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Key Points:

e We investigate the concurrent response of annual rainfall and streamflow to multiple
climate variability modes and their interactions

e Climate modes have divergent influences on streamflow and rainfall between and within
regions

e In comparison with extreme high rainfall/streamflow, a higher number of extreme low
rainfall/streamflow events are related to climate modes

Abstract

Links between climate variability modes, rainfall, and streamflow are important for understanding
the trajectories of change and dynamics in water availability. In this paper, we examined the
influence of the EI Nino Southern Oscillation, Indian Ocean Dipole, Southern Annular Mode, and
Interdecadal Pacific Oscillation modes on interannual variations in rainfall and streamflow in four
hydroclimate regions. We also explored the link between climate variability modes and extreme
rainfall and streamflow years. Climate mode indices, rainfall, and streamflow data from 1975 to
2018 were analyzed for 92 predominately forested catchments located across temperate Australia.
Climate modes had divergent influences on streamflow and rainfall between and within regions.
Across temperate Australia, a higher proportion of interannual variation in rainfall was explained
by climate modes than for streamflow, indicating factors other than atmosphere-ocean phenomena
are important in determining interannual streamflow variability. Extremes in rainfall and
streamflow across regions were related to the co-occurrence of climate modes, with a stronger
relationship between teleconnections and low rainfall/streamflow years than high
rainfall/streamflow years. The study provides new insights into the regional drivers of hydrological
extremes and consolidates our understanding of the role of teleconnections on water availability
in the temperate zone of Australia.

1 Introduction

Temperate regions of Australia are characterized by high interannual and interdecadal rainfall and
streamflow variability (Chiew & McMahon, 2002a; Kiem & Verdon-Kidd, 2009; King et al., 2014;
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Potter & Zhang, 2009; Risbey et al., 2009; Zhang et al., 2016) including the occurrence of extreme
rainfall events (King et al., 2014; Ummenhofer et al., 2009). This temporal variability of rainfall
and streamflow and how it plays out across the continent are strongly affected by climate
variability modes, driven by anomalies in Sea Surface Temperature (SST) and their interactions
with atmosphere circulations (Biondi et al., 2001; Deser & Phillips, 2009; McBride & Nicholls,
1983; Meneghini et al., 2007; Nicholls, 1989; Power et al., 1999; Saji et al., 1999). Connections
between climate anomalies at broad spatial and temporal scales are termed teleconnections (Archer
& Fowler, 2004; Cai et al., 2011a). In Australia, the teleconnections are complex and are primarily
characterized by the EI Nino Southern Oscillation (ENSO) (Chiew & McMahon, 2002a; Hill et
al., 2009; McBride & Nicholls, 1983; Verdon et al., 2004), Indian Ocean Dipole (IOD) (Ashok et
al., 2003; Cai et al., 2011a; Nicholls, 1989; Raut et al., 2014; Risbey et al., 2009), Southern Annular
Mode (SAM) (Feng et al., 2010; Kuhnel et al., 1990; Meneghini et al., 2007), and the Interdecadal
Pacific Oscillation (IPO) (Power et al., 1999; Verdon et al., 2004).

The effects of climate variability modes on rainfall and streamflow vary temporally and spatially
(Risbey et al., 2009; Rose et al., 2001). ENSO is the interaction between the atmosphere and the
tropical Pacific Ocean; it has three phases: La Nina, El Nino, and neutral (McPhaden et al., 2006;
Rasmusson & Wallace, 1983). ENSO influences climate in many parts of the world and is
connected to rainfall and streamflow anomalies over northern, eastern, and central parts of
Australia, with increased rainfall typically occurring during La Nina phases (Cai et al., 2011a;
Chiew & McMahon, 2002a; Chiew et al., 1998; McBride & Nicholls, 1983; Peel et al., 2002;
Piechota et al., 1998; Power et al., 1998; Risbey et al., 2009; Verdon et al., 2004). 10D is the
interaction between atmosphere circulations and SST in the tropical Indian Ocean (Saji et al.,
1999). 10D influences rainfall in Indonesia and eastern Africa (Saji et al., 1999), and is linked to
regional rainfall variability over central, southern, and southwest Australia particularly in the June-
October period. Typically, more rainfall occurs during the negative 10D phases in Australia
(Ashok et al., 2003; Meyers et al., 2007; Risbey et al., 2009; Ummenhofer et al., 2009). SAM is
an extratropical phenomenon caused by anomalies of SST and westerly winds around Antarctica
(Gong & Wang, 1999). The effects of SAM on Australian rainfall vary depending on the region
and season. Declines in rainfall in southwest and southeast Australia during winter and in western
Tasmania during summer are linked with a positive SAM. A positive SAM is also associated with
the increase in rainfall during summer in the southern east coast of Australia (Ho etal., 2012; Kiem
& Verdon-Kidd, 2009; Kuhnel et al., 1990; Meneghini et al., 2007; Risbey et al., 2009). IPO is the
interdecadal interactions between the atmosphere and the tropical Pacific Ocean, and it is linked
with decadal climate variability in eastern Australia (Cai & Van Rensch, 2012; Folland et al., 2002;
Franks, 2004; Kiem & Franks, 2004; Verdon & Franks, 2006), with more rainfall occurring during
negative IPO phase (Henley & King, 2017; Henley et al., 2015; Power et al., 1999; Verdon et al.,
2004). The cycles of the IPO are closely related to the Pacific Decadal Oscillation (PDO), with the
latter representing the North Pacific (Folland et al., 2002; Mantua et al., 1997) and the former the
whole Pacific basin (Power et al., 1999). Climate variability modes interact together; forming
complex climate systems due to their simultaneous atmospheric and oceanic oscillations (Behera
etal., 2006; Wise et al., 2015; Yu et al., 2015; Yuan & Li, 2008). The interactions between climate
modes have been found for ENSO and 10D (Behera et al., 2006; Cai et al., 2011a; Meyers et al.,
2007; Risbey et al., 2009), ENSO and IPO (Cai & Van Rensch, 2012; Kiem et al., 2003; Risbey et
al., 2009; Verdon et al., 2004), and ENSO and SAM (Pohl et al., 2010).
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In the temperate zone of Australia, there is evidence that climate change is influencing spatial and
temporal patterns of rainfall and streamflow, although the effects of climate change vary between
regions and are difficult to ascertain due to high interannual variability (Head et al., 2014; Nicholls
& Collins, 2006). Further impacts are predicted under future climate change (Chiew & McMahon,
2002b; Petrone et al., 2010; Silberstein et al., 2012). Although climate change significantly affects
streamflow, these effects are not linear with the changes in rainfall, nor are they spatially uniform
(Saft et al., 2015; Saft et al., 2016; Silberstein et al., 2012). Changes in rainfall/runoff coefficient
and shifts in streamflow after long-term droughts suggest that variable hydrologic responses are at
work, influencing both annual streamflow and post-drought recovery times (Petrone et al., 2010;
Saft etal., 2016). Studies have found a non-linear decrease in streamflow/rainfall ratios, with some
catchments exhibiting no recovery of streamflow following the end of the Millennium Drought
(2001-2009) in southeastern Australia (Saft et al., 2015; Saft et al., 2016).

To understand the implications of a changing climate and climate variability (i.e., cycles of wet
and dry periods) on water availability and extreme hydrological events we need to understand how
atmosphere-ocean processes have shaped the observed variability of rainfall and streamflow.
Existing studies have identified some key links between water availability and climate variability
modes for Australia. For example, Hendon et al. (2007) showed that in the southeast, southwest,
southern east coast of Australia and western Tasmania, SAM accounts for 15% of the weekly
variance in winter rainfall. Risbey et al. (2009) found that ENSO explains up to 25% to 50% of
rainfall variance, depending on the season and region in Australia. Van Dijk et al. (2013) found
that three to four climate phenomena explained 53% to 73% of the variance in 5-year rolling
average patterns of precipitation across Australia. Piechota et al. (1998) suggested that in south-
east Australia, ENSO can be used to help forecast spring runoff and for the east coast and north-
east Australia summer runoff. Kiem and Verdon (2009) found that ENSO alone accounts for a
small proportion of streamflow variability in Victoria. Verdon et al. (2004) found a strong
relationship between seasonal streamflow and ENSO and IPO in New South Wales (NSW),
Queensland (QLD), and Victoria (VIC). They showed that streamflow during the La Nina phase
in NSW and QLD increased significantly while La Nina effects declined southward towards VIC.
The study also found that wetter conditions during La Nina events occurred when the IPO was in
the negative phase.

The above referenced studies have produced important knowledge of these crucially important
hydrologic questions. However, there are difficulties in obtaining a consolidated understanding of
the climate mode-hydrology interactions for four reasons. The first is that the existing studies have
used a range of methodologies and data records, including a number of studies that focused on
either rainfall or streamflow but not both, and the inconsistent use of climate modes. Secondly,
there is variable regionalization, which is often somewhat arbitrary with respect to climate
phenomenon and ecohydrology. Third, the majority of studies are correlative rather than
predictive. Fourth, few studies explored the role of climate modes on both means and extremes in
rainfall or streamflow. The varying approaches make it difficult to understand the implications for
streamflow and water availability in temperate forests when considered alongside climate
change and ecohydrological factors such as wildfire and dynamic runoff ratios.

In this paper we provide consolidated analysis of teleconnections and hydrology across
the temperate forests of Australia with an emphasis on the following key aspects that are important
to our understanding effects of teleconnections in the context of a changing climate and other
sources of streamflow variability:
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« Predictability - we develop and test models, rather than correlative interactions;

e Regionalization — we constrain the analysis to the temperate forests of Australia and
structure our study around natural resource management (NRM) regions, which are
meaningful in the context of climate change and climate drivers; and,

e We address the influence of climate modes on both means and extremes in rainfall and
streamflow - both measures of change are important and may have different levels of
connection with regional climate drivers

To address these constraints, and to provide a consolidated analysis of teleconnections and their
implications for water availability in temperate forests of Australia (Figure 1), this study
investigated the concurrent response of annual rainfall and streamflow to multiple climate modes
and their interactions. To account for non-symmetry in extreme hydroclimate conditions and their
links to climate modes we specifically analyzed the relationship between dry/wet extremes and
concurrent climate modes. The paper aimed to answer the following questions:

1. How do hydroclimate regions of temperate Australia compare in terms of interannual rainfall
and streamflow variability?

2. What is the multivariate influence of ENSO, 10D, SAM, and IPO on annual rainfall and
streamflow, and do their responses vary?

3. What are the relationships between hydrological extremes and concurrent phases of climate
modes?

2 Methods
2.1 Study area

The study design was structured around two climate classification schemes; the Koppen-Geiger
climate classification (Peel et al., 2007), which was used to define the Australian temperate zone
(Figure 1a), and the Natural Resources Management (NRM) classification system (NRM regions,
2020) which was used to assign study catchments to different geographic regions within the
Australian temperate zone (Figure 1b). The NRM classification system clusters catchments and
regions based on broad-scale climate and biophysical factors and based on their potential
vulnerability to the impact of climate change (NRM regions, 2020). There are five NRM clusters
within the temperate zone: Southern Slopes (SS), Murray Basin (MB), East Coast (ES), Central
Slopes (CS), and Southern and Southern West Flatlands (SSWF) (Figurelc).

