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Abstract
The East Asia summer monsoon transition zone, a unique area of transition from humid monsoon to arid continental climate, has
the most prominent aridification in the world, and has experienced land surface aridification (LSA) in recent years. To investigate
the influence of LSA on regional monsoon precipitation, two numerical experiments were run for vegetation degradation over a
long period (30 years). Then, precipitation variation of different magnitudes was analyzed. After that, the mechanism of LSA
influence on precipitation was studied. The results show that aridification reduced average summer precipitation by 5%.
Additionally, LSA considerably changed the frequency of precipitation. Unlike aridification in North Africa caused by albedo
variation, LSA in our study area mainly reduced surface thermal capacity, increased surface temperature, sharply increased the
transport of surface sensible heat, and raised the atmospheric convective boundary layer. This reduces atmospheric moist static
energy, which is not conducive to the generation of precipitation. LSA also increases the surface landscape gradient, local
horizontal gradient of land surface turbulent flux, and probability of heavy convective precipitation. This paper reveals the
mechanism by which land surface anomalies affect precipitation, which lays a foundation for follow-up studies.

1 Introduction

As a response to global warming, global aridification has be-
come an indisputable fact (IPCC 2013; Mitchell et al. 2016;
Dai 2012; Zhang et al. 2015; Ou et al. 2013; Cheng and
Huang 2016). This aridification is even more pronounced in
semiarid regions, which account for 15% of the global land
area and are home to ~ 14% of the global population. As a
unique component of the land, semiarid regions, with their
large rainfall variability, fragile ecological environments,
and strong sensitivity to climate change and human activity
(Donat et al. 2017; Li and Wang 2018; Tiwari et al. 2017;
Orlowsky and Seneviratne 2012; Zhang et al. 2017c) have
become a frequent topic of studies on global climate change.

Located in the East Asian summer monsoon transition
zone, the semiarid region in China is a farming-pastoral eco-
tone and climate-sensitive and ecologically fragile zone

(Huang et al. 2015), where extreme climate events are fre-
quent and climate change is strongly affected by interannual
changes at the northern edge of the summer monsoon (Tang
et al. 2006). In the context of global warming, aridification in
this region has accelerated (Feng and Fu 2013; Huang et al.
2012; Ma et al. 2018; Zhao et al. 2014). Overall, the arid and
semiarid regions in Northwest China have become increasing-
ly arid over the past century (Zhang et al. 2017a). Summer
precipitation in the semiarid regions of North China has de-
creased considerably, and the trend of aridification has be-
come increasingly apparent, which is similar to the trend in
the Sahara region of Africa (Ma and Ren 2007). Moreover,
boundaries of the semiarid regions are expanding notably east-
ward and southward (Ma and Fu 2005).

Studies on how vegetation change affects regional climate
change show that LSA dries out the soil, degrades vegetation,
intensifies desertification, and substantially changes land sur-
face characteristic parameters. This influences energy transfer
between the land surface and atmosphere, thereby modifying
the regional climate (Cao et al. 2015; Ding et al. 2018; Hua
and Chen 2013; Li et al. 2014; Wei 2016; Li et al. 2013; Zhao
et al. 2018;). First to propose the influence of land–
atmosphere interaction on aridification in the 1970s,
Otterman attributed the long-term aridification in the Sahel
to exposed surfaces caused by excessive grazing (Huang
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et al. 2015; Otterman 1974). Based on observational data,
Gou et al. (2018) found that vegetation restoration has a
cooling effect on regional climate by increasing surface
evapotranspiration, and weakens the influence of tem-
perature increase on ecosystems of the Loess Plateau.
According to a simulation by Zhao and Liu (2015),

vegetation has a strong influence on surface hydrologi-
cal processes in Northwest China, because vegetation
can accelerate the surface hydrologic cycle and reduce
changes in land surface evapotranspiration. The authors
also found that vegetation change substantially affects
the climate in adjacent areas.

