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Abstract Drylands account for approximately 41% of the global total land area. Significant warming and rare precipitation in
drylands result in a fragile ecology and deterioration of the living environment, making it more sensitive to global climate
change. As an important regulator of the Earth’s climate system, the oceans play a vital role in the process of climate change in
drylands. In modern climate change in particular, the impact of marine activities on climate change in drylands cannot be
neglected. This paper reviews the characteristics of climate change in drylands over the past 100 years, and summarizes the
researches conducted on the impact of marine activities on these changes. The review focuses on the impact of the Pacific
Decadal Oscillation (PDO), Atlantic Multidecadal Oscillation (AMO), El Nifio and La Nifia on climate change in drylands, and
introduces the mechanisms by which different oceanic oscillation factors synergistically affect climate change in drylands.
Studies have shown that global drylands have experienced a significant intensification in warming in the past 100 years, which
shows obvious characteristics of interdecadal dry/wet variations. The characteristics of these changes are closely related to the
oscillatory factors of the oceanic interdecadal scale. Different phase combinations of oceanic oscillation factors significantly
change the land-sea thermal contrast, which in turn affects the westerly jet, planetary wave and blocking frequency, resulting in
changes in the temperature and dry/wet characteristics of drylands. With the intensification of climate change in drylands, the
impact of marine activities on these regions will reveal new characteristics in the future, which will increase the uncertainty of
future climate change in drylands and intensify the impact of these drylands on global climate.

Citation:  Guan X, Ma J, Huang J, Huang R, Zhang L, Ma Z. 2019. Impact of oceans on climate change in drylands. Science China Earth Sciences, 62: 891-908,
https://doi.org/10.1007/s11430-018-9317-8
Introduction include hyper-arid, arid, semi-arid and dry sub-humid re-

The terms drylands refer to regions in which the annual
precipitation (P) is much smaller than the annual potential
evapotranspiration (PET). Regions with an aridity index (AI)
of less than 0.65 are usually classified as being drylands
(Hulme, 1996; Feng and Fu, 2013; Huang et al., 2016), and
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gions (Feng and Fu, 2013; Spinoni et al., 2015). Drylands
account for approximately 41% of the global total land re-
gion (White and Nackoney, 2003), and accommodate more
than 38% of the global population (Reynolds et al., 2007),
with 90% of these being located in developing countries
(GLP, 2005; Armabh et al., 2010; Huang et al., 2017a). These
drylands face many problems, such as large populations and
low soil fertility, which make them extremely sensitive to

earth.scichina.com link.springer.com



892 Guan X, et al.

global changes caused by climate warming and human ac-
tivities (Scheffer et al., 2001; Rietkerk et al., 2004; Maestre
etal., 2013; Li et al., 2016; Zhou et al., 2016). In the process
of modern climate change, the warming of drylands is the
most significant (Huang et al., 2012, 2017b), and historical
observations and model simulations have both indicated that
the global drylands have continuously expanded over the
past 60 years and that this expansion will accelerate during
the 21st century (Huang et al., 2017¢c). Climate warming,
drought aggravation and population growth will increase the
risk of desertification in developing countries. The expansion
of land desertification caused by climate change and human
activities will cause a further decline in land productivity,
population migration, and deterioration of the ecological
environment, which will have a profound impact on the so-
cial economy. Therefore, understanding the characteristics of
climate change in global drylands is essential for delaying
desertification, protecting renewable regional resources and
developing reasonable policies.

Climate change in drylands is the result of multifactorial
effects, it is affected not only by natural factors such as ocean
activities and atmospheric circulation, but also by human
factors such as greenhouse gases and changes in land-use.
Oceans are an important part of the earth’s climate system,
and studying the impact of oceans on climate change in
drylands is an important part of understanding climate
change and its mechanism in drylands. Previous studies have
shown that oceanic activities, especially sea surface tem-
perature (SST) in the Pacific, Atlantic and Indian Ocean
Basin, can affect the precipitation, temperature, and dry and
wet changes in global drylands at different time scales (Hu et
al., 2018; Wang et al., 2018; Fu and Ma, 2008). The inter-
action between the ocean and the atmosphere determines the
global dry and wet changes on the interdecadal scale (Guan
et al.,, 2017). In addition, a large number of studies have
investigated the impact of oceans on climate change in
drylands from the perspective of different phase changes and
the combination of oceanic oscillation factors, as well as the
land-sea thermal contrast (Huang et al., 2017a, 2017b).
However, there are still many unresolved issues, such as how
the interaction between different sea areas affects climate
change in drylands, and how to quantify the relative con-
tribution of marine activities to climate evolution in drylands
and the resulting response processes. Based on previous re-
search conducted in China and across the world, this paper
systematically summarizes the latest progress concerning the
impact of oceans on climate change in drylands during
modern climate change, and discusses the future develop-
ment trends with the aim of fully understanding the me-
chanisms of climate change and preventing desertification in
drylands. The possible impacts of marine activities on de-
sertification is evaluated in order to provide a scientific basis
for the prevention of further desertification, the hazards of
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mitigating sandstorms, and developing countermeasures to
adapt to and mitigate global climate change.

2. Characteristics of climate change in drylands

As an important part of global land, drylands play an indis-
pensable role in the process of global climate change. In the
context of global warming in recent decades, drylands have
continuously expanded (Huang et al., 2016, 2017c), and
frequent extreme droughts have occurred. At the same time,
the interdecadal signals of climate change have also caused
significant interdecadal characteristics in semi-arid regions,
for example, during the rapid warming period during the
1980s in the northern hemisphere (NH) and the warming
slowdown period in the early 21st century, the climate in
semi-arid regions showed significant interdecadal variation
characteristics. In terms of the characteristics of climate
change in semi-arid regions in the future, studies have shown
that the forecasted expansion of semi-arid regions in future
scenarios has been obviously underestimated, and that there
are prominent uncertainties in the climate change char-
acteristics of semi-arid regions in future scenarios.

2.1 Distribution and evolution of modern drylands

The global drylands are mainly distributed in the middle and
low latitude regions of the NH (Figure 1). Hyper-arid regions
(AI<0.05) are concentrated in the central and northern parts
of the Sahara Desert, the Rubal-Khali Desert in the eastern
Arabian Peninsula, the Taklimakan Desert in northwestern
China, and the Atacama Desert; arid regions (0.05<AI<0.2)
are mainly located in the southern Sahara Desert, southern
Africa, Western Arabian Peninsula, Central Asia, Mongolia
and northern China, and most regions in Australia; semi-arid
(0.2<AI<0.5) and dry sub-humid (0.5<AI<0.65) regions are
mainly located in the western United States, the west coast of
South America, Central and East Asia, and most regions of
Central Australia except for the desert areas.

