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S U M M A R Y 

The temporal and spatial ~ariability in wind speed and 

dirgctior, was investigated iri ~_stµdy of the mesoscale wind 

fields in the Canberra region. The statistical description of 

.. the i,dnds was based on twelve .. months of three-hourly data at 

seventeen sites obtained in a joint program carried out by the 

Division of Land Use Research, CSIRO, the National Capita! 

Development Commission,.and the Bureau of Meteorology. 

The statistical a _nai"ys_is proceeded in stages. The first 

t1t10 stages were c:onc:er-ned with the determination and 

examination of averages a_nd measures of dipersion. Information 

on the temporal Variability in regional wind, defined as the 

average of the winds at the seventeen collection sites, 

provided the first insight into the important determinants of 

winds in the region. The data wer-• then categorized on the 

basis of the information thus obtained, and the averages over 

time for each site were analysed in each category. The 

variation between sites revealed the extent of 

variability in the region. 

For each category, -for eac:h site, 

the spatial 

there wer-e 

perturbations around the average state, and in the last stage 

of the study, the analysis examined how the perturbations were 

related ac:rcss sites using correlation coefficients. 

Generalized Procrustes Analysis was used, 

extensive use of cluster analysis, 

followed by the 

Linear mode11·1n9 techniques were used at all sta9es of 

the study, not only for wind speed, but also for wind direction 

which is an angular variate and thus required different 

modelling procedures. The models related the variables of 

i i 



interest to terrain features such as position, elevation and 

surface rou9hness. These modefs allo~ed an informed judgement 

~o be made on the likelihood of accurately estimating the winds 

at other locations in the re9ion using interpolation 

techniques. 
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INTRODUCTION 

This thesis reports on the use of various statistical 

techniques to examine the wind regime near the earth's surface 

in the Canberra region. The study was an interdisciplinary one 

in the field of statistical climatolo9y, employing concepts and 

techniques from both statistics and climatology. 

Developments in the field of statistical climatolo9y 

since the 194O's have brought an increasing awareness by 

climatologists that climate can be viewed as a statistical 

concept, and, indeed, advances in statistical methods have 

influenced the concepts and definition of climate. Early 

definitions of climate basically viewed climate as the average 

state of the atmosphere, and climatology as primarily 

concerned with the estimates of averages of meteorological 

observations usually collected over extended periods of time, 

As statisti~al techniques developed and their applications 

spread, the definition changed and climatology was defined as 

the science of the multivariate distributions of meteorological 

elements within time and space <Godske, 1966). 

definition was made even more precise by Sneyers <Ikeda, 

This 

1980) 

who differentiated between weather and climate, that is 

between the dynamic and statistical aspects of meteorological 

phenomena. He said 'if weather may be characterized 

mathematically by the point values of the parameters defining 

the thermodynamical state at each point of the atmosphere, 

values which are in evolution with time, climate may be 

considered as being the statistical population of all possible 

joint values for these parameters at any point of the 

atmosphere'. 
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The study was undertaken at the mesoscale, a rather ill-

defined physical scale in climatology lying between the 

macroscale and the micrascale and which is often referred ta 

simply as a regional scale. At the macroscale, climatologists 

study in climatic variables over hundreds of 

kilometres, and 1 i nl< such chan9es to large-scale 

9eo9raphical features and synaptic conditions. For example, the 

climate of a coastal city near the tropics, such as Darwin, may 

be compared with the climate of an inland, elevated city at 

mid-latitudes, such as Canberra. At the other extreme, the 

microscale, the variations in climatic variables are due to 

localised effects, such as topography and surface cover, and 

measurements taken are believed to only represent the climatic 

variable for tens of metres. In between the macro- and the 

micro-scale both brcadscale and local effects may be important, 

and a more complicated situation arises. 

Studies at the mesoscale are not common, due in part to 

the complications involved in s0rtin9 out the various effects, 

but also because of the cost and practical difficulties in 

obtainin9 an adequate data base. In this study near-surface 

wind data were collected at 17 sites over a twelve month period 

in a monitoring programme which was supported by three 

9overnment agencies interested in the wind regime in the 

Canberra region. The resultant data base provided a valuable 

source of data for this and other studie& where wind data are a 

necessary input. 

The primary aim of this study was to provide a 

statistical description of the wind patterns in the Canberra 

region, based on wind speed and direction at the 17 sites. This 



included th• description of i) 'typical' or average wind speed& 

and directions and their variation across sites; and, ii> the 

perturbations from the •typical• winds at each of the 

collection sites; and also iii) the relativity of the 

perturbations, that is, the relationships between the sites as 

measured by correlations and other association parameters. The 

first of these relates to the early definition of climate, 

whereas the latter two are of interest in view of the more 

recent concerns of climatolo9i5ts. 

Linked to the primary aim was another important aim, 

namely, the identification of terrain features which influence 

the spatial variability in the region under different synoptic 

conditions, at different times of the day and year. An 

assessment of the relative importance of local and broadscale 

effects can th•n be made from such information, adding to the 

understanding of the physical processes governing air flow in 

the Canberra region, and in other similar areas. 

Knowledge of the winds in an area is very useful in town 

planning, when considering human comfort and air pollution 

problems, and also in agricultural research. Interpolation 

techniques are employed by people working in these areas since 

they often require information on wind &peed and direction at 

locations in the area of interest where no actual data are 

available, and estimates must be made from wind data at nearby 

sites. Various interpolation techniques are available ranging 

from the use of simple averages to a sophisticated technique 

called 'optimum interpolation' (Gandin, 196S). This latter 

technique has proved relatively successful compared to the 

simpler methods (Johnson, 1982), and is based on the use of 
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data to provide information on statistical historical 

para.meters at all points in the area. The statistical 

parameters are used as 'weights' for the wind data at the data 

sites. The information needed for this procedure corresponds to 

the statistical description sought in this study. Therefore, 

while it was beyond the scope of the study to actually 

implement the method and thus test it directly, an ancillary 

aim of the study was the assessment of the merit of this 

interpolation procedure in the light of the 

obtained. 

information 

For the remainder of the report, the near-surface wind is 

referred to as the surface wind, since it is generally 

contrasted with winds at high levels above the earth's surface. 

However, strictly speaking, the surface wind is the wind at the 

earth-air interface and has zero wind speed at this boundary. 

1.2. MODEL FRAMEWORK OF WIND PATTERNS 

Before lookin9 at the Canberra region in particular, it 

is instructive to consider the interactions which influence 

the wind on a regional scale without detailing the complex 

physical mechanisms involved. Ryan (1977> has proposed a very 

simple model of air movement in which the surface wind is the 

resultant of several component winds, as illustrated in 

Fig. 1. 1 (Fig.3, Ryan, 19771, and this model serves as a very 

useful tool in understanding the surface wind. 
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DAY 

850~b. Gradlenl ~Ind 

Genaral \Jind Sea Breeze 

Slope Wind 

Sh,;,llerlng 

ond 

Dtverllng 

Resultanl Wind 

Valley Wind 

Fig. 1.1: Block diagram of Ryan's model design 
<Fi9. 3, Ryan, 1977> 

NIGHT 

Gradient wind 
Gradient wind 

Fig. 1.2: Mountain and valley wind system 
<Fi9. 5.10, Oke, 1978) 
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In many areas, the only component wind of any importance 

is the 9eneral wind flow: this is the surface flow resultin9 

from synoptic scale circulations at hei9hts well away from the 

surface of the earth and is the wind that would occur at a 

location if there were no sea-breeze or land-breeze, no slope 

At high wind or valley wind and no topographic influence. 

levels, a parcel of air is subject to two horizontal forces, 

the pressure gradient force and the Coriolis force. If the 

lines of equal pressure (isobars) are curved, as is usually the 

case, and the two forces balance, then the air parcel will move 

with constant speed along the isobars. Such motion is called 

gradient flow. With a strong gradient flow and an unstable 

atmosphere in which considerable mixing occurs, a modified 

gradient flow will be brought down to the surface. On the other 

hand, if the gradient flow is weak and little vertical mixing 

occurs in a stable atmosphere, then the gradient flow may not 

reach the surface. Ryan (1977) contends that if the upper level 

wind is 6m/s er less, then the general wind at the surface will 

be very weak, re9ardless of atmospheric stability. 

The 9radient flow coming down to the surface will also be 

subject to frictional forces, which will deflect the air parcel 

and reduce its speed. Over relatively flat terrain, the 

magnitude of the chan9es will depend on the roughness of the 

underlying surface. Over surfaces such as 9rass or water, the 

changes will be small; over trees, buildings or other irregular 

surfaces the changes will be greater. The general wind, that 

is the modified gradient wind finally reaching the surface, 

will therefore vary over a region if there is variability in 

the surface roughness. 
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For areas close to the ocean the sea-breeze set in motion 

by the temperature 9radienl over the land-sea interface may be 

an important component of the resultant surface wind. In a 

flat area, with a homogeneous surface cover, the sea-breeze and 

the general wind components will produce a uniform wind near 

the surface. Heterogeneity in surface cover will, as already 

mentioned, produce some spatial variability in the 9eneral 

wind. 

In most areas there ls some topo9raphlcal relief and this 

produces local shelterin9 and diverting effects which can 

result in the substantial modification of the broadscale winds. 

The changes are a function of the slope, aspect and elevation. 

However, the form of the function is complex, and attempts to 

model 

<Ryan, 

it on a regional scale have been relatively subjective 

1977), although mathematical models of flow over 

isolated, idealized hills have been reasonably successful. 

Local winds, referred to as slope winds and valley winds, 

may also be 9enerated in areas of topographical relief. Near 

these large mountain ran9es, or in deep straight valleys, 

circulations are often strong enou9h to completely obscure the 

general wind flow, but the relative effect is considerably 

lower in areas of more moderate relief and less well-defined 

valleys. These circulations, and their diurnal variations are 

shown in Fig.1.2 (Fig.5.10 Oke, 1~78>. 

Perhaps the more commonly occurring of slope and valley 

winds i s the thermal slope wind, In tha daytime, air rises up 

the slopes of a mountain due to the higher temperatures of the 

air over the inclined slopes compared with the air at the same 

altitude over the valley or plain. This is called anabatic or 
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up-slope flew, and has been observed at speeds of 2-4 mis. To 

maintain a closed circulation air sinks over the valley 

centre. At night, the valley surfaces cool, and the lower air 

layers slide down the mountain slopes under the influence of 

gravity. These katabatic, or down-slope flows are generally 

gentle winds of about 1 mis and can occur with very small 

height differences in the terrain. 

motion at the centre of the valley. 

There is a weak lifting 

The other local circulations that can occur are the valley 

winds. During the day an up-valley wind blows, whereas at night 

an opposite, down-valley wind appears. These circulations are 

similar to the sea-breeze circulation in that they are due to 

temperature gradients between the mountains and the plains. The 

winds can occur at heights up to several hundreds of metres 

above the earth's surface. Most studies of these 

topographically induced winds have been in the European Alps, 

in North America, and in Antarctica. In the Inn Valley, 

Innsbruck, en a clear summer's day a maximum up-valley wind 

occurred mid-afternoon at speeds of 5-6 mis, and the maximum 

down-valley wind 

(Ekhart, 1931). 

at about 0700 hours at speeds of 3-4 mis 

Highest speeds occurred 200-400 m above the 

ground and velocities closer to the ground were reduced due to 

friction. 

Often in the literature there is no distinction made 

between the true katabatic flow and the down-valley flow in 

areas of moderate relief, and they are referred to jointly as a 

drainage flow. However in a study of what is believed to be 

true katabatic flow in the Jeeralang hills in SE Australia, 

Manins and Sawford (1979) detected katabalic flow in • layer 

th1pter I I 1tro•1ctio1 9 



about 40m thick which was characterized by a strong thermal 

inversion wi.th a maximum wind speed of 3.4 m/s and little 

directional shear. The ambient or gradient flow was evident 

above 160 m and between these two layers was a region of mixing 

and interaction. 

The findings of these previous studies suggested that 

the likelihood of local flows must be considered when studying 

the resultant winds in an area. 

1.3. THE STUDY REGION 

The study region was situated in the northern part of 

the Australian Capital Territory <A.C.T.>, some 100 km inland ' 

in south-eastern Australia at 35,3 degrees south and 149,1 

degrees east. It included the city of Canberra, which covered 

approximately one third of the study area, and its surrounding 

rural areas. The maximum north-south distance between the sites 

used in the study was 29.5km and the maximum east-west distance 

about 20 . 5km. Thus the study region was approximately 600sq km 

in area. 
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A relief diagram of the study area and surrounding 

environs, Fig. 1.3, shows the major top09raphical features 

surrounding the city of Canberra. Approximately 70km away in 

the southeast quadrant the elevation increases in the Gourock 

Ran9es and the Minuma and Budawang Ranges. 

present a 1200m escarpment to the sea. 

The latter Ranges 

This escarpment is 

believed to effect the late-afternoon sea-breeze that occurs in 

the region in summer, by acting as a pseudo-coastline. The air 

moving inland from the sea banks up behind the face of the 

escarpment until it finally crosses in a definite sur9e 

(personal communication, A.C.T. Regional Office, Australian 

Bureau of Meteorology (ABM)>. This effect is currently being 

studied by the ABM. It is doubtful that the simple model 

proposed by Ryan (1977> could accurately model the sea-breeze 

effect in this region. 

In contrast to the southeast quadrant which is 

moderately dissected, the western section is very heavily 

dissected by the Brindabella Ranges with peaks to 1800m and a 

series of north-south ridges. These rid9es slowly recede to 

the west and drop to elevations below 500m in about 100km, and 

are expected to act as substantial barriers to wind flow. 

There is low relief to the north-northwest at an elevation of 

about 600-SOOm. The principal river, the Murrumbidgee, drains 

to the north-northwest, as do its tributaries. 

therefore, forms a shallow basin, and it could be expected that 

the high elevations which occur on three sides modify the 

general wind flow and possibly act as the source of local 

winds, such as katabatic or drainage winds, which have been 

found in regions of lesser topographic relief. 
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Fi9. 1.4: The network of wind monitorin9 sites in the 
Canberra re9icn. <The numbers refer to the 
monitorin9 sites; contours have been drawn at 
100m intervals; height of tri9 stations in m + 
MSL> 
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There are a number of smaller scale topographical 

features within the study region. The urban area occupies most 

of the northern part of the A.C.T •• The inner area and the 

north-western area of Belconnen lie in a landscape with 

undulatin9 plains and conical residual hills. North Canberra 

and Gun9ahlin to the north, and Woden, Weston Creek and 

Tu99eranon9 to the south lie in areas with rounded well-

weathered hills, gentle slopes and moderate elevations 

(Figs.1.4 and 1.5). These features could cause further spatial 

variability in the winds in the region. 

The region has a mild continental climate. The weather is 

largely determined by the movement of anticyclones from west to 

east across southern Australia <Gentilli, 1972>. The main paths 

are across northern N.S,W. in winter and just south of the 

continent in summer. Canberra lies between these two paths, and 

may experience small synoptic pressure gradients approximately 

one day in seven in association with the slaw moving 

anticyclones. The ~radient wind is weak under these conditions 

and local winds could be important. The position of the mean 

paths of these anticyclones, and the anti-clockwiae rotation 

associated with them cause many of the gradient winds over the 

region to be from the west and northwest, particularly in 

winter. There are, however, substantial variations in the 

actual trajectories of the high-pressure cells at any time of 

the year. 

Low pressure syst•ms also influence the weather in the 

region. Many travel from west to east along the southern margin 

of the continent and are most important in winter, when they 

follow their most northern track. Depressions also form to the 
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south of the continent on the waves of cold fronts crossing the 

continent, and to the east and north cf the region. 

There are frequent subsidence and surface temperature 

inversions in the Canberra region, when the vertical 

temperature profile shows an increase in air temperature away 

from the surface up to some level. Under such conditions the 

atmosphere is stable and consequently th•re is an absence of 

vertical air movement and mixing of the atmosphere - a 

situation where little coupling of the upper and lower level 

winds would be expected, and any local winds would be more 

important. The surface inversions are caused by the high degree 

of cooling of the surface layers at night which can occur at 

elevated locations under clear sky conditions. In Canberra, 

such clear sky conditions occur relatively frequently, as seen 

from 43 years of data from the Australian Bureau of Meteorolgy 

which show that the cloud cover was less than 25% on 22% of 

days, and that the average cloud cover was 50% (Fairbairn 

meteorological of+ice, Canberra Statistic& 1940-1982, sheet3). 

Because of the lack of routine radiosonde observations 

in Canberra, little direct information is available on the 

actual -frequency of these stable layers, or their 

characteristics, such as strength, height and persistence. 

However, Daw and O'Loughin (1972> have used Pasquill'& system 

+or classifying the stability of the surface layer in terms of 

th& wind fluctuations <Pasquill, 1969) to obtain an estimate of 

the occurrence of surface inversions. Their analysis indicated 

that surface inversions occurred on 65-75~ of all days. This 

figure was borne out by two months of data which showed 

inversions between an elevated recording site in the city and 
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the official A.B.M. site some 240m lower. The inversions began 

to form at about sunset and dispersed about two hours after 

sunrise. 

These surface layer inversions may also be concurrent 

with higher level inversions some 1000-lSOOm above the valley 

floor which persist for 36-72 hours and reduce vertical 

diffusion even when the surface inversion dissipates during the 

day. High level, or subsistence, inversions at Wa99a, which is 

130km west of Canberra, showed an average frequency of one day 

in four <Daw and O'Lou9hlin, 1972 >. 

reported closer to the study region. 

No measurements have been 

Therefore, the meteorological conditions in Canberra 

suggest that on many occasions there is a stable atmosphere and 

also weak gradient winds associated with the high pressure 

systems. Under these conditions, the general wind will also be 

weak or non-existent. The topography of the region is such 

that local slope winds may be generated, particularly at night 

under clear skies and a high radiative cooling rate. The slcpe 

winds at night would drain towards the north- northwest with 

the slope of the landscape. However, such flows would be 

gentle, and it would be expected that micro-scale topographical 

effects could produce substantial variation in the overall 

flow. These factors provided the motivation for the major aims 

of the study: to describe the wind patterns in the area and 

their spatial variability, to determine whether such winds are 

broadscale winds or are locally generated, and to identify 

terrain features influencing such winds. 
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l. 4. HISTORICAL WIND DATA FOR THE CANBERRA REGION 

Prior to this study, little data were available to 

adequately describe the wind patterns in the region. Most 

information has come from wind data collected at Fairbairn, an 

A.B.M. recording site near the centre of Canberra. Part of the 

wind speed data for Fairbairn is summarized in Fi9.l.6 ( Ka.Ima 

et al, 1974, Fi9.8) which gives the frequency distributions of 

wind speed and direction for mid-summer and mid-winter for four 

times durin9 the day. The most conspicuous feature was the 

high proportion of 'calms', particularly during the night. This 

was partly due to the high startin9 speed of 1.5m/s for the 

Dines instrument used to record the data, which meant that low 

wind speeds were recorded as 'calms' rather than as a definite 

speed. Hence the Fairbairn data set was not satisfactory for 

the examination of low speed wind occurrences, but it certainly 

indicated the prevalence of low speed winds in the area. 

A diurnal pattern was also evident, both in mid-summer 

and mid-winter, with hi9her speeds in the afternoon than in the 

mornin9. This pattern is a common feature of diurnal variation 

in wind speeds and is due to the increase in surface 

temperature durin9 the day. This results in a transfer of 

momentum from hi9h levels in the atmosphere down to the surface 

by convection currents. When the temperature falls in the 

evening, convection is reduced and the wind speed decre~ses and 

reaches a minimum at about dawn. The su99ested high incidence 

of stable surface layers in the atmosphere in Canberra would 

make this phenomemon even more pronounced than in many other 

locations because the convection at night is reduced further by 

the temperature inversions. Fi9.l.6 also shows the seasonal 

differences in overall wind speeds, with higher speeds in the 
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summer compared with winter, which could be due in part ta 

reduced convection in the colder months as well as changes in 

the gradient wind speed with the seasons. 

The wind direction at Fairbairn is summarized in 

Fl9.1.7 <Kalma et al, 1974, Fig.5 > which gives the wind rose 

for all available data for 17 years. Most winds were from the 

NW and would have been associated with anticyclones passing 

over the region. Winds from the SW were rare, occurring less 

than 2% of the time. This was believed ta be partly due to the 

topographic modification of SW gradient winds by the 

Brindabella Ranges which blocked such winds and diverted them 

so that they arrived in Canberra from the W-NW. About 7% of the 

winds were from the east. The incidence of winds from the east 

is shown in Fig.1.6 to be important in the evening in mid-

summer and these winds could have been the 

believed to reach Canberra on some occasions. 

sea-breezes 

Thus the main features of the wind shown in the Fairbairn 

data were such as could have been expected from the information 

on the synoptic controls in the region and the major 

topographical influences .found in and around Canberra. 
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Spatial variability in the North Canberra region was 

studied by Kalma et al (1974) using short-term wind recording 

sites. Unfortunately, most of the sites also had Dines 

recording instruments and therefore did not 9ive information on 

low speed winds, for which the greatest spatial variability 

was expected. Crace, a site in the northern part of the 

region, did have a more sensitive instrument, a Woelfle, with 

a lower starting speed, and the comparison of wind at Crace and 

Fairbairn CFig.1.7) shows a marked difference in the 

percentage of 'calms' at the two sites. This may be explained 

in part by the different recording instruments and the 

different recording times, and possibly also by the difference 

in elevation of the sites, Crace being 50m above Fairbairn. 

Comparisons between sites obviously need to be made with 

concurrent data, using the same type of instrument, 

significance can be attached to any observed differences. 

before 

NW winds dominated at Crace, althou9h N and NE winds 

were more frequent at Fairbairn. 75% of the N winds and 50% of 

the NE winds were at speeds less than 2.9m/s, so it is feasible 

that some of the winds recorded at Fairbairn as 'calms• may 

actually have been from the N-NE. 

A recent report (Inall, 1984) provided information on 

wind speeds in the Brindabella Ranges as part of a study of the 

feasibility of utilising wind power in N.S.W •• Three sites in 

the Brindabella Ranges were discussed, and one site, Piccadilly 

Circus, at an elevation of 1300m, was believed to be reasonably 

typical with regard to the winds in the Ranges. The s i te "Jas 

approximately 50km from Fairbairn on a wooded ridge which drops 

away to the north, west and south. The anemometer was placed 



about 10m above the tops of the trees and speeds were recorded 

as an average over a 20 minute period. Wind direction was not 

examined. Over a five year collection period from 1979 to 1984 

the overall average wind speed was 5.86 mis - an average much 

higher than had been found at the Fairbairn site and due to the 

site"s exposure and elevation. The seasonal wind speed 

frequency distributions, show'n in (Inall,1984, 

Fig.3.28 to Fig.3.31) reveal very little seasonal variation. 

The percentage of wind speeds less than lm/s was very low. 

Another very interesting feature of the wind speeds at 

Piccadilly Circus was the diurnal variation in speeds, shown in 

Fig.1.9 <Inall ,1984, Fig,4.8). In contrast to the trend shown 

at Fairbairn, wind speeds were higher at night than in the day. 

Inall suggested that this was due to the circulation set up in 

the valleys. During the day, warm air in a valley rises above 

the crest of hills (Fig. 1.2) and then sinks over the centre 

of the valley, brin9in9 air back down to the valley surface. 

This circulation effectively reduces the horizontal wind at the 

top of the hills or mountains during the day, since momentum 

is lost to the valley surface. This circulation stops in the 

late afternoon, and does not affect the nighttime speeds. 

The marked differences in wind speed and in seasonal and 

diurnal effects at the Fairbairn and Piccadilly Circus sites 

demonstrate that wind patterns differ for relatively close 

sites when there are major differences in topography. The 

effects of smaller-scale changes in topography are not clearly 

understood, and there have been no adequate data available to 

show the true spatial variability in the winds in the Canberra 

region. 
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DATA COLLECTION AND THE STUDY SITES 

The wind data on which thi& study was based were obtained 

in a joint wind-monitorin9 project initiated in 1977 by the 

National Capital Development Commission, the Bureau of 

Meteorolo9y and the Division of Land Use Research, CSIRO. The 

monitorin9 program is fully described by Kalma et. al. (1981) 

The number of sites was determined by budgetary 

limitations and by the effort required to service and extract 

data from each instrument. Other practical considerations which 

affected the positioning of the recorders were that they needed 

to be accessible for servicing, yet secure from vandalism and 

other interference. A further requirement was for most sites 

to be near existing or planned urban areas, 

particular interest. With these constraints on the total number 

of sites and their location, the problem then became one of how 

to distribute the recorders throughout the region to adequately 

sample the expected differences in the region. Much attention 

was given to the topographic features of the region and the 

need for each site to be representative of the surrounding 

area. 

The sites selected are shown in Fig. 1.4, and the site 

numbers for this Figure and the position coordinates and 

elevation for each site are given in Table 1.1. Twelve sites 

were in built-up urban areas, with an average coverage of about 

14sq kms per anemo9raph. 

surrounding rural areas, 

The remaining 5 sites were in the 

namely at Gun9ahlin, Spring Valley, 

Cotter, Point Hut, and Hume. The recorder at Isaacs Ridge was 

stolen early in the programme and since limited data were 

available for this site it was not used in the analysis. 
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Table 1.1: Position parameters for the data collection 
sites 

---------------------------------------------------------------
---------------------------------------------------------------

Site East"""'.West North-South Elevation 

no. name (X) <Y> (2) 

(map coordinates)• (m MSL> 
---------------------------------------------------------------

1 Charnwood 2015 6126 580 

2 MacArthur 2113 5898 655 

3 Evatt 2046 6106 580 

4 Bruce 2068 6090 615 

5 Cotter 1954 5982 535 

6 Sprin9 Valley 1996 6038 575 

7 Turner 2105 6046 565 

8 Barton 2110 6007 570 

9 Pialli90 2163 5992 565 

10 Stirlin9 2033 5964 600 

11 Phi 11 i p 2076 5966 600 

12 Hume 2147 5927 585 

13 Monash 2078 5895 640 

14 Gun9ahlin 2126 6157 625 

15 Racecourse 2118 6098 580 

16 Torrens 2075 5930 650 

17 Point Hut 2058 5842 580 

--------------------------------------------------------------
• National Capital Development Commission's 

A.C.T. standard grid coordinates divided by 100 
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The distribution was such that between one and three 

recorders were placed in each of the urban centres and in each 

of the rural valleys. The general description of these areas 

and the sites in each is given in Appendix 1. The Cotter and 

Gun9ahlin sites had features which distinguished them from the 

other sites, namely Cotter's proximity to the Murrumbidgee 

River valley and the Brindabella Ranges, and Gun9ahlin's siting 

in a southward drainage basin. Point Hut was in a somewhat 

similar position to Cotter, but lay in a well defined north-

south valley closer to some of the other southerly sites. 

Many of the sites were in areas of low-to-moderate 

slope. To examine this further, the slope and aspect of each 

site over a 300m radius was determined <Table 1 . 2) and this 

confirmed the impression gained from subjectively examining the 

site locations and general slope of the areas 

most notable exception was the Cotter &ite, 

CFi9.1.4). The 

which actually 

sloped downward to the west over the 300m radius applied in 

Table 1. 2, and yet increased in elevation in that direction 

over sli9htly longer distances. This problem hi9hli9hts the 

dii-'ficulty in tryin9 to determine the appropriate parameters 

with which to describe the sites, since the parameter values 

may be stron9ly dependent on the &cale chosen. 

The same problem existed with the Pialli90 site, which 

sloped south to the Molon9lo River over the 300m interval, 

whereas the surroundin9 area slopes to the NW. However, the 

question of the most appropriate scale for the measurement of 

slope and aspect was not pursued since many of the sites were 

flat, or had low slopes re9ardless of the scale chosen, and 

sites with steeper slopes were usually oriented towards the 



northwest quadrant. These factors made it difficult ta 

determine the effect of different aspects on the wind. 

Gungahlin was an exception to this, and 

provide some limited information. 

could therefore 

Table 1.2: Slope class and aspect• of each site over 
a 300m radius 

---------------------------------------------------------------
---------------------------------------------------------------
Slope class Site Aspect 
---------------------------------------------------------------
Flat: 

Low: 

Moderate: 

Steep: 

Hill-top: 

Racecourse 

Turner 

MacArthur 

Barton 

Pialligo 

Stirling 

Hume 

Charm-.ood 

Evatt 

Bruce 

Phi I lip 

Gungahlin 

Torrens 

Point Hut 

Spring Valley 

Cotter 

Monash 

SW 

E 

s 

N-NW 

NE 

W-NW 

NW 

w 

w 

s 

N 

N 

N-NW 

w 

---------------------------------------------------------------
• slope class definition: low 

moderate 
steep 

< 2% 
>2% and <10% 
>10% 
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The choice of the 300m radius used in the slope-aspect 

determinations coincided with the use of a 300m radius in the 

determination of another parameter which influences wind flow, 

namely the surface roughness of the site, Zo. The 

mathematical definition of the surface roughness is given in 

the equation for the vertical wind profile in turbulent air 

flow over a rough surface: 

u ( z > = k • 1 n ( z I Zo) EG!. 1 • 5. 1 

where u = the wind speed at height z above the earth's surface, 

and k is a constant. 

Therefore, the surface rou9hness is defined as the height 

above the earth's surface at which the wind speed decreases to 

zero. The surface roughness of water surfaces is low at 0,02cm, 

as is that of grass at 1-9cm (Slade, 1968 ), It is higher for 

surfaces covered in trees or buildings which obstruct the wind 

flow and reduce the wind speed. It is estimated that surface 

roughness for a dense array of houses in a city is 125cm 

<Lettau, 1969). The influence of the surface cover is thought 

to extend out to a few hundred metres, hence the choice of the 

300m radius. 

Estimates of the roughness parameter for each site were 

obtained for 24 'cells• defined by taking three concentric 

circles; of radii 100m, 200m, and 300m, each centred on the 

site, and by then dividing the circles into the eight compasa 

directions N, NE, E, , ••• , NW (Fig.1.10). 
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The surface roughness for each cell was calculated using 

the formula:-

where z. = surface roughness 

= average vertical 
obstacle hei9ht 

EGI. 1. 5. 2 

extent, or effective 

= silhouette area of the average obstacle, 
or area •seen• by the wind in the 
approach to one individual obstacle 

S = lot area i.e. total area divided by the 
number of obstacles on the site 

The formula was proposed by Lettau <1969) as a way of 

determining the surface roughness parameter by a visual site 

survey, rather than by using vertical wind profiles to estimate 

the height of zero speed. Site surveys for the 17 sites 

provided the necessary information to calculate for each cell 

the values of surface roughness attributable to trees, 

windbreaks, buildin9s and ground caver. A composite value was 

then obtained for each cell by weighting the individual values 

by the percentage of the surface area covered. The minimum and 

maximum values of the mean roughness value for each compass 

direction for each site are shown in Table 1.3. All values 

were relatively low, with the exception of Cotter, Turner and 

Barton. The Turner site had the hi9hest values, with means for 

the ei9ht directions of 0.321m, 0.245m, 0.735m, 0.900m, 0.836m, 

0.390m, 0.040m and 0.341m for N throu9h to NW respectively. 

Wind speeds at this site may be expected to be lower than at 

other sites if other factors are equal. 



Table 1.3: 

Site 

Charm-,ood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pialli90 

Stirlin9 

Phillip 

Hume 

Monash 

Gungahlin 

Racecourse 

Torrens 

Point Hut 

Minimum and maximum of the mean 
rou9hness value Cm> for the ei9ht 
directions for each site. 

Maximum 

surface 
compaas 

Minimum 
surface roughness surface roughness 

0.017 0.122 

0.016 0.212 

0.007 0.050 

0.015 0.068 

0.069 0.289 

0.016 0.053 

0.040 0.900 

0.013 0.214 

0.019 0.031 

0.007 0.156 

0.007 0.148 

0.005 0.074 

0.005 0.005 

0.005 0.053 

0.024 0.038 

0.019 0.191 

0,005 0.287 

Because of practical difficulties, many of the sites had 

different start and stop times for the wind monitoring. 

However, it was possible to choose a common 12-month period 

from 1-MAR-1978 to 28-FEB-1979. To ensure the wind 

measurements were representative of a reasonable area, the 

instruments were installed at a standard height of 10m above 

the ground to avoid any direct interference from the underlying 
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micro-scale surface r0u9hness, The instruments were all 

Woelfle anemo9raphs which continuously measure wind speed and 

direction and record a trace simultaneously against time on wax 

paper Cseoe Fig.1.11, for example). The recorders were very 

accurate and sensitive instruments with startin9 speeds of 0.5 

to 0.7m/s. It was decided to di9itize all speed and direction 

records with a Strip-Chart conversion unit and 

transfer the data to a computer disc. 

The trace for wind direction contained 

directly 

typical 

spike- type fluctuations CFig. but these very short-

period fluctuations were smoothed out in digitizin9. Wind speed 

was not estimated directly. The chart (Fig.1.11) consisted of 

a windrun trace Cwindrun bein9 the distance the wind travels in 

a prescribed time period) in which the pen moved across the 

chart and returned to the zero line each time 10km of windrun 

had been accumulated, Tc simplify the digitizing process it 

was assumed that each such pen excursion approximated a 

straight line. By determining the length of time fer the 10km 

to accumulate, a windspeed value of (10km / (time taken>> 

could be calculated and that speed was assigned to each 10 

minute interval in the entire time period. The final data set 

from the digitizing procedure consisted of regular 10-minute 

clock values of wind speed and direction. 

Estimates of the errors involved in the digitizing 

process were obtained by comparing samples of the final 

computerized results with those obtained by manual extraction 

cf the wind speed and direction values. From this it was 

estimated that the wind direction values were accurate ta 

within 15 degrees. For wind speeds greater than 3m/s, the 



interpolation procedure for windspeed calculations was believed 

to be accurate to within 5%. However, 

could have been larger for lower speeds. 

The errors in the low wind speeds were very important 

in determining the basic methodology adopted in this study, 

since it was during episodes of low wind speed that the 

greatest spatial variability in the wind could have been 

expected. Hence the large errors in low wind speed data were 

unacceptable. To avert the problems created by the straight-

line approximation, the 10-minute wind speed values were 

accumulated over a longer time period, producing windrun 

totals greater than 10km. A three-hour period was chosen, 

centred on each synoptic hour i.e. Midnight, 3am, 6am, 9am, 

noon, 3pm, 6pm and 9pm. Three-hourly wind speed values were 

calculated for each site for the standard time period by simply 

taking the arithmetic mean di the 18 10-minute wind speed 

values for each time period. If any of the 18 data values were 

missing in a three-hour period, then a missing value was 

assigned lo that period. Missing data occurred when the charts 

were changed monthly, or when the instuments were serviced. The 

wind speed would have had to ba less than 0.9m/s (10km/3 hours) 

for large errors to have occurred in the estimation of wind 

speed within a three hour period. 

1. 6. WIND DIRECTION AS AN ANGULAR VARIATE 

The analysis of wind direction used different statistical 

techniques to the analysis of wind speed because of the 

circular nature of the former. Wind direction is an angular 

variate, 

example, 

not a linear variate like wind speed, and hence, for 

it is not valid to calculate arithmetic means of wind 



direction e.g. if two wind directions are 1 deg. and 359 deg. 

the arithmetic mean is 180 deg., whereas intuitively the •mean• 

direction should be O deg (or 360 deg.>. 

One method of analysis would have been to resolve wind 

speed and direction into components, u and v, such that 

u = w cos e E61. 1.6.1 

v = w sine E6l. 1. 6. 2 

where u, v are components on the x-y axis respectively and 

w = wind speed, e = wind direction. 

The analysis could then have proceeded by treating u and v as 

the dependent variables to be analysed separately for each 

site. Such components are often used in climatological 

studies to avoid the problem cf analysing wind direction as a 

circ.ular variable. However, it was decided in the present case 

to analyse wind speed and direction separately, rather · than as 

mathematical constructs. It was believed that the basic 

variables would relate in a more meaningful way to physical 

features of the region. The techniques available for analysin9 

including the estimation of measures of 

central tendency and dispersion, regression analysis, and 

analysis of variance were sufficient +or this study 

1972). 

(Mardi a, 
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Fig. 1.12: Paint P& an the unit circle with cartesian 
cccr-d i nates <cos e,, sin e, > 
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The difficulty of averaging wind direction was overcome 

by using the following definition of a mean direction, 

Mal"'dia < 1972): 

due to 

Let an angle <direction>, e,, be associated with a point 

P, on the circumference of the unit circle, where e is 

measured from a zero line as shown in Fig. 1.12. The cartesian 

coordinates of P, are <cos e,, 5 in e.) • Then for a sample 

of n such points, e,, e., .•. , e., the mean direction X is 

defined to be the direction of the resultant of the unit 

vectors, OP1, OP11, ... , OP •• Math61'matically, this can be 

expressed as follows: 

Xis the solution of the equations 

c = R cos x, s = R sin x E61. 1.6.3 

where (C, S> is the centre of gravity of the sample points 

D 

c = 1/n I! cos e, E61. 1. 6. 4 
i=l 

n 
s = 1/n :r: min e, EQ. 1. 6. 5 

l=l 
and 

R = ( ca + s• ) 112 Efil. 1.6.6 

so that R= n R where R is the length of the resultant 

vector. 

The position of the mean direction can be shown to be 

invariant under a change in position of the zero displacement 

line (Mardia, 1972). 
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A measure of the dispersion of the points about the mean 

direction is the circular variance, So, defined as 

So = 1- R ECil. 1.6.7 

where R is defined above. 

If the observation points are closely clustered about the mean, 

R will be close to one and So close to zero. Conversely, if 

the points are widely dispersed, R will be small and s. 

close to unity. Thus So takes values between zero and one. 

The mean direction was calculated usin9 the above 

definition for each 3-hourly period from the 18 10-minute 

values for each site. Thus for each site, a mean wind speed and 

direction were calculated for each 3 hour period in the common 

12-month collection period and were used as the basic data in 

the analysis. 
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CH APTER II 

THE REGIONAL WIND 



2.1. INTRODUCTION 

The primary aim of the study, as stated in Chapter 1, was 

the statistical description of the wind patterns in the 

Canberra region, and part of this description included the 

examination of •typical' or average wind speed and direction, 

and perturbations from these averages. It was decided to look 

firstly at averages across all sites, before considering 

spatial variability in speed and direction. 

The average of the wind speed and direction acro~s the 

17 data sites was termed the regional wind. The variation in 

regional wind speed and direction over the 12 month data 

collection period therefore provided a simple method of 

studying the temporal variation of surface winds in the region, 

without the complication of spatial variability. 

An application of the model of surface winds to the 

Canberra region (Sections 1.2 and 1.3> suggested that there 

would be diurnal and seasonal trends in the regional wind, 

accompanied by changes due to the synoptic circulation and 

atmospheric conditions. The limited historical data available 

(Section 1.4> gave supporting evidence of the existence of 

seasonal and diurnal trends in wind speeds. However, 

information on the seasonal variation in regional wind speed 

would need to be interpreted with caution since the data 

spanned only a single 12-month period. 

The regional wind was calculated by taking the means of 

speed and direction over the 17 sites at each 3-hourly period, 

giving 2920 values for resional speed and direction. The 

regional wind speed was calculated as an arithmetic mean, and 

the regional wind direction as the mean of 17 direction values 
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using the definition of a mean direction 9iven in Section 1.6, 

I-f two or more sites had missing data, then a missing data 

value was assigned as the regional mean. Measures of the 

dispersion about the regional wind were also calculated, namely 

the standard deviation of each regional wind speed value and 

the circular variance of the regional wind direction. These 

dispersion measures provided the first indications of the 

spatial variability in the winds over the region. 

The 3-hourly time period chosen as the basic data 

interval was an appropriate time scale to study the regional 

wind, since broadscale controls on winds would not be expected 

to vary on a shorter time. This particularly applied to the 

level gradient wind which was expected to be one of 

important determinants of the surface wind. 

the 

6iven the expected importance of the gradual wind it was 

decided to examine the regional wind only for those times for 

1-1hich gradient wind data were available. Gradient wind data at 

the 850mb level were supplied by the Bureau of Meteorology. 

3 a. m., 9 a.m., and 3 p.m. data were obtained from pilot 

balloon ascents in the region and values for 6 a.m., noon and 6 

p. m. were obtained by interpolation. The interpolation was 

carried out by an officier in the Bureau, with due regard to 

the preva1ling synoptic conditions. This meant that in most 

cases a simple interpolation was considered accurate for the 

purpose of this study. However, when the prevailing synoptic 

patterns showed a front moving through the region, particular 

attention was given as to whether the gradient wind was pre-

frontal or post-frontal at the time of interest. If there was 

doubt, as in the case of a rapidly moving front, a missing 
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value was assigned <personal communication, Bureau 

Meteorology). With 6 values af gradient wind per day, 

maximum possible number of values was 6*365=2190. 

of 

the 

The gradient wind speed values were grouped by the Bureau 

into three classes viz 0-5 mis, 5-10 mis, and >10 mis. Wind 

with speeds in these classes are often referred to as weak, 

moderate and strong respectively. The gradient wind direction 

values were also classified by the Bureau into the eight 

compass points CN, ... ' NW>. This classification may have 

introduced some errors into the gradient wind direction data, 

since the actual pilot balloon data were recorded ta the 

nearest 0.1745 radians C10 deg.) by the Bureau. Consequentaly, 

near the boundaries of the eight sectors some direction values 

may have been misallocated. For example, the boundary between 

the N and NE sectors is at 0.39 radians (22.5 deg.) and al 1 

actual direction data between 0.35 (20 deg.) and 0.44 radians 

<25 deg.> were recorded by the Bureau as 0.35 radians (20 

deg. ) • Therefore values in the 0.05 radians (2.5 deg.) arc 

between 0.39 radians and 0.44 radians (22.5 and 25 deg. 

respectively> would have been incorrectly assigned to the N 

sector instead of the NE sector. Similar misallocatians could 

have occurred at all boundaries between sectors. 

