Chapter 2
Climate Variability and Climate Change: oo
Past and Future
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Abstract The LMRB (LMRB) has experienced significant climate change, particu-
larly over the last 50 years. An increase in the annual precipitation but with significant
seasonal differences in the changes, and a remarkable warming are observed over the
Basin. The region also experienced more frequent extreme events, such as an increase
in extreme precipitation, as well as hot days and warm nights, a decrease in cold days
and cold nights, and a more frequent occurrence of droughts. The future climate over
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the Basin is projected to be continuous warming, which is most significant by the end
of the twenty-first century. A general wetting is projected over the region with the
spatial pattern of the projected annual total precipitation change show consistencies
with the present day condition. Differences are found between the global and regional
climate model projections in the precipitation, indicating the uncertainties existing in
the projections, and also the importance of the model resolution in projecting future
climate.

2.1 Introduction

The region encompassing the Lancang-Mekong River has a plateau climate in its
source region, but a typical monsoonal climate in most of the basin, with the
monsoons often accompanied by the extreme events of heatwaves, droughts and
floods, and tropical cyclones, (e.g. Chang et al., 2012; Ding & Chan, 2005; Tang-
gang et al., 2007). Many studies have shown that significant climate change has been
observed over the region during the last century, particularly over the last 50 years.
Since the middle of the twentieth century, the average surface temperature and heat
wave frequency have increased for the region. During 1952-2015, the annual precipi-
tation trend was 0.5 mm/10 yr. However, there exists a significant difference between
the dry and wet season. On the basin scale, a significant (p < 0.05) trend of wetting by
3.4 mm/10 yr was found in the dry season during water years 1952-2015, whereas
in the wet season, there was a drying trend of —3.0 mm/10 yr (Irannezhad et al.,
2020). The temperature in the LMRB has risen at a rate of 0.76 °C/10 yr during
1980-2010 (Fan & He, 2015). Extreme temperature events show also an upward
trend (Thirumalai et al., 2017) with an increase in hot days and warm nights, and
a decrease in cold days and cold nights (Ma et al., 2013).

Observations and model-based analysis form an important basis for gaining a
scientific understanding of the climate variability and change that have occurred in
the past, what are occurring right now, and what are going to happen in the future.
Unfortunately, this region has a relatively sparse climate observational network. In
climate studies, global datasets like the Global Precipitation Climatology Centre
(GPCC) data (Adler et al., 2017) and gridded precipitation and other meteorological
variables developed by the Climate Research Unit (CRU) of the University of Anglia
(Harris et al., 2013) have often been used to investigate the observed climate change
in the LMRB (Fan & He, 2015; Irannezhad et al., 2020). The dataset of Asian
Precipitation-Highly Resolved Observational Data Integration Toward Evaluation of
water resources (APHRODITE), generated by the Research Institute for Humanity
and Nature and the Meteorological Research Institute of the Japan Meteorological
Agency, is a long term regional daily-scale gridded precipitation dataset, generated
by utilizing a dense network of in situ gauge records in Asia and, therefore, is better
suited for climate studies in the LMRB (Irannezhad et al., 2020; Yatagai et al., 2009).

It is necessary to resort to climate models to gain insights into future climate
change. As the primary tools in climate change studies, global climate models
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(GCMs) have been widely used to simulate and project climate change at the global
scale. The Intergovernmental Panel on Climate Change (IPCC) gathers and evaluates
GCMs as part of the international climate change Assessment Reports (AR). IPCC
has so far published six Assessment Reports (ARs). In each AR, the IPCC relies
on the outputs of the GCMs participating in the Climate Model Intercomparison
Projects (CMIPs). Archives of GCM outputs from different CMIPs offer opportuni-
ties to assess the climate model performance in simulating past climate and to analyse
the projections for 21st-century climate change under different emission scenarios,
and the potential effects of the changes at either global or regional scales (Bannister
etal., 2017; Su et al., 2013).

The current phase of CMIP is the sixth (CMIP6). The GCMs in CMIP6 have
significant improvements in the physical parameterisations (e.g. in representing the
clouds), spatial resolution, and inclusion of additional Earth system components (e.g.
ice sheets) and processes (e.g. the nutrient limitations in terrestrial carbon cycle),
compared to those of the previous CMIPs (Eyring et al., 2016, 2019). In CMIP6,
a new conceptual framework had been developed. It uses a diverse range of socio-
economic and technological development scenarios, i.e. the Shared Socioeconomic
Pathways (SSPs). SSPs are distinguished on the basis of anticipated challenges to
adaptation and mitigation, which is different from the emissions pathways concluded
in the IPCC Special Report on Emissions Pathways/Scenarios (Moss et al., 2010;
O’Neill et al., 2016). The two main axes of the scenario matrix architecture are firstly,
the future climate radiative forcing level which is characterized by the Representative
Concentration Pathways (RCPs), and secondly, a set of alternative plausible trajec-
tories for future global development (the SSPs) (Kriegler et al., 2014). The SSPs are
based on five narratives describing the alternative pathways of socioeconomic devel-
opment, including SSP1 for sustainable development, SSP2 for middle-of-the-road
development, SSP3 for regional rivalry, SSP4 for inequality, and SSP5 for fossil-
fueled development (Calvin et al., 2017; Fricko et al., 2017; Fujimori et al., 2017;
Kriegler et al., 2017; van Vuuren et al., 2017). This new generation of pathways/
scenarios will facilitate the understanding of plausible socioeconomic and climate
futures for the society.

While GCMs have contributed greatly to our understanding of climate variability
and climate change at the global scale, they generally have rough spatial resolu-
tion and cannot capture the spatial climate change features at regional scales. To
understand climate change at regional and local scales, one can use high-resolution
regional climate models (RCMs), which are the limited area climate models forced by
specified lateral conditions from GCMs or reanalysis. RCMs simulate atmospheric
and land surface conditions, including Greenhouse Gas (GHG) and aerosol forcings.
RCMs apply a dynamic downscaling approach to fill the gap between the coarse esti-
mates of GCMs, which have practical requirements in the regional and locale scale
impact studies, e.g. the finer spatial distribution of precipitation needed in hydro-
logic operations over small basins under global warming. RCMs have provided data
for the impact studies and policymakers since the last three decades, and helped to
increase knowledge of the present-day climate and future changes at regional levels,



12 X. Gao et al.

thus making them an important tool for investigating climate change in the LMRB
(Tapiador et al., 2020).

This chapter describes the space—time features of climate variability and climate
change over the LMRB based on climate observations and the GCM outputs from
CMIP6 and the RCM outputs that are driven by GCMs from CMIP5. It is organized
as follows. In Sect. 2.2, the climate change that has occurred in the LMRB over
the last century is examined based on climate observations. Section 2.3 presents the
simulations of the past climate and projections of future climate changes based on
simulation and projection results from RCMs. In Sect. 2.4, a multi-model analysis of
climate change in the LMRB is presented using the latest GCM outputs from CMIP6.

