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Key points:

# Australian Landscape Water Balance model is used to evaluate hydrologic trends

# Trends in modelled streamflow are evaluated against observed streamflow

# Rainfall, soil moisture, and streamflow trends are consistent with tropical expansion
# Changes in flood and drought are linked to mean rainfall changes at continental scale
# Trends are more likely to be driven by local factors at the catchment scale
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Abstract

Changes in the hydrologic cycle have far reaching impacts on agricultural productivity, water resources
availability, riverine ecosystems, and our ability to manage environmental assets, bushfire risk, and flood
hazard. For example, declining rainfall in the southeast of Australia has led to a prolonged period of
drought, with serious impacts on agriculture, the environment, and water supply to urban and rural
towns. Here, using the continental wide Australian Water Resources Assessment Landscape model
(AWRA-L), we evaluate historical trends from 1960 to 2017 in rainfall, soil moisture, evapotranspiration,
and runoff to explain changing drought and flooding. Northern parts of Australia have experienced
increasing annual rainfall totals, resulting in increased water availability in the tropics with increased soil
moisture, evapotranspiration, and runoff, particularly during the hot, wet monsoon season. In contrast,
the southwest and southeast coast of Australia have experienced declines in rainfall, particularly in the
colder months, corresponding with decreasing evapotranspiration, soil moisture, and runoff. Trends in
flooding are aligned with runoff trends, and closely follow trends in rainfall, with changes in soil moisture
of secondary influence. Streamflow droughts, measured by the standardised runoff index, are increasing
across large parts of Australia, with these increases more widespread than changes in rainfall alone.
Increases in rainfall in the tropics of northern Australia appear to be related to decreasing drought
occurrence and extent, but this trend is not universal, suggesting changes in rainfall alone are not an

indicator of changing drought conditions.
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1 Introduction
1.1 Changes in the global hydrological cycle

One of the most important questions in hydrology is how the hydrologic cycle is being impacted by climate
change (Huntington, 2006; Koutsoyiannis, 2020). Water in the landscape and rivers is essential for:
agriculture, town and industrial water supply, the environment, cultural values, recreation, hydropower
and more; hence changes to when and where water is available has far reaching impacts. In terms of
hydrologic extremes, flood and droughts are among the costliest natural disasters in the world, causing

risk to life, food security and, in the case of drought, increased bushfire risk.

Globally, precipitation has increased as per energy constraints (Allan et al., 2020; Allen and Ingram, 2002)
at approximately 2.4mm/decade (Becker et al., 2013; Hartmann et al., 2013) in line with climate model
projections of a 2% increase in precipitation per degree increase in global mean temperature (Kharin et
al.,, 2013). Most of the increases in precipitation have occurred over tropical areas with decreases
elsewhere (Beck et al., 2019), while precipitation extremes such as annual maxima of daily rainfall have
increased universally at a rate close to 7% per degree increase in global mean temperature (Sun et al.,
2020; Westra et al., 2013). There is evidence that, consistent with changes in rainfall, soil moisture has
experienced wetting trends in the tropics and drying trends in the extra tropics (Feng and Zhang, 2015;

Liu et al., 2019) but trends differ depending on the data set used (Albergel et al., 2013).

Compared to changes in annual average conditions, changes in hydrological extremes are more
challenging to quantify and understand. Increasing temperatures have increased the likelihood of drought
conditions in many regions of the world (Hartmann et al., 2013; Liu et al., 2019), though again, results
differ depending on the index used (Asadi Zarch et al., 2015). Despite many studies pointing to increases
in extreme precipitation (Donat et al., 2013; Groisman et al., 2005; Martinez-Villalobos and Neelin, 2018;
Sun et al., 2020; Westra et al., 2013), there is a very mixed trend in flood response (Sharma et al., 2018)
with more sites globally showing decreases in flooding than increases (Do et al., 2017). Despite this
variability, trends in high flows follow average annual flow trends both globally (Gudmundsson et al.,
2019) and across Australia (Zhang et al., 2016). In regions free of snow-melt, it has been postulated that
changes in flooding are due to changing antecedent soil moisture conditions (lvancic and Shaw, 2015;
Sharma et al.,, 2018; Wasko et al.,, 2019). However, few studies have studied trends in antecedent

conditions explicitly (Tramblay et al., 2019; Wasko and Nathan, 2019a).

1.2  Hydrological trends in Australia
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Australia forms a valuable test case for investigating the impacts of climate change on the hydrologic cycle.
It straddles the tropics and extratropics, experiencing a wide range of climates, and is largely free of
snowmelt. In addition, trends in Australian precipitation and temperature reflect global patterns
(Alexander et al., 2007), although streamflow exhibits extremely high variability compared to the rest of

the world (Chiew and McMahon, 2002; McMahon et al., 2007; Peel et al., 2004).

Mean annual rainfall has increased in the tropical north of Australia and decreased in the south (Dey et
al., 2019), particularly along the south-east and south-west coasts due to changed cutoffs and frontal
systems (Risbey et al., 2013) consistent with a tropical expansion (Grise et al., 2018; Staten et al., 2018).
For example, south-western Australia has undergone decreased cool season rainfall in April to October,
with sharp decreases in May-July rainfall since 1970. There has been a similar decline of rainfall over
south-eastern Australia in April to October rainfall since the late 1990s. Meanwhile, in northern Australia,
there has been an observed rainfall increase since the 1970s, especially in the northwest (CSIRO & BOM,

2018).

Since the 1950s increasing streamflow in the northern tropics and decreasing streamflow over southern
Australia has been observed (Zhang et al., 2016). Across Australia studies of trends in evapotranspiration
show mixed trends temporally and spatially. Prior to 1999, decreasing trends in observed pan evaporation
across Australia were linked to declining wind speeds (Johnson and Sharma, 2010), but since then, many
sites have shown increased pan evaporation, possibly due to an increased vapor pressure deficit (Stephens
et al., 2018). Despite increases in global estimates of terrestrial evapotranspiration (Zeng et al., 2018),
evapotranspiration estimates derived from remote sensing and flux towers show a decrease in

evapotranspiration between 1998-2008 attributed to moisture limitations (Jung et al., 2010).