However, this was not seen as a major concern. The 

rounding of the data to the nearest 0.1745 radians (10 deg.) 

was an acknowledgement by the Bureau that the actual pilot 

balloon observations could not be regarded as very accurate 

measurements. Hence, even if the classification into sectors 

had been made on actual data, such misallocations could have 

occurred due to measurement errors. 
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2,2, PRELIMINARY ANALYSIS OF REGIONAL WIND SPEED 

There were 1513 observations of regional wind speed for 

which data on the gradient wind speed were available, and these 

provided the data set for the examination of regional wind 

speed. The frequency distribution of the regional wind speed 

<Table 2. 1) shows that almost 70% of the speeds were below 

4m/s, and none were above 16m/s, The high frequency of low 

speeds agreed with historical data (Section 1.4) which showed 

a high proportion of •calms" and low wind speeds at Fairbairn. 

Table 2.1: Frequency distributions of the regional wind 
speeds in each gradient wind speed class 

---------------------------------------------------------------
---------------------------------------------------------------

Regional wind speed <mis) 
Gradient 0-2 2-4 4-8 8-16 >16 Number % of 

wind of all 
speed (m/s) obs. obs. 
---------------------------------------------------------------

0-5 45.6 40.9 13.4 o.o o.o 359 23.7 

5-10 35.8 36.6 27.6 0.0 o.o 645 42.6 

>10 25.9 27.3 43.0 3.7 o.o 509 33.6 

All data 34.8 34.5 29.4 1.3 o.o 1513 
---------------------------------------------------------------
• Upper limit inclusive 

Table 2,1 also shows the frequency distribution of the 

re9ional wind speeds in each gradient wind speed class. The 

table shows clearly that there was a consistent trend to higher 

wind speeds for hi9her gradient wind speeds. Just over 45% of 

re9ional wind speeds were 2m/s or less and 13% were above 4m/s 

for weak 9radient winds, whereas for strong 9radient winds 

approximately 26% were 2m/s or less, and over 46% were above 

4m/s. However, the number of low regional wind speeds 

associated with the moderate or strong gradient winds su99ested 
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that on a reasonable number of occasions the surface wind was 

either a substantially modified gradient wind flow, 

locally generated flow, or a combination of both. 

or a 

Over 50% of the values of the standard deviation of the 

regional wind speed <Table 2.2) were below lm/s. This fi9ure 

rose to 77% for weak gradient winds, and decreased to 33% for 

strong 9radient wind. Larger values of the standard deviation 

occurred frequently for the strong gradient winds. Hence, it 

appears that the variability of the surface wind speed was 

related to the gradient wind speed, as was the surface wind 

itself. 

Table 2.2: Frequency distributions of the standard 
deviations of regional wind speeds in each 
gradient wind speed class 

------------------- ·-------------------------------------------
Gradient wind 

speed (m/s) 

0-5 

5-10 

:>10 

All data 

• Upper limit inclusive 

Standard 
0-1 

77.4 

55.5 

32.8 

53.1 

Deviation• <mis) 
1-2 2-3 

22.3 

43.9 

57.6 

43.4 

o.o 

0.6 

9.6 

3.6 
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2,3, PRELIMINARY ANALYSIS OF REGIONAL WIND DIRECTION 

2.3.1. AN OVERVIEW 

The regional wind direction was first classified into 

the 8 compass points (N,NE, .•• ,NW>, giving the distribution 

seen in Fig.2,1. A large proportion of the winds were from the 

N-NW and very few from the SW, as was the case for the long-

term wind data collected at Fairbairn. A comparison of the 

distribution of the surface wind directions and the gradient 

wind directions ( Fig.2.2) suggested that SW and W gradient 

winds were substantially rotated clockwise to a NW-N direction 

at the surface , This would be consistent with the rotation of 

the upper level winds by frictional forces as they were brought 

down to the surface, and the deflection of winds by the high 

mountain ranges in the SW of the region. However, the number of 

surface winds from the S appeared to be disproportionately 

This suggested that some of the S winds may have been 

local winds, and because the direction of the air flow was the 

same as the general slope of the landscape, 

likely that they were drainage winds. 

it was highly 

Almost 60% of the time the circular variance of the 

regional wind direction was less than 0.2 (Fig.2.31, indicating 

a relatively uniform wind over the region at those times. On a 

small number of occasions there was considerable dispersion, 

with the circular variance being greater than 0~7. 
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The re9ional wind direction observations were grouped by 

the concurrent 9radierit wind direction, and the mean and 

circular variance of each of the 8 sets of observations were 

calculated (Tables 2.3 and 2.4). The mean directions for the 

N, NE and SW gradient wind direction classes were 

substantially different from the midpoint of each of these 

classes and the circular variance values indicated a moderate 

to high degree of dispersion within all the classes. This 

dispersion, and the possible existence of drainage winds noted 

earlier in this section prompted the further subdivision of 

each class into two classes- one for daytime observations viz. 

9a. m., noon, 3p.m., and 6p.m., and another for nighttime viz. 

3a.m. and 6a.m.- since drainage winds would only be expected to 

occur at ni9ht. The mean direction and circular variance of the 

daytime and nighttime classes, for each gradient wind 

direction, are also given in Tables 2.3 and 2.4 respectively. 

Important differences emerged between the daytime and 

nighttime classes:-

i) The mean regional wind direction for the N,NE and E 

gradient wind direction classes was always from the 

S-SE at night, compared with the daytime when the 

mean for each class was in closer a9reement with the 

gradient wind direction. The circular variance for 

these classes was lower at night than during the day. 

ii) The mean regional wind directions were northwesterly 

for SW,W and NW gradient wind directions in the 

daytime, whereas the nighttime means were westerly, 

northwesterly, and easterly respectively. The 

nighttime circ ular variances far these 9radient wind 
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direction classes indicated considerable dispersion 

about the mean regional wind, although the highest 

circular variance of 0.75 was found for the daytime S 

gradient wind direction class. 

Table 2.3: Mean of the regional wind directions in each 
gradient wind direction category 

---------------------------------------------------------------
---------------------------------------------------------------
Gradient wind direction 

Class• Midpoint 
(radians) 

Mean regional wind direction 
(radians) 

Al 1 
data 

Daytime Night
time 

-----------------------------------------------·----------------
N 0 1. 169 0.332 2.478 

NE 0.785 1.763 1.396 2.723 

E 1.570 1.937 1. 710 2.862 

SE 2.356 2.723 2.618 2.862 

s 3. 142 3.054 3.508 2.775 

SW 3.927 5.306 5.445 4.660 

w 4.712 5.603 5.568 5.882 

NW 5.498 5.952 5.84.7 1.693 
---------------------------------------------------------------
• the coordinate system for the direction values is illustrated 
in Fig.1.10. The origin is due north, and values increase 
clockwise. 
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Table 2.4: The circular variance of the mean of the 
regional wind directions in each gradient 
wind direction category 

----------------------------------------------------------------
---------------------------------------------------------------
Gradient wind 
direction 

All 
Data 

Daytime Nighttime 

------------------------------------------------·---------------
N 0.75 0.59 0.27 

NE 0,40 o. 33. 0.13 

E 0.31 0.29 0.16 

SE 0,24 0.32 0.04 

s 0.62 0,75 0.30 

SW 0.52 0.38 0,71 

w 0.30 0. 16 0.72 

NW 0.45 o. 18 0.72 

---------------------------------------------------------------

To further investigate the distribution of regional wind 

direction in each of the 16 classes, a probability density 

function was fitted to each set of observations. The function 

fitted was the von Mises distribution, which plays an analogous 

role for circular variables to the normal distribution for 

variables on the line <Mardia,1972), The definition of this 

distribution is that a circular random variable, e, is said to 

have a von Mises distribution if its probability function is 

given by 

9(8;µ,x;> = {211'Io(J()}·' exp{x:;cos(8-µ)} EGI. 2. 3. 1 

where and Io (JC) is the modified 

Bessel function of the first kind and order zero. The parameter 

µ is the mean direction, and the parameter JC is called the 

concentration parameter. 

The distributicin is unimodal and symmetrical about 8=µ 
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(Fi9.2.4, after Mardia (1972>>. The lar9er the value of~, the 

concentration parameter, the greater the clusterin9 about the 

mean, so that the concentration parameter is inversely related 

to the circular variance. The maximum likelihood estimators of 

µ and~ are derived in Appendix 2.1 . The m.l.e. ofµ is the 

sample mean, and the m.l.e. of K is a function of the mean 

resultant length as defined in Section 1.6. 

The maximum likelihood estimates of µ and ~ were 

calculated for each class. Since the m.l.e. ofµ is the sample 

mean, Table 2.3 already gives the estimates, and the estimates 

of~ are given in Table 2.5. For each class, the goodness-of-

fit of the theoretical distribution to the actual observations 

was tested using the Kolmogorov-Smirnov test <Table 2.6). In 

most classes, the fit proved satisfactory when considering day-

night situations separately, but the fit was generally less 

satisfactory for the combined data for each gradient wind 

direction class. 

Table 2.5: The concentration parameter of the van Mises 
distribution of regional wind directions for 
each gradient wind direction category 

----------------------------------------------------------------
---------------------------------------------------------------
Gradient wind 
direction 

Concentration parameter 
All data Daytime Ni9ht-time 

---------------------------------------------------------------
N 0.51 0.90 2.21 

NE 1.50 1.86 4.27 

E 1.96 2,07 3. '12 

SE 2.44 1. 91 11.53 

s 0.82 0.51 2.02 

SW 1.11 1.60 0.60 

w 1.99 3.49 0.59 

NW 1. 34 3.08 0.59 
-----------------------------------------~---------------------
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Table 2.6: Goodness-of-fit for von Mises distribution 
of regional wind directions for each 
gradient wind direction category 

---------------------------------------------------------------
---------------------------------------------------------------
Gradient wind 
direction 

Satisfactory fit at the 5% 
level of significance• 

A 11 
data 

Daytime Night
time 

---------------------------------------------------------------
N Yes Yes Yes 

NE Yes Yes Yes 

E Yes Yes Yes 

SE No Yes ( 10%) Yes 

s Yes ( 10%) Yes Yes 

SW Yes Yes Yes 

w No Yes Yes< 10%> 

NW No Yes ( 10%) Yes 
---------------------------------------------.. -----------------
• It is indicated if the fit is satisfactory at the 10% level, 
rather than the 5% level. 

·B 

-1800-150 -120 -90 -60 -30 0 

Fig. 2.4: Density of the von Mises distribution for 
µO=O, and ~=1 /2, 1, 2, 4 
(Fig. 3.1, Mardia, 1972) 
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2.3.2. HYPOTHESIS TESTING 

At this point, the broad question to be answered was 

whether gradient wind direction classes could be amalgamated 

into fewer than 8 classes to simplify subsequent investigation 

of the regional wind direction. Any amal9amation was subject to 

the constraint that only adjacent classes would be amalgamated 

so as to retain a sensible class structure, The question of 

amal9amatin9 the gradient wind direction classes could be 

interpreted as asking if any of the adjacent classes of 

regional wind direction observations had the same van Mises 

distribution i.e. the same mean regional wind direction and 

concentration parameter. 

The mean regional wind directions in each class, as given 

in Table 2.3, suggested a number of possible amalgamations. 

The branch of statistics dealing with circular data has 

developed tests +or the equality of the mean direction and of 

the concentration parameter <Mardia, 1972}. A summary of the 

tests is given in Appendix 2.2 and Appendix 2.3 for the two-

sample and multi-sample case respectively. The tests assume 

that each sample is drawn from a population with a von Mises 

distribution, and the tests of the goodness-of-fit of a von 

Mises distribution for each class of regional wind direction 

observations, given in the previous Section, confirmed the 

validity of that assumption for all classes for which 

amalgamation was considered, 

The possible amalgamations and results of the hypothesis 

testing a.re given after Tables 2.7 and 2.8 which summarise the 

tests for the homogeneity of the concentration parameters 

and the tests +or the equality of the means, respectively, 

chpttr 2 t•e n9iaaal •ind 52 



Table 2.7: Tests• of the homogeneity of concentration 
parameters for regional wind directions fer 
selected gradient wind direction classes 

---------------------------------------------------------------
class m. l. e n ... R- R*" test statistic 

of for eq. value dist. critical" 
J(:, 5 combined in under value for 

sample Appendix Ho wa:0.05 

---------------------------------------------------------------
a. Daytime, NE-E: 
NE 1.86 61 41.05 0.68 A2. 2, 11 .26 N<O,ll 1.96 

E 2.07 102 72.29 

b. Daytime, SW-W-NW: 
SW 1.60 93 57.59 0.79 A2.3.12 32.30 x•z 5.99 

w 3.49 307 257.99 

NW 3.08 210 171.33 

c. Daytime, W-NW: 
w 3.49 307 257.99 0,82 A2.2.13 0.86 F:sN,209 1.00 

NW 3.08 210 171. 33 

d. Nighttime, N-NE-E-SE-S: 
N 0.27 29 21.15 0.81 A2.3.l2 69.32 x• .. 9,49 

NE o. 13 21 18.33 

E 0.16 31 25.92 

SE 0.04 42 40.11 

s 0.30 44 30.84 

e. Nighttime, NE-E: 
NE 0.13 21 18.33 0.85 A2.2.13 1.27 F:so,20 2.35 

E o. 16 31 25.92 

---------------------------------------------------------------• The tests are outlined in Appendix 2,2b for the two
sample case, and in Appendix 2.3b fer the multi-sample 
case 

" The test becomes one-sided with ~~0.025 (see Appendix 
2.2b) 

°" n=number of observations, R= resultant len9th, R= mean 
resultant length 
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Table 2. s: Tests• of the equality of 
regional wind directions 
gradient wind classes 

means for the 
for selected 

class m. 1. e nff RH R" test statistic 
of for eq, value dist. critical 

J(; Is combined in under value for 
sample Appendix Ho <Xl=0.05 

a. Daytime, NE-E: 
NE 1.40 61 41.05 0.68 F i9. 0.70 0.68 

E 1.71 102 72.28 A2.2 

c . Daytime, W-NW: 
w 5,57 307 257.99 0,82 A2.2.7 24.80 F1.n• 3.84 

NW 5.85 210 171.33 

e. Nighttime, NE-E: 
NE 2.72 21 18.33 o.ss A2,2.7 1.12 F1,ao 4,04 

E 2.55 31 25.92 

---------------------------------------------------------------
• 

ff 

The tests are outlined in Appendix 2.2a for the two
sample case, and in Appendix 2.3a for the multi-sample 
case 

n=number of observations, R=resultant length, R= mean 
resultant length 

If the concentration parameters were heterogeneous, then 

the test for the equality of the means was not carried out 

since this test assumed homogeneity. 

a. Daytime, NE-E gradient wind direction: 

i ) The null hypothesis of the homogeneity of 

concentration parameters was accepted. 

1 i ) The null hypothesis of the equality of means was 

r-ejected. 

b. Daytime, SW-W-NW gradient wind direction: 

i ) The null hypothesis cf the homogeneity of 

concentration parameters was rejected. 
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It was then decided to test the Wand NW gradient wind 

direction classes to see if they could be combined, si nee it 

seemed likely that the concentration parameter for the SW 

gradient wind class was smaller than the other two. 

c. Daytime, W-NW gradient wind direction: 

i ) The nu 11 hypothesis of the homogeneity of 

concentration parameters was accepted. 

ii) The null hypothesis of the equality of means was 

rejected. 

Therefore, the sets of observations for Wand NW gradient 

wind direction classes had different means, but the same degree 

of dispersion about those respective means. 

could not be combined. 

The two classes 

The above tests su99ested that none gf the eight classes 

of daytime gradient wind direction could be combined to reduce 

the number of classes, since the distributions of regional wind 

direction were significantly different even for those classes 

which subjectively appeared to be similar. 

situation was then examined. 

The nighttime 

d. Ni9httime, N-NE-E-SE-S gradient wind direction: 

The mean regional wind direction for each of these 

classes was from the SE-S sector, "'hich, as discussed before, 

prompted the suggestion of nighttime drainage winds. The 

estimates of the concentration parameters were different, but 

because of the interest in these winds it was decided to carry 

out the approriate tests to see if the true distribution of 

winds were in fact the same for all these classes. 
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i) The hypothesis of the homogeneity of concentration 

parameters was rejected. 

It therefore appeared that the five classes could not be 

considered to have equivalent von Mises distributions and could 

not be combined. However, a re-examination of the mean 

regional wind direction values and estimates of the 

concentration parameters suggested that the NE and E gradient 

wind direction categories could be combined. 

e. Nighttime, NE-E gradient wind direction: 

i) The null hypothesis of the homgeneity of concentration 

parameters was accepted. 

ii) The null hypothesis of the equality of means was 

accepted. 

Therefore, the regional wind directions in the NE and E 

gradient wind direction classes had the same von Mises 

distribution, and the two classes could be combined. However, 

as shown in a., in the daytime the distributions had the 

same dispersion but different means and could not be combined. 

Because of this, and the fact that no other classes could be 

combined, there seemed to be little to be 9ained from combining 

just those two nighttime classes. The eight classes oi 

gradient wind direction were thus retained in subsequent 

analyses. 
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2,4. LINEAR MODELLING OF REGIONAL WIND SPEED 

Th~ preliminary analysis revealed the effect of the 

gradient wind on the regional wind, and also demonstrated the 

diurnal chan9es in the regional wind direction. However, one of 

the variables most lil<ely to influence the relationship between 

the upper and low level winds, as well as determining the 

likelihood of locally generated flow, was the atmospheric 

stability. Unfortunately, no direct measurements of this 

variable were available from either the Bureau of Meteorology 

or any other source. 

atmospheric stability, 

Because of the presumed importance of 

an indirect measure was determined, 

namely the synoptic condition in the region, defined as:-

OR 

a. GROUP A - anticyclonic conditions which 

situations where 

included 

i) an anticyclone was present with the high 

pressure eel l centred within approximately 

500km of Canberra, 

or ii) anticyclonic flow was present within 

approximately 250km of Canberra, 

or i i i ) 'straight' flow was present within 250l<ms 

of Canberra. 

b. GROUP B - cyclonic conditions which included 

situations where 

i ) a low pressure cell was centred within 

approximately 500km of Canberra, or 

or i i) a front or trough was within approximately 

250km of Canberra, or 

or i i i ) cyclonic flow was present within 

approximately 250km of Canberra. 



Hi9h atmospheric stability would be expected under Group 

A conditions, and low stability under Group B conditions. The 

radii of 500km or 250km were chosen so that if the pressure 

systems moved at typical speeds, then there would be little or 

no change in the synoptic conditions in the region in the 

three- hour period taken as the time interval for the study. 

Although a coarsely defined parameter, the synoptic situation 

provided one way of studyin9 the role of the atmospheric 

conditions on regional wind. Information on the synoptic 

situation was obtained from the Bureau of Meteorology for the 

12-month study period. This information showed that Group A 

conditions prevailed over the region 63% of the time, 

range of 66% in autumn to 53% in spring. 

with a 

Seasonal variations in the regional wind were also 

expected, due in part to changes in the atmospheric stability, 

since surface heating and cooling would affect the vertical 

temperature profile in the lowest layers of the atmosphere. In 

general, more turbulence and a less stable atmosphere would be 

expected in summer compared to the cooler seasons. 

To further investigate the influence of the gradient wind, 

the synoptic situation, the time of day and the season on the 

regional wind, a linear modelling approach was adopted for both 

the regional wind speed and direction. 

For the regional wind speed, RSP, a regression analysis 

was carried cut with the logarithm of the wind speed as the 

dependent variable. The logarithmic transformation was 

performed to satisfy the assumption of normality of the 

residuals in the model <Luna and Church,1974>. There were 1388 

values of RSP for which there were also values of the regional 



wind direction, so it was decided to proceed with these data, 

rather than the 1509 values used in the preliminary analysis. 

The gradient wind speed was treated as a continuous 

variable, GSP, taking the values 2.5, 7.5 and 12.5 for the 

weak, moderate, and strong gradient winds, respectively. For 

consistency 

trans-formed. 

the latter variable was also logarithmically 

The time of day CT>, synoptic situation (SY) and 

the 9radient wind direction (GDIR> were entered as factors 

with two, two and eight levels respectively. 

T(1) = ni9httime 

1 (2) == daytime 

SYC1>= Group A 

SY<2>= Group B 

The levels WEi.'re 

GDIR(l)= N, clockwise through to GDIR(S)=NW. 

Kalma et al. (1974) showed 

surface wind speeds at Fairbairn and Yarralumla were low in 

autumn-winter and high in spring-summer. Therefore, to simplify 

the analysis, the season was entered as a variable, ( SS), 

with values 1 to 4 for autumn through to summer. 

All main effects were entered in the model. Since it was 

also believed that an important interaction would be between 

the time of day <T> and the gradient wind direction (GDIRl, 

this term was then entered in the model. The analysis of 

variance for the full model is shown in Table 2.9. The joint 

main effects and the interaction term each were hi9hly 

si9nificant. The effects for the gradient wind direction, 

given in Table 2.10 showed low, medium and high wind speed 
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groupings, with N and NW gradient winds in the low group and 

SE gradient winds in the high speed group. 

Table 2.9: Analysis of variance of the regional wind 
speed model• 

source 

{ln<GSP)+ 

T + SS + 

SY+ GDIR} 

+T.GDIR 

residual 

d.f. 

11 

7 

1369 

sum of 
squares 

294.3 

15.3 

318.2 

•GSP= gradient wind speed 
T = time-cf-day (0,1> 
SS = season (1, ••. ,4> 

mean 
squares 

26.B 

2.2 

0.2 

GDIR = gradient wind direction (1, ••• ,8> 

variance 
ratio 

115.1 

9.4 

prob. 

<0.001 

<0.001 

Table 2.10: Estimates of GDIR effects in the model for 
regional wind speed with eight level5 for 
the factor, and factor levels for a 3-level 
classification of GDIR. 

---------------------------------------------------------------
gradient direction parameter estimates NCLASS 

---------------------------------------------------------------
NW -0.10 1 

N o.oo 1 

NE 0.33 2 

E 0.36 2 

SE 0.89 3 

s 0.24 2 

SW 0.28 2 

w 0.24 2 

---------------------------------------------------------------
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Consequently, the model was fitted again with only three 

factor levels for the gradient wind direction, now referred to 

as NCLASS. The levels for NCLASS were: 

NCLASS<ll = N, NW 

NCLASS<2l = NE, E, S, SW, W 

NCLASS(3l = SE 

The analysis of variance, given in Table 2.11, 

that both NCLASS and the interaction term T.NCLASS 

showed 

were 

highly significant. There was only a small loss in the 

percentage of the variability accounted for, compared to the 

first model with 8 levels of GDIR, and the residual mean square 

was 0.24 compared with the previous value of 0,23. Thus the 

model was accepted as the final model, the equation being: 

,., 
ln<RSP>=-0.98 + 0.30 ln<GSP) + T<I> + SY<J> + 0.13 SS 

+NCLASSCK> +T<I>.NCLASS<K> EGI 2.4,1 

where I,J,K represented the factor levels for T, SY and NCLASS 

respectively. The parameter estimates are given in Table 2.12. 

Table 2.11: Analysis of variance for the model for 

source 

(ln<GSP)+T 

+SS +SY} 

+NCLASS 

+T.NCLASS 

residual 

regional wind speed with three 
factor levels for GDIR. 

degrees of 
freedom 

4 

2 

2 

1379 

sum of 
squares 

263.3 

24.2 

10.7 

329.6 

mean variance 
squares r-atio 

65.8 275.4 

12.1 50.6 

5.4 22.4 

0.2 

prob. 

<0.001 

<0.001 

<0.001 

---------------------------------------------------------------



Table 2.12: Parameter estimates• for the final model 
for regional wind speed 

---------------------------------------------------------------
---------------------------------------------------------------
parameter estimate of effect 

---------------------------------------------------------------
mean -0.98 

ln(GSP> 0.30 

T(2) 1.07 

SY(2> 0.23 

ss 0.13 

NCLASS(2J 0.35 

NCLASS(3) 0.97 

T(2).NCLASS(2) -0.30 

T(2).NCLASS<3l -0.68 

---------------------------------------------------------------
• T(1l=SY(1l=NCLASS(1l=O.O 

The original assumption of normality for the logarithm of 

wind speed was assessed by examining a e-e plot (Fig.2.5). The 

plot gave the quantile values of the residuals plotted against 

the quantile values of the normal distribution and since the 

points lay approximately along a straight line, the assumption 

was taken as valid. 

Only 49% of the total variability was accounted for by 

the model. Al though all the terms in the model were 

significant, other variables or interactions must also be 

important in determining regional wind speed. However, the aim 

of this regression procedure was primarily to determine the 

relative importance of the terms in the model, and the 

conditions under which either high or low regional speeds 

occurred. Accuracy in the prediction of wind speeds was cf 

lesser importance in this part of the study. 
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The model could be interpreted mare readily by expressing 

it in the form: 

,. 
RSP=exp(T(I).NCLASS(K)l.exp(NCLASS(K)).exp(0.13SS).expCSY(Jl). 

exp CT< I>>. [exp <-O. 98>. 0SP0 • 30 l 

EG 2,4.2 

The regional wind speed was not linearly dependent on the 

gradient wind speed, since GSP was raised to the power 0.30. 

The value of GSP•-:so was 1. 32, 1.83 and 2.13m/s for GSP 

values of 2.5, 7.5 and 12.5m/s respectively. Thus, there was a 

9reater relative reduction in speeds between the upper level 

and the surface for strong gradient winds than for weak 

gradient winds. The regional surface wind speed was 

approximately 60% hi9her for strong gradient winds than for 

weak gradient winds. 

The expression in square brackets in the above equation 

could be thought of as a base value dependent only on the 

covariate, GSP, and taking the values 0.50, 0.70 and 0.82 for 

values of 2.5, 7.5 and 12.5 mis for GSP. To obtain an estimate 

of RSP for particular conditions the base value had to be 

multiplied by the appropriate multiplicative factors, given in 

Table 2.13. For example, in the daytime under cyclonic 

conditions in summer, when the gradient wind was from the SE 

the re9ional wind speed was given by: 

RSP= 1.33 * 1.71 *1.26 *2.90 (base value) 

= 8~31 *<base value) mis 

This gave values of 4,16, 
,. 

s.ao, 6.81 mis for RSP for 

values of 2.5, 7.5 and 12.S m/s for GSP. Although the value of 

4.16 mis may seem unexpectedly high for the surface wind when 

the upper level wind was only 2.5 mis, it has to be 

remembered that the values of 2.5, 7.5 and 12.5 m/s for 
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the gradient wind speed actually represented wind speed 

classes, the first being from 0.0 m/s to 5.0 mis. The gradient 

wind speeds under the above conditions and in the lowest 

gradient wind speed class are possibly skewed towards 5.0m/s. 

The lowest predicted regional wind speed was found at 

night, in autumn, under anticyclonic conditions with gradient 

winds from the N or NW in the lowest gradient wi~d speed 

class. The predicted re9ional wind speed was then given by: 

... 
RSP= 1.0 * 1.0 * 1.14 * 1.0 * <0.50) 

= 0.57 m/s 

An examination of Table 2.13 showed that the 

diffe.rence between the day and ni9ht levels was the greatest 

difference between levels for the factors involved, with the 

daytime main effect approximately three times the nighttime 

value. The gradient wind direction was important at night, with 

differences between the regional wind speed in the different 

classes of gradient wind direction being up to 263%. The summer 

wind speeds were approximately 50% hi9her than the autumn 

speeds, and there was a 25% increase in the re9ional wind 

speed under cyclonic compared with anticyclonic conditions. 
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Table 2.13: Multiplicative factor• for re9ional 
wind speed for each parameter or 
factor level 

---------------------------------------------------------------
---------------------------------------------------------------
parameter 

or 
factor level 

factor 

---------------------------------------------------------------
DAY 2.90 

CYCLONIC 1. 26 

Season: 
AUTUMN 1.14 

WINTER 1. 1:;;' 

SPRING 1.49 

SUMMER 1.71 

Night: 
NCLASS<2> 1.42 

NCLASS<3> 2.63 

Day: 
NCLASS<2> 1.06 

NCLASSC3) 1.33 

---------------------------------------------------------------
• NIGHT, ANTICYCLONIC CONDITIONS and NCLASS(l) all have a 
multiplicative factor of 1.0 
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2.5. LINEAR MODELLING OF REGIONAL WIND DIRECTION 

2.5.1. IMPLEMENTATION OF THE REGRESSION TECHNIQUE 

The linear modelling of the regional wind direction 

involved the implementation of a regression procedure described 

by Gould (1969>, based on the assumption that each observation 

was sampled from a von Mises distribution for an angular 

variate. The theoretical basis of the technique is given in 

Appendix 2.4. 

In implementing the procedure, the regional wind 

direction became the dependent variable e, and the regression 

equation took the form: 

Et@J = J.J.o + I'' t EG. 2.5.1 

where J.J.o and , were parameters and t was the vector of 

concomitant variables. 

The first step was the incorporation of the gradient wind 

direction into the equation. If it had been incorporated 

directly, as a continuous variable, G, 

taken the form: 

the equation would have 

e = a + k G EQ. 2. 5. 2 

where a and k were constants. Because of the circular property 

of the wind direction, a necessary constraint on the equation 

would have been that it predicted the same value of e, modulu& 

2-rt, for G = 0 and G = 2rr, since G was defined for O ~ G ~ 2n. 

This would have implied that the coefficient for the gradient 

wind direction, <k> was .±,1, which would have imposed a 

stron9 constraint on the equations which was not necessarily 

physically realistic. 

An alternative would have been to include the 9radient 
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wind direction as a periodic variable. However, there was no 

indication that the relationship between the regional wind 

direction and the gradient wind direction took a sinusoidal 

form. Hence it was decided to determine eight separate 

regression equations, one for each gradient wind direction 

class. A total of 1419 observations were available. 

The remaining predictor variables were linear variables 

as distinct from circular variables. The same independent 

variables were used as in the investigation of the regional 

wind speed. Since the season parameter could not be expected to 

have the same linear relationship with regional wind direction 

as with regional wind speed, 

variable. 

Therefore the variables were:-

1. Time of day CT>: 

T=O for the ni9httime 

T=l for the daytime 

2. Season CS>: 

it also was treated as a dummy 

The four seasons were represented by three dummy 

variables (A, Wand Sp) in the following manner: 

Season 

Autumn 

Winter 

Spring 

Summer 

1 

0 

0 

0 

Variable 

0 

1 

0 

0 

Sp 

0 

0 

1 

0 
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2.S, 

3. Gradient Wind Speed (GSP>: 

This was treated as a continuous variable with values 

7.S and 12.5 for weak, moderate and strong gradient winds 

respectively. 

4. Synoptic Situation <SY): 

SY= 0 for any synoptic situation in Group A 

SY= 1 for any synoptic situation in Group B 

(see the previous Section for the definition of Group A and B,) 

A necessary part of the Gould method was the selection 

of the initial values of the regression coefficients for the 

Gauss-Newton iterative procedure used to determine the actual 

regression coefficients. 

To select these values a two-step method was adopted 

1) Firstly the predictor variables were entered 

sequentially into the equation in a subjective order of 

importance, with the initial estimate of the 'new• 

coefficient set to zero each time. Thus a full main 

effects equation was eventually determined for each 

gradient wind direction class. The regre5sion 

coefficients for this model are given in Table 2.14. The 

model was 

E[8l = J..l + l',T + PaA + P~W + P4Sp + l'■GSP + 19.SY 

where e wa& in radians. 

EGI 2.5.3 

ii) Secondly, the coefficients for the full main 

effects equation provided the initial estimates for the 

backward elimination procedure. Each variable was treated 

as the last to enter the full equation and the 

appropriate F-test value was determined and compared with 
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the critical value of F for ~0.10. If the observed F 

value was less than the critical value of F C<X=0.10) 

then the effect of the variable was considered to be 

nonsi9nificant. The results of this process are 9iven in 

Table 2. 15. 

Table 2.14: Re9ression coefficients for the full model 
for regional wind direction, for each 
9radient wind direction. 

Gradient 
Direction 

Re9ression coefficients• 
MH1t n" µ 13, 1311 13a (34 1:1. r:t .. 

en CA) cw, (Sp) (GSPJ (SY) 

---------------------------------------------------------------
N 0 96 2.88 -2.24 o. 14 -0.30 -0.06 -0.03 -0 . 59 

NE 0.79 82 2.05 -1.09 0.80 0.23 0.24 0.08 -0.45 

E 1.57 133 2.07 -0.75 0.94 1.02 0.36 0.02 0.22 

SE 2.36 140 1.98 -0.31 0.81 0.55 0.36 0.04 0.28 

s 3. 14 126 2.21 0.33 0.62 1.23 0.38 -0.01 0.52 

SW 3.93 140 o.oo 0.76 -2.08 -1.81 -1.39 0.03 -0.09 

w 4.71 412 1.07 -0.85 0.29 -0.01 0.04 -0.08 -0.34 

NW 5.50 290 2.21 -2.09 0.48 0.23 0.14 -0.07 -0.23 

---------------------------------------------------------------
• Regression model is 

E[8l= regional wind direction in radians 

where T, A, W, Sp, GSP and SY are defined in Section 
2.5. 1. 

- n= number of observations 

- M= the midpoint of each sector in radians 



Table 2.15: Level cf significance, ~, for which the F
test value was si9nificant for each 
independent variable in the model fer 
regional wind direction, when each variable 
was treated as the last to enter the 
regression equation.• 

Gradient 
direction 

N 

NE 

E 

SE 

s 

SW 

w 

NW 

T 

0.001 

0.001 

0.001 

0.025 

N.S. 

0.025 

0.001 

0.001 

Season 

N.S. ff 

0.001 

0.001 

0.001 

N.S. 

0.025 

0.05 

0.05 

GSP SY 

N.S. N.S. 

0.01 0.10 

N. s. N.S. 

0.01 0.025 

N.S. N.S. 

N.S. N.S. 

0.001 0.10 

0.001 0.10 

---------------------------------------------------------------
• The three dummy variables A, W, and Sp were removed to 
determine the effect of the season variable. 

N.S. ~ not si9nificant 

All variables were significant for the NE, SE, Wand NW 

gradient wind directions. It was decided to stop the backward 

elimination procedure for the other equations as well, so that 

the same variables would appear in all equations and 

appropriate comparisons could be made. Therefore, the 

coefficients given in Table 2.14 were adopted as the regression 

coeffiecients of the final model for each gradient wind 

direction class. 

Interaction terms were not included in the equations 

because of the computational complexity involved in addin9 more 

terms to the equations. 



2.5,2. GOODNESS-OF-FIT 

There is no parameter analagous to the coefficient of 

determination for regression for an angular variate. The 

parameter used to measure the goodness-of-fit of the regression 

equations was the general correlation coefficient, 

defined by Jupp and Mardia (1980) for directional data as 

pz:;:; trace( I:·• .. I:12 I:u I:;·1 22) Elil. 2.5.4 

where X and Y are random variables with the covariance matrix 

partitioned as 

I: :;:; I: l& I: 1Z 

L ZI EGI. 2.5.5 

In this study, X was the vector of all observed regional 

wind directions, and Y was the vector of all predicted regional 

wind directions from the eight regression equations. 

Equation 2.5.4 can be expressed as 

- 2 ( PccP■c + Pc■P-■ ) P, 

- 2 ( PccPc■ + P■cP .. ) P1 } 

Elil, 2.5.6 

where Pee= corr(cose,cos~) etc., 

P, = corr(cose,sine>, etc., 

•'corr'' denotes the product-moment correlation 

coefficient, and e and~ are predicted and actual regional 

wind directions from Y and X respectively (Jupp and Mardia, 

198011 ) • 

* the second term in the equation contains a later correction 
made by Jupp and Mardia. 
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This correlation coefficient was selected because of the 

many desirable properties which it has in common with those of 

the usual product-moment correlation coefficient (Jupp and 

Mardi a, 1980), namely:-

For 

i) it is a function of certain first and second moments 

ii) it is invariant under rotation and reflection 

iii) if X and Y are independent, then pz =O 

iv) for some constant c, p• ~ c 

v) pz = c if and only if X and Y are functionally 

related by for two functions f, and 

fz in a specified class. 

Vi) the sample correlation r• for sample size n is 

such that the asymptotic distribution of nr• under 

the null hypothesis of independence is chi-squared with v 

d.f. for some v and does not depend on the marginal 

distributions. For the bivariate angular case considered 

here, v=4. 

the combined observed and predicted regional wind 

directions from the eight equations, the r• was 0.84 with a 

maximum possible value of 2.0. A test of the null hypothesis 

that P 2 =0 (see property vi) above) gave the test statistic, 

nr• = 1192. The null hypothesis was therefore rejected, since 

1192 exceeded the 5% value of 9.49 for chi-squared with 4 d.f •• 

An r• of 0.55 was obtained by simply predicting the 

regional surface wind direction as the midpoint of the observed 

gradient wind direction class at the observation time. This 

suggested that a large proportion of the variation in the 

surface wind was accounted tor by the gradient wind direction 

alone, which justified the decision to calculate separate 
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regression equations and thus treat the gradient wind direction 

as an important determinant of regional wind direction. 

The general correlation <r2
) between the actual regional 

wind direction values and those predicted from the individual 

regression equations was 0,39, 0,68, 0.55, 0.51, 0.26, 0.23, 

0.61, and 0.57 for N, NE, ... ,NW gradient wind direction classes 

respectively. Each was found to be significant for cx.=0.05. The 

lowest correlations were for the S and SW gradient wind 

direction classes. 

The frequency distribution of the combined residuals from 

the eight fitted equations <Fig.2.6>, shows that approximately 

50% of the residuals lay between .:!:. 11'/8, and almost 75% 

between .:!:. 11'. This was considered an acceptable level of 

accuracy since the basic 10-minute data were estimated to an 

accuracy of+ 11'/12. 

The agreement between the actual regional wind directions 

and values predicted from the regression equations was further 

examined by drawing a wind rose for each <Fi 9, 2. 7) • The 

overall The equations underestimate the 

number of regional winds from the south, 

number from the southeast. 

and overestimate the 
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Fig. 2.6: Frequency distribution of the residuals 
for regional wind direction 
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Fig. 2.7: The;% frequency of occurrence of actual 
(solid lines) and predicted (dashed lines) 
regional wind direction classes 
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The errors which did arise in predicting the regional 

wind direction were broadly attributed to four causes: 

il The coarse definition of the independent variables 

used in the regression equations. For example, the 

modelling of the diurnal patterns in wind direction may 

have been improved by including the time of day variable 

as a periodic variable. This may have led to a better 

modelling of the persistence of some local nighttime 

winds into the early morning. 

ii) The omission of interaction terms in the equations. 

iii} The omission of other variables which may influence 

the wind regime. 

iv) The spatial variability in the region. It would be 

expected that the prediction of the regional wind 

direction, or mean direction, would tend to be worse when 

the mean direction was less representative of the wind 

regime over the entire region. 

The importance of point (iv} was borne out by examining 

the circular variance of each regional wind direction in each 

of the gradient wind direction classes, where the circular 

variance measured the dispersion of the direction values at the 

17 sites around the mean, or regional, wind direction. The 

median circular variances were 0.25, o. 16, o. 10, o. 09, o. 40, 

0.28, 0.09, 

respectively. 

and 0.14 for N, NE, ••• NW 9radient wind direction 

A comparison of these values with the general 

correlation coefficients between actual and predicted direction 

values revealed an inverse relationship between the goodness

of-fit of each regression equation and the variability in the 

regional wind direction at each time. 

chpler 2 t•• reginaaJ •Ind 76 



2.5.3. INTERPRETATION OF THE COEFFICIENTS 

There were lar9e differences in the coefficients for the 

8 gradient wind direction classes, as seen in Table 2.14, If 

it had been possible to include the gradient wind direction as 

one of the predictors in a single regression equation for all 

observations, it is likely that the main effect of gradient 

wind direction and a number of interaction effects would have 

been significant. 

In interpreting the regression equations, it was noted 

that most of the predictor variables took values of zero or 

unity (Section 2.5.1), The regression coefficient in a 

particular equation therefore gave a direct measure of the 

effect of the variable, The exception was the gradient wind 

speed, but an estimate of the magnitude of its effect could be 

,. 
obtained by multiplying the regression coefficient, ~, by 

5 
12.s, the largest value of the variable. Accordingly, an 

examination of the coefficients in Table 2,14 revealed the 

fol lowing: 

The largest term generally was the constant, µ, with the 

variable next in importance. The predicted 

directions of the nighttime winds were calculated from the 

regression equations by setting T=O, and taking all the other 

possible values of the remaining variables. The range of these 

directions is given in Fig. 2.8 for each gradient direction 

class. In many cases the predicted nighttime winds were from 

the S-SE. 
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Fl9. 2,8: Day-ni9ht predicted regional wind directions 
for each 9radient wind direction class 
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The predicted frequency of occurrence of the nighttime 

winds from the S-SE agreed with the results of the preliminary 

analysis in Section 2.3, which showed that the means of the 

regional wind directions in each gradient wind direction class 

were from that sector for N through to S gradient winds. To 

verify the existence of these nighttime winds from the S-SE, 

the frequency distributions of the observed wind directions far 

each nighttime gradient wind class was examined (Table 2.16). 

The frequency distributions showed that 54% of all nighttime 

winds were from the S-SE, although only 22% of the gradient 

winds were from these directions. For N throu9h to S gradient 

winds the frequency of occurrence of S-SE winds at the surface 

ranged from 72% to 93%. 

