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China's rapid socioeconomic development during the past few decades has resulted in large-scale landscape changes
across the country. However, the impacts of these land surfacemodifications on climate are yet to be adequately un-
derstood. Using a coupled process-based land-atmosphericmodel, therefore,we quantified the climatic effects of land
cover and land management changes over mainland China from 2001 to 2010, via incorporation of real-time and
high-quality satellite-derived landscape representation (i.e., vegetation fraction, leaf area index, and albedo) into
numerical modeling. Our results show that differences in landscape patterns due to changes in land cover and land
management have exerted a strong influence on summer climate in China. During 2001 and 2010, extensive cooling
of up to 1.5 °C was found in the Loess Plateau and 1.0 °C in northeastern China. In contrast, regional-scale warming
was detected in the Tibetan Plateau (0.3 °C), Yunnan province (0.4 °C), and rapidly expanding urban centers across
China (as high as 2 °C). Summer precipitation decreased in the northeastern region, with patchy reduction generally
b1.8mm/day, but increased in the Loess Plateau,with local spikes up to 2.4mm/day. Our studyhighlights that human
alterations of landscapes have had substantial impacts on summer climate over the entire mainland China, but these
impacts varied greatly on the regional scale, including changes in opposite directions. Therefore, effective national-
level policies and regional land management strategies for climate change mitigation and adaptation should take
explicit account of the spatial heterogeneity of landscape-climate interactions.
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1. Introduction
Fig. 1. Illustration of the model domain used in the WRF (Weather Research and
Forecasting) simulations with topography overlaid (unit: m). The bottom-right
rectangle illustrates the South China Sea Islands (the same below).
Land use and land cover change have been a major driver of climate
change at regional and global scales (Feddema et al., 2005; Foley et al.,
2005; Kabat, 2004; Marland et al., 2003; NRC, 2005; Vitousek et al.,
1997) because it affects the climate system through two general path-
ways: biogeochemical and biogeophysical (Feddema et al., 2005).
Prior studies have demonstrated that biogeophysical effects resulting
frommodification of land surface properties can lead to regional climate
change that is on the same order of magnitude as impacts owing to bio-
geochemical effects due to greenhouse gas emissions (Betts et al., 2007;
Georgescu et al., 2013; Pielke and Avissar, 1990). This is because alter-
ations to land surface biophysical propertiesmodify surface energy bud-
get and land-atmospheric transport of heat, moisture, and momentum,
with additional consequences for temperature, air circulation, and pre-
cipitation change (Pielke et al., 2011, 2016). Therefore, accurately quan-
tifying anthropogenic influence on climate requires consideration of
biogeophysical processes (Davin et al., 2007; Mahmood et al., 2014,
2016; de Noblet-Ducoudré et al., 2012), particularly for regions
experiencing dramatic land surface modification.

China has witnessed unprecedented socioeconomic transformations
in recent decades and intensified human activities (e.g., urbanization,
agricultural intensification, and reforestation) have dramatically modi-
fied ecosystems and landscapes across the nation (Liu et al., 2014).
This has been especially evident since 2000, when urbanization entered
a phase of rapid development (Wu et al., 2014) and implementation of
the Grain to Green Program became prevalent nationwide (Feng et al.,
2016; Gao et al., 2016). Increased utility of numerical modeling ap-
proaches to estimate climate effects of landscape changes for China as
a whole improved our understanding of land-atmosphere interactions
in this rapidly changing part of the planet (Fu, 2003; Hu et al., 2015;
Wang et al., 2013; Wang et al., 2015; Xu et al., 2015). These studies fo-
cused mainly on comparing effects of potential natural vegetation
with those of current land surface conditions. In contrast, few studies
have examined the possible effects of historical landscape changes on
regional climate in China. This was partly because climate effects span-
ning a time period of several decades may not be easily detected when
only including changes in land cover classes.

However, land management change (LMC, e.g., the influence of dif-
ferent grazing intensities on grassland characteristics) can have similar
or greater effects on land surface biophysical properties and therefore
regional climate than land cover change (LCC, e.g., the conversion
from forests to croplands). It is important to recognize that LMC may
be independent of LCC. To date, limited research exists examining cli-
mate impacts of LMC that occurs within the same land cover type and
does not result in LCC (Luyssaert et al., 2014). Although the representa-
tion of LMC has been restricted by inadequate data availability and ex-
cessive computing demands, omission of this subgrid-scale landscape
heterogeneity will result in underestimation of climate effects and re-
duced skill of model performance (Cao et al., 2015; Georgescu et al.,
2009; Pielke and Avissar, 1990;Weaver and Avissar, 2001). Fortunately,
recent advances in remote sensing techniques and computational ca-
pacity facilitate the usage of real-time and high-quality data to charac-
terize landscape changes induced by LCC and LMC.

