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ABSTRACT: Considering the ‘Green Great Wall’ project and future climate change, the vegetation in the Northwest Hetao
Plain (NWHP) of China is expected to undergo considerable changes. In this study, the climatic response to prescribed
changes in vegetation is investigated using the Weather Research and Forecasting model. When the vegetation is changed
from ‘bare or sparsely vegetated’ category to ‘grassland’ in the NWHP, the climate shows both local and remote responses.
Locally, the temperature increases in the winter but decreases in the summer. The precipitation level increases substantially
in the summer while increases slightly in the winter, which is mainly caused by the increase in the amount of water-vapour
and circulation adjustment. Additionally, atmospheric circulation anomalies also lead to remote circulation responses,
including a decrease in precipitation over Central North China and an increase in precipitation over Central and South
China. The results of this study bring to light the local and remote climatic responses to changes in vegetation in the
NWHP using a state-of-the-art regional climate model. Copyright  2012 Royal Meteorological Society
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1. Introduction

The Northwest Hetao Plain (NWHP) region, which is
located in North China, is a transitional climate zone
between the humid monsoon region and the inner arid
area. The ecosystem in this area is sensitive to natural cli-
mate variability and anthropogenic changes, and is impor-
tant to the regional climate. Observations show that the
annual mean precipitation has been increasing from 1961
to 2000 (Li and Shi, 2009); The Fourth Intergovernmen-
tal Panel on Climate Change (IPCC) assessment report
projected that precipitation will increase by 10–15% by
the end of this century (IPCC, 2007). In addition, the Chi-
nese government has been carrying out the world’s largest
ecological project, building the ‘Green Great Wall’ in
northern China. By 2050, a total of 35.6 million hectares
of land over northern China are planned to be afforested,
increasing the region’s woodland coverage to 15%. All
these natural change and human activity imply that a wide
range of areas in the NWHP will likely change from arid
area to grassland. If realized, a crucial issue is the main-
tenance of the grassland and the impacts on the local
climate.

Land surface processes can strongly affect climate con-
ditions, and the interaction between local vegetation and
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climate conditions is an important topic in global change
research. The distribution of vegetation is determined by
local climatic factors, including precipitation, radiation,
and temperature. At the same time, by altering the surface
albedo, roughness, and Bowen ratio, land surface changes
can significantly alter climate conditions, both regionally
and globally (Charney, 1975; Nobre et al., 1991; Pielke
et al., 2002, 2007).

The impact of changes in vegetation (including deser-
tification and afforestation) on climate has been widely
investigated in the last three decades, especially for the
Sahel desertification and Amazonian deforestation. Char-
ney (1975) first investigated the dynamics of desert and
drought in Sahel, and emphasized the role of albedo.
More studies followed and confirmed this result (Dickin-
son and Henderson-Sellers, 1988; Sud and Molod, 1988;
Xue and Shukla, 1993, 1996). Other studies (Lean and
Warrilow, 1989; Shukla et al., 1990; Zhang et al., 1996a,
1996b; Wang, 1999; Jiang et al., 2001, 2003; Bollasina
and Nigam, 2011) focused on more influence factors
(e.g. albedo, evaporation, soil moisture, etc.), for exam-
ple, Wang (1999) highlighted the role of vegetation and
soil in the model simulation. Recently, more realistic and
complicated numerical simulations were conducted over
China, in which multiple parameters (e.g. albedo, green
fraction, surface roughness, etc.) were changed along
with the vegetation change (e.g. Xue, 1996; Bonan, 1997;
Fan et al., 1998; Fu and Yuan, 2001; Fu, 2003; Gao et al.,
2003, 2007; Ding et al., 2005; Zeng, 2010). These studies
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indicate that the climate change caused by land-use prac-
tices is comparable to other well-known anthropogenic
climate forces. Almost all the previous studies used the
global climate model, or were commonly short-term run
(one year or less) thus may lead to uncertainty of the
results.

