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Abstract: Due to a continuous increase in global temperature, the climate has been changing without
sign of alleviation. An increase in the air temperature has caused changes in the hydrologic cycle,
which have been followed by several emergencies of natural extreme events around the world.
Thailand is one of the countries that has incurred a huge loss in assets and lives from the extreme
flood and drought events, especially in the northern part. Therefore, the purpose of this study was

to assess the hydrological regime in the Yom and Nan River basins, affected by climate change as

check for

updates well as the possibility of extreme floods and droughts. The hydrological processes of the study areas

o were generated via the physically-based hydrological model, namely the Soil and Water Assessment
Citation: Petpongpan, C.; Tool (SWAT) model. The projected climate conditions were dependent on the outputs of the Global
Climate Models (GCMs) as the Representative Concentration Pathways (RCPs) 2.6 and 8.5 between

2021 and 2095. Results show that the average air temperature, annual rainfall, and annual runoff
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under Climate Change in Yom and will be significantly increased in the intermediate future (2046-2070) onwards, especially under
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The impact of climate change has been apparent around the world with high intensity.

Extreme weather events now occur more frequently in the warmer and wetter atmosphere

than in the past few decades. More water vapor is added to the atmosphere, due to increas-
ing air temperature, leading to fluctuation in weather circulations [1]. This causes changes
- in precipitation patterns, which have significant impacts on the hydrologic cycle [2,3],
followed by more extreme hydro-climatic events such as floods and droughts [4]. In recent
years, there have been significant upward and downward trends in the annual runoff at
many major rivers around the world, accounting for 9% and 22%, respectively [5]. The
extreme hydrological events are expected to be more frequent with an extra 1 °C increase
Attribution (CC BY) license (https:// 111 the air temperature [6] because of a shorter precipitation season [7] and an earlier begin-
creativecommons.org/licenses /by / ning of the snow melting period [8]. Drought events have become more intensified due
40/). to strained water resource systems from population growth and changes in climate [9].
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Meanwhile, climate change has also affected an increase in extreme precipitations in several
regions during the winter and spring such as East Asia [10], South Asia [11], Europe [12,13],
and the Mid-Atlantic [14]. Extreme precipitation is the main concern in water management
as one of the main factors for the occurrences of extreme floods and dam breakage [15].
Moreover, there is evidence that the intensity of flood events will tend to increase continu-
ously over the coming decades [16]. Almost half of the global urban area has the chance to
be in the high-vulnerability flood zones in 2030 [17].

To prepare for the potentially severe impact of climate change, there have been nu-
merous studies involving this issue [18]. Among several approaches used to evaluate
the climate change impact on hydrology sections, the hydrological modeling method has
been accepted as an effective option [19]. One of the hydrological models widely applied
to assess the climate change impact on water quantity is the Soil and Water Assessment
Tool (SWAT) model [20]. The hydrological processes of the watershed under the projected
future climate scenarios are generated using predicted meteorological time series [21] from
Global Climate Models (GCMs) with various emission scenarios [22]. The evaluation of
atmospheric circulation from GCMs is an essential component for future climate projection,
which can provide confidence in the simulation of future scenarios [23,24]. Meanwhile,
analyses of the frequency, return period, and characteristics of the hydrograph are always
considered to be an important role for flood and drought assessments. The outputs can be
used to design a hydraulic structure and indicate a vulnerable area with an intensity level
of disasters. These aspects are necessary to take into account for climate change impact
studies [25,26].

