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ARTICLE INFO ABSTRACT

Keywords: Study region: Mekong River Basin.

CMIPS Study focus: The Coupled Model Intercomparison Project Phase 6 (CMIP6) recently announced an
CMIP6 updated version of general circulation models (GCMs). This study investigated the performance of
I?I?c\)/[ding improved CMIP6 over those of CMIP5 with respect to precipitation and flood representations in

the Mekong River Basin (MRB). The correlation and error comparison from the referenced pre-
cipitation exhibited a significant improvement in the peak value representation. Hence, the im-
pacts of climate change on future floods in the MRB were simulated and assessed using a
distributed rainfall-runoff-inundation model.

New hydrological insights for the region: The results indicated that precipitation from CMIP6 had a
higher correlation and a lower error coefficient than CMIP5. Similarly, the simulation of GCM
ensembles of monthly discharge from CMIP6 exhibited a comparable average value to the ob-
servations, whereas CMIP5 underestimated the discharge simulations. The performance of the
mean annual peak discharge improved from 37,220 m3/s (CMIP5) to 45,423 m®/s (CMIP6)
compared to 43,521 m®/s (observation). The projections of future floods in the MRB from CMIP6
exhibited an increase of annual peak discharge at Chiang Saen, Vientiane, Pakse, and Kratie
stations by 10-15%, 20-22%, and 24-29% for the SSP2-4.5 scenario, and 10-18%, 24-29%, and
41-54% for the SSP5-8.5 scenario in the near future (2026-2050), mid-future (2051-2075), and
far future (2076-2100), respectively. The statistical K-S test showed significant changes in all
stations and projected periods with a p-value < 0.01.

Mekong River Basin

1. Introduction

With a drainage area of 795,000 km?2, the Mekong River Basin (MRB) is one of the largest transboundary rivers shared by China,
Myanmar, Thailand, Lao People’s Democratic Republic (Lao PDR), Cambodia, and Vietnam. The floodplain and delta areas located in
the Lower Mekong Basin (LMB) are annually affected by flooding as a natural phenomenon leading to the deposition of sediment as a
natural fertilizer, resulting in high agricultural productivity and biodiversity. However, the frequency and severity of extreme flood
events over the last few decades and future projections would be significantly increased (Hoang et al., 2016; Oddo et al., 2018; Perera
etal., 2017; Try et al., 2020a; Vastila et al., 2010). Flood-related economic damage has also risen (Try et al., 2018a), primarily because
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of the significant increase in population and settlement close to the river network and floodplain of the LMB (Try et al., 2018a). The
cost of the average historical annual flood damage is approximately US$ 60-70 million, and these figures continue to rise (MRC, 2011).

Climate change and human activity are projected to affect the hydrological and ecological systems of the LMB, particularly in Tonle
Sap Lake (Chadwick and Juntopas, 2008; Hoang et al., 2016; Johnstone et al., 2013; Keskinen et al., 2013; Try et al., 2020a, 2020b; Uk
et al., 2018). The Tonle Sap Lake and its floodplain play a significant role in the hydrology of the LMB. The Tonle Sap River (the
connection between the Mekong River and Tonle Sap Lake) has a bi-directional flow between the rainy and dry seasons. This area is
home to more than 370 plant species, 197 phytoplankton species, and more than 225 bird species (MRC, 2010). Constant assessment of
the projected impacts of future climate on regional infrastructure and the environment is essential to be able to develop and implement
appropriate adaptation measures.

Flood simulations in the Mekong region have been studied extensively. For instance, Try et al. (2018b) simulated a large-scale flood
inundation in the entire MRB during the large flood event in 2000. Wang et al. (2021b) simulated daily floods in the MRB from 1967 to
2015. Pokhrel et al. (2018) studied flood dynamics in the LMB, focusing on the variations in upstream flow regulation. Siev et al.
(2019) and Tanaka et al. (2018) modeled the inundation pattern in Tonle Sap Lake, a major sub-basin in the LMB.

Future planning, preparation, mitigation, and adaptation measures in river basins are essential in the current reality of climate
change. Thus, information on climate change effects on a river basin is vital to policymakers and the population in general. General
circulation model (GCM) uncertainties have been identified from different sources, such as the assumption of greenhouse gas emission
scenarios, model configuration, climate downscaling, and the unforced variability of the climate system (Giorgi, 2010), yet they still
provide a valuable source of stochastic system performance. The Coupled Model Intercomparison Project Phase 5 (CMIP5) results have
reduced the uncertainty of hydrological extremes under climate change in the MRB compared to CMIP3 (Hoang et al., 2016).

The Intergovernmental Panel on Climate Change (IPCC) recently released new outputs from CMIP6. The CMIP5 projected the
future climate based on greenhouse gas emissions represented by four representative concentration pathways (RCPs), namely RCP2.6,
RCP4.5, RCP6.0, and RCP8.5 (IPCC, 2014). The CMIP6 has designed five scenarios called shared socioeconomic pathways (SSP),
namely SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5, to include socioeconomic factors such as the growth of population, economics,
urbanization and other factors (Eyring et al., 2016; O’Neill et al., 2016). The improvement of CMIP6 scenarios includes wider equi-
librium climate sensitivity (ECS) with an increasing temperature range of 1.5-4.5 °C. The models in CMIP6 were expected to improve
their capability and reduce uncertainty over the previous CMIP5 and CMIP3 (Chen et al., 2020). The new protocol of CMIP6 provided
also the high-resolution GCM simulations (namely HighResMIP experiments) together with their coarse-resolution GCM, (Haarsma
et al., 2016). The HighResMIP experiments would solve the issue of coarse resolution of climate models, with their resolutions being
comparable to regional climate models (RCMs) (e.g., CORDEX) and high-resolution AGCM (Mizuta et al., 2012, 2014) in CMIP5.

