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Abstract: Solar radiation management (SRM), or solar geoengineering, reduces the earth’s tempera-
ture by reflecting more sunlight back to space. However, the impacts of SRM remain unclear, making
it difficult to project the benefits as well as consequences should this approach be adopted to combat
climate change. To provide novel insight into the SRM impact on hydro-climatic extremes in South-
east Asia, this study conducts a simulation experiment for the Kelantan River Basin (KRB) in Malaysia
by incorporating three bias-corrected Stratospheric Aerosol Geoengineering Large Ensemble (GLENS)
members into the Soil and Water Assessment Tool Plus (SWAT+) model. The study found that SRM
practices could generate substantial cooling effects on regional temperatures, leading to a reduction
in projected annual precipitation and monthly precipitation during the flooding season (from Novem-
ber to mid-January) under SRM relative to the Representative Concentration Pathway 8.5 (RCP8.5)
scenario. In addition, SRM could reduce the number of days with heavy precipitation as well as
the intensity of maximum daily precipitation as compared to RCP8.5, during the 2045-2064 and
2065-2084 periods, leading to a reduction in high flows. Nevertheless, under SRM impacts, the driest
months from February to May would experience comparable decreases in monthly precipitation
and streamflow.

Keywords: climate change; solar radiation management; geoengineering; hydrology; flood; SWAT+;
Malaysia

1. Introduction

Anthropogenic climate change presents a significant threat to global socio-economic,
ecological, and environmental systems and endangers human life [1]. Changing climatology
and extremes of the earth’s climate system are anticipated to lead to more intense natural
hazards [2,3], which could collectively cause about 260 to 360 billion dollars in economic
losses every year [4]. In a warming climate, the atmosphere is able to hold more moisture,
leading to intensifying extreme rainfall events [5], and ultimately higher flood hazards
in many regions of the world [6,7]. Floods occur in different places and have multi-
dimensional impacts on the global and local economy [8]. Therefore, local-scale adaptation
measures, which integrate flood protection embankment development and wetland and
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forest restoration, as well as risk finance mechanisms, are required to effectively manage
and minimize flood losses [9]. In addition, many global initiatives have been proposed
to slow down anthropogenic warming and the associated impacts of natural disasters,
including floods, as reported in the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) [10].

As part of the Paris Agreement, the IPCC has emphasized the important of limiting
global warming to “well below 2 °C”, and if possible, to 1.5 °C in comparison to pre-
industrial levels, as a collective effort to mitigate climate change [11]. To achieve this
objective, the Solar Radiation Management (SRM) concept, also called solar geoengineering,
has been proposed to mitigate climate change by reflecting more sunlight back to space
and ultimately lowering the earth’s temperature [12,13]. Stratospheric aerosol injection
(SAI), marine cloud seeding, and sunshades in space are three potential SRM techniques
to reflect the incoming sunlight for providing global and regional cooling [14]. However,
SRM is a controversial concept, as its technologies might bring advantages to some regions
of the world but more hazards in others. Understanding of the global and local impacts
of SRM technologies remains limited [15], resulting in a reluctance to accept SRM by the
public at large [16].

Due to widespread agreement on the impacts of anthropogenic climate change, in-
creased scientific efforts have focused on the ability of different SRM techniques to affect
future climate conditions at the global and regional scales. To minimize the impacts of
SRM techniques on Earth’s systems, models have been used as the primary approach in
these investigations [17] and have further allowed for confidence in SRM’s cooling effects.
Tilmes et al. [18] reported that SRM can significantly reduce precipitation extreme events
and evaporation amounts on global and regional levels. Similar findings of decreases in
global precipitation and evaporation were reported by Dagon and Schrag [19] following
consistent decreases in the top-of-atmosphere solar irradiance by 1%, 2% and 3%. However,
research on SRM’s impacts on developing and less-developed countries is still limited and
thus characterized with high uncertainty. For instance, using the Stratospheric Aerosol Geo-
engineering Large Ensemble (GLENS) experiments, Pinto et al. [20] projected decreases of
mean and extreme temperatures over sub-Saharan Africa under SRM, but the precipitation
changes tended to be non-linear. More recently, Kuswanto et al. [21] projected a significant
reduction of mean and extreme temperatures over the Indonesian Maritime Continent after
the injection of 5Tg of SO, through SAI experiments from 2020 to 2069 in the equatorial
lower stratosphere.

It is important to note that most studies have focused on the immediate effects of SRM
technologies on the climate variables rather than ecosystem response [22], such as potential
impacts on hydrological extremes, including floods. Wei et al. [23], Kleidon et al. [24] and
Dagon and Schrag [19] were among the first to investigate SRM’s impact on hydrology, flood
risk and streamflow in different parts of the world. Wei et al. [23] found that streamflow is
projected to decrease in the eastern part of Eurasia and North America but increase in the
western part. Although the experiment showed that SRM tended to reduce flood risk in
most locations, it lacked a basin-scale modelling framework, which is crucial to provide a
robust impact assessment for the detailed design of local flood control facilities.