What is the climatic response to changes in vegetation
in the NWHP in a regional climate model for a suffi-
cient long-term time period? To address this issue, we
prescribed an ideal scenario and conducted two 10 year
simulations using a regional climate model. The NWHP
area was changed from ‘bare or sparsely vegetated’ cate-
gory to ‘grassland,’ with the primary goal of investigating
the possible local and remote effects and feedback of
changes in vegetation on climate. Such vegetation change
is based on the following considerations: first, almost all
climate models project an increase in precipitation in this
region, which may result in improved vegetation con-
ditions under a global warming scenario; and second,
the government’s plan of planting trees and grass in this
region will help to repair vegetation damage.

This article is organized as follows: section 2 describes
the regional model, the observational data used for model
validation, and the experimental design. The control
simulation results for model validation and the local and
remote climatic responses to changes in vegetation in
the NWHP are analysed in section 3. A summary and
conclusions follow in section 4.

2. Model, data, and experiment design

The Weather Research and Forecasting (WRF, specifi-
cally the Advanced Research WRF, WRF-ARW, version
3.2.1) model was used for this simulation. This model
is developed in a collaborative effort by the National
Center for Atmospheric Research (NCAR), the National
Centers for Environmental Prediction (NCEP), the Fore-
cast Systems Laboratory, and other university scientists.
More details are described in Skamarock et al. (2008).
The model has been widely used in weather prediction
and long-term simulations (Lo et al., 2008; Barstad et al.,
2009; Qian et al., 2010).

The simulation domain covers the entire area of China
(Figure 1) with 125 grids along the east–west direc-
tion and 96 grids along the north–south direction, with
the centre at 38°N, 106 °E. The model was used at
a horizontal resolution of 60 km and 35 sigma lev-
els, with the model top at 50 hPa. The relevant model
parameterizations include the following: WRF Single-
Moment 6 class microphysics scheme (WSM6, Hong
et al., 2004; Hong and Lim, 2006); Kain–Fritsch cumu-
lus convective schemes (Kain and Fritsch, 1993; Kain,
2004); NCAR Community Atmosphere Model Version 3
(CAM3, Collins et al., 2004) for shortwave and longwave
radiation; Noah Land Surface Model (LSM, Chen and
Dudhia, 2001) with four layers of soil temperature and
moisture, fractional snow cover and frozen soil physics;
and the Yonsei University boundary layer scheme

Figure 1. Vegetation distribution of DST and GRS simulations along with the model domain. The red rectangle indicates the NWHP region
where the dominant vegetation category changes form ‘bare or sparsely vegetated’ to ‘grassland’.
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(Hong et al., 2006). The initial conditions and lateral
boundary conditions data were obtained from NCEP
Global Final Analysis 6 h data with a horizontal reso-
lution of 1° × 1°. Sea Surface Temperature (SST) data
used in this study are from the NCEP real-time global
daily SST analysis (RTG SST, Gemmill et al., 2007) and
were linearly interpolated to a 6 h data. Boundary condi-
tion, SST and green fraction data were read and updated
every 6 h.

The Moderate-resolution Imaging Spectroradiometer
20-category vegetation classification system was used in
the Noah LSM. In this study, the dominant vegetation in
the NWHP (shown as the red rectangle in Figure 1) was
changed from the category ‘bare or sparsely vegetated’
to the category ‘grassland’ making the former category
cover from 51.04% of the NWHP to 0% and the
latter category cover from 43.85 to 94.89%. Along
with the change in surface vegetation characteristics, the
initial soil moisture, vegetation fraction, and albedo were
also modified for consistency. In addition, by changing
the vegetation category, many parameters (e.g. root
depth, leaf area index, and emissivity) were automatically
changed because the Noah LSM assigns the parameter
using a lookup table. The simulations of the control
run and sensitive runs are referred to as DST (desert)
and GRS (grassland), respectively. Table I lists the main
changes in the WRF surface parameters, averaged over
the NWHP area.