Fig. 1 Location of study area and type and distribution of land use. (Cook
et al. 2014) Crop/mixed farmland, (Chen and Sun 2015) short grass, (Cao
et al. 2015) evergreen coniferous tree, (Cheng and Huang 2016) decidu-
ous coniferous tree, (Chen et al. 2017) deciduous broadleaf tree,
(Dickinson et al. 1986) evergreen broadleaf tree, (Dickinson et al. 1989)
tall grass, (Dickinson et al. 1993) desert, (Dai 2012) frozen soil, (Donat

et al. 2017) irrigated crop, (Ding et al. 2018) semi-desert, (Fu et al. 2005)
ice caps/glaciers, (Feng and Fu 2013) swamp, (Giorgi and Bates 1989)
inland water, (Giorgi et al. 1993a) oceans, (Giorgi et al. 1993b) evergreen
shrub, (Gou et al. 2018) deciduous shrubs, (Huang et al. 2012) mixed
woodland, (Hua and Chen 2013) forest/field mosaics, (Huang et al. 2015)
wetlands, (IPCC 2013) city, (Li et al. 2013) suburbs

Fig. 2 Average summer precipitation and temperature from 1988 to 2017 (June through August). a Actual precipitation, b simulated precipitation, c
actual temperature, and d simulated temperature
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However, there is a variety of vegetation in China’s semi-
arid regions, e.g., short grasses, deserts, and woodlands.
Because the vegetation varies greatly in terms of land surface
properties such as thermal capacity, roughness and albedo, it
has various influences on regional climate change. The con-
tinuous aridification in China’s semiarid regions has also
caused environmental degradation and water shortages, which
have severely restricted regional sustainable development,
causing those regions to be severely impacted by climate
change (Fu et al. 2005). Although precipitation in the region
has increased in the past 20 years, it has not changed the trend
of substantial drying. This continuous aridification will further
increase land desertification, intensify water shortages, and
degrade the ecosystem. Because land surface characteristic
parameters vary substantially (Cook et al. 2014; Liu et al.
2014; Xu and Xu 2012; Wen et al. 2013), aridification has
been further exacerbated, turning the region into an important
source of sand and dust aerosols. These negatively affect both
the area and other regions, and even the global climate to some
degree (Chen et al. 2017; Wang et al. 2017). Therefore, the
present study will help improve understanding of the impact
of land surface aridification in the East Asian summer mon-
soon transition zone on regional climate change, and assist in
formulating a reasonable response to reduce losses from
aridification.

2 Material and methods

2.1 Materials

In this study, ERA-Interim reanalysis data with horizontal
resolution 0.75° × 0.75° (~ 80 km) and 37 vertical layers
served as lateral boundary conditions. ERA-Interim is the lat-
est global atmospheric reanalysis data released by the
European Centre for Medium-Range Weather Forecasts
(ECMWF). Assimilating satellite brightness temperature,

atmospheric motion state inverted by scatterometer and satel-
lite, and ozone and conventionally observed data inverted by
GPS occultation and satellite using the advanced 4D-Var var-
iational assimilation system Cy31r2, ERA-Interim reanalysis
data are currently recognized as the highest-quality reanalysis
data in the world.

The live data used herein were collected on a daily basis by
the China Surface International Exchange Station and com-
piled by the China Meteorological Administration. This
dataset contains daily data of meteorological elements collect-
ed by China’s reference and basic meteorological stations
since January 1951. Here, we used daily precipitation data
observed over the past 30 years, i.e., from 1 January 1988 to
31 December 2017.

2.2 Study area

Based on Zhang’s (2017c) division of semiarid regions in
China, the shaded area in Fig. 1 was taken as the study area.
As a unique land type and ecological environment area in the
marginal area affected by the East Asian summer monsoon
transition zone, the study area extends from southwest to
northeast across a long belt of mainland China, with a total
area of nearly 150 million km2. With sparse surface vegeta-
tion, this area has a relatively weak ability to resist erosion and
conserve water. Owing to the unique climatic environment
and geomorphology, land types in the area are dominated by
farming-pastoral ecotones or ecological transition areas. With
a fragile ecological environment, severe soil erosion, and sub-
stantial spatiotemporal variation of land surface characteristics
such as vegetation state, soil moisture, and physical and chem-
ical soil properties, the area is a typical region sensitive to
climate change (Zhang et al. 2017b). There are 12 land-use
types in the area, mainly short grass (54.7%), desert and semi-
desert (20%), and a small amount of forest (Fig. 2).