Here we apply theWeather Research and Forecasting (WRF) Model
(Skamarock and Klemp, 2008) to quantify impacts of landscape changes
on summer climate over China. Our study focuses on summer season
(we define summer as June, July, and August) because vegetation ma-
tures to peak greenness and thus exerts the strongest influence on
land-atmosphere interactions during this period of time. We parame-
terizedWRF on a 30-kmbasis using satellite-derived landscape patterns
corresponding to 2001 and 2010,whichdiffered in the representation of
land cover and land surface biophysical properties (i.e., vegetation frac-
tion, leaf area index, and surface albedo).We seek to answer the follow-
ing questions: 1) Did land cover change or land management change
result in greater landscape changes in China during 2001–2010?
2) Did these landscape changes have any major effects on regional cli-
mate across the country? 3) How did the climate effects of landscape
changes vary spatially from region to region?

2. Materials and methods

2.1. Model configuration and parameterization

Simulations were performed using the Weather Research and Fore-
casting (WRF) model with the advanced dynamical core. The WRF
model was configured with a one-way domain having grid spacing of
30 km in both horizontal directions (Fig. 1). The domain was centered
on 36.5°N and 103°E with 200 grid cells along east-west direction and
170 grid cells along north-south direction, encompassing the entirety
of China and portions of the Indian and Pacific Oceans, with a total
area of 6000 × 5100 km2. This domain configuration was deemed suffi-
ciently expansive to capture the influence of the East AsianMonsoon on
summer climate in China (Hu et al., 2015). A Lambert conformal conic
projection was used for the model's horizontal coordinate while the
model's vertical coordinate employed 30 terrain-following eta levels
from the surface to 50 hPa. The initial and lateral boundary conditions
for large-scale atmospheric fields were obtained from the Global Final
Analysis (FNL) data archive, maintained by the National Centers for En-
vironmental Prediction (NCEP; http://rda.ucar.edu/), with a 6-h tempo-
ral frequency and 1° grid spacing in both horizontal directions.

The main physical parameterizations used for all simulations are
presented in Table 1. In order to represent land surface processes, the
community Noah land surface model (LSM; Chen and Dudhia, 2001;
Ek et al., 2003) coupled with the WRF model was utilized to simulate
the energy and momentum exchange between the land surface and
overlying atmosphere. However, although the coupled Noah LSM has
been widely used to facilitate regional climate modeling, deficiencies
exist with its prescribed land surface biophysical properties (Cao et al.,
2015). In this work, therefore, we employed recently developed
satellite-estimated landscape datawithmore detailed biogeographic in-
formation to improve characterization of landscape in the Noah LSM,
and above all, to representmodificationof biophysical properties arising
from land management change.

2.2. Remotely sensed data acquisition

Weobtained land cover data from the Data Center for Resources and
Environmental Sciences, constructed by the Chinese Academy of Sci-
ences (http://www.resdc.cn). The land cover data for 2000 and 2010
were derived from Landsat TM imagery with a spatial resolution of
1 km × 1 km. The data were classified according to the International

http://rda.ucar.edu
http://www.resdc.cn


Table 1
Main physical parameterizations used for all simulations.

Model version Version 3.6.1
Horizontal grid ΔX and ΔY = 30 km
Number of points 200 (X direction), 170 (Y direction)
Vertical levels 30 levels
Time step 90 s
Radiation scheme RRTMa (longwave); RRTMGb (shortwave)
Land surface model Noah LSM
Cumulus scheme K-Fc (turned on)
Microphysics scheme WSM-3d

PBL scheme YSUe

Surface layer MM5 similarityf

Initial and lateral boundary conditions NCEP FNL

a RRTM, the Rapid Radiative Transfer Model.
b RRTMG, a new version of RRTM.
c K-F, the new Kain-Fritsch cumulus convective scheme.
d WSM-3, the WRF Single-Moment 3 class microphysics scheme.
e YSU, the Yonsei University planetary boundary layer (PBL) scheme.
f MM5 similarity, the revised MM5Monin-Obukhov scheme.

Table 2
Description of all simulations performed. LS2001: simulations using 2000 land cover data
and 2001 land surface biophysical properties (i.e., vegetation fraction, leaf area index, and
surface albedo). LS2010: simulations using 2010 land cover data and land surface biophys-
ical properties.

