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A B S T R A C T

The Grain to Green (GTG) program launched in 1999 by the Chinese government is one of the largest ecological
restoration programs ever implemented in the world. Although the GTG program has been demonstrated to
affect ecosystem services in the revegetated areas, its impacts on regional climate are seldom reported and
poorly understood. Therefore, our study examined the impacts of revegetation owing to the GTG program on
summer climate in the Loess Plateau, by incorporating near real-time remotely sensed land use/land cover data
and vegetation characteristics of 2001 and 2010 into a coupled land-atmosphere model. From 2001 to 2010, a
considerable portion of croplands was converted to forests and grasslands, with vegetation fraction and LAI
increasing while surface albedo decreasing throughout the Loess Plateau. Compared with those from 2001,
simulation results from 2010 indicated lowered 2-m air temperature in summer, with the magnitude of reduction
in nighttime minimum (as high as 0.8–1.0℃) greater than that in daytime maximum (generally restricted to 0.4
℃). The concurrent decrease in summertime 2-m specific humidity further led to widespread reduction of near-
surface heat content (i.e., moist enthalpy). Summer precipitation decreased in northern Shanxi province and
western Loess Plateau (up to 1.0–1.4mm/day) while increasing in southeastern Loess Plateau (between
1.0–2.0mm/day). Our findings underscore that vegetation restoration has exerted strong influences on regional
climate, and provide useful information for the sustainable implementation of the GTG program.

1. Introduction

The Grain to Green (GTG) program, launched in 1999 by the
Chinese government, is perhaps the largest ecological restoration and
rural development program ever implemented on Earth (Bryan et al.,
2018). By returning cultivated lands to forests and grasslands, the GTG
program is proposed to restore degraded ecosystems in western China,
where drought, sandstorm, and flood as a consequence of severe soil
erosion have greatly threatened the lives and properties of local re-
sidents. Up to 2010, as much as 31 billion USD has been invested to the
GTG program and nearly 28% of the total amount of capital has been
flowed to the Loess Plateau (Feng et al., 2016), the most widely dis-
tributed and highly erodible loessal areas of the world. Previous re-
search, based on satellite-derived vegetation characteristics (e.g., NDVI,
leaf area index, and surface albedo), has shown that the Loess Plateau
experienced the most significant increases in greenness across mainland
China during 2000–2010, and such changes were primarily caused by

human activities (Xiao, 2014; Fan et al., 2015a; Zhai et al., 2015; Li
et al., 2017).

The dramatic vegetation changes due to the GTG program and the
subsequent environmental outcomes have received great attention in
the geographical and ecological communities. Recent studies have re-
ported considerable increases in the net primary productivity (NPP) in
the Loess Plateau, along with increasing carbon sequestration and re-
ducing sediment export to the Yellow River (Feng et al., 2013; Su and
Fu, 2013; Wang et al., 2016). Meanwhile, researchers also argued that
revegetation in this semi-arid region may give rise to water shortage
because of increased evapotranspiration (Chen et al., 2015; Feng et al.,
2016; Li et al., 2016). Therefore, tradeoffs between water yield and
sediment control exist (Su and Fu, 2013), and additions to NPP should
not exceed a certain threshold so as to maintain a sustainable human-
environment system (Feng et al., 2016). Undoubtedly, these debates
give valuable insights into the impacts of the GTG program on eco-
system services and provide useful information on policy making.
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However, additional long-term, large-scale climate effects of landscape
changes induced by the vegetation restoration program may also be
occurring.

Landscape changes, including alterations to land use/land cover
categories and land surface biophysical properties, have been re-
cognized to be a highly significant driver of regional climate change
(Feddema et al., 2005; Foley et al., 2005; Pielke, 2005). Landscape
changes can affect climate through two general pathways: biogeo-
chemical and biogeophysical (Feddema et al., 2005). The biogeo-
chemical processes by altering the chemical composition of the atmo-
sphere have been well established and included, though to some extent,
in the IPCC assessment reports (e.g., deforestation is considered
through emission scenarios of CO2; Pielke et al., 2011). However, the
biogeophysical processes can lead to climate change of similar, or
greater, magnitude as effects owing to greenhouse gas emissions
(Pitman et al., 2012; Georgescu et al., 2014). By modification of land
surface biophysical properties (e.g., vegetation fraction, leaf area index,
and surface albedo), the biogeophysical pathway can directly affect the
transport of heat, moisture, and momentum between the land surface
and overlying atmosphere, thus resulting in temperature, air circulation
as well as precipitation changes (Pielke and Niyogi, 2009).

Although the effects of the GTG program on regional climate in the
revegetated areas have yet to be adequately understood, emerging in-
terest in understanding that has been found recently (e.g., Fan et al.,
2015a, b; Li et al., 2015; Wang et al., 2018). As a step forward, Fan et al.
(2015b) used the attribution analysis to evaluate the contribution of
vegetation changes during 2001–2009 to climate change in the Loess
Plateau, and found that background climate variations exerted larger
influences on surface air temperature than vegetation changes did,
while human activities had greater impacts on precipitation in the arid
north than the humid south of the region. This work makes an initial
and beneficial attempt to qualitatively assess climate responses to the
GTG program in the policy-implemented areas. However, as stated in
Fan et al. (2015a), the feedback from vegetation to the climate system is
complicated and cannot be easily distinguished from background cli-
mate conditions when only examining meteorological observations.
That is, process-based modeling approaches to quantitatively char-
acterize the spatiotemporal patterns and physical drivers of regional
climate change associated with the GTG program are necessary.

