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The semi-arid regions of East Asia are located in the transition area between regions
dominated by the monsoon system and by westerly winds; their interaction is the key to
understand precipitation changes, especially in the summer. Our results show that the
enhancement of both the monsoon and westerly winds occurs in wet years, leading to
stronger convergence and more rainfall. Weakening of both the monsoon and westerly
winds occurs in dry years and results in less rainfall. Such interaction between the
monsoon and westerlies is not constant; the boundary of their effects is changing all
the time. As the monsoon strengthens, it shifts to the west in wet years and covers most of
the semi-arid regions, and the negative effect of the El Nino-Southern Oscillation (ENSO)
system on precipitation in the semi-arid regions becomes obvious. However, westward
expansion has not been evident over the past 70 years in historic data. In the future, the
monsoon will obviously expand westward, and the precipitation over the Loess Plateau will
gradually increase as the monsoon boundary expand westward until the end of the 21st
century. This change indicates that more rainfall will occur in the semi-arid regions of East
Asia, which could dramatically change the ecological environment, especially over the
Loess Plateau.
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INTRODUCTION

The semi-arid area is broadly defined as the ratio of annual precipitation (P) to potential
evapotranspiration (PET), in terms of the aridity index (AI), between one fifth and one half
(Middleton and Thomas, 1997; Feng and Fu, 2013; Huang et al., 2016b; Zhu et al., 2021). In
2000, it covered ~15% of the earth’s land surface and supported 14.4% of the global population
(Safriel and Adeel 2005), and the area will continue to expand in the future (Huang et al.,
2016b). The typical semi-arid region in East Asia (30-60°N, 80-140°E) is the largest semi-arid
region in the middle latitudes of the Northern Hemisphere (Guan et al., 2015; Huang et al,,
2016a), and the most representative underlying surface of this semi-arid region is the Loess
Plateau of China (Chen et al., 2016). This area is thought to be largely constrained by water
availability, and it has the characteristics of a dry climate, scarce vegetation, and poor soil and
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water conservation ability and is sensitive to precipitation (Sala and Lauenroth, 1982; Austin
etal.,2004; Lietal, 2009; Yang et al., 2020). Because of the presence of loess, landslide disasters
occur easily under heavy precipitation, whereas environmental degradation occurs under a
lack of precipitation (Huang et al., 2016b). Because of this loess characteristic in China, the
government has adopted a series of policies to prevent land desertification and soil erosion
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(Zhang and Liu, 2005) to recover the ecological environment
and reduce the occurrence of disasters. Such artificial
regulation can improve the regional climate to a large
extent, but measures should be taken according to local
conditions and climate change. According to current
studies, Northwest China is getting wet, which seems
beneficial for ecological system development (Zhang et al.,
2021). However, disasters caused by more precipitation are
increasing and are contributing to large economic losses and
threats to life security.

The semi-arid region of East Asia is located in the transition
zone between the monsoon region and the westerly region (Wang
et al,, 2017). It is under the joint influence of the westerly wind
and the East Asian summer monsoon (EASM; Xing and Wang,
2017; Yan et al,, 2021). The westerly wind can bring water vapour
from upstream sources, such as the Atlantic Ocean,
Mediterranean Sea, and Arabian Sea. (Huang et al, 2015),
while the EASM delivers water vapour from the Indian Ocean
and the Pacific Ocean to the semi-arid region (Ding and Chan,
2005; Zhang and Zhou, 2015). Both systems can greatly influence
precipitation over the semi-arid regions of East Asia (Sun and
Ding, 2010; Chen et al., 2019). The semi-arid region over East
Asia has a northeast-southwest orientation, and it is parallel to
and close to the northwesternmost edge of the EASM. The edge of
the EASM can be properly represented by the 2 mm day™
(300mm a') precipitation isoline, which has a clearer
physical significance from the perspective of climate, ecology
and geography than other definitions. (Wang et al., 2012; Chen
et al., 2018). Therefore, the precipitation of semi-arid region over
East Asia is sensitive to the domain of the EASM (Chen et al.,
2018). Hence, studying the impact of the EASM on precipitation
in the semi-arid region over East Asia is of great significance for
predicting precipitation in the semi-arid region and for making
decisions regarding ecological protection and economic
development in countries in semi-arid regions.

