exceeded 8 ms I mean velocity at 1500h. These are summarised 

in Table 5.4. 
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TABLE 5.4: Frequency and Mean Strength of those North-Easterlies Exceeding 
8 ms- 1 Mean Velocity at 1500h by Season and Synoptic Classif-
ication at 1500h (1/1/82-31/8/83). 

Frequency 
Mean Strength SYNOPTIC CLASSIFICATION· 
Standard North- South- North- No Total 

SUMMER 1 1 6 1 13 4 26 
11. 7 8.7 8.8 8.2 9.5 9.7 9.4 

AUTUMN 3 1 3 6 3 16 
10.0 8.2 9.3 9.2 8.5 9.2 

WINTER 2 1 1 4 
8.7 9.2 9.2 8.9 

SPRING 1 1 2 8 2 14 
11. 2 8.2 8.2 9.5 8.9 9.3 

TOTAL 7 3 9 4 27 10 60 
10.0 8.7 8.6 9.1 9.4 9.1 9.3 
1.83 0.51 0.66 1.46 1.09 0.84 1.16 

Of the 60 case~ 45% are associated with general north-

westerly situations while most of the remainder are 

associated with no-gradient, south-westerly or northerly 

synoptic scale flows. Of the 7% of events occurring in 

winter, most occurred during synoptic scale northerly or north-

easterly flow. 

The mean Kaikoura-Christchurch and Hokitika-

Christchurch pressure differences for all events (Figure 

5.8b, c) in midafternoon provide little explanation for the 

seasonal variation in north-east strength. Although mean 

pressure gradients at l500h are lower in winter for 

northerly, north-easterly and no-gradient synopt sca 

flows, those tuations with a westerly component which 

comprise the majority of north-easterly cases, exhibit no 

seasonal variation. This result strongly suggests that the 

pressure gradients used are either a poor representation of 

the synoptic scale pressure distribution or other processes 
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are operating which are not resolved by these pressure 

gradients. 

Despite the marked variabililty in north-easterly 

strength, attempts at icting surface north-easterly 

windspeed on the basis of a combination of ssure related 

variables and several thermally related parameters selected 

to reflect the magnitude of thermal forcing and low level 

stability, proved unsuccessful. Correlation coe icients for 

the range of variables against north-easterly surface 

velocity at 1500h are presented in Table 5.5. 

TABLE 5.5: Correlation Coefficients for a Range of Variables Against 
North-Easterly Strength at l500h. 

PRESSURE PARAMETERS 

*KI-CH (1500h) - KI-CH (0600h) 
KI-CH (1500h) 

*HK-CH (1500h) 
KI-CH (0600h) 
MAXIMUM DAILY KI-CH 
MAXIMUM DAILY HK-CH 

OTHER PARAMETERS 

SEA SURFACE TEMPERATURE 
MAXIMUM LAND-SEA TEMPERATURE DIFFERENCE 
MAXIMUM DAILY TEMPERATURE (CHRISTCHURCH AIRPORT) 
600mb WIND VELOCITY (1200h) 

*KI-CH Kaikoura-Christchurch Pressure Dinference 
*HK-CH Hokitika-Christchurch Pressure Difference 

-0.05 
0.16 
0.11 
0.24 
0.32 
0.18 

0.34 
0.09 
0.31 
0.09 

The best predictors of north-easterly strength are 

those variables such as sea surface temperature which di ay 

strong seasonality and consequently reflect the general 

seasonal variation in north-easterly strength. No 

significant relationship could be found on the basis of 

pressure related parameters. A series of multiple regression 

analyses in which the data were stratified by both season and 

general synoptic situation (the 9 isobaric curvature classes) 

proved only marginally more successful. 
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5.6 

In previous sections, both the diurnal periodicity of 

surface airflow on the Canterbury Plains and temporal 

variations in the local pressure distribution have been noted 

without reference to the passage of synoptic sca circul

ation features. In the following example, illustrated in 

Figure 5.9a, b, these variations are described in relation to 

a typical weather sequence in the New Zealand region. 

The weather of 28 December 1982 represents a typical 

post-frontal situation with anticyclonic south-westerly flow 

over the South Island. There is only slight distortion of 

the surface isobars across the main divide. Early morning 

winds at Christchurch Airport are light and reflect the weak 

pressure gradients both across the Alps and along the eastern 

coast. The period l200-2400h on 28 December is marked by 

pronounced lee trough development associated with the 

approach of a further front to the south-west of New Zealand. 

This development is associated with steadily rising pressure 

differences both across (Hokitika-Christchurch) and parallel 

(Kaikoura-Christchurch) to the alpine barrier. In accord 

with results of the previous section, the transition from a 

positive to negative Kaikoura- Christchurch pressure gradient 

is associated with a reversal of surface winds on the 

Canterbury Plains from south-westerly to north-easterly. The 

Kaikoura-Christchurch pressure difference also displays a 

pronounced 

matched by 

windspeed. 

midafternoon maximum. This diurnal periodicity is 

a strong diurnal variation in north-easterly 



(a) 

FIGU?E 5.9: TY:,?ical Sea,uence of \:eather, \d th AssociateC! Pressure 
Differences, Upper Level Flow, and Surface Airflow at 
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(a) ~~ean Sea Level Pressure Charts 
(b) 60DP.lb UinC!s,Pressure Differences and Airflm·, at 

C1:ristchurch Airport 
Continued on Following Page. 
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At approximately midday on 29 December, frontal 

passage is associated with a return to strong south-westerly 

winds, and an abrupt reversal of regional pressure gradients. 

The development of a second low pressure centre to the south

east of New Zealand and accompanied by a second front results 

in a relatively short period of pre-frontal pressure distor

tion across the Alps, a positive Kaikoura-Christchurch 

pressure gradient and a further short period of nocturnal 

north-easterly winds. Passage of this front over the 

Canterbury region in the period 0000-1200h on 30 December, 

this time heralds the onset of more persistent southerly 

gradient airflow. Despite relatively light upper winds, weak 

pressure gradients and an indication of the development of 

thermal low pressure centres over the South Island, surface 

winds remain south-westerly on the Canterbury Plains on 31 

December. This results from the persistence of a negative 

Kaikoura-Christchurch pressure gradient associated with the 

absence of orographically-induced pressure distortion. 

However, by midday on 1 January 1983 the anticyclone in the 

Tasman Sea is sufficiently close to the South Island to begin 

the typical summertime phenomenon of splitting into two 

separate cells either side of New Zealand referred to 

earlier. Although southerly winds are still evident aloft, 

this process induces a reversal in the longitudinal pressure 

distribution and the inevitable return to north-easterly 

surface winds on the Canterbury Plains. Since this 

phenomenon results from the effect of a warm land surface on 

anticyclonic passage (Browne, 1975), it is likely that it 

shows a diurnal periodicity which contributes to the high 

frequency of daytime north-easterly onsets. As in the case 



initial easterly event on the 28 Dec 

sterly that develops after south-wester 
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, the 

on 1 

January shows a strong diurnal on in velocity. This 

coincides with an afternoon peak in the Kaikoura-Christchurch 

pressure gradient. 

On 2 January, the anticyclone continues its eastward 

progression bringing north-westerly flow to the South Island. 

However, winds aloft remain south-westerly until 3 January. 

The increasing north-westerly flow results in a steady 

increase in the positive Kaikoura-Christchurch and Hokitika

Christchurch pressure differences as lee trough development 

becomes more pronounced. Moderate north-easterly surface 

winds are maintained throughout the night of 2 January since 

there is now no marked diurnal variation in the positive 

Kaikoura-Christchurch pressure difference. By midday on 3 

January north-westerly winds have invaded the plains to the 

west of Christchurch Airport. On 4 January, these winds 

occasionally replace the coastally-confined north-easterly 

winds. The persistent north-westerly flow responsible for 

the marked pressure distortion across the Southern Alps 

abruptly ceases in the early morning of 5 January with the 

passage of the third cold front in the sequence This 

temporarily reverses the Kaikoura-Christchurch 

gradient. However, the approach of a further frontal 

induces a rapid return to westerly flow aloft, lee trough 

development, a positive Kaikoura-Christchurch 

difference and low level north-easterly winds. 

The sequence described above highlights several 

important aspects of the relationship between synoptic scale 

influence and low level airflow on the Canterbury Plains. 
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rstly, the example empha ses the sensitivity of the local 

pressure distribution to the often subtle day to day 

variations in the synoptic scale circulation. This is most 

clearly manifested in the abrupt reversals in pressure 

gradients along the Alps in the absence of any pronounced 

change in the synoptic scale flow. Secondly, the example 

illustrates the extreme sensitivity of low level winds over 

the plains to such variations in the pressure distribution. 

Although consistent with the general cyclical sequence of 

wind direction variations on the plains through time 

described by Summers (1954), the example shows the marked 

temporal variability associated with this pattern. With a 

rapid sequence of fronts in synoptic scale westerly flow, the 

transition from south-westerly to north-westerly and 

eventually back to south-westerly surface winds may occur 

within a single day and be associated with rapid changes in 

the regional pressure distribution. Alternatively, anti

cyclonic conditions may persist for several days and result 

in a prolonged period of north-easterly flow. Finally, the 

example illustrates that the diurnal periodicity in the 

Kaikoura-Christchurch and Hokitika-Christchurch pressure 

differences noted earl is by no means general, even when 

the region is under anticyclonic influence. In this example, 

those strongly diurnal pressure gradient variations appear to 

be associated with the initial transition from south-westerly 

to north-easterly surface winds, suggesting. that the initial 

process of pressure gradient reversal associated with north

easterly onset is itself diurnally variable. 
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5.7 

In general terms, the interaction between the synoptic 

airflow and topography of the South Island region is 

accordance with observations described elsewhere. However, 

the South Island example exhibits a number of site-specific 

qualities. These may be attributed to the particular 

combination of an isolated mountain barrier normal to the 

predominant synoptic scale flow within an oceanic mid

latitude setting. At the broadest scale the predominance of 

lee-side low level flow parallel to the Southern Alps is in 

agreement with the schematic model developed by Sturman 

(1977) to describe the large scale dynamic effect of a north

south mountain barrier on a westerly current in the southern 

hemisphere. However, the model takes no account of the 

additional complexities induced by day to day cycles of 

diurnal heating and the passage of surface synoptic scale 

features. As a result of these processes, the Canterbury 

Plains wind regime exhibits similar features to the airflow 

regimes in western Canada (Longley, 1969) and the Latrobe 

Valley, Australia (Hoy, 1984) which respond to the 

development of local pressure gradients associated with 

topographically-induced differences in the amplitude and 

phase of the diurnal pressure wave. These local pressure 

distortions are superimposed on the general dynamic effect 

described above which is manifested in the surface pressure 

distribution by the frequent development of a lee-side 

trough. The net result of these mechanisms is a strongly 

diurnal wind in the Canterbury region which is extremely 

sensitive to the direction of the pressure gradient parallel 
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to the Southern As shown in Chapters 3 and 4, this 

tendency for ther north-easterly or south-westerly flow in 

the Canterbury region is further complicated by loc sea 

breeze forcing, cold air drainage, frictional and 

topographical fects. 

A second feature which strongly influences the nature 

of low level flow in the Canterbury region is the dynamic 

nature of the interaction between the sur synoptic scale 

circulation features and the South Island topography. The 

continuous passage of 

continually changing 

flow over the region. 

circulation features results in 

speed and direction of the broad scale 

In this context, the cyclic nature of 

weather patterns in the region appears to result in two major 

types of north-easterly events which may be differentiated on 

the basis of the predominant forcing mechanism responsible 

for their initiation. The first group are those post-frontal 

north-easterlies which are typically associated with an 

abrupt transition to a positive Kaikoura-Christchurch 

pressure difference. It is likely that these events result 

from the interaction of the South Island topography with the 

migrating synoptic scale circulation features. For example, 

with the typical transition from southerly post-frontal flow 

to anticyclonic conditions, a threshold will be reached when 

cross-alpine flow begins and the associated pressure 

distortions responsible for the transition to north-easterly 

flow develop. The second group of north-easterly events are 

associated with a pre-existing near-zero or positive 

Kaikoura-Christchurch pressure difference and established 

cross-alpine flow. In these 

periodicity of the north-easterly 

situations, the diurnal 

may be attributed to the 



thermo-topograph ally and stabili 

variations in ssure described by 

related 

(1977). 
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diurnal 

These 

pressure var ons are less tacular than those 

associated with ini 1 north-easterly development. 

In accord with the suggestion of Revell (1972), 

additional thermal effects clearly contribute to the observed 

patterns of rflow. For example, the development of 

thermally-induced low pressure over the South Island is a 

likely explanation for the increased incidence of afternoon 

north-easterly development in summer during general southerly 

flow conditions. Furthermore, the tendency for anticyclones 

to split into centres either side of New Zealand due to 

thermal forcing is likely to contribute to the increased 

pressure gradients and north-easterly strengths associated 

with such situations in summer. Two additional thermally 

related effects undoubtedly influence the development and 

magnitude of north-easterly airflows on the Canterbury 

Plains. These are local sea breeze forcing and low level 

stability, both of which are examined in Chapter 4. 

The results of this chapter have several important 

implications for the forecasting of airflow in the Canterbury 

region. In regard to forecasting north-easterly onset, 

general support is provided for the a on made by 

Trenberth (1977) that the Kaikoura-Chri h pressure 

difference is a good indicator of airflow the Canterbury 

region. Results suggest that existing techniques based on 

the monitoring of changes associated with this pressure 

difference and local knowledge of typical changes in the 

synoptic situation provide a good 

north-easterly winds. However, the 

basis for forecasting 

results suggest an 
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important need to consider thermal effects which may result 

in an unexpectedly rapid transition to north-easterly winds 

after a period of synoptic scale south-south-westerly flow 

during summer. The implications for forecasting north

easterly strength are less promising. Apart from recognising 

those situations which are likely to produce strong north

easterlies, the accurate forecasting of north-easterly 

strength on the basis of simple meteorological variables 

remains unresolved. Poor correlations between the magnitude 

of local pressure gradients and low level north-easterlies 

were also noted by Hoy (1984) for the Latrobe Valley. In 

Canterbury, poor predictions may be attributed to several 

factors. These are: 

(a) 

(b) 

At the scale 

likely to 

therefore may 

accelerations. 

described, 

represent 

include 

north-easterly flow is 

an unbalanced state and 

inherently unpredictable 

Available 

adequately 

land-based pressure gradients may not 

lect the magnitude of the true 

gradients responsible for north-easterly flow. For 

example, gradients from a location offshore to an 

inland location may be more representative. In 

addition, gradients based on available reliable 

pressure data are unlikely to resolve local 

thermo-topographic influences. 

(c) It is likely that north-easterly strength is 

related to general 

including cloud cover, 

level stabililty and 

layer processes over 

region. 

weather characteristics 

upper level rflow, low 

general planetary boundary 

the entire South Island 
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This resu is contrary to broad correlation 

between Kaikoura stchurch pressure differences and wind 

strength at Christchurch Airport ified by Trenberth 

(1977). 

5.8 CONCLUSIONS 

Several major conclusions can be drawn from this 

analysis of synoptic scale influences on airflow in the 

Canterbury region: 

(a) Interactions between the topography of the South 

Island and synoptic scale ai low over the region 

result in seasonal and diurnal variations in pressure 

gradients both across and parallel to the alpine 

barrier. Superimposed on the steady changes in 

pressure gradients associated with the passage of 

synoptic scale circulation features is a tendency for 

pressures over the Canterbury Plains to fall relative 

to Hokitika and Kaikoura from early morning to mid

afternoon. This diurnal variabililty is predominantly 

associated with cross-alpine flow having a westerly 

component. 

(b) The barrier e ect of the .Southern s generally 

results in low level airflow which is approximately 

parallel to the mountain chain in the Canterbury 

region. Rather than depending on synoptic scale flow, 

the direction of low level flow is determined by the 

direction of the pressure gradient between Kaikoura 

and Christchurch. 
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(c) The Canterbury airflow regime is h ly responsive to 

pressure changes associated with the day to day 

progression of synoptic scale circulation features. 

This generally results in a cycl pattern in the 

Canterbury sur wind regime characterised by 

south-west, north-east, then north-west and back 

to south-west winds. Depending on the speed of move

ment and loc on of synoptic scale circulation 

feature this idealised sequence may display marked 

temporal variability. 

(d) Analysis of afternoon north-easterly winds at 

Christchurch Airport indicates that the majority (70%) 

are associated with orographically-induced pressure 

distortions (lee trough development) and not 

surprisingly are most frequently associated with 

situations displaying north-westerly isobaric 

orientation in all seasons. 

(e) Pressure difference variations associated with north

easterly onset suggest that north-easterly events may 

be divided into two groups. The first group is 

usually associated with moderating south or south-

westerly flow when abrupt reversals in the side 

pressure gradient result from the passage of synoptic 

scale circulation features. The second group is 

generally associated with a persisting positive 

Kaikoura-Christchurch pressure difference which may 

vary diurnally due to stability and atmospheric tidal 

effects. It is these fluctuations which are 
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responsible for the diurnal iodicity of the north-

easterly. A pronounced summer afternoon maximum for 

the first group is strongly indicative of the enhance

ment of the basic interaction between the synoptic 

scale flow and the South Island topography by thermal 

effects. 

(f) North-westerly synoptic situations provide the 

majority of both the strongest and lightest north

easterly events. This group also shows the greatest 

seasonality in north-easterly strength, a feature 

which is not reflected in the synoptic scale pressure 

gradients. The poor correlation between north-easterly 

stength and a variety of climatic parameters suggests 

a more comprehensive approach to prediction is 

required. 

(g) Consideration of pressure variations between Kaikoura 

and Christchurch provides a sound basis for 

forecasting wind direction on the Canterbury Plains. 

The results also suggest a need to consider thermal 

effects in summer which may lead to an unexpectedly 

rapid transition from south-westerly to north

easterly winds over the plains. It is unlikely that 

accurate forecasting of north-easterly strength can be 

achieved on the basis of presently used synoptic scale 

pressure differences and surface temperature gradients 

alone. Further research is required to investigate 

those factors responsible for north-easterly strength. 
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CHAPTER SIX 

THE COLORADO STATE UNIVERSITY MESO-SCALE MODEL 

6.1 INTRODUCTION 

In Chapter 1, the numerical modelling approach was 

identified as an important and widely used tool in meso-scale 

windfield analysis. Of the current generation of three-

dimensional models, the Colorado State University model 

(originally presented by Pie Ike (1974a)) has been perhaps the 

most widely used and refined. 

the Canterbury region not 

Application of the model in 

only offers an opportunity to 

evaluate its performance in a novel environment but also 

facilitates investigation of the Canterbury wind regime in a 

theoretical context. 