Simulations Spin-up period Analysis time

LS2001 Jan 01 – Feb 28, 2001 Mar 01, 2001 – Mar 01, 2002
Jan 08 – Feb 28, 2001 Mar 01, 2001 – Mar 01, 2002
Jan 15 – Feb 28, 2001 Mar 01, 2001 – Mar 01, 2002

LS2010 Jan 01 – Feb 28, 2001 Mar 01, 2001 – Mar 01, 2002
Jan 08 – Feb 28, 2001 Mar 01, 2001 – Mar 01, 2002
Jan 15 – Feb 28, 2001 Mar 01, 2001 – Mar 01, 2002
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Geosphere-Biosphere Program (IGBP) land use classification scheme,
with an overall classification accuracy of 83.14% (Wu et al., 2013). The
1-km data were aggregated to the domain resolution by calculating
thedominant land cover category in each 30-kmgrid cell. Thenewly de-
veloped data were then used within China, and for regions outside, the
default IGBP-Modified MODIS 20-category land cover data, provided by
the WRF modeling system, were employed.

We derived vegetation fraction from 1-km, 16-day MODIS vegeta-
tion indices data products (https://lpdaac.usgs.gov/), following the
method below (Gutman and Ignatov, 1998):

FVC ¼ N−Nsð Þ= Nv−Nsð Þ ð1Þ

where FVC represents the fractional vegetation cover, N the NDVI at
each pixel, Ns the bare soil NDVI, and Nv the dense vegetation NDVI.
Here, the Ns and Nv were defined as the lower and upper 5% NDVI of
the simulation domain, respectively (Sellers et al., 1996). Leaf area
index (LAI) was provided by the global land surface satellite product
(GLASS; http://glass-product.bnu.edu.cn/), with a spatial resolution of
0.05°× 0.05° for 46 retrieval periods per year (i.e., 1, 9,…, 361). Field val-
idation has shown that the uncertainty of GLASS LAI was less than that
of MODIS LAI (Xiao et al., 2014). Surface albedo was obtained from 30-
arc, 8-day global gap-filled, snow-free albedo data archive (ftp://rsftp.
eeos.umb.edu/). A temporal interpolation technique has been applied
to the spatially complete albedo data set so as to fill the MODIS albedo
product not having observations, being low quality, or being snow-
covered with geophysical realistic values (Moody et al., 2008). The
data set currently included white-sky and black-sky albedo, which are
numerically related to each other as follows (Liang et al., 2005):

α ¼ f dir αdir þ f dif αdif ð2Þ

f dir þ f dif ¼ 1 ð3Þ

where α denotes the blue-sky albedo, αdir the black-sky albedo, and αdif

the white-sky albedo. fdir and fdif are proportions of direct beam and dif-
fuse illumination in total incoming light. In this work, the fdif was esti-
mated as a function of solar zenith angle (Long and Gaustad, 2004).
The 16-day and 8-day landscape data were then linearly interpolated
to a daily interval and aggregated to the domain resolution
(i.e., 30 km) via bilinear interpolation.

2.3. Numerical simulation design

Wedesigned twonumerical experiments to analyze impacts of land-
scape change on China's summer climate. One represented 2001 land-
scape (hereafter LS2001) by using 2000 land cover data (in lieu of
2001, which was unavailable) and 2001 biophysical properties
(i.e., vegetation fraction, LAI, and surface albedo). The other denoted
2010 landscape (hereafter LS2010) by using 2010 land cover data and
2010 biophysical properties. To better distinguish the signal of land-
scape change-induced forcing, we selected a normal monsoon year as
driving meteorology based on examination of the East Asian summer
monsoon index (Li and Zeng, 2005). The year 2001was chosen because
the normalized value of the monsoon index was b1 σ in that year. Each
experiment was then carried out with three independent realizations,
initialized on January 1st, January 8th, and January 15th, 2001, respec-
tively, and terminated on March 1st, 2002 (Table 2). Output before
March 1st, 2001 was used as spin-up and therefore discarded.

When illustrating climate effects due to landscape changes, all
three realizations for a particular experiment were averaged and
subsequently differentiated. This ensemble approach is invaluable
for the reduction of internal model noise and sensitivity to initial
conditions, thus adding confidence to the simulation results
(Georgescu et al., 2013). In addition, the pairwise comparison test
(see supplementary information in Georgescu et al., 2013) was
used to test the robustness of simulated 2-m air temperature and
precipitation differences. If all three pairs of realizations
(i.e., LS2010 – LS2001) in a grid cell will produce a trend of same
signal (e.g., warming effects owing to landscape changes), we
deem it robust impact. We further enhanced the criteria defined
here by additionally requiring the absolute values of temperature
and precipitation changes to exceed 0.2 °C and 0.6 mm/day,
respectively.
2.4. Model evaluation data

Observations used for evaluating the spatially explicit model perfor-
mancewere obtained from the CN05.1 data set, provided by theNation-
al Climate Center of China (http://www.ncc-cma.net). This gridded data
setwas generated based on interpolation of 751meteorological stations
across mainland China for the purpose of climate model evaluation (Xu
et al., 2009). The data set contains monthly climatological information
(i.e., air temperature and precipitation) covering a period from 1961
to present, with a horizontal grid spacing of 0.25° in both directions.
To facilitate model examination, mean summertime 2-m air tempera-
ture and precipitation, averaged across all three realizations from
LS2001 and LS2010, respectively, were compared with the correspond-
ing gridded observations from 2001.

