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Abstract: Changes in peak magnitude, volume, frequency and duration of floods
obtained from a peak-over-threshold sampling in 780 unregulated catchments show
significant differences between northern and southern Australia over 1975-2012.
Increases of the flood properties are mainly located in northern Australia, while
decreases are mostly in southern Australia. These changes could be dominated by
inter-annual and/or decadal variability of floods. The multidimensional behaviors of
flood change across Australia can be described by three distinct groups (i.e. no
changes, increases and decreases in all flood properties), showing strong geographic
cohesion. The geographical consistency between the changing patterns of flood
properties and spatial patterns of vapor transport anomalies during the El
Nifio-Southern Oscillation (ENSO) positive phase could partly explain the geographic
cohesion of flood changes. In a warmer future, the observed decreases in floods in
southern Australia are projected to continue with high model agreement, while only
magnitude and volume of floods in northern Australia are projected to increase but
with high uncertainties. The diametric changes in flood magnitude between northern
and southern Australia are projected to be more evident in extreme (i.e. 50-year)

floods than small (i.e. 5- and 20-year) floods.

Key words: Flooding behaviors; Flood magnitude, Flood volume; Flood frequency;

Flood prediction

1. Introduction



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

In Australia, floods cause more loss of life than any other disasters (FitzGerald et
al., 2010). The economic damage and loss caused by floods are equivalent to more
than $400 million per year (Bureau of Meteorology, 2009). Recently, Australia has
been plagued by a series of extreme floods such as those occurred in 2011 and 1974
which led to economic losses reaching millions of dollars (Box, et al., 2013).
However, the question remains: are the characters of flooding truly changing under
climate change?

Climate change considerably affects various aspects of the hydrologic cycle
(Allen and Ingram, 2002; Zhang et al., 2017). The amplified hydrologic cycle results
in more frequent and extreme floods (Hirabayashi et al., 2013; Winsemius et al.,
2016). Numerous recent studies have been carried out to explore impacts of climate
change on flooding in many parts of the world based on observations and/or model
simulations, such as China (e.g., Zhang et al., 2014; Li et al., 2016), the United States
(e.g., Mallakpour and Villarini 2015; Archfield et al., 2016), Europe (e.g., Berghuijs et
al., 2017; Bloschl et al., 2017), as well as Australia (Halgamuge et al., 2017; Liu et al.,
2017). However, studies may draw different and even contradictory conclusions about
changes in flooding in the same region (Mallakpour and Villarini 2015; Archfield et
al., 2016). For example, Mallakpour and Villarini (2015) reported cohesively
increasing trends in flood frequency over central United States, while the trends in the
same region detected in Archfield et al. (2016) were fragmented. The reports of
Intergovernmental Panel on Climate Change (IPCC) indicated that “there continues to

be a lack of evidence and thus low confidence regarding the sign of trend in the
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magnitude and/or frequency of floods at a global scale” (IPCC, 2013). Low
confidence in flood changes under global warming is mainly due to limited
observations and the complex surface hydrologic processes in regions. The
sophisticated interactions between climatic (e.g., tropical cyclones, organized
thunderstorm systems, and extratropical systems) and anthropogenic factors (e.g.,
population, land use, and infrastructure) is a major type of the complexity (Johnson et
al., 2016) which makes examination of changes in flooding caused by climate change
with reasonable accuracy a huge challenge (Merz et al., 2012).

The spatial and temporal aspects of flood variability in Australia are also
connected to the impacts of large-scale climate indices. Several climate indices, such
as El Nifo—Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), Southern
Annular Mode (SAM), and Interdecadal Pacific Oscillation (IPO), were recognized to
have important impacts on climate variability in Australia (Pui et al., 2012; Min et al.,
2013; Liu et al., 2018a). Linear trends in precipitation during 1981-2014 were largely
attributable to ENSO and IOD across Australia (Forootan et al., 2016). Summer
precipitation extremes in eastern Australia are associated with SAM, and this region
tends to be wetter and cooler during the positive phase of SAM (Min et al., 2013). On
a multidecadal timescale, compared with the negative phase of IPO, the climate in
Australia tends to be “drier” during the positive phase of IPO (Verdon and Wyatt,
2004). IPO also tends to modulate the relation between ENSO and Australian climate
variability (King et al., 2013). The impacts of 10D, SAM, and IPO on climate

variability are recognized across Australia; however, ENSO is identified as the
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dominant driving factor behind climate variability over Australia (Pui et al., 2012).
Liu et al. (2018a) analyzed the relations between flood variability and the four climate
indices mentioned above, and confirmed that Australian flood variability is heavily
influenced by ENSO. Wasko et al. (2015) developed the Randomized Bartlett Lewis
model considering the impact of ENSO in the continuous stochastic precipitation
simulation in Australia, and then replicated observed wet spell statistics and
catchment antecedent conditions.