To date, Camilloni et al. [25] are the only researchers to evaluate the hydro-climatic
response of the La Plata Basin by incorporating GLENS into the Variable Infiltration
Capacity (VIC) hydrological model. They found that SRM is able to reduce not only the
extreme precipitation and temperature but also floods when compared to hydrological
simulations forced by climate projections without any SRM practices involved. However,
the SRM impact varies spatially and temporally due to different geographical, topographical
and climate conditions [26]. As mentioned earlier, most SRM studies in hydrology have
been carried out on a global scale. The effects of SRM on hydro-climatic extremes over river
basins in Southeast Asia is still understudied in the literature.

In this study, the Kelantan River Basin (KRB)—a tropical basin that is frequently
affected by floods in Malaysia [27,28]—was selected. To evaluate the effect of climate
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change on water resources in the KRB, Tan et al. [29] utilized the Soil and Water Assessment
Tool (SWAT) and Coupled Model Inter-comparison Project Phase 5 (CMIP5) models. They
further updated the hydro-climatic assessment using the latest CMIP6 High-Resolution
Model Inter-comparison Project (HighResMIP) experiments, focusing on model resolution
comparison and extreme flow analysis [30]. Both studies concluded that climate change will
likely cause more frequent and intense floods in the KRB, especially under the RCP8.5 high-
emission scenario. However, no research has been conducted to assess how SRM influences
the changes in flood risk over the KRB, although SRM techniques could potentially reduce
the mean temperature in this region [21].

Therefore, this study explores the impacts of SRM on hydro-climatic extremes in
Southeast Asia, particularly floods, with the KRB as the first case study. The specific
objectives include: (1) to bias-correct the GLENS data with the quantile mapping approach;
(2) to calibrate and validate the newly released SWAT plus (SWAT+) model in simulating
daily and monthly streamflow; and (3) to assess the hydro-climatic changes in the near
(2025-2044), middle (2045-2064), and end (2065-2084) of the 21st century as compared to
the baseline period (1985-2004). This is the first study to evaluate the SRM impact on hydro-
climatic extremes (especially floods) in Southeast Asia at the basin level; it can provide
new insights to stakeholders and policy makers, since previous SRM studies were mostly
focused at the global and regional levels. This is also one of the earlier studies to apply
SWAT+ in Southeast Asia, so it offers crucial information to SWAT+ developers and users.
Due to practical constraints, this study does not provide a comprehensive comparison
between SWAT and SWAT+ for streamflow simulations in the KRB.

2. Materials and Methods
2.1. Study Area

The KRB is an important basin of Malaysia; it covers about 85% of the Kelantan state
and is characterized with an equatorial climate (see Figure 1). The KRB river system flows
northward from the central mountain range and the Tahan mountain range to the South
China Sea. Along the way, the river passes through several major towns of the Kelantan
state, including Kuala Krai, Kota Bharu (the riverside capital), Tanah Merah and Pasir
Mas. About 100 km from the river’s mouth, close to Kuala Krai, the Kelantan River is
produced as a confluence of the Galas and Lebir Rivers. In the western part of the KRB,
the Nenggiri and Pergau Rivers constitute headwaters of the Galas River (Figure 1). The
basin’s topography ranges between —2 and 2157 m, where mountainous areas are mostly
western, south-western, southern and south-eastern. Forest covers approximately 70.8%
of the basin, while rubber and oil palm are the main crops, accounting for approximately
13.3% and 11.1% of the basin, respectively. The remaining land-use types include other
agricultural, paddy and urban, at 2.9%, 1.3% and 0.6%, respectively [30].

Between 1985 and 2014, the basin received high annual precipitation amounts, ranging
from 2000 mm/year to 3200 mm/year [31]. It regularly experiences drier conditions from
March to May and monsoon flooding from November to January, with average maximum
temperature from 29.3 to 34.1 °C and average minimum temperature from 22 to 23.8 °C [30].
The KRB was chosen as the research location due to the features of its tropical rainforest
environment, which could be a valuable comparison site. In addition, the KRB is frequently
affected by floods, particularly during the early phase of the Northeast Monsoon season,
from November to mid-January. Another important consideration when choosing the KRB
was the fact SWAT has been successfully established and utilized in the basin [32,33] to
assess hydro-climatic changes under different emission scenarios, which that could be for
comparison with the SRM experiments conducted in this study.
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Figure 1. (a) Kelantan River Basin and its location within the (b) Malaysian and (c) Southeast
Asian regions.

2.2. Climate Projections

The GLENS project [18] utilizes the Whole Atmosphere Community Climate Model
(WACCM) together with the Community Earth System Model (CESM1) [34] to simulate the
SRM effects. Under the GLENS experiments, sulphur dioxide (SO) is concurrently injected
into the stratosphere from 2020 to 2100 along 180° E at four locations of 30° S, 15° S, 15° N
and 30° N. This injection occurs at a height of approximately 5 km above the height of
the climatological tropopause [35]. The total SO, injection amount will be 52 Tg SO, /year
by the end of the 21st century, where about 80% of the SO, is distributed at 30° S and
30° N, followed by 15° N, and very little at 15° S [36]. These GLENS ensemble members
are simulated following the Representative Concentration Pathway 8.5 (RCP8.5) scenario,
so that a comparison can be made between SRM and the “worst case” climate projection.
GLENS simulation is configured to keep the global mean surface temperature, equator-to-
pole surface temperature and interhemispheric temperature stable at 2020 values under the
RCP8.5 scenario [36].