Ruan et al. (2018) evaluated the ranking scores of precipitation from CMIP5 over the LMB. Chhin and Yoden (2018) proposed a
framework for model ensemble selection based on historical simulations of CMIP5 in the Indochina region, and Chhin et al. (2020)
used their optimal ensemble subset for future drought projections. Several studies on flood inundation simulation used a
two-dimensional distributed model in the LMB during historical flood events (Dutta et al., 2007; Perera et al., 2017; Try et al., 2018b).
Try et al. (2020b) assessed future climate change impacts on flood inundation in the LMB through a high-resolution atmospheric
general circulation model from the Meteorological Research Institute (MRI-AGCM), in which sea surface temperatures (SSTs) from 28
CMIP5 were used as boundary condition. Try et al. (2020a) projected the extreme flood inundation in the MRB from a large ensemble
database for policy decision making for future climate change (d4PDF) using MRI-AGCM with SST boundary conditions for six CMIP5
models: CCSM4, GFDL-CM3, HadGEM2, MIROC5, MPI-ESM-MR, and CGCM3. Overall, previous studies of future flooding projections
in the MRB were based on previous CMIP3 and CMIP5 only.

A comparison of CMIP5 and CMIP6 could provide guidance for further exploration of the newly released CMIP6 datasets. CMIP6
are found to have an improved performance in capturing climate changes in various regions (Kamruzzaman et al., 2021; Wang et al.,
2021a; Zamani et al., 2020). There is still a lack of information for the comparison of CMIP5 and CMIP6 on precipitation and flood
projections in the Mekong region. Considering the significant improvement in the climate variables of the CMIP6 over CMIPS5, it is
necessary to conduct a comparative study that will provide a valuable resource of information for policy decision-makers in this area.

Igbal et al. (2021) evaluated CMIP6 precipitation over mainland Southeast Asia, and results indicated that most CMIP6 models
were able to capture rainfall climatological in this region. Gusain et al. (2020) found the improvements of precipitation in agreement
with the observation from CMIP6 over CMIP5 in simulating the Indian summer monsoon. Moreover, Kim et al. (2020) analyzed
extreme climate indices from CMIP6 models and showed their improved ability to capture the global and regional climate patterns.
Demory et al. (2020) showed that RCM (EURO-CORDEX) and HighResMIP outperform CMIP5, particularly in summer and autumn in
most of the European regions. Dong and Dong (2021) found an improvement in bias reduction of extreme precipitation in Asia from
CMIP6 (coarse resolution and HighResMIP experiments) over CMIP5. Xin et al. (2021) revealed better performance of model ensemble
from CMIP6 HighResMIP in simulation of precipitation distribution in China. The high resolution HighResMIP was found suitable for
projecting of monsoon precipitation and hydrological extreme in case studies in Peninsular Malaysia (Liang et al., 2021; Tan et al.,
2021).

This study aims to investigate the performance of CMIP6 compared to CMIP5 on precipitation estimates applied to flood simulation
within the MRB. It also assesses the potential impacts of climate change on flood inundation in the MRB under the new projected
scenarios for the near future (2026-2050), mid-future (2050-2075), and far future (2075 until the end of the 21st century).
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2. Methodology
2.1. Rainfall-runoff-inundation modeling

This study used an integrated rainfall-runoff and flood inundation (RRI) model (Sayama et al., 2012, 2015a, 2015b). The RRI
model is a two-dimensional distributed model that separately considers hill slopes and river channels. The RRI model calculates flow
on slopes and rivers based on 2D and 1D diffusive wave equations, which can consider reversed flow. The RRI model simulates the
lateral subsurface flow, vertical infiltration, and surface flow to represent the rainfall-runoff-inundation processes. The river geometry
is assumed to be rectangular with width W [m] and depth D [m] as indicated in Eqs. (1) and (2) as a function of upstream drainage area
A [km?]. Try et al. (2018b) calculated the geometry coefficients Cy, Sw, Cp, and Sp with values of 0.0015, 0.7491, 0.0520, and 0.7596,
respectively, for the MRB.

W = CyAS (@))

D = CpAS 2)

This study employed the precipitation dataset from GPCC with daily scale and 1° resolution (Ziese et al., 2018). The GPCC pre-
cipitation data provide a reasonable rainfall distribution over the entire MRB in the rainfall-runoff-inundation modeling by exhibiting
a better correlation with the observed discharge than other available open datasets (Try et al., 2020c). Try et al. (2020a, 2020b)
validated the GPCC data for long-term flood inundation modeling in the MRB for 1983-2010 and 1982-2007, respectively.

The evapotranspiration dataset was taken from the Japanese 55-year Reanalysis dataset (JRA-55) with 3-hourly and 0.5625°
resolution (Kobayashi et al., 2015). The topography datasets, including digital elevation model (DEM), flow direction (DIR), and flow
accumulation (ACC), derived from Multi-Error-Removed-Improved-Terrain (MERIT DEM, Yamazaki et al., 2017) and land use from
MODIS (product: MCD12Q1) for 2000 (Friedl et al., 2010) were used as input to the RRI model in this study. More detailed description
of model structure and input parameters of the RRI model could be found in the supplementary file.