Catchments in these regions are typically dominated by native Eucalyptus forests. Forest types
range from open woodland to tall wet forests. The terrain is highly variable with some areas within
the Great Dividing Range located along the east coast having headwaters in steep dissected
uplands. In other areas, such as western Victoria and the southern parts of western Australia, the
catchments are in less rugged terrain. Mean annual rainfall and seasonality is also highly variable.
In the south of western Australia, the mean annual rainfall is 694 mm/year with most falling in
winter (Charles et al., 2010), while in southeast Australia mean annual rainfall across the study
area is 953 mm/year. Rainfall also varies at a local scale. For example, the western part of
Tasmania is mountainous and subjected to orographic rainfall while the east part is flat. The
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combination of effects of strong orographic and westerly airstreams leads to a large gradient of
rainfall from the west (3000 mm) to the east (1200 mm) (Bennett et al., 2012; Hill et al., 2009).

<<<<<<<<<<<<<<<Figure 1 here>>>>>>>>>>>>>>>

Within each region, suitable study catchments were selected based on the availability of
streamflow data, according to the following criteria:

1. catchments with the longest streamflow data records (catchments with concurrent streamflow
and rainfall data from 1975 to 2018),

2. streamflow for these catchments were not affected by upstream diversions or impoundment;
and,

3. spatial distribution of catchments across the regions.

Based on these criteria, 22 catchments in SS, 15 catchments in EC+CS, 46 catchments in MB, and
9 catchments in SSWF were selected (Table 1). Due to the small number of qualifying catchments
in EC and CS, the catchments in these two regions were considered in one group (ES+CE). More
information about the catchments and their attributes was provided in the supplementary material
(Tables S1 (SS), S2 (MB), S3 (EC+CS), and S4 (SSWF)).

<<ggggeggggg<<<<Table 1 here>>>>>>>>>>>>>>>

2.2 Streamflow, rainfall, potential evapotranspiration, and climate indices

Monthly streamflow data for the period 1975-2018, for 88 catchments, were downloaded from
Hydrologic Reference Stations (HRS) (Bureau of Meteorology, 2019a). Streamflow data for three
catchments in SSWF (Canning River, Dombakup Brook, Shannon River) and one catchment in SS
(Anson Rivers) were downloaded from the Water Data Online (Bureau of Meteorology, 2019b).
The HRS stations are high-quality monitoring sites operated by the Bureau of Meteorology (BoM)
to determine long-term trends of streamflow variability and predict water availability across
Australia's hydroclimatic regions. These sites have been defined based on criteria such as not being
affected by dams or, irrigation infrastructure upstream, and that there is a minimal land-use change
in the catchment upstream (Bureau of Meteorology, 2019c). For the HRS dataset, the median
uncertainties in the mean response of the available gauged discharge ranged from +4.5 to —4.2%
(McMahon & Peel, 2019). The definition by BoM for water years in these catchments varied from
March to February, February to January, or October to September. In this study, we have used the
calendar year from January to December to ensure that the duration of streamflow records analyzed
for all catchments was standardized.

This article is protected by copyright. All rights reserved.



Spatially interpolated rainfall data from 1975 to 2018 were collated for each catchment.
Catchments were first delineated from the Shuttle Radar Topography Mission (SRTM) digital
elevation model dataset with a cell size of 0.00416 degrees (USGS, 2019). Rainfall data for each
catchment was then extracted from the gridded rainfall dataset that forms part of the Australian
Water Resource Assessment Landscape (AWRA-L) project. These interpolated grids are produced
for the Australian continent based on rainfall data from 6500 rainfall gauge stations and
interpolated to a 0.05 degree (approximately 5x5 km) (Frost et al., 2016). The accuracy of daily
rainfall in these grids, described in (Beesley et al., 2009) is estimated to be in the order of 0.01
mm, 0.85 mm, and 3.43 mm for mean error, mean absolute error, and root mean square error,
respectively. Since interannual variability in rainfall is a critical part of our study we compared the
range of coefficient of variation of annual rainfall from the interpolated rainfall dataset with 50
gauged rainfall stations across temperate Australia to test the robustness of the interpolated data.
Potential Evapotranspiration (PET) in AWRA-L is calculated on a 0.05 degree national grid using
the Penman equation (Penman, 1948). The daily gridded minimum and maximum temperature,
downward solar irradiance, and wind speed at 2 m were used to produce the PET dataset (McVicar
et al., 2008).

Historical records of indices of climate variability modes were derived from available online data.
NINO 3.4, Dipole Mode Index (DMI), and Tripole Index (TPI) for the Interdecadal Pacific
Oscillation were downloaded from the Global Climate Observing System (GCOS) Working Group
on Surface Pressure (WG- SP) (WGSP, 2019). The SAM history index was downloaded from the
Climate Data Guide dataset (Climate Data Guide, 2019). NINO 3.4 is an index used to measure
the development and intensity of ENSO. It is the area-averaged SST from 5S-5N and 170-120W
calculated from the HadISST1 (Rayner et al., 2003). DMI is used to measure the 10D. It is the
anomalous Sea Surface Temperature (SST) gradient between the western (50E-70E and 10S-10N)
and the southeastern (90E-110E and 10S-0N) equatorial Indian Ocean (Saji & Yamagata, 2003).
SAM index is the difference of zonal mean sea level pressure between 40°s and 65°S (Marshall,
2003). TPl is an index to measure IPO. It is based on the difference between the SSTA (Sea Surface
Temperature Anomaly) averaged over the central equatorial Pacific and the average of the SSTA
in the Northwest and Southwest Pacific (Henley et al., 2015). There are other indices used to
measure IPO (e.g. Cai & Whetton, 2001; Folland et al., 1999; Folland et al., 2002; Mantua et al.,
1997; Parker et al., 2007; Power et al., 1999). The UKMO IPO index (Folland et al., 1999; Folland
et al., 2002) is a commonly used IPO index used to define the relationship between Australian
rainfall/streamflow with IPO. The TPI represents the IPO phenomenon in a more stable and robust
manner than the UKMO IPO index, and it is explicitly aligned with the observed spatial pattern of
the IPO (Henley et al., 2015; Henley et al., 2017). There is however a strong correlation between
TPI and the UK Met Office IPO index (Henley et al., 2015). The correlation between two indexes
ranges from 0.92 to 0.97 for different datasets of TPl and UK Met Office IPO. For filtered datasets,
the correlations range from 0.85 to 0.97 (Henley et al., 2015). Further information about TPI and
IPO indices and their differences is provided in Henley et al (2015).

The length of the collected dataset was defined based on the availability and quality of streamflow
data. To capture the historical trends and variability of IPO, which is an interdecadal climate
variability mode, a number of catchments with longer records of streamflow data are required.
Unfortunately, across our study region, the amount of data on streamflow extending before 1975
decreased with increasing time such that among the selected catchments only 4 catchments had 68
years of streamflow data (68 is the maximum length), and 19 catchments (5 in SS, 6 in MB, 3 in
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SSWEF, and 5 in EC+CS) had streamflow data < 68 and > 60 years. These nineteen catchments do
not provide a sufficient sample size nor a representative sample of the spatial coverage of
hydroclimate regions in the Australian temperate zone for a robust analysis. Furthermore,
catchments with a longer duration of data are subject to data quality issues. To address potential
biases that may have influenced our data from 1975 onwards we compared the statistical
distribution and standard deviation of the TPI data from 1975 to 2018 with the data from 1900 to
1975 and data from 1900 to 2018. The statistical distribution and standard deviation for all climate
mode indices for these three periods were approximately equal. The standard deviation for IPO
time series data from 1976-2018 was 0.60 and for IPO data from 1900 to 1975 and from 1900 to
2018 was 0.64 and 0.62, respectively.

2.3 Analyses
2.3.1 Variation and trend in annual rainfall and streamflow

To understand how annual rainfall and streamflow varied between and among catchments in each
region we analyzed the coefficient of variation (CV), standard deviation, and mean of the
interannual variability of rainfall and streamflow for each catchment using data between 1975 to
2018. These were summarized according to hydroclimate regions. The relationship between
changes in the range of CV of streamflow among catchments from one region to another and
hydroclimate factors (mean annual rainfall and PET) in those regions were analyzed to understand
how the range of CV of streamflow in each region is related to mean annual rainfall and PET.

Precipitation patterns have changed across temperate Australia since records began due to changes
in climate (Bureau of Meteorology, 2021a). To account for the possible bias imparted into our
analysis by continued climate forcing on precipitation and streamflow patterns we undertook a
trend analysis of annual rainfall and streamflow between 1975 to 2018 for each region. For this
analysis, we used the Mann-Kendall (MK) trend test (Hamed, 2008; Hamed & Rao, 1998). We
used the Hamed and Rao Modified MK Test which uses a variance correction method to improve
trend analysis and consider serial autocorrelations (Hamed & Rao, 1998). The significance level
in our analysis was 0.05. For more information about the MK trend test see Supplement text S1.

2.3.2 Effects of climate modes on rainfall and streamflow

Random forest machine learning models were used to investigate the combined effects of climate
modes (ENSO, 10D, SAM, and IPO) on rainfall and streamflow in each hydroclimate region (SS,
MB, EC+CS, and SSWF). Random forest is a bagging ensemble learning method that can consider
complex interactions between variables and constructs multiple classifiers or regressors trees and
aggregates their results (Breiman, 2001, 2002). Recent studies have shown that random forest is a
robust modeling approach for predicting water resources in comparison with other models such as
support vector regression, artificial neural networks, and linear models (Li et al., 2016; Tyralis et
al., 2019). For more information on random forest models see Supplement text S2.

The association between annual rainfall and streamflow with climate modes in each region was
modeled in two steps. In the first step, data were split into a train set and test set. We allocated
80% of the data to the train set and 20% to the test set. The random forest model was trained using
train set data. In step two, the model was evaluated using the test set, and the Explained Variance
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(EV) and Feature Importance (FI) metrics were calculated for each region. The importance of each
variable in the random forest model is estimated by defining how much the error in prediction
increases when data for that variable is changed while other variables are held constant (Breiman,
2002; Liaw & Wiener, 2002).

2.3.3 Concurrent effects of climate modes on hydrological extremes

Hydrological extremes were examined in relation to the two most influential climate modes in
each region. The two climate modes with the highest association were determined by the outputs
from our statistical analysis. The number of years with extremely low or high annual rainfall and
streamflow during concurrent phases of climate modes was determined for catchments in each
region. Extreme rainfall years were defined based on the definition by BoM for rainfall percentiles.
According to BoM, 10th percentiles of a time series of rainfall are designated as extreme low
rainfall and 90th percentiles as extreme high rainfall (Bureau of Meteorology, 2019d). The
probability of extreme low annual rainfall years for each concurrent phase of climate modes was
then calculated by dividing the number of years with extreme low annual rainfall during that
concurrent phase by the total number of years with extreme low rainfall. The relationship between
hydrological extremes with concurrent phases of climate modes was tested using a contingency
table and the chi-square test. Probability density functions for each of the climate modes were
calculated to quantify the relationship between the extreme events across the range of each climate
mode index. The same analysis was performed for streamflow extremes.