This study selected three ensemble members of the GLENS project, which are as-
sociated with its corresponding RCP8.5 simulations over the 20102097 period. In the
following text, figures, and tables, the GLENS and RCP8.5 terminology was used to respec-
tively denote the control (i.e., SRM techniques would be used to mitigate global warming)
and feedback (i.e., no SRM technique would be adopted, leading to the occurrence of the
usual “worst-case” climate change scenario) simulations, including hydrological applica-
tion. Further information on the GLENS experiments is available in the article written by
Tilmes et al. [36]; a more detailed description on data processing in this study is provided
in Section 2.4.

2.3. Hydrological Model

To assess the impacts of SRM practices on hydrological extremes over the KRB, this
study used SWAT+ to simulate future streamflow regimes. SWAT is a semi-distributed
hydrological model that has been extensively used to investigate how land use, climate
change, and different land management practices affect the quality and quantity of water
resources at both the surface and underground. SWAT+, a restructured and improved
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version of SWAT, was specifically used, which allows additional flexibility in linking
various spatial units while representing different management activities [37,38].

Compared to the previous edition, SWAT+ is more flexible in spatial representation
of the interactions and processes within a river basin. It subdivides a river basin into
hydrologic response units (HRUs) after dividing the river basin into sub-basins, which
are linked by a stream network. HRUs are areas with similar land use, soil, slope, and
management practices within a particular sub-basin [39]. In SWAT+, sub-basins can also be
separated into two or more landscape units (LSUs), such as upland and flood plain areas.
There will be a unique set of HRUs at each LSU because HRUs are defined following LSU
delineation [37]. The flow simulated within the HRUs is aggregated at the LSU level, which
could be transferred from a LSU to other spatial objects within the basin, such as wetlands,
reservoirs, ponds, channels and other LSUs.

2.4. Hydro-Climatic Impact Assessment Framework

Figure 2 depicts the overall conceptual framework of this research. The data required
to conduct this study can be divided into four major types: (1) Climate projections: three
ensemble members of GLENS and their corresponding RCP8.5 climate projections (de-
scribed in Section 2.2); (2) Geospatial data: digital elevation model (DEM), land and soil for
setting up SWAT+; (3) Observed daily climate data: precipitation, maximum and minimum
temperature data for bias correction of climate projections as well as to set up the SWAT+
model; and (4) Observed hydrology data: daily streamflow data needed to calibrate and
validate the SWAT+ model.

Literature Data .| Geospatial DEM, Soil & Observed
Review lr Collection Data Land Use Streamflow
‘ |
GLENS-3 Observed N SWAT+
Ensemble Climate Data SWAT+ Toolbox
l Calibration & Validation
Linear
Scaling Bias [ Calibrated
Correction v SWAT+

/\
| SRM H RCP8.5 I_
h 4

Climate Hydrological
Analysis Analysis

Figure 2. The conceptual framework of SRM hydro-climatic impact assessment using SWAT+.

Since the baseline period was set up between 1985 and 2004, the land-use map of
2006 produced by the Department of Agricultural Malaysia (DOA) was used in this study.
Although land-use changes could substantially modulate hydrological changes, the 2006
land use profile was used for all simulations, as land-use change impacts are not within the
scope of our study. Soil maps were obtained from the FAO-UNESCO soil map, which has
been widely used in SWAT modelling around the world [30,40]. Shuttle Radar Topography
Mission (SRTM) DEM was used for the basin and sub-basin delineation as well as the
creation of the river network. Observed precipitation and temperature from 25 stations
within and surrounding the basin, installed and operated by Malaysian Meteorological
Department (MMD), as shown in Figure 1, were used to bias-correct GLENS and RCP8.5
climate simulations as well as to set up SWAT+. Daily streamflow data at the Jambatan
Guillermard station, operated by the Department of Irrigation and Drainage (DID), in the
downstream part of the basin were applied to calibrate and validate SWAT+. According to
Tan et al. [30], the streamflow station has an average annual streamflow of 475.81 m3s~1,
with high monthly streamflow found in November (781.9 m3s~1), December (1296.3 m3s~1)
and January (721.3 m3s~1).
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2.4.1. Bias Correction of Climate Projections

General circulation models (GCMs) usually simulate daily rainfall and temperature
and are biased and skewed in their distributions [41]. To overcome this issue, prior
to using GCM output to drive the hydrological model, bias-correction techniques are
usually used to adjust bias and skewed distribution of the GCM output to match that of
observational records. Among the bias-correction techniques, quantile mapping (QM) has
been considered as one of the most reliable techniques and is extensively used in correcting
GCMs and regional climate models before applying for hydrological modelling [42-45].

To adopt this approach, the quantiles with regard to the distribution of each simulated
climate variable are first calculated. The observed value corresponding to each quantile
is then computed based on observations. A mathematical relationship between the sim-
ulated and observed quantiles is then constructed and used to systematically correct the
simulated variables.

For precipitation, multiplicative factors are usually calculated from the modelled (Pgjn)
and the observed precipitation (Pgps) for similar quantiles from the two distributions, as
described in Equation (1).