2.2 Past Climate Change from Observations
and Simulations

There are a few rain gauges and stations with both temperature and precipitation
records available over the LMRB (e.g., Wang et al., 2016). The data quality, in terms
of continuity, is also quite low. Only very few stations have high quality data covering
the latest 20-year period of model historical simulation, i.e., 1995-2014. Most of
the stations with high quality data are located above the LMRB. To analyse the
long-term (1961-2015) spatial-temporal variation of temperature and precipitation
over the whole LMRB, gridded data sets interpolated from station data have been
used in this work. For this purpose, gridded near-surface air temperature (T2m) and
daily precipitation from the APHRODITE (http://aphrodite.st.hirosaki-u.ac.jp/index.
html) during 1961-2015 are adopted (Yasutomi et al., 2011; 2012). The horizontal
resolution of the APHRODITE data sets is 0.25° x 0.25° (latitude x longitude).
Annual mean T2m and total precipitation are calculated based on the daily data sets.
The average during 1961-2015 and 1995-2014 is to be shown together with their
difference to illustrate the climate change during the recent 20 years which has been
used for model evaluation. Empirical Orthogonal Function (EOF) analysis is also
performed to show the major spatial-temporal variation patterns over the LMRB
during 1961-2015.

Four extreme indices are investigated to illustrate the changes in extremes over
the LMRB (Table 2.1). The two precipitation extreme indices (Rx5day and CDD)
are calculated based on the gridded daily precipitation and temperature from the
APHRODITE. Since there are no maximum and minimum temperatures avail-
able in APHRODITE, the two temperature extreme indices (TXx and TNn) from
HadEX 3.0.3 (Dunn et al., 2020) are adopted. The HadEX data, with horizontal
resolution 1.25° x 1.875° (latitude x longitude), have been interpolated to the
APHRODITE data grid covering the LMRB using the inverse distance weighting
(power 2) interpolation method.
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Table 2.1 Definitions of the extreme temperature indices used

Index Definition Units

Rx5day | Annual maximum consecutive 5-day precipitation mm

CDD Annual maximum length of dry spell: maximum number of consecutive days | Days
with RR < 1 mm

TXx Annual maximum value of daily maximum temperature °C

TNn Annual minimum value of daily minimum temperature °C

2.2.1 Near-Surface Air Temperature Change and Variability

The spatial variations in the annual mean T2m are quite large over the LMRB. The
annual mean T2m increases from the northern to the southern river Basin, with the
annual mean T2m lower than 0 °C over the northernmost of the headwater region
and close to 30.0 °C over the southern Mekong Delta (Fig. 2.1a).

The annual mean T2m has significantly increased since 1950 when averaged over
the whole Basin (Liu & Wang, 2020), which is higher than the mean global warming
rate (Liu et al., 2021). Except for the southern Tonle Sap region, there is an overall
significant warming trend over the LMRB. (Fig. 2.1b). The spatial pattern of the
annual mean T2m during the recent 20 years, i.e. during 1995-2014, is similar to
that during 1961-2015 but with an overall warm anomaly (Fig. 2.1c). The anomaly
pattern of 1995-2014 with reference to 1961-2015 is similar to the linear trend of
the annual mean T2m during 1961-2015 (Fig. 2.1d).

There are also regional and seasonal differences in the warming trend over the
LMRB. For example, the warming is obvious during May and August compared to
other months when averaging the whole basin (Liu & Wang, 2020), while winter
T2m rise does the largest contribution to the annual T2m increase over the upper
Lancang River (Wang et al., 2020). There is also obvious inter-decadal variation in
the annual mean T2m. Even though there has been a general warming during the
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Fig. 2.1 Spatial distribution of a annual mean 2-m air temperature (T2m; °C) and its linear trend
(°C/10 yr) during 1961-2015 (b), ¢ annual mean T2m during 1995-2014 (°C), d the differ-
ence between mean T2m during 1995-2014 and 1961-2015 (°C) based on daily T2m from the
APHRODITE (Yasutomi et al., 2011) (Areas with crosses show the region where the trend is
significant at 0.05 level)
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Fig. 2.2 Spatial distribution of a EOF1 and b EOF2 (°C) of annual mean T2m, and the coefficient
time series of EOF1 (¢) and EOF2 (d) during 1961-2015 based on daily T2m from the APHRODITE

past 60 years, there is a decrease in the annual T2m over some areas, especially over
the middle and lower reaches of the Basin after 2008 (Liu & Wang, 2020). Wu et al.
(2011) also show a decreasing trend in the annual T2m of Vientiane, Chaiyaphum,
and Ho Chi Minh stations during 1980-2009, especially after around 2000.

The spatial variation in the warming trend is well illustrated in the first two EOF
patterns, which explain 75% of the total variance of annual mean T2m (Fig. 2.2).
Overall, there is a significant increase in the annual mean T2m over most of the Basin
as shown in EOF1 and the related coefficient time series. There is also a change in
the coefficient time series of EOF2 around 2000, centered over the middle and lower
reaches of the Basin. This is related to the above-mentioned temperature decrease
over these regions. The explained covariance of EOF1 is 63%, while it is only 12%
for EOF2 (Fig. 2.2). The warming trend shown in Fig. 2.1b is largely explained by
the EOF1 with a linear increase (Fig. 2.2¢). Besides, there is a linear increase in the
time series of EOF2 during the whole period which emphasize the warming covering
a large part of the study area (Fig. 2.2d). Combining the first two EOFs, the warming
is large over the middle to lower reaches of the river basin, with less warming over
the southeast area.

In general, both GCMs and RCMs are more accurate in space than time (Huang
et al., 2014; Sun et al., 2020), with a good ability to simulate the spatial distribution
pattern of temperature. Models tend to underestimate the annual mean temperature
in the upper and lower reaches of the Mekong River Basin, with a larger cold bias in
the cold season than in the warm season (Ruan et al., 2019). Models can capture the
warming characteristics in the basin, but the accuracy of the simulation is not good
enough (Huang et al., 2014).
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2.2.2 Precipitation Change and Variability

The climate of the LMRB belongs to the tropical monsoon (MRC, 2010). About 80—
90% of the annual total precipitation falls from May to October (Costa-Cabral et al.,
2008). The precipitation over the region is affected by Indian summer monsoon,
East Asian summer monsoon, South Asian Summer Monsoon, as well as El Nifio-
Southern Oscillation (ENSO) (Dang et al., 2020; Fan & Luo, 2019; Hasson et al.,
2013; Irannezhad et al., 2020; Résédnen & Kummu, 2013; Wang et al., 2022; Yang
et al., 2019). Tropical Cyclones also have large effects on the total precipitation,
especially in the southwest Basin (Chen et al., 2019), where GCMs have shown
reliable skill in realistically simulating the track densities of Tropical Cyclones (Chen
et al., 2020a, 2020b). On average, the northern headwater region is relatively dry
with annual total precipitation of around 500 mm, while the southeastern region is
relatively wet with annual total precipitation of more than 2000 mm (Fig. 2.3a).
Changes in annual precipitation are small during the period 1951-2017 when
averaged over the whole Basin (Liu & Wang, 2020). A large spatial-temporal varia-
tion is obvious in the changes in precipitation. There is a decreasing trend in June and
August and a small increasing trend in other months during 1951-2017 (Liu & Wang,
2020). Fan and He (2015) also show an increase in spring precipitation. Spatially,
annual precipitation has slightly increased during 1960-2009 over the upper reach of
the Mekong River, while a significantly decreasing trend has been found since 2000
(Wu et al., 2016). There are significant wetting and drying trends in annual total
precipitation over the northeastern and most westerly parts of the Mekong River
Basin during 1952-2015 (Irannezhad et al., 2020). A similar spatial pattern of the
trend in annual precipitation can be found during 1961-2005 (Fig. 2.3b). In general,
the rainy season precipitation contributes a large part to the annual total precipitation
over the Basin (Chen et al., 2018). The spatial pattern of the interannual variability
in the rainy season precipitation is highly correlated with the Indian monsoon and
Western North Pacific monsoon co-variability (Yang et al., 2019). Asian monsoon
circulation has weakened since the end of the 1970s due to the rapid warming in the
Indian Ocean (Sooraj et al., 2015), which leads to a reduction of monsoon precipita-
tion over the Basin. The less frequent tropical cyclones (Chen et al., 2019) may also
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Fig. 2.3 Same as Fig. 2.1, but for annual total precipitation (Precip; mm) from the APHRODITE



