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In recent years, with the frequent occurrence of severe drought events, climate

change in arid regions has become one of the research hotspots. However,

previous studies mainly focused on a specific arid region, and the correlations

and differences of drought among various arid regions have not been clearly

understood. In this study, based on the latest monthly gridded dataset of the

CRU, we compare the characteristics of climate change and its relationship with

large-scale oceanic oscillation indexes in the three typical arid regions of Pan-

Central-Asia (PCA), North America (NAm) and North Africa (NAf) in multiple

perspectives. The results show that the precipitation in the PCA and NAm has

increased obviously over the past 80 years, while the NAf precipitation has

decreased. After the 1980s, the climate in the PCA and NAm show warm-wet

types. This type of the former continues to the present, but the latter’s has

changed to awarm-dry type since the 21st century. TheNAf climate remains the

warm-dry type since the 1990s. Nonetheless, the arid and semi-arid climate

patterns in the three typical arid regions remain unchanged. The NAm

precipitation has an anti-phase variability pattern compared with the NAf

precipitation on both interdecadal and multi-decadal time scales. The Pacific

Decadal Oscillation (PDO) has a great influence on the precipitation of the PCA

and NAm. The temperature of three arid regions is significantly related to the

variations in the Arctic oscillation (AO). In the inland arid region, the contribution

of strong warming effect during cold season to the whole year is much greater

than that during warm season, while the contribution of the coastal arid regions

in warm season is greater. The precipitation in the mid-latitude arid regions is

dominated by cold-season precipitation regardless of whether these regions

are near the sea or not. The precipitation in the low-latitude arid regions has

little difference between cold and warm seasons.
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Introduction

Arid regions are areas where regional precipitation is

insufficient to compensate for surface evapotranspiration,

accounting for more than 40% of the global land surface area

(Feng and Fu, 2013). As a special component of the land, arid

regions have an extremely fragile ecological environment and are

highly sensitive to human activities and global climate change

(Sheffield et al., 2012; Zhang et al., 2014; Dai and Zhao, 2016). In

the past 100 years, the global arid regions have shown

characteristics such as area expansion (Zeng and Yoon, 2009;

Cai et al., 2018), remarkable warming (Huang et al., 2012),

frequent severe drought disasters (Zhang et al., 2009; Zhang

et al., 2015; Yan et al., 2019), which have profound impacts on

regional and global climate change. Therefore, climate change in

arid regions has become one of the hot topics in the climate

research field.

In the context of global warming, land precipitation has

undergone obvious changes, characterized by great regional

differences (Huang et al., 2015). The climate in some regions

shows a warming-wetting trend (Yan et al., 2022), while in

others, it tends to become warming-drying (Dai, 2012a),

i.e., the climate response to global warming is not consistent

in different arid regions (Greve et al., 2014; Trenberth et al., 2014;

Allen and Anderson 2018). A slight change in global climate can

affect the whole situation. For instance, regional temperature and

humidity anomalies may cause extreme climate events thousands

of kilometers away by changing atmospheric circulations (Xu

et al., 2017). Therefore, it is undoubtedly of great practical and

scientific significance to study the consistency and difference of

climate change among multiple typical arid regions and explore

the mutual influence of these regional climates.

Previous studies on climate change in arid regions have made

a series of meaningful advances (Trenberth et al., 1988; Dai et al.,

1998; Zhang et al., 2018; Guan et al., 2019). Giannini et al. (2003)

suggest that variability of rainfall in the Sahel results from the

response of the African summer monsoon to oceanic forcing,

amplified by land-atmosphere interaction. Dai (2012b) used

observational and reanalysis data and model simulations, and

examined the influence of the Inter-decadal Pacific Oscillation

(IPO) on the West US precipitation. He thought that a strong

high pressure center over the North Pacific in the lower

troposphere during cold phases of the IPO, which lead to

below-normal precipitation over much of the West US. Zhang

et al. (2022) studied the trend of warming-wetting in arid regions

of northwest China. They firmly believed that the precipitation in

northwest China displayed a trend of increasing in the west and

decreasing in the east, but the area with increased rainfall

expanded eastward, and the area experiencing humidification

extended across the whole of the northwest. Nevertheless, most

of them have been conducted for a specific arid region, lacking

comparisons of climate change at different spatial scales and

sufficient understanding of the correlations and differences

among regional climates in arid zones. Especially, there are

few comparative studies on the characteristics of temperature

and humidity changes in the typical arid regions of Asia, Africa

and America.

