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Abstract

We investigate the projected climate change over Mainland Southeast Asia
(also known as the Indochina Peninsula) and the Lancang-Mekong River
basin, a region with complex topography and unique weather and climate sys-
tems, but limited availability of published high-resolution regional climate
model (RCM) studies. The study is based on an unprecedented ensemble of
21st century projections with the RegCM4 RCM driven by five different gen-
eral circulation models (GCMs) at a grid spacing of 25 km under the represen-
tative concentration pathways RCP4.5 and RCP8.5. We focus on mean
temperature and precipitation in the dry season November-March (NDJFM),
the wet season May-September (MJJAS), and the whole year. Intercomparison
between the RegCM4 simulations with the driving GCMs is provided to illus-
trate the added value of the RegCM4 experiments. RegCM4 reproduces greater
and more realistic spatial detail of the present day temperature and precipita-
tion distribution compared to the driving GCMs, but some biases are found,
such as an overestimation of precipitation over high topography regions. The
spatial pattern of biases shows some consistencies across the GCMs and, for
NDJFM the RegCM4, although weak correlation is found between the GCM
and nested RegCM4 biases. A generally lower warming is projected in the
future by the RegCM4 in different seasons and the whole year. For precipita-
tion, while prevailing increases are found in the GCM projections, large areas
of decrease occur in the RegCM ones, in particular during the wet season, pos-
sibly due to the more detailed topographical representation. The change pat-
terns of precipitation show consistencies across the GCMs and the RegCM4,
especially in MJJAS. The projected changes of extreme indices indicate a gen-
eral decrease/increase of extreme cold/warm events. Drought events are pro-
jected to be more frequent over the southwestern, while a general increase of

heavy rain events prevails over most parts of the region.
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1 | INTRODUCTION

Mainland Southeast Asia (MSEA, also known as the
Indochina Peninsula) is the continental part of Southeast
Asia and it includes Vietnam, Laos, Cambodia,
Myanmar, Thailand, Malaysia (Peninsular part), and
Singapore. Dominated by monsoon climate, the region
suffers frequently from flood and drought disasters and is
considered as one of the most vulnerable regions to cli-
mate change due to its high exposure and low resilience
(Hijioka et al., 2014).

The Lancang-Mekong River (LMR) is the largest river
in MSEA, with an estimated length of 4,880 km and a
drainage area of 795,000 km? (MRC, 2005; 2010). It
flows from the Tibetan Plateau to the South China Sea
through six countries: China, Myanmar, Thailand, Laos,
Cambodia, and Vietnam. The basin (LMRB) area is shared
among China (21%), Myanmar (3%), Laos (25%), Thailand
(23%), Cambodia (20%), and Vietnam 59 (8%). It provides
food, water, transport, and other resources for daily life to
the over 70 million people living in the region.

The MSEA has experienced significant changes in cli-
mate during late decades, including an increase of aver-
age surface temperature, frequency of heat waves, and
occurrence of heavy precipitation events (Manton
et al., 2001; Tangang et al., 2007; Hijioka et al., 2014; Fan
and He, 2015; Overland et al., 2017; Supari et al., 2017;
Thirumalai et al., 2017; Ge et al.,, 2019a; Irannezhad
et al., 2020). For example, Thirumalai et al. (2017)
reported that global warming increases the likelihood of
record-breaking temperature extreme events over
the region. Ge et al. (2019a) found that MSEA has
been undergoing a significant warming trend of
0.37°C-decade™" over the past 30 years. Irannezhad et al.
(2020) showed substantial increases/decreases in precipi-
tation over the northern/western parts of the Mekong
River Basin during 1952-2015, which caused significant
wetting/drying trends.

Therefore, understanding the characteristics of future
climate change over the MSEA and LMRB is crucial in
order for the region to implement proper adaptation and
mitigation measures. Thus how the climate over the
MSEA and LMRB will change in the future?

As primary tools for projecting future climate change,
general circulation models (GCMs) of different genera-
tions have been applied over the region (Christensen
et al., 2007; Huang et al., 2014; Ruan et al., 2019; Chhin
et al., 2020; Igbal et al., 2021; Liu et al., 2021; Supharatid
et al., 2022). For example, Huang et al. (2014) evaluated
the performance of GCMs participating in the Coupled
Model Intercomparison Project Phase 5 (CMIP5; Taylor
et al., 2012) in simulating temperature over LMRB and
provided futures changes by Bayesian multimodel

averaging methods. Ruan et al. (2019) applied an
improved score-based method to analyse the output in
CMIP5 GCMs and found a large discrepancy in the mag-
nitudes of changes in future temperature over the MSEA
region. More recently, Igbal et al. (2021) evaluated the
performance of CMIP6 modes in simulating precipitation
over the MSEA and found that only less than one-tenth
of models are able to reproduce the observed precipita-
tion climatology. Finally, Supharatid et al. (2022) also
found that the CMIP6 models show large intermodel dis-
crepancies in reproducing the observed temperature and
precipitation characteristics over the MSEA.

In general, deficiencies of GCMs due to their coarse
spatial resolutions (typically ranging from 100 to 200 km)
limit their skill in simulating regional and subregional cli-
mate change, in particular over the MSEA and LMRB,
which are characterized by complex topography and
unique weather and climate system. Thus, regional cli-
mate models (RCMs) can be especially used to downscale
the GCM simulations (Giorgi and Gao, 2018; Giorgi, 2019)
and obtain finer scale information over the region.

Several studies have been conducted on projecting
future changes in mean and extreme climate variables
over Southeast Asia by RCMs, either for the whole
region or different parts/countries, most notably based
on the Southeast Asia Regional Climate Downscaling/
Coordinated Regional Climate Downscaling Experiment—
Southeast Asia (SEACLID/CORDEX-SEA) (Giorgi
et al., 2009; Katzfey et al., 2016; Ngo-Duc et al., 2017;
Tangang et al., 2018; Ge et al., 2019b; Nguyen-Thuy
et al., 2020; Sun et al., 2020; Supari et al., 2020; Tangang
et al., 2020; Nguyen-Ngoc-Bich et al., 2021). Among these
studies, Katzfey et al. (2016) presented an evaluation of
the ability of two high-resolution RCMs in simulating
temperature and precipitation over Vietnam during
1980-2000. Nguyen-Thuy et al. (2020) and Nguyen-Ngoc-
Bich et al. (2021) projected future changes of climate in
Vietnam using the output of the SEACLID/CORDEX-
SEA simulation ensemble, while Tangang et al. (2018,
2020) and Supari et al. (2020) investigated future climate
change over the whole Southeast Asia region in the same
ensemble.

