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Abstract: In recent years, the warming–wetting trend in the arid region of Northwest China has
attracted widespread attention. To reveal whether this phenomenon exists in the whole Pan-Central-
Asia arid region, this paper adopts the latest monthly gridded dataset of the Climate Research
Unit Time Series version 4.05 (CRU TS v4.05) and the multi-model ensemble data of the Coupled
Model Intercomparison Project Phase 6 (CIMP6) for discussion from multiple perspectives. The
results show that the Pan-Central-Asia arid region has been getting warmer and wetter in the last
80 years. Since the turn of the 21st century, there has been an apparent slowdown in the regional
wetting trend despite the acceleration of precipitation increase, mainly caused by the growth in
evapotranspiration potential. The interannual scale dominates the precipitation change, including
significant quasi-three-year and quasi-six-year cycles. The interannual variability in precipitation is
mainly affected by the change in the phases of Pacific decadal oscillation (PDO), while long-term
variation dominates the temperature change, which is significantly related to the variations in the
Arctic oscillation (AO). Thus, future research and predictions of regional precipitation should focus
on the PDO variations, followed by the Southern Oscillation Index (SOI), whereas for research on,
and predictions of, temperature, the effect of AO variations should be emphasized. Except for a few
regions in Central-Eastern Mongolia and Central Kazakhstan, precipitation levels in most parts of
the Pan-Central-Asia region have been increasing. The regional temperature exhibits a distribution
pattern which decreases from northwest to southeast. The increase in precipitation in the Pan-Central-
Asia arid region alleviates the drought in most regions, including most of Northwest China. However,
the arid and semi-arid climate patterns in this region have not changed. The warming–wetting trend
will significantly accelerate in medium-emissions scenarios in the next 80 years. Although the increase
in precipitation may be a positive aspect of this trend, the rise in potential evapotranspiration caused
by sharp warming may cause greater challenges to the regional climate and ecological environment.

Keywords: Pan-Central-Asia arid region; warming–wetting trend; EEMD; arid climate

1. Introduction

As an essential part of the land, arid regions have an extremely fragile ecological
environment and are very sensitive to global climate change. Climate change in arid
regions has become one of the hot issues in climate research against the background of the
frequent drought disasters which have occurred in recent years [1–4].

In previous studies, precipitation and temperature variations are widely regarded as
critical indicators of climate change [5–7]. In the past 100 years, the trend for global land
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precipitation has generally been increasing. However, it shows great regional differences,
especially in arid regions [8,9]. The Fifth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC) pointed out that from 1880 to 2012, the global average surface
temperature increased by about 0.85 ◦C [10], and the temperature rise in arid regions was
higher [11]. Therefore, arid regions have a significant impact on global climate change.

As an arid region with the most northerly latitude in the world, the Pan-Central-
Asia arid region is different from other arid regions in the world because of its unique
topography of plateaus, mountains, hills and deserts [12]. In addition, this region also has
a unique ecological environment and is affected by climate change in a unique way. Studies
have shown that this region has been suffering from a severe ecological crisis in recent
years, such as the retreat of glacier in the Tianshan Mountains, known as the “water tower
of Central Asia” [13]; the significant shrinkage of the Aral Sea [14]; the intensification of
land desertification [15]; the frequent occurrence of extreme events [16], etc. All of these
ecological crises have greatly restricted local industrial and agricultural production and
had a significant impact on people’s livelihoods. Therefore, it is of great scientific value
and practical significance to further explore climate change in the Pan-Central-Asia arid
region against the background of global warming.

Previous studies mostly split the Pan-Central-Asia arid region into two parts: the
Central Asian arid region [17] (mainly including five Central Asian countries, such as
Kazakhstan), and the China–Mongolia arid region [18] (mainly including most of Northwest
China and Mongolia). As the two arid regions are located at the same latitude in the
hinterland of the continent, where the westerly circulation and Qinghai–Tibet Plateau
monsoon circulation mainly dominate the weather and climate, the drought causes in both
two regions are similar. Thus, there are some limitations when studying the two regions
separately [19]. Moreover, most of previous studies used statistical methods and lacked
the latest data. In addition, there are few studies on the relationship between the overall
climatic characteristics and large-scale ocean oscillation index in the Pan-Central-Asia
arid region.

