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Mean annual maximum temperatures increased across nearly
all of Australia during the 20th century. The major exception
was in parts of central and eastern New South Wales where
mean maximum temperatures decreased somewhat. Variations
in mean maximum temperatures in New South Wales are
strongly (negatively) associated with rainfall variations.
Temperatures in New South Wales decreased very rapidly in
the space of a few years in mid-century, and this decrease was
associated with a similarly rapid rainfall increase. Since the
middle of the century, mean maximum temperatures have
increased, largely independent of any rainfall change. In the
early 1970s mean maximum temperatures increased sharply,
unaccompanied by any decrease in rainfall. The simultaneity of
the rainfall increase and temperature decrease in mid-century
suggests that this was a ‘natural’ fluctuation. The absence of a
substantial decrease in rainfall accompanying the warming of
the last few decades suggests that another process may be
affecting the temperature. One candidate for this would be the
enhanced greenhouse effect. Changes in the frequency or inten-
sity of the El Nifio — Southern Oscillation do not appear to be
able to account for either the mid-century cooling or the late

century warming.

Introduction

Mean minimum temperatures increased across virtu-
ally all of Australia during the 20th century (Torok
and Nicholls 1996). Mean maximum temperatures
also increased over most of the country, but decreased
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in central and eastern New South Wales, and isolated
parts of southern Queensland (Fig. 1). A high-quality
temperature dataset (Della-Marta et al. 2004), based
on a dataset originally developed by Torok and
Nicholls (1996), is used here, along with historical
rainfall datasets, to investigate the nature of this cool-
ing. Australian rainfall increased rapidly and substan-
tially in the middle of the 20th century (Coughlan
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Fig. 1 Trend in mean annual maximum temperature,
1910-2002, using the updated high-quality
annual temperature dataset of Della-Marta et
al. (2004). The cooling trend in New South
Wales is smaller than that reported in Torok
and Nicholls (1996) partly because of the very
warm temperatures in the recent years not
available to Torok and Nicholls, and partly
because further quality control measures by
Della-Marta et al. have removed more suspect
stations.

1978, Cornish 1977, Russell 1981, Pittock 1983,
Nicholls and Lavery 1992). Was the decrease in tem-
perature associated with this rainfall increase and, if
so, what does this tell us about the possible cause of
the temperature decline?

This study was undertaken because even though
apparently inexorable warming since the mid-20th
century (Nicholls 2003) has aggravated droughts in
eastern Australia (Nicholls 2004), warm years are evi-
dent in the record from the early part of the century.
Unless we can understand the causes of these warm
years, and place the warming of the second half of the
century within the context of the entire century, we
will have difficulty ascertaining the cause of the
recent warming, beyond reasonable doubt.

The next section briefly describes the datasets used
in this study. The following section examines time
series of annual mean maximum temperatures, aver-
aged across New South Wales and identifies the tim-
ing of the various changes. This section also demon-
strates the close relationship between maximum tem-
perature and rainfall in New South Wales. This rela-
tionship is used to determine the portion of the tem-
perature variations associated with rainfall variations.
The residuals from this process, i.e., temperature vari-
ations not associated with rainfall variations, are
examined for trends and we conclude the paper with
a discussion of the likely causes of the various trends.

Datasets

The maximum temperature time series used in this
analysis is calculated from a homogeneous or high-
quality dataset originally developed by Torok and
Nicholls (1996) and recently updated by Della-Marta
et al. (2004). Where possible, each record in the
dataset has been corrected for artificial discontinuities
caused by changes in the observation regime (loca-
tion, exposure, instrumentation or observation proce-
dure) using a variety of statistical techniques, visual
checks and station metadata.

Unfortunately. some stations in New South Wales
were not exposed in a standard Stevenson screen until
the 1940s (Nicholls et al. 1996a; Torok, 1996). This
confounds the verification of the New South Wales
cooling trend as the earlier, non-standard screens were
generally warm-biased for maximum temperature. For
example, some stations used Stevenson screens, but
with an iron roof. Where sufficient evidence existed,
such stations have been removed from the updated
high-quality dataset. However, it is possible that other
stations might have undocumented non-standard expo-
sures during the early part of their records, resulting in
a negative bias in their overall trend.

New South Wales annual mean maximum tempera-
ture anomaly values were determined by initially pro-
ducing gridded analyses from the high-quality station
temperature anomaly series using a successive correc-
tion analysis scheme (Jones and Weymouth 1997). Only
those records identified as being free from the influence
of urban warming were used (Della-Marta et al. 2004).
Simple averages of the interpolated grid values within
New South Wales were then used to produce the State’s
annual mean temperature anomaly series.