Table 2.16: Frequency distribution of observed regional 
wind direction at night for each gradient 
wind direction class 

Regional wind direction 
Gradient wind N NE E SE S SW w NW 
---------------------------------------------------------------
N 

NE 

E 

SE 

s 

SW 

w 

NW 

Total 

1 

0 

0 

0 

1 

5 

29 

18 

54 

2 

0 

1 

0 

1 

3 

4 

8 

19 

5 

2 

4 

2 

4 

0 

3 

14 

34 

8 

7 

13 

5 

10 

6 

11 

13 

73 

13 

11 

12 

34 

25 

10 

19 

18 

142 

0 

1 

1 

1 

0 

5 

4 

1 

13 

0 

0 

0 

0 

0 

7 

1 

1 

9 

0 

0 

0 

0 

3 

11 

34 

7 

55 
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As postulated before, 

local topo9raphical winds i.e. 

these winds were assumed to be 

draina9e winds. The evidence of 

drainage winds was one of the most important results of the 

study, since their existence had been hypothesised by other 

researchers but there were little data to support their 

claims. The accurate instruments used to record wind speed in 

this study detected these low speed winds, whereas instruments 

with higher starting speeds used in previous studies had not. 

In addition, the separate analyses of speed and direction used 

in this study meant that the low speed drainage winds were not 

masked by higher speed winds, 

a.re taken. 

as occurs when vector averages 

The daytime regional wind directions were also obtained 

from the regression equations and are given in Fig, 2,8. These 

values were found by simply rotating the nighttime values 

through the estimate of the angle ~a given by the 

regression equations, The general effect of the coefficient was 

to rotate the wind to a closer alignment with the gradient wind 

direction compared with the nighttime regional wind direction. 

The magnitude of the coefficient was largest for N and NW 

gradient winds, and smallest for Sand SE gradient winds. 

Although nighttime down-slope winds (drainage winds) were 

detected, it was not possible to determine from these results 

if any upslope winds from the W-NW were present during the day. 

The effect of the coefficient, ~a, was different from 

the general trend in two cases. Firstly, the daytime winds for 

SW gradient winds were rotated anticlockwise, away from the SW, 

compared with the nighttime winds. However, the seasonal 

effects for this particular category were very marked and 
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exerted more influence than the day-night effect. The nighttime 

winds appeared to be a modified gradient wind flow, rather than 

the local circulation found in most categories, 

Secondly, for a W gradient wind the nighttime regional 

wind was from the NE. The bimodal frequency distribution for 

the W gradient wind class (Table 2.16) suggested that the 

predicted NE wind might have been an 'average• of WNW modified 

gradient wind flow and S-SE drainage winds. Since drainage 

winds are most likely to prevail when the high level gradient 

winds are weak, it was thought that an interaction term T.GSP 

was needed to separate the two types of winds. 

To verify this, the interaction term was included in the 

regression equation for W gradient winds, and was found to be 

significant. The regression equation became 

... 
e = 2.6 - 2,8T + 0.34A + 0,07W + 0.13Sp - 0.23GSP 

- 0,32SY + 0.19T.GSP EQ. 2. 5. 7 

A comparison with the equation given in Table 2.14 

supported the reasoning given above since: 

i) the coefficients for the season <A, I.I and Sp) and 

synoptic situation (SYl factors remained approximately 

the same, and 

i i ) during the daytime the 'new• GSP coefficient 

became -0.04, similar to the 'old' value and the estimate 

of the term(µ+ Pal became -0.2, compared to 0.22. 

Thus the predicted daytime winds were very similar for 

the two equations, however 

iii) the estimate of the constant term, µ, changed from 

1.07 to 2.6 and the coefficient of GSP from - 0.08 to 
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-0.23. Hence the nighttime winds were ESE for law 

gradient wind speeds, and N for high speeds, as shown in 

Fig. 2.9. 

The interaction term may be more important for this 

category than for the others because of the high proportion of 

strong W gradient winds. 

b. Seasonal Effects 

The regional wind direction in the warmer seasons of 

spring and summer was generally closer to the gradient wind 

direction than in the other seasons. This was most probably due 

to surface heating in spring and summer, which produced a well 

mixed lower atmosphere, whereas in the colder months the 

effects of friction were more pronounced and resulted in a 

clockwise rotation of the wind direction. 

The seasonal effect for the SW gradient wind direction 

category was the most pronounced exception to this result, and 

was possibly due to the complex interaction between the 

topographical barriers encountered by the wind, 

turbulence due to the surface heating and cooling. 

and the 

The ranges 

may have acted as elevated heat sources which varied from 

season to season, but the mechanisms involved we~e not clear. 
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Fig. 2.9: Nighttime regional wind direction predictions 
Tor a W gradient wind from the interaction 
model (Era. 2,5.7) for weak and strong gradient 
wind speeds 
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c. Gradient windspeed effects 

In most cases the sign of the coefficient of the gradient 

wind speed was such that there was a rotation away from the 

gradi~nt wind direction as the wind speed decreased. Presumably 

at lower speeds the effect of friction became more important. 

The largest rotation was U/4 for the W gradient wind direction 

It has already been noted that in this case an 

interaction term involving the gradient wind speed and the 

time of day factor was necessary to adequately model the 

regional wind direction. 

d. Effects of the synoptic situation 

The estimates of the coefficient, P6 , of the synoptic 

situation, SY, showed a sinusoidal oscillation over the eight 

gradient wind direction categories, with the maximum negative 

value for a N gradient wind and a maximum positive value for • 

S gradient wind. These values gave a shift of approximately 

ff/6 between the two synoptic situations. 

For Sand N gradient winds, the associated high and low 

pressure systems are usually centred on the same latitude as 

Canberra, and move from west to east across the continent. It 

may be expected that the ef~ect on the surface winds in the 

re9ion would be mast pronounced under these circumstances, 

The sign of the coefficient gave the direction of the 

rotation of the regional wind associated with a change from 

anticyclonic conditions (Group A) to cyclonic conditions (Group 

B). The rotation tended to align the regional wind more closely 

with the gradient wind under cyclonic conditions, when there 

would be a greater degree of turbulence and mixing in the 

atmosphere. 
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2.5.4. CONCLUSIONS 

The linear modelling of regional wind direction proved to 

be a more involved process than the linear modelling of the 

regional wind speed. This was largely due to the necessity to 

use the Gould procedure to determine the regression coeffients 

in the former case. Ho1-1ever, the final regression equations 

obtained did provide concise summaries of the data, avoiding 

the need for numerous frequency distributions or other forms of 

data presentation to present the same information. The analysis 

succeeded in its aim of describing the main features of the 

regional wind direction, and of hi9hli9htin9 its dominant 

controls. The frequent dichotomy between the daytime and the 

nighttime winds was a very important result, as was the role of 

the gradient wind speed at night in determining if a drainage 

wind flow would predominate for westerly gradient winds, The 

lesser importance of the seasonal and synoptic situation was 

somewhat unexpected, and may be due to the very broad 

categories used. As mentioned earlier, the coarseness of the 

variables in the equations may have contributed to the errors 

in the prediction of the regional wind. 

The errors were also attributed to the variability around 

the regional wind direction values them~elves. As the 

variability increased, the accuracy in prediction decreased, 

not an unexpected result since it would be reasonable to 

assume that the variability was linked to local effects which 

were not all represented in the independent variables. 



2.6. CONCLUSIONS 

The analyses showed that the regional surface wind was 

stron9ly influenced by the high level gradient wind. During the 

day, and often during the night. the surface wind was closely 

coupled to the gradient wind and refected its speed and 

direction. The exceptions were at night when local circulations 

were generated. 

The existence of drainage winds under favourable gradient 

wind conditions illustrated the markedly different regimes that 

can exist during the day and night, and highlighted the 

importance of diurnal patterns in the winds in the Canberra 

region. This was reinforced by the very low regional wind 

speeds present at night even when there was no drainage winds. 

Seasonal trends in the regional wind were evident, 

particulary for the regional wind speed, with a substantial 

increase in speeds from autumn through to summer. Synoptic 

conditions, 

importance. 

expressed by the SY variable, were of lesser 
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CH APTER III 

VARIATION IN MEAN WIND DIRECTION AND STRENGTH 
BETWEEN SITES 



3,1. INTRODUCTION 

the variation in winds over an area 

provides valuable information to professionals and 1 ayrnen 

alike, In urban areas it can be used by town planners as one 

important factor in the planning of a city. This could include 

the siting of suburbs to maximize human comfort by avoiding 

areas with a high frequency of strong winds or cold drainage 

winds, and locating major roads to minimize air pollution 

problems. To the layman, the information could be used to make 

individual decisions on the area in which to live, and how to 

design a home taking outdoor activities into account. In rural 

areas knowledge of wind variability can be a factor in deciding 

what crops to grow and where to grow them, as well as the best 

locations for animals to be kept. 

Therefore, knowledge of mesoscale wind fields can be 

applied in a number of practical ways. Even if the information 

for a particular area is not used directly, it adds to the 

store of knowle9e of such winds which can be extrapolated to 

other similar areas where little or no information is 

av a i 1 ab 1 e . 

In this part of the study the spatial variability in the 

wind regime was examined by analysing the mean wind speed and 

direction at each site, firstly for all observations combined•, 

and secondly for a number of selected categories. The 

dispersion or perturbation about the mean speed and direction 

at each site was also examined. 

• 1388 observations for which data were available for both 
regional wind speed and direction. This was fewer than the 
1513 used in the preliminary analysis of regional wind when 2-
way frequency distributions of regional wind and gradient wind 
were estimated. 
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3.2. AN OVERVIEW 

A. MEAN WIND SPEED 

Calculations of the mean wind speeds at the 17 sites for 

the 1388 observations for which data were available for 

re9ional wind speed and direction revealed that the strength of 

the wind at Monash, the highest wind speed site, was 4.24m/s, 

almost double that of 2.20m/s at Cotter, 

site (Table 3.1). 

the lowest wind speed 

Table 3.1: The mean and standard deviation of all 1388 
wind speed observations at each site• 

site 

Monash 

Bruce 

Charnwood 

Evatt 

Gun9ahlin 

Hume 

Point Hut 

Raci&>course 

Pial 1 i90 

Stir li n9 

Spring Valley 

MacArthur 

Torrens 

Barton 

Phi 11 ip 

Turner 

Cotter 

site 
number 

13 

4 

1 

3 

15 

12 

17 

14 

9 

10 

6 

2 

16 

8 

11 

7 

5 

mean speed 
mis 

4.24 

4.23 

4. 10 

3,91 

3.27 

3.22 

3. 14 

3.09 

3.04 

3,02 

2.98 

2.94 

2.93 

2.50 

2.40 

2.26 

2.20 

standard deviation 
mis 

2.90 

2,63 

2.45 

2.35 

2.10 

2.21 

2.17 

1.89 

2.07 

1.99 

1.92 

1.79 

1.88 

1.60 

1.55 

1.52 

1.66 

• sites in order of highest to lowest wind speed 
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Four sites, Monash, Bruce, Charnwood and Evatt, stood 

out as high wind speed sites. The high speed at Monash could be 

due to its position on the top of a hill, and its consequent 

exposure to all wind directions. The last three were all in the 

Belconnen area in the NW of the region, in a relatively flat 

area exposed to the predominant W-NW winds. 

The sites with the lowest mean speeds were Barton, 

Phillip, Turner and Cotter. Cotter and Barton were protected to 

the west by mountains and Capital Hill, respectively, and 

Turner was sheltered by surroundin9 buildings and trees as 

shown by its high surface roughness values (Table 1.3). 

Hence both high and low wind speed values were found in 

the urban area. Rural sites showed no clear trend to have 

either high or low mean wind speeds. This ruled out a simple 

dichotomy between urban and rural locations such as may be 

found in and around some very built-up cities where urban wind 

speeds are considerably reduced by obstacles in the path of the 

wind. Canberra's open design, with green-belts and medium 

density urban development, has precluded widespread reductions 

in wind speed in the urban area. 

The standard deviations about the mean wind speeds at 

each site were large (Table 3.1), being approximately 70% of 

the mean wind speed value itself for each site . These large 

standard deviations prompted the examination of the mean wind. 

speed for day and night separately, to see if the variability 

was explained by different day/night mean speeds. The 

comparison of the day/night values (Table 3.2) showed that 

there were marked differences, with higher wind speeds present 

during the daytime for all sites. This agreed with the diurnal 
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pattern noted in the historical data for Fairbairn. The daytime 

ranking of the sites from high to low mean wind speeds was the 

same as for all observations, except that the Racecourse and 

Pialligo sites were interchanged. This dominance of the daytime 

values was not unexpected, since 992 of the 1388 observations 

were made during the day. 

Table 3.2: Mean wind speed and standard deviation at each 
site for day and night, and the ranking of the 
sites• for the nighttime values of mean 
speed 

--------------------------------------------------------------
---------------------------------------------------------------
site site daytime nighttime 

number mean s.d. mean ranking s.d 
---------------------------------------------------------------
Monash 13 4.96 2.88 1.67 12 1.54 

Bruce 4 4.88 2.56 2.60 2 1.99 

Charnwood 1 4.64 2.36 2.76 1 2. 11 

Evatt 3 4.49 2.27 2.46 3 1.90 

Gungahlin 15 3.84 2.02 1.87 7 1.56 

Hume 12 3.83 2. 14 1.70 11 1.54 

Point Hut 17 3.62 2.05 1.94 6 1.98 

Racecourse 14 3.56 1.so 1.95 5 1.56 

Pialligo 9 3.62 2.01 1.56 13 1.34 

Stirling 10 3.52 1. 91 1.77 9 1.59 

Spring Valley 6 3.45 1.85 1.75 10 1.50 

MacArthur 2 3.38 1.73 1.85 8 1.43 

Torrens 16 3.33 1.76 1.98 4 1.84 

Barton 8 2.93 1.52 1.42 14 1.25 

Phi 11 i p 11 2,83 1.47 1.32 15 1.44 

Turner 7 2.69 1.49 1.16 16 0.92 

Cotter 5 2.64 1.64 1.11 17 1.11 

• the ranking of the sites was from high to low speeds, and the 
order of the sites the same as in Table 3.1 i.e. from high to 
low mean wind speeds based on all observations. 
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The nighttime rankings of mean wind speed (Table 3,2> 

were similar to the daytime rankin9s, with the important 

exceptions of Monash, Torrens, Hume and MacArthur. In 

particular, Monash and Hume were among the high wind speed 

sites in the daytime but exhibited a low wind speed at night. 

Conversely, the mean wind speeds at Torrens and MacArthur were 

relatively higher than their daytime values. The effects at 

Torrens and MacArthur were thought to be· due to particular 

influences of the complex topography in that area. The ratio of 

the standard deviation to the mean speed was much higher for 

night than day, 

night. 

indicating the greater relative dispersion at 

B. MEAN WIND DIRECTION 

The means of the 1388 wind direction observations at 

each of the sites (Table 3.31 showed a predominance of NW 

winds, with some from the Wand N. However, the circular 

variances about the means at each site were extremely large 

(Table 3.4>, ranging from 0,73 at Turner, to 0.92 at Point Hut. 

To investigate this further, the means for the day and 

ni9httime observations were also calculated. The means for the 

daytime observations were from the NW or N (Table 3.3>, with 

high circular variance values (Table 3.4). 

showed a wide variation between the sites. 

The ni9httime means 

The mean direction 

was NE-E for five sites, S-SE for eight sites, SW for one site, 

and W-NW for three sites. Again, the circular variance values 

were high, ranging from 0.63 to 0.92 (Table 3.4). 
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Table 3.3: Mean wind directions (radians> at each of the 

site 

sites, for all 1388 observations, 
daytime and nighttime separately 

!iii te all daytime 
number 

and for 

nighttime 

---------------------------------------------------------------
Charnwood 1 6.06 5.96 2,42 

MacArthur 2 o. 18 6.25 1.24 

Evatt 3 5.95 5.69 1.70 

Bruce 4 5.66 5.59 2.23 

Cotter 5 5.92 5.86 1.47 

Spring Valley 6 5.57 6.03 3,67 

Turner 7 5.70 5.77 4.85 

Barton 8 6. 10 6.06 2,88 

Pialli90 9 S.71 S.92 3.06 

Stirling 10 6.15 6.05 2.79 

Phillip 11 0.18 6.04 2.09 

Hume 12 4.99 5.75 3.41 

Monash 13 5.68 5.82 4.37 

Racecourse 14 5.47 S.82 5.61 

Gun'9ahlin 15 5.47 5.44 0.94 

Torrens 16 6.24 5.86 0.94 

Point Hut 17 5,40 S.64 2.94 

---------------------------------------------------------------
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Table 3.4: Circular variance for each site for all 
observations, and for daytime and nighttime 
separately 

------------------------------------------------------------------------------------------------------------------------------
site number all daytime ni9httime 
---------------------------------------------------------------
Charnwood 1 0.83 0.67 0.84 

MacArthur 2 0.77 0.71 0.83 

Evatt 3 0.81 0.68 0.77 

Bruce 4 0.82 0.66 0.78 

Cotter 5 0.77 0.67 0.95 

Spring Valley 6 0.83 0.69 0.63 

Turner 7 0.73 0.65 0.92 

Barton 8 0.88 0.68 0.63 

Pia.lli90 9 0.88 0.71 0.67 

Stirl i n9 10 0.89 0,72 0.68 

Phillip 11 0.81 0.66 0.63 

Hume 12 0.83 0,67 0.43 

Monash 13 0.75 0.66 0,87 

Racecourse 14 0.76 0.66 0.84 

Gungahlin 15 0.76 0.72 0.65 

Torrens 16 0.79 0.68 0.65 

Point Hut 17 0.92 0.71 0.81 

Because oi the large dispersion around each of the mean 

wind directions, little importance could be attached to the 

means as measures of site behavior. Instead, the range and 

frequency of wind directions at each site was examined by way 

of the wind roses for each of the sites. These roses were 

constructed in an earlier study (Johnson and Kalma, 1982) and 

a.re given in Fig. 3.1. They indicate a predominance o+ NW winds 

and a low frequency of SW winds. Both of these were also 

features of the regional wind and the Fairbairn wind rose, and 
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are probably consistent features of the wind in the region. 

There were variations between the sites in the frequency 

of Wand N winds. At some sites, such as Charnwood and Monash, 

there was a relatively hi9h prortion of N winds, and fewer W 

winds; at other sites the converse held, for example at Bruce. 

Charnwood and Bruce were close to9ether, and so the differences 

between the sites were not closely linked to their 9eographical 

distance from one another. There was also variation in the 

frequencies of Sand SE winds. The results of the analysis of 

the regional wind strongly su99ested the existence of drainage 

wind from the s-SE at night, and variations between sites would 

be expected for such a localized phenomenon. 

The roses for MacArthur and Torrens differed markedly 

from the others. At MacArthur the wind blew from the NE 27% of 

the time, whereas the average for the other 16 sites was only 

10%. The anemo9raph at MacArthur was sited on a saddle between 

Mt Wanniassa and Pemberton Hill with elevation decreasin9 

towards the north-east and south-west. The NE winds were not 

as frequent at Hume or Monash, the two sites closest to 

MacArthur, 

position, 

and this, along with MacArthur's topographical 

suggested that many of the NE winds were caused by 

localized channellin9 of air flow. 

The other unusual site, Torrens, had a high frequency of 

southerly winds (23%) , and an almost equal distribution of 

winds from the NW to the NE. This site was on a north-south 

saddle between Mt Taylor and Mt Waniassa, also tsu99estin9 

topo9raphical channelling of the wind flow on some occasions. 

The relatively high means speed found at Torrens and MacArthur 

could have been due ta this channelling effect. 
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Fig. 3.1: Annual relative frequencies of 8 individual 
wind directions for each site 
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Phillip Hume 
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Fig . 3.1: ccntinued 
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Gungahlin 

Torrens 

Fairbairn (1957-73) 

Note centre circle indi
cates calms (40.2%). 

Fig. 3.1: continued 
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3.3. CATEGORIZATION OF WIND DATA 

The examination of the means of speed and direction at 

all sites provided an overview of the spatial variability in 

winds in the region. However, the dispersion parameters in the 

analyses of regional winds had shown that the degree of 

variation between the sites in both speed and direction ran9ed 

from low to high. This supported the view, derived from the 

theoretical understanding of wind patterns, that the actual 

pattern 

factors. 

in the spatial variability would depend upon many 

It seemed reasonable to assume that the factors 

causing the pattern in the wind regime to vary would be the 

same as those factors affecting the regional wind. 

The information on the regional wind therefore provided a 

basis for stratifying the 12 months of data into categories 

based on the variables that influence the regional wind. The 

spatial 

category. 

variability could then be examined separately in each 

However, 384 categories were formed when all the 

variables considered in the examination of the regional wind 

were used to stratify the wind data i.e. time of day, gradient 

wind speed and direction, 

Many cf 

observations. Therefore, 

season and synoptic conditions 

these categories had only a few 

although all the variables studied 

were found to be imortant determinants of the re9ional 

only the most important variables were considered, 

wind, 

namely, 

gradient wind speed and direction and time of day. The number 

of observations in each category is given in Table 3.5. Since 

some of these categories still contained only a small number □t 

observations it was decided to reduce the number of categories 
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to 20 which contained relatively lar9e numbers of observations, 

subject to the constraints that there were 10 cate9ories each 

for day and and ni9ht, and at least one for each gradient wind 

direction. The categories were selected by examining Table 3.5 

and choosing the gradient wind speed class with the most 

observations from the three for each gradient wind direction. 

Two classes were chosen for Wand NW gradient winds because 

of their high frequency of occurrence. The categories selected 

are also shown in Table 3.5. Approximately 70% of the 1388 

observations were thereby selected for study of the spatial 

patterns in the wind regime. 

Table 3.5: Number of re9io11al wind observations in each 
category 

---------------------------------------------------------------
---------------------------------------------------------------

GSP GDIR 

N NE E SE s SW w NW ALL 
---------------------------------------------------------------

day 

2.5 *38 *35 *46 26 23 20 30 33 251 

7.5 21 22 44 *40 ¼43 *62 ¼128 ¼75 435 

12.5 8 2 6 32 16 4 ·IE-141 -lE-97 306 

Total 67 59 96 98 82 86 299 205 992 

night 

2.5 *11 3 8 8 15 2 14 9 70 

7.5 11 ¼14 *19 13 ¼16 *33 *33 *24 163 

12.5 7 1 4 *21 13 12 *58 *47 163 

Total 29 18 31 42 44 47 105 80 396 
---------·------------------------------------------------------* a selected category 
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3.4. MEAN WIND SPEED AT ALL SITES IN EACH CATEGORY 

There were considerable differences in the 20 category 

means for wind speed <Tables 3.6a,b>, where a category mean was 

defined as the mean of the 17 site means for a particular 

category . The category means ran9ed in value from 1.0m/s to 

5.0m/s. Generally the 10 daytime categories had higher speeds 

than the nighttime categories. Higher category means were 

obtained for those categories characterized by strong gradient 

wind speeds, and lower category means were associated with 

weak gradient winds. The notable exception to this was the 

daytime category with a S gradient wind of moderate speed, 

which had a low category mean speed of 2.6m/s. 

The mean wind speeds within each category (Tables 3.6a,b) 

consistently showed high mean wind speeds for sites in the 

Belconnen area, and low mean wind speeds for sites such as 

Cotter and Turner. This consistency suggested that there were 

definite features cf the sites which could explain part cf the 

spatial variability in wind speeds across the region. 

A linear modelling approach was adopted as an appropriate 

method to further explore the mean wind speed. Regression 

analysis provided a way of quantifying the effects of various 

site descriptors, and resulted in a predictive equation which 

could be used to estimate mean wind speeds at other 

in the region. 

locations 

A two-factor model was fitted fir&t to the 340 mean wind 

speeds (Tables 3.6a,b) with the factors CAT<cate9ories; 20 

levels) and SITE(site; 17 levels>. The logarithm of mean wind 

speed was used to ensure a normal distribution for the error 

term (see Luna and Church, 1974). 
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Table 3.6a: Mean wind speed OISP;m/s) at the 17 
sites for each daytime category 

---------------------------------------------------------------
---------------------------------------------------------------
site daytime category 

---------------------------------------------------------------
( 1) (2) (3) (4) (5) (6) ( 7) <SJ (9) ( 10) 
N NE E SE s SW w w NW NW 

2.5 2.5 2,5 7.5 7. 5 7.5 7,5 12.5 7.5 12.5 

---------------------------------------------------------------
Charnwood 3. 1 2.7 3.5 5.5 3.0 4.4 5.0 6.5 4.4 5.5 

MacArthur 2.5 2.3 2.9 4.2 2.8 2.5 3.4 4.4 3.3 3,8 

Evatt 3.0 2.9 3.6 5.2 2.9 4.2 4.8 6.2 4.3 5.2 

Bruce 3.1 3.1 3.7 5.2 3.1 4.7 5.3 7. 1 4.8 5.9 

Cotter 1.9 1. 5 1.8 2.5 1.7 2,5 3.1 3.9 2.9 3.2 

Sprln9 v. 2.8 2.2 2.9 4,2 2.2 3. 1 3.6 4.5 3.5 4.0 

Turner 1.8 1.8 2.0 2.6 1.6 2.7 3.0 4.0 2.8 3,4 

Barton 2.2 1.9 2.2 3.1 2.3 2.6 3. 1 4.0 3.1 3.4 

Pialligo 2.5 2.4 2.9 4.0 2,4 3.3 3.7 5.1 3.6 4.5 

Stirling 2,7 2 . 2 2.8 4.5 2.2 2.8 3.6 4.5 3.7 4.2 

Phillip 2.3 2.3 2.6 3.9 2.0 2.2 2.7 3.3 2.8 3.0 

Hume 2.7 2.5 3.1 4.S 2.9 3.0 4.0 5.1 3.9 4.6 

Mona.sh 3.6 3.1 3.7 6.5 3.8 3.7 5. 1 6.7 5.0 6.2 

Gun9ahlin 2.3 2.6 3.4 4.1 2.4 3.3 3.6 4,4 3.4 4.2 

Racecourse 2.5 2.8 3.3 4.2 2.6 3.5 4. 1 5.3 3.6 4.5 

Torrens. 2.5 2.2 2.6 4.7 3.0 2.5 3.2 3.7 3.2 3.7 

Point Hut 2.7 2.3 3.0 4.9 2.9 2.4 3.4 4.8 3.6 4.6 

---------------------------------------------------------------
mean 2.6 2.4 2.9 4.3 2.6 3.1 3.8 4.9 3.6 4.4 
exp(c, ) 3.6 3.3 4.1 6.0 3.6 4.3 5.J 6.8 5.1 6.0 

---------------------------------------------------------------
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Table 3.6b: Mean wind speed (MSP; mis> at the 17 sites 
for each nighttime ca.te9ory 

---------------------------------------------------------------
---------------------------------------------------------------
site nighttime cate9ory 

---------------------------------------------------------------
( 11) (12) (13) < 14 > ( 15 > (16) (17) C 18) (19) (20) 

N NE E SE s SW w w NW NW 
2.5 7.5 7.5 12.5 7.5 7.5 7.5 12.5 7.5 12.5 

---------------------------------------------------------------
Charnwocd 1.5 2.5 2.7 6.5 1.9 2.9 2.6 4.3 1.2 2.4 

MacArthur 1.1 1.0 1.5 5.1 1.4 1.6 1.2 2.3 1.0 1.9 

Evatt. 1.5 2.7 2.6 5.8 1.6 2.6 2.3 3.3 1.1 2.1 

Bruce 1.5 2.7 2.9 5.6 1.6 2,7 2.3 3.5 1.2 2.3 

Cotler 0.5 0.9 0,8 2.6 0.9 1.4 1.0 1.6 0.6 1.2 

Spring v. 1.2 1.6 1.9 s.o 1.4 1.7 1.4 2.1 1.1 1.3 

Turner 0.6 1. 0 1. 2 2.3 0.7 1.2 1.1 1.8 0,6 1.0 

Barton 0,9 1.1 1.5 3.2 0.8 1.2 1.1 1. 9 1.2 1.2 

Pialli9a 0.9 1.2 1.6 3.5 1.0 1.5 1.1 2.3 0.8 1.5 

Stirlin9 1.0 1. 7 2.0 5.2 1.5 1.6 1.2 2.1 0.8 1.3 

Phillip 0.9 1.4 1.4 4.3 1.0 1.0 0.9 1.4 o.a 1.1 

Hume 1.0 1.2 1.6 5.0 1.1 1.6 1.2 2.0 0.9 1.4 

Monash 1.2 1.4 1.9 a. 1 1.4 1.8 1.4 3.4 1. 1 2.5 

Gun9ah 1 in 1.2 1.9 2.1 4.4 1.4 2.0 1.8 2,4 1.0 2,3 

Racecourse 1.0 1.8 1. 9 4.6 1.0 1.8 1.5 2.4 1.0 1.7 

Torr-ens 1.2 1. 4 1.7 6.6 1.6 1.5 1.3 2.0 1.3 1.5 

Point Hut 0.8 1.2 2.2 6.3 1.9 1.3 0,9 2.0 0.9 1.7 

---------------------------------------------------------------
mean 1.1 1.6 1.9 5.0 1.3 1.7 1.4 2.4 1.0 1.7 
exp<c, , 1.5 2. 1 2.5 6,7 1.7 2.3 1.9 3.2 1.3 2.3 
---------------------------------------------------------------
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The equation for the mean speeds was: 

Ct + 51 EGI. 3,4.1 

where MSP~ was the mean wind speed for site J, in category i, 

where j=l,17 and i=l,20, and 

Ct was the value of CAT for cate9ory i, 

s, was the value of SITE for site j 

The analysis of variance (Table 3.7> showed that both 

factors were si9nif-icant and accounted +or approximately 94% of 

the variance. The equation +or MSP, neglectin9 the error ter~, 

was: 

MSP1.t = exp(c1) • exp<sJ) EGI. 3. 4. 2 

... 
The site effects, exp ( s, >, (Table 3.8>, varied -from 

approximately 1.0 for the hi9h wind speed sites of Charnwood, 

Bruce, Evatt and Monash, to half this value for the low wind 

speed sites of Barton, Phillip, Turner and Cotter. All rural 

sites, except Cotter, were moderate wind speed sites. These 

results closely reflected the results from all of the 

observations in identifyin9 the generally high and low wind 

speed sites. 

source 

CAT 

SITE 

residual 

total 

Table 3.7: An analysis of variance for mean wind 
speed with categories and sites 
fitted a s factors 

d.f. 

19 

16 

304 

339 

sums of 
s.quares 

84.75 

15.81 

6. 14 

106.70 

mQan 
squares 

4.46 

0.99 

0.02 

variance 
ratio 

223.0 

49.S 

F 
OQl"0,05 

1.58 

1.64 
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Table 3.8: Ranked site effects 
with categories and 
factors CEQ 3.4.2> 

for mean wind speed 
sites fitted as 

---------------------------------------------------------------
---------------------------------------------------------------
site ranking 

Charnwood 1 1.0 

Bruce 2 0.997 

Evatt 3 0.942 

Monash 4 0.917 

Gun9ah 1 in• 5 0.764 

Racecourse 6 0.751 

Sprin9 Valley• 7 0.705 

Torrens 8 0.702 

Point Hu.t• 9.5 0.700 

Stirling 9.5 0.700 

Hume• 11 0.699 

Macarthur 12 0.684 

Pi al 1 i 90 13 0.663 

Barton 14 0.576 

Phi 11 ip 15 0.556 

Turner 16 0.495 

Cotter• 17 0.477 

• rural sites 
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The break-up of the total sum of squares in Table 3.7 

provided an extremely useful way of interpreting the patterns 

in the spatial variability of the mean wind speeds in the 

region. It showed:-

i) To a good first approximation a mean wind field of 

uniform strength, given by exp<c,>, could be assigned to 

the entire region in each category, since the factor, 

CAT, accounted for 79% of the total sum of squares on the 

logarithmic scale. 

ii) The assumption of a uniform field could be improved 

by considering a constant pattern in the spatial 

variability in the wind field, whereby the mean 

speed at a particular location was always a constant 

proportion, of the estimated uniform 

field for the category under consideration. This model 

was given in E~ 3.4.2 and accounted for 94% of the total 

variability on the logarithmic scale, and 15% of the 

total variability was attributed to the site factor. 

iii> Since 6% of the total variability on the logarithmic 

scale was unaccounted for by the model of a constant 

pattern in the mean wind speed between categories, 

it appeared that there was a slight departure from 

this pattern for some combinations of category and site. 

Thu& the model of constant relativity in the mean wind 

speeds about a uniform wind speed in the region was a good 

description of the overall spatial variability in the region. 

However, EQ 3.4.2 could not be used as predictive tool for 

other locations in the region where the value of the factor 

SITE was unknown. It was necessary to relate the site effects 

to constant site characteristics. Hence another model was 
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developed, based on site characteristics and other variables 

thou9ht to explain the chan9e in the pattern in the wind field 

between categories i.e. the unexplained 6% of the variability. 

The site descriptors included were the east-west 

coordinate ( X > ' the north-south coordinate ( Y) ' and the 

elevation of the sites (Z>, as given in Table 1.1. For each 

site, these variables were constant for all cate9ories, and may 

explain the significance of the SITE factor. In addition, the 

surface roughness variables R1, R2, and R3 were included for 

the three cells in the upwind sector corresponding to the 

observed wind direction at a site. The annuli were described in 

Chapter 1. 5, and illustrated in Fig. 1. 10. Since the surface 

by the wind at a site varied with the 

direction of the gradient wind, these values varied between 

categories and could explain part cf the change in spatial wind 

patterns between categories. 

In a stepwise regression analysis R1 entered the model 

first, followed in order by z, Y and R2, after the category 

factor CAT had been forced into the equation at the be9innin9. 

The e~fect of each of those variables was significant 

0.05). The variables X and R3 were not significant. The 

analysis of variance for this main effects model is given in 

Table 3.9. 
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source 

Table 3.9: An analysis of variance fer the mean 
wind speed model for main effects only, 
fitted successively from the top down 

d.f. sums of mean variance F 
squares squares ratio cxi=0.01 

---------------------------------------------------------------
CAT 19 84.75 4.46 111.5 1.95 

R1 1 4.22 4.22 105.5 6.63 

z 1 1.93 1.93 48.3 6.63 

'( 1 2.41 2.41 60.3 6.63 

R2 1 0.57 0.57 14.3 6.63 

X 1 0.22 0.22 5.5 6.63 

residual 315 12.60 0.04 

total 339 106,70 

The importance of the interaction terms was then 

investigated, since interaction terms in the model would also 

explain the between category variability in the wind pattern. 

The only interaction term found to be si9nificant was CAT.Y, 

giving the fitted model:-

lj'.:;<MSP> = c, + f,.Y) - 0.5660 Rl -0.2414 R2 

+ 0.003171 Z EQ. 3.4.3 

where f, was the coefficient of the Y term in cate9ory i. 

This model accounted for just over 90% of the variance (Table 

3. 10). The residuals were well-behaved <Fi9. 3.2> which 

validated the choice of the logarithmic scale. The parameter 

<Table 3.11) showed that the interaction term was 

important for the nighttime categories (cate9ories 11-201. In 7 

cf the 10 ni9httime categories the parameter estimate for the 

term was significantly different from zero, whereas for the 

daytime categories the parameter estimate was significantly 
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non-zero for only category (6), the moderate SW gradient 

winds . 

Table 3.10: An analysis of variance for the mean 
wind speed model with main effects and 
the interaction term CAT.Y 

---------------------------------------------------------------
---------------------------------------------------------------
source d.f. sums of 

squares 
mean 
squares 

variance 
ratio 

F 
cx;::;0.01 

---------------------------------------------------------------
CAT +R1 
+Z +Y +R2 23 

19 

278 

93.88 

1.9 

10.04 

4.08 

0.10 

0.04 

113.33 

2.78 +CAT.Y 1.57 

residual 

---------------------------------------------------------------
total 339 106.70 

---------------------------------------------------------------

Because of it• importance in the nighttime situation, the 

interaction term was retained in the final model adopted. The 

equation in terms of the mean speed was-

A 

MSP ~ exp( c, + f,.Y) • exp(-0.5660 Rl> 

.exp(-0.2414 R2). exp<0.003171 Z> EQ. 3.4.4 

where the terms were defined in EQ 3.4.3. This equation showed 

that:-

il There was considerable variation in the general wind 

speed level between the different cate9ories, as shown by 

the c, values for the 20 cate9ories. This was also shown 

by the cate9ory means. There did not appear to be any 

unexplained trends between the cate9ories. 

ii> An increase in the surface roughness cf lm in the 

first 100m cell 9ave a 43% reduction in the mean wind 

speed. In the second annulus, the speed between 100 and 
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200m was reduced by 21% for a lm increase in roughness. 

At a distance 9reater than 200m the roughness had no 

effect. 

iii) An increase in elevation of 100m brought about an 

increase of 37% in the mean wind speed at• site. 

iv) The effect of the north-south variable, 

in magnitude in the different categories, 

the significance of the interaction term. 

Y, differed 

as shown by 

However, the 

sign of the parameter estimate was always positive in 

those categories in which the interaction term was 

effectively non-zero. This meant that there was an 

increase in mean wind speeds for larger values of Y i.e. 

from south to north. This dependence on Y partially 

accounted tor the high wind speeds in the Belconnen area, 

in the north of the region. 

c•1pter l variatloa in 1ta1 11i1d 4ir1ttio1 Ut1 &trea,UI b•t11N1 sit•s 110 



residuals 
0.72 > 
0.64 > 
0.56 > R R 
0.48 > 
0.40 > R R R R 
0.32 > RR R R R RR R R R 
0.24 > R RR2 R 2RR43 R 2R R2 RR 
0. 16 > R RR R 2 2R RRR 2 433RR2 325 4 RR R 
0.08 > R R RR242RR 2R2RR 232R3242 535 RR222 R 
0.0 > RR422 RR2 4RRR2 RRR32RR 233R324 3 

-0.08 > R R RR23RR3R4RRR3R 24R2 322 R2 3R 2R 
-0.16 > R R 2 R2R2 2RRR 3 3232R22R3RR3 RR2R R 
-0.24 > R 2R R R RR RR RR RRR2 2 
-0.32 > R R R R RRRR 2R R 
-0.40 > RR R R R2 R 
-0.48 > 
-0.56 > R R 
-0.64 > 

-0.5 o.o o.s 1.0 1.5 2.0 
fitted values 

Fi9. 3.2: The residuals of the model for mean wind speed 
given in EQ. 3.4.3, plotted a9ainst the 
fitted values 
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Table 3.11: Parameter estimates for the model for 
mean wind speed with main eTfects and 
the interaction term CAT.Y 

---------------------------------------------------------------
---------------------------------------------------------------
parameter estimate• 

---------------------------------------------------------------
CAT(l) -2.7 

CATC2> -6.2 

CAT(3) -6.3 

CAT(4> -0.2 

CAT(5) -0.3 

CATC6) -9.6 

CAT<7) -4.4 

CAT(S> -3.9 

CATC9) -3.4 

CAT(10J -3.7 

CATC 11 > -8.1 

CAT C 12> -17.6 

CAT C13) -9.7 

CAT ( 14) 3.2 

CAT ( 15) -2.2 

CATC16) -14.4 

CATC17) -17.2 

CAT C 18) -9 5 

CATC19) -5.5 

CATC20) -8.0 

z 0.00317 

R1 -0.5660 

R2 -0.2414 

--------------------------------------------------------------
(continued next pa9e> 
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Table 3.11 cont. 

---------------------------------------------------------------
parameter estimate• t-value.._ 

---------------------------------------------------------------
CAT(l).Y 0.31" 0.6 

CAT(2).Y 0.87 1.7 

CAT(3).Y 0.94 1.8 

CAT(4).Y -0.03 o. 1 

CATC5).Y -0.10 0.2 

CATC6).Y 1.49 2.6 

CAT<7).Y 0.66 1.3 

CATC8).Y 0,62 1.2 

CAT(9).Y 0.47 -0.9 

CAT C 10), Y 0.55 -1.0 

CAT C 11 >. Y 1.04 2.0 

CAT <12), Y 2.69 5,1 

CAT(13).Y 1.40 2.6 

CATC14l ,Y -0.58 1.1 

CAT(15l.Y 0.09 0.2 

CATC16).Y 2.18 4.0 

CATC17).Y 2.61 4,9 

CATC18>.Y 1.41 2.7 

CAT <19). Y 0.56 1.1 

CAT(20).Y 1.10 2.1 

--------------------------------------------------------------
• the standard errors are 

for CAT: 3,2 
Z :0.00033 
Rl o. 1024 
R2 0.0634 

CAT.Y: 0,00052 
" these interaction estimates are multiplied by 1000 
... the critical t-values are~ 1,96 for ?=0.05 
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The only specific site descriptors in the final model 

<EGl 3.4.4>, which could have explained the significance of the 

factor SITE in <ES 3.4.2) were the elevation variable z, and 

the north-south variable Y, which also appeared in an 

interaction term. The roughness variables changed with the 

wind direction in each cate9ory, and so did not appear as 

constants for each site. However, sites generally did not show 

much variation in roughness for the different directions, and 

sa these variables in a sense contributed ta the overall site 

difference&. 

