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Abstract

Drylands occupy about 41% of land surface and feed 38% of the world's popula-

tion, where understanding drylands' water-cycle is in urgent need. In this

study, response of water-cycle over the drylands to global warming from 1980

to 2015 and its mechanisms have been investigated in detail. The results show

that, with the global surface air temperature (SAT) increasing at a rate of

0.03 K�year−1 over the drylands, an increased evaporation is found; however,

the net water vapour transport over the global drylands appears an overall

decreased rate of −0.24 mm�year−1. Due to global warming and atmospheric

circulation anomalies, the evaporation increases by 1.1 mm�year−1, while the

precipitation and runoff decrease by −2.32 and −0.8 mm�year−1, respectively.
In addition, the precipitation conversion rate (PCR) tends to decrease during

this period, while the precipitation recycling rate (PRR) shows slightly increas-

ing trend, implying a more dependence of the precipitation on the local evapo-

ration over the drylands. Overall, except the drylands of Africa, it indicates a

weakened water-cycle over the global drylands from 1980 to 2015. Though

some findings have been revealed, there still remains some uncertainties due

to the observation limitation on the water-cycle components. Therefore, a com-

prehensive study including multi-sourced data and model simulation is

expected in the future.
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1 | INTRODUCTION

Water-cycle is a continuous circulation of water through
ocean, atmosphere, land surface and subsurface. Among
the processes involved in the water-cycle, the most
important are precipitation, evaporation, runoff and con-
densation (Yin and Roderick, 2020). Generally, the water
is transferred from the Earth's surface to the atmosphere
by evaporation, being the primary form of atmospheric
moisture. Then, by condensation, water vapour in the
atmosphere is released to precipitation. The precipitation
falling on the land surface is distributed in four main
ways: some is returned to the atmosphere by evaporation,

some may be intercepted by vegetation and then evapo-
rates from the surface of leaves, some percolates into the
soil by infiltration, and the remainder flows directly as
runoff into the sea (Gimeno et al., 2012). Under the back-
ground of global warming, the frequency of extreme cli-
mate events and anomaly of water-cycle increase
significantly. Therefore, water-cycle is an important issue
which is tightly linked to the human living environment.

Water-cycle could be affected by natural factors
including ocean salinity pattern (Skliris et al., 2020), solar
insolation change (Fu et al., 2009; Wang et al., 2012,
2013; Qi et al., 2013), volcanic eruptions (Alfaro-Sánchez
et al., 2018), and the internal variation of climate change
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(Song et al., 2014). Meanwhile, it can be also altered by
human activities including pollutants (Hua et al., 2018;
Liu et al., 2019a, 2019b, 2019c, 2019d; Luo et al., 2020a),
irrigation (Grafton et al., 2018), and land use change
(Abbott et al., 2019; Li et al., 2019; Allan et al., 2020).
With the global warming, the anomalous water-cycle is
increasingly dominated by the human activities (Allan
et al., 2020). It is urgent to understand the water-cycle
response to the global climate change.

Generally, the drylands relate significantly to the
global climate change (Huang et al., 2008). Due to low fer-
tility of soil and deficiency of water resources, the global
drylands are extremely facing the risk of degradation and
expansion (Scheffer et al., 2001; Huang et al., 2017; Liu
et al., 2018), which could in turn affect the water-cycle.
Recently, much effort has been made to reveal the changes
in drylands' water-cycle. Many researchers revealed that,
due to lack of water resources, the atmospheric water
vapour over the drylands is primarily originated from
external transport (Xu et al., 2016). For the African arid
region, the water vapour transported from Mediterranean
Sea plays a critical role in the local rainfall (Fontaine
et al., 2003). Besides, the water vapour over East Asian arid
region originates mainly from the Northwest Pacific Ocean
and the Bengal Bay (Han et al., 2016; Liu et al., 2018). Due
to the increases in evaporation and precipitation, the
global water-cycle is found to be intensified over monsoon
regions (Dwyer et al., 2014; Zhang et al., 2019). Further-
more, the increased precipitable water usually implies the
increased residence time of water vapour in the atmo-
sphere under the global warming background, which leads
to a weakening water-cycle on the global scales
(Bosilovich et al., 2005). Thus, the water-cycle presents dif-
ferent features over different regions.