Among the regions of focus in climate change impact on hydrology, Thailand is the
country that has a strong precipitation pattern during the wet season and dry season,
leading to extreme flood events and intense droughts [27]. The frequency of flood and
drought phenomena has increased over the past few decades, harming several areas. As
evidenced by Thanasupsin in 2014 [28], the normalized lower rainfall resulted in water
shortage issues in 1993. Then, in 2005, 2008, and 2015, over ten million people especially
in the rural agricultural areas repeatedly suffered from severe drought. Due to intense
rainfall with variable monsoon patterns, severe flooding has occurred in several years such
as 1994-1955, 2010, and just recently in 2011—this has been defined as the worst flood in
Thailand’s recent history. According to Arunrat et al., 2017 [29] and Shrestha, 2014 [30],
the major flood in 2001 caused widespread damage in the northern and central regions of
Thailand. Besides, as reported by the U.S. Agency for International Development (USAID)
in 2014 [31] and Office of Natural Resources and Environmental Policy and Planning
(ONEP) in 2016 [32], the violence of flooding and drought will be more intensified in
the future. The northern region of Thailand is a highly vulnerable area for drought due
to the amount of rainfall, which has tended to have been reduced significantly, coupled
with the expansion of irrigated areas [33,34]. While, with a rather narrow river in the
downstream area, inundations can always occur easily. Recently, climate change impacts on
hydrological components and water resources management have become a main national
subject in Thailand. The study involving this issue has been proposed and implemented
increasingly [35-41]. However, most studies have been short-term impact analysis or
focused on specific scenarios on a regular level of the event.

Thus, the hydrological regime in the Yom and Nan River basins under various future
climate scenarios is assessed in this study, as well as the extreme flood and drought events.
The surface water of the study areas is generated using the SWAT model. While the
projected climate conditions are based on the minimum and maximum Green House Gas
emission scenarios, represented as the Representative Concentration Pathways (RCPs) 2.6
and 8.5 between 2021 and 2095. The future possibility of hydro-climatic extreme events
is investigated by multi-analysis approaches such as Flow Duration Curve (FDC), Return
period, and Standardized Precipitation Index. The results obtained in this study can be
used to plan for preventing a potential extreme disaster which is a major part of sustainable
water management in Thailand.
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2. Materials and Methods
2.1. Study Area

The study area covers the Yom and Nan River basins located in the north of Thailand
(Figure 1) with an area of 55,000.00 km? (accounting for 37% of the Chao Phraya River
basin). The Yom River basin stretches from latitude 14°50’ N to 18°25" N and longitude
99°16’ E to 100°40" E. The main river has a length of 735 km. Most topography in the
upper area is terraced mountain; while the lower area is a flat plain. Annual rainfall and
runoff are 1204 mm and 4926 x 10° m?, respectively. Nan River basin is between latitude
15°42' N to 18°37' N and longitude 99°51’ E to 101°21’ E. The main river is the longest in
the Chao Phraya River basin at 740 km. The topography is similar to the Yom River basin as
beginning with mountain areas at Luang Prabang Mountains and followed by flat areas in
the middle and lower areas. Annual rainfall and runoff are 1287 mm and 11,955 x 10° m?,
respectively. The water demand in both basins is mainly used for agriculture, of about
80%. There is one large-scale dam in the Nan River basin, namely the Sirikit dam whereas
the Yom River basin has only medium weirs. The southwest and northwest monsoons
including tropical depression from the South China Sea mainly influence the weather in
this region from July to September. About 85% of rainfall occurs between May and October
in the wet season with a bimodal pattern in monthly rainfall during this period. The first
and minor peak is in May, while the major peak is in August [42].
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Figure 1. Study area at Yom and Nan River basins, with hydro-meteorological stations and the
Sirikit dam.
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2.2. Description of the Soil and Water Assessment (SWAT) Model

The SWAT model is a hydrological model that is widely applied for streamflow
simulation. This model was developed by the United States Department of Agricultural
Research Service (USDA-ARS) as a semi-distributed, physically based model to analyze
a hydrologic process, pesticide yields, sediment, and nutrient on a large ungauged river
basin by considering the topography, weather, and human activity. In the simulation, the
model automatically separates the watershed area into the land phase and river phase.
In the land phase, the hydrologic cycle is generated by considering the water balance
principle following Equation (1). The surface runoff is estimated by the Soil Conservation
Service (SCS) Curve Number (CN) as Equation (2). While, in the river phase, the river
runoff is calculated by using Manning’s equation for discharge following Equation (3) and
the Muskingum River routing or Variable storage routing method for routing through the
stream network. The outputs of the land phase are the water surface flow, subsurface flow,
evaporation of water, soil moisture content, and permeability to the groundwater. The
routing phase provides behaviors of river runoff, sedimentation, and contaminant in the
main channel, and also routing through the reservoir [43,44].

