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Abstract  The implementation of large-scale vegetation restoration over the Chinese Loess Plateau has achieved clear
improvements in vegetation fraction, as evidenced by large areas of slopes and plains being restored to grassland or forest.
However, such large-scale vegetation restoration has altered land-atmosphere exchanges of water and energy, as the land surface
characteristics have changed. These variations could affect regional climate, especially local precipitation. Quantitatively
evaluating this feedback is an important scientific question in hydrometeorology. This study constructs a coupled land-atmo-
sphere model incorporating vegetation dynamics, and analyzes the spatio-temporal changes of different land use types and land
surface parameters over the Loess Plateau. By considering the impacts of vegetation restoration on the water-energy cycle and on
land-atmosphere interactions, we quantified the feedback effect of vegetation restoration on local precipitation across the Loess
Plateau, and discussed the important underlying processes. To achieve a quantitative evaluation, we designed two simulation
experiments, comprising a real scenario with vegetation restoration and a hypothetical scenario without vegetation restoration.
These enabled a comparison and analysis of the net impact of vegetation restoration on local precipitation. The results show that
vegetation restoration had a positive effect on local precipitation over the Loess Plateau. Observations show that precipitation on
the Loess Plateau increased significantly, at a rate of 7.84 mm yrfz, from 2000 to 2015. The simulations show that the con-
tribution of large-scale vegetation restoration to the precipitation increase was about 37.4%, while external atmospheric cir-
culation changes beyond the Loess Plateau contributed the other 62.6%. The average annual precipitation under the vegetation
restoration scenario over the Loess Plateau was 12.4% higher than that under the scenario without vegetation restoration. The
above research results have important theoretical and practical significance for the ecological protection and optimal devel-
opment of the Loess Plateau, as well as the sustainable management of vegetation restoration.
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1. Introduction Over the past two decades since the start of the project, a

large area of sloping farmland has been returned to grassland
The Chinese government has implemented the Grain for or forest. The vegetation restoration has had significant im-
Green Project since 1999, aimed at improving the vegetation pacts (Zhang et al., 2011), and the sediment yield of the
fraction of the Loess Plateau and controlling soil erosion. Yellow River Basin has been greatly reduced (Wang et al.,

