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Many studies have been performed to explore LUCC bio-
geochemical effects, whereas much more works have 
concentrated on LUCC biogeophysical effects. The bio-
geophysical effects include changes in surface albedo, 
roughness length, evapotranspiration, etc., with which the 
interactions of momentum, energy, and water between land 
surface and atmosphere are altered (Charney 1975; Betts 
et al. 2007; Alkama and Cescatti 2016; Hirsch et al. 2018; 
Boyaj et al. 2020; Li et al. 2023). Meanwhile, studies on 
the combined biogeophysical and biogeochemical effects 
have also been conducted (Bathiany et al. 2010; Pongratz 
et al. 2010; Lawrence et al. 2012; Ward et al. 2014; Liu et 
al. 2022). On global scale, the warming from LUCC bio-
geochemical effects (due to changes in land greenhouse gas 
emissions or removal) is partly damped by the cooling from 
the corresponding biogeophysical effects due to changes in 
surface albedo (Jia et al. 2019). LUCC induced changes in 
surface albedo were assumed to induce a negative radiative 

1 Introduction

Land use and cover change (LUCC) can have influences on 
local, regional, and even global climate and environment 
through biogeophysical and biogeochemical processes. The 
biogeochemical affections reflect LUCC impacted changes 
in emissions or removals of carbon dioxide (CO2), meth-
ane (CH4) and nitrous oxide (N2O), as well as emissions 
of precursors of short biogenic volatile organic compounds 
(BVOC) and aerosols (Defries et al. 1999; Houghton and 
Nassikas 2017; Nisbet et al. 2019; Gasser et al. 2020). 
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Abstract
Previous assessments on climate effects of land use and land cover changes (LUCC) mostly focused on the altered surface 
upward shortwave radiation flux due to changes in surface albedo. However, the explorer on the physical mechanism using 
the Weather Research and Forecasting model with subgrid scale process precisely described here revealed that the LUCC 
impacts could not be directly interpreted by surface albedo changes only. The land use-cloud-radiation feedback, within 
which cloud amount and cloud ceiling, large-scale circulation related moisture flux and local evaporation were altered, 
played an essential role in affecting surface energy and water budgets between land surface and the atmosphere, especially 
for the impacted downward shortwave radiation flux. With subgrid scale process considered in describing LUCC and the 
land use-cloud-radiation feedback emphasized, LUCC impacts on surface air temperature (SAT), precipitation and near-
surface wind speed (NSWS) were explored, which displayed marked temporal and spatial characteristics. The LUCC 
climate effects for both the influenced terrestrial subregions and the intensity were larger over summertime, expressing 
marked affection on the East Asian Summer Monsoon system. The LUCC impacts on SAT and NSWS mainly presented 
as changes in mean state, whereas the influences on the precipitation principally displayed as changes in the variability. 
LUCC induced changes in the averaged SAT, precipitation and NSWS were small, whereas the nearly symmetric distri-
butions between positive and negative changes, which contributed to total changes, were much larger and might have a 
considerable impact on local and regional climate, especially on extreme climate events.

Keywords Land use and land cover changes · The land use-cloud-radiation feedback · Subgrid scale process · Mean 
climate state · The variability
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forcing of − 0.20 ± 0.10 W m− 2 (medium confidence) from 
the Sixth Assesment Report (AR6), showing the varied val-
ues of − 0.15 ± 0.10 W m− 2 from the fifth Assesment Report 
(AR5) and − 0.20 ± 0.20 W m− 2 from the fourth Assesment 
Report (AR4), which reveals that the evaluations on LUCC 
impacts still have much uncertainty (IPCC 2007; 2013; 
2021). However, on regional or local scales, LUCC can be 
of high heterogeneity and displays significant subregional 
characteristics due to intense human activities, which results 
in quite different affections on the climate with much more 
uncertainties, compared to those at global scale (Zhou et al. 
2019).

Observation minus reanalysis method has been widely 
used to evaluate LUCC impacts, assuming that land surface 
information is rarely included in the assimilation and fitting 
process of the reanalysis data (Kalnay and Cai 2003), espe-
cially adopted to quantitatively evaluate the urbanization’s 
warming effects. However, the scarcity of the observational 
data and high spatial heterogeneity of the meteorological 
observation stations, as well as the coarse resolution of the 
reanalysis data make this method be of much limitation. 
Meanwhile, the method using urban meteorological obser-
vation minus rural meteorological observation has also been 
adopted to detect the urbanization effects (Gallo et al. 1999). 
However, due to the difficulties in identifying the ‘real’ rural 
stations, as well as the spatial heterogeneity of the meteo-
rological observation stations and the inhomogeneization 
of the observational data, much uncertainty exists from this 
approach (Yan et al. 2010).

In order to explore LUCC impacts on historical climate 
and future climate projection, numerical simulations have 
been widely adopted using different models, including land 
surface models (LSMs), regional climate models (RCMs) 
and general circulation models (GCMs). LSMs includes the 
Noah land surface model (Noah, Chen et al. 2007), the Com-
munity Land Model (CLM, Oleson et al. 2010), the commu-
nity Noah land surface model with multi-parameterization 
options (Noah-MP, Niu et al. 2011), etc. RCMs include the 
Weather Research and Forecasting Model (Skamarock et al. 
2008), the Regional Climate Model system (RegCM4, Giorgi 
et al. 2012), the Regional Integrated Environment Model-
ing System (RIEMS, Wang et al. 2015), etc. GCMs include 
the Community Earth System Model (CESM, Vertenstein 
et al. 2012), the Max Planck Institute Earth System Model 
(MPI-ESM, Mueller et al. 2018), etc. With the recognition 
of LUCC affections on the climate at different spatiotempo-
ral scales, especially at local and regional scales, high-reso-
lution RCMs, which can reflect fine topographical and land 
surface information, and describe detailed land use informa-
tion and the corresponding changes, are regarded as a good 
approach to explore LUCC impacts on energy and water 
cycle and regional climate (Gao et al. 2006; Rasmussen 

et al. 2014; Shi et al. 2017; Zhao and Wu 2017a). Though 
large numbers of projects and studies have been performed 
to explore LUCC impacts on the climate, much uncertainty 
still exists, especially at regional scales. The uncertainty 
might result from the scarcity of the observational data, var-
ious land use dataset from different resources (Chinnisamy 
et al. 2008) or in different spatial scale (Huang et al. 2007), 
different RCMs with varied LSMs and different parameter-
ization schemes (cumulus parameterization options, radia-
tion physics options, microphysics options, and planetry 
boundary layer options, etc.) from RCMs employed in the 
LUCC impact studies, insufficient understanding of the 
physical mechanism for the LUCC impacts, etc.

The exchanges of energy and water between land surface 
and the atmosphere have been proven to play an important 
role for climate changes at different spatial scales, especially 
at local and regional scales (Zhang et al. 2018). Meanwhile, 
LUCC might be less at a certain model grid with coarse res-
olution, while more pronounced with subgrid scale process 
considered. Therefore, in order to explore LUCC impacts 
on local and regional energy and water budget, it is nec-
essary to make land use distributions and the correspond-
ing changes be clearly represented by the mode grid cell. 
Numerical experiments with the mosaic approach adopted 
in the Noah LSM (Noah-mosaic) from the WRF model have 
been proven to precisely describe subgrid scale process of 
the LUCC and disclose the LUCC impacts (Li et al. 2013; 
Zhao and Wu 2017b).