0
SW; = SWy + Z (P —Qranga—E-—W-— ng)/ 1)
i=1
(P-1)?
QLIZI’ld_ (P-I—'-S)l (2)
A x R?/3 x g1/2
Qrier = 2555 ®

where SW; and SW, are soil water content (mm) at last and first day, respectively. P is
precipitation value on day i (mm), Q1,4 and Qgjyer are surface and river runoff on day
i (mm), E is evapotranspiration on day i (mm), W is percolation exiting soil profile bottom
on day i (mm), Qg is water recharge on day i (mm), I is initial abstractions (mm), S is
retention parameter (mm), A is channel cross-section (sq.m), R is the hydraulic radius (m),
s is channel slope length and 7 is Manning’s coefficient of river channel (m).

2.3. Methods
2.3.1. Data Collection

To simulate the streamflow, the necessary data used can be separated into three
parts: geological data, meteorological data, and hydrological data. The geological data
are topography data specifying characteristics of the watershed from the Digital Elevation
Model (DEM), land use, and soil type. DEM is acquired from the Shuttle Radar Topog-
raphy Mission (SRTM) provided by the National Aeronautics and Space Administration
(NASA). This DEM represents the ground surface elevation of the watershed area with a
resolution of 90 m. Land use (at 2016) and soil type (at 2010) data from the Land Develop-
ment Department (LDD) were used to determine human activities and soil properties in
each region.

The meteorological data related to weather information are precipitation, maximum
air temperature, minimum air temperature, dew point temperature, and wind speed. In
this study, the meteorological data can be divided into two groups which are observation
data and outputs of the Global Climate Model (GCM). The observation data were measured
by the Thai Meteorological Department (TMD) at 43 rainfall stations and nine weather
stations (Figure 1). The precipitation data is the rainfall intensity on a daily time scale,
while the others are monthly. These input data were averaged and distributed using the
Thiessen Polygon method. The historical and projected outputs of GCMs were provided
by the National Institute for Environmental Studies, Japan (NIES). The future climate
scenarios depend on the GHG emission conditions of Coupled Model Intercomparison
Project Phase 5 (CMIP5).
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The hydrological data are daily river discharges from seven runoff stations (Figure 1)
and information of Sirikit dam provided by the Royal Irrigation Department (RID), used
for calibrating the model parameters and defining reservoir operations.

2.3.2. Model Calibration and Validation

The simulation results were compared with the observation data for assessing model
performance. Two coefficients of efficiency which are widely used, namely the Nash-
Sutcliffe model Efficiency (NSE) and Root-Mean-Square-Error (RMSE), were applied with
the following Equations (4) and (5) [45]. The NSE values range from —oo to 1, by which
an efficiency of 1 represents the most consistency between the simulated result and the
observation data [46], whereas, a smaller RMSE demonstrates a trivial difference be-
tween the simulated result and the observation data, meaning that the model produces a
good performance.

)

n

L
NSE=1- =1 ,

L

i=1

=
=

©)

where Y; is observation data, Y'i is the result of the simulation, and Y is the average of data
from observation stations.

