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Daily maximum temperature frequency distributions are usually modelled using a
single normal distribution. For coastal localities especially, this often provides a
poor approximation. Another approach is to represent the distribution as a combi-
nation of maritime and continental airstreams with each distinct airstream having a
characteristic normal distribution. This approach yielded realistic results for
southern Australian coastal sites. Model parameters were calculated using a down-
hill simplex method of approximation and the goodness-of-fit was measured by the
level of significance, o, using the ? test statistic. Levels of significance in most cases
exceeded 0.010, and in some cases surpassed 0.50. By comparison, in most cases a
single normal model was rejected at a critical level of 0.010.

Modelling coastal daily maximum temperature frequencies using a composite of
two normal distributions has a physical basis, a characteristic other methods of
depiction often lack. Potentially, this model could assist in climatological and
weather forecasting applications. It may be used to synthesize maximum tempera-
ture frequency analyses at poorly represented sites, to assess impact of changes in
the local atmospheric circulation patterns that may be associated with climate
change, and as input to a statistically based scheme used in prediction of daily

maximum temperature.

Introduction

Daily maximum and minimum temperature dis-
tributions at any location are dependent upon
local airstream characteristics. Climatologists
often approximate frequency distributions using
a single normal curve (Klein and Hammons 1975)
but this simple approach does not suit all sites.
Other means of depiction have been investigated
by various researchers. Toth and Szentimrey
(1990) used a binormal distribution about a single
mode to model daily maximum and minimum
temperatures at Budapest, Hungary; Lehman
(1987) used a one-parameter gamma function to
represent daily mean temperature distributions at
a number of US stations; and Clarke (1958)
showed the ‘double’ structure of the summer
maximum temperature distribution at Mount
Gambier, South Australia. When more than one
airstream is prevalent the daily maximum tem-
perature frequencies may be modelled by a mix-
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ture of normal distributions, described as the
partial collective method (Corcoran 1988). Until
recently it has been difficult to estimate objec-

- tively the relevant parameters of such mixtures.

This paper demonstrates that daily maximum
temperature frequency distributions for the
southern Australian capital cities, Perth, Adelaide
and Melbourne (all coastal sites) can be closely
approximated by a mixture of two normal distri-
butions representative of the prevailing air-
streams. The model has a strong physical basis,
and for this reason the authors believe it has wider

“application than the models developed by Toth

and Szentimrey, and Lehman. A further advan-
tage of this model is that unlike the binormal
(single mean) and the one-parameter gamma
function models, it is capable of representing the
‘double hump’ frequency analyses characteristic
of late summer distributions observed at some
stations in this study. The model may be applied
to a variety of meteorological problems including
the synthesis of maximum temperature frequency
distributions, investigation of climate variability
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and climate change, and statistically based fore-
casting. A variation of the downhill simplex
method (Press et al. 1989) to.estimate a:loss
function is used to derive the parameters of each
component distribution.. As a.-goodness-of-fit
measure, or a measure of the model’s-credibility
(Miller 1986), a (the level of significance) is
determined from the 2 test statistic.

Climatology of the region

Perth, Adelaide and Melbourne are'mid-latitude
coastal cities of -Australia-whose climates -are
strongly influenced by the annuil migration of
the subtropical ridge and associated -airstreams
(Fig. 1).

During summer, semi-permanent high:pressure
centres exist over the Indian :‘Ocean, the Great
Australian Bight and the Tasman:Sea near lati-
tude 35°S. The ridge axis typically. passes through
Bass Strait and just south of-the continent in
Western Australian longitudes.

On occasions the high- pressure .centre-in-the
Tasman Sea is dominant and-extends a ridge over
the continent, producing a hot, northeasterly-con-

~tinental stream-over much-of central New'South
.Wales, Victoria and South Australia. When -the
high pressure-cell in the Bight -is'strengthened, a
south to.southeast stream prevails, first over-the
:southwest..corner and:then more generally over

the southern part of the continent. .
In winter the axis.of the subtropical ridge moves

- north and lies across the continent near 28°S as the

‘major pressure -belts follow 'the sun northwards

.and the high pressure centres favour the ‘cooler

land. This results in'a-westerly.airstream predomi-
‘nating over the southern part- of the-continent.
There is:much less thermal contrast. between.con-
‘tinental -and -maritime streams during these

. months.

»During the transition months the subtropical
-ridge lies between 30°.and 35°S.

