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Abstract:

It is important to examine what future hydrological
changes could occur as a result of climate change. In this
study, we projected hydrological changes and their consis-
tency under near-future and end-of-21st-century climate in
the Chao Phraya River Basin. Through hydrological
simulations using output from six AOGCMSs under the RCP
4.5 and 8.5 scenarios, we have reached the following
conclusions. Our results demonstrate a projected increase in
mid-rainy season precipitation under future climate, which
is a necessary condition for a large volume of runoff to
occur in the late rainy season. Under end-of-21st-century
climate, all simulations using six AOGCMs showed a large
increase (> 20%) in runoff in Nakhon Sawan catchment
under both RCP scenarios. Compared to the capacities of
the Bhumibol and Sirikit dams, projected increases in runoff
at the end of the 21st century are high. New flood
management and mitigation plans will likely be necessary.
Ensemble mean increases in precipitation and runoff were
higher under RCP 8.5 than under the RCP 4.5 scenario in
both projected periods. Thus, higher global mean
temperature would cause higher precipitation and runoff in
the basin. This inference is also supported by the higher
precipitation and runoff projected under the late future
compared with under the near-future climate.

KEYWORDS climate change; Chao Phraya River Basin;
runoff; CMIP5; RCP scenario

INTRODUCTION

Intermittent heavy rains starting in July 2011 caused
large-scale flooding of the Chao Phraya River in Thailand.
The World Bank (2012) reported that the 2011 flood caused
economic damage of up to 1.425 trillion baht (USD 45.7
billion). Komori ef al. (2012) and Kotsuki and Tanaka
(2013b) reported that a 125% increase in annual runoff was
caused by a 40% increase in annual rainfall in 2011. In
response to the large 2011 flood, the government of Thailand
conducted a review of the basin’s water resource manage-
ment plan and master plan, which were designed in 1999.
An understanding of the hydrological characteristics of the
basin is important for the revision of the master plan. The

Correspondence to: Shunji Kotsuki, Water Resources Research Center,
DPRI, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan. Present
address: RIKEN Advanced Institute for Computational Science, Kobe 650-
0047, Japan. E-mail: kotsuki.water@gmail.com ©2014, Japan Society of
Hydrology and Water Resources.

authors have investigated the hydrological characteristics of
the basin through the Integrated Study on Hydro-
Meteorological Prediction and Adaptation to Climate change
in Thailand (IMPAC-T) project.

In recent years, climate change has created serious
challenges for flood control. A warmer climate would
increase the risk of flooding. Hirabayashi et al (2013)
investigated global flood risk under climate change using
output from the 11 atmosphere-ocean general circulation
models (AOGCMs), and revealed that global exposure to
floods would increase depending on the degree of warming.
Fekete and Vorosmarty (2004) and Kotsuki and Tanaka
(2013d) pointed out that in wet regions, where precipitation
always exceeds potential evaporation, any error in
predictions of precipitation translates to approximately the
same absolute error in runoff (which will result in higher
relative error because runoff is always less than precipita-
tion). This implies that small increases in precipitation
caused by climate change can yield large increases in runoff.
Indeed, Kotsuki and Tanaka (2013b) demonstrated that a
10% increase in annual precipitation caused a 50-75%
increase in annual runoff in 1980, 1995, and 2006. It is also
important to examine what future changes could occur in
the Chao Phraya River Basin and its hydrological cycles as
a result of climate change.