Previous studies investigated Australian floods caused by climate change usually
using annual maximum series (AMS) and without separating the effects of human
activities (e.g., Villarini et al., 2012; Rouillard et al. 2015; Halgamuge et al., 2017).
The AMS defined as the largest streamflow occurring in a year only reflects the
changes in magnitude of the annual maximum flood. If there are several floods in one
year, only one flood event is considered in AMS. However, in reality, it may happen
that the highest flow in a year is not extreme enough to be a flood event, but it is still
considered in AMS. There may be more than one flood events in a year, but only the
largest flood can be included in AMS. Additionally, the low confidence that climate
change has affected the frequency and magnitude of fluvial floods is mainly due to a
lack of long-term records from unmanaged catchments (IPCC, 2014).

Therefore, in this study, flood records of more than 30 years from 780
unregulated catchments across Australia are used to investigate changes in peak
magnitude, volume, frequency and duration of flood events across the various

physiographic and climate regions of Australia. A peak-over-threshold (POT)



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

sampling method which can break the limitations of AMS is used to obtain the four
flood characteristics and then to identify distinct groupings of multidimensional flood
behaviors. To the best of our knowledge, no previous studies have used the POT
approach to characterize the flood characteristics and examine multivariate flood
properties for the widespread unregulated catchments in Australia. Evaluating the
changes in multivariate flood properties is beneficial for us to address questions such
as whether floods are becoming more frequent, longer, or larger in current conditions

and warmer future.

2. Data
2.1 Observations from the 780 unregulated catchments

Australia can be classified into six climatic regions (i.e., equatorial, tropical,
subtropical, temperate, grassland, desert; Liu et al., 2018a) (Fig. 1). Except for the
desert areas, daily discharge data (unit: m*/s) from 780 unregulated and unimpaired
catchments across Australia covering the 1975-2012 period were collected from
respective state water agencies (Zhang et al., 2013). These 780 catchments were
selected from more than 4,000 catchments across Australia using four selection
criteria; (1) the catchment area is greater than 50 km?; (2) the stream is unregulated,
I.e. not subject to dam or reservoir regulations; (3) the catchment is unimpaired, i.e.
not subject to major impacts of irrigation and intensive land use; and (4) the observed
discharge record contains at least 3,652 daily observations (equivalent to ten years)

during 1975-2012 with acceptable data quality according to a consistent national
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standard. Missing values in the discharge dataset were filled by the best simulation
obtained from three calibrated hydrological models: Xinanjiang, SIMHYD and
AWRA models (Zhang and Chiew, 2009; Zhou et al., 2013; Zhang et al., 2016). For
each catchment, the best model is identified by the highest Nash-Sutcliffe Efficiency
(NSE) among the three models. We extracted the NSE value of the optimal model
simulations for each catchment, and then obtained a series of 780 NSE values. The
10th, 50th, and 90th of the 780 NSE values are 0.43, 0.67, and 0.81, respectively,
suggesting an acceptable performance of the optimal model simulations (Liu and
Zhang, 2017). Zhang and Post (2019) evaluated the ability of hydrological models for
gap filling by taking this discharge dataset for experiments, indicating that the gap
filling of hydrological models is very reasonable and has little impact on discharge
trend. More details on this dataset can refer to the report of Zhang et al. (2013)
entitled “Collation of Australian modeller’s streamflow dataset for 780 unregulated
Australian catchments”.

In addition to daily discharge data, we also collected the catchment information
and catchment attributes of these 780 basins, including daily precipitation, daily
evapotranspiration, percentage of irrigation land use and intensive land use (Fig. S1).
The daily evapotranspiration at a 5 km spatial resolution was estimated using the
Priestley-Taylor equation (Eichinger et al., 1996) with inputs of 5-km gridded climate
dataset including daily maximum temperature, daily minimum temperature, daily
solar radiation and daily vapor pressure. The 5-km gridded meteorological data in

Australia are sourced from SILO (http://www.longpaddock.gld.gov.au/silo/) and
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AWAP (http://www.bom.gov.au/climate/data/). It is difficult to adequately
characterize the catchment precipitation in catchments smaller than about 50 km? in
drainage area using such coarse gridded data. The statistical summary of the
catchment attributions in each climatic region is shown in Table 1.

