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Abstract

Motivated by the Millennium Drought and the current drought
over much of southern and eastern Australia, this detailed statistical
study compares trends in annual wet season precipitation and temper-
ature between a coastal site (Newcastle) and an inland site (Scone).
Bootstrap permutation tests reveal Scone precipitation has decreased
significantly over the past 40 years (p-value=0.070) whereas Newcastle
has recorded little to no change (p-value=0.800). Mean maximum and
minimum temperatures for Newcastle have increased over the past 40
years (p-values of 0.002 and 0.015, respectively) while the mean max-
imum temperature for Scone has increased (p-value = 0.058) and the
mean minimum temperature has remained stable. This suggests mean
temperatures during the wet season for both locations are increasing.
Considering these trends along with those for precipitation, water re-
sources in the Hunter region will be increasingly strained as a result of
increased evaporation with either similar or less precipitation falling in
the region. Wavelet analysis reveals that both sites have similar power
spectra for precipitation and mean maximum temperature with a sta-
tistically significant signal in the two to seven year period, typically
indicative of the El-Niño Southern Oscillation climate driver. The
El-Niño Southern Oscillation also drives Newcastle mean minimum
temperature, whereas the Scone power spectra has no indication of a
definitive driver for mean minimum temperature.
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1 Introduction

Onset of the current drought [2] has been extremely sudden, affecting much
of southern and eastern Australia. This drought began soon after the record
breaking Millennium Drought, which affected much of southern Australia
and lasted well over ten years. A number of droughts in recent history have
affected similar latitudes globally, including the Cape Town and California
droughts [6, 5]. These areas have observed an increase in drought frequency
over the past few decades, consequent on the global warming trend. With
changing precipitation patterns affecting areas of a similar latitude to south-
east Australia, it is desirable to determine regions threatened by reduced
annual wet season rainfall.

Mean temperatures over Australia have been increasing, particularly since
the 1970s, and have been projected to continue increasing into the future [1].
An increase in temperature increases evaporation rates which can seriously
affect water security. A decrease in precipitation in a region, combined with
an increase in mean temperature and population, will tighten water avail-
ability, which can have vast economic and social impacts including decreased
sanitation, enhanced fire risk, decreased irrigation affecting the agricultural
sector and human health impacts. Little work has been conducted to assess
trends in precipitation within the Hunter region. This region contains both
the second largest city in New South Wales, and a range of agricultural busi-
nesses. It has also been heavily affected by the current drought (Figure 1).
This statistical study compares trends in annual wet season precipitation and
temperature between a coastal site (Newcastle) and an inland site (Scone),
which are both located within the Hunter region. An understanding of these
trends is necessary for water resourcing efforts. Advanced statistical tech-
niques are utilised to gain a deeper understanding of how precipitation and
temperature have changed over time.
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Newcastle

Scone

Figure 1: Drought in NSW over the past 24 months, taken from the Bureau
of Meteorology [3]. Locations of Newcastle and Scone are included.

2 Data and methodology

Monthly mean maximum temperature (TMax), mean minimum tempera-
ture (TMin) and total monthly precipitation time series were obtained for
Newcastle (32.9◦S, 151.8◦E) and Scone (32.1◦S, 150.9◦E) (Figure 1) from the
Climate Data Online section of the Australian Bureau of Meteorology (BoM)
website (http://www.bom.gov.au/climate/data/index.shtml). Time se-
ries data were chosen from stations with relatively long records and few data
gaps compared to other available weather station data within the one area.
Nobby’s Signal Station was used for Newcastle, which has a continuous record
from the late 1800s. Meanwhile, multiple close sites within the township of
Scone were utilised to create a long term data set. From 1957–1964, there
were no temperature records made at Scone. To combat this, data from the
nearby town of Jerrys Plains (32.5◦S, 150.9◦E) was used with adjustments
made based on the difference in mean temperature between the two sites.
Any other missing data points were filled using the moving average centred
on the year for which the data was missing. The precipitation time series
start at 1890 as this was the earliest year that both locations recorded pre-
cipitation, while the temperature time series start at 1910 as this is when
consistent temperature recording practices were introduced in Australia.
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The focus for this study is changes in precipitation and temperature for
both locations during their respective wet seasons. To determine the wet
season, monthly averages of precipitation over the entire time series were
calculated and compared. Newcastle’s wet season was found to run from Jan-
uary through to July, while Scone’s wet season runs from October through
to March. The time series were first graphed with percentiles to gain an
overview of any general changes to precipitation or temperature. The data
was then grouped into 20-year blocks and bootstrap resampling was applied
with 5000 resamples to gain a deeper picture of any trends within the data.
To test if there is a statistically significant difference in the mean of the dis-
tribution underlying two 20-year periods, permutation testing was applied,
which is a resampling technique that doesn’t require prior knowledge of the
distribution.