This chapter is the first of three related to the 

application of the Colorado State University meso-scale model 

(hereafter referred to as the CSU meso-scale model) to wind

field analysis in the Canterbury region. The principal aims 

of this chapter may be summarised as follows: 

(a) To provide a detailed description of the model. 

(b) To review its development and previous applic

ations. 

(c) To assess the applicability of the model to the 

Canterbury situation and if necessary make 

appropriate amendments. 



225 

6.2 OUS WORK 

The CSU meso-scale model, as presented in its original 

form by Pie Ike (1974a) was a three-dimensional numerical 

model developed primarily for the simulation of land-sea 

breezes in the vicinity of the south Florida peninsula. 

Subsequently, the model has been generalised and used widely 

for a variety of applications including investigation of 

airflow over mountains, mountain-valley winds and air 

pollution dispersion. These developments will be discussed 

in chronological order. 

Using an 8-level version of the model, Pie Ike (1974a) 

examined the initiation and evolution of sea breeze 

convergence patterns over south Florida as a function of the 

surface heat and momentum fluxes and of the large scale 

synoptic forcing. 

cumulus cloud and 

breeze circulations 

Comparison of model output and observed 

shower patterns demonstrated that sea 

exerted the dominant control on the 

location of thunderstorm activity on days undisturbed by 

synoptic circulation. 

The same version of the model was utilised by Pie Ike 

(1974b) in a comparison of three-dimensional and two

dimensional numerical predictions of sea breezes over south 

Florida. Using identical sets of initial conditions and 

values of prescribed parameters, it was demonstrated that a 

two-dimensional numerical model can produce identical 

solutions 

forcing 

diffusion 

sub-grid 

to a three-dimensional sea-breeze model only when 

is two-dimensional and when explicit horizontal 

is increased to include resolvable as well as 

scale horizontal fluxes. The inability of the 



226 

two-dimensional model to accurately simulate sea zes over 

south Florida suggested that for most practical simulations 

of the sea breeze, a three-dimensional model is required. 

The first major amendment to the model was desc bed 

by P Ike and Mahrer (1975) and involved an improvement to 

the parameterisation of surface fluxes of momentum, heat, and 

moisture in the planetary boundary layer. A prognostic 

equation suggested by Deardorff (1974), whereby eddy 

coefficients are made 

dependent variables, was 

diagnostic form utilised 

dependent on local gradients of 

shown to be superior to the 

previously which incorporated a 

profile of eddy exchange coefficients. 

A further amendment was outlined by Mahrer and Pie Ike 

(1975) and represented an intermediate step in the 

incorporation of topographic effects into the original model 

discussed by Pielke (1974a). As part of a two-dimensional 

study of airflow over mountains, the basis equations in the 

cartesian coordinate system were transformed into a terrain

following coordinate system. Initial results agreed we 

with existing two-dimensional models and observations. This 

improvement was applied to a three-dimensional problem by 

Mahrer and Pielke (1976) in a numerical simulation of the 

airflow over Barbados with the objective of investigating 

variations in precipitation over the island. Three cases 

were examined; real island topography, a flat island, and an 

infinitely long rectangular island. Results suggested that 

topography is an important factor influencing low-level 

airflow over Barbados with many of the salient features of 

the simulations confirmed by existing observational studies. 

Mahrer and Pielke (1977a) continued the development of 

the model with the inclusion of the parameterisation the 



227 

surface heat budget and short~wave and long-wave radiative 

fluxes. This replaced the previous approach whereby thermal 

forcing was achieved by the application of a sinusoidal 

heating function. This amendment was incorporated into the 

two-dimensional version and used to investigate the effects 

of topography on sea and land breezes. 

investigated; sea and land breezes 

Again, 3 cases were 

over flat terrain, 

mountain and val winds, and the combined effects of sea, 

land and mountain winds. Results indicated that sea breeze 

and mountain rculations acting together produce a more 

intense circulation during the day and night, than they do 

acting separately. These findings were in agreement with 

sting observations. This model was utilised in its three 

dimensional form by Mahrer and Pie Ike (1977b) in a study of 

airflow over the irregular terrain of the Sacramento and San 

Andreas mountains of New Mexico. 

A final major improvement was discussed by Mahrer and 

Pielke (1978). In this study upstream interpolation with a 

cubic spline as a technique to integrate the advective 

equation was incorporated into the two-dimensional model. 

This replaced the previous approach which used the upstream 

differencing scheme to approximate the advective terms. The 

revised model was applied to the investigation of airflow 

over a mountain and sea and land breezes. This study showed 

that the model, when incorporating both the cubic spline 

technique and an absorbing layer as suggested by Klemp and 

Lilly (1978), correctly predicts mountain waves at all 

levels. Simulations of the sea breeze revealed only small 

differences between the revised and previous versions of the 

model. However, the superior accuracy of interpolated spline 
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approximation was considered to warrant the general inclusion 

the technique. 

A verifi on analysis of the sed model was 

attempted by Pie1ke and Mahrer (1978) for south Florida 

during a synoptically undisturbed day. When quantitatively 

compared with radar and surface observations the model was 

successful in predicting zones of pref convective rain 

activity and sur winds and temperatures. 

More recent1~ the model has been applied in a range of 

different environments. Segal and Pie1ke (1981) applied the 

three-dimensional model to the investigation of bio-

meteorological load conditions in the Chesapeake Bay 

area. In this study a dynamic initialisation approach was 

adopted to account for spatial variations in the synoptic 

scale flow over the region. Dynamical initialisation 

involves the integration of the model equations, in the 

absence of heating sources, in order to balance the initially 

imposed mass and motion fields. The model has also been used 

extensively in central Israel. Segal, Mahrer and Pie1ke 

(1982a) applied the two-dimensional version to the analysis 

of wind power characteristics in this region. A feature of 

this study was the specification of variations in the 

roughness parameter (zo) over land. 1, Mahrer and Pielke 

(1983) also applied the model to the investigation of the 

possible climatic ramifications of a planned project to 

generate hydroe ctric power by carrying Mediterranean water 

into the Dead Sea. Finally, the model has been utilised for 

air quality applications by Segal, Mahrer and Pie1ke (1982b) 

In summary, the original three-dimensional sea breeze 

model developed by Pie1ke (1974a) has subsequently been 
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considerably broadened in scope. Perhaps the major change 

giving the model general appeal has been the inclusion of a 

terrain-following coordinate system. In the recent past, the 

model has been used to investigate in a preliminary way and 

at a relatively large scale the effects of irregular terrain 

and fluxes of heat and moisture on airflow. Verification 

analyses of the model in a number of environments have 

indicated reasonab model prediction of observed meteor-

ological fields. 

The version of the model used in the subsequent 

analysis represents a modified version of that outlined by 

McCumber ale (l978) and was obtained from the University 

of Melbourne, Australia where it has been applied by Abbs 

(1984, pers.comm.). The general characteristics of this 

model make it a useful tool in the study of meso-sea wind-

fields in regions of topographic and land-water contrast. 

6.3 MODEL CHARACTERISTICS 

6.3.1 Basic Equations 

Central to any numerical meso-sca model is a set of 

equations which relate the temporal changes of air velocity, 

temperature and humidity to the appropriate physical forcing 

functions. The CSU model which provides simu ions of 

te n-induced meso-scale systems is hydrostatic and 

consists of the equations of motion, heat, moisture and 

continuity within a terrain-following coordinate system. It 

also includes a surface heat budget and parameterisation of 

the planetary boundary layer. Simulations are based on an 

iterative procedure in which model equations are approximated 

by finite difference techniques. 
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The ba equations of motion, heat, moisture and 

continuity are transformed into a terrain following 

coordinate system (x, y, z*, t) by the transformation 

z* (6.1 ) 

where s is the initial height of the top of the model, s the 

subsequent model top (referred to as the "material surface") 

and zG(x,y,) is the ground elevation. Using this coordinate 

system the basic equations have been described by Mahrer and 

Pielke (1975). A list of symbols is provided at the 

beginning of the the s. 

The east-west (u) and north-south (v) components 

velocity are given by: 

du 

dt 

dv 

dt 

fv 
z*-s a 

+ g--s ax 

x --- Krn___ + K -- + -- K -- ' a ( au) a ( au) a ( au) 
az* zaz* ax Hax ay Hay 

x _a ( Krn3V)+ ~ (K 3V) + ~ (K av), 
3z* z3z* ax Hax ay H3y 

(6.2) 

(6.3) 

The thermodynamic equation for adiabatic motion and the 

conservative specific humidi equations are given by: 

(6.4) 



The continuity equation from which vertical 

calculated is given by 

au av aw* 1 aZG aZG 
+ + ( u_ + v_ ) ax ay a Z* S-ZG ax 

+ 
1 ( as 

+ s-zG at + 

S 

ax 
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(6.5) 

veloci s are 

(6.6) 

(6.7) 

(6.8) 

(6.9) 

(f).10) 

In order to solve the above set of equations an additional 

equation for the height of the material surface, s, must be 

obtained. This is achieved by integrating the continuity 

equation (6.6) from the surface z* = 0 to the top z* = s. 

Assuming that w* disappears at both bounda es this gives 
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as 1 (8 ~ [u(s-zG'] + a [V(S-ZG)]}dz* 

s 0 ax ay 
(6,11) 

at 

The assumptions made in deriving the preceding equations are 

described by Pielke (1974a) and imply that the synoptic state 

is barotropic with no vertical motion. 

6.3.2 Boundary Layer Formulation 

Calculation of surface fluxes of heat, moisture and 

momentum is based on the work of Businger et --- (1971) and 

Businger (1973). Turbulent mixing in the remainder of the 

planetary boundary layer is parameterised using an exchange 

coefficient formulation as described by O'Brien (1970). The 

depth of the planetary boundary layer is determined by a 

technique developed by Deardorff (1974). In this approach 

the boundary layer grows as a function of surface heat and 

momentum fluxes, meso-scale vertical motion and overlying 

thermodynamic stability. The prognostic equation is given by 

(6,12) 
at 

where the value of w* is given as 

(2 )'/3 
u* 8*zi ' e* ( 0 

w* :: 8s (6.13) 

0, e* > 0 

The parameterisation scheme for the boundary layer is 

discussed in greater detail by Pielke (1974a), Mahrer and 

Pielke (1975, 1976) and Pielke and Mahrer (1975) . 
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6 3.3 

The temperature at the soil-air interface is 

calculated using an energy balance approach in wh h long and 

short-wave radiation, the soil heat flux and the turbulent 

mixing of sensible and latent heat are used to determine the 

equilibrium surface temperature This temperature is 

computed by a Newton-Raphson iterative solution to the heat 

balance equation given by 

RS + RL + pLu*q* + pCp u*8* - PscsKs aTI - OTG4 

az G 
0 , (6.i4) 

where RS is the net short-wave radiative flux at the surface 

and RL the incoming long-wave rad ion. The remaining terms 

in order are the latent, sensible and soil heat fluxes, and 

the outgoing long-wave radiation from the surface. (Sub-

scripts G and s denote ground and soil values respectively.) 

The effects of short-wave and long-wave radiative 

fluxes on air temperature are parameterised following the 

methods of Atwater and Brown (1974). Heating of the atmos-

phere by short-wave radiation is confined to water vapour 

while in the long-wave radiation algorithm both carbon 

dioxide and water vapour are considered. The effects of 

terrain on radiation are also considered. The surface heat 

budget and radiative heating routines are discussed in 

greater detail in Mahrer and Pielke (l977a). 
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6.3.4 al Solution 

The CSU meso-scale model is integrated using a semi-

implicit forward-upstream differencing scheme with a 

staggered finite difference mesh as shown in Figure 6.1. In 

the vertical dimension potential temperature and specific 

humidity are staggered at half-grid points with respect to 

the other dependent variables. The vertical velocity, w, is 

staggered at half id points in the horizontal dimension. 

To maintain computational stability, the equations of motion 

are evaluated first, the continuity equation second and 

finally the thermodynamic and specific humidity equations. 

This approach is discussed in further detail by Pielke 

(1974a). 

The advective terms are evaluated by an upstream 

interpolation with a cubic spline as described by Mahrer and 

Pielke (1978). This technique has been shown by Purnell 

(1976) to be very accurate in terms of amplitude and phase 

preservation. Vertical diffusion utilises the Crank

Nicholson scheme which was shown by Paegle et alp (1976) to 

be very accurate even for long time steps. Horizontal 

diffusion is sented by a highly selective low-pass 

filter and applied to control the spurious buildup of high

wavenumber energy due to aliasing 

6.3.5 

At the initial time the profiles of potential temper

ature, specific humidity and soil temperature are specified 

and are homogeneous in the horizontal direction. The wind 
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FIGURE 6.1: Schematic Picture of Grid !~esh (after Pie1ke, 1974a). 
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velocity profile is determined through an Ekman layer type 

balance within the planetary boundary layer and is described 

by Mahrer and Pielke (1976). Above the planetary boundary 

layer, velocity is specified in terms of the geostrophic 

shear. At the lateral boundaries the horizontal gradients of 

pressure and the prognostic variables are set to zero. 

Those variables used to initialise the model are 

listed in Table 6.1 and are desc bed in greater detail in 

Appendix V. Provision exists (through variable STEADY) for a 

period of dynamical initialisation. Typical values for 

"STEADY" used in the literature range from 4-6 hours of 

simulated time. 

In the received version of the model sea surface 

temperature at the initial time was set to land-surface 

temperature. 

6.3.6 Model Structure 

The computational sequence for the 17 subroutines that 

comprise the model code are presented schematically in Figure 

6.2. (The various components of the model code are listed 

with their functions in Table 6.2.) At initia sation, the 

subroutines are called in the order denoted by the letters. 

Of these only "COMPUT" and "PRINT" play a further role in 

simulations. For each further time step the remaining 

subroutines are called by "COMPUT" in the numerical order 

indicated in Figure 6.2. The routine "PRINT" is called 

periodically (depending on specification by the user) and 

provides both printed and plotted output. During each model 

iteration arrays are stored at 2 time steps, the present 

values and future values. Simple adjustment to model input 



237 

TABLE 6.1: List of Input Variables 

Variable 

ALBEDO 

CRATER 

DAY 

DELT 

DELX 

LAP 

LAT 

LNDWTR 

LWBOUN 

NOHEAT 

PLB 

PSF 

QLARG 

QVL 

SCOND 

SDEN 

SMALL 

SMALZ 

SSPEC 

STEADY 

SUN 

SWET 

THERMU 

THERMV 

THETAL 

TIMSTP 

TO 

TSOIL 

USYNOP 

Z 

ZO 

ZOLAND 

Definition 

The radiative albedo of the land surface. 

Geostrophic wind direction. 

Day of the year after September 21. 

Time step used in the integration. 

Increment for establishing variable grid spacing. 

Potential temperature gradient at the top of the model. 

Latitude of model domain. 

Determines whether a land or water boundary initial 
profile is computed. 

Array which specifies grid coverage by water or land. 

Determines whether heating by radiative processes is 
permitted. 

Initial height of the planetary boundary layer. 

Surface pressure. 

Synoptic specific humidity at the surface. 

Initial vertical profile of synoptic specific humidity. 

Soil conductivity. 

Soil density. 

Horizontal weighting coefficient in long filter. 

Vertical weighting coefficient in long filter. 

Soil specific heat. 

Period of dynamical initialisation. 

Start of run - sunrise or sunset. 

Soil wetness. 

Thermal wind above PBL in East/West direction. 

Thermal wind above PBL in North/South direction. 

Initial vertical profile of potential temperature. 

Duration of run in hours. 

Array which specifies height of topography. 

Initial profile of soil temperature. 

Initial geostrophic windspeed. 

Distance in the vertical. 

synoptic surface roughness length. 

Roughness length over land. 
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TABLE 6.2: List of Subroutines 

1 MAIN 

2 COMPUT 

3 BOUNDY 

4 SWAPBS 

5 ADVECU 

6 ADVECT 

7 ADVECY 

8 COMP 

9 SWAPTP 

10 SD~2 

11 SDP~ 

12 SWAPUP 

13 PRINT 

14 BOCONT 

15 BOCONU 

16 TRIDlA 

17 READl 

Calls the initialisation subprogram and the comput
ation subprogram. 

Governs the computation process by calling other 
subprograms and by terminating the run. 

Initialises some variables (called once). 

Its 2 parts compute 
(a) boundary layer variables 
(b) radiative terms and the surface heat budget. 

Computes east-west and vertical advection for 
horizontal velocity components. 

Computes east-west and vertical advection for 
potential temperature and specific humidity. 

computes north-south advection for 
(a) horizontal velocity components 
(b) potential temperature and specific humidity 
(c) height of the planetary boundary layer. 

Computes non-advective forcing terms for most 
variables. This includes vertical diffusion. 

Swaps potential temperature and 
from future to present arrays. 
fnlter. 

I 

specific humidity 
Also applies a 

Updates the height of the material surface. 

computes new vertical velocities. 

Swaps horizontal velocities from future to 
present arrays. 

Prints computed information when required. 

computes boundary conditions for potential 
temperature and specific humidity. 

computes boundary conditions for horizontal 
velocity components. 

Tridiagonal matrix solution called from SWAPTP 
during application of vertical filter. 

Initialises the model. A large table of definitions 
can be found there. 
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sional 

In previous chapters, thermal and dynamic processes 

were observed to influence the Canterbury Plains wind regime 

at two distinct scales. Firstl~ local thermal forcing and 

mechanical ects associated with Banks Peninsula and the 

flat plain were responsible for several important features of 

the wind regime (the south-easterly sea breeze, funnelling 

around Banks Peninsula). Secondly, thermal and dynamic 

effects were also associated with the regional and synoptic 

scale terrain (the north-easterly regime). The distinction 

between these two scales of influence provides the rationale 

behind the subsequent experimental programme, which is 

designed to both evaluate model performance and provide a 

theoretical assessment of the relative contributions of 

thermal and dynamic effects to the wind regime. Hence, one 

set of simulations addresses the problem of local scale 

forcing in the absence of the elevated terrain to the west of 

the plains, while the second addresses the more complex 

regional sca effects. 