This paper explores the mechanism of precipitation changes in
the semi-arid region of East Asia in response to changes in the
EASM and the changes in the future. The data and methods are
introduced in the second section. The detailed effects on
precipitation changes from EASM and westerly winds, even
the role of the El Nifio-Southern Oscillation (ENSO) in the
process, are illustrated in the third section. The fourth section
presents the discussion and conclusions.

DATASETS AND METHODS

In this study, the gauge-based gridded precipitation dataset
from the Global Precipitation Climatology Centre (GPCC)
was used to analyze the precipitation variation in the semi-
arid regions of East Asia, which has a spatial resolution of 0.5
by 0.5° and covers the period from 1891 to 2019 (https://
opendata.dwd.de/climate_environment/GPCC/html/fulldata-
monthly_v2020_doi_download.html). Compared with other
precipitation datasets, GPCC’s new global precipitation
climatology V.2020 is more suitable for estimating
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FIGURE 1 | Annual mean precipitation in the semi-arid area of East Asia
during 1990-2019 (units: mm).

precipitation in the semi-arid regions of East Asia owing
to its much denser station network (Schneider et al., 2014).

The HadISST 1.1 monthly average SST dataset is from the
Met Office Hadley Centre (https://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html), which has a spatial
resolution of 1° by 1° and ranges from 1870 to present
(Rayner et al., 2003). The AI (aridity index) dataset used
in this study is the same as that used in Huang et al. (2020),
which has a spatial resolution of 0.5 by 0.5° and covers the
period from 1948 to 2016.

We use the monthly geopotential height and wind at the
850 hPa pressure level to explain the mechanism of
precipitation change in the semi-arid regions of East Asia.
These variables are obtained from the 20th Century
Reanalysis V3 dataset, which has a spatial resolution of 1°
by 1° over the period of 1836-2015 (https://psl.noaa.gov/data/
gridded/data.20thC_ReanV3.html).

The self-calibrating Palmer Drought Severity Index (PDSI)
is available from the Climate Explorer (http://climexp.knmi.
nl/select.cgi?id=someone@somewhere&field=scpdsi), which
has a spatial resolution of 0.5° by 0.5° and covers the
period from 1901 to 2017. The gross primary production
(GPP) is provided by National Tibetan Plateau Data Center
(http://data.tpdc.ac.cn), which has a spatial resolution of 0.
05° by 0.05° and covers the period from 1982 to 2018 (Wang
et al,, 2021).

To assess the performances of the edge of the monsoon in
the future, we used outputs from 18 Coupled Model
Intercomparison Project Phase 6 (CMIP6) models. The
CMIP6 experiments include simulations of the 21st-
century climate under new greenhouse gas (GHG)
emission scenarios (referred to as shared socioeconomic
pathways (SSPs); Riahi et al., 2017). The SSPs are based on
five narratives describing alternative socioeconomic
developments, including sustainable development, regional
rivalry, inequality, fossil fuel development, and middle-of-
the-road development (Riahi et al., 2017).

Frontiers in Earth Science | www.frontiersin.org

November 2021 | Volume 9 | Article 762348


https://opendata.dwd.de/climate_environment/GPCC/html/fulldata-monthly_v2020_doi_download.html
https://opendata.dwd.de/climate_environment/GPCC/html/fulldata-monthly_v2020_doi_download.html
https://opendata.dwd.de/climate_environment/GPCC/html/fulldata-monthly_v2020_doi_download.html
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=scpdsi
http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=scpdsi
http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=scpdsi
http://climexp.knmi.nl/select.cgi?id=someone@somewhere&field=scpdsi
http://data.tpdc.ac.cn/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Guan et al.