For both DST and GRS, the model was run continu-
ously from 1 December 1999 to 31 December 2009. The
result of the first month was considered as the spin-
up period and was not analysed (Anthes et al., 1989;
Mukhopadhyay et al., 2010). The following 10 year sim-
ulation results were used for analysis in this study. The
significance of the difference was evaluated by Student’s
t-test.

The surface air temperatures were compared with
observational data obtained from the daily gridded tem-
perature data of China Meteorological Administration

Table I. Main changes in parameters averaged over the NWHP
for DST and GRS.

Variables (units) DST GRS

Vegetation type (%) Bare or sparsely
vegetated

51.04 0

Grassland 43.85 94.89
Background albedo (–) 0.17 0.14
Green fraction (–) 7.92 24.51
Initial soil moisture
(m3 m−3)

0–10 cm 0.19 0.29

10–40 cm 0.17 0.26
40–100 cm 0.15 0.19
100–200 cm 0.16 0.18

(cn05) with a horizontal resolution of 0.5° × 0.5°. The
cn05 data were constructed based on the interpolation
from 751 observation stations in China from 1961 to 2005
(Xu et al., 2009). Observational precipitation data came
from the Tropical Rainfall Measuring Mission (TRMM)
3B43 rainfall data set and had a horizontal resolution of
0.25° × 0.25° (Huffman et al., 2001).

3. Results

3.1. Model validation in the region

In this subsection, the simulated surface air tempera-
ture and precipitation were compared with observational
data to confirm the model’s ability to simulate the main
climate variables over mainland China. Figure 2 shows
the annual mean temperatures from 2000 to 2009 from
observations and control runs (DST). The observations
(Figure 2(a)) show that except for the Tibetan Plateau,
the temperature decreases gradually northward and west-
ward. Higher temperatures occur in southern China, and
lower temperatures occur in the Tibetan Plateau and
northeastern China. The DST effectively captures the
main spatial pattern of the observational annual mean

Figure 2. Annual mean temperature derived from the WRF simulation and observations from 2000 to 2009. Unit: °C.
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Figure 3. Annual precipitation levels derived from the WRF simulation and observations from 2000 to 2009. Unit: mm a−1.

temperature, and the values over most of mainland China
are very close to the observed values. The higher tem-
peratures in southeastern China and over the Tarim Basin
and Sichan Basin and the lower temperatures over the
Tibetan Plateau and northeastern China are well simu-
lated, except for the cold bias over the Tibetan Plateau
which may be related with the complex topography, the
spatial correlation coefficient is about 0.96. Thus, the sim-
ulation of surface air temperature is in good agreement
with observational data.

The DST can also effectively reproduce observa-
tional precipitation levels and their spatial distribution
(Figure 3). The orographic rain along the southern and
southeastern slope of the Himalayas and the shortage of
precipitation over the Tarim Basin are effectively repro-
duced. The simulated boundary of arid and humid areas
is in agreement with observational data.

3.2. Climatic response to changes in vegetation over
the NWHP

Figure 4 illustrates the annual mean and December–
January–February (DJF) and June–July–August (JJA)
temperature anomalies (i.e. GRS–DST differences) in-
duced by changes in vegetation. The annual mean air
temperature decreased by 0.5 °C in the NWHP, and the
JJA temperature change was the main contributor to the
annual change over the entire NWHP area. To maintain
atmospheric thermal balance, the air temperature around
the NWHP area (i.e. areas to the north and south of the
NWHP) increased by 0.25 °C. The temperature changes
over these areas were relatively unapparent and were
caused by temperature increases in both the summer and
the winter.