Wavelet analysis was performed for both sites following the approach of Tor-
rence and Compo [7] and using the accompanying MATLAB software. This
computational technique is well suited to our data as wavelets provide infor-
mation on the time evolution of the periodicity of signals within a time series
which is useful for detecting potential climate drivers, such as the El-Niño
Southern Oscillation (ENSO). Unlike Fourier transforms, windowed Fourier
transforms are used to analyse local frequency in a time series. However,
they inadequately resolve low-frequency signals and also require analysis of
numerous window lengths to determine the most suitable window, which is
not appropriate if there are multiple dominant frequencies in the time series
[4]. The wavelet transform efficiently resolves both high- and low-frequency
signals by using local base functions which are stretched and translated in
both frequency and time. This study uses the Morlet wavelet, which is de-
scribed by

ψ0 (η) = π−
1
4 eiω0ηe

−η2
2 , (1)

where η is a non-dimensional time parameter, and ω0 the non-dimensional
frequency. Given a time series xn, the continuous wavelet transform is defined
as the convolution

Wn(s) =
N−1∑
n′=0

xn′ψ
∗
(

(n′ − n) δt

s

)
, (2)

where s is the wavelet scale, n is a localised time index, N is the number of
points in the time series and ∗ denotes the complex conjugate. In this study,
the wavelet transform is computed in Fourier space as it is more efficient
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than directly computing (2). The discrete Fourier transform of xn is

x̂k =
1

N

N−1∑
n=0

xne
−2πikn/N , (3)

where k = 0, 1, . . . , N − 1 is the frequency index, and the Fourier transform
of the function ψ(t/s) is given by ψ̂(sω). Finally, by the convolution theorem
and taking the inverse Fourier transform, the wavelet transform is

Wn(s) =
N−1∑
k=0

x̂kψ̂
∗(sωk)e

iωknδt, (4)

where

ωk =


2πk
Nδt

: k ≤ N
2

−2πk
Nδt

: k > N
2
.

(5)

Equation 4 allows calculation of the continuous wavelet transform for a given
wavelet scale using a routine such as the fast Fourier transform in MATLAB.
The wavelet power spectrum is defined as

P (s) = |Wn(s)|2 (6)

and is used to visualise the time evolution of periodic signals in a time series.
Meanwhile, the global power spectrum is equivalent to applying a Fourier
transform to the time series and thereby provides a global view of the domi-
nant amplitudes. The global power spectrum is the average over local wavelet
spectra through time

W
2
(s) =

1

N

N−1∑
n=0

|Wn(s)|2 . (7)

As the time series covers only a period of approximately 120 years, the wavelet
analysis conducted only considers periods from 0-32 years.

3 Results

3.1 Evolution of precipitation

Figure 2 presents time series of precipitation for both Newcastle and Scone’s
respective wet season, and box plots of the bootstrapped mean wet season
precipitation over 20-year periods. While having a consistent y-axis range is
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Figure 2: Time series of total wet season precipitation (top); and box plots of
the bootstrapped mean wet season precipitation over 20-year periods (bot-
tom) for Newcastle and Scone. Dashed lines indicate the 5th and 95th (bot-
tom and top red), 10th and 90th (bottom and top green) 15th and 85th
(bottom and top dark blue), 20th and 80th (bottom and top pink), and 25th
and 75th percentiles (bottom and top light blue).