16 X. Gao et al.

(a) EOF1{32%) * ) b) EOF2 (14%) ¢} Coefficient time series of EOF1

30N{

25M1

1970 1380 1980 2000 2010

15N

10M4

“atE 100E 1058 9 1008 1056 1950 1970 1980 1390 2000 2010

Fig. 2.4 Same as Fig. 2.2, but for annual total precipitation from the APHRODITE

lead to a decrease in wet-season precipitation over the region. The regional increase
in precipitation can be attributed to the increase in extreme precipitations as shown
by Li et al. (2022).

The spatial pattern of the annual precipitation during 1995-2014 is similar to
that during 1961-2015 but with an overall wet difference (Fig. 2.3c). The difference
pattern between 1995-2014 and 1961-2015 is similar to the linear trend of the annual
precipitation during 1961-2015 (Fig. 2.3d).

The spatial-temporal variations of the annual precipitation over the River Basin
can be clearly seen in the two EOF patterns and the related coefficient time series
(Fig. 2.4). As can be seen in the first EOF pattern and the related coefficient time
series, there is a general increase in the annual precipitation for the whole basin
before 2009, while a decreasing trend is obvious afterwards. There is also a clear
inter-annual dipole variation in the annual precipitation between the south and middle
to the north Basin as can be seen from the second EOF pattern.

The observed spatial pattern and seasonal variation of the mean precipitation are
well captured by GCMs (Ruan et al., 2018; Wang et al., 2017). A large part of GCMs
evaluated have overestimated precipitation over the River Basin, especially during
the monsoon season (Hasson et al., 2016; Ruan et al., 2018). Ruan et al. (2018) also
pointed out that GCMs have a general failure in capturing observed trends in the wet
season (53% of GCMs failed) and the dry season (65% of GCMs failed), as well as
for annual total precipitation (44% of GCMs failed) over the lower Mekong Basin.

2.2.3 Variations and Changes in Weather and Climate
Extreme Events

The LMRB is affected by increasing frequency both in extreme precipitation and
drought, especially over the lower Mekong Basin (Liu et al., 2020; Tian et al.,
2020). Extreme precipitation has generally decreased in the upper Mekong Basin but
increased in the lower Mekong Basin during 1951-2015 (Irannezhad et al., 2021;
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Liu et al., 2020). As can be seen from Fig. 2.5, the maximum extreme precipita-
tion, maximum consecutive 5-day precipitation (Rx5day), is located over the east
of the lower Mekong Basin. There are some regions with a significant increasing or
decreasing trend in Rx5day over the lower or middle Mekong Basin respectively. The
spatial pattern of mean Rx5day during 1961-2015 is similar to that of 1995-2014,
with the anomaly pattern of 1995-2014 to 1961-2015 similar to the linear trend
during 1961-2015. There is a general increase and decrease in the spatial-temporal
variations of Rx5day over the upper/lower and middle Mekong Basin respectively
as shown in Fig. 2.6.

There is a high agreement in the trend of drought frequency over the lower Mekong
Basin. Adamson and Bird (2010) point out that Thailand, Cambodia, Laos, and
Vietnam over the lower Mekong Basin, are vulnerable to increasing droughts. Guo
etal. (2017) found an increasing trend in the frequency of drought over the north and
south parts of the lower Mekong Basin during 1981-2016, with the Mekong Delta
tending to have more long-term and extreme drought events. Lee and Dang (2019)
also show that even though there is a decrease in the frequency of drought over the
Mekong Delta during 1984-2015, there was a tendency to increase in the spatial
distribution of drought with moderate and severe droughts over the region. Tian et al.
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Fig. 2.5 Same as Fig. 2.1, but for Rx5day (mm) calculated based on daily precipitation from the
APHRODITE
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Fig. 2.6 Same as Fig. 2.2, but for Rx5day calculated based on daily precipitation from the
APHRODITE
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(2020) analyzed the temporal trend of drought over the LMRB during 1901-2019.
They found that severe and exceptional droughts occurred more frequently during
1961-2019 compared to 1901-1960 with drought hotspots located in the middle and
upper parts of the Lancang River Basin. About half of the lower reach of the LMRB
has experienced an increase in severe and exceptional droughts, which are located
principally in Thailand, east Cambodia, and part of Vietnam. The spatial distribution
of mean and linear trend in the maximum length of dry spell: maximum number of
consecutive days with RR < 1 mm (CDD) is shown in Fig. 2.7. There are two peak
centres of CDD, one over the upper and the other over the center of the Mekong Basin.
There is an increasing trend in CDD over the lower, middle and upper river basins.
There is no significant trend in CDD during 1961-2015, but with clear inter-annual
and inter-decadal variation in the CDD as shown by the EOF patterns (Fig. 2.8).

Changes in temperature extremes are shown by the maximum value of daily
maximum temperature (TXx) and the minimum value of daily maximum temperature
(TNn) (Figs. 2.9, 2.10, 2.11 and 2.12). Overall, there is an increase in both TXx and
TNn, with the increases in TNn is robust than TXx. There is even a decrease in TXx
over the southeast of the lower Mekong Basin.

() Moan 15612015 2 bl Linar trend (1841-2015) = (€) Maan 1958-2014 . (D (18052014 - 1961.2015)
,,‘\ =
£ \\ 004 300 \\r
100 b I 100 \? 20
£ Ly o 0 i
- 2] = 5
a0 | a0 2 {1
] - I ]
&0 2 ‘{*?' i!—o £ CRE =]
=0 G (] 0 =|
40 g\ I 4 40 N 1
g 15N . | 151 0 154
B iy :g 2 | E . t, -2
100 % 100 16047 ‘2-

Fig. 2.7 Same as Fig. 2.1, but for CDD (days) calculated based on daily precipitation from the
APHRODITE
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Fig. 2.8 Same as Fig. 2.2, but for CDD calculated based on daily precipitation from the
APHRODITE
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Fig. 2.9 Same as Fig. 2.1, but for TXx (°C) from gridded extremes indices, HadEX 3.0.3 (Dunn
et al., 2020), which has been interpolated to the APHRODITE grid
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Fig. 2.10 Same as Fig. 2.2, but for TXx from HadEX 3.0.3 which has been interpolated to the
APHRODITE grid
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Fig. 2.11 Same as Fig. 2.9, but for TNn (°C) from HadEX 3.0.3 which has been interpolated to
the APHRODITE grid
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Fig. 2.12 Same as Fig. 2.11, but for TNn from HadEX 3.0.3 which has been interpolated to the
APHRODITE grid

2.3 Projected Future Changes by the Ensemble of RCM
Simulations

As shown in Sect. 2.2, the LMRB has experienced significant changes in climate
in the last few decades. Understanding future climate change is crucial for the
region to implement proper adaptation and mitigation measures. Application of high-
resolution RCMs is particularly important over the Basin, which is characterized by
unique weather/climate systems, complex coast lines and topography.

