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(S I N

Abstract: The paper compares future streamflow projections for 133 catchments in the Murray-
Darling Basin simulated by a hydrological model with future rainfall inputs generated from different
methods informed by climate change signals from different global climate models and dynamically
downscaled datasets. The results show a large range in future projections of hydrological metrics,
mainly because of the uncertainty in rainfall projections within and across the different climate
projection datasets. Dynamical downscaling provides simulations at higher spatial resolutions, but
projections from different datasets can be very different. The large number of approaches help
provide a robust understanding of future hydroclimate conditions, but they can also be confusing.
For water resources management, it may be prudent to communicate just a couple of future scenarios
for impact assessments with stakeholders and policymakers, particularly when practically all of
the projections indicate a drier future in the Basin. The median projection for 2046-2075 relative to
1981-2010 for a high global warming scenario is a 20% decline in streamflow across the Basin. More
detailed assessments of the impact and adaptation options could then use all of the available datasets
to represent the full modelled range of plausible futures.

Keywords: streamflow projections; climate change; dynamical downscaling; empirical scaling; bias
correction; water resources management; Murray-Darling Basin

1. Introduction

Projections of future water resources and river flow characteristics under climate
change are needed to inform planning and adaptation in the water and related sectors.
These projections are typically developed by comparing hydrological model simulations
for a future time period relative to a historical time period [1]. The future climate inputs
are generally informed by the change signal from global or regional climate models. The
modelling components and considerations are illustrated in Figure 1.

Global climate models run over coarse spatial scales greater than 100 or 200 km. There
are many outputs from global climate models produced by different modelling groups
across the world, and they can provide a useful indication of the uncertainty or range in
future climate projections. The climate model outputs that are available online generally
come from global modelling experiments coinciding with the assessment cycles of the
Intergovernmental Panel on Climate Change [2,3].

Regional climate modelling or dynamical downscaling run at much higher resolutions
over the region of interest (5 to 20 km), using boundary conditions from global climate
models. They potentially add value by modelling atmospheric processes at higher spatial
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resolutions, as well as resolving surface features, such as mountains, coastlines, and land
use [4,5]. However, because of the long computer run times, there are limited outputs from
dynamical downscaling, run specifically for the region of interest with boundary conditions
from a subset of available host global climate models. In Australia, dynamical downscaling
has historically been supported by the different state government agencies to inform local
and regional assessments.
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Figure 1. Components in the modelling climate change impact on streamflow.

The methods used to translate outputs from global and regional climate models to
inputs for hydrological modelling generally fall into three categories. The first is the
empirical scaling method, where the historical daily rainfall series is scaled by the change
signal in the climate model to obtain the future climate series [6-8]. The empirical scaling
can be done at the annual, seasonal, or daily level. The daily scaling considers changes in
the daily rainfall distribution and can reflect the increase in high extreme rainfall intensity
under warmer conditions. The empirical scaling method can be relatively easily applied
and interpreted. However, the major drawback is that empirical scaling assumes that
the future rainfall sequence is the same (but with different daily values) as the historical
rainfall sequence.

The second method of using climate model outputs for hydrological modelling is the
bias correction method. The bias correction method develops a relationship between the
historical daily rainfall from the climate model and the observed catchment rainfall. This
relationship is then used to translate the future rainfall simulated by the climate model
to future catchment rainfall. Therefore, the bias correction method reflects the changes
in all the rainfall characteristics as simulated by the climate model (including the rainfall
sequence and multi-year variability). The main limitations of the bias correction method
are that (i) the bias that needs to be corrected is often much larger than the change signal
itself, (ii) the seasonal and annual change signals after bias correction can be different from
the raw change signals, and (iii) it is difficult to robustly bias correct all of the rainfall
characteristics (particularly the number of rain days, multi-day accumulations, and spatial
correlation) important for runoff generation [9-12]. Another limitation in the context of
hydrological modelling and impact assessment is that the historical bias-corrected rainfall
series is no longer the same as the observed series resulting in a different baseline modelled
streamflow series to compare the future simulations against.

The third method for hydrological projections is to generate a stochastic future daily
rainfall series that reflects the change signal in the various rainfall characteristics [13-17].
This method is appealing because the stochastic data can represent both climate variability
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and climate change, and the changes in the rainfall characteristics can be informed by
climate models or climate change knowledge or simply perturbed for sensitivity or stress
testing of the hydrological system. However, there are challenges in running complex
models of water resource systems with a large number of stochastic replicates.

The availability of multiple climate projection data sources and hydrological impact
modelling approaches, and their evolution, has considerably enhanced scientific knowledge.
However, the multitude of products and approaches can also be confusing and add to the
challenge of assessing hydrological impacts and developing water resource adaptation
options under deep uncertainty.

This paper investigates the projections of future water resources and hydrological
metrics modelled by a hydrological model, using future rainfall inputs developed from
different methods, informed by different global and regional climate model products. The
focus of the paper is to present the hydrological projections from the different methods
and data sources, describe the range of uncertainty within and between methods, and
discuss the interpretation and implications for water resources applications. The study
was carried out using the extensive datasets available for the Murray—Darling Basin in
south-eastern Australia.

The paper is organised as follows. Following this Introduction, Section 2 describes the
study region, data, and modelling methods. Section 3 presents the modelling results, fol-
lowed by a discussion of the results and their implications for water resources management
in Section 4. Section 5 then summarises the conclusions from this modelling study.