In addition, we used the observationminus reanalysis (OMR; Kalnay
and Cai, 2003) approach to evaluate 2-m air temperature differences
due to landscape changes simulated by the WRF model. The data used
for the OMR analysis included the NCEP-DOE (Department of Energy)
reanalysis (Kanamitsu et al., 2002) and station-based observations pro-
vided by the China Meteorological Data Service Center (Xu et al., 2009;
http://data.cma.cn/). Prior to applying the OMR analysis, the station-
based observations were homogenized using the method proposed by
Li and Yan (2009). Temperature trends in summer for a time series of
13 years (from 1999 to 2011) were calculated at each station in the

https://lpdaac.usgs.gov
http://glass-product.bnu.edu.cn
ftp://rsftp.eeos.umb.edu
ftp://rsftp.eeos.umb.edu
http://www.ncc-cma.net
http://data.cma.cn
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identified hotspots using the station-based observations and gridded
reanalysis data, respectively. The differences in the trends of 2-m air
temperature variations between those derived from the observations
and those derived from the reanalysis can then be used to evaluate land-
scape change-induced temperature changes.

3. Results

3.1. WRF model evaluation

Prior to examining model sensitivity to landscape changes, simula-
tions from LS2001 and LS2010were evaluated against gridded observa-
tions from 2001, respectively, to gauge the skill of model performance.
Results show that theWRFmodel correctly represented the spatial var-
iability of gridded observations in mainland China (Fig. 2). In summer,
the model captured the observed temperature variability fairly well,
with high temperatures simulated in eastern China and the Tarim
Basin in northwestern China, as well as low temperatures in the Tibetan
Plateau and the north of the Tarim Basin. The spatial correlation coeffi-
cient between the observation and simulation from LS2001 was 0.91.
Also, the model properly reproduced the observed summer precipita-
tion with reasonable fidelity, with low precipitation in the north of the
Yangtze River and high precipitation to the south,with a spatial correla-
tion coefficient equal to 0.73. However, a greater precipitation amount
appeared along the border of southwestern China. This was mainly
due to the intrinsic limitation ofWRF-simulated precipitation at high el-
evation. Overall, the spatial variability of simulated 2-m air temperature
and precipitation show reasonable agreement with the gridded obser-
vations, thus providing confidence in themodel's capability to accurate-
ly capture the climatological behavior of mainland China during the
simulated time period.
Fig. 2.Observed summertime 2-m air temperature (unit: °C) and precipitation (unit:mm/day) f
LS2001 (a2 and b2), and simulated summertime 2-m air temperature and precipitation from L
3.2. Landscape changes in China from 2001 to 2010

We first demonstrate that landscape changes over China during the
previous decade was mainly attributed to LMC rather than LCC. From
2000 to 2010, the general pattern of land cover types in China
underwent changed in two major ways (Fig. 3). First, extensive areas
of cultivated fields and overgrazed lands (135,000 km2)were converted
to woodlands in the central part of the nation due to the Grain to Green
Program. Second, scattered regions of croplands (36,000 km2) in the
eastern portion of China were lost owing to urban expansion. Mean-
while, forest areas increased (by 16,000 km2) while barren lands were
reduced somewhat (by 5000 km2). It is worth noting that except
urban expansion (which underwent rapid development throughout
the period), changes in class areas did not occur at an equal rate over
the decade. Instead, land cover transformation in China mainly took
place after 2005.

Compared with LCC, changes in land surface biophysical proper-
ties due to LMC were considerably more extensive (Figs. 4a–c). In
summer, vegetation fraction increased in northern China but de-
creased in southern portions, especially in the southwest. LAI in-
creased in most areas, although patchy decreases were still found
in southwestern and eastern portions of China. Unlike changes in
vegetation fraction, surface albedo decreased in northern portions
while increasing over southern portions of the country. Notably, al-
terations to biophysical characteristics were most apparent in the
Loess Plateau (the region marked with a black solid contour),
where vegetation fraction increased by 8–17%, LAI by 0.2–0.6,
while surface albedo was reduced by 0.03–0.045 (Fig. 4d). In fact,
the mean summertime NDVI and LAI progressively increased from
2000 to 2010 (p b 0.01), while the temporal evolution of surface al-
bedo exhibited the opposite trend (p b 0.05; see insets in Fig. 4d).
rom 2001 (a1 and b1), simulated summertime 2-m air temperature and precipitation from
S2010 (a3 and b3).