In this section, the selection of critical parameters 

and the model amendments required to realistically simulate 

airflow in the Canterbury region are outlined. Considerable 

emphasis is placed on previous studies to provide an 

indication the magnitude of critical variables required to 

provide valid simulations for the two sets of experiments. 
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6.4.2 Amendments 

The version of the CSU meso-sea model utilised in 

this study includes a number of improvements to the version 

of the model presented by McCumber et alb (1978) Although 

retaining the original model physics, these amendments 

markedly increase the efficiency of the model when applied in 

regions of complex terrain. 

Several of these amendments were made by Abbs (1984, 

pers.comm.) on the basis of private communication with Arritt 

and Pielke of Colorado State University. The first is the 

inclusion of an absorbing layer to control the reflection of 

vertically propagating wave energy. This approach was 

discussed by Mahrer and Pielke (1978). The absorbing layer 

is applied at every time step to the horizontal velocity and 

potential temperature fields above a specified level and 

provides Raleigh friction on the horizontal velocity 

components with corresponding Newtonian cooling on potential 

temperature. A second improvement was the addition of code 

in the initialisation routine (READ1) to allow specification 

of a variable grid spacing. This enables e icient minimis

ation of boundary ects without the need for a large number 

of horizontal grid points. 

In order to realistically simulate thermal forcing in 

the Canterbury region is was also found necess to modify 

the initialisation of surface temperature over land and sea 

in the model. Formerly, sea surface temperature was equated 

to land surface temperature at sunrise. However, this is 

unrealistic in the Canterbury context where sea surface 

temperature is invariably warmer than the land at this time. 

In order to achieve an initial thermal contrast, a procedure 
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suggested by McCumber (1978) was adopted whereby the 

water surface is slowly heated incrementally during the first 

hour of dynamical initialisation. In the current model, sea 

surface temperature was sed by O.2 oC per time step. When 

the required thermal contrast was achieved the model was 

integrated for a further 3 to 4 hours until steady state was 

achieved. 

6.4.3 Selection of Critical Parameters 

Previous work suggests that computational stability of 

the csu model is a function of a small set of 

choices all of which are interrelated. 

tical input 

These are the 

complexity of terrain, the strength of synoptic scale flow, 

the number and spacing vertical levels, the time step and 

the horizontal weighting coefficient. The remainder of the 

input variables represent unambiguous physical quantities 

which are readily determined for particular simulations. 

Generally, the more complex the terrain, and the stronger the 

simulated synoptic scale airflow, the shorter the time step 

and the more vertical levels are required (Pielke, 1984, 

pers.comm.). Furthermore, the choice of horizontal weighting 

coefficient (SMALL) determines the degree to which small 

scale features may develop in the windf Id (Abbs, 1984, 

pers.comm.). 

the smaller 

Sensitivity analyses by the author suggest that 

the value of the horizontal weighting 

coe icient, the greater the computational instability. 

A second factor which governs the selection of 

critical input variables concerns the limitations imposed by 

the computational requirements of the numerical model. The 

shorter the time step and the greater the number of grid 
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s, the greater the computational time red. 

Consequently, the choice of time step and id mesh may 

represent a tradeoff between computational s ty and 

access to computer facilities. 

In previous studies, the model has been appl to a 

variety of topographic environments. These are summarised in 

Table 6.3. In most cases the model was initiali with 

12-14 vertical levels to simulate terrain of approximately 

1000m. The top level in such studies was typically in the 

range of 6-7km. In all cases the vertical levels were chosen 

to give increased resolution in the planetary bounda layer 

with a regular transition to the increased grid spacing (500-

1000m) at upper levels. Typically, time steps these 

studies were 60 or 90 seconds. In those studies in which 

airflow over terrain is particularly strong, the number of 

levels was increased. For example, with winter veloci s 

over central Israel exceeding 20 -1 ms Segal, Mahrer and 

Ike (1983) increased the number of vertical levels from 14 

to 21 to minimise possible erroneous downward reflection of 

mountain waves from the model top to its surface boundary. 

In Table 6.~ the 3 sets of simulations applied to the 

Canterbury region are summarised. The first 2 sets of 

simu ons are analogous to the model setup for the Barbados 

study (Mahrer and Pielke, 1976). Justification for the 

se tion of a 90 second time step can be found in comparison 

of simulated surface windfields at midday for a 60 sec and 90 

sec time step, as shown in Figure 6.3. (Note, lines emerging 

from each gradient grid point represent wind vectors with 

direction signified by a heavy dot.) The predicted wind

fields are virtually identical suggesting that little is to 
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TABLE 6.3: Specification of Critical Parameters in Previous Studies. 

Pie1ke (l974a) Flat, south Florida 8 4.82 20, 60 

Mahrer and Pie1ke (1975) 1.9km Bell shaped 12 10.0 60, 120 
mountain 

Mahrer and Pie1ke (1976) 240m Barbados 12 6.0 '* 
Mahrer and Pielke (l977a) 1.Okm Bell shaped 12 6.0 90 

mountain 

Mahrer and Pie Ike (l978) Flat 12 6.0 90 
1.Okm Bell shaped 10.0 22.5 
mountain 

Pielke and Mahrer (1978) Flat, south Florida 12 6.0 

Segal and Pielke (1981) Flat, Chesapeake Bay 13 7.0 60 
area 

McNider and Pielke (1981) 1.75km Great Plains 14 6.0 60 

Segal, Mahrer and 800m Israel 14 7.0 90 
Pielke (l982a) 

Segal, Mahrer and 800m Israel 14 7.0 '* 
Pielke (1983) 21 21.0 

Abbs (1984, Eers • corom. ) 660m Melbourne 19 7.0 30, 60 

*Not specified. 

TABLE 6.4: Specification of Critical Parameters for Canterbury Modelling 
Experiments. 

No. of Top 
vertical level Absorbing 

1 Flat 12 6 90 No 

2 450m Banks Peninsula 12 6 90 No 

3 1000m plateau sloping 15 6 60 Yes 
to coastal plain 
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be gained from a shortening of t step. With the inclusion 

of a lkm plateau to represent the Southern Alps terr n, the 

time was decreased to 60 sec and the number of layers 

increased to provide greater resolution the upper levels. 

Downward reflection of mountain waves was controlled by an 

absorbing layer in the upper levels. This represents an 

alternative approach to that of Segal, Mahrer and Pie Ike 

(1983) in which several levels were added to a height of 21km 

to achieve the same result. 

For all simulations, the horizontal smoothing 

coefficient was set to 0.07. Although greater than the 

value of 0.02 used by Abbs (1984, pers.comm.) it is the same 

value used by McCumber et ale (1978) for the Barbados test 

data. This was found to produce good results in the 

Canterbury context whi maximising model stability. Further 

justification for the choice can be found in the relative 

simplicity of the region's topography which is unlikely to 

produce small scale circulation features that need to be 

resolved in the context of the study objectives. 

6.4.4 Sensitivity to Initial Land-sea Temperature Contrast 

The two-dimensional version the model was uti sed 

to evaluate revision to the model code to enable SST to be 

set to a temperature other than surface terrestrial temper

ature at the initial time. Simulations utilised 21 grid 

points in the horizontal with 12 vertical levels rising to 

6000m. Horizontal grid spacing was a constant 10km. A 60 

second time step was used with a 4 hour period of dynamical 

initialisation. As detailed in the previous section, the 

desired initial land-sea thermal contrast was achieved by 
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increment sea e temperature by O.2 oC per time 

for every t step required during the first hour 

dynamical initialisation. The model was run without 

topography and sented a flat plain with adjacent ocean. 

The synopt wind was set to 3 ms- l in an offshore direction. 

The the input data were representative a 

summer day on the Canterbury Plains and was derived from the 

27 January 1983 case study. Initial profiles of potent 1 

temperature and specific humidity are presented in Figure 

6.4a whi the remainder of the initial conditions are sted 

in Table 6.5. During the sensitivity analysis, initial land-

sea temperature differentials were varied through a range 

from 0 14 0 C (i.e. initial SST warmer than land temperature) 

and the e ects on the resultant sea breeze circulation 

evaluated. No simulations were attempted with SST cooler 

than land surface at the initial time since this was not 

considered realistic in the Canterbury context. 

TABLE 6.5: Initial Values of Input Parameters. 

ALBEDO 

INITIAL ROUGHNESS LENGTH 

ROUGHNESS LENGTH LAND 

SMOOTHER COEFFICIENT Z 

SMOOTHER COEFFICIENT Y 

LAPSE RATE 

SURFACE PRESSURE 

SOIL CONDUCTIVITY 

SOIL DENSITY 

SOIL SPECIFIC HEAT 

SOIL WETNESS 

INITIAL HEIGHT OF PLANETARY BOUNDARY LAYER 

0.2 

,04m 

.04m 

0.0 

0,07 

4. 

1019mb (summer) 

1018mb (winter) 

1. 26Wm-loc-1 

1500kg m3 

1340Jkg-1oC-l 

50kg m-3 

400m 
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As shown in re 6.4b, the principal effect of 

imposition of an 1 negat land-sea thermal contrast 

is a delay in the initiation sea breeze onshore flow of up 

to 2.5 hours for an initial thermal contrast of l4 0 C 

(compared to OoC). This is to be expec in view of the 

additional surface heating required to produce a sufficient 

land-sea thermal contrast to init onshore flow. 

Detailed investigation of the effects of the 

imposition of an initial land sea thermal contrast on other 

sea breeze characteristics is inhibited by the horizontal and 

vertical grid spacings necessary to satisfy computation 

requirements. Although difficult to resolve sub-grid scale 

variations between runs, broad differences can be discerned 

regarding resultant sea breeze circulations. For example, 

maximum onshore windspeeds at 5m are associated with sma st 

initial thermal contrasts as shown in Figure 4.6b. With sea 

o surface temperature excesses greater than 10 C, there is a 

marked decrease in the strength of onshore sea breeze flow. 

The nature of the changes in the sea breeze 

circulation induced by varying the initial land sea thermal 

contrast can be seen in Figure 6.Sa, b. (Note, shading is 

used to differentiate between positive and negative 

components where appropriate in this and subsequent contour 

diagrams). Comparison of the onshore (negat u) velocity 

components at lS.77h reveals that the sea breeze circulation 

developed under conditions of no init 1 land-sea temperature 

gradient is of greater magnitude than that developed with a 

sea surface temperature excess of l4 oC. Not only is the 

circulation of greater spatial extent, but the onshore 

velocit s are markedly stronger. This is to be expected 
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since the general effect of the imposition of an initial 

land-sea temperature differential (with sea surface warmer 

than land-surface) is to markedly decrease the land-sea 

thermal contrasts throughout the entire simulation and hence 

the magnitude of the resultant sea breeze circulation. 

6.5 CONCLUSIONS 

The most important points arising from this review of 

the CSU meso-scale model may be summarised as follows: 

(a) Previous studies utilising the model suggest that it 

is well-suited to theoretical investigation of thermal 

and dynamic influences on the Canterbury Plains wind 

regime. 

(b) A critical subset of input parameters which need to be 

optimised to produce stable computational results are 

identified. Suitable values of these parameters are 

established for the Canterbury region. 

(c) Sensitivity analyses indicate that the magnitude of 

simulated thermally-induced circulations is dependent 

on the magnitude of the initial land-sea temperature 

contrast. Inclusion of code to facilitate an initial 

sea surface temperature excess is therefore an 

important prerequisite for realistic simulation of 

thermo-topographic effects in the Canterbury region. 
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CHAPTER SEVEN 

SIMULATION OF LOCAL THERMO-TOPOGRAPHIC 

7.1 INTRODUCTION 

In this chapter, the CSU model is applied to the 

Canterbury region in order to investigate the influence of 

local thermal and dynamic effects in contributing to the 

local windf Id. This is achieved by considering only the 

terrain of Banks Peninsula and a flat plain to the west. No 

attempt is made to represent the complex terrain of the 

Southern Alps as the effects of larger scale topography on 

the plains windfield are examined in the next chapter. 

7.2 EXPERIMENTAL APPROACH 

In order to investigate the effects of local thermo

topographic forcing on the Canterbury Plains windfield, the 

model was run under a variety of synoptic scale wind 

directions for both summer and winter daytime cases. 

Specific obj 

follows: 

s of these experiments may be summarised as 

(a) To ident y the magnitude of local sea breeze 

effects in the Canterbury region under light 

synoptic flows and ideal clear sky conditions. 

(b) To investigate the effect of Banks Peninsula and 

the local land-sea distribution on low level 

airflow patterns. 
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(c) To examine the effects of both seasonality and 

synoptic sca wind direction on these processes 

(wind speed is held constant). 

The nine cases comprising this segment of 

experimental programme are summarised in Table 7.1. For all 

cases, except one, the Canterbury region is represented by a 

flat pI n with only the terrain of Banks Peninsula included. 

The 4 wind directions chosen include the most commonly 

experienced synoptic sca flows in the region while a 

gradient windspeed of 4 ms- l is sufficient light to ensure 

thermo-topographic influences are not inhibited. 

TABLE 7.1: Summary of Simulations 

Season Terrain Synoptic Scale Wind Initial data 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Summer 

Summer 

Summer 

Summer 

Summer 

Winter 

Winter 

Winter 

Winter 

Banks Peninsula 

Banks Peninsula 

Banks Peninsula 

Banks Peninsula 

Flat 

Banks Peninsula 

Banks Peninsula 

Banks Peninsula 

Banks Peninsula 

NE 4 ms- l 

NW 4 rns- l 

SE 4 rns- l 

SW 4 rns- l 

NE 4 ms- l 

't."'W 4 rns- l 

SE 4 rns- l 

SW 4 ms- l 

'NE 4 ms- l 

The model domain is shown in 

27 January 1983 

27 January 1983 

27 January 1983 

27 January 1983 

27 January 1983 

05 July 1983 

05 July 1983 

05 July 1983 

05 July 1983 

gure 7.1a. In view of 

the uncomplicated nature of the simulations (i.e0 minimal 

effects) a 21 x 18 horizontal grid mesh with lOkm 

gr spacing and 12 vertical levels (including the surface) 

sing to 6000m was utilised. 

approach to that adopted by Mahrer 

This represents a similar 

Ike (1976) for the 

Barbados case where terrain is of a comparable magnitude. 
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Initial profi s of temperature and humidity both 

winter and summer simulations ( 

from case studies representative 

7.lb) were 

clear light wind 

tuations in which a radiosonde ascent was carried out close 

to sunrise. Based on observations on the case study days, 

sea surface temperature was set at l6.0oC for summer and 

7.0oC for winter. The remainder of the input variables are 

listed in Table 6.5 in the previous chapter. With the 

exception of surface ssure, these variables were identical 

for both the summer and winter simulations. 

In terms of the daily weather patterns in the region, 

the chosen case study days are representative of fair weather 

winter and summer situations. 

south-westerly 

gradient flow 

to westerly flow 

direc on over the 

Both are characterised by 

aloft, the predominant 

region, and average sea 

surface temperature (refer to Table 2.7). On both days, 

maximum temperatures were slightly low the mean daily 

maxima (1953-1979) the respective months (N.Z.M.S., 

1982), although solar radiation totals were higher than 

normal due to the clear sky conditions experienced on both 

days. 

Despite the "average" nature of the two days, part 

ular days in both summer and winter may vary markedly. This 

is particularly true of summer conditions when north-westerly 

winds may result in high inland temperatures (January mean 

monthly maximum at Christchurch Airport is 32.1oC (N.Z.M.S., 

1973» and cool SSTs (due to coastal upwelling). Although 5 

July provides a good sentation of winter conditions when 

a relatively high frequency anticyclonic situations are 

ted in a high frequency of light winds and clear skies 
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(McGann, 1983), foehn events may result unseasonally warm 

conditions (June mean monthly maximum at Christchurch Airport 

is 17.2o C compared to a mean daily maximum of lO.4 oC 

(N.Z.M.S., 1973)). Consequently, the subsequent results do 

not reflect the wide spectrum 

occur in particular seasons. 

weather conditions which may 

In all simUlations a 4 hour period of dynamic initial-

isation was adopted during which sea-surface temperature was 

increased incrementally to the desired temperature during the 

first hour. 

7.3 MODEL RESULTS 

In this section, the results of the numerical simul 

ations are described in turn. These results are compared 

with observations in the following section. 

7.3.1 Summer 

7.3.1.1 North-eas Case 

The simulated horizontal windfield at Sm over the 

model domain for a gradient north-easterly flow of 4 ms- l is 

summarised in Figure 7.2 using representative plots from the 

hourly sequence of plotted output. 

Although low level airflow is generally north-easterly 

over the entire model domain at sunrise (4.79h), fric onal 

effects result in relatively light easterly surface winds 

over land. In addition, topographic effects are apparent in 

the vicinity of Banks Peninsula. Here, low level flow is 

forced around the peninsula resulting in relatively strong 

north-easterly ow at the western margins. 
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In the period immediately following sunrise there is a 

return to stronger north-easterly surface winds over the 

plains associated with mixing in the planetary boundary layer 

and by 09.79h onshore surface flow is apparent in the 

vicinity of Kaitorete Barrier (Figure 2.1). As shown in 

Figure 7.2b, onshore south-easterly winds prevail along the 

entire coast to the south-west of Banks Peninsula by lO.79h. 

Similarly, coastal surface flow to the north of Banks 

Peninsula shows a slight increase in speed to 5 ms- l and 

veering to the east reflecting the addition of a sea breeze 

component to the synoptic scale flow. These changes in the 

windfield are associated with the initial development of a 

positive differential between the air temperature at 5m and 

SST (Figure 7.2h). 

The period lO.79h to lS.79h is characterised by 

further strengthening of the surface south-easterly sea 

breeze and inland penetration of the zone of convergence 

between the north-easterly and south-easterly. Both these 

flows strengthen to approximately 7 ms- l over land by lS.79h. 

The subsequent period is characterised by weakening of the 

onshore south-easterly flow resulting in its disappearance by 

2l.79h. 

Examination of the east-west (u) and north-south 

velocity components (v) along a transect through North 

Canterbury, shown in Figure 7.la, illustrates the effect of 

thermal forcing on the vertical profile of north-easterly 

synoptic scale flow. (Note, a positive u component represents 

westerly flow while a positive v component represents 

northerly flow). The addition of a sea breeze component 

(resulting from a maximum SoC difference between air 
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temperature at Sm and SST) leads to considerable augmentation 

-1 of the 4 ms gradient flow with onshore velocities over land 

exceeding 5 ms up to a height of approximately lOOOm. A 

low level onshore velocity maximum approximately 7 ms 1 is 

apparent below 300m depth. South of Banks Peninsula, the 

depth of onshore flow at 16.97h is between 300 and 700m and 

is overlain by a north-westerly return flow which is clearly 

apparent in the horizontal flow field at 1200m (Figure 7.2g). 