Precipitation Changes Under Global Warming

— Year
—— Summer
350
300

250

200+

150 . . , . . ' . . ' . . . '
1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

FIGURE 2 | Time series of weighted-average annual (black curve) and summer (blue curve) precipitation in the semi-arid area of East Asia during 1951-2019
(units: mm).
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FIGURE 3 | Correlation coefficient between SST and precipitation in semi-arid regions in East Asia. Stippling denotes the region with statistical significance at the

90% confidence level based on Student’s t-test.

RESULT

Precipitation Change in the Semi-arid
Regions Over East Asia and the Relevant

Mechanism

Figure 1 shows the spatial distributions of precipitation in the
semi-arid regions in East Asia. The semi-arid regions of China
and Kazakhstan have an annual mean precipitation between 300
and 500 mm, and Mongolia has an annual mean precipitation in
the range of 100-300 mm. These semi-arid areas are all less
affected by monsoons, have limited water vapour input, and
thus generally receive little precipitation, with few spatial
differences (Huang et al, 2012). The time series of annual
precipitation and summer precipitation are shown in Figure 2.
The summer mean precipitation accounts for 63% of the annual
precipitation, and the correlation coefficient between them is as
high as 0.874 (p < 0.01). Therefore, the annual precipitation over
semi-arid regions of East Asia is primarily determined by summer
precipitation on both amplitude and variability.

As summer precipitation dominates the variability in annual
precipitation in the semi-arid regions of East Asia, understanding
the summer precipitation variation is a positive step toward
predicting the precipitation in these regions. To preliminarily
investigate the factors affecting summer precipitation over semi-
arid regions in East Asia, we calculated the correlation coefficient
between summer precipitation and sea surface temperature
(SST). The SST in the tropical east-central Pacific, western
Indian Ocean, and northwestern Pacific has negative
correlation patterns, and the Barents Sea and East China Sea
have positive patterns that passed the significance test at 90%
(Figure 3). These oceanic activities can influence precipitation in
semi-arid regions in East Asia through atmospheric circulation.
This shows that the SST factors are mainly related to the
monsoon route and the sea basin where ENSO occurs, so the
monsoon and ENSO may have a great impact on the precipitation
over semi-arid regions in East Asia.

To further explore the ocean effect on the precipitation
changes in the semi-arid areas of East Asia, we selected wet
and dry years to compare the different monsoon and ENSO
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FIGURE 4 | Time series of summer precipitation anomalies (normalized) in the semi-arid regions of East Asia. The blue dots represent wet years, and the brown
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FIGURE 5 | 850 hPa summer geopotential height field anomalies (shaded) and 850 hPa summer mean geopotential height field (contours) composite for wet (A)
and dry (B) years in the semi-arid regions of East Asia (units: gpm). Stippling denotes the region with statistical significance at the 90% confidence level based on
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behaviours. Periods with precipitation greater than one standard
deviation are defined as wet years, and periods with precipitation
less than one standard deviation are defined as dry years
(Figure 4). The wet years in the past 70 years are 1959, 1967,
1990, 1993, 1998, 2012, 2013, and the dry years are 1951, 1955,
1968, 1972, 1980, 1997, 2001, 2006, 2010, 2015. From the
composited 850 hPa geopotential height field for positive (wet)
years and negative (dry) years (Figure 5), we found that there is a
negative anomaly center over the East Asia continent during wet
years, which spatially corresponds to the Mongolian low

(Figure 5A). The anomaly center and mean field center
basically coincide and pass the significance test at 90%. The
negative geopotential height anomaly center, on the one hand,
can greatly enhance the Mongolian low, which enhances
upstream westerly wind transport; on the other hand, it can
enhance the summer pressure difference between land and sea,
enhancing monsoon transport (Figure 6A). As a result, the
strengthening of the monsoon causes the edge of the monsoon
to shift westward, and the monsoon region covers most of the
semi-arid regions in East Asia (Figure 6A). Wet and warm
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FIGURE 6 | 850 hPa summer wind composite for wet (A) and dry (B)
years in the semi-arid regions of East Asia (units: m/s). The brown areas
represent semi-arid areas of East Asia. The red curve represents the edge of
the East Asian monsoon. The dark blue arrow denotes the region with
statistical significance at the 90% confidence level based on Student’s t-test.

monsoon southwesterlies, meeting cold air from the northwest
over the semi-arid regions, generate strong convergence
anomalies, which enhance the updraft and favour more
precipitation (Figure 6A).