The RRI model has been applied to hydrological simulations in Southeast Asia to simulate flood inundation and confirm its good
performance. For example, the RRI model was used to reproduce a historical large-scale flood event in 2000 (Try et al., 2018b) and to
evaluate the performance of satellite-based precipitation products for flood inundation simulation (Try et al., 2020c). Perera et al.
(2017) and Try et al. (2020b) used the RRI model to evaluate the effects of climate change in the LMB by considering various RCP and
SST scenarios. Moreover, Try et al. (2020a) validated the RRI model for long-term simulation (1983-2010) before using it to project
extreme flood inundation events in the MRB.

Table 1
Description of climate datasets from CMIP5, CMIP6, HighResMIP, and CORDEX used in this study.
No. Model Name Resolution Modeling Agency References
CMIP5 CMIP6 Lon. x Lat.
1 CNRM-CM5 CNRM- 1.40625 x 1.40625  Centre National de Recherches Meteorologiques, France Voldoire et al.
CM6-1 (2013)
CNRM-CM6-1-HR" 0.5 x 0.5
CNRM-CERFACS-CNRM- 0.5 x 0.5
cMs”
2 IPSL-CM5A-  IPSL-CM6A- 2.5 x 1.25874 Institut Pierre-Simon Laplace, France Dufresne et al.
LR LR (2013)
3  MIROC5 MIROC6 1.40625 x 1.40625  Atmosphere and Ocean Research Institute, National Institute for Watanabe et al.
Environmental Studies, Japan Agency for Marine-Earth Science and (2011)
Technology, Japan
4  MPI-ESM- MPI-ESM1- 1.875 x 1.875 Max Planck Institute for Meteorology, Germany Giorgetta et al.
LR 2-LR (2013)
MPI-M-MPI-ESM-LR"” 0.5 x 0.5
5 MRI-ESM1 MRI- 1.125 x 1.125 Meteorological Research Institute, Japan Yukimoto et al.
ESM2.0 (2012)

MRI-AGCM3.25" 0.1875 x 0.1875

6 ACCESS1-3 ACCESS- 1.875 x 1.25 Commonwealth Scientific and Industrial Research Organization and Bureau Bi et al. (2013)
CM2 of Meteorology, Australia
7  GFDL-CM3 GFDL-CM4 1.25 x 1.0° Geophysical Fluid Dynamics Laboratory, USA Donner et al.
(2011)
8 NorESM1- NorESM2 1.25 x 0.9375° Norwegian Climate Centre, Norway Bentsen et al.
M (2013)

@ High resolution GCMs from CMIP6 (HighResMIP experiments).
b Regional climate models from CORDEX East Asia (CORDEX-EA).
¢ The values describe the spatial resolution of CMIP6 while CMIP5 have double coarser resolution than CMIP6 in both longitude and latitude.
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2.2. Climate datasets

Precipitation and evapotranspiration datasets were obtained from CMIP6 and CMIP5 at a daily time step. Eight GCMs were used for
the comparative analysis. Each GCM was selected from the same institution in CMIP5 and CMIP6. Table 1 shows the institution, model
name, and spatial resolution of each model. Six GCMs (No. 1 to No. 6 in Table 1) had the same spatial resolution in CMIP5 and CMIP6;
two GCMs (Nos. 7 and 8) had a higher gridded resolution in CMIP6 than in CMIP5. To consider the effect of simulation of high res-
olution, this study compared two CMIP6 (CNRM-CM6-1 and MRI-ESM2.0) with two GCMs from HighResMIP (CNRM-CM6-1-HR and
MRI-AGCM3.2S) and two RCMs from CORDEX East Asia (CNRM-CERFACS-CNRM-CM5 and MPI-M-MPI-ESM-LR). The GPCC rainfall
dataset was used to evaluate the performance of GCMs from CMIP5 and CMIP6.

2.3. Performance assessment

This study used multiple statistical indicators to verify the performance of RRI model simulation, including Nash-Sutcliffe effi-
ciency (NSE) (Nash and Sutcliffe, 1970), peak discharge ratio (PDR), and Kling-Gupta efficiency (KGE) (Gupta et al., 2009) which
consists of three terms including g, a, and r:

Q-0
NSE = 1 ,:1772 3
t:zl (Qtu - Qu)
PDR = g ()]
0,
=2 5
/ 0, )
130 -0
o=t ©
(0, - 0)

S -0)(Q. -0
= 1=1 (7)

[CTEIE

@ -07) (L@ -a7)
KGE=1—/(r— 1)+ (=17 +(a—1) (8)

M:

1=

where Q! and Q! are simulated and observed discharge at time step t, respectively; Q, and Q, are the mean simulated and observed
discharge in the flood event, respectively; # and a are the measures of bias and variability, respectively; r is the correlation coefficient
between simulation and observation; and Q¢ and Q¥ are simulated and observed peak discharge, respectively.