Fig. 3. Spatial pattern of land cover in 2000 (a), spatial pattern of land cover in 2010 (b), major land cover change between 2000 and 2010 (c), and areas of land cover change (LCC; unit:
103km2) between 2000 and 2010 (d). The insets in (d) illustrate the temporal evolution of class areas. The farm belt in the Northeast of China is marked with a black dashed contour.
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Consistent with statistically significant changes documented for the
Loess Plateau, we also find that in contrast with its surroundings,
both vegetation fraction and LAI increased conspicuously while
surface albedo decreasing in the farm belt of the Northeast (the re-
gion marked with a black dashed contour in Fig. 3). Conversely, max-
imum decreases in vegetation fraction and LAI with widespread



Fig. 4. Spatial pattern of changes in summertime land surface biophysical properties between 2001 and 2010: (a) vegetation fraction (FVC; %), (b) leaf area index (LAI), and (c) surface
albedo. Also shown are box and whisker plots of changes in the three parameters between 2001 and 2010 at the Loess Plateau (the region marked with a black solid contour; d). The
insets in (d) indicate trends of interannual variations in summertime NDVI, LAI, and surface albedo. Across the Loess Plateau, these trends are statistically significant at the 0.01 level
for NDVI and LAI and at the 0.05 level for surface albedo.
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increases in surface albedo were estimated in Yunnan province (the
southwest of the country, also see Fig. 5).

3.3. Impacts of landscape changes on 2-m air temperature

Herewe use ensemble differences in appropriate climatemetrics be-
tween LS2001 and LS2010 (LS2010 – LS2001) to estimate impacts of
landscape changes on summer climate over China. We show that mod-
ification of land surface conditions exerted a strong influence on 2-m air
temperature across the country (Fig. 5a). In summer, widespread
cooling effects were simulated in northern China, with local reduction
in 2-m air temperature up to 1.0 °C. Meanwhile, broad warming effects
were found in the Tibetan Plateau, the southwest, as well as portions of
the North China Plain, with the magnitude of warming generally b0.8
°C. Moreover, our modeling work identified three hotspots of tempera-
ture changes: the Northeast, the Loess Plateau, and Yunnan province
(Figs. 5b–d).

The Northeast underwent widespread decreases in summer tem-
perature of 0.5 °C on average, with local maximum cooling of 1 °C.
Similarly, extensive cooling effects, ranging between 0.6 and 1.0 °C,
appeared in the Loess Plateau, with local peak cooling approaching
1.5 °C. However, patchy increases in 2-m air temperature, on the
order of 0.2–0.4 °C, were simulated at the southwest of the region.
In contrast, considerable warming effects were found in Yunnan
province, especially its northern portions, while slight scattered
cooling occurred in its southern part. On average, 2-m air tempera-
ture decreased by 0.3–0.6 °C in the Northeast and 0.3–0.8 °C in the
Loess Plateau, while increasing 0.3–0.5 °C in Yunnan province (see
box and whisker plots accompanying Fig. 5b–d). In addition,
scattered hotspots occurred in the urbanized areas presented in
Fig. 3c, where near-surface warming reached 2 °C.

To validate temperature differences simulated by the WRF model,
we further used the OMR approach to calculate landscape
modification-induced temperature changes in summer based on a
time series of 13 years (from 1999 to 2011) at meteorological stations
in the aforementioned three hotspots. The simulation results generally
agreed well with the OMR results in terms of both the magnitude and
broad spatial pattern, which also indicated considerable cooling effects
in the farm belt of the Northeast and the Loess Plateau, as well as non-
negligiblewarming effects in Yunnanprovince (Fig. 5e–g). The localized
discrepancy between theOMR and simulation results in Yunnanmay be
ascribed partly to the relatively high elevation and complex topography
of the region, which usually reduces the accuracy of the OMR approach
when applied in mountainous areas. In addition, both the model simu-
lation and OMR analysis exhibited a similar magnitude of warming at
the southwest of the Loess Plateau, where cultivated and overgrazed
lands were turned into shrublands (see Fig. 3). The strong spatial and
quantitative agreement between WRF-simulated 2-m air temperature
and the OMR analysis demonstrates the significance of landscape
forcing in modulating summertime thermal conditions for China.