Several studies have been performed using hydrological
models with climate projections to simulate the response of
the Chao Phraya River Basin to climate change. Since flood
management and operation rules are based on seasonal runoff
in the basin, impact estimation studies have not been
conducted on a finer resolution other than monthly temporal
scale. To date, most of these studies have used outputs from
atmospheric GCMs developed by the Japan Meteorological
Research Institute (MRI-AGCMs; Kusunoki et al., 2011).
Hunukumbura and Tachikawa (2012) investigated projected
future river discharge using version 3.1 of the 20 km mesh
MRI-AGCM (MRI-AGCM3.1s), and projected that mean
annual discharge would not change significantly in many
major tributaries including at Nakhon Sawan station
(hereafter, C.2). Kure and Tebakari (2012) evaluated future
mean annual river discharge using the previous and latest
version (3.2) of the 20 km mesh MRI-AGCM,; they reported
that mean annual river discharge is likely to increase at C.2
due to increased rainfall. Using different resolutions and
ensemble experiments in the MRI-AGCM, Champathong et
al. (2013) reported that precipitation was projected to
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increase significantly in the basin in future rainy seasons,
excluding May; however, no significant changes in river
discharge were projected at C.2. None of these climate-
change studies of the Chao Phraya Basin included an
uncertainty evaluation of emissions or Representative
Concentration Pathway (RCP) scenarios. RCP scenarios
provide data on the time-evolving emissions or concentra-
tions of radiatively active constituents. Future climate
projections were produced by climate model experiments
under the time series of emissions and concentrations from
four RCP scenarios (Moss et al., 2010).

Many researchers have projected river discharge under
future climate using hydrological models applying statistical
downscaling or bias correction methods to output from
GCMs (e.g. Maurer et al., 2010; Leander and Buishand,
2007). Additionally, those statistical downscaling and bias
correction methods have been compared to reduce the bias
of future climate projection and to investigate their impacts
on river discharge projections (e.g. Freddie et al., 2009;
Lafon et al., 2013).

Here, we used output from the latest six AOGCMs
participating in the fifth phase of the Coupled Model
Intercomparison Project (CMIPS; Taylor et al., 2012). We
conducted simulations for historical, near-future, and end-
of-21st-century scenarios. For future simulations, we used
bias-corrected climate scenarios under two RCP scenarios:
RCP 4.5 and RCP 8.5 (Vuuren et al, 2011). Through
hydrological simulations using output from the AOGCMs
under the two RCP scenarios, we computed projections of
hydrological changes and evaluated their consistency in the
Chao Phraya River Basin.

METHODOLOGY

Overview of the Chao Phraya Basin

The Chao Phraya River has a catchment area of
approximately 160,000 km? and is divided into the upper
and lower basins at the Nakhon Sawan station (C.2; 15°67'N,
100°1'E), which is a narrow area in the middle of the basin
(Supplement Figure S1a). The catchment area of the upper
basin is 110,000 km?, which represents 68% of the entire
basin area. Four branch rivers (the Ping, Wang, Yom, and
Nan rivers) flow from the northern mountainous area and
merge at C.2. The Bhumibol and Sirikit dams (storage
capacity 13.5 and 9.5 x 10°m’, respectively) were con-
structed on the Ping and Nan rivers for irrigation, flood
control, and electricity generation, and have a great impact
on the duration of downstream discharge. Dissimilar to
northern mountain regions, topography and river channel
slope of the southern basin becomes low (Supplement Figure
S1b).

The Chao Phraya River basin is located in the Southeast
Asia monsoon region, which has a clear distinction between
the rainy season (May to October) and the dry season
(November to April). Ninety percent of the basin’s total
precipitation falls during the rainy season (Kure and
Tebakari, 2012), and precipitation in general is higher in the
mountainous northern area (Supplement Figure Slc).
Although the northern mountain basin has higher rainfall
than the southern basin, the density of rainfall-gauging
stations is lower than the southern basin (Supplement Figure

S3). One major institute to gauge rainfall is the Royal
Irrigation Department (RID), whose gauging stations are
distributed mainly in irrigated fields.

Climate data

To detect hydrological impacts of climate change on the
Chao Phraya Basin, we conducted simulations using a land
surface model for three periods: historical (1980-1999),
near-future (2040-2059), and end-of-21st-century (2080—
2099) periods. To perform the historical simulation, we
developed a historical climate dataset called IMPAC-T
Forcing Data (IFD). A detailed description of the IFD is
presented in Supplement Information S1. Future simulations
were conducted with IMPAC-T Driving Data (IDD)
developed by Watanabe ef al. (2014). The IDD is the future
atmospheric forcing dataset which was created by correcting
the bias in AOGCMs participating in the CMIP5 using the
IFD. The IDD was developed with a newly developed bias
correction method which scales the change in monthly and
daily variations of AOGCMs between historical and future
periods on the IFD. Here, the changes in atmospheric forcing
from AOGCMs are linearly interpolated into the resolution
of the IFD. With this bias correction method, the time series
of the IDD become the analogue of that of IFD. Both the
IFD and IDD comprise seven meteorological forcings:
temperature, specific humidity, short-wave radiation, long-
wave radiation, atmospheric pressure, wind speed, and
precipitation.