2.2 Modeled discharge data

In this study, the future changes of floods were also evaluated using simulated
daily discharges from eight hydrological models (HMs) forced by five Coupled Model
Intercomparison Project Phase 5 (CMIP5) global climate models (GCMs) from the
Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) (Table 2 and 3). In
ISI-MIP, each HM is driven by the bias-corrected outputs of the five CMIP5 GCMs.
ISI-MIP has been widely used to evaluate the responses of hydrology, meteorology,
and agriculture to future warming climate (e.g., flood, drought, water availability) (Li
et al., 2016; Asadieh and Krakauer 2017; Frieler et al., 2017).

Due to the coarse resolutions of the GCM outputs, they are bias corrected into a
uniform 0.5°x0.5° spatial resolution by a statistical method in ISI-MIP (Hempel et al.
2013). This bias correction ensures the long-term statistics of the GCM outputs are
consistent with the Water and Global Change (WATCH) during 1960-1999 (Weedon
et al. 2011; Warszawski et al. 2014). Forty simulations (i.e., 5 GCMs x 8 HMs) of
daily discharge of 1971-2005 under historical scenario and of 2006-2100 under
representative concentration pathway 2.6 (RCP2.6) and RCP8.5 scenarios were used
in this study.

2.3 ENSO phases and NCAR-NCEP reanalysis data
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Monthly Southern Oscillation Index from NOAA Climate Prediction Center
(CPC) over 1951-persent is used as El Nifio-Southern Oscillation (ENSO) values in
this study. The SOI values > 1 is defined as extreme positive ENSO phase, while the
ENSO values < 1 indicate extreme negative ENSO phase (Fig. S2). The monthly
values of wind field and specific humidity over 1948-present are provided by the
National Centers for Environmental Prediction (NCEP)-National Center for
Atmospheric Research (NCAR).

2.4 Soil moisture data

Monthly soil moisture data during 1948-2010 were sourced from Global Land
Data Assimilation System (GLDAS) version 2 product. Soil moisture (unit: mm) in
four layers (i.e. layer depths of 0-0.1, 0.1-0.4, 0.4-1, and 1-2 m) is produced by
NOAH model with a spatial resolution of 0.25° x 0.25°. Many previous studies have
evaluated and accepted the performance of the GLDAS soil moisture (e.g. Chen et al.,
2013; Gu et al., 2019a), and then used this data in drought assessment (Cheng and
Huang, 2016; Gu et al., 2019b and c). The surface and root zone soil moisture in layer
depths of 0-0.1 m and 0-1 m respectively, are chosen to analyze changes in basin

wetness across Australia.

3 Methods
3.1 POT sampling
We use the POT approach to sample flood and heavy precipitation events from

water-year time series (i.e., July-June in the next year). The definitions of magnitude,
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volume, duration, and frequency of floods obtained from POT are shown in Fig. S3. A
threshold in POT is selected so that two events per year on average can be sampled
from the daily records. The spatial patterns of thresholds in annual flood events are
comparable with those of heavy precipitation events (Fig. S4). The independence of

flood events is evaluated by (Lang et al., 1999):
D >5+log(A)

Quo <5 Min(Q,Q,)

1)

Where D denotes the waiting time between two flood peaks; A denotes the drainage
area in mile%; and Q; and Q. denote the magnitudes of the two flood peaks in m%s.
The Mann-Kendall test is used to detect changes of multivariate properties in floods
and heavy precipitation (Mann 1945; Kendall 1975).
3.2 Impacts of ENSO on floods

Changes in floods are linked to large-scale climate variability (Mallakpour and
Villarini 2016; Gu et al., 2017). The large-scale climate variability is often represented
by climate indices, such as ENSO, 10D, SAM, and IPO, which have been proven to
have noticeable impacts on flood variability across Australia (e.g., Johnson et al.,
2016; Liu et al., 2018a). We calculate the correlation between flood events and the
climate index such as ENSO in this study. Each flood event obtained from POT
sampling is described by magnitude, duration and volume. The month and year of the
peak discharge of each flood event were used to match the month and year of monthly
ENSO values, resulting in a same length of coincident ENSO data. The Spearman

method is used to compute the correlations between flood events (i.e. magnitude,

10
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volume and duration) and the coincident ENSO values. Among the four climate
indices, the ENSO index is significantly correlated with POT flood series at the
largest number of the stations (Fig. S5). Therefore, we investigate the impacts of
ENSO by quantifying the difference in flood magnitude, volume, frequency, and
duration between extreme positive and negative ENSO phases. Student t test is used
to test whether there is a significant difference at the 0.05 significance level.