With the above issues in mind, we therefore apply the Weather
Research and Forecasting (WRF) model (Skamarock et al., 2008) to
evaluate the effects of vegetation restoration on regional climate over
the Loess Plateau, a place that has experienced a series of government-
supported ecological restoration programs since 1980s (Liu et al.,
2017). To our knowledge, this is the first research to quantify the
biogeophysical feedback of the GTG program to regional climate. We
parametrize the WRF model by using satellite-estimated landscape re-
presentation (i.e., land use/land cover type, vegetation fraction, leaf
area index, and surface albedo) corresponding to 2001 and 2010, re-
spectively, so as to assess climate responses to vegetation changes in-
duced by the implementation of the GTG program in the first decade.
We seek to answer the following questions: 1) Did the GTG program
result in considerable vegetation changes in the Loess Plateau between
2001 and 2010? 2) Did these vegetation changes have any major effects
on regional climate metrics (e.g., 2-m air temperature, humidity, and
precipitation)? 3) What are the implications of our findings for the GTG
program?

2. Study area

The Loess Plateau is located in the middle reaches of the Yellow
River in northern China (Fig. 1). With an area of ˜ 640,000 km2, the
Loess Plateau ranks as the third largest plateau across China (following
the Tibetan Plateau and Inner Mongolian Plateau) and the first largest
loess plateau around the world. It covers almost all of the provinces of
Shaanxi and Shanxi and extends into parts of Gansu, Ningxia, Inner

Mongolia, Qinghai, and Henan. The elevation here can vary widely
from 800 to 3000m with landscapes carved by rivers rushing deep
underground. The Loess Plateau is characterized by a temperate con-
tinental climate regime with intra-annul temperature ranging between
4–14 ℃ and precipitation between 200–750mm (Su and Fu, 2013).
About 60–70% of the total annual precipitation drops from June to
September. The region spans three climate zones from south to north:
semi-humid, semi-arid, and arid.

The natural vegetation in the Loess Plateau should be dominated by
grasslands and forest steppe (Shang and Li, 2010). However, centuries
of overuse (e.g., reclamation and overgrazing) led to one of the highest
erosion rates on the planet (Wang et al., 2010). By 2000, farmlands had
accounted for ˜ 36% of the total land areas in this region owing to the
high population growth rate. With the goal of returning regions like the
Loess Plateau to more sustainable environmental conditions, the Chi-
nese government has implemented a series of ecological restoration
programs since 1980s, with the GTG program launched in 1999 being
the largest and most influential one (Bryan et al., 2018). As a result, the
Loess Plateau has undergone substantial increments of greenness in
recent decades (see a view of Wuqi county in Yan’an city, Shaanxi
province in Fig. 2), with dramatic improvements on its environmental
conditions (Liu et al., 2017).

Fig. 1. Illustration of the model domain used in the WRF simulations with to-
pography overlaid (a; unit: m) and division of climate zones in the Loess Plateau
with administrative boundaries underlaid (b).
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3. Materials and methods

3.1. Model configuration and parameterization

Simulations were performed using the Weather Research and
Forecasting (WRF) model with the advanced dynamic solver version
3.8.1 (Skamarock et al., 2008). The WRF model was configured with
two-way double nested model domains having grid spacing of 30 km
and 10 km, respectively, in both horizontal directions (Fig. 1). The
outer domain, D01, covered the entirety of China (including the Tibetan
Plateau) and the Mongolian Plateau while extending into portions of
the East and South China Sea, with a total area of 5850 km×4200 km.
This domain was sufficiently expansive to capture the influence of to-
pography and monsoon circulation on the climate of the Loess Plateau
(Wang et al., 2018). The inner domain, D02, was centered on the Loess
Plateau and enclosed an area of 1500 km×1200 km. A Lambert con-
formal conic projection was utilized for the model’s horizontal co-
ordinate and the model’s vertical coordinate employed 45 terrain-fol-
lowing eta levels from the surface to 50 hPa. The initial and lateral
boundary conditions for large-scale atmospheric fields were provided
by the National Centers for Environmental Prediction (NCEP) through
the Global Final Analysis (FNL) data archive (http://rda.ucar.edu/),
with a 6-h temporal frequency and 1° grid spacing in x- and y-direc-
tions.

The main physical parameterizations used for all simulations are
presented in Table 1. The multi-scale Kain-Fritsch cumulus convective
scheme with scale-dependent dynamic adjustment timescale was

chosen to improve the accuracy of simulated high-resolution (1–10 km)
precipitation (Zheng et al., 2016). Furthermore, the subgrid-scale
cloud-radiation interaction was turned on to generate more realistic
longwave and shortwave radiation variability (Zheng et al., 2016). In
order to represent land surface processes, the Noah land surface model
(LSM; Chen and Dudhia, 2001) coupled with the WRF model was used
to simulate the energy, moisture, and momentum exchange between
the land surface and overlying atmosphere. Although the coupled WRF-
Noah LSM has been widely applied to simulating land-atmosphere in-
teractions, deficiencies exist with its prescribed vegetation character-
istics (Cao et al., 2015). Therefore, we used the newly developed sa-
tellite-derived land surface products with detailed biophysical
information to improve characterization of landscapes in the coupled
model, and most importantly, to represent changes in land surface
biophysical parameters due to the GTG program in the Loess Plateau.