There is a large discrepancy in trends calculated between different soil moisture products, but in general
datasets point to more severe droughts in arid and semi-arid regions (Liu et al., 2019). Using data obtained
from the European Space Agency, soil moisture was found to be decreasing across Australia between 1979
and 2013, with the exception of the tropical north (Feng and Zhang, 2015). However, another study for
1988-2010 using multiple reanalysis and satellite derived data sets indicated largely conflicting results
between data sets, particularly at the regional scale (Albergel et al., 2013). This may be because reanalysis
data sets, particularly ERA-INTERIM, have large rainfall biases (Andersson et al., 2015; Weedon et al.,

2014) while remote sensed data sets measure soil moisture at different depths (Holgate et al., 2016).
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The magnitude of extreme hourly and daily rainfall, across a range of exceedance thresholds, has
increased over the last half a century across Australia (Alexander and Arblaster, 2017; Guerreiro et al.,
2018) with shifts to a greater frequency of longer duration events in the tropics and shorter duration
events in extra-tropics (Dey et al., 2020). Despite more evidence for increasing rainfall extremes compared
to decreases, more streamflow gauging sites show decreases in annual maxima than increases (Ishak et
al.,, 2013; Zhang et al., 2016). Decreased flooding has been attributed to decreased antecedent soil
moisture prior to the onset of the storm events across southern parts of Australia (Wasko and Nathan,
2019a). This demonstrates how a better understanding of the drivers of changes on streamflow and
flooding, that is, rainfall, evapotranspiration and soil moisture, and how they interact, is required to better
predict the likely impacts of climate change on the hydrological cycle, and subsequently economic activity,

the environment, communities, and ecosystems (Berghuijs et al., 2019).
1.3 Research gap in understanding drivers of concurrent hydrological trends

Due to the greater number of rainfall gauging stations and observations compared to streamflow, studies
often infer impacts to flooding from changes in rainfall. However, this approach may lead to apparent
contradictions such as increasing rainfall extremes which are not associated with increased flooding
(Sharma et al., 2018). Few studies examine hydroclimatic variables in unison (exceptions include, Johnson
et al.,, 2016; Wasko et al.,, 2020; Wasko and Nathan, 2019a) and of those that do, most focus on
instrumented catchments and the Millennium Drought (2001-2009) in the south-east of Australia (Fowler
et al., 2016; King et al., 2020; Kirono et al., 2017; Potter et al., 2010; Saft et al., 2016, 2015; Van Dijk et al.,
2013). As such, a holistic understanding of concurrent changes in hydroclimatic variables across Australia
does not currently exist. Here, we use a high-resolution continental water balance model to study trends
in simulated streamflow across the Australian continent, along with drought and high flow (flood) indices,
according to their key drivers: rainfall, evapotranspiration, and soil moisture. We test the model's ability
to reproduce hydrological trends then use the model as a tool to quantify historical trends across the

water balance.
2 Methodology
The approach used for this study is as follows:

1. The Australian Water Resource Assessment -Landscape model (AWRA-L) model is assessed in terms
of simulated runoff reproduction of streamflow trends at a set of high-quality catchments; with

catchment trend assessment grouped according to climatologically similar regions;
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2. Spatial trends in simulated runoff (aggregated to streamflow) are compared to trends in rainfall,
potential evaporation (PET), actual evapotranspiration (AET), and soil moisture.

3. Trends in catchment scale runoff extremes (drought and flood indices) are compared to trends in
related hydrologic and climate indices (i.e. mean rainfall and soil moisture trends, and trends in

extreme rainfall).
2.1 AWRA-L Model

AWRA-L is a daily, gridded, one-dimensional, semi-distributed continental-scale landscape water balance
model developed by the CSIRO and the Australian Bureau of Meteorology (BOM) (Frost et al., 2018; Van
Dijk, 2010; Viney et al., 2015) for water resource assessment and monitoring. It is currently run
operationally to provide near real-time hydrological data at a resolution of 0.05° x 0.05° (approximately
5km x 5km) from 1911 to the present across Australia (see www.bom.gov.au/water/landscape). Figure 1

presents the climate inputs, hydrological outputs, and simulated processes in AWRA-L.

The model forcing inputs are daily solar radiation, minimum and maximum temperature, 2m wind speed,
and precipitation. Other static inputs describe the spatial variability of soil and geological properties and
land use. In its operational use, AWRA-L uses daily precipitation and maximum and minimum
temperatures obtained from the Australian Water Availability Product (AWAP) (Jones et al., 2009),
remotely-sensed solar radiation (Grant et al., 2008), and an interpolated field of station-based
observations of wind speed (McVicar et al., 2008). Daily varying climatologies of solar radiation and wind
speed are used prior to 1990 and 1975, respectively, prior to the relevant observational datasets

becoming available.

The key hydrologic processes modelled include: 1) portioning of rainfall between interception and water
contributing to the water balance; 2) infiltration or saturation excess surface runoff dependent on
groundwater saturation; 3) interflow, drainage, and evaporation from the soil layers; and 4) baseflow and
evapotranspiration from the groundwater store. Potential evaporation is modelled using the Penman
equation (Penman, 1948), which uses wind and temperature as inputs, along with solar radiation to
calculate the terrestrial energy balance following Donohue el al. (2010). The soil is modelled in three layers
(0-0.1m, 0.1-1m, and 1-6m depth) with differing model parameters between layers. Shallow rooted
vegetation has access to soil moisture in the upper two layers while deep rooted vegetation also has
access to the bottom most layer. Key output fluxes are runoff, actual evapotranspiration, and soil moisture

for the three soil layers and deep drainage to the groundwater store. Similar to other semi-distributed
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models, the total runoff from a grid cell is a summation of the surface and subsurface runoff fluxes.
AWRA-L contains 49 parameters, of which 28 are fixed according to previous parameter sensitivity
experiments and prior knowledge, and 21 are optimised to maximise an objective function that considers
performance against observed streamflow (covering the period 1981-2011), remotely sensed
evapotranspiration, and remotely sensed surface soil moisture at a set of 295 unimpaired catchments

(zhang et al., 2011). The reader is referred to Viney et al. (2015) and Frost et al. (2018) for further details.
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Figure 1. AWRA-L conceptual structure. Purple: climate inputs; Blue rounded boxes: water stores; Red
boxes: water flux outputs; Brown: energy balance; Green rounded boxes: vegetation processes. The

dotted line indicates processes modelled in each grid cell (Frost et al., 2018).

