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Abstract We present the first tree-ring based recon-
struction of rainfall for the Lake Tay region of southern
Western Australia. We examined the response of Callitris
columellaris to rainfall, the southern oscillation index
(SOI), the southern annular mode (SAM) and surface sea
temperature (SST) anomalies in the southern Indian Ocean.
The 350-year chronology was most strongly correlated
with rainfall averaged over the autumn-winter period
(March-September; r = —0.70, P < 0.05) and SOI values
averaged over June-August (r = 0.25, P < 0.05). The
chronology was not correlated with SAM or SSTs. We
reconstructed autumn-winter rainfall back to 1655, where
current and previous year tree-ring indices explained 54%
of variation in rainfall over the 1902-2005 calibration
period. Some variability in rainfall was lost during the
reconstruction: variability of actual rainfall (expressed as
normalized values) over the calibration period was 0.78,
while variability of the normalized reconstructed values
over the same period was 0.44. Nevertheless, the recon-
struction, combined with spectral analysis, revealed that
rainfall naturally varies from relatively dry periods lasting
to 20-30 years to 15-year long periods of above average
rainfall. This variability in rainfall may reflect low-fre-
quency variation in the El Niflo-Southern Oscillation rather
than the effect of SAM or SSTs.
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1 Introduction

It has become increasingly apparent that climate change is
significantly influencing hydrological regimes. Globally,
rainfall has increased by nearly 1% per decade over the
twentieth century (New et al. 2001) such that many regions
are now experiencing their wettest ever conditions. For
example, rainfall in northern Pakistan was greater during
the twentieth century than at any time during the last
millennium (Treydte et al. 2006). However, rainfall over
the last 100 years has declined, rather than increased, in a
number of regions, including the African Sahel, the
Mediterranean, southern Africa and parts of southern Asia
(e.g. Sarris et al. 2007; Solomon et al. 2007). Similarly,
since the late 1960s the south-west of Western Australia
(SWWA,; Fig. 1) has experienced a sustained decline in
winter rainfall of around 20% relative to average rainfall
since 1911 (Hennessy et al. 1999; Nicholls and Lavery
1992; Smith 2004). This decline in rainfall has affected not
only agricultural productivity, but also recharge to regional
water supplies (IOCI 2002). For example, annual stream-
flow into dams that supply the Perth metropolitan area has
declined by 50% since 1975 (Pittock 2003). Furthermore,
current predictions based on climatological models suggest
winter rainfall will continue to decline, perhaps by as much
as 60% by 2070 AD (CSIRO 2001).

Several studies have attempted to identify the causes of
the recent decline in SWWA rainfall. Using instrumental
records, the decrease in rainfall has been correlated with a
decrease in the density of low-pressure systems in the
region and increase in mean sea level pressure (Ansell et al.
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Fig. 1 Map showing location 18 19

of Lake Tay study site. A 90 m
Digital Elevation Model is
shown with grayscale shading
for the categories 0-200
(darkest gray), 201-400, 401—
600, 601-1,200 m (white).
Lakes with an area greater than
5 km squared are hatched.
Major roads are shown with
black lines. Ticks show latitude
and longitude in decimal
degrees in the WGS84 map
datum
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2000; Smith et al. 2000). In particular, the development of
low pressure systems over southern Australia was around
33% weaker during 1975-1994 compared with 1949-1968
(Frederiksen and Frederiksen 2005). In addition to these
studies, climate models have been able to reproduce recent
changes in rainfall of SWWA by including increases in
atmospheric CO, (e.g. Cai et al. 2003; Kushner et al. 2001).
In contrast, simulations using the CSIRO Mark 3 climate
model without any CO, increase (Gordon et al. 2002),
concluded that at least part of the observed rainfall decline
was likely due to natural climate variability (Cai et al.
2005). Two aspects of the Southern Hemisphere atmo-
spheric circulation system, the southern annular mode
(SAM) and the El Nifio-southern oscillation (ENSO), have
been promoted as drivers of natural variability in rainfall
over the region at the multi-decadal scale (IOCI 2002; Li
et al. 2005; Smith et al. 2000). More recently, however,
Samuel et al. (2006) found that winter rainfall in the region
was related to sea surface temperatures (SSTs) over two
specific areas of the Indian Ocean, the tropical western and
southern Indian Ocean. Their study also suggested that the
recent decline in rainfall was due to a step change in Indian
Ocean SSTs (Samuel et al. 2006).