Although the SEACLID/CORDEX-SEA initiative pro-
vides a good base dataset to investigate climate change
issues over Southeast Asia, studies focusing on the MSEA
and LMRB are still very limited, and can be complemen-
ted by additional simulations including this region in
their domain, such as the CORDEX East Asia one
(e.g., Gao et al., 2018). In this regard, a set of 21st-century
projections was completed using the Abdus Salam Inter-
national Center for Theoretical Physics Regional Climate
Model version 4 (RegCM4; Giorgi et al., 2012) driven by
different GCMs over the CORDEX Phase II East Asia
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region (available at https://cordex.org/domains/region-7-
east-asia/) (Gao et al., 2018). This is one of the largest
ensembles available with a RCM for the East Asia
domain and while the design of the model domain is
focused more on East Asia, most of the MSEA is included
except for Peninsular Malaysia in the southern part of
the Malay Peninsula. Similarly, analyses of these simula-
tions so far have mostly focused on mainland China
(e.g., Gao et al, 2018; Gao and Zhang, 2020; Tong
et al., 2020; Wu and Gao, 2020), or tropical cyclones over
the western North Pacific (Wu et al., 2021). Therefore,
this dataset offers new opportunities to investigate cli-
mate change projections for the Indochina peninsula.

In particular, in the present study, we complement
and extend previous work in that: (a) we focus not only
on mean changes but also on a range of indicators of
extreme temperature and precipitation events of rele-
vance for impact applications; (b) we intercompare RCM
and driving GCM results in order to quantify the added
value of the downscaling runs over the regions; (c) we
assess the importance of the more detailed RCM repre-
sentation of local forcings, such as topography and land
use. In addition, our ensemble employs a different
domain compared to that used in CORDEX-SEA.

A brief introduction of the simulations is provided in
the next section, while validation of the model perfor-
mances and projected changes are discussed in sections 3
and 4, respectively. Finally, conclusion and discussion
are provided in section 5.

35°N

15°N

FIGURE 1 Region of interest and
topography of (a) the GCMs and

(b) RegCM4 (the blue line indicates the
Lancang-Mekong River, and the white

10°N

line indicates the Lancang-Mekong
River basin). Unit: m 0.1 1
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2 | MODEL AND DATA

Five GCMs from the CMIP5 program are used to drive
the RegCM4 projections: CSIRO-Mk3-6-0, EC-EARTH,
HadGEM2-ES, MPI-ESM-MR, and NorESM1-M (Rotstayn
et al., 2010; Hazeleger et al., 2010; Collins et al., 2011;
Bentsen et al., 2013; Iversen et al, 2013; Jungclaus
et al., 2013; Stevens et al., 2013, respectively). These five
GCMs were selected due to their relatively high-resolution
within the CMIP5 ensemble, the data availability, and
their relatively good performance over the East Asia
region (Jiang et al., 2016). The five GCMs are hereafter
referred to as CSIRO, EC, Had, MPI, and Nor, with the
corresponding RegCM4 simulations as CdR, EdR, HdR,
MdR, and NdR, respectively.

The GCMs provide initial and 6-hourly driving lateral
boundary conditions for wind components, temperature,
surface pressure and water vapour mixing ratio, along
with time varying sea surface temperature (SST). The
RegCM4 is run at a grid spacing of 25 km with 18 vertical
sigma levels and model top at 10 hPa. The configuration
of the model follows Gao et al. (2016, 2017), with land
cover data updated over China as in Han et al. (2015) to
represent more realistic vegetation cover compared to the
standard RegCM4 configuration. Figure la,b shows the
region of interest (MSEA, 90°-110°E, 8°-35°N), and
topography for the GCM average and the RegCM4,
respectively. The better description of the topography
and coast lines in RegCM4 is evident compared to the

(b) Topography, RegCM4
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driving GCMs. Most notably, the land extends far into
the bay and gulfs in the GCMs due to their coarse
resolution.

The RegCM4 simulations cover the historical period
1971-2005 using observed greenhouse gas (GHG) con-
centrations, and the 2006-2098 future period under the
RCP4.5 and RCPS8.5 concentration scenarios (Gao
et al., 2018). We focus our analysis on RCP4.5, which lies
towards the mid of the full CMIP5 scenario range, with
regional mean changes under high-end RCP8.5 are also
provided. Here 1995-2014 is used as present day
reference period, 2041-2060 as mid-21st century and
2079-2098 as end of 21st century, as adopted in the
Intergovernmental Panel on Climate Change Sixth
Assessment Report (IPCC AR6; Lee et al., 2021).

Observations of daily mean temperature and precipita-
tion employed to validate the simulations are taken from
the gridded observational dataset CNO05.1 (Wu and
Gao, 2013) inside the Chinese territory, and the Asian Pre-
cipitation Highly Resolved Observed Data Integration
Towards Evaluation (APHRODITE) in the remaining
regions (Yatagai et al., 2012). For daily mean, maximum,
and minimum temperature, we use the Climate Prediction
Center (CPC) Global Daily Temperature (https://psl.noaa.
gov/data/gridded/data.cpc.globaltemp.html) dataset outside
China and CNO5.1 within the Chinese territory. The
RegCM4 and GCM outputs and the CPC dataset are bili-
nearly interpolated to the CN05.1 and APHRODITE com-
mon grid at 0.25° x 0.25° (latitude x longitude) resolution.

We focus on the ensemble mean temperature and
precipitation in the dry season of November-December—
January-February-March (NDJFM, also the cold season),
the wet season of May-June-July-August-September
(MIJAS, the warm season), and the whole year. Model
validation and intercomparison for both the present day
simulation and future projections between the RegCM4
and driving GCMs are provided. In addition, two indices
for temperature, TNn and TXx (the annual minimum
and maximum of daily minimum and maximum surface
temperature) and two for precipitation, CDD (maximum
annual number of consecutive dry days) and Rx5day (the
annual maximum consecutive 5-day precipitation) are
used to assess the projected changes in extremes by
RegCM4.