Overall, the variables Y, Zand surface roughness did not 

account far as much of the total variability as did the SITE 

factor alone (Table 3.9). An exact comparison of the percenta9e 

sums of squares could not be made, since the Zand Y terms 

entered the model after the roughness variable, R1, in the 

step-wise procedure. Slightly different estimates may have been 

obtained if the order of entry had been changed, since the 

effects in the model were not ortho9anal. Nevertheless, it 

seemed reasonable to assume that the general disparity between 

the percenta9e of the variability accounted for by Zand Y, as 

main ei-fects, and the percentage of the variability accounted 

for by the SITE factor would remain, 

sums of squares were calculated. 

irrespective of how the 

In addition, although the residuals for Sprin9 Valley, 

Pialli90, Stirling and the Racecourse sites were very small 

(Tables 3,12a,b>, for same of the other sites there were still 

consistent trends in the magnitude of the residuals. For 

example, the daytime residuals for the hi9h wind speed sites of 

Charnwood, Evatt and Bruce, Monash, and also for Paint Hut, 
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were all positive i.e. the model consistently underestimated 

the mean wind speeds at these sites. On the other hand, the 

residuals at MacArthur, Cotter, Phillip and Gungahlin were 

negative i.e. the model overestimated mean wind speeds at these 

sites. 

site 

Table 3,12a: Residuals from the model• for mean 
wind speed (m/s) for the daytime 
categories 

N 
2.5 

daytime 
NE E 
2.5 2.5 

s 
7.5 

SW 
7,5 

W W NW NW 
7.5 12.5 7.5 12.5 

Charnwood 0.1 o.o o. 1 0.3 0.2 0.2 0.2 0.2 0.2 0.2 

MacArthur -0,3 -0.2 -0,2 -0.2 -0.1 -0,2 -0.1 -0.l -0.1 -0.1 

Evatt 

Bruce 

Cotter 

0.2 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.2 

0.1 0.1 o.o 0.1 0.1 0.2 0.2 0.2 0.2 0,2 

-0.1 -0.2 -0.3 -0.3 -0.2 0.0 0.0 o.o 0.1 o.o 

Spring V. 0.1 -0.1 o.o 

0.2 

o.o -0.1 -0.1 -0.1 -0.1 o.o -0.1 

Turner 

Barton 

0.1 

0.2 

o.o 

0.2 o.o o.o -0.1 -0.2 -0.1 -0.1 -0.2 

0.0 -0.1 -0,2 -0,1 0.0 -0.1 -0.1 0.0 -0.l 

o.o o.o o.o o.o o.o 0.1 0.1 0.1 0.1 Pialligo 

Stirlin9 0.0 -0.1 -0.1 o.o -0.2 -0.1 o.o -0.1 o.o -0.1 

Phillip 

Hume 

Monash 

0.2 

o.o 

0.2 

o.o 

0.1 

o. 1 

0.2 -0.1 -0.2 -0.1 -0.2 -0.2 -0.3 -0.2 

o. 1 

o. 1 

o.o 

0.2 

0.2 o.o 0.1 0.1 0.1 0.1 

0.2 0.1 0.1 0.2 0.2 0.2 

Gungahlin -0.3 -0.2 -0.2 -0.2 -0.1 -0.3 -0.3 -0.3 -0.2 -0.2 

Racecourse 0,0 0.1 o.o o.o o.o o.o o.o o.o o.o o.o 

Torrens -0.1 o.o -0.2 -0.1 -0.1 0.2 0.1 o.o -0.2 -0.2 

Point Hut 0.1 o. 1 0.1 0.3 0.2 -0.1 o.o o.o 0.1 0.2 

---------------------------------------------------------------
A 

•ln(MSP> = Cc,+ fa.Y> - 0.5660 Rl - 0.2414 R2 
+ 0.003171 z 
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Table 3.12b: Residuals from the model• for mean wind 
speed (m/s) for the nighttime categories 

---------------------------------------------------------------
site ni9httime category 

---------------------------------------------------------------
---------------------------------------------------------------

N 
2.5 

NE 
7.5 

E 
7.5 

SE S SW W W NW NW 
12.5 7.5 7.5 7.5 12.5 7.5 12.5 

---------------------------------------------------------------
Charnwocd 0.2 0.2 0.2 0.4 

MacArthur 0.1 -0.2 -0.2 -0.1 

0.4 0.3 0.3 0.4 0.2 0.3 

0.0 -0.1 -0.1 0.1 o.o 0.1 

0.3 0.3 0.3 0.2 0.1 0.2 

0.1 0.2 0.2 0.2 0.1 0.2 

Evatt 

Bruce 

Cctter 

0.3 

0,2 

0.3 

0.2 

0.2 

0.3 

0.3 

0.1 

-0.4 -0.3 -0.5 -0.4 -0.1 0.2 o.o -0.1 -0.3 -0.1 

Sprin9 V. 0.1 o.o 

o.o 

o.o 0.1 0.1 o.o o.o -0.1 0.1 -0.2 

Turner 

Barton 

Pialligo 

Phillip 

Hume 

Monash 

-0.4 0.1 -0.2 -0.2 o.o -0.2 0.1 -0.4 -0.4 

0.0 -0.2 -0.1 -0.3 -0.4 -0.3 -0.2 -0.1 0.3 -0.2 

o.o -0.1 o.o -0.2 -0.2 o.o -0.1 0.1 -0.1 0,1 

0.2 o. 1 o.o 0.1 o.o -0.1 -0.1 -0.2 -0.2 o.o 

-0.1 

o.o 

0.1 

0.2 -0.2 o.o -0.2 -0.4 o.o -0.5 -0.2 -0.4 

o.o -0.2 0.1 0.1 0.0 o.o -0.1 

0.3 -0.1 0.1 0.1 0.3 o.o 0.4 

o.o 

o.o 

o.o 

o.o 

Gun9ahlin -0.2 -0.3 -0.2 -0.1 o.o -0.3 -0.2 -0.3 -0.1 0.1 

Racecourse-0,1 -0.1 -0.1 o.o -0.2 -0.1 -0.1 -0.1 0.0 o.o 

Torrens 0.1 -0.1 -0.2 

Point Hut 0.1 0,3 0.6 

O. l 

0.3 

o.o -0.1 o.o -0.1 0.2 -0.1 

0.6 0.2 0.1 0.2 0.1 0.3 
-----------------------------------------------------~-----------

A 

•1n<MSP> = <c, + f,.Y> - 0.5660 Rl - 0,2414 R2 
+ 0.003171 Z 

Therefore, there was a strong suggestion that other site 

descriptors were needed in the model. One such variable which 

may have been important was site aspect. As indicated in 

Chapter 1, this variable was net examined in this study due to 

the ~mall range of aspect classes that were represented by the 



17 sites. Aspect might have explained the underestimation of 

the speeds at Charnwood, 

all exposed to the NW, 

Evatt, Bruce and Monash, which were 

but no definite conclusions could be 

drawn since all Belconnen sites had the same aspect. 

The results revealed the difficulty in establishing an 

adequate samplin9 scheme with only 17 sites. The 17 sites 

chosen were all selected on the basis of being reasonably 

representative of the surrounding areas, and since many areas 

in the Canberra region are open to the NW, particularly in the 

Belconnen area, this led to a hi9h proportion of sites with W-

NW aspect in the sample. There was therefore a conflict between 

selecting representative sites and including a wide enough 

range of values for variables which may have influenced the 

wind fields in the region . When the study was initiated, the 

decision was made to cheese representative sites since at that 

time it was planned to use the sites in an simp1e interpolation 

procedure for wind speeds in an air quality model. However, 

subsequent events made the investigation of methods of 

interpolation an ancillary aim of the study. 
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3.S. VARIABILITY IN WIND SPEED 

The analysis of mean wind speed only dealt with one aspect 

of wind speed in each cate9ory, the other aspect bein9 the 

variability about the mean at each of the sites. The 

appropriate measure of the variability was taken to be the 

variance of the wind speed at each site in each category, for 

which 340 (20*17) values were available. 

The standard deviation ranged from 0.48 to 3.20 in the 

170 values from the 10 daytime categories, and from 0.16 to 

3.04 in the 170 values for the 10 nighttime categories <Fig. 

3,3 a), b>>. These ranges were greater than that for the data 

combined over categories, for which the daytime range was from 

1.47 to 2.80 and the nighttime range was from 0.92 to 2.11. 

Thus, stratifying the data did not decrease the variability 

about the mean speeds, but did identify the occasions of high 

Scatter plots of the standard deviation and low variability. 

against the mean wind speeds for day and night (Fig, 3.3. a) 

and b>> showed a linear relationship which su99ested a 

constant coefficient of variation, The scatter about the 

straight line was slightly greater for the night data. 

To further examine the relationship between the mean 

speeds and the variances, a regression analysis was carried 

out for the combined daytime categories and the combined 

nighttime categories, with 170 data points in each. The 

variance was the dependent variable in the analysis, 
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standard 
deviation 

m/s 
3.20 > 
3.04 > 
2.88 > 
2.72 > 
2.56 > 
2.40 > 
2.24 > 
2.08 > 
1.92 > 
1.76 > 
1.60 > 
1.44 > 
1.28 > 
1.12 > 
0.96 > 
a.so > 
0.64 > 
0.48 > s 
0.32 > 

1.2 

standard 
deviation 

m/s 
3.04 > 
2,88 > 
2.72 > 
2.56 > 
2.40 > 
2.24 > 
2,08 > 
1.92 > 
1.76 > 
1.60 > 
1.44 > 
1.28 > 
1.12 > 
0.96 > 
0.80 > 
0.64 > 
0.48 > 
0.32 > 

s 
s 

s 
s s s 
s s ss 

ss 
s ss s s sss S 2 

s s s 2 2S ss ss 
23SS2SSS ssss 

SS SSS S 32222S5S2 
3 322 SS2SS2 2 

222S2S32S2S2S 
522 32223S52S S 

3 5S22 S 
SSS SSSS2 
S 2 

3 ss 

ss 2 

2.4 3.6 4.8 

a) daytime 

s 
s ss s 

ss s s s 
s s 

s s s s 
s 2 s s s 

2S25222S5 s 
S52 s 

2S5S2 s 
S275S2S s ss 

5S236S3S 2 s 
S534 25 

33532S9 
S4863S 
32425S 

6.0 7.2 
mean wind speed 

s 

2 

s s 
s 

0.16 > s 

o.o 1.6 3.2 4.8 6.4 s.o 
mean wind speed mis 

b> ni9httime 

Fi9. 3.3: Scatter plots of the standard deviations of 
mean speeds plotted a9ainst the mean speeds 
for all al daytime and b> nighttime cate9ories 
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A logarithmic transformation was employed on the variance, 

prior to analysis, since if the wind speeds were 

normally distributed this transformation would ensure a 

constant variance for the dependent variable (Appendix 3). 

However, since the speeds were mere likely to have a lc9normal 

distribution, the assumption of normality and constant 

variance of residuals needed to be checked at the end of the 

analysis. The mean speed <MSP> was entered as an independent 

variable as the logarithm of the square of the mean speed, far 

ease of interpretation of the fitted model. 

The linear relationship between the standard deviations and 

the mean speed seen in the scatter plots su99ested the model 

E [ 1 n ( s• > J = a + b • 1 n ( MSP• > EQ. 3.5.1 

i.e. 

E[S/MSP•J = (exp a>~• E61. 3. 5. 2 

If the parameter ,b, was equal to 1.0 ,then EQ 3.5.2 

would give the value of the coefficient of variation (CV> in 

terms of the parameter, a. 

Another possible model was one in which the intercept, a, 

in EQ. 3.5.1 was category dependent and could be represented 

by a factor INT with 10 levels i.e. 

1 n ( s• > = c, + b • 1 n < MSP'" > EGl. 3. 5. 3 

where c, = intercept in category i, i=l,10. 

Consideration was also given to a mere complex model, in 

which the slope, 

10 levels i.e. 

b, was represented by the factor SLOPE with 
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ln(S1 )=c, + f,. ln(MSP) E61. 3.5.4 

where fa = slope in category i, i=l,10. 

The analysis of variance for EQ 3.5.4 is given in Table 

3.13 for the daytime categories and in Table 3.14 for the 

nighttime categories. All terms were significant for the 

daytime categories (~ =0.05>, but for the nighttime categories 

the interaction term was not significant. Therefore, the 

complex model given in E61. 3.5.4 best represented the 

daytime situation, while the slightly simpler model given in 

EGl. 3.5.3 was adequate for the nighttime. However, since the 

more complex model for the daytime only explained 

approximately 2% more of the variability than that explained by 

EGI. 3 , S. 3, the simpler model was adopted for bath the daytime 

and nighttime categories. The models were:-

DAYTIME: 

1 ~ ( s• > = ca + 0. 99. 1 n ( MSP") EQ. 3.5.5 

NIGHTTIME: 

A 

ln(S"> = ca + 0,96. ln<MSP•) EQ. 3.5.6 

The model for the daytime categories explained 90% of 

the variance, whereas the model for the nighttime categories 

explained 83% of the variance. For both the daytime and 

nighttime model, 

the fitted values, 

the scatter plots of the residuals against 

as shewn in Fi9. 3.4, did not suggest that 

the assumptions of normality and homoscedasticity were 

violated. 
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Table 3.13: An analysis of variance for the model 
9iven in EQ. 3.5.4 for the daytime 
categories 

---------------------------------------------------------------
----------------------------------------------------------------

source d.f. sums of mean variance F 
squar-es squares ratio cx.=0.05 

---------------------------------------------------------------
1 n <MSP2 1 48.3 48.3 1304 254.3 

INT 9 14.9 1.7 44,9 2.7 

SLOPE. 1 n < MSP• 9 1. 7 0.2 5.1 2.7 

residual 150 5.6 0.04 

---------------------------------------------------------------
total 169 70,4 

---------------------------------------------------------------

Table 3,14: An analysis cf variance for the model 
9iven in EQ. 3.5.4 for the ni9httime 
categories 

---------------------------------------------------------------
---------------------------------------------------------------
source d.f. $UrtUS of 

&quares 
mean 
squares 

variance 
ratio 

F 
cx.=0.0S 

---------------------------------------------------------------
ln (MSP2 

INT 

1 

9 

SLOPE.ln(MSP2 > 9 

residual 150 

159.3 

28.4 

4.9 

34.6 

159.3 

3.2 

0.5 

0.23 

692.6 

13.9 

2.2 

254.3 

2.7 

2.7 

---------------------------------------------------------------
total 169 227.0 

---------------------------------------------------------------
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residuals 
0.64 > 
0.56 > R 
0.48 > R R R 
0.40 > R R 
0.32 > R R R R R 
0.24 > 2 R R R2 RRR RRRR R 
0.16 > R RR2 3 3R3R 2 R 
0.08 > RR 3 22SRR32 R2 
o.o > R RRR3 2R R2322R 5 2R RR 

-0.08 > R R2RRR R 2R42 RR3R RR R RR RR 
-0.16 > R 2 R R RRRR2R 23R 
-0.24 > R R 2 R R RR 
-0.32 > R R R R R 
-0.40 > R R R 
-0.48 > R R R 
-0.56 > R 
-0.64 > R 
-0.72 > R 
-0.80 > 

-1.6 -0.8 o.o 0.8 1.6 2.4 
fitted values 

a. daytime 

residuals 
2.50 
2.25 
2.00 
1.75 
1.50 
1.25 
1.00 
0,75 
0.50 
0.25 
0.0 

-0.25 
-0.50 
-0.75 
-1.00 
-1.25 
-1.50 
-1.75 

> 
> R 
> 
> 
> R 
> R 
> R R 
> R R R R 

> RR 2 RRR3R2 RRRR R R 
> RR R R 2 R4RR 334R4322 R R23 
> R 2R R R2R2R 44 2222 R22 R2 R R 

> R 2 22R RR R 3R3 RR 2R2 R R 
> R R RR 22 RR R 2 R R R2R 
> R R R 2 RR 2 

> :ZR R R R 

> 
> R 

> 

-3.0 -1.8 -o. 6 0.6 1.8 3.0 
fitted values 

b. nighttime 

Fi9. 3.4: Scatter plots c+ the residuals a9ainst the 
fitted values fer all a) daytime (EQ. 3.5.5) 
and b> nighttime (EQ. 3.5.6) categories 
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The models provided useful predictive tools for the 

variances at other locations in the re9ion, since the mean 

speed at each location could be calculated from the regression 

equation for MSP (EQ 3.4.4). 

For the daytime cate9ories b=0.99. Since the standard 

error of the estimate of b was 0.04 the appropriate t-value 

to te6t ECbl=1 was 

t= (.99-1.0)/ 0.04 

=-0. 17 

This lay outside the rejection re9ion (w::0.05) and b=0.99 was 

therefore not si9nificantly different from 1.0. 

For the ni9httime categories b=0.96. The t-value to test 

ECbJ=1 was 

t= <0.96-1)/0.06 

=-0.50 

since the parameter had a standard error of 0.06. Again, the 

hypothesis Etbl=1 was accepted. Therefore, by setting b=l.O in 

EGI. 3.5.5 and E61. 3.5.6 the coefficient of variation, CV, for 

all categories was estimated from 

CV = S/MSP = (exp ca>••• EGl. 3. 5. 7 

The predicted values of the coefficient of variation 

<CVJ are given in Table 3.15. All of the values were greater 

than 0.39, which indicated a hi9h relative variation about the 

mean speed in all categories. For the 7 pair& of night and day 

cate9ories with the same 9radient wind direction and strength 

the nighttime values of CV were higher in 6 of the 7 cases. 

For example, the estimated CV value for winds in the &tron9 NW 

gradient category was 0.85 at night, compared with a value of 
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0.52 in the daytime cate9ory. Thus the relative variability 

was 9reater at night than in the daytime, but the mean speeds 

at ni9hl were 9enerally lower. Therefore, the absolute 

variability in windspeed was 9enerally less at ni9ht. 

Table 3.15: The coefficients C, in EQ. 3.5.5 and EQ. 3.5.6, 
and the coefficients of variation, CV, based on EQ. 3.5.7. 

cate9ary c"v, =<exp<C,>>•·• 

day 

N 2.5 -1.17 0.56 

NE 2.5 -1.80 0.41 

E 2.!5 -1.78 0.41 

SE 7.5 -1.80 0.41 

s 7.5 -0.92 0.63 

SW 7.5 -1.16 0.56 

w 7.5 -1.60 0.45 

w 12,5 -1.80 0.41 

NW 7.5 -1.56 0.46 

NW 12.5 -1.30 0.52 
night 

N 2.5 -1.35 0.51 

NE 7.5 -1.87 0.39 

E 7.5 -0.95 0.62 

SE 12,5 -1.52 0,47 

s 7.5 -0.87 0.65 

SW 7.5 -0.74 0.69 

w 7.5 -0.95 0.62 

w 12.5 -0.91 0.64 

NW 7.5 -1.17 0.56 

NW 12.5 -0.32 0.85 
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3.6. MEAN WIND DIRECTION AT ALL SITES IN EACH CATEGORY 

The mean wind directions <MDIR> for each site for each 

cate9ory formed the data set for the analysis of the variation 

between sites of the mean wind directions. The data are shown 

in Tables 3.16a,b, where each direction value was assigned to 

one of the eight compas~ directions N, NE, .•• ,NW. 

Table 3.16a: Mean direction, for each site, for 
each daytime category, in octants• 

---------------------------------------------------------------
site 

N NE 
2.5 2.5 

E 
2.5 

daytime 
SE S 

7.5 7.5 

category 
SW W 
7.5 7.5 

w 
12.5 

NW 
7.5 

NW 
12.s 

---------------------------------------------------------------
Charnwood 1 

MacArthur 2 

Evatt 1 

Bruce 1 

Cotter 1 

Sprin9 Valley 2 

Tur-ner 1 

Barton 2 

Pialli90 2 

Stirling 2 

Phillip 2 

Hume 1 

Monash 1 

Gungahlin 1 

Racecourse 2 

Tor-rens 1 

Point Hut 1 

3 

2 

3 

3 

2 

3 

2 

3 

3 

2 

2 

2 

2 

2 

2 

2 

1 

3 

2 

3 

3 

3 

3 

3 

3 

4 

3 

3 

3 

3 

3 

3 

3 

2 

4 

4 

4 

4 

4 

4 

5 

4 

5 

4 

4 

4 

5 

4 

4 

4 

4 

7 

5 

6 

7 

3 

3 

5 

5 

6 

4 

5 

6 

6 

5 

6 

5 

5 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

7 

7 

7 

8 

8 

7 

a 

8 

8 

8 

8 

8 

8 

8 

1 

8 

8 

8 

8 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

7 

8 

8 

8 

8 

1 

8 

8 

8 

1 

8 

8 

1 

8 

1 

8 

1 

8 

8 

1 

8 

8 

1 

8 

8 

8 

1 

8 

8 

1 

1 

8 

8 

1 

8 

8 

1 

8 

---------------------------------------------------------------
mean 
in radians 

1 2 3 4 5 8 8 
0.26 1.02 1.47 2.53 3.38 5.31 5.55 

8 8 
5.48 5,79 

8 

5.75 

• the octants are N ,NE ,E,SE,S ,SW,W,NW represented by the 
numbers 1 to 8 respectively. 
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Table 3.16b: Mean direction, for each site, for each 
nighttime category, in octants• 

------------------------------------------------------------------------------------------------------------------------------
site nighttime category 

N NE E SE s SW w w NW NW 
2.5 7.5 7.5 12.5 7.5 7.5 7.5 12.5 7.5 12.5 

---------------------------------------------------------------
Charnwood 5 5 4 5 4 8 1 1 5 1 

MacArthur 1 5 4 5 5 2 2 1 7 2 

Evatt 3 4 4 4 3 7 8 8 3 2 

Bruce 4 4 4 4 4 7 8 8 3 1 

Cotter 4 4 4 4 4 7 8 8 4 1 

Spring Valley 5 5 5 5 5 7 7 8 5 8 

Turner 6 4 4 5 5 1 8 1 6 8 

Barton 4 4 4 5 5 7 5 8 4 4 

Pial 1 igo 5 5 4 5 5 5 5 1 4 5 

Stirling 4 5 5 5 4 5 5 1 5 1 

Phillip 4 5 4 5 4 4 3 1 4 2 

Hume 5 5 5 5 s 5 6 6 5 5 

Monash 7 5 4 5 6 6 6 7 8 1 

Gungahl in 1 4 4 4 8 8 8 8 8 8 

R;a.cecourse 3 4 4 5 3 1 1 1 2 2 

Torrens 4 5 5 5 5 7 3 1 5 1 

Point Hut 4 5 4 4 4 4 5 4 4 3 

---------------------------------------------------------------
mean 4 4 4 5 4 7 8 8 4 1 
in radians 2,54 2,72 2,52 2.88 2.71 4,62 5.34 5.88 2.73 o. 15 

---------------------------------------------------------------
• the octant& are N ,NE ,E,SE,S ,sw,W,NW represented by the 
numbers 1 to 8 respectively, 
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To investigate the spatial variability in mean direction 

a linear modelling approach was first adopted, as was done in 

the analysis of mean wind speed. A regression analysis fer 

angular variates (Gould, 1969> was carried out separately for 

each category, with 17 data points in each. The analysis could 

not be performed on the combined data because the 9radient wind 

direction could not be incorporated 

equation as an independent variable. 

The mean wind direction (MDIR> 

three site position variables of :

X = east-west coordinate 

Y = north-south coordinate 

Z = elevation 

into the re9ression 

was regressed on the 

The product terms were also included to examine any possible 

interaction effects. Standardized values (Table 3.17> were 

used so that the relative effects of variables could be 

assessed by simply comparing the magnitude of the regression 

coefficients. The significance of each term in the model was 

not specifically tested, since such testing would have been 

time consuming for the 20 re9ression equations which were 

involved. 

The surface roughness variables included in the analysis 

of mean wind speed were not included in the analysis of wind 

direction, since it was assumed that larger scale topographical 

features would have had more influence on wind direction than 

would localized roughness. 
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Table 3.17: Standardized values of the position 
variables and their products 

site 

Charnwood 

MacArthur 

Evatt 

Bruce 

x• 

-1.10 

0.68 

-0.53 

-0.13 

Cotter -2.21 

Sprin9 Valley -1.44 

Turner 

Barton 

Pialli90 

Stirling 

Phi U ip 

Hume 

Monash 

Racecourse 

Gungahlin 

Torrens 

Point Hut 

0.54 

0.63 

1.59 

-0.77 

0.01 

1.30 

0.05 

0.92 

0.78 

-0.01 

-0.32 

1.34 

-1.16 

1.12 

0.95 

-0.24 

0,37 

0.46 

0.04 

-0.13 

-0.44 

-0.42 

-0.84 

-1.20 

1.69 

1.04 

-0.81 

-1.78 

• X= east-west coordinate 
" Y= north-south coordinate 
fftt Z= elevation 

-0.43 

1.85 

-0.43 

0,63 

-0.79 

-0.58 

-0.88 

-0.73 

-0.88 

o. 18 

0.18 

-0.28 

1.39 

0.94 

-0.43 

1.69 

-0.43 

-1.95 0.18 -0.39 

-1.02 0.88 -2.13 

-0.75 -0.03 -0.29 

-0.11 -0.31 0.91 

0.79 3.26 

-0.68 0.50 

0.72 

o.oo 

0,41 -0.66 -0.21 

0.10 -0.64 0.22 

-0.21 -0.48 0.30 

0.53 -0.36 0.16 

0.06 -0.23 0.16 

-0.44 -0.55 0.50 

-0.01 -0.18 -1.59 

2.20 0.53 2.00 

1.17 -0.53 -0.24 

0.08 -0.25 -1.27 

0.84 -0.12 1.09 

The results of fittin9 the 6 terms for each daytime 

category are shown in Table 3.18. This Table also includes 

values of S0(0) and S0(1), which are measures of the sum over 

the 17 sites of the differences between the actual wind 

direction and the mean direction, and the sum over the 17 sites 

of the differences between the actual and predicted wind 

directions, respectively. The mathematical definitions are 
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given in Table 3.18. In the regression procedure, the aim was 

to minimize S0(1). 

Table 3.18: Parameter estimates and tests of significance for 
the regression of the mean direction on the three 
position variables, and their interactions for the 
daytime categories 

---------------------------------------------------------------
parameter 

N NE 
2.5 2.5 

daytime 
E SE 

2.5 7.5 

category 
S SW 

7.5 7.5 
w 

7.5 
w 

12.5 
NW 
7.5 

NW 
12.5 

---------------------------------------------------------------
c• 0.26 1.01 1.47 2.53 3. 15 5.31 5.55 5.48 5.79 5.75 

X 0.02 -0.11 -0.01 0.03 0.17 o. 10 0.01 0.01 o.oo -0.08 

y 0.03 0.29 0.17 -0.01 0.52 o. 13 -0.06 -0.02 -0,07 -0.07 

z -0.02 -o.oo -0.18 -0.09 0.57 -0.17 -0.09 -0.12 -0.05 -0.03 

X*Y 0.04 -0.09 0.02 0.06 -0.52 -0.01 -0.02 0.02 -0.02 0.04 

X*Z 0.01 -0.05 -0.06 -o.os -0.94 0,09 -0.05 -o.os -0.05 -0.08 

Y*Z 0.18 -0.11 -0.11 -0.17 0.19 -0.25 -0.14 -0.16 -0.13 -o. 14 

---------------------------------------------------------------
S0(0)1.06 1.05 0.90 0.46 5.32 0.66 0.32 0.27 0.36 0,32 

so ( 1) o. 89 0.28 0.49 0.26 3.85 0.23 0.11 0.09 o. 10 0.11 

F 0.32 4.49 1.41 1.31 0.64 3,05 3.18 3.09 4.03 3.20 

corrs,lation coefficient p•: 
0.23 1.66 0.72 0.59 0.70 1.17 1.10 1.06 1.35 1.06 

---------------------------------------------------------------
• C = constant in the regression equation 
Note: 

n 
SO<O> = n - E cos <81 - e> 

i::1 

II A 

so c 1 > = n - E cos c e, - ea> 
i=l 

where e, = observed direction 

e = mean direction 

8 = fitted direction 

n = 17 

F •• 10 = C C SO <O > - SO < 1 > } / SO <1 ) > • 10 / 6 

FerlUcal = 2. 46 , for ex. = • 10 
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The regression equations were significant for 6 cut of 

the 10 categories (~0.1). The high value of~ was used in 

order to avoid type 2 errors i.e. wrongly concludin9 that the 

variable in question had no effect. This was done to ensure 

that all possible trends in the data were detected. The general 

correlation coefficient, (Jupp and Mardia, 1980) for 

the actual and fitted values was greater than 1.0 for the 6 

categories, the possible range being O <no correlation) to 2 

(perfect correlation>. 

The constant in each equation was close to the actual 

mean of the 17 mean wind directions. The largest regression 

coefficients were for the Y and the Y.Z terms and the 

coefficients of X were very small in comparison, and this 

prompted a simpler model to be fitted with only the Y, Zand 

Y.2 terms (Table 3.19). The regression equations 

significant for the same six categories as before, and the 

parameter S0(1> was only slightly reduced. The equation for one 

additional category, weak E gradient winds, was also 

significant. Hence, the additional terms in the first model did 

not contribute greatly to the regression equations, although 

the correlation coefficients were slightly reduced for the 

simpler model. The greatest reduction of the correlation 

coefficient was for the moderate S gradient winds, for which 

the correlation decreased from 0.70 to 0.23. This was due to 

the omission of the interaction terms in the east-west 

variable, 

category. 

x, which were relatively important for this 

The simpler model therefore was adopted as the 

appropriate predictive model for all of the daytime categories. 
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Table 3.19: Parameter estimates and tests of 
significance for the re9ression of mean 
wind direction on the north-south 
variable , <Yl ~ the elevation , <Z>, and 
their interaction for daytime categories 

parameter daytime 
E SE 

category 
N NE 
2.5 2.5 2.S 7.S 

S SW 
7.5 7.5 

w 
7.5 

w NW NW 
12.5 7.5 12.5 

c• 0.25 1.01 1.47 2.53 3.39 5.31 5.55 S.48 5.79 5.75 

Y 0.03 0.31 0.17 -0.01 0.38 0.13 -0.05 -0.02 -0.07 -0.06 

Z o.oo -0.06 -0.17 -0.05 0.16 -0.15 -0.09 -0.10 -0.04 -0.03 

Y*Z -0.15 -0.19 -0.10 -0.12 -0.18 -0.24 -0.15 -0.15 -0.15 -0.13 

S0(0)1.06 1.05 0.90 -0.46 5.32 0.66 0.32 0.27 0.36 0.32 

SO<ll0,91 0.39 0.51 0.35 4.52 0.27 0.13 0.12 0.13 0.14 

F 0.76 7.39 3.30 1.29 0.77 6.02 6.16 5.59 7.21 5.58 

correlation coefficient P': 
0.21 1.41 0.62 0,42 0.23 0.86 0.96 0.90 1.24 0.92 

• C = the constant in the regression equation 

Note: 
F~u = {CSO(O)-SO(l)J/SO(l)},13/3 

Fcr1u■-1 = 2. 56 for °' :i: • 10 

The coefficients of the elevation term were negative, 

except for the moderate S gradient wind category. This meant 

that there was a clockwise rotation of the winds from the mean 

direction for elevations below the mean value of 594m, where 

the general friction effects would be greater than for sites 

at high elevations. 

The coefficient of the north-south variable, Y, varied in 

magnitude and sign. However, its effect was generally small 

compared to the effect of the interaction term involving the 

north-south variable and the elevation. The coefficient of Y.Z 

was always negative and relatively large. In the north of the 
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region, where Y>O, the interaction term reinforced the main 

effect of the elevation term as just described. In the south, 

with Y<O, 

Presumably, 

the interaction term negated the elevation effect. 

in the southern area the complicated local 

topography introduced friction effects throughout and these 

were far less dependent on elevation than in the more open 

northern area. 

The coefficients for the W-NW gradient wind categories 

were very similar for moderate and strong gradient wind 

speeds. 

therefore 

The patterns in the wind direction in the area were 

the same under the different gradient wind 

conditions, although there was a small difference in the 

constant term in the equations for the W gradient winds, 

compared to the NW gradient winds. 

The results for the regression procedure for the nighttime 

are shown in Table 3.20 for the full model with 6 terms. The 

iterative procedure to determine the regression coefficients 

did not conver9e for 3 of the categories, despite several 

trials with different initial estimates, and so equations were 

obtained in only 7 of the 10 cases. 

were significant for 2 of these 7. 

The regression equations 

For the two categories for which significant re9ression 

equations were 

indicated:-

found, a closer inspection of the data 

i) A dominant drainage flow at all sites for the NE 

grad i ent wind of moderate strength and 

ii> A strong S -SE surface flow for the stron9 SE 

9radient wind. The wind speeds were greatest in the 
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southern section of the area, which could have been 

due to the drainage winds reinforcing the modified 

gradient winds at the surface, since both winds were 

from the same general direction. However, the 

coefficients in the regression equation for this 

category showed the same type of dependence on Y 

and Z as found for the daytime categories, which 

su99ested that a predominant gradient flew 

present. 

Table 3.20: Parameter estimates and tests of 
significance for the regression of 
mean wind direction on the three 
position variables, and their 
interactions, for nighttime categories 

was 

---------------------------------------------------------------
parameter category • 

N NE E SE s SW w w NW MW 
2.5 7.5 7.5 12.5 7.5 7.5 7.5 12.5 7.5 12.5 

---------------------------------------------------------------
C" 4.67 2 . 72 2.52 2.88 2 . 65 0.77 1.69 

X 2.42 o.oo -o.oo 0.03 o. 13 0.41 -o.so 

y -1.69 -0.18 -0.17 -0.04 -0.33 0.58 0.36 

z 1.55 0.04 0.01 -0.03 0.22 2.26 2. 10 

X*Y -1.70 -0.05 -o. 14 -0.04 -0.13 0.38 0.22 

X*Z 2.58 -o.os -0.06 -0.14 0.00 2. 16 1.86 

Y*Z -1.61 -0.05 0.06 -0.12 0.14 2.80 2.90 

S0(0) 8.25 0.71 0.83 0.54 5.20 11.03 13.14 3.88 9.65 8.71 

S0(1) 6. 15 0.21 0.57 o. 15 3.98 10.32 9.68 

F 0 . 54 4.03 0.77 4.13 0.51 0.11 0.60 

correlation coefficient: 
0.85 1.00 0,49 1.37 0.45 0.73 o. 43 

---------------------------------------------------------------
• equations were not determined for the last three categories 
- C ~ constant in the regression equation 

Note: 
F•.•• = <CSO(O> - SO( 1 ))/S0(1> }.10/6 
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The linear modelling approach therefore had only a 

limited success in predictin9 the mean wind directions in each 

nighttime category. 

spatial variability, 

Most categories exhibited considerable 

a& seen from the large values of S0(0) in 

Table 3.20, and independent variables in the re9ression 

equations were able to account for only a small proportion of 

the total variability. An examination of the dispersion about 

the mean wind direction at each site, 9iven by the circular 

variance, indicated that there was also substantial variability 

about the mean at some sites in each category, as well as the 

high dispersion between sites. The maximum and minimum values 

of the 17 circular variance values in each category, given in 

Table 3. 21, showed the wide ran9es. The highest circular 

variance was 0.97 for Monash for the weak N gradient wind 

category. 

Table 3.21: The highest and lowest values of the circular 
variance in each nighttime category 

lowest hi9hest 
site value site value 

---------------------------------------------------------------
N 2.5 Evatt 0.08 Monash 0.97 

NE 7.5 Charnwood 0.02 Macarthur 0.75 

E 7.5 Charnwood 0.13 Macarthur 0,65 

SE 12,S Point Hut 0.01 Cotter 0.54 

s 7.5 Barton o. 18 Turner 0.89 

SW 7.5 Charnwood 0.32 Torrens 0.86 

w 7.5 Hume 0.35 Torrens 0.89 

w 12.5 Turner 0.22 Point Hut 0.85 

NW 7.5 Racecourse 0.20 MacArthur 0.82 

NW 12.5 Racecourse 0.31 Point Hut 0.95 
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Therefore, it seemed inappropriate to pursue the 

investi9ation of the mean wind directions any further for the 

nighttime categories. Rather, it was considered necessary tc 

in greater detail at the distribution of wind directions 

at each site for each of the ten categories. This could 

establish any trends which appeared at the sample sites and 

which, hopefully, could be generalized to other locations in 

the region. 

3.7. VARIABILITY IN NIGHTTIME WIND DIRECTIONS 

In each nighttime category, at each site, the wind 

directions were allocated to the eight compass direction 

classes, N, NE,.,,,NW. This produced 170 (17¼10) frequency 

distributions, with 8 classes in each . The frequencies were 

expressed as proportions of the total number of observations to 

facilitate comparisons between categories. 

assumptions were made:-

Two simplifying 

i) The observations which fell in the same direction as 

the gradient wind flow for a category, or the 

adjacent direction class in a clockwise direction, 

were classified as a modified gradient flow. That is, 

the wind at the surface was taken to be the general 

wind as defined by Ryan (1977>, and discussed in 

Chapter 1. 

ii) The observations of surface wind direction in the S

SE quadrant were ta~en to be the general drainage 

wind in the region. In the case of an overlap 

between the direction classes for general wind and 

draina9e flow, 

wind. 

the flow was taken to be a general 
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With these assumptions the ten cate9ories were examined 

and the frequencies cf the general wind (Table 3.22) and of the 

general drainage wind <Table 3.23) were determined. 

Table 3.22: Proportion of 9eneral wind occurrences• for 
each site, for each ni9httime category 

site 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring V. 

Turner 

Barton 

Pi al 1 i90 

Stirling 

Phillip 

Hume 

Monas h 

Gungahlin 

Racecourse 

Torrens 

Point Hut 

N NE 
2.5 7.5 

0.3 0.4 

0.2 

0.2 

0.2 

0.3 0.3 

0.4 0.3 

category 
E SE S 

7.5 12.5 7.5 

0.6 1.0 0.3 

1.0 o. 7 

1.0 0.9 

1.0 1.0 

0.4 0.7 

SW W 
7.5 7.5 

w 
12.S 

0.2 0.2 

0.3 

0.4 0.6 0.7 

0.5 0.6 0.8 

0.4 0.6 

0.3 1.0 0.6 0.4 0.5 0.7 

0.6 1.0 0.3 0.4 0.4 

0.7 0.9 0.4 0.2 0.2 0.7 

0.5 0.7 0.6 

0.3 0 . 9 0.4 0.2 0.2 0.4 

0.6 0.9 0.3 0.4 

0.4 

NW NW 
7.5 12.5 

0.5 

0.2 

0.3 

0.5 

0.5 

0.4 

0.6 

0.3 

0.2 

0.5 

0.3 

0.3 1.0 0.8 0.3 

0.5 1.0 0.6 0.3 

0.4 0.8 0.2 

0.5 0.3 0.7 

0.6 0.6 o.s 0.5 

0.5 1.0 0.3 

0 . 2 1.0 0.4 

0.4 1.0 0.5 

0.3 0.4 

0.3 

0.3 

0.4 

0.5 

0.4 

• proportion& < 0.2 have been left blank, others are 
rounded off to 1 decimal place. 

clapter 3 variation In 11aa 1i1d dirKlia1 ud strength bel111en sites 137 



Table 3.23: Proportion of general drainage wind 
occurrences• tor each site, tor each 
nighttime category 

site 

N 
2.5 

NE 
7.5 

Charnwood 0.9 1.0 

MacArthur 

Evatt 

Bruce 

0.2 

0.3 0.9 

0.4 0.8 

Cotter 0.7 0.7 

Spring V. 0.5 0.9 

Turner 

Barton 

Pialligo 

Stir-ling 

Phillip 

Hume 

Monash 

Gungahlin 

Racecourse 

Torrens 

0.9 

0.8 0.9 

0.6 0.9 

0.6 0.8 

0.6 0.9 

0.3 0.6 

o.s 

0.5 

0.7 

0.6 0.7 

Point Hut 0.6 0.6 

E" 
7.5 

0.4 

0.3 

SE- s- SW 
12.5 7.5 7.5 

0.4 

0.4 

0.3 0.4 

0.7 0.3 

0.4 

0.2 

0.3 

0.6 

0.3 

0.4 

0.4 

0.3 

0.6 

0.4 

0.3 0.3 

o.s 

0.4 0.5 

0.3 0.4 

o.s 

0.2 

0.3 

0.4 0.7 

w 
7.5 

0.3 

0.2 

o.s 

W NW 
12.5 7.5 

0.7 

0.3 

0.5 

0.5 

0.6 

0.6 

0.4 0.2 0.4 

0.5 

0.3 

0.5 

0.5 

0.5 0.3 0.4 

0.5 0.7 

0.6 0.5 0.6 

NW 
12.5 

0.2 

0.2 

0.2 

0.6 

0.4 

0.2 

0.4 

0.4 

• proportions< 0.2 have been left blank, others are correct 

" -
to one decimal place 

S direction only 
as for general wind 
SE direction only 

The occurrence ot each wind in each category was then 

examined in detail, also taking note of the information 

provided in Table 3.6b on the mean wind speed and in Table 3.15 

on the coefficient of variation. On some occasions it was 
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necessary tc refer to original frequency distributions and 

obtain information from them, 

included here. 

but this additional data is not 

1. weak N 9radient winds: 

The general wind occurred infrequently in this cate9ory, 

bein9 most frequent at Gun9ahlin, Racecourse and MacArthur, 

although even at these sites it occurred on only a third of all 

occasions. The general drainage wind was common at Charnwood, 

Cotter, Barton, Pialli90, Stirling, Phillip, Torrens and Point 

Hut. The remainin9 sites showed other features. For example, 

winds at Evatt and Bruce were often from the East, suggesting a 

slightly modified general drainage flow. At Spring Valley half 

the winds were from the W-SW, and at Turner and Hume half the 

winds were from the S-SW, &u99estin9 that on those occasions a 

very localized air draina9e from nearby hills was occurring. At 

Monash the observed wide range of wind directions was large, 

with no particular concentration in any direction. 