We also employ the 850 hPa wind field and compute the integrated vapor
transport (IVT) to explain the relationship between flood events and ENSO. IVT (unit:
kg/m/s) is a quantity that describes the total amount of transported water vapor to a
location, and is calculated by integrating specific humidity, zonal and meridional
winds across different atmospheric levels based on NCEP-NCAR reanalysis dataset

(Mallakpour and Villarini 2016; Nayak et al., 2016):
1 (300 ? 1 (300 2
IVT - \/(6 Lurface qup] + (5 Lurface qup] (2)

Where, g, u, and v are specific humidity (kg/kg), and zonal and meridional wind

components (m/s), respectively; g is the acceleration due to gravity (m/s?) and p is
pressure.
3.3 Normalized changes in projected floods

The future changes in floods are evaluated by the normalized changes of ISI-MIP
simulations under RCP2.6 and RCP8.5. The magnitude, volume, frequency and
duration of floods in each grid are estimated based on POT during 1971-2100. The
averages of these values during 1976-2005 and 2070-2099 are defined as Qzoc and

Q21c, respectively. The normalized change is calculated as (Asadieh and Krakauer
1
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2017):

Q21C B onc

AO =
Q QZlC + QZOC

@)

Where AQ ranges between -1 and +1. AQ values greater (smaller) than 0 indicate

increases (decreases) in flood properties in warmer future.

4. Results
4.1 Changes in the observed flood properties

Fig. 2 shows the spatial patterns of changes in flood properties across Australia.
Most of catchments show no changes in all flood properties except for duration, and
the percentages of no changes are 82.8% for magnitude, 81.9% for volume, 79.1% for
frequency, and 26.8% for duration. The catchments with increases in flood properties
are mainly in northern Australia, especially for the duration in the equatorial and
tropical areas (Fig. 1 and Fig. 2). Increases in heavy precipitation properties are also
found in this region (Fig. 4). In contrast, decreases in flood properties are observed in
the catchments mainly located in southern Australia (especially the temperate areas),
while we do not observe decreases in any heavy precipitation properties in this region
(Fig. 4). The possible reasons behind this inconsistency in changes between floods
and heavy precipitation in southern Australia are discussed in next paragraphs.

We further evaluate the temporal variability in regional averages of flood events
in the equatorial and tropical areas (northern Australia) and temperate areas (southern
Australia), respectively (Fig. 2). The diametric changes (i.e., all flood properties

increase in northern Australia but decrease in southern Australia) are more evident. A
12
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stronger tendency towards increases in the flood volume and duration are apparent
(+129 m/year for volume and +0.56 day/year for duration; both reach the 0.05
significance level) in northern Australia. We also observe the decreases in all flood
properties (in particular frequency and duration with slopes of -0.02 event/year and
-0.21 day/year, respectively; both reach the 0.05 significance level) in temperate areas.
Significant decreases in flood magnitudes were also found by Ishak et al. (2013) and
Ishak and Rahman (2015) in this region..

To explore the potential spatial similarities of the changes in flood properties, the
patterns of increases or decreases in the magnitude, volume, frequency and volume of
floods can be classified into three distinct groups: all flood properties show no (NC,
no change), increasing (Al, all increasing), and decreasing (AD, all decreasing)
changes (Fig. 3). The three groups are classed using a hierarchal agglomerative
clustering approach (Tan et al., 2006; Olden et al., 2012) based on the four at-site
Kendall tau values (Helsel and Hirsh 2002) which measure changes in the magnitude,
volume, frequency and duration of flood events (Fig. S6). The Kendall tau values are
calculated by the correlations between time and the flood properties, and negative
ones indicate decreases in the flood properties and vice versa. The agglomerative
coefficient which is used to measure the clustering structure is 0.9949 (the maximum
is 1) in this clustering, indicating the grouping is reasonable.

There is an apparent lack of geographic cohesion within NC group which
contains 35.1% of the catchments. These catchments in NC group scatter across

Australia (Fig. 3a). The NC group shows a tendency toward decreases in all flood

13
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properties as shown by the negative medians of Kendall tau values, although very few
of them are statistically significant. 19.7% of the catchments are classed into Al group
and most of these catchments are in northern Australia. Except for the frequency of
flood events, the Kendall tau values of the other flood properties of more than 50% of
the catchments are greater than 0.15 (i.e., the 0.1 significance level) (Fig. 3b). The AD
group has the largest number of catchments (i.e. 45.1%) among the three groups and
exhibits the strongest geographic cohesion. The AD catchments almost only occur in
southern Australia (Fig. 3c). Widespread decreases in magnitude, volume, frequency
and duration of flood events in AD group are observed, as more than 50% of the
catchments in this group have negative Kendall tau values smaller than -0.15 in all
flood properties. The catchment-based and regional changes in each flood property
are consistent with the results of cluster analyses based on multidimensional nature of
these changes. These results affirm the diametric changes in unregulated floods in
northern Australia and southern Australia.