From eight AOGCM datasets of the IDD providing both
RCP 4.5 and 8.5 scenarios, six AOGCMs (CSIRO-MK3.6,
INM-CM4, MIROCS5, CNRM-CM5, GFDL-ESM2M, and
IPSL-CM5A-LR) were selected for use in this study
(Supplement Table SI). Watanabe et al. (2014) indicated
that those six AOGCMs showed relatively higher spatial
correlation with APHRODITE precipitation data (Yatagai
et al., 2012). MRI-CGCM3 and BCC-CSMI1.1 were
excluded because of their low spatial correlation with
APHRODITE data. Note that the excluded MRI-CGCMS3 is
a different dataset from the MRI-AGCMs used by
Hunukumbura and Tachikawa (2012), Kure and Tebakari
(2012), and Champathong ef al. (2013).

Hydrological model

Hydrological simulations were conducted using a land
surface model: the Simple Biosphere model including Urban
Canopy (SiBUC; Tanaka, 2004). This model calculates
energy, radiation, and water budgets on the land surface with
seven meteorological forcings. Similar impact estimation on
hydrological change was performed with SiBUC in entire
Japanese basins (Kotsuki and Tanaka, 2013a).

In addition to the meteorological forcings, the model
requires land surface parameters (e.g. land cover; leaf area
index; vegetation cover fraction), soil physical parameters
(e.g. soil and root depths; porosity; soil types), and
geographical data (elevation and slope). Ground-surface
physical parameters were created using Ecoclimap (Faroux
et al., 2013) provided by Meteo-France, and ground surface-
cover data were created using MIRCA2000 (Portmann et al.,
2008) and GLCC version 2.0 provided by the United States
Geological Survey (USGS). The Shuttle Radar Topography
Mission (SRTM) 90 m digital elevation data was used to
determine elevation and slope. Simulations have been

— 28—



PROJECTED HYDROLOGICAL CHANGES AND CONSISTENCY

performed at a spatial resolution of five minutes and a
temporal resolution of one hour.

It should be noted that both historical and future
simulations are conducted without gate operations of
Bhumibol and Sirikit Dams. Thus, this study projects runoff
change under no reservoir condition. Kotsuki and Tanaka
(2013c) conducted an analysis of 24 years’ worth of data
(1981-2004) under the same land-surface parameters and
IFD and reported that annual runoff at C.2 was well
reproduced. Simulated monthly runoff also agreed well with
naturalized monthly runoff at C.2 (Nash-Sutcliffe model
efficiency coefficient is 0.70). Naturalized runoff was
obtained by excluding the two dams’ effect from recorded
runoff data at C.2.

RESULTS

The IDD (seven bias-corrected meteorological forcings
from six AOGCMs) was used as input for the land surface
analysis. The results of this analysis are presented in Figures
1 and 2 and Table I. Figure 1 shows changes in annual mean
hydrological variables in the future climate relative to the
present climate. Figure 2 compares monthly precipitation,
evapotranspiration, and runoff in the Nakhon Sawan
catchment for the three time-period simulations. Table I
shows mean annual precipitation and runoff in the Nakhon
Sawan catchment.