During dry years, a positive geopotential height anomaly
center is located at the Mongolian low, and a negative
geopotential height anomaly center is located northwest of the
Mongolian low (Figure 5B). This geopotential height anomaly
distribution weakens the Mongolian low and causes southeast
wind anomalies from the semi-arid regions of East Asia
(Figure 6B), which is in the opposite direction to the
westerlies, thereby weakening them. The positive geopotential
height anomalies over the East Asian continent and the negative
geopotential height anomalies over the surrounding sea weaken
the summer pressure difference between land and sea
(Figure 5B). Thus, the monsoon anomalies move in the
opposite  direction, greatly ~weakening the monsoon
(Figure 6B). The weakening of the monsoon occurs as the
edge of the monsoon moves back, right on the eastern edge of
the semi-arid regions (Figure 6B). The monsoon does not reach
the semi-arid regions, and the westerly winds are weakened,
which results in a decrease in precipitation in the semi-arid
regions.

To further explore the effect of ENSO and the monsoon on
precipitation, we calculated the correlation coefficients
among precipitation, the Nifio 3.4 index, the monsoon
index and the westerly index to reveal their relationships
(Figure 7). The monsoon index is defined as the Ugsy in
(5-15°N, 90°-130°E) minus Ugs, in (22.5°-32.5°N,

Precipitation Changes Under Global Warming

110°-140°E) (Wang and Fan, 1999) to measure the strength
of the EASM, it can capture the three-dimensional circulation
and total variance of the precipitation over East Asia (Wang
et al, 2008; Huang et al., 2018). The westerly index proposed
by Li et al. (2008) (the difference of the geopotential height at
500 hPa between 35°N and 50°N over 70°-110°E) is a good
indicator of the westerly strength over East Asian middle
latitude. Figure 7A shows that the monsoon index has an
obvious negative effect (r = —0.86) on the precipitation in the
wet years and passed 99% of the significance test when the
monsoon edge crossed the semi-arid region of East Asia.
However, the correlation coefficient decreases to —0.21 and is
not significant when we do not distinguish between dry years
and wet years (Figure 7A). This means that only when the
edge of the monsoon crosses the semi-arid regions can the
monsoon affect the precipitation of the semi-arid regions.
The effect of ENSO on precipitation can also be inferred
through the same calculation. The direct relationship
between Nifio 3.4 and precipitation is not significant, but
Nifio 3.4 has an obvious positive effect (r = 0.30) on the
monsoon index, which has the ability to change precipitation
over semi-arid regions. Therefore, ENSO has a negative effect
on the precipitation of the semi-arid region of East Asia when
the edge of the monsoon crosses the semi-arid regions of East
Asia. Figure 7D shows that the westerly index is positively
correlated with the precipitation in semi-arid regions over
East Asia and passed 95% of the significance test, which
means westerly wind favors the increased precipitation in
this region.

Effects of Monsoon Edge Changes on
Semi-arid Regions Over East Asia in the

Future

The historic decadal change in the monsoon edge shows that
the decadal monsoon edge over the past 70 years exhibits
obvious oscillations near the middle area of semi-arid
regions. Although there was obvious deviation in the 2000s,
the decadal change in the edge has not led to a robust western
or eastern trend (Figure 8). However, in future scenarios
(Figure 9), the monsoon edges in ACCESS-CM2, CESM2-
WACCM, CMCC-CM2-SR5, CMCC-ESM2, FIO-ESM-2-0,
INM-CM4-8, INM-CM5-0, MIROCS6, and TaiESM1 exhibit
obvious westward expansion, and most of them cover the
entire semi-arid region. The monsoon edges in AWI-CM-1-
1-MR, EC-Earth3-Veg, EC-Earth3-Veg-LR, GFDL-ESM4,
MPI-ESM1-2-HR, MPI-ESM1-2-LR, and MRI-ESM2-0
expand westward, except for the middle part of the
monsoon edges. The monsoon edges in CanESMS5 and
IPSL-CM6A-LR also expand westward, but the monsoon
edges near the Tibetan Plateau expand in the opposite
direction. Accordingly, the edge of the monsoon in half of
the models exhibits obvious westward expansion, and all the
models show that the edge has a general tendency to extend
westward with increasing emissions of GHGs; the more GHGs
are emitted, the greater the westward spread of the monsoon
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120°E