In this study, the latest monthly gridded dataset of Climate Research Unit Time Series
version 4.05 (CRU TS v4.05) was used to study the temporal and spatial variation char-
acteristics of precipitation, temperature and drought index in the Pan-Central-Asia arid
region in the last 80 years (1941–2020). In addition, we used EEMD to deconstruct the
regional annual average temperature and annual precipitation on multiple time scales;
in addition, the relationship between the periodic change in precipitation and tempera-
ture, and the large-scale ocean oscillation indexes were further analyzed. Furthermore,
based on the multi-model ensemble data from the Coupled Model Intercomparison Project
Phase 6 (CIMP6), the variation trends of precipitation and temperature in this region in
the future were investigated. The objective of this study was to further understand the
characteristics of climate change in the Pan-Central-Asia arid region to provide a scien-
tific basis for a rational response to regional climate change and support a sustainable
development strategy.

2. Data and Methods
2.1. Study Region

The Pan-Central-Asia arid region consists of five Central Asian countries including
Kazakhstan, Turkmenistan, Uzbekistan, Tajikistan and Kyrgyzstan, most of Mongolia, and
most of Northwest China (Figure 1). The average annual precipitation is about 200 mm,
and in deserts, is even less than 50 mm [19]. The climate in this region is generally dry with
less rain. The terrain is generally high in the east (including the Mongolian Plateau, Altai
Mountains, Tianshan Mountains, Junggar Basin and Pamirs Plateau) and low in the west
(Kazakh Hills and Turan Plain).
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2.2. Data

The data used in this paper are from the high-resolution monthly gridded datasets
developed by the CRU of the University of East Anglia from January 1901 to December
2020, CRU TS v4.05, with a horizontal resolution of 0.5◦ × 0.5◦ [20]. The University of East
Anglia conducted a strict time consistency test when reconstructing the CRU dataset. This
dataset was obtained through a direct interpolation of the observation results to eliminate
the uncertainty caused by the proxy data. It is widely used in climate change research
because of its high resolution, long time scale, and high-quality control [21,22].

It is well known that some critical ocean oscillation indexes significantly impact the
multi-periodic changes of climate at the global and regional scales [23–25]. The Southern
Oscillation Index (SOI) reflects the activity of the El Niño phenomenon. As the most
significant interannual signal in the tropical Pacific, the El Niño phenomenon causes
the change in regional and global precipitation distributions through ocean–atmosphere
interaction [26,27]. Pacific decadal oscillation (PDO) is a long-standing periodic oceanic and
atmospheric climate change pattern, which plays an important role in regulating the decadal
precipitation change in middle and high latitudes of the Northern Hemisphere [28,29]. In
addition, the interannual variation in the westerly circulation in middle and high latitudes
of the Northern Hemisphere also affects water vapor transport in Central Asia [30], resulting
in precipitation changes in these regions. While the westerly air flow is closely related to
North Atlantic oscillation (NAO) and Arctic oscillation (AO) [31]. Therefore, this paper has
discussed the impacts of PDO, NAO, AO and SOI on precipitation and temperature in the
Pan-Central-Asia arid region. The details of the four indexes are shown in Table 1.

By comparing the multi-model ensemble data during 2015–2100 from 31 models under
Shared Socio-Economic Pathway 2 and Representative Concentration Pathway 4.5 (SSP2–
RCP4.5) of the CMIP6, it was found that the precipitation (temperature) of the CRU dataset
from 2015 to 2020 is lower (higher) than that of multi-model ensemble data. However, they
still have good consistency (Figure 2). The monthly data from 2015 to 2020 were used to
establish a linear relationship between the forecast data and the CRU data to maintain the
high level of continuity from 2021 to 2100. On this basis, the precipitation and temperature
from multi-mode ensembles during 2021–2100 were corrected.
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Table 1. Five major climatic indexes used in this study.