This study uses a Taylor diagram (Taylor, 2001) to quantify the pattern similarity between two variables (i.e., monthly precipi-
tation from observations and GCMs). The standard deviations of the prediction (s,) and observation (o, ), the correlation coefficient (r),
and the statistical indicator of root mean square difference (RMSD) to quantify the difference between the two discrete variables p and
o are determined as follows:

TRC.
I T ©
'/ N ; (P p)
e S a0
’ N n=1 !
1 & 2
RMSD = N E [(Pn 717)(011 - 5)] (11)
n=1

where p and o are the mean values, N is the number of datasets that are both temporal and spatial patterns in this study.
The Taylor diagram provides a concise statistical summary of how well the pattern distribution of the two variables matches. The
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diagram visualizes their correlation, root mean square difference, and variances of data (i.e., standard deviation). In this study, the
Taylor diagram was used to visualize and evaluate the precipitation performance of CMIP5 and CMIP6 over the MRB. Geographical
conditions and uneven precipitation distribution were estimated by dividing the MRB into three zones, namely, the Upper Mekong
Basin in China, the middle MRB in Thailand and Lao PDR, and the LMB in Cambodia and Vietnam (Fig. 1). The simulated discharge
from the RRI model from CMIP5 and CMIP6 in monthly and annual peak discharge values was compared with gauged observations.
Finally, the best GCMs were selected for future projections to identify changes in flood characteristics in the MRB in the near, mid, and
far future. The GCMs were bias-corrected for future flood projections. This study applied a bias correction method using linear scaling

approach:
Pnb.\' o
PAS = o x Pl (12)

mon

where P : average monthly GPCC precipitation, P€™: average monthly GCM precipitation, nga;’”: daily GCM precipitation, and

mon mon*
ngy: daily bias-corrected GCM precipitation. The correction factor calculated from the present climate was applied to future climate
projections.
This study used the Kolmogorov-Smirnov (K-S) test to evaluate the changes in flooding between present and future projection
climates. The statistical K-S test is a non-parametric test of two samples and is used to evaluate statistical variation. The maximum

difference in the cumulative distribution function (CDF) of the two samples can be defined as follows:

Dn,m = Supan (X) - Fm (x) | (13)

where F,, and F,, are the empirical distribution functions of the two samples, and sup is the supremum function. The null hypothesis, Ho,
assumes that the two samples have no significant difference in the CDF. When the likelihood of the different distributions of the two

93°E 96‘°E 99I°E 10?°E 10:5°E 10EI!°E 93°E 96I°E 99I°E 10%°E 10?°E 10§°E
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Fig. 1. Study area of the Mekong River Basin: a) digital elevation model (DEM) and b) three zones for precipitation evaluation.
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samples exceeds the significance level, the null hypothesis is rejected. The null hypothesis is rejected if the following condition is
satisfied:

n+m (14)
nm

Dy > c(@)
where n and m are the sample sizes. At a significance level of 1%, c(a) was equal to 1.628.

3. Results and discussion

3.1. RRI model performance

Fig. 2 compares the simulated discharge from the RRI model and the observed discharge at the four hydrological stations from
upstream to downstream of the Mekong River at Chiang Saen, Vientiane, Pakse, and Kratie. The RRI model performance at the up-
stream station in Chiang Saen was KGE = 0.57, NSE = 0.49, r = 0.82, and PDR = 0.65 + 0.15. The performance at the two middle
stations of Vientiane and Pakse were KGE = 0.79 and 0.91, NSE = 0.74 and 0.85, r = 0.88 and 0.93, and PDR = 0.80 4 0.14 and
0.95 + 0.17, respectively. The RRI model simulated discharge was more accurate at the downstream station Kratie with KGE = 0.93,
NSE = 0.88,r = 0.94, and PDR = 0.95 + 0.15. Overall, the RRI model performance in the MRB hydrological simulation was acceptable
and particularly accurate in the downstream area, which is the area most affected by floods.

3.2. Evaluation of precipitation

The historical GCM experiments used were from 1950 to 2005 for CMIP5 and from 1950 to 2014 for CMIP6. The monthly pre-
cipitation results based on the grid by grid distribution and basin average for each GCM from CMIP5 and CMIP6 are shown in the
Taylor diagrams in Figs. 3 and 4, respectively. The basin average precipitation had higher accuracy than the grid by grid precipitation
in the correlation coefficient (r), root mean square difference (RMSD), and standard deviation (¢). For the grid by grid precipitation,
the improvement of GCMs was r = 0.48 and RMSD = 79.11 mm in CMIP5 to r = 0.58 and RMSD = 72.82 mm in CMIP6 (Table 2). The
standard deviation values were similarly improved from ¢ = 61.81 mm in CMIP5 to ¢ = 67.10 mm in CMIP6 (¢ of GPCC = 87.89 mm)
(Table 2). For the basin average precipitation, the performance improvement from CMIP5 to CMIP6 was 0.97-0.99 for the correlation

x10% Chiang Saen

N

- Observation

Discharge [m3/s]

o

1985 1990 1995 2000 2005 2010 2015

x10% Vientiane

N w

N

Discharge [m3/s]

o

I
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N

o

1985 1990 1995 2000 2005 2010 2015

x10* Kratie
E T

S 2}
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N
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Discharge [m3/s]
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Fig. 2. Comparison of daily simulated and observed discharge at four stations (Chiang Saen, Vientiane, Pakse, and Kratie) along the main stream of
the Mekong River between 1982 and 2016.
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Fig. 3. Taylor diagram of average monthly precipitation for the grid by grid distribution from CMIP5 (left) and CMIP6 (right).
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Fig. 4. Taylor diagram of average monthly precipitation for basin average for CMIP5 (left) and CMIP6 (right).

coefficient and 27.20-24.67 mm for the bias. However, the standard deviation seemed larger in CMIP6, being 110.46 mm compared to
102 mm in CMIP5 (6 of GPCC = 101.18 mm). This means that CMIP6 have improved their agreement with reference precipitation and
have shown smaller error values in both analyses of the basin average and the grid by grid precipitation.