edge. Due to the increase in the control area of the East Asia
summer monsoon in the future, its influence on the semi-arid
regions of East Asia will also be enhanced, which will lead to an
increase in precipitation in the semi-arid regions.

As precipitation changes in semi-arid regions, both aridity
and ecology exhibit sensitive responses. The Palmer drought

severity index (PDSI) distribution increases in wet years and
decreases in dry years, especially in the northern part of the semi-
arid regions. This shows that semi-arid regions will become
wetter (drier) when precipitation increases (decreases), and the
northern part of the semi-arid region is more sensitive to
precipitation ~ variation. Meanwhile, precipitation can
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obviously affect ecological conditions (Figure 10). The gross
primary production (GPP) in wet years shows a consistent
variation with precipitation, especially in the eastern drylands.
The most obvious increase in GPP occurs in the northeastern
part of the semi-arid region, which is sensitive to monsoon
changes (Figure 11A). This result indicates that vegetation
growth is closely associated with precipitation in this region

(Figures 10, 11). According to the monsoon edges in the
different scenarios in the future, the westward expansion of
the monsoon edge will turn the semi-arid regions of East Asia
wet and green. The area that turns wet and green will be even
larger under the high-emission scenario. In addition, more areas
in the semi-arid regions of East Asia will be influenced by ENSO
via the monsoon.
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CONCLUSIONS AND DISCUSSION

In this study, we investigate the key role of the monsoon on
precipitation in the semi-arid regions of East Asia under global
warming. The characteristics of annual precipitation in the semi-

Precipitation Changes Under Global Warming

arid regions can be basically reflected by summer precipitation
because in terms of amount, the summer mean precipitation
accounts for 63% of the annual precipitation, and in terms of
variation, the correlation coefficient between them is as high as
0.874. Therefore, exploring the causes of summer precipitation
variation is the key to understanding precipitation in the semi-
arid regions of East Asia. During wet years, there is a negative
pressure anomaly center at 850 hPa in the Mongolian low, which
strengthens the Mongolian low and leads to the strengthening of the
westerly wind. Simultaneously, the anomalous low pressure,
combined with the anomalous high pressure at sea, enhances the
sea-land pressure difference in summer and strengthens the summer
monsoon. The coincidence of an enhanced monsoon and enhanced
westerly winds over the semi-arid regions results in increased
precipitation. The coincidence of a weak monsoon and weak
westerly winds results in low precipitation in dry years. In
addition, we found that ENSO has a negative effect on
precipitation in semi-arid regions when the monsoon is strong
enough to expand into the inner semi-arid regions of East Asia.

The decadal monsoon edge in the past 70 years has an
obvious oscillation near the middle area of semi-arid
regions, which has not obviously led to a robust western or
eastern trend. However, in the future, the monsoon edge has a
tendency to extend westward with the increased emission of
GHGs. Westward spread of the monsoon edge will take place
in the high-emissions scenario. Such westward extension of the
edge of the monsoon will result in more precipitation.
Meanwhile, as the frequency of El Nifio increases and the
intensity of El Nino-induced atmospheric anomalies under
greenhouse warming increases (Cai et al., 2015; Hu et al,
2021), the climate in the semi-arid regions of East Asia may be
greatly changed by ENSO. In addition, monsoon expansion
will turn the semi-arid regions of East Asia wet and green. As a
typical underlying surface of the semi-arid region of East Asia,
the Loess Plateau will undergo great ecological changes in the
future, and more investigation is needed.
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