Verification is undertaken firstly to the calibration data at independent sites (streamflow and remotely
sensed estimates of catchment average soil moisture and evapotranspiration over a separate set of 291
unimpaired catchments); along with in-situ measurements of soil moisture, flux tower estimates of
evapotranspiration, and estimates of groundwater recharge nationally; see Frost and Wright (2018).
AWRA-L performs well compared to other available continental scale models for streamflow
(predominantly due to streamflow data being used in calibration), and similarly to locally calibrated

nearest-neighbour regionalised conceptual rainfall runoff models, giving confidence that AWRA-L can be
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considered a fit-for-purpose continental scale hydrological model for water resource and agricultural
applications. Similarly, AWRA-L compares well to continental scale models when assessed against in-situ
root-zone (0-90cm) soil moisture observations, and shows comparable (if not better) correlation to in-situ
and remotely sensed data (Holgate et al., 2016), with soil moisture variability representative of catchment
dynamics (Peterson et al., 2020). AWRA-L shows comparable performance over other continental scale
models for evapotranspiration but currently shows slightly poorer performance according to annual

correlation of deep drainage (Frost and Wright, 2018).

As a result of this performance across the water balance, AWRA-L forms an integral part of the Australian
Bureau of Meteorology's national water accounting, water monitoring (Elmahdi et al., 2016; Hafeez et al.,
2015), and estimation of antecedent conditions for event-based flood forecasting. It has been used in
retrospective studies for national flood design guidelines (Ball et al., 2019), to understand the impact of
changes in soil moisture on flood magnitude (Wasko and Nathan, 2019a) and flood timing (Wasko et al.,

2020), and for the identification of flash drought using the evaporative stress index (Nguyen et al., 2019).
2.2  Analysis
2.2.1 Regional grouping

Broadly, Australia’s climate varies from tropical in the north to temperate in the south with an arid climate
inland. The north generally receives monsoon-driven rainfall in warmer months (November to April) with
little to no rainfall in the colder months (May to October), with rainfall becoming more seasonally uniform
moving south. The exception is the south-east which experiences a dry austral summer and wet colder
months. A small mountain range that runs along the east coast of Australia demarcates regions with less
rainfall inland and more rainfall towards the coast. Recognising these differences in climate, we
(regionally) aggregate and discuss results based on clusters of Natural Resource Management (NRM)
regions. For consistency with the other work in Australia (CSIRO and Bureau of Meteorology, 2015) the
NRM regions are defined by catchments and bioregions of similar climatic conditions (Figure 2). We note
that the Murray Basin region presented here forms the lower part of the larger Murray Darling Basin, one

of the most significant agricultural regions in Australia.
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Figure 2. Hydrologic reference stations underlain by Natural Resource Management (NRM) regions.
2.2.2 Evaluation of simulated streamflow trends

Although AWRA-L has been extensively validated, the ability of AWRA-L to capture observed hydrological
trends has not been previously tested. Observed (historical) trends in potential evapotranspiration (PET),
actual evapotranspiration (AET), and soil moisture (SM) are traditionally inconsistent and data source
dependent (see Section 1.2). For this reason, and because streamflow is an integration of the above fluxes
and stores, we focus on evaluating trends in catchment-aggregated AWRA-L runoff representing

streamflow. It is reasonable to assume that the unrouted, simulated runoff can be aggregated to
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represent streamflow in smaller catchments where streambed losses are smaller and routing impacts less.
Simulated trends in catchment-aggregated AWRA-L runoff are evaluated against trends in observed
monthly streamflow at a set of high quality observational hydrologic reference stations (Zhang et al.,
2016). These stations represent relatively unaltered catchments (low urbanisation, irrigation, forestry
effects). In total 160 stations of varying length are used. Most stations have recordings beginning in the
1970s with the longest length of record 37 years, shortest 19 years, and a median record length of 35
years. Station locations are presented in Figure 2 with the reader referred to Zhang et al. (2016) for further

details of this data set.
2.2.3 Trends in simulated hydroclimatic variables and indicators of flood and drought

Trends in observed streamflow, rainfall (AWAP), and simulated PET, AET, soil moisture, and runoff are
calculated as the slope of a linear regression of the seasonal or annual means of the respective variable.
Results focus on the period 1960-2017, coinciding with the increase in temperature identified post 1960
due to anthropogenic climate change (Fawcett et al., 2012). Here, we analyse root-zone soil moisture (0-
100cm soil depth), as it is most correlated with catchment flood response (Hill et al., 2016; Hill and
Thomson, 2019) modulating streamflow at various levels of event severity (Wasko et al., 2020; Wasko and

Nathan, 2019a).

Trends in high (flood) and low (drought) flow indicators were also examined and compared to trends in
rainfall and evapotranspiration and runoff. Here we use the 90" percentile (q90) of annual daily flow and
5-day (5day) annual maxima for high flows/floods. The standardised runoff index (SRI) is used to
characterise drought (Shukla and Wood, 2008). The SRl is defined by fitting a probability distribution to
the runoff time-series (in this case either gamma, log-normal, or normal based on the best fit) and
converting the fitted cumulative distribution to a standard normal deviate. Here, the SRI-12 (based on a
12-month calendar year aggregate) is used. The definitions, or classifications, of drought (McKee et al.,
1993) according to SRI-12 are presented in Table 1. As an indicator of drought extent, for each NRM region
the trend in the proportion of grid cells experiencing drought, as defined by the SRI-12 categories

presented in Table 1, is also calculated.

Table 1. Classification of drought category using the standardised runoff index (SRI)

SRI Value Drought Category Time in category (%)
-1.00to -1.49 Moderate 9.2
-1.50to -1.99 Severe 4.4

10
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3. Results

The results are presented as follows: first AWRA-L streamflow trends are evaluated against observed
trends. Next the continental scale trends in seasonal and annual means of AWAP (observed) rainfall, and
simulated PET, AET, soil moisture, and runoff are presented. Trends in indicators of flood/drought are also
evaluated. Finally, results are regionally aggregated across NRM regions. Trends are presented as scatter
plots between variables to understand how trends interact at catchment scale, whether there are
differences in the interaction regionally, and how these interactions compare to interactions at the

continental scale.