LUCC can have significant impacts on people’s daily pro-
duction and life by affecting surface air temperature (SAT), 
the precipitation and near-surface wind speed (NSWS) 
for the influenced intensity, frequency and subregion area. 
Many previous studies have been performed on the LUCC 
impacts, which mostly regarded that the dominant LUCC 
biophysical effect is surface albedo and concentrated on 
LUCC induced changes in surface albedo, showing a cooling 
effect on global scale (Charney 1975; Betts 2000; Andrews 
et al. 2017; Jia et al. 2019). However, LUCC can also affect 
water cycle through altering streamflow and evapotranspira-
tion (Jehanzaib et al. 2020). The impacts of LUCC induced 
water vapor change on the greenhouse contribution are neg-
ligible because of its short lifetime (Sherwood et al. 2018), 
whereas the radiative forcing can be altered through chang-
ing in cloud amount (IPCC 2021), for which fewer stud-
ies have been performed and much uncertainty exists, and 
the conclusions aren’t precisely described in AR6 (IPCC 
2021). Meanwhile, the LUCC affections on regional climate 
depend on the location and season, which expresses high 
spatial heterogeneity and seasonality (Jia et al. 2019).

Many conducted studies have revealed that LUCC 
induced changes in SAT expressed marked interannual 
variations, showing that LUCC induced SAT changes from 
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individual year might be quite different from those of long-
term mean for both change intensity and positive/negative 
changes (see Supplementary Fig. S1), based on which the 
LUCC impacts might be overestimated or underestimated 
and the physical mechanism in interpreting LUCC influ-
ences might be inconsistent with the reality. Therefore, 
LUCC induced changes in energy and water budget and the 
impacts on East Asian monsoon system (EAM) for the years 
of 2006–2007, especially in summer (June, July and August, 
JJA), are selected and explored here in detail.

Spatial distributions for changes in SAT, precipitation, 
and NSWS at annual, seasonal and monthly scales in 2006–
2007 using land use images from the 1980s (LU80) to 2010s 
(LU10) are firstly displayed. LUCC impacted terrestrial 
subregion area passing significance tests and changes in the 
averaged for SAT, precipitation and NSWS are then quan-
titatively evaluated. PDF distributions of LUCC impacted 
terrestrial subregion area for the averaged and PDF distri-
butions of the influenced terrestrial subregion area for the 
changes of SAT, precipitation and NSWS at different grades 
are further analyzed. Finally, the exploring on physical 
mechanisms in interpreting the land use-cloud-radiation 
feedback is presented.

2 Numerical experimental design and data

2.1 Numerical experimental design

Numerical experiment desgon similar to the previous works 
(Zhao and Wu 2017b, c) are performed to emphasize the land 
use-cloud-radiation feedback in detecting climate effects of 
LUCC using the WRF model with Noah-mosaic approach. 
In order to make numerical experiments be clearly under-
standable, experiment design schemes are simply repeated 
here.

The simulated domain covers majority areas of East Asia 
with 288 and 228 model grids in the longitudinal and lati-
tudinal directions, respectively, for which the topographical 
distribution is shown in Fig. S2 in the Supplementary. The 
central longitude and latitude of the simulated domain are 
108.5°E and 35°N, respectively and the horizontal resolu-
tion is 30 km. There are 51 levels in the vertical direction 
with air pressure 10 hPa at the top of the model. The numeri-
cal experiments run from July 1, 2005 to March 01, 2007, 
for which the period from July 1, 2005 to February 28, 2006 
is regarded as ‘spin-up’ time. Therefore, only the results for 
the period from March 1, 2006 to February 28, 2007 are 
analyzed, showing continuous four seasons: Spring (MAM: 
March-April-May, 2006); Summer (JJA: June-July-August, 
2006); Autumn (SON: September-October-November, 

2006); and Winter (DJF: December, 2006-January, 
2007-February, 2007).

During the numerical experiments, eight dominant land 
use categories (Noah-mosaic approach) instead of only 
one dominant land use category (Noah LSM) in a certain 
model grid cell were adopted, based on which the com-
puted surface parameters such as surface albedo, surface 
roughness length, etc. were more close to the real values. 
Therefore, land use distributions and LUCC, as well as land 
and atmosphere interactions can be well expressed with 
the Noah-mosaic approach (Li et al. 2013). Other physi-
cal parameterization schemes include the WSM 5-class 
scheme microphysics scheme, the RRTMG short-wave and 
long-wave radiation schemes, Mellor-Yamada-Janjic TKE 
boundary-layer scheme, and the Modified Tiedtke cumu-
lus scheme (Skamarock et al. 2008). Meanwhile, the WRF 
model with modifications to the codes designed to fulfill 
some climate community requirements (CLWRF, Fita et al. 
2010) was adopted, with which CO2 and other greenhouse 
gas concentrations such as N2O, CH4, CFC11 and CFC12 
were read from the pre-generated file in the WRF model and 
could be correctly represented during the simulation periods 
for the years 2006 and 2007.

2.2 The observational data

The observational SAT data from University of East Anglia 
Climatic Research Unit (CRU, Harris et al. 2020) with a 
spatial resolution of 0.5° longitude and 0.5° latitude over 
land domains were adopted to test the performance of the 
WRF model in simulating SAT. The observational precipi-
tation data Global Precipitation Analysis Products from 
Global Precipitation Climatology Center (GPCC, Schneider 
et al. 2020) with a spatial resolution of 0.5° longitude and 
0.5° latitude over the land were used to make comparisons 
with the simulated results. The observational SAT and pre-
cipitation data were remapped to model grid cells with a 
spatial resolution of 30 km.

2.3 The driven data of the WRF

The driven data including initial conditions and time-vary-
ing boundary conditions updated every 6 h were provided 
by the National Centers for Environmental Prediction’s 
(NCEP) FNL operational model global troposphere analy-
ses with a spatial resolution 1.0° (available online at https://
rda.ucar.edu/datasets/ds083.2/. https://doi.org/10.5065/
D6M043C6).
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underestimated over the northwestern China and the central 
Asia for both annual and JJA values.

3.2 LUCC impacted terrestrial subregions at annual, 
seasonal and monthly scales

LUCC impacted terrestrial subregion area for SAT, precipi-
tation and NSWS showing changes in mean state (passing 
significance t-test at 95% confidence level) and changes in 
the variability (passing significance F-test at 95% confidence 
level) at annual, seasonal and monthly scales in 2006–2007 
are shown in Fig. 2 and Table S1 in the Supplementary.

For SAT, the impacted terrestrial subregion areas show-
ing changes in mean state were larger than those for changes 
in the variability at different temporal scales. At annual 
scale, the impacted subregion area accounted for 11.8% of 
total simulated terrestrial area for changes in mean state, 
while 0.9% for changes in the variability. At seasonal scales, 

2.4 Land use data in the 1980 and 2010 s

Land use data in the 1980s (LU80) and 2010s (LU10) 
adopted in the numerical experiments are the same as those 
applied in Zhao and Wu (2017b, c). Detailed information on 
how land use data were retrieved based on satellite images 
were expressed by Li et al. (2017) and Yang et al. (2017), 
shown in the Supplementary Text S1. Descriptions on land 
use fraction changes from LU80 to LU10 are presented in 
Supplementary Fig. S3 and Text S2.