2.3.3. Climate Change Impacts and Extreme Events Analysis

The future climatic scenarios of the study area depend on the projected outputs of
GCMs. According to Petpongpan et al., [26], the MIROC5, CNRM-CM5, and MPI-ESM-MR
are the three GCMs providing consistent monthly rainfall with the observation data. The
historical outputs of these data show a similar pattern and quantity to the measured precip-
itation between 1981 and 2005, where their NSE values are above 0.85. The RMSE values
are below 30 mm (less than 3% of annual rainfall in this region). Therefore, the projected
output of these three GCMs was used in this study with the calibrated SWAT2012 revision
681 for future scenario simulations. However, the GCMs output probably comprises the
systematic distributional biases that should be removed prior to further analysis [47,48].
Previous studies found that correcting only precipitation and air temperature are suffi-
cient [49]. Therefore, in this study, the meteorological representativeness of the investigated
period compared to a standard period of many years is annual rainfall and air tempera-
ture. Among several bias correction approaches that have been developed as a statistical
technique, the Shifting and Scaling method [50] is a widely used option because of its
simplicity and straightforward application. This method can be implemented by using
Equations (6) and (7).

bias—cor. __ qobs 08 T8

Ty,m,d - Ty,m,al + (Tfuture,m - Treference,m)’ (6)
bias—cor. __ pobs DT . P&

Py,m,d - Py,m,d X (pfuture,m - Preference,m) (7)

where T is air temperature, P is precipitation, and the upper bar indicates an average value
of the whole period. The subscript future, reference, y, m, and d are predicted, a reference
in terms of annual, monthly, and daily, respectively. The superscripts bias-cor., obs, and
org are the value from the bias correction method, observation data, and GCM original
data, respectively.

The results obtained in the reference period (1981-2005) were compared with those
achieved in the future periods, separated as the near future (2021-2045), intermediate
future (2046-2070), and far future (2071-2095). Future climate scenarios depend on the
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minimum and maximum issues of global annual Green House Gas (GHG) emissions,
which are represented as the Representative Concentration Pathways (RCPs) 2.6 and 8.5.
The future possibility of hydro-climatic extreme events was assessed by using the Flow
Duration Curve (FDC) method, Return period analysis of river discharge, and Standardized
Precipitation Index. The certainty of causing extreme events can be seen by the consistent
results of these approaches. Flow Duration Curve was constructed as a comparison between
daily discharge and percent of the time that equals or exceeds a particular discharge. The
average daily discharges were sorted by starting with the largest value to the smallest
value, regarding the total of all values. Next, each discharge value was assigned a rank with
the 1st rank being for the largest daily discharge value. Then, the exceedance probability
was calculated, following Equation (8), and plotted against a ranked discharge value [51].

M
P =100 [ﬂ—FJ , ®)
where P is the exceedance probability (%), M is the ranked position, and # is the number
of discharges.

The Standardized Precipitation Index (SPI) is the standard deviation values from the
mean of precipitation events in various time scales. According to the World Meteorological
Organization [52], the 6-month SPI is effective for representing the precipitation over
distinct seasons and corresponds to unusual streamflow. The SPI classification, involving
the intensity of the hydro-climatic event, is presented in Table 1.

Table 1. The classification of Standardized Precipitation Index (SPI) values (World Meteorological
Organization, 2012).

Index Value Category
Higher than 2.0 Extremely wet
1.5-1.99 Very wet
1.0-1.49 Moderately wet
—0.99-0.99 Near normal
—1.0-1.49 Moderately dry
—1.5-1.99 Very dry
Less than—2.0 Extremely dry

The accumulated precipitation over a period of specific 6-months was summed and
attributed to the sixth month. The time series of precipitation data was first fitted by the
probability density function shown in Equation (9). The « and 3 parameters were identified
using the maximum likelihood method, given in Equation (10) and (11) for calculation in
each month of the year and 6- month time scale. Then, the fitted function was applied to
estimate the cumulative distribution of precipitation data, before transforming into the
standardized normal variables [53-55].

g(x) = IB“Fl((X)x“ng/ﬁ forx >0 Otherwise g(x) =0, )

) 4[In(z) - ]
“:4[1n(y)—%(")} T4+4\|1+ 3 , (10)
B— ; (11)

where « is a shape parameter, § is a scale parameter, x is the precipitation value, I'(x) is a
function of gamma.
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3. Results and Discussion
3.1. Model Performance Assessment

