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Abstract: Problem statement: As a result of climate change more work is nowngalone on climate
indices such as SOlI, rainfall, temperature andrsdTbe research concerning rainfall and temperature
variations in coastal tropical and subtropical batents as noted by the dated references in thily stu
shows a lack of attention. The authors examined l@mm data from coastal areas of Queensland.
Australian climate is highly variable making themdification of trends or interactions between fain
and temperature difficult to discern from backgrdwariation. Due to the lack of attention in thestpa
this study examined the relationships between a#ijntemperature, minimum temperature and
maximum temperature as well as over time using tsedes methods. In particular, the study
examined whether a cyclic nature existed in the datts and whether a simple trend relationship
between rainfall and temperature existed. To exarautocorrelation and seasonality ARIMA models
were also investigatedApproach: A large data set involving more that 50 years aififall and
temperature data were examined using spectral ginatime series analysis-ARIMA methodology to
analyse climatic trends and interactions. Fouriglysis, linear regression and ARIMA based time
series models were used to analyze the large ditaising Matlab, SPSS and SAS prograresults:

The rainfall data was variable and appeared sehsdiile the temperature data appeared stationary.
Interestingly, spectral analysis showed variationsainfall and temperature over 50-60 years bet th
results showed that rainfall and temperature vartgebrently, with a cycle of about 2-3 years. Avense
relationship in trend was noted between rainfall alaily temperature range using linear regression
among the variables. The ARIMA models showed autetation and seasonality providing time series
models. Concluson/Recommendations. There is a cyclic pattern noted in both the rdingnd
temperature time series and a cycle of about 3yadhe rainfall and temperature data sets suiggest
coherent variance in the relationship. This is r@eresting finding suggesting a cyclic nature oféa
rainfall events over time and has been confirmedheyrecent large rainfalls events in 2009-10. &ine
regression showed an inverse relationship in tieglveen rainfall and temperature range only even
though the r value was around 0.27. The autoctioelan the data appears to have caused the lowlr a
ARIMA methods was used giving time series modelsefach series allowing for autocorrelation and
seasonality. This study on rainfall and temperaisinealuable contribution to the lack of researoted
particularly in Queensland as noted in the datéteaces found; also contributing to the climatande
debate forcing it on the cautious side. Furtherkwiorvolving multivariate and dynamic conditional
correlation methods may provide further insightgareing the relationships between rainfall and
temperature. More climatic indices such as SOI beaysed in future studies.
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INTRODUCTION learning to adapt to it (Tularam and llahee, 20MY)st