The total area of the drylands has continuously expanded
during the past six decades (see Figure 2). The range of
hyper-arid, arid, semi-arid and dry sub-humid regions in-
creased by 0.6x10°, 0.1x10°, 1.6x10° and 0.5x10° km’, re-
spectively (Figure 2). Among these, the largest area
expansion occurred in the semi-arid regions. The expansion
of semi-arid regions accounted for more than half of the total
drylands expansion since the early 1960s (Figure 2c). Before
the 1980s, the total area of dry sub-humid regions was almost
constant, and decreased in the early 1980s before expanding
significantly in the late 1980s (Figure 2b). The total area of
the arid regions showed strong interdecadal oscillations, with
a weak decreased during the 1970s. The area recovered in the
early 1980s, and during the period of 1990-2004 it was
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Figure 1 Global distribution of drylands based on the aridity index (AI) for 1961-1990 climatology. Cited from Feng and Fu (2013).

— Annual
== 15-yr running

Area (106km?)

1 1 T
1950 1960 1970

Figure 2 Temporal variations in the area (106 kmz) of total drylands (a);

I I T
1980 1990 2000

Year

dry sub-humid region (b); semi-arid region (c); arid region (d); and hyper-arid

region (e) during 1948-2008. The dashed line is the 15-year running mean. Cited from Huang et al. (2016).

comparable to the area before the 1970s (Figure 2d). Owing
to the large-scale precipitation anomalies in the southern
hemisphere in the 1970s, the area of arid regions was de-
creased, resulting in the increase in area of the semi-arid
regions (Feng and Fu, 2013).

According to the results from Huang et al. (2016), dis-

tribution of the drylands is not fixed, and undergoes dynamic
changes (Figure 3). The transition from a dry sub-humid
(semi-arid) to a semi-arid (arid) region occurs mainly in East
Asia, East Australia, northern and southern Africa. The
transition from a semi-arid (arid) to sub-humid/humid region
mainly occurs in central/western Australia, central United
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Figure 3  Global distribution of the semi-arid regions and the spatial distribution of their transitions that experienced a change in the climate classifications

during 1990-2004 relative to 1948—1962. Cited form Huang et al. (2016).

States and southern South America. The results show that,
except for central/western Australia, the eastern hemisphere
is mainly become dry, while the mid-latitude regions in
North America and South America become wet. In addition,
the two temperate semi-arid regions in North America and
East Asia show different variation characteristics. Drylands
in North America become wetter, while semi-arid and dry
sub-humid regions in Asia becoming drier. In addition, this
aridification trend is evident in river flow records and in the
observed Palmer Drought Severity Index (PDSI), which are
consistent with changes in the Al (Dai and Zhao, 2017). The
increase in the area of the global drylands is mainly caused
by aridification in Africa, southern Europe, East Asia and
eastern Australia (Dai, 2011a, 2011b, 2013a; Dai and Zhao,
2017; Huang et al., 2017c; Fu and Mao, 2017). This ar-
idification trend is largely related to the reduction in pre-
cipitation caused by the interdecadal oscillations of the
Pacific Ocean and the rapid warming that has occurred since
the 1980s (Dai, 2013a; Dai and Zhao, 2017).

2.2 Characteristics of temperature change: enhanced
warming

As a special component of global land, drylands have an
important impact on global climate change. In the context of
global warming, drylands have shown the most significant
warming in the past 100 years; at the same time, there have
been significant regional differences between climate chan-
ges in different drylands. Huang et al. (2012) found that
temperature increases in the whole year, the warm season,
and the cold season in the mid-high latitude regions of the
NH during 1901-2009 were 1.33, 0.85 and 1.89°C, respec-
tively. The temperature increases in the warm season of
semi-arid regions in the mid-high latitudes of Europe, Asia,

and North America were 0.95, 0.68 and 1.05°C, respectively,
and the warming in the semi-arid regions of North America
was greater than that was in Asia. The temperature increase
in the cold season was 1.41, 2.42 and 1.50°C, respectively,
and the warming in the semi-arid region of Asia was greater
than that of the semi-arid region in North America, showing
the most significant warming trend. After further quantifi-
cation of the contribution of the warming in the drylands in
the mid-high latitudes of the NH to global warming (Figure
4), it was found that the warming in the drylands contributes
to almost 60% of global warming, whereas the drylands in
Europe, Asia and North America contribute 8.76%, 5.65%
and 0.64%, respectively, to global warming. Furthermore,
the semi-arid regions contributed 6.29%, 13.81% and 6.85%,
respectively, to global warming, and the semi-arid regions in
Asia had the largest contribution to global warming (Table

0.

2.3 Characteristics of precipitation change at the in-
terdecadal scale in typical drylands

Although the cause of global warming is still controversial,
the fact that the temperature has increased in the past
100 years is undeniable (IPCC, 2007, 2013). In the context of
global warming there is another important indicator, the
change of precipitation in drylands shows significant re-
gional differences, and research on the characteristics and
mechanisms of precipitation changes under global warming
has also attracted significant attention (Lambert and Allen,
2009; Bichet et al., 2011; Dong and Dai, 2015). A large
amount of research has shown that the drylands have become
more and more dry in the past 100 years (Nicholson et al.,
1998; Nicholson and Grist, 2001; Ma and Shao, 2006; Nar-
isma et al., 2007). Owing to global warming, there are sig-
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Figure 4 Regional contributions (%) of surface temperature trend in different precipitation ranges to global temperature trend for cold season during 1901

2009. Cited from Huang et al. (2012).

Table 1 Contribution of land-surface temperature trend in different mid-
high latitude region to global temperature trend during 1901-2009 (%)"

Europe Asia North America
Arid 8.76 5.65 0.64
Semi-arid 6.29 13.81 6.85
Sub-humid 3.23 2.48 3.54
Humid 0.73 3.11 2.20

a) Cited from Huang et al. (2016)

nificant regional differences in the precipitation changes in
drylands (Ma, 2007; Ault and George, 2010; Shi et al., 2002).
Previous research has made meaningful progress in de-
termining the changes in global and regional precipitation
(Huang et al., 2011; Rasmusson and Arkin, 1993; Trenberth,
2011; Gu and Adler, 2013, 2015), but there is a lack of
comparative studies on interdecadal variations in precipita-
tion at different scales around the world. At the same time,
the major drought events in the drylands in the past 100 years
are mostly related to age-scale climate change. A lot of re-
search has been carried out on climate changes at the
chronological scale (Delworth and Manaba, 1993; Fu and
Huang, 1996; Wang and Zhu, 1999; Li et al., 2002; Huang et
al., 2006; Ma and Fu, 2007; Fu et al., 2008). Precipitation is
the dominant factor in the formation of drought on the dec-
adal scale and this is of great significance for the study of
decadal climate in the drylands.

