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ABSTRACT

The Lancang-Mekong River basin (LMRB) is under increasing threat from global warming. In this
paper, the projection of future climate in the LMRB is explored by focusing on the temperature
change and extreme temperature events. First, the authors evaluate the bias of temperature
simulated by the Weather Research and Forecasting model. Then, correction is made for the
simulation by comparing with observation based on the non-parametric quantile mapping using
robust empirical quantiles (RQUANT) method. Furthermore, using the corrected model results, the
future climate projections of temperature and extreme temperature events in this basin during
2016-35, 2046-65, and 2080-99 are analyzed. The study shows that RQUANT can effectively
reduce the bias of simulation results. After correction, the simulation can capture the spatial
features and trends of mean temperature over the LMRB, as well as the extreme temperature
events. Besides, it can reproduce the spatial and temporal distributions of the major modes. In the
future, the temperature will keep increasing, and the warming in the southern basin will be more
intense in the wet season than the dry season. The number of extreme high-temperature days
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exhibits an increasing trend, while the number of extreme low-temperature days shows
a decreasing trend. Based on empirical orthogonal function analysis, the dominant feature of
temperature over this basin shows a consistent change. The second mode shows a seesaw pattern.
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1. Introduction The Lancang-Mekong River is the most important
water system in Southeast Asia, flowing through six
countries in the region. These countries have economies
based largely on agricultural production. Agriculture is
severely affected by climate, especially extreme climate
events, and therefore a good projection of climate
change and extreme climate events over the Lancang-
Mekong River basin (LMRB) is of great importance. Wu
et al. (2012) showed that the temperature over the LMRB
has increased significantly and that the warming in win-
ter is more obvious than that in the summer. Extreme

Observations show that the global temperature has risen
considerably in recent decades and the temperature in
1983-2012 may be the warmest 30 years in the past 800
years (IPCC 2014). The warming leads to change in pre-
cipitation, runoff, evaporation, and so on. It also increases
the intensity and frequency of extreme temperature
events, which have great influence on economic devel-
opment, production, and even human mortality
(Rahmstorf and Coumou 2011; Diffenbaugh et al. 2017).
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temperature events have also exhibited an upward
trend (Thirumalai et al. 2017). In addition, the annual
number of hot days and warm nights is increasing,
while the annual number of cold days and cold nights
is decreasing (Manton et al. 2001; Ma et al. 2013).
However, a good projection over the LMRB is difficult
to achieve because of its complex geography and cli-
mate system. The Lancang-Mekong River originates
from the Tanggula Mountains in the Tibetan Plateau
and stretches down to the South China Sea. Figure 1
shows the complex terrain of the basin including high-
lands, plains, mountains, hills, and so on, with a great
disparity of more than 5000 m in attitude. The elevation
directly impacts the spatial distribution of temperature.
As a result, the temperature in this basin shows an
uneven spatial distribution. Moreover, the LMRB is influ-
enced by the Indian and East Asian summer monsoons,
which form a complex climate system and lead to
obvious seasonal variation of meteorological elements.
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Figure 1. Elevation map of the Lancang-Mekong River basin
(LMRB) (units: m). The blue solid line is the Lancang—Mekong
River; the area within the black solid line is the river basin; and
the red points are the main stations in the LMRB.
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These features of the LMRB make it difficult for simula-
tion and projection. Previous studies have mostly used
multi-model ensemble results to project the climate
change over this basin. For instance, Liu and Xiao
(2010) analyzed the projected data of the IPCC multi-
model ensemble and found that the regional mean
temperature would increase faster in the twenty-first
century. Huang et al. (2014) showed an increasing
trend of temperature over the whole region. However,
these studies focused on the change in mean tempera-
ture, which reflects limited information about the cli-
mate change in the future. Compared to climatology,
the projection of extreme climate events, which needs
a higher resolution, is more meaningful in disaster pre-
vention. Yu et al. (2015) explored a future climate pro-
jection from the Weather Research and Forecasting
(WRF) model. The model results can capture the surface
geographic variation, especially in areas of complex
topography, such as the edge of the Tibetan Plateau
(Yu 2018), which would be a great help in studying the
climate features over the LMRB. The objective of this
paper is to study the new characteristics of the tempera-
ture and extreme temperature events in the twenty-first
century over the LMRB.

This paper is organized as follows: Section 2 describes
the data and methods used in our analyses; Section 3
presents the bias correction and evaluation, and the
projection result is also shown in this part; a summary
is given in Section 4.