3 Results

3.1 Model’s performance in simulating surface air 
temperature and precipitation

The simulated results using the WRF model with the default 
land use data in the model, and LU80 and LU10 were com-
pared to the observational data for annual and summer mean 
SAT from CRU and the precipitation from GPCC, respec-
tively (Fig. 1 and Fig. S4 in the Supplementary). In gen-
eral, SAT and precipitation could be well reproduced by the 
model for both annual and JJA results, though bias existed.

The observational annual and JJA mean SAT could be 
well simulated, showing little differences for the spatial 
distribution and intensity (Fig. 1a and d and Figs. S4a-
S4d). However, bias existed between the simulated and 
the observed. For annual results, SAT was underestimated, 
especially over the northern part of the simulated domain 
and the Tibet Plateau. For JJA values, SAT was little over-
estimated, especially in the southern part of the simulated 
domain.

The observational precipitation, showing larger in the 
southern part and smaller in the northern part of the sim-
ulated domain while the smallest in the northwestern part 
of China and the central Asia, could also be well simulated 
(Fig. 1e h and Figs. S4e-S4h). However, the precipita-
tion was overestimated, especially over the northeastern 
Asia and the southern part of the simulated domain, while 

Fig. 2 LUCC impacted terrestrial subregions showing changes in mean 
state (passing significance t-test at 95% confidence level) and changes 
in the variability (passing significance F-test at 95% confidence level) 
for SAT, precipitation (Precip) and near-surface wind speed (NSWS) 
at annual (ANN), seasonal (MAM: March-April-May; JJA: June-July-
August; SON: September-October-November; DJF: December-Janu-
ary-February) and monthly scales

 

Fig. 1 Spatial distributions of the 
(a, c: CRU; e, g: GPCC) obser-
vational and (b, d, f, h) simulated 
(a-d, units: °C) SAT and (e-h: 
units: mm day− 1) precipitation 
with the default land use data in 
the model for (a, b, e, f) annual 
and (c, d, g, h) summer results
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subregion areas were 23.7% (6.6%), 34.1% (12.6%), 30.0% 
(10.2%) and 28.0% (6.5%) in spring, summer, autumn and 
winter, respectively. For monthly results, marked monthly 
variations were detected for the influenced subregion areas. 
The influenced terrestrial subregion areas in June, July and 
August were larger, which were 28.2% (22.8%), 35.1% 
(25.5%), and 38.0% (27.9%) for changes in mean state 
(changes in the variability), respectively. The influenced ter-
restrial subregion areas for changes in the variability were 
comparable to those for changes in mean state in June, July 
and August, whereas the values for changes in mean state 
were larger. Meanwhile, monthly variations of the impacted 
terrestrial subregion areas from NSWS were smaller than 
those from SAT and the precipitation for both changes in 
mean state and changes in the variability.

Therefore, for annual result, the impacted subregion 
areas showing changes in mean state were larger for NSWS 
and smaller for SAT and the precipitation, whereas the influ-
enced subregion areas showing changes in the variability 
were much larger for the precipitation and smaller for SAT 
and NSWS. For seasonal results, the impacted subregion 
areas were larger for both changes in mean state and changes 
in the variability in summer, among which changes in the 
variability for the precipitation were the most pronounced. 
Furthermore, the influenced subregion areas also displayed 
marked monthly variations, which were more pronouned 
from June to August.

3.3 LUCC impacts on terrestrial SAT

At annual scale, spatial distributions of LUCC impacts 
showed that annual terrestrial SAT generally decreased 
over East Asia (Fig. 3a). However, limited subregions were 
detected for SAT changes passing significance t-test or F-test 
at 95% confidence level, for which terrestrial subregions 
revealing significant impacts mainly located in the southern 
and southeastern part of East Asia, showing the increased 
SAT over the southeastern China, the western part of the 
Tibet plateau and the northern Indian peninsula (only sub-
regions with significant changes will be investigated in the 
following sections). For changes in mean state, total annual 
SAT increased over terrestrial subregions showing signifi-
cant changes (Fig. 3b), which could be further expressed 
by PDF distributions of LUCC impacted terrestrial sub-
region areas for SAT and SAT changes at different grades 
(Fig. 3c). The probabilities of the influenced terrestrial sub-
region areas for values smaller than 10 °C between LU80 
and LU10 were close, whereas marked differences were 
detected for SAT larger than 10 °C, which mainly contrib-
uted to total SAT change. LUCC induced changes in annual 
SAT were small (0.27 °C), whereas the averaged terres-
trial SAT change intensities over subregions with negative 

LUCC influenced terrestrial subregion areas in spring, 
autumn and winter were small, which were 4.5% (1.2%), 
8.4% (2.2%) and 13.6% (1.5%) of total simulated terrestrial 
area for changes in mean state (changes in the variability), 
respectively. Meanwhile, LUCC influenced terrestrial sub-
region area in summer for changes in the variability was 
also small (5.5%). However, the impacted terrestrial sub-
region area for changes in mean state in summer was much 
larger (36.8%). For monthly results, LUCC impacted ter-
restrial subregion areas expressed marked monthly varia-
tions. The impacted terrestrial subregion areas were small 
from March to May, 2006 and September, 2006 to February, 
2007 occurred at several dispersed model grids, whereas 
the influenced subregion areas were larger in June, July and 
August, which were 35.0% (15.3%), 34.5% (16.3%) and 
40.7% (13.3%) for changes in mean state (changes in the 
variability), respectively.

For the precipitation, the impacted terrestrial subregion 
areas showing changes in mean state were smaller than those 
for changes in the variability at different temporal scales. 
At annual scale, the impacted subregion area accounted for 
16.6% of total simulated terrestrial area for changes in mean 
state, while was much larger (63.6%) for changes in the 
variability. At seasonal scales, LUCC impacted terrestrial 
subregion areas expressed marked seasonal characteristics, 
which were 6.9% (62.6%), 22.3% (76.8%), 12.7% (66.7%), 
and 1.0% (39.2%) for changes in mean state (changes in the 
variability) in spring, summer, autumn and winter, respec-
tively. The influenced subregion area in winter was much 
smaller than those in other seasons, among which the val-
ues in summer were the largest. For monthly results, LUCC 
impacted terrestrial subregion areas expressed marked 
monthly variations. The influenced terrestrial subregions 
showing changes in mean state occurred mainly from June 
to August, whereas those displaying changes in the vari-
ability appeared throughout the whole analytzed period. 
The influenced terrestrial subregion areas in June, July and 
August were 17.8% (81.2%), 25.4% (82.3%) and 21.7% 
(78.6%) for changes in mean state (changes in the variabil-
ity), respectively.