Pobs (I‘)
Psim (1)
where r indicates the r-th quantile under consideration. The factors Fr for rainfall and Fr
for temperature were then used to modify the GCM simulated output for similar quan-

tiles outside the reference period to produce bias-corrected precipitation (PL;,), following
Equation (2).

F, =

M

PL (r) = By X Pgin (1) (2)

sim
For temperature, an additive factor is used instead to generate bias-corrected tempera-
ture (T’ gim), as described in Equations (3) and (4).

Fr = Tops(r) — Tsim(r) 3)

T/sim (r) = Tsim(r) + Fr 4)

Instead of pre-fitting the data using a parametric distribution, this approach deter-
mines the quantile values directly from the empirical distribution. When compared to
parametric methods, non-parametric methods often yield superior results [2]. In this study,
the QM method was applied to both GLENS and RCP8.5 climate datasets to eliminate the
systematic bias of these projections. More information on the QM method can be obtained
from Ngai et al. [46].

2.4.2. Hydrological Modelling

In this study, the latest SWAT+ rev 60.5.4 version that was compatible with the QGIS
3.22 software was used. The QSWAT+ 2.2.3 tool was installed as a plug-in to QGIS as an
interface to set up the model. Basically, there are four major steps in setting up the model:
(1) watershed delineation; (2) HRU creation; (3) editing of inputs and running SWAT+; and
(4) visualizing the results. In the watershed delineation, the minimum channel threshold
was set to 200 km?2, which resulted 36 sub-basins for the KRB. In the HRU creation, the
slope bands were divided into five classes of 0-10%, 10-20%, 20-30%, 30-40% and above
40%. In addition, the HRUs were filtered by the threshold of 10% for each slope, soil and
land use, which created 443 HRUs. The SWAT+ Editor 2.1 was incorporated in step 3 to
edit SWAT+ inputs and run for the 1980-2004 period, with a warm-up phase of the initial
five years.

A free tool called SWAT+ Toolbox v1.0 enables SWAT+ users to conduct sensitivity
analysis, calibration and validation [47]. As mentioned previously, daily discharge data
from 1985 to 2004 at the Jambatan Guillemard was applied to calibrate and validate SWAT+.
The Delta Moment-Independent Measure was used, with 500 runs to check the sensitivity
level of different parameters in the streamflow simulation of the KRB. An automatic
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calibration first ran 500 rounds using the Dynamically Dimensioned Search (DDS) method
with maximized Nash-Sutcliffe Efficiency (NSE) set at the objective function. Similarly,
Tan et al. [29] reported NSE as the optimal objective function for the SWAT simulation in
the KRB as compared to Coefficient of Determination (R?), adjusted R?, Percentage Bias
(PB) and sum of the squares of residuals (SSQR). Then, the ideal parameter values were
entered manually via the hard calibration function in the SWAT+ Editor 2.1 tool. The
SWAT+ model was further calibrated manually to adjust the parameters based on the
basin characteristic in order to achieve optimal performance. The most popular statistical
methods for evaluating the SWAT’s performance are the R?, NSE, and PB [48]. The ideal
value for R? (0 to 1) and NSE (—oo to 1) statistical metrics is 1, while for the PB it is 0.
According to Moriasi et al. [49], the capability of SWAT+ to simulate daily or monthly
streamflow should be regarded as acceptable if the R?, NSE and PB values are more than
0.6, 0.5 and £15%, respectively.

2.4.3. Hydro-Climatic Modelling

Six bias corrected climate projections, i.e., three GLENS (control simulations) and three
RCP8.5 (feedback simulations) ensembles, were used to simulate the hydro-climatic pattern
via the calibrated SWAT+ model for the baseline (1985-2004) and three future periods: near
(2025-2044), middle (2045-2064) and end (2065-2084) of the 21st century. Then, analysis
of the differences between future simulations relative to the baseline simulations was
conducted to understand potential changes in hydro-climatic extremes under different
climate scenarios. The following variables were used to assess hydro-climatic changes
across the basin.

e  The 20-year mean of annual temperature, precipitation and streamflow were used to
assess changes in climatological conditions across the basin.

e  The Expert Team of Climate Change Detection Indices (ETCDDI) [50] were then used
for climatic extreme analysis, specifically focused on the common flood-related indices:
the number of precipitation days with greater than 10 mm/day (R10 mm), 20 mm/day
(R20 mm), 50 mm/day (R50 mm) and annual maximum daily rainfall amount (Rx1d).

e  The extreme high flow (Q5) was used for the hydrological extreme analysis. This
metric indicates the level of streamflow exceeding 5% in a year over the assessed
basin [23,47].

3. Results
3.1. Bias-Corrected Climate Projections

Figure 3 shows the climatological comparison between the station observations av-
eraged over the entire Kelantan catchment and the raw GLENS simulations and the bias-
corrected GLENS output. It is noted that the GLENS simulation produced the precipitation
climatology correlated well, despite some over-estimation during the first half of the year.
The rainfall peak in November and December as well as the dry period in February is well
captured by GLENS. The bias correction generally rectified the wet biases from January
to July but resulted in slightly drier climates in September and October. Overall, the bias
correction on the precipitation achieved an improvement of spatial mean absolute error
from 0.97 to 0.21 mm/day (Table 1).