Figure 5 shows the interdecadal oscillations, trends, and
interdecadal-scale synthetic precipitation changes for four
typical representative regions in the drylands of North
America, North China, North Africa, and Central Asia (Xu
and Ma, 2017). The characteristics of evolution were ana-
lyzed to understand the evolution characteristics of pre-
cipitation and the regional differences at interdecadal scale in

the typical drylands of the world. As shown in Figure 5, there
are different interdecadal oscillation periods in the four ty-
pical regions. The interdecadal periods in North America and
Central are both about 30 years, and the phases are basically
the same. Both of these are rising trends, and they turned into
wet periods in 1971 and 1975, respectively. The interdecadal
periods in North China, North America and Central Asia are
basically equal and the difference in the phases is not sig-
nificant, but the long-term trend is reversed. It should be
noted that, the phase and trend of the interdecadal period in
North Africa is significantly different from those of the other
three regions, which is also an important difference between
North China and North Africa. Previous studies have dis-
covered that long-term changes in North Africa and North
China have similar characteristics (Yan et al., 1990; Ma and
Fu, 2007), but the characteristics of the two regions in the
interdecadal scale cannot be revealed owing to the limita-
tions of the methods. As shown in Table 2, the drying trend in
North China lasted for the longest period, which was
38 years, followed by North Africa (34 years) and North
America (17 years). Although the duration of drying trend in
Central Asia was the shortest, there have been two drying
trends in the past 60 years. The duration of humidification is
relatively short compared to aridification in Central Asia, but
it occurs more frequently.

2.4 Characteristics of dry and wet changes and re-
gional differences

A drying trend has been observed in the global drylands
since 1950. The historically recorded precipitation, runoff
and PDSI database of observations has also proved this
trend. The drying of the global drylands is affected by ocean
oscillation factors, dominated by global warming, and ex-



896

Guan X, et al.

'g" 200 o ——— MDV (24%) — TV (3.3%) |
-

@

£

Q

c

@

| =4

2

3

a

j=)

B —— AV (69.8%) —— MDV+TV (7.7%)

1950 1960 1970 1980 1950 2000 2010
Year

= 150

£ —— AV (29.1%) — MDV+TV (55.5%) (c)
>

@

E

o

| =4

@

 —4

=4

T

a

E 5o L=~ MDV(66%) e TV (48.9%)

1950 1960 1970 1980 1990 2000 2010
Year

Figure 5

Sci China Earth Sci

June (2019) Vol.62 No.6

150
100
50

——AV (43.5%) ——MDV+HTV (22.6%)  (b)

——= MDV (3.4%)

1970 1980
Year

~——-TV (19.2%)
1990 2000 2010

Precipitation anomaly (mm)
(=]

1960

—— MDV+TV (8.6%)
s TV (5.1%)

1980 1990

Year

_60 -

Precipitation anomaly {mm)
=
|

——=MDV (3.5%)
— 80 "
1950 1960 1970

2000 2010
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MDV+TYV indicates multi-decadal change; numbers in brackets mean variance contributions. Cited from Xu and Ma (2017).

Table 2 The time statistics of trend and multi-decadal wet and dry oscillation of regional mean annual precipitation in typical drylands‘”

North America North China North Africa Central Asia
1964-1977
Drought period 1985-2001 1961-1998 1951-1984
1993-2003
Trend
1951-1984 1951-1960 1951-1963
Wet period 1985-2010
2001-2010 19992010 1978-1992
1951-1958
Drought period 1951-1974 1970-2010 1969-2010
Interdecadal 1969-1984
oscillation 1959-1968
Wet period 1975-2010 1952-1969 1951-1968
19852010

a) Cited from Xu and Ma (2017).

hibits different temporal and spatial characteristics in dif-
ferent drylands. From a global perspective, the land in the
eastern hemisphere shows a drying trend and the land in
America shows a wetting trend (Greve et al., 2014). Fu and
Ma (2008) pointed out that the North American continent
turned from dry to wet in the mid to late 1950s, while the
African continent has turned from wet to dry since 1979, and
the drought in Asia began in 1975. Huang et al. (2016)
compared the new semi-arid regions which were transformed
from other climate regions with the semi-arid regions that
existed for many years. The analysis results indicated that the
precipitation has decreased in the semi-arid regions of East
Asia, but has increased in the semi-arid regions of North
America. A PET increase has been observed in the semi-arid
regions of East Asia, but a decrease has been found in the
semi-arid regions of North America; the results of the Al
were consistent with those for the precipitation. This in-

dicates that the semi-arid regions in East Asia show a drying
trend, and the semi-arid regions in North America show a
wetting trend. Cai et al. (2012) proved that the semi-arid
regions in the southern hemisphere, such as the south coast of
Chile, South Africa and South Australia, have shown a
drying trend in autumn since the late 1970s, especially dur-
ing the period from April to May.

The drying of the drylands has resulted in a significant
expansion of the global arid regions (Dai, 2011a, 2011b,
2013a; Dai and Zhao, 2017). Huang et al. (2016) analyzed
the area change characteristics of the different climatic re-
gions and found that most of the semi-arid regions showed an
area expansion. Comparing the area of each semi-arid region
in different time periods, it was found that the degree of
aridification observed from 1990 to 2004 was more sig-
nificant compared with the period from 1948 to 1962. The
main reason for the expansion of aridification is the transi-
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tion of humid and sub-humid regions to semi-arid regions,
and the most significant aridification expansion occurred in
East Asia, which contributed to almost 50% of the global
aridification expansion (Figure 6). Fu and Ma (2008) pointed
out that the east of Northwest China and the North China
experienced significant interdecadal transitional changes
from wet to dry in the 1970s, and these two regions and the
southeastern part of Northeast China exhibited significant
trend of aridification. In addition, the frequency of extreme
droughts in the eastern part of Northwest China, North China
and Northeast China has increased significantly since the
1980s, with the largest increase being observed in Northeast
China (Fu and Ma, 2008). Li et al. (2015) studied the ar-
idification of northern China and also found that the ex-
pansion of the semi-arid regions in China mainly occurred in
the middle and lower Yellow River, Heilongjiang Province
and the Gansu Province.