3 | VALIDATION OF THE
PRESENT DAY CLIMATE PERIOD
3.1 |

Temperature

Figure 2 presents the mean temperature from the ensem-
ble of the five GCM (ensG) and five RegCM4 simulations

(ensR) along with observations in the dry and wet sea-
sons, and the whole year. In the observations
(Figure 2a-c), tropical climate dominates the southern
part of the region, with temperatures higher than 25.0°C
prevailing throughout the year. In the northern part, both
a latitudinal and a topographic dependence is found, with
the lowest temperatures (lower than —10.0°C) occurring
during the dry season over the southeastern part of the
Tibetan Plateau. Regional mean temperatures over the
LMRB in the dry season, wet season, and whole year are
19.9, 24.2, and 22.3°C, respectively.

The broad pattern of the observed temperature is
reproduced by both ensG and ensR; however, ensR
clearly provides enhanced spatial detail in closer agree-
ment with observations (Figure 2g-i). The steep topo-
graphic temperature gradient, as well as the higher
temperatures in the Irrawaddy and Chao Phraya valleys
compared to the watersheds, are realistically reproduced
in ensR but not in ensG. A general cold bias prevails in
both ensG and ensR in all seasons and the annual mean
(figure not shown for brevity), with the bias being greater
in the dry than the wet season. The regional mean biases
over the LMRB in the dry season, wet season, and whole
year are —2.9, —1.0, and —1.8°C for ensG, and —2.7, —1.3,
and —1.9°C in ensR, respectively, indicating the strong
contribution of the GCM forcings in determining the
region-averaged ensemble biases.

The agreement between simulated and observed tem-
peratures over MSEA region for each simulation is fur-
ther evaluated using Taylor diagrams (Taylor, 2001)
(Figure 3a), which provides a measure of performance in
reproducing the spatial patterns of a variable. The GCMs
reproduce the temperature patterns better in the dry sea-
son and the whole year, compared to the wet season. The
improvements obtained using the RegCM4 are signifi-
cant, and with a lower spread compared to the GCMs,
due to the strong contribution of local topographic
features. In the RegCM4 runs, the values for the spatial
correlation coefficients are close to or larger than 0.90,
the normalized standard deviation ranges from 1.0 to
1.5, and the centred root-mean-square errors around
0.50, clearly illustrating the added value of the
downscaling runs.

Following Gao et al. (2012) and Wu and Gao (2020),
we calculated the spatial correlation coefficients (CORs)
of the temperature biases across the model simulations
over the MSEA (Table 1), to assess the intermodel vari-
ability and how it is transferred from the GCM to the
RegCM4 runs. As shown in the table, good correlations
are found across the GCM simulations in both NDJFM
and MJJAS biases. The CORs across RegCM4 simulations
are also large, mostly greater than 0.90; however, the
correlations between the RegCM4 simulations and
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corresponding driving GCM ones are statistically signifi-
cant only for three out of the five pairs. Thus as found for
mainland China (Wu and Gao, 2020), the spatial struc-
ture of the temperature biases from the GCMs do not
always transfer to the RegCM4, while the internal model
physics and especially the effect of high-resolution local
topographic forcing play a larger role.

3.2 | Precipitation

In NDJFM the MSEA is generally dry, with less than
150 mm of precipitation over most of the region, except

90°E 95°E 100°E105°E 110°E  90°E 95°E 100°E 105°E 110°E

along the coast of Vietnam and over the Malay Peninsula
(Figure 4a). The monsoon dominates in the wet season
MIJAS, with precipitation greater than 400 mm over
most of MSEA, except the northern areas (Figure 4b).
Values reaching up to 1,000 mm are found along the west
coast of the peninsula, northwestern Myanmar, and por-
tions of southeastern LMRB. The annual mean precipita-
tion follows essentially the wet season one, but with
larger values (Figure 4c). The mean precipitation over the
LMRB in the dry and wet seasons, and the whole year is
118, 1,018, and 1,342 mm, respectively.

Similar to temperature, the general pattern, magni-
tude, and seasonal evolution of the observed precipitation
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are reproduced quite well by both the ensG and ensR,
while ensR provides more regional detail compared to
ensG (Figure 4d-i). In fact, the ensR even shows finer
spatial structure than the observation dataset, a result not
surprising given the sparse distribution of observing sites
(Yatagai et al., 2012; Wu and Gao, 2013). For example,
the topographical rainfall belt along the mountain chains
of the western boarder of Myanmar (Mountain Arakan in
the south and Naga Hills in the north) in MIJAS is cap-
tured by the ensR but not by APHRODITE, and this may
actually be closer to the real precipitation (Figure 4b,h).

A general overestimation of precipitation is found in
the model simulations for both seasons and the annual
mean, more pronounced in ensR over the mountain
areas and the southern edge of the region (figure not
shown for brevity). Note that the APHRODITE precipita-
tion may underestimate precipitation over the mountain-
ous areas due to the lack of high-altitude observing sites
and the lack of a gauge undercatch correction
(e.g., Adam and Lettenmaier, 2003). Regional mean pre-
cipitation over the LMRB in the dry and wet seasons, and
the whole year are 126, 1,123, and 1,432 mm for ensG,
and 182, 1,547, and 1,982 mm for ensR, respectively.

Figure 3b presents the Taylor diagram of precipitation
over the MSEA. The spreads are large both for the GCM
and RegCM4 ensembles, indicating a large intermodel
variability. The spatial correlation coefficients are greater
in the dry than the wet season and whole year, for both
the GCMs and RegCM4. Greater normalized standard
deviation and normalized root-mean-square errors are
found for RegCM4, indicating that the RegCM4 produces
higher spatial detail than found in the observations.

The CORs of precipitation biases across the model
simulations over MSEA are presented in Table 2. The
biases across the GCMs are not as consistent as for tem-
perature in NDJFM, with 7 out of 10 CORs being statisti-
cally significant, but the CORs are all significant in
MIJAS. This indicates a similarity of behaviour across the
GCMs. For the RegCM4 simulations, all the CORs are
significant, indicating the important role of the internal
model physics and processes of the model. This is con-
firmed by the fact that only three out of five CORs
between pairs of GCM-RegCM4 simulation biases are
significant.