2. Data and Modelling Methods
2.1. Study Region

The study region is the Murray-Darling Basin (MDB) in south-eastern Australia (Fig-
ure 2). The MDB supports about half of Australia’s irrigated agriculture, is home to more
than two million people, and has extensive water-related environmental assets [18]. Stream-
flow in the MDB is highly variable, with almost twice the inter-annual variability of rivers in
similar climate regions elsewhere in the world [19,20]. The 1997-2009 Millennium drought
and the decline in cool season rainfall have significantly impacted people, agriculture, and
water ecosystems that depend on the water resources in the Basin [21-23]. There have been
significant and continuing water reforms in the MDB, particularly to rebalance water use
between competing uses and to better cope with long and severe droughts [24]. Hydro-
climate projections also indicate that the MDB will be hotter and drier in the future [25]
because of changes in the general atmospheric circulation under a warmer climate pushing
the cool season storm tracks further south [26-28].

2.2. Observed Climate and Streamflow Data

The modelling was carried out for 133 catchments (Figure 2). These are largely
unimpaired catchments (with no significant diversions, irrigation, or storage), and are
therefore located in the upland areas, with better spatial coverage in the high runoff areas in
the south-eastern part of the Basin. The catchment areas range from 120 to 2600 km? (10th
to 90th percentile range). These 133 catchments were selected by the Australian Bureau of
Meteorology as hydrologic reference stations, defined as gauging stations with relatively
high quality, long, and continuous streamflow data [29]. The streamflow data were obtained
from the Bureau of Meteorology website (http:/ /www.bom.gov.au/water/hrs/ (accessed
on 15 March 2021)).

The source of the observed climate data is the 5 km-gridded daily climate dataset from
the Bureau of Meteorology (Australian Gridded Climate Data; [30,31]). The catchment-
average daily rainfall data were obtained by averaging the gridded rainfall data for all
the grid cells within the catchment. The daily areal potential evapotranspiration (PET)
was estimated using Morton’s wet environment evapotranspiration formulation [32,33].
Therefore, for each catchment, a single time series of daily rainfall, PET, and streamflow,
from 1981 to 2020, was used for the modelling.
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Figure 2. Locations of 133 catchments used for the modelling (detailed results are presented for the
two red catchments).

2.3. Rainfall-Runoff Modelling

Daily streamflow was modelled using the GR4J lumped conceptual daily rainfall-
runoff model [34]. Daily rainfall and PET were inputs into the model, and the model
simulates daily streamflow. The GR4] model was calibrated to best reproduce the daily
observed streamflow, by maximising the NSE-Bias (Nash—Sutcliffe efficiency and bias)
objective function [35], which reflects a good simulation of daily streamflow with little
overall bias over the modelling period. The calibrations were satisfactory in practically all
the catchments (daily NSE was greater than 0.6 in more than 80% of the catchments, and
overall bias was less than 10% in 85% of the catchments) for the purpose of the modelling
experiments here.

The same optimised values of the four parameters from the GR4J] model calibrations
were used to model the historical (1981-2010) and future streamflow (2046-2075, see
below). This is a potential limitation as the model was extrapolated to simulate a future
under warmer conditions, higher atmospheric CO, concentration, and changes in dominant
hydrological processes in longer dry spells projected for the MDB [22,36,37]. Understanding
and modelling hydrological non-stationarity is a significant challenge and is the subject
of considerable ongoing research, particularly in this region [38-40]. The influence of
hydrological non-stationarity is not considered here; however, it should not affect the
conclusions from this study, which is focussing on the evaluation of different sources of
climate projections and climate inputs on streamflow projections.

2.4. Future Rainfall Projections from GCMs and RCMs
The climate projections were sourced from four datasets or products. The first dataset
was the 42 global climate models (GCMs) from the CMIP5 (Coupled Model Intercompar-

ison Project) database, coinciding with the Intergovernmental Panel on Climate Change
Fifth Assessment Report (IPCC ARS5). These GCMs have also been used to develop CMIP5-
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based climate projections for natural resource management regions across continental
Australia [41]. The CMIP6 database is also now available with model outputs still be-
ing added, and [42] provided an early comparison of climate projections for Australia
from CMIP5 models and CMIP6 models available then. Downscaled CMIP6 datasets for
Australia are also being currently developed.

The other three climate projection datasets were from dynamical downscaling, sup-
ported by the Victoria, New South Wales, and Queensland state governments (Figure 2).
One of the products was VCP19 (Victorian Climate Projections 2019) [43], with 5 km daily
rainfall downscaled using the CCAM (Conformal Cubic Atmospheric Model) [44] dynam-
ical downscaling model, with boundary conditions provided by six host CMIP5 GCMs.
Unlike most regional climate models that use a limited area approach (see next paragraph),
CCAM is a variable resolution global model with high spatial resolution over the region
of interest progressively expanding to lower spatial resolution further away. This VCP19
CCAM dataset is only available for Victoria. There is another CCAM dataset from the
same modelling group at 12 km of resolution that covers the whole MDB, with boundary
conditions provided by five host CMIP5 GCMs. Both datasets were used here, and they are
denoted as V-CCAM-A and V-CCAM-B, respectively. Note that the V-CCAM-A simulations
used a sea surface temperature (SST) bias correction method before nesting within the host
GCM [45] whereas V-CCAM-B relied on spectral nudging with the host GCM [46].

Another dynamically downscaled dataset comes from two generations of NARCIiIM
(NSW/ACT Regional Climate Modelling) [47,48], with 10 km daily rainfall downscaled
using the WRF (Weather Research and Forecasting) regional climate model [49]. Datasets
are available from downscaling using boundary conditions from three host CMIP5 GCMs
(NARCIiM1.5) and four host CMIP3 GCMs (NARCIiM1.0). Both datasets were used here,
and they are denoted as N-WRF-A and N-WRF-B, respectively. The modelling experiments
with N-WREF-A were carried out here for all the catchments in the MDB and the modelling
experiments with N-WRF-B were carried out only for catchments in Victoria. The WRF
modelling also experimented with several physics schemes, and for the purpose of the
modelling here, outputs from the best physics scheme (R2) as reported in [50] were used
here. In total, three CMIP5-driven R2 simulations in NARCIiM1.5 and four CMIP3-driven
R2 simulations in NARCIliM1.0 were used in this study.