Table 1. The mean absolute error comparing the observation data and raw GLENS simulation and
bias-corrected GLENS simulation.

Precipitation Maximum Temperature =~ Minimum Temperature
(mm/day) (@) ()]
GLENS (raw) 0.97 21 3.3
GLENS 0.21 0.27 0.3

(bias-corrected)
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Figure 3. The comparison of catchment average daily rainfall, maximum temperature and minimum
temperature climatology of the raw GCM simulation and bias-corrected GCM simulation against the
observed values from 1981-2009.

The surface temperature simulation of GLENS tended to have remarkable biases
throughout the year. Specially, it underestimated maximum temperature (cold biases) and
overestimated minimum temperature (warm biases). This indicates that GLENS tends to
simulate a much lower diurnal temperature range (DTR) as compared to the observations.
A few reasons may contribute to the lower DTR in the GLENS simulation. The observations
of temperature at stations are relatively instantaneous, while GCM-simulated minimum
and maximum temperature were averaged over a time step in the climate models, causing
the temperature biases toward lower DTR [51]. Another potential factor in lowering the
DTR in the simulation is the overestimation of clouds cover [52]. More clouds in the
atmosphere prohibit incoming solar radiation to the Earth during the daytime and prohibit
outgoing long-wave radiation at night into space, result in the systematic biases (cold
and warm) in the maximum and minimum temperatures. When computed across the
stations, the mean absolute errors of the raw GLENS-simulated maximum temperature
and minimum temperature are 2.1 °C and 3.3 °C, respectively. These performance metrics
are improved to 0.27 °C and 0.3 °C (Table 1), respectively, when the GLENS simulations
were bias-corrected.

3.2. Climatic Changes

The evolution of climatic changes for annual total precipitation and annual mean
maximum and minimum temperatures over the KRB from 1981 to 2097 under both the
RCP8.5 and GLENS simulations are illustrated in Figure 4. RCP8.5 was chosen because of its
high signal-to-noise ratio, which is beneficial for evaluating climatic response in comparison
with GLENS [26]. GLENS simulations show that precipitation over the KRB would typically
become less intense under SRM than RCP8.5, offsetting the positive force from the rising
GHG concentration. For instance, the increases of annual total precipitation by 6.26% to
18.08% under RCP8.5 could be offset by GLENS, where annual total precipitation was
projected to decrease by 2.87% to 6%, as illustrated in Figure 5a,b. A similar offset situation
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is found in the monthly precipitation simulations, particularly in the early northeast
monsoon season (November to January), the flooding period in Malaysia as indicated in
Figure 5d. The decreases of monthly precipitation under SRM could be helpful to reduce
the risk of flooding in the basin. However, similar decreases in monthly precipitation
can also be found during the dry season from February to May, showing that SRM may
intensify the water scarcity issue in Kelantan.
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Figure 4. The comparison of catchment averaged daily rainfall and maximum temperature and
minimum temperature climatology of the raw GCM simulation and bias-corrected GCM simulation
against the observed values from 1981-2009.

It is noted that there is remarkable cooling of mean minimum and maximum tem-
peratures under GLENS compared to RCP8.5, as shown in Figures 4 and 5. Annual mean
maximum temperature in the GLENS simulation is comparable to the historical level,
which is projected to increase marginally, by 0.26, 0.29 and 0.42 °C for the 2025-2044,
2045-2064 and 2065-2084 periods, respectively. By contrast, under RCP8.5, the annual
mean maximum temperature of the KRB is projected to rise significantly, by 1.02, 1.96 and
2.88 °C during the periods of 2025-2044, 2045-2064 and 20652084, respectively. However,
compared to historical simulation, the mean minimum temperature of GLENS simulation is
still substantially higher (annual = 0.6) than the historical simulations. Therefore, the reduc-
tion of mean minimum temperature is not as drastic as the mean maximum temperature.
The increase in stratospheric aerosols decreases the downward longwave and shortwave
radiation fluxes [53]. The increase in the stratospheric aerosol can have a profound effect on
the cloud properties. Using the Geoengineering Model Intercomparison Project (GeoMIP)
G1 experiment, Russotto and Ackerman [54] showed that the increase in stratospheric
aerosols may increase cloud cover. This could reduce the outgoing longwave radiation and
increase downward longwave radiation, therefore offsetting the effect of the drastic cooling
achieved during day time.
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Figure 5. Comparison of climatology and relative changes of monthly (a,d) precipitation, (b,e) mean
maximum temperature and (c,f) mean minimum temperature of the Kelantan River Basin between
the historical (1985-2004) and future periods (2025-2044, 20452064 and 2065-2084) under the RCP8.5
and GLENS scenarios.

3.3. Climatic Extremes Changes

Precipitation extreme indices that are closely related to the occurrences of flood events,
R10 mm, R20 mm, R50 mm and Rx1d, were used for the analysis of SRM impact on
climatic extremes. Under RCP8.5, the R10 mm, R20 mm and R50 mm indices are projected
to increase across the basin by 0.9-11.93%, 2.8-21.64% and 6.41-97.8%, as illustrated in
Figure 6. Figure 7 shows that the R10 mm, R20 mm and R50 mm values are higher under
RCP8.5 as compared to GLENS for all the three evaluated periods. R50 mm is projected
to increase significantly in the south-western and middle parts, up to double the number
of days in the 2065-2084 period compared to the baseline period (Figure 6). Meanwhile,
under GLENS, the magnitude of the R10 mm, R20 mm and R50 mm changes is greatly
reduced and comparable to the historical period, showing SRM can effectively reduce the
number of extreme precipitation days in the KRB as compared to RCP8.5.