FIGURE 3 Taylor diagrams of (a) temperature and

(b) precipitation over the MSEA between the observations and
simulations in GCMs (blue) and RegCM (red) in the dry season
(star), the wet season (dot), and the whole year (asterisk) during the
present day (1995-2014). (c) Same as (a), but for extreme indices
simulated by RegCM
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TABLE 1

the matrix) across the model simulations over MSEA in the present day simulation
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RMets

Spatial correlation coefficients (CORs) of temperature biases in NDJFM (bottom left of the matrix) and MJJAS (top right of

CSIRO EC Had MPI

CSIRO - 0.90* 0.94* 0.90*
EC 0.79* - 0.91* 0.85*
Had 0.81* 0.75* - 0.91*
MPI 0.84* 0.82* 0.75* -
Nor 0.92* 0.70* 0.64* 0.86*
CdR 0.19 0.13 -0.18 —0.01
EdR 0.40* 0.26* 0.11 0.23*
HdR 0.35% 0.29* 0.07 0.17
MdR 0.37* 0.28* 0.12 0.20*
NdR 0.24* 0.14 -0.11 0.05

Nor CdR EdR HdR MdR NdR
0.96* 0.07 0.40* 0.19 0.37* 0.14
0.87* 0.06 0.44* 0.23* 0.43* 0.14
0.91* 0.00 0.34* 0.16 0.32* 0.07
0.87* 0.09 0.39* 0.27* 0.36* 0.15
- 0.19 0.47* 0.27* 0.45* 0.25*
0.23* - 0.84* 0.85* 0.81* 0.98*
0.46* 0.86* - 0.90* 0.96* 0.89*
0.35* 0.92* 0.94* - 0.86* 0.89*
0.37* 0.89* 0.96* 0.97* - 0.85*
0.30* 0.98* 0.92* 0.94* 0.92* -

Note: Light grey indicates CORs among the GCMs, dark grey for each GCM-RCM pair, and light grey in italic for CORs among the RCM simulations. The

asterisks indicate statistically significant at the 95% confidence level.

3.3 | Extreme indices

Figure 5 presents the extreme indices TNn, TXx, CDD,
and Rx5day from observations and the ensR simulations
(ensG is not shown for brevity and because of the coarse
resolution of the GCMs). For the observed TNn
(Figure 5a), the lowest temperature values are found over
the Tibetan Plateau (<—30.0°C). Above zero temperatures
occur over parts of southern China and the Sichuan
Basin, and most of the MSEA. The minimum tempera-
tures reach 15.0°C in the southern end of the Peninsula.
The spatial pattern of the observed TNn is well repro-
duced by the ensR, although with a prevailing cold bias
(Figure 5b), which is largest (greater than —10.0°C) over
the Tibetan Plateau and the surrounding areas, however
this result may also be related to the relative paucity of
observing stations in high-elevation regions. The bias is
much smaller over the eastern part of MSEA (~2.0°C),
while a warm bias ~2.0°C over Myanmar and west of it
is found. Regional mean values of TNn in LMRB from
the observation and ensR are 7.6 and 3.3°C, respectively.

The values of TXx (Figure 5c,d) range from 30.0 to
35.0°C over most of the analysis region except for the
Tibetan Plateau. Cold biases >5.0°C still exist in the
southern part of the Tibetan Plateau, and warm biases of
up to 5.0°C are found over the centre of Sichuan Basin in
China and portions west of Myanmar. A mix of cold and
warm biases within +2.0°C is found over most of MSEA.
Regional mean values of TXx in LMRB are 35.5 and
34.5°C for the observations and ensR, respectively.

The observed CDD shows the smallest values
(30 days) along the east coast of MSEA and the southeast-
ern part of China (Figure 5e). Values in excess of 60 days
are located over the Central Myanmar Basin (the

Irrawaddy River valley), northwest boundary of the anal-
ysis region over the Tibetan Plateau, and western part of
the Yunnan Province in China. The general CDD spatial
pattern and low values in the Central Myanmar Basin are
well reproduced in ensR (Figure 5f), but with a prevailing
underestimation, likely due to the occurrence of too
many drizzle days. In LMRB, the observed regional mean
of CDD is 46 days, while it is 30 days in ensR.

The Rx5day show a strong topographic dependence,
with large values greater than 150 mm mostly along the
mountain ranges in the west coast and the border areas
of Vietnam and Laos, as well as in the southern slope of
the Himalayas (Figure 7g). The topographic effect in
ensR is more pronounced, characterized by greater
values, and larger areas across the mountains
(Figure 5h). Finer spatial detail in ensR compared to the
observation is also evident, consistently with the average
precipitation. The mean over LMRB for ensR is 177 mm,
compared to 114 mm in the observations, thus illustrat-
ing a pronounced over prediction, which however, as
mentioned earlier, may be amplified by deficiencies in
the observations.

Figure 3c shows the Taylor diagram for the extreme
indices. The temperature extreme indices are well repro-
duced by RegCM4 with a small spread among the simula-
tions, and the values of spatial correlation coefficients,
normalized standard deviation, and centred root-mean-
square errors are around 0.85, 1.25, and 0.75, respectively.
A larger spread is found for CDD, with the spatial
correlation coefficients around 0.60, normalized standard
deviation ranging from 0.75 to 1.25, and the centred
root-mean-square errors in the range of 0.75-1.00. For
Rx5day, the spatial correlation coefficients are lower
compared to the other indices, with the values ranging
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FIGURE 4 Same as

(b) Pre, MJJAS, CNO5 (C) Pre, ANN, CNO5
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(@) Pre, NDJFM, CNO5
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from 0.30 to greater than 0.40. The normalized standard
deviation are mostly greater than 1.50, except for the EC-
EARTH driven run.