3.2. Data acquisition and processing

We obtained 2000 and 2010 land use/land cover data from the
national land use/land cover database, developed by the Chinese
Academy of Sciences and released via the Resource and Environment
Data Cloud Platform (http://www.resdc.cn). The land use/land cover
data were derived from the Landsat TM/ETM imagery, with a spatial
resolution of 1 km×1 km, and were classified according to the
International Geosphere-Biosphere Program (IGBP) land use classifica-
tion scheme, with an overall classification accuracy of 83.14% (Wu
et al., 2013). Here, the 1-km land use/land cover data were aggregated
to the inner domain resolution by calculating the dominant land use/
land cover type in each 10-km grid cell. The new data sources were
subsequently incorporated in the inner domain, and for the outer do-
main, the default IGBP-Modified MODIS 20-category land use/land
cover data, provided by the WRF modeling system, were used.

Vegetation fraction was calculated based on the third generation of
GIMMS NDVI (NDVI3g; https://ecocast.arc.nasa.gov/), derived pri-
marily with data from AVHRR sensors at a spatial resolution of 0.083°
× 0.083° and temporal resolution of 15 days, following the method
proposed by Gutman and Ignatov (1998):

FVC = (N - Ns) / (Nv - Ns) (1)

where FVC denotes fractional vegetation cover, N the NDVI at each
pixel, Ns the bare soil NDVI, and Nv the dense vegetation NDVI. In this
work, Ns and Nv were defined as the lower and upper 5% NDVI of the
inner domain (Sellers et al., 1997). Leaf area index (LAI) at a spatial
resolution of 0.05° × 0.05° and temporal resolution of 8 days was
provided by the global land surface satellite (GLASS) products (http://
www.geodata.cn/), developed by Beijing Normal University. Field va-
lidation indicated that the uncertainty of GLASS LAI was much less than
that of MODIS LAI (Xiao et al., 2014). We also calculated blue-sky al-
bedo based on the 30-arc, 8-day global gap-filled, snow-free BRDF
parameters product (ftp://rsftp.eeos.umb.edu/). A phenological tem-
poral curve fitting technique was applied to this spatially complete
albedo product, so as to fill missing data in the official MOD43B3
product (e.g., not having an observation, being lower quality, or being
snow-covered) with geophysically realistic values (Sun et al., 2017).
Here, we used white-sky and black-sky albedo obtained from the re-
cently developed BRDF product to calculate blue-sky albedo (Liang
et al., 2005):

α = fdir αdir + fdif αdif (2)

fdir + fdif=1 (3)

where α represents blue-sky albedo, αdir the black-sky albedo, and αdif
the white-sky albedo. fdir and fdif are proportions of direct beam and
diffuse illumination for total incoming sunlight. The fdif can be esti-
mated as a function of solar zenith angle (Long and Gaustad, 2004). To
facilitate use within WRF, the 15-day and 8-day vegetation

Fig. 2. A view of Wuqi county in Yan’an city, Shaanxi province during summer:
(a) photograph taken in 2012 and (b) photograph taken in 1984 (http://www.
xinhuanet.com/). Both photographs are in true color.

Table 1
Main physical parameterizations used for all simulations.

Model version: Version 3.8.1
Horizontal grid (innermost): ΔX and ΔY=10 km
Number of points (innermost): 150 (X direction), 120 (Y direction)
Vertical levels: 45 levels
Time step (innermost): 50 seconds
Radiation scheme: RRTMGa (longwave and shortwave)
Land surface model: Noah LSM
Cumulus scheme: Multi-scale Kain-Fritsch (turned on)
Microphysics scheme: WSM-3b

PBL scheme: YSUc

Surface layer: MM5 similarityd

Initial/lateral boundary conditions: NCEP FNL

a RRTMG, a new version of the Rapid Radiative Transfer Model (RRTM).
b WSM-3, the WRF Single-Moment 3 class microphysics scheme.
c YSU, the Yonsei University planetary boundary layer (PBL) scheme.
d MM5 similarity, the revised MM5 Monin-Obukhov scheme.
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characteristics of 2001 and 2010 were linearly interpolated to a daily
interval and aggregated to the inner domain resolution (i.e., 10 km) via
bilinear interpolation. For the outer domain, vegetation fraction, LAI,
and surface albedo from the geographical dataset, provided by the WRF
modeling system, were employed.

3.3. Numerical simulation design

We designed two numerical experiments to study the biogeophy-
sical effects of vegetation restoration on regional climate in the Loess
Plateau. One signified 2001 landscape (hereafter LP2001) with 2000
land use/land cover data (in replacement of 2001, which was un-
available) and 2001 vegetation characteristics (i.e., vegetation fraction,
LAI, and surface albedo). The other signified 2010 landscape (hereafter
LP2010) with 2010 land use/land cover data and 2010 vegetation
characteristics of the same kinds. The driving meteorology (e.g., 3-d air
temperature, wind components, humidity, and pressure; the detailed
input meteorological variables required for running WRF can be found
in Appendix Table A1) used for all simulations was identical so as to
capture the signal of landscape-change-induced forcing. Specifically,
each experiment was carried out for five consecutive years, initialized
on January 1st, 2000 at 00:00 UTC and terminated on December 31st,
2004 at the same time (Table 2). Output before February 29th, 2000
was considered as spin-up and thus excluded from the following ana-
lysis. Note that our study focused on summer (i.e., June, July, and
August) because vegetation matures to peak greenness and, thus, exerts
the strongest influences on land-atmosphere interactions during this
period of year. When illustrating climate effects owing to vegetation
changes, all five summers derived from 2000 to 2004 simulations for a
particular experiment were averaged and subsequently differentiated.