In northern Australia, changes between flood properties and heavy precipitation
are highly consistent (Figs. 2 and 4). Heavy precipitation increases significantly by
+0.05 mm/year for magnitude, +5.19 mm/year for volume, +0.07 event/year for
frequency, and +0.11 day/year for duration (Fig. 4). The climate variations like wet
and dry spells characterized as averaged and maximum lengths are stable in time in
most of basins in northern Australia, and this is also the case for their regional
averages in this region (Fig. 5). These results imply that heavy precipitation events
play a major role in flood generating processes in northern Australia.

14
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Increases in heavy precipitation may be not enough to explain the increasing
flooding in northern Australia, because the response of floods to heavy precipitation
depends on antecedent hydrologic conditions and wetness state of the catchment
(Sharma et al., 2018). 90-day and 180-day antecedent water storage (defined by the
amounts of precipitation minus evapotranspiration) prior to the flood event are
calculated to analyze changes in antecedent hydrologic conditions (Fig. 6a and 6b).
Both the 90-day and 180-day antecedent water storage show increases in the basins in
northern Australia, indicating that a wetness antecedent condition exists ahead the
flooding. The percentage of heavy precipitation events leading to flooding will be
largely amplified, if the precipitation is conditioned on the catchment being wet
before the start of the flood event (lvancic and Shaw, 2015). Changes in soil moisture
can reflect the wetness state of the catchment (Fig. 6¢ and 6d). A tendency towards
increases is observed in both surface and root zone soil moisture in northern Australia,
suggesting that basin hydrologic condition is also being wetting in this region. Clearly,
wetting soil moisture conditions will promote the translation from heavy precipitation
to flooding in northern Australia.

In northern Australia, an arid region, the dominant flood-generating mechanism
is the infiltration excess (Johnson et al., 2016). In this generating mechanism, flooding
is likely to occur in the situation where the instantaneous precipitation intensity is
remarkably higher than the soil hydraulic conductivity (Mirus and Loague, 2013).
Tropical cyclones (Villarini and Denniston 2016; Nott, 2018) and Australian monsoon
(Callaghan and Power, 2014) bring abundant water vapor that can produce heavy

15
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precipitation in a short period, and then trigger flooding in northern Australia. We can
conclude that the increases of flood events in northern Australia can be largely
attributed to the increasing heavy precipitation conditioned antecedent catchment
wetness and wetting soil moisture.

In southern Australia, the significant decreases in flood properties cannot be
attributed to the slight increases in heavy precipitation (Figs. 2 and 4). For most of
catchments in southern Australia, the dominant flood-generating mechanism is the
saturation excess where soil moisture dependent precipitation excess plays a more
important role in controlling flooding (Trancoso et al., 2016). A significantly
decreasing trend is observed in both averaged length and maximum length of wet
spell in southern Australia (Figs. 5¢ and 5d), suggesting that the climate becomes
drying. The drying climate was lengthened and amplified in the hydrological drought.
During the period of 1997-2009, southeastern Australia experienced a record-breaking
drought known as “the Millennium drought” (1997-2009) (Yang et al., 2017).
Comparing the period of “the Millennium drought” with pre-drought period, the
average precipitation in southeastern Australia decreased by 13%, which resulted in
about 45% decline in streamflow (Van Dijk et al., 2013).

The drying climate is also confirmed by the obvious decreases in the 90-day and
180-day antecedent water storage prior to the flood event in southern Australia (Figs.
6a and 6b). When the antecedent catchment wetness is declining, the percentage of
heavy precipitation events leading to flooding will be substantially reduced (lvancic
and Shaw, 2015). Surface soil moisture drying also exists in southern Australia, and it

16
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is more prominent in root zone soil moisture (Figs. 6¢ and 6d). The drying soil
moisture infiltrates a larger portion of runoff into the soil and then reduces flood
magnitude, volume, and duration in southern Australia.
4.2 Relation of spatial patterns in flood temporal variability to ENSO

Although the diametric changes in floods between northern and southern
Australia are detected out, these changes may be plausible and not secular due to the
relative short record (i.e. only 37 years). For example, the magnitude of Australian
floods in tropical areas indicates an obviously declining trend during 1975 to around
1990, while a significantly increasing phase is around 1990 to 1998 (Fig. 2a). Flood
duration shows decrease during 1975-1990 and increase during 1990-2012 in northern
Australia. The change shift in some flood properties may be associated with the large
variability of floods. It can be seen in Fig. 2 that the changes in regional averages of
floods are dominated by inter-annual and/or decadal variability. Here, our hypothesis
is that the temporal variability in floods is related to the variability in the climate
system which can be reflected by the large-scale climate index (i.e. ENSO in this
study) (Ward et al., 2014; Liu et al., 2018a). The cross correlations between 0, 1, 2, 3,
4, 5, and 6 month lags between flood event and the preceding n month ENSO value
(wheren =0, 1, 2, 3, 4,5, and 6) are conducted. How to match of flood event and
monthly ENSO values can refer to Section 3.2. The fractions of significant
correlations with lag-0 and lag-1 ENSO are maximum among these lags, i.e. 16.9%
and 20.8% for magnitude, 19.4% and 22.7% for volume, and 23.3% and 22.1% for
duration, respectively (Fig. 7). When the lag is more than 6 months, the fraction of

17
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significant correlation is down to a low percentage.