Near future (2040-2059) under RCP 4.5 scenario

As shown in Figure 1, this simulation indicated a 5—
10% increase in precipitation in the southern basin. In
contrast, a significant increase (> 5%) in precipitation was
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not detected in the northern basin. Significant increases in
evapotranspiration were not detected in the basin except for
the lower areas including irrigated fields and the Bhumibol
and Sirikit dams. Most increases in precipitation translated
to increases in runoff. Thus, runoff was projected to increase
significantly (by >5%) in the entire basin under future
projected climate conditions. As shown in Table I, the six
AOGCMs agreed on increased precipitation in the C.2
catchment. The ensemble mean increase in precipitation was
46.7 mm (4% larger than the present climate). The six
AOGCMs also agreed on a significant (> 10%) increase in
runoff. The ensemble mean increase in runoff was 45.8 mm
(22% larger than that of the present climate). As shown in
Figure 2, projected future seasonal precipitation was almost
the same as that under the present climate. Slight increases
in precipitation were detected in June and August. Future
seasonal evapotranspiration was also similar to that of the
present climate; minor increases in evapotranspiration were
detected in October and November. In contrast, future runoff
was shown to increase from May to September.

Near future (2040-2059) under RCP 8.5 scenario

This simulation indicated an increase in precipitation of
more than 5% across the entire basin (Figure 1), a larger
increase than that projected under RCP 4.5 scenario. In
addition, more than five of the six AOGCMs agreed on a
significant increase in the southern and northwest basin.
However, as for RCP 4.5 scenario, a significant increase in
evapotranspiration was not detected under RCP 8.5 scenario.
Thus, runoff was projected to increase dramatically (> 25%)
throughout the entire basin. The six AOGCMs agreed on
increased precipitation in the C.2 catchment (Table I). The
ensemble mean increase in precipitation was 105.4 mm, 9%
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Figure 1. Changes (%) in annual mean hydrological variables under future climate scenarios relative to the present climate
(P: 1980-1999). Top-left figures (al-1, a2-1, and a3-1) show projected near-future (F1: 2040-2059) change under the RCP
4.5 scenario. Bottom-left figures (al-2, a2-2, and a3-2) show projected end-of-21st-century (F2: 2080-2099) changes under
the RCP 4.5 scenario. Top-right figures (bl-1, b2-1, and b3-1) show projected near future (F1: 2040-2059) changes under
RCP 8.5. Bottom-right figures (b1-2, b2-2, and b3-2) show projected end-of-21st-century (F2: 2080-2099) changes under
RCP 8.5. Future projections were calculated with six bias-corrected general circulation models (GCMs). Hatch areas in the
figures indicate that a significant increase (> 5%) was detected from the results using at least five of the six GCMs. (al-1,
al-2, bl-1, and bl-2): precipitation; (a2-1, a2-2, b2-1, and b2-2): evapotranspiration; (a3-1, a3-2, b3-1, and b3-2): runoff.
Prec, Evap, and Roff in the figure are the abbreviations of precipitation, evapotranspiration, and runoff, respectively
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Figure 2. Comparisons of monthly precipitation (a-1, a-2), evapotranspiration (b-1, b-2), and runoff (c-2, c-2) in Nakhon
Sawan catchment. Panels a-1, b-1, and c-1 show comparisons between present climate (1980-1999) and near-future climate
(2040-2059). Panels a-2, b-2, and c-2 show comparisons between present climate and end-of-21st-century climate (2080—
2099). Solid black lines and gray shaded areas show averages and standard deviations for the present climate. Solid blue
lines and blue lines with x-marks show averages and standard deviations under the RCP 4.5 scenario. Solid red lines and
red lines with x-marks show averages and standard deviations under the RCP 8.5 scenario

Table I. Mean annual precipitation and runoff in Nakhon Sawan catchment. Results of six general circulation models (GCMs)
under the RCP 4.5 and 8.5 scenarios, and their ensemble means are shown for near future (F1: 2040-2059) and end-of-
21st-century (F2: 2080-2099) periods. Green, blue, and red labels in the table represent a significant increase (> 10%), a
large increase (> 20%), and a drastic increase (> 40%), respectively, relative to the present

Bias-corrected CMIPS ( IDD ) Ensemble | Present | Change

CSIRO INM MIROC CNRM GFDL IPSL (IDD) (IFD) | (F/P)
Precipi- | RCP 4.5 F1 | 1180.5 1148.4 12283 1214.0 1138.0 1160.8 1178.4 1.04
tation F2 | 1246.4 1236.7 1347.6 1210.0 1202.1 1179.9 1237.1 11317 1.09
F1 | 12269 1249.2 12474 1231.0 1175.6 1175.7 1217.6 1.07