3 Results
3.1 Variation and trend of annual rainfall and streamflow

The CV in annual streamflow was higher than the CV in annual rainfall for each region (Figure
2a). The increased CV in streamflow was due to the higher standard deviation in annual streamflow
compared to rainfall (Figure 2b) relative to the mean values of annual rainfall and streamflow
(Figure 2c). The range of the CV provided a standardized metric that allows for comparisons in
interannual variability of streamflow and rainfall to be made within and between regions. Figures
S1 (SS), S2 (MB), S3 (EC+CS), and S4 (SSWF) in the supplementary material provide additional
information about the CV of streamflow and rainfall among catchments in each region. Our
analysis of the range of the CV of gauged rainfall stations for 50 catchments showed that the range
of the CV of rainfall was between 0.12 and 0.3 (Figure S9 in the supplementary material) which
was consistent with our analysis based on interpolated rainfall data.

The range of interannual variability in streamflow among catchments in MB was larger than in
other regions. In the EC+CS, the range of the variation in annual streamflow was smaller than in
other regions but most of the catchments in this region had a high CV in streamflow. The difference
in the variation range of streamflow and rainfall also varied from region to region. This difference
in the ranges was greater in SSWF than in other regions. Analysis of the relationship between the
CV of streamflow and hydroclimate factors showed that with increasing mean annual rainfall
(Figure S5) (which corresponded to decreasing mean annual PET (Figure S6)) and mean annual
streamflow (Figure S7), the CV of streamflow decreased. With decreasing mean annual rainfall
and annual streamflow, the CV of streamflow increased. With an increasing CV of rainfall, the
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CV of streamflow increased (Figure S8). These results highlighted that areas with a drier climate
have higher inter-annual variability in rainfall and streamflow.

<<<<<<<<<<<<<<<Figure 2 here>>>>>>>>>>>>>>>

The trend analysis showed that there was no trend in rainfall from 1975 to 2018 in Australian
temperate regions (Figure 3). There was also no trend in streamflow in the SS (Figure 3a) and
EC+SC (Figure 3c). Streamflow in the MB (Figure 3b) and SSWF (Figure 3d) showed a decreasing
trend (MB Mann-Kendall test: p = 0.025, slope = 0.022, in SSWF Mann-Kendall test: p = 0.026,
slope = 0.021). The trend of decreasing streamflow in SSWF and MB has been reported previously
(Petrone et al., 2010; Potter et al., 2010; Silberstein et al., 2012; Zhang et al., 2016). The decrease
in streamflow in the MB is a response attributed to the Millennium Drought (Van Dijk et al., 2013).
Table S5 in the supplementary material provides more information about the Mann-Kendall trend
test for rainfall and streamflow in each region.

<<<<<<<<<<<<<<<Figure 3 here>>>>>>>>>>>>>>>>

3.2 Climate modes and variation of annual rainfall

More than 50% of the variation of annual rainfall was explained by climate modes in the SS (51%),
MB (84%), EC+CS (57%), and SSWF (74%) (Figure 4). A higher proportion of annual rainfall
variability in SS (Figure 4a) and MB (Figure 4b) was explained by IOD and ENSO. Annual rainfall
variability in EC+CS (Figure 4c) was mostly explained by IPO and ENSO. The variability of
rainfall in SSWF (Figure 4d) was more associated with ENSO and I0D. The relative importance
of SAM and IPO for rainfall suggests that these modes are also important in the SSWF. To account
for potential bias in our results due to the 1975-2018 time period, we repeated the analysis for
rainfall data from 1957 to 2018. The results of this analysis showed there was no difference in
explained variance for SS and MB, and a small difference for SWWF and EC+CS (-0.03% to -
0.05%). There were also some minor differences (0 to 6%) between the relative importance of
climate modes. However, these differences are lower in terms of the absolute importance of climate
modes (absolute importance is calculated by multiplying the relative importance of climate modes
in explained variance). Figure S10 in the supplementary material provides more information on
the explained variance and relative importance of climate modes on rainfall data from 1957 to
2018.

<<<<<<<<<<<<<<<Figure 4 here>>>>>>>>>>>>>>>>
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3.3 Climate modes and variation in annual streamflow

Less variation in streamflow compared to rainfall was explained by climate modes in the SS (36%),
MB (70%), EC+CS (54%), and SSWF (62%) (Figure 5). Streamflow variability in SS had the
weakest association with climate modes (Figure 5a). In the SS, MB, and SSWF (Figure 5a, 5b, 5d)
streamflow variability was more related to the IOD. The annual variation of streamflow in EC+CS
(Figure 5c) was highly related to IPO and SAM.

<<<<<<<<<<<<<<<Figure 5 here>>>>>>>>>>>>>>>>

3.4 Concurrent effects of climate modes on extreme high and low annual rainfall

The occurrence of hydrological extremes during concurrent phases of climate modes varied within
the biophysical regions of the Australian temperate zone (Figure 6). In the SS and MB, 82% and
96% of extreme low annual rainfall years, respectively, were correlated with concurrent EI Nino
and positive 10D events (Table 2). In the EC+CS, 92% of extreme low annual rainfall years
occurred during concurrent positive IPO and EI Nino events. In the SSWF, 66% of extreme low
annual rainfall years occurred during concurrent positive IOD and EIl Nino events. In the EC+CS,
73% of extreme high annual rainfall years were correlated with concurrent La Nina and negative
IPO events. The probability density plots (see Figure 6) highlighted that years with extreme
low/high rainfall coincide with positive/negative phases of concurrent climate modes. For
example, in the SS (Figure 6a) and MB (Figure 6b) when the 10D was > 0.3 and ENSO was > 0.7
all extreme events were low events. In the MB and SWWF (Figure 6d) there were no extreme low
rainfall events when IOD and ENSO were less than zero. Figure S11 and Table S6 in the
supplementary material provide data on extreme high and low rainfall and the number of
catchments that experienced extreme rainfall during each event of concurrent climate modes.

<< <<g<<<<<<Figure 6 here>>>>>>>>>>>>>>>>

<<gggggggggg<<<Table 2 here>>>>>>>>>>>>5>>>>

3.5 Concurrent effects of climate modes on extreme high and low streamflow

The relationship between concurrent phases of climate modes and extreme high and annual
streamflow also varied by region (Figure 7). In the SS, MB, and SSWF, 83%, 76%, and 89% of
extreme low annual streamflow years, respectively, were correlated with the concurrent positive
SAM and positive 10D (Table 3). In the MB, 51% of extreme high annual streamflow years were
associated with the negative SAM and negative IOD. In the EC+CS, 80% of extreme high annual
streamflow years were related to La Nina and negative IPO. The corresponding figure for low
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annual streamflow years during ElI Nino and positive IPO in EC+CS was 87%. The probability
density plots showed that a higher number of extreme low streamflow events in the SS (Figure
7a), MB (Figure 7b), and SWWF (Figure 7d) occurred when SAM was > 0 and 10D was > 0.
Table S7 in the supplementary material provides a summary of data on extreme high and low
streamflow and the number of catchments that experienced extreme streamflow during each event
of concurrent climate modes.

<<<<<<<<<<<<<<<Figure 7 here>>>>>>>>>>>>>>>>

<ggggggggggg<<<Table 3 here>>>>>>>>>>>5>5>>>>

4 Discussion

Hydrological extremes across the Australian temperate zone are strongly influenced by concurrent
phases of climate variability modes. There are very strong relationships between the co-occurrence
phases of climate modes and years with extremely low rainfall (Table 2) and streamflow (Table
3), and in some cases the years with extremely high rainfall and streamflow. Our analysis found
that in comparison with high rainfall/streamflow events, a higher number of low annual
rainfall/streamflow events have occurred during concurrent climate modes. Thus, there is an
asymmetric response of extremes to teleconnections, with the dry extremes being more strongly
influenced by concurrent events than the wet extremes. The weak relationship between concurrent
climate modes and high extreme rainfall/streamflow may be due to the difference in the
distribution of rainfall during wet and dry years and the occurrence of some short-term climate
phenomena such as cut-off lows, frontal systems, and blocking highs which are connected to high
intensity rainfall events (Bureau of Meteorology, 2021b). Another reason could be due to
asymmetry in the duration and intensity of concurrent positive and negative phases of climate
modes. For example, Cai et al. (2012) showed that during El Nino and positive 10D the reduction
in rainfall is significantly higher than increases in rainfall during La Nina and negative 10D phases.
The results from our analyses of hydrological extremes (Figures 6 and 7; Tables 2 and 3; Figure
S11) emphasize the importance of concurrent events and provide nuanced insights into the regional
drives of extremely dry/wet years in the temperate zone of Australia, which builds on existing
work that link teleconnections and hydroclimate more generally in Australia (Cai & Van Rensch,
2012; Cai et al., 2009; Cai et al., 2011b; Chiew et al., 1998; Delage & Power, 2020; Van Dijk et
al., 2013). In particular, our results demonstrate the critical role of both IOD and ENSO in causing
extremely dry rainfall conditions across most of the temperate zone. While these results
corroborate findings in earlier work (e.g.Cai et al., 2011b; Min et al., 2013; Van Dijk et al., 2013),
our study provides a consolidated analysis of climate mode effects and interaction on hydrological
extremes across the Australian temperate zone.

This paper systematically evaluated the concurrent relative influence of multivariate climate
modes and their interactions on both rainfall and streamflow across multiple regions of the
Australian temperate zone. Our findings highlighted the divergent (different) responses of the
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streamflow to climate modes in comparison with the rainfall. Our analysis with the paired data on
rainfall and streamflow show that ENSO has a higher association with rainfall than streamflow.
Although the association between 10D with rainfall is higher than ENSO in the SS and MB, and
IPO in the EC+CS. In all regions, except EC+CS for 10D, the relative influence of IOD and SAM
on streamflow is higher than rainfall. This is consistent with previous studies. For example, Kiem
and Verdon (2009) found that ENSO accounted for a smaller proportion of streamflow variability
in Victoria, while many studies have found a strong relationship between rainfall and ENSO in
this region (e.g. Ashcroft et al., 2016; Cai et al., 2011a; Chiew et al., 1998; Ropelewski & Halpert,
1987). Moreover, teleconnections accounted for a much lower proportion of the variation of
streamflow (Figure 5) compared to rainfall (Figure 4). This may be because of the lag effects on
streamflow. We repeated the analysis for one, two, and three months of lag streamflow, but the
results remained similar. More information about the influence of teleconnections and lag effects
of streamflow is provided in the supplementary material (Figures S12, S13, and S14). Another
factor driving streamflow variability may be rainfall distributions within years (Dettinger & Diaz,
2000; Fiddes & Timbal, 2016), which can have large impacts on the conversion of rainfall to
streamflow at annual timescales. These divergent responses of streamflow and rainfall to climate
modes are important for making predictions of streamflow response to climate variability modes.