Dataset Abbreviation Period Source and Website

Pacific Decadal
Oscillation PDO 1854–2020

Climate Prediction Center of
NOAA’s National Weather Service,

https://www.ncei.noaa.gov/
pub/data/cmb/ersst/v5/index/
ersst.v5.pdo.dat, accessed on 25

October 2021

North Atlantic
Oscillation NAO 1824–2020

https://crudata.uea.ac.uk/cru/
data/nao/, accessed on 25

October 2021

Southern Oscillation
Index SOI 1951–2020

Climate Prediction Center of
NOAA’s National Weather Service,
https://www.cpc.ncep.noaa.gov/
data/indices/soi, accessed on 25

October 2021

Arctic Oscillation
Index AO 1950–2020

Climate Prediction Center of
NOAA’s National Weather Service,
https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_
ao_index/monthly.ao.index.b50.

current.ascii.table, accessed on 25
October 2021
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Figure 2. Comparison of precipitation (a) and temperature (b) between CRU and multi-model
ensemble data from 2015 to 2020.

The correction formula for multi-model dataset is as follows:

Pm = 0.87 × Pmod − 3.06 (1)

Tm = 0.95 × Tmod + 0.15 (2)

where Pm and Tm are the corrected precipitation and temperature of the model, respectively;
Pmod and Tmod are the multi-model ensemble data before the correction.

2.3. Methods

The Aridity Index (AI) used in this paper refers to the calculation method of Zhang et al. [32]:

AI =
PET − P

PET
(3)

where P is precipitation (unit: mm) and PET is potential evapotranspiration (unit: mm).
The larger (smaller) the AI, the drier (wetter).

Ensemble empirical mode decomposition (EEMD) is a noise-assisted data analysis
method proposed to solve the shortcomings of empirical mode decomposition (EMD),
which extracts specific time scale changes from the original time series [33]. EEMD is

https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat
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https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.current.ascii.table
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suitable for processing the nonstationary data series and deconstructing the fluctuations
and trends of various scales in the signal to obtain the intrinsic mode function (IMF)
component. As EEMD is a time–space analysis method, the added white noise is averaged
out with sufficient number of trials; this effectively avoids the scale-mixing problem and
makes the obtained IMF components physically unique. The only persistent part that
survives the averaging process is the component of the signal (original data), which is then
treated as the true and more physically meaningful answer [33]. At present, this method
has been widely used in climatology [34,35]. Therefore, this study uses the EEMD to
deconstruct the annual series of precipitation and temperature, aiming to comprehensively
evaluate the decadal oscillation and long-term trend in the study region.

The empirical orthogonal function (EOF) method is valuable for analyzing the tempo-
ral and spatial variation characteristics of variables in meteorology. It can deconstruct the
time-dependent variable field into a time-independent spatial function and time functions
that only depend on time. Then, the main characteristics of the variable field were repre-
sented by the spatial function and time function of the first few principal components. In
this study, the EOF was used to deconstruct the precipitation and temperature anomaly
fields in the study region to understand its spatial variation characteristics systematically.
The significance test method proposed by North et al. [36] was used to verify whether each
principal component was meaningful.

The Mann–Kendall method (M–K method for short) was used for the trend test, which
was first proposed by Mann [37,38] in 1945. It is a non-parametric statistical test method,
which does not require the sample data to obey a certain probability distribution, and can
also participate in the trend test for a few extreme values. This method is recommended
by the World Meteorological Organization and has been widely used to calculate the
change trends in a long time series of factors, such as precipitation and temperature [39,40].
In addition, the Pearson linear correlation coefficient (PCC) was used to calculate the
correlation between the two variables. PCC values were tested using a Student’s t-test at 95
and 99% confidence levels using N-2 degrees of freedom [41].