3. Impact of marine activities on dryland cli-
mate changes

3.1 Impact of ocean oscillation factors and SST
anomalies on temperature changes in drylands

In the context of long-term trends, the drylands show sig-
nificant characteristics of interdecadal variations. Studies

have shown that the interdecadal signals for the SST in dif-
ferent basins can cause atmospheric circulation anomalies,
which affect the climate of different regions (Huang et al.,
2017a), in particularly temperature changes. Changes in the
SST causes stronger or weaker interdecadal signals of tem-
perature (accelerating or slowing down global warming).

In the past 100 years, owing to the transformation of the
positive and negative phases of the oscillation indexes, such
as the Pacific Decadal Oscillation (PDO), the North Atlantic
Oscillation (NAO), the Atlantic Multidecadal Oscillation
(AMO), there have been two global warming slowing down
periods in the world, the period from 1940 to 1975 and the
period since the end of the 20th century (Kosaka and Xie,
2013; Huang et al., 2017b). Among these, the warming
slowing down period at the end of the 20th century aroused
widespread concerns. Huang et al. (2017b) have performed a
lot of research on this phenomenon. The results indicated
that the contribution from the land cooling to the NH was up
to 66% in the cold season during the warming slowing down
period, and the major cooling areas were located in Eurasia
and North America which have large areas of drylands.
Huang et al. (2017b) derived the decadal modulated oscil-
lation (DMO) of the temperature and a long-term trend for
temperature change using Ensemble Empirical Mode De-
composition (EEMD). As shown in Figure 7, the long-term
trend of temperature change showed a continuously rising,

North Africa MNorth America

(d)

(a)ggg ™ Subhumid/humid to semiarid (b)
M Semiarid to arid
0.60 - m Semiarid to subhumid/humid
— = Arid to semiarid
£
o
“:o_ 0.40
1
Qo
< 0.20 I
0.00 East Asia Central Asia
(c)
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E
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South Africa Central/West Australia East Australia

South America

Figure 6 Area transitions of different climate zones over the eight semi-arid regions. (a) East Asia, Central Asia, northern Africa; (b) North America; (c)
southern Africa, central/west Australia and east Australia; (d) South America. Cited from Huang et al. (2016). Orange represents the transition from a sub-
humid/humid to a semi-arid region; brown represents the transition from a semi-arid to an arid region; dark green represents the transition from a semi-arid to
a sub-humid/humid region; and light green represents the transition from an arid to a semi-arid region.
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Figure 7 EEMD decomposed time series for long-term trends, DMO and
their combination of the global mean temperature. Cited from Huang et al.
(2017b).

while the DMO showed the changing characteristics of the
oscillation. During the accelerated warming period, the
DMO showed a rising trend. The overlapping of this rising
DMO and long-term rising trend of the temperature resulted
in rapid warming in the NH during this period. During the
warming slowing down period, the DMO showed a down-
ward trend, which offset the long-term temperature rise, and
resulted in a warming slowdown across the world. Further-
more, Guan et al. (2015a) decomposed the original tem-
perature change into the radiatively forced (RFT) and
dynamically induced temperature changes (DIT) by using a
dynamical adjustment method. As shown in Figure 8, the
RFT refers to the temperature change caused by human
factors, such as CO, emissions, and the DIT refers to the
temperature change that is dominated by the internal varia-
bility of climate system. During the accelerated warming
period, the DIT showed a rising trend. The overlap of the
rising DIT and RFT caused accelerated warming during this
period, while warming slowdown was caused by the cooling
DIT which offset warming RFT. The cooling of DIT was
caused by the joint action of the NAO, PDO and AMO.
Studies by Guan et al. (2015a, 2015b) and Huang et al.
(2017b) have shown that the interdecadal signals caused the
transition between the accelerated warming and warming
slowdown.

3.2 Impact of ocean oscillation factors and SST
anomalies on the change of precipitation in drylands

Interdecadal signals, such as NAO, PDO, and AMO, cause
atmospheric circulation anomalies, which in turn cause the
slowing down of global warming, and furthermore affect the
precipitation in drylands, resulting in dry and wet changes in
different regions. After simulating the SST as a forced field,
it was found that the ocean played an extremely important
role in the climate change of semi-arid regions in the Sahel
region. The severe drought in the Sahel region from the
1970s to the 1980s was mainly caused by warming of the

2.0
1.5+

(@)

Temperature anomaly ("C)

1920 1940 1960 1980 2000
Year

Figure 8 Regional mean time series for the raw temperature (black), DIT
(blue) and RFT (red) over the (a) NH; (b) Eurasia; and (c) North America.
Cited from Guan et al. (2015a).

tropical Atlantic Ocean and the Indian Ocean (Giannini et al.,
2003, 2008; Bader and Latif, 2003; Lu and Delworth, 2005;
Hoerling et al., 2006, 2010). Many studies concerning North
America discovered that persistent SST anomalies in the
Pacific Ocean and Atlantic Ocean strongly affected the
precipitation in the United States by affecting the atmo-
spheric circulation (Ting and Wang, 1997; Dai and Wigley,
2000; Schubert et al., 2009; Mo et al., 2009; Hu and Feng,
2012; Dai, 2013b; Dong and Dai, 2015). In particular, the
Pacific Ocean played a key role in the precipitation in the
drylands of the western United States. More than half of the
interdecadal droughts in the United States were caused by the
phase changes of the PDO and AMO (McCabe et al., 2004).
In addition, climate change in the drylands of Asia were
closely related to the PDO. In the semi-arid regions of
northern China, drought tended to occur during the warm
phase of the PDO (Ma and Fu, 2003, 2006; Ma and Shao,
2006; Ma, 2007; Qian and Zhou, 2014). Furthermore, the
correlation coefficient calculated by Dai (2013b) between
the original Nifio3.4 index, the Nifio3.4 index after high pass
filtering, the Inter-decadal Pacific Oscillation (IPO) index
and the global precipitation showed that the spatial dis-
tributions reflected by the three correlation maps on land
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were basically the same and similar to the main mode of
global land precipitation, indicating that El Nifio Southern
Oscillation (ENSO) (interannual) and PDO (interdecadal)) as
the ocean oscillation factors are the main factors that affect
the spatial distribution pattern of global land precipitation.