of Australia was settled before long-term climatgad

There is little doubt that Australia has alwayd bha were collected. The result is that agricultural amioan
highly variable climate and that Australians ar#él st land use patterns were fixed well before there amas
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understanding that Australia’s climate is highly significantly less rainfall during the three yedrem
variable, with a high occurrence of widespreadesrr  2002-2005 than during 1961-90 (the current intéonat
wet and dry years. For example, eastern Austra® h standard reference period). Coastal areas expedehe
experienced several sequences of wet years siadatéh  greatest rainfall deficits (the difference betwestual
1880s (early 1890s, 1916-18, early 1920s, mid-1950sainfall in a year and the long-term average).dntrast,
early 1970s and late 1990s). Dry conditions inowsi during the same 2002-05 period, rainfall in thetmarf
rural regions followed these wet sequences (18@2-19 the Northern Territory and in parts of north-wester
1919-20, 1926-31, mid-1960s, early 1980s and 2001 tWestern Australia was significantly greater thaatth
present) (Mantua and Hare, 2002; Poet., 1999). experienced from 1961-90 (Bureau of Meteorology,
Some areas have recently experienced eigh2005). The recent drought may be unusual in thiahst
consecutive years of below-average rainfall (Bureu been warmer than previous droughts in the lastez0sy
Meteorology, 2002). Long-term records show that dry(the length of temperature records).
sequences are not unusual. For example, Lake George The enhanced greenhouse scenario suggests that
in New South Wales showed a 17-year dry spell & th temperatures in Australia may rise by 1-0-2°C, s@mm
1930s and 1940s (Singh and Geissler, 1985). Moreainfall may increase and the frequency of hignfedi
recent data show the trend may be continuing, but and flooding events may also increase (Wheétoal .,
statistical conclusion cannot be reached. 1993; 1994). Hence, there is growing awareneshtef t
The purpose of the present study is twofold: (i)possible consequences of global climate changeh Hig
analysis of the eastern Queensland climate vamiaiio rainfall may be a blessing to Australia but this et
change and (i) study the relationship betweerbeen noted in recent times. Indeed, such a scersario
temperature and rainfall variations in eastern @sie@d  difficult to grasp for those living in Queenslandda
catchments (Queensland encompasses 26 per cdm of parts of eastern Australia that have been subfect t
land area of Australia). Although Queensland rdlinfa ‘severe and persistent’ drought since 1991 (Burefau
(Lough, 1991; 1993) and temperatures (Lough, 1995Meteorology, 1995).
were examined previously using a relatively large  Observational studies, however, lend some support
number of stations, such analyses however weredbaséo these projected changes. Over the period 1910 to
on data up to the 80’'s (as noted in referencesg Th1988, summer rainfall appears to have increased ove
present study updates not only the data but alsddges  much of eastern Australia (Nicholls and Lavery, 299
more in depth analysis of the relationship anddywic ~ This increase occurred rather abruptly around 1950,
nature of rainfall and temperature. confirming earlier findings (Pittock, 1975). Theig
also evidence that annual rainfall intensity aneé th
Background literature: Although drought is seen as frequency of heavy rainfall events have increasest o
an extreme event, long periods of low rainfall aretropical Australia over the period 1910-1989 (Sappi
common in Australia. The most recent drought storyand Hennessy, 1996). Observational studies also
begins in 2001-02, when drought began in areas gbrovide evidence of temperature increases over
south-western Queensland in 2002-03. Extreme dtouglustralia (Jonest al., 1990; Plummer, 1991).
occurred across much of eastern Australia, further Temperatures have been equally variable. The
exacerbating drought conditions in those areasverage temperature across Australia has risen by
(McKeon and Hall, 2000; McKeoret al., 2004; 0.82°C between 1910 and 2004 with much of the
Sivakumar and Ndegwa, 2007). Following averagewarming occurring in the second half of the twethtie
conditions in 2003-04, severe drought returned &myn century. The warmest year on record is 2005. Until
regions in 2004-05. For many regions of Australiee 2004, the warmest year had been 1998. These
overall five-year period from April 2000 to Marc®@5  temperature changes have been greater for minimum
represents extremely low rainfall compared to thethan maximum temperatures with a consequent decline
historical records commencing in 1890. in the Daily Temperature Range (DTR) in recent
A similar but more cautionary story emerges fromdecades (Plummeet al., 1995), matching trends in
an analysis of the last 40 years of rainfall resoidh DTR found in other parts of the world (Kagt al.,
much of Australia, this recent drought started rafite 1993). Some of these trends in Australian climater o
sequence of above-average years of rainfall froen threcent decades have also been identified in climate
second half of 1998 to the first half of 2001. @aht regions of the south-west Pacific (Salingeal., 1995).
coastal Queensland and south-west Western Australia While there has been research on rainfall and
had already experienced drier conditions for astld® temperature interactions the majority of them were
years. For example, eastern Australia receivedonducted in earlier times and therefore note able
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benefit from the large changes that may have oedurr MATERIALSAND METHODS
recent times when climate change issue has corieto
fore. Not only that, the literature review showaitlel Four Queensland catchments were selected from

work has been done in coastal Queensland on teis arvarious parts of eastern Queensland (Fig. 1) tenves
given that climate change has been a major drifidrge ~ the interactions between changes in temperature and
for research. As noted earlier, this study usepdated rainfall. The catchment average rainfall data isetbon
dataset and time series techniques to further statet  the available daily rainfall data.

the relationship between rainfall and temperature i

coastal Queensland (Charnsethikul, 2007). Spectral analysis. This research uses the Fast Fourier

Transform (FFT) function to analyse the variations

rainfall and temperature activity over the last-560

Data sources: The data used in this research wasyears in eastern Queensland. Y = fft (X) returns th

obtained from the Australian Bureau of MeteorologyDiscrete Fourier Transform (DFT) of vector X,

and incorporated 50-60 years of rainfall andcomputed with a FFT algorithm. If X is a matrixt ff

temperature for Brisbane, Rockhampton, Mackay andeturns the Fourier transform of each column of the

Townsville (Fig. 1). These four stations were seddc  matrix. If X is a multidimensional array, fft opdes

as they had rainfall and temperature records eiktgnd on the first non singleton dimension. Y = fft (X) n

back to at least 1950 and were located to give ageturns the n-point DFT. If the length of X is lekan

extensive coverage of Queensland as possible. The X is padded with trailing zeros to length n.tie

choice of station was also based on the qualitgodrd  length of X is greater than n, the sequence X is

and that the monthly station rainfall and minimunda truncated. If X is a matrix the length of then the

maximum temperatures were reported regularly in th&olumns of X are adjusted in the same manner. Y =