3.1 Catchment streamflow trend verification

The observed streamflow trend underlain by simulated AWRA-L runoff for 1960 to 2017 is presented in
Figure 3. Circles with white outline indicate that the direction of observed and modelled trends matches,
whereas black circles indicate the direction of trends does not match. Although AWRA-L runoff on a grid
cell basis is not directly comparable to streamflow which is a catchment outflow, regional coherence of
observed and modelled trends is promising. On an annual basis AWRA-L runoff and observed streamflow
in the south-west and south-east of the continent show strong decreasing trends. In the central north of
the continent there are increasing trends both in observations and simulations, but simulations of the
north-east coast display some divergence from observations. There appears to be localised decreases in
observed streamflow along the north-east coast and at the very far south-west tip of the continent which

are not captured by AWRA-L.

In the north of the continent, rainfall and streamflow is warm month dominant (DJF). The local variations
in streamflow appear to be better captured in the north-east of the country which is promising as these
are the months of largest trend. In the south of the country, where the trends are now small, there is
localised increasing runoff modelled matching the observed trends for some locations. In the south of the
continent, rainfall and streamflow is winter (JJA) dominant, and the strong decreasing trends are
simulated well. For Tasmania, the island off the south-east coast of Australia, the strong gradient in
observed trends between the east and west coast is captured (although being slightly displaced). For the
northern winter (JJA) there is little trend and the modelled runoff likewise shows little trend. The general

small but decreasing trend for winter runoff along the east coast moving north is captured.

11
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match. For consistency, the runoff trend is for 1960 to 2017.

Seasonal and annual linear trends in simulated AWRA-L aggregated runoff (streamflow) are compared
with observed streamflow on a catchment by catchment basis in Figure 4. For each catchment the
modelled streamflow is a summation of the runoff for all the grid cells within the catchment (Section
2.2.2). Performance is compared on the basis of the NRM regions presented in Figure 2, noting that we
assume the catchments are representative of the climatic conditions in that region. The coefficient of
determination (r?) and the hit rates annually and for each season are presented in Table 2. The hit rate
corresponds to when the direction is correctly modelled, that is, the observed and simulated trends are
both in the top-right (positive-positive) or bottom-left (negative-negative) quadrants in Figure 4.
Simulated annual flow direction trend matches that observed at 122 of the 160 (76%) sites with an overall
coefficient of determination of 0.38 (Table 2). In particular, the direction of simulated trend matches the
observed for all sites in the Murray Basin, and good correspondence is found for the Southern Slopes with
76% of the sites matching in simulated and modeled trend direction. For the Monsoonal North, despite
82% sites matching in trend direction, the coefficient of determination is low due to a large scatter in the

observed and modelled trends (Figure 4).
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Figure 4. Scatter plot of simulated and observed trends in seasonal and annual runoff for 160 HRS
catchments across Australia. Catchment locations are shown in Figure 3. Results are presented annually,
for the austral summer months (DJF), and the austral winter (JJA). The hit rate and coefficient

determination for each of the regions is presented in Table 1.
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289 Table 2. The number of sites where the modelled catchment streamflow trends matches the observed

290 catchment streamflow trend (hit rate) and the coefficient of determination (r?) between the modelled

291 and observed trends. Results are presented annually, for the austral summer months (DJF), and the

292 austral winter (JJA).
NRM Region Hit rate (%) r?
Annual
Wet Tropics 10 out of 17 (59%) 0.05
Monsoonal North 9 out of 11 (82%) 0.07
East Coast 14 out of 26 (54%) 0.08
Central Slopes 6 out 10 (60%) 0.30
Southern Slopes 25 out of 33 (76%) 0.26
Murray Basin 53 out of 53 (100%) 0.44
Rangelands 0 out of 1 (0%) -
Southern and South-Western Flatlands 5 out of 9 (56%) 0.21
Overall 122 out of 160 (76%) 0.38
DJF
Wet Tropics 14 out of 17 (82%) 0.54
Monsoonal North 11 out of 11 (100%) 0.06
East Coast 20 out of 26 (77%) 0.33
Central Slopes 8 out 10 (80%) 0.67
Southern Slopes 21 out of 33 (64%) 0.03
Murray Basin 41 out of 53 (77%) 0.34
Rangelands 0 out of 1 (0%) -
Southern and South-Western Flatlands 7 out of 9 (78%) 0.37
Overall 122 out of 160 (76%) 0.43
JA
Wet Tropics 14 out of 17 (82%) 0.24
Monsoonal North 6 out of 11 (55%) 0.43
East Coast 25 out of 26 (96%) 0.13
Central Slopes 10 out 10 (100%) 0.25
Southern Slopes 28 out of 33 (85%) 0.59

14
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Murray Basin 53 out of 53 (100%) 0.38

Rangelands 1 out of 1 (100%) -
Southern and South-Western Flatlands 4 out of 9 (44%) 0.34
Overall 141 out 160 (88%) 0.55

The overall annual results can mask the results for the dominant streamflow season (Table 1). For summer
(DJF), the r? between trends is 0.06 and 0.54 for the Monsoonal North and Wet Tropics respectively,
however 11 of 11 sites (100%) in the Monsoonal North, and 14 out of 17 sites (82%) in the Wet Tropics
model the observed trend direction suggesting better correspondence in the summer (wet) months than
when streamflow is aggregated for the year. Good correspondence is observed for the East Coast and
Central Slopes in the winter (JJA) where AWRA-L simulates the observed trend direction at 35 of 36 sites.
Similarly, for the Murray Basin, all sites have the same modelled trend direction in the winter (the
dominant streamflow season). In comparison, in the summer, where there is the least flow, 41 out of 53
Murray Basin sites correctly model the observed trend direction (77%). Streamflow is winter dominant in
the Southern Slopes. Here 28 out of 33 (85%) sites model the correct trend direction with an r? of 0.59. At
the catchment scale, the Southern and South-Western Flatlands exhibit the lowest skill, with the correct

direction modelled at only 4 out of the 9 sites in the winter, possibly due to very differing local geology.