When interpreted in the context of the overall patterns of interannual variability in rainfall and
streamflow (Figure 2), our analysis of rainfall, streamflow, and links to teleconnections suggests
that catchment properties that modulate the water balance are a key consideration for predicting
the streamflow response to dynamics hydroclimatic conditions. The strength of local controls on
interannual variability depending on region, as indicated by patterns in the interannual CV of
rainfall and streamflow (Figure 2). The temporal CV of rainfall remains fairly homogenous
through the temperate zone, while temporal CV in streamflow shows distinct differences from one
region to another. These results suggest that finer-scale factors, other than rainfall and climate
drivers, are likely having a large impact on the temporal (inter-annual variability) in streamflow.
These processes will likely operate in different ways depending on geographic context and
associated ecohydrological processes. Changes to vegetation, either through land-use (Liu et al.,
2019; Webb & Jarrett, 2013) or wildfires (Feikema et al., 2013; Nolan et al., 2015), or prolonged
droughts are all possible factors at play, as are the dynamics of catchment storage and groundwater-
surface water hydraulic connections (Chiew et al., 2014; Potter et al., 2005). The role of
Evapotranspiration (ET), as the largest term in the water balance, is of particular importance. This
is supported by our analysis (in supplementary Figures S5-S8) which showed a relationship
between streamflow variability and hydroclimate factors such as mean annual rainfall and PET.

Consistent with earlier studies, our analysis shows that more arid landscapes are more variable
(both rainfall and streamflow) from one year to the next. For rainfall, this variability is primarily
a function of climate and weather, although possible feedbacks with land-use and ecohydrology
have been proposed (Andrich & Imberger, 2013; Junkermann et al., 2009). For streamflow, with
a much higher interannual variability, this variation is a function of the rainfall but more
importantly the catchment processes that govern the water balance (Jothityangkoon et al., 2001,
Ning et al., 2017; Tian et al., 2017). These processes, particularly water use by trees, are likely to
drive variability up in drier areas more than they do in wet areas where ET is less dependent on
rainfall (Deb et al., 2019; Moreno et al., 2012). Interestingly, the streamflow in more arid regions
(MB and SSWF) also appears to be more responsive to non-stationary climate, with both showing
significant decreasing trends in streamflow. While this decreasing trend in streamflow has been
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documented previously (Petrone et al., 2010; Silberstein et al., 2012; Zhang et al., 2016) our results
pointing towards this trend being stronger in drier climates is a novel finding.

Given the importance of climate modes on the temporal patterns in streamflow and rainfall
variability, our ability to predict future changes in these is contingent on our understanding of how
sea surface temperature (SST) and large-scale weather phenomena play out under increased
temperatures as predicted with climate change. Research indicates an intensification in ENSO (Cai
etal., 2018; Cai et al., 2015; Kim et al., 2014) which means increased rainfall variability. Although
the ability to simulate climate modes has improved in current climate models (e.g. from CMIP5 to
CMIPG6) (Fasullo et al., 2020; Grose et al., 2020; Jiang et al., 2021), simulating and representing
these key drivers of change in rainfall at a finer spatial scale is still a challenge for these models
(Chen & Jin, 2021; Liao et al., 2021). By linking our predictive models to these future climate
mode scenarios there is an opportunity to explore how future variability in climate modes may
influence rainfall and streamflow across Australian temperate forests without having to resort to
physical modeling to simulate catchment streamflow. However, for streamflow, where climate
modes and rainfall variability explain a lower proportion of the variability, understanding how
changes in vegetation, soil, and water use by vegetation influence streamflow variability are of
critical importance. Incorporating ecohydrological dynamics into streamflow predictions is
therefore critical for understanding future change. For example, wildfires have burnt millions of
ha. in the regions studied in this paper (Cameron et al., 2009; Filkov et al., 2020; McCarthy et al.,
2012). While responses may vary according to burn severity, species, and post-fire rainfall, a
common response is reduced evapotranspiration, which ameliorates the effect of lower rainfall
(Lane et al., 2006; Lane et al., 2010; Nolan et al., 2015). There are also hypotheses about hydraulic
disconnection (groundwater disconnecting with streams) following long dry periods that could
result in long-lasting changes to rainfall-runoff relationships (Hughes et al., 2012; Kinal &
Stoneman, 2012). Both of these examples would disconnect, to a greater or lesser degree, rainfall
and streamflow relationships and therefore the teleconnections with climate modes. However, in
the development of ecohydrological models for streamflow prediction, there is a strong need to
seek alignment between mechanisms of hydrological change and the regional hydroclimate drivers
such as climate mode variability, which influence rainfall (both the amounts and variability) and
which are directly impacted by global warming (Cai et al., 2015; Chiew & McMahon, 2002b;
Delage & Power, 2020; Kim et al., 2014; Silberstein et al., 2012).

5 Conclusions

Australian temperate zones are characterized by high variability of interannual rainfall,
streamflow, and occurrence of hydrological extremes. Climate variability modes are important
factors simultaneously influencing the high variability of interannual rainfall and streamflow in
biophysical regions of the Australian temperate zone. Hydrological extremes of low annual rainfall
and streamflow years are strongly correlated with the effects of co-occurrence phases of regional
climate modes. These years with extreme low rainfall and streamflow can be most problematic
due to a shortage of water for domestic, agriculture, and increasing the risk of more droughts and
wildfires.

Despite the consistent response for rainfall across the region, the interannual variation of
streamflow in catchments was higher than rainfall. This result was also consistent across the region
suggesting that while rainfall is an important broad-scale driver of streamflow other factors are at

This article is protected by copyright. All rights reserved.



play. We hypothesize that catchment soil and vegetation properties and disturbance history may
be influencing the streamflow variability at finer scales. This has implications for predicting future
streamflow as changes in rainfall to future climate change may not scale linearly to change in
streamflow; however, the quantified teleconnections between climate modes and rainfall and
streamflow provide a broad scale tool for understanding changes in water resource availability
across temperate Australia.

Acknowledgments

This research was funded by a Melbourne Research Scholarship, the Australian Research Council
(LP150100654), Melbourne Water Corporation, and the Victorian Department of Environment,
Land, Water, and Planning. These are links to rainfall and streamflow data, and to historical
records of climate mode indices: NINO 3.4, DMI, TPI, and SAM datasets that were used in the
research. We would like to thank the reviewers of our manuscript whose comments have greatly
improved this paper.

References

Andrich, M. A., & Imberger, J. (2013). The effect of land clearing on rainfall and fresh water resources in Western
Australia: a multi-functional sustainability analysis. International Journal of Sustainable Development &
World Ecology, 20(6), 549-563. https://doi.org/10.1080/13504509.2013.850752

Archer, D. R., & Fowler, H. J. (2004). Spatial and temporal variations in precipitation in the Upper Indus Basin, global
teleconnections and hydrological implications. Hydrology and Earth System Sciences Discussions, 8(1), 47-
61. https://hal.archives-ouvertes.fr/hal-00304788.

Ashcroft, L., Gergis, J., & Karoly, D. J. (2016). Long-term stationarity of El Nifio—Southern Oscillation
teleconnections  in  southeastern  Australia.  Climate ~ Dynamics,  46(9-10),  2991-3006.
https://doi.org/10.1007/s00382-015-2746-3

Ashok, K., Guan, Z., & Yamagata, T. (2003). Influence of the Indian Ocean Dipole on the Australian winter rainfall.
Geophysical Research Letters, 30(15). https://doi.org/10.1029/2003GL017926

Beesley, C., Frost, A., & Zajaczkowski, J. (2009). A comparison of the BAWAP and SILO spatially interpolated daily
rainfall datasets. Paper presented at the 18th world IMACS/MODSIM congress, Cairns, Australia. 13-17.
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.3297 &rep=repl&type=pdf.

Behera, S. K., Luo, J. J., Masson, S., Rao, S. A., Sakuma, H., & Yamagata, T. (2006). A CGCM study on the
interaction  between IOD and ENSO. Journal of Climate, 19(9), 1688-1705.
https://doi.org/10.1175/JCLI13797.1

Bennett, J., Ling, F., Post, D., Grose, M., Corney, S., Graham, B., Holz, G., Katzfey, J., & Bindoff, N. (2012). High-
resolution projections of surface water availability for Tasmania, Australia. Hydrology and Earth System
Sciences, 16(5), 1287-1303. https://doi.org/10.5194/hess-16-1287-2012

Biondi, F., Gershunov, A., & Cayan, D. R. (2001). North Pacific decadal climate variability since 1661. Journal of
Climate, 14(1), 5-10. https://doi.org/10.1175/1520-0442(2001)014%3C0005:NPDCVS%3E2.0.CO;2

Breiman, L. (2001). Random forests. Machine learning, 45(1), 5-32. https://doi.org/10.1023/A:1010933404324

Breiman, L. (2002). Manual on setting up, using, and understanding random forests v3. 1. Statistics Department
University of California Berkeley, CA, USA, 1, 58.
https://www.stat.berkeley.edu/~breiman/Using_random_forests V3.1.pdf

Bureau of Meteorology. (2019a). Hydrologic Reference Stations. Retrieved March 8, 2019, from
http://www.bom.gov.au/water/hrs/index.shtml.

Bureau of Meteorology. (2019b). Water Data Online. Retrieved March 8, 2019, from
http://www.bom.gov.au/waterdata/.

Bureau of Meteorology. (2019c). Station selection guidelines. Retrieved March 18, 2019, from
http://www.bom.gov.au/water/hrs/guidelines.shtml.

Bureau of Meteorology. (2019d). About the deciles timeseries graphs. Retrieved March 1, 2019, from
http://www.bom.gov.au/climate/change/about/deciles_timeseries.shtml.

This article is protected by copyright. All rights reserved.


http://www.bom.gov.au/water/landscape/#/rr/Actual/day/-28.4/130.4/3/Point////2019/4/19/
http://www.bom.gov.au/water/hrs/index.shtml
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/
https://climatedataguide.ucar.edu/climate-data/marshall-southern-annular-mode-sam-index-station-based
https://doi.org/10.1080/13504509.2013.850752
https://hal.archives-ouvertes.fr/hal-00304788
https://doi.org/10.1007/s00382-015-2746-3
https://doi.org/10.1029/2003GL017926
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.617.3297&rep=rep1&type=pdf
https://doi.org/10.1175/JCLI3797.1
https://doi.org/10.5194/hess-16-1287-2012
https://doi.org/10.1175/1520-0442(2001)014%3C0005:NPDCVS%3E2.0.CO;2
https://doi.org/10.1023/A:1010933404324
https://www.stat.berkeley.edu/~breiman/Using_random_forests_V3.1.pdf
http://www.bom.gov.au/water/hrs/index.shtml
http://www.bom.gov.au/waterdata/
http://www.bom.gov.au/water/hrs/guidelines.shtml
http://www.bom.gov.au/climate/change/about/deciles_timeseries.shtml

Bureau of Meteorology. (2021a). Climate change — trends and extremes. Retrieved August 10, 2021, from

http://www.bom.gov.au/climate/change/#tabs=Tracker&tracker=timeseries.