Minor offshore return flow is also apparent parallel to the 

coast north of the peninsula. 

7.3.1.2 The South-east se 

As in the previous case, light south-easte y synoptic 

scale flow is initially characterised by relatively light 

winds over the land surface with a marked veering to the 

right associated with friction. This results in ght south 

to south-west winds over much of the plains at sunrise, as 

shown in Figure 7.3a. Once again this e ect is quickly 

removed with the initiation of daytime heating. 

The windfield at 10.79h is strongly luenced by 

forcing of the gradient flow around the north-west margin of 

Banks Peninsula. This results in a pronounced zone of 

convergence extending inland. Since south-easte flow is 

predominantly onshore for the entire re on, sea breeze 

effects are not immediately discernible at this tirn~ although 

a slight increase in landward velocities is apparent. This 

contrasts with the previous simulation of synoptic sca 

north-easterly flow in which sea breeze development occurred 

south of Banks Peninsula by 10.79h. However, in the period 

from 10.7 5.79h sea breeze effects are more conspicuous 
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immediately to the north Banks Peninsula the flow 

becomes more easterly in direction. This enhances the zone 

of convergence extending land from the base of Banks 

Peninsula -1 Landward surface velocities at lS.79h are 6 ms 

both north and south of the peninsula. 

The lS.79h windfield represents the maximum inland 

penetration of the sea breeze north of Banks Peninsula. It 

is likely that further penetration is inhibited by limited 

return flow development under predominant onshore flow. As 

in the previous case, airflow at 21.79h represents a return 

to virtually undisturbed south-easterly flow. 

The effect of synoptic scale onshore flow on the 

thermal regime over the plains is clearly evident in the day-

time heating cycle shown in Figure 7.3h. The advection of 

cool marine air results in a maximum land-sea temperature 

differential of only 30 C, significantly less than the Soc 

difference shown for the north-easterly case. Nevertheless, 

this thermal contrast has a significant influence on the 

three-dimensional flow as illustrated in Figure 7.3e, f, g. 

For the transect through North Canterbury onshore flow (u 

component) is markedly augmented in the lowest 300m with 

onshore velocities over the coast exceeding -1 8 ms . At 

approximately lOOOm this low level onshore maximum is matched 

by slight offshore flow indicative of compensatory return 

flow aloft. This e ect is more clearly apparent in the 

horizontal flow field at l200m which shows perturbations in 

the general south-easterly flow over the coastlines to both 

the north and south of Banks Peninsula. 
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7 3.1.3 

At sunrise gure 7.4a), simulated light south-

westerly flow over the Canterbury PI s exhibits several 

features which are simi to those discussed in previous 

cases, notably, the frictional deflection of airflow to the 

right over land resulting in light westerly winds of approx

-1 imately 2 ms , and the deformation of flow in the vicinity 

of Banks Peninsula. 

By lO.79h (Figure 7.4b), heating of the northward 

ing slopes of Banks Peninsula is responsible for upslope 

north-easterly flow in this region, indicating that the 

peninsula has a thermal as well as dynamic influence on the 

local windfield. Two other thermally-induced effects are 

also evident at this time. As in the previous cases, these 

correspond to the development of a positive land-sea temper-

ature differential (based on air temperature at Sm and SST). 

Firstly, the initial stages of sea breeze development immed-

iately north of Banks Peninsula are marked by a zone of light 

variable winds with some onshore flow. Secondly, to the 

south-west of Banks Peninsula the thermo-topographic effect 

is apparent in a general backing of the south-westerly flow 

resulting in southerly winds. By lS.79h both features have 

increased in magnitude resulting in a well developed north-

easterly sea breeze circulation to the north of Banks 

Peninsula and south to south-easterly flow over much the 

inland plains. Surface velocities in the sea breeze circul

ation reach 6.S ms- l at the coast while the inland southerly 

-1 flow is approximately S ms A region of light winds 

shore to the north-east of the model domain marks the eastern 

limit of the sea breeze circulation. 
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Despite the relat ly light south-westerly winds, 

which contribute to an offshore component to the synoptic 

scale flow north of Banks Peninsula, the north-easterly sea 

breeze is rather localised, extending a maximum of 20 30km 

inland. Immediately north of Banks Peninsula, sea breeze 

penetration appears to be inhibited by the funnelling of the 

southerly flow around the western margin of Banks Pen sula 

resulting in a zone of convergence. South-westerly flow 

around the eastern margin Banks Peninsula at l5.79h 

results in a clea defined eddy which is entrained into the 

surface sea breeze. Compared with the north-easterly case 

(Figure 7.2c), winds in the lee of Banks Peninsula are 

considerably lighter at this time. 

As in previous cases, the sea breeze reaches its 

maximum extent in the period l5.79-l6.79h followed by 

relatively rapid weakening as a result of the removal of the 

land-sea temperature gradient by terrestrial cooling. This 

is apparent in the flow regime at 2l.79h (Figure 7.4d). 

Examination of the vertical profiles of the velocity 

components (Figure 7.4e, f), reveals that onshore flow north 

of Banks Peninsula reaches a depth of approximately 700m at 

l6.79h with maximum onshore velocities exceeding 5 ms- l to a 

depth of 100m in the vicinity of the coastline Once n , 

this is compensated by an increase in fshore flow at higher 

levels. As in the previous cases, thermo-topographic effects 

are also evident in the horizontal windfield at l200m, 

notably the augmentation of offshore flow in the vicinity of 

the coastline. 
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7 3.1 4 The North-west 

In contrast to the previous example~ light north-

westerly synoptic scale flow represents the only simulation 

in which gradient flow is offshore for virtually the entire 

Canterbury coastline. Although the surface windfield at 

sunrise (Figure 7.5a) shares many of the features of the 

previous simulations (veering to the ght and reduction of 

windspeed over the land surface, and airflow around Banks 

Peninsula), the windfield by lO.79h exhibits significant 

departures (Figure 7.5b). The salient feature of the lO.79h 

windfield is the development of two separate sea breeze 

circulations to the north and south of Banks Peninsula 

coinciding with the development of a positive land-sea 

temperature differential. At this early stage of sea breeze 

development the two sea breezes show marked differences. 

North of Banks Peninsula, sea breeze development is augmented 

by the existing northerly component of synoptic scale flow 

resulting in onshore flow -1 of approximately 3 ms at this 

time. South of Banks Peninsula, where onshore flow is in 

direct opposition to the prevailing flow, winds are 

considerably lighter. At lO.79h, flow in the vicinity of 

Banks Peninsula is somewhat symmetrical with strong upslope 

flow on both the north-east and south-west facing slopes 

reflecting both the mechanical and thermal effects of this 

terrain. 

By 15.79h (Figure 7.5c~ strong onshore flow prevails 

to both the north and south of Banks Peninsula. This 

represents the strongest surface flow of the 4 cases examined 

with north-easterly -1 flow reaching 9 ms and south-easterly 

flow -1 reaching 6.5 ms A zone of convergence once again 
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extends land from the western edge of Banks sula with 

strongest convergence ilnrnediately jacent to the peninsula 

The flow field at this time is also characterised by a region 

of light surface winds associated with the offshore limit of 

the sea ze circulation as noted the synoptic scale 

south-westerly case. The magnitude of the north-easterly 

circulation under north-westerly synoptic scale flow is in 

direct contrast to the more localised north-easte y develop

ment resulting from other flow directions. It represents the 

only case when flow around the eastern margin and over the 

top of Banks Peninsula is not from the gradient wind 

direction. 

A further contrast to the previous simulations is 

illustrated in Figure 7.5d by the continued strengthening and 

inland penetration of onshore flow well into evening. It is 

not until after 21.79h that weakening of the sea ze flow 

occurs. It is likely that the magnitude and persistence of 

sea breeze development under light north-westerly flow can be 

attributed to two main factors. These are the augmentation 

of the compensatory return flow aloft by the offshore 

synoptic scale flow (and therefore strengthening of the whole 

cyclical system), and the maintenance of thermal gradients 

across the boundary of onshore sea breeze flow and offshore 

synoptic scale flow. The latter e ect is reflected in the 

relatively high inland surface temperatures shown in Figure 

7.5g. 

As shown in Figure 7.5e, ff the 

horizontal airflow components across 

characterised by enhancement of onshore 

vertical " ice" of 

North Canterbury is 

velocit s partic-

ularly in the vicinity of the coastline. Greatest velocities, 
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as in the previous cases, occur in the lowest 100m of the 

atmosphere with onshore flow extending to between 700m and 

1200m in depth. A similar pattern is apparent on the 

south-east coast where the sea breeze circulation extends to 

between 300 and 700m depth. Flow in the layer 1000-2000m is 

characterised by an increased offshore component to the flow, 

the return flow. Unfortunately, the horizontal windfield at 

1200m was not plotted for this case. 

7.3.1.5 North-east, No Terrain 

As shown in Figure 7.6, north-easterly flow over the 

model domain without the terrain of Banks Peninsula is 

considerably more regular than for the case including Banks 

Peninsula. The major difference associated with the flat 

terrain case is the distinct absence of south-easterly sea 

breeze flow in the vicinity of Lake Ellesmere. Instead, flow 

remains consistently north-easterly in this region and 

gradually turns easterly or south-easterly in the south-west 

corner of the model domain. As a consequence, the strong 

convergence over Lake Ellesmere in the previous north

easterly case is replaced by a zone of weaker convergence 

extending inland further to the south-west. The topography 

of Banks Peninsula also appears to modify wind speeds in this 

region. with Banks Peninsula present, surface windspeeds 

windward of the barrier are noticeably lighter than for the 

case without terrain. Examination of the vertical profiles 

(not presented here) reveals that this effect is apparent to 

depths of approximately 700m. 
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7.3.2 Winter 

For each of the winter simulations the sur e wind-

field at sunrise (7.53h) is ident 

summertime cases described previously. 

I to those for the 

However, for all 

cases, reduced daytime thermal forcing associated with the 

winter simulations results in a marked reduction in 

thermally-induced effects. This is shown in the late ter

noon surface windfields (Figure 7.7) which represent the 

maximum disturbance to the synoptic scale flow during the 

diurnal period. 

situation in 

The north-easterly case represents the only 

which significant local onshore flow is 

apparent. However, it is likely that this easterly flow, 

evident in the south-west corner of the model domain from 

13.53-17.53h, includes a component induced by mechanical 

effects related to flow around the eastern margin of Banks 

Peninsula. Under south-westerly synoptic scale flow, no sea 

breeze effects 

backing in the 

occur with the possible exception of ight 

south-westerly flow. With north-westerly 

synoptic scale flow, slight sea breeze effects are apparent 

in the vicinity of the coastlines to the north and south of 

Banks Peninsula, while for south-easterly flow, localised 

north-easterly winds are apparent immediately to the north of 

Banks Peninsula. In all cases, landward surface velocities 

are uniformly light indicating little augmentation due to 

thermal forcing. 

Consideration of the vertical variations in horizontal 

velocity components, shown in Figure 7.7e, f, for the north

west and north-east cases, illustrates the depth of 

thermally-induced effects for both onshore and offshore 

synoptic scale flows. In comparison to the summer 
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simulations, thermally~induced effects are conf to 

relatively low levels. For the north-west case, onshore flow 

is evident to a depth of approximately 100m with an indic-

ation of return flow at 700m. This effect is restricted to 

the zone immediately adjacent to the coastline. In the 

north-easterly example, augmentation of landward velocities 

occurs to a depth of approximately 300m with maximum onshore 

velocities exceeding 5 ms- l at 100m. This compares with 

7 ms for the same height in the summer case. 

The weak nature of the thermal forcing for the winter 

simulations is shown in the simulated daytime heating cycle 

(Figure 7.7g). During the simulation the potential temper-

ature at Sm never exceeded sea surface temperature while the 

o 0 surface soil temperature rose to only 11 C, 4 C greater than 

sea surface temperature. For the summer simulations, soil 

surface temperature exceeded sea surface temperature by 19 0 C 

at midday. 

7.4 VERIFICATION OF MODEL RESULTS 

7.4.1 1 Effects 

In Chapters 3 and 4, several features of the 

Canterbury Plains wind regime were attributed to the e ects 

of thermal forcing. In this section, specific observations 

are compared to the results of the simulations in h the 

diurnal cycle of heating is the primary forcing mechanism. 

7.4.1.1 South-easterly Development South of Banks 
Peninsula 

A principal feature of the s of simulations is 

the development of distinctive summer south-easterly sea 

breeze circulations south of Banks Peninsula under both 
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north-westerly and north-easterly synoptic scale flow. As 

shown Chapter 4 a salient feature of the wind at 

Leeston is the development of afternoon south-easterly winds 

embedded in the larger scale north-easterly flow. Such 

events typically occur under anticyclonic conditions when the 

surface north-easterly (approximately 1000m depth) is oVer

lain by south-westerly winds. In comparing the observed and 

simulated airflow at Leeston it is assumed that simulated 

north-easterly synoptic scale flow adequately represents the 

effects of the low level north-easterly in the vicinity of 

Banks Peninsula. 

In Figure 7.8 hourly windspeeds and directions 

observed at Leeston on 27 January 1983 are compared with 

simulated surface winds for the corresponding grid point for 

the north-easterly case (Figure 7.2). Observed and predicted 

temperatures at inland Courtenay are also presented. At 

Leeston, surface wind direction was characterised by a swing 

from light north-westerly flow to light north-north

easterlies immediately after sunrise. Flow then became 

increasingly easterly with an abrupt swing to south-easterly 

at approximately 0920h. At l400h wind direction returned to 

the north-north-east. Although the model realistically 

represents the changes in wind direction at Leeston, the 

swing to the south-east is approximately two hours later in 

the simulated case and persists for a longer period. 

Observed and simulated windspeeds were of similar magnitude 

for the period 0800 700h. However, a change in the synoptic 

sca pressure distribution was responsible for the observed 

increase in the velocity of the afternoon north-easterly and 

subsequent obliteration of the south-easterly flow. 
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Two major reasons may be suggested for the earlier 

development of the observed south-easterly flow. rstly, 

the model simulation represents a considerable simplification 

of the 27 January case. For example, no attempt is made to 

account for the considerable vertical wind shear associated 

with the replacement of north-easterlies by south-westerlies 

at a depth of approximately lOOOm. It is likely that such a 

complex windfield influences both the timing and magnitude 

sea breeze development. Secondly, sea surface temperature 

was assumed to be l6.0oC (based on Lyttelton Heads temper

atures in Pegasus Bay) in the model simulations. 

Consideration of satellite-derived SST fields provided by the 

New Zealand Meteorological Service suggests that SSTs south 

of Banks Peninsula are usually cooler than those in Pegasus 

Bay to the north. It is therefore likely that sea breeze 

onset south of Banks Peninsula would occur earlier than 

expected on the basis of consideration of Lyttelton Heads 

SSTs. 

Comparison of observed and simulated inland diurnal 

heating cycles (Figure 7.8) reveals a model overestimate of 2 

to 3 degrees in the afternoon period. This may also be 

attributed in part to the imposition of artifically warm SSTs 

south of Banks Peninsula (these would be reflected in air 

temperatures over land due to advection), and may account for 

the longer duration and slightly stronger velocities of the 

simulated south-easterly sea breeze circulation. 
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7 4 1 2 

The trough-induced low level north-easterly flow 

on the Canterbury PI Q described in earlier chapters, is 

generally more extensive than the localised north-easterly 

breeze predicted by simulations under south-westerly and 

north-westerly synopt flows noted earlier in this chapter. 

This discrepancy is the direct result of the neglect of the 

large scale topography of the South Island in the current 

simulations. Consequently, south to south-west synoptic 

scale flows, which are largely undisturbed by regional topo

graphy represent the best opportunity to compare model 

results with simulations of unmodified sea breeze develop-

ment. One such occurrence, on 10 February 1983, is detailed 

in Chapter 4 and represents a situation of high solar 

radiation inputs and light to moderate south to south-west 

winds throughout the troposphere. Sea surface temperature 

was 16.7oC, only slightly higher than that used in the 

simulations described previously. 

From Figure 7.9a, b, it is apparent that the observed 

flow displays a strong similarity to the simulated afternoon 

airflow for the south-westerly synoptic flow. Notable 

features include the development of north-easterly winds at 

both Bromley and Woodend, south-easterly flow at inland sites 

and predominantly southerly flow around the western margin of 

Banks Peninsula. On 10 February 1983, a marked variation in 

the duration of north-easterly flow between Bromley and 

Woodend was observed. At Bromley, the swing to north-easterly 

flow was 

l220-l445h. 

atively shortlived, lasting from approximately 

However, at Wood end the north-easterly was 
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apparent from 1200 1815h. This effect is also clearly 

apparent in the simulation, with the sea breeze persisting 

for a longer period further north of Banks Peninsula. At the 

grid point corresponding to Woodend, north-easterly flow 

occurred in the period from approximately 12.79-IS.79h. This 

is in close agreement with the observed north-easterly 

development. 

Comparison of the observed and predicted diurnal 

heating cycles (Figure 7.9c) suggests that the model has 

skill in predicting surface energy balance parameters. This 

is particularly apparent in the period prior to midday when 

simulated potential temperatures at 5m are virtually 

identical to those observed at Courtenay_ Although some 

divergence between the profiles is evident during afternoon, 

the model accurately represents the magnitude of thermal 

forcing associated with the observed case. 

7.4.3.1 Sea Breeze Structure 

In the 4 summer simulations, vertical velocity profiles 

are characterised by sea breeze inflows of approximately 700 

1200m depth, capped by a layer of return flow. These sea 

breeze depths are of the same magnitude as the observed low

level north-easterly flows on the plains. The simulated 

south-easterly sea breeze developed in north-easterly 

gradient flow is slightly shallower with depths between 300 

and 700m. In view of the idealised nature of the simulations, 

it is likely that predicted depths represent maximum values 

for the region. Consequently, model results are likely to 

represent an overestimate of true sea breeze magnitude. This 

is confirmed by observations of the south-easterly sea breeze 
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which suggest that actual inflow depth 

range lOO~300m. 

summer is in the 

Upper level return flows have also been observed 

the Canterbury region. In the 27 January 1983 case study 

(described in Figure 4.13), a noticeable increase in north

easterly flow above the south-easterly sea breeze was 

observed at Taumutu. Sturman and Tyson (1981) have also 

noted that when a north-easterly sea breeze combines with the 

north-easterly trough-induced wind, the return flow may be 

inferred from a double maximum in the low level velocity 

profile. In these situations the reduced onshore flow 

between the low level sea breeze maximum and the higher level 

trough-induced maximum represents the sea breeze return flow 

as simulated here (Figure 7.2e). 