Most sites showed a considerable scatter of wind 

directions. It was doubtful if any si9nificance should be 

attached to some of the directions since the associated wind 

speeds were so low. This was indicated by the category mean 

speed of only 1.1m/s, and mean speeds at the sites ranging from 

0.6m/s to 1.5m/s. Furthermore, the coefficient of variation was 

0.51, indicating that on many occasions very low wind speeds 

occurred. Under such low wind speeds, the accuracy of the wind 

direction values would be questionable, since at those speeds 

it is known that direction traces on the charts tend to 'drift• 

'meander' and it is difficult to then assign a meaningful 

average value to the wind direction. 
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2. moderate NE gradient winds: 

All sites, except MacArthur, had a predominant general 

drainage flow. The regression coefficients, given in Table 

3.20 for mean direction, 

north-south variable, Y, 

showed a strong dependence on the 

which showed that the drainage winds 

in the south of the region were rotated clockwise from the mean 

SE position. 

Winds at MacArthur were either the general wind flow, or 

more commonly from the SW (56% of the time>, which could have 

been a modified drainage flow channelled along the ridge. 

3. moderate E gradient winds: 

The surface winds were a mix of general wind flow and 

general drainage flow, and these were difficult ta separate 

because of the overlap in the expected direction of the general 

wind and the drainage wind. 

4. strong SE 9radient winds: 

The general wind predominated at all sites in this 

category. 

~- moderate S gradient winds: 

Most sites showed a moderate frequency of occurrence of a 

general wind, some drainage flow and other winds from a wide 

range of directions. The wind speeds were low in this cate9ory, 

with a category mean of only 1.3m/s, 

variation of 0.65 at each site. 

6. moderate SW gradient winds: 

and a high coefficient cf 

The occurrence of a general wind was unexpectedly low at 

all sites. However there were frequent winds from the N-NW 
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which were believed to be topo9raphically modified 9eneral 

winds rotated by the Brindabella Ran9es to the SW. These winds 

constituted the major part of the cases which were not general 

winds or drainage winds. 

However, there were a moderate number of drainage winds 

at Cotter, Spring Valley, Barton, Pialligo, Stirling, Phillip, 

Hume, Monash, Torrens and Point Hut. These sites were all in 

the south of the region, suggesting an increased likelihood of 

drainage flow closer to the high elevations surrounding this 

area. 

7. moderate W gradient winds: 

Drainage winds were more likely to occur in the south of 

the region and the frequency of occurrence of drainage winds in 

the north was very low. 

To investi9ate the approximate equal frequency of 

drainage and general winds at many sites, the observations in 

the category were subdivided into two classes; one for cyclonic 

synoptic conditions for which there were 17 observations, the 

other for anticyclonic synoptic conditions, which had 16 

observations. The mean speeds and directions in these two 

classes were quite different. 

3.5 and 3.6 as vector plots, 

These means are shewn in Figs. 

where the vector at each site 

shows the direction of the mean wind and the length cf the 

vector represents the mean wind speed. In general there was 

modified gradient flow under cyclonic conditions; under 

anticyclonic conditions there was drainage flow in the south, 

whereas modified gradient flow remained present in the north. 

However, drainage winds did appear to persist at Point Hut 
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(site 17> and Hume (site 12) - sites in well defined valley 

locations - under cyclonic conditions. For Macarthur (site 2), 

on a ridge, the wind direction differed since it was from N-NE 

for the two classes. 

The mean nighttime wind speeds were higher under cyclonic 

conditions than under anticyclonic conditions, 

mean speed of 1.Sm/s and 1.0m/s respectively. 

8. strong W 9radient winds: 

with overall 

The pattern of wind directions was different from that for 

moderate W winds discussed above. The only sites with a 

moderate frequency of occurrence of drainage winds were Point 

Hut, Hume and Pialli90. Other sites had a predominance of 

general winds when the occurrence of topographically modified 

drainage winds from the N were taken into account. For example, 

at Charnwood, 84% of winds were from the N-NW. The stronger 

gradient wind speed therefore appeared to mask the drainage 

flow at most sites. 

9. moderate NW gradient winds: 

The frequency distributions for this category were 

similar to those for the weak M gradient winds. For both 

cate9ories the overall mean wind speed was 1.0m/s, and the 

range in mean speeds was approximately from 0.6m/s to 1.2m/s. 

The dispersion about the mean speed at each site was also 

similar for the two categories, 

being 0.56 and 0.51 respectively. 

the coefficients of variation 

There was a predominance of general drainage winds, and 

the only site with even a moderate occurrence of a general wind 

However, localized drainage winds occurred at 
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Turner and winds at Monash were very dispersed with no clear 

pattern. 

10. strong NW gradient winds: 

The surface patterns in wind direction were similar to 

those for the strong W gradient wind field except there was a 

higher relative frequency of drainage winds at Hume and 

drainage winds occurred moderately often at both Barton and 

Pialligo. 

These differences could have been due to the generally 

lower surface wind speeds under NW gradient flow, compared to 

the W gradient winds. Under such conditions, 

would have been more likely. 
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Fi9. 3.5: Vector plots of the mean wind speed and direction 
at the 17 sites for cyclonic conditions and 
moderate W 9radient winds at night 
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Fig. 3.6: Vector plots of the mean wind speed and direction 
of the 17 sites for anticyclonic conditions and 
and moderate W gradient winds at night 



3.8. DISCUSSION AND CONCLUSIONS 

The analysis of mean wind speed revealed the dependence 

an the north-south position <Y>, elevation <Z>, and roughness 

and also provided broad information on the sources of variation 

in wind speed. It was noted that approximately 80% of the 

variation was due to the variation in the wind speed between 

categories. 

differences, 

The remaining 20% was attributable to between site 

and most of this was in the nature of constant 

site differences which produced a constant site relativity in 

the mean wind speeds about the category mean. Only 

approximately 6% of the variation was due to interactions 

between categories and sites. 

Since only part of the site differences were explained by 

the Y and Z position variables, the inability to examine the 

influence of site aspect without confounding the effects of 

other variables was very unfortunate. This highlighted the 

general problem involved in trying to design a network of wind 

data collection sites for the study of wind fields in a region, 

when several different objectives needed to be met. 

The daytime direction categories showed a dependence on 

the same position variables, Y and z, as the mean speeds. The 

predicted mean directions could thus be used to determine the 

correct surface roughness values for use with the regression 

equation developed for the prediction of mean wind speed, 

The complexity of the wind fields at night, as shown by 

the detailed examination of the frequency distributions for all 

the sites, confirmed that it was not appropriate to attach 

meaning to mean directions at night in any but the categories 

of moderate NE gradient winds and strong SE gradient winds. For 
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those categories the overall Fin the regression analysis was 

signi-ficant, 

identified. 

and both drainage and gradient flow could be 

For the remaining 8 nighttime categories it was only 

appropriate to discuss the most frequent flow at each site. 

This discussion revealed that 

i ) at very low wind speeds, localized drainage flow 

occurred sometimes at Turner, Spring Valley, and 

Hume. 

ii) at very low speeds, the wind directions were very 

dispe!"sed. 

iii) particularly for the moderate W gradient wind 

drainage winds were more likely to occur 

under anticyclonic conditions than under cyclonic 

conditions, and this was particularly so in the 

south of the region. 

iv) drainage winds were more prevalent over the area for 

weak or moderate than for strong gradient winds; and 

v> 

at 

drainage flow was slightly modified in direction 

Bruce and Evatt, where more frequent E winds 

occurred, and at MacArthur, where there was a higher 

incidence of SW winds. 

Further understanding of nighttime winds could be gained 

by examining the characteristics of the drainage flow at a 

number of sites on particular occasions. The characteristics 

could include the time of the onset of the flow, its 

persistence and the time of eventual dissipation, as well as 

its association with general atmospheric conditions such as air 

pressure and temperature. However, the examination would need 
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to be carried out on a smaller time scale than that adopted far 

this study and would require more detailed investigation af the 

terrain features at each 5ite. For these resons, it was felt to 

be outside the scape of this study. 
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CH APTER IV 

CORRELATIONS OF WIND DIRECTION AND STRENGTH 

BETWEEN SITES 



4.1. INTRODUCTION 

In the previous chapters the wind fields in the Canberra 

re9ion were investi9ated by examinin9 avera9es over time. The 

means of speed and direction provided information on the 

averages at each site for particular classes of observations. 

Estimates of dispersion, namely the variance of wind speed and 

the circular variance of wind direction, indicated the extent 

of the variation from the mean values far each site. The next 

stage was to investi9ate the way in which the winds at the 

sites varied with respect to one another at particular times. 

For example, considering the wind speeds at Charnwood and 

Turner, it was found from the analysis of mean speeds that 

Charnwood was a high wind speed site and Turner a low wind 

speed site . The variance at Charnwood was also higher than at 

Turner for all the categories examined. However, these results 

did not indicate the way in which these sites related to one 

another at particular times. 

To investigate the relativity of the perturbations the 

correlation of each site with every other site was examined 

far both wind speed and wind direction. For wind speed, the 

standard product-moment correlation was used: 

" " .. 

E61. 4. 1. 1 

For wind direction the square root of the general 

correlation coefficient, ct Jupp and Mardia (1980) was 

used, taking values between O and 1.41. The equation was: 
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where 

+ ( PccP.. + Pc■P•c) P, P2 

- 2 ( PccPoc + Pc■P-■) P1 

- 2 <PceP.,. + P■cP■-) P2 } 

Pee= corr<cose,cos<I>> etc., 

P, = corr<cose,sine>, etc., 

EGI. 4. 1. 2 

'Corr' denotes the product-moment correlation coefficient, and 

e and <I> are wind directions from the two sites being 

correlated. 

4.2. CORRELATIONS FOR ALL WIND SPEED AND WIND DIRECTION 

OBSERVATIONS 

4.2. 1. RANGE OF CORRELATIONS 

The correlations between sites were firstly calculated 

for all observations combined, namely 1388 observations for 

which data on the gradient wind were also available. The 

calculations were also carried out separately for the daytime 

and nighttime observations. This gave 6 sets of 136 

correlations, namely the correlations for speed and direction 

in the day, at night, and for all observations combined. 

The maximum and minimum values in each set are shown in 

Tables 4.1 and 4.2 for wind speed and wind direction 

respectively. For wind speed, the range of correlations was 

from moderate to high and was similar for each of the three 

sets of correlations, but for wind direction the correlations 

relatively lower with the lowest values at night. 

The maximum correlations all occurred between the 

Belconnen sites of Charnwood, Evatt, and Bruce, particularly 
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the latter t"10. For both wind speed and wind direction the 

minimum correlations were between distant sites, which 

indicated that the correlation between sites was inversely 

related to their distance apart. 

day 

night 

al 1 

day 

night 

all 

Table 4.1: The maximum and minimum correlations between 
the wind speeds at all sites for day/night 
and all observations combined, showing the 
sites involved 

minimum correlation maximum correlation 
value between sites value between sites 

0.62 

0.62 

0.67 

Table 4.2: 

Turner 0.94 Charnwood 
Torrens Evatt 

Evatt 0.93 Evatt 
Point Hut Bruce 

Turner 0.95 Evatt 
Torrens Bruce 

The maximum and minimum correlations• between 
the wind directions at all the sites for 
day/ni9ht and all observations combined, 
showing the sites involved 

minimum correlation maximum correlation 
value between sites value between sites 

0.72 Cotter 1.13 Evatt 
Point Hut Bruce 

0.25 Gungahlin 0.99 Evatt 
Point Hut Bruce 

0.62 Cotter 1.09 Evatt 
Hume Bruce 

• the formula for the correlation is given in Ee. 4.1.2 
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4.2.2. REGRESSION ANALYSIS OF WIND SPEED CORRELATIONS FOR ALL 

OBSERVATIONS 

The decrease in the correlation between sites with 

increasing distance apart has been found for many 

c 1 i matol ogi cal variables, including rainfall (Cornish et al., 

1961) and wind speed (Nordlund, 1976). However, the actual form 

of the function relating the correlations to distance apart 

has been found to vary with the climatological variable 

studied, and the location of the region. 

Following Cornish et al. (1961), regression analysis was 

used to explore the relationship between distance apart and 

correlations of wind speed calculated from 1388 

observations for sites in the Canberra region. An inverse 

hyperbolic transformation was used on 

the raw correlations <r>, to produce a dependent variable 

which was approximately normally distributed (Fisher, 1958). 

The plot of the transformed correlations, z, against the 

distance apart of the sites (Fi9. 4.1) suggested that a linear 

function of distance, D, would be appropriate in the regression 

equation. 

equation 

It was also decided to include a parameter in the 

to 

displacement of 

Cornish et al. 

represent the effect of the direction of 

the sites from one another, and, followin9 

C 1961>, the term B=Dsin2e was included as a 

predictor where e was the bearing of one site from another, 

measured counterclockwise from north. Cornish et al. C 1961 l 

found that the incl~sion of the distance in the term B improved 

the fit in the rainfall correlation modelling. The term also 

needed to be periodic with period n so that for any sites i 

and j~ the term B took the same value irrespective of whether 
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the bearin9 was taken from site i or site j. If the direction 

of displacement was not significant, the correlation field 

would be described as isotropic, and it would be anisotropic if 

the direction of displacement was significant. 

The analysis of variance for the regression of z an D and 

B <Table 4.3a) showed that both terms were significant. The 

distance term was the more important predictor with a beta 

coefficient of 0.620 compared to a beta coefficient of 0.185 

for B. Therefore, to a first approximation, the correlation 

field could be described as isotropic. 

Both terms accounted for only 40% of the total 

variability which meant that the model would not have served 

well as a predictive tool, 

were included in the model, 

Ta improve the model, other terms 

namely dZ, the absolute difference 

in elevation of pairs of sites, and dRl, dR2, and dR3, the 

absolute difference in the mean surface roughness parameter in 

each of the three annuli for pairs of sites. Means of the eight 

roughness values in each compass direction in each annulus 

were taken since there was no wind direction involved, 

The terms were entered in the re9ression equation in a 

step-wise regression procedure, and the variables were found to 

enter in the order D, dZ, dR2, and B. The analysis of variance 

(Table 4.3b) showed that 58% of the variability was accounted 

for, which was an improvement on the simpler model. The 

equation was:-

z= 1.614 - 0.0018 D - 0.00199 dZ -3.044 dR2 -0.00035 B 

E@. 4.2.1 
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The inclusion of dR2 rather than dRl in the equation was 

unexpected, and could have been due to the coarse nature of the 

rou9hness variables. The residuals from the model CFi9. 4. 2) 

were well behaved, and validated the use of the transformation 

to obtain normality. 

The wind direction correlations were not analysed in this 

way. The correlation coefficient of Jupp and Mardia had a 

different ran9e and distribution to the standard product-moment 

correlation used for wind speed correlations and consequently 

the inverse hyperbolic transformation would not necessarily 

produce an approximately normal dependent variable. 

Table 4.3a: Analysis of variance for the regression of the 
transformed wind speed correlations,z, on D and B 

source 

D 

B 

residual 

total 

Table 4.3b: 

source 

d.f. 

1 

1 

133 

135 

sum of 
squares 

1.63 

o. 15 

2.61 

4.39 

mean 
square 

1.63 

o. 15 

0.020 

F 

81.5 

7.5 

Fcritica.l,0.05 

3.8 

3.8 

Analysis of variance of the full regression model 
(EQ. 4.3.1), for the transformed wind speed 
cor-relations 

d.f. sum of mean F Fcritical,0.05 
squares square 

--------------------------------------------------------------
D 1 1. 63 1.63 116. 4 3.92 

dZ l 0.50 0.50 35.7 3.92 

dR2 1 0.25 0.25 17.8 3.92 

B 1 0.15 0.15 10.7 3.92 

residual 131 1.86 0.014 

total 135 4.39 
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Fig. 4.2: Histogram of residuals from model <Ee. 4.2.1) 
for wind speed cor relations based on all 
observations 
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4.2.3. CLUSTER ANALYSIS 

To further examine the correlations between the sites 

numerical classification techniques were used to obtain 

dendrograms from the correlation matrices. This made it 

possible to present the large amount of information in a way 

that could be examined visually. 

The measure of similarity used was (1-the product-moment 

correlation) for wind speed, and (1.41- correlation) for wind 

direction, since the scale on the dendrogram was actually a 

scale of dissimilarity with a zero value representing perfect 

agreement. Dendrograms were obtained by complete 1 i nl<age 

cluster analysis. 

The dendrogram for the correlations for all wind speed 

observations <Fig. 4.3) showed three main clusters before all 

sites were joined into a single cluster. The clusters suggested 

that the region could be viewed as three subregions, with 

closer associations between the sites in the northern sub-

region (Charnwood, Evatt, Bruce, Gungahlin and Racecourse) than 

between those sites in the intermediate area (Turner, Barton, 

Pialligo, Spring Valley, Cotter and Stirling), or sites in the 

southern subregion (Hume, MacArthur, Monash, Phi 11 ip, Point 

Hut and Torrens>. The intermediate region appeared to be more 

closely linked to the northern area, 

isotropy. 

showing a departure from 
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The dendrogram for the correlation5 of wind direction for 

all observations <Fig. 4.41 showed two main clusters instead of 

three. One cluster comprised the northern sites and some of the 

intermediate sites (Turner, Pialli90 and Cotter) and the other 

cluster comprised the southern sites and the remainin9 

intermediate sites. 

4.2.4. SUMMARY 

The correlations calculated from the set of all 

observations therefore indicated that: 

i ) In general, the correlations for wind speed were 

relatively 

direction, 

found in 

direction. 

greater for wind speed than for 1-1 ind 

and different associations between sites were 

the dendrograms obtained for speed and 

ii) the magnitude of the wind speed correlations was 

related to the distance between sites and the correlation 

field was isotropic to a first approximation. 

Differences in elevation and surface roughness were also 

significant predictors of correlations. 

i i i l for the remainder of the study it was useful to 

consider groupings of the sites into the northern 1 

southern and intermediate groups. 
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4.3. DIFFERENCES IN CORRELATION MATRICES BETWEEN CATEGORIES: 

Generalized Procrustes Anal ysis 

4.3.1. USE OF GENERALISED PROCRUSTES ANALYSIS 

The next step in the analysis was to examine the 

correlation fields for wind speed and direction for the 20 

gradient wind categories defined previously (Section 3.3). The 

analysis of the mean wind speed and direction had shown 

significant variation between categories and it was decided to 

investigate 

correlations. 

whether 

An investigation 

such variability also existed for 

of the differences between the 

categories and between the sites required the examination of 40 

correlation matrices (=2*20, i.e. for speed and direction, with 

20 categories in each). Initially, the main aim was to 

determine the degree of variability between the 20 correlation 

matrices for wind speed and also between the 20 correlation 

matrices for wind direction. If variability existed, it would 

be useful to know which categories differed the most from the 

'average' and which sites showed the most changeable patterns 

in their correlations with other sites. The individual 

cate9ories could then be studied in detail. 

The method chosen to determine whether or not variability 

existed between the correlation matrices was Generalised 

Procrustes Analysis (GPA>, which enabled a simultaneous 

comparison of the correlation matrices. Generalised Procrustes 

Analysis is an important technique in the context cf 

multidimensional scalin9 CSibsan, 1978), however the technique 

is not widely used in the field of climatology. A literature 
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search of prominent climatological journals• for the 

last decade failed to find any studies of climatological 

variables which had used this technique. The procedure is 

outlined in Appendix 4.1. 

In general terms, the technique compares the behaviour or 

scores (correlations) of individuals (sites) under different 

stimuli < i • e. under different 9radient wind conditions at 

different times of day). However, it usually makes sense to 

investi9ate the consistency of behaviour under different 

stimuli only after optimal matching of the scares under such 

operations as translation, rotation, reflection and scaling, 

and these operations form the first stage of a GPA. 

Accordin9ly, in each GPA carried out in thi.s study, the 

original m matrices of correlations were first transformed such 

that differences in the mean correlations of sites were removed 

(translation) and differences in the range of correlations 

<scaling> and differences in orientation (reflection and 

rotation) 1-1ere taken into account. The terms in the 

transformation were determined algebraically so that a goodness 

of fit criterion defined by the overall sum-of-squares was 

minimised (Appendix 4.1). Because translation terms were 

included, transformed matrices could be determined so that the 

column sums cf each matrix were zero, i.e. the mean of each of 

the matrices was at the origin. 

• The prominent journals were: Journal of Applied Meteorology, 
The Monthly Weather Review, Boundary Layer Meteorology, The 
Quarterly Journal of the Royal Meteorological Society, and The 
Meteorological Magazine. 
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An average behaviour for each of the sites, called a 

centroid, was then determined. The coordinates of the centroids 

for all the sites were the rows of a matrix referred to as the 

consensus configuration. Each coordinate in the consensus 

matrix was the arithmetic mean of m transformed values of the 

corresponding coordinates for them stimuli considered. Each 

column sum in the consensus matrix was zero. 

The deviations from the average correlations of sites were 

examined in the analysis of variance for the GPA. The 

analysis of variance provided information on the overall 

variability in the correlation matrices by giving an overall 

measure of the deviation about the consensus configuration. A 

within-group sum-of-squares was partitioned into a sum~of-

squares for the consensus configuration and a residual sum-

of-squares, Sr (Appendix 4.1>, where a 'group• refers to the 

correlations of the pairs of sites for a particular gradient 

wind category during the day or night. A relatively large 

value for the consensus sum-of-squares indicated a law degree 

of variability about the consensus configuration or average. 

Information was also given on individual site and 

category variability by a residual sum-of-squares for each 

site and a residual sum-of-squares for each category. A large 

residual sum-of-squares for a site or category, compared with 

the corresponding total sum-of-squares, indicated a substantial 

degree of variability about the centroid for the site or about 

the consensus configuration for the category. In addition, the 

total sum-of-squares for each site gave a measure of the 

deviation of that site from the mean of the sites which was at 

the origin. 
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4.3.2. PRINCIPAL COORDINATE ANALYSIS CPCO) 

The first step in the analysis was the use of Principal 

Coordinate Analysis (PCO) to reduce the dimension of each 

correlation matrix to a 17*5 matrix which could be easily 

handled by the GPA. The percentage of the variability accounted 

for by the first 5 latent roots (Table 4.4), showed that this 

reduction in dimensionality produced a loss of less than 30% of 

the total variability in most cases for wind speed 

correlations, but there were greater losses for the wind 

direction correlations, ranging from 26% to 49% of the total. 

The sets of coordinates produced from the PCO were then 

input into the GPA for wind speed and for wind direction so 

that there were 20 17*5 matrices in each case. There was a 

marl<ed difference in the scaling parameters for the 10 daytime 

and the 10 nighttime categories for beth wind variables (Table 

4.5), where the scaling parameters were the multiplicative 

constants included in the transformation of the correlation 

matrices to express uniform scaling (Appendix 4.1). The scaling 

parameters therefore indicated that there were consistent 

differences in the level of the correlations for day and for 

night. It was therefore decided to analyse the daytime and 

nighttime categories separately. Accordingly a GPA was carried 

out fer each of the four sets of 10 correlation matrices i.e 

the 10 correlation matrices for wind speed and wind direction 

for day and for night. 
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Table 4.4: % variance accounted for by the five latent 
roots from the PCO of the correlation matrix 
for wind speed and wind direction for each 
of 20 categories 

---------------------------------------------------------------
---------------------------------------------------------------
category: 
gradient wind 
dir/speed 

day: 

N, 2.5 

NE, 2.5 

E, 2.5 

SE, 7.5 

s, 7.5 

sw, 7.5 

w, 7.5 

w, 12. 5 

NW, 7.5 

NW, 12.5 

night: 

N, 2.5 

NE,7.5 

E, 7.5 

SE, 12. 5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12. 5 

NW, 7.5 

NW, 12. 5 

wind 
speed 

83 

83 

81 

82 

77 

77 

64 

56 

70 

60 

93 

86 

89 

84 

94 

91 

81 

63 

85 

74 

wind 
direction 

59 

63 

66 

62 

59 

58 

56 

54 

59 

56 

66 

74 

68 

70 

59 

55 

53 

54 

61 

51 
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Table 4.5: The scaling parameter for each category from 
the GPA for all 20 categories, for the PCO 
coordinates far wind speed and wind 
direction correlations 

category 

day: 

N, 2. 5 

NE, 2.5 

E, 2. 5 

SE, 7.5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12.5 

NW, 7. 5 

NW, 12. 5 

N, 2.5 

NE, 7.5 

E, 7.5 

SE, 12. 5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12.5 

NW, 7.5 

MW, 12.5 

scaling parameter 
wind speed wind direction 

1.105 1.018 

1.060 1.154 

1.062 1.089 

1.044 1. 112 

1.117 1.032 

1.122 1.093 

1.186 1. 068 

1.203 1. 025 

1.275 1.025 

1.337 1. 046 

0.743 0.974 

0.793 0.871 

0.959 0.923 

0.978 0.865 

0.925 0.895 

0.945 0.948 

0.971 0.996 

1.148 0.936 

0.806 0.949 

1.079 0.973 
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4.3.3. RESULTS OF THE INDIVIDUAL-GPA FOR EACH OF THE FOUR SETS 

OF CORRELATIONS 

a. Analysis of variance 

The analysis of variance for each GPA is presented in 

Tables 4.6 to 4.9 for the daytime wind speed correlations, the 

nighttime wind speed correlations, the daytime wind direction 

correlations and the nighttime wind direction correlations, 

respectively. For the four sets of data the consensus 

configuration accounted for 65%, 56%, 61% and 48%, respectively 

of the total within-group sum-of-squares, Therefore, in each of 

the four cases the consensus configuration accounted for a only 

a moderate degree of the total variability in the 10 matrices 

indicating that there were notable differences between the 

correlation matrices for the categories. This result was the 

single most important conclusion reached from the GPA. The 

differences were greatest for the nighttime correlations, 

The residual sum-of-squares in the analysis of variance 

for each GPA also showed the categories and sites which 

contributed most to the variability about the consensus 

configuration, All categories showed at least a moderate 

deviation from their respective consensus configuration or 

The degree of variability around the consensus 

configurations was greatest for the nighttime wind direction 

correlations and the corresponding residual sum-of-squares were 

high for all categories ranging from 47% to 63% of the total 

(Table 4.9). 

The categories with the smallest residual sum-of-squares , 

and which were therefore the most similar to, or most 'like' , 

their cons ensus configuration were those for the weak NE 
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gradient winds for daytime wind speed correlations, 

gradient winds for nighttime wind speed correlations, 

strong W 

weak NE 

gradient winds for daytime wind direction correlations and weak 

N gradient wind for nighttime wind direction correlations. 

The categories with the largest residual sum-of-squares, 

and therefore the most dissimilar, or least their 

respective consensus configurations were those for strong W 

gradient winds for daytime wind speed correlations, moderate NW 

gradient winds for nighttime wind speed correlations, 

gradient winds for daytime wind direction correlations, and 

SE gradient winds for nighttime wind direction 

correlations. The categories most like the consensus 

configuration were therefore the same for the daytime wind 

speed correlations and the daytime wind direction correlations, 

and the same was true of the cate9ories least like the 

consensus configuration. 

Individual site variability ranged from low to high in 

the analysis of variance for each GPA as shown by the residual 

sum-of-squares for the sites. For the daytime wind speed 

correlations ( Tab l e 4 • 6 l , the smallest dispersion about the 

centroid for a site was for Charnwood, for which the centroid 

accounted for almost 80% of the total sum-of-squares. Charnwood 

therefore displayed the most consistent pa.ttern of 

relationships with other sites. The sites with the worst 

representation by the centroids were Spring Valley a.nd Barton, 

with only approximately 30% of the total variability explained. 

Hence, the relationships of these two sites to other sites 

varied greatly from category to category. The highest total 

sums-of-squares were found for Cotter and Gungahlin, yet the 
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centroids for each of these sites accounted for a high 

proportion of the total in each case. This implied that the 

coordinates for these sites were distant from the others and 

were consistently so in each of the 10 categories. 

For the nighttime wind speed correlations <Table 4.7>, 

the percentage residual sum-of-squares varied from 21% for 

Torrens to 84% for Spring Valley. 

was relatively low for Point Hut, 

The residual sum-of-squares 

yet the total sum-of-squares 

for both Torrens and Point Hut was high, indicating consistent 

differences 

Conversely, 

from the other sites in all categories. 

the percentage residual sum-of-squares for Barton 

and Pialli90, as well as Spring Valley, indicated a high degree 

of variability about their respective centroids. 

total 

For daytime wind direction correlations <Table 4.8), the 

sum-of-squares was large for both Cotter and Point Hut. 

However, the percentage residual sum-of-squares was low for 

both Cotter and Spring Valley, indicating that there were 

consistent differences between these sites and the remaining 

sites. The low percentage residual sum-of-squares for Spring 

Valley was surprising since Spring Valley's residual sum-of

squares was relatively high for daytime and nighttime wind 

speed correlations. The highest percentage residual sum-of-

squares of 59% fer Barton was lower than the highest 

percentages found for the wind speed analysis fer day or night. 

For the nighttime wind direction correlations (Table 4.9) 

the lowest percentage residual sum-of-squares was found for 

MacArthur and Point Hut and high percentage residual sums-of-

squares (87%) were found for Spring Valley and Phillip. The 

total sum-of-squares for Cotter was again high. 
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Table 4.6: Analysis of Variance of the Generalized 
Procrustes Analysis for wind speed 
correlations for the daytime 9radient wind 
cate9ories 

source: 
within groups 

by sites 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pialligo 

Stirling 

Phillip 

Hume 

Monash 

Gun9ahlin 

Racecourse 

Torrens 

Point Hut 

sums-of-squares 

c;;onsensus residual 

0.496 0.117 

0.225 o. 158 

0.319 0. 132 

0.297 0.138 

1.052 0.327 

0. 128 0.287 

0.390 0.189 

0.120 0.300 

0.204 o. 147 

0.144 o. 187 

0.212 0.230 

0.227 0.214 

0 . 409 0.203 

0.855 0.221 

0.258 0.138 

0.420 0.301 

0.722 0.205 

total• residual/tot 
as% 

0.613 19 

0.412 38 

0.451 29 

0.453 32 

1.379 24 

0.416 69 

0.578 33 

0.420 71 

0.352 42 

0.331 57 

0.442 52 

0.441 49 

0.612 33 

1.075 21 

0.397 35 

0.721 42 

0.927 22 

--------------------------------------------------------------
total 6.478 3.494 10.000 
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Table 4.6 cont. Analysis of Variance 

By category 
(gradient wind 
dir/speed in m/sl 

N, 2.5 

NE, 2.5 

E, 2.5 

SE, 7.5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12.5 

NW, 7.5 

NW, 12.5 

total 

residual 

0.354 

o. 311 

0.329 

0.337 

0.344 

0.317 

0.349 

0.409 

0.340 

0.402 

3.494 

total• 

0.987 

1.136 

1. 076 

1.051 

1.020 

1.107 

0.997 

0.796 

1.020 

0.810 

10.000 

residual/tot 
as% 

37 

27 

31 

32 

34 

29 

35 

51 

33 

50 

It total within group sum-of-squares has been standardized 
so that the sum of the components is equal to m=lO, the number 
of categories. 
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Table 4.7:. Analysis of Variance of the Generalized 
Procrustes Analysis for wind speed for the 
ni9httime gradient wind categories 

source: 
~, i thin groups sums-of-squares 

by sites consensus residual 

Charnwood 0.330 0.188 

MacArthur 0.370 0.281 

Evatt 0.330 o. 177 

Bruce 0.189 0.128 

Cotter 0.664 0.269 

Spring Valley 0.078 0.420 

Turner 0.225 0.147 

Barton 0,086 0.353 

Pialli90 0.078 0.312 

Stirl in9 0.382 0.259 

Phillip 0.176 0.281 

Hume 0.334 0.249 

Monash 0.224 0.273 

Gun9ahlin 0.245 0.332 

Racecourse 0. 184 0.228 

Torrens 0.867 0.225 

Point Hut 0.853 0.314 

total• residual/tot 
as a% 

0.518 36 

0.652 43 

0.457 28 

0.317 40 

0.933 29 

0.498 84 

0.372 40 

0.439 81 

0.389 80 

0.642 40 

0.457 61 

0.583 43 

0.497 55 

0.577 58 

o. 411 55 

1.092 21 

1. 167 27 
---------------------------------------------------------------
total 5.615 4.385 10.000 
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Table 4.7 cont. Analysis cf Variance 

By categories 
(gradient wind 
dir/speed in mis) 

N, 2.5 

NE, 7.5 

E, 7.5 

SE, 12.5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12.5 

NW, 7.5 

NW, 12.5 

total 

residual 

0.437 

0.432 

0.427 

0.453 

0.441 

0.440 

0.429 

0.420 

0.465 

0.441 

4.385 

total• residual/tot 
as a.% 

1.015 43 

1.059 41 

1.088 39 

0.878 52 

0.982 45 

0.987 46 

1.074 40 

1. 142 37 

0.787 59 

0.987 45 

10.000 

• the total sum-cf-squares has been standardized such that 
the sum of the components is equal tom, namely 10. 
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Table 4.8: Analysis of Variance of the Generalized 
Procrustes Analysis for wind direction 
for the daytime gradient wind categories 

source: 
within groups 

by sites 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pialli90 

Stirling 

Phillip 

Hume 

Monash 

Gungahlin 

Racecourse 

Torrens 

Point Hut 

sums-of-squares 

consensus residual 

0.368 0.175 

0.318 0.288 

0.364 0.205 

0.320 0.156 

0.652 0.233 

0.377 0.131 

0.307 0.291 

0.176 0.253 

0.447 0.220 

0.346 0.201 

0.208 0.212 

0.355 0.289 

0.309 0.238 

0.343 0.283 

0.307 o. 161 

0.272 0.251 

0.617 0.326 

total• residual/tot 
as a% 

0.543 32 

0.607 43 

0.569 31 

0.476 33 

0.885 26 

0.508 26 

0.598 49 

0.429 59 

0.668 33 

0,547 37 

0.420 51 

0.644 45 

0. 547 44 

0.625 45 

0.468 34 

0.523 48 

0.943 35 
---------------------------------------------------------------
total 6.086 3.913 10.000 
---------------------------------------------------------------
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Table 4.8 cont. Analysis of variance 

by categories 
(gradient wind 
dir/speed in mis) 

N, 2.5 

NE, 2.5 

E, 2.5 

SE, 7.5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12.5 

NW, 7.5 

NW, 12.5 

total 

residual 

0.431 

0.342 

0.380 

0.398 

0.391 

0.371 

0.352 

0.447 

0.423 

0.379 

3.913 

total• residual/tot 
as a% 

0.818 53 

1.233 28 

1.052 36 

0.969 41 

1.002 39 

1.096 34 

1,183 30 

0.744 60 

0.853 50 

1.052 36 

10.000 

* the total sum-of-squares has been standardized so that the 
sum of the components is equal tom, namely 10. 
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Table 4.9: Analysis of Variance of the Generalized 
Procrustes Analysis far wind direction for 
the ni9httime gradient wind cate9ories 

source: 
within groups 

by sites 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pi.al 1 iga 

Stirling 

Phillip 

Hume 

Monash 

Gungahlin 

Racecourse 

Torrens 

Point Hut 

sums-of-squares 

consensus residual 

0.240 0.178 

0.573 0. 169 

0.254 0.205 

0.364 0.244 

0.526 0.326 

0.052 0.358 

0.169 0.561 

0.214 0.266 

0.371 0.323 

0.229 0.320 

0.056 0.404 

0.379 0.341 

0. 149 0.373 

0 . 109 0.462 

0.449 0.204 

0. 141 0.278 

0.547 0.166 

total• residual/tot 
as a% 

0.418 43 

0.742 23 

0.459 45 

0.609 40 

0.852 38 

0.410 87 

0.730 77 

0.480 55 

0.694 47 

0.548 58 

0.461 87 

0.720 47 

0.523 71 

0.571 81 

0.652 31 

0.418 67 

0.713 23 
---------------------------------- · ----------------------------
total 4.822 5.178 1.0. 000 

---------------------------------------------------------------
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Table 4.9 cont. Analysis of Variance 

by categories 
(gradient i-,ind 
dir/speed in m/s) 

N, 2.5 

NE, 7.5 

E, 7.5 

SE, 12.5 

s, 7.5 

SW, 7.5 

w, 7.5 

w, 12.5 

NW, 7.5 

NW, 12.5 

total 

residual total• residual/tot 
as a.% 

0.521 1.103 47 

0.516 0.928 56 

0.512 0.831 62 

0.511 0.810 63 

o.s20 1.057 49 

0.519 1.039 50 

0.521 1.097 47 

0 . 519 1.028 50 

0.518 1.031 50 

0.520 1,076 48 

5.178 10.000 

• the total sum-of-squares has been standardized so that the 
sum of the components equals m, namely 10. 
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b. Consensus configurations 

The analysis of variance for each GPA had revealed a 

moderate degree of var i ab i 1 it y about the consensus 

configurations, for both daytime and nighttime, for both wind 

speed and wind direction correlations. However, it was decided 

that the configurations gave an adequate representation of the 

matrices, and an examination of the consensus 

configurations 

that 

would provide useful information on the 

correlation fields and their dependence on terrain variables. 

The coordinates on the five axes of the consensus 

configurations for the daytime wind speed correlations, the 

nighttime wind speed correlations, the daytime wind direction 

correlations and the nighttime wind direction correlations are 

given in Tables 4.10 to 4.13, respectively. 

An examination of these coordinates provided information 

on 'average• correlations because of the link between the 

original correlations, the coordinates from the PCO, and the 

subsequent 'average• coordinates of the consensus configuration 

determined in the GPA. Initially, the PCO had interpreted 

each correlation matrix as a dissimilarity matrix and 

determined coordinates in 5 dimensions whose inter-distances 

were approximately equal to the dissimilarities. It t.,as noted 

that the inter-distances would have been exactly equal to the 

dissimilarities if the latent roots for higher dimensions were 

a 11 zero, but this was not the case since the ratio of the sum 

of the first five latent roots to the sum of all the latent 

roots, expressed in Table 4.4 as a percenta9e of the total 

variability, was always less than one. 

The coordinates af each of the four consensus 
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configurations were therefore examined to investigate possible 

relationships between the centroid coordinates for a site and 

its position coordinates viz. x, the east-west coordinate, Y, 

the north-south coordinate, and Z, the elevation. Such 

relationships would indicate the variables which influenced the 

'average' correlation between sites, and knowledge of these 

variables would aid in any approach to predict wind speed or 

wind direction correlations. 
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Table 4.10: Coordinates of the consensus configuration for 
wind speed correlations for the daytime 
gradient wind categories 

site coordinates of the consensus configuration 
axis 

l 2 3 4 5 
----------------- ----------------------------------------------
Charnwood -0.177 0.023 0.046 o. 121 -0.033 

MacArthur 0.125 0.043 -0.021 -0.027 -·O. 082 

Evatt -0.166 0.015 0.010 0.064 -0.003 

Bruce -0.167 0.027 0.024 0.018 -0.009 

Cotter 0.132 -0.295 0.012 0.024 -0.010 

Spring Valley -0.009 -0.086 0.032 0.046 0.047 

Turner -0.109 -0.037 -0.140 -0.015 0.078 

Barton 0.018 -0.059 -0.073 -0.031 -0.043 

Pialligo -0.050 0.040 -0.117 -0.044 0.028 

Stirling 0.113 -0.002 -0.004 0.014 0.040 

Phillip 0.032 0.086 0.046 -0.024 o. 100 

Hume 0.093 0.047 -0.075 -0.047 -0.062 

Monash 0.149 0.088 -0.014 0.067 -0.078 

Gungahlin -0.228 -0.026 0.133 -0. 117 -0.039 

Racecours~ -0.155 0.019 -0.009 -0.035 -0.010 

Torrens o. 162 0. 104 0.034 0.038 0.048 

Point Hut 0.235 0.013 0. 116 -0.052 0.026 

---------------------------------------------------------------
% variability 
accounted for 
by coordinates* 

52 21 13 8 

•%of the 5-axis variability i.e. variability in the 
consensus confi9uraticn 

7 
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Table 4.11: 

site 

Coordinates of the consensus configuration 
for wind speed correlations for the 
nighttime gradient wind categories 

coordinates of the consensus configuration 
axis 

l 2 3 4 5 

---------------------------------------------------------------
Charnwood -0.159 -0.014 0.039 -0 013 -0.075 

MacArthur 0.083 -0.053 0. 134 0.095 0.019 

Evatt -0.170 -0.040 0.005 -0.042 0.028 

Bruce -0.123 -0.027 -0.003 -0.040 0.039 

Cotter -0.021 0.246 -0.005 0.071 -0.022 

Spr- i n9 Valley -0.007 0.077 -0.034 -0.017 0.021 

Turner -0.094 -0.029 -0.104 0.018 -0.040 

Barton -0.004 -o.oso -0.040 0.065 -0.019 

Pialli90 -0.072 -0.021 0.043 -0.017 0.002 

Stirling 0.146 0.024 -0.093 -0.049 0.073 

Phillip 0.085 -0.059 -0.016 -0.070 0.042 

Hume 0.083 -0.052 -0.038 0.126 0.081 

Monash 0.047 -0.054 0.126 -0.037 0.010 

Gungahlin -0. 145 0.004 -0.020 0,030 -0.046 

Racecourse -0.122 0.025 0.010 -0.047 0.025 

Torrens 0.237 -0.128 -0.051 -0.011 -0. 108 

Point Hut 0.236 0. 151 0.046 -0.061 -0.031 

---------------------------------------------------------------
% variability 
accounted for 
by coordinates 

49 22 12 10 7 
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Table 4.12: Coordinates of the consensus configuration 
for wind direction correlations for the 
daytime gradient wind categories 

site 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pialli90 

Stirling 

Phillip 

Hume 

Monash 

Gun9ahlin 

Racecourse 

Torrens 

Point Hut 

coordinates of the consensus confi9uration 
axis 

1 2 3 4 5 

-0.165 -0.008 0.088 0.018 -0.041 

0.093 0.005 0.011 0.143 0.050 

-0.184 0.007 0.045 0.014 -0.013 

-0. 145 -0.079 0.055 -0.032 -0.028 

0.037 -0.028 -0.248 -0.001 0.038 

-0.038 -0.187 -0.033 -0.007 0.009 

-0.061 o. 122 -0.066 -0.066 -0.058 

-0.062 -0.036 -0.043 -0.101 0.022 

0.090 o. 123 -0.017 -0.143 -0.028 

0.075 -0, 163 -0.037 0.019 -0.029 

0.063 -0.012 0.070 0.054 -0.094 

o. 111 -0.056 0.099 -0.086 0.054 

o. 142 0.078 0.026 0.063 -0.007 

-0.123 0.115 o.ooa 0.043 0.063 

-0.128 0.060 0.002 0.046 0.092 

0.082 0.052 -0.065 0.082 -0.083 

0.213 0.008 0, 106 -0.046 0.052 

-------·-------------------------------------------------------
% variability 39 21 19 14 8 
ac:c:ounted for 
by coordinates 

---------------------------------------------------------------
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Table 4.13: Coordinates of the 
for wind direction 

consensus configuration 
correlations for the 

site 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pialligo 

Stirling 

Phillip 

Hume 

Monash 

Gungahlin 

Racecourse 

Torrens 

Point Hut 

nighttime gradient wind categories 

coordinates of the consensus configuration 
axis 

l 2 3 4 5 

0.096 -0.013 -0.079 -0.076 -0.050 

-0.024 -0.117 -0.168 0.109 0.053 

o. 144 0.051 -0.005 0.014 -0.042 

0.165 0.029 -0.087 -0.010 0.027 

0.014 -0.0184 o. 112 -0.040 -0.068 

0.055 0.025 -0.012 -0.030 0.024 

0.003 -o. 100 0.079 0.014 -0 . 022 

0.091 0.103 -0.022 0.007 -0.043 

-0.060 0.109 0.088 0.108 -0.047 

-o. 112 0.070 0,038 -0.020 -0.060 

-0.028 0.025 -0.001 -0.057 -0.031 

-0.149 o. 117 -0.033 -0.002 0.031 

-0.072 -0.046 0.023 0.076 0,036 

0.020 -0.001 0.037 0.025 0.092 

0.074 0.012 0.145 -0.033 o. 131 

-0.046 -0.055 - 0.042 0.048 -0.070 

-0.170 -0.024 -0.073 -0.135 0.039 
---------------------------------------------------------------
% variability 31 23 21 13 12 
accounted for 
by coordinates 

---------------------------------------------------------------
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The clearest linear relationship was found between the 

north-south variable, Y, and the coordinates on the first axis. 