Uncertainty as to what drives rainfall variation over
southern Western Australia in general, and the SWWA
region more specifically, reflects both the relative shortness
of instrumental records available, which are usually less
than 100 years in length (Bureau of Meteorology 2001),
and the need to benchmark data from climate models
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against independent records of climate (Jones et al. 1998).
In particular, generating climate records of multi-centen-
nial to millennial length is crucial to understanding the
extent and cause of natural variability in rainfall. For
example, it was only through the development of hydro-
climatic records spanning the last millennium that evidence
for ‘megadroughts’ lasting several decades or more in
western North America became apparent; during the period
with instrumental data no drought had lasted longer than
10 years (Graham et al. 2007; Seager et al. 2007). Simi-
larly, a millennial length reconstruction of rainfall for
northern Pakistan using oxygen isotope records from tree
rings revealed centennial-scale variations in rainfall (Tre-
ydte et al. 2006). Examination of variability in long time
series is also relevant to questions about whether apparent
shifts in climatic regimes are spurious ‘red noise’ processes
(e.g. Rodionov 2006).

Extending climate records back several centuries or
longer to provide baseline data relies on natural archives.
However, there has been almost no effort given in Australia
to developing accurately dated rainfall proxies, despite the
high spatial and temporal variability in rainfall across the
continent. Indeed, for all of Australia, there appears to be
just one multi-centennial length reconstruction of rainfall:
coral luminescence was used to reconstruct rainfall for
eastern Queensland from 1631 to 1983 AD (Lough 2007).
While calcite layers in speleothems from caves in Western
Australia have shown promise as a rainfall proxy (Treble
et al. 2003, 2005), this method is currently limited by
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uncertainties over its temporal resolution. In contrast, for
southern Western Australia the annual growth rings of trees
of the native Australian conifer Callitris (Cupressaceae)
have significant potential as climate proxies (Cullen and
Grierson 2006, 2007; LaMarche et al. 1979).

Several studies have demonstrated that tree-rings of
Callitris reflect variation in rainfall (e.g. Ash 1983; Lange
1965). For example, Ash (1983) reported a correlation of
0.52 between annual rainfall and tree-ring widths of trop-
ical C. macleayana, while rainfall explained 70% of the
variation in ring widths of C. columellaris in the eastern
goldfields of WA (Perlinski 1986). The results of these
early studies indicate Callitris has potential to provide
information on natural variability in rainfall for much of
Australia as the genus occurs across the continent, parti-
cularly in semi-arid or strongly seasonal climates. Here, we
have tested the dendroclimatic potential of Callitris in
southern WA by developing a 350-year reconstruction of
autumn-winter (May—September) rainfall using tree rings
of C. columellaris F. Muell. We then used this recon-
struction to investigate multi-decadal scale variation in
rainfall for the Lake Tay area, which lies on the eastern
boundary of the SWWA region. We also examined the
relationship between our tree-ring chronology and ENSO,
SAM and SSTs in the southern Indian Ocean in order to
clarify the main forcing mechanisms driving multi-decadal
rainfall variability.

2 Data and methods
2.1 Study site

For our study, we selected a large stand of C. columellaris
(formerly described as C. glaucophylla, now considered a
taxonomic synonym of C. columellaris; Farjon 2005) trees
growing on the south-western edge of Lake Tay, in
southern Western Australia (33°1'57”S, 120°45'9"E;
Fig. 1). Owing to extensive land clearance within the
SWWA, there are no suitable stands of Callitris within the
main area that has experienced a decline in rainfall over
recent decades. The study area is in a region thought to
have shown little or no change in rainfall patterns over
recent decades (Fig. 4a), and is ~200 km to the east of the
boundary of the SWWA region. Nevertheless, our study
contributes much needed data on long-term climate vari-
ability for southern Western Australia.

Scattered and relatively large (>20 cm diameter) trees
of C. columellaris are dominant on the low-lying gypsum
dunes adjacent to Lake Tay. Climate is semi-arid and
strongly seasonal with dry, warm summers and cool, wet
winters. Mean annual rainfall is around 240 mm, 70%
of which falls between March and September (autumn

through winter). Daytime temperatures range from nearly
30°C in summer (December—February) to 16°C in July.
Maximum rates of tree growth and annual ring formation
are likely to occur, therefore, during the Southern Hemi-
sphere winter and spring period with dormancy by late
summer.

2.2 Chronology development

In March and April 2006, two to three 5 mm diameter
cores were extracted from each of 30 trees at Lake Tay,
with discs cut from four dead trees using a chainsaw. Cores
and cross-sections were sanded using paper up to 1,200
grit. Heavy resin staining, which obscured ring boundaries,
was removed by repeatedly heating the wood and wiping
away excess resin. Visual crossdating and measuring
accuracy was checked using Verify for Windows (Law-
rence and Grissino-Mayer 2001) and COFECHA (Holmes
1983). The average series intercorrelation in COFECHA
was relatively high at 0.67.