The comparison of daily river discharge from the simulation and monitoring runoff
station was displayed as a hydrograph. The calibration period generally covers 10 years
from 1997 to 2006 except for some station such as N. 8A where a shorter period was used
for calibration. The validation period was between 2007 and 2016. Figures 2 and 3 provide
the model performance assessment of the stations Y.16 and N.8A, located in the lower part
of Yom and Nan River basins, respectively. It can be seen that the river discharges from
simulation and observation are rather similar whether calibration or validation periods.
At the beginning of each year, the streamflow started with low discharges then increased
at mid-year due to the influence of the rainy season in Thailand (May to October). The
simulated results are similar to the observation data, especially during base flow, but
there are differences in peak flow in some years (a year with high water volume). For
statistical assessment, the Nash—Sutcliffe model Efficiency (NSE) and Root Mean Square
Error (RMSE) values are presented in Tables 2 and 3. There is no result for the calibration
period of station Y.5 because the data were not available. Most of the runoff stations show
good NSE values above 0.75 during both calibration and validation periods, except station
N.60 (located below the Sirikit dam) which is about 0.682 in the calibration period, however,
it is considered acceptable. Regarding the RMSE value, over the calibration period, the
runoff stations in the Yom River basin can be computed between 54.505 and 77.813 m3/s,
while in the Nan River basin it is between 85.556 and 121.875 m®/s. In the validation
period, the RMSE values are 53.178-96.313 m3/s and 79.083-128.737 m?/s for the Yom and
Nan River basins, respectively.
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Figure 2. Comparison of daily river discharge from simulation and observation at station Y.16.
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Figure 3. Comparison of daily river discharge from simulation and observation at station N.8A.
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Table 2. Values of the Nash-Sutcliffe model Efficiency (NSE) and Root Mean Square Error (RMSE)
for the calibration period (1997-2006).

Station
Index
Yic Y Y16 Y5 Inflow of N.60 NJA  NSA
Sirikit Dam
NSE 0824 083 0934 - 0.794 0682 0890  0.889
RMSE (m3/s) 54505 77.813 61404 - 121.875 85556 95118  99.477

Table 3. Values of the Nash—Sutcliffe model Efficiency (NSE) and Root Mean Square Error (RMSE)
for the validation period (2007-2016).

Station
Ind
naex Y.1C Y6 Y.16 Y5 Inflow of N.60 NJ7A NsA
Sirikit Dam
NSE 0815 0775  0.876 0.873 0.825 0828 0805  0.861
RMSE (m3/s)  53.178  88.687 74624  96.313 108.178 79.083 128737 118.385

3.2. Impact of Climate Change Assessment

The future changes in annual air temperatures, rainfall, and runoff for each part of the
study areas are represented as box plots (Figures 4-6) to provide their statistical variations.
The median value is defined at the central line of the box, while the box’s limits indicate the
1st and 3rd quartile values. The minimum and maximum numbers are at the bottom bar and
top bar, respectively. According to Figure 5, the maximum and minimum air temperatures,
obtained under both scenarios RCP 2.6 and RCP 8.5 for the future periods, are higher than
the reference period. Under RCP 2.6, the air temperatures, rainfall, and runoff showed
a slight increase from the near future to the far future, while higher changes were found
under RCP 8.5. Figure 6 provides the results concerning changes in annual rainfall that, in
the near future, the annual rainfalls predicted by MIROC5 and CNRM-CMS5 under both
GHG emission scenarios are rather similar to the reference period in every statistical index,
while the results of MPI-ESM-MR are higher. Then, in the intermediate future and the far
future under RCP 2.6, the annual rainfall of all three GCMs is still close to the reference
period. However, under RCP 8.5, there are significant increases from the intermediate
future onwards, especially for the MIROC5 and MPI-ESM-MR. The projected annual runoff
(Figure 7) shows similar trends with annual rainfall. Under RCP 2.6, the simulated results
based on the output of MIROC5 and CNRM-CMS5 have similar distribution changes to the
reference period during the near future, then remain constant until the far future, whereas,
the result from the output of MPI-ESM-MR is higher than the reference period in the near
future before decreasing continuously from the intermediate future to the far future. Under
RCP 8.5, the annual runoff simulated using outputs of these three GCMs is greater than the
reference period from the intermediate future onwards, especially for the maximum value
and 3rd quartile value.