Therefore, we show the difference in the four flood properties between extreme
positive and negative lag-0 and lag-6 ENSO phases (Fig. 8). Most of significant
differences in the four flood properties between extreme positive and negative ENSO
phases are positive, and their spatial patterns are almost consistent between lag-0 and
lag-6. The catchments with positive differences are mainly in northern Australia and
east northern Australia, and this is the case particularly for duration and frequency.
Previous studies have detected tight relations between ENSO and precipitation
extremes in the two areas of northern Australia where consistent increases in both
floods and heavy precipitation are also observed (Fig. 2). In southern Australia
(especially its southeast part), there is little evidence to suggest strong relations
between ENSO values and flood properties in most catchments. The inconsistent
changes between heavy precipitation and floods in southern Australia (Fig. 2) imply a
weak correlation between ENSO and floods in this region.

The consistent changes of floods in northern Australia show geographic cohesion,
especially for duration (Figs. 2 and 3), which could be partly demonstrated by the
consistent positive relations between floods and ENSO in this region. The composite
IVT anomaly and wind anomaly during the extreme ENSO positive phase are used to
explain the physical mechanisms responsible for the relationships of flood properties
with ENSO (Fig. 9). During the extreme ENSO positive phrase, the positive vapor
transport anomalies over the equatorial and tropical Australia are observed, suggesting
strengthened moisture transport in these regions. On the other hand, the negative
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vapor transport anomalies in the temperate areas indicate weakened moisture transport.
The spatial patterns of vapor transport anomalies composited in ENSO positive phrase
are highly consistent with the geographic cohesion of flood changes (i.e. diametric
changes in floods between northern and southern Australia, Figs. 2 and 3). Here, we
must note that this consensus in spatial patterns can not fully explain the geographic
cohesion due to around 80% of catchments show no differences during the extreme
positive and negative ENSO phases (Fig. 8). Nevertheless, the diametric changes in
floods between northern and southern Australia related to inter-annual variability are
partly linked to the effects of ENSO.
4.3 Projected changes of floods in a multi-model framework

We detected discrepancies of changes in observed floods between northern and
southern Australia under climate change. The next question to address is then: would
the diametric changes continue in a warmer future? The 40 combinations of HMs and
GCMs are employed to simulate floods over the 21% century under RCP2.6 and
RCP8.5. Precipitation, temperature, and other weather variables from GCMs under
historical and the two RCP scenarios are employed to drive the HMs. To simulate the
impacts of different global warming levels on floods, human activities such as
population, GDP, irrigation, and land use/land cover are not considered in the
simulations.

The Quantile—quantile plots of simulated and observed flood peaks in the four
selected catchments show that the multi-model ensemble means of the 40

combinations of HMs and GCMs performs reasonably to represent flood conditions
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(Fig. 10). In a warmer climate under RCP2.6 and RCP8.5, more than 60% of the 40
models agree the decreases in all flood properties in southern Australia (Figs. 11 and
12) where the decreasing flood risk was also projected by previous studies
(Winsemius et al., 2016; Asadieh and Krakauer 2017). The decreases are more intense
during 2070-2099 under RCP8.5 (representative of a 4°C warmer world compared to
the pre-industrial era) than under RCP2.6 (a 2°C warmer world). We also observe
increases in magnitude and volume of flood events in central-northern Australia but
with high uncertainties. The regional averages in flood magnitude and volume
anomalies of multimodel ensemble means during 1970-2099 relative to 1976-2005
show increases in northern Australia but decreases in southern Australia under
RCP8.5 (Fig. 12). Projected changes in flood magnitudes of the 5-, 20-, 30- and
50-year return periods (this event, on average, would occur in n-year) are also
evaluated (Fig. S7). It is more evidence that the flood magnitudes are projected to
increase in northern Australia (more than 60% of models agree the increases more
than 50%, Fig. S7), which is in line with that in Hirabayashi et al. (2013). The areas
with increases in flood magnitudes are expected to be larger in floods with higher

return levels (e.g. 50-year) and warmer climates (e.g. RCP8.5).