4 | FUTURE CHANGES

41 | Temperature

Figure 6 shows the projected temperature change over
the MSEA by the end of the 21st century. Substantial
warming is found in the future over the region, more pro-
nounced in NDJFM compared to MJJAS and in the

90°E 95°E 100°E 105°E 110°E

northern regions compared to the southern ones. In
NDJFM, the warming projected by ensG is evenly distrib-
uted, with values greater than 2.4°C over most of the
analysis region (Figure 6a), while in ensR the warming
shows large subregional variability, with values >3.0°C
over the Tibetan Plateau at high altitudes, and <2.0°C
over the Peninsula (Figure 6d). This warming amplifica-
tion effect with elevation, mostly in response to a reduc-
tion of snow cover, has been found in previous work
(e.g., Giorgi et al, 1997; Jiang and Fu, 2012; Fu
et al., 2021). The regional mean warming values over
LMRB for the ensG and ensR under RCP4.5 are 2.3°C
(with 1.4-3.6°C intermodel spread), and 1.9°C (0.7-
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TABLE 2 Same as Table 1, but for precipitation biases
CSIRO EC Had MPI Nor CdR EdR HdR MdR NdR
CSIRO - 0.69* 0.55* 0.75* 0.82* 0.43* 0.38* 0.09 0.39* 0.39*
EC —-0.11 — 0.64* 0.77* 0.83* 0.55 0.40* 0.11 0.51%* 0.51%*
Had 0.81* -0.19 - 0.61* 0.45* 0.13 0.21* 0.05 0.22* 0.14
MPI 0.88* —0.08 0.82* — 0.85*% 0.50% 0.51* 0.24* 0.57* 0.52*
Nor 0.64* 0.30* 0.56* 0.66* — 0.65%* 0.50%* 0.20* 0.60* 0.61*
CdR 0.34* 0.24* 0.15 0.22%* 0.40* - 0.72* 0.47* 0.79* 0.96*
EdR —0.25* 0.65* —0.39* —0.33* 0.09 0.67* - 0.72* 0.88* 0.79*
HdR —-0.11 0.44* —0.22* —-0.10 0.28* 0.78* 0.85* — 0.73* 0.59*
MdR —0.01 0.50* —0.16 —0.08 0.27* 0.86* 0.92* 0.92* = 0.86*
NdR 0.00 0.49* -0.16 —0.08 0.27* 0.90* 0.91* 0.87* 0.97* =
(a) TNn, OBS 35°N (b) TNn, ensR 35°N (¢) TXx, OBS 350N (d) TXx, ensR
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FIGURE 5
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Distribution of present day (1995-2014) TNn (a), TXx (c), CDD (e), and Rx5day (g) in observations; simulation of TNn (b),

TXx (d), CDD (f), and Rx5day (h) by ensemble of RCMs (ensR). Units are: °C, °C, day, and %, respectively

2.7°C), respectively (Table 3). Therefore, lower region-
average warming and intermodel spread are found for
RegCM4, the latter result likely due to the use of the
same physics schemes in all runs, which modulate the
effect of the lateral boundary forcing.

The warming is lower during the wet season MJJAS
(Figure 6b,e) for both ensG and ensR. Again, a general

lower warming is simulated in ensR compared to ensG.
In ensG, minimum warming values smaller than 1.8°C
occur along the western and southern coasts of the pen-
insula, while larger values occur in the northeastern por-
tions of the region (2.1-2.4°C, Figure 6b). For ensR, the
temperature increase is lower than 1.4°C over most of the
peninsula, and the largest increase ranges from 2.1 to
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The projected changes of temperature at the end of 21st century (2079-2098) relative to the present day under RCP4.5

pathway. By ensG in the dry season (a), the wet season (b), and the whole year (c); by ensR in the dry season (d), the wet season (e), and the
whole year (f). The sign of the change show good agreements for the intermodels and cross simulations, thus not shown for brevity. Unit: °C

TABLE 3

Projected regional mean changes in NDJFM, MJJAS, and annual mean temperature and precipitation over Lancang-Mekong

River basin by both ensG and ensR in the mid- (2041-2060) and end (2079-2098) of the 21st century relative to the present day (1995-2014)
under RCP4.5 and RCP8.5

Variables Periods

Temp. (°C) Mid
End

Prep. (%) Mid
End

Note: The values in brackets are the minimum and maximum in the five models/simulations.

RCPs

RCP4.5
RCP8.5
RCP4.5
RCP8.5
RCP4.5
RCP8.5
RCP4.5
RCP8.5

NDJFM (ensG/ensR)
1.5/1.3 (0.9-2.3/0.7-1.7)
2.0/1.8 (1.3-2.8/1.4-2.1)
2.3/1.8 (1.4-3.6/0.7-2.7)
4.2/3.5(3.2-5.6/2.3-4.5)
5/4 (=10-30/—3-12)
1/1 (=25-16/-7-12)
7/7 (—18-30/—4-14)
14/4 (—24-44/-17-28)

MJIJAS (ensG/ensR)
1.3/0.9 (1.1-1.6/0.5-1.5)
1.7/1.4 (1.4-2.2/1.0-1.8)
1.9/1.6 (1.4-2.5/1.3-2.2)
3.8/3.2(3.2-4.9/2.7-3.8)
2/-2 (=2-7/—-4-1)
3/-3 (-1-6/—6-1)
4/0 (=3-9/—5-7)
9/2 (-4-18/—6-12)

ANN (ensG/ensR)
1.4/1.1 (1.1-1.9/0.9-1.6)
1.9/1.6 (1.4-2.4/1.3-2.0)
2.1/1.6 (1.4-3.0/1.1-2.4)
4.0/3.4 (3.2-5.0/2.5-4.1)
3/1 (=2-7/-2-3)
3/-1(-1-7/-5-2)
6/1 (2-12/—2-6)
11/2 (3-20/—4-15)

85UB0 17 SUOWILIOD BATERI) 8|G0 dde au) Aq pauenob a2 Sa1Le VO ‘3N 0 Sa|N1 10} AReiq I 8UIIUO AB]IM UO (SUOTIPLOD-PUE-SWLS)WOD" 4B I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWL | aU) 95 *[220Z/ZT/20] U0 AIgiT8uliuo AB]1M ‘90Ues JO AISIBAIIN UInos Ad TT8,°00/Z00T 0T/10p/LI00" /3| AReiq1Bu 1 lUO'SIWL/Scy WoJj Papeojumod ‘0 ‘8800.60T



FU ET AL.