Monthly Weather Review, Queensland (published byfft(X. [, dim) and Y = fft (X, n dim) applies th&FT

the Australian Bureau of Meteorology). This allothe ~OPeration across the dimension dim. _

data series to be regularly and promptly updatesmF _1he functions X = fft (x) and x = ifft (X)

this data it can be determined how unusual thentece MPIement the transform and inverse transform pair

drought in Queensland has been and how temperatu%ven for vectors of length N in Eq. 1 below:

change and rainfall interact in the catchment. N _
It is increasingly clear that the last 50 years of X(k)=>x (i) e

experience with rainfall patterns is not a sufiittibme .

span to plan and design an adequate responsentateli  x(j) = )X (k )2 (1)

variability and change. The best data are for adlinf k=L

which can be measured in terms of the amount of rai Where

faling in a 24 h period. Australia’s rainfall isos wy™N is the N root of unity

variable over time that the trends in extreme &dinf

during 1910-2005 differ from those during 1970-2005 A graph of the distribution of the Fourier

The complete record of the seasonal rainfall tieies ~ Coefficients (given by Y) in the complex plane is

for each station was ranked from 1 to n, where s wadifficult to interpret (Abdullahet al., 2009). Therefore,
the total number of years. a more useful way of examining the data in Y is

needed. The complex magnitude squared of Y isctalle
A the power and a plot of power versus frequency is a
“periodogram”. The scale in cycles/year is somewhat
\\ inconvenient. In this case, the years/cycle scgtaghs
Cm.ms_‘\ were plotted and the length of one cycle was
o~ ] determined. The power versus period was also
X,
Mad;:j) estimated for convenience (where period = 1/fréqp
' cycle length was fixed more precisely by picking ou
R“khmpl;\ the strongest frequency.
Brisbane #

Western
Australia

Further, the relationships between temperature and
rainfall variations were also investigated usingeér
regression with ARMA errors, as well as ARIMA
methods. All statistical analyses were carried umihg
Fig. 1: Locations of 4 monitoring stations codes in SAS, MATLAB and R.
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Linear regression: This example performs a simple series are the same. However, whenever there puitsin
linear regression of rainfall on temperature; inguces the noise series is the residual after the effécthe
the same results as PROC REG or another SAfputs is removed. Indeed, there is no requirentieait
regression procedure. The mathematical form of théhe input series be stationary. If the inputs aoa-n

model estimated by these statements is stationary, the response series will be non-statiyn
even though the noise process might be stationary.
Y, =+ X, +a, (2) When non-stationary input series are used, onefitan

the input variables first with no ARMA model foreth
Any number of input variables can be used in a€mors and then consider the stationary of thedueds
model. For example, the following statements fit abefore identifying an ARMA model for the noise part
multiple regression of Rainfall on temperature and
Southern Oscillation Index (SOI). The mathematicall dentifying regression models with ARMA errors:

form of the regression model estimated by thesd=arlier the ARIMA modeling identification processat
statements is: uses the autocorrelation function plots producedhey
IDENTIFY statement was described. This identifioati
process does not apply when the response series
depends on input variables. This is because ihés t
Lagging and differencing input series: One can also noise process for Which you n_eed o identify an
ARIMA model and when input series are involved the

difference the time series and thus lag the inpues. . ) i
i . response series, adjusted for the mean is no lcmger
For example, the following statements in SAS regres ! ; : . .
. . . estimate of the noise series. However, if the irgauies
the change in rainfall on the change in temperature

lagged by one period. The difference of temperatsire are independent of the noise series, you can wse th

e . : residuals from the regression model as an estimfate
specified with the CROSSCORR = option and the la : L .
of the change in temperature is specified by tivethe the noise series; then apply the ARIMA modeling

_ - identification process to this residual series. sThi
INPUT = option: X . .
assumes that the noise process is stationary.

In SAS, the IDENTIFY statement includes the
NOPRINT option since the autocorrelation plotstfue
response series are not useful when you know ligat t
response series depends on input series. The first
ESTIMATE statement fits the regression model with n
model for the noise process. The PLOT option preduc
plots of the autocorrelation function, inverse
autocorrelation function and partial autocorrelatio
function for the residual series of the regression
temperatureand rainfall. By examining the PLOT
Regresson with ARMA errors. This method option output for the residual series, the authan c
combines input series with ARMA models for the verify that the residual series is stationary ahdst
errors. For example, the following statements regre identify an ARMA (1,1) model for the noise process.
rainfall on temperature and SOI but with the etesm  The second ESTIMATE statement fits the final model.
of the regression model (called the noise series illthough this discussion addresses regression rmpdel
ARIMA modeling terminology) assumed to be anthe same remarks apply to identifying an ARIMA
ARMA (1,1) process. Two independent variables & th model for the noise process in models that incinget
model with ARMA (1,1) errors can be represented as: Sseries with complex transfer functions.