Therefore, in this research, the arid regions of Pan-Central-

Asia (PCA), North America (NAm) and North Africa (NAf) in

the Northern Hemisphere are selected as the representative

regions of mid-latitude inland arid regions in Asia, mid-

latitude coastal arid regions in America caused by large-scale

terrain and low-latitude coastal flat arid regions in Africa,

respectively. Based on the latest monthly gridded dataset of

the Climatic Research Unit Time Series version 4.05 (CRU TS

v4.05), the variation characteristics of temperature, precipitation

and aridity index (AI) in the three typical arid regions in the past

80 years (1941–2020) are compared in multiple perspectives to

reveal the correlations and differences of regional climate. In

addition, the relationships between climate change

characteristics and large-scale oceanic oscillation indexes are

analyzed. This research aims to deepen further the

understanding of climate change characteristics in typical arid

regions to provide a scientific basis for effective regional climate

prediction and reasonable response to regional climate change.

Study region, data and methods

Study region

The PCA covers the area west of the Taihang Mountains in

China, the Hexi Corridor, north of 35°N, most of Mongolia, the

Kazakh Hills and the region west of the Caspian Sea. Its climate is

mainly affected by land-atmosphere interactions and large-scale

terrain, which is typical temperate continental and plateau

mountain climates.

The NAf is located in the northern part of the African

continent, bordered by the ocean in the east, west and north.

It is a representative area of low-latitude coastal arid regions,

which is flat and mostly deserts. The climate of the NAf is mainly

affected by the Hadley circulation, ocean-atmosphere

interactions and dust aerosols, belonging to typical tropical

and subtropical desert climates (Figure 1).

The NAm is on the west coast of the North American

continent and is mountainous, belonging to the northern part

of the Cordillera Mountains and bordering the North Pacific

Ocean. Its climate is mainly influenced by the Hadley circulation,

large-scale terrain and ocean-atmosphere interactions (Table 1).

Data

The data used in this study are from the CRU TS v 4.05,

which has a temporal coverage of January 1941 to December

2020 and a horizontal resolution of 0.5° × 0.5° (Harris et al., 2020).
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This high-resolution monthly gridded dataset was developed by

the CRU of the University of East Anglia by integrating several

well-known databases, which is a complete, high-resolution and

uninterrupted dataset of surface climate elements. It was

obtained through a direct interpolation of observations, thus

without the uncertainty caused by proxy data and the data gap

caused by the scarcity of stations and inaccessibility in many

typical arid regions (Yan et al., 2021). Currently, the CRU dataset

has been widely used in climate change research because of its

high resolution, long time scale and high quality control (Chen

et al., 2011; Zhang et al., 2016).

It is well known that some primary oceanic oscillation

significantly impact the multi-periodic changes of climate at

global and regional scales (Giannini et al., 2003; McCabe

et al., 2004). As the most obvious signal of interannual

variability in the tropical Pacific, the Southern Oscillation

Index (SOI) can cause regional and global climate change

through ocean-atmosphere interactions, and it can reflect the

activity of the El Niño phenomenon (Huang et al., 2015; Infanti

and Kirtman 2016). The Pacific Decadal Oscillation (PDO) is a

long-lived periodic pattern of oceanic and atmospheric climate

change, which plays an essential role in regulating the

interdecadal precipitation variability at the middle and high

latitudes of the Northern Hemisphere (Gu and Adler, 2015;

Guan et al., 2019). In addition, the interannual variability of

the westerly circulation at the middle and high latitudes of the

Northern Hemisphere can affect the water vapor transport in

Central Asia (Liu et al., 2018), resulting in precipitation changes

in this region. It is worth noting that the westerly circulation is

closely related to the Arctic oscillation (AO) and the North

Atlantic Oscillation (NAO) (Vicente-Serrano et al., 2016;

Guan et al., 2019). Therefore, we discuss the impacts of the

PDO, NAO, AO and SOI on climate change in typical arid

regions of the Northern Hemisphere in this research. The

corresponding four indexes can be obtained by the method

described in Yan et al. (2022).