2. Data and methods

The observation product used in this paper is the daily
mean temperature from APHRODITE (Asian
Precipitation — Highly Resolved Observational Data
Integration Toward Evaluation of Water Resources) from
1979 to 2005 with a 0.5° x 0.5° gridded spatial resolution.
The simulation was conducted by the WRF model driven
by MIROCS5 in the context of CMIP5. It included historical
(1946-2005) and future projection (2006-2100) simula-
tions under the RCP6 scenario. The computational
domain of WRF was (5°-55°N, 70°-~160°E), with a spatial
resolution of 30 km. Detailed information about the
model and experimental design can be found in Yu
et al. (2015). In order to allow comparison with the obser-
vations, the model results were interpolated to a 0.5° X
0.5° grid using bilinear interpolation. The geographic
region focused upon in this paper is (9°-35°N, 95°-~108°E).

The method of non-parametric quantile mapping
using robust empirical quantiles (RQUANT) was used to
correct the bias of simulated temperature. This method
has been proven effective by Han et al. (2018). The
calculation in this paper uses the R package named
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gmap (Gudmundsson et al. 2012). The observed tem-
perature and simulated temperature in the reference
period were used to build a transfer function to correct
the model data during the validation period. The refer-
ence period in this paper is from 1979 to 1995 and the
validation period is from 1996 to 2005.

3. Results
3.1 Model evaluation

The LMRB is affected by the Indian and East Asian
summer monsoons, which leads to two seasons -
namely, the wet season from May to October and the
dry season from November to April (Lacombe,
Smakhtin, and Hoanh 2013). The temperature in these

WRF APHRO

N (a) dry season

N (b) dry season

two seasons is analyzed separately because of their
distinct features. Figure 2(c,d,g,h) show the bias of
simulated temperature before and after correction dur-
ing the validation period. The simulated temperature is
much lower than observation, especially in the north-
ern basin, and the bias is larger in the dry season. After
correction, the bias is controlled within +0.5°C, mean-
ing that RQUANT has a good effect on correcting mean
temperature. It can be seen from Figure 2(a,b,e,f) that
the seasonal mean temperature from simulation after
correction shows the same spatial feature as observa-
tion, being higher in the south and lower in the north,
and the temperature in the wet season is higher than
that in the dry season, indicating that the model simu-
lation after correction can reproduce the special
distribution.
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Figure 2. Spatial distributions of mean temperature in the (a—d) dry and (e-h) wet season in 1996-2005: (a, €) model simulation; (b, f)

APHRODITE; (c, g) biases; (d, h) bias after correction (units: °C).



Using the simulated temperature after correction, the
trend of seasonal mean temperature is compared
between simulation and observation. According to
APHRODITE, the temperature shows an upward trend
from 1986 to 2005 at rates of 0.42°C/10 yr in the dry
season and 0.18°C/10 yr in the wet season. The model
captures the warming trend with a rate of 0.49°C/10 yr in
the dry season and a numerically larger rate of 0.28°C/10
yr in the wet season. This indicates that the model is
credible in simulating the trend of mean temperature.

The spatial and temporal characteristics of tempera-
ture from simulation and observation are further ana-
lyzed using the empirical orthogonal function (EOF). We
compare the first two modes whose proportions add up

ATMOSPHERIC AND OCEANIC SCIENCE LETTERS .

to more than 50% from the corrected simulation results
with observation in 1986-2005. It can be seen from
Figure 3(e,g) that the dominant feature in both seasons
is an all-area consistent increase according to the obser-
vation. The second mode is an east-to-west opposite
phase in the dry season and a south-to-north opposite
phase in the wet season (Figure 3(f,h)). The model results
capture the spatial and temporal characteristics and
show the same patterns as observation (Figure 3(a-d)),
indicating that it is able to simulate the main spatial and
temporal variation processes.

The LMRB is under growing threat of extreme tem-
perature in the context of global warming. There has
been a distinctly high peak seasonal temperature since
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Figure 3. The (a—h) spatial distribution and (i-p) time series of EOF1 and EOF2 in the dry season (two left-hand columns) and wet
season (two right-hand columns) from simulation and APHRODITE in 1986-2005. The percentages in the upper-right corner represent