These changes in climate conditions, whether air temperature or rainfall, are consistent
with the study of Laung-Aram et al., 2008 [56] which investigated the climate change trends
in Thailand by using a high resolution (20 x 20 km) climate data model between 2010 and
2099. The air temperature shows an increasing trend in the central plain of the Chao Phraya
river basin which covers the Yom and Nan River basins, while the annual rainfall has a
fluctuation trend in the early part of the century (near future period), before increasing
considerably from the middle of the century (intermediate future) onwards. This study also
provides that there is a rise in air temperature in the Yom and Nan River basins (on average)
of 0.7 °C in the near future, and 1.1 °C in the far future under RCP 2.6, while increasing
1.0-3.0 °C in the near future to the far future under RCP 8.5. This is similar to that found by
Koontanakulvong et al., 2017 [37] in that northern Thailand had 0.9 °C and 1.5 °C increase
in air temperature in the near future and the far future, respectively, for the period of
1979-2005 under RCP 2.6, while, under RCP 8.5, it is expected to increase at 1.2 °C in the
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near future and 3.8 °C in the far future. Regarding the changes in annual rainfall, this study
found that, under RCP 2.6, the projected annual rainfall in this area would be increased
about 90 mm in the near future, then fluctuate in this range until the far future. While, under
scenario RCP 8.5, it increases continuously to above the reference period at 250 mm in the
far future. Similarly, as presented by Ponpang-Nga and Techamahasaranont in 2016 [57],
the annual rainfall in the upstream area of the Chao Phraya River basin tends to increase
for the period of 1970-1989 by 90 mm under SRES: B2 (environmental sustainability)
scenario and 220 mm under SRES: A2 (economic development and population growth)

scenario in 2099.
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Figure 5. Annual rainfall in the reference period (1981-2005) with the near future, intermediate
future, and far future under RCP 2.6 and RCP 8.5.
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Figure 6. Annual runoff in the reference period (1981-2005) with the near future, intermediate future,
and far future under RCP 2.6 and RCP 8.5.
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Figure 7. Changes in average annual rainfall and runoff in the reference period (1981-2005) with the
near future, intermediate future, and far future under scenarios RCP 2.6 and RCP 8.5.

3.3. Projection of Hydro-Climatic Extreme Events

According to Figure 7, the average annual rainfall tends to increase apparently in the
future in both basins especially in the intermediate future and the far future under RCP
8.5 causing significant increases in the average annual runoff. However, the annual runoff
in the Yom River basin from the near future to the far future under RCP 2.6 and also the
near future under RCP 8.5 appear to be unchanged from the reference period. This might
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be because the increased rainfall mainly occurs at the beginning of the wet season with
high evapotranspiration. Consequently, it results in a constant amount of runoff when
considering on an annual basis.

Changes in average rainfall during the wet season (May—-October) and dry season
(November—April) under scenarios RCP 2.6 and RCP 8.5 are provided in Figure 8. It can be
observed that most of the increased rainfall is in the wet season. This eventually will cause
a greater magnitude of flood disasters in the future, especially in the Nan River basin. The
intermediate future and the far future under scenario RCP 8.5 have a significant rise in
rainfall during the wet season, meaning that the frequency and magnitude of flooding can
be more severe, while, there are trivial decreases in rainfall during the dry season in several
cases under scenario RCP 8.5, which are signals that the violence of drought disaster would
probably be higher in the future.
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Figure 8. Changes in average rainfall during wet and dry seasons in the reference period (1981-2005)
with the near future, intermediate future, and far future under scenarios RCP 2.6 and RCP 8.5.