For NSWS, the impacted terrestrial subregion areas 
showing changes in mean state were larger than those for 
changes in the variability at different temporal scales. At 
annual scale, the impacted subregion area accounted for 
41.2% of total simulated terrestrial area for changes in 
mean state, while 4.8% for changes in the variability. At 
seasonal scales, the influenced terrestrial subregion areas 
in spring, summer, autumn and winter were close to those 
for annual results, revealing that seasonal variations for the 
influenced subregion area of NSWS were small, compared 
to those for SAT and precipitation. For changes in mean 
state (changes in the variability), LUCC impacted terrestrial 
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varied in June, July and August, which were −0.49 °C, 
0.02 °C, and −0.03 °C, respectively. However, SAT 
change intensities over terrestrial subregions with negative 
(−1.34 °C~−1.03 °C) or positive (0.98 °C ~ 1.16 °C) values 
were larger.

Therefore, LUCC influenced terrestrial subregion areas 
at different temporal scales for SAT changes in mean state 
were larger than those for changes in the variability. LUCC 
impacts on terrestrial SAT for both the influenced terrestrial 
subregions and change intensities were larger at monthly 
scales, compared to those at annual and seasonal scales, 
especially for annual results. Similar PDF distributions 
of the influenced terrestrial subregion areas for the simu-
lated SAT between LU80 and LU10 were found at differ-
ent temporal scales. However, differences were detected for 
various SAT grades, especially for SAT larger than 10 °C, 
which mainly contributed to total SAT changes. Total ter-
restrial SAT changes were small at different temporal scales, 
whereas SAT change intensities over terrestrial subregions 
with negative or positive values were larger.

3.4 LUCC impacts on the precipitation

At annual scale, LUCC impacts on the precipitation were 
much more complicated than those for changes in SAT for 
both the impacted terrestrial subregions and spatial distribu-
tions of subregions with positive or negative changes, which 
were more pronounced over the EAM region showing the 
increased in the north while the decreased in the south 
(Fig. 4a). LUCC impacted terrestrial subregion area for 
changes in mean state of the precipitation was little larger 
than those for SAT, whereas the value for changes in the 
variability of the precipitation was much larger than those 
for SAT (Figs. 3b and 4b). The probabilities of the simulated 
precipitation between LU80 and LU10 were close for both 
changes in mean state and changes in the variability, which 
displayed nearly symmetrical distributions between positive 
and negative changes (Fig. 4c and d). For changes in mean 
state/changes in the variability, total terrestrial precipitation 
changes were small (-0.03 mm day− 1/−0.02 mm day− 1), 
whereas the precipitation change intensities over terres-
trial subregions with negative (−0.95 mm day− 1/−0.48 mm 
day− 1) or positive (0.84 mm day− 1/0.43 mm day− 1) values 
were larger.

At seasonal scale in summer, spatial distributions of 
LUCC influenced terrestrial subregions of the precipitation 
were similar to those for annual results (Fig. 4e). Total ter-
restrial precipitation for changes in mean state (-0.23 mm 
day− 1) and changes in the variability (−0.10 mm day− 1), 
resulting from nearly symmetrical positive and negative 
changes, were small. However, change intensities over terres-
trial subregions with negative (−3.00 mm day− 1/−1.50 mm 

(-0.85 °C) or positive (0.72 °C) values were much larger. 
Meanwhile, the impacted subregion areas showing positive 
SAT changes were larger than those with negative changes, 
which induced weak positive total SAT change. For changes 
in the variability, LUCC influenced terrestrial subregion area 
was much small (0.9%), which could be further expressed 
by PDF distributions of LUCC impacted terrestrial areas for 
the averaged SAT and SAT change at different intensities 
(Fig. 3b and d). Total SAT increased by 0.09 °C over the 
subregions showing significant changes. However, the aver-
aged terrestrial SAT change intensities over subregions with 
negative (−0.46 °C) or positive (0.64 °C) values were much 
larger.

At seasonal scale in summer, SAT increased over the 
southeastern China and the northeastern India peninsula, 
while decreased over the northeastern Asia, the western 
China and the northwestern India peninsula (Fig. 3e). For 
changes in mean state, SAT change intensities over ter-
restrial subregions with negative or positive changes were 
-1.22 °C and 1.12 °C, respectively, whereas total terrestrial 
SAT change was much smaller (−0.40 °C), which mainly 
resulted from the larger impacted subregions showing nega-
tive changes (Fig. 3f g). There was good consistence for 
the influenced terrestrial subregion areas for SAT smaller 
than 10 °C shown by PDF distributions, whereas larger dif-
ferences were detected for SAT larger than 10 °C, which 
mainly contributed to negative SAT change. For changes 
in the variability in summer (Fig. 3f h), LUCC influenced 
terrestrial subregion area was small (5.5%). Terrestrial SAT 
change was small (−0.33 °C) over the studied domain, 
whereas SAT change intensities over terrestrial subregions 
with negative (−1.17 °C) or positive (0.74 °C) changes were 
larger.

At monthly scale in June, July and August (Fig. 3i and 
t), LUCC influenced terrestrial subregion areas were larger 
than those in summer. For changes in mean state, marked 
monthly variations were detected. In June (August), the 
impacted subregions showing negative SAT changes were 
larger (smaller) than those with positive changes. In July, the 
impacted subregions showing negative SAT changes were 
close to those with positive changes. Total SAT changes 
were negative in June (-1.24 °C) and July (−0.47 °C), 
while positive in August (0.49 °C). However, SAT change 
intensities over terrestrial subregions with negative or posi-
tive values were larger, which were −1.77 °C~−1.28 °C 
and 1.28 °C ~ 1.71 °C, respectively. PDF distributions of 
the influenced terrestrial subregion areas for the averaged 
SAT in June, July and August were similar to those in sum-
mer, showing larger differences for SAT larger than 10 °C. 
For changes in the variability, LUCC influenced terrestrial 
subregion areas were small in June (15.3%), July (16.3%)
and August (13.3%), respectively. Terrestrial SAT changes 
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5 mm day− 1 (Fig. 4 g and 4 h), which mainly contributed to 
changes in the precipitation.

At monthly scales in June, July and August (Fig. 4i and t), 
changes in the precipitation displayed marked monthly vari-
ations. For LUCC impacts on changes in mean state/changes 
in the variability, the precipitation changes were 0.13 mm 
day− 1/-0.06 mm day− 1, −1.14 mm day− 1/−0.38 mm day− 1, 
0.11 mm day− 1/0.07 mm day− 1 in June, July and August, 
respectively, which resulted from nealy symmetrical posi-
tive and negative changes, especially for changes in the 

day− 1) or positive (2.31 mm day− 1/1.19 mm day− 1) values 
were larger for changes in mean state/changes in the vari-
ability, showing that change intensities from the former 
were stronger (Fig. 4f). LUCC impacted terrestrial sub-
region area for changes in mean state was small, whereas 
the value for changes in the variability was much larger, 
for which both the weakened and the enhanced variability 
were pronounced. Meanwhile, the probability for LUCC 
induced both changes in mean state and changes in the vari-
ability were larger for the intensity between 2 mm day− 1 to 