The most conspicuous feature of seasonal temperature
change is the local and large-scale responses, especially
in JJA, that stretch beyond the NWHP area to almost the
entire simulation domain. To analyse the DJF and JJA
thermal changes in detail, the anomalies of various com-
ponents of the surface energy budget are presented in

Figure 5. From Figure 4(b), it is clear that the DJF tem-
perature consistently increased by 0.5 °C in the NWHP.
Figure 5(e) shows that the DJF upward shortwave radia-
tion flux at the surface decreased substantially in GRS due
to the lower albedo (Table I), although the DJF down-
ward shortwave radiation at the surface also decreased
(Figure 5(c)) because of the increased cloud fraction
(Figure 5(a)), which was induced by the increase in pre-
cipitation (Figure 6(b)). The total effect was more solar
energy remaining at the surface; as a result, the temper-
ature increased in the winter. Therefore, the temperature
change in the winter was physically based, although the
magnitude of the change was not highly statistically sig-
nificant. This simulated change in the DJF temperature
would be highly statistically significant if the changes in
vegetation were prescribed on a larger spatial scale.

The JJA mean temperature decreased significantly.
Figure 4(c) shows that the cooling was centred in the
NWHP area. The albedo was also lower, as was true
in the winter (i.e. less upward shortwave flux at the
surface, Figure 5(d); less downward shortwave radia-
tion, Figure 5(f); and greater cloud fraction, Figure 5(b)).
However, we must consider the changes in evapotran-
spiration, which is another important factor that affects
temperature. Vegetation and soil moisture conditions are
much more favourable in GRS compared with DST
(Table I). The evapotranspiration processes of the vegeta-
tion and soil consume large amounts of energy, which is
evident from the tremendously increase in surface upward
latent heat flux, shown in Figure 5(h). Furthermore, JJA
precipitation increased over NWHP (Figure 6(c)), and
this favourable condition formed a positive feedback
chain between evapotranspiration and precipitation. Con-
sequently, much more energy was consumed, resulting in
a decrease in temperature (Figure 4(c)).

The changes in annual, DJF and JJA mean precipita-
tion levels are shown in Figure 6. The remarkable fea-
tures of local and remote significant responses to changes
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Figure 4. The (a) annual, (b) DJF and (c) JJA mean temperature differences (GRS–DST) between DST and GRS. Contour lines indicate the
temperature difference (unit: °C); the shaded area indicates a statistically significant area at the 95% confidence level.

in vegetation are illustrated. The annual mean precipita-
tion increased by 10–20% in the NWHP (Figure 6(a)),
which was mainly caused by the increase in JJA precip-
itation. DJF precipitation increased in the NWHP and
southeastern neighbouring areas (Figure 6(b)), but the
increase was small in magnitude. The surface was bare
and frozen during the winter (e.g. no obvious change in
the surface upward latent heat flux in Figure 5(g)), so the
change in precipitation was inconspicuous. In the sum-
mer, precipitation changes were evident on both local and
regional scales. Locally, precipitation increased by more
than 50%, and the increase was statistically significant.
Previous analysis has shown that evapotranspiration over
the NWHP area increased, which increased precipitation
in advantageous weather conditions.

From Figures 4 and 6, we found that both local and
remote climate responses were more apparent and signif-
icant in the summer. Therefore, we chose the changes
in atmospheric circulation in the summer for further
analyses on local and remote changes in precipita-
tion. Figure 7 shows that the JJA geopotential height
decreased in the lower troposphere but increased in the
upper troposphere in the NWHP. Two main factors may
be responsible for the temperature increase associated
with the increase in geopotential height at higher lev-
els: (1) evapotranspiration increases over the NWHP, so
the moisture level reinforces the greenhouse gas warm-
ing effect, increasing the temperature in the middle
troposphere; and (2) the surface temperature evidently
decreases over the NWHP; hence, to maintain thermal

balance, atmospheric warming exists in the middle tro-
posphere. This increase in temperature in the middle
troposphere was also found in the vertical profile of the
JJA temperature difference in Figure 9.

In accordance with the decrease in geopotential height
in the lower troposphere, there was a cyclonic circulation
anomaly over NWHP. The vertical upward motion was
intensified, so the geopotential height increased at middle
and higher levels (Figure 7(h)). There was also an anticy-
clonic circulation anomaly over this region (Figure 8(h)).