3.4. Model evaluation data

Observations used for evaluating the performance of the WRF model
were derived from the CN05.1 gridded dataset, developed by the
National Climate Center of China (http://www.ncc-cma.net). The
CN05.1 gridded dataset is produced based on interpolation of meteor-
ological data from about 2400 national weather stations across main-
land China, for the purpose of climate model validation (Wu and Gao,
2013). The dataset contains daily and monthly mean meteorological
information (e.g., 2-m air temperature and precipitation) covering a
period of January 1st, 1961 – December 31st, 2012, with a spatial re-
solution of 0.25° × 0.25°. To examine the performance of WRF,
summer mean 2-m air temperature and precipitation, averaged across
all five realizations (i.e., 2000–2004) from LP2001 and LP2010, re-
spectively, were compared with the corresponding averaged gridded
observations from the CN05.1 dataset.

We also employed the observation minus reanalysis (OMR; Kalnay
and Cai, 2003) approach to help evaluate WRF-simulated summertime
2-m air temperature differences owing to vegetation changes. The data
used for the OMR analysis included station-based observations provided
by the National Meteorological Information Center of China (http://
data.cma.cn/; Wu and Gao, 2013) and the NCEP-DOE Reanalysis II
(Kanamitsu et al., 2002). Prior to applying the OMR analysis, the sta-
tion-based observations were homogenized based on the method of Li
and Yan (2009). Summer temperature trends for a time series of 13
years (i.e., 1999–2011) were calculated at each of the station locations
within the Loess Plateau using the station-based observations and

corresponding gridded reanalysis, respectively. Differences in the
trends of temperature variations between those derived from the ob-
servations and those derived from the reanalysis can then represent
landscape-change-induced temperature changes.

3.5. Trend detection methods

To help evaluate simulated summertime daytime maximum and
nighttime minimum temperature changes, a linear regression model
was applied to detect trends of changes in observed summertime
maximum and minimum temperature during the period of 1999–2015.
A least squares fitting technique was used to calculate the best fitting
line for the observed data by minimizing the sum of the squares of the
vertical deviations from each data point to the line. The p-value was
further calculated to test the significance of the linear regression model.
If the p-value was less than 0.05, we deemed that the trends of changes
were statistically significant. We also employed this trend detection
method to help understand interannual variations in land surface bio-
physical properties (i.e., NDVI, LAI, and surface albedo) during
2000–2010 in the Loess Plateau, so as to better illustrate vegetation
changes due to the GTG program.

3.6. Calculation of surface heat content

While surface air temperature changes are of importance, a con-
current change in low-level moisture content can drop surface heat
content (i.e., moist enthalpy) if the air dries even with a positive tem-
perature change, and vice versa. That is, surface air temperature alone
does not capture the real change in surface heat content of the Earth
system, and the moisture content of surface air must be included (Pielke
et al., 2004). Hence, we further calculated modification of surface heat
content in the Loess Plateau owing to the GTG program. As proposed by
Pielke et al. (2004), the heat content of surface air can be expressed as
H=CpT+Lvq, where Cp is the specific heat of air at constant pressure,
T the air temperature, Lv the latent heat of vaporization, and q the
specific humidity. The quantity, H, is called moist static energy with a
unit of J/kg or kJ/kg.

4. Results

4.1. WRF model evaluation

Simulations from LP2001 and LP2010 were evaluated against cor-
responding gridded observations, respectively, to gauge the perfor-
mance of the WRF model. Results indicated WRF’s capability to re-
produce reasonably well the spatial variability of observed 2-m air
temperature and precipitation in the Loess Plateau (Fig. 3). In summer,
the model properly captured the observed temperature variability, with
high temperature simulated in southeastern and northwestern portions
of the region, as well as low temperature in western and northeastern
parts of the region. The spatial correlation coefficients between the
observed and simulated 2-m air temperature were 0.83 for LP2001 and
0.81 for LP2010. In addition, WRF reproduced the observed summer
precipitation distribution fairly well, with increased amount of pre-
cipitation from the arid to semi-arid to semi-humid areas. The spatial
correlation coefficients between the observed and simulated precipita-
tion were 0.70 for LP2001 and 0.72 for LP2010.

Although the WRF model can accurately capture the climatological
behavior of the Loess Plateau during the simulated time period, dis-
crepancies inevitably existed between the observations and simulations.
For instance, a smaller amount of precipitation was found in southern
portions of the region compared with the observed variability. This was
likely caused by errors in initial and lateral boundary conditions or
intrinsic limitations of WRF. On the other hand, the relatively coarse
resolution (i.e., 0.25°) gridded observations may not adequately re-
present local variability of 2-m air temperature and precipitation

Table 2
Description of all simulations performed.

Simulation Spin-up period Analysis time

LP2001 1 Jan 2000 – 29 Feb 2000 1 Mar 2000 – 31 Dec 2004
LP2010 1 Jan 2000 – 29 Feb 2000 1 Mar 2000 – 31 Dec 2004
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distribution compared with model simulations with a grid spacing of
10 km, especially for near-surface temperature. Such resolution gap
may also cause disagreement between observations and simulations.