Previous experiments have proved that the model can ea-
sily reproduce the correlation between the precipitation
changes and the PDO in global drylands (Schubert et al.,
2009; Dong and Dai, 2015). Xu (2016) established a multiple
linear regression equation of precipitation using the Niflo3.4,
PDO and AMO index, and selected five typical drylands for
time fitting of the precipitation, as shown below:

Pre(t) = by + b, x Nifio3.4(¢) + b, x AMO()
+b, x PDO(?).

Pre represents the fitted precipitation. The results showed
that the precipitation in North Africa is more sensitive to the
SST, and that the correlation coefficient of the time series
between the fitted precipitation and the original precipitation
was 0.66 (Figure 9). Meanwhile, the continuous decrease in
the precipitation in North Africa during 1951-1985 was
mainly due to the downward trend of the AMO and the rising
trend of the PDO. The precipitation reduction caused by
these two factors accounts for 57% of the change to the
original precipitation. After 1985, the precipitation in North
Africa changed to a rising trend, which is mainly due to the
combination of the rising trend of the AMO and the down-
ward trend of the PDO. Based on the coefficients of the
multiple regression equation and the related statistics shown
in Table 3, it was found that the long-term contribution of El
Nifio (b;) to precipitation in North Africa was less than the
contribution of AMO (b,) and PDO (b3). Therefore, the
contribution of the AMO and PDO to the long-term trends of
precipitation in North Africa have an equivalent magnitude,
but opposite signs.

For North China, although the fitting curve of the pre-
cipitation passed the F test, only the regression coefficient of
PDO (b5 in Table 3) passed the significance test, and b,
(PDO) is about five times that of b, (El Nifo) and b, (AMO).
During the time period of 19611985, precipitation in North
China showed a decreasing trend, and a negative anomaly
occurred in the precipitation at the end of the 1970s, which
was mainly due to the downward trend of the PDO (Figure
9). With the transition of the PDO from a warm to a cold
phase after the 1990s, the negative anomaly of precipitation
in North China showed a weak upward trend. It should be
pointed out here that although the aridification in North
Africa (Nicholson et al., 1998, 2000) and North China has
certain similarities (Huang, 2006a; Yan et al., 1990; Zhang
and Chen, 1991; Huang et al., 1999), the SST signals which
dominate them are significantly different. The precipitation
in North Africa is affected by both the AMO and PDO, and
the contributions from them are similar. The precipitation in
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North China is mainly dominated by the PDO, and the im-
pact of the AMO is weak. In addition, the regression coef-
ficients corresponding to the precipitation in the United
States and North China have opposite signs, and the value for
b; (PDO) is much larger than that for b, (El Nifio) and b,
(AMO), indicating that the precipitation in the United States
is basically dominated by the PDO, followed by the AMO
(Table 3). It was also proven that the precipitation in North
China decreased while the precipitation in the United States
increased when the PDO is in the warm phase, and vice versa
(Ma, 2007; Dai, 2013b). McCabe et al. (2004) reported that
the PDO and AMO contribute to more than 52% of the
spatial and temporal variance of the interdecadal drought
frequency in the United States. These results indicated that
the precipitation in North China and the United States were
mainly dominated by the PDO.

As there are significant regional differences in the re-
sponse of precipitation from Australia to South America to
SST anomalies, in discussions they are divided into the
western and eastern parts. Compared to western Australia,
the regressed precipitation in eastern Australia contributes
more to the variance of the original precipitation, which is up
to 46%. Meanwhile, the contribution of El Nifio (b,) to the
variance of the precipitation in eastern and western Australia
is much greater than that of the PDO and AMO (Table 3). In
addition, the contribution of the fitted precipitation in the
northern South America to the variance of the original pre-
cipitation mainly comes from El Nifio (b;) and PDO (b5),
while the contribution of the AMO (b,) is relatively weak.

3.3 Impact of ocean oscillation factors and SST
anomalies on the dry and wet changes in drylands

The global oceans are important forcing sources for the
formation of global dry and wet distributions (Hua and Ma,
2009). At the same time, the drylands are sparsely pre-
cipitated and ecologically fragile, and are extremely sensitive
to global ocean regulating factors. Numerous studies have
shown that oceanic activities, especially SST anomalies in
the Pacific and Atlantic basins, can significantly affect the
dry and wet changes in drylands (Ting and Wang, 1997; Ting
et al., 2011; Zhang and Delworth, 2006; Dai, 2013a; Tren-
berth and Hurrell, 1994; Trenberth et al., 2014). As the SST
anomaly signals at the interannual and interdecadal scales of
different basins can cause atmospheric circulation anomalies
in the corresponding time scales, the characteristics of the
dry and wet changes in drylands will be affected through
teleconnections (Trenberth et al., 1998). These studies
mainly reviewed the impact of the oceanic oscillation factors
and the SST anomalies in the Pacific and Atlantic on the dry
and wet changes in the drylands.

As the most significant interannual variation signal in the
world, the ENSO signal can force the upper atmospheric
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Figure 9 Time series for precipitation and fitted precipitation in typical regions of the world. Cited from Xu (2016).
Table 3 Coefficients of multiple regression equations (by, by, b,, b3) and the related statistics”
by b, by by R F MSE
North Africa 5203 18.31" 2255 26.53" 0.44 28.04" 870.28
North China 346.0° 2.59 2.55 1227 0.27 13.37° 260.22
United States 464.8" 3.79 10.95" 24.89° 0.36 20.24" 832.96
Eastern Australia 770.5" 79.67" 18.13" 3451 0.46 30.73 2924.14
Western Australia 352.2° 35.65° 9.21 5.09 0.11 458" 1779.95
northern South America 2439.7" 92.90" 9.83 39.87" 0.44 28.43" 4560.01
southern South America 1432.9" 2.74 1.76 9.79 0.01 0.27 6382.14

a) * indicates that the regression coefficient and the equation pass the significant test of a=0.05. R represents the square of the correlation coefficient, and
F indicated whether the regression equation is significant. MSE represents the root mean square error. Cited from Xu (2016).