(mm/yr) | RCP 8.5

F2 | 1423.6 1376.7 1346.2 1277.1 1231.1 1114.5 1294.9 1.14
RCP 4.5 F1l 239.2 244.0 275.7 273.8 246.7  244.0 253.9 1.22
Runoff F2 269.2 292.6 360.1 257.3 310.1 271.7 293.5 208.1 1.41
(mm/yr) RCP 8.5 Fl1 282.1 302.2 303.3 296.6 278.2  289.7 292.0 1.40
F2 400.1 377.3 354.2 305.0 331.5 257.3 337.6 1.62

larger than that of the present climate. The six AOGCMs
agreed on a large (> 20%) increase in runoff. The ensemble
mean increase in runoff was 85.4 mm (41% larger than that
of the present climate). In addition, increased precipitation
was detected from June to August, while increased
evapotranspiration was detected only in October and
November and these increases were minor (Figure 2). On
the other hand, future runoff showed a large increase from
May to October. Precipitation and runoff under RCP 8.5
scenario were larger than those under RCP 4.5 scenario in
the rainy season; these variables did not show a significant
increase under either RCP scenario during the dry season.

End of the 21st century (2080-2099) under RCP 4.5

scenario

This simulation indicated a projected increase in
precipitation of >5% in the entire basin (Figure 1). In
addition, more than five of the six AOGCMs agreed on a
significant increase in the southern and northwestern parts
of the basin. However, a significant increase in evapotrans-
piration was not detected except in lower areas including

irrigated fields and the Bhumibol and Sirikit dams. Thus,
runoff was projected to increase drastically (by >25%)
across the basin. The six AOGCMs agreed on increased
precipitation in the C.2 catchment (Table I). The ensemble
mean increase in precipitation was 85.9 mm, which is 7%
larger than precipitation under the present climate. The six
AOGCMs agreed on a large (> 20%) increase in runoff; the
ensemble mean increase in runoff was 83.9 mm, a value that
is 40% larger than that of the present climate. Precipitation
was projected to increase from June to August (Figure 2)
while a slight increase in evapotranspiration was projected
from September to November. Future runoff showed a large
increase from May to October.

End of the 21st century (2080-2099) under RCP 8.5
scenario

Precipitation was projected to increase by more than 5%
across the basin under this scenario (Figure 1), a greater
increase than expected under RCP 4.5 scenario. Five of the
six AOGCMs agreed on a significant increase across most
of the basin. A significant increase in evapotranspiration
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was detected in many grids. Runoff was projected to increase
dramatically (by >25%) across the entire basin. Four of the
AOGCMs agreed on a large increase (more than 10%) in
precipitation in the C.2 catchment (Table I). In contrast,
IPSL-CM5A-LR showed a slight decrease in precipitation.
The ensemble mean increase in precipitation was 163.2 mm,
which is 14% larger than precipitation under the present
climate. The six AOGCMs agreed on a large (> 20%) in-
crease in runoff; the ensemble mean increase in runoff was
129.5 mm (62% larger than current runoff). The increases
in precipitation were detected from June to September and
increases in evapotranspiration were projected from
September to November (Figure 2). Future runoff showed
alarge increase from May to October. Projected precipitation
and runoff under the RCP 8.5 scenario were larger than
those under RCP 4.5 scenario during the rainy season, while
neither variable was expected to increase significantly during
the dry season under either scenario.

DISCUSSION

Our results demonstrate a projected increase in mid-rainy
season precipitation under future climate projections.
Kotsuki and Tanaka (2013b) pointed out that higher
precipitation in the mid-rainy season brings soil moisture
close to saturation, a necessary condition for a large volume
of runoff to occur in the late rainy season. Increases in
annual runoff in the C.2 catchment were 45.8 mm (5.0 x
10° m®) and 85.4 mm (9.4 x 10° m®) under the near-future
climate scenario, and 83.9 mm (9.2 x 10° m?) and 129.5 mm
(14.2 x 10° m®) under end-of-the-21st-century climate sce-
nario, for RCP 4.5 and RCP 8.5, respectively. Compared to
the capacities of the Bhumibol and Sirikit dams (13.5 and
9.5 x10° m®), projected increases in runoff at the end of the
21st century are high. Kure and Tebakari (2012) also pro-
jected a large increase in discharge at C.2 in the late future
using MRI-AGCM3.2s. As Kure and Tebakari (2012) sug-
gested, new flood management and mitigation plans, includ-
ing the construction of new dam reservoirs and changes in
the rules for operation of dam gates, will likely be necessary.