The third dynamically downscaled product comes from Queensland, with 10 km
daily rainfall downscaled using CCAM, with boundary conditions provided by 12 host
CMIP5 GCMs. This dataset covers the whole of Australia and is denoted as Q-CCAM. The
dynamical downscaling was performed following the approach in [45] where monthly sea
surface temperatures from GCMs were bias-corrected for mean and variance and used
to force CCAM [51-54]. In addition, CMIP5 radiative forcing, such as greenhouse gases,
aerosols, ozone change, and solar variability, were also used. These simulations have
a much larger ensemble size than the previous CCAM simulations and consist of three
CCAM simulations with interactive ocean models and nine CCAM simulations without
interactive ocean models.

The hydrological modelling here compares daily streamflow simulations for a future
period in 2046-2075 relative to the 1981-2010 historical period. Simulations for RCP8.5,
which represents the highest representative greenhouse gas concentration pathway in
CMIP5, were used. For context, this reflects a global average warming of about 2 °C by
~2060 relative to 1995 [2]. (Note that the N-WREF-B simulations come from SRES A2 defined
for CMIP3 GCMs, which is comparable to RCP8.5 in the CMIP5 GCMs).

2.5. Generating Future Daily Rainfall Series for Hydrological Impact Modelling

The seasonal and daily empirical scaling methods denoted as SS and DS, respectively,
were used to generate the 20462075 daily rainfall series using the climate change signal
from all the above climate projection datasets. In the seasonal scaling (SS) method, after
scaling the historical daily rainfall by the four seasonal change factors, the daily rainfall
series was further rescaled by another factor (generally close to 1.0) to match the annual
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change signal from the climate model. The daily scaling (DS) method was applied sepa-
rately to each of the four seasons. The daily rainfall series was then further rescaled twice,
first to match the raw change signal from the climate model in each of the four seasons,
and then to match the raw annual change signal from the climate model.

The bias correction method, denoted as BC, was also used to generate the 20462075 daily
rainfall series informed by the three dynamical downscaling products. The quantile-
quantile approach was applied to each season separately, mapping the downscaled daily
rainfall to the observed catchment daily rainfall cuamulative density function, such that the
downscaled daily rainfall amount was replaced with the observed daily rainfall amount
for the corresponding percentile [9,55]. The seasonal and annual change signals after bias
correction can be quite different from the change signals in the raw downscaled data, more
so than in the above empirical scaling methods. However, unlike in the empirical scaling
methods, the bias-corrected daily rainfall series was not rescaled to match the seasonal and
annual change signals in the raw downscaled data as this would have negated the purpose
of the approach to reflect changes in the different rainfall characteristics as simulated by
the dynamical downscaling.

Mean monthly PET values (i.e., 12 values, one for each month, the same value was
used for all the days in the month) were used as input to model the future period. These
were obtained by scaling the historical monthly PET by the ratio of the future PET versus
historical PET estimated from the climate simulations (mainly temperature and relative
humidity) from the GCMs. For the dynamical downscaling products, the changes in PET
from the host GCMs providing the boundary conditions were used.

The climate projection products and the approaches used to generate future daily
rainfall series, as described above, are summarised in Table 1.

Table 1. Climate projection products and methods used to generate future daily rainfall series.

Number of Methods Used
Climate Projections Product to Generate Future
Datasets . .
Rainfall Series *
42 CMIP5 GCMs
GCM 100-300 km resolution, all MDB 42 S5, DS
VCP19 CCAM
V-CCAM-A 6 host CMIP5 GCMs, 5 km 6 SS, DS, BC
resolution, only Victoria
ESCI CCAM
V-CCAM-B 5 host CMIP5 GCMs, 12 km 5 SS, DS, BC
resolution, all MDB
Queensland CCAM
Q-CCAM 12 host CMIP5 GCMs, 10 km 12 SS, DS, BC
resolution, all MDB
NARCIiM WRF
N-WREF-A 3 host CMIP5 GCMs, 10 km 3 SS, DS, BC
resolution, all MDB
NARCIiM WRF
N-WREF-B 4 host CMIP3 GCMs, 10 km 4 SS, DS, BC

resolution, only Victoria

* S5 is seasonal scaling, DS is daily scaling, BC is bias correction.

3. Results
3.1. Hydrological Characteristics Assessed in the Study

The changes in future mean annual rainfall, and modelled mean annual streamflow,
high flow days, and hydrological drought are presented here. The changes in the hydro-
logical characteristics were calculated by comparing the modelled future (2046-2075) and
historical (1981-2010) daily streamflow series. The high flow days are defined here as
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the number of days above the 99th percentile daily streamflow threshold in the historical
period (Qgg) (occurring on average 3.6 days per year), reflecting high flow events important
for environmental outcomes. For example, a value (change) of —2 indicates that there
are 1.6 days on average per year above the 99th percentile daily streamflow in the future
simulation compared to 3.6 days in the historical simulation. The hydrological drought
is defined here as the number of 1-in-10-year droughts indicated by the non-overlapping
3-year total streamflow (occurring three times in the 30-year historical period). The hy-
drological drought indicates long periods with low streamflow that the system needs to
cope with and recover from [23], noting that it is difficult to meaningfully define this
with the relatively short sample of 30 years of simulations here. For example, a value
(change) of 1 indicates that there are 4 non-overlapping 3-year total streamflows in the
future simulation that are lower than the threshold in the historical data compared to 3 in
the historical simulation.