During the 2025-2044 period, the Rx1d values under the GLENS and RCP8.5 sim-
ulations are similar, ranging from 96.4 to 236.8 mm/day and 99.57 to 217.05 mm/day,
respectively, as demonstrated in Figure 7d. In terms of spatial changes, Rx1d slightly
increases across the basin under both the GLENS and RCP8.5 simulations in the 2025-2044
period, as shown in Figure 6. Interestingly, Rx1d tends to increase up to 25.38% and 48.16%
under RCP8.5 for both the 20452066 and 20652084 periods, respectively. Meanwhile, the
magnitude of changes in Rx1d is weaker under GLENS in the mid- and late-21st century
when compared to RCP8.5. Similar to R50 mm, the dramatic increases of Rx1d in the
south-western and middle parts of the basin under RCP8.5 in the 2065-2084 period can be
effectively offset by SRM, as illustrated in Figure 6.
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Figure 6. Relative changes in the R10 mm, R20 mm, R50 mm and Rx1d indices under the RCP8.5 and
GLENS simulations across the stations during the 2025-2044, 20452064 and 2065-2084 periods.

3.4. SWAT+ Calibration and Validation

Maximum canopy storage (CANMX), soil evaporation compensation coefficient (ESCO),
lateral flow coefficient (LATQ_CO) and curve number condition II (CN2) are the most
sensitive parameters for daily streamflow simulations using SWAT+ in the KRB, as listed
in Table 2. CN2 is commonly known as a highly sensitive parameter in SWAT modelling,
not only in this study [30] but also for other river basins [40,55]. As the default SWAT+
model simulated higher surface and base flows than reality, the CN2 values were reduced
to lower the surface runoff and soil infiltration to replicate the hydrological cycle of tropical
forest that dominates in the basin. CANMX refers to the maximum amount of water that
can be kept in the trunk or canopy; this plays a vital role in controlling the infiltration,
evapotranspiration and surface runoff in tropical regions [56]. The CANMX value was set
80 to represent the tropical rainforest conditions of the basin.
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Figure 7. Boxplots of the (a) R10 mm, (b) R20 mm, (¢) R50 mm and (d) Rx1d values at the evaluated
climate stations during the 2025-2044, 20452064 and 2065-2084 periods.
Table 2. SWAT+ calibration parameter sensitivity, description, range and adjusted value.
Rank Parameter Unit Description Type Range Adjusted
1 CANMX Mm/H,0 Maximum canopy storage ! absval 0-100 80
2 ESCO - Soil evaporation compensation coefficient 1 absval 0-1 0.8
3 LATQ_CO - Lateral flow coefficient 1 absval 0-1 0.98
4 CN2 - Curve number condition II 2 pctchg —20-20 —20
5 SLOPE m/m Average slope steepness in HRU 1 absval 0-0.9 0.75
6 SURLAG days Surface runoff lag coefficient 1 absval 1-24 2
Threshold depth of water in the shallow
7 REVAP_MIN m aquifer needed for re-evaporation or 1 absval 0-50 15
percolation to the deep aquifer to occur
8 FLO_MIN m Minimum aquifer storage to allow return flow 1 absval 0-50 37
9 REVAP_CO - Groundwater re-evaporation coefficient 1 absval 0.02-0.2 0.1
10 AWC mm_H,0/mm Soil layer’s available water capacity 2 pctchg —20-20 13.73
11 PERCO fraction Percolation coefficient 1 absval 0-1 0.99

1 Absval indicates replacement value, while 2 pctchg indicates percent change. The most sensitive parameter is
ranked 1, and the least sensitive parameter is ranked 14.

The selection of objective function has an effect on the calibration and validation of
a hydrological model [57]. To solve this problem, this study utilized both manual and
automatic calibration procedures for the SWAT+ modelling in the KRB. Figure 8 indicates
the SWAT+ simulated flows and observed flows at the Jambatan Guillermard station
between 1985 and 2004 for both monthly and daily time scales. The R? and NSE values are
generally greater than 0.5, with the RB values within 15%, indicating the SWAT+ model
can adequately capture the variability flows for both the monthly and daily scales. In
daily simulation, the performance for the validation period is slightly poorer than for
the calibration period; nonetheless, it is still acceptable based on Moriasi et al. [49]. This
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is quite a common result, since the parameter values were tested mainly based on the
calibration period. Figure 8 shows that SWAT+ tended to underestimate the peak flows;
similar findings were reported in previous SWAT studies in tropical regions [58,59]. This
may be due to the lack of well-distributed and good-quality climate data for the model
development, particularly in the middle, eastern and south-eastern parts of the basin, as
shown in Figure 1 [30]. In addition, the modules within SWAT+ were developed mainly
based on conditions in the United States, which might not perfectly represent the tropical
hydrological cycle. However, the statistical metrics indicate that the SWAT+ model is
sufficiently reliable for the following analysis.
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Figure 8. Observed and simulated flows at the Jambatan Guillermard in the Kelantan River Basin for
both (a) monthly and (b) daily timescales.