Bureau of Meteorology. (2021b). Australian Climate Influences Retrieved Noember 30, 2021, from Retrieved from
http://www.bom.gov.au/climate/about/australian-climate-influences.shtml

Cai, W., & Whetton, P. (2001). Modes of SST variability and the fluctuation of global mean temperature. Climate
Dynamics, 17(11), 889-901. https://doi.org/10.1007/s003820100152

Cai, W., & Van Rensch, P. (2012). The 2011 southeast Queensland extreme summer rainfall: A confirmation of a
negative  Pacific  Decadal Oscillation phase?  Geophysical Research  Letters, 39(8).
https://doi.org/10.1029/2011GL 050820

Cai, W., Cowan, T., Briggs, P., & Raupach, M. (2009). Rising temperature depletes soil moisture and exacerbates
severe drought conditions across southeast Australia. Geophysical Research Letters, 36(21).
https://doi.org/10.1029/2009GL040334

Cai, W., Van Rensch, P., Cowan, T., & Hendon, H. (2011a). Teleconnection pathways of ENSO and the 10D and the
mechanisms for impacts on Australian rainfall. Journal of Climate, 24(15), 3910-3923.
https://www.jstor.org/stable/26191124

Cai, W., Van Rensch, P., Borlace, S., & Cowan, T. (2011b). Does the Southern Annular Mode contribute to the
persistence of the multidecade- long drought over southwest Western Australia? Geophysical Research
Letters, 38(14). https://doi.org/10.1029/2011GL047943

Cai, W., Van Rensch, P., Cowan, T., & Hendon, H. H. (2012). An asymmetry in the IOD and ENSO teleconnection
pathway and its impact on Australian climate. Journal of Climate, 25(18), 6318-6329.
https://doi.org/10.1175/JCLI-D-11-00501.1

Cai, W., Wang, G., Dewitte, B., Wu, L., Santoso, A., Takahashi, K., Yang, Y., Carréric, A., & McPhaden, M. (2018).
Increased variability of eastern Pacific EI Nifio under greenhouse warming. Nature, 564(7735), 201-206.
http://dx.doi.org/10.1038/s41586-018-0776-9

Cai, W., Santoso, A., Wang, G., Yeh, S., An, S., Cobb, K., Collins, M., Guilyardi, E., Jin, F., & Kug, J. (2015). ENSO
and greenhouse warming. Nature Climate Change, 5(9), 849. https://doi.org/10.1038/nclimate2743

Cameron, P. A., Mitra, B., Fitzgerald, M., Scheinkestel, C. D., Stripp, A., Batey, C., Niggemeyer, L., Truesdale, M.,
Holman, P., & Mehra, R. (2009). Black Saturday: the immediate impact of the February 2009 bushfires in
Victoria, Australia. Medical Journal of Australia, 191(1), 11-16. https://doi.org/10.5694/j.1326-
5377.2009.tb02666.x

Charles, S., Silberstein, R., Teng, J., Fu, G., Hodgson, G., Gabrovsek, C., Crute, J., Chiew, F., Smith, I., & Kirono, D.
(2010). Climate analyses for South-West Western Australia: A report to the Australian Government from the
CSIRO South-West Western Australia Sustainable Yields Project.
https://doi.org/10.4225/08/584d9590d046h

Chen, H.-C., & Jin, F.-F. (2021). Simulations of ENSO Phase-Locking in CMIP5 and CMIP6. Journal of Climate,
34(12), 5135-5149. https://doi.org/10.1175/JCLI-D-20-0874.1

Chiew, F., & McMahon, T. A. (2002a). Global ENSO-streamflow teleconnection, streamflow forecasting and
interannual variability. Hydrological Sciences Journal, 47(3), 505-522.
https://doi.org/10.1080/02626660209492950

Chiew, F., & McMahon, T. A. (2002b). Modelling the impacts of climate change on Australian streamflow.
Hydrological Processes, 16(6), 1235-1245. https://doi.org/10.1002/hyp.1059

Chiew, F., Piechota, T. C., Dracup, J. A., & McMahon, T. A. (1998). El Nino/Southern Oscillation and Australian
rainfall, streamflow and drought: Links and potential for forecasting. Journal of Hydrology, 204(1-4), 138-
149. https://doi.org/10.1016/S0022-1694(97)00121-2

Chiew, F., Potter, N., Vaze, J., Petheram, C., Zhang, L., Teng, J., & Post, D. (2014). Observed hydrologic non-
stationarity in far south-eastern Awustralia: implications for modelling and prediction. Stochastic
Environmental Research and Risk Assessment, 28(1), 3-15. https://doi.org/10.1007/s00477-013-0755-5

Climate Data Guide. (2019). MARSHALL SOUTHERN ANNULAR MODE (SAM) INDEX. Retrieved from
https://climatedataguide.ucar.edu/climate-data/marshall-southern-annular-mode-sam-index-station-based

Deb, P., Kiem, A. S., & Willgoose, G. (2019). Mechanisms influencing non-stationarity in rainfall-runoff relationships
in southeast Australia. Journal of Hydrology, 571, 749-764. https://doi.org/10.1016/j.jhydrol.2019.02.025

Delage, F. P., & Power, S. B. (2020). The impact of global warming and the EI Nifio-Southern Oscillation on seasonal
precipitation extremes in Australia. Climate Dynamics, 54(9), 4367-4377. https://doi.org/10.1007/s00382-
020-05235-0

This article is protected by copyright. All rights reserved.


http://www.bom.gov.au/climate/change/#tabs=Tracker&tracker=timeseries
http://www.bom.gov.au/climate/about/australian-climate-influences.shtml
https://doi.org/10.1007/s003820100152
https://doi.org/10.1029/2011GL050820
https://doi.org/10.1029/2009GL040334
https://www.jstor.org/stable/26191124
https://doi.org/10.1029/2011GL047943
https://doi.org/10.1175/JCLI-D-11-00501.1
http://dx.doi.org/10.1038/s41586-018-0776-9
https://doi.org/10.1038/nclimate2743
https://doi.org/10.5694/j.1326-5377.2009.tb02666.x
https://doi.org/10.5694/j.1326-5377.2009.tb02666.x
https://doi.org/10.4225/08/584d9590d046b
https://doi.org/10.1175/JCLI-D-20-0874.1
https://doi.org/10.1080/02626660209492950
https://doi.org/10.1002/hyp.1059
https://doi.org/10.1016/S0022-1694(97)00121-2
https://doi.org/10.1007/s00477-013-0755-5
https://climatedataguide.ucar.edu/climate-data/marshall-southern-annular-mode-sam-index-station-based
https://doi.org/10.1016/j.jhydrol.2019.02.025
https://doi.org/10.1007/s00382-020-05235-0
https://doi.org/10.1007/s00382-020-05235-0

Deser, C., & Phillips, A. S. (2009). Atmospheric circulation trends, 1950-2000: The relative roles of sea surface
temperature forcing and direct atmospheric radiative forcing. Journal of Climate, 22(2), 396-413.
https://www.jstor.org/stable/26259646

Dettinger, M. D., & Diaz, H. F. (2000). Global characteristics of stream flow seasonality and variability. Journal of
hydrometeorology, 1(4), 289-310. https://www.jstor.org/stable/24909309

Fasullo, J. T., Phillips, A., & Deser, C. (2020). Evaluation of leading modes of climate variability in the CMIP
archives. Journal of Climate, 33(13), 5527-5545. https://doi.org/10.1175/JCLI-D-19-1024.1

Feikema, P. M., Sherwin, C. B., & Lane, P. N. (2013). Influence of climate, fire severity and forest mortality on
predictions of long term streamflow: potential effect of the 2009 wildfire on Melbourne’s water supply
catchments. Journal of Hydrology, 488, 1-16. https://doi.org/10.1016/j.jhydrol.2013.02.001

Feng, J., Li, J., & Li, Y. (2010). Is there a relationship between the SAM and southwest Western Australian winter
rainfall? Journal of Climate, 23(22), 6082-6089. https://www.jstor.org/stable/26190270

Fiddes, S., & Timbal, B. (2016). Assessment and reconstruction of catchment streamflow trends and variability in
response  to rainfall across  Victoria, Australia.  Climate  Research, 67(1), 43-60.
https://www.jstor.org/stable/24896545

Filkov, A. 1., Ngo, T., Matthews, S., Telfer, S., & Penman, T. D. (2020). Impact of Australia's catastrophic 2019/20
bushfire season on communities and environment. Retrospective analysis and current trends. Journal of
Safety Science and Resilience, 1(1), 44-56. https://doi.org/10.1016/j.jnlssr.2020.06.009

Folland, C., Parker, D., Colman, A., & Washington, R. (1999). Large scale modes of ocean surface temperature since
the late nineteenth century. In Beyond EI Nifio (pp. 73-102, https://doi.org/110.1007/1978-1003-1642-58369-
58368_58364): Springer.

Folland, C., Renwick, J., Salinger, M., & Mullan, A. (2002). Relative influences of the interdecadal Pacific oscillation
and ENSO on the South Pacific convergence zone. Geophysical Research Letters, 29(13), 21-21-21-24.
https://doi.org/10.1029/2001GL014201

Franks, S. (2004). Multi-decadal climate variability, New South Wales, Australia. Water Science and Technology,
49(7), 133-140. https://doi.org/10.2166/wst.2004.0437

Frost, A., Ramchurn, A., & Smith, A. (2016). The bureau’s operational AWRA landscape (AWRA-L) Model.
http://www.bom.gov.au/water/landscape/assets/static/publications/Frost__Model_Description_Report.pdf,
47.

Gong, D., & Wang, S. (1999). Definition of Antarctic oscillation index. Geophysical Research Letters, 26(4), 459-
462. https://doi.org/10.1029/1999GL900003

Grose, M. R., Narsey, S., Delage, F., Dowdy, A. J., Bador, M., Boschat, G., Chung, C., Kajtar, J., Rauniyar, S., &
Freund, M. (2020). Insights from CMIP6 for Australia’'s future climate. Earth's Future, 8(5),
€2019EF001469. https://doi.org/10.1029/2019EF001469

Hamed, K. H. (2008). Trend detection in hydrologic data: the Mann—Kendall trend test under the scaling hypothesis.
Journal of Hydrology, 349(3-4), 350-363. https://doi.org/10.1016/j.jhydrol.2007.11.009

Hamed, K. H., & Rao, A. R. (1998). A modified Mann-Kendall trend test for autocorrelated data. Journal of
Hydrology, 204(1-4), 182-196. https://doi.org/10.1016/S0022-1694(97)00125-X

Head, L., Adams, M., McGregor, H. V., & Toole, S. (2014). Climate change and Australia. Wiley Interdisciplinary
Reviews: Climate Change, 5(2), 175-197. https://doi.org/10.1002/wcc.255

Hendon, H. H., Thompson, D. W., & Wheeler, M. C. (2007). Australian rainfall and surface temperature variations
associated with the Southern Hemisphere annular mode. Journal of Climate, 20(11), 2452-2467.
https://www.jstor.org/stable/26260465

Henley, B. J., & King, A. D. (2017). Trajectories toward the 1.5 C Paris target: modulation by the Interdecadal Pacific
Oscillation. Geophysical Research Letters, 44(9), 4256-4262. https://doi.org/10.1002/2017GL073480

Henley, B. J., Gergis, J., Karoly, D. J., Power, S., Kennedy, J., & Folland, C. K. (2015). A tripole index for the
interdecadal Pacific oscillation. Climate Dynamics, 45(11-12), 3077-3090. https://doi.org/10.1007/s00382-
015-2525-1

Henley, B. J., Meehl, G., Power, S. B., Folland, C. K., King, A. D., Brown, J. N., Karoly, D. J., Delage, F., Gallant,
A.J., & Freund, M. (2017). Spatial and temporal agreement in climate model simulations of the Interdecadal
Pacific Oscillation. Environmental Research Letters, 12(4), 044011. https://doi.org/10.1088/1748-
9326/aa5cc8