We developed our tree-ring width chronology using a
two-step standardisation procedure in ARSTAN40c (Cook
and Krusic 2006). Prior to detrending, we stabilised the
variance of each ring-width series using a data-adaptive
power transformation based on the local mean and standard
deviation (Cook and Peters 1997). Non-climatic trends
were removed from each series using cubic splines with a
50% response frequency cut-off equal to 67% the length of
the series (67% N) (Cook and Briffa 1990). Given that the
mean series length was 235 years, our detrending proce-
dure captured multi-decadal to annual frequencies, but
multi-centennial trends were removed. Tree-ring indices
were calculated as differences (Cook and Peters 1997),
while autocorrelation unique to each individual series was
removed using the first-minimum Akaike Information
Criterion (Cook 1985). However, autocorrelation common
to all series, assumed to be related to climate (Cook 1985),
was re-incorporated into each series. Series were then
averaged using the bi-weight robust mean (Cook and Briffa
1990) and the variance of the chronology was stabilised
with a 67% N spline to minimise the effect of changing
sample size and other variables that cause variance to be
time dependent (Osborn et al. 1997).

We used the chronology incorporating the common
persistence (ARS chronology) for subsequent analysis of
climate-growth relationships and reconstruction of rainfall
rather than the standard (STD) chronology, in which
autocorrelation unique to each series is retained, or the
residual (RES) chronology, in which all autocorrelation is
removed through autoregressive modelling, for several
reasons. Removal of all autocorrelation may remove the
long-term trends and variance potentially related to climate
(Graumlich 1991; MacDonald et al. 1998) that are the
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focus of our study. Climate often exhibits year-to-year
persistence that generates low-frequency trends in tree
growth (Cook and Briffa 1990). In recognition of this,
previous studies interested in low-frequency climate vari-
ation have used the STD chronology (e.g. Knapp et al.
2001). However, the persistence contained within the STD
chronology is likely to be related not only to climate but
also the effects of disturbance (Cook and Briffa 1990).
Selecting the ARS chronology for analysis of climate-
growth relationships should provide, therefore, a balance
between retaining long-term trends related to climate and
dampening long-term trends related to non-climatic pro-
Nevertheless, since there are few published
chronologies for Callitris, we have included the commonly
reported statistics for all three chronology types for com-
parison with other species (Table 1).

CESSES.

2.3 Growth-climate relationships in C. columellaris

To evaluate the climate signal contained in the Lake Tay
chronology, we constructed a regional rainfall series
(1902-2005) using climate data recorded at the three
closest Australian Bureau of Meteorology (BOM) stations
at Ravensthorpe (1902—current), Norseman (1897—current)
and Salmon Gums (1933—current; Fig. 1). Climate data
were checked for homogeneity by the BOM. Monthly
rainfall at each station was normalized, relative to each
station’s mean and standard deviation, and then averaged.
We also calculated normalized seasonal (summed over
March-May, June—August and March—September) and
total annual rainfall values. The regional rainfall series
covers 1902-2005, the period for which there is a mini-
mum of two data series.

In addition to the rainfall data, we accessed five climate
indices that capture different aspects of the Southern
Hemisphere atmospheric-circulation system. These indices
were: (1) the Climatic Research Unit’s Southern Oscilla-
tion Index (SOI) (1866—current), which is defined as the

normalized pressure difference between Tahiti and Darwin
and calculated based on the method described in Rope-
lewski and Jones (1987); (2) sea surface temperature (SST)
anomalies for the Nifio 4 region (1950—current), which
were accessed from the National Oceanic and Atmospheric
Administration; (3) the southern annular mode (SAM,
1957—current), calculated as the difference in mean sea
level pressure anomalies between six climate stations near
40°S and six climate stations near 65°S (Marshall 2003)
and; (4) SST anomalies averaged over the two regions of
the Indian Ocean identified by Samuel et al. (2006) has
having influence on rainfall, the southern (60-70°E, 25 to
35°S) and tropical western (50-70°E, 10°S to 10°N)
regions, which were accessed from the Kaplan Extended
SST dataset (1856—current). For all climate indices, we
calculated seasonal (March—-May, June—August and
March-September) and annual average values.