2.3 Models and protocol

Bats1e, the latest version of the biosphere atmosphere transfer
scheme (Bats), is the land surface model used in our study.
Designed by Dickinson et al. (1986), through continuous im-
provement and optimization, this model has been extensively

Table 1 Vegetation types in Bats1e

Class Type Class Type

1 Crop/mixed farming 12 Ice cap/glacier

2 Short grass 13 Bog or marsh

3 Evergreen needleleaf tree 14 Internal Water

4 Deciduous needleleaf tree 15 Ocean

5 Deciduous broadleaf tree 16 Evergreen shrub

6 Evergreen broadleaf tree 17 Deciduous shrub

7 Tall grass 18 Mixed Woodland

8 Desert 19 Forest/Field mosaic

9 Tundra 20 Water and land mixture

10 Irrigated Crop 21 Urban

11 Semi-desert 22 Suburban

Table 2 Parametric scheme

Physical process Simulation scheme

Cumulus convection parameterization MIT-Emanuel

Large-scale precipitation program SUBEX

PBL scheme Holtslag

Radiation transmission scheme NCAR CCM3

Sea surface flux scheme Zeng

Barometric gradient scheme Hydrostatic recursion scheme
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applied in practice. As a typical single-layer, large-leaf
model, Bats is a parametric scheme treating the exchange
of radiation, moisture, heat, and momentum over
vegetation-covered surfaces and soil hydrothermal pro-
cesses. It was established based on relevant physical con-
cepts and theories according to a series of directly ob-
served land surface parameters, which objectively con-
sider the role of vegetation in the terrestrial hydrothermal
process. It consists of a layer of vegetation, of snow
cover, and three layers of soil, and includes physical
processes such as precipitation, snowfall, evapotranspira-
tion, runoff, infiltration, and snowmelt. The model com-
prehensively considers the effects of vegetation and the
ground surface on the exchange of momentum, energy,
and water vapor between the atmosphere and land sur-
face (Dickinson et al. 1986, 1993). Bats1e contains 22
types of surface vegetation (Table 1). Subgrid-scale
changes for terrain and land types were calculated using
the mosaic method.

We also used the latest version of the regional climate
model RegCM4.6 (Dickinson et al. 1989; Giorgi and Bates
1989; Giorgi et al. 1993a), coupled with Basts1e. A large
number of simulation experiments show that the coupled re-
gional climate model system has good simulation perfor-
mance for China’s regional climate change, so it has been
widely used in scientific research and climate prediction.

Vegetation degradation, intensified desertification, and
considerable changes in land surface characteristic parameters
are the most direct manifestations of LSA. Hence, two simu-
lation experiments were designed for the present study:

Experiment I: The original underlying surface was
maintained
Experiment II: Vegetation in the study area was changed
to desert

In the experiments, the test center was at 37.39° N and
103.48° E, with a horizontal grid spacing of 30 km. The number
of grid points in the east–west and north–south horizontal direc-
tions was 145 × 160. We used the Arakawa-Lamb B staggered
grid and Lambert projection as the flat projection. The vertical
resolution was non-uniform and had 23 layers. With a mixed
coordinate system applied, the top pressure was 50 hPa.
Reanalysis data released by the ECMWF (ERA-Interim) with
horizontal resolution 0.75° × 0.75° and 37 vertical layers served
as the lateral boundary. NOAA’s Optimum Interpolation Sea
Surface Temperature average monthly data were used for sea
surface temperature. The simulation period was 1 January 1987
to 31 December 2017, in which 1987 was the model spin-up
period and the later 30 years (1988–2017) the analysis period.
Table 2 shows the physical schemes of the model.

3 Results and discussion

3.1 Evaluation of control test

Figure 2 shows actual average summer precipitation in the
study area and that simulated by RegCM4.6. From the actual
analysis (Fig. 2a), the precipitation is < 360 mm, gradually
increasing from northwest to southeast. The area with the least

a b

Fig. 3 Correlative maps of actual and simulated regional average summer precipitation and temperature from 1988 to 2017 (June through August). a
Precipitation and b temperature
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precipitation, < 100 mm, is in the desert area of Inner
Mongolia. The area with the most precipitation, 360 mm, is
in the eastern part of the northwestern region and eastern Inner
Mongolia, at the west and east edges of the study area, respec-
tively. Precipitation in certain areas exceeds 360 mm. From
the simulated rainfall analysis (Fig. 2b), except for the eastern

part of the northwest region and eastern InnerMongolia where
the precipitation in certain areas is slightly larger than actual,
the spatial distribution of the simulated precipitation is very
consistent with the actual. Average summer temperature in the
study area is high in the middle and low on both east and west
sides. Maximum temperature in the Tengger Desert is > 20

Fig. 4 Variation of summer precipitation after aridification. a Change in precipitation, b percentage change in precipitation, and c regional average
precipitation anomaly
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°C, and the average temperature at the western and eastern
peripheries of the study area is 16 °C. The spatial distribution
of average temperature simulated by the model agrees with
actual data, except for the simulated temperature in western
Mongolia, which is 1–2 °C cooler than actual.