3.2. Median Projected Change in Hydrological Characteristics in the 133 Catchments from Each
Climate Projection Data Source and Method Used to Generate Future Daily Rainfall Series

Figures 3-5 present the median projected change in the 133 catchments across the
MDB, from the range of projections informed by each climate projection product (except
V-CCAM-A and N-WRF-B where simulations are available only for Victoria) and the three
methods used to generate future daily rainfall series, for the mean annual streamflow, high
flow days, and hydrological drought, respectively. The averages of the median projections
from all the catchments in the northern MDB (Darling River Basin) and the southern MDB
(Murray River Basin) are also shown in the plots.
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Figure 3. Median value of modelled change in future mean annual streamflow across the 133 catch-
ments from each of the different climate projection products and methods used to generate future
daily rainfall series (numbers in the map show the average of the median values in all the catchments
in the northern MDB and the southern MBD).



Water 2022, 14, 2730 8 of 21

GCM V-CCAM-B Q-CCAM N-WRF-A
»
o
QO
(%2}
o - o
038 +0.2 € 42 B el o
3
2
A5 0.8 22 1.8 a
©
£
o
o
0.8 +0.2 ¢ 44 > A3 ®
o
o
=
«Q
-1.0 0.4 1.6 1.4 =
é 4 O
£
@
Q
w
° [¢]
+0.5 A2 ¢ .09 e}
)
24
&
03 23 . -0.1 3
~ o 5% @ a
o
‘ e
-3 -2 -1 0 1 2 3 4 5 6
Change in number of high flow (Qgg) days

Figure 4. Median value of modelled change in future high flow days across the 133 catchments from
each of the different climate projection products and methods used to generate future daily rainfall
series (the numbers in the map show the average of the median values in all the catchments in the
northern MDB and the southern MBD).

The results show that the projected percentage decline in future rainfall across the
MDB is amplified in the percentage decline in the streamflow (Figure 3) and leads to fewer
high flow days (Figure 4) and more frequent hydrological droughts (Figure 5). The climate
change impact on the streamflow is greater in the southern MDB. The median projection
from the hydrological modelling informed by the climate change signal in the 42 GCMs
(for ~2 °C global warming as described in Section 2), and the seasonal scaling method is a
23% decline in the mean annual streamflow averaged across all the catchments in southern
MDB and a 19% decline averaged across the catchments in northern MDB (first column in
Figure 3).

The median projection for high flow days averaged across all the catchments is
1.5 fewer high flow days in the northern MDB (2.1 days per year with daily streamflow
above Qqg in the future period compared to 3.6 in the historical period) and 0.8 fewer high
flow days in the southern MDB (2.8 days per year with daily streamflow above Qgg in
the future period compared to 3.6 in the historical period (first column of Figure 4). The
median projection for hydrological drought is about one to two more 1-in-10-year 3-year
non-overlapping low streamflows compared to the historical period (and greater in some
catchments), indicating that the hydrological drought that occurs once every 10 years in
the historical period will occur once every 6 or 7 years in the future period (first column of
Figure 5).



Water 2022, 14, 2730 9o0f21

GCM V-CCAM-B Q-CCAM N-WRF-A
%)
[0
V)
w
S
+1.0 © -06 +1.4 +1.8 o
' »
P o
2 . 2 &_)
+1.6 +0.8 +3.1 +2.0 . a
'Y % . “t ° .’,(‘- o
KX » «~% [
L :g ¢ \0_2
o
o
<
+1.0 06 - +1.4 +1.7 @
. e
: s
+1.5 +0.7 +2.7 +1.8 . S
(Y L)
s

@©
V)
w
3 ° g ° Q
+0.8 * 431 o) © 425 o) 9
L) v 8
o @ 9"
* * 6
+2.0 +5.2 o +2.0 o S
° » ° .‘ * . a
P angd? e s}

i S

-3 -2 = 0 1. 2 3 4 5 6

Change in number of 1-in-10 year hydrological drought

Figure 5. Median value of modelled change in future hydrological drought across the 133 catchments
from each of the different climate projection products and methods used to generate future daily
rainfall series (numbers in the map show the average of the median values in all the catchments in
the northern MDB and the southern MBD).

3.3. Range of Future Projections for Rainfall and Hydrological Characteristics within and across the
Different Climate Projection Data Sources and Methods Used to Generate Future Daily Rainfall
Series for Two Catchments

Figures 6 and 7 present the projected changes in future mean annual rainfall, mean
annual streamflow, high flow days, and hydrological drought for two catchments in Victoria,
the state where modelling was carried out for all the datasets and methods in Table 1.
There is large uncertainty in the modelled projection informed by each climate projection
product because of the large uncertainty or range in the future rainfall projection. Figure 6
(first column) indicates that the mean annual rainfall projection across the 42 GCMs for
Catchment 401212 ranges from —13% to +8% change (10th to 90th percentile range), and
this leads to a modelled change of —40% to +12% in the mean annual streamflow (median
of —19%), change of —3 to +4 days above Qg9 (median of —1 day), and —2 to +6 more 1-in-
10-year hydrological drought (median of 3, or a 1-in-10-year drought in the historical period
becoming a 1-in-5-year drought in the future period). Figure 7 (first column) indicates
a larger impact in Catchment 415207, with mean annual rainfall changing by —22% to
+2%, mean annual streamflow ranging from little change to a decline of up to 70%, high
flow days ranging from a small decrease to potentially very few high flows days in the
future period, and hydrological drought ranging from a small increase to being much more
frequent (1-in-10-year drought occurring up to more than eight times in the future 30-year
simulation period compared to three times in the 30-year historical simulation period).
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Figure 6. Modelled changes in the mean annual rainfall, mean annual streamflow, high flow days, and
hydrological drought from the different climate projection products and methods used to generate
future daily rainfall series for Catchment 401212 Nariel Creek at Upper Nariel (acronyms for the
datasets and methods on the x-axis are described in Table 1 and Section 2, definitions for high flow
days and the 1-in-10-year hydrological drought on the y-axis are described in the first paragraph of
Section 3, blue boxes for GCM_SS show the median and 10th and 90th percentile ranges from the
simulations informed by the 42 GCMs; for the discrete (integer value) hydrological drought, metric
larger dots indicate more modelling results showing the projected change).