Data

-Daily maximum temperature data for-each of the

capital cities and for some:nearby sites were used

"to develop the ‘model. The data-are-subsets of

maximum temperature frequency tables provided
by “the ‘National - Climate Centre, -Bureau of

Fig.1 Climatological MSL pressure analyses for the:mid-season months.(a) January, {(b) April, (c) July.and (d) October.
(Source: National Meteorological Centre, Bureau of Meteorology.) .
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Meteorology. Locations.for which records are in-
vestigated are shown in Fig. 2. All stations have at
least 15 years of climate record. Where possible
30-year (or 31-year) periods were used for analy-
sts, taking into account guidance of the World.
Meteorological Organization (WMO 1988) that
30-year periods be used to compute climate tem-
perature normals and, mindful of the possibility
of incorporating climatological trends if choosing
a longer period (Essenwanger 1986). Records
were examined to eliminate the effect of poor sites
and site changes, wherever practical.

Maximum temperature readings are recorded
by thermometers housed in standard Stevenson
screens. Monthly frequencies are tabulated in
one-degree intervals, each interval commencing
at the whole degree.

In both Adelaide and Perth the primary climate
station has been relocated during the last 30 years.
Records from each site exceeded 15 years and
were analysed separately.

Data for Adelaide come from West Terrace, the
site of the South Australian Regional Office of
the Bureau of Meteorology until 1977; and Kent
Town, the present Regional Office site.

The West Terrace site was situated in parklands
on the west and coastal side of the Central Busi-
ness District (CBD). The data cover a 30-year
period, 1949-1979. During that time, the sur-
rounds of the observing site changed somewhat as
the Regional Office was extended, irrigation of
nearby grassed playing fields increased, and
motor traffic on adjacent roadways increased. A
small shift in site occurred in 1962 when the
screen was moved 28 metres to the west. Meteoro-
logical observations ceased at West Terrace in
1979.

Fig. 2 Locations at which the monthly maximum
temperature frequency distributions were inves-
tigated.
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The Kent Town observation site lies just to the
east of the CBD. A strip of parkland, about half a
kilometre across, and alow built-up area separate
the site from the CBD. At the time of writing, it
has a 15-year record, 1977-1992. Changes in this
period have been the slow growth, and then re-
moval in 1991, of low native vegetation outside
the western and southern boundaries of the
enclosure, and the introduction (also in 1991) of
small, low, mist sprinklers for watering around the
perimeter of the enclosure.

Perth data come from the old Perth Observ-
atory, 1942-1967, and Wellington Street, East
Perth, 1968-1992. The Observatory site was
located on the western (coastal) side of the CBD,
adjacent to the northeast corner of King’s Park.
The Wellington Street site lay on the northeast
corner of the CBD. A pale painted office-block
wall, two storeys in height, formed the eastern
boundary of the enclosure at this site.

The Melbourne data cover the thirty-one year
period, 1959-1989, and have been taken from the
present Regional Office enclosure, situated near
the northeast corner of the city. It is located near a
busy intersection.

Binormal model

Single normal distributions

It is common to implicitly assume daily maxi-
mum and minimum temperature distributions to
be normal (Klein and Hammons 1975), but exam-
ination of records at various Australian stations
shows that near-normal distributions are indeed
uncommon.

The closeness-of-fit of an observed frequency
distribution to that of a normal distribution may
be assessed using a 2 test for normality with a
critical level of significance «, usually taken as
0.01 (or 0.05). At West Terrace, scrutiny of the
daily maximum temperature distributions for
the mid-season months (Fig. 3) shows that only
in winter, when there is little thermal contrast
between airstreams reaching Adelaide, did the
distribution approach normal. a-values for the
normality test are shown at Table 1.

This study, following the partial collective
method, is based on the assumption that only in
relatively homogeneous air mass types will the
frequency distribution of daily maximum tem-
peratures be near normal. Corcoran (1988) cites
‘oceans, deserts, and extensive continental plains
at high and low latitudes’ as suitable source areas
for classical, homogeneous air masses. Stable
conditions, which may occur under anticyclonic
regimes, allow lengthy residence times for air
masses to acquire their distinctive properties.
Daily maximum temperature distributions at
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Fig. 3 Comparison of observed daily maximum tem-
perature frequency distributions (histogram)
with a best-fit normal curve, for the mid-season
months (a) Januvary, (b) April, (c) July and
(d) October at West Terrace, Adelaide 1949-

1979.
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Table 1. The goodness-of-fit of a single normal distri-
bution to the daily maximum temperature fre-
quency distribution for the mid-season months
at Kent Town, Adelaide. A true normal distri-
bution about the mean temperature (u), and
with a standard deviation (), has a level of
significance (o) of 1.0, using a x? test for
normality. The hypothesis that a given distri-
bution is normal is generally rejected if the
level of significance is less than 0.01.

u c a

‘C °C <
January 28.6 6.23 0.01
April 22.5 3.75 0.01
July 15.0 1.99 0.02
October 21.9 5.15 0.01

remote maritime locations and inland sites
surrounded by reasonably uniform terrain, could
be expected to show these homogeneous
characteristics.