2006; Hu et al., 2008; Chen et al., 2015; Yang D W et al.,
2015; Wang et al., 2016; Zhang et al., 2016). Large-scale
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vegetation restoration will affect the water-energy balance
between the atmosphere and land surface by changing the
underlying surface conditions, causing changes in water and
energy factors such as evapotranspiration, soil infiltration,
surface runoff, net radiation, sensible heat and latent heat
flux. In turn, these changes will influence the strengths of
interactions between the land surface and atmosphere, which
will feed back into regional climate and local precipitation
process (Yang D W et al., 2015; Tang, 2020). Therefore, in
the context of modern conditions, and in order to ensure
sustainable and optimal development of vegetation, how to
quantitatively analyze the feedback effects of vegetation
restoration on regional climate and local precipitation in the
Loess Plateau has become an urgent scientific problem
(Wang et al., 2011; Su and Fu, 2013; Feng et al., 2016).
Exploring the direction of changing land use trends on the
Loess Plateau, assessing the degree of improvement in ve-
getation fraction, and analyzing the temporal and spatial
trends of key vegetation and surface parameters that affect
surface water balance, together form the basis for quantita-
tive assessment of the regional climate effects caused by
large-scale vegetation restoration. Vegetation restoration on
the Loess Plateau mainly requires measures such as returning
farmland to forests (or grassland), closing hills for affor-
estation (or grassland), and afforestation (or grassing over) of
barren hillsides. The direct impacts of these measures are
reflected in three aspects: (1) changes in land-use type; (2)
changes of key vegetation parameters that affect the land-
surface water balance, such as leaf area index (LAI), vege-
tation fraction; and (3) changes in key land surface para-
meters that affect the energy balance through changes in
albedo (Ren et al., 2014; Liang et al., 2015). At present,
research on the regional hydrological effects of large-scale
vegetation restoration mainly uses remote sensing inversion
techniques to obtain parameters such as land use type, LAI,
vegetation fraction and land surface albedo, and to analyze
their temporal and spatial variation trends. These parameters
are then used to drive land surface models or distributed
hydrological models in offline simulations, which in turn are
analyzed to explore the influence of vegetation restoration.
However, existing studies often ignore the feedback effect of
land surface processes on regional climate, and research on
the effects of changes in vegetation and land surface para-
meters on land-atmosphere interaction and local precipita-
tion is somewhat lacking (Xiao et al., 2008; Ren et al., 2014).
Chen et al. (2015), Liang et al. (2015), Wang et al. (2016),
Feng et al. (2016) and Zhang et al. (2016) have shown that,
since the beginning of the 21st century, vegetation on the
Loess Plateau has become greener and the land cover has
increased significantly. However, significant surface water
changes have also occurred during the vegetation restoration,
which are mainly reflected by a rapid increase in water
consumption through evapotranspiration on the Loess Pla-
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teau, and a sharp decrease in the runoff coefficient. As a
result, runoff of the Yellow River Basin has dropped sharply,
and the deficit between the supply and demand for regional
water resources has further intensified. The intensity of ve-
getation restoration in some areas has reached the upper limit
of the area’s capacity for vegetation, which means that if the
intensity of vegetation regeneration is further increased, new
ecological problems such as soil desiccation, vegetation
degradation and excessive water consumption will occur
(Wang et al., 2018; Yang et al., 2018). In addition to the
above-mentioned impacts on the land-surface water budget,
large-scale vegetation restoration on the Loess Plateau will
have a feedback effect on the regional climate (by changing
the relationship between the surface water-energy balance
and the atmosphere) by affecting the exchange of materials
and energy between the land and atmosphere. Changes in
regional climate will further affect the distribution of land
surface water and energy, cause changes in the intensity of
land-atmosphere interaction, and could even have additional
effects on hydrological processes such as local precipitation,
evapotranspiration, vegetation interception, and soil in-
filtration (Gibbard et al., 2005; Liu et al., 2011; Wen et al.,
2012; Wu and Zhang, 2013; Hirsch et al., 2014; Hu et al.,
2015). This again highlights why evaluating the feedback
effect of large-scale vegetation restoration on local pre-
cipitation, on the basis of changes in the intensity of land-
atmosphere interactions, is an important scientific issue that
urgently needs to be studied.

Coupled land-atmosphere models can improve the ability
of land surface models to simulate surface processes, while
providing a more accurate underlying surface boundary for
atmospheric processes, thereby effectively linking high-re-
solution regional climate models with land surface models.
Coupled land-atmosphere models especially consider the
feedback effect of land surface processes on regional cli-
mate, and can improve the accuracy of regional climate
models to a certain degree. The Weather Research and
Forecasting Model (WRF) is a mesoscale regional climate
model developed by the National Center for Atmospheric
Research (NCAR), and implements the latest research de-
velopments in mesoscale climate simulation (Wang and Sun,
2013). The WRF model can be bidirectionally coupled with
different land surface process models (Jin and Wen, 2012),
including Noah (Chen et al., 1996), and can be used to
quantitatively analyze the impact of vegetation dynamics on
regional climate and local precipitation feedback effects
(Subin et al., 2011; Xiong et al., 2014; Wang et al., 2015;
Yang Y et al., 2015). WRF uses MODIS land-use data by
default. However, the default MODIS land-use data were
acquired around the year 2000. For the Loess Plateau, where
large-scale vegetation restoration has been carried out, the
default MODIS land-use data in WRF can only reflect the
land-use types before vegetation restoration in this region;
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therefore, its timeliness is clearly suboptimal. The time range
of dynamic land use data provided by the European Space
Agency Climate Change Initiative (ESA CCI) is from 1992
to 2019. It is dynamically updated every year and can ac-
curately reflect the changes in land-use types after large-
scale vegetation restoration (Ganguly et al., 2010). In addi-
tion, since the current version of the WRF-Noah coupling
model simplifies biogeophysical processes, its LAI, vegeta-
tion fraction and albedo are estimated based on the land-use
type combined with a parameter comparison table. This
means that once the land use type is determined, the corre-
sponding vegetation and surface parameters remain fixed.
Without considering the real dynamic changes of land-use
types and vegetation fraction, the model cannot realistically
reflect the conditions and dynamic changes of vegetation and
surface parameters following large-scale vegetation restora-
tion on the Loess Plateau.