Usually, to reveal the contribution of local evapora-
tion to precipitation, the precipitation recycling rate
(PRR) is introduced. Previous studies reported that the
PRR over drylands indicates more advantages than that
over humid regions (Li et al., 2018). It was found that the
PRR tends to decrease over the arid area of western
Tibetan Plateau, North America and North Africa during
period 1979–2012, while it tends to increase over Asia
(Guo and Wang, 2014; Li et al., 2018). Additionally, the
PRR increased significantly from 1980s to the early 21st
century over the arid area of the northwestern China
(Yao et al., 2020). Though some findings have been
obtained, there remain huge uncertainties of quantifying
PRR over the global drylands due to the limitation of data
sets. In addition, under an enhance warming climate
(Guan et al., 2015) and expanded global drylands (Huang
et al., 2016a, 2016b), it may induce the rising of CO2 and
decreasing of O2, which has a significant influence on the
eco-system and global water-cycle (Huang et al., 2018).

Thus, understanding the response of water-cycle is
becoming a critical issue to perform the sustainable
development over the drylands.

In this study, a systematic analysis of water-cycle over
global drylands is performed. The descriptions of data
sets are presented in Section 2. The methods are shown
in Section 3. Furthermore, the trends of water-cycle com-
ponents, the changed precipitation conversion rate
(PCR), PRR, a comprehensive analysis on the features
and intensity of water-cycle are shown in Section 4. Dis-
cussions and the conclusions are presented in Section 5.

2 | DATA SETS

2.1 | ERA5 reanalysis data

ERA5 reanalysis product is the fifth generation European
Centre for Medium-Range Weather Forecasts (ECMWF)
reanalysis for the global climate and weather. Previous
research showed that the correlation of ERA5 reanalysis
with the Global Precipitation Climatology Project (GPCP)
data has been more significantly increased than ERA-
interim data set (Hersbach et al., 2020). It shows a more
apparent improvement for temperature, wind field,
humidity in the troposphere than ERA-interim. Basing on
ERA5 data, the monthly precipitation (P), evaporation (E),
runoff, soil water (SW), surface air temperature (SAT), sur-
face pressure and the horizontal wind (u and v compo-
nents), vertical velocity, specific humidity (q) with a
spatial resolution of 0.25� × 0.25� from surface to 200 hPa
during the period of 1980–2015 are used. During analysis,
to match the resolution of CRU data, we have interpolated
the ERA5 data from resolution of 0.25� × 0.25� to
0.5� × 0.5�. The accumulated period of monthly mean pre-
cipitation, evaporation and runoff is 1 day.

Meanwhile, the evaporation data of ERA5 just
include a simplified representation of transpiration from
vegetation through considering the surface energy budget
and physical constraints of soil moisture (Hersbach
et al., 2020). In ERA5, the revised hydrology scheme of
land surface (HTESSEL) is used (Balsamo et al., 2015).
Besides, the other significant changes are related to the
introduction of the soil texture map (Balsamo et al., 2009)
and the representation of evaporation over bare soil
(Albergel et al., 2012). The data sets of ERA5 can account
for monthly vegetation maps specified from MODIS-
based satellite data set (Boussetta et al., 2013). It may not
fully account for vegetation responses under the rising
CO2 and global warming. Even, there is a risk of over-
estimating the evaporation. Because of the scarcity of
meteorological observations over the global drylands, the
ERA5 data still have the irreplaceable advantages in
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studying the water-cycle over the global drylands
(Hersbach et al., 2020; Pelosi et al., 2020).

