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Abstract. Human-induced climate change has altered the frequency and severity of heavy precipitation,
droughts, and floods worldwide. Sri Lanka, a developing country in the Indian Ocean, has suffered frequent
floods, affecting over 64 % of the population in the past decade. The Gin River, the primary drinking water source
of the densely populated Galle district with over 1 million residents, faces recurrent flood disasters. Therefore,
this study employed a multi-model ensemble to simultaneously simulate the impact of climate change on both
river flow and inundation extent in the frequently flooded Gin River basin located in humid tropical monsoon
region. Bias-corrected climate projections of an ensemble of five General Circulation Models (GCMs) from the
Coupled Model Inter-comparison Project Phase 5 (CMIP5) under Representative Concentration Pathway (RCP)
4.5 emission scenario were used to project future river flow and flood inundation in the Gin River basin, Sri
Lanka. The validated Rainfall–Runoff–Inundation (RRI) model projected a 5 % increase in high flows (flows
exceeding a 5 % probability of exceedance (<Q5)) at the downstream (Baddegama) gauging station and a 16 %
increase at the upstream (Thawalma) gauging station in the future (2040–2060) in comparison to the past (1980–
2000), which can be attributed to the elevated rainfall projected during the two monsoon seasons (southwest
monsoon (May–September) and northeast monsoon (December–February)) by the GCM ensemble. In addition
to the projected changes in high flows revealed by the RRI simulations, the model also yielded critical infor-
mation about the expansion of annual maximum inundated extent in the basin by 3.5 % that will aid flood risk
projection and sustainable management in the basin.

1 Introduction

Human-induced climate change is predicted to intensify av-
erage and heavy precipitation over Asia with high to medium
confidence, which will pose severe threats to human liveli-
hoods in the region in terms of disaster preparedness under
all emission scenarios until at least the middle of the 21st
century (IPCC, 2023). Damage due to floods is expected to
increase with further economic growth, urbanization, and cli-
mate change, emphasizing the importance of understanding

the driving factors of flood risk required for effective adapta-
tion (Winsemius et al., 2016; Kreibich et al., 2017).

General Circulation Models (GCMs) are crucial tools for
projecting future climate variables at regional to continental
scales in climate-impact assessments. However, predicting
future streamflow at a basin-scale under a changing climate
comprises multiple stages, including the selection of emis-
sion scenarios, GCM selection, spatial disaggregation, bias
correction, and hydrological modeling. The different combi-
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nations of scenarios, models, and methods at each stage yield
varying projections, contributing to total uncertainty. Exten-
sive research has consistently identified GCM selection as
the major source of this uncertainty, recommending the use
of a multi-model ensemble to minimize the uncertainty stem-
ming from GCMs (Nijssen et al., 2001; Zhang et al., 2011;
Bastola et al., 2011; Lee et al., 2021).

Sri Lanka is a developing country located in the Bay of
Bengal, where more than 64 % of the island’s population
has suffered from flooding of major river basins in the past
decade, including the Gin River basin. The Gin River is the
main water source of drinking water in the Galle district and
the district is home to more than 1 million people. Recur-
rence of flood disasters will significantly affect their liveli-
hoods as well as the economic development of the area.
Therefore, elucidation of the driving factors of floods in this
river basin is urgently needed to develop effective flood mit-
igation plans. To address this need, this study assesses the
impact of climate change on both future river flow and inun-
dation using a multi-GCM ensemble, which is a key aspect
of this study, as the initial step of an integrated flood risk
assessment for the study area.

This study evaluated the impact of climate change on fu-
ture flooding in the Gin River basin, Sri Lanka, using an
ensemble of general circulation models (GCMs) obtained
from the Coupled Model Inter-comparison Project Phase 5
(CMIP5). The precipitation projected under the Representa-
tive Concentration Pathway 4.5 (RCP4.5) emission scenario
using GCMs (2040–2060) was input to the flood model de-
veloped using the Rainfall–Runoff–Inundation (RRI) model
to project river flow and inundated area. The changes were
assessed by comparing the river flow and inundated area for
the future to those simulated using historical precipitation
(1980–2000) generated by the GCMs.

Study area

The Gin River basin is one of the most frequently flooded
river basins in Sri Lanka. It has a length of 113 km and a
catchment area of 932 km2, with annual average rainfall of
over 2500 mm. The Galle district includes around 83 % of
the catchment area of the Gin River. The catchment is lo-
cated around 80°08′′ to 80°40′′ E and 6°04′′ to 6°30′′ N. The
Gin River basin is the major water resource supporting the
Galle district’s water supply system. Figure 1 shows the lo-
cation and the topography of the basin based on a digital el-
evation model (DEM). The upstream, midstream, and down-
stream sub-catchments were delineated based on the location
of river gauging stations.