Lord Howe Island in the western Pacific,
600 km from the nearest land, is a maritime site
where the daily maximum temperature distri-
butions exhibit near-normal characteristics, as
shown for the mid-season months at Fig. 4.

Fig. 4 The near-normal distribution of daily maximum
temperature for the mid-season months at Lord
Howe Island, 1959-1988. The histogram rep-
resents observations and the smooth curve the
best-fit normal distribution.
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Distributions for Northam, a continental site in
Western Australia, also display near-normal
characteristics in each of the mid-season months
(Fig. 5). However, from the data sets available,
finding other continental sites with near-normal
distributions throughout the year is more diffi-
cult, possibly because residence times of air-
streams in the local vicinity are insufficient to
acquire the homogeneous characteristics of an air
mass, or perhaps because the records examined
were sufficiently long to.incorporate climatic drift
in the parameters. At most sites only one or two
seasons (based on mid-season months) showed
distributions near normal, for example Mildura
in July (a¢=0.148), and Moomba in October
(0=.213).

Binormal distributions

The climate of coastal locations in most months of
the year is influenced by two (at least) quite dis-
tinct airstreams, one with maritime and the other
with continental characteristics (Linacre and
Hobbs 1977; Colls and Whitaker 1990). Our as-
sertion is that the daily maximum temperature
frequency distribution of each of these streams
will be near normal and that the daily maximum
temperature distributions of coastal locations are
therefore best represented by a mixture of two
normal distributions.
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Fig. 5 As for Fig. 4 but for Northam, Western
Australia, 1957-1981.
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Under these assumptions the daily maximum
temperature frequency distributions of each air
type are described by the probability density func-
tions ®,, and ®_ where

O, (T)= —— exp <-% (T_”’">2> 1

G, \2n

. o(T)= S 11/% exp <—% <T;—c“‘>2> 02

and T is the daily maximum temperature. p,, .
are the mean maximum temperatures of the mari-
time and continental streams respectively and o,,,
o. are the standard deviations. The total fre-
quency distribution, @, is given by:

O(T)= 0,0, (T)+0,OLT) ...3

where wp,, o, are the respective weightings of the
streams, and

0, to.=1 .4

Given an observed ®(7), there are effectively five
unknowns (i, M., Gy, 6. and either o, or @) in
the set of Eqns 1 to 4.

First-guess values of p., u., 6, and 6, are used
to produce a pair of normal distributions rep-
resentative of the two airstream types. These are
then combined using best-guess weights oy,
(1 —®y,) and compared to the observed frequency
distribution. The ? test statistic, a measure of the

difference between the observed frequencies and
those predicted by the model, is used to check the
model fit. A variation of the downhill simplex
method of estimating a loss function using
SYSTAT (Wilkinson 1988) is used to minimise
the x2 value and thus find the best combination of
the five parameters. In this study only models
with ¢=0.010 are retained, and « is often far
higher.

To show the generality of the method, models
are developed for each of the mid-season months
for Adelaide, Melbourne and Perth. Further
models are presented for the summer months,
because it is in these months the method appears
to show its greatest potential.

Physical interpretation of the Kent Town
binormal model

The best-fit parameters of the component popu-
lations and the respective levels of significance for
Kent Town, Adelaide, in each of the mid-season
months are shown in Table 2. Graphical compari-
son of the model and observed distributions for
the summer months, at both Kent Town and West
Terrace, are at Fig. 6. Given the disjoint periods
of record and the difference in sites, there is
reasonable consistency between the two models.

The binormal model for Kent Town depicts a
maximum temperature distribution composed.
of two air mass types: a cool subpopulation,
postulated to be of maritime origin, and a warmer,
subpopulation, described as continental. The
model shows an annual trend in all parameters,
consistent with physical understanding (Table 2).

In summer the warmer subpopulation is the
major air type. In January, this subpopulation has
a weighting (0. of 0.79, 2 mean maximum tem-
perature (u.) of 29.7°C, and a standard deviation
(o;) of 6.4°C. The cooler, maritime subpopu-
lation is described by parameters w,=0.21,
n,n=23.5°C, o,=1.4°C.