Y Tt wX  twX , ta, 3

proc ARIMA data = a;

identify var = rainfall(1) crosscorr = temperat(t¢;
estimate input = (1 temperature);

run

The above estimates the following ARIMA model:

(1_ B)Yt :U'H*)o(l_ B)Xt—1+a1 (4)

(1-6,8) RESULTS

Y1:U+(*)Lxlt+wz><2t+(:l__7¢18)at (5)
! Climate variation and change: This analysis required

a detailed investigation of the daily rainfall and

Stationary and input seriess The above modeling temperature data allowing the researchers to diéhl w
requires stationary of the time and noise serfethere  anomalies or less useful information. Figure 2 &nd
are no input variables, the response series (afteespectively show the daily rainfall and temperatur
differencing and subtracting the mean) and the enoisdata of Brisbane, Rockhampton, Cairns and Mackay.
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Fig. 2: Daily rainfall of Brisbane, Mackay, Rockhaton and cairns
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Fig. 3: Daily temperature of Brisbane, Mackay, Ruakipton and Cairns

The Fig. 3 shows daily temperature fluctuations asseason. In contrast, temperatures showed some
the same locations. changes over time. The average and minimum

From the above graphs it was noted that theréemperatures appear to have increased in both
was no significant trend towards wetter or driersummer and winter and this was accompanied by a
conditions in Queensland within last 60 years @ithesignificant decrease in the Daily Temperature Range
during the summer monsoon or the winter dry(DTR) (Fig. 4).
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Fig. 4: Daily temperature range of Brisbane, Maclgckhampton and Cairns
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More detailed data analyses showed changes ifable 1: Summary statistics for linear regressianlets
average and minimum temperatures and DTR greatest MSE/variance

in magnitude in early winter (April-May). The most a— "’5543930 (r?)ig)sn U102130§ .
_ B risbane . . . .
recent 20-and 30 year periods suggested that, Ibverﬁgackay 75184890 0.9673 1048452 003269

the highest minimum and average temperatures ang,cihampton 79.86188  0.9335 1.013224 0.06651
lowest DTR over the period since 1950. There wasaimns 306.93400 0.9189 1.175020 0.08105
some weak indication that temperatures were less
extreme in 1994 and 1995, but there was insufficientaple 2: Summary  statistics ~ for ~ combined linear

data to assess whether this represented a redrsal regression/ARIMA models
the major temperature trends. MSE/variance
Order of ARIMA  MSE (rain) U

Relationship between rainfall and temperature  Brisbane (1,0,1) 126.05600 0.8921 1.0041620

iati - g tral IvSi dt I th Mackay (2,0,1) 215.99910 0.8296 1.0116650
variations. spectral analysis was used to analyse t&gckhampton (1,1,2)(0,0.2) 7512171 0.8780 0.993220
relationship between daily rainfall and temperature (Lough, 1993)
for Queensland. Essentially, long term data can b&ams (30,1002 266.10290 07967 1.0990840

(Lough, 1993)

characterized by major variation frequencies amsl th

is clearly shown in the following graphs. Once Table 3: Summary statistics for pure ARIMA model

identified, the frequencies were changed to periods MSE/

interestingly showing the same period for all Order of ARIMA ~ MSE variance (rain) U
locations. Figure 5 shows the periodogram of rdlinfa Brisbane (1,0,2) 129.78800 0.9185 0.9862854
and temperature of the four study areas and aff fOngglfﬁgmpm ((22'?6,32)) 2L 87200 0822 09800027
areas show a cycle of 2.2 years (2-3 years) in botBaims (3.0,4)(0,0,2) 270.12690 0.8087 0.9908906
rainfall and temperature time series. The left side (Lough, 1993)

figure refers to rainfall and the right side to

temperature for each of the respective locations. However, GARCH models studied lead to persistence

) ) . or errors and therefore not included here. The
Cairns. All peaks were clear_ly identified and all the (agiduals of ARIMA do not appear to be white noise
peaks gre not.shown in the figures; the leftmoakpe suggesting that these patterns might be caughtyup b
were highest in each case but as noted abovef all Qefining larger seasonal cycles, but this was not

them suggested a cycle of 2-3 years approximately. sitempted in this study and left for future resbarc
The trend or linear regression analysis showed

that rather than the daily temperature, DTR (daily CONCLUSION

temperature range) was related to rainfall; alttoug

not shown here, this was evident in both summer and  The first goal of the study was to determine

winter periods as can be noted in the figures.@&@h  \hether recent climate variations in Queensland are

site, an inverse relationship linear relationslapists, in anyway unusual in the context of the 50-60 years

with a level of significance of p<2.2xT0 Eq. 6: of rainfall and temperature records. Summer