Overall, the modelled and observed trends compare well (Figure 3). At a majority of observational sites,
streamflow trends are reproduced by AWRA-L, giving confidence in using simulated water balance
variables to support our interpretations of the observed trends. The direction of the streamflow trend is
well reproduced, particularly for the dominant streamflow season, but the magnitude of the trend is not
necessarily represented well in parts of the tropics. Best correspondence is found in the south-east of the
country (Murray Basin and Southern Slopes regions). Evaluation was also performed for the 90" percentile

of streamflow with results largely similar to those presented here.
3.2 Continental scale trends in hydroclimatological variables

Having established the verification of AWRA-L, trends in the (simulated) hydrologic variables are now
evaluated. Figure 5 presents the trend in observed rainfall (derived from the gridded interpolated climate
observations) as well as simulated potential and actual evapotranspiration, soil moisture, and runoff for
the period 1960 to 2017. Two key points are noticeable for the annual rainfall trends: a positive trend for

the summer dominated tropical monsoonal north, and a negative trend for the autumn/winter frontal
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system dominated south. Tropical rainfall in northern Australia is summer (DJF) dominant and has been
increasing over the last half a century. With little rain occurring in the winter (JJA) in these areas, the trend
observed in winter is negligible, and the annual trend is dominated by changes in summer rainfall. In
general summer rainfall has been increasing across Australia, but this trend is less clear in the east, for
example isolated coastal areas on the east coast exhibit decreases in summer rainfall. The annual trend
in rainfall for the south-west is strongly influenced by decreasing winter rainfall. In the south-east of
Australia, a similar trend is observed — there is a decline in winter rainfall (though the largest observed
decrease is for autumn rainfall) resulting in decreased mean annual rainfalls. Although trends are
presented for all of Australia, we note that the rainfall gauging network in the arid center of Australia is
limited, with high uncertainty in these areas. Hence the interpretation of results is limited to coastal, more

populous, and streamflow producing regions.

Notionally, trends in PET could be expected to be proportional to changes in temperature or inversely
proportional to rainfall due to increased cloud cover. But as discussed in the introduction there are many
confounding factors and interdependencies affecting PET trends. Figure 5 presents, for the period 1960-
2017, decreases in PET across the western half of Australia in summer and increases across the eastern
half of Australia. There is a slight decrease in PET for the winter months in southern Australia and an
increase in PET in northern Australia, but overall, the annual trend from east to west appears dominated
by the trend in summer PET. There is little evidence for a spatial correlation of these trends with changes
in rainfall or the increase in temperature observed across Australia over the past half a century. However,
it should be noted that the driving radiation and wind variables for the PET simulated here are based on

climatologies pre 1990 and 1975 respectively.
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Figure 5. Linear trend in rainfall, potential evapotranspiration (PET), actual evapotranspiration (AET), soil
moisture (SM), and runoff from 1960 to 2017. Results are presented annually, for the austral summer
months (DJF), and the austral winter (JJA). Note that we plot -PET here for ease of visual colour

comparison.

The modelled AET displays very similar trends to the rainfall, confirming that, with the exception of some
coastal areas (primarily the south-east cost), evapotranspiration across most of Australia is water (and not
energy) limited. In the summer months there is an increase in evapotranspiration across the tropical
north, with decreases elsewhere. In the winter, there is a strong spatially coherent signal in the
evapotranspiration, with decreases in the south-west, corresponding to decreases in availability of
moisture due to declines in rainfall. The result is an annual trend in AET and rainfall of similar magnitude,
between 10-50 mm/decade in the central northern tropics with decreases of a similar magnitude in the

south-west of Australia.

For consistency, the units of the soil moisture trends are the same. As soil moisture trends are presented
for the top 1m of soil, the magnitude of the trend may be less, despite its large modulating effect on flood
response (Wasko and Nathan, 2019a). Soil moisture tends towards wetting in the summer in the north
and west of Australia, with a drying trend only present in the south-west and south-east. In the winter
there is almost universal drying across the south of Australia resulting in an annual trend similar to rainfall
and AET trends. There are increases in soil moisture in the north of Australia and decreases in the south,
consistent with trends in rainfall and water availability. However, arguably, the changes in soil moisture
are more spatially consistent, an indicator of the longer residence time of water in the soil. For example,
the drying trend across the east coast in soil moisture is much more extensive compared to the AET trend

comprised of a mixture of increasing and decreasing trends.

The observed changes (trends) in rainfall and soil moisture translate to large changes in runoff across
Australia. In the central tropics there is an increase in runoff in the summer of over 50mm/decade, while
along the south-east coast there is a small drying trend of approximately 5-10mm/decade. In winter, the
south-east and south-west coasts exhibit large decreasing trends in the order of 20mm/decade. In the
north, winter is the dry season and there are no significant trends. The high spatial resolution of AWRA-L
results in regional differences being modelled. For example, for Tasmania, the island off the south-east
coast of Australia, a decreasing trend is modelled on the east-coast, and increasing trend on the west-
coast, commensurate with the orographic divide that runs north-south. Similarly, across the south-east

coast of Australia greater decreasing trends in runoff are observed on the coastal side of the dividing
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mountain range that runs along the east coast. There is little trend in runoff elsewhere, with most trends

in runoff across Australia contained to the coastal areas of higher rainfall.
3.3 Trends in high flow indices

The continental pattern across Australia for the 90 percentile (q90) of daily runoff (on an annual basis)
and the 5-day maxima from 1960 to 2017 are presented in Figure 6. The trends in the 90" percentile
runoff (top row) reflect the mean runoff trends presented in Figure 5, suggesting a uniform directional
shift in the flow distribution, similar to global studies (Gudmundsson et al., 2019). There are decreases for
g90 in the summer months (DJF) for the tropical north and parts of the south-east coast. Although rainfall
and runoff are summer dominant along the north-east coast the trends are mixed and there is little trend
elsewhere due to low summer rainfall. For winter months (JJA) there are large reductions in q90 across
the southern coast of Australia with little trend elsewhere, coinciding with the lack of rainfall and runoff
across the northern parts of Australia in the winter. On a continental scale, the annual trend reflects the

summation of the seasonal patterns.