The plot of the first coordinate against Y is given in Fig. 

4.5al-d> for the four consensus configurations. Of the four 

plots, the least scatter was shown on the plot for the daytime 

wind speed set <Fig. 4. 5a). The djstance apart on the north-

south axis therefore was important in determining the 'average' 

correlations between sites, since the variability in the 

coordinates on the first axis was a high proportion of the 

total variability in each consensus configuration, ranging from 

52% for the daytime wind speed set to 31% for the nighttime 

wind direction set (Tables 4.10 to 4.13) . 

configuration was centred on the origin, 

Since the consensus 

the variability on 

each axis and subsequently the total variability was determined 

by squaring and summing the coordinate values on each axis. 

The east-west coordinates were related to the coordinates 

on the fourth axis for daytime wind speed and on the second 

axis for daytime wind direction (Fig. 4.6al-bl although the 

relationship was less marked than for the north-south variable. 

The variability in the coordinates on these axes was 8% <Table 

4.10) and 21% (Table 4.12) of the total variability in 

consensus configurations for the daytime wind speed 

direction, respectively. 

the 

and 

Weak relationships were also found between the elevation 

variable, z, and the coordinates on the fifth axes of the 

consensus configurations for wind speed correlations for day 

and night (Fig. 4.7a-bl. The variability in the fifth axis was 

7% of the total variability in both consensus configurations 

(Tables 4.10 and 4.11). Similarly, a weak linear relationship 
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(Fig. 4. 7c: > was found between Zand the coordinates on the 

fourth axis of the consensus configuration for daytime wind 

direction, and the variability on this axis was 14% of the 

total variability in the consensus configuration (Table 4.12). 

For the consensus configurations the coordinate for 

Cotter was notably distant from the coordinates for the 

remaining sites on the second axis for wind speed correlations 

for day and night, and on the third axis for daytime wind 

direction correlations (Tables 4.10-12). The coordinates for 

Cotter contributed 65%, 48% and 53% of the variability on these 

three axes respectively, where the perc:entages were obtained by 

way of the squares of coordinate values, as exp 1 ai ned 

previously. Therefore the coordinates for Cotter accounted 

for approximately 10% of the total variability of the consensus 

configuration in each case. 

The coordinates of other sites were also in 

particular instances. On the third axis of the consensus 

configurations for daytime wind speed correlations (Table 

4. 10), Turner, Pialli90, Gun9ahlin and Point Hut were distant 

from the other sites. The four coordinates contributed 76% of 

the variability on this axis. On the third axis of the 

consensus configuration for nighttime wind speed correlations 

<Table 4.11>, coordinates for MacArthur, Monash, Turner and 

Stirling contributed 80% of the variability. The coordinate 

for Hume contributed 30% of the variability on the fourth axis. 

Therefore, the variability of the coordinates of the 

consensus configuration for wind speed correlations for both 

day and night was accounted for by a relationship with X, YJ 

and Z variables and by the separation of the coordinates of 
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several sites, in particular Cotter. For the consensus 

configurations for daytime wind direction correlations a 

moderate amount of the variability was also explained by 

similar relationships, but a large component of the variability 

for the nighttime consensus configuration could not be 

accounted for, apart from there being a dependence on the 

north-south variable, Y. 
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configurations. Site numbers marked. 
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Fig. 4.6a,b: Plot of the coordinates of the a.fourth axis 
and b. second axis of the consensus 
configuration for daytime wind speed and 
direction respectively, against the east
west coordinate, X, for each site. Site 
numbers marked. 
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Fig. 4.7a-c: Plot of the coordinates on the a,b. fifth 
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consensus configurations for wind speed 
for day and night and daytime wind 
direction respectively, against the 
elevation, z, ( in metres) for al 1 sites. 
Site numbers marked. 
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4.4. GPA WITH THE FOUR CONSENSUS CONFIGURATIONS AS INPUT 

a. Analysis of variance 

The results of Section 4.3.3 suggested that there were 

similarities between the four consensus configurations, and to 

examine this further and provide an overall the 

correlations from an overall consensus configuration, a GPA was 

carried out on the four sets of coordinates for the consensus 

configurations. The analysis of variance <Table 4.14>, showed 

that 77% of the total sum-of-squares was accounted for by the 

overall consensus configuration. This indicated a smaller 

degree of variability about the overall consensus configuration 

than was found for each of the individual consensus 

configurations. That is, there was more variation between 

categories in each of the four sets than between the averages 

for the four sets. The configuration for the nighttime wind 

direction (Table 4.13) showed the most variation from the 

overall consensus configuration, which was not unexpected since 

the previous examination of that particular consensus 

configuration had not shown the same relationships with 

variables as found for the other three consensus 

configurations. 

For the individual sites, the highest 

res-idual sums-of-squares were found for the intermediate sites 

of Barton (66%), Spring Valley (37%), Pialligo (41%) and 

Gungahlin (36%), indicating the higher- degree of variability of 

these sites about their respective centroids than for other 

sites. A high degree of variability about their centroids was 

also present for these same sites in each of the four GPA's for 

the individual sets of correlations. It was therefore concluded 

that the correlations of these sites were different under 
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different gradient wind conditions and at day and night for 

speed and direction. Conversely, the percentage sum-of-squares 

for Cotter was very low (5%), which showed the consistency of 

Cotter's correlations with other sites in the four consensus 

configurations. 

b. The overall consensus configuration 

The five axes contributed 49.7%, 20.2%, 11.3%, 10.7% and 

8.1% of the total variability in the consensus configuration, 

respectively. An examination of the coordinates showed that:

il the coordinates on the first axis were related to the 

north-south position of the sites (Fi9. 4.8a). 

iil the coordinates on the second axis were close 

together, with the notable exception of Cotter. The 

coordinate for Cotter contributed 71% of the variability 

on this axis. The values ranged from -0.077 to 0.075, 

with the exception of Cotter with a value of 0.333. 

i i i ) the coordinates on the third axis showed a linear 

relationship with the elevation variable, z, (Fig. 4.Sb>, 

with the exception of the coordinate for Cotter. 

ivl the coordinates on the fourth axis showed a linear 

relationship with the east-west variable, X, (Fig. 4.8c). 

v) the coordinates on the fifth axis were close together, 

with the coordinate for Torrens and the coordinates for 

Gungahlin, Racecourse and Hume slightly larger in value 

than the others. Values ranged from -0.144 for Torrens to 

0.097 for Hume. 

In summary, the overall configuration indicated the relative 

importance of the position variables X, Y, Zin determining 

correlations in the region, and the difference between the 

correlations for Cotter and those for other sites. 
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Table 

source: 
within groups 

by sites 

Charnwood 

MacArthur 

Evatt 

Bruce 

Cotter 

Spring Valley 

Turner 

Barton 

Pialli90 

Stirling 

Phi 11 i p 

Hume 

Monash 

Gun9ahlin 

Racecourse 

Torrens 

Point Hut 

4.14: Analysis 
Procrustes 

of Variance of 
Analysis o-f 

consensus configurations 

sums-of-squares 

the 
the 4 

Generali zed 
sets of 

consensus residual total• residual/tot 
as a% 

0.198 0.049 0.247 20 

0.214 0.056 0.269 21 

0.208 0.011 0.220 5 

0.178 0,027 0.205 13 

0.465 0.036 0.501 7 

0.068 0.040 0.108 37 

0.129 0.059 0.188 31 

0.036 0.069 0.105 66 

o. 113 0.080 0.193 41 

o. 148 0.045 0.193 23 

0.083 0.028 0.011 25 

0.174 0.054 0.228 24 

0.137 0.050 0.187 27 

0.168 0.095 0.262 36 

o. 161 0.051 0.212 24 

0.221 0.074 0.295 25 

0.397 0,079 0.476 17 

---------------------------------------------------------------
total 3,098 0,903 4.000 
---------------------------------------------------------------

chapter 4 correlations of wind direction an4 slren9th between sites, 191 



Table 4.14 cont.: Analysis of variance 

by groups 

wind speed day 

wind speed night 

wind direction day 

wind direction night 

total 

residual 

o. 187 

0.232 

0.222 

0.261 

0.902 

total• residual/tot 

1.078 

0.987 

1.012 

0.923 

4.000 

17 

24 

22 

28 

• the total sum-of-squares has been standardized so that the 
sum of the components equals m, namely 4. 
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4.5. METHODOLOGY FOR EXAMINING INDIVIDUAL CORRELATION FIELDS 

The correlation fields for eight categories, identified 

as mast like and least like the consensus configurations for 

the four sets of correlations in Section 4.3.3a, 1<1ere examined 

further. The examination of this small number of correlation 

fields made it possible to obtain some information on an 

'average' field for each set and the range and type of 

deviation from each average. 

An initial inspection of the correlation matrices for 

wind speed found the following ranges of correlation:-

i ) for daytime weak NE gradient wind category: -0.01 

(between Cotter and Gun9ahlin) to 0.95 (between 

Charnwood and Bruce, 

MacArthur) • 

Evatt and Bruce, and Barton and 

i i ) for daytime strong W gradient wind category: 0.72 

(between MacArthur and Gungahlin) ta 0.91 (between Evatt 

and Bruce>. The correlations far Gungahlin, which were 

law for the weak NE gradient wind category, 

0.72 to 0.85. 

i i i } for the nighttime strong W gradient wind category: 

0.62 (between Cotter and Torrens), to 0.90 (between Bruce 

and Racecourse). 

iv) for the nighttime moderate NW gradient wind category: 

-0.07 (between Torrens and Gun9ahlin) to 0.96 (between 

Gungahlin and Racecourse). 

For wind direction the correlation ranges were:-

i) for the daytime weak NE gradient wind: 0.50 

Phillip and Turner>, to 1.15 (between Bruce and Barton 

and Gun9ahlin and Racecourse). 
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ii> for the daytime strong W gradient wind: 0.44 (between 

Cotter and Pialligo) to 1.08 (between Barton and 

Phillip). 

i i i ) for the nighttime weak N gradient wind: 0.38 

(between Cotter and Pialligo) to 1.14 (between MacArthur 

and Racecourse). 

i V) for the nighttime strong SE gradient wind: 0.13 

(between Torrens and Gungahlin) to 1. 15 (between 

Charnwood and Spring Valley). 

It was necessary to establish an understanding of the 

structure in the correlation matrices before considering any 

predictive approach. The choice lay between an ordination 

method or a clustering procedure. 

to give a better picture of the 

Ordination could be expected 

large-scale relationships 

between the sites, whereas the clustering technique would 

accurately portray small-scale relationships (Kruskal, 1977). 

However, further results for the PCO carried out for each 

category (Section 4.3.2) showed that the first two latent roots 

only contributed between 30% to 62% of the total variability in 

the eight chosen categories. Therefore, since it was difficult 

to graphically represent a higher number of axes, it was 

decided to use a clustering procedure to obtain a dendrogram 

showing the hierarchical structure in the correlation data, and 

hence the rela~ionship between the sites. The examination of 

the dendrograms was seen as an exploratory analysis, giving a 

visual presentation of the correlation data, rather than a 

predictive approach which would attempt to the 

correlations between sites. 

The complete-link or furthest-neighbour method, in which 
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the •distance' between two groups or clusters is defined as 

that between their most remote pair of entities (sites), was 

adopted as the principal means of investi9atin9 the 

correlations in all categories of interest, The method is 

particularly suited to identifying the internal cohesiveness of 

groups ( Gordon, 1981) i.e. to assessing the closeness of each 

of the sites in a group to all of the other sites in that 

,group. 

With the complete-link method the separation of groups 

on the dendrogram is determined by the lowest correlation 

between pairs of sites in the different groups. Therefore the 

dendrogram does not necessarily give an accurate portrayal of 

the correlation of pairs of sites which are in different 

groups. The dendrogram can therefore 'distort' the separation 

of groups, since, for example, two groups may remain separate 

because the correlation of just one pair of sites is low. 

The single-link or nearest-neighbour method, in which 

'distance' between any two groups is defined to be the distance 

between their closest members, was also used. This method 

reveals the isolation of groups, with a group defined as 

isolated if the moat of the group is large i.e. there is a 

large difference between the level at which the group is formed 

and the level at which it is incorporated into a larger group 

(Gordon, 1981, Estabrook,1966). However the dendrogram obtained 

with this method does not necessarily display accurately the 

cohesiveness of groups, since a site may be incorporated into a 

group because of a high correlation with one site already in 

the group, although the site being incorporated may have 

correlations with all the other sites in the group. 
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most 

or groups which appeared to separate out from the others. 

iii) A comparison of the two dendrograms was undertaken 

using a 'tree pruning' procedure CGordon,1979, 1980,1981) 

discussed in detai 1 in Appendix 4.2. The procedure 

basically 'prunes' sites off both dendrograms until 

'local order equivalence' is achieved. As explained 

further in Appendix 4.2, the equivalence is essentially a 

rank order equivalence, such that each site remaining on 

the pruned tree is joined to every other site on the 

pruned tree 

dendrograms. 

in an order which is identical 

The pruned tree therefore shows 

on both 

the way in 

which two dendrograms agree. It must be remembered that 

the pruned tree gives a rank ordering of the union of 

sites, and hence has an arbitrary scale 

on the dissimilarity axis. The comparison of the 

complete-link and single-link dendrograms for each 

selected category using the tree pruning procedure was 

felt to be preferable to simply obtaining a measure of 

the extent to which the dendrograms resembled one 

another by a parameter such as Sokal and Rohlf's 

cophenic correlation coefficient (1962>, since the 

method not only shows how alike two dendrograms are 

but also shows the site associations contributing to 

this similarity. The program written to carry out the 

tree pruning procedure is given in Appendix 4.2. 

The results of the cluster analysis for the categories 

like and least like their respective consensus 

configurations for day and night is given in Section 4.6. for 

wind speed correlations and in Section 4.7. for wind direction 

correlations. 
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Therefore the complete-link and the sin9le-link methods 

of cluster analysis detect different structures in the data and 

can be seen as complementary methods of cluster analysis. Two 

dendro9rams obtained by these methods from the same correlation 

matrix provide information on cohesiveness and isolation, 

whereas neither dendro9ram reliably provides information on 

both. It is therefore useful ta compare such dendro9rams ta 

avoid any distortion of the information contained i 11 the 

original correlation matrix. 

The analysis for each selected cate9ory was as follows:-

i ) The complete link dendrogram was determined, and any 

cahesive groups identified. For the dendrograms for 

wind speed correlations a group was defined to be 

cohesive if the level of dissimilarity at which all the 

sites were united in the group was less than 0.25 i.e. 

the lowest correlation between any two of its members was 

greater than 0.75. For the dendrograms the wind 

direction correlations the level of dissimilarity was 

taken to be 0,41, equivalent to a correlation of 1, These 

levels were chosen subjectively to give groups whose 

members had moderate ta high correlations. 

ii) The single-link dendrogram was then determined and 

the isolation of any individual site ar groups was 

identified. A site or group was defined to be isolated o~ 

the dendrograms for the wind speed correlations if the 

moat of the site or group was greater than or equal to 

0.10. For the dendrograms for the wind direction 

correlations the moat value was 0.14 (1/10 of the range). 

These values were chosen subjectively, to select sites 
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4.6. CLUSTER ANALYSIS FOR LIKE AND UNLIKE CATEGORIES FOR WIND 

SPEED CORRELATIONS 

The analysis of wind speed correlations was carried out 

for the following four categories: 

i) the daytime, weak NE gradient wind category 

ii) the daytime, strong W ,gradient wind category 

iii) the nighttime, strong W gradient wind category 

iv) the nighttime, moderate NW gradient wind category 

These categories had configurations most like and least 

like the daytime and nighttime consensus configurations 

respectively (Section 4.3.3) , The complete-link and single-link 

dendro,grams, and the pruned tree for each are given in Figs. 

4.9(a)-(c) to 4.12 <a>-<c> respectively. The sites deleted in 

the pruning procedure are shown in Table 4.15. 

Table 4. 15: The sites deleted, in the order shown, in the tree 
pruning of the complete and single linkage 
dendro9rams derived from wind speed correlations 

-------------------------------------------------------------~--
weak NE 

day 

Turner 

Cotter 

Monash 

Bruce 

Evatt 

Charnwood 

Spring v. 

category of gradient wind 
strong W strong W moderate NW 

day night night 

Torrens Torrens Hume 

Phillip Mar::Arthur Stirling 

.MacArthur- Monash Sprin9 Valley 

Hume Sprin,g Valley Charnwood 

Pialli90 Cotter Evatt 

Monash Barton Monash 

Stir-ling Turner MacArthur 

Cotter 

Racecourse 

Turner 

Spring v. 
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Figs 4.9a-c: Complete and single- link dendrograms, and 
pruned tree for wind speed correlations for 
the daytime weak NE gradient wind category 
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Examining the complete-link dendrograms for cohesiveness 

(Table 4.16) showed that the sites of Charnwood, Evatt, Bruce 

and Gungahlin were in the same cohesive groups for the two 

daytime categories, as were MacArthur, Pialli90, Stirling, 

Phillip, Hume and Torrens. However, Spring Valley and Barton 

(sites with the highest degree of variability in the GPA) and 

Racecourse changed position between the two, from being aligned 

with the group of southern sites for the weak NE gradient wind 

situation to an alignment with the northern sites in the strong 

W gradient wind situation. Point Hut, Monash and Cotter only 

appeared in a cohesive group of southern sites in the W 

gradient wind category, but Cotter was isolated from the others 

on the corresponding single-link dendrogram for the weak NE 

gradient wind category. 

For the dendrograms for the two nighttime categories 

there was less agreement in the composition of cohesive groups, 

and the only sites which appeared together on both dendrograms 

were Racecourse, Gungahlin and Bruce as one group, and Point 

Hut and Barton as another. The comp l ete-1 ink dendro9ra.m for the 

moderate NW gradient wind at night showed a number of small 

cohesive groups, and on the sin9le-link dendragram the Torrens 

site was isolated from the 9roup comprising all the other 

sites. 
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Table 4.16: Cohesive groups found on the complete-link 
dendrograms for the correlations for wind 
speed for four gradient wind categories 

category 

weak NE 
day 

strong W 
day 

strong W 
night 

moderate NW 
night 

cohesive groups 

{Bruce, Evatt, Charnwood, Gungahlin} 

{Barton, MacArthur, Hume, Torrens, Stirling, 
Spring Valley, Phillip, Pialligo, Racecourse} 

{Racecourse, Turner, Barton, Spring Valley, 
Bruce, Evatt, Charnwood, Gungahlin> 

{Point Hut, Monash, Hume, Pialligo, Phillip, 
Stirling, Cotter, MacArthur, Torrens} 

{Monash, Spring Valley, Point Hut, Stirling, 
Phillip, Pialligo, Hume, Barton} 

<Racecourse, Br uce, Evatt, Gungahlin, Charnwood, 
Turner} 

{Point Hut, Barton, Cotter} 

{Racecourse, Gungahlin, Monash} 

{Pialligo, Bruce, Phillip, MacArthur, Evatt} 

{Stirling, Spring Valley} 

<Turner, Charnwood} 
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The results of the tree-pruning procedure fer the four 

sets of complete-link and single-link dendrograms were:

a. Daytime weak NE gradient wind category: 

The pruned tree for the complete and single linkage 

dendrograms showed that there was a high level cf agreement 

between the two dendrograms <Fig. 4.9cl, particularly after it 

~-las noted that the pruned si.tes of Spring Valley, Monash, 

Turner and Cotter could be 'regrafted' onto the tree with very 

little change in their original positions on the dendrograms. A 

branch is regrafted onto the reduced tree by attaching it 'at 

the the lowest possible level of dissimilarity for which its 

subsequent relationships with the other sites agreed between 

the two original trees• (Gardon, p158, 1980 I. The regrafted 

positions of the three sites are shown on the pruned tree <Fig. 

4.9cl with dashed lines, as on all the pruned trees. 

The three Belconnen sites of Charnwood, Evatt and Bruce 

appear to have been pruned because of their association with 

Gungahlin on the complete-link dendrogram, on which the three 

Belconnen sites and Gungahlin joined the other sites at a high 

level of dissimilarity. This result was unexpected, since an 

examination of the raw correlations showed generally high 

correlations between the Belconnen sites such as Charnwood and 

others (Table 4.17). However, the correlations also showed that 

Gun9ahlin had much lower correlations with sites other than the 

Belconnen sites and Racecourse (Table 4.17). The separation of 

the Belconnen sites from the intermediate and southern sites on 

the dendrogram was therefore due to the nature of the complete-

ljnl< algorithm, and illustrates the remarks made earlier about 

the possible distortion of information on isolation of groups 

that can occur on a complete-link dendro9ram. 
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Table 4.17: Correlations of Charnwood and Gun9ahlin with 
the other sites for wind speed for the 
daytime weak NE gradient wind category 

Charnwood Gungahlin 

Charnwood 1.00 0.83 

MacArthur 0.81 0.63 

Evatt 0.94 0.83 

Bruce 0.95 0.85 

Cotter 0.36 -0.01 

Spring Valley 0.83 0.51 

Turner 0.67 0.35 

Barton 0.88 0.71 

Pialligo 0.86 0.71 

Stirl in9 0.78 0.43 

Phillip 0.83 0.69 

Hume 0.81 0.63 

Monash 0.67 0.41 

Gungahlin 0.83 1.00 

Racecourse 0.85 0.82 

Torrens 0.76 0.46 

Point Hut 0.55 0.18 

In contrast, on the single-link dendrogram (Fig. 4.9b) 

the Belc:onnen sites were united at a low level of 

dissimilarity, and the resulting cluster then joined other 

sites at moderate levels of dissimilarity. Gun9ahlin joined a 

single cluster at a high level of dissimilarity, and ,.,as 

followed only by Turner and Cotter, for which the correlations 

were generally very low. Therefore, the essential difference 
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between the two dendrograms was the linkages of the Gungahlin 

site. 

The tree pruning therefore proved to be very informative, 

not only in presentin9 a skeletal tree and showin9 the deleted 

sites but also as a illuminating way of returning to the 

original dendrograms and re-examining them in view of the 

information in the pruned tree. Such an examination showed that 

the dendrograms were actually more alike than immediately 

suggested by the pruned tree, since sites could be regrafted at 

low levels of dissimilarity and a ready explanation found for 

the deletion of others. 

b. Daytime strong W 9radient wind category: 

The pruned tree (Fig. 4,10c) consisted of only 6 sites, 

and none of the other sites could be regrafted without 

substantially changing their position on one 

two dendrograms. This indicated a large disparity 

relationships between sites on 

of 

in 

the 

the 

the 

small-scale 

dendrograms. However, there was a high degree o4 chaining on 

the single-link dendrogram, due to the moderate to high 

correlations between all sites. This was also reflected in the 

complete-link dendro9ram, which showed that all sites would 

have been incorporated into one large cohesive group if 

critical level of dissimilarity had been increased to 0.28. 

Therefore, there was a high degree of cohesiveness and no 

isolation of sites. 

The pruned tree <Fig, 4.11c) showed that there was a high 

level of agreement between the two dendro9rams. Each comprised 
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a cluster of the northern sites, to9ether with one of the 

so.uthe-rn sites and some intermediate sites. After examining the 

sites deleted (Table 4.15) it was noted that the sites of 

Turner and Barton could be re9rafted with very little change in 

their respective positions on both dendrograms. The positions 

of Cotter, Monash, Torrens and MacArthur were less consistent, 

but basically all joined in at high levels of dissimilarity. 

The position of 

dendrograms, but 

Spring Valley was different on the two 

the actual correlations for Spring Valley 

showed that the site correlated well with most sites. For 

example, the highest correlation was 0.87 with Racecourse, but 

a correlation of 0.83 was found between Spring Valley and 

Monash, higher than between Spring Valley and the other 

northern sites. 

d. Nighttime moderate NW gradient category: 

The pruned tree (Fig. 4.12c) showed that one cluster 

common to both dendrograms was the combination of Point Hut, 

Barton and Cotter. The other group on the pruned tree was 

Racecourse, Gungahlin, Pialligo, Bruce and Phillip. Monash, 

MacArthur and Evatt were deleted from the original dendrograms 

(Table 4.15), but could be regrafted with little chan9e to 

their original positions, to join the above group. If the 

criterion for the cohesiveness of a group was changed from 

<0.25 to ~0.25, these sites would form one large cohesive 

group on the complete-link dendrogram. Since Monash was more 

closely associated with Pialligo and Bruce on the single-link 

dendrogram than with Racecourse and Gungahlin, as on the 

complete-link dendrogram, there seemed even more reason to 

relax the definition of the cohesiveness of a group. 
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Even with the formation of the larger cohesive group, 

there was still a 9reater degree of fragmentation of the sites 

for this category than for the strong W gradient wind category, 

which was the category most like the consensus configuration 

for the nighttime wind speed correlations. Variable 

associations were found between the two categories for the 

sites with the largest variability about their centroid 

configurations in the GPA, namely the intermediate sites o·f 

Spring Valley, Barton and Pialligo. In the stron9 W gradient 

wind category these sites were together in one of the two main 

cohesive groups with other southern sites, whereas in the 

moderate NW gradient wind category they appeared in separate 

cohesive groups. 

In summary, the cluster analysis for selected categries 

of wind speed correlations reve.aled that while many of the 

groups formed in the dendrograms were cohesive, they were not 

isolated from one another. The region could not be regarded as 

being divided into a number of distinct subregions. This 

finding was very important from the point of view of using the 

results from the cluster analysis to determine another approach 

to the prediction of correlations. Since the groups found were 

not isolated, 

correlations 

there was little to be gained from examining the 

in each of the cohesive groups with the 

expectation of finding different relationships with position 

variables or other terrain features in each. Hoi,,ever, 

individual sites such as Cotter did stand out as isolated 

entities for some categories. 

For both day and night the 'average' correlation fields 

contained a moderate degree of structure, For the daytime 
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cate9ories the most deviant correlation field was relatively 

unstructured. These results were compatible with the view that 

under stron9 wind conditions the correlations would be higher 

and localized effects less important. In contrast, at night the 

correlation fields for the most deviant category showed complex 

structures, with far more fragmentation of the sites into 

smaller cohesive groups with little or no geographical meaning. 

Therefore, localized effects were very important at night , and 

each category would need to be studied individually to try to 

determine the effects which were significant in each. 

4.7. CLUSTER ANALYSIS FOR LIKE AND UNLIKE CATEGORIES FOR WIND 

DIRECTION CORRELATIONS 

The cluster analysis was carried out for the following 

four categories for the wind direction correlations:-

il the daytime, weak NE gradient wind category 

ii) the daytime, strong W gradient wind category 

iii} the nighttime, weak N gradient wind category 

iv) the nighttime, strong SE gradient wind category 

These categories had configurations most like and least 

like the daytime and nighttime consensus configurations, 

respectively (Section 4.3.3), The daytime categories were the 

same as those studied for the wind speed correlations, however 

different categories for nighttime wind direction correlations 

were identified. 

complete-link, 

each category. 

Figs. 4,13 (a)-Ccl to 4.16Ca)-(c) present the 

single-link dendro9rams and the pruned tree for 

The sites deleted in each of the four pruning 

procedures are given in Table 4.18. 
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Table 4.18: The sites deleted, in the order shown, in the 
tree pruning of the complete and single 
linkage dendrograms derived from 

weak NE 
day 

Stirling 

Phillip 

MacArthur 

Pialli90 

Turner 

Cotter 

Barton 

Bruce 

Monash 

correlations for wind direction for selected 
gradient wind categories 

category of interest 
strong W 

day 

Torrens 

Gun9ahlin 

Hume 

Stirling 

Piallig□ 

MacArthur 

Racecourse 

Spring v. 

weak N 
night 

Torrens 

Cotter 

Point Hut 

Hume 

Evatt 

Charnwood 

strong SE 
night 

Gungahlin 

Point Hut 

Torrens 

Hume 

Stirling 

Racecourse 

Pialli90 

Monash 

Turner 

Spring v. 

Charnwood 
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The cohesive groups on the complete-link dendrograms are 

given in Table 4.19. The dendrogram for the daytime category 

most like the average, namely the weak NE gradient wind 

category <Fig. 4.13), contained five small cohesive groups. The 

sites in each of these groups were not strongly linked by 

geographical proximity and the reason for their association was 

not clear. No sites or groups were isolated on the single-link 

dendrogram for this category. Similarly, no isolated groups or 

sites were found on the single-link dendrogram for the daytime 

strong W gradient wind category (Fig. 4.14). The complete-link 

dendrogram showed only one small cohesive group, 

Barton and Evatt. 

consisting of 

For the nighttime •average' category, the weak N gradient 

wind <Fig. 4. 15), there were three small cohesive groups. The 

group consisting of Phillip, Stirling and Spring Valley were 

geographically close to one another. However Gungahlin and 

MacArthur formed a cohesive group although these sites were far 

apart. No sites or groups were isolated on the single-link 

dendrogram. 

The other nighttime category studied, the strong SE 

gradient wind category, also had three small cohesive groups on 

the complete-link dendrogram <Fig. 4. 16 > • The groupings were 

closely associated with geographical proximity of the sites. 

The two smal 1 groups of Spring Valley and Charnwood, and 

Racecourse and Bruce, would have formed a larger cohesive group 

if the criterion for cohesiveness had been changed from 0,41 

to 0.43. No sites or g~oups were isolated on the single-link 

dendrogram, although there was a moat value of 0.13 separating 

MacArthur from a large group of sites excluding only 
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Macarthur, Torrens, Turner and Hume and these sites joined the 

group by chaining. 

Table 4.19: Cohesive groups found on the complete-link 
dendrograms for the correlations for wind 
direction for four gradient wind 
categories 

cate9ory 

weak NE 
day 

strong W 
day 

weak N 
night 

strong SE 
night 

cohesive groups 

{Point Hut, Hume} 

{Phillip, MacArthur} 

{Barton, Bruce} 

{Spring Valley, Charnwood> 

{Racecourse, Gungahlin, Monash} 

{Barton, Evatt} 

<Phillip, Stirling, Spring Valley} 

{Barton, Charnwood, Evatt} 

{Gungahlin, MacArthur} 

{Barton, Evatt, Phi 11 ip, Pi all igo} 

{Spring Valley, Charnwood} 

{Racecourse, Bruce} 

The results of the tree-pruning procedures were:-

a. Daytime weak NE gradient wind category: 

The pruned tree CFig. 4.13c) showed that there was 

moderate agreement in the large-scale relationships between the 

sites, as nine sites remained on the pruned tree and the site 

of Monash was the only one which could be regrafted onto the 
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pruned tree with little change in position. 

There was good agreement about the close association of 

pairs af sites such as Point Hut and Hume, Racecourse and 

Gungahlin, and Spring Valley and Charnwood. However, the pruned 

tree failed to show the association of Barton and Bruce present 

on both dendrograms, since this pair of sites had joined the 

other sites in different order on the two separate dendrograms. 

After re-examination of the complete-link dendrogram it 

was concluded that the complete-link dendrogram distorted the 

relationship between Barton, Bruce and the other sites. Bruce 

was separated from the other northern sites even though the 

correlations between Bruce and the norther~ sites were high. 

Similarly, Barton was highly correlated with such sites as 

Spring Valley and Racecourse, but not Gungahlin. The structure 

shown was therefore due to the high correlations between Barton 

and Bruce (1.15) and between Gungahlin and Racecourse (1.15), 

and the much lower correlation between Barton and Gungahlin 

(0.75). Thus, in essence, it was Gungahlin's relationships with 

other sites that caused distortion. Gungahlin's 

relationships were also found to cause distortions on the 

complete-link dendrogram for the wind speed correlations for 

this category. 

In a similar way, the grouping of Point Hut with Hume, 

Phillip, MacArthur and Stirling resulted in the separation of 

the latter sites from the remaining sites because of the low 

correlations of Point Hut with many of these remaining sites. 

However the correlations of Hume, Phillip, MacArthur and 

Stirling with the sites were found to generally be higher. 
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These results showed again that the interpretation of a 

complete-link dendrogram 

inspection. 

needs to go beyond a superficial 

Cotter, Piallig□ and Turner were united with the other 

sites at high levels of dissimilarity on both dendrograms 

although the order of attachment was different on the two 

dendrograms. 

b. Daytime strong W gradient wind category: 

Nine sites remained on the pruned tree (Fig. 4. 14c > and 

from the positions of the deleted sites on the dendrograms it 

was concluded that none could be regrafted without 

substantially changing their position on one the 

dendrograms. This difference between the two trees was largely 

due to the chaining evident on the single-link dendrogram, in 

contrast to the more complex group structure shown on the 

complete-link dendrogram. This indicated a moderate degree of 

change in the large-scale relationships depicted on the two 

dendrograms, and cautioned against putting much confidence in 

the larger-scale groupings shown an the complete-link 

dendrogram. 

However, both dendrograms showed the same associations 

between some pairs of sites, namely the cohesive groups of 

Barton and Evatt, 

Monash. 

Turner and Charnwood, 

c. Nighttime weak N gradient wind category: 

and Point Hut and 

The pruned tree (Fig. 4.15c) retained eleven sites, and 

of the six sites removed Evatt and Charnwood could be regrafted 

with little change in position. The results suggested that the 
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structure shown on both dendrograms, of a number of small 

of sites chained together, was an accurate 

representation of the structure in the correlation data. 

The four sites of Cotter, HLtme, Torrens and Point Hut, 

which were not regrafted onto the pruned tree, displayed 

patterns in their correlations which were not shown on the 

complete-link dendrogram. Torrens had moderately high 

correlations with Stirling C0.96) and Gungahlin (1.01) but the 

three sites did not form a single group because of the low 

correlation C0.67) of Torrens with Bruce. Other similar 

features of the dendrogram reinforced the conclusion that care 

must be taken in interpreting the complete-link dendrogram with 

respect to the correlation between sites. The dendrogram showed 

the separation of groups, not necessarily the separation of 

individual pairs of sites in different groups. 

d. Nighttime stron9 SE gradient wind: 

In contrast to the pruned tree for the weak N gradient 

wind category shown in Fig. only six sites remained on 

the pruned tree for the strong SE gradient wind category (Fi9, 

4. 16c J • Six sites could be regrafted with moderate changes in 

their positions on one of the dendro9rams, The other five 

pruned sites of Gungahlin, Point Hut, Torrens, Hume and 

Stirling showed substantial differences in their positions on 

the dendro9rams. Therefore, only limited confidence could be 

placed in the structures shown on the dendrograms. This was not 

unexpected, since the complete-link dendro9ram showed a number 

of smal 1 groups chained together, while the single-link 

dendrogram showed very little structure. 

In summary, the comparison of the complete and single 
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linkage dendro9rams for the four categories selected to study 

the daytime and nighttime wind direction correlations suggested 

some caution in accepting the larger-scale relationships shown 

on the dendrograms. The only category for which there was a 

high degree of similarity between the two dendrograms was the 

nighttime category most like the 'average•. 

While no sites were isolated on the single-link 

dendrograms, in contrast to the results for wind speed, the 

groups formed tended to be small and the groups did not 

correspond to geographical regions. Few groups were cohesive, 

and the majority joined together at moderate to high levels of 

dissimilarity. 

4.8. PREDICTION OF CORRELATIONS 

For the wind speed ~orrelations it was assumed that the 

eight daytime categories not studied in the cluster analysis 

resembled the two categories examined, i • e. the weak NE and 

strong W gradient wind categories (Section 4.6). Dendrograms 

for categories with low or moderate wind speeds would be 

expected to show the type of structures shown on the dendrogram 

for the 'average• category, whereas dendrograms for high wind 

speed categories would be expected to show less structure, when 

all sites correlated well with each other. 

The nighttime picture portrayed by the cluster analysis 

for the strong W gradient wind category and the moderate NW 

gradient wind category was more complex, and suggested that 

dendro9rams for cate9ories with high wind speeds would show 

some structure, but dendrograms for lower wind speed categories 

would show a high de9ree of fragmentation . Th i s imp 1 i ed that 
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the correlation data for the nighttime categories needed to be 

studied individually. 

i • e. 

The wind direction correlations studied in Section 4.7 

the daytime weak NE and strong W gradient wind categories 

and the nighttime weak N and strong SE gradient wind 

categories, were more weakly associated with inter-site 

differences than the wind speed correlations for both daytime 

and nighttime categories. These categories had shown more 

variability about the consensus configurations than the 

corresponding wind speed categories, and thus were less 

reliable as guides to the correlation fields for other 

categories. Each of the categories showed individual patterns 

for which no explanation was found, and the tree-pruning 

procedure suggested that for three of the categories the 

structures shown were moderately different on the complete-link 

and single-link dendrograms, 

their interpretation. 

suggesting the need for care in 

The complexity of the results of the cluster analysis for 

the nighttime correlations and the daytime direction 

correlations suggested that any attempt to model those 

particular correlations would need to include a detailed study 

of the terrain to determine variables with a possible influence 

on the wind other than the simple ones considered here. In 

particular, the role of slope, aspect and vegetation cover 

would need to be explored in relation to the generation of 

localized drainage flow, 

complexity found at night. 

which possibly caused much of the 

The results also suggested that the most successful 
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simple models of the correlations could be determined for the 

daytime wind speed correlations. To further examine the wind 

speed correlations a regression approach was used for the two 

categories studied in Section 4.6, i.e. the weak NE gradient 

wind category which was most like the 'average', and the stron9 

W gradient wind category which was least like the 'average'. 

The regression approach was similar to that used to examine the 

wind speed correlations calculated from the complete set of 

observations (Section 4.2.2}. 

a. Weak NE 9radient winds: 

The independent variables used in the model were a 

distance term, D, and a displacement term, B, as before, and 

differences in elevation, DZ, and differences in surface 

roughness values for the NE sector for the three annuli, DRl, 

DR2, DR3. 

important 

Since the north-south variable, 

in determining the coordinates 

Y, was shown to be 

of the consensus 

configuration, the terms DY and DX were also considered, where 

DY and DX were distances on the north-south and east-west axes 

respectively. However, in two fitted models with terms D and B, 

and DX and DY, the two terms D and B were found ta account for 

a higher proportion of the total variability than DY and DX, 

although DY itself was the most important single variable. 

The other variable considered was a factor ICAT, with 6 

levels, which was an indicator of the geographical grouping of 

sites into three groups:- group 1: north of the Molonglo River, 

group 3: south of the hills that cross the region from west to 

east, including Red Hill, and group 2! between groups 1 and 3. 

These groups are similar to the northern, intermediate and 

southern groups of sites discussed previously in the cluster 
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analysis. The levels of ICAT refer to whether a correlation 

value was between sites in the same or different groups i.e. 

ICAT<1): sites both in group 1 

ICAT(2): sites in groups 1 and 2 

ICAT(3): sites in group 1 and 3 

ICAT(4): sites both in group 2 

ICAT(S): sites in group 2 and 3 

ICATC6l! sites both in group 3 

An inverse hyperbolic transformation was used on the raw 

correlations < r l to produce a dependent variable which 

was approximately normally distributed (Fisher, 1958). 