4.2. Vegetation changes from 2001 to 2010

We first show that the GTG program changed land use/land cover
types across the Loess Plateau during 2000–2010 (Fig. 4). As illustrated,
the Loess Plateau was dominated by grasslands, croplands, and forests/
shrubs, accounting for 41.4%, 36.1%, and 14.0% of the total land areas
in 2000, while such proportions were changed to 41.9%, 34.5%, and
14.8% in 2010. The woody plants were mainly distributed in the pro-
vince of Shanxi, with some scattered in Shaanxi. The grasslands

occupied the arid and semi-arid areas, while cultivated lands were
spread in the semi-humid areas and along the Yellow River. The barren
lands were primarily found in the Mu Us Sandy Land, located in the
northwestern part of the region where annual precipitation was gen-
erally less than 200mm. From 2000 to 2010, a considerable portion of
farmlands (i.e., 9625 km2) was removed from the Loess Plateau, thus
leading to increments of forests/shrubs (i.e., 5125 km2) and grasslands
(i.e., 3100 km2). Although the built environment took up a small por-
tion of land areas, rapid expansion of urban lands was notable, parti-
cularly in Shanxi and Shaanxi.

Compared with changes in land use/land cover types, modification
of land surface biophysical properties was considerably more extensive
(Fig. 5). In summer, vegetation fraction and LAI increased while surface

Fig. 3. Observed summer 2-m air temperature (°C) and precipitation (mm/day) in the Loess Plateau (a1 and b1), simulated summer 2-m air temperature and
precipitation from LP2001 (a2 and b2), and simulated summer 2-m air temperature and precipitation from LP2010 (a3 and b3). The observed and simulated 2-m air
temperature and precipitation were averaged across summers of.2000–2004.

Fig. 4. Spatial pattern of land use/land cover in (a) 2000 and (b) 2010 in the Loess Plateau. Spatial pattern and areas of changes in land use/land cover between 2000
and 2010 are presented in (c) and (d). Note that the legend in (c) indicates the conversion of a certain land use/land cover type to other land use/land cover types.
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albedo decreased in the Loess Plateau. The most apparent increases in
vegetation fraction and LAI were found in the provinces of Shanxi and
Shaanxi, where the GTG program was first launched dating back to
1999. Maximum increases in vegetation fraction between 15%–20%
and LAI between 1.1–1.5 were found in those areas. By contrast, surface
albedo was reduced by up to 0.05 – 0.06 in the arid and semi-arid parts.
Generally, vegetation fraction increased by 8%–17% and LAI by 0.2 –
0.6, while surface albedo decreased by 0.03 – 0.045 across the Loess
Plateau. To further illustrate vegetation changes over time in this part
of China, the trends of interannual variations in NDVI, LAI, and surface
albedo, averaged across the entirety of Loess Plateau, were calculated
using the linear least squares fitting technique. Results indicated that
summer mean NDVI and LAI at regional level progressively increased
from 2000 to 2010 (p < 0.01 for both NDVI and LAI), while the
temporal evolution of surface albedo exhibited the opposite trend
(p < 0.05).

4.3. Changes in 2-m air temperature

Differences in 2-m air temperature between LP2001 and LP2010
exhibited widespread summer cooling in the Loess Plateau (Fig. 6a).
The most apparent reduction in daily mean 2-m air temperature was
found along the boundary of Shaanxi and Shanxi provinces, with local
maximum cooling reaching 0.8 ℃. Scattered warming effects were si-
mulated in the Mu Us Sandy Land (where portions of grasslands were
degraded and converted to barren lands) as well as the urbanizing lo-
cales. The simulation results generally agreed with the OMR analysis,
also indicating non-negligible cooling effects in the eastern half as well
as the westernmost part of the region (Fig. 6b). However, prevalent
warming signals were detected in Ningxia and Gansu provinces. The
discrepancies between the OMR analysis and simulation results were
mainly attributed to the high topography of western Loess Plateau (see
Fig. 1), which usually decreased the accuracy of the OMR method when
applied in mountainous areas. Nevertheless, the agreement between
simulated differences in 2-m air temperature and the OMR analysis
demonstrated the importance of landscape forcing in modulating

thermal conditions of the Loess Plateau.
The reduction of daily mean 2-m air temperature (Tmean) was lar-

gely ascribed to decreases in nighttime minimum temperature (Tmin),
while changes in daytime maximum temperature (Tmax) were incon-
spicuous (Fig. 6c–d). During the daytime, alterations to 2-m air tem-
perature were mostly restricted to 0.4℃ except the southeastern part of
the region, where Tmax decreased by 0.4 – 0.7 ℃. In contrast, extensive
cooling effects, with the magnitude of 0.8–1.0 ℃, were simulated
during the nighttime. Furthermore, dispersed warming effects, on the
order of 0.7 – 0.9 ℃, were found in the Mu Us Sandy Land and around
2.0℃ in the urbanizing locales. On average, revegetation lowered Tmean
by 0.15 – 0.4 ℃ for the entire region (Fig. 7). The magnitude of re-
duction in Tmin (between 0.2 – 0.5 ℃) was slightly greater than that in
Tmean, whereas no significant changes in Tmax were simulated. As a
result, the diurnal temperature range (i.e., Tmax – Tmin) in the Loess
Plateau was raised, with the full range of simulated variability between
0.15 – 0.45 ℃.

The comparison of simulated differences in 2-m maximum and
minimum temperature with observations can provide additional con-
fidence in the WRF’s capability to reproduce the changing summer
climate in the Loess Plateau. Consistent with our simulation results, the
observed time series of summer daily maximum and minimum tem-
perature during 1999–2015 (we extended the year to 2015 so as to
better detect trends of temperature variations) exhibited stronger
nighttime relative to daytime cooling (Fig. 8). Note that the two
weather stations examined, one in Xi county, Shanxi province and the
other in Suide county, Shaanxi province, were both located in areas
where the GTG program was first launched in 1999 (Chen et al., 2015).
Significant reduction of nighttime minimum temperature was detected
in both stations, while changes in daytime maximum temperature dis-
played more fluctuation. This was especially true for the station in Xi
county, Shanxi province, where significant (p ≈ 0 < 0.01) and sharp
decreases (1.0 ℃/10 yr, which was close to our simulation results) in
nighttime minimum temperature but no significant changes
(p= 0.21 > 0.05) in daytime maximum temperature were calculated.