Table 1: P-values for the permutation test on the difference between the mean
wet season precipitation between two 20-year periods. Tests conducted used
5000 resamples.

Periods Compared Newcastle Scone
1958-1977 v 1978-1997 0.840 0.072
1958-1977 v 1998-2017 0.793 0.123
1978-1997 v 1998-2017 0.900 0.694

ideal, more information is gleaned by not adjusting the range on the plot as
wet season precipitation is completely different at each location.

Over the past century, wet season precipitation in Newcastle has remained
steady as seen by the lack of statistically significant differences between any
two 20-year periods tested (Table 1). The frequency of years above the 90th
percentile or below the 10th percentile has decreased, as have the tail lengths
in the box plots, suggesting reduced variability in wet season precipitation
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Figure 3: As in Figure 2 but for TMax during each locations’ respective wet
season.

for Newcastle (Figure 2). Scone’s recorded wet season rainfall contrasts with
Newcastle’s, with a marked increase for the period 1938–1977, compared to
the previous forty years. The mean wet season rainfall has since decreased to
be consistent with amounts recorded in the early twentieth century. While
the past two 20-year periods are similar (p-value = 0.694; Table 1), the
difference in precipitation between 1958–1977 and 1998–2017 is statistically
significant (p-value = 0.123; Table 1). Over the past 30 years, there has
been a clear decrease in the frequency of years with recorded precipitation
above the 85th percentile for Scone (Figure 2), a trend requiring continued
monitoring.

3.2 Evolution of temperature

Figure 3 is the same as Figure 2, but for the mean maximum tempera-
ture (TMax) for each location’s wet season. Similarly, Figure 4 provides an
overview of the mean minimum temperature (TMin) for each location’s wet
season. If the trends in TMax and TMin are consistent, then the mean tem-
perature should also remain roughly consistent with these trends.

Since the 1960s, a strongly increasing trend in TMax has been present in
Newcastle. The last year with a record below the 5th percentile was dur-
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Figure 4: As in Figure 2 but for TMin during each locations’ respective wet
season.

Table 2: As in Table 1 but for the difference in the mean maximum temper-
ature (TMax), and for the mean minimum temperature (TMin) during the
wet season.

TMax TMin
Periods Compared Newcastle Scone Newcastle Scone

1958-1977 v 1978-1997 0.001 0.162 0.015 0.787
1958-1977 v 1998-2017 0.000 0.058 0.000 0.595
1978-1997 v 1998-2017 0.002 0.661 0.007 0.783

ing the 1960s, and since the mid-1980s there have been no mean maximum
temperatures below the 25th percentile. The difference in TMax between
the periods 1958–1977 and 1998–2017 is statistically significant (p-value =
0.000; Table 2). Scone’s TMax shows a rather interesting pattern. There
was a decrease during 1938–1977, which is most likely due to increased cloud
cover consistent with the increased precipitation during this period (Figure 2)
and since the 1980s, the frequency of years recording TMax below the 10th
percentile has increased. Despite this, the box plots for Scone show an in-
creasing trend emerging for TMax (Figure 3), with the difference in mean
TMax between 1958–1977 and 1998–2017 being statistically significant (p-
value = 0.058; Table 2).
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Figure 5: Wavelet analysis for total wet season precipitation for Newcastle
and Scone. Low values (blue) in the wavelet power spectrum (left) indicate
low variability while high values (red) indicate high variability. Peaks in the
global power spectrum (right) indicate high variability. The dashed/solid
red line indicates the 95% confidence level, while the dashed/solid black line
indicates the 90% confidence level.