Methods

The AI is obtained by the calculation method described in

Zhang et al. (2016), as shown in Eq. 1.

AI � PET − P
PET

(1)

where P denotes the precipitation (mm), and PET represents the

potential evapotranspiration (mm), calculated by the P-M

formula. This calculation method shown in Eq. 1 makes up

for the shortcomings of the traditional AI calculation method,

where the results are not available due to the rainfall amount of 0

(P divided by PET). The larger (smaller) the AI, the drier (wetter)

the climate.

FIGURE 1
Three typical arid regions of the Northern Hemisphere.

TABLE 1 Typical arid regions in the Northern Hemisphere.

PCA NAm NAf

Type of arid region Mid-latitude inland type Mid-latitude coastal type Low-latitude coastal type

Climatic zones Temperate zone Temperate zone Tropical/subtropical zone

Topography Mostly plateaus, mountains and
deserts and partly hills

Mostly plateaus and mountains Flat terrain and mostly deserts

Climate Temperate continental 1and plateau
mountain climates

Mediterranean climate, temperate continental climate
and plateau mountain climate

Tropical/subtropical desert climate

Main causes of arid
climate

Land-atmosphere interactions, large-
scale terrain

Large-scale terrain, ocean-atmosphere interactions Ocean-atmosphere interactions, dust aerosols,
and Hadley circulation
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Ensemble empirical mode decomposition (EEMD) is a noise-

assisted data analysis method proposed to solve the shortcomings

of empirical mode decomposition, which can effectively extract

specific time-scale changes from an original time series, and has

been widely used in climatology (Wu and Huang, 2009; Xu et al.,

2017; Bi et al., 2018). Therefore, we use the EEMD method to

decompose the annual series of precipitation and temperature,

aiming to comprehensively evaluate the interdecadal oscillation

and long-term trend of the climate in the study region. In the

EEMD decomposition process, the signal-to-noise ratio between

the disturbing signal (white noise) and the original signal is set to

0.2, and the average dataset number is 500. Finally, we can obtain

the five components of the intrinsic mode functions (IMFs) with

different time scales and fluctuation amplitudes and the trend

term components reflecting the overall variation trend in each

arid region. The components of the IMFs sequentially reflect the

change of the original sequence from high frequency to low

frequency, namely the local features of the original sequence.

The correlation between the two variables is characterized by

the Pearson linear correlation coefficient (PCC) in this study. The

PCC values were tested by using the Student’s t-test at 95% and

99% confidence levels using N-2 degrees of freedom (Hu et al.,

2017). In addition, the Mann-Kendall method is used for the

trend test, which was first proposed byMann (1945) and has been

widely used to calculate the variation trends of time series of

elements such as precipitation and temperature. The Mann-

Kendall method is a non-parametric statistical test method

that does not require sample data to obey a specific

probability distribution and is not disturbed by other

abnormal values (Ma and Fu, 2005; Zhang et al., 2009). In

addition, this method is easy to calculate. Thus, it is more

suitable for non-normal distribution data such as

meteorological and hydrological data. Note that “*” in the

following section represents that the corresponding PCC value

passed the 95% confidence level, and “**” indicates that the

corresponding PCC value passed the 99% confidence level.

Results

Temporal variation characteristics

Figure 2 shows the 3-year moving averages of precipitation

anomalies in the three arid regions and the global. The results

indicate that the global precipitation shows an overall increasing

trend in recent decades, with an obvious pattern of overall

changes. Specifically, the distribution of precipitation over

time is similar to the sine-shape curve before the mid-1990s,

and after that, the global precipitation is basically dominated by

positive anomalies (Figure 2D). The precipitation variations in

the PCA and NAm are similar and have cluttered positive and

negative anomaly distributions without apparent patterns

(Figures 2A,B), reflecting the uncertainty and complexity of

precipitation variability in arid regions. However, the

precipitation in the NAf generally shows positive anomalies

before the mid-1960s and negative anomalies after that

(Figure 2C).