Fig. 3 LUCC induced SAT changes at (a-d) annual, (e-h) seasonal 
(JJA), and (i-t) monthly (June: i-l, July: m-p, August: q-t) scales. (a, e, 
i, m, q) Spatial distributions of LUCC impacted SAT changes, within 
which symbol ‘●’ indicates subregions passing significance t-test at 
95% confidence level (changes in mean state), and symbols ‘×/+’ 
denote subregions passing significance F-test at 95% confidence level 
showing the weakened/enhanced variability, respectively (changes 
in the variability). (b, f, j, n, r) LUCC impacted terrestrial subregion 

areas (stack column) passing significance t-test or F-test and those 
showing the weakened or enhanced variability, as well as changes in 
the averaged SAT (line and symbol, dash line ‘-’ for zero value line). 
(c/d, g/h, k/l, o/p, s/t) PDF distributions of LUCC impacted terrestrial 
subregion areas for the averaged SAT (blue and red line)/PDF distri-
butions of the influenced terrestrial subregion areas for SAT changes 
(dark yellow line) at different grades passing significance t-test/F-test 
(units: °C)
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both the weakened and the enhanced variability were pro-
nounced. LUCC impacts on terrestrial precipitation were 
larger at monthly scales (June, July and August), compared 
to those at annual and seasonal scales, especially for annual 
results. Furthermore, the weakened (enhanced) variability 
was mainly corresponding to the decreased (enhanced) pre-
cipitation, which resulted in small change in total precipi-
tation. Though LUCC impacted total precipitation for both 
changes in mean state and changes in the variability were 
small, changes in the precipitation intensities over terrestrial 
subregions with negative or positive values for the former 
were stronger.

variability. However, LUCC impacted change intensity 
of the precipitation over terrestrial subregions with nega-
tive (−4.74 mm day− 1 ~−4.23 mm day− 1/−2.57 mm day− 1 
~−1.92 mm day− 1) or positive (3.36 mm day− 1 ~5.13 mm 
day− 1/1.68 mm day− 1 ~2.49 mm day− 1) values were larger 
for changes in mean state/changes in the variability. The 
probabilities for the influenced terrestrial subregion areas 
in June, July and August were similar to those in summer 
for both changes in mean state and changes in the variabil-
ity, showing larger differences for the precipitation between 
2 mm day− 1 to 5 mm day− 1, which were consistent with 
total precipitation changes.

As a result, LUCC influenced terrestrial subregions 
for changes in mean state were small, whereas the values 
for changes in the variability were much larger, for which 

Fig. 4 Same as Fig. 3, but for LUCC induced changes in the precipitation (units: mm day− 1)
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-0.28 m s− 1 in June, July and August, respectively. How-
ever, LUCC impacted change intensity of NSWS over ter-
restrial subregions with negative (−0.62 m s− 1~−0.54 m 
s− 1) or positive (0.59 ~ 0.67 m s− 1) values were larger. 
In June and July (August), the impacted subregion areas 
showing positive NSWS changes were larger (smaller) 
than those with positive changes. For changes in the vari-
ability, total NSWS changes were 0.32 m s− 1, 0.08 m s− 1 
and −0.24 m s− 1 in June, July and August, respectively. 
However, NSWS change intensities over terrestrial subre-
gions with negative (−0.51 m s− 1~−0.31 m s− 1) or positive 
(0.40 m s− 1~0.56 m s− 1) values were larger. In June and 
July (August), the impacted subregion areas showing posi-
tive changes were larger (smaller) than those with positive 
changes. The probability distributions for both changes in 
mean state and changes in the variability showed marked 
monthly variations. In June, the impacted terrestrial sub-
region area decreased for the weak and medium intensity 
of NSWS while increased for the medium-strong one. In 
July, the influenced terrestrial subregion area increased for 
the weak and strong intensity of NSWS while decreased for 
the medium ones. In August, the impacted terrestrial subre-
gion area increased for the weak intensity of NSWS while 
decreased for the medium and strong ones. Therefore, for 
both changes in mean state and changes in the variability, 
the asymmetric distributions of the probability for LUCC 
impacted terrestrial subregions showing negative or posi-
tive changes in June, July and August resulted in larger total 
NSWS changes than those for annual and seasonal results, 
with the exception of the smaller values for changes in the 
variability in July.

As a result, LUCC impacts on total NSWS for both 
changes in mean state and changes in the variability were 
small, whereas NSWS changes over terrestrial subregions 
with positive or negative changes were larger. LUCC 
induced NSWS changes for seasonal (summer) and monthly 
results (June, July and August) were larger than those for 
annual results, especially for monthly results. The influenced 
terrestrial subregions for changes in the variability were 
comparable to those for changes in mean state for summer 
and monthly results. PDF distributions of LUCC impacted 
NSWS for changes in mean state and changes in the vari-
ability in summer were similar to those for annual results. 
However, marked differences were detected among PDF 
distributions of NSWS changes in June, July and August, 
which were different from those for annual and summer 
results. For annual results, the symmetric distributions of 
NSWS change probability over LUCC impacted subregions 
with negative or positive changes resulted in small total 
NSWS changes for both changes in mean state and changes 
in the variability. For summer results, the symmetric distri-
butions of NSWS change probability over LUCC impacted 

3.5 LUCC impacts on NSWS

At annual scale, spatial distributions of LUCC impacted 
terrestrial subregions for NSWS showed that the influences 
appeared across the whole East Asia, which were more pro-
nounced over the EAM region showing the decreased in the 
south and the increased in the north (Fig. 5a). For changes 
in mean state, total NSWS change was small (0.03 m s− 1), 
whereas the corresponding changes over terrestrial subre-
gions with negative/positive values were larger (-0.27 m 
s− 1/0.29 m s− 1), which could be well interpreted by nearly 
symmetric distributions of the probabilities for LUCC 
impacted subregions with negative or positive NSWS 
changes (Fig. 5b and c). The probability of LUCC impacted 
terrestrial subregion area increased for the strong NSWS, 
while decreased for the medium and weak intensity from 
LU80 to LU10, whereas the influenced subregion area for 
the medium intensity of NSWS decreased. For changes in 
the variability, the probabilities of LUCC influenced terres-
trial subregion areas were small and negligible (Fig. 5b and 
d). Total NSWS change was small (0.16 m s− 1), whereas 
the corresponding change intensity of NSWS over terres-
trial subregions with negative (−0.64 m s− 1) and positive 
(0.66 m s− 1) values were larger.

At seasonal scale in summer, spatial distributions of 
LUCC induced NSWS changes were similar to those for 
annual results (Fig. 5e). For changes in mean state (Fig. 5f 
g), total NSWS change over terrestrial subregions was 
small (0.06 m s− 1), which resulted from nearly symmetrical 
positive (-0.36 m s− 1) and negative (0.41 m s− 1) changes, 
respectively. The probability distributions revealed simi-
lar characteristics to those for annual results, showing the 
increased terrestrial subregion area for the strong NSWS 
while the decreased one for the weak and medium ones, 
especially for the medium NSWS intensity, which resulted 
in symmetric probability distributions of LUCC impacted 
terrestrial subregions with negative or positive changes. The 
impacted terrestrial subregion area for changes in the vari-
ability in summer, which was smaller than those for changes 
in mean state, was larger than those for annual results and 
could not be neglected (Fig. 5h). For changes in the variabil-
ity, total terrestrial NSWS change was small (0.15 m s− 1), 
which resulted from the larger impacted subregion areas 
showing positive changes (0.38 m s− 1) than those showing 
negative changes (−0.35 m s− 1). The probability distribu-
tions for changes in the variability revealed asymmetric 
probability distributions of LUCC impacted terrestrial sub-
regions with negative or positive changes.