In this section, we report the projected climate change over the Basin based on an
ensemble of twenty-first century projections with an RCM, the RegCM4 (Fu et al.,
2021b). RegCM4 is developed and maintained by the Abdus Salam International
Center for Theoretical Physics (Giorgi et al., 2012), and is one of the most widely
used RCMs in the world.

RegCM4 was driven by five different CMIP5 GCMs and run over the CORDEX
Phase II East Asia region, covering the whole of the Basin in the simulations.
The GCMs are CSIRO-Mk3-6-0, EC-EARTH, HadGEM2-ES, MPI-ESM-MR, and
NorESM1-M. The model is run at a grid-spacing of 25 km with the simulations
covering 1971-2005, the historical period, using GHG concentrations, and 2006—
2098, the future period under the RCP4.5 pathway (Gaoetal.,2018). Here 1995-2014
is used as the reference period (present day), 2041-2060 and 2079-2098 as the mid-
and end of the twenty-first century, respectively, following the periods used in the
IPCC Sixth Assessment Report (IPCC AR6) (Lee et al., 2021).

The observation datasets of temperature and precipitation used to validate the
present day simulations are the gridded observational dataset CN05.1 (Wu & Gao,
2013) over the Lancang River Basin, together with the APHRODITE (Yatagai et al.,
2012) over the Mekong River Basin. The daily mean maximum and minimum temper-
atures employ also CNO5.1 over the Lancang River Basin, but the Climate Prediction
Center (CPC) Global Daily Temperature dataset (https://psl.noaa.gov/data/gridded/
data.cpc.globaltemp.html) over the Mekong River Basin. The model outputs and the
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CPC dataset are all bilinearly interpolated to the same grids of 0.25° (latitude) x
0.25° (longitude) as in CNO5.1 and APHRODITE.

This section focuses on the ensemble mean of temperature and precipitation during
the dry/cold season of November to March (NDJFM), the wet/warm season of May
to September (MJJAS), and the whole year. Validation and inter-comparison of the
models for both the present day period simulation and future changes between the
driving GCMs and RegCM4 are provided. Two temperature extreme indices of TXx
and TN, and two precipitation extreme indices of CDD and Rx5day are used to assess
the simulation and projections in extremes by RegCM4.

2.3.1 Validation of the Present day Simulation

Surface air temperatures from the model simulations is compared against observa-
tions for the present day period of 1995-2014. Temperatures from the ensemble of
the five GCM (ensG) and five RegCM4 (ensR) simulations along with observations
in the dry and wet season, and the whole year, are shown in Fig. 2.13. In the observa-
tions (Fig. 2.13a—c), the lower reaches of the Basin is dominated by tropical climate,
with prevailing temperatures warmer than 25.0 °C throughout the year. In the upper
reaches in the north, both latitudinal and topographic dependences are found, with the
lowest temperatures (<—10.0 °C) found during the dry season, and reaching >0 °C
during the wet season. Regional mean temperatures in the dry and wet seasons, and
the whole year are 19.9, 24.2, and 22.3 °C, respectively, over the Basin.

The broad pattern of the temperature from observation is reproduced in general
by both ensG and ensR over the region of mainland Southeast Asia (MSEA), while
ensR provides much finer spatial details, thus in better agreement with the observa-
tions (Fu et al., 2021b), although to a less extent in the River Basin (Fig. 2.13g-1).
The temperature gradient due to the steep topography over MESA is realistically
reproduced by ensR but not by ensG (Fu et al., 2021b). General cold biases prevail
in both ensG and ensR during all seasons and the annual mean, greater in the dry
than the wet season (not shown for brevity). Some small scattered warm biases are
found along the eastern edge of the lower reach of the River Basin during the wet
season and the whole year. Regional mean biases in the dry, wet seasons, and the
whole year over the Basin are —2.9, —1.0, and —1.8 °C in ensG, and —2.7, —1.3,
and —1.9 °C for ensR, respectively.

For precipitation, it is generally quite dry in the dry season over the Basin in
observations, with less than 200 mm of precipitation over most places (Fig. 2.14a).
With the monsoon dominating in the wet season, precipitation greater than 400 mm,
with maxima reaching up to 1000 mm over the eastern part, is observed (Fig. 2.14b).
The annual mean precipitation shows a similar pattern as the wet season but with
larger values (Fig. 2.14c). The mean precipitation over the Basin in the dry season,
the wet season, and the whole year are 118, 1018, and 1342 mm, respectively.

Similar to temperature, the general pattern, magnitude, and seasonal evolution
of the observed precipitation are well reproduced over MSEA and LMRB by both
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Fig. 2.13 Distribution of the present day (1995-2014) temperature over the LMRB. Observation
in the dry season (a), the wet season (b), and the whole year (c¢); simulation by the ensemble of
GCMs (ensG) in the dry season (d), the wet season (e), and the whole year (f); simulation by the
ensemble of RegCM4 (ensR) in the dry season (g), the wet season (h), and the whole year (i). Unit:
°C
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Fig. 2.14 Same as Fig. 2.13, but for precipitation. Unit: mm

ensG and ensR, while more regional details are provided by ensR compared to ensG
(Fu et al., 2021b) (Fig. 2.14d-i). In addition, the ensR even exhibits finer spatial
structure compared to the observation over the region, a result not surprising with
the sparse distribution of observation sites there. A general overestimation is found
for precipitation simulations in the model for both the dry and wet seasons, and the
annual mean, more significant in ensR. Underestimation over places of the middle
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Basin by both ensG and ensR in the dry season, and eastern part of the Basin by
ensG in the wet season and the whole year, is found. Note that the “observational”
precipitation may well underestimate the precipitation over the mountainous ranges
due to the lack of observing sites in the high altitudes, and lack of the gauge undercatch
corrections (Adam & Lettenmaier, 2003). Regional mean precipitation over the Basin
in the dry and wet seasons, and the whole year, are 126, 1123, and 1432 mm for ensG,
and 182, 1547, and 1982 mm for ensR, respectively.

The observated and the ensR simulated (ensG is not shown for brevity) extreme
indices of TNn and TXx are presented in Fig. 2.15. For the TNn observation
(Fig. 2.15a), the coldest temperatures are found over the head of the Basin (<—20 °C).
Above zero temperatures are found in other places, and reach 15 °C in southern end of
the Basin. The observed spatial pattern of TNn is well reproduced by ensR, although
with general cold biases (Fig. 2.15b). The bias is the largest, >—9.0 °C, over the
head regions, but this may be related to the sparse distribution of observing stations
there. The bias is much smaller over the lower Basin (—3.0 °C). The regional mean
values of TNn from the observation and ensR over the Basin are 7.6 and 3.3 °C,
respectively.

The values of TXx (Fig. 2.15c¢, d) range from 20 to 30 °C over the upper and 30 to
35 °C over the lower Basin. Cold biases >5 °C exist over the head regions, and a mix
of cold and warm biases within £2 °C is found over other places. Regional mean
values of TXx over the Basin for the observations and ensR are 35.5 and 34.5 °C,
respectively.