2.2 | Climate research unit data

The data of climate research unit (CRU) are obtained from
the meteorological site observations in the world. Although
the CRU data contains errors caused by interpolation, it can
still be used as a reference with certain reliability. The avail-
ability of CRUv4 temperature has been estimated by
adjusting the variance of each grid box (Brohan et al., 2006).
In this study, the monthly precipitation and potential evapo-
transpiration (PET) data from CRUv4 with a spatial resolu-
tion of 0.5� × 0.5� are used to calculate the aridity index.

3 | ANALYTICAL METHODOLOGY

3.1 | Water vapour transport budget

The vertically integrated water vapour flux (Q) is calcu-
lated from the land surface to 200 hPa as follows:

Q=
1
g

ðPt

Ps

qV
!
dp ð1Þ

Where q denotes the specific humidity (kg�kg−1), V!
refers to the horizontal wind (like u and v component,
m�s−1), and g indicates the value of gravity acceleration
which approximates to 9.8 m�s−2. Pt and Ps denote the
pressure at the top of atmosphere and surface, respec-
tively. In this study, Pt is taken as 200 hPa.

Then, the water vapour budget (B) is calculated
according to Zhou et al. (2019):

B=
þ
Qdl ð2Þ

Where l denotes four borders of each region, including
east, south, west and north borders presented in Figure 1.

3.2 | PCR

The atmospheric precipitable water (PW) is calculated
from land surface to 200 hPa by Equation (3). The calcu-
lation of PCR is presented as Equation (4):

PW =−
1
g

ðPt

Ps

qdp ð3Þ

PCR=
P
PW

ð4Þ

Where the g, Pt and Ps in Equation (3) are the same with
the parameters in Equation (1). PW is calculated by the
monthly mean specific humidity. Besides, the PCR in
Equation (4) is calculated by the mean precipitable water
and precipitation during 1980–2015.

3.3 | PRR

The PRR describes the contribution of local evaporation
to precipitation. To calculate the PRR, two hypotheses
are proposed: water vapour in the atmosphere is well

FIGURE 1 Distribution of the global drylands defined by the aridity index (AI). The regions enclosed by rectangles denote the drylands

over East Asia (EA), West and Central Asia (WMA), North Africa (NF), South Africa (SF), North America (NA), South America (SM),

Australia (AU) [Colour figure can be viewed at wileyonlinelibrary.com]
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mixed and the exported water vapour at each grid is
neglected (Guo and Wang, 2014; Su et al., 2014; Li
et al., 2018). Generally, the evaporation can be calculated
by the law of conservation of mass neglecting the changes
in atmospheric column water vapour content (Brubaker
et al., 1993). A revised calculation of evaporation consid-
ering the changes in atmospheric column water vapour
content can be presented as follows:

E≈P+r�Q! ð5Þ

Where E, P and r�Q! denote the revised evaporation, pre-
cipitation and water vapour flux divergence, respectively.

Qa=
Fin+ Fin−PaAð Þ

2
=Fin−

PaA
2

ð6Þ

Where Fin denotes the imported water vapour over dry-
lands, Pa is the contribution of external imported water
vapour to the local precipitation. A denotes the area of
study region. The imported water vapour (Qa) can be cal-
culated by the arithmetic mean of import (Fin) and export
(Fin − PaA) water vapour.

Similarly, the flux of local evaporation (Qm) can be
calculated as follows:

Qm=
0+ E−Pmð ÞA

2
=

E−Pmð ÞA
2

ð7Þ

Where E denotes the revised evaporation described by
Equation (5), Pm denotes the contribution of local evapo-
ration to precipitation.

PRR=
Pm

P
=

Qm

Qm+Qa
=

EA
EA+2×Fin

ð8Þ

It is supposed that the atmospheric water vapour origi-
nated from different sources is well mixed. The PRR,
defined as the ratio of Pm/P (equals to Qa/Qm), is per-
formed at the grid scale. Combined the formulas (6) and
(7), the PRR can be expressed as Equation (8).