3. Results
3.1. Temporal Variation Characteristics

Figure 3 shows the interannual variation trends of temperature, precipitation, po-
tential evapotranspiration (PET) and AI in the Pan-Centra-Asia arid region from 1941
to 2020. Over the last 80 years, the warming rate in the Pan-Central-Asia arid region is
0.26 ◦C/10a (Figure 3a), which is higher than the global average of 0.18 ◦C/10a in the
same period. This further shows that the arid regions play an important role in global
warming. Huang et al. [11] pointed out that the arid regions contribute more than 40% to
global warming. Since 2000, the warming rate has decreased to 0.13 ◦C/10a, which is much
lower than that from 1941 to 2020. This warming slowdown phenomenon corresponds
to the stagnation of global warming. Nevertheless, the growth rate of PET in this period
(19.18 mm/10a) is much higher than the average growth rate in the last 80 years (Figure 3b).
Figure 3d shows the variation in AI. In the last 80 years, this region has generally shown a
wetting trend (−0.007/10a) while, since the turn of the 21st century, although the rate of
precipitation increase is higher than in the last-80-years average (Figure 3c), the variation
rate of AI has decreased to −0.004/10a. This indicates that the regional wetting trend is
slowing down, mainly due to the leap growth of PET caused by global warming.

Table 2 shows PCC between precipitation in the Pan-Central-Asia arid region and four
ocean oscillation indexes. PDO and SOI had the most significant impacts on precipitation
on interannual time scales. PDO positively correlated with precipitation, while SOI showed
a negative impact. The correlation coefficient between precipitation and PDO reached 0.46**

from 2001 to 2020. This shows that PDO has played a leading role in the precipitation of the
Pan-Central-Asia arid region since the turn of the 21st century. While for indexes of NAO
and AO, which reflect the strength of the westerlies in middle latitude of the Northern
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Hemisphere, their relationships with regional precipitation were not significant in both
interannual and decadal time scales.
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Table 2. PCC between four ocean oscillation indexes and precipitation in the Pan-Central-Asia
arid region.

Index Period Interannual Interdecadal

PDO
1941–2020 0.28 ** 0.13
1971–2020 0.21 -
2001–2020 0.46 ** -

NAO
1941–2020 0.14 0.18
1971–2020 0.21 -
2001–2020 0.29 -

SOI
1951–2020 −0.29 * −0.43
1971–2020 −0.31 * -
2001–2020 −0.37 -

AO
1951–2020 0.02 0.46
1971–2020 0.08 -
2001–2020 0.06 -

Note: ** passing the 99% confidence level; * passing the 95% confidence level—the same applies below.
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Based on the study of the temporal variation characteristics of temperature and pre-
cipitation in the Pan-Central-Asia arid region in the last 80 years, the EEMD method was
further used to deconstruct the regional annual average temperature and annual precipita-
tion on multiple time scales. The signal-to-noise ratio between the disturbing white noise
and the original signal is set to 0.2, and the average dataset number is 300. Finally, the
intrinsic mode function (IMF) components with five different time scales and fluctuation
amplitudes and the trend term components (Trend) reflecting the overall variation trend
of the signal are obtained (Figure 4). The IMF components reflect the local features of the
original sequence, which changes from high frequency to low frequency. The vertical axis
has no practical physical significance, and the trend term can be interpreted as the overall
variation trend.
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The interannual time scale dominates the precipitation change, with a total variance
contribution of 75.36%, including quasi-three-year cycle (IMF1) and quasi-six-year cycle
(IMF2). The variance contribution rates are 56.47% and 18.89%, respectively. While there
is a quasi-12-year cycle (IMF3) on decadal time scale, with a variance contribution rate of
11.72%. However, the multi-decadal time scale and overall trend are not obvious, and the
variance contribution rates are only 6.54% and 6.39%, respectively (Table 3). Different from
precipitation, the long-term variation dominates the temperature change, which reflects
the sustained global warming caused by a large number of greenhouse gas emissions for a
long time, with the variance contribution rate reaching 66.85%. In addition, the interannual
variation in the quasi-three-year cycle is also notable (IMF1), with a contribution rate of
21.83%, while the total contribution of multi-decadal variation is only 2.01% (Table 3).