The observed CDD shows the smallest values (30—40 d) along the eastern edge
of the Basin (Fig. 2.16a). Values >50 d are located over the head regions, most of
Cambodia, and eastern Thailand. The general CDD spatial pattern is reproduced
well in ensR, but with prevailing underestimations (Fig. 2.16b), likely due to the too
many days of drizzle as commonly found in climate models. The regional mean from
observation is 46 d, while in ensR it is 30 d over the Basin.

The spatial distributions of Rx5day shows strong topographic dependences, with
greater values >150 mm mostly along the mountain ranges over the border areas
of Vietnam and Laos (Fig. 2.16¢). The topographic effect is more pronounced in
ensR, characterised by greater values, and more extended areas along the Truong
Son Mountain (Fig. 2.16d). A general overestimation of Rx5day is simulated (figure
not shown for brevity), consistently with the mean precipitation. The average over
the Basin for ensR is 177 mm, greater than the 114 mm in the observations.

2.3.2 Future Changes

Figure 2.17 shows the projected temperature change over the Basin in the dry and
wet seasons, and the whole year by the end of the twenty-first century. Substantial
warming is found, more significant in the dry compared to the wet season and over the
upper compared to the lower Basin. In the dry season, the warming in ensG is evenly
distributed, with values >2.2 °C over most of the Basin (Fig. 2.17a), while in ensR,
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Fig. 2.15 Distribution of present day (1995-2014) TNn over the LMRB in observation (a) and
simulated by ensR (b); ¢, d same as a, b, but for TXx. Unit: °C

large sub-regional variability is found, with >3.0 °C values over the source regions
with high altitudes, and <2.0 °C values over the lower Basin (Fig. 2.17d). This effect
of warming amplification with elevation has been found in previous studies, mostly
due to the response to the reduction of snow cover (e.g. Giorgi et al., 1997; Fu et al.,
2021a). The values of regional mean warming over the Basin for ensG and ensR are
2.3 °C (with inter-model spread of 1.4-3.6 °C) and 1.9 °C (0.7-2.7 °C), respectively
(Table 2.2). Thus lower region-mean warming and inter-model spread are found in
RegCM4, likely due to the same physics schemes used in all runs, which modulate
the effect of lateral boundary forcings.

The warming is lower in the wet season (Fig. 2.17b, e) for both ensG and ensR.
Again, lower warming is simulated in ensR in general compared to ensG. In ensG,
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Fig. 2.16 Same as Fig. 2.15, but for CDD and Rx5day. Units are d for a, b and mm for ¢, d

the least warming values <1.6 °C is found over the lower Basin (Fig. 2.17b). The
warming is greater over the mid- and upper-Basin, with values ranges from 2.0 to
2.4 °C. For ensR, lower than 1.6 °C warming are simulated over most of the Basin,
except in the head regions (Fig. 2.17e). The regional mean warming over the Basin
is 1.9 °C (1.4-2.5 °C) and 1.4 °C (1.0-2.2 °C) for ensG and ensR, respectively.
The projected annual mean temperature changes, either the magnitude or distri-
bution, lie between the dry and wet seasons (Fig. 2.17c, f). In ensG, the warming
ranges mostly from 2.1 to 2.4 °C over the whole Basin (Fig. 2.17¢). In ensR, more
pronounced warming in the north, with the largest values >2.4 °C, and lower in
the south, in the range of 1.4-1.6 °C, are found (Fig. 2.17f). The projected mean
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Fig. 2.17 The projected changes of temperature by the end of the twenty-first century (2079-2098)
under RCP4.5 over the LMRB. By ensG in the dry (a) and wet (b) seasons, and the whole year (c);
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inter-models and cross simulations are in good agreements, thus not shown for brevity. Unit: °C

Table 2.2 Regional mean changes temperature and precipitation for the dry (NDJFM), wet
(MIJJAS) seasons, and the annual mean over LMRB projected by ensR and ensG under RCP4.5 in
the mid- (2041-2060) and end (2079-2098) of the twenty-first century (relative to the present day
of 1995-2014)

Variable NDJFM MIJJAS ANN
(ensG/ensR) (ensG/ensR) (ensG/ensR)
Temperature 2041-2060 1.5/1.3 1.3/0.9 1.4/1.1
°C) (0.9-2.3/0.7-1.7) (1.1-1.6/0.5-1.5) (1.1-1.9/0.9-1.6)
2079-2098 2.3/1.9 1.9/1.4 2.1/1.6
(1.4-3.6/0.7-2.7) (1.4-2.5/1.0-2.2) (1.5-3.0/1.0-2.4)
Precipitation | 20412060 | 5/4 2/-2 3/1
(%) (=10-30/-3-12) (=2-7/—4-1) (=2-7/-2-3)
2079-2098 9/7 4/-2 6/1
(—16-33/—3-15) (—4-9/—-5-0) (2-13/—2-4)

Note Values in the brackets are the minimum-maximum in the five GCMs/RegCM4 simulations



28 X. Gao et al.

changes of annual temperature for ensG and ensR are 2.1 °C (1.5-3.0 °C) and 1.6 °C
(1.0-2.4 °C), respectively, over the Basin.

The regional averaged warming and the inter-model/cross simulation spreads of
ensG and ensR during the mid- twenty-first century over the Basin are also presented
in Table 2.2. The changes are in general consistent with the end of the century but
to smaller values, and with greater warming during the dry season, and in ensG
compared to ensR.

Figure 2.18 presents the precipitation changes at the end of the twenty-first century.
For ensG during the dry season, a prevailing increase over the basin is found except
in the southeastern corner (Fig. 2.18a). Values of the increase are mostly >15%, with
maxima reaching over 20%. The inter-model agreement of the sign of change is high
in the mid- and upper Basin, with greater increases there. The change of ensR shows
consistencies, except for the finer spatial detail (Fig. 2.18d). Regional changes of
precipitation for ensG and ensR are 9% (—16 to +33%) and 7% (—3 to +15%),
respectively, over the Basin (Table 2.2).

During the wet season, general increases of precipitation in ensG, with the largest
increase by >10% over the Mekong Delta are found (Fig. 2.18b), excerpt the slight
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Fig. 2.18 Same as Fig. 2.17, but for precipitation. The cross indicates at least four out of the five
GCMs/RegC4 simulations agree on the sign of change. Unit: %
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decreases by <5% in eastern part of the Basin. The changes show low inter-model
agreements in most places, except over the Mekong Delta with larger increases.
Meanwhile, the projected precipitation exhibits a general decrease in ensR over
almost all the places, with good agreement in the change sign over the places with
larger changes (>—5%) (Fig. 2.18e). The largest decrease by 10-15% is mainly
located in southeastern Thailand. The regional mean change is positive, by 4% (—4
to +9%) over the Basin in ensG, but negative by —2% (—5 to 0%) in ensR (Table 2.2).
Itis difficult to ascertain the cause of the difference, but previous studies have shown,
that models with higher resolution tend to represent the dynamics of the East Asia
monsoon better (Gao et al., 2006, 2012), and this may have an effect on the changes
projected.