In terms of the interannual precipitation variability (Figures

3A,C,E), the precipitation in the PCA and NAm shows an

increasing trend at the rates of 1.84 mm (10a)−1 and 1.10 mm

(10a)−1, respectively. Among them, the NAm precipitation shows

a variation pattern of increasing-decreasing-increasing

FIGURE 2
The 3-year moving averages of precipitation anomalies in the three typical arid regions of (A) PCA, (B)NAm and (C)NAf and (D) the global from
1941 to 2020.
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FIGURE 3
Interannual variations of the precipitation and temperature in the (A,B) PCA, (C,D) NAm and (E,F) NAf from 1941 to 2020.

FIGURE 4
Interdecadal precipitation variations in the NAm and NAf from 1941 to 2020.
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(Figure 3C), i.e., the precipitation increases from the 1950s until

the peak (450.9 mm) in 1983 and then decreases, and it increases

again around 2,000. However, the NAf precipitation shows a

decreasing trend from the 1950s until 1984 when it reaches the

valley value (64.6 mm), and then it increases, generally showing a

V-shaped variation pattern of decreasing and then increasing

(Figure 3E). Therefore, the precipitation in the NAm and NAf

displays an anti-phase variation characteristic.

In addition, the fitting curves also reflect an anti-phase

variation characteristic, i.e., the fitting curve of the NAm

precipitation is slightly convex, while that of the NAf

precipitation is slightly concave. This feature is more obvious

in the interdecadal precipitation trend of the NAm and NAf

shown in Figure 4, probably due to the anti-phase variation of the

sea surface temperature between the North Pacific Ocean and the

equatorial ocean (Hunt 2000). This anti-phase variation

FIGURE 5
The 3-year moving averages of the tempreture anomalies in the (A) PCA, (B) NAm, (C) NAf and (D) the global from 1941 to 2020.

FIGURE 6
Interannual variation trends of the AI in three arid regions from 1941 to 2020. The dotted lines presents the decadal averages, and the curves are
the fitting lines.

Frontiers in Environmental Science frontiersin.org06

Yan et al. 10.3389/fenvs.2022.1033326

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1033326


characteristic of the precipitation is characterized by a cycle of

30–40 years (Figure 4).

The temperature in the three typical arid regions shows an

overall increasing trend (Figures 3B,D,F). Specifically, the PCA

temperature increases the most obvious, with an increment of

more than 2°C and a rate of 0.26°C (10a)−1 in the past 80 years.

The NAm has the slowest warming rate of 0.15°C (10a)−1. The

temperature variation in the NAf shows prominent tropical

characteristics, and the average temperature is above 24°C,

with an increasing rate of about 0.16°C (10a)−1. There is a

strong consistency in the variations of temperature anomalies,

namely apparent negative anomalies before the early 1990s and

obvious positive anomalies after that (Figure 5).

The differences in aridity variation among the three regions

are not completely consistent with those of precipitation

variation (Figure 6). The climate in the PCA shows a

continuous wetting trend, and from the 1990s, the average

annual non-precipitation days (NPD) and the rainfall amount

increase obviously, indicating that the extremes and spatial

heterogeneity of the precipitation increase in arid regions due

to global warming. Under the joint influence of the increased

precipitation and PET in the PCA (Figure 7A), the AI trend in

this region is relatively stable, and the warming-wetting trend

slows down. Since 21st century, the average NPD in the NAm

increases slightly (Figure 7B), while the precipitation and PET

increase. The climate in this region shows a wetting trend in the

early period and a drying trend in the later period. Relative to the

other two regions, the NAf is the driest, with the smallest AI

amplitude and a relatively stable climate state. Similar to the

situation in the PCA, the PET in the NAf also increases from the

1990s (Figure 7C). However, there is no obvious increase in

precipitation in this region. Thus, the climate in the NAf shows

an obvious drying trend (Figure 6). It can be concluded that the

PET, as a measure of atmospheric demand for surface water, is

crucial to the formation and development of arid climate.