2 Materials and Methods

2.1 Climate change projection data

CMIP5 provides a framework for the execution of climate
change experiments in accordance with emission scenarios
driven by the RCPs defined in the Fifth Assessment Report
of the Intergovernmental Panel for Climate Change (Taylor
et al., 2012). Five GCMs based on the CMIP5 datasets were
obtained from the Data Integration and Analysis System
(DIAS) developed by the Japan Agency for Marine-Earth
Science and Technology and partner universities (Kawasaki
et al., 2017) to generate the inputs required by the hydrolog-
ical model for simulation of future hydrological processes
in the basin corresponding to the RCP4.5 emission scenario.
RCP 4.5 emission scenario was selected in this study as it
is considered a “stabilization” scenario in which greenhouse
gas emissions peak and then decrease in the second half of
the 21st century (IPCC, 2014; Taylor et al., 2012; Rogelj et
al., 2016).

These GCMs were selected based on a scoring system that
evaluates model performance at simulating major regional-
scale climate variables through comparison with a refer-
ence dataset for the period of 1981–2000 in the study area.
The precipitation and outgoing longwave radiation (OLR) at
the ground surface, sea level pressure, sea surface tempera-
ture (SST), air temperature, specific humidity, and zonal and
meridional winds at 850 hPa were selected as key variables.
The reference datasets for precipitation, SST, and OLR were
from the Global Precipitation Climatology Project (GPCP)
(Adler et al., 2003), Hadley Centre (Rayner et al., 2003) and
National Oceanic and Atmospheric Administration (NOAA)
(Liebmann and Smith, 1996), respectively, while Japanese
25-year ReAnalysis (JRA-25) data (Onogi et al., 2007) were
used as reference datasets for other climate variables. The
monthly averaged spatial correlation and root mean square
error (RMSE) of key variables were calculated using the
tools available in DIAS. The model selection procedure is
detailed in Nyunt et al. (2016).

Compared with observed rainfall from the Asian
Precipitation–Highly Resolved Observational Data Integra-
tion Towards Evaluation of Water Resources (APHRODITE)
project (Yatagai et al., 2012), the GCM rainfall projec-
tions exhibit underestimation of extreme values, poor sea-
sonal simulation, and a high frequency of wet day errors.
APHRODITE precipitation data was chosen due to the un-
availability of continuous ground-gauged data for the period
from 1980 to 2000. The biases inherent in GCM projections
were corrected using the three-step bias correction method
adopted by Nyunt et al. (2016).

2.2 Model and data used

The two-dimensional RRI model, which can simultaneously
simulate rainfall-runoff and inundation (Sayama et al., 2012),
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Figure 1. Location of the Gin River basin and topography of the basin based on the DEM. Dotted lines denote the sub-catchments delineated
based on the location of river gauging stations.

was applied to the Gin River basin in this study. The govern-
ing equations of the RRI model are derived from the mass
balance equation, Eq. (1), and momentum equation for grad-
ually varied unsteady flow, Eqs. (2), and (3) with diffusive
wave approximation where inertia terms of Eqs. (2) and (3)
will be neglected, which would yield Eqs. (4) and (5). Further
details about the model structure were reported by Sayama et
al. (2012).
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The variable h indicates the water surface height from the
ground surface; qx and qy indicate the unit width discharges
in the directions of the x and y axes, respectively; r denotes
rainfall intensity; f indicates the infiltration rate;H indicates
the water surface height from the datum; ρw represents the
density of water; sgn indicates the signum function; and g is
gravitational acceleration. The terms τx and τy indicate the

shear stresses in the directions of the x and y axes, respec-
tively.

The Shuttle Elevation Derivatives at multiple Scales (Hy-
droSHEDS) data of 15 arcsec resolution (around 500 m) pro-
vided by the U.S. Geological Survey (Lehner et al., 2008),
was used for DEM, flow accumulation, and flow direction
data. The Global Land Data Assimilation System (GLDAS)
(Rodell et al., 2004) at 0.25° resolution was used to esti-
mate daily evapotranspiration. The CMIP5 monthly evapo-
ration projections from the Copernicus Climate Data Store
were used for the future flood simulations (Copernicus Cli-
mate Change Service (CDS), 2018). Land-use maps were ob-
tained from the land cover project of the European Space
Agency’s Climate Change Initiative (Copernicus Climate
Change Service (CDS), 2019). The spatial resolution of the
model matched that of the DEM data (500 m). Simulations
were conducted with a 600 s initial time step for slope-river
interaction and a 60 s initial time step for the river, given that
river calculations typically necessitate smaller time steps.
The fifth-order Runge-Kutta method with adaptive time-step
control, employed in RRI, shortens the time steps if neces-
sary. The discharge simulated by RRI using daily rainfall
was then compared against the observed daily discharge. The
Nash–Sutcliffe Efficiency (NSE) was used to evaluate the ac-
curacy of simulated discharge. NSE varies from −∞ to 1,
where a value of 1 indicates that the simulated hydrographs
agree perfectly with the observed hydrographs.
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Table 1. Calibrated river parameters.