In addition to the evaluation based on the grid by grid and the basin average, the precipitation results were also compared for the
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Table 2

Comparison of correlation coefficient (r), root mean square difference (RMSD), and standard deviation (¢) between grid by grid and basin average
precipitation from CMIP5 and CMIP6.

GCMs r[-] RMSD [mm] o [mm] r[-] RMSD [mm] o [mm]
Grid by Grid GPCC - - 87.89 - - 87.89
CMIP5 0.55 75.87 67.41 CMIP6 0.55 78.21 75.69
0.54 73.93 53.18 0.46 81.69 64.95
0.62 70.53 67.84 0.64 68.34 65.24
0.46 82.52 66.92 0.38 86.78 63.39
0.52 75.84 55.73 0.58 72.28 59.12
0.63 72.21 79.04 0.71 65.67 85.26
0.40 80.84 43.28 0.62 69.30 60.87
0.11 101.11 61.08 0.73 60.27 62.24
avg. 0.48 79.11 61.81 0.58 72.82 67.10
Basin Average GPCC - - 101.18 - - 101.18
CMIP5 0.99 17.94 86.95 CMIP6 0.99 20.94 88.01
0.98 22.74 88.54 0.99 17.79 92.00
0.96 28.66 94.09 0.99 15.17 94.98
0.99 19.26 90.10 0.99 16.73 102.33
0.96 34.67 114.04 0.98 34.26 127.57
0.93 49.55 126.30 0.98 34.02 127.89
0.98 20.06 98.84 0.98 41.00 136.52
0.99 24.74 117.18 0.99 17.46 114.35
avg. 0.97 27.20 102.00 0.99 24.67 110.46

three zones: upstream high elevation, midstream, and downstream in the MRB. Both CMIP5 and CMIP6 generally exhibited good
performance in Zone III (the LMB-floodplain and delta), followed by Zone II (central MRB) and Zone I (the Upper Mekong Basin),
ranked by the best performance. The tendency of each model distribution in the Taylor plot in Fig. 5 can be distinguished by an in-
crease in the correlation coefficient and a reduction in the bias index RMSD from CMIP5 to CMIP6, particularly noticeable in Zones I
and II. However, CMIP6 also had larger standard deviation values compared to CMIP5. Table 3 provides a summary of the information
on all model performances. For Zone III, the average performance indices among eight GCMs were r = 0.97, RMSD = 31.46 mm, and ¢
= 88.77 mm (reference to GPCC ¢ = 63.97 mm) for CMIP5 and r = 0.98, RMSD = 30.42 mm, and ¢ = 89.97 mm for CMIP6. Similarly,
the advancement from CMIP5 to CMIP6 in Zone II was indicated by the following results: r = 0.96-0.98, RMSD = 36.41-30.74 mm,
and 6 = 104.49-114.31 mm (¢ of GPCC = 118.55 mm). Among the three zones, Zone I had poor accuracy with r = 0.95 and 0.97,
RMSD = 38.42 mm and 41.69 mm, and ¢ = 115.82 mm and 131.29 mm (¢ of GPCC = 109.90 mm) for CMIP5 and CMIP6, respectively.
In summary, there was an improvement in the performance of the new CMIP6 over the previous CMIP5 for precipitation simulations
over the MRB. CMIP6 thus better represented precipitation in the middle and downstream areas compared to CMIP5.

3.3. Performance of discharge simulation

Daily precipitation from all GCMs was used as input to the calibrated and validated RRI model to assess river flow and annual peak
flood discharge. Fig. 6 shows a comparison of the gauged observation and simulated discharge at Kratie on monthly basis. During the
flood season, the CMIP5 underestimated the river discharge by means and even error bars (i.e., mean + standard deviation) in July and
August, with values outside the range compared to the observation discharge. However, the mean values are overestimated in
September but within the error bar, but closer to observations in the late flood period in October. The overall performance of CMIP6
improved during the flood season compared to that of CMIP5 - all values within the error bar. Notably, during the peak flood period in
September, the mean of CMIP6 was close to the observation, whereas the mean of CMIP5 was underestimated.

Similar to precipitation and monthly discharge, the annual peak discharge (Fig. 7) showed a similar performance improvement in
CMIP6 compared to CMIP5 at hydrological stations in Kratie and Chiang Saen. The simulated annual peak discharge from CMIP5 and
CMIP6 overestimated the annual peak discharge at Chiang Saen. The mean values slightly improved from CMIP5 (14,398 m>/s) to
CMIP6 (13,890 m3/s) compared to observation (10,483 m3/s). At Kratie, the CMIP5 outputs underestimated the annual peak
discharge, and the means from CMIP6 were in good agreement with the observations. The means from CMIP5 and CMIP6 were
37,220 m3/s and 43,016 m3/s compared to the observation of 43,521 m3/s. However, the standard deviation values (ranging from
lower to upper error bars) of the CMIP6 outputs at Kratie were larger than those of CMIP5 and of the observed peak discharges. Overall,
even though there was an improvement in CMIP6 over CMIP5, CMIP6 still had an extensive bias compared to the observation.
Therefore, the following sections consider the bias correction to further improve CMIP6 for the evaluation of future flooding pro-
jections in the MRB.