In order to further compare the multi-timescale

characteristics of temperature and precipitation, we

decompose the annual average temperature and annual

accumulated precipitation using the EEMD method. The

results suggest that the precipitation variability in the three

arid regions is mainly on the interannual time scale, with

quasi-3-year and quasi-6-year cycles and total variance

contributions of these two cycles exceeding 50%. The quasi-3-

year cycle is the dominant cycle of common and essential signals

of atmospheric circulation and climate variabilities on the

interannual time scale, and many meteorological elements in

the troposphere have this cycle. In addition, the quasi-53-year

cycle of the temperature and precipitation in the NAm is also

obvious, with a variance contribution rate of 20.56% (Table 2).

Different from precipitation, long-term variation trends

dominate the temperature variability, which reflects the fact

that there is continuous global warming due to long-term and

massive greenhouse gas emissions. Moreover, there is an obvious

quasi-3-year cycle in temperature variability in three arid regions,

and the variance contribution rate of this cycle is above 22%.

On the interdecadal scale, the amplitude of the precipitation

variability in the PCA and NAm is small before the 1970s and

increases since the 1980s, while the NAf precipitation shows

exactly the opposite variability pattern (Figures 8A–C). On the

multi-decadal time scale, the precipitation in the PCA and NAf

have a similar variability pattern, but it is opposite to the NAm

precipitation. The precipitation in the NAm has an anti-phase

variability pattern compared with the precipitation in the NAf on

both interdecadal and multi-decadal time scales (Figures 8B,C).

Since the 21st century, the IMF 4 and IMF 5 of the temperature in

the PCA and NAf are in a decreasing phase (Figures 8D,F), which

together offset the long-term trend of continuous temperature

increase, resulting in a slowing down of the continuous strong

temperature increase in the two arid regions from the 1970s. Due

to the response of precipitation to temperature, the contribution

of the interannual time scale for temperature variability is

prominent, but the multi-decadal time scale characteristics of

both meteorological elements are not sufficiently remarkable

(Figures 8D–F).

Owing to the positive feedback of water vapor, the variations

of temperature and precipitation in a specific region generally

show a certain correlation on interdecadal or even longer time

scales, where the periods with positive temperature anomaly

(warm periods) usually correspond to the periods with positive

precipitation anomaly (wet periods). However, the relationship

between temperature and precipitation variations is more

complex on a shorter time scale. Figure 9 shows the

interdecadal distributions of temperature and precipitation

anomalies in the three arid regions from 1941 to 2020. The

results indicate that the climates in the three arid regions shift

FIGURE 7
Variation trends of the NPD and PET in the (A) PCA, (B) NAm
and (C) NAf from 1941 to 2020.
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between cold-dry and cold-wet types from the 1940s to the 1980s.

After the 1980s, the global climate warms rapidly with

accelerated industrialization, and the climate in the PCA

shows a warm-wet type that continues to the present

(Figure 9A). The NAm climate is briefly in the warm-wet

type, and it turns to a warm-dry type after the 21st century

(Figure 9B). The NAf climate remains the warm-dry type since

the 1990s (Figure 9C). Notably, the NAm climate seems to have a

trend towards a warm-wet type. However, the climate with a

trend towards a warm-wet type is not the same as a wetting

climate, and they have two completely different definitions.

Under the background of climate warming, the precipitation

extremes increase, with a remarkably uneven distribution.

Simultaneously, the PET is enhanced (Figure 7), which offsets

most of the precipitation increment. Therefore, the arid and

semi-arid climate patterns in the three typical arid regions

remain unchanged.

Relationships between climate change
and oceanic oscillation indexes

As shown in Table 3, we analyze the correlations of the four

oceanic oscillation indexes with the precipitation and AI in the

three arid regions. The correlation coefficients between the

precipitation and PDO index in the three arid regions all pass

the significance test at the 95% confidence level, with the highest

correlation (PCC = 0.55**) in the NAm. The PDO positively

correlates with the precipitation in the PCA and NAm but

obviously negatively correlates with the NAf precipitation. The

correlations between the PDO and AI in the three regions also

have a similar characteristic, i.e., they are positive in the PCA and

NAm but negative in the NAf. The SOI obviously negatively

correlates with the precipitation in the PCA and NAm but

positively correlates with the NAf precipitation. In the positive

phase of the SOI, the climate in the PCA and NAm show an

apparent drying trend, while that in the NAf exhibits a wetting

trend, which is consistent with the results obtained by analyzing

the precipitation variability.