The TMin for Newcastle appears to begin increasing in the early-1980s, which
is slightly later than TMax. This is evident through the increasing frequency
of years with TMin recorded above the 90th percentile, particularly from the
1990s, and the decrease in frequency of years with TMin recorded below the
10th percentile from the 1960s (Figure 4). Further, there is a statistically sig-
nificant difference between mean TMin in 1958–1977 and 1998–2017 (p-value
= 0.000; Table 2). These results, along with those for TMax, suggest that the
mean wet season temperature for Newcastle has been increasing since at least
the early-1980s. The TMin trends for Scone again show a different pattern.
There is a clear increase in TMin between the years 1918–1937 and 1938–
1957. However, TMin has since remained relatively constant. For example,
there is no statistically significant difference between the years 1958–1977
and 1998–2017 (p-value = 0.595; Table 2). While TMin is remaining steady,
TMax for Scone has been increasing since the late-1970s, and so the mean
wet season temperature for Scone may still be increasing overall.
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Figure 6: As in Figure 5, but for TMax (top two rows) and TMin (bottom
two rows).

3.3 Wavelet analysis of precipitation

Figure 5 shows wavelet power spectra (6) and global power spectra (7) for
wet season precipitation. Both locations show a clear two to seven year peri-
odic signal, suggestive of an influence from the El-Niño Southern Oscillation
(ENSO). The global power spectrum for Newcastle has one statistically sig-
nificant peak around four years, while Scone has two peaks around both four
and seven years. The seven year peak for Scone is clearly influenced by the
high local power between 1940 and 1970 corresponding to the increase in
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precipitation occurring in this period, while the four year peak is related to a
consistently appearing local signal. There is also a 16–32-year period signal
which, while not statistically significant, appears to have some influence on
the recorded precipitation for both sites.

3.4 Wavelet analysis of temperature

Wavelet spectra were also computed for wet season TMax and TMin (Fig-
ure 6). The TMax power spectra for both locations shows some power in
the two to four year range, suggesting that ENSO influences TMax for both
of these locations. From the 1970s, the number of years with high power
in the two to four year range suggests that ENSO is more influential since
then. There is high power in the two to seven year range for Newcastle
TMin, suggesting an ENSO influence. In contrast, Scone’s TMin wavelet
power spectra has little power in the two to seven year range, except dur-
ing the 1940s–1960s and the late 1960s–late 1970s. Consequently, Scone’s
global power spectra has no statistically significant peaks over any periods,
implying little influence on Scone’s TMin.

4 Discussion and Conclusions

Currently, intense drought is affecting much of southern and eastern Aus-
tralia. This drought followed soon after the Millennium Drought, which
affected southern Australia during 1997–2009. This study analysed wet sea-
son precipitation and temperature for a coastal and inland station, Newcastle
and Scone, using statistical resampling methods and wavelets.

Newcastle precipitation was stable around its long term mean, though vari-
ability has decreased since the 1960s. In contrast, Scone’s precipitation has
fluctuated, with an increase during 1938–1977 followed by a marked decrease
during 1978–2017. Wavelet analysis revealed a two to seven year signal influ-
encing precipitation in both locations, suggesting some reliance on ENSO. A
much longer (16–32-year) signal is also present in both time series. While a
lack of precipitation is the main cause for drought, increasing temperatures
increase evaporation and hence produce drier soils, thereby exacerbating the
drought intensity such that previous rainfall deficits which may not have
caused drought could now do so. Thus, an analysis of temperature trends is
also necessary. In Newcastle, both the mean maximum temperature (TMax)
and mean minimum temperature (TMin) have strongly increased since the
mid-20th century. TMax in Scone has increased more gradually since this
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time, while TMin has hardly changed. This suggests that, overall, the mean
temperature for both locations may be increasing, causing dry conditions to
be harder felt. Wavelet analysis shows that ENSO may have an influence
on TMax for both locations. Meanwhile, Newcastle’s TMin is somewhat af-
fected by ENSO, but a clear driver for TMin in Scone was not identified.

Periods of dryness are clearly having greater impact, further accentuated
by a growing population, increasing strain on water supplies. The current
drought is drastically affecting the Hunter Valley, while coastal areas like
Newcastle are relatively unscathed (Figure 1). Further study of meteorologi-
cal factors causing this disparity, and of precipitation and temperature trends
over eastern Australia is necessary to inform the agriculture and water man-
agement sectors. Without further detailed study of changes in precipitation
and temperature, drought affected regions will be inadequately prepared,
worsening its effects.
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