3.4 | The annual range

The annual range (AR) can describe the intensity of
water-cycle well. In addition, it is defined as the differ-
ence between the monthly maximum (Vmax) and mini-
mum (Vmin) values within 1 year (Chou and Lan, 2012;
Zhang et al., 2019). AR is expressed as follows:

AR=Vmax−Vmin ð9Þ

4 | ANALYSIS AND RESULTS

Generally, the dryland implies the region where the
PET greatly exceeds the total precipitation (Hulme,
1996). The degree of drought can be described by the
ratio of P/PET which is defined as the aridity index (AI).
According to the values of AI, the hyper arid, arid, semi-
arid and sub-humid regions are classified when
AI < 0.05, 0.05 ≤ AI < 0.2, 0.2 ≤ AI < 0.5 and
0.5 ≤ AI < 0.65, respectively (Huang et al., 2017). Here,
we focus mainly on the drylands including arid and
semi-arid regions, where AI < 0.65, enclosed by the rect-
angles in Figure 1.

In the analysis, the global drylands are divided into
the drylands over East Asia (EA, 71�E–128�E, 31�N–
52�N), West and Central Asia (WMA, 38�E–71�E, 14�N–
52�N), North Africa (NF, 18�W–38�E, 10�N–34�N),
North America (NA, 98�W–124�W, 20�N–50�N), South
America (SA, 57�W–77�W, 15�S–54�S), South Africa
(SA, 10�E–37�E, 15�S–35�S), and Australia (AU, 118�E–
151�E, 11�S–39�S). It is found that the drylands are
mainly located at the mid-latitudes (around 30�N or
30�S) because of the descending branch of Hadley circu-
lation and the Subtropical High (Ping et al., 2001; Shin
et al., 2012). Besides, the ‘Foehn Effect’ caused by the
high mountains on the leeward side in NA and SA is
conductive to local drought also.

4.1 | Changes in SAT over the drylands

Figure 2 describes the changes in SAT over the global
drylands from 1980 to 2015. The result shows that the
warming trend of global drylands is about 0.03 K�year−1
(Figure 2b), with the maximum trend reaching
0.06 K�year−1 in the drylands of NF and Asia. East Asian
drylands have a warming trend of 0.04 K�year−1
(Figure 2e), which is in consistent with the result
reported by Luo et al. (2020b). Meanwhile, the warming
over the drylands of NA, SA, NF, SF and AU is about
0.03, 0.02, 0.04, 0.02 and 0.02 K�year−1, respectively. It
implies a significant climate warming during the period
1980–2015 over the global drylands, which is agreement
with the findings of Huang et al. (2017).

4.2 | Responses of evaporation,
precipitation and cloud over drylands

With the global warming, the evaporation experienced an
increased trend, inducing the atmospheric water vapour
increases by 7%/�C in the low atmosphere (Allan
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et al., 2014). In return, the increased atmospheric water
vapour, as an important greenhouse gas, will exert a
stronger warming effect (Zhang et al., 2018). In the fol-
lowing, the responses of evaporation, precipitation and
cloud to the climate warming over the global drylands
are investigated. Figure 3 indicates the tendencies of
evaporation, precipitation and P−E (precipitation minus
evaporation) from 1980 to 2015. The result shows that
the evaporation over different drylands, except the arid
regions of Northwest China, parts of NF and SF, tends to
increase during period 1980–2015. The maximum trend
is found over the drylands of NA, SA and AU with the
value larger than 0.6 mm�year−1 (Figure 3a). The evapo-
ration over North China and WMA tends to increase by
0.15–0.3 mm�year−1. Furthermore, Figure 3b shows that
the precipitation over the drylands of Northeast China,

WMA, AU, NA and SA tends to decrease with the mini-
mum of −0.6 mm�year−1. On the contrary, the precipita-
tion over the drylands of Northwest China, NF and SF
shows increasing with the maximum trend of
0.60 mm�year−1. Moreover, the pattern of P−E is similar
with that of precipitation (Figure 3c). The increased
(decreased) P−E over the drylands of NF and SF (EA,
WMA, NA, SA and AU) means more (less) terrestrial
water storage.