Fig. 5. Spatial pattern of changes in summer
(a) vegetation fraction, (b) leaf area index
(LAI), and (c) surface albedo from 2001 to 2010
in the Loess Plateau. The box-and-whisker plots
of changes in the three parameters with trends
of interannual variations in NDVI, LAI, and al-
bedo are illustrated in (d). 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 albedo.
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4.4. Changes in surface energy budget

We further examined modification of daytime and nighttime surface
energy budget to give insights into the physical drivers of 2-m air
temperature changes presented earlier (Fig. 9). As expected, the spatial
pattern of changes in daytime surface net radiation flux exhibited
considerable similarity to that of changes in surface albedo. In areas
where the albedo was reduced, the net radiation flux increased ac-
cordingly, and vice versa. Overall, increases of 5–25W/m2 in daytime
surface net radiation flux were simulated for the majority of locales in
the Loess Plateau. Modification of surface radiation flux, along with
changes in vegetation characteristics (e.g., vegetation fraction and LAI),
further resulted in alterations to surface energy budget.

During the daytime, decreases in sensible heat flux and extensive
increases in latent heat flux, on the order of 30–35W/m2, were simu-
lated in areas with substantial increments of greenness. Meanwhile,
ground heat flux was reduced by 5–15W/m2 on average in those areas

Fig. 6. Spatial pattern of simulated differences (LP2010 – LP2001) in summer daily mean 2-m air temperature (a; °C), decadal trends of summer 2-m air temperature
during the period of 1999–2011 at meteorological stations within the Loess Plateau (b; °C/decade), and spatial pattern of simulated differences in summer daytime
maximum and nighttime minimum temperature (c and d; °C).

Fig. 7. Box-and-whisker plots of simulated differences (LP2010 – LP2001) in
summer daily mean, daytime maximum, nighttime minimum, and diurnal
temperature range (Trng = Tmax – Tmin) across the Loess Plateau.

Fig. 8. Observed time series of summer daytime maximum (blue
dots) and nighttime minimum (red dots) temperature during the
period of 1999–2015 at meteorological stations in (a) Xi county,
Shanxi province (36.7 °N, 110.95 °E) and (b) Suide county,
Shaanxi province (37.5 °N, 110.2 °E). The straight lines represent
trends of the time series using a linear least squares fitting tech-
nique (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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while increasing by 15–25W/m2 in the locales of northwestern Loess
Plateau (i.e., the Mu Us Sandy Land). Here, the negative changes in
daytime ground heat flux meant that the downwelling solar energy
stored in the ground was reduced, and vice versa. During the nighttime,
changes in surface net radiation, sensible heat, and latent heat fluxes
were minimal, generally less than 10W/m2. However, ground heat flux
decreased with a similar order of magnitude as it did during the day-
time, indicating the reduction of energy release from the ground at
night.

4.5. Changes in 2-m moisture and heat content

In addition to 2-m air temperature, we also analyzed changes in
near-surface humidity to help assess the heat content of surface air. As
shown in Fig. 10a, simulated differences (LP2010 – LP2001) in 2-m
water vapor mixing ratio indicated widespread reduction of low-level
moisture content over the Loess Plateau, on the order of 0.1 – 0.4 g/kg
in general. Minimal changes were simulated in the well revegetated
areas, although a small portion of increases in moisture content,

Fig. 9. Spatial pattern of simulated differences (LP2010 – LP2001) in summer daytime (00:00 and 06:00 UTC, i.e., 08:00 and 14:00 LST) and nighttime (12:00 and
18:00 UTC, i.e., 20:00 and 02:00 LST) mean net radiation flux (a1 and a2; Rn), sensible heat flux (b1 and b2; SH), latent heat flux (c1 and c2; LH), and ground heat
flux (d1 and d2; GRD). Note that the negative ΔGRD in the daytime indicates the reduction of energy storage in the ground, while the negative ΔGRD in the nighttime
signifies the reduction of energy release from the ground. Unit: W/m2.
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between 0.1 – 0.2 g/kg, was found in the province of Shaanxi. The
concurrent modification of 2-m specific humidity and air temperature,
can further enhance or weaken near-surface heat content (i.e., moist
enthalpy). Notably, the concurrent decreases in 2-m specific humidity
and air temperature led to widespread reduction of near-surface heat
content in the Loess Plateau (Fig. 10b). Throughout the region, the
majority of locales had the heat content decreased by 0.3 – 0.5 kJ/kg,
while local maximum decreases in heat content can range between
0.7–1.0 kJ/kg. That is, drier and cooler weather conditions as a result of
vegetation changes were anticipated for people living and working in
the Loess Plateau during the summer.