5. Discussion and Conclusions

We highlight strong differences of changes in unregulated flood properties across
Australia, i.e. increases in northern Australia and decreases in southern Australia.
Though the changes during 1975-2012 are not evidently visible in terms of the
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number of unregulated catchments with 0.05 significance level, the changes of
regional averages of flood properties are mostly significant and prominent. Increases
of flood events in northern Australia are attributable to the increasing heavy
precipitation conditioned antecedent catchment wetness and wetting soil moisture,
while the drying catchment wetness state and climate lead to the decreases of flooding
in southern Australia. It should be noted that these changes in floods may be plausible
and not secular due to the relative short record, and could be dominated by
inter-annual and/or decadal variability.

We future analyze the relations between the temporal variability in floods and the
variability in the climate system (i.e. ENSO in this study). Positive differences in
flooding between extreme positive and negative ENSO phases are mainly in northern
Australia which shows consistent increases in both floods and heavy precipitation,
while there is little evidence to suggest strong relations between ENSO values and
flood properties in most catchments of southern Australia. The geographical
consistency between the changing patterns of flood properties and spatial patterns of
vapor transport anomalies could partly explain the geographic cohesion of flood
changes (i.e. diametric changes in floods between northern and southern Australia).

Finally, we explore whether the diametric changes in floods would be continue in
the future. The observed decreases in floods in southern Australia are projected to
continue with high model agreement under a warmer climate, while only magnitude
and volume of floods in northern Australia are projected to increase but with low

model agreement. Compared to RCP2.6, under RCP8.5 (representative of a 4°C
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warmer world compared to the pre-industrial era), this feature (decreases in southern
Australia and increases in flood magnitude and volume in northern Australia) would
be more pronounced. We also noted that the diametric changes of flood magnitude
between northern and southern Australia are projected to be more evident in extreme
(i.e. 50-year) floods than small (i.e. 5- and 20-year) floods. Our findings are critical to
improve the understanding of the changing nature of flooding across Australia and can
be assessed and communicated from a practical standpoint in terms of the local threat
to people and assets.

It should be also noted the large uncertainties in simulated flood events in
individual models (Fig. 10). Hydrologic regimes are usually better monitored in larger
rivers in terms of drainage basin area and flood magnitude. The flood magnitude in
larger rivers is greater enough relative to mitigate the impacts of the systematical
biases and errors in HMs and GCMs (L. et al., 2016). In ISI-MIP, HMs are large-scale
land surface models driven by the outputs of GCMs with coarse spatial resolution,
which leads to higher uncertainties in small basins with relatively low river discharge
in southern Australia (Fig. S1). Additionally, Teng et al. (2012) employed five
rainfall-runoff models and 15 GCMs to simulate the runoff in southeast Australia, and
pointed out that the uncertainty sourced from GCMs is much larger than the
uncertainty in the rainfall-runoff models.

Natural variability, response uncertainty, and scenario uncertainty are the three
sources of uncertainty in GCMs projecting climate change in the future (Hawkins and
Sutton, 2009; Woldemeskel et al., 2016). Although the total uncertainty of CMIP5
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precipitation is visibly reduced due to a number of advances relative to CMIP3, the
precipitation uncertainty is found to be larger in regions where heavy precipitation
exists (Woldemeskel et al., 2016). The CMIP5 GCM outputs are bias corrected in
ISI-MIP. Although the bias correction may add extra uncertainty to the projections, it
can substantially improve the representation of precipitation properties (Nguyen et al.,
2017). Additionally, low-frequency variability in GCM simulations is better
represented after bias correction (Rocheta et al.,, 2014 and 2017), and this
improvement in low-frequency variability is important for most hydrological studies
where the effect of low-frequency variability is of considerable importance (Nguyen
etal., 2017).

Another major limitation of this study is that the changes in vegetation due to
changing climate and hydrologic conditions are not taken into consideration in the
HMs. Variations in vegetation distribution also have consider impacts on streamflow
(Liu et al., 2018b, 2019), especially for the flood generating processes in Australian