7.4.1.4 Other Thermally Related Effects 

A prominent feature of all the summer simulations in 

which the terrain of Banks Peninsula is represented is the 

development of a zone of convergence in the low level wind

field extending inland from the western margin of Banks 

Peninsula. There is considerable evidence for the frequent 

occurrence of this phenomenon. The high midafternoon 

frequency of south-easterly winds at Leeston and southerly 

winds at Lincoln, particularly in the .warmer months, suggests 

there is strong likelihood of convergence between this 

southerly flow and the north-easterly wind prevailing to the 

north of the Peninsula. Observations of weak cumulus 

development in the vicinity of Lincoln College by Dr R. 

Crowder (1985, pers.comm.), and in satellite imager~ provides 

further support for this assertion. At other times the 
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convergence may be more spectacular as shown in the following 

example. 

On 8 December 1982, the synoptic scale flow consisted 

of strong west to south-westerly flow above 2500m with 

lighter westerly flow below this level (Figure 7.10c). Sea 

surface temperature was approximately IS. SoC with screen 

temperatures rising to l8.SoC at inland locations. By late 

morning significant cumulus development was apparent along a 

line corresponding to a zone of convergence between surface 

east to north-east flow north of Banks Peninsula and south to 

south-easterly flow south of Banks Peninsula. The surface 

flow field and corresponding satellite imagery shown in 

Figure 7.l0a, b, indicate the clearly defined nature of the 

convergence line. It is likely that the combination of 

thermal forcing, the dynamic effect of Banks Peninsula and 

the particular synoptic situation were responsible for this 

spectacular example. 

The backing of south-westerly winds over the 

Canterbury Plains during daytime has been noted by Sturman 

and Tyson (1981) and is demonstrated in Chapter 3. General 

support for the view that this is a thermally-induced effect 

is found in the south-westerly case (Figure 7.4) where south

westerly flow shows a marked swing to the south-south-east 

over the plains in response to the development of a positive 

land-sea temperature differential. This e ect is also 

evident in the winter south-westerly simulation. Although 

most clearly developed in the south-westerly case it is 

apparent that all the synoptic scale flow directions are 

modified by the addition of a diurnal sea breeze component 

within the planetary boundary layer. 
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In the vertical dimension, the addition of a sea 

breeze component to the synoptic scale flow is reflected in 

the augmentation of coastal onshore flow velocities to a 

depth of approximately 300m. In both the south-easterly and 

north-easterly simulations onshore velocities increase from 

approximately 3 ms- l at 300m initially to around 7 ms- l in 

midafternoon in summer. This effect has been noted in 

relation to the predominant north-easterly by McGann (1983), 

Sturman and Tyson (1981) and Cherry and Smyth (1980). 

General support for the model results is also provided by a 

comparison of the vertical profile of the onshore velocity 

(U) component for New Brighton (a coastal location shown in 

Figure 2.4) and Canterbury University for 8 December 1982 

(Figure 7.l0d). At the coastal site, onshore velocities are 

clearly stronger than at the inland site and show a 

pronounced velocity maximum in the lowest 300m of the atmos

phere. It is likely that the tendency for stronger sea 

breeze effects at the coast contribute to this spatial 

pattern, although frictional effects may also playa role. 

7.4.2 induced Effects 

A salient feature of all simulations in which the 

terrain of Banks Peninsula is represented, is the 

modification of low level flow directions in the vicinity of 

the peninsula. Although no data are available for the 

eastern margins of the peninsula, consideration of the wind

rose diagrams (Appendix II) for both Leeston and Lincoln 

provides general support for the predicted windfields. At 

both sites, there is a considerably higher frequency of 

northerly flow compared to north-easterly flow which 
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dominates sites further north. This feature is shown in the 

north-easterly simulation (Figure 7.2) at sunrise and is a 

result of the funnelling of low level flow around the western 

margins of the nsula. 

With the exception of the summer north-westerly case, 

airflow over Banks Peninsula in all simulations represents 

the synoptic sc flow, although the "heat island" effect 

the peninsula is responsible for locali upslope flows. 

However, for the summer north-westerly case, airflow over 

Banks Peninsula is from the north-east due to the addition of 

a sea breeze component to the north-westerly flow. It may be 

that this combination of the thermal and dynamic influences 

of Banks Peninsula is responsible for the unusually high 

frequency of north-easterly winds on the hills surrounding 

Lyttelton Harbour noted by Smyth (1982). In his study, winds 

were more often from the north-east on Banks Peninsula than 

surface winds at Christchurch Airport or winds at 1000m 

measured by rawinsonde from Christchurch Airport. 

The frictional e ect of the land surface prior to the 

initiation of daytime heating results in a reduction of 

surface windspeed and veering to the right for all simul

ations. General support for this result is provided by Ryan 

(1980). He suggests that the high frequency of light 

nocturnal west to north-west winds on the pla s may be 

attributed to a combination of katabatic winds and the 

veering of south-weste ies due to increased frictional drag 

as cooling proceeds and surface winds decrease. 
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7.5 DISCUSSION 

Despite the limited range of simulations attempted, 

the model predicts many the salient features of the 

Canterbury Plains wind regime. Those features not reproduced 

are the resu of the dynamic interaction of the topography 

of the Southern Alps with the synoptic scale flow, notably, 

the predominant and spatially extensive north-easterly 

circulation. 

By neglecting to simulate the effects of the Southern 

Alps, the model results shed considerable light on the nature 

and potential magnitude of sea breeze effects on the 

Canterbury Plains. 

suggest that sea 

Even under ideal conditions, the results 

breezes that develop north of Banks 

Peninsula during south-westerly synoptic scale flow, and 

those south-easterl s that develop to the south of Banks 

Peninsula are likely to be localised in extent. The greatest 

potential for sea breeze development appears to be associated 

with light north-westerly synoptic scale flow. However, such 

sea breezes may not eventuate because those north-westerl s 

that invade the plains are typically strong and likely to 

obliterate potential sea breezes, while lighter north-

westerly flow usually only occurs on the western ains in 

association with coastal lee trough-induced north-easterly 

winds. 

The strong tendency 

scale onshore flow indicated 

important resu in view of 

the augmentation of 

by the simulations 

the predominance of 

synoptic 

is an 

north-

easterly flow on the plains. This suggests that under 

suitable conditions the north-easterly contains a significant 
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sea ze component in the vi i of the coastline, even 

in winter. 

The above results suggest that the effects of local 

sea breeze forcing on plains are restricted to: 

(a) Localised south-easterly sea breezes south of Banks 

Peninsula. 

(b) The augmentation of low level veloci s during on

shore synoptic scale flow conditions (including the 

predominant north-easterly). 

(c) The addition of a sea breeze component to predom

inantly alongshore synoptic scale flow resulting in 

diurnal backing or veering. 

In previous studies, little emphasis has been placed 

on Banks Peninsula's role in influencing the Canterbury 

Plains wind regime. However, the above results suggest that 

both dynamic and thermal effects associated with the barrier 

playa significant role in influencing spatial and temporal 

variations in the windfield. Two important effects are the 

promotion of zones of convergence, and the development of the 

south-easterly sea breeze in the vicinity of Lake lesmere. 

In this context, the effect of Banks Peninsula on the 

windfield may have been underestimated in the past as a 

result of the more conspicuous dynamic effects associated 

th the Southern Alps. 

Although marked seasonality of thermal forcing is 

implied by the model results, this undoubtedly is an over

simplification because signi cant day to day fluctuations in 

the land-sea temperature gradient may result from such 

processes as coastal upwelling, and warm and cool advection. 

Consequently, it is possible that relatively strong sea 
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breezes may develop in the coo months. Support for this 

assertion is provided by the albeit reduced number of south

easterlies "embedded" in north-easterlies observed south of 

Banks Peninsula in winter during situations when positive 

land-sea temperature differentials develop. 

Since validation of the model results rests on land 

based observations, considerable scope exists for offshore 

studies to investigate a number of features apparent in the 

surface windfields. These include the possibility of eddy 

development in the lee of Banks Peninsula, and regions of 

light surface winds associated with sea breeze subsidence. 

7.6 CONCLUSIONS 

The major conclusions arising from the application of 

the CSU meso-scale model, without consideration of large 

scale terrain effects, to the Canterbury Region may be 

summarised as follows: 

(a) Observational verification of model results suggests 

that the model is a valid theoretical tool for invest-

igation of the processes 

Canterbury Plains windfield. 

responsible for the 

(b) Under simulated ideal conditions, sea breeze develop

ment in the Canterbury region is relatively localised 

and is markedly reduced during winter months. As a 

consequence, theoretical support is provided for the 

view expressed earlier that the south-easterly 

experienced south of Banks Peninsula is the true sea 

breeze in the Canterbury context. In contrast, 
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observations of the predominant sterly 

indicate that it is spatially cons more 

extensive than predicted by the model. 

(c) The simulations indicate that with onshore synoptic 

scale flow the addition of a sea ze component 

results in considerable augmentation of onshore flow 

in the lowest 300m of the atmosphere. For summer 

north-easterly flow of -1 4 ms , onshore winds in the 

vicinity of the coastline north of Banks Peninsula 

exceeded 7 ms- l in midafternoon, while for the winter 

case, winds exceeded 5 ms- l in the onshore direction. 

(d) Theoretical support is provided for the suggestion of 

Sturman and Tyson (1981) and McKendry (1983) that 

addition of a thermal component results in diurnal 

backing and veering of surface synoptic scale winds. 

(e) Model results suggest that the terrain of Banks 

Peninsula is a critical factor contributing to the 

development of localised south to south-easterly sea 

breeze flow in the vicinity of Lake Ellesmere during 

north-easterly winds. In addition, the dynamic and 

thermal influence of the peninsula in conjunction with 

different coastline orientations to the north and 

south is responsible for perturbations in the local 

flow, notably, the development of a zone of 

convergence extending inland from the western margin 

of the peninsula. 



CHAPTER EIGHT 

SIMULATION OF REGIONAL SCALE 

THERMO-TOPOGRAPHIC PROCESSES 

8.1 INTRODUCTION 

In the chapter, the CSU meso-sca 

293 

model 

successfully 

Canterbury 

previous 

simulated 

Plains wind 

several 

regime 

salient features of the 

by simply representing the 

region as a flat plain with the topography of Banks Peninsula 

included. However, the results of Chapter 5 suggest that the 

Canterbury Plains wind regime is strongly influenced by 

complex interactions between the topography of the South 

Island land mass and synoptic scale airflow. These inter

actions, which involve both dynamic and thermal effects, 

provide ample scope for further application and evaluation of 

the CSU meso-scale model within this complex environment. In 

this chapter, the CSU model is applied to the investigation 

of those processes associated with the regional scale 

elevated terrain to the west of the Canterbury Plains. 

8.2 APPROACH 

In contrast to the relatively simple problem addressed 

in the previous chapter, the greater complexity of terrain 

and processes examined here introduces si ficant 

constraints to modelling as follows: 
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(a) Airflow on the Canterbury Plains is subject to 

dynamic and thermal processes operating at the 

scale of the entire South Island region. However, 

computational limitations preclude the simulation 

of airflow at this scale using a sufficiently fine 

grid mesh to resolve the details of rflow over 

the Canterbury Plains. Furthermore, the assump

tions and simpl ications required for such an 

approach would suggest a likelihood of spurious 

results. 

(b) The terrain of the Southern Alps comprises a large 

number of separate ranges of differing heights and 

orientation. The region is also strongly dissected 

by river valleys and gorges. Given a minimum grid 

spacing of lO-15km to satisfy computational limit

ations it is extremely difficult to accurately 

resolve such spatial heterogeneity. 

(c) No provision is made in the current version of the 

model to include complex spatial variations in 

input parameters such 

and synoptic scale 

as surface characteristics 

pressure variations. Such 

variations assume great importance in the vicinity 

of mountain barriers. 

(d) The lack of upper air observations in the New 

Zealand region is an important factor influencing 

the accurate initialisation of the model. No 

radiosonde soundings were made windward of the 

mountain barrier during the period in which case 

studies were carried out for model ver ication. 

Initialisation must therefore be based on 
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radiosonde data from Christchurch Airport the 

lee of the Southern Alps. 

Bearing these constraints in mind, the objectives of 

this chapter were formulated as follows: 

(a) To investigate the effect of 

topography in the Canterbury region 

regional 

on low 

sca 

level 

airflow patterns under varying gradient flow 

directions. 

(b) To assess the magnitude of that component of low 

level north-easterly flow which may be attributed 

to thermal effects induced by the mountain barrier. 

(c) To evaluate the CSU meso-scale model in terms of 

its utility in such complex environments. 

To achieve these objectives, the scale of the model 

domain utilised in the previous chapter was expanded to 

accommodate the mountainous terrain of the central South 

Island region as shown in Figure 8.la. The choice of model 

domain was determined by two important considerations: 

(a) Horizontal grid spacing should be minimised in 

order to resolve the details of low level flow over 

the Canterbury region. 

(b) Limitations imposed by available computer facil

ities. 

The topography of the region is represented by 3 major 

components; an elevated (lOOOm) plateau, a relatively steep 

south-east facing slope and a gently sloping lowland plain. 

In the western region of the model domain a plateau was 

chosen in preference to a wide mountain barrier with both 

eastern and western slopes in order to maximise computational 

stability. Although a gross simplification of the terrain of 
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the on, this representation avoids the need to resolve 

the complexities of the terrain when the primary objective of 

the simu ions is to investigate rflow over the ins, 

adjacent foothills and ocean. 

Although the format of an 18 x 21 horizontal grid used 

in previous simulations was maintained, grid spacing was 

expanded to 15km with variable grid spacing adjacent to 

lateral boundaries to minimise boundary effects associated 

with variations in terrain. Horizontal grid spacing was 

calculated according to: 

(4-i) x 15km + l5km 1 ~ i ~ 4) 

x(i) = 15km 5 ~ 1. ~17) 

( i - 18) x 15 km + 1 5 km (18 ~ i ~ 2 0 ) 

and (4-i) x l5km + l5km 1 < i < 4 ) ...... ...... 

y(i) = 15km 5 < i ~ 13) ..... 

(i-14) x 15km + 15km (14 ~ i ~ 17) 

where 1. denotes the grid points in the X (east-west) and Y 

(north-south) directions. The number of vertical levels 

(shown in Figure 8.lb) was increased to 14 to resolve effects 

induced by the inclusion of regional scale topography_ In 

addition, an absorbing layer was included from level 10 

(4000m) and above. This combination of vertical grid cing 

(~500m) and absorbing layer was necessary to resolve the 

stationary vertical gravity wave excited by flow over topo-

graphy and is based on the work of Abbs (1984, pers.corom.) 

for similar conditions the Melbourne region, Australia. 

Optimisation procedures using the two-dimensional version of 

the model over the steepest terrain in the domain provided 

quantitative support for this choice. The relatively poor 
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vertical resolution in the planetary boundary layer was 

considered adequate for examination of daytime flows and 

represents a tradeoff between maximising vertical resolution 

and minimising the total number grid points to allow the 

model to be accommodated by available computer facilities. 

The time step was decreased to 60 sees to ensure numerical 

stability with the increased complexity of the simulations. 

In view of the limitations of the model described 

above, two complementa approaches were adopted in an 

attempt to satisfy the experimental objectives (Table 8.1). 

In the first, the effect of regional scale terrain to the 

west of the Canterbury Plains on the local windfield was 

investigated for a range of wind directions reflecting the 

predominant gradient westerly flow. These directions were 

chosen to simulate flow both parallel (230 0
) and perpend

icular (285°) to the eastern alpine slope. An intermediate 

(255 0
) flow direction provided a transitional example and 

approximated westerly flow under the influence of "infinite" 

terrain to the west. An upper level flow velocity of 8 -1 ms 

was chosen to represent realistic flow velocities without 

inhibiting thermally-induced effects. An average wind 

velocity at 800mb (approximately 2000m) over Christchurch 

-1 Airport of 9 ms in January 1983 provides empirical support 

for this choice. However, as noted in the previous chapter, 

the extreme variability in the New Zealand wind environment 

suggests that model predictions will not be representative of 

a significant proportion of weather situations over the South 

Island region For example, in foehn situations, winds over 

the alpine barrier may be extremely strong and exhibit marked 

vertical shear. In addition to the simulations of gradient 
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flow from a westerly quarter over the re onal terrain, a 

simulation of north-westerly flow over flat terr was used 

to determine the role of the topography in contribut to 

the predicted windfields. 

TABLE 8.1: Summary of Experimental Approach 

Initial vertical Wind Profile 

(a) 
8 ms- l from 230 0 

8 ms- l from 2550 

8 ms- l from 2850 

8 ms-1 from 285 0 

(b) 
5 ms-l from 450 overlain 
by north-westerly 8 ms- l 

5 ms-l from 450 overlain 
by north-westerly 8 ms- l 

Season 

Summer 

Summer 

Summer 

Summer 

Summer 

Winter 

Topography Initial data 

Yes 27 January 1983 

Yes 27 January 1983 

Yes 27 January 1983 

No 27 January 1983 

Yes 27 January 1983 

Yes 05 July 1983 

In previous chapters, it was shown that dynamic effects 

induced by the topography of the South Island are most marked 

under gradient westerly flow and result in low level north-

easterly flow in the lee of the Southern Alps. In the second 

set of experiments, the model was initialised with a vertical 

wind shear (shown in Figure 8.2) to simulate the influence of 

heated elevated terrain on a pre-existing low level north-

easterly overlain by north-westerlies of 8 
-1 ms This 

provides a more realistic initial representation of three-

dimensional rflow over the plains in view of the inability 

of the model to simulate the dynamic effect associated with 

the entire mountain barr within the prescribed model 

domain. Summer and winter simulations were run to provide a 

seasonal perspective on resultant thermo-topographic effects. 

Except for the vertical profiles of windspeed and 

direction, all simulations were initialised with the same 
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data used for the summer and winter cases in the previous 

chapter. Sea sur o temperature was set to 18 C for the 

summer case and 7 0 for the winter case. 

8.3 MODEL RESULTS 

8.3.1 Westerly Gradient Airflows 

In this section, the results of the 4 summer 

simulations of airflow over the terrain of the Canterbury 

region are compared simultaneously in preference to 

discussion of each simulation in turn. In this way, 

contrasts between each simulation may be highlighted. 