Some of our results do not agree with those of previous
studies. Hunukumbura and Tachikawa (2012) used MRI-
AGCM3.1s and projected a significant decrease in discharge
in the Pasak River Basin. However, our results showed that
five of the six AOGCMs agreed on a trend towards increased
runoff throughout the basin. Kure and Tebakari (2012) also
projected an increase in river flow using MRI-AGCM3.2s.
Thus, differences among results may be a result of the
use of different GCMs. Supplement Figure S4 shows
climatological annual mean runoff change with each of the
six AOGCMs. In Figure 1, the ensemble mean runoff
changes showed increases across the entire basin (Figure 1
a3-1, a3-2, b3-1, and b3-2). However, several results
projected a decrease trend with CSIRO and IPSL
(Supplement Figure S4 a-1, a-3, f-1, and f-4). Additionally,
decrease trends in runoff were projected round the northeast
basin. Those decrease trends in runoff were caused by
decrease trends in precipitation. On the other hand,
simulations with the six AOGCMs agreed an increase trend
in runoff in the southern basin. Our results indicated that
uncertainties in the future precipitation and runoff are large

around the northeast basin.

Champathong et al. (2013) used MRI-AGCM3.2s and
physically downscaled CMIP3 GCMs and projected no
significant change in C.2. However, Kure and Tebakari
(2012) and this study projected large increases in runoff
under the late future climate. Champathong et al. (2013)
projected a significant increase in evapotranspiration in the
entire basin, which differs from our results. Champathong
et al. (2013) indicated that a projected increase in precipi-
tation was not significant in the Ping and Wang River basins,
suggesting that fewer cloudy days were projected by their
GCMs than by the CMIP5 AOGCMs. That could also
explain the increase in evapotranspiration projected by
Champathog ef al. (2013). Two possible explanations for
such differences include different GCMs (CMIP3 GCMs vs.
CMIP5 AOGCMs) and different methods (physical down-
scaling vs. bias correction). It is difficult to identify the
reasons for different projected scenarios from the present
results. One potential method for clarifying the differences
would be to conduct a simulation using physically down-
scaled CMIP5 AOGCMs. Differences among projections
demonstrate uncertainty in the projected future climate in
the Chao Phraya River Basin.

One of our new findings was that ensemble mean
increases in precipitation and runoff were higher under RCP
8.5 than under the RCP 4.5 scenario in both projected
periods. Thus, higher global mean temperature would cause
higher precipitation and runoff in the basin. This inference
is also supported by the higher precipitation and runoff
projected under the late future than under the near future.

CONCLUSIONS

In this study, the authors projected hydrological changes
and their consistency under near future and end-of-21st-
century climate in the Chao Phraya River Basin. Through
hydrological simulations using output from the six AOGCMs
under the two RCP scenarios, the authors have reached the
following main conclusions:

1) Our results demonstrate a projected increase in mid-rainy
season precipitation under future climate, which is a
necessary condition for a large volume of runoff to occur
in the late rainy season.

2) Under end-of-21st-century climate, all simulations using
six AOGCMs showed a large increase (> 20%) in runoff
in the Nakhon Sawan catchment under both RCP
scenarios. Compared to the capacities of the Bhumibol
and Sirikit dams, projected increases in runoff at the end
of the 21st century are high. New flood management
and mitigation plans will likely be necessary.

3) Ensemble mean increases in precipitation and runoff
were higher under RCP 8.5 than under the RCP 4.5
scenario in both projected periods. Thus, higher global
mean temperature would cause higher precipitation and
runoff in the basin. This inference is also supported by
the higher precipitation and runoff projected under the
late future than under the near future.
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