Brisbane:Rainfale 12.7287 0.9754*DTR monsoon re_unfall in Queenslan_d has been below
. average during 1980-1990 but this does not apear t

Rockhampton : RainfalE  9.3726 0.6118*R1

: (6) be outside the range of variability found over a8t
Mackay : Rainfall=  12.54106 11226*DTR years. The second goal of this study was to determi
Cairns: Rainfall= 24.42026 2.3070*DTR if rainfall and temperature variations in Queendlan

over the past century could be described by redtiv

The very low R values is not uncommon in large simple relationship of trend. Both rainfall and
data sets (see financial time series withtemperature range appeared to vary coherentlyein th
autocorrelations) for significance of the slopedi®  study areas. The relationship found was an inverse
to the number of elements in the dataset. Thene and only with Daily Temperature Range (DTR).
calculated F-tests conclude the regressions werghe results can be up-dated regularly from now on
significant due to the very large data set (Table 1 therefore providing a useful tool for monitoring
The linear regression may be used to detect a trenglimate variation and change in this part of Augira
and to estimate the mean for the slope is sigmifica The periodic nature of rainfall and temperature may
While the modeled residuals (Table 2) improvehave important implications for climate change over
results they are not significantly better than aepu the years along the coast of Queensland.
linear regression models (Table 1) or a pure ARIMA More particularly, DTR was noted to be
model for rainfall for that matter (Table 3). Theder  inversely related to Queensland rainfall in both
of ARIMA models were found by minimizing the summer and winter. Inter-annually, the lower DTR is
AIC. The standardized MSE (by the variance of theassociated with higher rainfall and vice versa. The
rainfall) indicates variable rainfall that cannoe b re]ationship between DTR and Queensland rainfall
caught up by linear regression or ARIMA reasonably.has been high and stable over the record peridterOt
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data analysis not presented showed that summésmail, Z., A. Yahya and A. Shabri, 2009.
rainfall variations are related more closely to Forecasting gold prices using multiple linear
maximum than minimum temperatures, with higher regression method. Am. J. Applied Sci., 6: 15094151
temperatures associated with lower rainfall. Lower  http://www.scipub.org/fulltext/ajas/ajas681509-
rainfall in winter tends to be linked with higher 1514.pdf
maximum and lower minimum temperatures. Thesglones, P.D., P.Y. Groisman, M. Coughlan, N. Plummer
relationships were relatively stable over time. The and W.C. Wanget al., 1990. Assessment of
cause of the decline in the Daily Temperature Range  Urbanization effects in time series of surface air
(DTR) in Queensland is unclear. From 1949-2000, temperature over land. Nature, 347: 169-172.
DTR was lowest in Queensland during 1980 and this  DOI: 10.1038/347169a0
period was also characterized by lower than averagarl, T.R., P.D. Jones, R.W. Knight, G. Kukla and N
rainfall. Plummer et al., 1993. A new perspective on
This analysis demonstrated the use of time series recent global warming: asymmetric trends of
and spectral method as an effective method for daily maximum and minimum temperatures.
studying variations of temperature and rainfallbdat Bull. Am. Meteorol. Soc., 74: 1006-1023.
that a cyclic nature of the two measures were found  http://digitalcommons.unl.edu/cgi/viewcontent.c
easily. The analysis of climatic data is valuable  gi?article=1187&context=natrespapers
particularly to understand the complexity of the Lough, J.M., 1991. Rainfall variations in Queenslan
variations associated with global climate change. Australia: 1891-1986. Int. J. Climatol., 11: 745876

Clearly, the daily temperature and daily rainfatres DOI: 10.1002/joc.3370110704
not related directly, while DTR and rainfall were. Lough, J.M., 1993. Variations of some seasonal
Increases in DTR persist suggest lower rainfall éind rainfall characteristics in Queensland, Australia:

this trend is then taken over time then that is not ~ 1921-1987.Int. J. Climatol., 13: 391-40B00L:
predicted by the literature on climate change. A  10.1002/joc.3370130404 o _
multivariate and dynamic correlation technique maylough, J.M., 1995. Temperature variations in a

be useful here and this will be the focus of thstfi tropical-subtropical _environment: Queensland,
DOI: 10.1002/joc.3370150109
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