Global warming can affect not only the evaporation
and precipitation but also the formation of cloud by dis-
turbing the atmospheric circulation and water vapour
transport (IPCC, 2013). Figure 4 shows the distribution of
cloud cover and cloud water trends. It indicates that the
cloud cover, cloud liquid water (CLW) and cloud ice
water (CIW) present increased trends over the drylands

FIGURE 2 Trends of SAT from 1980 to 2015 (unit: K�year−1). The dots denote the trends are significant above the 90% confidence level.

The curve panels (b–i) show the time series of SAT over different drylands, in which the straight lines refer to the linear fitting trend. Lable *

in the linear equation indicates the trend is significant above the 90% confidence level. The regions enclosed by rectangles denote the typical

drylands in the globe, as described at the bottom of Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]

LUO ET AL. 4591

http://wileyonlinelibrary.com


of Northwest China and Africa, but decreasing trends
over the drylands of Northeast China, WME, NA and
SA. The results are consistent with the recent studies
(Xiang et al., 2014; Lei et al., 2015). The changes in
cloud cover and cloud water are closely related to the

adjustment of atmospheric circulation. The enhanced
upward motions could cause the increase in cloud cover
and cloud water, while the weakened upward motions
could result in a decrease in cloud cover and cloud
water.

FIGURE 3 Trends of (a) evaporation, (b) precipitation and (c) the P−E (unit: mm year−1). The dots denote the trends are significant

above the 90% confidence level. The regions enclosed by rectangles denote the typical drylands in the globe, as described at the bottom of

Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Trends of (a) cloud cover (unit: %�year−1), (b) cloud liquid water path, and (c) cloud ice water path (unit: g�m−2�year−1). The
dots denote the trends are significant above the 90% confidence level. The regions enclosed by rectangles denote the typical drylands in the

globe, as described at the bottom of Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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4.3 | Responses of PCR and PRR

Figure 5a shows the distribution of water vapour flux and
trend during period 1980–2015. The result shows that the
water vapour transport over the equator region is domi-
nated by the easterlies, while the transport over the mid-
latitude region is dominated by the westerlies. The east-
erlies over the equator region and westerlies over the
mid-latitude region show significantly strengthened
trends from 1980 to 2015, which exerts profound effect
on the water vapour budget. It is found that the exported
water vapour along the east border of EA drylands tends
to increase evidently, while the water vapour imported
from southwest border shows significantly decreasing
trend. Thus, more exported water vapour from the dry-
lands of EA results in a negative water vapour budget.

For the drylands of WME, NA and SA, the increases in
exported water vapour contribute negative budget also.
For the drylands of NF, more imported water vapour
from north border causes a positive budget there.
Figure 5b indicates the net water vapour budget over
each region. The result presents that the mean water
vapour budget is about −1.25 mm over the global dry-
lands during the past 36 years from 1980 to 2015. The
maximum positive water vapour budget is found over the
drylands of NF with the value of 1.61 mm. However, the
maximum negative budget is found in the drylands of
NA with the value of −3.54 mm. For the drylands of EA
and AU, the negative water vapour budgets are −2.89
and − 2.3 mm, respectively.

The values and changes in PCR and PRR can reflect
the internal water-cycle of drylands. Figure 6 gives the

FIGURE 5 (a) The mean atmospheric water vapour flux from surface to 200 hPa (vector, unit: kg�m−1�s−1) and trends distribution

(shaded), and the (b) the net water vapour budget (mm) over the global drylands from 1980 to 2015. The short straight lines in (b) denote the

SE. The regions enclosed by rectangles in (a) denote the typical drylands in the globe, as described at the bottom of Figure 1 [Colour figure

can be viewed at wileyonlinelibrary.com]
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changes in PCR over the global drylands from 1980 to
2015. The result shows that the values of PCR over the
drylands of WMA, NF, SF and AU are less than 10%,
while the PCRs are greater than those over the drylands
of EA, NA and SA (Figure 6a). From 1980 to 2015, the
global PCR indicates an overall decreasing (−0.7%), and
the maximum decrease in PCR is found over the drylands
of SA with the value of −2.0% (Figure 6b). The decrease
in PCR indicates a longer time of the water vapour
remaining in the atmosphere, which could weaken the
local water-cycle.