Hill, K. J., Santoso, A., & England, M. H. (2009). Interannual Tasmanian rainfall variability associated with large-
scale climate modes. Journal of Climate, 22(16), 4383-4397. https://www.jstor.org/stable/26260638

Ho, M., Kiem, A., & Verdon-Kidd, D. (2012). The Southern Annular Mode: a comparison of indices. Hydrology and
Earth System Sciences, 16(3), 967. https://doi.org/10.5194/hess-16-967-2012

This article is protected by copyright. All rights reserved.


https://www.jstor.org/stable/26259646
https://www.jstor.org/stable/24909309
https://doi.org/10.1175/JCLI-D-19-1024.1
https://doi.org/10.1016/j.jhydrol.2013.02.001
https://www.jstor.org/stable/26190270
https://www.jstor.org/stable/24896545
https://doi.org/10.1016/j.jnlssr.2020.06.009
https://doi.org/110.1007/1978-1003-1642-58369-58368_58364
https://doi.org/110.1007/1978-1003-1642-58369-58368_58364
https://doi.org/10.1029/2001GL014201
https://doi.org/10.2166/wst.2004.0437
http://www.bom.gov.au/water/landscape/assets/static/publications/Frost__Model_Description_Report.pdf
https://doi.org/10.1029/1999GL900003
https://doi.org/10.1029/2019EF001469
https://doi.org/10.1016/j.jhydrol.2007.11.009
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1002/wcc.255
https://www.jstor.org/stable/26260465
https://doi.org/10.1002/2017GL073480
https://doi.org/10.1007/s00382-015-2525-1
https://doi.org/10.1007/s00382-015-2525-1
https://doi.org/10.1088/1748-9326/aa5cc8
https://doi.org/10.1088/1748-9326/aa5cc8
https://www.jstor.org/stable/26260638
https://doi.org/10.5194/hess-16-967-2012

Hughes, J., Petrone, K., & Silberstein, R. (2012). Drought, groundwater storage and stream flow decline in
southwestern Australia. Geophysical Research Letters, 39(3). https://doi.org/10.1029/2011GL050797

Hussain, M. M., & Mahmud, 1. (2019). pyMannKendall: a python package for non parametric Mann Kendall family
of trend tests. Journal of Open Source Software, 4(39), 1556. https://doi.org/10.21105/j0ss.01556

Jiang, W., Huang, P., Huang, G., & Ying, J. (2021). Origins of the Excessive Westward Extension of ENSO SST
Simulated in CMIP5 and CMIP6 Models. Journal of Climate, 34(8), 2839-2851.
https://doi.org/10.1175/JCLI-D-20-0551.1

Jothityangkoon, C., Sivapalan, M., & Farmer, D. (2001). Process controls of water balance variability in a large semi-
arid catchment: downward approach to hydrological model development. Journal of Hydrology, 254(1-4),
174-198. https://doi.org/10.1016/S0022-1694(01)00496-6

Junkermann, W., Hacker, J., Lyons, T., & Nair, U. (2009). Land use change suppresses precipitation. Atmospheric
Chemistry and Physics, 9(17), 6531-6539. http://dx.doi.org/10.5194/acp-9-6531-2009

Kiem, A. S., & Franks, S. W. (2004). Multi- decadal variability of drought risk, eastern Australia. Hydrological
Processes, 18(11), 2039-2050. https://doi.org/10.1002/hyp.1460

Kiem, A. S., & Verdon-Kidd, D. C. (2009). Climatic drivers of Victorian streamflow: Is ENSO the dominant
influence? Australasian Journal of Water Resources, 13(2), 17-29.
https://doi.org/10.1080/13241583.2009.11465357

Kiem, A. S., Franks, S. W., & Kuczera, G. (2003). Multi- decadal variability of flood risk. Geophysical Research
Letters, 30(2). https://doi.org/10.1029/2002GL015992

Kim, S. T., Cai, W., Jin, F.-F., Santoso, A., Wu, L., Guilyardi, E., & An, S.-1. (2014). Response of El Nifio sea surface
temperature  variability to greenhouse warming. Nature Climate Change, 4(9), 786-790.
https://doi.org/10.1038/nclimate2326

Kinal, J., & Stoneman, G. (2012). Disconnection of groundwater from surface water causes a fundamental change in
hydrology in a forested catchment in south-western Australia. Journal of Hydrology, 472, 14-24.
https://doi.org/10.1016/j.jhydrol.2012.09.013

King, A. D., Klingaman, N. P., Alexander, L. V., Donat, M. G., Jourdain, N. C., & Mabher, P. (2014). Extreme rainfall
variability in Australia: Patterns, drivers, and predictability. Journal of Climate, 27(15), 6035-6050.
https://doi.org/10.1175/JCLI-D-13-00715.1

Kuhnel, 1., McMahon, T., Finlayson, B., Haines, A., Whetton, P., & Gibson, T. (1990). Climatic influences on
streamflow variability: a comparison between southeastern Australia and southeastern United States of
America. Water Resources Research, 26(10), 2483-2496. https://doi.org/10.1029/WR026i010p02483

Lane, P. N., Sheridan, G. J., & Noske, P. J. (2006). Changes in sediment loads and discharge from small mountain
catchments following wildfire in south eastern Australia. Journal of Hydrology, 331(3-4), 495-510.
https://doi.org/10.1016/j.jhydrol.2006.05.035

Lane, P. N., Feikema, P. M., Sherwin, C., Peel, M., & Freebairn, A. (2010). Modelling the long term water yield
impact of wildfire and other forest disturbance in Eucalypt forests. Environmental Modelling & Software,
25(4), 467-478. https://doi.org/10.1016/j.envsoft.2009.11.001

Li, B., Yang, G., Wan, R., Dai, X., & Zhang, Y. (2016). Comparison of random forests and other statistical methods
for the prediction of lake water level: a case study of the Poyang Lake in China. Hydrology Research, 47(S1),
69-83. https://doi.org/10.2166/nh.2016.264

Liao, H., Wang, C., & Song, Z. (2021). ENSO phase-locking biases from the CMIP5 to CMIP6 models and a possible
explanation. Deep Sea Research Part |1l: Topical Studies in Oceanography, 104943.
https://doi.org/10.1016/j.dsr2.2021.104943

Liaw, A., & Wiener, M. (2002). Classification and regression by randomForest. R news, 2(3), 18-22.
https://cogns.northwestern.edu/cbmg/LiawAndWiener2002.pdf

Liu, N., Harper, R., Smettem, K., Dell, B., & Liu, S. (2019). Responses of streamflow to vegetation and climate change
in southwestern Australia. Journal of Hydrology. https://doi.org/10.1016/j.jhydrol.2019.03.005

Mantua, N. J., Hare, S. R., Zhang, Y., Wallace, J. M., & Francis, R. C. (1997). A Pacific interdecadal climate
oscillation with impacts on salmon production. Bulletin of the american Meteorological Society, 78(6), 1069-
1080. https://doi.org/10.1175/1520-0477(1997)078<1069:APICOW>2.0.CO;2

Marshall, G. J. (2003). Trends in the Southern Annular Mode from observations and reanalyses. Journal of Climate,
16(24), 4134-4143. https://www.jstor.org/stable/26251618

McBride, J. L., & Nicholls, N. (1983). Seasonal relationships between Australian rainfall and the Southern Oscillation.
Monthly Weather Review, 111(10), 1998-2004. https://doi.org/10.1175/1520-
0493(1983)111<1998:SRBARA>2.0.CO;2

This article is protected by copyright. All rights reserved.


https://doi.org/10.1029/2011GL050797
https://doi.org/10.21105/joss.01556
https://doi.org/10.1175/JCLI-D-20-0551.1
https://doi.org/10.1016/S0022-1694(01)00496-6
http://dx.doi.org/10.5194/acp-9-6531-2009
https://doi.org/10.1002/hyp.1460
https://doi.org/10.1080/13241583.2009.11465357
https://doi.org/10.1029/2002GL015992
https://doi.org/10.1038/nclimate2326
https://doi.org/10.1016/j.jhydrol.2012.09.013
https://doi.org/10.1175/JCLI-D-13-00715.1
https://doi.org/10.1029/WR026i010p02483
https://doi.org/10.1016/j.jhydrol.2006.05.035
https://doi.org/10.1016/j.envsoft.2009.11.001
https://doi.org/10.2166/nh.2016.264
https://doi.org/10.1016/j.dsr2.2021.104943
https://cogns.northwestern.edu/cbmg/LiawAndWiener2002.pdf
https://doi.org/10.1016/j.jhydrol.2019.03.005
https://doi.org/10.1175/1520-0477(1997)078
https://www.jstor.org/stable/26251618
https://doi.org/10.1175/1520-0493(1983)111
https://doi.org/10.1175/1520-0493(1983)111

McCarthy, G., Plucinski, M., & Gould, J. (2012). Analysis of the resourcing and containment of multiple remote fires:
the Great Divide Complex of fires, Victoria, December 2006. Australian Forestry, 75(1), 54-63.
https://doi.org/10.1080/00049158.2012.10676385

McKinney, W. (2010). Data structures for statistical computing in python. Paper presented at the Proceedings of the
9th Python in Science Conference. https://doi.org/10.25080/Majora-92bf1922-00a.

McMahon, T. A., & Peel, M. C. (2019). Uncertainty in stage—discharge rating curves: application to Australian
Hydrologic  Reference  Stations data. Hydrological Sciences Journal, 64(3), 255-275.
https://doi.org/10.1080/02626667.2019.1577555

McPhaden, M. J., Zebiak, S. E., & Glantz, M. H. (2006). ENSO as an integrating concept in earth science. science,
314(5806), 1740-1745. https://www:.jstor.org/stable/20035033

McVicar, T. R., Van Niel, T. G., Li, L. T., Roderick, M. L., Rayner, D. P., Ricciardulli, L., & Donohue, R. J. (2008).
Wind speed climatology and trends for Australia, 1975-2006: Capturing the stilling phenomenon and
comparison with near- surface reanalysis output. Geophysical Research Letters, 35(20).
https://doi.org/10.1029/2008GL 035627

Meneghini, B., Simmonds, I., & Smith, I. N. (2007). Association between Australian rainfall and the southern annular
mode. International Journal of Climatology, 27(1), 109-121. https://doi.org/10.1002/joc.1370

Meyers, G., Mclntosh, P., Pigot, L., & Pook, M. (2007). The years of El Nifio, La Nifia, and interactions with the
tropical Indian Ocean. Journal of Climate, 20(13), 2872-2880. https://www.jstor.org/stable/26259726

Min, S. K., Cai, W., & Whetton, P. (2013). Influence of climate variability on seasonal extremes over Australia.
Journal of Geophysical Research: Atmospheres, 118(2), 643-654. https://doi.org/10.1002/jgrd.50164

Moreno, M., Saco, P. M., Willgoose, G. R., & Tongway, D. J. (2012). Variations in hydrological connectivity of
Australian semiarid landscapes indicate abrupt changes in rainfall- use efficiency of vegetation. Journal of
Geophysical Research: Biogeosciences, 117(G3). https://doi.org/10.1029/2011JG001839

Nicholls, N. (1989). Sea surface temperatures and Australian winter rainfall. Journal of Climate, 2(9), 965-973.