In order to investigate the driving factors of periodic climate

change in three arid regions, we calculate the correlations of the four

oceanic oscillation indexes with each precipitation and temperature

component after the EEMD (Figure 10). The results suggest that the

PDO has a great influence on the cycles of the precipitation

variabilities in the PCA on the interannual scale, and it controls

the precipitation variability in the NAm at different time scales. The

NAO mainly affects the quasi-12-year cycle of the PCA

precipitation and the quasi-3-year cycle of the NAf precipitation

by regulating the strength of the westerly circulation, but it has little

effect on the NAm precipitation. The AO is highly associated with

the long-term precipitation trend in the NAm and PCA. However,

since the contribution of this long-term trend to the original

precipitation series is not high, the AO has little influence on the

precipitation in the arid regions of the NAm and PCA.

TABLE 2 Periods of the precipitation and temperature components after the EEMD and their variance contribution rates.

Precipitation Temperature

Period (year) Contribution (%) Period (year) Contribution (%)

PCA IMF1 3.33 56.15 3.08 22.11

IMF2 6.4 19.02 6.67 6.06

IMF3 12.31 11.76 13.33 4.02

IMF4 32 6.40 22.86 1.15

IMF5 40 2.07 80 0.69

Trend — 6.46 — 65.98

NAm IMF1 3.27 43.78 3.08 31.78

IMF2 6.96 14.63 5.93 9.86

IMF3 14.55 8.82 16 4.23

IMF4 53.33 20.56 32 1.89

IMF5 80 2.36 80 0.18

Trend — 9.84 — 52.06

NAf IMF1 3.08 57.82 3.40 22.54

IMF2 6.4 16.79 6.67 7.48

IMF3 13.33 7.09 14.55 2.86

IMF4 32 10.41 53.33 5.57

IMF5 80 3.15 80 8.91

Trend — 4.74 — 52.65
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Although the AO has little effect on precipitation variability, it is

closely related to the long-term temperature trend that dominates

the main characteristics of temperature variability in the three arid

regions. On the quasi-3-year scale with the second largest variance

contribution of temperature, the NAf climate is jointly regulated by

the AO and NAO, the NAm climate is affected by the PDO and

NAO, while no significant correlation is found between the

temperature in the PCA and the four oceanic oscillation indexes.

Spatial distribution characteristics

Figure 11 shows the trend distributions of average temperature

throughout the year and in warm season (fromMay to September)

and cold season (from November to the following March) in the

three arid regions from 1941 to 2020. As shown in Figure 11A, the

warming rates in most middle and high latitudes, including the

NAm and PCA, are higher than in low latitudes. In the PCA, the

areas with a warming rate of more than 0.2°C (10a)−1 are much

more than those of the other two arid regions. The larger-value

areas of warming rate in the NAm are located in the western

coastal region, while those in the NAf are located in the eastern

region. In warm season, although the NAf and Southeast Asia are

at the same latitudes, the regional difference in temperature

variability is greater (Figure 11B), which may be mainly related

to the strong East Asian summer monsoon. In cold season, the

middle and high latitudes of Eurasia, including the PCA, are

controlled by a strong warming phenomenon, while the

warming rates in the other two arid regions are considerably

less than those in the warm season (Figure 11C). In other words, in

the inland PCA, the contribution of the strong warming effect

during cold season to the whole year is far greater than that during

FIGURE 8
Time series of the precipitation and temperature in the PCA (A,D), NAm (B,E) and NAf (C,F) based on the EEMD.
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FIGURE 9
Interdecadal distribution of temperature and precipitation anomalies in PCA (A), NAm (B), NAf (C) from 1941 to 2020.

TABLE 3 Correlations of the precipitation and AI with the PDO index, SOI, NAO index and AO index in three arid regions from 1941 to 2020.

Oceanic oscillation indexes Arid regions Precipitation AI

PDO PCA 0.28** −0.23*

NAf −0.27* 0.24**

NAm 0.55** −0.28*

SOI PCA −0.28* 0.39**

NAf 0.10 −0.07

NAm −0.36** 0.14

NAO PCA 0.14 −0.12

NAf 0.11 −0.13

NAm −0.13 0.16

AO PCA 0.02 −0.11

NAf −0.14 0.20*

NAm −0.10 0.07
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the warm season, while the opposite is true for the contribution of

the warming effect in the NAm and NAf (near oceans), where the

contribution in warm season is greater.