3.5. Hydrological Changes

Monthly streamflow projection at the Jambatan Guillermard for the 2025-2044,
2045-2064 and 2065-2084 periods and the 1985-2004 baseline period under the GLENS
and RCP8.5 simulations is shown in Figure 9. It is projected that monthly streamflow
would increase significantly in January by 8.38 to 32.68% under GLENS and by 35.96 to
57.28% under RCP8.5. In December, monthly streamflow is projected to vary by —4.29 to
16.52% under RCP8.5 and to decrease by 13.92 to 19.94% under GLENS, showing SRM can
effectively reduce monthly flows during the flooding period of December and January as
compared to RCP8.5.
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Figure 9. Climatology (a) and relative changes (b) of the streamflow at the Jambatan Guillermard
between the historical (1985-2004) and future periods (2025-2044, 2045-2064 and 2065-2084) under
RCP8.5 and GLENS.

By constrast, monthly streamflow in March, April and May, the driest months in the
basin, is projected to further decrease under GLENS by 30.07 to 47.81%, 24.49% to 43.06%
and 5.43 to 34.09%, respectively (Figure 9). During the south-west monsoon season, RCP8.5
may result in increases in monthly streamflow, while GLENS reduces the magnitude
changes significantly, particularly in July, August and and September. Previous hydro-
climatic modelling studies reported that the wet season of the KRB will become wetter,
and the dry season will become drier [29,30]. The GLENS experiement can effectively
lower the monthly high flows during the wet season, so that KRB will become less wet
in the wet season. However, monthly flows during the dry season will also be reduced
by SRM, which might cause drier conditions during the dry season. Hence, SRM may be
helpful in reducing the flood risk but is not the solution for solving the water shortage
issue in the KRB.

3.6. Hydrological Extremes Changes

This section further explores the SRM impact on hydrological extremes of the KRB
using the maximum daily flow (Figure 10) and extreme high flow Q5 (Figure 11) indices.
Under RCP8.5, the maximum daily flow in the KRB increases significantly during the
2045-2064 and 2065-2084 periods across the basin, particularly in the south-western (Neg-
giri River) and south-eastern (Lebir River) regions. Increases of the maximum daily flows
in the upstream regions would definitely affect the middle and downstream of the basin,
where the major towns are located. The GLENS experiment helps to reduce the degree
of change in maximum daily flow in the KRB, particularly in the Lebir River system, as
shown in Figure 10f.

The absolute values and relative changes of high flow (Q5) at the Jambatan Guillermard
station under GLENS and RCP8.5 are shown in Figure 11. Higher Q5 values were found
during the flooding period from November to January, which thus becomes the focus of
this analysis. In general, GLENS decreases the Q5 values by 24 to 33.6% in December,
which is greater than the RCP8.5 experiment of 2.8 to —13.7%. In addition, in January,
increases of Q5 under the RCP8.5 experiment (36.3 to 59.7%) were offset by the GLENS
experiment (21.5 to 33.9%). These results are consistent with a global-scale SRM assessment
conducted by Wei et al. [23], who found decreases of Q5 in Peninsular Malaysia under the
G4 experiment as compared to RCP4.5 during the 2030-2069 period.
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Figure 10. Relative changes of maximum daily flow at the sub-basin level in the KRB for GLENS
and RCP8.5 during the 2025-2044, 2045-2064 and 2065-2084 periods as compared to the 19852004
baseline period.

4,000

a) RCP8.5 b) GLENS c) Relative Change
3,500 {@ 3,500 { ) s652000 70 11¢) 9
01985-2004 : 01985- — ;|
. | 3,000 < 50
. m2025-2044 | ¥2025-2044 <
= 2,500 1 @2045-2064 % 2500 7120452064 2 30
‘£ 2,000 52065-2084 E 2,000 520652084 5 10
© 1,500 - o,y & 1,500 5 0
q } = -10
1,000 - : 1,000 T 5
00 1 WEEREE = WEEREE =30
o - K [E LR R 0 LR R Rl 50
> ET2L>B 500 6 ST 2B 5000 5T FL>2B TG00
S352=33388¢es 5552553328¢2¢2 s§58253385€¢
8= ggﬁmg o= 29‘598 S98= 298%’8
S0 2035 s 80009 =P %Ooo
$ =Zo $ =20 g zo

Figure 11. High flow (Q5) at the Jambatan Guillermard station under (a) RCP8.5 and (b) GLENS
and (c) the relative changes of the 2025-2044, 2045-2064 and 2065-2084 periods from the 1985-2004
baseline period.
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4. Discussion

In comparison to the historical period, SRM lessens the changes in peak extremes in
the KRB anticipated by RCP8.5. For instance, precipitation, streamflow and high flows
are projected to increase significantly under RCP8.5 during the flooding season, which
would increase less or even decrease under GLENS, consistent with the findings reported
by Wei et al. [23]. Jones, et al. [60] emphasized that SRM might partially offset the global
warming effect and reduce the number of extreme storms. The reduction of extreme events
may be explained by the Clausius-Clapeyron relation, where smaller increases in global
mean temperature under SRM result in smaller increases in atmospheric water content [20].
Lower atmospheric water content causes a drop in specific humidity, which modifies how
the atmosphere circulates humidity from sources to sinks.