Nicholls, N., & Collins, D. (2006). Observed climate change in Australia over the past century. Energy &
Environment, 17(1), 1-12. https://www.jstor.org/stable/44397025

Ning, T., Li, Z., & Liu, W. (2017). Vegetation dynamics and climate seasonality jointly control the interannual
catchment water balance in the Loess Plateau under the Budyko framework. Hydrology & Earth System
Sciences, 21(3). https://doi.org/10.5194/hess-21-1515-2017

Nolan, R. H., Lane, P. N., Benyon, R. G., Bradstock, R. A., & Mitchell, P. J. (2015). Trends in evapotranspiration and
streamflow following wildfire in resprouting eucalypt forests. Journal of Hydrology, 524, 614-624.
https://doi.org/10.1016/j.jhydrol.2015.02.045

NRM  regions. (2020). Climate change in Australia. Retrieved January 1, 2019, from
https://www.climatechangeinaustralia.gov.au/en/impacts-and-adaptation/nrm-regions/.

Parker, D., Folland, C., Scaife, A., Knight, J., Colman, A., Baines, P., & Dong, B. (2007). Decadal to multidecadal
variability and the climate change background. Journal of Geophysical Research: Atmospheres, 112(D18).
https://doi.org/10.1029/2007JD008411

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., Blondel, M., Prettenhofer, P., Weiss,
R., & Dubourg, V. (2011). Scikit-learn: Machine learning in Python. Journal of machine learning research,
12(Oct), 2825-2830. https://www.jmlr.org/papers/volumel2/pedregosalla/pedregosalla.pdf

Peel, M. C., McMahon, T. A., & Finlayson, B. L. (2002). Variability of annual precipitation and its relationship to the
El Nifio—Southern Oscillation. Journal of Climate, 15(5), 545-551. https://doi.org/10.1175/1520-
0442(2002)015%3C0545:VOAPAI%3E2.0.CO;2

Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world map of the Kdppen-Geiger climate
classification. https://hal.archives-ouvertes.fr/hal-00298818

Penman, H. L. (1948). Natural evaporation from open water, bare soil and grass. Proceedings of the Royal Society of
London.  Series A Mathematical ~and  Physical  Sciences, 193(1032), 120-145.
https://www.jstor.org/stable/98151

Petrone, K. C., Hughes, J. D., Van Niel, T. G., & Silberstein, R. P. (2010). Streamflow decline in southwestern
Australia, 1950-2008. Geophysical Research Letters, 37(11). https://doi.org/10.1029/2010GL 043102

Piechota, T. C., Chiew, F. H., Dracup, J. A., & McMahon, T. A. (1998). Seasonal streamflow forecasting in eastern
Australia and the EI Nifio—Southern Oscillation. Water Resources Research, 34(11), 3035-3044.
https://doi.org/10.1029/98WR02406

Pohl, B., Fauchereau, N., Reason, C., & Rouault, M. (2010). Relationships between the Antarctic Oscillation, the
Madden—Julian oscillation, and ENSO, and consequences for rainfall analysis. Journal of Climate, 23(2),
238-254. https://doi.org/10.1175/2009JCL12443.1

This article is protected by copyright. All rights reserved.


https://doi.org/10.1080/00049158.2012.10676385
https://doi.org/10.25080/Majora-92bf1922-00a
https://doi.org/10.1080/02626667.2019.1577555
https://www.jstor.org/stable/20035033
https://doi.org/10.1029/2008GL035627
https://doi.org/10.1002/joc.1370
https://www.jstor.org/stable/26259726
https://doi.org/10.1002/jgrd.50164
https://doi.org/10.1029/2011JG001839
https://www.jstor.org/stable/44397025
https://doi.org/10.5194/hess-21-1515-2017
https://doi.org/10.1016/j.jhydrol.2015.02.045
https://www.climatechangeinaustralia.gov.au/en/impacts-and-adaptation/nrm-regions/
https://doi.org/10.1029/2007JD008411
https://www.jmlr.org/papers/volume12/pedregosa11a/pedregosa11a.pdf
https://doi.org/10.1175/1520-0442(2002)015%3C0545:VOAPAI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3C0545:VOAPAI%3E2.0.CO;2
https://hal.archives-ouvertes.fr/hal-00298818
https://www.jstor.org/stable/98151
https://doi.org/10.1029/2010GL043102
https://doi.org/10.1029/98WR02406
https://doi.org/10.1175/2009JCLI2443.1

Potter, N., & Zhang, L. (2009). Interannual variability of catchment water balance in Australia. Journal of Hydrology,
369(1-2), 120-129. https://doi.org/10.1016/j.jhydrol.2009.02.005

Potter, N., Chiew, F., & Frost, A. (2010). An assessment of the severity of recent reductions in rainfall and runoff in
the Murray-Darling Basin. Journal of Hydrology, 381(1-2), 52-64.
https://doi.org/10.1016/j.jhydrol.2009.11.025

Potter, N., Zhang, L., Milly, P., McMahon, T. A., & Jakeman, A. (2005). Effects of rainfall seasonality and soil
moisture capacity on mean annual water balance for Australian catchments. Water Resources Research,
41(6). https://doi.org/10.1029/2004WR003697

Power, S., Tseitkin, F., Lavery, B., Dahni, R., & McAvaney, B. (1998). Australian temperature, Australian rainfall
and the Southern Oscillation, 1910-1992: coherent variability and recent changes. Australian Meteorological
Magazine, 47(2). https://www.researchgate.net/profile/Scott-Power-
3/publication/279889526 Australian_temperature_Australian_rainfall_and_the Southern_Oscillation_191
0-1992_Coherent_variability _and_recent_changes/links/566def2d08ae430ab5001e75/Australian-
temperature-Australian-rainfall-and-the-Southern-Oscillation-1910-1992-Coherent-variability-and-recent-
changes.pdf

Power, S., Casey, T., Folland, C., Colman, A., & Mehta, V. (1999). Inter-decadal modulation of the impact of ENSO
on Australia. Climate Dynamics, 15(5), 319-324. https://doi.org/10.1007/s003820050284

Rasmusson, E. M., & Wallace, J. M. (1983). Meteorological aspects of the EI Nino/southern oscillation. science,
222(4629), 1195-1202. https://www.jstor.org/stable/1691792

Raut, B. A., Jakob, C., & Reeder, M. J. (2014). Rainfall changes over southwestern Australia and their relationship to
the  Southern Annular Mode and ENSO. Journal of Climate, 27(15), 5801-5814.
https://www.jstor.org/stable/26193744

Rayner, N., Parker, D. E., Horton, E., Folland, C. K., Alexander, L. V., Rowell, D., Kent, E., & Kaplan, A. (2003).
Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth
century. Journal of Geophysical Research: Atmospheres, 108(D14). https://doi.org/10.1029/2002JD002670

Risbey, J. S., Pook, M. J., McIntosh, P. C., Wheeler, M. C., & Hendon, H. H. (2009). On the remote drivers of rainfall
variability in Australia. Monthly Weather Review, 137(10), 3233-3253.
https://doi.org/10.1175/2009MWR2861.1

Ropelewski, C. F., & Halpert, M. S. (1987). Global and regional scale precipitation patterns associated with the El
Nifio/Southern Oscillation. Monthly Weather Review, 115(8), 1606-1626. https://doi.org/10.1175/1520-
0493(1987)115<1606:GARSPP>2.0.CO;2

Rose, J. B., Epstein, P. R., Lipp, E. K., Sherman, B. H., Bernard, S. M., & Patz, J. A. (2001). Climate variability and
change in the United States: potential impacts on water-and foodborne diseases caused by microbiologic
agents. Environmental health perspectives, 109(suppl 2), 211-221. https://doi.org/10.2307/3435011

Saft, M., Western, A. W., Zhang, L., Peel, M. C., & Potter, N. J. (2015). The influence of multiyear drought on the
annual rainfall- runoff relationship: An Australian perspective. Water Resources Research, 51(4), 2444-
2463. https://doi.org/10.1002/2014WR015348

Saft, M., Peel, M. C., Western, A. W., Perraud, J. M., & Zhang, L. (2016). Bias in streamflow projections due to
climate- induced shifts in catchment response. Geophysical Research Letters, 43(4), 1574-1581.
https://doi.org/10.1002/2015GL067326

Saji, N., & Yamagata, T. (2003). Possible impacts of Indian Ocean dipole mode events on global climate. Climate
Research, 25(2), 151-169. https://www.jstor.org/stable/24868393

Saji, N., Goswami, B., Vinayachandran, P., & Yamagata, T. (1999). A dipole mode in the tropical Indian Ocean.
Nature, 401(6751), 360. https://doi.org/10.1038/43854

Silberstein, R., Aryal, S., Durrant, J., Pearcey, M., Braccia, M., Charles, S., Boniecka, L., Hodgson, G., Bari, M., &
Viney, N. (2012). Climate change and runoff in south-western Australia. Journal of Hydrology, 475, 441-
455, https://doi.org/10.1016/j.jhydrol.2012.02.009

Tian, S., Tregoning, P., Renzullo, L. J., van Dijk, A. I., Walker, J. P., Pauwels, V. R., & Allgeyer, S. (2017). Improved
water balance component estimates through joint assimilation of GRACE water storage and SMOS soil
moisture retrievals. Water Resources Research, 53(3), 1820-1840. https://doi.org/10.1002/2016WR019641

Tyralis, H., Papacharalampous, G., & Langousis, A. (2019). A brief review of random forests for water scientists and
practitioners and  their  recent history in  water resources.  Water, 11(5), 910.
https://doi.org/10.3390/w11050910

Ummenhofer, C. C., England, M. H., Mclintosh, P. C., Meyers, G. A., Pook, M. J., Risbey, J. S, Gupta, A. S., &
Taschetto, A. S. (2009). What causes southeast Australia's worst droughts? Geophysical Research Letters,
36(4). https://doi.org/10.1029/2008GL036801

This article is protected by copyright. All rights reserved.