3.4. Seasonal Scaling and Daily Scaling Methods

The mean annual rainfalls from the seasonal scaling and daily scaling methods are
the same because after scaling to reflect the change in the future daily rainfall distribution,
the daily rainfall is further rescaled to match the seasonal (and then annual) change signal.
However, the projected change in the streamflow metrics can be different because daily
scaling accounts for the potential increase in the very high daily rainfall that generates high
runoff. This is most evident for the high flow days in the southern MDB with the daily
scaling method, as expected, simulating more high flow days (larger increase or smaller
decrease in future high flow days) than the seasonal scaling method (third row of Figures 6
and 7, and the first two rows of Figure 4). The average of the median projection from all
the catchments in the southern MDB is 1.0 fewer high flow days in the future period from
the daily scaling method compared to 1.5 fewer high flow days from the seasonal scaling
method, with the climate change signal informed by the 42 GCMs, 0.4 fewer high flow
days from daily scaling compared to 0.8 fewer high flow days from seasonal scaling when
informed by V-CCAM-B, 1.6 fewer high flow days from daily scaling compared to 2.2 fewer
high flow days from seasonal scaling when informed by Q-CCAM, and 1.4 fewer high flow
days from daily scaling compared to 1.8 fewer high flow days from seasonal scaling when
informed by N-WRE-A.
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Figure 7. Modelled changes in the mean annual rainfall, mean annual streamflow, high flow days, and
hydrological drought from the different climate projection products and methods used to generate
future daily rainfall series for Catchment 415207 Wimmera River at Eversley (acronyms for the
datasets and methods on the x-axis are described in Table 1 and Section 2, definitions for high flow
days and the 1-in-10-year hydrological drought on the y-axis are described in the first paragraph of
Section 3, blue boxes for GCM_SS show the median and 10th and 90th percentile values from the
simulations informed by the 42 GCMs, for the discrete (integer value) hydrological drought metric
larger dots indicate more modelling results showing the projected change).

Unlike in the southern MDB, the modelled projected change in high flow days from
the daily and seasonal scaling methods for catchments in the northern MDB are similar. The
mean annual streamflow from the daily scaling method is also slightly higher than from
the seasonal scaling method, but the differences are relatively small as can be seen in the
second rows of Figures 6 and 7 and the first two rows of Figure 3 (e.g., the average decline
in the mean annual streamflow of 21% across the southern MDB from the daily scaling
method compared to 23% from the seasonal scaling method). There is little difference
between the hydrological drought simulations from the seasonal and daily scaling methods
(the first two rows of Figure 5).

3.5. Projections from GCMs and the Different Dynamical Downscaling Products

The future simulations from V-CCAM-B are considerably wetter (or less dry) than
from the 42 GCMs. The median projection from the seasonal scaling method averaged
across all the catchments in the southern MDB from V-CCAM-B is 11% lower mean annual
streamflow (compared to 23% from the GCMs), 0.8 fewer high flow days (compared to
1.5 in the GCMs), and 0.8 more 1-in-10-year hydrological droughts (compared to 1.6 in
the GCMs) (first row of Figures 3-5). For the northern MDB, unlike all the other climate
projection products, VCCAM-B projects a slightly wetter future (first two of Figures 3-5).
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In contrast to V-CCAM-B, where the projections are wetter than from the GCMs, the V-
CCAM-A projections (only available for Victoria) are generally drier than from the GCMs
(Figures 6 and 7). It should be noted again that the downscaling experiments are informed
by a subset of the 42 GCMSs rather than results driven by all 42 GCMs (as can be seen in
Figures 6 and 7).

The projected change from N-WRF-A, from the scaling methods, for Catchments
401212 and 415207, is generally within the range of the projected change from the full suite
of 42 GCMs (Figures 6 and 7). The median projection from N-WRF-A is slightly drier than
from the GCMs for catchments in the southern MDB and considerably drier for catchments
in the northern MDB. Averaged across southern MDB, the median projection from the
seasonal scaling method for N-WRF-A is 26% lower mean annual streamflow (compared
to 23% from the GCMs), 1.8 fewer high flow days (compared to 1.5 in the GCMs), and
2.0 more 1-in-10-year hydrological droughts (compared to 1.6 in the GCMs) (first row of
Figures 3-5). Averaged across northern MDB, the median projection from the seasonal
scaling method for N-WRF-A is 31% lower mean annual streamflow (compared to 19%
from the GCMs), 1.4 fewer high flow days (compared to 0.8 in the GCMs), and 1.8 more 1-in-
10-year hydrological droughts (compared to 1.0 in the GCMs) (first row of Figures 3-5). In
contrast, the N-WRF-B projections for Victoria (simulations are only available for Victoria)
are wetter than the projections from N-WRF-A and the GCMs, and generally show little
change or a slightly wetter future (Figures 6 and 7). Nevertheless, it should be noted that
the results for N-WRF-A and N-WREF-B are based on a limited sample size of three and four
dynamic downscaled projection datasets respectively.

The projected change from Q-CCAM for the southern MDB is much drier than from
the 42 GCMs and is the driest of the climate projection products. Averaged across southern
MDB, the median projection from the seasonal scaling method for Q-CCAM is 35% lower
mean annual streamflow, 2.2 fewer high flow days (i.e., only 1.6 days per year above
Qg9 in the future period compared to 3.6 days in the historical period) and 3.1 more 1-in-
10-year hydrological droughts (i.e., a 1-in-10-year hydrological drought in the historical
period becoming a 1-in-5-year drought in the future period) (first row of Figures 3-5). The
projected change from Q-CCAM for the northern Basin is also considerably drier than from
the 42 GCMs, but slightly less dry than N-WRF-A. Averaged across northern MDB, the
median projection from the seasonal scaling method for Q-CCAM is a 27% lower mean
annual streamflow (compared to 19% from the GCMs), 1.2 fewer high flow days (compared
to 0.8 in the GCMs), and 1.4 more 1-in-10-year hydrological droughts (compared to 1.0 in
the GCMs) (first row of Figures 3-5).