the proportions explained by EOF1 or EOF2.
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2000 that has influenced the lives of local residents
(Mahlstein, Hegerl, and Solomon 2012). Besides, extreme
low temperature in this basin can cause yield reductions
and harm to agriculture and the economy. Therefore,
a credible projection of extreme temperature is impor-
tant over this region. To validate the effect of RQUANT
on the extreme events, we compare the spatial distribu-
tion of extreme high and low temperature thresholds —
namely, the 95th percentile of the positive-sequence
temperature in the wet season and the 5th percentile
in the dry season in 1986-2005, from the model before
and after the correction with thresholds from
APHRODITE. Figure 4(c,g) shows the biases of extreme
high and low-temperature thresholds before correction.
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It is clear that extreme temperature thresholds before
correction — especially the extreme low-temperature
threshold — deviate considerably compared with obser-
vation. RQUANT effectively rectifies the bias of the
extreme temperature thresholds, controlling it within
+0.5°C after correction (Figure 4(d,h)). According to
Figure 4(a,b,ef), the spatial characteristics of extreme
thresholds from observation and simulation after correc-
tion are the same; both are higher in the south and lower
in the north, indicating that the model performs well in
simulating the extreme temperature thresholds. Based
on this result, we selected seven stations in the LMRB
(Zaduo, Deqin, Simao, Vientiane, Mukdahan, Stung
Treng, and Phnom Penh; the locations of the stations
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Figure 4. Spatial distributions of the (a—d) extreme high and (e-h) low temperature threshold (units: °C) in 1996—2005: (a, €) model
simulation; (b, f) APHRODITE; (c, g) biases; (d, h) bias after correction (units: °C).



can be seen in Figure 1). The linear interpolation method
was used to interpolate the corrected model result to
these stations to compare the changing trend of annual
days exceeding the extreme high temperature threshold
(extreme high-temperature days, EHTD) and annual days
lower than the extreme low threshold (extreme low
temperature days, ELTD) from WRF after correction
with APHRODITE (Table 1). According to APHRODITE,
EHTD shows an upward trend except in the middle
basin, while ELTD decreases in the whole basin, in
1986-2005. The model after correction reproduces the
upward trend of EHTD in Zaduo, Mukdahan, Strung
Treng, and Phnom Penh. However, it fails to simulate
the downward trend in the middle basin. As for ELTD,
the model captures the downward trend in the whole
basin. These results suggest that the model simulation
performance is better in space than time. It is capable of
projecting the spatial distribution of extreme tempera-
ture events and is effective at capturing the changing
trend of extreme temperature events, especially ELTD.
However, caution is needed when applying the model to
project the trend of EHTD in the middle basin in the
future.

3.2 Future projection

According to the above evaluation, the model performs
well in simulating the spatial distribution, temporal, and
spatial variation, and extreme temperature events. Based
on these results, the future temperature projection in
2016-35, 2046-65, and 2080-99 is analyzed using the
model results after correction. Figure 5 shows the spatial
distribution of seasonal mean temperature in the future
and its difference from the historical period (1986-2005).
The spatial distribution of temperature over the LMRB still
remains in the original state — namely, higher in the
south and lower in the north, and higher in the wet
season and lower in the dry season, but with a distinct
warming. It can be seen from Figure 5(b,d,f h,j, ) that the
warming in the dry season is most intense in the northern
high-altitude area. During the wet season, the warming in

Table 1. Trends of EHTD (extreme high-temperature days) and
ELTD (extreme low-temperature days) from model simulation
and APHRODITE in 1986-2005 (units: days/10 yr).

Trend of EHTD Trend of ELTD

Station WRF APHRODITE WRF APHRODITE
Zaduo 2.77* 3.41* -0.37 —5.14*
Deqin 6.44* —4.36* -1.37 —-0.30
Simao 7.62* -1.21 —4.19* -2.94
Vientiane 9.16* —-0.58 —2.85 -2.17
Mukdahan 12.64* 2.99 —4.48* -3.00
Strung Treng 15.18* 1.85% —3.45 —5.09*
Phnom Penh 14.28* 7.92% -3.67* -5.61*

*Trend showed the significance at the 0.1 level.
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the northern high-altitude area is also serious, but the
temperature increases greatly in the southern basin too.
The warming in the southern basin is more intense in the
wet season than in the dry season, which is different from
other regions of the world. The above variation is most
obvious during 2080-99. Compared to the rest of the
domain, the warming is slower in the middle basin.

Figure 6 shows the first two spatial modes and tem-
poral series of temperature in the future. The dominant
feature of an all-area consistent trend remains the same,
as in the historical period. The proportion explained by
EOF1 is more than 50% and becomes more significant
over time. Combined with the time series (Figure 6(m,q,
u)), it shows a weak upward trend in the dry season
during 2016-35. Then, the uptrend becomes more
obvious in 2046-65, but thereafter fluctuates without
a clear trend in 2080-99. In the wet season, the uptrend
is obvious in 2016-35 and 2046-65, but changes to
a fluctuation without an obvious trend in 2080-2099
(Figure 6(o,5,w)). In the dry season, the second mode
(EOF2) shows an east-to-west opposite phase in the
northern basin in 2016-35. In 2046-65, it changes to
a north-to-south opposite phase that is different from
the historical period. In 2080-99, it turns back to a north-
to-south opposite phase, but the center of variation
moves to the southern basin (Figure 6(d/f,j)). In the wet
season, EOF2 shows an opposite between north and
south as in the historical period (Figure 6(d,h,l)).
Combined with the time series, the temperature in
2016-35 changes from a negative to a positive phase,
which indicates that temperature increases in the north-
ern basin and decreases in the southern basin. In
2045-65, the time series of EOF2 changes to
a fluctuation without an obvious trend. In 2085-99, as
in 2016-35, it shows an upward trend in the time series
of EOF2.