Table 3. Variance contribution rates and periods of precipitation and temperature components
after EEMD.

Precipitation Temperature

Period (Year) Contribution (%) Period (Year) Contribution (%)

IMF1 3.33 56.47 2.76 21.83
IMF2 6.4 18.89 5.71 5.70
IMF3 12.31 11.72 13.33 3.61
IMF4 32 6.34 22.86 1.36
IMF5 40 0.20 80 0.65
Trend / 6.39 / 66.85

The decomposition results after EEMD reveal that the precipitation increased steadily
before 2000, closely related to the small amplitude of IMF3 (quasi-13-year) before the
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1980s. Meanwhile, the amplitude of IMF4 (32 years) between the 1980s and 2000 was
also relatively stable. However, the precipitation has increased rapidly since 2000, related
to the peaks of IMF5 and Res. Since the turn of the 21st century, the multi-decadal time
scale (IMF4) of the quasi-23-year cycle of temperature is in the decline stage, and the IMF3
of the quasi-13-year cycle is in the trough. These two trends offset the long-term trend
of continuous temperature growth, resulting in a slowing down of temperature increase
in the study region from the continuous strong warming since the 1970s. Because of
the temperature response to precipitation, the contribution of interannual time scale in
temperature variation is prominent, but the multi-decadal time scale characteristics of both
two factors are not significant.

Figure 5 shows the PCC of the four ocean oscillation indexes with each components
of precipitation and temperature after EEMD. For precipitation, the phase change in PDO
is closely related to its interannual cycle of quasi-three-year (PCC = 0.20 *), quasi-six-year
(PCC = 0.31 **) and the multi-decade cycle of 40 years (PCC = −0.42 **). NAO mainly affects
the quasi-12-year cycle (PCC = 0.32 **), while AO is significantly related to the long-term
trend of precipitation (PCC = −0.32 **). However, the contribution of the long-term trend to
the original precipitation series is not high (Table 3). Hence, AO has little influence on the
precipitation in the Pan-Central-Asia arid region. Combined with the variance contribution
of each IMF componnet of precipitation, the correlation of PDO with the original series
is undoubtedly the best, which is consistent with the previous conclusion. AO is most
closely related to the long-term trend that dominates the main variation characteristics of
temperature (PCC = 0.32 **), followed by the quasi-six-year cycle (PCC = 0.36 **). On the
quasi-three-year scale with the second largest variance contribution, there are no significant
correlation relationships between the temperature in the Pan-Central-Asia arid region and
the four indexes used in this study.
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Figure 5. PCC of four ocean oscillation indexes with components of precipitation (a) and temperature
(b) deconstructed by EEMD.

Combined with the results in Table 3 and Figure 5, future research on, and predictions
of, precipitation in the Pan-Central-Asia arid region should focus on the variation in PDO,
followed by SOI. For the research and prediction of temperature, the effect of AO variation
should be emphasized (Figure 6).
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3.2. Spatial Variation Characteristics

Against the background of global warming, regional climate change has specific spatial
differences, and so does climate change in the Pan-Central-Asia arid region. The variation
rates of precipitation, temperature and AI in 1941–2020, 1971–2020 and 2001–2020 were
analyzed to explore their spatial characteristics further.