Given the above limitations, it is necessary to couple the
land surface process model to the regional climate model.
Based on the dynamic land-use data, dynamic vegetation and
ground surface parameters obtained from remote sensing, a
two-way land-atmosphere coupled model considering the
vegetation dynamic changes is constructed. According to the
two-way land-atmosphere coupled model, the impacts of
vegetation fraction changes on regional climate and land
surface processes are discussed, which is of great benefit in
managing vegetation restoration of the Loess Plateau and the
rational use of limited water resources (Luo et al., 2013; Hu
et al., 2015). The regional climate and land-use patterns of
the Loess Plateau have together undergone dramatic chan-
ges, so dynamic land-use data must be used as the input in the
WRF-Noah coupled model, and combined with dynamic
LAI, vegetation fraction and albedo, to improve the simula-
tion of vegetation and surface parameters following vege-
tation restoration. Furthermore, by considering the impacts
of large-scale vegetation restoration on the water cycle and
land-atmosphere interaction of the basin, the regional hy-
drological effects of large-scale vegetation restoration can be
accurately described, and the response of local precipitation
to vegetation restoration on the Loess Plateau can be quan-
titatively evaluated. The results can provide scientific sup-
port for ecological protection and optimal development of
the Loess Plateau.

2. Study area

The Loess Plateau is located in the upper and middle reaches
of the Yellow River (33°43'41°16'N, 100°54'-114°33'E),
and includes the western Taihang Mountains, eastern
Waushaoling and northern Qinling, and lies south of the Great
Wall. This region is located on the edge of the warm tem-
perate monsoon climate zone, and is mainly characterized by
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a continental climate and monsoon instability. The average
annual precipitation increases from northwest to southeast
(150-820 mm). The region has four distinct seasons, and the
annual average temperature is 3.6-14.3°C. The altitude
range is 1000-1500 m, and the total area is about
64x10" km’. The Loess Plateau has suffered from a long-
term lack of vegetation protection, the ecological environ-
ment is fragile, and the soil is poorly consolidated. Intense
rainstorms have caused serious soil erosion in this area. To
improve the vegetation fraction of the Loess Plateau and
control soil erosion, the Chinese government has invested
considerable labour, material and financial resources in the
area. Especially since 1999, large-scale vegetation restora-
tion measures such as returning farmland to forest (or
grassland), closing hills to reforestation (or grassland) and
afforestation (grassing over) of barren hills has been im-
plemented. The vegetation types of the Loess Plateau, in
order from southeast to northwest, comprise forest steppe,
typical steppe, desert steppe and desert. The vegetation
fraction is consistent with the precipitation pattern, and
gradually improves from northwest to southeast.