3.4. Performance of bias correction

The bias correction of the precipitation of CMIP6 was conducted using the linear scaling method to improve the performance of the
precipitation and discharge projections. This method previously exhibited good performance in the bias correction of high-resolution
climate outputs in the MRB (Try et al., 2020b). Fig. 8 shows the performance of simulated discharge from the non-bias corrected and
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Fig. 5. Taylor diagram of average monthly precipitation for each zone (I, II, and III) for CMIP5 (left column) and CMIP6 (right column).
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Table 3

Comparison of monthly precipitation from CMIP5 and CMIP6 based on each zone: Zone I (upper basin), Zone II (middle basin), and Zone III (lower
basin) of the MRB.

GCMs r[-1 RMSD [mm] o [mm] r[-] RMSD [mm] o [mm]
Zone [ GPCC - - 109.90 - - 109.90
CMIP5 0.99 23.85 93.07 CMIP6 0.97 25.22 106.37
0.97 29.76 116.60 0.95 34.87 97.93
0.91 46.44 95.79 0.97 28.28 105.05
0.98 21.57 103.48 0.97 40.29 135.15
0.92 57.71 141.12 0.97 58.90 158.20
0.92 63.57 148.83 0.97 54.38 155.66
0.99 19.19 99.99 0.97 68.93 168.94
0.94 45.27 127.65 0.99 22.62 123.06
avg. 0.95 38.42 115.82 0.97 41.69 131.29
Zone 11 GPCC - - 118.55 - - 118.55
CMIP5 0.99 38.59 82.32 CMIP6 0.96 46.88 80.50
0.98 32.63 91.83 0.99 21.23 105.65
0.93 45.44 102.82 0.98 33.20 94.50
0.99 32.60 90.51 0.99 24.91 100.25
0.95 37.54 113.28 0.98 22.33 122.02
0.90 53.02 120.34 0.97 38.17 137.18
0.96 32.69 111.96 0.98 39.10 147.16
0.99 18.76 122.88 0.99 20.10 127.21
avg. 0.96 36.41 104.49 0.98 30.74 114.31
Zone III GPCC - - 63.97 - - 63.97
CMIP5 0.98 34.58 95.40 CMIP6 0.98 33.09 92.58
0.94 21.39 61.50 0.99 10.80 70.93
0.99 38.87 100.70 0.95 47.87 104.92
0.97 24.14 81.27 0.98 19.42 76.75
0.98 30.80 90.11 0.97 52.11 112.00
0.97 27.82 84.60 0.98 26.73 86.13
0.99 23.44 85.19 1.00 21.84 84.55
0.98 50.60 111.39 0.98 31.51 91.94
avg. 0.97 31.46 88.77 0.98 30.42 89.97
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Fig. 6. Comparison of observed and simulated monthly discharge at Kratie from CMIP5 and CMIP6. The central point represents a mean, and its
lower and upper bars display a mean + standard deviations from model ensembles.

bias-corrected CMIP6. The non-bias corrected GCMs generally had more variation between each GCM in discharge simulation for both
CMIP5 and CMIP6. In contrast, the bias corrected GCMs had smaller variations and were close to the ones generated from the GPCC
dataset.

3.5. Projection of future precipitation

To better represent the precipitation effect on flooding, this study evaluated the changes in precipitation based on annual maximum
90-day rainfall, which provided the highest correlation with annual peak discharge and inundation compared with the periods from 1
to 6 months (Try et al., 2020c). Fig. 9 shows the annual maximum 90-day precipitation from the baseline period (1980-2014) to the
projected periods in the near future (2026-2050), mid-future (2051-2075), and far future (2076-2100), derived from CMIP6. Overall,
the results indicated that precipitation would increase for all future projected periods in the SSP2-4.5 and SSP5-8.5 scenarios. Ac-
cording to eight simulations from CMIP6, the effective precipitation would increase by 5%, 8%, and 9% for SSP2-4.5, and 6%, 9%, and
15% for SSP5-8.5 in near, mid, and far future, respectively. The results of the K-S test of annual maximum 90-day precipitation from
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Fig. 9. Annual maximum 90-day precipitation from baseline to projections in the near, mid, and far future for SSP2-4.5 and SSP5-8.5. The hori-
zontal straight lines represent means in the baseline period. The bold central lines are the means of model ensembles.

Table 4
Comparison of future projection of flood components in the near, mid, and far future projections.
Flood components Near future Mid future Far future
Maximum 90-day precipitation SSP2-4.5 + 5%** + 8%** + 9%**
SSP5-8.5 + 6%** + 9%** + 15%%**
Peak discharge at Chiang Saen SSP2-4.5 + 10%* + 20%** + 27%**
SSP5-8.5 + 10%** + 27%** + 47%**
Peak discharge at Vientiane SSP2-4.5 + 11%* + 22%** + 29%**
SSP5-8.5 + 14%* + 29%** + 54%**
Peak discharge at Pakse SSP2-4.5 + 15%** + 22%** + 26%**
SSP5-8.5 + 20%** + 27%** + 46%**
Peak discharge at Kratie SSP2-4.5 + 14%** + 21%** + 24%**
SSP5-8.5 + 18%** + 24%** + 41%**

Note: the values in the table represent the change in precipitation and peak discharge for each future projected period compared with baseline period.
The asterisks * and ** represent p-value < 0.01 and < 0.001 of statistical K-S test.

the present to each future climate showed that the null hypothesis was rejected at a significance level of 1% for all cases of SSP2-4.5 and
SSP5-8.5 during the near, mid, and far future (p-value < 0.001 in Table 4).