Relationships between our Lake Tay ARS chronology
and monthly and seasonal climate data were examined
using bootstrapped correlation analysis in Dendro-
Clim2002 (Biondi and Waikul 2004). Months and seasons
from the preceding and current growth year were used in
the analysis. DendroClim2002 uses 1,000 bootstrapped
samples (drawn at random with replacement) to compute a
median correlation coefficient for each month or seasonal
variable. The median coefficient is considered to be sig-
nificant at the 0.05 level if its absolute value exceeds half
the difference between the 97.5th and 2.5th quantile of the
1,000 samples (Biondi and Waikul 2004).

2.4 Rainfall reconstruction

Growth—climate analysis indicated that tree growth was
most strongly correlated with rainfall over the March—
September period. To develop a linear regression between
the ARS chronology and March—September rainfall, with
the aim of reconstructing autumn—winter rainfall, we used a
split calibration/verification procedure (Fritts 1976; Fritts

Table 1 Descriptive statistics for the three C. columellaris chronology types: standard, STD; residual, RES; and arstan, ARS

No. of trees/cores Time span® Missing rings (%) Chron. type MS SD ACl AR model EPS  Mean correl. Var (%)

11/15 1654-2005 (4) 1.62 STD 0341 0345 0364 2 0.947 0.543 577
RES 0.368 0.307 0.023 - 0.950 0.560 59.1
ARS 0331 0.333 0357 2 - - -

Mean sensitivity (MS) is a measure of the relative change in ring-width from one year to the next. Standard deviation (SD) is about the mean
index value (scaled to be 1.0). AC1 is the first order serial correlation, while AR model is the autoregressive process selected by the Akaike
Information Criterion to remove autocorrelation. Mean correl. is the average correlation between all series. Var (%) is the percentage variance
explained by the Ist eigenvector of a PCA. EPS is the expressed population signal, which quantifies the degree to which the chronology
represents the hypothetically perfect chronology. Mean correl., Var (%) and EPS were calculated for the period common to all series, 1841-1960.
Mean correl., EPS and Var (%) are not produced for the ARS chronology

* The Lake Tay chronology was cut at the point were sub-sample signal strength (Wigley et al. 1984) reached 0.85, number in parentheses

indicates number of series from this point
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rainfall

et al. 1990). The regional rainfall series and ARS chro-
nology were divided into two periods, 1902-1953 and
1954-2005. For each period, chronology indices from the
current year (f) and previous year (+ — 1) were used as the
predictor for normalized rainfall (calibration). For both
calibration models, including indices from the previous
year increased the explained variation in rainfall and only
these results are presented here. The regression coefficients
from the calibration period were then used to transform the
chronology indices from the second period into estimates
of normalized rainfall for comparison with the observed
data (verification). The verification statistics used were:
Durbin—Watson statistic (Durbin and Watson 1951);
Pearson’s correlation coefficient; Reduction of Error sta-
tistic; the coefficient of efficiency (CE) statistic; the sign
test, calculated as departures from the means of the actual
and reconstructed data; and product means test (Cook et al.
1994; Fritts et al. 1990).

2.5 Spectral analysis

Spectral analysis identifies recurrent features or periodici-
ties in time series by expressing the variance of the series
as a function of frequency. We used the multi-taper method
(MTM) of spectral analysis (Thomson 1982), with robust
estimation of the red-noise background (Mann and Lees
1996) to identify significant peaks in the spectra of the
reconstructed and actual rainfall series for the period
common to both (1902-2005) and for the full length
reconstruction of rainfall. We conducted all spectral

analysis in k-Spectra V2.4 (Spectraworks) and the MTM
spectra are based on five 3-pi tapers. Our aim in conducting
the spectral analysis was to provide support to our visual
interpretation of decadal or longer trends in the chronology
rather than extensively explore its spectral properties.

3 Results
3.1 The Lake Tay chronology

Crossdated measurements extended back to 1601 AD.
However, we cut the Lake Tay chronology at 1654 AD
(Fig. 2; Table 1), where the sub-sample signal strength
(SSS) fell below 0.85 (Wigley et al. 1984). Sub-sample
signal strength is a measure of the maximum useful length
of a tree-ring chronology in terms of acceptable loss of
reconstruction accuracy (Wigley et al. 1984). Individual
tree ages ranged from 160 to 397 years, while the average
age of trees included in the chronology was 235 years.
Removal of autocorrelation, or the addition of common
persistence, had little effect on the statistics commonly
used to assess chronology quality (Table 1). The residual
(RES) Lake Tay chronology (containing no autocorrela-
tion) had a slightly higher mean sensitivity (MS) and lower
standard deviation than the standard (STD) or ARS chro-
nologies. MS is a measure of high-frequency variation and
climatic responsiveness, while standard deviation reflects
the amount of low-frequency variation in a chronology
(Fritts 1976). The difference in mean sensitivity and