In addition, the PRR can describe the contribution of
local evaporation to the precipitation (Burde and
Zangvil, 2001). Figure 7 shows the distributions and
changes of PRR over different regions during the past
36 years (1980–2015). The result shows that the average

PRR over the drylands of NF and AU can reach 16%,
which is obviously greater than that over the other dry-
lands (Figure 7a). It implies a more obvious dependence
of the precipitation on the local evaporation over the NF
and AU drylands. On the contrary, the precipitation over
the drylands of EA, NA and SA depends more on the
external water vapour transport. Overall, the PRR over
the global drylands increases by about 5% (Figure 7b).
The maximum increment of PRR is found over the dry-
lands of NA and AU, followed by EA, SA and WMA.
However, the PRR over the drylands of NF and SF is
decreased over 20%, implying a growing contribution of
external water vapour transport to the local precipitation.

On the whole, the global PCR indicates decreasing
trends during the period from 1980–2015, while the PRR
tends to increase.

FIGURE 6 (a) Distribution (a) of PCR (unit: %) and (b) the changes in the PCR over global drylands during period 1980–2015. The short
straight lines in (b) denote the SE. The regions enclosed by rectangles in (a) denote the typical drylands in the globe, as described at the

bottom of Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 (a) Distribution of PRR (unit: %) and (b) the changes in the PRR over global drylands during period 1980–2015. The short
straight lines in (b) denote the SE. The regions enclosed by rectangles in (a) denote the typical drylands in the globe, as described at the

bottom of Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Trends (unit: mm�year−1) of (a) surface runoff, (b) subsurface runoff, (c) surface soil water and (d) total soil water. The dots

denote the trends are significant above the 90% confidence level. The regions enclosed by rectangles denote the typical drylands in the globe,

as described at the bottom of Figure 1 [Colour figure can be viewed at wileyonlinelibrary.com]
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4.4 | Response of drylands' water-cycle

According to the theory of surface water balance, the
runoff and SW are the other important components of
water-cycle (Trenberth and Fasullo, 2013). The trends
of runoff and SW are presented in Figure 8. The result
shows that the trends of runoff (Figure 8a,b) and sur-
face soil water (SWS) (Figure 8c) are in an agreement
with the tendency of precipitation, the reason of which
is that the water of runoff and SWS are primarily from

the precipitation. The trends of surface runoff and sub-
surface runoff appear a maximum reduction with the
value of −0.06 mm�year−1 over the drylands of NA, SA,
WMA and Northeast China. For the drylands of NF,
SF, AU and Northwest China, the maximum increased
value is about 0.06 mm�year−1 (Figure 8a,b). In addi-
tion, the trends of SWS are similar with that of runoff.
The positive trends are mainly found over the drylands
of AU, NF and SF with the mean value about
0.001 mm�year−1. Besides, the negative mean value

FIGURE 9 Changes (unit: mm) of precipitation (P), evaporation (E), the difference between precipitation and evaporation (P−E), total

runoff (R), surface soil water (SWS) and total soil water (SWT) from 1980 to 2015. The total soil water is scaled by 1/10. The short straight

lines in the bar denote the SE [Colour figure can be viewed at wileyonlinelibrary.com]
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about −0.03 mm�year−1 is found over EA, WMA, NA
and SA (Figure 8c). The total soil water (SWT) indi-
cates a similar trend with SWS except for a greater
magnitude of SWT than SWS and runoff. Such differ-
ence may be induced by the tight association of SWT
with the soil texture, soil depth, and the underlying
groundwater level.