SRM modelling commonly takes into account a single scenario, considering a scientific
perspective more than policy, and sometimes includes unrealistic conditions [61]. For
example, some SRM scenarios employ cooling strategies since 2020, while the others
employ a substantial cooling for a bigger response [61]. Similarly, this study only considered
GLENS, which employed a feedback-control strategy and injection of stratospheric aerosols
at four different locations, as described in Section 2.2 [34]. This may make comparison
difficult among SRM scenarios and also with non-SRM scenarios, particularly the latest
Shared Socioeconomic Pathways (SSPs) under CMIP6. Hence, more climate models and
SRM strategies, i.e., GeoMIP [12] and Assessing Responses and Impacts of Solar climate
intervention on the Earth system (ARISE) [62], need to be considered in future studies to
minimize the climate model uncertainty issue and to capture an overall picture of SRM
impact at the river basin scale.

Interestingly, SRM might result in a drier condition in the dry season (February to
August) in the KRB as compared to RCP8.5 in the future, as shown in Figures 5 and 9. This
situation may exacerbate the water supply shortage issue in the Kelantan state, which is
currently influenced by not only the climatic factor but also the outmoded water piping,
insufficient water treatment capacity, population growth and agricultural demand [33,63].
The variability of precipitation and temperature could significantly affect the paddy yields
in the downstream part of the basin [64]. This raises the possibility of conducting more
specific study of the SRM impact on water supply and agricultural sectors in tropical
regions. Coupling of SWAT+ with MODFLOW should be considered to better model the
flow of groundwater and its interaction with surface water [65], especially for river basins
that use groundwater as their primary source of freshwater, like the KRB.

5. Conclusions

This study provides novel insight into the solar radiation management (SRM) on
hydro-climatic extremes at the basin level in Southeast Asia, focusing in the Kelantan River
Basin (KRB), Malaysia. The entire study framework began with the bias correction of
the Stratospheric Aerosol Geoengineering Large Ensemble (GLENS) climate projections,
followed by the calibration and validation of the latest Soil and Water Assessment Tool
Plus (SWAT+) model. Finally, the bias-corrected GLENS projections were incorporated into
the calibrated SWAT+ model to project the hydro-climatic conditions and their extreme
changes for the 2025-2044, 2045-2064 and 2065-2084 periods in correspondence to the
1985-2004 baseline period.

The GLENS experiments show precipitation in the KRB will become less intense as
compared to RCP8.5 at the annual scale and during the early north-east monsoon season
from November to January, where massive flood events normally occur. However, the
dry season from February to May will also experience comparable drops in monthly
precipitation (Figure 5a). In short, decreases of monthly precipitation under SRM could
be useful in reducing the flood risk but may also make the water shortage problem worse.
There is a remarkable cooling of mean maximum and minimum temperatures under SRM
over the KRB, but the mean minimum temperature decrease is not as significant as the mean
maximum temperature. For instance, annual mean maximum and minimum temperatures
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are projected to increase only by 0.26 to 0.42 °C and 0.57 to 0.6 °C by the end of 21st century,
compared to 1.02 to 2.88 °C and 1.32 to 3.56 °C under RCP8.5, respectively.

In term of extreme analysis, SRM could effectively reduce the number of heavy
(R10 mm), very heavy (R20 mm) and violent (R50 mm) precipitation days over the KRB
in the future. On the other hand, the changes of annual maximum daily rainfall amount
(Rx1d) between the GLENS and RCP8.5 experiments are similar during the 2025-2044
period; SRM impact appears to be significant during the 2045-2064 and 20652084 periods.
SRM tended to reduce the magnitude of R50 mm and Rx1d significantly for the climate
stations located in the south-western and middle parts of the basin in the 2065-2084 period.

SWAT+ could adequately capture the daily and monthly streamflow variability at
the Jambatan Guillermard station in the KRB, which was then used for the hydro-climatic
simulations. Similar to the precipitation changes, the magnitude of increases in monthly
streamflow in December and January under RCP8.5 can be effectively reduced by SRM.
In addition, SRM also helps to reduce the amount of maximum daily flows mainly in the
south-western (Neggiri River) and south-eastern (Lebir River) regions, as well as the high
flow (Q5) at the Jambatan Guillermard station from November to January. However, a
similar lesser precipitation situation is projected under the GLENS experiment during the
driest months of the basin, from March to May. SRM may therefore be useful in reducing
the risk of flooding, but does not address the problem of water shortage.

This study should be repeated in other tropical river basins as well as in Southeast
Asia, so that a fair comparison can be made to better understand the SRM impact. In
addition, additional SRM research on the water supply and agricultural sectors, i.e., oil
palm and paddy, are needed in the future since different crops have different response
to the changes in precipitation and temperature. Due to the disparity of SRM strategies,
a further study could consider the application of different SRM climate projections and
experiments, such as the GeoMIP and ARISE models. Lastly, integration of SWAT+ and
MODFLOW needs to be further explored to better simulate the groundwater flows, which
help in drought risk assessment.
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