3. Materials and methods

The coupled land-atmosphere model used in this study is
WRF-Noah (V3.6.1), where WREF is a state-of-the-art Me-
soscale Weather Forecast Model, and Noah is a land surface
process scheme in WRF. This model is mainly used for
research on regional climate change and land-atmosphere
interaction (Emmanouil et al., 2021; Gao et al., 2020). In
this study, the center of the WRF simulation domain is at
37°N, 108°E. The projection method is the Lambert
Equiangular Conic Projection, suitable for mid-latitude
regions, and the two standard latitudes are 30°N and 60°N.
The forcing data for the WRF-Noah model are the ERA-
Interim reanalysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Hersbach
and Dee, 2016). The temporal resolution of ERA-Interim
data is 6 h, the horizontal resolution is 0.5°x0.5°, and the
vertical layering has 27 layers. The horizontal resolution of
the WRF-Noah model is 10 km. The dataset used to verify
the simulation results is the China Meteorological Forcing
Dataset (CMFD) (Yang et al., 2010; He et al., 2020). The
CMFD dataset contains variables such as precipitation and
near-surface temperature from 2000 to 2015, and its tem-
poral and spatial resolutions are 3 h and 0.1°x0.1°, re-
spectively. CMFD incorporates observation data from 740
national stations in China, and a number of studies have
verified the accuracy and reliability of the dataset (Chen et
al., 2011; Yang et al., 2017). Since the horizontal resolution
of CMFD (0.1°) is very similar to the WRF-Noah model
(10 km), no interpolation was performed in the verification
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of the WRF-Noah simulation.

This study designed two sets of simulation experiments,
both of which used ERA-Interim reanalysis data and adopted
the same combination of parameterization schemes. The first
set of experiments was the control experiment (WRF CTL),
which assumed that no vegetation restoration has been car-
ried out and the land cover of the Loess Plateau remained in
the state prior to vegetation restoration. WRF CTL uses the
default static land-use data, static vegetation and surface
characteristic parameters to drive the WRF-Noah model and
simulate precipitation in the study area from 2000 to 2015.
This experiment represents a hypothetical scenario where no
large-scale vegetation restoration has occurred. The second
set of experiments (WRF DYN) used dynamic land use,
dynamic vegetation, and surface parameters obtained from
remote sensing data to drive the WRF-Noah model and si-
mulate precipitation during the same period as that of WRF
CTL. This experiment represents a real scenario of large-
scale vegetation restoration. Based on the two simulations,
we can explore in detail the feedback mechanisms in regional
climate and local precipitation associated with large-scale
vegetation restoration over the Loess Plateau.

Dynamic vegetation data were converted to land surface
data from 2000 to 2015, in a format that can be recognized by
the WRF-Noah model. The vegetation and land surface data
sources were the Global Land Surface Satellite (GLASS)
(Xiao et al., 2016) dataset and the ESA CCI land cover da-
taset (ESA, 2017); both are based on remote sensing. Dy-
namic vegetation data comprise land-use type, LAI,
vegetation fraction and land surface albedo (see Table 1 for
details). We have reclassified and resampled these remote
sensing data products. The nearest neighbor interpolation
method was used for the interpolation of land-use type data,
and bilinear interpolation was used for other data. Finally, the
key vegetation and land surface parameters needed for the
WRF-Noah model were obtained, including land use type
(LU INDEX), land use type area ratio (LANDUSEF), land
water mark (LANDMASK), vegetation fraction (GREEN-
FRAC), leaf area index (LAI), land surface albedo (ALBE-
DO) (the variable names in the WRF-Noah model are in
parentheses). Quantitative assessments of the trends of all
variables in this study are based on the Theil-Sen Slope
(Theil, 1950; Sen, 1968) trend analysis method.