temperate areas (Zhang et al., 2011).
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Fig. 7 Fractions of significant correlations with lag 0-6 of El Nifio—Southern Oscillation (ENSO)
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the month and year that were matched to the month and year of ENSO time series; then coincident
data of flood events and climate indices were used to estimate their correlations by Spearman
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the values in y axis) indicate the ratios of the number of catchments with significant correlations to
total catchments (i.e. 780).
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values zero month  and six months ahead of flood events, respectively.
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Fig. 10 Quantile—quantile plots of observed and simulated annual maximum daily discharge
during the 1975-2005 period. The black dots indicate the multimodel ensemble mean of flood
peaks in the 40 models. The selected four catchments (i.e. a-d) are located in four catchments of
the ten with maximum drainage areas in the 780 catchments (see Fig. S1).
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Fig. 11 Multimodel ensemble mean of normalized changes in flood properties across Australia
over 2070-2099 under RCP2.6 relative to 1976-2005 under historical scenario (left panels), and
the anomalies in multimodel ensemble mean of regional averages over the equatorial and tropical
(1) and temperate (I1) areas during 1976-2099 (right panels). In the left panels, the areas with black
lines indicate more than 60% of the 40 models agree with the results of multimodel ensemble
mean. In the right panels, the colored shadows are the 5-95% ranges of the corresponding regional
averages.
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Fig. 12 Multimodel ensemble mean of normalized changes in flood properties across Australia
over 2070-2099 under RCP8.5 relative to 1976-2005 under historical scenario (left panels), and
the anomalies in multimodel ensemble mean of regional averages over the equatorial and tropical
(1) and temperate (1) areas during 1976-2099 (right panels). In the left panels, the areas with black
lines indicate more than 60% of the 40 models agree with the results of multimodel ensemble
mean. In the right panels, the colored shadows are the 5-95% ranges of the corresponding regional
averages.
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Table 1 Statistical summary of the catchment attributes in each region

) Number of  Mean area Mean Irrigation ratio Intensive Forest Mean precipitation Aridity
Regions catchments (km?) slope (%) ratio (%) ratio (%) (mm) index
Equatorial 7 1263.60 1.12 0.00 0.00 0.20 1582.66 1.29
Tropical 7 4041.51 3.46 0.40 0.50 0.28 1371.09 1.64
Subtropical 100 1705.91 4.32 1.16 1.45 0.48 1025.37 1.88
Temperate 531 568.66 4.82 0.59 1.14 0.55 924.75 1.47
Grassland 51 8523.78 1.73 0.05 0.36 0.11 542.34 3.61
Desert 14 15046.62 1.42 0.00 0.08 0.04 309.48 5.60
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Table 2 Detail information for the five GCMs from CMIP5

GCM Institution Resolution (number of grids)

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory 144x90

HadGEM2-ES Met Office Hadley Centre 192x145
IPSL-CM5A-LR L’Institut Pierre-Simon Laplace 96%96

Japan Agency for Marine-Earth Science and Technology,
MIROC-ESM-CHEM Atmosphere and Ocean Research Institute (The University of Tokyo), 128x64
and National Institute for Environmental Studies
NorESM1-M Norwegian Climate Centre 144x96




Table 3 Main characteristics of the Hydrology models used in this study

Time Meteorological Energy Evapo-s Vegetation CO;
Model name Runoff scheme References
step forcing variables Balance cheme dynamics effect
Distributed
Penman
biosphere P,S, T,W,Q, Saturation Tang et al.,
1h Yes -Montei No No
hydrological LW, SW, SP excess, nonlinear 2006
th
model (DBH)
R,S, T,W,Q, Bulk Saturation Hanasaki
H08 Daily Yes No No
LW, SW, SP formula  excess, nonlinear etal., 2008
Macro-Scale
Penman Gosling
Probability-Distrib R,S, T,W,Q, Saturation
Daily No -Montei No No and Arnell
uted Moisture LW, SWnet, SP excess, nonlinear
th 2011
(Mac-PDM)
Minimal Advanced
Treatments of
Infiltration & Consta
Surface Interaction R, S T,W,Q, Bulk Pokhrel et
1h No saturation excess, No nt (345
and LW, SW, SP formula al., 2012
groundwater ppm)
Runoff
(MATSIRO)
Max Planck
Penman Hagemann
Institute-Hydrolog P,S,T,W,Q, Saturation
Daily No -Montei No No and Gates
y Model LW, SW, SP excess, nonlinear
th 2003
(MPI-HM)

PCRaster Global Infiltration & Bierkens
Water Balance Daily P, T No Hamon  saturation excess, No No and van
(PCR-GLOBWB) groundwater Beek 2009

Variable P, Tmax, Tmin, Penman Saturation
Daily Liang et
Infiltration W, Q, LW, SW, No -Montei excess/beta No No
/3h al., 1994
Capacity (VIC) SP th function
Vorosmart
Water balance
Daily P, T No Hamon Saturation excess No No yetal,
model (WBM)
1998

Note: R = rainfall rate; S = snowfall rate; P = precipitation (rain or snow distinguished in the
model); T = air temperature; W = wind speed; Q = specific humidity; LW = longwave radiation
flux (downward); LWnet = longwave radiation flux (net); SW = shortwave radiation flux
(downward); and SP = surface pressure. Bulk formula: Bulk transfer coefficients are used when
calculating the turbulent heat fluxes. Beta function: Runoff is a nonlinear function of soil

moisture.
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