The best model, which explained 67% of the total 

var i ab i J. i t y , was found to include the terms ICAT, D, B, and 

DR1. The analysis of variance and parameter estimates are given 

in Tables 4.20 and 4.21 respectively. 

Much of the unexplained variability was due to the poor 

prediction of the correlations for the sites of Cotter and 

The correlations involving one of those two sites, 

except that between Cotter and Point Hut, were all 

overestimated, and the root mean square error <RMSE, i.e. the 

square root of the mean of the sum of squares of the residuals) 

for these sites was 0.31 and 0.27 respectively. These results 

confirm the impression gained from the cluster analysis 

concerning the aberrant behaviour of these two sites. The RMSE 

for Turner was also high (0.29), possibly due its inclusion in 

the northern group of sites on 9eo9ra.phical grounds whereas 

Turner was highly correlated with the intermediate and southern 

sites. 
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Table 4.20: Analysis of Variance of the transformed 
wind speed correlations for the daytime 
weak NE gradient wind category 

source d.f. sum of me-an F Fcritical,0.05 
squares square 

------------------------~--------------------------------------
!CAT 

D 

B 

DR! 

residual 

total 

Table 

mean 

!CAT ( 1> 

ICAT<2> 

ICAT(3) 

ICAT(4) 

ICAT<5l 

ICAT(6) 

D 

B 

DR1 

5 

1 

1 

1 

127 

135 

4.21: 

9.28 1.86 37.2 2.29 

1.43 1.43 28.6 3.92 

0.64 0.64 12.8 3.92 

1.40 1.40 28.0 3 . 92 

6.34 0.05 

19.09 

Parameter estimates for the model in 
4.20 for transformed wind 
correlations for the daytime weak 
gradient wind category 

estimate s.e. 

1.639 0.069 

0.000 • 

-0.024 0.062 

-2.402 0.088 

0.124 0.071 

-0.305 0.070 

-0.612 0.139 

-0.301 0.0004 

-0.0009 0.0003 

-0.884 0,167 

• the s.e. given for the levels of ICAT are the s .e. of 
differences from ICAT<ll 

Table 
speed 

NE 
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b. Strong W gradient winds: 

The same variables were used as predictors in a model 

for the transformed correlations for the strong W gradient wind 

category. An adequate model included the terms DY, DZ, and DR2, 

but not the term !CAT, and analysis of variance and parameter 

estimates are given in Tables 4.22 and 4.23 respectively. The 

dendro9rams for this category had shown a much weaker structure 

in the correlation data, which could explain the absence of the 

factor ICAT, Other models had shown that the term DY explained 

more of the total variability than the distance term, 

this model, but only marginally so. 

D, in 

Although only 50% of the total variability was explained 

by the mode 1, less than 10% of the residuals had values 

absolutely greater than 0.15. Th i s ref l ec t ed the relatively 

small range of correlations from 0.72 to 0.91 in this category. 

Correlations with Gungahlin and Point Hut were generally 

overestimated, while those for Cotter and Racecourse were 

generally underestimated . 

varied from 0.06 to 0.13, 

the residual values, 

The values of the RMSE for the sites 

reflecting the even distribution at 

with no site standing out with 

parti c ularly high residuals. 
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Table 4,22: Analysis of variance of the model for the 
transformed wind speed correlations for the 
daytime strong W gradient wind category 

source 

DY 

DZ 

DR2 

residual 

total 

d.f. 

1 

1 

1 

132 

135 

sum of 
squares 

0.92 

0.21 

0.09 

1.25 

2.47 

mean 
square 

0.92 

0.21 

0.09 

0.0095 

F 

97.1 

22. 1 

9.5 

Fcritical, 0.05 

3.92 

3.92 

3.92 

Table 4.23: Parameter estimates for the model in Table 
4,22 for the transformed wind speed 
correlations for the daytime strong W 
gradient wind category 

parameter 

mean 

DY 

DZ 

DR2 

estimate 

1.405 

-0.001 

-0.001 

-0.094 

s.e. 

0.019 

0.0001 

0.0003 

0.030 
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4.9. CONCLUSIONS 

The single most important result found concerning the 

correlation fields was the inconsistency of the the wind speed 

and wind direction correlations under different gradient winds 

for day and night. This was first shown in the analysis of 

variance for each GPA and confirmed the need to study the 

different categories rather than all 

combined, 

of the observations 

The results of the examination of the wind speed 

correlations for the combined observations (Section 4,2) had 

suggested the grouping of the sites into three subregions, 

with one in the north, one in the south and one in the area 

inbetween. However, the results from each GPA showed that these 

groupings were not stable, mainly due to the changing pattern 

of associations of sites such as Spring Valley and Barton in 

the intermediate group. The cluster analysis showed that these 

sites were at times closely associated with the northern sites, 

while at other times they were more closely associated with the 

southern sites. 

Therefore~ for wind speed correlations, the sites did not 

consistently form stable, cohesive groups which were isolated 

from one another. This implied that the re9ion could not be 

subdivided and wind speed correlations studied in each 

subregion where there were possibly different quantitative 

relationships between correlations and terrain variables. 

On the other hand, the 9eo9raphical 9roupin9s of the 

sites into subregions did explain part of the associations 

found, and this lack of homogeneity over the region complicated 

the procedure when simple quantitative variables were sought to 

chapter 4 correlations of wind direction a.ad stren9th between sites, 229 



explain the wind speed correlation fields. The distance apart 

of the sites, either measured directly or as a north-south and 

east-west distance, proved to be the single most important 

variable determining the correlation between sites. Other 

simple terrain variables, such as elevation and surface 

were also important in some cases. The variability 

in the daytime correlations not explained by these variables 

appeared to be due to the aberrant behaviour of Cotter and 

Gungahlin 

suggestin9 

in some 

that 

instances for wind speed correlations, 

the prediction of daytime wind speed 

correlations would be adequate except in the areas near these 

sites. At night the unexplained variability in the wind speed 

correlations could not be attributed to any particular site or 

sites. 

The same general conclusions were reached for wind 

direction correlations. However, the associations were 

generally weaker than for wind speed, and even less associated 

with geographical groupings. There were a number of small 

groups found, particularly at night. As previously suggested, a 

study of the role of drainage winds at night could lead to a 

better prediction of the nighttime correlations. 
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C H A P T E R V 

DISCUSSION AND CONCLUSIONS 



5.1. INTRODUCTION 

The study has been an interdisciplinary one concerned 

with the application of statistical techniques to climatology. 

The important techniques used, and results arrived at, are 

summarised and discussed in this Chapter. 

The most important results were those with climatological 

implications, and the statistical techniques used were deemed 

to be the most appropriate for obtaining those results. Some of 

the techniques have not been commonly used in climatolo9y, and 

therefore there has been an emphasis on the explanation of 

statistical techniques. 

5.2. METHODS OF ANALYSIS 

a. Re9ression Analysis 

Regression analysis was used for both wind speed and 

wind direction. The analysis of wind speed used conventional 

multiple linear regression, although a lo9arithmic 

transformation of the mean wind speed was carried out prior to 

the analysis. The analysis of wind direction involved the 

implementation of Gould's procedure (1969} for regression for 

an angular variate. The procedure provided estimates of 

regression coefficients and tests of significance. 

the 

The 

availability of this technique, and others for the analysis of 

angular data, was an important factor in the decision at the 

beginning of the study to analyse wind speed and wind direction 

separately, and not use u,v components derived from them 

(Section 1. 6. ) • 

One limitation was the non-availability of a coefficient 

of determination, analogous to that available for a linear 
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variable, 

a model. 

to give an overall measure of the goodness-of-fit of 

Instead, a correlation coefficient was used (Jupp and 

Mard ia, 1980). It would have been interesting, although not 

necessary for the study, to compare values given by this 

coefficient with values given by other definitiqns of the 

correlation coefficient (Charles, 1959; Downs, 1972; Durst, 

1957; Faller, 1981; Johnson, 1977>. 

Other statistical techniques available to analyse angular 

variates, such as the fitting of distributions and the 

testing of hypotheses, were also used in a minor way in this 

study. The successful use of the range of available techniques 

to analyse wind direction suggests that these methods should be 

used more frequently in climatological studies involving wind 

direction. The current situation is that most studies rely on 

the examination of frequency distributions, wind roses and 

other graphical representations (e.g. Shreffler, 1982), 

Authors such as Yoshino (1975) have referred to 'mean 

direction• in their analysis, but have not made it clear how 

the mean was calculated, It appears that an arithmetic mean is 

often incorrectly used. Kau et al. ( 1982 > apparently used 

conventional regression procedures to determine regression 

equations for surface wind direction. Their study 

particularly interesting, since surface wind direction at a 

mountain and a valley site were regressed on the gradient wind 

direction, aspect angle of the topography, an 'up-canyon' 

direction and cross isobaric angle in the boundary layer. 

Separate equations were determined for day and night, and the 

different relationships found supported their assumption that 

the surface wind is more affected by the gradient wind than by 
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the topography of the terrain during the daytime, whereas at 

the night the topography is predominant. Howeve~, their use of 

conventional regression procedures must cast some doubt on the 

reliability of their findings. 

Regression analysis was also used in Chapter 4 to 

quantify the role of distance and other variables in 

determining the correlations between sites. The analysis made 

use of Fisher's inverse hyperbolic transformation of the 

correlations to produce a dependerit variable which 

approximately normally distributed. 

b. Generalized Procrustes Analysis and Cluster Analysis 

In the examination of wind speed and wind direction 

correlations in Chapter 4, the main statistical methods used 

were Generalized Procrustes Analysis <GPA> and cluster 

analysis. Neither approach has been widely used in the study of 

climatological variables. The GPA revealed the degree of 

var i ab i l it y in the correlation fields between the categories 

studied, and also showed those sites which contributed most to 

this variability. the examination of the consensus 

configurations gave information on the terrain variables which 

influenced the correlations. The method was therefore a 

valuable tool in what could have been a laborious comparison of 

a large number of correlation matrices. The results also formed 

the basis for selecting a limited number of correlation 

matrices for more detailed examination. 

The cluster analysis provided a very convenient method of 

exploring the site associations, particularly the small-scale 

relationships between sites. However, the pruning technique 

used to compare the single-link and complete-link dendro9rams 
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suggested that was some question about the reliability of 

large-scale relationships depicted on the dendrograms for some 

categories. Thus the analysis supported Kruskal's observation 

( 1977), (commented on in Section 4.5>, that hierarchical 

clustering techniques may not accurately portray 

relationships in data. 

large-scale 

5.3. SUMMARY OF RESULTS 

Overall, the study provided a detailed description of the 

winds in the Canberra area, covering the description of 

'typical' wind speeds and directions in the region and 

perturbations from them (Chapters 2 and 3), 

inter-site correlations (Chapter 4). 

as well as the 

The examination of the regional wind, defined as the 

mean over the 17 sites, confirmed two important features of 

winds in the Canberra region which had been noted previously in 

other historical data, namely: 

i ) the high frequency <28% of the 1388 measurements) of 

NW winds at the surface (Fig. 2.ll. 

ii) the low wind speeds generally present in the region, 

with 69% of the 1388 measurements of regional wind speed 

being less than 4m/s (Table 2.ll. At these speeds, the 

wind would be classified as a light or gentle breeze on 

the Beaufort scale used by the Bureau of Meteorology to 

qualitatively describe surface winds. 

The regional wind study revealed the diurnal and seasonal 

variation of the surface winds, and their dependence on the 

gradient wind and synoptic conditions. It was found that the 

daytime winds were usually closely related to the upper level 
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gradient winds for both speed and direction. This was also the 

case for some of the nighttime regional winds. However, on many 

occasions the ni9httime regional winds were unrelated to the 

upper level wind, and approximately 54% of all nighttime 

regional winds were from the S-SE with a significant proportion 

of these assumed to be drainage winds. 

The regression equations obtained for regional wind speed 

and regional wind direction provided a concise summary of the 

data and gave a basis far the categorization of the wind data 

by revealing the relative importance of the independent 

variables considered in the analysis. 

In Chapter 3 the regression analysis of mean wind speed 

revealed the importance of the categorization of the data since 

in the regression equation <Em. 3.4.1) a factor representing 

the categories accounted for 79% of the total variability in 

mean wind speed compared with 15% for a factor representing the 

sites, A regression analysis in which terrain variables were 

used as predictors, rather than the site factor, provided a 

tool for predicting mean wind speeds over the region 

3.4.4). The elevation, z , and a north-south variable, Y, 

accounted for site differences in mean wind speed to a limited 

extent. Variations in surface roughness 'seen' by the wind 

approaching the different sites accounted for much of the 

varying spatial 

wind directions, 

patterns in the wind for different gradient 

along with a different north-south dependence 

in difierent categories, 

equations also provided the basis for 

predicting the variances of the mean wind speed (EQ. 3.5.5 and 
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EQ. 3.5.6) and also for predicting the mean wind direction for 

the daytime categories <Table 3.18>. The Jack of success in 

determining regression equations for most of the nighttime 

categories suggested immediately that the nighttime situation 

was far more complex than in the daytime. It was concluded that 

a closer investigation of the actual frequency distributions 

for the wind directions for each of the sites for each of the 

ten categories was warranted (Section 3.7). However, the time 

and effort involved in examining these frequency distributions 

emphasised the advantages of using a regression approach where 

possible to obtain concise summaries of data. 

The examination confirmed that drainage winds were often 

present at night although their frequency varied substantially 

over the 17 sites, rangin9 from a hi9h frequency at Point Hut, 

a site in a well defined N-S valley in the south of the region, 

to a low frequency at sites such as Evatt in the NW of the 

region in a flatter, more exposed area (Table 3.23). 

The spatial variability in the winds shown in Chapter 3 

demonstrated the complex nature of winds at the mesoscale 

l eve 1 . Both broadscale effects, associated with the gradient 

winds, and localized effects were observed to play a part. 

The presence of both broadscale and local effects also 

clearly affected the complexity of the correlation fields, 

particularly at night. Many interesting associations were 

revealed such as the close association between the wind 

direction at Gungahlin and MacArthur for the nighttime weak N 

gradient wind. Such associations could not be readily related 

to geographical proximity or other terrain features considered 

in the study. These associations may have contributed to the 
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limited success in determining regression equations which could 

be used as tools for predicting the correlations between sites 

in the region, and also suggested that other terrain features 

need to be considered in light of the associations found. 

5.4. IMPLICATIONS FOR EXPERIMENTAL DESIGN 

The existence of both broadscale and local winds in the 

region was suspected at the beginning of the study. This being 

so, it was realized that the planning of such features as 

network density and the time over which data were collected, 

was a critical phase of the study. In retrospect, it can now be 

seen that improvements could have been made in two key features 

of design, namely: 

a. the len9th of the study: 

The amount of data proved adequate to examine the main 

features of the regional wind. However, more data would have 

been required to allow a full examination of the spatial 

variability of winds in the region in all categories defined by 

the determinants of the regional 1-1i nd in Chapter z. Because of 

the limitations of having small numbers of observations in some 

categories, the effects of seasons and synoptic conditions 

were ignored in the categorization scheme chosen for the study 

of spatial variability <Section 3.3). Both of these factors 

were significant determinants of regional wind speed and 

direction. For example, the regional speeds showed a 50% 

increase from summer to autumn, and a 25% increase under 

cyclonic conditions compared to anticyclonic conditions 

(Section 2.4}. The most likely effect of ignoring such 

po ten ti al 1 y important factors was to increase the level of 

Chapter 5 discussion and conclusions 238 



unexplained variability in each of the 20 categories studied in 

detail. 

The effect of incomplete categorization was also seen 

when examining the frequency distributions of wind directions 

at individual sites in the nighttime categories (Section 3.7). 

For the moderate W gradient wind category, a dichotomy was 

found between surface winds under cyclonic conditions, 

general wind flow was usually present over most of the area, 

and surface winds under anticyclonic conditions, 

winds were more frequent (Figs. 3.5 and 3.6). The I arge ra.nge 

of wind directions within each category made the mean 

direction a less useful and meaningful variable. 

However, there would have been little point in collecting 

and analysing enough data to examine all of the 384 categories 

defined by time of day, gradient wind speed and direction, 

season and synoptic conditions <2*3*8*4*2=384). Some of the 

classes defined in Section 3.3 by time of day, and 9radient 

wind speed and direction had less than five observations. To 

examine all 384 categori.es, it would have been necessary to 

subdivide each class according to season and synoptic condition 

into eight subclasses with approximately ten observations each. 

Therefore the collection of sufficient data would have taken in 

the order of twenty to twenty-five years. The cost and labour 

of such an exercise could not be justified, since subclasses 

with such few observations are so infrequent as to be of 

negligible practical 

the region. 

importance in a study of wind fields in 

To obtain at least ten observations in each class, rather 

than in each subclass discussed above, at least four years of 
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data would have been required. With such additional data, all 

48 categories defined by time of day and gradient wind speed 

and direction could have been examined, and this would have 

been a more practical and feasible objective. 

design obtained by studying all 48 categories, 

effect of each of the three factors <time of 

In a balanced 

the individual 

day, gradient 

wind speed and gradient wind direction> on mean wind speed 

could have been determined. With an unbalanced design 

effects of these three factors were confounded, and 

the 

the 

importance of the categorization could only be examined by 

introducing a factor ICAT with 20 levels. 

Moreover, additional data would have allowed the study of 

the spatial variability in the surface winds in the different 

seasons and under varying synoptic conditions for commonly 

occurring gradient winds, such as Wand NW gradient winds. This 

could have been particularly important in the understanding of 

the directions of the nighttime surface winds. 

In the context of the amount of data available for the 

study, it can also be seen in retrospect that the label 

'missing data• was applied too freely in the process of 

calculating regional means. At the beginning of the analysis, 

three-hourly averages were calculated at each site from 

eighteen ten-minute data values and if one of the eighteen 

values was missing then a missing value was assigned to the 

three-hourly average. Then, a missing value was assigned to the 

regional mean at that time if two or more of the seventeen 

sites had missing data. As a consequence of these conditions, 

over a third of the possible regional wind values were missing 

tor bath speed and direction. Less stringent definitions of 
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missing data could have slightly alleviated the problem of the 

small number of observations in some of the categories without 

greatly affecting the reliability of the data. 

b. network density: 

The results of the study, particularly with respect to 

the correlations of the sites, suggested that a larger number 

of sites was needed to completely sample the spatial 

variability in winds aver the region. More wind data could have 

been collected in the Gungahlin area in the central 

the re9ion and in the west near the Murrumbidgee River, 

particularly near the Cotter site and south of this area in the 

valley. Such data may have added to the understanding of the 

way in which Gungahlin and Cotter related to the other sites. 

In addition, more data could have been collected at sites with 

higher elevations. It was unfortunate that the collection of 

wind data at Isaacs Ridge was not recommenced after the 

instrument there was stolen at the beginning of the data 

collection period. This site, at an elevation of 830m, would 

have provided valuable information on the winds at typical 

hilltop elevations. At the other end of the scale, wind data at 

a low elevation site in the open NW of the region could have 

aided the interpretation of the effects of low elevations, 

since the site with the lowest elevation, Cotter, was in a 

complex topographical situation where other factors were very 

important. 

Wind data collected at more sites could have also 

clarified the role of terrain features in affecting surface 

winds. For example, the maximum surface rou9hness i.n any octant 
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was 0.90m at Turner compared to the next highest value of 0.29m 

at Cotter (Table 1. 3). Sites with intermediate values of 

surface roughness would have helped establish whether the low 

winds speeds at Turner were due to the high surface roughness 

values, or some other unidentified variable. 

The surface roughness values were calculated using 

Lettau's formula CEQ, 1.5.2, Section 1.5,) which effectively 

assumed a flat terrain surrounding the sites in determining the 

effective height of the obstacles. The effect of small changes 

in the elevation of the underlying terrain near the collection 

sites was not examined, either by direct examination of a slope 

variable or by considering the effect of elevation changes in 

the actual calculation of surface roughness. Peterson et al . 

(1976) studied the effects on the wind field of an abrupt 

change in surface cover from water to land in the direction of 

the wind, and found that variations of only a few metres in the 

elevation of the underlying terrain near the recording site had 

a more profound effect on the flow than the changes in surface 

cover. While that study was concerned with micro-scale 

variations in surface winds, the results suggest that a closer 

examination of small-scale elevation changes and their 

interactions with surface roughness would have been desirable 

in this study. 

In addition, the role of aspect and slope and 

interaction could have been examined if mere sites with varied 

apect and slope had been included , since the sites selected for 

the study only covered a relatively small range of values 

(Table 1.2). The modelling of mesoscale air flow by Ryan (1977) 

incorporated the slope variable to account for the sheltering 
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effect of the topography on the general wind, and for the 

9enerati.on of slope winds, and also included the aspect 

variable to account for the diverting effect of the topography 

on the general wind direction. The results for this study 

showed that site effects for mean wind speed (Section 3.4) were 

not completely explained by the variables included in the 

analysis. The slope of a site may have been an important 

variable, and the spatial variation in drainage winds may also 

have been partially accounted for by variations in slope and 

aspect over the region. 

The number of sites included in the study was, of course, 

largely determined by practical considerations such as 

budgetary limitations and the time necessary to maintain a 

monitoring network and extract the data from the instrument 

charts. Given the number of sites selected in the study, it is 

not surprising that a wide range of values for terrain 

variables was not included, since it was difficult to achieve 

both an adequate spatial coverage of the region and include a 

wide range of values of surface roughness and aspect and 

slope. Because of this conflict, typical values of these 

variables were usually selected and consequently there was a 

lack of balance in the combinations of the many factors which 

were included in the study. 

Given the limitations on the study, the desirable and 

practical change5 in the present study reduce to three: 

i) the stolen recorder at the Isaacs Ridge site should 

have been replaced and 

ii) the placement cf three recorder sites in the 

Belconnen area was not necessary since the three sites 
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were very similar, and instead 

iii) at least one more recorder should have been located 

in the Gun9ahlin area, and perhaps another in the 

Murrumbidgee River valley, 

5.5. ALTERNATIVES FOR MESOSCALE WIND STUDY 

Given the difficulties associated with obtaining a data 

base large enough to sample both the temporal and spatial 

variability in wind fields at the mesoscale, it is appropriate 

at this point in the study to consider alternative designs for 

the experiment and other methods of studying wind fields. 

a. Mobile sites. 

In order to adequately sample the spatial variability in 

wind fields some studies have used mobile collecting stations 

which are moved to different locations in the area of interest 

at regular short-term intervals such as a day or a wee~. An 

example of this experimental design was a field study by 

Daniels et al. (1978) who used three mobile stations to record 

wind speed and direction at 41 sites for tweny-four hour 

periods to study low-level winds in the central valley of Maui, 

Hawaii. The recorded winds were compared to winds at a lon9-

term reference station nearby. Results were used as a basis for 

selecting sites for a long-term study. 

A crucial feature of Daniels' study, however, was the 

persistence over the island of trade winds which occur 

approximately 70% of the year. Therefore, there were few 

temporal changes in the upper level wind flow to consider, 

although diurnal cycles in the surface winds were evident in 

the twenty-four hourly data collected. Since temporal changes 
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are more frequent during the year in the Canberra region, the 

use of mobile stations would make it difficult to know if 

differences in wind speed and direction at the recording sites 

were due to the different recording times or if the differences 

reflected the true spatial variability in the region. 

b. Physical modelling of wind flow 

Another method often used in the study of mesoscale wind 

flow is to construct a physical model of the air flow using the 

basic equations of motion, which make simplifying assumptions 

about the nature of the flow. Many models are available, 

ranging from simple one- or two-dimensional to more complex 

three-dimensional models. While a detailed critical review of 

physical models falls outside the scope of the present study, 

certain pertinent facts can be noted. 

Firstly, the simplest models of air flow have the 

advantage of requiring only a limited amount of input data, but 

often they cannot realistically portray important features of 

mesoscale flow. For example, Danard (1977> applied such a model 

to Juan de Fuca and Georgia Straits in British Columbia to 

predict wind speed and direction on a 10km regular grid. The 

model makes use of simple one-level primitive equations to 

describe the mescscale effects of friction and 

surface heating. However, the model, which involves an 

iterative procedure, could not be made to converge when an 

attempt was made by Nunez to predict wind flow at less than a 

10km grid size <M. Nunez, University of Tasmania, Hobart, 

personal communication). This considerably weakens its 

usefulness for studying mesoscale flow, 

the order of 1-2 km is desirable. 

where a grid size of 
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Danard speculated in his study that the area where most 

improvement is needed in the model is in the calculation of 

thermal and momentum boundary layer heights. Such improvements 

might make the model applicable for mesoscale studies. 

Secondly, more sophisticated three-dimensional models can 

more successfully predict mesoscale wind fields, but they 

require extensive meteorological and topographical input data, 

and are very demanding on computer time. For instance, the 

model for mesoscale winds proposed by Ryan (1977), which has 

provided such a useful framework for discussing wind flow in 

this study (Chapter 1>, requires data on the upper level 

pressure gradient, surface temperatures and cloud cover as well 

as topographical data. 

Because of the difficulties associated with both physical 

modelling and statistical studies, the two approaches should be 

seen as complementary rather than alternative approaches to 

mesoscale wind studies. This statistical study has provided a 

detailed description of the important features of the wind flow 

in the Canberra re9ion and has successfully obtained 

statistical models of the re9ional wind and the spatial 

var i ab i 1 i ty in the daytime surface winds, hi9hl i9htin9 

important terrain features. Hoi,1ever, the description of the 

nighttime wind patterns has revealed a complexity and diversity 

that could be further studied with a physical model which 

incorporates the understandin9 of the patterns obtained in this 

study. Nighttime drainage winds are discussed later in this 

Chapter. 
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5.6. APPLICATION OF RESULTS 

5.6.1. INTERPOLATION OF WIND SPEED 

The results of the analyses carried out in this study can 

be used to assess interpolation procedures for the estimation 

of wind speed and direction at points on a regular grid imposed 

over the region at any time of day. The assessment of such 

schemes was presented in Chapter 1 as an ancillary aim of the 

study, since such schemes are necessary for the implementation 

of models of regional air pollution. It was assumed that, for 

the present data, interpolation at a particular time could be 

based on the observed wind speed and direction at the 17 sites. 

A possible interpolation method for wind speed is that of 

'optimum' interpolation, a scheme discussed and used by Johnson 

( 1982) in a cross-validation procedure. Using wind data 

collected as part of this study, Johnson tested the ability of 

seven interpolation functions to predict wind speed. The best 

prediction of speeds was found using optimum interpolation 

which gave very accurate estimates of wind speed. Estimates of 

input parameters were obtained from 35 days of wind 

measurements. 

However, by using a cross-validation procedure Johnson 

did not deal with the problem of predicting wind speed at 

locations other than the 17 data collection sites, where no 

sample data are available to provide estimates of the required 

input and these estimates must be made by other means. The 

input for the optimum interpolation method includes the mean or 

'typical, speeds, average perturbations from the means, and 

correlations. Since these three variables were of interest in 

this study, the interpolation scheme is outlined below and the 
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likelihood of obtaining accurate estimates of these parameters 

in this region and possibly for other similar regions is 

discussed. 

The interpolation scheme deals with the perturbations 

from a 'typical' wind speed at each location on the regular 

grid and therefore the first step in the procedure is the 

estimation of such speeds. This could be achieved by 

identifying the gradient wind conditions and time of day at the 

required time of interpolation and using the mean speeds far 

the appropriate category defined by these conditions as the 

'typical' speeds. The regression equation for the 20 

categories studied (EQ. 3.4.4) explained 90% of the variability 

in the mean wind speed and much of this variability was 

explained by the category factor. This implies that a uniform 

wind field over the region would provide an adequate estimate 

of 'typical' speeds which could be improved by including 

certain terrain features to allow for spatial variability in 

wind speed. 

After estimation of the typical speed at each point (r0 ) 

an the regular grid, the procedure must then estimate a 

perturbation ( So) from the typical speed at each point. 

This involves the calculation of a set of weighting 

coefficients w,, i=l, 17, so that 

,._ 17 

So = I: W1. s, EGI. 5. 6. 1 
i=l 

where s,~ i=l,17 are the measured perturbations at the 17 data 

collection sites, and the set of weighting coefficients are 

given by the system of N=17 equations! 

Chapter 5 4i5i:ussion and condusions 248 



= Pao i=l, ••• ,N 

EG!. 5.6.2 

where 

a-2,. is the variance at each collection site, i=1,17, 

a-tN is the variance at the point ro, 

Ptu i=l,17 and j=l,17 i~j is the correlation between the 

data sites, 

Pio is the correlation of the point ro with each of 

the data collection sites, i=l,17, 

and e is the standard deviation of an observation. 

Values can be assigned to the parameters e, 

i=l,17, and P,, i , j = 1 , 1 7 , from calculations 

made from the data for this study taking into account the 

appropriate category. 

Therefore, to obtain the set of weighting coefficients 

from EG!. 5.5.2 estimates are needed for:-

il the variance at the point ro i.e. JN~ and 

ii) the correlations of the point ro with each of the 

data collection sites i.e. P~, i=1,17. 

In Chapter 3, the variances of the wind speeds were 

successfully predicted from the mean speeds in EG!. 

EGL 3.5.6 for the daytime and nighttime 

respectively, with 90% and 83% of the total 

3.5.5 and 

categories 

variability 

explained in each case. Since the mean speeds were also 

predicted successf u 1 l y, estimates of should be 

adequate for the interpolation procedure. 
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However, the estimation of correlations would be more 

difficult. The first step would be the determination of the 

category of 9radient wind speed and direction, and tho? time of 

day, since different correlation fields were found in the 

different categories (GPA, Section 4.5). For the daytime the 

predictions may be adequate, since there was moderate success 

in estimating the correlations for the weak NE gradient wind 

category (Section 4.8), except near Gungahlin and Cotter, and 

the range of correlations for other strong gradient wind 

categories was not large. The greatest difficulty would be 

estimating nighttime correlations, since the correlation 

structures found were very complex, 

procedure was arrived at. 

and no adequate modelling 

As previously stated, by carrying out a cross-validation, 

Johnson was able to obtain the parameter estimates in i) and 

i i ) from the data, and thereby avoided the problem of 

estimatin9 variances and correlations by other methods. The 

results of this study strongly su99est that in doing so, 

Johnson overestimated the usefulness of the optimum 

interpolation scheme. However, further information would need 

to be obtained on the sensitivity of the procedure to the 

correlation estimates before a comparison could be made with 

other interpolation schemes. These often use a simple distance 

function to directly estimate the weights and 

the present results suggest that such a distance-weighting 

scheme would often be inadequate. 
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5.6.2. INTERPOLATION Of WIND DIRECTION 

There are no statistical interpolation methods for wind 

direction comparable to the optimum interpolation method for 

wind speed. However, for estimates of wind direction during 

the day the study results suggest that it would be adequate to 

calculate a re9ional mean from the 17 data collection sites and 

assign this value to all points on the regular grid. This 

uniform wind direction field could be improved upon by making a 

correction which depended upon the direction at nearby 

collection sites. This would be particularly useful, for 

example, on the ridge near the MacArthur site where 

channelling was noted to occur, and also near Gungahlin and 

Cotter. The method of estimation would be most successful 

during the early afternoon, when the atmospheric turbulence 

brings the upper level air down to the surface. 

Prediction of nighttime wind direction would be more 

difficult. A regression equation relating wind direction to 

significant terrain variables was found in only two of the ten 

nighttime categories. However, the frequency distributions for 

the three strong gradient wind categories studied i.e. the SE, 

W, and NW, showed a high proportion of winds from the gradient 

wind directions at most sites (Table 3.22). This su9gests that 

the use of a regional wind direction would be adequate under 

strong gradient wind conditions, which occur approximately 41% 

of the time at night (Table 3.5). 

For a weak or moderate gradient wind at night, there was 

usually considerable spatial variability over the region due to 

the presence of drainage flow, or very localized air movements. 

The best estimate of wind direction at any point would be the 
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direction at the nearest site, provided that there were no 

significant topographic features separating the points in 

question. 

5.7. DRAINAGE WINDS AND IMPLICATIONS FOR FUTURE STUDY 

The surface wind speeds associated with weak and moderate 

gradient winds were generally very low <Table 3.6b), 

rise to very little air movement in the Canberra basin. 

giving 

Under 

such conditions the wind directions may not be of consequence, 

since the wind direction associated with very low speeds is 

often highly variable as the recording instrument responds to 

very short-term local turbulence, 

Wind directions associated with drainage winds, however, 

are generally persistent even though associated with low 

speeds of 1m/s or less. Drainage winds are important when 

considering atmospheric pollution and human comfort. An 

estimate of how often S-SE drainage winds occurred in the 

Canberra region can be made from an examination of the regional 

wind (Table 2.16>, which showed that overall the regional wind 

was from the S-SE 54% of the time at night, as already 

mentioned. It was difficult to identify drainage winds when 

gradient winds were from the E, SE, ors, since modified 

gradient flow at the surface was also from these directions. 

However, 29% of regional nighttime winds were from the S-SE 

associated with gradient winds from the SW through to the NE. 

These winds were assumed to be drainage winds. 

drainage winds occurred at least 29% of the time. 

Therefore the 

The examination of the surface winds under moderate W 

gradient winds <Section 3.7) suggested that drainage flow 
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occurred, at least in the south of the region, under 

anticyclonic conditions, whereas under cyclonic conditions, 

modified gradient flow was present at the surface. If this ,.,as 

generalised to all weak and moderate gradient winds it would 

imply that drainage flaw was present up to 37% (=.63¼59%) of 

the time at night since anticyclonic flow was present in the 

region approximately 63% of the total time (Section 2.4), and 

moderate or weak gradient winds occurred 59% of the time at 

night ( Tab 1 e 3. 5) • This suggests that drainage winds were 

present between 29% to 37% af the time at night. 

The investigation of the spatial variability in the 

drainage winds has shown that the winds were more frequent and 

more widespresd over the region when weak or moderate gradient 

winds were fro~ the NW, N or NE, than when weak or moderate W 

or W gradient winds were present C Table 3. 23) • The later 

gradient winds, however, were mare common at night (Table 

3. 5). 

Drainage winds are particularly important when the 

direction of flow opposes the dominant daytime wind direction 

so that a 'recycling' of pollutants is possible. Iri the 

Canberra region, 

through to NE, 

if daytime surface winds were from the SW 

and ni9httime drainage winds were 9eneratedJ 

then a 'recycling• cf pollutants could have occurred. Any 

pollutants in the basin in the late afternoon would have 

remained in the basin overnight, as with calm conditions, but 

other pollutants which had left the region in the S-SE may have 

been returned to the basin and carried towards the NNW. Since 

the diameter of the Canberra region is only approximately 30km 

(the north-south distance>, such movement could therefore have 
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c:arried pollutants a significant distance in relation to the 

physic:al scale of the Canberra basin and brought about a 

significant •recycling' of pollutants. However, since the study 

did not include analysis of the sequential patterns in wind 

direction, it is not possible to say how often recycling could 

have occurred. Such sequential analysis remains an important 

topic for future study. 

In addition, the discussion of drainage winds has ignored 

seasonal influences. Drainage winds would be expected to occur 

more frequently in the colder seasons than in summer. However 

the categorization scheme adopted in the study did not allow 

the investigation of seasonal variations and no conclusions 

could be reached. 

Therefore the study, although detailed, was not 

exhaustive, and the role of the nighttime drainage winds could 

be examined in greater detail to determine their possible 

impact on pollution levels in the region. As well as day/night 

sequential studies, the investigation could include the 

examination of particular nighttime episodes to study the 

development and eventual dissipation of drainage winds at 

particular sites. For example, the surface winds under slow 

moving anticyclones could be investigated in summer and winter, 

for a weak or moderate Wand a NE gradient wind. The sites of 

Point Hut and Hume, where drainage winds were most frequent, 

could then be compared with Evatt and Gungahlin, where drainage 

winds were relatively infrequent. 

As suggested earlier, a physical modelling approach 

could also be adopted to study the drainage winds. However, 

since very little coincident meteorological input data was 
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available for the study period, the model probably could only 

deal with hypothetical meteorological conditions in the region. 

5.8. CONCLUSIONS 

As intimated above, the study must be seen as only the 

first part, albeit an important part, of the total effort 

required to obtain an understanding of the wind fields in the 

region. Sequential studies of drainage winds and the 

possibility of day/night reversals of wind direction could be 

studied further using the wind data collected for this study, 

although a finer time scale would need to be employed. 

The study as carried out, however, has added to the 

knowledge of both the temporal and spatial variability of wind 

in the Canberra region, and has contributed to the 

understanding of the factors affecting this variability. On a 

broader scale, the information obtained on the relative 

strength of broadscale and local winds is of relevance to any 

region of moderate topographic relief. 
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APPENDIX 1.: DESCRIPTION OF THE SUB-REGIONS WITHIN THE 
STUDY REGION 

---------------------------------------------------------------
BELCONNEN 

SITES: 

Urban area in northwest. Undulating plain. 
Ginninderra Creek flows through centre of area to W
NW. 

CHARNWOOD: 

EVATT: 

BRUCE: 

lower slopes of Ginninderra Creek, 
downstream end in the NW of the 
Belconnen area. 

lower slopes of Ginninderra Creek, 
middle of Belconnen area. 

midslope section of upstream end of 
area in south-east Belconnen. 

GUNGAHLIN 

SITES: 

Rural area. Three catchments 
Sullivan's Creek and Gungaderra. 
undulating land in south, surrounded 
ridges to NW, N (One Tree 976m, and Oak 
E. Forms basin sloping S - SW. 

- Ginninderra, 
Flat gently 

by hills and 
Hill 800m) and 

GUNGAHLIN: midslope section of basin. 

NORTH CANBERRA 

SITES: 

Inner urban area, north of Lake Burley-Griffen. Flat 
valley floor with Mt. Majura (890m>, Mt. Ainslie 
(843m) to east, and Black Mtn (912m) and ridge to 
west. Gungahlin area to the north. Drained by 
Sullivan's Creek to south. 

RACECOURSE: broad flat area in north. 

TURNER: flat site, heavily treed in south, 
protected by Black Mtn. 

appe114icl!S 261 



MOLONGLO 

SITE: 

Rural, undulating plain in central west, Catchment 
area for Mol □nglo River draining to NW where it joins 
the Murrumbidgee River. 

SPRING VALLEY: midslope section. 

SOUTH CANBERRA 

SITE: 

Urban inner area, south side of Lake Burley-Griffin. 
Generally flat. Higher elevations to south. 

BARTON: protected by Capital Hill 
to west. 

immediately 

FAIRBAIRN 

SITE: 

HUME 

SITE: 

Semi-urban. Basin draining to Sin northern area, 
drains to the NW. Molonglo River cuts through 
south of the area. 

PIALLIGO: broad, 
Molonglo 
area. 

flat site near 
River in the 

airport 
south of 

then 
the 

and 
the 

Area south of Fairbairn. Very high elevations to S
SE, Jerrabomberra Creek draining to north. Moderate 
hills and ridges to the W - SW. 

HUME: close to high elevations in S-SE and 
creek. 
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WODEN VALLEY 

Urban area. 

SITE: 

PHILLIP: 

TORRENS: 

Small shallow valley oriented N-NW. 

midslopes. 

on N - S ridge between Mt Taylor and Mt 
Wanniassa, upstream end of valley. 

WESTON CREEK 

SITE: 

Urban area, small basin open to N - NW. 
elevations to SE at Mt Taylor (856m). 

STIRLING: midsl ope. 

TUGGERANONG 

SITE: 

COTTER 

SITE: 

Urban area, but sparsely developed at the time of the 
data collection. South of region, enclosed by 
moderate elevations to north, high elevations to 
south. Cut by Murrumbidgee River in west of area, 
forming a deep valley running NW. 

MONASH: 

MACARTHUR: 

POINT HUT: 

in NE of area on top of a hill. 

on ridge in NE between Mt. Wanniassa 
and high elevations in SE. 

in south of area in well defined north
south valley. 

Rural area in west close to escarpment to the 
Brindabella Ranges. 

COTTER: just east of Murrumbidgee River. 
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APPENDIX 2: DISTRIBUTION THEORY AND HYPOTHESIS TESTING FOR AN 
ANGULAR VARIATE 

A2. 1. MAXIMUM LIKELIHOOD ESTIMATION FOR THE VON MISES' 
DISTRIBUTION CMardia , 1972) 

be a random sample drawn from M<µo,JC) 

with sample mean Xo and resultant len9th R. 

Then, 

n 
In L = -n.ln(211') - n.ln(Io<J<:)) + ,c.:E cos(8,-µ0 ) EQ. A2. 1. 1 

i=J 

This gives 

and 

where 

using 

and 

n 
Jin L/;IJ.lo = JC.:E sin<81-J.10 ) 

i=1 

n 
JI n L / JJC= -n. A (JC> + :E cos (81-J.10> 

i=l 

A (JC) = I, (JC) / Io (>Cl 

Io' ( x) = Ii( x) 

EQ. A2, 1. 2 

EGI. A2. l. 3 

EGI. A2. 1. 4 

EQ. A2. 1. 5 

These relationships give the maximum likelihood estimates 

A 

J.1o :::: Xo 

A 

A <x;> = R = R/n 

EQ. A2. 1. 6 

EQ. A2.l.7 

The solution of EQ. A2.1.7 can only be found numerically. 

Some selected values of X: and Rare given in Table A2.1 below. 