Water-vapour transportation is an important source of
moisture and precipitation. The JJA vapour transporta-
tion anomaly is shown in Figure 10. The water-vapour
transported to the NWHP increased, which provided more
warm moisture to the NWHP independent of the effect
of the local increase in evapotranspiration. All of these
factors were favourable for the increase in precipitation
over the NWHP in the summer.

The mechanism for the local JJA precipitation change
over the NWHP can be explained in the following
manner. When the vegetation is changed from ‘bare
or sparsely vegetated’ category to ‘grassland,’ albedo
decreases, and downward and upward shortwave radi-
ation at the surface decrease, but evapotranspiration and
latent heat flux increases substantially because of the
improved vegetation and soil conditions. The air mois-
ture increases the water-vapour-induced greenhouse gas
warming effect in the lower troposphere and warms the
air, which leads to an increase in geopotential height at
higher levels. The geopotential height at higher levels
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(a) cloud fraction DJF (b) cloud fraction JJA

(c) surface downward shortwave flux DJF

(e) surface upward shortwave flux DJF (f) surface upward shortwave flux JJA

(g) surface upward latent heat flux DJF (h) surface upward latent heat flux JJA

(d) surface downward shortwave flux JJA

Figure 5. The DJF (left) and JJA (right) average GRS–DST difference for (a), (b) cloud fraction; (c), (d) surface downward shortwave flux; (e),
(f) surface upward shortwave flux and (g), (h) surface upward latent heat flux.

increases, and there is a cyclonic circulation anomaly
in the lower troposphere and an anticyclonic circulation
anomaly at higher levels. These changes lead to higher
atmospheric instability and intensified convection in the
NWHP. At the same time, water-vapour transportation

to this area also increases, resulting in an increase in
precipitation in the summer.

The most remarkable feature of the JJA precipita-
tion change is the large-scale response to changes in
vegetation. We found that precipitation increases over
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Figure 6. Same information as in Figure 4, except for (a) annual, (b) DJF and (c) JJA mean precipitation changes (%).

Central and South China and decreases over Cen-
tral North China (Figure 6(c)). The geopotential height
decreases in the lower troposphere and increases at higher
levels over Central North China (Figure 7); accordingly,
there is a cyclonic circulation anomaly at lower levels
and an anticyclonic circulation anomaly at higher lev-
els over this region (Figure 8). For Central and South
China, a cyclonic circulation anomaly is present. With
respect to water-vapour transportation, the transporta-
tion anomaly shows divergence (convergence) over Cen-
tral North China (Central and South China), which is a
disadvantageous (advantageous) factor for precipitation
(Figure 10).

The background mechanism of the remote response
is that the anticyclonic circulation anomaly in the mid-
dle and upper troposphere over North China causes a
weakening of the East Asian Trough, the western Pacific
subtropical high and the East Asian summer monsoon
winds and eventually leads to an increase in precipitation
over Central and South China and a decrease in precipi-
tation over Central North China.

The present analysis shows the mechanism for local
and regional changes in JJA precipitation. However, few
studies have been focused on this type of regional-scale
‘teleconnection.’ Therefore, it is unclear whether this
regional-scale teleconnection is the intrinsic mode of real
atmospheric circulation.

We conducted the Empirical Orthogonal Functions
(EOF) analysis of observational JJA geopotential height
at the 500 hPa level for 1989–2009 using the NCEP
reanalysis data set. Figure 11 shows the first principal

component. We found that the value is negative over
North China and positive over Central and South China,
which means that if the geopotential height increases
over North China, the geopotential height will decrease
over Central and South China. Correspondingly, an
anticyclonic circulation anomaly appears over North
China, and a cyclonic circulation anomaly appears over
Central and South China. This phenomenon coincides
with our simulation and confirms the mechanism for the
JJA precipitation change. The physical nature of this
phenomenon can be explained by meridional Rossby
wave patterns, as indicated by Nitta (1987) and Huang
and Li (1989).