In the last 80 years, except for a few regions in the Middle East of Mongolia and central
Kazakhstan, the levels of precipitation in most parts of the Pan-Central-Asia arid region
have increased, with the large-value centers located in most of Xinjiang, Western Uzbekistan,
Northern Kazakhstan and most of the Pamirs Plateau. The maximum trend value is located
in the West of Tajikistan, reaching 18.94 mm/10a, while the maximum trend value of
precipitation reduction is located in the central part of Mongolia (−5.37 mm/10a). After
2000, the number of regions with reduced precipitation increased significantly compared
with the previous two periods, and the number of regions with increased precipitation
decreased (Figure 7c). However, the extremity of precipitation increased obviously, with the
values at positive (negative) centers in Figure 7c being more than three times those shown
in Figure 7a,b. This phenomenon is due to the intensification of climate warming and the
notable increase in atmospheric water vapor content, resulting in the uneven increase in
precipitation and extreme precipitation events. It also shows that the response of regional
precipitation to global warming is inconsistent and very complex.

The regional temperature generally presents an increasing trend (Figure 8). However,
in the northeast slope of Qinghai–Tibet Plateau and Hexi Corridor, the temperature increase
is obviously lower than in other regions. The centers of temperature increase are located in
Eastern Kazakhstan, Northwest Mongolia and some parts of the Inner Mongolian Plateau.
In addition, it should be noted that the warming rate in the Pan-Central-Asia arid region is
smaller than that in the previous two periods during 2001–2020, which corresponds well to
the general trend of global warming stagnation.

As shown by the variability in AI (Figure 9), there has been a noticeable wetting trend
in most parts in the last 80 years, with the largest wetting trends located in Central and
Northern Kazakhstan and Northern Xinjiang. In addition, Southern Kazakhstan, most
of Mongolia and the Inner Mongolia Plateau showed a drying trend. From 1971 to 2020,
the wetting trends in Northern Xinjiang, most of the Pamir Plateau, and Northern and
Eastern Kazakhstan were stronger than those in 1941–2020. In Northwest China, except
for the weak drying trend in Eastern Xinjiang, most of the others presented wetting trends
(Figure 9b). Since the turn of the 21st century, there has been a pattern of “water-logging in
the middle and drought in the surrounding areas” in Xinjiang (Figure 7c), and most local
AI show positive variation trends (Figure 9c). However, this does not affect the overall
warming and wetting in Northwest China.
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Figure 10 shows the first spatial mode and time series of the precipitation anomaly
field (Figure 10a,b) and the temperature anomaly field (Figure 10c,d) derived from EOF
decomposition. From 1941 to 2020, the first spatial mode of the precipitation anomaly field
(variance contribution rate is 26.48%) was mainly dominated by negative values, indicating
that the overall variation was consistent. However, an anomaly center near Tajikistan,
Kyrgyzstan and Tianshan Mountains indicates that precipitation in these regions changed
more dramatically than in other regions. Combined with the time coefficient (Figure 10b),
it can be seen that the precipitation anomalies in 1943, 1975 and 1995 were relatively small.
The precipitation anomalies in 1958, 1969, 1987, 1993, 2003 and 2016 were relatively large,
consistent with the conclusions of Figure 3. The first mode of temperature anomaly field
(variance contribution rate is 75.43%) also shows the overall regional consistency. Still,
there is a stepwise change in temperature decreasing from the northwest to southeast in
the Pan-Central-Asia arid region (Figure 10c).
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4. Discussion

The previous analysis showed that the precipitation increase alleviates drought in
most regions, including most of Northwest China. Moreover, with the steady rise in
temperature, the Pan-Central-Asia arid region become wetter and warmer, consistent
with many research results on the warming–wetting trends in Northwest China [42,43].
Nevertheless, the “warming-wetting” trend is not equal to a “humid climate”; these are
two completely different concepts. Against the background of global climate warming,
extreme precipitation increases, and its distribution is highly uneven. In addition, due to
the increase in PET [44], which offsets most of the precipitation increases, the pattern of
arid and semi-arid climate in the Pan-Central-Asia arid region has not changed. Will this
warming and humidification continue in the future?