For extreme cases, approximate solutions to EQ. A2.1.7 can be 

found: 

A 

i> For R < 0.45, X: "'1/6.R. (12 + 6.R11 + 5,R"). E61. A2.1.8 

For very small R, this becomes 

A 

JC ~ 2. R EQ. A2. 1. 9 
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ii) For R > O.B 

EGl. A2. 1. 10 

For R close to 1 

.,., -
JC= 1/ {2<1-R> > E61. A2. 1. 11 
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R 

0.00 
.01 
.02 
.03 
.04 

.05 
,06 
.07 
.08 
.09 

.10 

.11 

.12 

.13 

. 14 

.15 

.16 

.17 

.18 

.19 

.20 

.21 

.22 

.23 
• 24 

.25 

.26 

.27 
• 28 
.29 

.30 

.31 

.32 

.33 

. 34 

Table A2.1: The maximum likelihood estimate~ for given R 
in the von Mises' case.• 

0.00000 
.02000 
. 04001 
.06003 
.08006 

.10013 

.12022 

.14034 

.16051 

. 18073 

.20101 

.22134 

.24175 

.26223 

.28279 

.30344 

.32419 

.34503 

.36599 

.38707 

.40828 

.42962 

. 45110 

.47273 

.49453 

.51649 

.53863 

.56097 

.58350 

.60625 

.62922 

.65242 

.67587 

.69958 

.72356 

R 

0.35 
.36 
.37 
,38 
.39 

.40 

.41 

. 42 

.43 

.44 

.45 

.46 
.47 
.48 
.49 

.50 
• 51 
.52 
.53 
.54 

.55 

.56 

.57 

.58 

.59 

• 60 
.61 
.62 
.63 
.64 

.65 

.66 

.67 

.68 

.69 

A 

JC 

0.74783 
.77241 
.79730 
.82253 
.84812 

.87408 

.90043 

.92720 

.95440 

.98207 

1.01022 
1.03889 
1.06810 
1.09788 
1. 12828 

1. 15932 
1. 19105 
1,22350 
1.25672 
1.29077 

1.32570 
1. 36156 
1.39842 
1. 43635 
1.47543 

1. 51574 
1.55738 
1.60044 
1.64506 
1. 69134 

1.73945 
1.78953 
1.84177 
1.89637 
1,95357 

R 

0,70 
• 71 
,72 
.73 
• 74 

.75 
• 76 
. 77 
.78 
.79 

.80 

.81 
• 82 
.83 
.84 

.85 

. 86 

.87 

.88 

.89 

.90 

.91 

.92 
• 93 
.94 

.95 

.96 

.97 

.98 
• 99 

LOO 

,c 

2.01363 
2.07685 
2.14359 
2.21425 
2.28930 

2.36930 
2.45490 
2.54686 
2.64613 
2.75382 

2.87129 
3.00020 
3.14262 
3. 30114 
3.47901 

3.68041 
3.91072 
4.17703 
4.48876 
4.85871 

5.3047 
5.8522 
6.5394 
7.4257 
8.6104 

10.2716 
12.7661 
16.9266 
25.2522 
50.2421 

00 

• taken from Mardia (1972>, Appendix 2,3 p298. 
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A2.2. HYPOTHESIS TESTING FOR THE TWO-SAMPLE CASE 

Suppose that 

random samples of 

e. 1 ' ••• ' 1, 

sizes n,, 

, i=l,2 are 

from M<J.10,1, 

independent 

~.), i =1, 2 

respectively. Let the correspondin9 sample mean directions be 

Xo,1, Xo,z and 1 et the lengths of their resultants be R,, R2 • 

Suppose that the mean direction and length of the resultant of 

the combined sample are xo and R respectively, and R=R/n with 

a. tests for mean directions: 

Assume Ki= Kz = K, 

It is of interest to test:-

against 

Ha : JJ.o, a '::/; JJ.o, z 

where JJ.o and Kare unknown. 

EQ. A2.2.l 

EGI. A2.2.2 

EGI. A2.2,3 

There is no strict analogue of Student's t-test for the 

two-sample problem on the circle. However tests have been 

developed based on Watson and William's (19561 suggestion that 

Ho be rejected for large values of R1+Rz when R is fixed. Some 

justification for these tests can be seen from Fig. A2.1 CFig, 

6.3 Mardia, 1972) which shows that 

EGI. A2.2.4 

There-fore, if Xo,z = Xo,, then R,+Rz "'R, otherwise R,+Rz>R. 

Hence R,+Rz will be much larger for unequal mean directions, 

given R. The test therefore becomes, for a fixed R: 

Ho : R' ( = ( R, +Rz) / n) = R E6l. A2.2.5 

against 

H, : R' ("' ( R, +Rz) / n) > R EQ. A2.2.6 

which is a one-sided test. 
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\ 
\ 
\ 
\ 
\ 

Fig. A2.1: The combined resultant length, R. 
<Fig. 6.3, Mardia, 1972> 
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The distribution of <R,+Ra)/n is difficult to evaluate 

and approximations are made depending on the value of R. The 

following test procedures resuJt:-

i) For O<R<0.4: 

If r=n,/n is less than 1/3 an elaborate procedure is 

required and is not given here. It is detailed in Mardia 

< 1972, p156). 

If 1/3(r(1/2 then 5% critical values of the test 

statistic R'=(R,+Ra)/n can be read from Fig. A2.2 and 

Fig. A2.3 for r=l/2 and 1/3 respectively and values of 

R' obtained for given r by interpolation. 

ii) For 0.4<R<0.7: 

For any moderate value of r, Fig. A2.2 can be used to 

obtain the critical value of the test statistic. 

iii) For R>0.7: 

For any value of r, an F-approximation can be used where 

EGl. A2.2.7 

The unknown~ can be replaced by its maximum likelihood 

estimate. For R>0.95 the first term is negligible. 
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·2 ~ 4 ~ • 

Mean long1h ., '"'""""' R 
·7 ·9 l·O 

Fig. A2.2: Chart for obtaining the 5% critical values 

for the two-sample case with the test statistic, R':::::(R,+R2 )/n 

when R for the combined sample is given. cx.=0.05, n,:::::n2 , r=l/2. 

<Appendix 2.9a, Mardia, 1972) 

·I ~ _ _,_ _ _.__........_ _ __. __ ..__ _ _,_ _ _._ _ _,___--1._---J 

0 · I ·2 ·4 ·6 ·7 ·8 ·9 1•0 

Mear> lenQth o! '"""""' R 

Fi9. A2.3: Chart for obtaining the· 5% critical values 

for the two-sample case with the test stati s tic, R':::::CR1 +R2 )/n 

when R for the combine d sample is given. <X-=0.05, nz=2n1 , r=l/3 . 

<Appendi x 2.9b, Mardia, 1972) 
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b. tests for concentration parameters: 

Consider the test for hom9eneity of concentration 

parameters i.e. 

Ho : X::1 =X::z == x; EQ. A2.2.8 

against 

The test statistics for this problem are a function of R, 

and Rz only, and can be obtained by considering certain 

approximations to the distribution of R. The tests are two-

sided. 

i) For R<0.45: 

The test statistic is 

"' "' T = (2/3111 ) {9, (Ra>-91 (Rz)} / { (n,-4)-1 + (n2 -4)-•pn EQ. A2.2,9 

which is distributed as N<0,1) under Ho and 

"' ,..., 
91 (R) ==sin-1 <0. 61237R) EGI. A2.2,10 

"' and Rz==2Rz. 

The critical region consists of the two equal tails of N(O,ll. 

ii) For 0.45~R~0.70 

The test statistic is 

which is distributed as NC0,1) under Ho, and 

9• ( x > = 1 n { x + ( 1 + x•tJ 11:r} 

Again, the critical region consists of the equal 

N(0,1). 

E61. A2. 2. 11 

E61. A2.2.12 

tails of 
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i i i > For ibo. 70 

Under Ho, 

EQ. A2.2,13 

The critical region consists of the equal tails of the F-

distribution. However when the sample with the largest value 

of n,-R, is put in the numerator of tHe F-test, the test becomes 
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A2.3. HYPOTHESIS TESTING FOR THE MULTI-SAMPLE CASE 

Let e. 1 ' ••• ' 1, 
be q independent 

random samples of size n, 

i=1, .•• ,q 

from M <JJ.o., i=1, ••• ,q. Suppose 

that R, is the length of the resultant of the i'th sample, 

i=1, .•. ,q and R is the resultant of the combined sample, R=R/n 

where n=n, + ••• +n •• 

a. tests for mean directions: 

It is 

of interest ta test 

Ho : J..lo,1 = J..lo,z = •• • = .J.lo,• EG!. A2.3.1 

against the alternative that at least one of the equalities 

does not hold. 

There are approximations to the test which are dependent 

on the value cf R. 

i) For R<0.45: 

The test statistic is c.U where 

The maximum likelihood estimate of JC is used. 

ii) For R:l!::0.45: 

Under Ho, 

EGI. A2.3.2 

EQ. A2.3.3 

F •• , .... .,~ (1+3/(8JC)H(n-q) <:E Ra -Rl/(n-I: R1 Hq-U}EGI. A2.3.4 

where JC is 9iven by the maximum likelihood estimate. 

For JC)10 the +•ctor in JC is negligible and calculations 

can be seen in a usual analysis of variance table, viz., 
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source ss MS F 

between samples 

within samples 

d.f. 

q-1 

n-q 

n-1 

n-:ER. 

<IB1 -R> I (q-1 l ;::;! 

(n-R, ) / (n-ql::::II 

I/II 

total n-R 

b. tests +or the concentration parameters: 

Consider the composite hypothesis 

Ho : :i<:, :::: EQ. A2.3.5 

where , ... and JC are not specified, against the 

alternative that at least one :i<:1 is not equal to :i<;. 

The test procedure has three parts depending on the 

value of R. 

i> For R<O. 45: 

The test statistic is 

..., ...., 
U1=l.: w,ga2 (R, > -<l.: w,g, (R, > >2/l.: w, 

~ "' and '91 <R,>=sin-1 <0.61237R,>. 

ii) For 0.45~R~0.70: 

The test statistic is 

where w, =<ni-3)/0.7979, 

9z C R1);::; 1 n ( R, + ( 1 +R,2) 11z}. 

EQ. A2.3.6 

EQ. A2.3.7 

EGI. A2.3.8 

EQ. A2.3.9 

EQ. A2.3.10 

EQ. A2 • 3. 11 
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iii) For ib0.70: 

In this case, under Ho, is approximately 

distributed as xz 
n, -J implying that this quantity behaves like 

the normal theory sample variance. Hence Bartlett's test can be 

used, viz. , 

U;1 ={vln{(n-I: Rd/v}-:E vdn{n,- Rd/v 1 }}/(l+d) EQ. A2.3.12 

where v, =n, -1, v=n-q and 

EQ. A2.3.13 
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A2.4. REGRESSION FOR ANGULAR VARIATES: the Gould 

method 

Wind direction is an angular variate, and it was 

therefore necessary in all the modelling of this variable to 

use the method of analysis described by Gould (1969). 

Consider a set of observations e., e"', ... ,e .. which are 

random observations on n angular variates .,.The theory assumes 

that each angular variate is independent with a von Mises' 

distribution which has a probability density function given by: 

EGI. A2.4.1 

where Io(~} is the modified Bessel function of the first kind 

and order zero. 

Each distribution has a common concentration parameter ~ 

and a mean µ, 9 i ven by ( JJo + I!'£_) • The parameters µ 0 and I! 

are unknown and are to be estimated by the regression procedure 

and~ is a vector of known concomitant variables. 

In an analogous way to regression for linear data, the 

parameters JJo and I! are estimated using a maximum likelihood 

technique. That is, if L is the logarithm of the likelihood 

then JJo and I! are solutions of equations: 

~L/ J JJo <µ., .IV =O 

d Lid 13.tJJo,I!>=O for i=l,2, ... ,m 

if~ has m elements 

EGI. A2. 4. 2 

EGI. A2. 4. 3 

It can be shown that ,IJo is a function of e,, i=l,n and of 

~- The equations cannot be solved directly for ~ and an 

iterative procedure such as the Gauss-Newton method is 

necessary to provide estimates of these parameters. The 

iterative procedure must be repeated until the values for ~ 

stabilize or until the quantity 
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d=1/n !: (cos e, 
i=l 

sine,> ( cos (JJ.o + Ii !_) ) 

< s i n < JJ.o + Ii !_> > EGI. A2.4.4 

stabilizes in value. The parameter dis the mean of the cosines 

of the angular deviations of the observations from their 

predicted values. A stable value of d represents at least a 

local maximum of th'e likelihood function. As with any iterative 

procedure, the results are often dependent on the initial 

estimates chosen to start the iterative process. 

Next, having obtained reasonable estimates, any one 

coefficient or group of coefficients can be tested in a similar 

way to that of regression for linear data. 

consider the null hypothesis to be of the form: 

where 

For example, 

EQ. A2.4.5 

13'-o is a possible value of 13, and Ii has m elements with 

(q+l)~m, and the alternate hypothesis H, to be: 

H1: 13,.u, ••• , '3m are unspecified 

Define Ro and R, to be values of 

A 

A 

R = !: cos <e, -e, > 

i=l 

EG'I. A2.4,6 

EQ. A2.4.7 

e, is the predicted value of e, under Ho and H, 

respectively. 

Now as Gould shows 

'\$0 • (n-m-1) 

( m-q) • 4>1 

= (R,-Ro> • (n-m-1) 

<n-R.> (m-q) EGI. A2. 4. 8 
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and 4>,=2X:( n-R1 l si nee can be used to test Ho where 4>o=2JC(R1-Ro> 

4>o has a central X' distribution with <m-q> d.f. under Ho, 

4>, has a X' distribution with (n-m-1) d.f. under H,, and 

4>o and~, are distributed independently. 

Therefore, the two fundamental procedures in linear 

namely the estimation of the regression 

coefficients and then the testing of their significance, can be 

carried out for regression for angular variates. 
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APPENDIX 3.: DERIVATION OF THE CONSTANT VARIANCE OF THE 
LOGARITHMIC TRANSFORM OF THE SAMPLE VARIANCE 
FROM A NORMAL POPULATION. 

For a sample of n observations x,, with mean x, on a 

normally distributed variable, X, the sample variance sz is 

S 2 = ( 1 / n-1 ) L ( X 1 - X ) Z EQ. A3.1 

and sz is distributed as (Cr' 2 X2 •• i)/(n-1). Therefore, 

Eli!. A3.2 

Now consider the transformation Y= ln< s 2 ). 

Since dY/ds2 = 1/s2 , so that ( d Y ) 2 = ( 1 / s 2 > z * Cd s• ) • 

it follows that 

var(Y) ~ var(s•>, 

= ( 1 / a1! > 1 var ( s 2 ) 

using the result of Kendall and Stuart (1976, p90>. Hence 

substituting the result far var(s2 ) gives 

var(Y) = 2/(n-1)= constant 

Therefore the variance of 

true value of s'" ' 
squares estimation. 

which is 

ln(s2 ) is independent of the 

a requirement of ordinary least 
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APPENDIX 4.: GENERALIZED PROCRUSTES ANALYSIS AND TREE PRUNING 

A4.1. GENERALIZED PROCRUSTES ANALYSIS 

A4.1.1. Definition of the p roblem 

The method of Generalized Procrustes Analysis was 

developed by Gower (1975). The outline given here presents the 

basis of the method, and the algebraic computations performed 

to arrive at the results can be found in the Gower reference. 

Generalized Procrustes Analysis deals with a set of m 

matrices, Xl , i=l, ..• ,m where each X, is a matrix with n rows 

and p columns. The j'th row, j=l,n gives the coordinates of a 

point PJ•u referred to p orthogonal axes. It is assumed 

that the m points pJ111 < i=l, ••• ,m> refer to the same j'th 

entity, and the analysis is concerned with n such entities. The 

mn points may be regarded collectively as m configurations, 

each of n points in p dimensions. 

In the problem discussed in Chapter 4, each matrix X, 

was a set of correlations for a particular category, with n=17 

for the sites, and p equal to the reduced number of axes 

determined by PCO analysis of the original 17*17 correlation 

matrix. The number of matrices was m=20, when considering all 

the categories studied, and m=lO when considering the 10 

daytime or 10 nighttime categories separately. The analysis 

carried out in Chapter 4 was performed using the computer 

software available in the Genstat packa9e, which implements 

Gower's procedure. 

The method analyzes the behaviour of entities in each 

configuration X, and contrasts these behaviours with 'average• 

behaviour in an (n * p) matrix Y called the 'consensus' 
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configuration. Each of the n points, G, (j=1, •• ,n>, in the 

consensus configuration is the centroid of the m like-points 

ptu 
I (i=l, .•• ,m). The centroids are determined so as to 

minimize the residual sum-of-squares Sr given by 

s. 
• n 

= I: I: A• cp,tu,G,> 
i=l j=l 

EGl. A4. 1. 1 

i,1here A is the Euclidean distance between P,•u and Gu 

of the mn Lengths A(P, 111 ,G,> is termed a residual. 

and each 

A geometrical interpretation of the analysis is presented 

in Fig. A4.1 for 3 configurations Cm=3) of 4 entities 

each with two dimensions (p=2). The residual sum-of-squares is 

the sum-of-squares between each cluster of 3 points and their 

centroid, summed over all 4 clusters. 

Each of the p coordinates of a centroid, G, ( j = 1 , ••• , n > 

is calculated as the algebraic mean of them coordinates of the 

m like-points P, 1 " in transformed configurations. The 

transformed configurations are determined by simultaneously 

translating, rotating, reflecting and scaling the original m 

configurations, such that 

where uniform scaling is given by the multiplicative constant 

P,' rotation is given by post-multiplying X1 by H1 , and 

translation is achieved by adding the matrix T •• The algebraic 

problem is to determine P,, H1, T, (i=1, ... ,m) to minimize S=mS~ 

which can be expressed in the form 

• 
S = tr I: {<P,X1H,>-<P,X,H1 + T,>>. 

i<j 

( (P,X1H, + T,> - <P,X,H, + T, > }' EQ. A4. 1.2 

subject to the constraints that the total sum- of-squares (and 

the residual sum-of-squares) is unchanged and each H, is 
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orthogonal. 

The solution of the algebraic problem to determine the 

required parameters is given in Gower (1975). 

A4.l.2. Anal ysis of Variance 

The analysis of variance is a useful means of identifying 

the relative importance of the items that make up the total 

sum-of-squares. The total sum-of-squares can be split into 

between and within-group components, where the term •groups' 

refers to the m sets or configurations Xl <i=i, •.• ,m>. 

The between-group component represents the contribution of the 

translation terms. The within-group component is given by 
■ I 

L Pl2 tr ( xl xl,) = I: tr ( xl Xl') EGl. A4.1.3 
i=t i=t 

where PL is the scaling coefficient for group i. 

The within-group sum-of-squares splits into consensus and 

residual sum-of-squares. The consensus sum-of-squares is given 

by m * tr(YY') and the residual sum-of-squares is 

given in EQ A4.1.1. 

Sr can be partitioned in two separate ways. Firstly, the 

squares of the residuals for each group can be summed, 
n 

giving 

terms I: t:,.Z(p,cu,GJ>, (i=l, ••. ,m), and 
j=l 

secondly the squares for 

each 
I 

individual or entity 

I: AZ(pJm,G,>, (j=l, ••• ,n). 
i=l 

can be summed giving terms 

The end result is the analysis of variance table, which 

is expressed in geometric terms in Table A4.1, where O is the 

origin. The AOV therefore gives a measure of the dispersion of 

each entity about its centroid, and a measure of the dispersion 

of each configuration about the consensus configuration. 
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Table A4.1: Analysis of Variance 

---------------------------------------------------------------
-------------------------------------------------------~-------
Source Method of calculation and interpretation 

Between Groups Translation 

Within Groups 

---------------------------------------------------------------
By Stimulus Consensus Residual Total <Within-Groups) 
---------------------------------------------------------------

1 

2 m.0.2 (002) 

n mll.2 (OG., > 

Stimuli m tr CYY' > 

rn 

I:ll.2 ( P, ma,> 
i=1 

m 

I:ll.2 <P:11 111Gz) 
i=J 

m 
I:ll.z cp,.111611 > 
i=l 

s .. 

m 

I:.62 ( OP, UI) 

i=l 

m 
I:.62 ( DPz•u) 
i=J 

m 
I:AZ (Qp

11
m) 

i=l 

m 
I: tr CX1X1' > 

i=l 

---------------------------------------------------------------
By Group 

1 

2 

m 

Groups 

Residual 

n 
I:ll.Z (PJUIGJ) 

j=J 

n 
Lil.Z (p1 1z1GJ) 

j=l 

n 
I:.o.• C p J ••• GJ ) 
j=l 

s .. 

Total <Within-Groups) 

n 

I:ll.2 COPJm) = p,z trCX,Xl'} 
j=l 

n 

I:ll.11 
( OPJ 121

) = Pz2 tr ( X2X2' ) 
j=l 

n 
I:42 (OP, 1• 1 ) = P.2 tr cx.x.,) 
j=J 

appendices 283 



Fig. A4.1: Geometric representation of three 
configurations (m=3) each with two 
dimensions <P1=Pa=P-a=2) and four vertices 
<n=4) referring to the same four entities. 
Each entity therefore _gives rise to a 
triangular cluster of vertices whose centroid 
GJ (j=1,4) are marked. The centroid of the 
whole system is at O. 
C Fig. 1, Gower, 1975) 
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A4.2. TREE PRUNING: A COMPARISON OF TWO DENDROGRAMS 

A4.2.1. Aims 

The tree pruning procedure used in Chapter 4 was based on 

the work of Gordon 1979, 1981) . Most of the following 

discussion is drawn from a draft paper called 'On the 

assessment and comparison of classifications• by Gordon, which 

was given to Dr. K. Malafant at the C.S.I.R.O. Division of 

Mathematics and Statistics by Gordon when he was a visitor 

there, and which is believed to have been later published as 

Gardon ( 1980) . The procedure compares two dendrograms (trees) 

by obtaining a reduced tree which has the maximum number of 

objects or sites (branches) remaining on it such that the 

information contained in the two original dendrograms is not 

contradicted. The procedure thus aims to 'prune• as few 

branches as possible from each of the two original trees so as 

to render them in some sense 'equivalent'. Alternatively, this 

can be seen as finding the intersection of the two dendrograms. 

This sense of equivalence Gordon took to mean 'local 

order equivalence', the definition of which follows from 

regarding a hierarchical classification as a transformation T: 

A 

d ~ d of the original measure of dissimilarity dCi,j) between 

each pair of objects i and j into a transformed dissimilarity 

A A 

d<i,jl, where d(i,j) denotes the level of the dendro9ram at 

which objects i and j first come into the same group on the 

diagram. Then, two trees Ta and T2, each with N objects, defined 

by two sets of 
A 

transformed dissimilarities Cd1Ci,j)} and 

A 

{d2(i,jl} respectively, are defined to be local order equivalent 

if 
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" " .... 
~ d,<i,k) < = > d11 < i, j > ~ dz<i,k> 

for all objects i,j,k EQ. A4. 2, 1 

Therefore, the equivalence defined is essentially a rank 

order equivalence of the transformed dissimilarities. An 

example of a pruned tree from two dendrograms (Figs. A4.2a,b> 

can be seen in Fig. A4.2c, taken from the draft paper sited 

earlier. 

The definition can be restated informally by considering 

moving up each dendrogram, starting from the same object. If 

all objects are encountered in the same order (including the 

preservation of ties in the orderings), for all N starting 

positions, then the dendro9rams are local order equivalent. 

The sequence of such objects encountered is illustrated 

by considering the branch attached to object 8 in Figs. 

A4.2a,b. In Fig. A4.2a the objects are encountered in the 

sequence A,, namely 

8, (9,14), (2,3,10,13), 16, (4,11), (1,5-7,15), 12 

where the ranks of all objects enclosed within the same pair of 

brackets are tied. In Fi9, A4.2b, the objects are encountered 

in the sequence A2, namely 

s, 16, (4,9,11,14), (1-3,5-7,10,12,13,15) 

If the statistic,~, is defined as the maximum agreement 

between the two sequences, i.e. as the number of objects in the 

largest possible subsequence which does not contradict the 

orderings of either of the original sequences (including the 

preservation of ties), then oc = 9 for object a, with the two 

sequences having in common the objects 

s, 16 (4,11), (1,5-7,15) 
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This statistic can be determined for each of the N 

objects on the dendro9rams. 

order equivalent if 

The two dendro9rams are local 

EQ. A4.2.2 

A4.2.2. Al g orithm for determining the reduced tree 

The algorithm is taken from the paper sited earlier as an 

early draft of Gordon (1980). 

II 

'If an iterative approximating al9orithm 
l•l 

can be used to delete one object at a time until the reduced 

dendrograms become equivalent. Because the set of O<-t 

objects need not be uniquely defined let 

== 1 if the j'th object occurs in an optimal set of 

°" objects in agreement with the i'th pair of 

sequences 

= 0 otherwise E61. A4.2.3 

Then define 

= L v,, the number of branches for which the 

j'th object occurs in an optimal subsequence.' 

The algorithm can then be summarized as follows: 

'1. Let M (the current size of the data set>= N 

2. For the current set of M objects, evaluate <~,,a's}• 

3. If Lex..,= M2 , the reduced trees are local order equivalent. 
j 

STOP 

4 . If Lex.., < M2 , delete an object with the minimum value of 0"1 ; 
J 

set M=M-1, and 90 to step 2.' 

The object selected at step 4 need not be unique, but the 

algorithm will find a locally optimal reduced tree. 
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Fig. A4.2a: Single-link 
dendrogram of Gotland 
data. (Fig. !.Gordon, 
draft paper> 

12 l S 6 7 IS 10 13 2 3 8 9 I~ Ir, 4 11 

12 I ~ fi 7 15 IO IJ l J B 16 '} 14 4 11 

5 6 7 15 9 14 4 11 

Fig. A4.2b: Complete-link 
dendrogram of Gotland 
data <Fig. 2, Gordon, 
draft paper> 

Fig. A4.2c: A pruned tree: 
intersection of single
link and complete-link 
dendrograms of Gotland 
data (Fig. 3, Gordon, 
draft paper) 
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A4.2.3 Determination of each 0<. 

The starting point for the determination of the 

statistic, oc , for each object on two dendrograms with say 

P objects is the determination of the two sequences A,, and Az, 

found by following the object up the dendro9rams, as was shown 

in the example above for object 8. The two sequences then 

denote two rankings of the same set of P objects, 

both rankings may contain ties. 

where one or 

To find 0<., we must obtain a subsequence whose rankings 

contradict neither A,, nor Az, with the requirement that ties 

must be preserved. 

above for object 8. 

An example of such a subsequence was shown 

To find the subsequence the following procedure can be 

adopted in general, as outlined by Gordon (p13, 1979)! 

''Assume that there are n different 'blocks' of objects 

in Aa, ranked in the order {A,1 , ... , A~J; each block consists 

of a set of objects which have the same rank. Define {A:u , ••• , 

in a similar fashion for the sequence Az. Define 

as the number of objects in common between blocks 

Au and AzJ •••. a block may have objects in common 

with more than one block from the other sequence.•• 

As stated by Gordon, the two sequences can be slotted 

together into a single joint sequence, in which the positions 

of the objects in the two original sequences are preserved. As 

Gordon (p13, 1979) goes on to say: ' ' We now compare each 

block from Az with the block which is directly before 

it in the joint slottin9, irrespective of the sequence from 

which the block originally came. 
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Define F (id , ld ( 0 :!!! i :!!! n; o :!!! j :!! m; k=l, 2) as the 

maximum a9reement possible when the first i blocks of A1 and 

the first j blocks of Az are slotted to9ether, when the final 

block in the joint slotting comes from sequence Ak• Then 

F<i,0,ld=0 (0:::i:::n; k=l,2), F(0d,k)=0 (0 :!: j::: m; k=l,2) 

and for (1::: i::: n, 1::: j :!f m) 

F < i , j , 1 > = max { F < i -1, j , 1 > , F ( i -1, j , 2) } 

F(i,J,2) = max CF(i,J-1,1)+ s~, F<i,j-1,2)} 

Using E61. A4.2.4 recursively, we obtain 

EGI. A4.2.4 

= max { F C n !' m, 1) 11 F(n,m,2)}, and the not 

necesarily unique set of objects contributing to the 

agreement by retracing the path taken.•• 

A4.2.4. Imp lementation of tree p runing 

A computer program was written in Fortran to implement 

the algorithm given by Gordon. 

given below. 

The listing of the program is 
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PROGRAM PRUNE 
DIMENSION JOIN<2,32>,PAIRC2,33),SEm<2,17,17),0BJECT(2,17) 
DIMENSION NODE(17>,NUMC2,17>,IN(17>,ALPHA(17) 
COMMON /A/ICLSON<2,16>,ICRSON(2,16>,BLOCK<2,33,17> 

COMMON/BL/OBJ(17,17,17),S(17,17>,LUOUT,V(17,17) 
INTEGER PAIR,SEQ,OBJECT,T,OUT,START,TOTAL,COUNT,BLOCK,S 

C ,ALPHA,V 
INTEGER DELETE,AGREE,OBJ,STOLD,SIGMA<17>,SUM 
DATA N/17/ 
DATA LUN/2/,LUOUT/5/ 

C ***********************************"*********************** 
C program to implement A.D. Gordon's pruning procedure 
C described in •• On the assessment and comparison of 
C classifications'', 1980, Analyse de Donnes et Informatique 
C (ed. R. Tomassone) I.R.I.A., Le Chesnay, 161-171. 
C parameters ALPHA, SIGMA, Vas defined in paper 

C ***********************************"******ff*************** 
C 
C open input data file 
C 

C 

C set up do loop to carry out pruning procedure for 10 pairs 
C of dendrograms 
C 

DO 1 ICAT=l,1O 
C 
C read input data for pair of dendrograms Tl and T2 
C 

NF::aN-1 
READ<2,*> (ICLSON(l,I>,I=l,NF> 
READ(2,*> (ICRSON<l, I>, I=l,NF> 
READ<2,*> (ICLSON<2,I>,I=1,NF> 
READ<2,*> <ICRSON<2, I>, I=1,NF> 
WRITE CLUOUT, 100) C ICLSON ( 1, I>, I=l ,NF> 
WRITE<LUOUT,100) (ICRSONC1,I>,I=1,NF> 
WRITE CLUOUT, 100) ( ICLSON<2, I>, I=l, NF> 
WRITE (LUOUT, 100) ( ICRSON<2, I>, I=1 ,NF> 

100 FORMATfI4,16I5> 
C 
C set up sequences for each object on each original dendro9ram 
C 

DO 32 MM=l,2 
DO 32 MMM=l,17 
OBJECT<MM,MMM>=4H 

32 CONTINUE 
DO 10 T=l,2 
DO 2 I=l,N 
DO 2 J=l,N 
SEGl<T,I,J'>==-1 

2 CONTINUE 
C set up pair relations and node number 

DO 3 I=l,NF 
PAIRCT,ICLSONCT,I))=ICRSONCT,I> 
PAIRCT,ICRSON<T,I))=ICLSON(T,I) 
JOIN<T,ICLSON<T,I>>=N+I 
JOIN<T,ICRSON<T,I))=N+I 

3 CONTINUE 
C start a sequence for an object node 
C OBJECT used cnly in setting up sequence 
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NN=N-1 
DOS I=l,NN 
START=ICLSONCT,I> 
IF<START.GT.NlGO TO 5 
IF(OBJECT<T,START>.EQ.4HDONE>GO TO 5 
J=l 
SEQ(T,START,ll=ICRSON<T,Il 
NODE(l>=JOIN<T,START> 
JOLD=l 

6 J=J+l 
SEG(T,START,J)=PAIR(T,NODE<JOLD>> 
NODE(J)=JOIN<T,NODE<JOLD>> 
JOLD=J 
IF(NODE(Jl.LT. <2*N-1l>GO TO 6 
OBJECT(T,START)=4HDONE 
NUM<T,START>=J 

C look at other shorter sequences for other objects 
C within the above sequence 

STOLD=START 
DO 7 1<=1,J 
IF<SEQ(T,STOLD,Kl.GT.NlGO TO 7 
START=SEQ<T,STOLD,K> 
IF<K.EQ.ll SEQ(T,START,ll = STOLD 
IF(K.NE.ll SEQ(T,START,l>=JOIN<T,SEQ<T,STOLD,K-1>> 
TOTAL=J-K+l 
DO 8 COUNT=2,TOTAL 
SEQ(T,START,COUNT>=SEQ(T,STOLD, <K+COUNT-ll> 

8 CONTINUE 
OBJECT<T,START);::;:4HDONE 
NUM<T,STARTl=TOTAL 

7 CONTINUE 
5 CONTINUE 

DO 9 I=l, N 
M2=NUM<T,Il 

200 FORMAT(19I5) 
9 CONTINUE 
C set up matrix BLOCK which gives objects in each block of 
C ties 

CALL TIES(T,N) 
M·l=N+l 
M2=2*N-1 
DO 11 I =Ml, M2 

11 CONTINUE 
10 CONTINUE 
C 
C initial conditions for first loop through pruning procedure 
C IN<I>=l, object I still on tree, =O deleted 
C 

M=N 
OUT=O 
DO 12 I=l,N 
IN<I>=l 
DO 12 J=l,N 
V<I,Jl=O 

12 CONTINUE 
C 
C to get ALPHA and SIGMA for each obj ect still in pruning 
C tree 
C 
24 SUM=O 
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DO 13 I=l,N 
IF(IN(I).EGl.O)GO TO 13 

C for each object I get S matrix 
C when object has NUM<l,I> blocks in sequence from Tl, 
C NUM(2,J) blocks in sequence from T2 

M2=NUM<1,I> 
DO 14 K=1,M2 
M3=NUMC2,I> 
DO 14 J=1,M3 
S<K,J)=O 

14 CONTINUE 
M2=NUMC1,I) 
DO 15 K=1,M2 
M3=NUM C 2, I) 
DO 15 J=1,M3 
DO 27 L= 1,N 
OBJ(K,J,L>=O 

27 CONTINUE 

31 

15 

DO 15 L=1,N 
KK=SEG:1<1,I,K> 
JJ=SEGl(2,I,J) 

IFCBLOCK(1,KK,Ll.EQ.1.AND.BLOCK(2,JJ,L>.EGl.1) 
CGO TO 31 

GO TO 15 
S<K,J>=S<K,JJ+l 
OBJ O<, J , U = 1 
CONTINUE 

C for object I get F matrix and calculate ALPHA(IJ 
CALL SLOT<N,I,NUM(l,Il,NUM(2,I),ALPHACI>l 
SUM=SUM+(ALPHA(Il+ll 

13 CONTINUE 
C **********¼-lHHf**H******************H*ff* 
C check local order equivalence 

IF(SUM.EGl. <M**2l)GO TO 25 
C if equivalent, pruning procedure finished 
C if not find minimum sigma for objects left 
C ************************************************ 

DO 16 J=l,N 
SIGMACJl=O 

16 CONTINUE 
DO 30 J=l,N 
IF<IN(J).EGl.O)GO TO 30 
DO 17 I=l,N 
IFCIN(Il.EQ.O)GO TO 17 
SIGMACJ>=SIGMA<J>+VCI,J> 

17 CONTINUE 
30 CONTINUE 

MIN=N 
DO 18 J=l,N 
IF<IN(J).EGl.OlGO TO 18 
IF(SIGMACJ).GT.MIN)GO TO 18 
MIN=SIGMA<J> 
DELETE=J 

18 CONTINUE 
C 

C 

delete object with minimum sigma, 
take object with highest number 

OUT=OUT+l 
WRITECLUOUT,400lDELETE 

if tied minimum values 

400 FORMATC2X,"DELETE =',I5) 
C 
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C if all abjects deleted look at next pair of dendrograms 
C 

IF<OUT.EQ.N)GO TO 1 
IN(DELETE>=O 

C reset matrices to begin loop again ta delete another object 
C eliminate object, DELETE, from matrices 
C BLOCK and SEQ for both trees 

DO 19 I=1,N 
IF(IN(I).EQ,O)GO TO 19 
DO 20 T=l,2 
M2=NUM<T,I> 
DO 21 K=l,M2 
IFCSE@(T,I,K).NE.DELETE>GO TO 21 
NF=NUM<T,I)-1 
DO 22 L=K,NF 
SEQ(T,I,Ll=SEQ(T,I,L+l) 

22 CONTINUE 
NUM<T,Il=NUM<T,I>-1 
GO TO 20 

21 CONTINUE 
20 CONTINUE 
19 CONTINUE 

NF=2*N-1 
DO 26 T=1,2 
DO 26 K=1,NF 
BLOCK<T,K,DELETEl=O 

26 CONTINUE 
C 

C recalculate ALPHA and SIGMA for reduced set of objects 
C by returning to beginning of loop at 24 
C 

M=M-1 
GO TO 24 

C reach 25 when local equivalence achieved 
25 WRITE(LUOUT,300) (IN(l),I=l,N) 
300 FORMAT(17I5> 
C 

C return for next pair of dendrograms 
1 CONTINUE 

STOP 
END 
SUBROUTINE TIES(T,N) 
COMMON /A/ICLSONC2,16),ICRSON(2,16),BLOCK(2,33,17) 
INTEGER BLOCK,T 

C ***ff***H*****H***************************************** 
C determine objects in each block cf ties in sequences 

C ******************************************************** 
NF=2*N-1 
DO 10 1=1,NF 
DO 10 J=l,N 
BLOCK<T,I,J>=O 
IF(I.EQ.J)BLOCK<T,I,J)=l 

10 CONTINUE 
C 
C set (I,Jl cell to one if object J occurrs in I node 
C 

NF=N-1 
DO 20 K=1,NF 
I=K+17 
IF(ICLSON(T,K).GE. (N+l))GO TO 60 
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BLOCK<T,I,ICLSONCT,K>>=1 
GO TO 30 

60 DO 40 J~1,N 
IFCBLOCK(T,I,J).EQ.O)BLOCK(T,I,J>~BLOCK(T,ICLSON(T,K>,J> 

40 CONTINUE 
30 IF(ICRSON<T,K).GE.N+llGO TO 50 

BLOCKCT,I,ICRSON(T,K))=1 
GO TO 20 

50 DD 80 J=l,N 
IFCBLOCK(T,I,J).EQ.O)BLOCK<T,I,Jl=BLOCK(T,ICRSON(T,K>,J> 

80 CONTINUE 
20 CONTINUE 

RETURN 
END 
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SUBROUTINE SLOT<ITOT,K,N,M,AGREE> 
COMMON/BL/OBJ(17,17,17),S(17,17>,LUOUT,V<17,17) 

DIMENSION F(17,17,2>, A(578>, B(578>, LEV<578> 
INTEGER F,V,S,A,B,COUNT,AGREE,OBJ,BB 

C to calculate F and hence APLHA and V for object K 

C see GORDON BIOMETRICA 66,1,P7-15 
C 

C A MEASURE OF THE AGREEMENT BETWEEN RANKINGS 
C 

CF and Sas defined in paper 

C ff************"*******************"***************** 
C set initial conditions 

C *********"***"*******************"****************** 
DO 2 I=1,N 
F<I, 1,2):;;S(I, 1) 

2 CONTINUE 
DO 1 J=l,M 
F(l,J,1>=0 
IF<J.EG.l>GO TO 1 
IARG:;;F(1,J-1,1J+S<1,J) 
F(1,J,2>=MAXO<IARG,F<1,J-1,2>> 

1 CONTINUE 
C 
C general formula 
C 

DO 3 I=2,N 
DO 3 LEVEL=l,2 
DO 3 J=l,M 
IF(J.EQ.1.AND.LEVEL.EQ.2)00 TO 3 
IF<LEVEL.EQ.l)F<I,J,LEVEL>=MAXO(F<I-1,J,1>,F<I-1,J,2>> 
IF(LEVEL.EQ.2)F!I,J,LEVEL>=MAXO<F<I,J-1,1>+S(I,J),F(I,J-1,2)) 

3 CONTINUE 
AGREE=MAXOCF<N,M,11,F<N,M,2)) 

C 
C set up matrices A,B,LEV with given indices I,J for blocks 
C in trace back path 
C 

IREMAIN=AGREE 
COUNT:;;! 
A(1l=N 
B<l>=M 
LEV(l)=l 
IF<AGREE.EG.F<N,M,2))LEV(1)=2 

4 COUNT=COUNT+l 
IF(COUNT.GT.578lSTOP 1 
IF(LEV(COUNT-ll.EQ.2)GO TO 5 
A(COUNT>=A<COUNT-1>-1 
B<COUNT>=B(COUNT-1> 
LEV(COUNTl=l 

IF(A(COUNT).LE.O.OR.B(COUNT>.LE.OlSTOP 6 
MAX=MAXO(F<A<COUNT>,BCCOUNT>,ll,F(A(COUNTl,B(COUNT>,2)) 
IF<MAX.EQ.F(A(COUNT>,B<COUNT>,2))LEV(COUNTl=2 
GO TO 4 

5 A(COUNT>=A(COUNT-1> 
B<COUNT>=B<COUNT-1>-1 
IF<B<COUNT-1).EQ.l)GO TO 8 
LEV(COUNT>=2 
IF<A<COUNT).LE . O.OR.B(COUNTl.LE.O>STOP 7 
BB=B<COUNT-1) 
IARG=F(A(COUNTl,B(COUNTl,1l+S(A(COUNTl,BB> 
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MAX=MAXO<IARG,F<A<COUNT),B(COUNT>,2>> 
IF<MAX.GT.IARG)GO TO 4 
LEV CCOUNT> =1 

8 DO 6 L=l,ITOT 
IFCOBJCACCOUNT-1),BCCOUNT-1),L).NE.llGO TO 6 
VCK,L>=1 
IREMAIN=IREMAIN-1 

6 CONTINUE 
IF<IREMAIN.Ee.O)GO TO 7 
GO TO 4 

7 RETURN 
END 
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