circulation, activate and maintain atmospheric circulation
anomalies, and further trigger global dry and wet changes. El
Niflo, which occurs in the equatorial Pacific, is the most
critical contributor to tropical drought (Hoerling and Kumar,
2003; Coelho and Goddard, 2009; Trenberth et al., 2014).
Under the influence of a strong El Nifio oscillation, the
global dry land range is twice that compared to a weak El
Niflo (Lyon, 2004). In different regions and seasons, impact
of ENSO on wet and dry changes in the global drylands also
shows some differences (Ropelewski and Halpert, 1987; Dai
and Wigley, 2000). A study found that, when El Nifio oc-
curred, drought usually occurred in South Africa, as it was
rainy from the end of the year to the beginning of the next
year in the drylands of East Africa. In East Asia, owing to the
increase in the SST in the eastern equatorial Pacific and
enhancement of the Hadley Cell, the Pacific subtropical high
was enhanced, and the position extended southward, mean-
ing that the summer monsoon was weak, the northward

strength of the warm and humid airflow was weak, and the
cold air moved to the South. Therefore, the monsoon rain
zone generated by the convergence of cold and warm air
stagnates in the middle and lower Yangtze River, causing
continuous rain and floods for East Asia in the summer
(Huang, 2006b). PDO is an oscillated-type of SST similar to
El Nifio that occurs in the North Central Pacific (Mantua et
al., 1997; Mantua and Hare, 2002), and lasts between 20 and
30 years, and is also known as the “decadal El Nifio phe-
nomenon”. The PDO is generally considered to be a part of
IPO in the North Pacific. As interdecadal signals in the Pa-
cific Oceans, they both affect the dry and wet changes in the
drylands. Previous results showed that the continuous
drought in the north China region from the mid-to-late 1970s
was closely related to the change in the PDO from the cold to
the warm phase in 1976 (Ma and Shao, 2006; Ma, 2007). The
cold and warm phases of the IPO correspond to a reduction
and increase in the precipitation in the central and western
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parts of the United States (Dai, 2013b), respectively.

The impact of the Atlantic SST anomalies on global dry
and wet climate changes cannot be ignored (Sutton and
Hodson, 2005; Knight et al., 2006; Zhang and Delworth,
2006). SST anomalies in the equatorial Pacific and Atlantic
both affect the precipitation in southeastern South America,
but the time scales of impact are different. Among these, the
equatorial Pacific mainly acts on the interannual time scale,
while the equatorial Atlantic acts on the interdecadal time
scale or longer. Corresponding to the cold phase of the AMO
in the 20th century, the southeastern part of South America
became continuously wet (Seager et al., 2010). Ting et al.
(2011) reported that, when the AMO was in the warm phase,
the Atlantic equatorial convergence zone moved northward,
resulting in increased precipitation in western Sahel in
Africa, the equatorial north Atlantic, and the central United
States, while the precipitation decreased in western South
Africa, the equatorial south Atlantic, and eastern South
America. Yang et al. (2017) reported that, when the AMO is
in the positive phase, most regions in the eastern hemisphere
experience more precipitation, except for Central America
and northern South America, as the precipitation in the
western hemisphere is reduced. When AMO is in the nega-
tive phase, the precipitation in the eastern hemisphere is
reduced and the precipitation in the western hemisphere is
increased. Compared with the PDO, the degree of pre-
cipitation anomalies in the global land areas caused by AMO
is relatively small, and the high-impact areas are mainly
concentrated in Africa and northern South America.

Huang et al. (2016) showed that the global drylands have
been expanding over the past 60 years due to global warm-
ing. Dai et al. (2004) discovered that the global very dry
areas have increased by more than twice since the 1970s, and
global very wet areas have decreased, which is mainly re-
lated to the decrease of the precipitation and global warming
caused by ENSO in the 1980s. However, in the latest re-
search by Guan et al. (2017), it was reported that the long-
term drought in the middle and high latitudes of the NH was
alleviated during the warming slowdown period, mainly in-
cluding the drylands in Eurasia and North America. This
change was mainly measured using the Al. During the
warming slowdown period, the temperature was still at a
high level, and a change in the evaporation was not sig-
nificant. However, the atmospheric circulation anomaly
caused by the phase transition of the interdecadal index led to
an increase in precipitation, and the Al also increased, as
shown in Figure 10. Guan et al. (2017) further decomposed
the Al into the dynamically induced Al (DAI) and the ra-
diatively forced Al (RAI) using the dynamical adjustment
method. The analysis found that the reversal of the Al is
dominated by the slowdown of the decline of the DAI, and
the slowdown of the DAI decline is also closely related to the
phase changes of NAO, PDO and AMO. At the same time,
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Figure 10 Decadal variability for different variables: (a) Al; and (b) P
(solid line) and PET (dashed line). Cited from Guan et al. (2017).

Guan et al. (2017) also reported that, although the long-term
drought in the middle and high latitudes of the NH was
alleviated during the warming slowdown period, this was
only temporary. Once the phase of the NAO, PDO and AMO
changed, the world will change to a period of accelerated
warming, and the existing slowdown period of drying will
also disappear.

4. Mechanism of impact of the ocean oscillation
factors on dryland climate changes

Compared to atmospheric motion, the movement and change
of the oceans is slower and obviously more persistent. Ab-
normal signals of atmospheric circulation can be stored in
oceans through the interaction of oceans and the atmosphere,
and these abnormal signals are then transferred to the at-
mosphere, causing abnormal circulation, which in turn af-
fects climate change in drylands (Wu et al., 2007, 2008). The
SST anomalies play an important role in the variation of
interdecadal precipitation. The SST anomalies in different
basin regions around the world induces the variations of
land-sea thermal contrasts and north-south thermal contrasts,
thus affecting the westerly jet, planetary waves, blocking
frequencies and Asian monsoons (Huang et al., 2017a). At
the same time, the interaction between the anomalous at-
mospheric circulation and the SST anomalies will further
affect climatic factors such as the regional precipitation and
temperature (Huang et al., 2010; Hu et al., 2018). For ex-
ample, the warm phase of the ENSO-like model plays an
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important role in the increase of the spring precipitation in
southeastern China and the reduction of precipitation in
northern China (Yang and Lau, 2004). The tropical SST
anomaly in the second half of the 20th century dominated the
decadal weakening trend of the Asian summer monsoon.
When the El Nifio occurred, a large range of abnormal sea-
water warming occurred in the equatorial central and eastern
Pacific, and traditional southeast trade winds and equatorial
ocean currents were greatly weakened, resulting in changes
in the global atmospheric circulation. Among these, the most
direct phenomenon is the “seesaw” phenomenon of the re-
versed-pressure anomaly between the Southeast Pacific and
the Indian Ocean, as well as Indonesia. When the air pressure
in the Southeast Pacific becomes high (low), the air pressure
in the Indian Ocean and Indonesia becomes low (high), this
is the Southern Oscillation (SO) phenomena (Halpert and
Ropelewski, 1992). This anomaly of air pressure leads di-
rectly to a decrease in the pressure gradient between the
eastern and western Pacific, weakening the southeast trade
winds, the equatorial ocean currents and the Walker circu-
lation, and ascending branch of the Walker circulation
moved eastward, thus affecting climate change in the dry-
lands of Australia.