The 5-day annual maxima (bottom row) is more extreme than the 90 percentile and hence the trends
exhibit greater variability than the trends for q90. Compared to the trend in q90 there are now more
increases in the extreme runoff on the south-east coast reflecting how the more extreme the rainfall, the
more likely we are to see increases, particular in the winter months when rainfall seasonality is dominant
across south-west Australia. The annual trends form a different composite of the results presented for
the 90™ percentile. In the summer months the trend in the 5-day annual maxima remains similar to q90,
but for winter the trends exhibit more variability with more wetting trends exhibited on the south-east
coast of Australia. The 5-day maxima for eastern inland areas of Australia is influenced more by trends in
the summer (and not winter) months while the northern part of Australia is influenced by the summer

trends.

Despite predicted increases in extreme rainfall across Australia (Guerreiro et al., 2018) there remain large
parts of the country with observed decreasing trends in q90 and the 5-day annual runoff maxima. This
indicates that events at this level of severity are controlled by other processes than simply changes in
extreme rainfall, for example changing rainfall persistence characteristics and changing soil moisture (e.g.
Wasko and Nathan, 2019a). The mean runoff drying trend (Figure 5) is strongest in the south-west of
Australia and this continues to be reflected with the 90 and 5-day annual maxima decreasing uniformly

on the south-west coast (Figure 6).
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Figure 6. Linear trend in 90" percentile (q90) and annual maxima (5-day) for runoff from 1960 to 2017.

Results are presented annually, for the austral summer months (DJF), and the austral winter (JJA).
3.4 Trends in low flow indices

Drought, or low flow, trends are quantified using the SRI-12 (Figure 7). SRI drought is relative to the
variability at the individual pixel, hence by definition large parts of Australia will experience drought
although they may not necessarily experience small mean rainfall. This is a limitation of using the SRI to
characterise drought, particularly in regions of low flow (such as the arid interior of Australia).

Correspondingly, we focus our analysis on the northern and coastal regions.

The SRI-12 is trending towards drier conditions around and inland of the southern half of the continent
(Figure 7a) consistent with decreased runoff/streamflow (Figure 5). Across the Southern Slopes and
Southern and South-Western Flatlands, there is a consistent negative trend in the SRI-12 indicating a shift
to drier conditions and more frequent drought conditions. There is no single indicator of drought (Kiem

et al., 2016), hence these results should be interpreted with respect to the trends in hydroclimatic
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418  variables presented in Figure 5. What is starkly different from the previous results is that not just the
419  south-west and south-east of Australia are trending towards drier conditions but most of southern
420  Australia is experiencing drier conditions. This points to how multiple indicators of drying conditions, in

421 the context of internal variability, need to be considered (e.g. Nathan et al., 2019).
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423 Figure 7. Trend in annual SRI from 1960 to 2017 (a) continental trends (b) change in the proportion
424 (%/decade) of grid cells experiencing drought based on annual SRI (Table 1). Increases are shaded in
425 brown and decreases are shaded in green.

426  As an indicator of changes in drought extent, the change in the percentage of grid cells experiencing
427 drought in each year in each of the NRM regions was calculated (Figure 7b). A 1% per decade increase
428 represents an increase in the percentage of grid cells in an NRM observing drought (e.g. from 25% to 26%).
429  The decreasing number of cells in the Monsoonal North, Rangelands, and Wet Tropics suggests a smaller
430 extent of drought with climate change, consistent with the increases in mean rainfall presented in
431 Figure 5. But we note that there were localised regions trending to lower SRI-12 (i.e. drought) in the Wet
432  Tropics (Figure 7a). The greatest increase in the number of cells experiencing drought occurs in the
433  Southern Slopes, Murray Basin and Southern and South-Western Flatlands. The large increasing extent of
434  drought and decreasing mean annual rainfall in the Murray Basin is concerning, as this is a significant

435  agricultural region for Australia.
436
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3.5 Catchment scale interaction of hydroclimatological variables

Section 3.2 presented a continental scale analysis of changes in the drivers of streamflow across Australia.
However, trends and interactions of hydroclimatological variables at the catchment scale are likely to
differ from those at the continental scale (Saft et al., 2015; Whitfield, 2012). Focusing on streamflow,
Figure 8 presents simulated streamflow trends against trends in observed rainfall and simulated PET, AET,
and soil moisture. We note that simulated streamflow is a summation of the AWRA-L runoff (Section

2.2.2).

There is a strong correspondence between rainfall and simulated streamflow trends both seasonally and
annually, with an r? of 0.74 at the annual timescale. It is very evident that the strongest positive trends in
streamflow and rainfall occur in the Wet Tropics and Monsoonal North, and largely in the wet season
(austral summer) months (DJF). Conversely the decrease in streamflow in the Southern and South-
Western Flatlands is largely a result of winter (JJA) rainfall declines. This confirms the findings presented
in the gridded results in Figure 5. But it is now also clear, which was not evident previously, that the
Southern Slopes and Murray Basin regions, although adjacent, have markedly different behavior as a
result of an orographic divide. Although mean annual rainfall and streamflow are reducing across both
regions at the annual scale, summer rainfall and streamflow are increasing in the Murray Basin. In the

winter the Southern Slopes have increasing rainfall and streamflow.
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Figure 8. Simulated streamflow trend per decade for 160 catchments across Australia from 1960 to 2017
against trend in potential evapotranspiration (PET), actual evapotranspiration (AET), and soil moisture
(SM). Results are presented annually, for the austral summer months (DJF), and the austral winter (JJA).
Catchment locations are shown in Figure 2. A line of best fit is presented in black with the coefficient of
determination (r?) for each pair of variables. Coefficients of determination for individual NRM regions

are presented in Table S1.

Similar to the continental trends, there is little correspondence between PET and runoff at catchment
scale. This is because, firstly, the trend in PET is only realised as a trend in either AET, soil moisture, or
runoff if there is sufficient moisture available (and it will appear in AET and soil moisture before runoff
which is an integration of the above fluxes). Secondly, the trends in PET are small compared to rainfall.
Despite strong continental coherence in AET and runoff trends (Figure 5), regional scale trends between
AET and runoff generally have very low coefficients of determination (Table S1) with the exception of the
Wet Tropics, Monsoonal North and Southern and South-Western Flatlands. This suggest, for these
regions, greater runoff is correlated with greater evapotranspiration probably due to greater water
availability through greater precipitation. The Wet Tropics, Monsoonal North, and Southern and South-
Western Flatlands are wetter coastal regions and therefore are possibly not moisture limited but energy
limited. However, regions like the Southern Slopes and East Coast are also coastal, and do not have a
strong relationship between AET and runoff (annually), implying, not all coastal regions are energy limited.
It does not appear that AET is driving changes in streamflow, as the strong positive relationship between
AET and runoff for the Southern and South-Western Flatlands is counter to the fact that runoff is

decreasing in this region reducing water availability.