The interannual variations in annual precipitation and average temperature in the
next 80 years (2021–2100) were predicted in a medium-emissions scenario using the multi-
model ensemble data (Figure 11). In the past 80 years, the temperature growth rate was
0.26 ◦C/10a. In the next 80 years, the growth rate will obviously increase to 0.30 ◦C/10a,
which will be 0.04 ◦C/10a higher than that of 1941–2020. By the end of this century, the
regional average temperature will reach about 8.5 ◦C, significantly higher than that in 2010
(5.7 ◦C). Yang et al. [45] pointed out that the temperature growth rate in the eastern part of
Northwest China in the next 80 years could reach 0.28 ◦C/10a—that is, the temperature
growth rate in the arid region will exceed that in its surrounding regions in the future. The
growth rate of precipitation in the last 80 years was 1.84 mm/10a, and the rate will further
rise sharply in the next 80 years, reaching 3.00 mm/10a, which is a response to climate
warming. It should be noted that this may result in highly non-uniform precipitation
distribution, which means more extreme weather may occur. Nevertheless, there are
considerable uncertainties in the prediction results, and the comprehensive impacts of
elevated temperature and variable precipitation on drought are still unknown [46].
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Figure 12 shows the change rate of multi-model ensemble precipitation in 2021–2060,
2061–2100, and 2021–2100. In the next 40 years, precipitation in most parts of the Pan-
Central-Asia arid region exhibited a positive variation trend, with the centers located in the
Pamir Plateau and Northwest China (Figure 12a). From 2061 to 2100, the precipitation in
most of the five Central Asian countries and the eastern part of Mongolia decrease obviously.
Except for a slowdown in the precipitation growth trend in the north of Northwest China,
most other regions maintain a positive variation trend (Figure 12b). In other words, the
decreasing trend of precipitation in the north and west of the Pan-Central-Asia arid region
may indicate some changes in PDO, NAO, AO, westerly belt and the Siberian high in
the future. However, these changes are rendered indeterminate by wide uncertainties in



Atmosphere 2022, 13, 467 13 of 16

climate forecasts. Resolving these uncertainties should remain a focus of climate modeling
given the potential consequences of climate change for ecosystems [46,47].

Atmosphere 2022, 13, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 12. Variation rates of multi-mode ensemble precipitation in 2021–2060 (a), 2061–2100 (b), and 
2021–2100 (c). Shading indicates a passed 0.05 significance test. 

5. Conclusions 
In the last 80 years, the warming rate in the Pan-Central-Asia arid region was 0.26 

°C/10a, which is higher than the global average in the same period (0.18 °C/10a). After 
2000, the temperature growth rate decreased to 0.11 °C/10a, similar to the global warming 
stagnation. Nevertheless, the PET increment in the same period (19.18 mm/10a) was much 
higher than the average growth rate in the last 80 years. Since the turn of the 21st century, 
although the growth rate of precipitation has been higher than the average in the last 80 
years, the rate of AI has decreased to −0.004/10a. It shows that the regional wetting trend 
is slowing down, mainly due to the leap growth of PET caused by global warming. 

The interannual time scale dominated the precipitation change in the last 80 years, 
including quasi-three-year cycle and quasi-six-year cycle, of which the former is more sig-
nificant. However, the decadal and multi-decadal changes were weak. The interannual 
cycle of precipitation was mainly affected by the change in PDO phases. The long-term 
trend dominated the main variation characteristics of temperature and was significantly 
related to the variations in AO. In addition, the interannual variation in temperature in 
the quasi-three-year cycle was also significant, while the interannual and multi-decadal 
scale changes were relatively weak. In a word, future research and prediction of precipi-
tation in the Pan-Central-Asia arid region should focus on PDO variations, followed by 
SOI variations. For the research and prediction of temperature, the variations in AO are 
impossible to overlook. 

Figure 12. Variation rates of multi-mode ensemble precipitation in 2021–2060 (a), 2061–2100 (b), and
2021–2100 (c). Shading indicates a passed 0.05 significance test.