In general, the pattern of annual mean precipitation change is consistent with
those in the wet season. For ensG, a general increase is found over the Basin, with
the largest increase greater than >5%, and good inter-model agreements over the
southwestern edge of the Basin (Fig. 2.18c). For ensR, a mix of positive/negative
changes within ~ £5% are found, with low coress-simulation agreements over almost
all of the region (Fig. 2.18f). The regional mean changes in annual mean precipitation
for ensG and ensR are 6% (+2 to +13%) and 1% (—2 to +4%), respectively, over
the Basin (Table 2.2).

The projected regional mean precipitation changes over the Basin during the mid-
twenty-first century are about half as large as by the end of the century for ensG, and
during the dry season for ensR. Closer values for the changes in ensR between the
mid- and end of the century during the wet season and the whole year (Table 2.2).

Figure 2.19a, b show the distributions of projections in the temperature extreme
indices, TNn and TXx, at the end of the twenty-first century from ensR. The change
of both TNn and TXx show significant increases under the warming, indicating
fewer cold events and more frequent heat waves in the future. For TNn, the increases
are greater over the high-latitude and high-altitude regions, with values of increase
>3.0 °C (Fig. 2.19a). This is possibly caused by the reduction in snow cover and thus
the snow albedo feedback effect. The increase tend to be much lower to the south,
range from ~1.0 to 2.0 °C. The increases in TXx show inhomogeneously distributions
(Fig. 2.19b), with values greater than 2.0 °C found over the upper and middle Basin,
and less than 1.4 °C over the Mekong Delta in the south. Regional mean changes for
TXx and TNn are 1.8 °C (0.9-2.6 °C) and 2.1 °C (1.7-2.9 °C), respectively, over the
Basin (Table 2.3).

Changes in CDD and Rx5day by the end of the twenty-first century are shown
in Fig. 2.19c, d, respectively. For CDD, a pronounced increase over a broad area in
the middle and lower Basin, including northern Laos, eastern Thailand, and most of
Cambodia, is found, with increases ranges from 2 to 4 days (10-25%) in correspon-
dence with the generally decreased precipitation in the wet season and consequently
the whole year (Fig. 2.18), although with low cross simulation agreements. Mean-
while, CDD is projected to decrease by 2—4 days over the upper Basin and the eastern
part of middle Basin.
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Fig. 2.19 The projected changes of TNn (a), TXx (b), CDD (c¢) and RX5day (d) by the end of
the twenty-first century under RCP4.5 over the MRB in ensR. The cross indicates at least four out
of five GCMs/RegCM4 simulations agree on the sign of change. Units are: °C, °C, day, and %,

respectively

Table 2.3 Projected regional mean changes of TNn, TXx, CDD, and Rx5day over LMRB by ensR
at the mid- (2041-2060) and end (2079-2098) of the twenty-first century under RCP4.5

Periods/variable TNn (°C) TXx (°C) CDD (days) Rx5day (%)

2041-2060 1.3 1.5 0.4 5.6
(1.1-1.8) (1.1-2.0) (—0.8-1.8) (0.2-14.5)

2079-2098 1.8 2.1 -0.3 8.4
(0.9-2.6) (1.7-2.9) (—1.8-1.4) (—1.1-16.8)

Note The values in brackets are the minimum-maximum in the five GCMs/RegCM4 simulations
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The Rx5day is projected to increase by 10-25% over the upper and lower Basin,
with the largest increase >50% found over the Mekong Delta with good cross simu-
lation agreements (Fig. 2.19d). For the middle Basin, the change is a decrease by
5-15%. Comparison with change of CDD (Fig. 2.19c¢), both increases in CDD and
Rx5day are found over lower Basin, suggesting the greater risk of the increase in
both flood and drought disasters over the area in the future. Regional mean changes
of CDD and Rx5day are —0.3 d (—1.8 to +1.4 d) and 8.4% (—1.1 to +16.8%),
respectively, over the LMRB (Table 2.3).

2.4 Multi-model Simulations, Projections and Uncertainty
Analysis

2.4.1 Evaluations of Historical Simulations

The spatial distributions of annual total precipitation and annual mean tempera-
tures from the 16 CMIP6 models (Table 2.4) and APHRODITE observations over
the LMRB are shown in Figs. 2.20 and 2.21. Generally, both the observed annual
total precipitation and annual mean temperature exhibit an increasing gradient from
the north to south of the Basin. Most CMIP6 models can reproduce the spatial
distribution of annual temperature over the LMRB, despite there being slightly
consistent cold biases for most models. The multi-model mean results are notably
similar to observations in most regions, and the biases are relatively smaller than
those of most individual models. In contrast, precipitations estimated by various
CMIP6 models exhibit larger differences, and most models overestimate the precipi-
tation compared with the APHRODITE observations. The BCC-CSM2-MR, CESM-
WACCM, CESM2, CanESM5, GFDL-ESM4, UKESM1-0-LL models especially
overestimate the annual total precipitation in the southern part of the LMRB.
Similarly, CMIP6 model mean precipitation estimation behaves better than most
individual models.

The agreement between model-simulated and observed precipitation and temper-
ature was further evaluated through the Taylor diagrams, considering their spatial
correlations, root-mean-square differences, and the amplitude of their variations
(represented by their standard deviation). Figure 2.22 shows the precipitation and
temperature Taylor diagram for the climatology of the period 1995-2014 for indi-
vidual CMIP6 models and model mean over the LMRB. Based on the Taylor
diagrams, most models show good performance for temperature, with a correlation
coefficient typically >0.9 and a close match to the APHRODITE observations. Also,
most of the models exhibit a ratio of the standard deviations that is close to 1, and the
centred pattern RMSE difference range was 0.2-0.3. Comparatively, CAMS-CSM1-
0, CESM2-WACCM, CESM2, and UKESM1-0-LL perform better over the LMRB.
IPSL-CM6A-LR and FGOALS-g3 present relatively poor performance compared to
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Table 2.4 List of 16 CMIP6 models in this study and their spatial resolution
Model name Modeling center Spatial
resolution
BCC-CSM2-MR | Beijing Climate Center, China 320 x 160
CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China 320 x 160
CESM2-WACCM | National Center for Atmospheric Research, Climate and 288 x 192
Global Dynamics Laboratory, United States
e National Center for Atmospheric Research, Climate and 288 x 192
Global Dynamics Laboratory, United States
CNRM-CM6-1 National Centre for Meteorological Research, France 256 x 128
CNRM-ESM2-1 National Centre for Meteorological Research, France 256 x 128
CanESM5 Canadian Centre for Climate Modelling and Analysis, 128 x 64
Environment and Climate Change Canada, Canada
EC-Earth3-Veg EC-Earth Consortium, Europe 512 x 256
EC-Earth3 EC-Earth Consortium, Europe 512 x 256
FGOALS-g3 LASG, Institute of Atmospheric Physics, Chinese Academy | 180 x 80
of Sciences, China
GFDL-ESM4 National Oceanic and Atmospheric Administration, 288 x 180
Geophysical Fluid Dynamics Laboratory, United States
IPSL-CM6A-LR Institut Pierre Simon Laplace, France 144 x 143
MIROC-ES2L JAMSTEC (Japan Agency for Marine-Earth Science and 128 x 64
Technology), AORI (Atmosphere and Ocean Research
Institute, The University of Tokyo), NIES (National Institute
for Environmental Studies) and R-CCS (RIKEN Center for
Computational Science), Japan
MIROC6 JAMSTEC, AORI, NIES and R-CCS, Japan 256 x 128
MRI-ESM2-0 Meteorological Research Institute, Japan 320 x 160
UKESM1-0-LL Met Office Hadley Centre, United Kingdom 192 x 144