International Journal RMetS

of Climatology

TABLE 4 Spatial correlation coefficients (CORs) of changes in temperature in NDJFM (bottom left of the matrix) and MJJAS (top right
of the matrix) across the model simulations over the MSEA in the end of the 21st century (2079-2098) relative to the present day (1995-

2014) under RCP8.5

CSIRO EC Had MPI
CSIRO - 0.84* 0.53* 0.84*
EC 0.25* - 0.65* 0.89*
Had 0.58* 0.73* - 0.63*
MPI 0.49* 0.73* 0.54* -
Nor 0.40* 0.53* 0.65* 0.59*
CdR 0.61* 0.00 0.05 0.34*
EdR 0.18 0.80* 0.75* 0.50*
HdR -0.07 0.76* 0.49* 0.47*
MdR 0.19 0.87* 0.62* 0.69*
NdR —0.30* 0.53* 0.42% 0.22*

Nor CdrR EdR HdR MdR NdR
0.87* 0.75* 0.59* 0.50* 0.86* 0.70*
0.89* 0.67* 0.41* 0.28* 0.70* 0.61*
0.66* 0.69* 0.00 0.28* 0.35% 0.10
0.97* 0.64* 0.53* 0.30* 0.76* 0.73*
- 0.72* 0.57* 0.41* 0.79* 0.71*
0.16 - 0.49* 0.70* 0.75% 0.44*
0.63* 0.05 — 0.64* 0.78* 0.84*
0.37* -0.10 0.81* _ 0.62* 0.39*
0.47* 0.17 0.87* 0.78* = 0.80*
0.54* —0.41* 0.66* 0.65* 0.50* _

Note: Light grey indicates CORs among the GCMs, dark grey for each GCM-RCM pair, and light grey in italic for CORs among the RCM simulations. The

asterisks indicate statistically significant at the 95% confidence level.

2.4°C only over small areas along 30°N in the north
(Figure 6e). The region-mean warming over the LMRB
for ensG and ensR under RCP4.5 is 1.9°C (1.4-2.5°C) and
1.4°C (1.0-2.2°C), respectively.

The magnitude and distribution of the projected
changes in annual mean temperature lie between those
for the dry and wet season (Figure 6c,f). In ensG, the
warming is evenly distributed over the region, mostly
ranging from 2.1 to 2.4°C (Figure 6¢). In ensR, the warm-
ing is greater in the north, with the largest values >2.4°C
over the Tibetan Plateau, and lower in the south, in the
range of 1.4-1.6°C over the MSEA (Figure 6f). The pro-
jected mean changes in annual temperature over the
LMRB in ensG and ensR are 2.1°C (1.5-3.0°C) and 1.6°C
(1.0-2.4°C) under RCP4.5, and 4.0°C (3.5-5.0°C) and
3.4°C (2.5-4.1°C) under RCP8.5, respectively.

It is noted that the relatively low warming by the
RegCM4 compared to the driving GCMs was also found
over China by Wu and Gao (2020), and this result was
found also in other RCMs (Olson et al., 2016; Tang
et al., 2016; Serland et al., 2018). It is difficult to identify
the reasons for this behaviour, as it may depend on
many processes. For example, Serland et al. (2018)
argue that in summer, warm model biases may lead to
stronger warming due to land surface feedback,
whereby lower warming found in RCMs is related to
their lower warm biases. In our case the biases of the
GCM and RCM are more consistent except for regional
details, and therefore this may not be a primary mecha-
nism. The simulation of clouds and transfer processes
in the boundary layer may provide additional contribu-
tions, and further analysis is needed to better address
the different behaviours of ensR and ensG over the
MSEA region.

The regional mean warming and the intermodel/
simulation spreads of ensG and ensR over the LMRB at the
mid- and end of the 21st century under the RCP4.5 and
RCP8.5 are shown in Table 3. The changes at the mid-21st
century show similar behaviour as at the end of century,
with greater warming in NDJFM compared to MIJAS, and
ensG compared to ensR, but with smaller values compared
to the end of century. Consistently, the temperature
increases show greater values for the high-level RCP8.5
than the mid-level RCP4.5. By the end of the century, the
magnitude of the warming is almost doubled in RCP8.5
compared to RCP4.5.

The CORs of temperature change by the end of 21st
century under RCP8.5 across the model simulations over
the MSEA are presented in Table 4, where the high-level
RCP8.5 is used to maximize the signal to noise ratio. The
CORs across the GCMs are all statistically significant in
both NDJFM and MIJAS, with greater values for MJJAS.
The CORs for each pair of the GCM-RegCM4 are all sig-
nificant in both seasons, indicating the large forcing from
the driving field. However, a larger spread of the temper-
ature change pattern is found for RegCM4, with the
CORs being significant in 7 out of 10 cases in NDJIFM
and 9 out of 10 in MJJAS.

4.2 | Precipitation

Precipitation changes by the end of 21st century are pre-
sented in Figure 7, along with the wind changes at
700 hPa. For ensG in NDJFM, a prevailing increase is
found over the region (Figure 7a), mostly greater than
10%, with maxima reaching >25%. Small changes ranging
from —5 to 5% are found over southern Vietnam. The
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indicates at least four out of five models/simulations agree on the sign of change. Units: % and m-s™

increase is also small, mostly <10%, along the areas
between 25°N and 30°N and west of 105°E. The intermo-
del agreement in the sign of change is high over the
northeastern and central portions of the region, with pro-
nounced increases there.

A general increase in precipitation is also found for
ensR over most of MSEA, with good cross-simulation
agreement over the Tibetan Plateau in the northwest,
and in the northern part of the MSEA (Figure 7d). Mean-
while, decreases of up to —5 to —10% are found over the
area extending from the western coast of Myanmar to the
Sichuan Basin in China (around 27.5°N, 105°E), although
in these areas there is poor cross-simulation agreements.
Regional mean precipitation changes for ensG and ensR
over the LMRB under RCP4.5 are 9% (—16 to +33%) and
7% (-3 to +15%), respectively (Table 3).

During the wet season (MJJAS), precipitation mostly
increases in ensG, with the largest increase, greater than

90°E 95°E 100°E 105°E 110°E

90°E 95°E 100°E 105°E 110°E

Same as Figure 5, but for precipitation change and the arrows indicating horizontal wind change at 700 hPa. The cross

1

10%, occurring over the west coast of MSEA and
Guangxi-Guizhou areas in southern China (Figure 7b).
Slight decreases (<5%) are found over Laos and northern
Vietnam, the southern part of the Tibetan Plateau, and
the border areas of Bangladesh-India-Myanmar in the
northwest coast of MSEA. The models agree well over
the places with large increases (>5%).