3.6. Bias Correction Method

The projections from the bias correction method can be very different compared to
the seasonal and daily scaling methods. However, there is no consistent indication of
drier or wetter simulations in the bias correction compared to the scaling methods. The
projections for the southern basin from the bias correction and daily scaling methods are
similar for V-CCAM-B, whilst bias correction leads to drier projections with Q-CCAM and
wetter (or less dry) projections with N-WRE-A (Figures 3 and 4). For the northern basin,
bias correction leads to wetter (or less dry) projections for V-CCAM-B and N-WRF-A, and
slightly drier projections for Q-CCAM (Figures 3 and 4).

4. Discussion
4.1. Sources of Climate Projection Data for Hydrological Impact Modelling

The largest uncertainty in the streamflow projection comes from the uncertainty in the
future rainfall projection. The uncertainty in the rainfall projection is considerably larger
than the differences between hydrological models [56-58] and methods used to generate
future rainfall series (as seen in the modelling results here). Nevertheless, it should be
noted that there are also limitations when extrapolating hydrological models to predict
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the future [22,36,38], and the differences between hydrological models in predicting some
hydrological metrics can also be large particularly low flow characteristics [59,60].

The relatively large number of archived global climate model (GCM) datasets can
provide a useful indication of the uncertainty and range in the future rainfall projection.
Numerous studies have explored reducing the uncertainty by putting more weight on, or
only using, the GCMs that can best simulate the observed climatology. Although some
studies show that this can reduce the range in the projections in some regions, the majority
of studies show little correlation between the “better” GCMs and future rainfall projections;
therefore, using only the better GCMs tends to provide similar projections as using all
the available GCMs. The GCMs may also perform differently under different evaluation
criteria (e.g., the ability to reproduce observed rainfall over the MDB versus the whole of
Australia, the ability to simulate large-scale atmospheric and oceanic indices or drivers of
rainfall (such as ENSO), ability to simulate the relationship between large scale drivers
and regional rainfall), making the choice of GCMs difficult (selected Australian studies
include [41,61-63]. Some dynamical downscaling studies select host GCMs that are more
independent in their physics schemes used to model the atmospheric, land, and ocean
processes, and have shown that downscaling informed by more “independent” GCMs can
reduce the uncertainty in the future climate projections [64,65].

The added value of using regional climate models to downscale data from coarse
resolution global climate models has been extensively researched [66,67]. For example, [68],
through analysing daily precipitation outputs from the EURO-CORDEX and CORDEX-
CORE downscaled projection ensembles, showed an overall positive added value from
regional climate models for most precipitation metrics, especially for the tail end of the
distribution. Reference [4] showed added value from downscaling in areas of complex
topography and coastlines, as well as in tropical regions. Regional climate models used
for producing climate change projections share with global climate models uncertainties
associated with future emission trajectories, internal variability of the climate system, and
physical representation of climate processes [69]. The additional uncertainties related to
the regional climate models themselves need to be accounted for when evaluating regional
projections from downscaling [70].

Dynamical downscaling generally simulates the historical climate better than the
GCMs because the physics schemes and parameterisations for the dynamical downscaling
are inevitably chosen to best reproduce the historical climatology in the region. For the
same reason, the range in the future rainfall projections from a particular dynamical
downscaling for a specific region also tends to be smaller than that from the GCMs [71-73].
The downscaled rainfall projection, particularly from CCAM, can also be quite different
from the rainfall projection of the host GCM (after aggregation to compare at the GCM
scale) [43,74].

Compared to GCMs, there are fewer dynamical downscaling datasets because the
dynamical downscaling model needs to be developed and parameterised for the region of
interest and because of the long computer run times required by much higher resolution
modelling. In fact, the dynamical downscaling datasets available for the MDB are plentiful
compared to most other parts of the world, because of the importance of the region and
because of support from the different states in the MDB, opportunistically providing the
datasets for the modelling experiments in this study.

The downscaled projections are influenced by the boundary conditions provided by
the host GCMs. The V-CCAM downscaling selected the host GCMs to provide a similar
range as the range of projections from all 42 CMIP5 GCMs. It is interesting to note that
the same V-CCAM dynamic downscaling can give different results, depending on the
downscaling method used, for example, bias correction of sea surface temperature in
V-CCAM-A and spectral nudging of sea surface temperature in V-CCAM-B. The two V-
CCAM models can therefore be essentially considered as two different downscaling models,
with the V-CCAM-A future projections for this region being drier than the V-CCAM-B
projections. The host GCMs used for the Q-CCAM downscaling is based on the availability
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of sea surface temperature and sea ice outputs from the GCMs, and the GCM skill and
spread of climate change signal across Australia [51]. It is interesting to note that the
Q-CCAM projections are considerably drier than the V-CCAM projections. The four host
GCMs used in N-WRE-B are selected based on GCM performance and independence [47,48],
and the three host GCMs used in N-WRF-A are selected to represent future scenarios of
little change, some drying, and significant drying across the region. The more recent
N-WRF-A future projections are hotter and drier than the N-WRE-B projections (Section 3;
Figures 6 and 7; [48]).

In summary, the results here show that projections from different downscaling prod-
ucts can be very different, which has also been reported in previous studies [74,75]. Al-
though the differences in the projections can be partly explained by the different host GCMs
used, uncertainty related to the experimental setup and physical parameterisation is a
significant contributor to the divergence in projected changes in rainfall.

Therefore, although there is a clear value in dynamical downscaling research to
understand the processes and evolution of (and changes in) weather dynamics, is difficult
to test or know if the future rainfall projections from particular downscaling simulations
are better or more reliable or if the projections are better than those from the GCMs.