We can now summarize the previous analysis and
suggest a possible mechanism to explain the local and
remote climate responses to changes in vegetation in the
summer over the NWHP shown in Figure 12. Locally,
when the vegetation changes from ‘bare or sparsely vege-
tated’ category to ‘grassland’ over the NWHP, the albedo
decreases, but evapotranspiration increases substantially,
this leads to a decrease in the surface air temperature.
The reinforced air moisture over the NWHP warms the
air, which makes the geopotential height decrease at the
lower level and increase at the higher level, and there
is an anticyclonic circulation anomaly at higher levels.
The atmospheric instability and convection in the NWHP
increase, and water-vapour transportation to this area
increases, causing an increase in precipitation in the sum-
mer. Remotely, the anticyclonic circulation anomaly at
high tropospheric levels over North China causes a weak-
ening of the East Asian Trough, weakening the western
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Figure 7. DJF (left) and JJA (right) mean geopotential heights (contour, GRS–DST, unit: gpm) and temperature (shaded, unit: °C) change at the
levels of (a), (b) 850 hPa; (c), (d), 700 hPa; (e), (f) 500 hPa and (g), (h) 200 hPa.
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Figure 8. Same information as in Figure 7, but for wind at (a), (b) 10 m; (c), (d), 700 hPa; (e), (f) 500 hPa and (g), (h) 200 hPa.

Pacific subtropical high and East Asian summer mon-
soon. Hence, precipitation increases over Central and
South China and decreases over Central North China.
This remote climate response partially follows the fea-
tures of real atmospheric circulation anomaly patterns, as
indicated by the first EOF mode.

4. Conclusion and discussion

In this study, the climatic response to prescribed vegeta-
tion changes was investigated using the WRF model. The

vegetation of the NWHP area was changed from ‘bare
or sparsely vegetated’ to ‘grassland.’ When the vegeta-
tion changes, on a local scale, DJF temperature increases
while JJA temperature decreases. Precipitation increases
slightly in the winter and significantly in the summer.
At the same time, a remote climatic response in the sum-
mer is also evident, as precipitation increases over Central
and South China but decreases over Central North China.
The geopotential height decreases in the lower tropo-
sphere, increases at higher levels over North China, and
decreases across all levels over Central and South China.

Copyright  2012 Royal Meteorological Society Int. J. Climatol. 33: 1470–1481 (2013)
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Figure 9. Vertical profile of the JJA temperature difference (GRS–DST,
unit: °C).

Accordingly, there is a cyclonic circulation anomaly
at lower levels, an anticyclonic circulation anomaly at
higher levels over Central North China and an anomalous
cyclonic circulation over Central and South China.

Our study describes the remote responses of local
changes in vegetation. Naturally, these local changes
in vegetation should occur on a sufficient spatial scale.
Otherwise, they could not induce a remote response.
Our conclusion could be useful in relevant ecological
and environmental reconstruction efforts, particularly in

Figure 11. EOF1 of JJA geopotential height anomalies at the 500 hPa
level for 1989–2009.

semi-arid or arid regions, as these regions are very
environmentally sensitive.

This work is a preliminary study. Additional studies
should be conducted to increase the robustness of these
results. For example, in our study, only the influence
of vegetation on climate was considered. The feedback
of climate on vegetation is also important, and the
interactive feedback mechanisms between climate and
vegetation require further investigation.
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Figure 12. Conceptual map of the local and remote JJA climate responses to changes in vegetation in NWHP.

References
Anthes R, Kuo Y, Hsie E, Lownam S, Bettge T. 1989. Estimation

of skill and uncertainty in regional numerical-models. Quarterly
Journal of the Royal Meteorological Society 115: 763–806.

Barstad I, Sorteberg A, Flatøy F, Déqué M. 2009. Precipitation,
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