https://doi.org/10.1016/j.jhydrol.2009.02.005
https://doi.org/10.1016/j.jhydrol.2009.11.025
https://doi.org/10.1029/2004WR003697
https://www.researchgate.net/profile/Scott-Power-3/publication/279889526_Australian_temperature_Australian_rainfall_and_the_Southern_Oscillation_1910-1992_Coherent_variability_and_recent_changes/links/566def2d08ae430ab5001e75/Australian-temperature-Australian-rainfall-and-the-Southern-Oscillation-1910-1992-Coherent-variability-and-recent-changes.pdf
https://www.researchgate.net/profile/Scott-Power-3/publication/279889526_Australian_temperature_Australian_rainfall_and_the_Southern_Oscillation_1910-1992_Coherent_variability_and_recent_changes/links/566def2d08ae430ab5001e75/Australian-temperature-Australian-rainfall-and-the-Southern-Oscillation-1910-1992-Coherent-variability-and-recent-changes.pdf
https://www.researchgate.net/profile/Scott-Power-3/publication/279889526_Australian_temperature_Australian_rainfall_and_the_Southern_Oscillation_1910-1992_Coherent_variability_and_recent_changes/links/566def2d08ae430ab5001e75/Australian-temperature-Australian-rainfall-and-the-Southern-Oscillation-1910-1992-Coherent-variability-and-recent-changes.pdf
https://www.researchgate.net/profile/Scott-Power-3/publication/279889526_Australian_temperature_Australian_rainfall_and_the_Southern_Oscillation_1910-1992_Coherent_variability_and_recent_changes/links/566def2d08ae430ab5001e75/Australian-temperature-Australian-rainfall-and-the-Southern-Oscillation-1910-1992-Coherent-variability-and-recent-changes.pdf
https://www.researchgate.net/profile/Scott-Power-3/publication/279889526_Australian_temperature_Australian_rainfall_and_the_Southern_Oscillation_1910-1992_Coherent_variability_and_recent_changes/links/566def2d08ae430ab5001e75/Australian-temperature-Australian-rainfall-and-the-Southern-Oscillation-1910-1992-Coherent-variability-and-recent-changes.pdf
https://doi.org/10.1007/s003820050284
https://www.jstor.org/stable/1691792
https://www.jstor.org/stable/26193744
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1175/2009MWR2861.1
https://doi.org/10.1175/1520-0493(1987)115
https://doi.org/10.1175/1520-0493(1987)115
https://doi.org/10.2307/3435011
https://doi.org/10.1002/2014WR015348
https://doi.org/10.1002/2015GL067326
https://www.jstor.org/stable/24868393
https://doi.org/10.1038/43854
https://doi.org/10.1016/j.jhydrol.2012.02.009
https://doi.org/10.1002/2016WR019641
https://doi.org/10.3390/w11050910
https://doi.org/10.1029/2008GL036801

USGS. (2019). Data Downloads. Retrieved from https://hydrosheds.cr.usgs.gov/datadownload.php

Van Dijk, A. I, Beck, H. E., Crosbie, R. S., de Jeu, R. A,, Liu, Y. Y., Podger, G. M., Timbal, B., & Viney, N. R.
(2013). The Millennium Drought in southeast Australia (2001-2009): Natural and human causes and
implications for water resources, ecosystems, economy, and society. Water Resources Research, 49(2), 1040-
1057. https://doi.org/10.1002/wrcr.20123

Verdon, D. C., & Franks, S. W. (2006). Long- term behaviour of ENSO: Interactions with the PDO over the past 400
years inferred  from  paleoclimate  records.  Geophysical = Research  Letters,  33(6).
https://doi.org/10.1029/2005GL025052

Verdon, D. C., Wyatt, A. M., Kiem, A. S., & Franks, S. W. (2004). Multidecadal variability of rainfall and streamflow:
Eastern Australia. Water Resources Research, 40(10). https://doi.org/10.1029/2004WR003234

Webb, A. A., & Jarrett, B. W. (2013). Hydrological response to wildfire, integrated logging and dry mixed species
eucalypt forest regeneration: The Yambulla experiment. Forest ecology and management, 306, 107-117.
https://doi.org/10.1016/j.foreco.2013.06.020

WGSP.  (2019). Download Climate  Timeseries. Retrieved June 10, 2019, from NOAA
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/.

Wise, E. K., Wrzesien, M. L., Dannenberg, M. P., & McGinnis, D. L. (2015). Cool-season precipitation patterns
associated with teleconnection interactions in the United States. Journal of Applied Meteorology and
Climatology, 54(2), 494-505. https://doi.org/10.1175/JAMC-D-14-0040.1

Yu, J.-Y., Paek, H., Saltzman, E. S., & Lee, T. (2015). The early 1990s change in ENSO-PSA-SAM relationships
and its impact on Southern Hemisphere climate. Journal of Climate, 28(23), 9393-9408.
https://doi.org/10.1175/JCLI-D-15-0335.1

Yuan, Y., & Li, C. (2008). Decadal variability of the IOD-ENSO relationship. Chinese Science Bulletin, 53(11), 1745-
1752. https://doi.org/10.1007/s11434-008-0196-6

Zhang, X. S., Amirthanathan, G. E., Bari, M. A, Laugesen, R. M., Shin, D., Kent, D. M., MacDonald, A. M., Turner,
M. E., & Tuteja, N. K. (2016). How streamflow has changed across Australia since the 1950s: evidence from
the network of hydrologic reference stations. Hydrology and Earth System Sciences, 20(9), 3947-3965.
https://doi.org/10.5194/hess-20-3947-2016

This article is protected by copyright. All rights reserved.


https://hydrosheds.cr.usgs.gov/datadownload.php
https://doi.org/10.1002/wrcr.20123
https://doi.org/10.1029/2005GL025052
https://doi.org/10.1029/2004WR003234
https://doi.org/10.1016/j.foreco.2013.06.020
https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/
https://doi.org/10.1175/JAMC-D-14-0040.1
https://doi.org/10.1175/JCLI-D-15-0335.1
https://doi.org/10.1007/s11434-008-0196-6
https://doi.org/10.5194/hess-20-3947-2016

Tables

Table 1. Mean area, forested area, elevation, and mean annual rainfall, streamflow, and PET in
each hydroclimate region. The table also shows the min-max range of these factors among

catchments in each region.

SS MB EC+CS SSWF

Number of catchments 22 46 15 9

Area (km?) Min — Max 91-1113 81 -4740 101 - 2530 74 - 1525
Mean 421 463 484 478

Elevation (m) Min range 16 - 936 115-982 79 - 908 20 - 217
Max range 420 - 1859 295 - 1983 975 - 1507 160 - 570
Mean 678 634 744 262

Annual  precipitation | Min range 367 - 1886 188 - 861 335-738 282 - 703

(mm) Max range 1166 - 3280 786 - 2037 857 - 1415 1011 - 2416
Mean 1297 935 869 1010

Annual streamflow | Min range 2 - 2633 0-121 0-64 1-32

(mm) Max range 181 - 2634 85 - 796 18.5 - 497 178 - 973
Mean 592 165 85 144

Annual PET (mm) Min range 666 - 982 842 - 1144 1018 - 1263 1062 - 1356
Max range 1080 - 1465 1331 -1730 1577 - 1927 1563 - 1972
Mean 1211 1404 1655 1614

Forested area (%) Min — Max 15-99 2-100 10-80 64 - 100
Mean 76 60 47 91
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Table 2. The probability of the extreme low and high rainfall events during concurrent phases of
the two most important climate modes in each hydroclimate region. Colored cells show the
concurrent phases of climate modes with the highest probabilities of low and high extreme rainfall
years for each region.

Region | Concurrent Total Number of | Probability | Number of probability of | P-value
phases of number | extreme of extreme | extreme high | extreme high | (Chi-
climate of low rainfall | low rainfall | rainfall rainfall square
variability extreme | events events events events during | test)
modes low/high | during each | during the during the

rainfall | concurrent | concurrent | concurrent concurrent
events phase phase phases phase

SS El Nino - plOD | 110 90 0.82 28 0.25 0.0
El Nino - nlOD 2 0.02 11 0.1
La Nina - nlOD 4 0.04 39 0.35
La Nina - plOD 14 0.12 32 0.3

MB El Nino - plOD | 230 221 0.96 67 0.29 0.0
El Nino - nlOD 1 0.004 43 0.19
La Nina - nlOD 0 0.0 55 0.24
La Nina - plOD 8 0.036 65 0.28

EC+CS | EINino-pIPO | 75 69 0.92 16 0.21 0.0
El Nino - nIPO 0 0 5 0.06
La Nina - nIPO 6 0.08 54 0.73
La Nina - pIPO 0 0 0 0

SSWF El Nino - plOD | 45 30 0.66 13 0.29 0.0
El Nino - nlOD 0 0 6 0.13
La Nina - nlOD 0 0 11 0.24
La Nina - plOD 15 0.34 15 0.34
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Table 3. The probability of the extreme low and high streamflow events during concurrent phases
of the two most important climate modes in each hydroclimate region. Colored cells show the
concurrent phases of climate modes with the highest probabilities of low and high extreme
streamflow years for each region.

Region | Concurrent Total Number of Probability of | Number of | probability of | P-
phases of number of | extreme low | extreme low extreme extreme high | value
climate extreme streamflow streamflow high streamflow (Chi-
variability low/high events events during | streamflow | events during | square
modes streamflow | during each | the concurrent | events the test)

events concurrent phase during concurrent
phase concurrent | phase
phases

SS pSAM - plOD | 110 91 0.83 28 0.25 0.0
pSAM - nlOD 0.07 20 0.18
nSAM - nlOD 4 0.04 47 0.43
nSAM - plOD 7 0.06 15 0.13

MB pSAM - plOD | 230 175 0.76 77 0.33 0.0
pSAM - nlOD 5 0.02 23 0.1
nSAM - nlOD 7 0.03 117 0.51
nSAM - plOD 43 0.19 13 0.06

EC+CS | ElINino - pIPO | 75 65 0.87 7 0.09 0.0
El Nino - nIPO 4 0.05 8 0.11
LaNina-nIPO 6 0.08 60 0.80
La Nina - plPO 0 0.0 0 0.0

SSWF pSAM - plOD | 45 40 0.89 10 0.22 0.0
pSAM - nlOD 0 0 7 0.16
nSAM - nlOD 0 0 17 0.38
nSAM - plOD 5 0.11 11 0.24
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Figures captions

Figure 1. Koppen-Geiger climate classification defines the Australian temperate zone (a) and
NRM clusters define the biophysical regions of Australia based on their potential variability to
climate change (b). Selected catchments in biophysical regions of the Australian temperate zone

(©).

Figure 2. Range of the coefficient of variations (a), standard deviations (b), and means (c) of the
interannual variability in rainfall and streamflow in each region. The range of the CV shows the
relative differences between interannual variability of streamflow and rainfall in each region and
among regions.

Figure 3. The Mann-Kendall trend test analysis for streamflow and rainfall data from 1975 to 2018
shows no change in the trend of rainfall and streamflow in the SS (a) and EC+CS (c). Streamflow
in the MB (b) and SSWF (d) has decreased, and in MB the trend of rainfall remained constant. In
the SSWF there is a decrease in the trend of rainfall, but it is not statistically significant.

Figure 4. Explained variance and the relative importance of climate modes on the variation of
rainfall in the SS (a), MB (b), CS+EC (c), and SSWF (d).

Figure 5. Explained variance and the relative importance of climate modes on the variation of
streamflow in the SS (a), MB (b), CS+EC (c), and SSWF (d).

Figure 6. Distribution of extreme low and high annual rainfall years during concurrent phases of
two most important climate modes in the SS (a), MB (b), EC+CS (c), and SSWF (d). The size of
the circles shows the percentage of the catchments in each region which experienced extreme
rainfall during concurrent phases of climate modes. The larger the size of the circle, the higher
number of catchments that experienced extreme rainfall during concurrent phases of climate
modes. For each graph, the probability density of x-axes is shown on top, and the probability
density of y-axes is shown on the rights side of the graph.

Figure 7. Distribution of extreme low and high annual streamflow years during concurrent phases
of two most important climate modes in the SS (a), MB (b), EC+CS (c), and SSWF (d). The size
of the circles shows the percentage of the catchments in each region which experienced extreme
streamflow during concurrent phases of climate modes. The larger the size of the circle, the higher
number of catchments that experienced extreme streamflow during concurrent phases of climate
modes. For each graph, the probability density of x-axes is shown on top, and the probability
density of y-axes is shown on the rights side of the graph.
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