Figures 9-11 display the Flow Duration Curve (FDC) based on the simulated runoffs
during the reference and future periods. FDC can present the assessment of streamflow
by providing cumulative probability distributions of the daily discharge. Exceedance of
10% and 90% probabilities indicate river discharge values less than 10% and higher than
90%, respectively; 10% exceedance probability can be considered for flooding (high flow)
analysis, while 90% exceedance probability is for drought (low flow) analysis. Regarding
high flow duration (<10%), in the near future under both GHG emission scenarios, river
discharges are mostly similar to the reference period, except for the results of MPI-ESM-
MR in the Nan River basin which are higher. Then, under the scenario RCP2.6, the river
discharge seems to be increased slightly in the intermediate future, before dropping in the
far future, whereas, there are significant increases in discharge rates from the intermediate
future to the far future under the scenario RCP 8.5. This can be explained in that flood
disaster has a possibility to be intensified in the future under scenario RCP 8.5, while there
is an insignificant change under scenario RCP 2.6. According to low flow duration (>90%),
under both scenarios RCP 2.6 and RCP 8.5, the river discharges simulated by outputs of the
MIROCS5 and CNRM-CMS5 would be equal to and higher than the reference period in the
near future. Then, they fluctuate in the intermediate future and the far future. However,
in the upstream areas of the watershed, the simulation with MPI-ESM-MR provides a
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decreased discharge in the near future, then rising in the intermediate future but decreasing
in the far future. This means that the extreme drought probability from simulations with
MIROCS5 and CNRM-CMS are insignificant, while there is a significant upward trend from
a simulation with MPI-ESM-MR.
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Figure 9. Flow Duration Curve during the near future (2021-2045) under scenarios RCP 2.6 and

RCP 8.5 compared with the reference period.
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Figure 10. Flow Duration Curve during the intermediate future (2046-2070) under scenarios RCP 2.6

and RCP 8.5 compared with the reference period.
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Figure 11. Flow Duration Curve in the far future (2071-2095) under scenarios RCP 2.6 and RCP 8.5
compared with the reference period.

The peak river discharge value was applied to analyze flood frequency by using a
Plotting position. The return period of peak discharges in the near future, intermediate
future, and far future are provided in Figures 12-14, respectively. In the near future
(Figure 12), the peak discharge value of the Yom River basin is similar to the reference
period, which means that the probability of flood disaster between the two periods is
similar. While, in the Nan River basin, the peak discharge is higher than the reference
period except for a simulation with MIROC5 at the downstream area which is slightly
below. In the intermediate future (Figure 13), under the scenario RCP 2.6, the possibility of
flooding from simulations with CNRM-CM5 and MPI-ESM-MR seems to be less than the
reference period since their peak river discharges are mainly lower. Under the scenario
RCP 8.5, several cases provide a higher peak discharge than the reference period for both
Yom and Nan river basins. This means that the risk of flooding is greater than the reference
period, whereas, the peak discharge from both scenarios at the inflow of the Sirikit Dam
is still greater than the reference period. In the far future (Figure 14) under both GHG
emission scenarios, the peak discharge in the Yom River basin from simulations with
CNRM-CM5 and MPI-ESM-MR is lower than the reference period, while the probability of
flood disaster in the Nan River basin tends to grow due to an increase in the peak discharge.
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Figure 12. Return period of peak discharge in the near future (2021-2045) under scenarios RCP 2.6

and RCP 8.5 compared with the reference period.
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Figure 13. Return period of peak discharge in the intermediate future (2046—2070) under scenarios
RCP 2.6 and RCP 8.5 compared with the reference period.
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Figure 14. Return period of peak discharge in the far future (2071-2095) under scenarios RCP 2.6 and
RCP 8.5 compared with the reference period.