From the analysis of simulated summer regional average pre-
cipitation and temperature, it is evident that the model has a
strong ability to reproduce precipitation and temperature changes
across the study area. There is a strong linear relationship be-
tween actual data and the simulated precipitation and temperature
curves (Fig. 3a, b). Monthly precipitation correlation coefficients
from June through August are 0.36, 0.50, and 0.61, respectively,
reaching significance levels α < 0.05, 0.005, and 0.001 (critical
correlation coefficients reaching α < 0.05, 0.005, and 0.001 over
the past 30 years are 0.355, 0.49, and 0.56, respectively). The

correlation coefficients of temperature are 0.74, 0.78, and 0.85,
all of which reach significance level α < 0.001. The simulated
regional average precipitation is only ~ 30 mm greater than the
actual value, and the temperature is only 1 °C lower than the
actual value.

3.2 Influence of LSA on precipitation

From analysis of the difference between simulated precipita-
tion in the sensitivity test and that in the control test (Fig. 4a)
and corresponding percentages (Fig. 4b), it is seen that LSA in
the study area led to an average reduction of 0–30 mm in
summer precipitation. The greatest reduction in precipitation
was in eastern Inner Mongolia. Here, most areas had a reduc-
tion of > 50 mm, and some areas 90–110 mm, which is ~ 5%

-10 -5 0 5 10

Non-Storm Rainfall
Types(<50mm)

Rainstorm
type(>=50mm)

(%)

(c)

Fig. 5 Variation of frequency of precipitation at different magnitudes. a Below the magnitude of rainstorm, b at the magnitude of rainstorm, and c
regional average of percentage change in precipitation at different magnitudes
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of annual average precipitation. That figure in some areas
reached as much as 15–20%. Vegetation in this region used
to be short grasses, mixed forests, and forests, indicating that
LSA had an important influence on precipitation in the region.
South Gansu also had reduced precipitation. Annual precipi-
tation generally decreased by 30–50 mm (or ~ 5% of annual
average precipitation), with the reduction in some areas

reaching > 70 mm (~ 8% of the annual average).
Precipitation in the central study area increased, and this area
was defined as a semi-desert, indicating that circulation
change rather than vegetation change was the primary effect
on this area. The above analysis shows that in contrast with
other arid and semiarid regions, precipitation in the area is
simultaneously influenced by atmospheric circulation,

Fig. 6 Variation of sensible heat, land surface temperature, and height of boundary layer
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vegetation change, and terrain of the Qinghai-Tibet Plateau,
and the influence mechanism is relatively complicated.
Analysis of the annual variation of regional average precipi-
tation (Fig. 4c) implies that LSA can reduce summer precipi-
tation in the area by 13.9 mm, or ~ 2.5% of average summer
precipitation.

Figure 5 shows that aridification also greatly affected the
nature of precipitation in the area. Aridification caused a re-
duction of ~ 10 days of precipitation below the magnitude of
rainstorm. The western study area had a reduction of 10–20
days (~ 10.8–21.7% of the total number of days), and some
parts had a reduction of 30 days (~ 32.6% of the total number
of days). The reduction of precipitation days was the most
obvious. The average reduction of these was 30 days (~
32.6% of the total number of precipitation days), and the re-
duction in some regions reached 50 days (~ 54.3% of that total
number). However, across more than half the study area, the
number of days with rainstorms increased by ~ 5 days. The
increase was even more obvious in the western and northeast
parts of the study area, reaching > 5 days (~ 5.4% of the total
number of days). From analysis of the average variation prob-
ability of precipitation at and below rainstorm magnitude in
the study area, the occurrence probability of precipitation be-
low that magnitude decreased by ~ 13%, while the occurrence
probability of rainstorms increased by ~ 6%. The above anal-
ysis shows that LSA has a profound influence on the nature of
precipitation in the study area, which is mainly reflected by a
decrease in weather system-related precipitation and increase
in convective precipitation.