The New South Wales rainfall series used here is
based on a gridded dataset of all available rainfall
observations produced using the same objective
analysis scheme used for temperature (Jones and
Weymouth 1997). Good agreement has been shown
between annual mean values for large regions deter-
mined using all-available observations and values
determined {rom a high-quality subset of rainfall
records developed by Lavery et al. (1997). The high-
quality dataset was produced by rejecting records sus-
pected of having homogeneity or data quality prob-
lems using a variety of graphical and statistical tests
as well as available station history information.

Analysis and results

Time series of mean maximum temperature and
rainfall

Figure 2 shows time series from 1910 to 2002 of
New South Wales annual rainfall and annual mean
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Fig. 2 Time series of annual mean maximum temper-
ature anomalies (red) and annual rainfall
(blue) for New South Wales, 1910-2002.
Eleven-year running means (centred) are
shown as thick lines. Note that the tempera-
ture scale (right-hand side) is inverted.

maximum temperature anomalies (note that the ver-
tical scale is inverted for the latter). Temperature
anomalies are calculated with respect to the stan-
dard 1961-1990 reference period. Eleven-year run-
ning means, plotted at the mid-point of the eleven
years, are included to identify long-term variations.
The most obvious change evident in the figure is the
rapid increase in rainfall in the early 1950s. This
was associated with a similarly rapid decrease in
temperature.

Since the middle of the century, rainfall has varied
on a decadal time-scale, but exhibited little evidence
of any tendency to return to the rainfall levels of ear-
lier years. Meanwhile, mean maximum temperatures
have increased and are now similar to those exhibited
prior to the mid-century changes.

Temperatures have also exhibited variations on
decadal time-scales, matching those in rainfall. On
shorter, interannual time-scales, the rainfall and tem-
perature variations are closely related, as are the vari-
ations in the two variables on decadal time-scales
prior to, and during, the mid-century changes. The
warming since mid-century. and especially since the
early 1970s, was not accompanied by a change in
rainfall.

Relationship between rainfall and mean maximum
temperature

Figure 3 shows a scatter diagram between New South
Wales annual rainfall and mean maximum tempera-
ture anomaly, using all years 1910-2002. There is a
strong negative relationship between the variables,
i.e.. when rainfall increases mean maximum tempera-

Fig. 3 Scatter diagram of annual values of mean
maximum temperature versus rainfall. Data
from 1910-2002. Linear regression line shown.

ture decreases. The correlation is -0.71 (n = 93). The
negative relationship reflects the tendency for wet
years to have more cloud cover. This would tend to
reduce solar insolation, leading to cooler temperatures
during the day. Wet years also tend to have higher sur-
face moisture leading to more evaporative cooling
during the day. This would also tend to result in a neg-
ative relationship between rainfall and temperature.
Given this strong relationship, the synchronicity of
the changes in rainfall and temperature in mid-centu-
ry is not surprising. However, it is surprising that the
temperature has increased since mid-century although
rainfall has not decreased.

The linear relationship between rainfall and mean
maximum temperature anomaly evident in Fig. 3 can
be used to partition the observed time series of mean
maximum temperature anomalies into two portions —
the portion associated with changes in rainfall, and
the portion not so associated. The portion associated
with rainfall variations can be estimated by using the
observed rainfall in any year and the linear relation-
ship between rainfall and mean maximum tempera-
ture anomaly, viz.:

MaxT(°C) = 1.92 — 0.0035Rain (mm)

The residual (i.e., the observed value of the mean
maximum temperature in any given year minus the
portion associated with the observed rainfall as
given by the above equation) is the portion of the
mean maximum temperature varialions not associat-
ed with rainfall variations. These two portions are
plotted in Fig. 4.
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Fig. 4 Time series of the portion of mean maximum
temperature variability associated with rain-
fall variations (blue line - see text for details of
calculation of this portion) and the portion not
associated with rainfall variations, i.e., the
residual (red line). Eleven-year running means
(centred) shown as thick lines.
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The rainfall-associated portion of the variations in
mean maximum temperature drops rapidly in mid-
century. This is not unexpected given the strong rela-
tionship between the two variables (Fig. 3) and the
rapid rainfall increase in mid-century. After mid-cen-
tury the rainfall-associated portion of the variations in
mean maximum temperature varies on a decadal
time-scale, but does not exhibit any clear tendency to
warming or cooling.

The temperature variations not associated with rain-
fall variations (i.e., the residual time series in Fig. 4)
shows little long-term variation until a rapid rise start-
ing in the early 1970s. Subsequently, temperatures stay
high — about 0.4°C warmer than before the 1970s.

These results (and Figs 3 and 4) were derived
using ordinary least squares regression. Total least
squares regression (which may be more appropriate
for a situation where there are errors in measurements
of the independent variable, de Groen (1996)) was
also used to calculate the relationship between raintall
and temperature anomaly. The regressions were cal-
culated using code from Benner et al. (1997). The
total least squares regression was substantially differ-
ent from that calculated using ordinary least squares,

viz.:
MaxT ("C) = 3.52 — 0.0063Rain (mm)

However, none of the other observations noted above,
including the rapid drop in the rainfall-associated por-
tion of the temperature, nor the rapid rise in the por-
tion of the temperature not associated with rainfall,
were affected by use of this equation.