4.2. Methods Used to Generate Future Rainfall Series for Hydrological Impact Modelling

Various methods have been used to generate future rainfall series for hydrological
modelling. Similar to the above discussion about climate projection products, the use of
a more complex method does not necessarily lead to more robust projections. Instead,
it is important to understand what the method is doing, what rainfall change signal in
the climate model simulation it is considering, and how these impact the hydrological
modelling and objectives of the modelling study.

The seasonal scaling method is attractive because it is simple to understand and
communicate and can be relatively easily applied. The daily scaling method is an ad-
vancement of the seasonal scaling method where changes in daily rainfall distribution
are also considered. The daily scaling method is potentially advantageous because it can
reflect the increase in high extreme rainfall intensity expected under warmer conditions
and simulated by most climate models. This is important because a significant amount
of runoff is generated during high rainfall events. For example, the modelling results
here show that the daily scaling method simulates more high flow days than the seasonal
scaling method (reflected as a larger increase or smaller decrease in future high flow days)
(Section 3, Figure 4). However, the differences between the methods are relatively small for
most other hydrological metrics, for example, the daily scaling method simulates only a
slightly higher mean annual streamflow compared to the seasonal scaling method (Figure 3)
and both methods give similar projections for hydrological drought (Figure 5). As such,
the additional effort and care that must be taken when using the daily scaling method over
the seasonal scaling method may not always be necessary. The latter is important and
requires looking into the data carefully rather than simply applying a computer algorithm
for daily scaling.

For example, early modelling results in this study for a couple of catchments showed
increases in the mean annual streamflow despite projected decreases in rainfall. Looking
at the data in more detail revealed that some of the dynamical downscaling projected
more than a five-time increase in the highest daily rainfall. This potentially unrealistic
simulation for only the several highest daily rainfalls in the 30 years of simulation will
have minimal effect on the mean annual rainfall, but because all the high daily rainfalls
become runoff directly this will result in a significantly higher simulation of mean annual
streamflow. Therefore, the realism and causality of these simulations need to be considered
and included or modified as appropriate. For the purpose of the modelling here, the daily
scaling factor (and likewise in the bias correction method) is constrained to an upper limit
of 2.0.
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The assumption that the future daily rainfall sequence is the same as the historical
daily rainfall sequence is a significant limitation of the seasonal and daily scaling methods.
This limitation can be overcome by using daily rainfall simulations from the climate models.
However, there is considerable bias in the climate model simulation of rainfall over all the
temporal scales. To overcome this, bias correction methods are applied; that is, developing
a relationship between the historical daily rainfall from the climate model and the observed
catchment rainfall and then using this relationship to translate the future rainfall simulated
by the climate model to future catchment rainfall.

The bias correction method is attractive because, in theory, it reflects the changes
in all the rainfall characteristics as simulated by the climate model, including rainfall
sequence and multi-year variability. However, it is difficult to know what specific rainfall
characteristic is being changed and how the characteristic influences streamflow, and
whether the climate models have any skill in predicting these. Further, questions can be
raised about the realism of the underlying climate modelling when the bias that needs to
be corrected is often much larger than the change signal itself [9,76,77]. It is also difficult to
robustly bias correct some of the rainfall characteristics, particularly rainfall sequencing,
which is important for runoff generation. Bias correction methods are generally statistical
in nature and, by explicitly disregarding the modelling of physical processes, can result in
the amplification of structural errors and biases in the climate process modelling [11]. A
particular example is wet and dry spells, where climate models often produce too many
rainfall days (the “drizzle effect”) and this is not corrected by standard bias correction
methods [9,78,79]. This probably explains the large variation in the bias correction results
and no consistent indication of drier or wetter simulations compared to the empirical
scaling methods. There is considerable research attempting to overcome these limitations,
and examples include bias correcting rainfall at multiple nested time scales and accounting
for daily rainfall correlation structures [80-82]. However, there are also many assumptions
in these, and their value in hydrological impact modelling requires careful consideration
and interpretation as the same apparently positive efforts could also be corrupting the
change signals that are important for the specific hydrological application.

In addition, after bias correction, the seasonal and annual change signals are no longer
the same as the raw change signals in the climate model [10], and this may require commu-
nication, interpretation, and choice depending on the application. For the purpose of the
modelling here, the bias-corrected daily rainfall series is used directly rather than rescaled
to match the raw seasonal and annual change signals as this would negate the purpose of
the bias correction to reflect changes in all the rainfall characteristics as simulated by the cli-
mate model. Similar to the daily scaling method, the complex and laborious manipulations
in the bias correction also require checking the data carefully, rather than simply applying
a computer algorithm for the bias correction, in order to identify potentially unrealistic
or erroneous outputs from the data manipulation. Another limitation in the context of
hydrological modelling and impact assessment is that the historical bias-corrected rainfall
series is no longer the same as the observed series resulting in a different baseline mod-
elled streamflow series to compare the future simulations against. This can be a challenge
in communicating the (historical) simulations, particularly in some water resources ap-
plications that must use the observed historical streamflow and not a different baseline
modelled series.

4.3. Implications for Water Resources Management

The availability of many climate projection products in the MDB (Section 4.1) and
the consideration of different methods to generate future rainfall series for hydrological
impact modelling (Section 4.2) can provide a fuller and more robust exploration of future
hydroclimate and uncertainty in future projections. However, the same availability of
many datasets and methods can also be confusing, particularly to catchment and water
resources managers, planners, and decision-makers. This is particularly so when differ-
ent state jurisdictions use different methods and hydroclimate projections whilst water



Water 2022, 14, 2730

16 of 21

resources planning and adaptation seek to enhance outcomes for the regions as well as the
whole MDB.