River Parameter Value

Manning’s roughness coefficient [s m−1/3] 0.04
Width parameter (Cw) 6.50
Width parameter (Sw) 0.30
Depth parameter (Cd) 0.70
Depth parameter (Sd) 0.25

3 Results and Discussion

3.1 Setup of the RRI model

The RRI model was first calibrated for a significant flood
event in May 2003 and was validated for flood events in
May 2016 and May 2017, using observed precipitation data
from rain gauges, through comparison with observed river
discharge and inundation extent data (Jayapadma et al.,
2022). The same model validated by Jayapadma et al. (2022),
was verified for continuous long-term simulations incorpo-
rating observed evaporation data for the period of 1981–2000
and precipitation data from APHRODITE. Through compar-
ison of the simulated discharge with observed discharge, the
model parameters were optimized via trial and error. Ob-
served river discharge records at upstream and downstream
gauging stations (Thawalama and Baddegama, respectively)
were provided by the Department of Irrigation of Sri Lanka.
The optimized parameters of river and slope obtained from
previous RRI model applications (Sayama et al., 2012; Jaya-
padma et al., 2022) are summarized in Tables 1 and 2.

A comparison of simulated and observed hydrographs
based on daily APHRODITE rainfall, daily evaporation
from GLDAS and the 1992 land-use map at the two
gauging stations is shown in Figure 2 for the historical
period of 1980–2000. All other model settings matched
those used for the event-based validation described by
Jayapadma et al. (2022). The index values for simulated
river discharge at the downstream station (Baddegama;
NSE= 0.72, RMSE= 46.32 m3 s−1; Fig. 2a) indicated a rea-
sonable agreement with the observed river discharge for the
period of 1980–2000, especially based on the NSE values.
However, the peak flows were underestimated. This discrep-
ancy can be attributed to the average approximation of soil
parameters and rainfall (intensity and amount) in the catch-
ment, because the peak flow in the catchment is primarily
generated by the dominant saturated subsurface and satu-
rated excess overland flows, as elaborated by Jayapadma et
al. (2022).

Contrasting model performance was found at the
Thawalama gauging station, where both peak flows and low
flows were underestimated, perhaps due to the coarser reso-
lution of the input rainfall and evaporation data (NSE= 0.41,
RMSE= 30.58 m3 s−1; Fig. 2b). In addition, the coarser-
resolution of topographic data can lead to the loss of fine-

Table 2. Calibrated slope parameters.

Slope Parameter Value

Manning’s roughness coefficient [s m−1/3] 0.6
Soil depth [m] 1.0
Porosity (gamma) 0.471
Lateral saturated hydraulic conductivity (ka) [m s−1] 0.1

Figure 2. Comparison of simulated (Qsim) and observed (Qobs)
hydrographs corresponding to the historical climate. (a) Down-
stream gauging station. (b) Upstream gauging station.

scale topographic details and misinterpretation of the steep,
meandering river network in the upstream area of the basin.
This, in turn, may result in the model underestimating peak
flows, as it might not accurately capture the complex flow
paths and localized flood-prone areas within the steep moun-
tainous upstream sub-catchment. Furthermore, the coarse
resolution of topography data can impact the estimation of
low flows by misrepresenting the contribution of groundwa-
ter and small streams. However, the model performance was
sufficient for its application in climate impact assessment
within the basin, particularly in heavily flooded downstream
areas of the basin (NSE= 0.72).

3.2 GCM selection and bias correction

The five GCMs selected for this study based on the scor-
ing system were ACCESS1.0 (Bi et al., 2013), CESM.CAM5
(Neale et al., 2012), CMCC.CMS (Scoccimarro et al., 2011),
CNRM-CM5 (Voldoire et al., 2013), and MPI.ESM.LR
(Giorgetta et al., 2013). The three-step bias correction
method employed in this study effectively removed the
biases present in monthly rainfall projections relative to
APHRODITE rainfall data.