Discussion and conclusions

The separation of the variations of New South Wales
mean maximum temperature anomalies into rainfall-
associated variations and the residual (the portion not
associated with rainfall variations) allows us to con-
sider the possible causes of the variations. Since on
all time-scales rainfall and temperature are strongly
related (see Figs 2 and 3) one would be tempted to
suggest that the mid-century cooling, which was
associated with a rainfall increase, could be ascribed
to natural causes. On the other hand, the fact that the
warming in recent decades was not accompanied by
a decrease in rainfall suggests that this warming
would need to be attributed to some other, perhaps
anthropogenic, cause. The possibility exists that this
mid-century cooling and recent warming is the result
of instrumental and exposure changes, although
Torok and Nicholls (1996) and Della Marta et al
(2004) have taken great care to reduce this possibili-
ty, in the construction of the high-quality temperature
dataset used here. The possibility that such an artifi-
cial cause could explain such changes in temperature
was also examined, and considered unlikely, by
Nicholls et al. (1996b). Rainfall changes during the
1970s cannot be due to instrumental changes as no
new types of rain gauge were introduced into the net-
work until the introduction of automatic weather sta-
tions in the late 1980s.

The El Nifio — Southern Oscillation is closely
related to temperature and rainfall in eastern Australia
(e.g. Coughlan 1978), so it is worth considering
whether changes in the behaviour of this phenomenon
could be the cause of the changes in mean maximum
temperatures in New South Wales. Annual values of
the Southern Oscillation Index (SOL, the standardised
difference in pressure between Tahiti and Darwin) are
strongly correlated with the time series of the portion
of mean maximum temperature associated with rain-
fall variations (r = -0.51, n = 93) but only weakly
associated with the residual portion of the mean max-
imum temperature (r=-0.15, n=93). (The correlation
between the SOI and the original mean maximum
temperature time series is weaker ( r = -0.47) than that
with the portion of the mean maximum temperature
associated with the rainfall, suggesting that the effect
of the El Nifio — Southern Oscillation on temperature
is apparent only through the portion associated with
rainfall variations.)

Figure 5 shows the time series of the SOI (scale
reversed) and the portion of the mean maximum tem-
perature estimated from the rainfall. The strong rela-
tionship between interannual and even interdecadal
variations in the two time series is clear. However the
shift in the relative location of the two time series,
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Fig. 5 Time series of the portion of mean maximum
temperature variability associated with rain-
fall variations from Fig. 3 (blue line) and the
SOI (red line — note reversed scale). Eleven-
vear running means (centred) shown as thick
lines.
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with time, indicates that this relationship is not con-
stant over time. This indicates that the observed
changes in the SOI are probably not the cause of the
observed secular changes in the mean maximum tem-
perature. For instance, there is little suggestion of a
trend in the SOI in mid-century that could explain the
decline in temperature. On the other hand, the SOI
decreased in the last two decades and this was not
accompanied by an increase in the portion of the tem-
perature variations estimated from rainfall. Nicholls et
al. (1996b) have noted that the relationships between
the El Nino — Southern Oscillation and Australian cli-
mate variability have changed in recent decades. The
fact that the SOI does not exhibit behaviour likely to
explain the mid-century decline in temperature some-
what argues against the theory that this decline is nat-
ural. However, others (Allan et al. 1996; Power et al.
1998; Kleeman and Power 1999) have demonstrated
that the El Nifio — Southern Oscillation and its influ-
ences are not stationary but vary over time.

One candidate explanation of the recent warming
not associated with rainfall variations would be the
enhanced greenhouse effect. Karoly (2001) and Stott
(2003) have attributed the 20th century warming over
Australia to anthropogenic causes. However, other
possible causes would also need to be considered
before a less tentative conclusion could be reached.
For instance, Narisma and Pitman (2003) demon-
strate that land cover changes may be influencing
Australian climate. Additionally, changes in the
Interdecadal Pacific Oscillation (IPO) (Power et al.
1999a.b; Kiem and Franks 2004) may have led to
sufficient changes in regional circulation to cause the
strong rainfall/temperature relationship to break

down in the 1970s. Considerable research would be
needed to identify the actual cause of this recent
warming. In the interim it should be noted that the
apparent 20th century cooling in New South Wales is
composed of two episodes: a mid-century cooling
associated with an increase in rainfall (and presum-
ably ‘natural’), and a late century warming not asso-
ciated with rainfall changes and therefore rather sur-
prising. The calculation of simple linear trends (e.g.,
Torok and Nicholls 1996) disguises this more com-
plex, and interesting, temporal behaviour. Examin-
ation of time-varying relationship between physical
quantities, as has been done here, provides a useful
first step in identifying possible causes of trends and
changes in climate variables.
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