Fig. 5. Spatial pattern of simulated differences (LS2010 – LS2001) in summertime 2-m air temperature (unit: °C) in China (a), the Northeast (b), the Loess Plateau (c), and Yunnan (d). The
box andwhisker plots of simulated temperature differences for each subregion accompany (b) – (d). Also shown are decadal trends of summertime 2-m air temperature (unit: °C/decade)
during the period of 1999 to 2011 at meteorological stations in the farm belt of the Northeast (e), the Loess Plateau (f), and Yunnan (g) as revealed by the observation minus reanalysis
(OMR) method.
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3.4. Impacts of landscape changes on surface energy budget

The spatial pattern of changes in surface net radiation and albedo ex-
hibited considerable similarity (Fig. 6a). In areas where albedo de-
creased, the net radiation increased accordingly, and vice versa.
Variations in surface radiation flux further resulted in changes in surface
energy budget that drove the alterations to 2-m air temperature pre-
sented earlier (Figs. 6b–c). In summer, changes in sensible and latent
heat fluxes were evident, particularly for regions with substantial mod-
ification of vegetation fraction and LAI. Generally, sensible heat flux de-
creased while latent heat flux increased in regions that experienced
near-surface cooling, and vice versa. For example, decreases in sensible
heat flux of about 15 W/m2 and increases in latent heat flux of about
25W/m2were simulated inmost portions of the Loess Plateau. Opposite
changes, however, were found at the southwest part of the region,
where sensible heat flux increased while latent heat flux decreased by
15 W/m2 on average, with patchy increases in sensible heat flux
reaching 30 W/m2 and patchy reduction in latent heat flux up to
35 W/m2.
3.5. Impacts of landscape changes on 2-m moisture and heat content

We further examined changes in 2-mwater vapormixing ratio to as-
sess the impacts of landscape changes on low-level atmospheric mois-
ture content over China (Fig. 7a). The region displaying the largest
increases in 2-m water vapor mixing ratio (0.4–0.8 g/kg) was located
in and around the Loess Plateau. Changes of similar order of magnitude,
but of opposite sign (i.e., drying rather than moistening) were found in
the northeastern and southeastern parts of China. In contrast with the
surroundings, the southwest portions of the Loess Plateau had
decreased levels of moisture, where 2-mwater vapor ratio was reduced
by 0.2 g/kg on average.

These concurrent alterations to 2-m moisture content, in conjunc-
tionwith changes in 2-m air temperature, can further enhance orweak-
en near-surface moist enthalpy (i.e., heat content; Fig. 7b), as proposed
by Pielke et al. (2004). For instance, although 2-m air temperature was
reduced substantially in the Loess Plateau, near-surface heat content
underwent minimal changes because of increased specific humidity.
In contrast, concurrent decreases in 2-m air temperature and moisture
content led to considerable decreases in near-surface heat content in
the Northeast. Generally, moist enthalpy increased in western China
while decreasing over eastern China.

3.6. Impacts of landscape changes on precipitation

The ensemble differences in summer precipitation illustrate that dif-
ferent landscape patterns affected the hydrometeorological conditions
in China. In summer, precipitation in the southern portions of China
and the lower reaches of the Yangtze River was reduced substantially,
both in excess of 3.6 mm/day (Fig. 8a). By contrast, enhanced precipita-
tion of 1.8 mm/day on average was found in the southwest and south-
east parts of the nation. Although precipitation changes were greater
in the south than they were in the north in terms of absolute amounts,
an assessment of the percentage changes (i.e., (LS2010 – LS2001)/
LS2001) indicated the opposing effect (Fig. 8b). This was especially
true for arid and semiarid regions such as the Loess Plateau and the
Northeast, where the percentage changes in precipitation approached
90% and 50%, respectively. Hence, we focus on the regions that exhibit
the greatest percentage changes in precipitation.

To be specific, summer precipitation decreased in the Northeast
(Fig. 8c), with patchy reduction generally b1.8 mm/day, while



Fig. 6. Spatial pattern of simulated differences (LS2010 – LS2001) in summertime surface net radiation flux (a; Rn), sensible heat flux (b; SH), and latent heat flux (c; LH). Unit: W/m2.
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increasing in the Loess Plateau (Fig. 8d), with this amplification up to
2.4 mm/day in its northern part. The decadal trends of summer precip-
itation revealed by observing stations in the farm belt of the Northeast
also illustrated non-negligible drying effects for the period of 2000 to
2010 (Fig. 8e). Likewise, upward trends of precipitation were found in
the northern and southernmost parts of the Loess Plateau, whereas an
opposite trend was detected along its eastern border (Fig. 8f). It should
Fig. 7. Spatial pattern of simulated differences (LS2010 – LS2001) in summertime 2-mwater va
moist enthalpy (i.e., heat content) is expressed as H=CpT+ Lvq,where Cp is the specific heat o
specific humidity.
be noted that the observed records also exhibited a drying tendency in
the southwest of the Loess Plateau.