3.6. Projection of future floods

The peak discharge for future flood projections was evaluated and compared with the baseline period. Four main hydrological
stations along the mainstream of the Mekong River were investigated. The annual peak discharge at Chiang Saen showed an increase in
discharge by 10%, 20%, and 27% for SSP2-4.5, and 10%, 27%, and 47% for SSP5-8.5 at the projected periods in the near, mid, and far
future, respectively (Fig. 10). These increases were notable with the K-S test at a significance level of 1%, with p-values < 0.01
(Table 4). Moreover, the peak discharge indicated a crucial increase in future projections with a similar rising rate of 11 — 29% for

12
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Fig. 10. Annual peak discharge at Chiang Saen from baseline to projections in the near, mid, and far future for SSP2-4.5 and SSP5-8.5. The
horizontal straight lines represent the means in the baseline period. The bold central lines are the means of model ensembles.
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SSP2-4.5 and 14 — 54% for SSP5-8.5 in Vientiane (Fig. 11) (p-value < 0.01), 15 — 26% for SSP2-4.5, and 20 — 46% for SSP5-8.5 in
Pakse (Fig. 12) (p-value < 0.001 in Table 4).

The peak discharge increased for all assessed periods at all stations (Figs. 10-13). In Fig. 13, the annual peak discharge in the
downstream station Kratie is used as a representative point of flooding in the LMB. For the SSP2-4.5 scenario, the peak discharge
increased by 14%, 21%, and 24% in the near, mid, and far future, respectively (p-value < 0.001). Additionally, the peak discharge for
SSP5-8.5 sharply increased by 18%, 24%, and 41% for the three future projection periods (p-value < 0.001).

4. Discussion
4.1. Implementation of climate change impacts on future flood projections

The most recent CMIP6 have improved the characteristics and performance of climate simulations over the previous CMIP5. This
study compared precipitation and flood characteristics from eight CMIP6 with the same models from CMIP5 in the MRB. According to
the precipitation analysis based on the grid by grid, basin average, and three MRB zones, the CMIP6 results clearly show significant
improvement in correlation and bias values. Moreover, the monthly and annual peak discharges from historical experiments have also
improved; this was primarily observed in the model ensemble means from CMIP5, which underestimated peak flows compared to
CMIP6.

The climate outputs of CMIP6 have significantly improved results compared to those of CMIP5, as confirmed by other research
studies. Chen et al. (2021) showed similar improvements in extreme seasonal precipitation in CMIP6 over CMIP5 based on case studies
in the Western North Pacific and East Asia. Xin et al. (2020) evaluated and found higher skill scores in the simulation of summer
precipitation from CMIP6 in China and East Asia. Zamani et al. (2020) determined the outperformance of CMIP5 by CMIP6 for pre-
cipitation projections in northeastern Iran. Ayugi et al. (2021) showed an improved performance using CMIP6 in simulating mean and
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Fig. 14. Spatial distribution of annual precipitation from two coarse resolution GCMs (GCM1 and GCM2), two high resolution GCMs (HighResMIP1
and HighResMIP2), and two CORDEX RCMs (CORDEX1 and CORDEX2) compared with GPCC data over the MRB.

15



A Self-archived copy in RBALEHEEY LS LY
il

\ ,f?: ﬁﬁ j( % Kyoto University Research Information Repository KU RENAI

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp Kyoto Unersty Research Informaion Reposiory

S. Try et al. Journal of Hydrology: Regional Studies 40 (2022) 101035

extreme precipitation in East Africa, with less bias than CMIP5.

Future climate projections in the MRB using the CMIP6 indicate an increase in both effective precipitation and annual peak
discharge in the near (2026-2050), mid (2051-2075), and far (2076-2100) future compared to the baseline period (1980-2014). The
increases in peak discharge at Kratie range between 14% and 24% and 18-41% during the three projected periods for SSP2-4.5 and
SSP5-8.5, respectively. These results agree with those of previous studies on the impacts and severity of future climate change in the
MRB. For instance, Try et al. (2020b) found an increase in high flow exceeding 5% of times (Qs) by 13-30% in the future climate
projection for 2075-2099 compared to 1979-2003. Similarly, Perera et al. (2017) found an increase in future inundation extent in the
LMB between 24% and 35% by using a single MRI-AGCM3.2S with ranging of different sea surface temperature patterns with for
RCP8.5, which is comparable to SSP5-8.5 in CMIP6. Vastila et al. (2010) projected annual maximum floods in the LMB from 2010 to
2049 with exceedance between 3% and 14% for the A2 scenario in CMIP3 (comparable to RCP8.5 in CMIP5 and SSP5-8.5 in CMIP6).
Khoi et al. (2020) found an increase of annual river discharge of the MRB from 3.35% to 9.13% under RCP4.5 and RCP8.5 using
CORDEX datasets.