3.3 Impact of climate change on monthly rainfall

The basin will receive increased rainfall with greater variabil-
ity in the months from August to November in the future un-
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Figure 3. Comparison of basin-averaged monthly rainfall projected
by the GCM ensemble with historical data. The bottom and top
of the box show the first and third quartiles, the “+” indicates the
mean, and the flat line inside the box is the median. The whiskers
represent the minimum and maximum values. Black dots denote
outliers.

der the RCP4.5 emission scenario, as projected by the GCM
ensemble (Fig. 3). In addition, rainfall during the southwest
monsoon season (May–September), when the basin histori-
cally received the heaviest rainfall, will intensify by 9.7 %. In
contrast, the northeast monsoon (December–February) sea-
son showed no significant change (0.85 % increase) in rain-
fall under the RCP4.5 emission scenario. The projected in-
tensification of rainfall during monsoons may affect water
availability and the occurrence of extreme events in the basin.

3.4 Impacts of climate change on future floods

3.4.1 Impact of climate change on river flow

The intensification of rainfall projected by the GCM ensem-
ble (average of five GCM outputs) will increase high flows
(5 % probability of exceedance;Q5) by 16 % at the upstream
gauging station and by 5 % at the downstream gauging sta-
tion, which may exacerbate flooding. Meanwhile, mean an-
nual discharge of the river is projected to decrease by 34 %
and 25 % at the downstream and upstream gauging stations,
respectively (Fig. 4), which may influence water availability
in the basin.

3.4.2 Impact of climate change on inundation

The 20-year average of the annual maximum inundated area
projected by the GCM ensemble (average of five GCM out-
puts) for the future was 185.71 km2, representing an in-
crement of 3.5 % compared to the historical average of
180.16 km2. All GCMs except the CESM and CNRM mod-
els predicted expansion of the inundated area throughout the
basin, whereas the CESM and CNRM models predicted no
future expansion of inundated area in the downstream region
under the RCP4.5 emission scenario (Fig. 5). Similarly, the

20-year average of the annual maximum inundated area sim-
ulated using the rainfall projections from the GCM ensemble
for the future was compared with the values simulated un-
der historical climate in the upstream, midstream, and down-
stream sub-catchments of the basin. The inundated area in
the middle and downstream regions is predicted to increase
by 2 % and 1 %, respectively, compared to a predicted in-
crease of 14 % in the upstream sub-catchment relative to the
past. The difference in the upper sub-catchment may be at-
tributed to the elevated river discharge projected at the up-
stream gauging station, as well as the steeper slope and nar-
rower river channel (Jayapadma et al., 2022), which could fa-
cilitate higher flow velocities and result in greater inundated
areas in the upstream sub-catchment.

4 Conclusion, limitations, and future directions

The performance of the calibrated RRI model in the Gin
River basin was adequate for continuous long-term simula-
tion and application to climate-change projection. This study
revealed that the basin is to receive increased rainfall with
greater variability in the months from August to November
in the future under the RCP4.5 emission scenario. Addition-
ally, rainfall during the southwest monsoon season (May–
September), when the basin historically received the heaviest
rainfall, is to intensify further by 9.7 %. The intensified mon-
soon rainfall projected under the RCP4.5 emission scenario
will significantly increase future high flows (16 % upstream,
5 % downstream) as well as the peak inundation extent in the
basin by 3.5 %, which requires the attention of stakeholder
institutions for effective disaster preparedness. Furthermore,
the modeling framework employed in this study can be ap-
plied to modeling the impact of climate change in similar
river basins.

The study specifically focused on assessing the impact of
climate change on floods in the study area. Uncertainties in
climate-impact assessments can arise at various stages, in-
cluding GCM uncertainty, bias correction, and hydrological
modeling. A multi-model ensemble was employed to min-
imize GCM and bias correction uncertainties. Even though
this study focused on assessing the impact of climate change
on floods, it’s crucial to acknowledge that uncertainties in
low-flow estimation may have arisen during hydrological
modeling, due to factors such as the coarser resolution of
topography, rainfall data, and the average approximation of
catchment parameters. In addition, evapotranspiration pro-
cesses were not incorporated directly in our hydrological
simulations (RRI) to assess low-flow variations in a warmer
climate. Addressing these limitations could enhance the ac-
curacy of low-flow estimations.

Therefore, we recommend that future research directions
focus on investigating low-flow impacts, considering evapo-
transpiration processes directly. In addition, this study could
be extended to assess the possible impacts of projected land-
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Figure 4. Comparison of projected flow duration curves with historical data at the two gauging stations.

Figure 5. Comparison of 20-year average values of annual maximum inundated area. “Flood Past (only)” represents the inundated area
simulated exclusively during the period of 1980–2000. The “Flood Future (only)” represents the areas that are projected to flood in the future
(2040–2060) but were not in the past. The “Flood (Future and Past)” represents the intersection of flooded areas projected in both the past
and the future.

use and climate changes under various emission scenarios to
generate useful information that will support effective flood
risk management.
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