Fig. 2 a Tree-ring width 25
chronology (with (a)
autocorrelation common to all 2.0
series re-incorporated before
averaging) developed from s 194
Callitris columellaris at Lake © /\ /\ /\ /\
Tay, southern Western g, 1.0 \"/\V\/"'\/A A I\v/\\/‘ /\\,: AR W [\,\\
Australia. Annual values are £ \/ v \/ U W v \/
plotted in gray and a 10-year T 0.5+
smoothing spline in black. b
RBar and EPS (Expressed 0.0 1
Population Signal) values
calculated for 50 year spans, 0.8 o - (b)}1.0
each overlapping by 25 years. ¢ 5 0.6 - A\ - - »
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standard deviation between the RES and STD or ARS
chronologies is consistent, therefore, with the greater high-
frequency (year-to-year) variation in the RES chronology
due to the removal of lagged growth effects. The variance
due to autocorrelation in the ARS chronology is 15.7%.

A strong common signal is evident for the STD and RES
chronologies, with mean correlations between all series of
>0.54 and nearly 60% of variation explained by the first
principal component (Table 1). Similarly, expressed
population signal (EPS), a measure of the statistical quality
of a chronology, was overall well above the 0.85 threshold
commonly used to define reliability for both the STD and
RES chronology (Table 1) (Briffa 1984). The running
values of RBar and EPS dip in the late 17th century, pos-
sibly reflecting the relatively low number of cores included
in the early part of the chronology (Fig. 2). However, after
1750 AD, EPS was consistently above 0.85.

3.2 Correlations with climate

The Lake Tay ARS chronology was more strongly corre-
lated with annual or seasonal rainfall (all » > 0.46) than
with individual months (all r < 0.35; Fig. 3). Of the vari-
ous seasons tested, the chronology was most strongly
correlated with rainfall from March—September (autumn—
winter) of the current growing year (r = 0.70, P < 0.05;
Fig. 3). The positive relationship between tree-ring widths
and rainfall indicates low rainfall reduces tree growth, as
expected for a semi-arid environment (Fritts 1976). No
correlations with March—September rainfall, or any other
season or month, from the preceding year were significant.

0.8

The Lake Tay ARS chronology was significantly cor-
related with the annual, June—August (winter) and March—
September (autumn-winter) values of the SOI for the
current growth year (Table 2). No other correlations
between the chronology and the annual or seasonal values
of the five climate indices were significant, although
occasionally individual months were significant (not
shown).

3.3 Rainfall reconstruction

The calibration models developed from the early (1902—
1953) and late (1954-2005) periods explained over 50% of
the variation in the regional rainfall series (Table 3).
However, only the regression model from the late period
passed all the verification tests. Predicted rainfall during
the 1902—-1953 verification period was significantly corre-
lated with observed rainfall (P < 0.001), with 57% of the
variation in observed rainfall explained by the model
(Table 3). The Durbin—Watson statistic (Durbin and Wat-
son 1951) indicates that the residuals from the regression
are neither positively nor negatively autocorrelated
(P =0.05, n=250,d. = 1503, dy = 1.585). In addition,
the sign and product mean tests were significant at the
0.001 level. Both the reduction of error (RE) and coeffi-
cient of efficiency (CE) values were positive, indicating
that the regression model had reasonable skill in predicting
rainfall (Cook et al. 1994; Fritts 1976).

In contrast, the regression model from the early period
(1902-1953) passed only some of the verification tests
(Table 2). The correlation between predicted and observed

(@)

[ Prior year
=3 Current year

0.6

Correlation coefficient
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Fig. 3 Bootstrap correlations between the Lake Tay ARS chronology
and (a) monthly and (b) seasonal rainfall anomalies for both the year
prior to growth (white bars) and current growth year (gray bars).
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Table 2 Bootstrapped correlations between the Lake Tay ARS
chronology and five climate indices: Climatic Research Unit’s
southern oscillation index (SOI), sea surface temperature anomalies

in the Nino 4 region (Nino4), the southern annular mode (SAM), sea
surface temperature anomalies in the southern Indian Ocean (SI-
SSTs) and tropical western Indian Ocean (TWI-SSTs)

Correl. period Climate index

Season -
SOI Nino4 SAM SI-SSTs TWI-SSTs
1866-2005 1950-2005 1957-2005 1856-2005 1856-2005
Previous year
Annual 0.03 0.08 —0.14 —0.08 0.05
Mar-May —0.05 0.14 0.01 —0.04 0.08
Jun-Aug 0.11 0.04 —-0.24 —0.08 0.04
Mar-Sept 0.06 0.08 —0.16 —0.06 0.07
Current year
Annual 0.20 —0.13 —0.10 —0.09 —0.07
Mar-May 0.10 —0.13 —0.04 —0.05 —0.10
Jun-Aug 0.25 —0.08 —0.08 —0.13 —0.07
Mar-Sept 0.21 —0.11 —-0.07 —-0.09 —0.09