4.2. Performance of CMIP6 GCMs and high resolution GCMs and RCMs

This study evaluated the effect of spatial resolution on flood simulation by comparing two high resolution version HighResMIP from
CMIP6 (CNRM-CM6-1-HR and MRI-AGCM3.2S, hereafter noted as HighResMIP1 and HighResMIP2) and two RCMs from CORDEX East
Asia (CNRM-CERFACS-CNRM-CM5 and MPI-M-MPI-ESM-LR, hereafter noted as CORDEX1 and CORDEX2) with the coarse resolution
CMIP6 (CNRM-CM6-1 and MRI-ESM2-0, hereafter noted as GCM1 and GCM2). This analysis applied the same linear scaling bias
correction method for the CMIP6, HighResMIP, and CORDEX. By comparing with GPCC precipitation, the HighResMIP and CORDEX
datasets with high resolution of up to 0.1875-0.5° could overcome the smoothing distribution of annual precipitation, compared to the
coarse resolution versions of CMIP6 (1.40625° and 1.125°) during the baseline period (Fig. 14). However, the difference in resolution
was not sensitive to the basin average monthly precipitation. Even though the spatial resolution is different, the GCMs from the same
model agency (i.e., GCM1 vs HighResMIP1 and GCM2 vs HighResMIP2) generally showed a similar precipitation distribution; no
significant difference could be seen in the violin and box plots in Fig. 15. The mean monthly precipitation was 122 and 123 mm/month
for HighResMIP1 and HighResMIP2, 122 and 123 mm/month for GCM1 and GCM2, and 126 and 119 mm/month for CORDEX1 and
CORDEX2, respectively, compared to 126 mm/month from GPCC precipitation (Fig. 15). In addition, the discharge simulation per-
formances from GCM, HighResMIP, and CORDEX showed a similar pattern of distribution, as shown in the violin plot of daily discharge
in Fig. 16. Comparing with mean daily discharge from GPCC of 11,512 m>/s, the simulated discharge was 11,773 and 11,487 m®/s for
GCM1 and GCM2, and 11,327 and 10,918 m>/s for HighResMIP1 and HighResMIP2, and 13,509 and 10,577 m®/s for CORDEX1 and
CORDEX2, respectively (Fig. 16). In conclusion, the effect of different resolutions from GCMs and RCMs may not be a significant factor
affecting flood projection in the MRB, particularly at Kratie station located near the floodplain of the LMB.

4.3. Uncertainties and limitations

This study primarily evaluated historical simulation from climate datasets and future projections of GCMs under future climate
change impacts. Only future climate change impact perspectives on flooding were considered while leaving important variables un-
touched. The sources of uncertainties in flood projections under the impacts of climate change could be associated with emission
scenarios, GCMs, downscaling methods, and hydrological models (Hoan et al., 2020). This study evaluated only two future projection
scenarios (SSP2-4.5 and SSP5-8.5) from CMIP6. Other future projection scenarios (e.g., SSP1-2.6 and SSP3-7.0) could also possibly
happen, and they should be considered in further studies. Moreover, different downscaling methods should be investigated to capture
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Fig. 15. Violin plot and boxplot of monthly from two coarse resolution GCMs (GCM1 and GCM2), two high resolution GCMs (HighResMIP1 and
HighResMIP2), and two CORDEX RCMs (CORDEX1 and CORDEX2) compared with GPCC over the MRB. The red circle and black dots represent
mean and median. The body side of violin displays the density distribution of data.
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Fig. 16. Violin plot and boxplot of daily discharge at Kratie from two coarse resolution GCMs (GCM1 and GCM2), two high resolution GCMs
(HighResMIP1 and HighResMIP2), and two CORDEX RCMs (CORDEX1 and CORDEX2) compared with GPCC. The red circle and black dots represent
mean and median. The body side of violin displays the density distribution of data.

the topographic characteristics’ complexity, particularly in the more regional-scale studies. Only the RRI model was used to project
floods in this study, while different hydrological models and their input parameters could associate with flood projection uncertainties.
In addition, land use was assumed to be constant from baseline throughout the projected periods in the RRI model simulation. Changes
in topography due to soil erosion and deposition were not considered in the RRI model as well. Moreover, the influence of hydropower
and irrigation reservoirs on the river basin’s seasonal hydrology and flow has not yet been analyzed. The future projections of flooding
in this study focused only on annual peak discharge using CMIP6. Further studies are needed to assess the cumulative impacts of
climate change associated with these land-use changes and the impacts of water infrastructure development.

5. Conclusions

This study focuses on assessing the performance of eight CMIP6 compared with CMIP5 in precipitation and discharge simulations in
the MRB. The results show a significant improvement in the non bias corrected CMIP6 compared to the non bias corrected CMIP5. The
future projections of flooding in the MRB from eight CMIP6 show a significant increase in effective precipitation and annual peak
discharge in the near, mid, and far future in both the SSP2-4.5 and SSP5-8.5 scenarios.

This study found that different resolutions of GCMs and RCMs performed similarly in predicting river discharge downstream of the
MRB. However, our study focused on flood projection in the large basin (MRB) with a drainage area up to 795,000 km?. The benefits of
using high resolution GCM and regional downscaled climate data would be able to capture the complexity of land surface and local
topographic characteristics in the small river basin, such as tributaries of the MRB.

Studies on climate change impacts on hydrology changes such as floods and droughts using CMIP6 could provide additional
analysis to the previous CMIP3 or CMIP5 outputs. Moreover, further studies should focus on downscaling GCM to catch up with
regional climate change by obtaining a higher spatial resolution; this might be more suitable for spatial distribution, particularly for
studies in small-scale river basins. To reduce the possibility of severe damage caused by extreme flooding, adequate water resource
management, flood adaptation and mitigation strategies, flood prevention infrastructure, and efficient real-time flood early warning
and forecasting systems are required.
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