other models. In contrast, most CMIP6 models do not perform very well in repre-
senting historical precipitation. The correlation coefficient is between 0.2 and 0.7,
RMSE is between 0.9 and 1.5 and the standard deviation is around 1. The corre-
lation coefficients of only three models including EC-Earth3, EC-Earth3-Veg, and
IPSL-CM6A-LR are greater than 0.6. These three models along with CMIP6 mean
were taken out for future investigation as shown in Fig. 2.23. It shows that the annual
total precipitation of the APHRODITE is around 1200 mm whereas the annual total
precipitation of three CMIP6 models and model mean are around 1450-1550 mm.
This indicates that even the best CMIP6 models overestimate precipitation by more
than 25% and most CMIP6 models do not perform well in precipitation estimation in
the southeast Asian region. Therefore, in this study, precipitation projections are not
further evaluated for the future scenarios for the LMRB. Dynamic downscaling or
bias correction techniques can be applied to derive better precipitation simulations
in the future but they are beyond the scope of this study.
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Fig. 2.20 Spatial distributions of annual total precipitation from 16 CMIP6 models, ensemble
averages, and APHRODITE observations over the LMRB for the 1995-2014 average

Figure 2.24 shows 10-year moving average values for annual mean temperature
for the ensemble of the 16 models and for the observations. The analysis shows
that the observed annual mean temperature lies within the 5th-95th percentile range
of CMIP6 multi-model ensembles, implying that there is consistency between the
observed record and the CMIP6 models. Additionally, the CMIP6 historical simula-
tions can reproduce the observed annual temperature warming trends in the LMRB,
although with a slight positive bias.
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Fig. 2.21 Spatial distributions of annual mean temperatures from 16 CMIP6 models, ensemble
averages, and APHRODITE observations over the LMRB for the 1995-2014 average

2.4.2 Projected Changes in Temperature for the Twenty-First
Century

2.4.2.1 Annual Mean Temperatures

In this section, future changes in temperature over LMRB in the twenty-first century
under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 pathways were presented.
Figure 2.25 depicts the spatial patterns of climatological changes in mean tempera-
ture, utilizing multi-model ensemble averages for two distinct periods, mid-century
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Fig. 2.22 Taylor diagrams for climatological of annual precipitation and temperature over the
LMRB comparing each of the CMIP6 models and the observations for the period 1995-2014. The
radial coordinate is the magnitude of the standard deviation (denoted by black arcs). The concentric
green semi-circles denote root-mean-square difference (RMSD) values. The angular coordinate
shows the correlation coefficient (denoted by dotted black lines)
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Fig. 2.23 Annual total precipitation for the three best models (correlation coefficient >0.6), CMIP6
model mean and APHRODITE for 1995-2014
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Fig. 2.24 Time series of 10-year moving average annual surface mean temperature from the CMIP6
models and APHRODITE observational dataset during 1961-2014 (blue line and shading: CMIP6;
black line: APHRODITE). The trends are calculated for the observations and the CMIP6 ensemble
mean during 1961-2014. The shading indicates the ensemble spread (range between the Sth and
95th quantiles). The liner trends are given on top of the time series

(2041-2060) and end of the century (2081-2100), relative to the baseline (1995—
2014). The multi-model ensemble mean has been developed for assessing the
projected changes.
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Fig. 2.25 Spatial distribution of changes in annual mean temperature over the LMRB in mid-
(2041-2060) and long-term (2081-2100) periods of the twenty-first century, relative to 1995-2014,
under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. Unit: °C
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Projections from the CMIP6 ensemble mean indicate a persistent trend of temper-
ature elevation across the LMRB. In the simulations, the Lancang River Basin will
undergo the greatest absolute temperature increases, while the Southern Mekong
River Basin will experience weaker warming. Throughout the mid-term period
(2041-2060), different scenarios do not lead to dramatically changed temperature
responses under SSP1-2.6, SSP2-4.5, and SSP3-7.0, with most regions observing
a temperature elevation lesser than 1.5 °C. However, under the SSP5-8.5 scenario,
the temperature increase is generally about 2.0 °C over the Basin, and the increase
exceeds 2.0 °C in the Lancang River. By the end of the this century (2081-2100),
the projected annual mean temperature increase is significantly larger than the
increase for the mid-term period (2041-2060) in all four scenarios. Meanwhile,
the increasing temperatures under the SSP5-8.5 and SSP3-7.0 scenarios are more
pronounced than under SSP2-4.5 and SSP1-2.6. The temperature changes under the
low-forcing sustainability pathway (SSP1-2.6 scenario) are relatively small, with
increases generally remaining within 2.0 °C. Compared with SSP1-2.6, ubiquitous
temperature increases of 0.7-1.7 and 1.7-3.5 °C are apparent under the SSP2-4.5
and SSP3-7.0 projections, respectively. Additionally, under the SSP5-8.5 scenario,
the increase exceeds 4.0 °C over most of the LMRB, and it exceeds 6.0 °C over the
Lancang River Basin.

Temporal evolution from 1901 to 2100 of the annual mean temperature changes
derived from the multi-model mean over the LMRB is shown in Fig. 2.26, together
with their inter-model spreads. All the scenarios exhibit significantly increasing
temperatures during the twenty-first century. The SSP5-8.5 scenario exhibits the
largest increasing trend, at a rate of 0.06 °C/yr. The SSP3-7.0 and SSP2-4.5 scenarios
each show a smaller increasing trend, at a rate of 0.04 and 0.03 °C/yr, respectively.
As the lowest-pathways scenario, the SSP1-2.6 experiment projects the lowest rate
(0.02 °C/yr) of temperature increase.

B 2]
wus
Do
77

Temperature (°C)
o 3%

_2 i i A A A i
1961 1981 2001 2021 2041 2061 2081
Year

Fig. 2.26 Time series of changes in annual mean temperature over the LMRB during 1961-2100
relative to the period 1995-2014. The black, green, blue, red, and purple curves represent the results
of the CMIP6 ensemble mean for the historical period and for the SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5 scenarios, respectively. The shaded areas are the spreads from the 25th to the 75th
percentiles of the annual mean temperatures
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2.4.2.2 Projected Changes in Seasonal Temperatures

To further quantify the seasonal temperature changes with respect to the historical
period for mid- and long-term periods of the twenty-first century under SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, the seasonal temperature changes were
summarized and compared by boxplots (Fig. 2.27), where the inter-model range is
represented by the vertical whiskers in the box. In general, the seasonal temperature
changes show a large and continuous increase with the increase of future emissions,
and the uncertainty ranges also gradually increase. For both mid-term and long-term
periods, spring (March—May, around 5.6 °C under SSP5-8.5) and summer (June—
August, around 5.1 °C under SSP5-8.5) show greater temperature changes than winter
(December—January, around 4.5 °C under SSP5-8.5) and fall (September—November,
around 3.9 °C under SSP5-8.5) relative to historical periods. Under the scenarios of
SSP2-4.5, SSP3-7.0, and SSP5-8.5, the temperature changes of the four seasons in
the long-term period will increase significantly compared with that in the mid-term
period. For SSP1-2.6, the CMIP6 models exhibit few temperature increases between
the long-term period and the mid-term period. And in winter and summer, CMIP6
models show a smaller model range of temperature increases in the long-term period
than mid-term period, which indicates a smaller uncertainty in long-term projections
under SSP1-2.6.