8.3.1.1 The Low Level Windfield 

In gure 8.3, the horizontal windfields at 15m for 

sunrise are presented for each of the 4 cases. These fields 

result from a 4 hour period of dynamical ini a sation 

without thermal forcing. As suggested by Arritt (1984, 

comm.), this initial windfield may be interpreted as 

reflecting the purely mechanical effects of topography. In 

addition to the frictional effect which results in 

the gradient flows, mechanical forcing has a pronounced 

influence on airflow in the lee of .the elevated plateau. 

This ef is most evident in a comparison of Figures 8 3c, 

and d. With north-westerly flow across the te 

consistent north-easterly flow 1 of 4-5 ms develops across 

the lowland plains. This is accompanied by downslope winds 

on the slope. This regime contrasts with the south-

westerly case (230 0
) in which the gradient flow is 
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1 to the 

resu in variable 

In this case mechanical effects 

s of 2-4 ms- l over the plains with a 

return to south-wester winds offshore Over the lowland 

area winds are predominantly downslope with westerlies north 

of Banks Peninsula and northerlies to the south-west. The 

flow associated with the westerly case (255 0
) is transitional 

in nature with north-easterly winds of 4 

majority of the plains region. 

-1 ms over the 

The period between sunrise and 9.79h (Figure 8.4) is 

characterised by marked changes in the low level flow over 

the model domain induced by the effects of slope heating. A 

result of this forcing is the onset of south to south-

easterly winds along the steep slope by 6.79h for all cases. 

An apparent balance between the thermal forcing and the 

general mechanical effect results in light and variable winds 

over the plains by 9.79h. For the south-westerly case these 

lowland winds have a southerly component while for the north-

westerly case they have a northerly component. A significant 

feature of the early morning flow is the weak low level 

divergence in the centre of the plains. This is best 

developed in the north-west case where a line of divergence 

runs parallel to the steep slopes. It is likely that this 

marks the boundary between the developing mounta n 

circulation and the predominant mechanically fore flow 

further east. 

By l2.79h (Figure 8.5) marked contrasts have developed 

in the 3 regional windfields. In the south-westerly case, 

easterly and south-easterly winds predominate over the 

plains. These are lightest adjacent to the coast and 

-1 strongest (5 ms ) on the steep slope. North-easterly winds 
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are confined to the offshore regions north of Banks Peninsula 

and to the south of the model domain. In contrast, the 

north-westerly case is characterised by north-easterly winds 

in excess of 4 ms- l over the entire lowland region. Once 

again,the westerly case is transitional in nature with north-

easterly winds to the north-east of Banks Peninsula turning 

to east or south-easterly flow elsewhere on the central 

plains. In all cases the topography of Banks Peninsula is 

responsible for local disturbances to the flow regime while 

the case without topography illustrates that local sea breeze 

effects are likely to be minimal under such gradient flows. 

By midafternoon (Figure 8.6), the patterns described 

above have been further reinforced by the effects of differ-

ential diurnal heating. South-easterly flow over the plateau 

slope remains strong in the south-westerly gradient case 

while flow over the plains is more easterly in direction. 

This results in localised north-easterly flow to the north-

west of Banks Peninsula. Winds over the plains remain 

relatively light. In contrast, the north-westerly case is 

characterised by relatively strong north-easterly winds of up 

-1 to 9 ms across the entire plains. These windspeeds are 

excessive for a simple mountain-plain thermally forced 

circulation. However, earlier recognition of mechanically 

forced 1 north-easterly flow of 4-5 ms under the same synop-

tic scale flow suggests that the north-easterly developed 

under north-westerly flow represents a combination of thermal 

and mechanical forcing. This may partly explain the 

relatively lighter winds over the plains in the south-

westerly and westerly cases since both were associated with 

less pronounced mechanical effects. 
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Further notable features the windfields at l5.79h 

are the predominance of north-easterly winds in the vicinity 

of Banks Penin the lack of local sea breeze effects 

displayed in the no-topography case, and the position of the 

convergence zones between the synoptic scale flow and the 

lee-side upslope flow. The latter feature shows marked 

variability between simulations. In the south-westerly case 

the zone of convergence is located on the plateau adjacent to 

the slope while for the north-westerly case it occurs half 

way down the slope. The westerly case is again transitional 

in nature. 

8.3.1.2 ations 

In Figure 8.~ the east-west and north-south components 

flow are presented in the form of vertical slices through 

the model domain (at transect Y=9, see Figure 8.1) at 

sunrise. The effect of mechanical forcing associated with 

flow over the elevated terrain is again apparent for each 

case. A salient feature is the acceleration of the flow at 

the boundary of the plateau and the steep slope. This 

feature is characteristic of an hydraulic jump generated by 

flow over terrain. A related feature is the distinct minimum 

in the east-west component of flow at the base of the coast

ward facing slope. In all cases this effect resu in a 

local reversal of flow toward or paral to the slope in a 

layer approximately 100m in depth. This is similar to 

mechanical induced stagnation of flow in the lee of major 

topography noted by Arritt (1984, pers.comm.) for a similar 

simulation. The mechanically-induced effect is best 

developed in the north-westerly case (285 0
) and results in 
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low level north-easterly winds across the pI ns with a 

compensatory maximum in westerly flow aloft. These effects 

are rent the south-westerly case (230 0
) but are less 

prominent since mechanical forcing is likely to be reduced 

with synoptic scale flow parallel to the regional terrain. 

As a result, the general perturbation of the synoptic scale 

flow occurs in a relatively shallow layer. This contrasts 

with the north-westerly case where mechanical effects are 

apparent to a depth of approximately 4000m. 

The midafternoon transects (shown in gure 8.8) 

strongly reflect the influence of thermal forcing. In each 

case upslope flow of between 500m and IOOOm depth extends 

across a considerable proportion of the model domain. All 

show similar patterns over the coastal region with strong 

north to north-east winds characterised by a low level 

maximum at approximately 100m. A second important feature of 

the vertical profiles is the strong westerly compensatory 

return flow aloft in the vicinity of 2500-3000m above the 

upslope flow. Both the westerly and south-westerly cases 

also show a local low level velocity maximum in easterly flow 

in the vicinity of Banks Peninsula (300-330km). It is likely 

that this is a local effect, attributable to both the thermal 

and mechanical effect of the peninsula. The maximum 

velocities in upslope flow are associated with the near 

surface layers and in all cases the easterly component is in 

-1 the order of 4 ms . Only in the south-westerly case does 

the upslope flow extend beyond the top of the mountain 

barrier. 
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8.3 2 

Examination of the general thermo-topographic effect 

on a pre-existing north-easterly flow of 1000 1500m depth, 

overlain by north-westerly winds, provides a complementary 

approach to the investigation of thermal effects described in 

the previous section. This approach may also be regarded as 

a more realistic representation of flow over the plains 

because, at the scale utilised, the model cannot resolve 

those processes responsible for north-easterly development 

described in Chapter 5. 

8.3.2.1 Summer 

In Figure 8.9 the horizontal windfields at 15m are 

presented -1 for a low level north-easterly of 5 ms At sun-

rise (4.79h) winds over the plains, although predominantly 

north-easterly, show subtle spatial variations. North-

-1 easterly winds of 4-5 ms predominate in coastal regions in 

the vicinity of Banks Peninsula while winds over the steep 

slope are more easterly in direction and stronger than those 

over the base of the slope. 

By 9.79h more general south-easterly flow has devel 

oped over the plains to the south-west of Banks Peninsula 

with upslope winds of 5 
-1 ms Over the north Canterbury 

Plains flow remains north-easterly while south of Banks 

Peninsula the north-easterly winds offshore become entrained 

into the general south-easterly upslope flow. 

Continued thermal forcing results in low ,level wind-

speeds in excess of the pre-existing north-easterly flow by 

l2.79h. Over the lower plains north-easterly winds exceed 6 

ms 1 while on the mountain slope south-easterly winds reach 
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8 
~l 

rns Associated with this strengthening of low level flow 

is a general tendency toward easterly flow at the expense of 

south-easterly winds south of Banks Peninsula. 

The windfield in midafternoon is characterised by 

north-easterly and easterly winds over the lower plains of up 

to 9 ms- l and south-easterlies over the major slope of 

-1 8 ms . This represents an increase in surface veloc ies of 

-1 approximately 4 ms over the initial north-easterly flow and 

is of the same magnitude as the augmentation of the 

mechanically forced north-easterly by thermal effects 

described in the previous section. A further notable feature 

of the horizontal low level windfield is the increase in the 

easterly component of surface winds from offshore areas to 

the south-east cing slope. 

The mechanical effect of the regional terrain on the 

low level north-easterly is more strongly apparent in the 

vertical profiles of the east-west and north-south velocity 

components at sunrise (Figure B.IOa). In addition to low 

level easterly velocity maxima at the base of the slope and 

over the plateau, there is a strong suggestion of mountain 

wave development in the westerly component above the regional 

topography. This effect is less apparent in the north south 

component of flow. 

With the onset of thermal heatin~ marked changes occur 

in the windfield as illustrated by the midafternoon vertical 

profiles (Figure 8.10b). A conspicuous feature is the 

increase in the speed of the low-level easterly component, 

especially over the upper portion of the south-east facing 

slope, which again is compensated by a velocity maximum in 

the westerly flow aloft. These effects are also apparent in 
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the north-south component of flow The posit V-component 

over upper s reflects the upslope south-easterly ow 

in this region while a negative V-component maximum aloft 

defines the compensatory flow. Despite the pronounced 

augmentation of the low level north-easterly strength the 

thermal influence is not responsible a significant 

increase in the depth of the north-easterly over the lowland 

plains. 

8.3.2.2 Winter 

In contrast to the previous simulation, the winter 

windfield (shown in Figure 8. exhibits fewer features 

which may be attributed to the effects of regional scale 

thermal forcing. The low level windfields at 9.53h (2 hours 

after sunrise) and l5.53h are remarkably similar with only a 

slight tendency toward more easterly winds over the elevated 

terrain and lowland plains in midafternoon. Although a 

strengthening of the easterly winds over the slope is 

evident, -1 winds do not exceed 4 ms by midafternoon over the 

plains. This suggests that augmentation of the flow by slope 

heating is restricted to the region of steeply sloping 

terrain in winter and does not influence the low 

north-easterly over the plains. Consideration of the 

velocity component transects (Figure 8.11) provides further 

support for this observation. Both transects show similar 

features to the sunrise pattern (Figure 8.10) for the summer 

case in which only mechanical effects are apparent. Although 

there is an indication of the development a therma 

induced circulation on the upper steep slope, no compensatory 

upper-level return flow is apparent. Hence, the effects of 
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thermal forcing induced by the elevated terrain to west 

of the pIa appear to be negligible during winter, 

8.4 VERIFICATION OF MODEL RESULT 

8.4.1 The Surface Windfield 

Despite the simplified terrain and incorporation of 

only a proportion of the South Island region in the model 

domain, the simulations of synoptic scale airflow across the 

Southern Alps predict several salient features of the 

Canterbury Plains windfield, many of which have been 

described in previous chapters. The most important of these 

is the successful prediction of low level north-easterly flow 

which extends across the entire plains under gradient 

westerly flow. However, even during south-westerly gradient 

flow the model predicts low level north-easterly winds in the 

coastal region immediately to the north of Banks Peninsula. 

These general effects are in broad agreement with the results 

of previous chapters and previous studies of airflow on the 

Canterbury Plains. 

The tendency east to south-east flow inland and to 

the south-west of Banks Peninsula noted in both the south

westerly case (Figure 8.6) and the superimposed low 

north-easterly cases (Figures 8.9-8.11) is also in agreement 

with observations. Windroses presented in Chapter 3 (Figure 

3.3) and Appendix II show a maximum frequency of east to 

south-east flow at those sites to the south of Banks 

Peninsula particularly during summer afternoons. Undoubtedly 

at Winchmore, Leeston and Timaru local sea breeze effects are 

likely to contribute significantly to this pattern. However, 
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at Greendale (38km from the nearest coastline) south~easter1y 

winds predominate during summer afternoons in preference to 

the north-east1y winds experienced at sites further north. 

As the predominant gradient airflow is from south of west 

over the region, the model resu suggest that this inland 

upslope south-easterly flow may be attributed at least in 

part to thermal forcing associated with the elevated terrain 

to the west of the plains. Unfortunately, there are few 

observations of low level flow patterns on the eastern slopes 

and foothills of the Southern Alps to verify the upslope 

easterly winds predicted by the model. Although adjacent to 

the Alps, the site at Methven is strongly influenced by the 

funne11ing of north-westerly winds down the Rakaia River, and 

therefore is unlikely to be representative of low level winds 

immediately adjacent to the foothills. 

In general terms, spatial and temporal patterns in the 

windfield on the Canterbury Plains predicted by the CSU model 

are characterised by a steady increase in the easterly wind 

component throughout the day in response to the daytime 

heating cycle. In reality, daily spatial and temporal 

variations in the wind regime may be considerably more 

complex as the following example for 4 February 1983 

illustrates. 

During 4 February 1983, the Canterbury region came 

under the influence of westerly synoptic scale flow resulting 

in the development of a pronounced lee trough over the South 

Island (Figure 8.12). At midday, winds below approximately 

3000m were relatively light, while above 3000m the westerlies 

were considerably stronger. The sequence of events in regard 

to surface airflow patterns illustrated in Figure 8.12 may be 
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summarised as follows: 

(a) Prior to 0900h the entire plains were exposed to 

north-wester winds of 8 10 ms 1 

(b) During the morning, south of Banks Peninsula, 

north-westerlies were gradually replaced by south

easter s of 8-10 ms- l which moved rapidly inland 

as far as the foot of the Alps. By l500h the 

south-easterly flow had retreated coastward past 

Greendale. 

(c) North of Banks Peninsula, north-west winds predom

inated on the plains till early afternoon when a 

low level north-easterly penetrated inland, at 

first rapidly and then more slowly. As with the 

morning south-easterly, the north-easterly 

penetrated a maximum distance inland and then 

retreated coastward again to replaced by north-

westerlies. 

(d) The north-easterly also made progress against the 

south-easterly in the vicinity of Lincoln and 

Leeston and then too retreated. 

(e) At approximately 2000h easterlies again invaded the 

entire plains. 

This example illustrates the complex interactions 

which may occur during a single day in the Canterbury 

windfield under the predominant gradient westerlies. 

ains 

Under 

such conditions, north-westerly, north-easterly, and south-

easterly flow may apparent over the plains at anyone time 

resulting in complex spatial and temporal variations in the 

wind regime. 
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Two salient features of the above example are not 

apparent the model simulations. rstly, the convergence 

zone between ea es and south-easterlies to the west of 

Banks Peninsula is not as prominent in the present simul

ations as in either the 4 February example or the simulations 

described in the previous chapter. It is likely that the 

increased grid spacing (15km) in the present simulation 

contributes to a loss of detail. Furthermore, increased low 

level windspeeds resulting from the combination of large 

scale dynamic and thermal effects are likely to weaken any 

convergence associated with purely local sea breeze forcing 

as investigated in the previous chapter. A second feature of 

the 4 February example not apparent in the present simul

ations is the presence of north-westerly foehn winds over the 

western plains in association with coastal onshore flow. 

This may be attributed to either the inability of the CSU 

model to simulate the complex range of processes responsible 

for the initiation of downslope flow or the nature of the 

prescribed initial conditions. Further simulations in which 

the initial stability conditions and representation of the 

elevated terrain (i.e. a more realistic mountain chain rather 

than plateau) were varied would be required to investigate 

the latter possibility 

8.4.2 Velocity Variations in the Vertical 

Observational evidence of the mechanically and 

thermally-induced spatial and temporal variations in upper 

level winds predicted in the model simulations is somewhat 

sparse due to the logistical problems involved a three 

dimensional analysis of airflow over a region the size of 

Canterbury. However, pilot balloon case studies provide an 
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ind ion of led vertical variations in horizontal 

velocities at part ular locations. In Figure 8.13 the 

observed and predicted windfields at West Melton on 27 

January 1983 provide an indication of the validity of the 

simulation. The synoptic westerly case (255 0
) best reflects 

the true gradient flow conditions for the case study day_ 

Desp the poor prediction of north-easterly onset time, the 

model estimate of the depth of the north-easterly layer (500-

1000m) is in agreement with the observed depth which 

represents the approximate average for all north-easterly 

events (described in Chapter 3 (Figure 3.8)). However, 

predicted windspeeds are considerably less than observed at 

West Melton. It is likely that this discrepancy may be 

attributed to the neglect of dynamic effects induced by the 

entire South Island topography in the simulation. Such 

effects (described in Chapter 5) would result in stronger 

north-easterly 

mechanical and 

winds 

thermal 

than those 

forcing at 

predicted purely by 

the regional scale. 

Although limited by the coarse resolution of the simulated 

profile in the planetary bounday layer, the model predicts a 

near surface maximum in the north-easterly velocity profile, 

in general agreement with observations. 

The development of a pronounced compensatory return 

flow over the steep south-east facing slope is a feature 

which has not been observed in Canterbury. This may be 

attributed to the lack of detailed observations over the 

western margins of the plains and the Southern Alps and is 

indicative of an important area for future research. 

In broad terms, the model predictions of the magnitude 

of thermal forcing associated with the terrain of the 

Canterbury region is in accord th the ana s of 
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north~easterly st in Chapter 5. The model results 

suggest that the maximum augmentation of the low level 

north-easterly over the plains (4 ms- l ) is assoc ted with 

the north-westerly summer case. This result is in eement 

with the observed seasonal variation in north-easterly 

strength whereby 20% of all north-easterly events show a 

maximum daytime strength in excess of 8 ms- l and occur mostly 

in summer in conjunction with north-westerly gradient flow. 