Correlations are presented for the average annual values and averages calculated for March—-May, June—August and March—September for both
the current growth year and the previous year. Correlation values in bold were significant (P < 0.05)

Table 3 Calibration and verification statistics for a reconstruction of
March—September rainfall using the ARS chronology developed from
Lake Tay

Calibration period 1902-1953  1954-2005 1902—
2005

Verification period 1954-2005 1902-1953 -

n 51 51 103

Calibration

r 0.71%#%* 0.75%%* 0.73%%*

Adj. # 0.50 0.57 0.54

Durbin—-Watson 1.66 1.63 1.63

Verification

r 0.75%%%* 0.7 %% -

Adj. 7 0.57 0.51 -

Durbin—Watson 1.69 1.66

Sign test (agree/disagree) 37/14%%* 42/9%** -

PM test (mean +ve/mean - 0.61/ 0.57/ -

ve) 0.08%*#* 0.11%%**

Reduction of error —0.11 0.31 -

Coefficient of efficiency —0.12 0.31 -

Regression coefficients

Ring-index () 1.878 2.257 2.071

Ring index (r — 1) —0.460 —0.945 —0.697

Intercept —1.432 —1.261 —1.358

The final regression model used for reconstruction was fitted over the
full period (1902-2005)

***Significant at the 0.001 level

rainfall over the 1954-2005 verification period was sig-
nificant (P < 0.001), with 51% variation explained, and the
sign and product means tests were also significant
(P < 0.001). Again, the Durbin—Watson statistic indicates

that the residuals from the regression are neither positively
nor negatively autocorrelated (P = 0.05, n = 50,
dy, = 1.503, dy = 1.585). Although the regression model
passed these less rigorous tests, both RE and CE were
negative (Table 3). Negative values for these statistics
indicate that the regression model from the early period
failed to predict rainfall with any accuracy (Cook et al.
1994; Fritts 1976). However, neither RE nor CE have a
lower bound and, consequently, one or two extremely bad
estimates can force them below 0. For example, the
negative RE and CE values obtained using the regression
model from the early period appears to reflect poor
reconstruction of rainfall for just two years, 1992 and 2005.
When these years are removed from the verification period,
RE and CE change to 0.38 and 0.37.

The regression coefficients (P = 0.316 for ring-index (¢)
and P =0.199 for ring-index (¢ — 1)) and intercepts
(P =0.596) from the early and late calibration periods
were not significantly different (Table 3). This similarity in
regression equations, coupled with the improved verifica-
tion of the early period with the removal of 1992 and 2005,
indicates that a regression equation using the full 1902—
2005 period can be used to reconstruct rainfall. A regres-
sion model using the full period explained 54% of the
variation in rainfall (Table 3). In addition, actual rainfall
for March—September and that reconstructed using the
regression model from the full period show very good
congruency (Fig. 4a). On the whole, the regression model
reconstructs not only year-to-year changes in rainfall well,
but also longer-term trends. There was no linear trend in
the difference between predicted and actual rainfall
(P =0.114, adj. = 0.01; Fig. 4b), while a 21-year
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Fig. 4 a Actual and 4
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Fig. 5 Reconstructed autumn-winter (March—September) rainfall
from 1655 to 2005, scaled to the mean and standard deviation of
the regional rainfall series for 1902-2005. Annual values are plotted
in gray and a 20-year smoothing spline in black. The fitted smoothing

running correlation between actual and reconstructed
rainfall was always significant (P < 0.05; Fig. 4c). Con-
sequently, we used the model from the full period to
reconstruct rainfall for the autumn-winter (March—Sep-
tember) period back to 1655 AD (Fig. 5). We note,
however, that the reconstruction of rainfall does not capture
the full variability of the actual data series: variability of
the normalized regional rainfall series from 1902 to 2005
was 0.78, whereas variability of the normalized recon-
struction of rainfall for the same period was 0.44.