Conversely, the projected precipitation in ensR shows
a general decrease over the region, with good agreement
among the places with large values (~—10%) (Figure 7e).
The largest decrease in the range of —10 to —15% is
mainly found in northern Vietnam and southeastern
Thailand. While the regional mean change over the
LMRB is positive, 4% (—4 to +9%), in ensG, it is negative,
—2% (=5 to 0%) in ensR (Table 3) under RCP4.5. In gen-
eral, the annual mean precipitation change pattern pro-
jected in ensG and ensR are consistent with the values in
the wet season MIJAS but with lower magnitudes
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TABLE 5 Same as Table 4, but for changes in precipitation
CSIRO EC Had MPI Nor CdR EdR HdR MdR NdR

CSIRO - 0.60* —0.04 0.63* 0.16 0.27* 0.36* 0.41* 0.33* 0.37*
EC —0.70* - 0.32* 0.67* 0.03 0.49* 0.50* 0.33* 0.38* 0.42*
Had —0.50* 0.52* - 0.29* 0.12 0.03 0.11 0.31* 0.11 0.09
MPI 0.55* —0.54* —0.65* - 0.06 0.31* 0.48* 0.30* 0.30* 0.34*
Nor —0.83* 0.76* 0.57* —0.68* - —0.16 -0.12 —0.09 —0.27* —0.24*
CdR 0.70* —0.67* —0.56* 0.57* —0.65* - 0.73* 0.30* 0.70* 0.53*
EdR —0.38* 0.45* 0.30* —0.02 0.33* —0.41* - 0.60* 0.80* 0.63*
HdR —0.12 0.45* 0.37* —0.13 0.23* -0.23* 0.59* - 0.61* 0.54*
MdR 0.58* —0.66* —0.76* 0.74* —-0.70* 0.75* —-0.33* —0.44* - 0.67*
NdR —0.62* 0.78* 0.64* —0.52* 0.69* —-0.78* 0.59* 0.63* -0.81* -

(Figure 7c,f). The regional mean changes of annual mean
precipitation over the LMRB for ensG and ensR are 6%
(+2 to +13%) and 1% (-2 to +4%) under RCP4.5, and 11%
(43 to +20%) and 2% (—4 to +15%) under RCP8.5, respec-
tively (Table 3).

The differences of precipitation changes between ensG and
ensR may attribute to the stronger topographic forcing and the
better resolution of the monsoon dynamics and small scale
weather and climate systems in the RegCM4 (e.g., Gao
et al., 2006; 2012). As shown in Figure 7a, in NDJFM the ensG,
with a smoothed topography, simulates a small change in the
wind field over the Sichuan Basin. Conversely, in ensR, an
anticyclonic circulation, and a reinforced westward flow south
and west of the basin are evident (Figure 7d). These lead to
the increase of precipitation in ensG but a decrease in ensR
over the areas.

In MJJAS, a northeast wind change is found in ensG
over the Sichuan Basin, turning towards the north over
the eastern part of the Indochina Peninsula. This leads to
the increase of precipitation over the Basin and a slight
decrease over the eastern part of the Peninsula
(Figure 7b). In ensR, the wind circulates around the
mountain chains east of the Basin and then turns
towards a southwest direction in the northern part of the
Peninsula (Figure 7e), turning to the southeast direction
as forced by the Mountain Bilauktaung in the western
boundary of Thailand. An intensified anticyclonic circu-
lation is then formed over the Indochina peninsula, lead-
ing to decreased precipitation there in ensR.

The regional mean changes in precipitation and the
intermodel spreads across the ensG and ensR ensembles
over the LMRB at the mid- and end of the 21st century
under the RCP4.5 and RCP8.5 scenarios are presented in
Table 3. In the ensG RCP4.5, the projected regional mean
changes during the mid-21st century are about half as
large as those found at the end of the century. Closer
values of the change between the mid- and end of the

century are found for ensR in MJJAS and the whole year.
Under the RCP8.5, a continuous increase in precipitation
is found throughout the century in ensG, with the magni-
tude of the change at the end of the century doubled
compared to RCP4.5. The NDJFM/MJJAS/annual mean
increases in the mid- and end of the century under the
RCP4.5 and RCP8.5 in ensG are 1/3/3% and up to
14/9/11%, respectively. The regional mean changes are
much weaker in ensR due to the presence of broad areas
of decrease (Figure 7d-f).

The CORs for the precipitation changes by the end of
21st century under RCP8.5 across the model simulations
are presented in Table 5. For the GCMs, almost no con-
sistency is found across the change patterns, in particular
for NDJFM, even with of negative COR values. The driv-
ing from the GCM is evident in RegCM4 simulations,
with most of the GCM/RegCM4 CORs being significant
(except Nor-NdR in MIJAS). For the cross correlations
across the RegCM4 runs, less than half of the cases for
NDJFM, but 8 out 10 cases for MJJAS show positive COR
values, indicating that the change signal is more consis-
tent in the wet than the dry season.

4.3 | Extreme indices

Figure 8a,b shows the spatial distributions of the pro-
jected changes in TNn and TXx by the end of 21st century
from ensR under RCP4.5. Significant increases of both
TNn and TXx are found under warming conditions, indi-
cating fewer cold events and more heat waves in the
future. For TNn, the increases are more pronounced over
the high-latitude and high-altitude areas, particularly
over the Tibetan Plateau, with the values of increase
greater than 3.5°C (Figure 8a). This is likely due to the
reduction of snow cover and the snow albedo feedback
effect. The increase is much lower, in the range of 1.0-
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TABLE 6 Projected regional mean changes in TNn, TXx, CDD, and Rx5day over Lancang-Mekong River basin by ensR in the mid
(2041-2060) and end (2079-2098) of the 21st century relative to the present day (1995-2014) under RCP4.5 and RCP8.5

Periods/variable RCPs TNn (°C)

Mid RCP4.5 1.3(1.1-1.8)
RCPS.5 2.0 (1.7-2.2)

End RCP4.5 1.8 (0.9-2.6)
RCPS.5 4.1 (3.4-4.9)

TXx (°C) CDD (day) Rx5day (%)

1.5 (1.1-2.0) 0.4 (—=0.8-1.8) 5.6 (0.2-14.5)
2.0 (1.6-2.6) -0.1(-0.2-2.4) 4.8 (2.2-9.4)
2.1 (1.7-2.9) —0.3(~1.8-1.4) 8.4 (~1.1-16.8)
4.2 (3.4-4.9) —0.4 (—3.6-2.7) 16.5 (10.3-22.3)

Note: The values in brackets are the minimum and maximum in the five models/simulations.