Table 1 Summary of various datasets used in this study

4. Results

4.1 Analysis of temporal and spatial changes of vege-
tation fraction on the Loess Plateau

After the implementation of large-scale vegetation re-
storation, the land surface coverage of the Loess Plateau has
improved significantly, and ecological restoration has
achieved good results. The area of forest increased by
16.5%, the area of grassland increased by 7.6%, and the
area of bare land and desert decreased by 29.0%. As shown
in Figure 1, areas with a significant increasing trend in LA/
account for 53% of the total area of the Loess Plateau. Here,
the increasing trend of LA/ was most obvious in the hilly
gully region of the southeast Loess Plateau. The average
rate of increase of LA in the Loess Plateau was 1.22% yrfl,
and the cumulative increase in LA/ from 2000 to 2015 was
18.3%. In addition, the vegetation fraction has also shown a
significant increasing trend, and the areas with a significant
increase in vegetation fraction account for 73% of the total
area in the Loess Plateau. The vegetation fraction also in-
creased most significantly in the hilly gully region in the
southeast of the study area. The average rate of increase in
vegetation fraction on the Loess Plateau was 2.71% yrfl,
and the cumulative increase in vegetation fraction from
2000 to 2015 was 40.7% (Figure 1). With the increase of
LAI and vegetation fraction, the land surface albedo of the
Loess Plateau has shown a significant decreasing trend,
with an average decrease of —0.50% yr ', and a cumulative
decrease of 7.5% from 2000 to 2015. Spatially, the area
where the land surface albedo of the Loess Plateau de-
creased significantly accounts for 49% of the total area
(Figure 1). The increase in vegetation fraction and the de-
crease in land surface albedo meant that more shortwave
radiation was absorbed by the land surface. Moreover, the
increase in CO, concentration led to an increase in long-
wave radiation (Piao et al., 2019). As a result, the net ab-
sorbed radiation on the Loess Plateau increased sig-
nificantly, and more energy was transferred into the
regional climate and hydrological systems. This will have
had a positive effect on surface temperature, air tempera-
ture, evapotranspiration and the vertical transport of water
vapor; the intensity of water circulation in the basin will
also have increased.

Dataset Variable Time period Temporal resolution Spatial resolution
ERA-Interim Reanalysis Dataset Wind, ngﬂg?;;??j;};’s&f?ﬂ e\:,r:ltsure, ete., 1999-2015 6h 0.5°
ESA CCI Land Cover Dataset Land use/land cover 1999-2015 Yearly 0.3 km
GLASS LAI, vegetation fraction, and surface albedo 20002015 Daily 1 km
CMFD Precipitation, and air temperature 20002015 3h 0.1°
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4.2 Accuracy assessment of the WRF-Noah precipita-
tion simulation considering the vegetation dynamic
changes

Determining the accuracy of a regional climate simulation is
a prerequisite when using a coupled land-atmosphere model
to effectively explore the feedback effect of vegetation re-
storation on the local precipitation in the Loess Plateau (Yu et
al., 2010; Bao et al., 2015). This study conducted a sys-
tematic sensitivity test of the physical schemes, to provide an
optimized WRF implementation for the regional climate si-
mulation of the Loess Plateau, thereby improving the accu-
racy of precipitation simulation in this area. The simulation
period of the sensitivity test was selected as July 2007, as the
precipitation during this month was close to the multi-year
climatic average precipitation in the study area. Each simu-
lation period covered June and July in 2007, of which June
was the spin-up period (excluded from the evaluation). The
sensitivity tests considered three types of parameterization
schemes closely related to the precipitation formation pro-
cess: cloud microphysics schemes, planetary boundary layer
schemes and cumulus convection schemes. Overall, we
tested 11 cloud microphysical solutions, 8 atmospheric
boundary layer solutions, and 7 cumulus convection solu-
tions provided by the WRF model. Other physical schemes
in the model remained unchanged, specifically including: the
longwave radiation scheme of the Rapid Radiative Transfer
Model (Mlawer et al., 1997), the shortwave radiation scheme
of Dudhia (Dudhia, 1993) and the land surface process
scheme of Noah (Chen et al., 1996).