The response of precipitation to global warming is complex,

and there is considerable spatial heterogeneity in precipitation

distribution in both arid and non-arid regions (Figure 12). In terms

of the interannual distribution, the area with an increasing trend of

precipitation is obviously larger in the PCA than that of the two

arid regions adjacent to oceans, which is also one of the major

reasons for the apparent warming-wetting trend of climate in the

PCA in recent years. The precipitation in cold season is more than

that in warm season in both the PCA and NAm, while the range

with an increasing trend of precipitation in the NAf is slightly

larger in warm season than in cold season, which further indicates

that the response of precipitation to climate warming is not

consistent in different regions and has high complexity. Overall,

the precipitation in the mid-latitude arid regions is dominated by

cold-season precipitation regardless of whether these regions are

near the sea or not. We believe that the intensities and locations of

the Siberian high and the North American continental cold high in

winter also play a role in local precipitation variability in the PCA

and NAm, while the precipitation in the low-latitude arid region

FIGURE 10
Correlations of the four oceanic oscillation indexes with the components of the precipitation (left) and temperature (right) after the EEMD in the
PCA (A,B), NAm (C,D), NAf (E,F). The larger dots indicate the values passing the significance test at the 99% confidence level.
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has little difference between warm and cold seasons, and the

overall precipitation is slightly more in warm season than in

cold season.

Discussion

The previous analysis showed that the precipitation

increase alleviates the drought in most regions. However,

the “warming-wetting” trend is not equal to “humid

climate”. In the context of climate warming, the

precipitation extremes increase, with a remarkably uneven

distribution. Simultaneously, the PET is enhanced (Figure 7),

which offsets most of the precipitation increment. Therefore,

the arid and semi-arid climate patterns in the three regions

remain unchanged. The PET, as a measure of atmospheric

demand for surface water, is crucial to the formation and

development of arid climate.

The precipitation variability is dominated by interannual

scale, with a quasi-3-year cycle in the three arid regions. The

quasi-3-year cycle is the dominant cycle of common and

essential signals of atmospheric circulation and climate

variabilities on the interannual time scale, and many

meteorological elements in the troposphere have this cycle

(Liu et al., 2015). It may represent the basic cycle of the mid

latitude circulation, which is worthy of further study in the

future.

In the positive phase of the SOI, the climate in the PCA and

NAm shows an evident drying trend, while that in the NAf

shows a wetting trend. In the positive phase of the PDO, the

NAm precipitation increases, the East Asian summer

monsoon weakens, and thus the precipitation in the

monsoon region of northern China decreases (Jiang and

Wang, 2005; Dai, 2012a). Due to the seesaw effect of

precipitation in the eastern (monsoon region) and western

(non-monsoon region) parts of northern China (Zhang et al.,

2019), the precipitation in the non-monsoon region of most of

the PCA shows an increasing trend. Therefore, the

precipitation variability in the PCA and NAm displays the

same phase but is opposite to that in the NAf.

This feature is obvious on both interdecadal and multi-

decadal time scales of the NAm and NAf shown in Figures 4,

8B,C, probably due to the anti-phase variation of the sea surface

temperature between the North Pacific Ocean and the equatorial

ocean (Hunt, 2000). This anti-phase variation characteristic of

the precipitation is characterized by a cycle of 30–40 years.

The warming-wetting trend in the PCA is gratifying, but the

warm-dry type in Nam and NAf since the 21st century deserves

more attention. Although the increase of precipitation may be a

positive side of this trend, the rise of PET caused by sharp

warmingmay cause greater challenges to the regional climate and

ecological environment.

At present, many scholars have used CMIP5, CMIP6 and

other models to study the future climate change in arid areas

(Zhao and Dai, 2016; Yang et al., 2021). Nevertheless, the

estimated results are subject to considerable uncertainty, and

the climate in arid areas changes in real time, the

comprehensive impacts of elevated temperature and

variable precipitation on drought are still unknown.