The many datasets and methods can magnify the perception of deficit in hydroclimate
science, and the need to wait for more certainty in the hydroclimate projections before
considering climate change in water resources planning [83-86]. This is unfortunate be-
cause, despite their differences, practically all the projection datasets point to a hotter and
drier future in the MDB, which will be amplified as a decline in streamflow with more
frequent and severe hydrological droughts (Section 3). The national climate projections
developed for Australia over the past two decades, generally updated after the release
of IPCC assessment reports, have also consistently projected hotter and drier conditions,
particularly in the southern MDB [42,87,88].

Although hydroclimate science and modelling will continue to improve, the uncer-
tainty in future projections is likely to remain large because of the challenges in understand-
ing and modelling the complex global and regional atmospheric and land surface processes
under current and future climates. However, there is already sufficient knowledge and
consistency in the projections to consider and assess adaptation options and scenarios. This
is particularly so for engineering applications and water resources management, where un-
certainty is acknowledged and formally considered in management and planning through
probabilistic and stochastic frameworks. The top-down hydroclimate impact modelling
presented in this paper can also be complemented with a bottom-up system approach
that “stress-test” the water resources system to characterise and quantify system vulnera-
bility and reliability under different climate inputs [89-91]. The top-down hydroclimate
projections and bottom-up consideration of system outcomes can then be used to better
inform decisions that consider risk versus reward in the different adaptation options (cost
of adaptation versus the cost of not adapting fast enough).

Nevertheless, most adaptation considerations start with a top-down impact assess-
ment, and to overcome the confusion and challenges in interpreting the plethora of climate
projection datasets and modelling methods, several approaches are proposed here. A useful
first step would be to just use a couple of simple future scenarios to assess the potential
impact on the different stakeholders and realistic adaptation options and water resources
management levers that can reduce the climate change risk. For example, two scenarios
could be adopted for the MDB, a median or mid-range scenario (e.g., 20% decline in future
water resources as indicated in Figure 3 and 50% more frequent hydrological drought as
indicated in Figure 5), and a dry end scenario (e.g., 40% decline in future water resources
and twice more frequent hydrological drought). These simple scenarios are easy to com-
municate to stakeholders, water managers, and policymakers. This will provide a better
appreciation of the potential impact, and risk versus reward of the various adaptation
options, and are more likely to lead to adaptation actions. In many applications, the use of
these scenarios may be sufficient, particularly when all the different datasets and methods
indicate the need to adapt to a hotter and drier MDB, but with uncertainty around how
much and by when.

It is possible that some adaptation considerations may require a fuller understanding
of the uncertainty in the hydroclimate projections. For these, it is probably best to use all
the available datasets as presented here (unless they are clearly unrealistic or erroneous)
to represent the full range of plausible futures [41,43,92]. At the very least, researchers,
stakeholders, and water resources managers should be aware of the different hydroclimate
projection datasets and their similarities and differences, and whether the differences
matter in the management decisions and outcomes. A better understanding of the different
datasets and methods will enable optimum and fit-for-purpose choices based on the science
and modelling combined with pragmatic decisions influenced by resources available and
the importance and objectives of the modelling study. There are often good reasons to
adopt locally developed approaches because of the investment and accumulated learnings
from research and modelling and the goodwill that has been established with stakeholders.
In the context of the MDB, different approaches may be used for different regions and
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needs, but with a good understanding of the implications in the context of the range of
datasets and methods available.

5. Conclusions

The paper compares future streamflow projections modelled by a hydrological model
with future rainfall inputs generated from different methods informed by climate change
signals from different global climate models and dynamically downscaled datasets. The
large number of archived global climate model datasets is useful in providing an indication
of the plausible range of future rainfall. Dynamical downscaling can potentially add
value at the local or catchment scale; however, the modelling results here show that future
hydroclimate projections from the different dynamical downscaling products can be very
different, with some downscaled datasets being wetter and some being drier compared to
the global climate models.

The empirical scaling method, which scales the historical rainfall series by the change
signal in the climate model, is relatively simple to apply and communicate. Scaling at
the daily level, which takes into account more intense extreme future rainfall simulated
by most climate models, results in more (or lower projected decrease in) future high
flow days compared to scaling at the monthly or annual level. However, the difference
between daily scaling and seasonal scaling is relatively small for most other streamflow
characteristics. The empirical scaling method assumes that the future rainfall sequence is
the same as the historical sequence, and to overcome this limitation daily simulations from
dynamical downscaling can be used. However, the dynamically downscaled rainfall must
be bias-corrected so that the daily rainfall inputs to hydrological models have the same
characteristics as the catchment rainfall. Robustly bias correcting rainfall characteristics
that influence runoff generation is challenging and can potentially corrupt some of the
change signal from the downscaling simulation. This may explain the larger variation in
the bias correction results, and a lack of consistent indication of drier or wetter simulations
compared to the empirical scaling methods. Nevertheless, the differences between methods
used to generate future rainfall series for hydrological impact modelling are relatively
smaller than the uncertainty resulting from the large range of future rainfall projections.

The extensive research and the large number of climate projection datasets in the
MDB provide a robust understanding of the plausible range of future hydroclimate and
uncertainty in future projections. However, the large number of datasets and methods
can also be confusing. To overcome this, initial modelling studies and interactions with
stakeholders could focus on just a couple of scenarios that are easy to communicate (e.g., a
median or mid-range scenario of a 20% decline in future water resources and 50% more
frequent hydrological drought, as well as a dry end scenario) to characterise impacts and
vulnerabilities and to explore adaptation options. In many applications, these simple
scenarios may be sufficient, as practically all the different datasets and methods point to a
hotter and drier future in the MDB. Studies and adaptation considerations that require a
fuller understanding of the uncertainty in the hydroclimate projections could either use
methods that are fit for purpose for the specific application whilst appreciating the range of
other datasets and methods or possibly use all of the available datasets and methods to
represent the full range of plausible futures.
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