8.4.3 Discussion 

Application of the CSU model using a simplified 

representation of the terrain of the Canterbury region 

provides a quantitative estimate of those components of the 

low level windfield which may be att buted to thermal and 

mechanical forcing. In terms of the prediction of mechanical 

effects associated with cross-alpine flow, it is likely that 

the model results represent an underestimate since the 

dynamic effects associated with the entire South Island are 

not represented. However, the results provide theoretical 

support for the suggestion of Trenberth (1977) and Revell 

(1972) that at the regional scale, thermal forcing associated 

with the mountain-plain-ocean interaction 

role in the New Zealand wind environment 

ays an important 

In this context, 

the regime exhibits similar features to regimes described 

elsewhere (Mass, 1982; Tyson and Preston-Whyte, 1972; Camuffo 

et al., 1979, Colacino, 1982) where thermally-induced diurnal 

circulations such as the sea breeze and mountain-valley wind 

interact at a variety of scales within a region of complex 

terrain. However, the predominance of low-level north 
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easterly flow gives the Canterbury region site specific 

qua s. Model results suggest that this dynamically

induced regime may be significantly augmented by thermal 

forcing thereby providing a feasible explanation for both the 

observed seasonal and 

strength and 

strength and 

Chapter 5. 

the poor 

synoptic 

8.5 MODEL EVALUATION 

diurnal variation in north-easterly 

correlation between north-easterly 

scale pressure parameters noted in 

In this section, the performance of the Colorado State 

University meso-sca model, described in Chapter 6 and 

utilised in Chapters 7 and 8,is evaluated in respect to the 

computational facilities required, initialisation procedures, 

and ability to simulate those processes and phenomena 

contributing to the Canterbury Plains wind regime. 

8.5.1 Computational Requirements 

In Table 8.2, the typical charges and computer usage 

per run are presented for the two sets of runs used in the 

present study. These highlight the considerable financial 

and computational requirements associated with application of 

the model. Approximately 1 to 1 5 hours of CPU time is 

required for 1 hour of simulated time on the 

machine installed at the University of 

Burroughs 

Canterbury_ 

6900 

Not 

surprisingly, financial and computation considerations placed 

important constraints on the modelling programme. The two 

most important of these were: 
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(a) Simulations were restri to 24 hours or less of 

simulated time (including 4 hours of dynamical 

ini lisation) 

(b) number of points were limited to approx-

imately 21 x 18 x 15. 

TABLE 8.2: Typical Charges and Computer Usage per Run for each of the Two 
Sets of Runs of the CSU Meso-scale Model on the University of 
Canterbury B6900. 

RUN SETUP 

90 60 Time step (sees) 
Grid points 
Simulated time (hours) 

21 x 18 x 12 
24 

21 x 18 x 15 
17 

COMPUTATIONAL STATISTICS 

CPU time (sees) 
I/O time (sees) 
Memory (kiloword - sees) 
Printing (lines) 
Total Cost ($) 
Total Cost with 80% Discount 

for Weekends ($) 

*Realistic Commercial Charge ($) 

70883 95037 
85 63 
5739755 10890075 
6545 5038 
671.01 898.77 

135.25 180.56 

2434.43 13735.79 

*As determined by the University of Canterbury Computer Centre. 

Under these constraints simulations were restricted to 

daytime investigations of regional scale flow under 

conditions of drastically simplified terrain. The following 

evaluation of model performance must therefore be regarded as 

incomplete 

8.5.2 

This application of the meso-scale model in the 

Canterbury region revealed several deficiencies related to 

the poor representation of spatial va ions in cr cal 

input parameters. In the present study, little account is 

taken of ial va ions in sur ce characteristics such 
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as soil conductivity, albedo and roughness length, an 

important consideration in ons of complex terrain. For 

example, in the South Island the presence of alpine snow is 

likely to strongly influence surface characteristics and 

hence local airflow in the winter months. Consequently, the 

procedure of initialising the present model with single 

values for parameters which may exhibit spatial variability 

represents a marked simplification of reality. 

Initialisation of the model with a pre-existing low 

level north-easterly to account for synoptic scale processes 

not resolved within the model domain proved satisfactory 

given the limited objectives of the present chapter. 

However, initialisation of the model with a low level north

easterly over the entire model is not strictly realistic. To 

be so, the model input should be modified to facilitate 

initialisation with surface westerlies over the elevated 

terrain to the west of the plains and surface north

easterlies overlain by the westerlies over the plains. An 

alternative approach to initialising the model to account for 

the three-dimensional complexities of the observed windfield, 

is to run the model for greater than I diurnal period. With 

this approach, it is likely that the windfield at se at 

the beginning of the second diurnal period would better 

represent the observed three-dimensional variability in the 

plains wind regime in which katabatic flow may be overlain by 

mechanically forced north-easterly flow with synoptic scale 

flow aloft. Further work is required to test the feasibility 

of this approach. 
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8.5.3 ictive Skill 

In the first set of simulations (IOkm id spacing, 

Banks Peninsula terrain), the model successfully predicted 

several salient features of the local wind regime. These 

included the localised sea breeze flow south of Banks 

Peninsula, a zone of convergence extending inland from the 

western margins of Banks Peninsula, and the complexities of 

mechanically and thermally-induced flow in the vicinity of 

the peninsula. At the regional scale (15km grid spacing, 

regional terrain represented by plateau to the west), the 

model also performed creditably. Both the mechanically

induced low level north-easterly and south-east to easterly 

flow associated with the mountain-plain-ocean thermal inter

action were predicted. However, the 15km grid spacing meant 

those features predicted with the lOkm grid spacing were 

poorly resolved. Unfortunately, the size of the model domain 

was constrained by computational considerations to the 

regional scale and therefore the ability of the model to 

simulate the contribution of dynamic effects associated with 

the terrain of the entire South Island region could not be 

evaluated. 

Two important features of the Canterbury wind regime 

noted in earlier chapters were not simulated These were the 

complex interactions between katabatic north-westerly flow 

and the north-easterly regime in the inland plains as 

discussed in Chapter 3, and north-westerly foehn winds 

interacting with onshore flows as observed in the 4 February 

case (discussed in the previous section). Without further 

modelling, the degree to which the model could successfully 

represent these aspects of the wind regime given different 



330 

initial conditions or longer simulations (as noted earlier) 

is uncertain. For example, with westerly gradient flow over 

a flat infinite plateau, model predictions included a zone of 

convergence between low level upslope flow and the gradient 

westerlies in the vicinity of the boundary between the 

plateau and major slope. With sufficient computational 

resources, initialisation with more realistic terrain (a 

mountain chain with ranges of varying heights sloping to 

coasts to both east and west) may result in a shift of the 

predicted convergence between foehn winds and onshore flow 

toward the plains (Pielke, 1984, pers.comm.). 

model 

the 

A crucial factor which limited the accuracy of 

predictions of the Canterbury Plains windfield was 

inability of the model to account for the influence of 

processes operating at a scale greater than those resolvable 

within the model domain. Two important components of the 

wind regime are of considerable importance in this respect. 

Firstly, the regular and often rapid passage of synoptic 

scale circulation features over the New Zealand region 

suggests that even on a diurnal basis, local windfields are 

continually responding to changes in synoptic scale flow and 

the associated variations in orographically-induced pressure 

distortion. These effects are discussed in general terms in 

Chapter 5 and more specifically are responsible for the often 

premature obliteration of south-easterly sea breeze flow 

noted in Chapter 4. Realistic simulation of the Canterbury 

windfield therefore requires provision for steadily changing 

gradient flows instead of the constant gradient flow 

presently employed in the model. A second limitation of the 

analysis was the poor representation of those strongly 
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diurnal processes and phenomena related to the mountain 

ba er and noted in Chapter 5. These include the "foehn 

nose", atmospheric tidal effects and thermal lows, all of 

which are apparent within the poorly inedzone between the 

meso-scale and macro-scale (200-2000km length scales). 

To summarise, the considerable financial and comput

ational resources required to utilise the CSU meso-scale 

model are important factors limiting its general applic

ability. In the present study, this prevented full 

evaluation of the model in the South Island environment, and 

therefore, the study must be regarded as exploratory in 

nature. Verification analysis indicates that the model has 

considerable potential for the investigation of airflow in 

regions of complex terrain. However, the study revealed an 

important need for alternative approaches to account for 

irregular variations in synoptic scale flow and complex 

orographic effects. One possibility is the "nesting" of the 

meso-scale model within existing synoptic scale forecasting 

models. Consequently, in its present form, the model has 

most potential at the local scale (grid spacing less than or 

equal to lOkm) where the effects of topographic variations 

and spatial variations in surface characteristics can be 

resolved. At this scale the model may be initialised with 

relative confidence and the effects of larger scale processes 

at least approximated in the initialisation procedure. The 

poor representation of synoptic scale processes in the model 

would suggest that the model is best suited to specific 

research problems rather than routine forecasting. However, 

scope exists for use of the model to determine distributions 

of predicted wind characteristics associated with differing 
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synoptic scale flow conditions and seasons which may then be 

utilised in real time forecast 

8.6 CONCLUSIONS 

The major conclusions arising from the application of 

the CSU meso-scale model to the Canterbury region may be 

summarised as follows: 

la) Model results suggest that mechanical effects induced 

by synoptic scale a low across the regional topo-

graphy are responsible for marked disturbances of the 

lee-side windfield. With north-westerly gradient flow 

(normal to the sloping terrain) this e ect results in 

shallow north-easterly winds of 4 5 
-1 ms over the 

entire plains. With south-westerly winds (sub-parallel 

to the sloping terrain) winds are lighter and variable 

in direction. 

(b) For gradient north-westerly flow, the addition of day-

time thermal forcing results in strong north-easterly 

winds -1 (9 ms ) over the plains by midafternoon. This 

-1 represents a 4-5 ms increase in velocity over the 

mechanically-induced north-easterly. The more 

southerly the synoptic scale flow the lighter the 

winds over the plains and the more south-easterly the 

wind direction. In all simulations, the upslope 

easterly flow is 500 OOOm deep and results in a 

strong compensatory return flow 2500-3000m above the 

terrain. 
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(c) In SUlnmer, the model also predicts augmentation of a 

1 pre-existing low level north-easterly by 4 ms near 

surface. This effect is negligible in winter. 

Consequently, model results suggest that under ideal 

conditions the thermal influence of regional topo-

graphy may significantly enhance low level wind 

velocities. 

(d) Evaluation of model performance suggests that it has 

considerable potential as a tool for windfield 

analysis in a mid-latitude coastal mountain environ-

mente However, apparent deficiencies of the model 

revealed by the present study include the simplified 

representation of surface characteristics and the 

three-dimensional windfield in initialisation 

procedures, and the poor representation of effects 

associated with rapidly changing synoptic situations 

and orographic effects. However, further development 

of the model in a research environment with greater 

financial resources for computer processing would 

allow solution of these problems. 
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CHAPTER NINE 

CONCLUSIONS 

9.1 SUMMARY OF CONCLUSIONS 

This investigation attempts a better understanding of 

the nature of and processes responsible for the Canterbury 

Plains wind regime. Three major research objectives were 

identified; to describe spatial and temporal variations in 

the windfield, to investigate the relative roles of thermal 

and dynamic effects in contributing to the regime, and to 

apply and evaluate the Colorado State University meso-scale 

model in this environment. The major headings used below 

reflect these aims. 

9.1.1 Spatial and Temporal Variations 

Statistical analysis of hourly surface wind data 

revealed that the Canterbury Plains wind regime is composed 

of several components, all of which exhibit marked spatial 

and temporal variations. A dominant feature is the strongly 

diurnal north-easterly regime which prevails over the entire 

plains and is most strongly developed on summer afternoons. 

In the coastal region to the south of Banks Peninsula, a 

marked summer afternoon maximum in south-easterly winds is 

superimposed on the north-easterly regime. 

In contrast to the daytime predominance of onshore low 

level airflow, the nocturnal surface flow pattern is 

characterised by a high frequency of light westerly downslope 
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flow which is most 

inland sites. 

ly developed in the winter months at 

During episodes of north-easterly flow at Christchurch 

Airport, marked va ions in flow direction were observed 

over the remainder of the plains. During daytime, north

easterly winds in the northern coastal region were frequently 

associated with south-easterly winds south of Banks Peninsula 

or north-westerly foehn winds in the western plains. 

Nocturnal north-ea y flow was generally associated with 

light downslope westerl s at inland sites. When winds at 

Christchurch Airport reflected synoptic scale flow, winds 

over the entire plains were generally homogeneous. 

Detailed investigation of surface north-easterly 

episodes at Christchurch Airport over a 5 year period 

suggested that they occur with approximately equal probabil

ity in all seasons, although the total duration of surface 

north-easterly flow is reduced in winter. North-easterlies 

also show a marked seasonal variation in strength and depth. 

Examination of spatial variations associated with surface 

north-easterly onset over the plains revealed a marked 

tendency in winter months for morning surface north

easterlies to be experienced first over the western pI 

This occurs particularly when katabatic flow covers the 

plains 

mode 

to sunrise and contrasts with the most frequent 

north-easterly onset in which onshore flow is 

initiated in coastal regions and penetrates inland. Analysis 

of cases of inland onset suggest that a I ly mechanism is 

the heating of upland slopes earlier than the plains 

resulting in elimination of the supply of cold dense air 

available for shallow katabatic flow. The remaining dense 



336 

air continues to drain coastward while at inland sites the 

katabatic is replaced by 

either initiated by thermal 

interface or the result 

reaching the surface. 

north-easterly 

forcing at the 

of overlying 

9.1.2 Processes. Influencing the Wind Regime 

winds which are 

mountain-plain 

north-easterlies 

Thermal and dynamic effects were investigated in an 

attempt to explain the frequent broad scale decoupling of low 

level flow from that prevailing aloft over the Canterbury 

Plains. 

The thermal regime over the lowland Canterbury region 

was found to be conducive to the development of horizontal 

temperature gradients likely to induce thermal forcing of the 

land-sea breeze type in all seasons. Nearshore sea-surface 

temperatures exhibited marked short term fluctuations, a 

result of the combined effects of cool and warm advection, 

coastal upwelling and the diurnal cycle of heating. 

Despite its strong diurnal periodicity, the north

easterly circulation is seldom consistent with classical sea 

breeze models. However, 81% of north-easterlies were found 

to be associated with a sufficient land-sea temperature 

contrast to induce thermal ef ts. In contrast, to the 

south of Banks Peninsula, south-easterly winds frequently 

complied with the classical model of a localised sea breeze 

found the literature. However, a notable site-specific 

quality was the strong tendency for th circulation to be 

embedded within the larger scale low level north-easterly. 

South-easterly sea breeze development occurred under suitable 

conditions in all seasons and was dependent on land-sea 
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temperature contrast, north-easterly strength and low level 

stability. 

Invasion of the plains by the low 1 north-easterly 

flow was found to resu in weakening of the land-sea 

temperature gradients responsible for sea breeze forcing. 

Regression analysis revealed a strong tendency for air 

temperature to approximate SST following north-easterly onset 

at Bromley. Despite a tendency in summer for the north-

easterly to warm appreciably with passage inland, the onshore 

flow is responsible for a pronounced moderating e ect on the 

thermal regime. 

Investigation of the diurnality of the surface north

easterly showed that on 36.8% of occasions when sur e 

north-easterly episodes occurred on consecutive days, the 

diurnal periodicity could be attributed to the decoupling of 

the surface north-easterly from the continuous north-easterly 

flow aloft. This was most likely to occur under conditions 

of weak pressure gradients and clear skies. 

Consideration of the pressure differences between 

Kaikoura and Christchurch and Hokitika and Christchurch 

revealed that synoptic scale processes contribute strongly to 

observed spatial and temporal variations in the Canterbury 

Plains wind regime. In agreement with the findings of 

Trenberth (1977), the present study showed that interactions 

between the topography of the South Island and the synoptic 

scale flow over the region result in seasonal and diurnal 

variations in pressure gradients both across and parallel to 

the alpine barrier. Superimposed on the steady changes in 

pressure gradients associated with the passage of synoptic 

scale circulation features isa marked tendency for pressures 
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over Canterbury to fall relat to both Hokitika and 

Kaikoura from early morning to midafternoon. 

Investigation of surface winds at Christchurch Airport 

in relation to the above pressure differences confirmed that 

the dynamic effect of the Southern Alps generally results in 

low level airflow parallel to the mountain chain in the 

Canterbury region. The sign of the pressure difference 

between Kaikoura and Christchurch was found to be the 

critical factor determining the direction of low level 

airflow over the plains. This e ect is largely independent 

of synoptic scale flow direction 

which is highly responsive to 

variations. 

and results 

relatively 

in a regime 

minor pressure 

In regard to the predominant low level north-easterly, 

70% of afternoon north-easterlies were found to be associated 

with lee trough development. Analysis of pressure difference 

variations associated with north-easterly events revealed two 

basic mechanisms responsible for north-easterly onset. 

Firstly, during moderating south-westerly synoptic-scale 

flow, the transition to north-easterly winds over the plains 

is characterised by a large and abrupt reversal in the lee 

side pressure gradient. This occurs as a consequence of the 

dynamic interaction between eastward moving synoptic scale 

circulation features and the Southern Alps. Second , north

easterly onset is most frequently associated with a pre

existing positive or near zero Kaikoura-Christchurch pressure 

difference. This may be enhanced in the daytime by the 

effects of diurnally varying stability on the synoptic scale 

flow and atmospheric tidal effects (and hence the magnitude 

the lee trough). A pronounced summer afternoon maximum in 
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the former type sted that the transition to north 

easterly winds may be hastened by the development of 

therma induced low ssures over the central and southern 

South Island. Hence, the present study reveals that although 

the north-easterly is primarily a result of the dynamic 

effect of the Southern Alps, thermal effects contribute 

strongly to the diurnal periodicity of the regime. 

9.1.3 Numerical Modelling 

The three-dimensional CSU meso-scale model without 

large scale terrain successfully predicted various aspects of 

the Canterbury Plains wind regime. Results suggesting that 

under ideal conditions sea breeze development on the plains 

is localised provide theoretical support for the 

observationally-based suggestion that the south-easterly 

south of Banks Peninsula is the true sea breeze in the 

Canterbury context. Onshore synoptic scale flow was found to 

be augmented in the lowest 300m by the addition of a sea 

breeze component. For synoptic scale north-easterly winds of 

4 ms- l , this effect resulted in low level winds of 7 ms- l by 

midafternoon. Addition of a sea breeze component also 

resulted in a daytime backing of gradient south-westerly 

winds, providing theoretical support for the mechanism 

proposed by Sturman and Tyson (1981) to explain observations 

of this phenomenon. 