4 Discussion

There is always an exchange of energy between the land
surface and atmosphere. Surface sensible and latent heats
are the main ways for the land surface to transmit energy to
the atmosphere. By analyzing differences between average
daily sensible heat fluxes obtained in Experiments Π and I
(Fig. 6a), we found that LSA strengthened the sensible heat
flux in most regions, most notably in Northeast China and
eastern Inner Mongolia, where the increase exceeded 75 W
m−w day−y. The sensible heat flux increased by > 45 W m−5

day−y in the northwestern study area. The curve of annual
change of sensible heat flux is shown in Fig. 6a, indicating
that aridification increased the regional sensible heat flux
by > 12.5 W m−2 day−y, with drastic change in the 1990s.
The flux in central Mongolia was reduced. The original
vegetation in that area was mainly semi-desert, whose ther-
mal capacity is similar to that of desert. Albedo is the factor
affecting the change of sensible heat flux. As albedo in-
creased, net radiation declined, and the land surface tem-
perature cooled, thereby reducing the sensible heat flux.
Correspondingly, land surface temperature increased (Fig.
6b). That temperature rose by 0.6–0.8 °C in most areas of
the western study area and central Mongolia, with the in-
crease between 0.8 and 1.0 °C in some areas. As the sen-
sible heat flux and surface temperature rose, the boundary
layer height increased (Fig. 6c). Boundary layer thickness
in the eastern study area increased the most, at 10–15 m in
most areas and > 75 m in some.

Increased local 
thermal gradient

Increased local 
rainstorm

Vegetation 
destruction

Increased albedo 
gradient

Reduced 
precipitation

Increased atmospheric 
moist static energy

Thickened
boundary layer

Increased land surface 
temperature

Increased 
sensible heat

Changes 
in land surface properties

Land 

surface 

Increased 

vegetation 

Vegetation degradation 

and intensified 

Fig. 7 Mechanism of influence of
land surface aridification on
precipitation change
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Based on the above analyses, land surface aridification in
the East Asian summer monsoon transition zone generally
reduced regional precipitation. As shown in Fig. 7, because
of that aridification, surface thermal capacity decreased and
land surface temperature rose, which increased sensible heat
transport. As a consequence, the boundary layer thickened,
which increased atmospheric moist static energy and reduced
precipitation efficiency and weather system-related precipita-
tion, further developing land surface aridification. However,
after the land surface became arid, surface properties were
altered and the surface vegetation landscape gradient in-
creased. This led to an increased surface albedo gradient, un-
even heat transfer on the ground, and increased local gradients
of the surface landscape, which raised the probability of heavy
convective precipitation.

5 Conclusions

In the present study, sensitivity numerical experiments for
vegetation degradation over a long period were carried
out to explore the influence of LSA in the East Asian
summer monsoon transition zone on summer precipitation
there. The results show that LSA reduced total regional
precipitation, with the greatest changes found in the east-
ern and western portions of the study area. Moreover,
LSA greatly altered the nature of precipitation in the area,
which was mainly reflected by an increase in the frequen-
cy of precipitation at rainstorm magnitude but a decrease
in weather system-related precipitation. It was found that
LSA reduced surface thermal capacity, and an increase in
sensible heat transferred from the land surface to atmo-
sphere thickened the boundary layer and enhanced atmo-
spheric moist static energy. This reduced weather system-
related precipitation and further aggravated LSA. In addi-
tion, LSA resulted in an enhanced surface vegetation
landscape gradient, increased surface albedo gradient,
and uneven heat transfer on the ground. It also strength-
ened local gradients of near-surface temperature, which
increased the probabi l i ty of heavy convec t ive
precipitation.

Although we performed simulations to explore the ef-
fects of LSA on monsoon precipitation based on integrat-
ed results obtained over a long period, actual LSA is a
dynamic process of interaction between land surface veg-
etation and the atmosphere. However, limited by imma-
ture theories and technologies to determine dynamic veg-
etation change using the current surface model, there has
been no study of the influence of dynamically changing
LSA on monsoon precipitation. Therefore, a new genera-
tion of land surface models is needed to further examine
the influence of LSA on monsoon precipitation in the

summer monsoon transition zone of China and the com-
plex interaction between them.
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