Considering the significant impacts on ecosystems, solving

the uncertainty of model predictions should remain a focus of

climate modeling in the future.

FIGURE 11
Variation rates of temperature in (A) annual, (B) warm season
and (C) cold season from 1941 to 2020. The dashed lines outline
the study region, and the shaded areas indicate the values passing
the significance test at the 95% confidence level.

FIGURE 12
Variation rates of precipitation in (A) annual, (B) warm season
and (C) cold season from 1941 to 2020. The dashed lines outline
the study region, and the shaded areas indicate the values passing
the significance test at the 95% confidence level.
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Conclusion

The climate trend in three arid regions showed dynamic

and spatial differences. Since 1941, the precipitation in the

PCA and NAm increases at rates of 1.84 mm (10a)−1 and

1.10 mm (10a)−1, respectively, while that in the NAf decreases

at a rate of 0.97 mm (10a)−1. The anomaly variation of

temperature has a relatively high consistency. In the past

80 years, the temperature in the three regions displays an

increasing trend. Specifically, the warming is most noticeable

in the PCA, followed by the NAf, and slowest in the NAm.

The climate in the PCA has a continuous wetting trend,

with an obviously increased annual average NPD and rainfall

amount from the 1990s, indicating the extremes and spatial

heterogeneity of the precipitation variability in arid regions.

Under the joint influence of the increased precipitation and

PET, the AI trend is relatively stable, and the warming-wetting

trend slows down. Since 21st century, the NPD in the NAm

increases slightly, while the precipitation decreases slightly,

but PET increase vastly. The climate in this region shows a

wetting trend in the early period and a drying trend in the later

period. The NAf is relatively the driest, with the smallest AI

amplitude and a relatively stable climate state.

The climates in the three arid regions shift between cold-dry

and cold-wet types from the 1940s to the 1980s. After the 1980s,

the global climate warms rapidly with accelerated

industrialization, and the climate in the PCA shows a warm-

wet type that continues to the present. The climate in the NAm

is briefly in the warm-wet type, and it turns to a warm-dry type

after the 21st century. The NAf climate remains the warm-dry

type since the 1990s.

The precipitation variability is dominated by interannual

scale, with a quasi-3-year cycle in the three arid regions. The

precipitation in the NAm has an anti-phase variability pattern

compared with the precipitation in the NAf on both

interdecadal and multi-decadal time scales. The PDO has a

great influence on the PCA precipitation on the interannual

scale, and it controls the precipitation variability in the NAm

at different time scales. The NAO mainly affects the quasi-12-

year cycle of the PCA precipitation and the quasi-3-year cycle

of the NAf precipitation by regulating the strength of the

westerly circulation, but it has little effect on the NAm

precipitation. Although AO has little effect on precipitation

variability, it is closely related to the long-term temperature

trend that dominates the main characteristics of temperature

variability in the three arid regions.

In the inland arid region, the contribution of strong

warming effect during cold season to the whole year is much

greater than that during warm season, while the contribution of

the coastal arid regions in warm season is greater. The

precipitation in the mid-latitude arid regions is dominated

by cold-season precipitation regardless of whether these

regions are near the sea or not. The precipitation in the low-

latitude arid regions has little difference between cold and warm

seasons, and the overall precipitation is slightly more in the

warm season. However, the precipitation in the low-latitude

arid region has little difference between warm and cold seasons,

and the overall precipitation is slightly more in warm season

than in cold season.

This study only presents a preliminary analysis of some of the

characteristics of climate change and its relationship with large-scale

oceanic oscillation indexes in the three typical arid regions statistical

methods, and did not systematically analyze the role of different

factors from multiple perspectives. The comprehensive impacts of

elevated PET and variable precipitation on drought are still

unknown. The steady rise in precipitation may result in highly

non-uniform precipitation distribution, which means more

extreme weather may occur. Considering the significant impact of

climate change on ecosystems, attacking these problems should

remain a focus of climate researching in the future. Furthermore,

the reanalysis data contains a certain amount of uncertainty,

especially in the arid regions. Reanalysis data and Observational

data will be used in a comparative study in the future, and more

reliable conclusions will be obtained regarding themechanisms of the

correlations and differences of climate among various arid regions.
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