With the increase in global warming, the features
of extreme temperature events will also change in
the future. For comparison, the 95th percentile of
the positive-sequence temperature in the wet season
and the 5th percentile in the dry season during
1986-2005 are again used as the extreme high- and
low-temperature thresholds. In order to explore the
speed of the variation in EHTD and ELTD at each
stage in the future, the differences between the aver-
age of the latter period and the average of the for-
mer period were calculated at seven stations. It can
be seen from Table 2 that EHTD increases in the
whole basin and the variation is more intense in the
south. EHTD increases most in 2080-99 over the
whole region, which echoes the temperature change.
As for ELTD, it shows an obvious decrease in the
whole region and it changes most in 2016-35 and
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Figure 5. Spatial distribution of the seasonal mean temperature (first and third columns) and the differences (second and fourth
columns) compared with the historical period in the dry season (two left-hand columns) and the wet season (two right-hand columns)
in 2016-35 (upper panels), 2046-65 (middle panels), and 2080-99 (lower panels) (units: °C).

least in 2046-65. In 2016-35 and 2046-65, the varia-
tion is more obvious in the northern basin, but in
2080-99 the decrease is more intense in the middle

basin. These features indicate th

at the warming will

be more serious in the future and 2080-99 is a high-
incidence period of EHTD. Therefore, the government
should be vigilant and make corresponding measures
to mitigate disaster risks in advance.
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Figure 6. The (a-I) spatial distribution and (m-x) time series of EOF1 and EOF2 in the dry season (two left-hand columns) and wet
season (two right-hand columns) from simulation in 2016-35, 2046—65, and 2080-99. The percentages in the upper-right corners
represent the proportions explained by EOF1 or EOF2.
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Table 2. Difference between mean EHTD (extreme high-temperature days) and ELTD (extreme low-
temperature days) in 2016-35 and 1986-05 (left column), between 2046-65 and 2016-35 (middle
column), and between 2080-99 and 2046-65 (right column) (units: day).

EHTD ELTD
Station 2016-35 2046-65 2080-99 2016-35 2046-65 2080-99
Zaduo 10.54 12.40 23.73 -5.10 -1.61 -1.16
Deqin 18.58 17.10 32.10 —4.59 -2.20 -1.58
Simao 18.94 24.24 4473 —-4.56 -0.79 -2.58
Vientiane 20.63 24.09 46.93 -4.36 -1.23 -2.83
Mukdahan 20.84 26.43 43.44 -4.20 -0.73 -3.18
Stung Treng 21.74 37.28 54.79 -4.15 -0.80 -2.58
Phnom Penh 19.34 44,99 62.73 -4.36 -0.71 -2.29

4. Conclusions and discussion

This paper first evaluates the simulated temperature
corrected by the RQUANT method over the LMRB.
According to the results, the model performs well in
simulating the spatial distribution characteristics of
mean temperature as well as the extreme high- and low-
temperature events and their changing trends. In addi-
tion, according to EOF results, it can capture the main
characteristics of spatial variation.

Based on the above evaluation results, the projection
of temperature and extreme temperature events indi-
cates that, in the future, the temperature in the LMRB
will maintain the original characteristics of spatial distri-
bution and keep increasing. From the perspective of
spatial distribution, the warming in the northern basin
will be more intense in the dry season, but the warming
in the middle and southern basin will be more intense in
the wet season. From the perspective of temporal varia-
tion, the increase in temperature will become most
obvious in 2080-99. The dominant feature of the spatial
variation will still exhibit an all-area consistent pattern.
The second mode in the wet season will keep a west-to-
east opposite phase in the future, as before. In the dry
season, the second mode will change from an east-to-
west opposite phase to a north-to-south opposite phase
in 2046-65 and return to the antiphase distribution
between east and west in 2080-99. As for the extremes,
EHTD will occur more often, especially in the down-
stream, and will become most frequent in 2080-99.
ELTD is projected to decline in the whole basin.

It is known that temperature variation— especially
extreme temperature events — can have a direct impact
on agricultural production, water resource management,
human mortality, and so on. Moreover, it will also cause
precipitation changes through increasing water eva-
poration, which may lead to drought, flooding, and
other disasters (Hu, Maskey, and Uhlenbrook 2013). But
how will the precipitation over the LMRB change in the
future? And will the characteristics of extreme events be
different? These questions also merit further
investigation.
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