4.6. Changes in precipitation

Simulated differences (i.e., LP2010 – LP2001) in summer pre-
cipitation indicated that vegetation restoration affected the hydro-
meteorological conditions of the Loess Plateau. The most pronounced
decrease in summer precipitation occurred in western Loess Plateau and
northern Shanxi province, with local maximum reduction on the order
of 1.0–1.4 mm/day (Fig. 11a). Notable increases in summer precipita-
tion of 1.0–2.0 mm/day were found in southeastern Loess Plateau.
These changes were statistically significant at the 0.05 level (i.e.,
P= 0.018 < 0.05). Fragmented changes in summer precipitation, no
more than 1.0 mm/day, were simulated in other parts of the region. In
addition to the absolute amount, the percentage change in summer
precipitation (i.e., (LP2010 – LP2001)/LP2001) was also examined
(Fig. 11b). We found that for areas having relatively small changes in
the amount of precipitation, the percentage change in precipitation was
not trivial, particularly for the arid areas. Once again, southeastern
Loess Plateau displayed the largest increases in the percentage change
in summer precipitation (i.e., 20%–40%), while the western portions of
the region had the highest decreases in that (i.e., 10%–30%).

We further calculated the frequency histogram of simulated summer
accumulated precipitation so as to assess the effects of vegetation re-
storation on the distribution of precipitation intensity in the Loess
Plateau (Fig. 11c). Results indicated that landscape changes from 2001
to 2010 increased summer accumulated precipitation between
300–360mm while reducing that between 180–300mm. It should be
noted that the areas having the amount of precipitation falling into
180–360mm accounted for ˜ 50% of the total land mass of the Loess
Plateau. In addition, vegetation changes tended to inhibit high
(i.e., > 600mm) and low (i.e., 60–120mm) accumulation of pre-
cipitation. Differences in the distribution of precipitation intensity can
also help understand, though to some extent, modification of extreme
precipitation.

5. Discussion

5.1. Impacts of vegetation restoration on regional climate

This study characterized the spatiotemporal pattern of regional

climate change owing to vegetation restoration in the Loess Plateau,
through assessment of appropriate climate metrics (e.g., 2-m air tem-
perature, surface energy budget components, humidity, and precipita-
tion). Compared with previous research using qualitative methods (e.g.,
Fan et al., 2015a,b), our modeling work made a first systematic effort to
simulate the complex biogeophysical feedback of revegetation to re-
gional climate and to provide quantitative assessment of how, and to
what extent, climate conditions in the Loess Plateau were affected by
the China’s largest ecological restoration program ever implemented.
Results illustrated that 2-m air temperature decreased in summer
months, with the magnitude of reduction in nighttime minimum greater
than that in daytime maximum. The concurrent decrease in low-level
atmospheric moisture content further gave rise to widespread reduction
of surface air heat content (i.e., moist enthalpy), thus creating drier and
cooler environments in summer for people residing in this part of
China.

The landscape-change-induced 2-m air temperature change was
largely determined by changes in surface turbulent heat fluxes. On a
daily scale, it seemed that the reduction of Bowen ratio due to de-
creased sensible heat and increased latent heat fluxes contributed to
near-surface cooling in the Loess Plateau. However, that was not the
case when considering daytime and nighttime surface energy budget
separately. In the daytime, the reduction of Bowen ratio did not ne-
cessarily lead to notable decreases in 2-m air temperature, because
considerable surface heat fluxes were transported to the overlying at-
mosphere. Such effects were enhanced in our case when a large portion
of the Loess Plateau underwent increased planetary boundary layer
(PBL) height during the daytime (see Appendix Fig. A1). However,
changes in daytime ground heat flux can directly affect nighttime
temperature (Zhou et al., 2007). As the latent heat flux largely in-
creased in the daytime, the soil heat storage was reduced accordingly.
Thus, less energy was released from the ground to heat the low-level
atmosphere in the nighttime. Along with the much lower and decreased
PBL depth, the nighttime temperature was reduced substantially.

Our simulation results in terms of changes in daytime and nighttime
temperature were generally consistent with observed data, although the
observations integrated variations in both land surface and background
climate conditions. Our study was also comparable with a prior study
reporting much stronger negative effects of vegetation dynamics on
nighttime minimum temperature than on daytime maximum tempera-
ture in northern China (Wu et al., 2011). However, Peng et al. (2014)
found that afforestation may lower daytime land surface temperature
(LST) while raising nighttime LST in northern China. It was supposed
that the daytime cooling in areas where the decreased or slightly in-
creased evapotranspiration cannot cancel the extra absorbed solar en-
ergy of planted forests (as revealed by satellite data) was attributed to
the higher efficiency of convective heat transport due to increases in
sensible heat flux. This work provided enlightenment for our study as
Peng et al. (2014) acknowledged that future research should employ
coupled land-atmosphere models to better understand the physical
drivers of temperature changes induced by afforestation. Although the

Fig. 10. Spatial pattern of simulated differences (LP2010 – LP2001) in summer 2-m water vapor mixing ratio (a; Q2) and heat content (b; H). Unit: g/kg and kJ/kg.
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method, the material, and the scale of analysis used can make the dif-
ference, this stimulates our attention that modeling-based work is ne-
cessary for the better understanding of land-atmosphere interactions.

In addition to 2-m air temperature, our study also assessed the ef-
fects of vegetation restoration on near-surface humidity, which were
seldom examined in relevant research (Peng et al., 2014; Fan et al.,
2015b; Li et al., 2015). Unexpectedly, although changes in low-level
atmospheric moisture content coincided with changes in latent heat
flux (i.e., more increases in latent heat flux will result in less decreases
in moisture content, and vice versa), 2-m water vapor underwent
minimal changes in areas where considerable increments of vegetation
greenness were monitored. This was partly because of the climate re-
gime of the Loess Plateau. For a semi-arid region, the moisture content
in the air and soil was relatively low. That is, although revegetation can
enhance evapotranspiration to some extent, the humidity will not
change that much. Together with the transport of low-level moisture
content to the overlying atmosphere, changes in 2-m water vapor were
therefore trivial. For areas with almost no changes in greenness, the
decrease or small increase in latent heat flux with enhanced convective
transport led to obvious reduction of 2-m water vapor. It should be
noted that advective moisture transport may also play a role in mod-
ification of low-level moisture content.