2.0°C, towards the south over most parts of the MSEA.
The increases for TXx are more evenly distributed
(Figure 8b), with values mostly greater than 2.0°C north
of 15°N, and lower than 2.0°C in southern regions.
Regional mean changes of TXx and TNn over the LMRB
under RCP4.5 are 1.8°C (0.9-2.6°C) and 2.1°C (1.7-
2.9°C), and to a much greater extent under RCP8.5 as
41°C (3.4-49°C), 4.2°C (3.4-4.9°C), respectively
(Table 6).

Changes in CDD and Rx5day at the end of the 21st
century are presented in Figure 8c,d, respectively. For
CDD, an increase with good cross-simulation agreement
is found over a broad area extending from the Sichuan
Basin to the Yunnan Provinces in southwest China, with
increases in the range of 2-4 days (~10-25%) in corre-
spondence of prevailing precipitation decreases in both
the dry and wet season (Figure 7). Prevailing increases in
CDD are also found over southwestern MSEA, including

85U80|7 SUOWIWIOD A0 3|dedldde aup Aq peusenob ae ssjoiie YO ‘8sn Jo se|nu oy AriqiT8uIIUO 8|1 UO (SUOTPUOD-pUe-SLLIBY/LI0D A8 | 1M ARe1q 1 BU1|UO//:SANY) SUOTIPUOD pue Swie | 81 88S *[2202/2T/20] Uo A%iqiauliuo A[1Mm ‘8oueids JO AIsieAlun yinos Aq TT8.00//200T 0T/I0p/woo" A8 1M Afeiq1jeuljuo L/ sdny wouy pepeo|umod ‘0 ‘8800260T



FU ET AL.

International Journal RMetS

southern Thailand, most of Cambodia, and southern
Vietnam, although with low intersimulation agreements.
Regional mean changes of CDD under RCP4.5 and
RCP8.5 over LMRB are —0.3 day (—1.8 to +1.4 day) and
8.4% (—1.1 to +16.8%), respectively (Table 6).

The Rx5day is projected to increase over most of the
analysis region, except in the border areas from south-
west China to northern Vietnam and Laos, and the mid-
reaches of the LMRB (Figure 8d). The increase is mostly
in the range of 10-25%, with good cross-simulation agree-
ment over the Tibetan Plateau, the western part of
MSEA, and the lower reaches of the LMRB. Comparison
with Figure 8c shows that increases in both CDD and
Rx5day are found over southwestern China and the lower
reaches of LMRB, suggesting greater risk of both flood
and drought events. Regional mean change over LMRB
under RCP4.5 is 8.4% (—1.1 to +16.8%) and almost dou-
bled under RCPS8.5, being 16.5% (+10.3 to +22.3%)
(Table 6).

5 | CONCLUSIONS AND
DISCUSSIONS

We evaluated the simulations of present-day climate
(1995-2014) and projected future changes at the mid-
and end of the 21st century (2041-2060 and 2079-2098)
over the MSEA region based on an ensemble of RegCM4
simulations under the RCP4.5 and RCP8.5 pathways,
driven by different CMIP5 GCMs. We found that the
RCM simulations provide more realistic spatial details of
present day distributions of both temperature and precip-
itation compared to the driving GCMs, with the latter
reproducing only the broad patterns of these variables.
The topographic effect on precipitation is well described
by ensR, particularly for extremes as measured by the
Rx5day index. A general cold and wet bias prevails in
both the GCMs and RegCM4 in all seasons.

In general, the biases for temperature and precipita-
tion show consistent spatial patterns within the GCMs
and RegCM4 simulation ensembles, except for precipi-
tation during dry season. However, weak correlations
between the biases in the GCMs and the nested
RegCM4 are found, indicating the important role of the
internal model physics and processes of the regional
model.

Significant warming is projected by both ensG and
ensR in all seasons and the annual mean. Large differ-
ences are found in the spatial distribution and magnitude
of warming between ensG and ensR, with more regional
details in ensR. The warming in ensR is about half a
degree lower than in ensG for all seasons in the LMRB.
The regional mean annual temperature increases over

of Climatology

the LMRB for ensG and ensR are 2.1 and 1.6°C, respec-
tively, under RCP4.5 by the end of 21st century. The
changes under RCP8.5 are in a greater extent compared
to RCP4.5.

The spatial pattern of the projected changes in precip-
itation show large spreads across the GCM ensemble, and
the RegCM4 one in NDJFM, while the change patterns in
the RegCM4 are generally consistent with the driving
GCM ones. However differences in the ensemble mean
changes between the GCM and RegCM4 ensembles are
found, particularly in the wet season, with a general
increase of precipitation in ensG and broad areas of
decrease in ensR (as also reported by Tangang et
al., 2020). For the regional mean over the LMRB, the
change is 4% for ensG, but —2% for ensR, respectively,
under RCP4.5 by the end of 21st century.

These differences may be associated with the stronger
topographic forcing and the related circulation changes
in RegCM4, although further experiments and analysis
are indeed needed to better understand the model behav-
iours and physical mechanisms behind these results.

The changes of the extreme indices, TNn and TXx for
temperature, and CDD and Rx5day for precipitation, as
projected by RegCM4 indicate general increases of the
temperature extreme indices TNn and TXx, that is, future
decreases of cold spells and increase of heat waves in the
region; and a prevailing increase of Rx5day and, longer
CDD in the northeast and southwest of the MSEA, that
is, increases of both wet and dry extremes. Over the
LMRB under RCP4.5, we find an increase of 1.8°C for
TNn and 2.1°C for TXx, along with an 8.4% increase of
Rx5day by the end of 21st century.

While our results are potentially valuable for the bet-
ter understanding of future climate changes and the
uncertainties related over the region, the data are also
available to support impact models, for example, hydrol-
ogy and water resources, agriculture, and ecosystem
models, for the further assessments of the impacts and
the possible implementation of proper adaptation
measures.

Finally, here we have used only one RCM, and the
model was customized based on a performance analysis
over China, although driven by a range of GCMs, and
good cross-simulation agreement was found over areas
with larger changes. Future studies should employ multi-
GCM/RCM ensembles and high model resolution over
this region with complex topography in order to better
characterize uncertainties in projections over the region.
We plan to conduct a comparison with the results from
other possible RCMs, in particular those from CORDEX-
SEA project (Tangang et al., 2020), and to carry out new
simulations driven by the new generation CMIP6 global
climate projections.
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