As the year progresses, the cooler subpopu-
lation becomes dominant, and in July has
a weighting, ®,=0.62, and characteristics
Um=14.4°C, 6,,=1.5°C, while the warmer, milder
population is depicted by ®.=0.38, u.=16.2°C,
and 6,=2.7°C.

The annual trend in parameters is consistent
with those of airstream types associated with the
climatological pressure analyses described at
Fig. 1. The change in weighting of each subpopu-
lation is consistent with the change in position of
the subtropical ridge axis in relation to Adelaide.
The mean temperature of each subpopulation
follows the annual variation of temperature —
coolest in winter, warmest in summer. The stan-
dard deviation is assumed to be characteristic of
the surface over which the subpopulation acquires
its properties; the more variation in surfaces
traversed, the greater the standard deviation.
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Table 2. Parametrisation of the binormal model of daily maximum temperature frequency distributions for the mid-
season months at Kent Town, Adelaide, 1977-1992. The cooler subpopulation is depicted by weight w,;,, mean
temperature |, and standard deviation o, while the warmer subpopulation is characterised by o, ji. and o..
The overall mean temperature in'each month (i), and the level of significance (a) are also shown.
H ) Uy Om ) He O, a
‘C m ‘C ‘C ¢ C ' =
Jan 28.6 0.21 23.5 1.4 0.79 29.7 6.4 0.37
Apr 22.5 0.50 19.6 1.8 0.50 25.3 4.1 0.61
Jul 15.0 0.62 14.4 ‘1.5 0.38 16.2 2.7 0.24
Oct 21.9 0.42 17.9 2.0 0.58 24.4 4.8 0.58

Fig.6 Comparison of the model maximum temperature frequency distributions with observed frequencies for Adelaide in
the summer months at Kent Town, 1977-1992 (a), (b), (c), and West Terrace, 1949-1979, (d), (¢) and ().
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In winter, given a west to northwest prevailing
wind, it is likely that the milder population rep-
resents air that has had a short trajectory over-
land, and it may better be described as modified
maritime, rather than continental. It is also poss-
ible in some of the cooler months that the two
subpopulations are differentiated not so much by
continental/maritime features but rather by the
difference in sea—surface temperature of their re-

" spective trajectories. Fresh to strong airstreams
arriving from the south to southwest will be cooler
than those from the west.

Whatever the distinction, the temperature vari-
ation between different streams approaching
Adelaide in winter is small and, with the advan-
tage of simplicity, in these cases the distributions
can be adequately represented by a single normal
distribution (see Table 1).
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Distributions at other coastal sites

Maximum temperature distributions for other
southern Australian coastal locations can simi-
larly be decomposed into a mixture of two normal
distributions, in some cases with better fits
(higher o) than for Adelaide. Models for
Melbourne and Perth are discussed below and
parameters for four other stations are at the
Appendix. With few exceptions there is general
consistency between parameters for each of the
sites and between these and the single normal sites
of Lord Howe and Northam.

Model results for Melbourne mid-season
months are shown in Table 3. The mean tempera-
ture and standard deviation of each -of the sub-
populations are consistent with those derived for
Adelaide. The x? test showed a level of sig-
nificance of at least 0.01 in all months. Models for
each of the summer months (when there is greatest

distinction between the two subpopulations)
show a level of significance better than 0.10 and
are compared to the respective observed
distributions in Fig. 7.

For Perth, observations from Wellington
Street, the Regional Office site for the period
1968-1992, were used to.derive model par-
ameters. Parameters for the mid-season months
are shown in Table 4. The goodness-of-fit is good
and an annual trend, consistent with physical
understanding, is evident. in the subpopulation
mean temperatures and relative weights.

A month-by-month analysis (not-shown) re-
vealed that not all months followed the expected
trend. In particular, the February model, with o,
of 0.22-and p, of 37.1°C, gave an inconsistent
result which could not be reconciled with the
expected mix of. continental and maritime
airstreams, based on climatological charts.