The simulations suggest that the terrain of Banks 

Peninsula is an important factor influencing the low level 

wind regime on the Canterbury Plains. Features of the 

predicted wind regime attributable to the peninsula were the 

deflection and acceleration of low level airflow around its 
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margins and a zone of convergence i inland from its 

western 

Although the model was unable to realistically 

simulate the dynamic and thermal processes operating at the 

scale of the entire South Island region, simulations of the 

thermal and dynamic effects associated with the regional 

terrain to the west of the plains predicted several observed 

features of the wind regime. 

with synoptic westerly winds the model successfully 

predicted dynamically-induced north-easterly winds across the 

entire plains 
-1 of 4-5 ms at sunrise. Superimposed on this 

flow, thermo-topographic forcing was responsible for a 

maximum in north-easterly winds over the plains of 9 ms- l for 

the summer afternoon case with synoptic scale north-westerly 

flow 8 
-1 

ms Confirmation of this result was 

I provided by the augmentation of an initial 5 ms surface 

-1 north-easterly by 4 ms during afternoon for a simulation 

initialised with a low-level north-easterly overlain by 

north-westerlies. In addition to prediction of the north-

easterly regime, the model also simulated the development of 

east to south-easterly "mountain-plain" upslope flow over the 

western plains and mountain slope. 

Together, the two sets of simulations that 

under ideal summer situations, dynamically-induc north-

easterly flow on the Canterbury Plains may be markedly 

augmented by thermal ing at the regional scale resulting 

in an increase in the strength of north-easterlies of average 

intensity by approximately 5 
-1 ms This may occur in the 

coastal region as a result of local sea breeze forcing and 

more generally as a result of the broader mountain-plain-
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winter. 

Observational verification of model resu 
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during 

sts 

that the CSU meso-scale model is a valid theoretical tool 

the Canterbury environment. Although the compl ty of the 

modelling problem required several simplifying assumptions to 

be made, the model successfully predicted salient features of 

the wind regime, including the depth, strength and al 

extent of the north-easterly wind. 

Application of the present version of the model high

lighted several deficiencies which restrict its utility in 

such an environment. A major problem was the inability to 

initialise the model with spatial variations in input 

parameters, an important consideration in regions of complex 

terrain. However, the successful inclusion of spatial 

variations in roughness length in alternative applications of 

the model (Segal, Mahrer and Pielke, 1982) suggests that 

considerable scope exists for the inclusion of such e ects. 

The current model was also found to be poorly equipped to 

account for rapidly changing synoptic scale situations which 

are typically associated with oceanic mid-latitude locations. 

Finally, the considerable financial and computational 

resources required for simulations meant that the complex 

dynamic and thermal effects associated with the interaction 

a large scale mountain barrier and gradient airflow could 

not be adequately addressed in the present study. Further 

work is therefore required to evaluate model performance 

uti sing a model domain which incorporates the entire South 

Island. 
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suited to 

342 

son of the two different sea s simulation 

in complex environments, the model is best 

detailed windfield analysis at the local scale 

where id spacing and terrain variations may be minimised. 

At this scale, fewer assumptions are required and local 

features of the windfield are readily apparent. 

9.1.4 Broader Implications 

Analysis of low level airflow in the lee of the 

Southern Alps has important implications for the under

standing and modelling of mid-latitude regional windfields 

elsewhere. 

In contrast to the simplified portrayal of predomin

antly dynamically-induced effects of elevated terrain on 

airflow presented in the literature, the present study 

highlights the complex spatial and temporal variations in 

airflow which may occur at the regional scale in the lee of a 

mountain barrier. These result from a combination of both 

dynamic and thermal processes operating at a broad range of 

scales. The strongly diurnal nature of the resultant wind

field may therefore be attributed to a combination of 

processes acting at different scales, including local scale 

variations in low level stability, land-sea breeze forcing 

and synoptic scale thermal influences responsible for 

temporal variations in the synoptic sca pressure field. 

The study also highlights the significance of interactions 

which may occur between particu components of such a wind 

regime. The observed interactions between the low level 

north-easterly and the local sea breeze and katabatic flows 

are phenomena not described elsewhere in the literature, and 

yet they have important implications in an applied context. 
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In relation to mid-latitude airflow studies, the 

sent study indicates an important need to account for 

influences assoc with interactions between substant 1 

terrain and the continuous and often rapid pass of 

synoptic scale circulation features This interaction 

results in complex variations in pressure field deformation, 

and hence airflow, in the vicinity of mountain barriers and 

is a facet of mid-latitude meteorology which present meso

scale models are not adequately equipped to accommodate. 

Finally, the present study is strongly supportive of 

the need for an holistic approach to windfield analysis in 

regions of complex terrain. Not only should processes and 

phenomena at a broad range of scales be considered in the 

analysis of a particular regional windf ld, but the use of a 

complementary combination of theoretical and empirical 

approaches offers distinct advantages over a single approach. 

9.2 

were 

SUGGESTIONS FOR FUTURE RESEARCH 

During this study, several features of the wind regime 

identified which are worthy of more detailed 

investigation. For example, identi cation of a zone 

convergence extending inland from the western margin of 

Peninsula has important implications in rd to the under

standing and forecasting of cloud development, precipitation 

and air quality in this region. Similarly, the high 

frequency of, and interactions associated with nocturnal 

katabatic flow, particularly in the western and northern 

plains, revealed in the present study suggest that a detailed 

climatology of this regime would be beneficial. 
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The complex ial and temporal variations in airflow 

observed on the pI s suggest that a more intensive observ

ational network is required to reso all the details of the 

complex windfield. Areas worthy of particular attention are 

the western margins of the plains and foothills, and coastal 

regions to both the north and south of Banks Peninsula. In 

both regions, a detailed climatology of the vertical 

variations in airflow 

mechanisms alluded to 

investigation of the 

is required to confirm possible 

in the present study. For examp 

three-dimensional nature of flow 

adjacent to the Alps is required to 

extensive upslope flow suggested by the 

fy the existence of 

modelling exercise 

and to determine the exact nature of the interaction between 

katabatic flow and north-easterly onset noted in Chapter 3. 

In regard to the north-easterly regime, two avenues 

for further 

importance. 

required to 

investigation were revealed to be of pressing 

Firstly, extensive offshore observations are 

provide a wider understanding of the processes 

responsible for the regime than was possible in the present 

regional scale land-based study. Initial research objectives 

in such a study would be identification of the spatial extent 

of the regime, and investigation of those processes respons

ible for the observed north-easterly strength, depth and 

temperature. Secondly, detailed investigation of dynamic and 

thermal processes operating at the scale of the entire South 

Island are required if a satisfactory means of forecasting 

north-easterly strength is to be found. A detailed investig

ation of pressure variations over the ent South Island 

region, particularly in mountainous regions, combined with 

intensive analysis of trough development over Canterbury 

would be a useful first step. 
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The relatively successful application of the CSU meso~ 

scale model in the Canterbury region suggests that consider

able scope exists for further research of this type in the 

New Zealand context. If used to simulate airflow over 

terrain the magnitude of the Southern Alps it is apparent 

that some refinement of the present model may be required to 

account for complex orographic effects. However, model 

results suggest that the current version is well-suited to 

local scale windfield analysis In the Canterbury region, 

verification analysis of model predictions of nocturnal flow 

(not attempted here) would provide a useful adjunct to the 

present study and provide the basis for the use of the model 

in applied contexts. For examp , considerable scope exists 

for application of the CSU model to air quality investig

ations in the Christchurch area. 

Finally, identification of notable site specific 

characteristics in the Canterbury Plains wind regime 

indicates a need for further research in similar environments 

elsewhere in order to establish a comprehensive inventory and 

understanding of those processes and phenomena associated 

with low level airflow in the lee of mountain barriers. 
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APPENDIX I 

INSTRUMENT ACCURACY 

The accuracy of instruments the field was an 

important consideration in this study since it was necessary 

that results should be directly comparable between sites. 

Because anemographs in the existing Meteorological Service 

observation network were unable to be tested throughly in a 

wind tunnel, only those instruments used spec ically for 

this study were examined. The wind tunnel in the Department 

of Mechanical Engineering at the University of Canterbury was 

used to investigate the sensitivity of the instruments to low 

wind speeds and the accuracy of instruments over a range of 

windspeeds. 

A crucial consideration in the present study was the 

accuracy of the thermographs located at Bromley and 

Courtenay, since observations were used to investigate 

differences in the thermal regimes at each site. The 

controlled environment laboratory at the Forest Research 

Institute at the University of Canterbury was used to test 

this equipment after its removal from the field. 

Thermograph Data 

At Courtenay, a wet and dry bulb thermometer were 

installed in the Stevensons screen to set the thermograph and 

hydrograph, while existing Meteorological Service thermo

meters were utilised at Bromley. At both sites, charts were 

changed on a weekly basis. 
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To investigate the comparability of thermometers used 

in setting the thermographs at Courtenay and Bromley, the two 

Courtenay thermometers (dry bulb) were installed in the 

screen at Bromley and random daily observations of temper-

ature were compared with the Bromley dry bulb temperature at 

the same time over the period 30/9/83-15/10/83 using a simple 

regression analysis. These results are presented in Table 

A.l. 

TABLE A.I: Results of Two Regression Analyses Between Two Thermometers 
Installed at Courtenay (Dependent) and Dry Bulk Thermometer 
at Bromley (Independent). 

Correlation Coefficient (r) 

Standard error of estimate 

Number of observations 

DEPENDENT VARAIBLES 
Courtenay (1) 

0.999 

0.142 

13 

Courtenay (2) 

0.996 

0.182 

13 

These results show a high correlation between the thermo-

meters used at the two sites. 

In Figure A.l, thermograph traces for a 5 day period 

in which temperatures fluctuated o through a 15 range in a 

controlled environment are presented. The traces are 

identical for both cases indicating that both the timing 

mechanisms and responsiveness of the instruments to temper-

ature variations are comparable. 

Anemographs 

Lambrecht anemographs installed at Leeston, Greendale, 

and West Eyreton were orientated to true north on the basis 

of directions to prominent landmarks derived from topographic 

maps. These were checked by compass in the field. All 

instruments were levelled using a spirit level. Instruments 

were checked twice monthly and if necessary adjustments to 



FIGURE P .. l: Ther.:lograph Traces for Bromley and. Courtenay 
Instruments Placed in Controlled Environment 
for a 5 Day Period. 
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clocks e (chart time was seldom incorrect by greater than 

15 mins 2 week period). Data used from other sources 

(New Zealand Meteorological Service and D.S.l.R. Crop 

Research Division) were considered to be of comparable 

accuracy. 

To test the sensitivity of the Lambrecht anemographs 

to low wind s, each machine was placed in the wind tunnel 

with the vane perpendicular to the flow. Windspeeds were 

gradually increased from zero and the threshold at which the 

vane and cups moved was measured with an Alnor thermal 

anemometer. These results are presented in Table A.2. 

For all instruments, the cups were observed to move 

for flows of -1 -1 less than 0.5 ms and greater than 0.3 ms 

indicating a high degree of sensitivity to low windspeeds. 

Thresholds of windspeed required to move the vane from normal 

to the flow were slightly higher and more variable. However, 

in all cases windspeeds of less than Ims initiated an 

anemograph response with the different instruments producing 

comparable results. 

In addition to the investigation of the sensitivity of 

instruments to low windspeeds, each of the 5 Lambrechts were 

evaluation at set constant windspeeds of 1, 5, 10 15 ms 1 

in the wind tunnel. By running the instruments through the 

range of wind speeds for half an hour per wind a wind-

run trace was produced on the charts which could be evaluated 

using the scale provided with Lambrecht instruments. This 

scale enables an windspeed to be derived on the basis 

of the slope of the wind-run trace. In Table A.~ the 

measured slopes are presented for each anemograph along with 

the actual slopes provided by the scale {the scale slopes for 



TABLE A.2: Sensitivity of Lambrecht Instruments to Low Windspeeds. 

CUPS (ms-1 , VANE 

RUNS RUNS 
INSTRUMENT 
SITES 1 2 3 4 x 1 

LEESTON 0.326 0.330 0.315 0.322 0.323 0.50 

GREENDALE 0.44 0.405 0.405 0.415 0.416 0.44 

WEST EYRETON 0.31 0.304 0.310 0.360 0.321 0.50 

LINCOLN 0.385 0.46 0.36 0.37 0.393 0.58 

METHVEN 0.37 0.57 0.42 0.45 0.452 0.83 

2 3 4 

0.75 0.82 0.83 

0.48 0.457 0.50 

0.51 0.472 0.47 

0.38 0.36 0.33 

0.74 0.92 1.0 

x 

0.73 

0.47 

0.488 

0.413 

0.873 

INSTRUMENT 
NUMBER 

481-683 

481-674 

481-666 

370-529 

381-417 

w 
Cl'I 
W 



TABLE A.3: Comparison of Anemograph Traces for Wind Tunnel Tests of Lambrecht Anemographs at 1, 5, 10 and 15 

Windspeed Corresponding slope Measured slopes of traces produced in wind tunnel (0) 

ms- l on Lambrecht Scale (0) Greendale Leeston West Eyreton Lincoln 

0.8 22.5 

1.0 32.0 39.0 37.5 38.0 36.5 

1.2 39.0 

4.5 76.5 

5 78.0 80.0 78.5 79.0 77.5 

6 80.0 

9 83.5 

10 84.0 84.0 83.5 84.0 84.0 

15 86.0 

10 84.0 

15 86.0 87.0 86.0 86.5 Missing 

20 87.0 

Methven 

39.5 

79.0 

84.0 

w 
CI'I 
J:>, 
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scale values either side of the critical values are also 

sented). The results reflect the logarithmic nature of 

the scale and illustrate that accuracy of measurement is 

-1 greatest at low windspeeds (at I ms all results accurate to 

within 0.2 ms- l ) and least at higher windspeeds (at 10 ms- l 

all measurements accurate to within 1 ms ). These results 

suggest that within the Canterbury environment (50% of winds 

in range of 1.5 5.7 ms-1 (McGann, 1983)), the Lambrecht 

anemographs are all comparable and provide an accurate 

representation of wind speed. 
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APPENDIX II 

ADDITIONAL WIND DATA 

Diurnal and seasonal variations in airflow are 

presented in Figure A.2 in diagramatic form. Since analyses 

of wind data from N.Z.M.S. sites are available elsewhere, 

emphasis is placed on those sites used to augment the 

existing observation network in the present study. 

The data is arranged in the following order (Data 

periods are shown in Tables 2.2 and 2.3). 

Figure A.2: (a) Monthly Wind Direction Frequencies (Per 
Thousand) for Leeston, Greendale, West 
Eyreton, Bromley, Timaru, Lincoln, 
Winchmore, Lyttelton Harbour, Christchurch 
Airport. 

(b) Three-hourly Wind Direction Frequencies (Per 
Thousand) for Leeston, Greenda , West 
Eyreton, Lincoln and Methven for Summer, 
Autumn, Winter and Spring. 

(c) Six-hourly Windroses for West Eyreton, 
Greendale, Leeston, Lincoln and Methven for 
Summer, Autumn, Winter and Spring. 
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(a) Continued 
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(a) continued 
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APPENDIX III 

SEA LEVEL CIRCULATION 

Examples of the 27 possible circulation types (drawn 

from the period 1980-1984) are shown in Figure A.3. All 

isobaric charts were obtained from the New Zealand Meteoro-

logical Service, and airflow over the Canterbury region was 

classified using a subjective technique similar to that of 

Lamb (1950, 1965, 1972). In doing so, pressure distortions 

induced by the Southern Alps were ignored in order to provide 

an accurate representation of gradient airflow over the 

region. 

Figure A.3: Examples of 27 Sea Level Circulation Classes 
over the Canterbury Region. 
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APPENDIX IV 

NORTH-EASTERLY ONSET AND CESSATION INDEX 

A simple index was developed to describe those spatial 

and temporal patterns associated with the onset and cessation 

of surface north-easterly events over the Canterbury Plains. 

North-easterly onset and cessation data from 4 anemograph 

sites (Figure A.4), oriented approximately in north-south 

(Leeston-West Eyreton) and east-west (Greenda Bromley) 

directions, were utilised to determine e (direction in 

degrees) and r (velocity in km.hr- l ) of north-easterly onset 

and cessation for each event as follows: 

The north-south component is given by: 

NS = (L-WE) x CF1 hrs.km- l 
D1 

and the east-west component by, 

EW = () h 1 D2 x CF2 rs.km-

where L onset/cessation time at Leeston 

WE = onset/cessation time at West Eyreton 

G = onset/cessation time at Greenda 

BO onset/cessation time at Bromley 

Dl :::::: distance WE-L (45.75km) 

D2 = distance BO-G (47.75km) 

CFl correction factor (0.989) to give true 
south component 

CF2 = correction factor (0.993) to give true 
component. 

(AI) 

(A2 ) 

north-

east-west 
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West Eyreton 

Leeston 

FIGURE A.4: Legs Used in Calculation of Onset/Cessation Index. 



386 

Components were initially calculated in hrs.km 1 as 

this best reflected the true direction of onset (e.g. if 

simultaneous onset at Leeston and West Eyreton, and onset at 

Greendale prior to Bromley then NS is 0 and EW is positive 

and onset occurs from east to west. If calculated on the 

basis on km.hr- l this would imply an infinite north-south 

component and suggest onset from north to south). The rate 

(r) in km.hr- l was then calculated by taking the inverse of 

-1 the resultant of the two components in hrs.km : 

R 1 (A3) 

and the direction (6) in degrees by, 

6 (A4) 

To adjust the direction of onset or cessation to a form 

analogous to wind directions the following transformation was 

used: 

EW > 0 6 90 6 

EW < 0 6 270 - 6 

For the purposes of the study, wind directions in the 

range 020-110 0 were c ssified as "north-easterly" events. 

This resulted in three limitations of the index: 

(a) Identification of exact time of "north-easterly" 

onset/cessation was at times only approximate, due 

to lack of sensitivity of machines to low wind-

speeds 



(b) 
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arbi definition of a "north-easterly" 

event to lude direc ons from to 20 0 th f sou 0'· 

east indicates index may not truly 

representative in all situations, particularly 

those associated with south-easterly winds south 

Banks Peninsula. 

(c) Only examples when north-easterlies were recorded 

at all 4 tes could be investigated. 
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APPENDIX V 

PROGRAMME LISTING OF THE COLORADO STATE UNIVERSITY 

MODEL 

The CSU meso~scale model is provided on three micro-

f he and contained in an envelope inside the rear cover. 

The FORTRAN programme is listed on individual numbered pages 

from left to right Each subrout begins a new line. 

The listing is 1 annotated and clearly indicates 

the characteristics of the model and the format for tia 

isation. This is also outlined in r.1cCumber et aL (1978). 

The present version of the model is set up for three-

dimensional simulations with 14 vertical Is and is 

compatible with a BURROUGHS 6900 main-frame computer as 

installed at University of Canterbury Computer Centre. 

NB: The variable "ISTEAD" which sets the initial land-sea 
temperature differential was omitted in the list of 
Input variables (p.8) It is read in "JABS", with 
format I3 
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