Figure 15 provides the Standardized Precipitation Index (SPI) values of the Yom and
Nan River basins, estimated by depending on the projected rainfall in a time scale of
six months which is appropriate for the precipitation over distinct seasons and relates to
unusual streamflow and reservoir levels. The positive number represents the wet/flood
events, while the negative number represents the dry/drought events. The intensity level
of the wet and dry events is classified as Normally, Moderately, Very, and Extremely. The
SPI values in the range of 0.00-1.00, 1.01-1.50, 1.51-2.00, and higher 2.01 mean Normally,
Moderately, Very, and Extremely events, respectively. It can be seen that the number
of extreme flood events in the Yom and Nan River basins is rather constant at around
2-3 times the reference period until the far future under the minimum GHG emission
scenario (RCP 2.6), whereas, under the maximum GHG emission scenario (RCP 8.5), the
number of extreme flood events tends to be raised to about twice (4—6 times) that of the
reference period (3 times) from the intermediate future onward. For the extreme drought
event, there is a downward trend in the number of extreme drought events in the future
of the Yom River basin under both minimum (RCP 2.6) and maximum (RCP 8.5) GHG
emission scenarios due to a dramatic increase of rainfall. While, in the Nan River basin
under scenario RCP 2.6, there is a slight upward trend in the number of extreme drought
events in the near future (1-2 times of the reference period). Then, it decreases to be lower
than the reference period in the intermediate future, before increasing again in the far
future, approximately twice (2 times). Moreover, the number of extreme drought events in
the Nan River basin under scenario RCP 8.5 is increased about twice in the near future and
decreases gradually from the intermediate future onward because there is a ton of rainfall
during that period.
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Figure 15. Standardized Precipitation Index of 6-month rainfall duration in the Yom and Nan River
basins in the reference period with future periods under scenarios RCP 2.6 and RCP 8.5.

It can be observed that the analyzed results from the three approaches are consistent.
Hence, this can provide a reliable projection of the hydro-climatic extreme events in that the
extreme flood events in the Yom and Nan river basin can be increased in the intermediate
and far futures under the maximum GHG emission scenario even if there is a fluctuation
trend under the minimum GHG emission scenario. However, the projected extreme
drought event in the Yom River basin shows an ambiguous trend in the future because
there are differences between each GCM and approaches. However, the probability of
extreme drought events in the Nan River basin in the near and far future is higher than
the reference period, even though it seems to be decreased during the intermediate future
because of a dramatic rise in rainfall. Interestingly, the Shifting and Scaling method, used
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in this study for bias-correction, can remove only the mean annual/monthly biases. This
might affect some extreme values included in the inter-annual or diurnal ranges and cause
uncertainty in the Extreme event analysis. Thus, there is a chance that the number of
hydro-climatic extreme events, occurring in the future, can be higher than assessed in
this study.

4. Conclusions

The maximum GHG emission scenario (RCP 8.5) provides a significant increase in air
temperatures, while they are slightly raised under the minimum GHG emission scenario
(RCP 2.6). Besides, there are significant enhancements of the annual rainfall and runoff
in both the Yom and Nan river basins, especially under the scenario RCP 8.5 for the
intermediate future and the far future.

According to the changes in annual rainfall and runoff with the Flow Duration Curve,
Return period of peak discharge, and Standardized Precipitation Index, the probability
of extreme flood events in the Yom and Nan River basins are insignificant under scenario
RCP 2.6, mostly trivial fluctuating throughout the future periods. Whereas, under scenario
RCP 8.5, the extreme flood probability is similar to the reference period in the near future,
however, it tends to significantly increase in the intermediate future and the far future.

Even though the probability of extreme drought events in the Yom River basin seems
to be constant for the future periods under both minimum and maximum GHG emission
scenarios, there is an upward trend in the Nan River basins, especially under scenario
RCP 8.5. Extreme drought is more intensified in the near future before decreasing from
the intermediate future onwards due to a considerably raised annual rainfall. These are
signals that there is a possibility that the detriment of hydro-climatic extreme events can
rise in the future if the Green House Gas emissions are still increasing at a high rate.
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