During the summer of El Nifio’s retreat year, the SST
anomaly in the Indian Ocean can store El Nifio’s warm signal
until the summer through the “capacitor effect”, inducing
Kelvin waves in the atmosphere, causing an anticyclonic
anomaly in the Pacific Northwest, thus affecting the East
Asian summer monsoon (Xie et al., 2009, 2016). Nitta (1986,
1987) and Huang et al. (2004) found that the convective
activity in the tropical northwestern Pacific has an oscillating
relationship with the summer precipitation in East Asia.
Therefore, the ENSO signal can also excite the teleconnec-
tion pattern in summer through the “capacitor” of the Indian
Ocean, thus affecting the summer precipitation in the dry-
lands in northwest China, especially in the marginal regions
of the monsoon, by affecting the monsoon swing (Huang and
Wu, 1989; Huang and Sun, 1992). In addition, the local air-
sea feedback mechanism of the Northwest Pacific can also
maintain the El Nifio signal until early summer (Wang et al.,
2000). These two mechanisms are not contradictory. The
local feedback mechanism in the northwest Pacific exists in
spring and causes warming of the North Indian Ocean. In the
summer, the warming of the North Indian Ocean further
stimulates the teleconnection anomaly, that is, the local
feedback process in the tropical northwest Pacific and the
capacitor mechanism of the Indian Ocean are interconnected
and undergo mutual feedback, which is known as the Indo-
western Pacific Ocean capacitor (IPOC) effect (Kosaka and
Nakamura, 2006, 2010; Kosaka et al., 2009, 2011).

Furthermore, during the El Niflo, the anomalous warming
of the SST in the equatorial central and eastern Pacific led to
an enhanced local convective activity, combined with the

teleconnection effect, which caused the anomalous circula-
tion in the middle and high latitude regions of the NH and
excited the Pacific/North American (PNA) (Horel and Wal-
lace, 1981; Shukla and Wallace, 1983; Wu and Chen, 1992;
Straus and Shukla, 2002). EI Nifio excites a positive PNA
circulation pattern, while La Nifa tends to correspond to a
negative PNA pattern, which affects the climate in North
America, especially in the drylands of Western North
America. When PNA is in the positive phase, the tempera-
ture in the drylands of Western North America is sig-
nificantly higher under the influence of strong pressure
ridges, and the impact on precipitation is not obvious, but the
probability of reduced precipitation is greater. Conversely,
when the La Nifia occurs, the temperature in the drylands of
Western North America is lower, and the probability of more
precipitation is slightly higher.

There is also a relationship between the ENSO and NAO
(Huang et al., 1998). As early as 1984, Rogers reported that a
relationship between NAO and SO could be established
through Rossby waves on the quasi-six-year time scale.
Huang et al. (1998) further discovered that the relationship
between NAO and ENSO on the quasi-six-year time scale is
not stable. There was a good relationship between the two in
1910-1960, and this relationship then gradually weakened or
even disappeared. During a strong El Nifio event, the heat
source anomalies in the equatorial central and eastern Pacific
excite the PNA pattern in the mid-high latitudes of the NH
through teleconnections, and also excite a positive NAO
pattern circulation anomaly in the Atlantic region, that is,
NAO is well correlated with ENSO, which in turn affects the
climate in Europe and the surrounding areas of the Medi-
terranean, including the drylands of North Africa. When a
weak El Nifio event occurs, the correlation between the NAO
and ENSO is weak.

Ding et al. (2009) also reported that the SST in the central
and eastern tropical Pacific is positively correlated with the
precipitation in the Yangtze River Basin and most areas of
South China, and negatively correlated with the precipitation
in North China. As the main pattern in the Pacific, the PDO
and IPO have significant effects on the regional precipitation
(Trenberth and Hurrell, 1994; Dai, 2013a; Ma, 2007; Duan et
al., 2013). The positive and negative phases of the PDO also
have a significant impact on the precipitation in drylands.
When the PDO is in a positive phase, the warm SST anomaly
in the equatorial Middle East Pacific increases the sensible
heat flux from the ocean to the atmosphere, heating the entire
tropical troposphere, and causing a positive temperature
anomaly (Figure 11a). At the same time, the tropospheric
temperature in the mid-latitudes of the NH will be abnor-
mally low, thus changing the meridional temperature gra-
dients in the North Pacific and the surrounding areas. Thus,
the meridional temperature gradient in the subtropical to the
mid-latitude (15°N—45°N) increases. According to the prin-
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ciple of thermal wind, the westerly wind in the area is en-
hanced; while the meridional temperature gradient in the
tropics and the high latitudes weaken, this correspondingly
leads to an abnormal eastern wind. This wind field anomaly
causes a vorticity shear of “negative in the south and positive
in the north” in the upper layer of the North Pacific tropo-
sphere, that is, anomalous cyclones in the northern North
Pacific and anomalous anticyclones in the southern North
Pacific (Figure 11b). As a result, the Aleutian Low is en-
hanced and the subtropical high is also enhanced (Figure
11c). At the corresponding bottom layer of the troposphere, a
large range of cyclonic wind fields appear in the northern
North Pacific, and an anticyclonic wind field appears in the
Northwest Pacific. An abnormal southwesterly wind appears
in the south of the Yangtze River and an abnormal north-
westerly wind appears in North China. This abnormal wind
field will weaken the East Asian summer monsoon and
prevent the northward movement of tropical water vapor and
rain belts (Figure 11d), which will reduce the precipitation in
North China, while the precipitation is more concentrated in
the south of the Yangtze River, and eastern China will ex-
perience a pattern of “southern flooding and northern
drought”. Huang et al. (2016) also reported that the drying
trend in the eastern hemisphere is related to the weakening of
the East Asian summer monsoon. When the PDO is in a
negative phase, the response of the atmospheric circulation is
reversed, and eastern China will experience a pattern of
“southern drought and northern flooding”.