Figure 2a shows the analysis results of the sensitivity test
for the cloud microphysics scheme. The spatial correlation
coefficients (PCC) of each experiment are concentrated at
around 0.65, and the root mean square error (RMSE) varies
from 1.05 to 1.32. Among them, CAM 5.1 (Neale and
Hoskins, 2010) performed best (PCC maximum 0.66, RMSE
1.14). Generally speaking, the choice of cloud microphysical
scheme has no obvious impact on precipitation simulation in
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the study area. Based on the sensitivity test of the cloud
microphysical parameterization scheme, the sensitivity test
of the atmospheric boundary layer scheme was carried out;
the results are shown in Figure 2b. The precipitation simu-
lation in the study area was more sensitive to the atmospheric
boundary layer scheme, and the PCC distribution range was
0.59-0.71. Among them, MYNN 2.5 (Nakanishi and Niino,
2006) achieved the highest PCC (0.71). Therefore, it is be-
lieved that the MYNN 2.5 scheme can better reflect the
precipitation formation process in the study area. On the
basis of the first two sensitivity experiments, the final test to
select the scheme for cumulus convection parameterization
was carried out, covering the 8 cumulus convection schemes.
As shown in Figure 2c, precipitation simulation on the Loess
Plateau is most sensitive to the cumulus convective para-
meterization schemes, and the results of the schemes are
significantly different (PCC and RMSE are in the ranges of
0.56-0.72 and 0.88-1.18, respectively). The Kain-Fritsch
(Kain, 2004) scheme performed best, with a higher PCC
(0.71), and the degree of spatial variability was closer to the
CMFD. Therefore, based on the three sets of sensitivity tests,
this study compared and selected the optimal WRF para-
meterization scheme combination that most accurately re-
produced the precipitation in the Loess Plateau. This
combination comprised the RRTM longwave radiation
scheme, Dudhia shortwave radiation scheme, CAMS5.1 cloud
microphysics scheme, MYNN2.5 atmospheric boundary
layer scheme, Kain-Fritsch cumulus convection scheme and
Noah land surface process scheme.

Although running WRF with the optimal parameterization
scheme can greatly improve the accuracy of precipitation
simulation on the Loess Plateau, the simulation results still
have some errors (the total observed precipitation in July
2007 was 99 mm, and the simulated precipitation was
87 mm). One source of precipitation error arises because the
experiments described above all use the WRF default static
land surface data, which cannot effectively reflect the drastic
land surface changes on the Loess Plateau after large-scale
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Figure 2 Comparison of sensitivity tests for different categories of the parameterization schemes in the WRF model. (a) Microphysics schemes; (b)
planetary boundary layer schemes; (¢) cumulus schemes. The pentagram in (c) denotes the precipitation simulated by WRF with dynamic vegetation, while
the purple dot denotes the precipitation simulated by WRF without dynamic vegetation.
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vegetation restoration. Therefore, this study also considers
the optimized combination of schemes when using the 2007
land-cover data to drive the model, and explores the impact
of vegetation dynamics on the precipitation simulation. As
shown in Figure 2c, after considering the true surface
changes, the WRF precipitation simulation was further im-
proved (the PCC is 0.74), and the simulated total precipita-
tion in July was 102 mm. In summary, the land-atmosphere
coupling model WRF-Noah, which considers vegetation
dynamics, can accurately reproduce the precipitation dis-
tribution on the Loess Plateau.