@ Springer

spline is designed to emphasise variation occurring at the scale of
20 years or longer. The mean of the reconstructed rainfall series is
234.28 £+ 38.0 mm

3.4 Multi-decadal variability in autumn—winter rainfall

Over the last 350 years autumn—winter rainfall has varied
substantially at the multi-decadal scale (Fig. 5). Based on
the 20-year spline fitted to the annual values, which
emphasises lower frequency variability, periods of above
average rainfall occurred 1660-1675, 1785-1800, 1815-
1830, 1910-1925 and 1960s to mid 1970s (Fig. 5). An
extended period of slightly below average rainfall occurred
from 1675 to around 1715, with periods of dry conditions
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also from 1735-1745, 1830-1860, 1875-1895, 1925-1955
and 1975-1985 (14 mm below average). The 1940s to
early 1950s was the driest period of the last 350 years,
when rainfall was 18 mm below the long-term average. In
contrast, the 1820s were the wettest; rainfall was around
23 mm above average.

The MTM spectral analysis of the rainfall reconstruction
also provides evidence for variability in rainfall operating
at the multi-decadal and inter-annual scale (Fig. 6). Sig-
nificant peaks (exceeding the 95 and 90% confidence
levels) at periodicities of 2.1 and 2.6 years were identified
from the actual rainfall series (Fig. 6a). Although spectral
analysis of the rainfall reconstruction over the same 1902—
2005 period did not detect this high frequency component
(Fig. 6b), significant peaks (at the 99% confidence level)
were identified in the full-length (1655-2005) reconstruc-
tion of rainfall at periodicities of 2.1 and 2.6 years
(Fig. 6¢). Furthermore, the spectral analysis indicates a
significant peak in the full-length reconstructed and actual
rainfall series in the 3.6—4.2 year bandwidth. Notably, the
spectrum of the rainfall reconstruction also suggests a low
frequency component: spectral analysis of the 1902-2005
portion of the rainfall reconstruction detects a broad and
significant peak (at the 99% level) centred at a periodicity

of 26 years (Fig. 6b), while there is also a significant peak
(at the 90% level) at 27.7 years in the spectrum of the full
rainfall reconstruction (Fig. 6¢). This peak was not evident
from the actual rainfall data.

4 Discussion

Our reconstruction extends available data on past rainfall
for southern Western Australia by threefold and is a sig-
nificant development for palaeoclimatology in mainland
Australia. We clearly demonstrate that tree rings of C.
columellaris provide new opportunities to develop long
records of past rainfall and its variability. The Lake Tay
chronology was positively and strongly correlated with
autumn—winter rainfall, reflecting the relationship between
rainfall and soil water availability and the importance of
both the amount and variability of water availability for
growth processes in semi-arid environments. The autumn—
winter period is when the southern region receives much of
its rainfall (around 70%) and it is unsurprising that rainfall
during this time is a significant influence on tree growth.
Autumn—winter rainfall in southern Western Australia is
generally associated with both low pressure systems (cold
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fronts) in the midlatitude zone (40° to 50°S) and north—
west cloud bands, which form east of a large trough off the
coast of Western Australia as warm, moist subtropical air
moves south-west and ascends.

Few other studies have developed tree-ring width
chronologies from Callitris, even fewer have undertaken
analysis of the climate signals retained by these chrono-
logies and none have attempted to reconstruct rainfall using
modern dendrochronological methods. We found a corre-
lation of —0.39 between summer (January—February)
rainfall and a 6'®0 chronology developed from C. colu-
mellaris in the Pilbara, north-western Australia (Cullen and
Grierson 2007). Baker et al. (2008), in an investigation of
the dendroclimatic potential of C. intratropica in northern
Australia, reported a correlation of 0.53 between a chro-
nology developed from a 45 year old plantation and
rainfall in the early part of the monsoon season (October—
December). Chronologies developed from Taxodium dis-
tichum in south-eastern USA explained 54-68% of
observed variation in spring rainfall (Stahle and Cleaveland
1994). Similarly, the two species commonly used to
reconstruct rainfall and drought in North America, Pseud-
ostuga menziesii and Pinus ponderosa, typically capture
50-60% of variation in seasonal or annual rainfall (e.g.
Gonzalez-Elizondo et al. 2005; Watson and Luckman
2001, 2004). However, several studies have developed
reconstructions using models where <40% of rainfall varia-
tion was related to growth (e.g. Buckley et al. 2004; Case
and MacDonald 1995). In contrast, our model to predict
past rainfall using tree rings explained 54% of variation in
regional rainfall and compares favorably to other dendro-
chronological studies focused on reconstructing rainfall.