Soil moisture is more strongly linked to streamflow (r? of 0.23 annually) than AET (r? of 0.01) or PET (r? of
0.09), suggesting wet soils are contributing to runoff and vice versa. The strength of these relationships
does not necessarily correspond to the seasonality of streamflow. For example, there is a strong
relationship in the summer months in the Murray Basin between runoff and soil moisture (r? of 0.40) and
similarly for the Southern and South-Western Flatlands (r? of 0.49) but these are the months of the lowest
streamflow. For winter streamflow, the relationship between soil moisture and streamflow is more
random, suggesting that streamflow depends more on rainfall in wetter months whereas in drier months

the relationship between streamflow and rainfall is modulated by soil moisture.

The lack of relationships in trend between soil moisture and runoff in the winter months for the Murray

Basin and Southern and South-Western Flatlands is reflected in the annual relationship where little
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correspondence exists between soil moisture and runoff trends with r? values less than 0.1 (Table S1). The
East Coast and Central Slopes show strong positive annual associations between streamflow and soil
moisture of 0.34 and 0.57 respectively suggesting the east coast of Australia has a strong relationship with
soil moisture and runoff which was not present for the other variables. Although we can conclude that
rainfall changes are the dominant driver of changes in streamflow, soil moisture is a secondary driver with

the strength of the interaction between soil moisture and runoff varying strongly with season.
3.6 Catchment scale interaction of hydroclimatological variables for high flows

Figure 9 presents trends in the 90" percentile of annual catchment streamflow (q90) against the trends
in the 90" percentile of rainfall (p90), trends in soil moisture, and trends in mean rainfall from 1960 to
2017. Due to the small correlations of runoff trend to trends in PET and AET, and the shorter time scale of
high flows, the trends in PET and AET are omitted here. At an annual aggregation, the association between
g90 and p90 trends (0.38) is poorer than that of q90 with the mean rainfall (0.68). For each NRM region
the coefficient of determination is greater than 0.5 between q90 and mean rainfall (Table S2). There exists
variability between regions for the relationship between trends in q90 and p90 but in general the

strongest relationships exist between q90 and the mean rainfall (compared to p90 or soil moisture).

Seasonally, a strong relationship exists between trends in q90 and p90 across most regions. The
relationship between the trends in 90 and p90 appears weaker than the correlation between the trends
for mean rainfall and mean streamflow presented in Figure 8. This could be expected due to greater
variability in the more extreme flows and rainfalls, compared to mean flows and rainfalls. There is a weak
relationship between q90 and p90 trends in summer (DJF) for the Southern and South-Western Flatlands
and Southern Slopes (< 0.1), possibly due to the fact that this is not the dominant streamflow season, and
streamflow is baseflow dominated, resulting in higher associations with soil moisture (Table S2) up to

0.65 for the Southern and South-Western Flatlands .
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Figure 9. Modelled q90 streamflow runoff trend per decade for 160 catchments across Australia against

p90 rainfall, soil moisture (SM), and mean rainfall. Results are presented annually, for the austral

summer months (DJF), and the austral winter (JJA). Catchment locations are shown in Figure 2. The black

line is a line of best fit with the coefficient of determination (r2) for each panel. Table S2 presents

coefficients of determination for individual NRM regions.
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There are quite large positive and negative trends in the Wet Tropics: q90 runoff with a strong association
to p90, up to 0.73 in the Wet Tropics for the summer season. In the Monsoonal North q90 is generally
increasing with increasing p90 (r? of 0.78). This is consistent with significant infiltration excess dominated
high flows during the monsoonal wet (DJF) season. For winter (JJA), the strongest positive trends in q90
are observed in the Southern Slopes, and the strongest negative trends in the Southern and South-
Western Flatlands, with an r? with the p90 trends of 0.67 and 0.55 respectively. The contrast to the
summer trends in this region being dominated by soil moisture changes demonstrates how changing high
(q90) runoff, as compared to mean runoff, is more linked to seasonality changes, and changes in seasonal
extremes may not necessarily translate to change in the annual mean. For example, for the Murray Basin
and Southern and South-Western Flatlands the summer association with soil moisture is greater than that
with p90. Comparing an r? of 0.65 for the South and South-Western Flatlands between q90 and soil
moisture with an r? of 0.09 for q90 and p90 demonstrates two points: first, high flows in seasons of low
rainfall are more related to soil moisture changes than extreme rainfall changes; second, seasonal changes
in high flows, out of sync with the maximum seasonality of flow, are dominant in this region. To
summarise, for the Murray Basin and Southern and South-Western Flatlands, soil moisture and the mean

climate state have a greater impact on changing high flows than changes in extreme rainfall.

Overall, the greatest association for trends in q90 is with trends in mean annual rainfall (Table S2). This
doesn’t necessarily imply that mean rainfall changes are driving high flow changes, but, as extreme rainfall
changes constitute a large part of the volume of mean rainfall, we know that mean rainfall changes are
highly dependent on changes in extreme rainfall. Moreover, mean rainfall changes are a larger driver of
changes in soil moisture. Hence the trends in p90 rainfall and soil moisture are integrated into changes in
the mean rainfall and the association between q90 and mean rainfall trends (Figure 9) is similar to the
association between mean runoff and mean rainfall (Figure 8). Trends in q90 are similar to trends in mean
runoff confirming that the direction (positive or negative) of trend in the entire runoff distribution is the

same.
4 Discussions and Conclusions

We presented the first high-resolution evaluation of trends in key hydroclimatic variables across the
terrestrial water balance for the Australian continent. Compared to the gauging network of (daily) rainfall
observations, other hydrological variables such as evaporation, soil moisture, and streamflow (not
affected by human interaction/management) are much more sparsely measured, meaning most studies

of hydroclimatic trends are limited to rainfall and infer impacts to other parts of the water cycle from the
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rainfall trends (e.g. Gallant et al., 2007). However, inferring trends in streamflow from rainfall alone can
be problematic due to the complex interactions present at catchment scale (e.g. Sharma et al., 2018).
Because of this, to quantify and understand changes in the hydrologic cycle both on the continental scale,
and in ungauged catchments, modelling is required. Here, we used the Australian Water Resource
Assessment model (AWRA-L) to study trends in rainfall, evapotranspiration, soil moisture, and runoff, as

well as indicators of flooding and drought across the continent.
4.1 Evaluation of AWRA-L