To examine effects on extreme precipitation, we calculated frequen-
cy histograms of simulated summer precipitation to assess the impacts
of landscape changes on the distribution of precipitation intensity over
China (Fig. 9a). On averwage, landscape changes between 2001 and
2010 tended to homogenize the distribution pattern of precipitation,
por mixing ratio (a; Q2) and moist enthalpy (b; H). Unit: g/kg and kJ/kg. The near-surface
f air at constant pressure, T the air temperature, Lv the latent heat of vaporization, and q the



Fig. 8. Spatial pattern of simulated differences (a LS2010 – LS2001; mm/day) and percentage changes (b (LS2010 – LS2001)/LS2001; %) in summer precipitation over China, and spatial
pattern as well as box-whisker plots of simulated differences in summer precipitation over the Northeast (c) and the Loess Plateau (d). The decadal trends of summer precipitation on a
time series of 13 years (from1999 to 2011) at observing stations in the farmbelt of theNortheast and the Loess Plateau are shown in (e) and (f). Note that represents significant increase
in precipitation (p b 0.1), insignificant increase, significant decrease (p b 0.1), and insignificant decrease.
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via the inhibition of low (0–600 mm) and high precipitation
(1500–2000 mm), while raising moderate accumulation of precipita-
tion (600–1500mm). On the regional scale, modification of the intensi-
ty of accumulated precipitation exhibited a similar pattern (Figs. 9b–c).
Fig. 9. Frequency histograms of simulated summertime accumulated precipitation distributio
(grey bar) over China (a), the Loess Plateau (b), and the Northeast (c).
For the Loess Plateau, extreme precipitation, especially extreme low
(b150 mm), was reduced considerably, while precipitation intensity
in between such extreme values (150–570 mm) was raised. Similarly,
only the amount of precipitation falling into 350–500 mm increased
n (unit: mm), averaged across all three realizations, from LS2001 (black bar) and LS2010
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over the Northeast, while the relatively low and high precipitation
underwent decreased amounts.

4. Discussion

4.1. Landscape changes in China from 2001 to 2010

Our study indicates that there were considerable changes in vegeta-
tion fraction (e.g., N20%), leaf area index (e.g., N0.5), and surface albedo
(e.g., N0.05) across China between 2001 and 2010. Comparedwith prior
research reporting a climate change-induced increase in NDVI of
0.0007 yr−1 from 1982 to 2010 (Peng et al., 2011), changes in land sur-
face properties in our study is several orders of magnitude higher than
the values reported previously, suggesting additional factors responsi-
ble for the changes in vegetation characteristics between 2001 and
2010. Indeed, a number of recent studies have documented dramatic
landscape changes acrossmuch of China, especially in the Loess Plateau,
the Northeast, and Yunnan, mainly because of changes in national land
use policies (Liu et al., 2014;Wu et al., 2015; Shi et al., 2017). For exam-
ple, since the beginning of the 21st century, Yunnan has been
experiencing deforestation, and the situation has become progressively
worse during times of severe drought (Yu et al., 2013). Meanwhile, the
Chinese government launched the Grain to Green Program so as to re-
store degraded ecosystems by returning cultivated lands to woodlands
as well as overgrazed lands to natural grasslands (Peng et al., 2014). A
number of areas in the Loess Plateau and northern China have become
greener and more productive since then because of government-
supported ecological restoration programs (Xiao, 2014; Feng et al.,
2016). However, the mandatory conversion of croplands to ecological
restoration areas led to tradeoffs between food supply and demand, es-
pecially when urbanization encroached upon sizeable arable lands na-
tionwide (Cao et al., 2016). To alleviate the conflict at the national
level, agricultural lands in the fertile Northeast were expanded and in-
tensified (Liu et al., 2014), resulting in increased vegetation fraction
and LAI throughout the farmland belt. These landscape modifications,
in turn, played an important role in the nation's climatic change and
provided the motivation for our regional climate modeling simulations.

4.2. Impacts of landscape changes on summer climate

Compared with prior studies that focused only on the effects of LCC
(e.g., Hu et al., 2015; Wang et al., 2013; Wang et al., 2015), our simula-
tion results show that changes in 2-m air temperature were spatially
consistentwith observations. For instance, previous research investigat-
ing the climate response to LCC in China by utilizing 2001 and 2008 land
cover conditions found that themost evident increases in summer tem-
perature (about 0.35 °C) appeared in the Loess Plateau, while few
changes were found in the southwestern and northeastern parts of
the country (Wang et al., 2013). Themain reason for these discrepancies
was that the amount and spatial heterogeneity of changes in land sur-
face biophysical properties that arise from LMC were neglected and
thus led to incorrect surface-absorbed solar energy and the partitioning
of available energy into sensible and latent heat fluxes. For our study,
however, modification of vegetation characteristics largely determined
2-m air temperature differences via alteration of surface energy budget.