At monthly scales in June, July and August (Fig. 5i and 
t), spatial distributions of LUCC impacts on NSWS dis-
played marked monthly variations. For changes in mean 
state, total NSWS changes were 0.37 m s− 1, 0.16 m s− 1 and 
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interpreting LUCC impacts on East Asian summer monsoon 
(EASM) system are to be detailed explored.

4.1 LUCC influences on radiation budget

Spatial distributions of LUCC induced radiative forcing at 
top of atmosphere (RFT, Fig. 6a) were similar to those for 
changes in SAT over the EASM region in summer (Fig. 3e). 
RFT was positive (negative) in the south (north), which 
resulted from larger increased (decreased) net shortwave 
(Fig. 6b) and smaller decreased (increased) net longwave 
radiation flux (Fig. 6c), respectively. Changes in radia-
tion flux at top of atmosphere can be further interpreted by 
changes in radiation budget at surface, for which spatial dis-
tributions of LUCC induced changes in net shortwave and 

subregions with negative or positive changes for changes 
in mean state while asymmetric distributions for changes 
in the variability resulted in smaller change for the former 
and larger one for the latter. For monthly results, the asym-
metric distributions of NSWS change probability for LUCC 
impacted terrestrial subregions with negative or positive 
changes resulted in larger total NSWS changes for both 
changes in mean state and changes in the variability, with 
the exception in July.

4 Discussions

As LUCC impacts on SAT, precipitation and NSWS were 
more pronounced in summer over the eastern China, which 
locates over the EAM region, physical mechanisms in 

Fig. 5 Same as Fig. 3, but for LUCC induced changes in the near-surface wind speed (NSWS, units: m s− 1)
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consistent with those for RFS over the EASM region 
(Fig. 6k), whereas changes in latent heat flux were generally 
positive, showing the increased in both the south and the 
north of the EASM region (Fig. 6l), which were consistent 
with changes in surface evaporation and local moisture flux 
(Fig. 7a).

4.2 LUCC impacts on surface albedo and roughness 
length

Spatial distributions of both RFT and RFS were similar to 
those of downward shortwave component changes over 
the EASM region, showing that LUCC induced changes 
in downward shortwave radiation flux at surface were 
more pronounced among different radiation components. 
Changes in upward shortwave radiation flux at surface were 
determined by changes in downward shortwave compo-
nent and surface albedo. LUCC induced changes in surface 
albedo displayed the decreased in the south and increased 
in the north over the EASM region (Fig. 7b). The decreased 
(increased) surface albedo were originally thought to result 
in the decreased (increased) upward shortwave compo-
nent in the south (north) over the EASM region, whereas 
LUCC induced changes in upward shortwave component 
were generally contrary to the assumed. The contributions 
to upward shortwave component changes from changes in 
downward shortwave component were larger than those 
from changes in surface albedo. Therefore, changes in net 

longwave radiation flux at surface were similar to those at 
top of atmosphere over the EASM region.

For LUCC impacts on shortwave radiation flux at sur-
face over the EASM region (Fig. 6d and f), spatial distribu-
tions of changes in downward component were similar to 
those of net shortwave radiation flux. Changes in upward 
component, showing much weaker intensity than changes 
in downward component, were generally negative except-
ing for the the increased over the north China plain. The 
larger increased downward component and the smaller 
changed upward component contributed to the increased net 
shortwave radiation flux in the south. However, the larger 
decreased downward component and the smaller decreased 
upward component resulted in the decreased net short-
wave radiation flux in the north. For LUCC influences on 
longwave radiation flux at surface over the EASM region 
(Fig. 6 g-6i), the smaller increased downward component 
and the larger increased upward component contributed 
to the decreased net longwave radiative flux in the south. 
However, the smaller changed downward component and 
the larger decreased upward component resulted in the 
increased net longwave radiation flux in the north.

As a total, the larger increased (decreased) net short-
wave radiation flux and the smaller decreased (increased) 
net longwave radiation flux contributed to the increased 
(decreased) radiative forcing at surface (RFS) in the south 
(north) over the EASM region (Fig. 6j). Accordingly, spa-
tial distributions of changes in the sensible heat flux were 

Fig. 6 LUCC induced (a) 
radiative forcing (RFT), changes 
in net (b) shortwave and (c) 
longwave radiative flux at top of 
atmosphere in summer. Changes 
in (d, g) net radiation flux, (e, 
h) downward and (f, i) upward 
components of (d-f) shortwave 
and (g-i) longwave radiation flux 
at surface in summer. LUCC 
induced (j) radiative forcing at 
surface (RFS), changes in (k) 
sensible and (l) latent heat flux in 
summer (units: W m− 2)
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components resulted in the decreased net longwave radia-
tion flux.

For LUCC impacts on surface energy budget in the 
northern part of the EASM region, the increased cloud 
amount contributed to the decreased downward shortwave 
radiation flux. The contributions to changes in upward 
shortwave radiation flux from changes in downward short-
wave component were larger than those from the increased 
surface albedo. The upward shortwave radiation flux also 
decreased, though surface albedo increased. The decreased 
downward shortwave radiation component was much larger 
than the decreased upward radiation component for both 
the the intensity and covered areas, which resulted in the 
decreased net shortwave radiation flux. Meanwhile, changes 
in the downward longwave radiation flux were small, which 
can be attributed to the combined affections from the 
decreased upward longwave radiation flux, the increased 
cloud amount and decreased cloud ceiling. Therefore, 
the smaller changed downward component and the larger 
decreased upward components resulted in the increased net 
longwave radiation flux.

Therefore, SAT increased (decreased) in the southern 
(northern) part of the EASM region in summer, which could 
be interpreted mainly by changes in downward shortwave 
radiation flux through the land use-cloud-radiation feedback, 
within which changes in cloud amount played an important 
role in alerting radiation budget. Meanwhile, changes in the 
planet boundary layer displayed positive (negative) values 
in the south (north), which shared similar spatial distribu-
tions as those for changes in SAT (Figs. 3e and 7f).

4.4 LUCC induced changes in the EASM circulation 
and moisture flux

LUCC influences displayed consistently increased surface 
evaporation over the EASM region in summer, which was 
different from those of changes in the precipitation. There-
fore, LUCC impacts on the EASM circulation and moisture 
flux are to be explored.

shortwave radiation flux could not be directly interpreted by 
LUCC induced changes in surface albedo.

Spatial distributions of LUCC impacts on surface rough-
ness length over the EASM region are shown in Fig. 7c, 
showing the increased in the south while the decreased in 
the north, which contributed to the decreased NSWS in the 
south while the increased in the north.