AWRA-L has been extensively evaluated for its performance in simulating soil moisture and runoff,
indicating its suitability for national water balance studies. We additionally evaluated the performance of
AWRA-L to simulate trends in catchment aggregated runoff, that is, the streamflow. Simulated annual
flow direction matched observations at 76% of the catchments with a coefficient of determination 0.38,
indicating good performance across the continent. Localised decreases in observed streamflow along the
north-east coast and at the very far south-west tip of the continent may be due to the fact that there is
one set of parameters applied nationally with local behaviour modulated according to input static grids of
landscape characteristics. This approach inevitably leads to areas where performance and behaviour does
not follow observed data (due to input uncertainties and errors along with poor local parameterisation).
However, as the performance of AWRA-L in ungauged basins approaches that of locally calibrated models

for streamflow, this gives confidence in the use of AWRA-L nationally (Frost and Wright, 2018)

Overall, good correspondence with observed trends was found in the south-east of Australia, in particular
in the Murray Basin and Southern Slopes NRM regions where observed drying trends are the largest.
Reasonable correspondence between modelled and observed trends in streamflow was found in the
northern parts of Australia for the warmer months when streamflow is greatest but on an annual basis,
the coefficient of determination was less than 0.1 in the tropics. The large variability in the magnitude of
the modelled trend in the tropics may be in part due to drainage currently being overly dependent on
saturated conductivity, and not enough on rainfall variability in the gridded rainfall driving the model. But
it should also be noted that this region generally has catchments which are larger in area and ephemeral

leading to greater variability in observed trends.
4.2 Trends in hydroclimatic variables across Australia

Linear trends show that, consistent with the tropics expanding poleward (Grise et al., 2018; Staten et al.,

2018), there has been increasing precipitation in the tropics and decreasing precipitation in the sub-
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tropics, with trends to wetter conditions in the monsoon-dominated summer months in the north and
drier conditions in the south in the winter months. As changes in rainfall corresponds to the dominant
rainfall seasonality for Australia, on a continental scale there is correspondence between the trends in
rainfall, AET, soil moisture and runoff since 1960. There is little correspondence between PET and AET
trends with the primary (only) exception some limited regions on the south-east coast. The divergence of
PET and AET trends fits with the fact that Australia as a whole is a moisture limited environment (Anabaldn

and Sharma, 2017).

Consistent with extreme rainfalls (by volume) contributing most to the mean rainfall distribution
(Taschetto and England, 2009; Wasko and Nathan, 2019b) and the entire flow distribution trending in the
same direction with climate change (Gudmundsson et al., 2019), trends in the 90*" percentile of runoff are
largely related to changes in mean rainfall. Decreases in high flows (an indicator of flooding) are the
greatest in the south-west and south-east coastal regions of Australia. But more severe flow extremes,
such as the 5day annual maxima flow, exhibit less negative trends, suggesting the more extreme the flow

event, the more likely it is to be increasing (Wasko and Nathan, 2019a).

Indicators of drought suggest a shift to more frequent occurrences (and more widespread) drought across
large parts of Australia. Although shifts to more frequent drought conditions are largely contained to the
Southern Slopes, South and South-Western Flatlands, and Murray Basin, there is evidence that parts of
the tropics will also experience increasing drought, despite increases in rainfall. Although the eastern half
of the Southern and South-Western Flatlands did not exhibit strong trends in decreasing runoff, there was
a large decrease in the SRI-12 indicating a shift to more drought conditions. This is consistent with
increasing variability in rainfall (Rajah et al., 2014) rather than changes in total mean rainfall causing

greater restrictions to seasonal water supply (Nguyen et al., 2020).

Despite strong visual correlation between trends in rainfall, soil moisture, evapotranspiration and runoff
at the continental scale, annual streamflow trends at the regional scale show the greatest association to
rainfall trends with an r? of 0.74. This suggests rainfall changes are driving changes in streamflow and soil
moisture is a secondary driver (r? of 0.23 annually). In the dry summer months, the associations of runoff
and soil moisture (r? of 0.40) for the Murray Basin are similar to that between runoff and rainfall (r? of
0.49). This presents that soil moisture changes are a secondary driver of streamflow trends, except in dry

months, where soil moisture is equally a primary driver.
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For the 90 percentile of streamflow, trends were more closely aligned to mean rainfall changes (r? of
0.68) rather than the 90™ percentile of rainfall (r?> of 0.38). As extreme rainfall changes constitute a large
part of the volume of mean rainfall change, the 90'" percentile of rainfall and soil moisture are integrated
into changes in mean rainfall. This suggests that trends in high flows are modulated by both rainfall and
soil moisture changes. Indeed for the dry summer months in the Murray Basin and Southern and South-
Western Flatlands, the association with soil moisture is greater than that with p90, indicating how high
flows in seasons of low rainfall are more related to changes in soil moisture than extreme rainfall changes,

with the converse true for the high rainfall season.
4.3 Implications and future work

Here we successfully performed a trend analysis of key hydrologic variables from 1960 to 2017 using
continental scale water balance model (AWRA-L). We found trends towards greater rainfalls and water
availability in the tropics with declines in rainfall and water availability in the south of the continent. While
there is evidence of increasing extreme rainfalls across Australia, annual maxima flooding has decreased
across large parts of the county. Declining rainfalls and streamflow in southeast Australia have resulted in
increasing droughts affecting agriculture and water supply and if these trends are to continue, we can

expect consequences to be further exacerbated.

Future work will focus on better understanding the impacts of climate change on water supply across
Australia and the impact of changes in seasonality on drought and flooding. Localised projections of the
impacts of changing hydrologic conditions on water supply exist for Australia (Henley et al., 2019; Nguyen
et al., 2020), but we envisage that projections of AWRA-L will enable the development of more extensive
studies that lead to greater understanding and a more holistic picture of the impacts of climate change

on flooding and water supply across Australia.
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