Figure 9 gives the changes in precipitation, P−E, run-
off, SWS and SWT from 1980 to 2015. The result shows
that the precipitation over the global drylands decreases
by −2.72 mm, while the evaporation increases by
1.84 mm during period 1980–2015. The decrease in pre-
cipitation and increase in evaporation cause the decrease
in P−E with −4.76 mm. The runoff and SWS present

FIGURE 10 The annual range (unit: mm) (red bar), maximal (light green bar) and minimum (blue bar) changes of water cycle

components over different drylands. The total soil water is scaled by 1/10. The short straight lines in the bar denote the SE [Colour figure

can be viewed at wileyonlinelibrary.com]
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negative changes, which are less than the change in pre-
cipitation (Figure 9a). On the contrary, the increased pre-
cipitation over the drylands of NF and SF can induce the
increases in runoff and SWS (Figure 9d,e). Based on the
surface water budget balance equation, the P−E should
offset the total runoff well, neglecting the changes in land
surface water storage (Zhang et al., 2019). However, the
change in P−E exceeds the total runoff over global dry-
lands in this study. The imbalance mentioned above may
mainly originate from the uncertainty of EAR5 data sets.
Moreover, the changes in terrestrial water storage, which
includes glaciers melting, lakes growing and land cover
evolution, are still not clearly known due to the poor
understanding on the soil texture, soil depth, and under-
lying groundwater level. These biases above commonly
induce the imbalance of surface water budget.

In order to quantify the reduction of water-cycle over
the global drylands, the AR is introduced further. As
shown in Figure 10a, the values of AR for precipitation,
evaporation, runoff, SWS and SWT indicate significantly
decrease over the global drylands. For the drylands of NF
and SF, the increased precipitation causes the intensified
AR which implies an enhanced water-cycle
(Figure 10d,e).

5 | CONCLUSIONS AND
DISCUSSIONS

In this study, we investigate the characteristics and
changes of water-cycle over the global drylands from
1980 to 2015. With the global warming, the mean SAT
presents an increasing trend at a rate of 0.03 K�year−1.
Consequently, the evaporation tends to increase, while
the precipitation behaves differently. The mean value of
increase in evaporation is about 1.1 mm�year−1 from
1980 to 2015, while the trends of decrease in precipitation
and runoff are about −2.1 and −0.8 mm�year−1 from 1980
to 2015 over the global drylands. The maximum increases
in the precipitation and runoff are found over the dry-
lands of SA and Northwest China, while the maximum
decreases in them are found over the drylands of NA
and SA.

The average PCR over the global drylands tends to
decrease. The maximum reduction of PCR is found over
the drylands of America and Asia, followed by the
AU. Meanwhile, the PRR over the global drylands tends
to increase by about 5% over the past 36 years from 1980
to 2015. The increased PRR is mainly found over the dry-
lands of EA, WMA, NA, SA and AU, implying more local
evaporation can convert into local precipitation. How-
ever, the PRR ranging from 4 to 16% shows decreasing
trends over the drylands of NF and SF, indicating less

contribution of evaporation to the precipitation. The con-
clusion about the PRR is consistent with current findings
(Li et al., 2018; Yao et al., 2020).

Basing on the comprehensive analysis, it is found that
water-cycle is weakened over the most of global drylands
from 1980 to 2015, while the water-cycle over the dry-
lands of Africa is intensified. The anomalous water-cycle
is closely related to the vertical velocity and circulations,
in which the enhanced ascending motion over the dry-
lands of NF and SF is in favour of intensifying the local
water-cycle.

In this study, there still remains some uncertainties
originated from the ERA5 reanalysis. Because of the lack
of observational data of runoff and SW, there exists an
imbalance in the surface water budget. In future study,
collecting more observations and conducting model sim-
ulations are efficient means to reduce the bias for water-
cycle analysis.
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