In addition, owing to the multi-decadal variation of the
Atlantic SST, the AMO affects the interdecadal variations of
precipitation in eastern China through modulation of the
PDO by the teleconnection wave train (Si and Ding, 2016).
Zhu et al. (2016) indicated that when the PDO is in the warm
phase and the AMO is in the cold phase, the precipitation in
the lower reaches of the Yangtze River is a positive anomaly,
and vice versa. Using a numerical model to simulate the
impact of the interdecadal SST on climate change, Yang et al.
(2017) discovered that when the PDO was in the neutral
mode and the AMO was in the warm phase (Figure 12a), an
castward propagating wave train was excited and an abnor-
mally high pressure was found in the North Pacific, that is,
the Aleutian Low was weakened and the corresponding
subtropical high was also weakened. Anticyclonic anomalies
occurred in the lower troposphere in the northern Pacific,
resulting in anomalous southwesterly winds in North China
and anomalous easterly winds in the south of the Yangtze
River. This anomalous wind field will strengthen the East
Asian monsoon, and eastern China will experience a pattern
of southern drought and northern flooding, and vice versa. In
contrast, the intensity of the abnormal high pressure induced
by the AMO warm phase (Figure 12a) is approximately half
of the abnormal high-pressure intensity induced by the PDO
in the cold phase (Yang et al., 2017), indicating that the
atmospheric circulation shows an opposite response to the
same phases of AMO and PDO, but the response of the
atmospheric circulation to the AMO is weaker, which is
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consistent with the results reported by Zhu et al. (2016). In
addition, Si and Ding (2016) reported that the AMO warm
(cold) phase will cause a warm (cold) SST anomaly in the
mid-latitude West Pacific and central Pacific, inducing a
positive (negative) anomaly for the geopotential height field
in the Yellow River Basin and a negative (positive) anomaly
for the height field in the Yangtze River Basin through a
stationary baroclinic wave train in the NH, that is the tele-
connection wave train from the North Atlantic to Eurasia and
extending to North America. Eventually, these anomalous
atmospheric circulation fields cause positive (negative)
precipitation anomalies in North China and negative (posi-
tive) precipitation anomalies in South China. The numerical
simulation results shown in Figure 13a indicate that when the
AMO is in a neutral mode, the precipitation in the south of
the Yangtze River decreases by 0.24 mm dayf1 in the PDO
cold phase, and the precipitation in the south of the Yangtze
River increases by 0.31 mm dayf1 in the PDO warm phase.
Conversely, when the PDO is in a neutral condition, the
precipitation in the south of the Yangtze River decreases by
0.04 mm day_1 in the AMO warm phase, but the precipita-
tion in the south of the Yangtze River increases by
0.07 mm day_1 in the AMO cold phase. Therefore, the re-
sponse intensity of the precipitation in the south of the
Yangtze River to the AMO warm (cold) phase is about one
fifth of the contribution of the PDO cold (warm) phase. This

indicates that in terms of precipitation, there is an opposite
response to the AMO and the PDO, suggesting that the PDO
dominates the change in the precipitation in the south of the
Yangtze River, and the contribution of the AMO is relatively
small. In addition, the combination of the different phases of
the AMO and the PDO will affect the distribution pattern of
the interdecadal precipitation in eastern China (Figure 13).
When the PDO is in the warm phase, “southern drought and
the northern flooding” pattern will form. At this time, if the
AMO and PDO are in opposite phases, this pattern will be
strengthened, and if the AMO and PDO are in the same
phase, this pattern will be weakened (Yang et al., 2017).

5. Conclusion

In summary, the effect of climate change in drylands on
global changes cannot be ignored. Under the backdrop of
global warming, the total area of drylands has expanded
significantly, and extreme drought events have occurred
frequently. During the process of climate change in the past
100 years, the semi-arid regions have shown significant
periods of enhanced warming and aridification, and there has
been prominent spatial differences, resulting in the dete-
rioration of the local environment. As a major component of
the Earth’s climate system, the impact of the oceans on cli-
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experiment (PnAn) for all five participating AGCMs. Pc/Pw represents the
positive cold/warm anomaly of PDO; Ac/Aw represents the cold/warm
anomaly of AMO; Pn/An represents the neutral anomaly of PDO and
AMO. Cited from Yang et al. (2017).

mate change in drylands is mainly reflected in the variation
characteristics of temperature, precipitation, and dry and wet
changes on the interdecadal scale. The SST anomalies in
different sea basins can significantly affect climate change in
drylands. The oceanic oscillation factors cause the inter-
decadal modulation of oscillations to display upwards or
downwards trends through different phase transitions, which
overlaps on the long-term upward trends of temperature, thus
causing the temperature in drylands to shows interdecadal
variation characteristics of accelerated warming or warming
slowdown. At the same time, the oceanic oscillation factors
such as ENSO, PDO, AMO and NAO change the land-sea
thermal contrasts through different phase transitions, causing
atmospheric circulation anomalies and global temperature
changes, which in turn affects the precipitation and dry/wet
changes in drylands.

Aiming to understand the impact of oceans on climate
change in drylands, a large number of studies have been
carried out, and a series of progress has been achieved, but
there is a lack of comparative studies on the interdecadal
variations of temperature, precipitation, and dry and wet
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changes at different scales around the world. Our under-
standing of the relevance and differences among the different
regions is still not sufficient. In addition, there are relatively
few studies on how the interaction of different sea areas
affects climate change in drylands. At present, it is still im-
possible to quantitatively distinguish the relative contribu-
tions of different ocean oscillation factors in the climate
evolution of drylands and their response processes. Mean-
while, our understanding of the climate evolution mechan-
isms of drylands affected by air-sea interactions is not
sufficient. In the future, a comprehensive and systematic
study on these mechanisms should be carried out by com-
bining various observational data sources and numerical si-
mulations. Climate warming and increasing aridity will
increase the risk of desertification, and there are also sig-
nificant uncertainties about the future in terms of climate
change in drylands. Therefore, it is necessary to further in-
vestigate the impact of oceans on climate change and the
ecological environment in drylands, and to deepen our un-
derstanding of the climate evolution mechanisms in dry-
lands, so as to provide a reliable scientific basis for
predicting future climate change in drylands and prevent
desertification.
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