4.1 Multi-decadal variability in rainfall over the last
350 years

Our reconstruction of autumn—winter rainfall reveals that
rainfall in our study area has varied at the multi-decadal
scale over the last 350 years. Reconstructed rainfall exhibits
fluctuations from dry periods that often last 20-30 years to
periods of above average rainfall that tend to persist for only
15 years or so. Spectral analysis of the reconstructed rain-
fall series provides further evidence for multi-decadal
periodicities in rainfall in the region, with a spectral density
peak at around 26-28 years. We believe these periodicities
reflect real low frequency variability in rainfall (Rodionov
2006), but further efforts to develop an even longer chro-
nology and chronologies from nearby regions are needed to
confirm this belief. In addition, and although our recon-
struction does not capture the full range of natural
variability in rainfall, because of the limitations inherent in
using regression analysis to (back) predict data, our data are
consistent with climate modelling studies for the wider
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region. Simulations of winter (June—August) rainfall over
SWWA using the CSIRO Mark 3 climate model (Gordon
et al. 2002), run over both a 100 and 500 year period, found
that modeled rainfall exhibited drying trends lasting 20-
30 years (Cai et al. 2005; IOCI 2005).

There is increasing evidence that sustained dry periods
are a natural part of the rainfall regime for southern Wes-
tern Australia; however, the drivers of this variation remain
unclear. In the CSIRO Mark 3 model, cycles in rainfall
were found to be an expression of variation in high-
intensity rainfall events associated with inter-decadal
variability in SAM, the principle mode of variability in
Southern Hemisphere climate (Cai et al. 2005). Moreover,
the decline in rainfall in recent decades coincides with an
upward trend in SAM since 1965 (Li et al. 2005). Alter-
natively, Samuel et al. (2006) considered that the decline in
rainfall was associated with a large-scale climatic shift over
the southern and western Indian Ocean, evident as a switch
from negative to positive SSTs around 1970.

In contrast, we found little evidence to support a con-
nection between winter rainfall in the Lake Tay region and
SAM or Indian Ocean SSTs: correlations between our tree-
ring chronology and these climate indices were weak. In
the case of SAM, the weak correlations might be due to the
relative shortness of the observational records (<60 years).
On the other hand, the weak correlation between tree rings
and Indian Ocean SSTs could reflect a lack of a direct
connection between the Indian Ocean and rainfall in our
study area: the physical mechanism by which Indian Ocean
SSTs might affect rainfall in SWWA, let alone the wider
southern Western Australia region, is not yet understood
(Samuel et al. 2006). We expect that future studies using
tree rings of Callitris might be able to contribute more
directly to questions about long term climate variability in
the SWWA proper.

Our data suggests long-term, natural variation in rainfall
in our study area is more likely to be due to low-frequency
variation in the ENSO, one of the largest sources of natural
variability in global climates (Allan et al. 1996). We found
a significant, albeit relatively weak, positive correlation
between the Lake Tay chronology and the Climatic
Research Unit’s SOI, a commonly used measure of ENSO.
Many other studies have shown that ENSO affects rainfall
in Australia, including southern Western Australia, with
lower rainfall when the SOI is negative (Nicholls et al.
1996). Furthermore, the spectral peaks evident in the 2—
4 year period in our rainfall reconstruction (and actual
rainfall series) are consistent with the well-recognised
periodicities in ENSO, which occur at 2.0-2.2 and
4.3 years (Jiang et al. 1995). However, ENSO also contains
an inter-decadal component (Allan et al. 1996). Although
the drivers of such low-frequency variation in ENSO are
not yet fully understood, the impact of ENSO on
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Australia’s climate appears to be modulated by the Inter-
decadal Pacific Oscillation, or IPO (Power et al. 1999). The
IPO is an index of sea surface temperatures over the Pacific
Ocean and cycles over a 15-30 year period (Power et al.
1999), consistent with cycles in tree growth apparent in our
study. Future studies aimed at exploring the relationship
between large-scale atmospheric modes such as ENSO and
IPO, and tree growth of Callitris have potential to help
determine the underlying causes of multi-decadal variation
in rainfall in southern Western Australia.

5 Conclusion

The south-west region of Australia is currently experiencing
a sustained decline in rainfall, as are many other regions of
the world. Understanding low-frequency (inter-decadal and
longer) variability in climate is the key to disentangling
human-induced climate change from natural climate varia-
tion. However, much of our understanding of rainfall
variability for the southern hemisphere in particular comes
from short observational records (<100 years) and climate
modelling studies. Our reconstruction of autumn-winter
rainfall for a local region of southern Western Australia
indicates that, over the last 350 years, rainfall has naturally
varied from relatively dry periods lasting to 20-30 years to
15-year long periods of above average rainfall. Furthermore,
these low frequency cycles in rainfall may be a reflection of
variability in ENSO, although further exploration of the
relationships between ENSO and tree growth is required.
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