In summary, the climate in the Pan-Central-Asia arid region has moved towards a
warming–wetting trend in the last 80 years. The trend could accelerate obviously in the
next 80 years in medium-emissions scenarios. Although the increase in precipitation may
be a positive side of this trend, the rise in PET caused by sharp warming may cause greater
challenges to the regional climate and ecological environment.

5. Conclusions

In the last 80 years, the warming rate in the Pan-Central-Asia arid region was 0.26 ◦C/10a,
which is higher than the global average in the same period (0.18 ◦C/10a). After 2000, the
temperature growth rate decreased to 0.11 ◦C/10a, similar to the global warming stagnation.
Nevertheless, the PET increment in the same period (19.18 mm/10a) was much higher than
the average growth rate in the last 80 years. Since the turn of the 21st century, although
the growth rate of precipitation has been higher than the average in the last 80 years, the
rate of AI has decreased to −0.004/10a. It shows that the regional wetting trend is slowing
down, mainly due to the leap growth of PET caused by global warming.
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The interannual time scale dominated the precipitation change in the last 80 years,
including quasi-three-year cycle and quasi-six-year cycle, of which the former is more
significant. However, the decadal and multi-decadal changes were weak. The interannual
cycle of precipitation was mainly affected by the change in PDO phases. The long-term
trend dominated the main variation characteristics of temperature and was significantly
related to the variations in AO. In addition, the interannual variation in temperature in the
quasi-three-year cycle was also significant, while the interannual and multi-decadal scale
changes were relatively weak. In a word, future research and prediction of precipitation
in the Pan-Central-Asia arid region should focus on PDO variations, followed by SOI
variations. For the research and prediction of temperature, the variations in AO are
impossible to overlook.

In the last 80 years, except for a few regions in central-eastern Mongolia and cen-
tral Kazakhstan, the precipitation in most parts of the Pan-Central-Asia arid region has
increased. The centers of precipitation variation were located in Xinjiang, Western Uzbek-
istan, Northern Kazakhstan and most of the Pamirs Plateau. The regional temperature was
mainly increasing, but in the northeast slope of Qinghai–Tibet Plateau and Hexi Corridor,
the temperature increment was obviously lower than that in other regions. There was a
stepwise decrease in regional temperature from northwest to southeast.

There has been a noticeable wetting trend in most parts of the Pan-Central-Asia arid
region, with the wetting centers in central-northern Kazakhstan and northern Xinjiang.
Besides, southern Kazakhstan, most of Mongolia, and the Inner Mongolia Plateau show a
drying trend. Since the turn of the 21st century, there has been a pattern of “water-logging
in the middle and drought in the surrounding areas” in Xinjiang, and most local AI has
shown a positive variation trend. However, it does not affect the overall warming and
wetting in Northwest China.

The increase in precipitation alleviates the drought process in most of the study regions,
including most of Northwest China. Moreover, with the steady temperature rise, these
regions become wetter and warmer. However, the “warming-wetting” trend is not equal
to “humid climate”. Under climate warming background, extreme precipitation increases,
and the distribution is highly uneven. Besides, because the increase in PET offsets most of
the increase in precipitation, the arid and semi-arid climate pattern in the arid region of
Pan-Central-Asia has not changed.

The climate in the Pan-Central-Asia arid region has changed towards the warming–
wetting trend in the last 80 years. The trend could accelerate obviously in the next 80 years
in medium-emissions scenarios. According to the forecast results, the regional average
temperature will reach about 8.5 ◦C, significantly higher than that in 2010 (5.7 ◦C) by
the end of this century. The sharp rise in precipitation may result in highly non-uniform
precipitation distribution, which means more extreme weather may occur. Although the
increase in precipitation may be a positive aspect of this trend, the rise in PET caused by
sharp warming may cause greater challenges to the regional climate and ecological envi-
ronment. Nevertheless, the estimated results are subject to considerable uncertainty, and
the comprehensive impacts of elevated temperature and variable precipitation on drought
are still unknown. Considering the significant impact of climate change on ecosystems,
solving the uncertainty of model predictions should remain a focus of climate modeling in
the future.
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