4.3 LUCC influences on cloud amount

LUCC impacts on low, middle and high cloud amounts are 
shown in Fig. 7d, and Figs. S5a-S5b in the Supplementary. 
The cloud amount at different levels consistently decreased 
in the south and increased in the north over the EASM 
region, especially for low cloud amount, which resulted 
in similar changes in total cloud amount. Accordingly, the 
cloud ceiling increased in the south and decreased in the 
north over the EASM region (Fig. 7e). Pressure–latitudinal 
(longitudinal) cross-sections along the 120° E, 35° N and 
45° N axes for LUCC induced changes in cloud amount in 
summer clearly revealed that the decreased low, middle and 
high level cloud amounts and the increased cloud ceiling 
in the south, while opposite changes in the north over the 
EASM region (see Supplementary Figs. S5c-S5e).

For LUCC impacts on surface energy budget in the south-
ern part of the EASM region, the decreased cloud amount 
contributed to the increased downward shortwave radiation 
flux. Though surface albedo decreased, the upward short-
wave radiation flux also increased, because the contribu-
tions to changes in upward shortwave radiation flux from 
the increased downward radiation component were larger 
than those from the decreased surface albedo. The increased 
downward shortwave component was much larger than the 
increased upward component for both the the intensity and 
covered areas, which resulted in the increased net short-
wave radiation flux. Meanwhile, the downward longwave 
radiation flux increased due to the increased upward long-
wave radiation flux, though cloud amount decreased and 
cloud ceiling increased. Therefore, the smaller increased 
downward component and the larger increased upward 

Fig. 7 LUCC induced changes 
in (a) surface evaporation (unit: 
mm day− 1), (b) surface albedo, 
(c) roughness length (unit: m), 
(d) low cloud amount, (e) cloud 
ceiling (unit: 10 3 m), and (f) 
planetary boundary layer height 
(unit: 102 m) in summer
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These distributions resulted in the altered wind shear near 
the 50°N axis, for which the westerly water vapor transpor-
tation to the north of 50°N was obstructed. Combined with 
the weakened/strengthened westerly moisture flux to the 
west/east of the Lake Baikal to the south of 50°N, the north-
erly moisture flux to the northeast Asia strengthened. Spa-
tial distributions of changes in the moisture flux across the 
whole troposphere were similar to those at 700 hPa (Fig. 8e, 
and Fig. S6e in the Supplementary). More water vapor was 
transported to the northeast Asia from both the southerly 
moisture flux and the westerly water vapor transportation. 
Meanwhile, moisture flux in the southern part of the EASM 
region weakened. Therefore, the precipitation was affected 
not only by LUCC induced the increased local evaporation 
related moisture flux over both the southern and the north-
ern part of the EASM region, but also by LUCC impacts on 
the EASM circulation related moisture flux. Changes in the 
precipitation could not be solely interpreted by changes in 
local surface evaporation, for which LUCC impacted mois-
ture flux played an important role.

Spatial distributions of subtropical westerly jet and the 
corresponding changes at 200 hPa are shown in Fig. 8f and 
Fig. S6f in the Supplementary. Changes in the subtropical 
westerly jet near the jet axis displayed negative-positive 
characteristics over the EASM region, showing the west-
erly jet axis inclined to the northeast Asia. The westerly jet 
displayed the weakened/intensified to the south/north of the 
axis, which was in accordance with the enhanced EASM 
circulation and moisture flux, and the increased precipita-
tion over the northeast Asia (Zhao 2013).

4.5 LUCC impacts on the vertical characteristics

LUCC impacts on the EASM circulation and moisture 
flux can be further explained by pressure–latitudinal cross-
sections along the 120° E axis for changes in the zonal, 

LUCC impacts on the zonal winds at 700 hPa displayed 
marked subregional characteristics from the south to the 
north over the EASM region (Fig. 8a, and Fig. S6a in the 
Supplementary). In the lower latitude, the easterly winds 
intensified in the eastern part. In the western part, the west-
erly winds strengthened along the southern boundary of 
the Tibet Plateau while weakened to the south of the Tibet 
Plateau. In the low-mid latitude, the westerly winds gener-
ally weakened. In the mid-high latitude, the westerly winds 
weakened (strengthened) in the western part, and strength-
ened (weakened) to the south (north) of 50°N in the eastern 
part. Changes in the meridional winds at 700 hPa are shown 
in Fig. 8b and Fig. S6b in the Supplementary. LUCC impacts 
on the meridional winds mainly displayed the strengthened 
southerly winds in the south, while the enhanced northerly 
winds and the weakened southerly winds in the north over 
the EASM region. Meanwhile, the southerly winds weak-
ened along the seashore of southeastern China, as well as 
the southern boundary of the Tibet Plateau.

Spatial distributions of changes in total wind speed 
and vector and moisture flux at 700 hPa over the EASM 
region were shown in Fig. 8c and d, and Figs. S6c-S6d in 
the Supplementary, which shared similar spatial character-
istics. In the low-mid latitude, the enhanced southeasterly 
moisture flux from the northwestern Pacific, the intensified 
southerly branch from the south China sea, and the ampli-
fied southwesterly branch along the southern boundary of 
the Tibet Plateau contributed to the strengthened moisture 
flux to be transported to the northern part of the EASM 
region, though the southwesterly branch weakened along 
the northern Indian peninsula, Bay of Bengal and the north-
ern Indo-China peninsula. In the mid-high latitude, changes 
in the westerly moisture flux displayed contrary distribu-
tions to the south/north of 50°N. The westerly moisture flux 
weakened/enhanced to the west/east of the Lake Baikal for 
the former, while the opposite characteristics for the latter. 

Fig. 8 Spatial distributions of LUCC induced changes in (a) the zonal 
winds at 700 hPa (unit: m s− 1), (b) the meridional winds at 700 hPa 
(unit: m s− 1), (c) wind speed (shaded) and vector at 700 hPa (unit: m 
s− 1), (d) moisture flux (shaded) and vector at 700 hPa (unit: 10− 3 kg 

hPa− 1 m− 1 s− 1), (e) moisture flux (shaded) and vector across the whole 
troposphere (unit: 10− 3 kg hPa− 1 m− 1 s− 1), and (f) the westerly wind 
speed at 200 hPa (units: m s− 1) in summer (a-d: white subregions for 
topography above 700 hPa)
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Pressure–latitudinal cross-sections along the 120° E axis 
for changes in relative humidity and water vapor mixing 
ratio are displayed in Fig. 9c and d. The relative humidity 
generally decreased with the exception of the increased to 
the north of 40°N in the lower troposphere. The vertical dis-
tribution of water vapor mixing ratio was similar to those 
for relative humidity, whereas water vapor mixing ratio 
increased between 35°N and 45°N in the low-mid tropo-
sphere. With the enhanced EASM circulation, more water 
vapor was transported to the northern part of the EASM 
region. Both the strengthened EASM related moisture 
flux and the increased local evaporation contributed to the 
increased relative humidity and water vapor mixing ratio 
in the northern part of the EASM region. Meanwhile, the 
weakened EASM moisture flux (larger) and the increased 
local evaporation (smaller) resulted in the decreased rela-
tive humidity in the southern part of the EASM region. 
However, changes in water vapor mixing ratio (increased) 
were contrary to changes in relative humidity (decreased) 
between 30°N and 40°N in the lower troposphere, which 
could be attributed to LUCC induced changes in SAT, 
shown by Fig. 3e. With the increased SAT between 30°N 
and 40°N, the saturated water vapor pressure enlarged, for 
which more water vapor was expected with an increase in 
water vapor mixing ratio but a decrease in relative humidity.