Table 3. Model parameters for the daily maximum temperature frequency distributions for mid-season months,
Melbourne, 1959-1989. Symbols are described in Table 2.

u i 0 He o, a

o Oy & & @, ‘G & >
Jan 26.1 0.41 21.1 1.8 0.59 29.8 6.3 0.12
Apr 20.6 0.40 17.7 1.8 0.60 225 4.0 0.55
Jul 13.7 0.46 123 1.3 - 0.54 14.8 1.6 0.58
Oct 19.7 0.40 16.2 1.7 0.60 21.9 4.4 0.01

Table 4. The mid-season model parameters for Perth using data from Wellington Street, 1968-1992. Symbols are

described in Table 2.

u iy o B , a
o Oy ¢ ¢ o ‘c ‘¢ >
Jan 30.3 0.33 25.0 1.7 0.67 331 5.1 0.52
Apr 25.1 0.46 231 22 0.54 26.9 42 0.44
Jul 18.2 0.73 18.1 1.8 0.27 18.6 32 0.13
Oct 223 0.46 202 14 0.54 23.1 41 0.76

Fig.7 Comparison of the model maximum temperature frequency distributions with.observed frequencies for Melbourne,
1959-1989, in (a) December, (b) January and (c) February.
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To further explore the poor February fit, two
separate 26-year data sets, one for the period
1942-1967 from the old Perth Observatory (the
original Regional Office site, at latitude 31°54°),
and the other covering the period 1965-1990
from Rottnest Island, approximately 30 km off-
shore at latitude 32°00’, were used to construct
independent monthly models. The models for
each of the summer months at the old Observ-
atory site are graphed in Fig. 8, and a comparison
of the parameters for the two sites is shown in
Table 5.

Taking into account that the data sets are
almost totally disjoint in time, close agreement
exists between the two, and there is also con-
sistency with other southern coastal locations
(Tables 2 and 3). The standard deviation of the
cooler subpopulations for both sites is narrow
(generally between 1.5°C and 2.0°C), typical of
maritime airstreams investigated, while the
warmer streams showed a broader spread, with o,
lying between 4.0°C and 5.5°C. There is reason-
able consistency between p,, and p. for the two

Table5. Comparison of model daily maximum tempera-
ture distributions for the Perth Observatory,
1942-1967, and Rottnest Island (bracketed),
1965-1990, in December, January and Feb-
ruary. Symbols are described in Table 2.

Hpn Om U O, a
’C ‘C ‘C C =

Dec  0.48 23.8 2.0 30.7 5.1 0.07

Oy

(0.70) (22.6) (1.5) (27.5) (4.1) (0.83)
Jan  0.24 25.0 1.6 31.6 5.0 0.21
0.61) (23.8) (1.6) (30.5) (5.3) (0.25)
Feb  0.15 25.1 1.4 31.0 4.5 0.01
(0.55) (24.3) (1.8) (30.3) (4.3) (0.41)

locations and between each month. The mean
temperatures of both the maritime and continen-
tal subpopulations for Rottnest Island are slightly
cooler than the corresponding Observatory popu-
lations. The mean temperatures are also con-
sistent with p,,, and p. derived for Adelaide and
Melbourne. The large difference in weightings of
the maritime (and continental) air between the
two sites, with Rottnest Island having the signifi-
cantly greater maritime component, is consistent
with the island lying offshore.

The consistency between the Observatory and
the Rottnest Island models, and between these
and the: models for other southern coastal
locations, has led us to assume that the February
model derived for the Wellington Street site is
unrepresentative of the maritime and continental
airstreams influencing the region in this month. It
is possible that the model has isolated a small
distinct subset of the continental subpopulation,
namely, a hot east-northeasterly that has an ex-
tended period of residence over land. Airstreams
with shorter residency times have greater simi-
larity with the maritime air at this location.
Alternatively, the local surrounds, in particular
the office wall on the eastern boundary of the
enclosure, may have made this site unrepresenta-
tive in a predominantly easterly regime (Tapp,
personal communication).

Limitations of the method

The downhill simplex method of solving non-
linear equations does not necessarily provide a
unique solution. It can provide a number of
distinct solutions all of which may satisfy the
goodness-of-fit test. In the cases studied only the
best-fit models (i.e. those with the highest level of
significance) were retained. The results in most
cases are consistent with physical understanding.
Alternative acceptable solutions may be gener-
ated by introducing slight variations in the rela-

Fig.8 Comparison of the model maximum temperature frequency distributions with observed frequencies for the Perth
Observatory 1942-1967 in (a) December, (b) January and (c) February.

0.15 T T T T T T T T T
(a) PERTH (b) PERTH (c) PERTH
December January February
= = =0.01
> 0.0 «x=0.07 | L «=0.21 L o=0.0
c
o
3
o
v
w 0.05 = - — - -
0 I I T 1 i

10 20 30 40 50 10 20

T T
30 40 50 10 20 30 40 50

Temperature (°C)