Although our simulations were performed on a model domain
discretized with 30-km grid spacing, the magnitude and spatial pattern
of summertime 2-m air temperature differences were well simulated.
This was partly due to the scale invariant characteristic of satellite-
derived vegetation fraction and LAI (Zheng and Moskal, 2009). Howev-
er, it does not mean that the scale effect can be neglected when
employing satellite-derived landscape data to drive climate models. In
this work, changes in surface albedo were generally modest in summer.
But for regions or seasonswith extensivemodification of surface albedo
or for simulations with incorporation of other land surface biophysical
properties, the scale-dependent characteristic of remotely sensed data
requires further consideration to accurately assess the impacts of land-
scape changes on regional climate (Liu et al., 2008). In addition, while
our study focused on mean summertime conditions to better distin-
guish the signal of landscape change-induced forcing, future research
should also address different background meteorology.

Regional precipitation changes is not only affected by evapotranspi-
ration but also large-scale dynamics and ascertaining the contribution
of landscape change-induced forcing to total observed precipitation is
not trivial (Douglas et al., 2009; Degu et al., 2011; Gero et al., 2006; Lei
et al., 2008; Nair et al., 2011; Woldemichael et al., 2012). The general
consistency of simulated precipitation differences to observed records
can at least demonstrate that human activities play a pivotal role in
the hydrometeorological behavior of the highlighted regions. Prior re-
search using station-based observations found similar trends of precip-
itation changes presented in this work, especially for the northeastern
portions of China and the Loess Plateau (e.g., Liang et al., 2011; Zhai
et al., 2015). Although the amount of precipitation changes revealed
by both the simulations and observations was relatively small in the
two subregions, the percentage change in precipitation was compara-
tively large. This suggests that one-unit change in precipitation has
greater significance for people residing in arid and semiarid areas.

4.3. Implications for climate change mitigation and adaptation

Our study provides valuable information for landscapemanagement
and policy making in terms of climate change mitigation and adapta-
tion. Although revegetation in the Loess Plateau gave rise to increased
biomass and thus extensive summer cooling, an exception existed at
the southwest of the region, where cultivated fields and overgrazed
lands have been converted to shrublands since the implementation of
the Grain to Green Program. Consequently, 2-m air temperatures in-
creased in summer owing to decreased latent heat flux but increased
sensible heat flux. In addition, minimal changes in summer precipita-
tionwere simulated there, while the observations revealed a downward
trend. This was because the replacement of grasslands by woody plants
in water-limited areas restricted the growth of woody plants and thus
the evapotranspiration of vegetation through which regional climate
was regulated. Therefore, afforestation in arid and semiarid areas should
proceed with caution (Feng et al., 2016).

Furthermore, as the highest pole in the world, the Tibetan Plateau
exerts a strong influence on regional and global climate as well as
water supply. Both observations and reanalysis data have revealed a
sustained warming trend in the Tibetan Plateau that was higher than
the estimated global average since the late 1980s (Kang et al., 2010).
The physical drivers of this amplification were partially attributed to
land surfacemodification: grassland degradation, urbanization, defores-
tation, and desertification (Kang et al., 2010). Based on the OMR analy-
sis, a non-negligible signal of landscape change-induced summer
warming was found in the Tibetan Plateau (You et al., 2013), which
was consistent with our simulation results. Notably, as the source of
the three longest rivers in China (i.e., the Yellow River, the Yangtze
River, and the Lantsang River), glacier ablation in the Tibetan Plateau
as a result of continuous warming will have severe environmental con-
sequences far beyond climate change. Hence, conservation of its exten-
sive fragile ecosystems is essential not only for China, but also for
Southeast Asia.

5. Conclusions

Our study establishes the first comprehensive assessment of the im-
pacts of landscape changes on summer climate over China during
2001–2010, using a coupled process-based land-atmospheric model.
The distinct climate change hotspots across the country are revealed
through incorporation of real-time and high-quality satellite-derived
land surface biophysical properties (i.e., vegetation fraction, leaf area
index, and surface albedo) to represent land management change, in
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contrast to prior studies that focused only on the effects of land cover
change (e.g., Hu et al., 2015; Wang et al., 2013; Wang et al., 2015). By
explicitly considering the amount and spatial heterogeneity of alter-
ations to biophysical properties that arise from changes in both land
cover and land management, our study provides robust estimates of
the magnitude and spatial pattern of climate impacts induced by land-
scape changes in China, which can be useful for developing regional-
and national-level climate mitigation and adaptation strategies.
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