4.6 How EASM circulation was affected?

Changes in the southerly winds over the EASM region 
could be interpreted by LUCC induced changes in sea level 
pressure (SLP) in summer shown by Fig. 10a and b. SLP 
decreased from the southwestern China to the northeastern 
China, while increased over the southern China. SLP differ-
ences between the southern China and the northern China 
increased, which were beneficial to the increased pressure 
gradient. These distributions contributed to the strength-
ened southeasterly winds from the northwestern Pacific 
subtropical high, the intensified southerly winds from the 
South China Sea, and the enhanced southwesterly winds 
along the southern boundary of the Tibet Plateau. There-
fore, more moisture flux from the ocean was transported to 

meridional and total winds (Fig. 9a and Fig. S7 in the Sup-
plementary). Changes in the zonal and meridional winds 
displayed similar vertical characteristics over the EASM 
region, showing the negative-positive-negative distribu-
tions from the south to the north, whereas differences for the 
vertical characteristics were detected. In the lower latitude, 
changes in the zonal winds mainly expressed the increased 
easterly winds in the low-middle troposphere while the 
decreased easterly winds in the mid-high troposphere. In the 
middle latitude, changes in the zonal winds mainly showed 
the decreased (increased) westerly winds to the south 
(north) of nearly 35° N. In the mid-high latitude, changes 
in the zonal winds mainly displayed the decreased westerly 
winds. Changes in the zonal winds showing positive val-
ues inclined northward from middle to mid-high latitude, 
which was consistent with changes in the westerly jet axis 
shown by Fig. 8f. In the mid-high troposphere, changes in 
the meridional winds displayed as the decreased northerly 
winds in the south while the decreased southerly winds in 
the north. In the low-mid troposphere, it was the decreased 
southerly winds in the lower latitude and the increased 
southerly winds in the mid latitude. In the mid-high lati-
tude, it was the decreased southerly winds to the north of 
48°N while the increased northerly winds to the south of 
48°N, with the exception of the decreased southerly winds 
in the lower layer. Consequently, changes in the total winds 
occurred across the whole troposphere, showing similar ver-
tical distributions to those from changes in zonal winds.

Changes in EASM circulation related moisture flux could 
be revealed by pressure–latitudinal cross-sections along the 
120° E axis of the averaged zonal, meridional and total mois-
ture flux and the corresponding changes (Fig. 9b and Fig. S8 
in the Supplementary), which shared similar distributions 
to those from the EASM circulation. However, the influ-
enced moisture flux mainly concentrated on the low-mid 
troposphere, which had a considerable impact on the water 
vapor transportation over the EASM region. Changes in the 
moisture flux were generally consistent from the bottom to 
the middle troposphere, with the exception of changes over 
near surface layers.

Fig. 9 Pressure–latitudinal cross-sections along the 120° E axis (black 
area for topography) of LUCC induced changes in (a) total wind speed 
(unit: m s− 1), (b) moisture flux (unit: 10− 3 kg hPa− 1 m− 1 s− 1), (c) 

relative humidity (unit: %), and (d) water vapor mixing ratio (unit: 
10− 3 kg kg− 1) in summer
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strengthened vertical motions can be well displayed. The 
vertical motion generally weakened (enhanced) to the south 
(north) 40°N over the EASM region, with which the con-
vection activities were inhabited (promoted) and the pre-
cipitation were subsequently dampened (strengthened) in 
the south (north).

5 Conclusions

The impacts of LUCC on regional climate were explored 
using the WRF model with Noah-mosaic approach, with 
which subgrid scale process of the LUCC could be well rep-
resented. LUCC impacts on SAT, precipitation and NSWS 
displayed marked temporal and spatial characteristics. At 
annual scale, LUCC influenced terrestrial subregions were 
small. For seasonal results, LUCC impacted terrestrial sub-
regions displayed marked seasonal characteristics, which 
were larger in summer. The results from monthly varia-
tions further confirmed greater LUCC impacted terrestrial 
subregions over summer time, whereas the influenced ter-
restrial subregions in certain months were also notable. 
LUCC impacts on SAT and NSWS at different temporal 
scales mainly presented as changes in mean state, whereas 
LUCC influenced precipitation mainly displayed as changes 
in the variability. LUCC induced changes in the averaged 
SAT, precipitation and NSWS for changes in mean state and 
changes in the variability were small, whereas the nearly 
symmetric distributions between positive and negative 
changes, which contributed to total changes, were much 
larger and might have a considerable impact on local and 
regional climate, especially on extreme climate events. 
Therefore, the LUCC climate effects for both the influenced 

the northeast Asia, which contributed to contrary changes 
in the precipitation for both the covered subregions and the 
intensity between the southern and the northern part of the 
EASM region.

Pressure–latitudinal cross-sections along the 120° E axis 
for changes in the temperature field across the troposphere 
are displayed in Fig. 10c. Temperature gradient was altered 
due to the increased temperature in the low-mid latitude and 
the decreased in the mid-high latitudes, which resulted in 
changes in temperature advection. The increased tempera-
ture gradient in the mid-high latitudes while the decreased 
in the low-mid latitudes induced the enhanced westerly 
winds in the north (to the south of 50°N) and the weakened 
in the south over the EASM region.

LUCC impacts on the westerly winds in the high lati-
tude (to the north of 50°N) displayed different changes to 
the west/east of the Lake Baikal (Fig. 8a), which could be 
interpreted by pressure–longitudinal cross-sections along 
the 45° N/55° N axes for changes in the temperature fields 
(Fig. 10d and e). Changes in temperature field expressed the 
negative-positive-negative differences from the west to the 
east along the 45° N axis, which resulted in the decreased 
temperature gradient in the west while the increased in the 
east, and then the weakened westerly in the west and the 
enhanced in the east. However, changes in temperature field 
revealed the positive-negative differences from the west to 
the east along the 55° N axis, which resulted in the increased 
temperature gradient in the west and the decreased in the 
east, and then the intensified westerly in the west while the 
weakened in the east.

Pressure–latitudinal cross-sections along the 120° N 
axis for changes in vertical velocity fields are displayed in 
Fig. S9 in the Supplementary, with which the weakened/

Fig. 10 (a) The averaged and (b) 
LUCC induced changes in sea 
level pressure in summer (unit: 
hPa). (c) Pressure–latitudinal 
cross-sections along the 120° E 
axis (black area for topography) 
of LUCC induced changes in 
temperature field in summer 
(unit: °C). (d-e) Pressure–lon-
gitudinal cross-sections along 
the (d) 45° N and (e) 55° N axes 
of LUCC induced changes in 
temperature fields in summer 
(units: °C)
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which had marked impacts on energy and water cycle, and 
then local and regional climate. There are still many uncer-
tainties in the studies of land use impacts, among which the 
land use data used is one of the sources of uncertainty. With 
the development of satellite remote sensing technology, 
more and more land use data are available (ESACCI-LC 
2017; Li et al. 2020), based on which ensemble numeri-
cal experiments can be performed and the uncertainties for 
LUCC impacts might be reduced.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00382-
023-06959-5.
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