Compared with changes in 2-m air temperature and humidity,
changes in precipitation owing to the GTG program exhibited large
spatial variability. Indeed, precipitation changes were not only affected
by regional evapotranspiration but also large-scale dynamics. Under the
background of global climate change, the total amount of precipitation
on wet days exhibited declining trends in most parts of the Loess
Plateau during 1961–2010 (Wang et al., 2012; Sun et al., 2015). Similar

with our simulation results, the most pronounced observed decreases in
precipitation were found in Shanxi and Gansu provinces (Wang et al.,
2012; Sun et al., 2015). Such consistency can at least illustrate that
vegetation changes played a part in the hydrometeorological behavior
of the Loess Plateau. However, it should also be acknowledged that the
mechanism of precipitation changes was complicated and beyond the
scope of our study (we mainly focused on near-surface climate metrics).
Future research should analyze the physical drivers of precipitation
changes in the case of realistic landscape changes. This is particularly
meaningful for the arid and semi-arid areas like the Loess Plateau,
where the water resource is a limiting factor for the survival of people
and thus regional sustainable development.

5.2. Implications for the GTG program

To date, the GTG program has been launched for nearly 20 years
and the total amount of investment in the program will reach a new
level (i.e., 64.9 billion USD) by 2050 (Feng et al., 2016). Hence, it’s
time for a comprehensive assessment of the environmental outcomes of
the GTG program, so as to better guide the follow-up investment. Unlike
previous research targeted on ecosystem services (e.g., Feng et al.,
2013; Su and Fu, 2013; Li et al., 2016; Wang et al., 2016), our study
examined the effects of the GTG program from a regional climate
change perspective. We found that although the ecological restoration
program lowered near-surface temperature considerably, it did not play
a positive role in the improvement of the hydrometeorological condi-
tions in the Loess Plateau. What’s worse, enhanced evapotranspiration
of the newly planted trees may reduce soil moisture and surface runoff,
thus exacerbating water shortage in afforested areas (Cao et al., 2009;

Fig. 11. Spatial pattern of simulated differences (a LP2010 – LP2001; mm/day) and percentage changes (b (LP2010 – LP2001)/LP2001; %) in summer precipitation
over the Loess Plateau. Also shown is the frequency histogram of simulated summer accumulated precipitation distribution derived from LP2001 and LP2010 (c;
mm).
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Feng et al., 2016). An alternative approach is to restore native vege-
tation (be it trees, shrubs, or grasses) with reasonable extent, rather
than large-scale afforestation in water-deficient areas (which usually
leads to low survival rates). Indeed, the restoration of overgrazed lands
and the removal of farmlands in marginal areas have the largest effects
on vegetation recovery in arid and semiarid regions like the Loess
Plateau (Cao et al., 2009).

6. Conclusions

The GTG program has been implemented for almost 20 years, and
examining its regional climate effects is important for improving re-
gional environmental policy. This study, using of a coupled land-at-
mosphere model, established a first process-based, quantitative assess-
ment of how, and to what extent, vegetation changes owing to the GTG
program affected summer climate in the Loess Plateau, the largest
loessal area of the world. From 2001 to 2010, a large number of
croplands were converted to forests/shrubs and grasslands, with vege-
tation fraction and LAI increasing and surface albedo decreasing in the
region. As a result, 2-m air temperature was reduced, with the magni-
tude of reduction in nighttime minimum greater than daytime max-

imum. The concurrent decrease in 2-m specific humidity further led to
widespread reduction of near-surface heat content (i.e., moist en-
thalpy). In addition, precipitation decreased in northern Shanxi pro-
vince and western Loess Plateau while increasing in southeastern Loess
Plateau. Our findings highlight the substantial impacts of vegetation
changes on regional climate and have critical implications (e.g., to re-
store native vegetation with reasonable extent) for the sustainable
practice of the GTG program.
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Appendix A

Table A1
Required meteorological fields for running WRF.

Field name Units Description

TT K 3-d temperature
RH % 3-d relative humidity
SPECHUMD kg/kg 3-d specific humidity
UU m/s 3-d wind u-component
VV m/s 3-d wind v-component
GHT m 3-d geopotential height
PRESSURE Pa 3-d pressure
PSFC Pa Surface pressure
PMSL Pa Mean sea-level pressure
SKINTEMP K Skin temperature
SOILHGT m Soil height
TT K 2-m air temperature
RH % 2-m relative humidity
SPECHUMD kg/kg 2-m specific humidity
UU m/s 2-m wind u-component
VV m/s 2-m wind v-component
LANDSEA fraction Land-sea mask
SMtttbbba m3/m3 Soil moisture
STtttbbb K Soil temperature
SOILMmmmb kg/m3 Soil moisture
SOILTmmm K Soil temperature

a 'ttt' is the layer top depth in cm, and 'bbb' is the layer bottom depth in cm.
b 'mmm' is the level depth in cm.

Fig. A1. Spatial pattern of simulated differences (LP2010 – LP2001) in summer (a) daytime and (b) nighttime planetary boundary layer (PBL) height. Unit: m.
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