Figure 2.28a, b show the pattern of the CMIP6 mean inter-seasonal temperature
changes for the mid- and long-term period, respectively. For RCP4.5, the CMIP6
mean displays the possibility of large temperature increases during December,
January, April, and May under four future scenarios, and smaller increases during
July and August. The CMIP6 mean projects quite a large increase in temperature
during the long-term period under SSP2-4.5, SSP3-7.0, and SSP5-8.5. It can be seen
from Fig. 2.28b that the largest increase in temperature (greater than 4.5 °C under
SSP5-8.5) is projected for April and May, while temperatures increase by smaller
amounts (around 4.0 °C under SSP5-8.5) in July and August. In the SSP1-2.6 case,
the CMIP6 mean shows the possibility of a lower increase in temperature than those
under the medium and high future scenarios.

2.4.2.3 Projected Changes in Temperature Extremes

Four temperature extremes indices (Table 2.5), as recommended by the Expert Team
on Climate Change Detection and Indices (ETCCDI), have been chosen to evaluate
future changes in daily maximum (TX) and daily minimum (TN) temperatures from
1951 to 2099. These encompass three hot indices (annual maximum value of TX,
TXx; the percentage of warm days, TX90p; and the percentage of warm nights,
TN90p) and one cold index (annual minimum value of TN, TNn), which together
can characterize the intensity and frequency of temperatures extremes.

Figures 2.29 and 2.30 depict the spatial distributions of projected changes in
indices of temperature extremes over the LMRB during the mid- and long-term
periods of the twenty-first century. Each index of extreme temperatures is are
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Fig. 2.27 The box and whisker plots show seasonal temperature changes for mid-term (2041-2060)
and long-term (2081-2100) periods of the twenty-first century with respect to the base period 1995—
2014 under SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. Boxes indicate the interquartile
model spread (25th and 75th quantiles), with the horizontal line indicating the ensemble median
and the whiskers showing the total inter-model range. The ensemble means are indicated using red
and blue crosses
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Fig. 2.28 Inter-seasonal temperature changes illustrated by the multi-model ensemble for a mid-
term (2041-2060) and b long-term (2081-2100) periods of the twenty-first century, relative to
1995-2014, under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. Unit: °C

projected to show prominent increases over the LMRB, exhibiting more intense
warming in the SSP5-8.5 scenario. For TXx, The most remarkable warming is
predominantly projected in the Lancang River Basin. Relative to the reference period,
the mid-term and long-term warming of TXx in SSP5-8.5scenario increased by
around 2.5 and 5.0 °C, respectively. Regarding TNn, the most intense warming
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Table 2.5 Definitions of the extreme temperature indices employed in this section

Label |Index |Index definition Units
name

TXx Max | Annual maximum value of daily maximum temperature °C
TX

TNn Min | Annual minimum value of daily minimum temperature °C
TN

TX90p | Warm | Percentage of days when the daily maximum temperature is above the | %
days | 90th percentile for the base period 1961-1990

TN9Op | Warm | Percentage of days when the daily minimum temperature is above the | %
nights | 90th percentile for the base period 1961-1990

also occurs in the Lancang River Basin in the future scenarios, with magnitudes of
around 3.5 and 8.0 °C under the SSP5-8.5 scenario during the middle and end parts
of this century, exceeding the increases in TXx. A pronounced increase in warm days
(TX90p) and warm nights (TN90p) is projected to increase greatly over the southern
Mekong River Basin under all SSP scenarios (around 80 and 100% for SSP5-8.5,
respectively) by the end of the twenty-first century. The robust projected increases
of these four indices over the LMRB suggests a potential risk of intensified temper-
ature extremes adversely affecting natural and social systems, in light of accelerated
emission trajectories. Nevertheless, consistent with the changes in mean tempera-
tures previously discussed, the indices of extreme temperatures also appear to exhibit
minimal variations over time under the SSP1-2.6 scenario, reflecting the potential
efficacy of anticipated climate mitigation and adaptation strategies associated with
this scenario.

To identify the inter-annual variability under different scenarios, Fig. 2.31 show
the temporal evolution of regional average annual temperature extremes indices
over the LMRB during 1961-2099. Generally, the CMIP6 models exhibit increasing
trends in annual TXx, TNn, TX90p, and TN90p throughout the twenty-first century.
Across all scenarios, a more pronounced enhancement is observed in TXx relative to
TNn. By twenty-first century end, the multi-model mean projected increases in TXx
and TNn are, respectively, 0.01 and 0.01 °C/yr in SSP1-2.6, 0.03 and 0.03 °C/yr in
SSP2-4.5,0.05 and 0.05 °C/yr in SSP3-7.0, and 0.07 and 0.06 °C/yr in SSP5-8.5. The
increasing trends of TN90p are greater than that of warm days (TX90p), likely due to
amplified water vapour and radiative feedbacks at lower air temperatures. Towards
the end of the twenty-first century, the warming trends for TX90p and TN90p over
the Basin are 0.15 and 0.20%/yr for SSP1-2.6, 0.38 and 0.45%!/yr for SSP2-4.5, 0.57
and 0.57%/yr for SSP3-7.0, and 0.69 and 0.72%/yr for SSP5-8.5.

It is noticed that the observed trend of TNn is larger than that of TXx (Figs. 2.9b
and 2.11b), but the simulated future changes of TXx are higher than those of TNn
(Fig. 2.13). In fact, the observed warming is much faster in TN (homogeneously) than
the TX, which is similar to the observed change in global temperature as shown in
I[PCC ARG (Fig. 11.2 in Chap. 11 of IPCC ARG6). This is associated with a decrease in
the diurnal temperature range (DTR). Various localized factors such as cloud cover,
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Fig. 2.29 Spatial distributions of projected changes in annual mean max TX (TXx), min TN (TNn),
warm days (TX90p), and warm nights (TN90p) for the mid-term (2041-2060) period relative to
the reference period 1995-2014 under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios.
Note that TX90p and TN90p are displayed as absolute exceedance rates
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Fig. 2.30 Spatial distributions of projected changes in annual mean max TX (TXx), min TN (TNn),
warm days (TX90p), and warm nights (TN90p) for the long-term (2081-2100) period relative to
the reference period 1995-2014 under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios.
Note that TX90p and TN90p are displayed as absolute exceedance rates

soil moisture, and precipitation significantly influence the DTR variations (Davy
et al., 2017). Future projections imply that modifications in these local conditions
could potentially amplify the DTR, marking a reversal from the current observed

patterns.
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Fig. 2.31 Time series of changes in annual mean max TX (TXx), min TN (TNn), warm days
(TX90p), and warm nights (TN90p) over the LMRB during 1961-2100 relative to the period 1995—
2014. (Note that the time series for TX90p and TN90p are displayed as an absolute exceedance
rate). The black, green, blue, red, and purple curves represent the results for the CMIP6 ensemble
mean for the historical period and the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios,
respectively. The shaded areas are the spreads from the 25th to the 75th percentiles of the annual
mean temperature extreme indices
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