4.3 Quantitative assessment of the feedback effect of
large-scale vegetation restoration on local precipitation

In this study, the dynamic changes of vegetation parameters
(including land-use, vegetation fraction, LA/, and albedo)
were coupled with the WRF model to construct a WRF-Noah
two-way land-atmosphere coupled model that considers the
vegetation dynamics. By comparing and analyzing the dif-
ferences between the real scenario of vegetation restoration
(WRF DYN) and the hypothetical scenario of no vegetation
restoration (WRF CTL), it is found that the increase in
evapotranspiration and water vapor flux caused by large-
scale vegetation restoration have had a positive on local
precipitation (Figure 3). This has been mediated through a
series of changes in land-atmosphere interactions, triggered
by vegetation restoration: increasing LA/ and vegetation
fraction, decreasing albedo, increasing net radiation, and
increasing humidity and local water vapor flux. This is one of
the main reasons that caused precipitation on the Loess
Plateau to increase at a rate of 7.84 mm yrf2 (based on
CMFD precipitation data) from 2000 to 2015. As shown in
Figure 3, the simulation results of the WRF-Noah land-at-
mosphere coupling model based on the vegetation dynamic
changes show that the average precipitation in the Loess
Plateau region increased at a rate of 6.15 mm yr72 under the
real scenario of large-scale vegetation restoration. The cor-
relation coefficient between simulated precipitation and ob-
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served precipitation is 0.88, the RMSE is 69 mm yrﬁl, and
the absolute error is —14 mm yrfl. In contrast to the WRF
DYN scenario, the simulation results of the WRF-Noah land-
atmosphere coupling model under the WRF CTL scenario
show that if large-scale vegetation restoration had not been
carried out, the average precipitation across the Loess Pla-
teau would only have increased at a rate of 3.85 mm yrfz. In
this scenario, the correlation coefficient between simulated
precipitation and observed precipitation is only 0.84, the
RMSE is 101 mm yr ', and the absolute error is =70 mm yr .
The above results show that the simulation accuracy of
WRF-Noah when including vegetation dynamics, is sig-
nificantly better than that of WRF-Noah when not including
vegetation dynamics. The above comparison also shows that
large-scale vegetation restoration has affected the land-at-
mosphere interactions, resulting in an additional precipita-
tion increase of 2.3 mm yr_2 (the difference between 6.15
and 3.85 mm yr_z). The contribution of vegetation restora-
tion (2.3 mm yrﬁz) to the total precipitation increase on the
Loess Plateau was about 37.4%, while the remaining 62.6%
(3.85 mm yr_z) was attributed to larger-scale changes in
water vapor dynamics (Figure 3).

As shown in Figure 4, the annual precipitation on the Loess
Plateau obtained from the two simulation experiments (WRF
DYN and WRF CTL) showed a decreasing trend from
southeast to northwest. The average regional precipitation in
WRF DYN (443 mm yrﬁl) was 12% higher than that in WRF
CTL (388 mm yrﬁl). The areas with the largest differences in
precipitation between the two simulations were in the hilly
gully region of the southeast Loess Plateau. In this area, the
precipitation in WRF DYN was generally >60 mm yr ' higher
than that in WRF CTL, and in some areas the difference ex-
ceeded 100 mm yrﬁl. This result is consistent with the trends
in vegetation fraction, LA/ and land surface albedo in the
Loess Plateau (Figure 1) and indicates that the local pre-
cipitation pattern in the study area shows a significant positive
response to large-scale vegetation restoration. Thus, vegeta-
tion restoration has a positive effect on annual precipitation in
the Loess Plateau. In addition to the spatial differences in
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Figure 3 Comparison between WRF precipitation simulations (DYN and DEF) and CMFD observation (OBS). (a) Inter-annual variations; (b) intra-annual
variations. The red line and bar represent WRF simulated precipitation with the dynamic vegetation scenario (DYN), the blue line and bar represent that with
the default vegetation scenario (DEF). Meanwhile, the black line and bar represent the CMFD observations.
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95% confidence level.

annual precipitation, there were also significant spatial dif-
ferences across the Loess Plateau in the annual precipitation
trends obtained from WRF DYN and WRF CTL. The average
trend in precipitation in WRF DYN was 35% higher than that
in WRF CTL, and the areas with increasing precipitation
trends were also mainly distributed in the hilly gully region of
the southeast Loess Plateau (Figure 5).

4.4 Analysis of feedbacks between vegetation dynamics
and regional climate

The above simulation results show that large-scale vegeta-
tion restoration on the Loess Plateau can increase local
precipitation to a certain extent. To better clarify the feed-
backs between vegetation dynamics and regional climate,
this study analyzed the changes in the transfer and exchange
of water vapor, energy, and momentum under large-scale
vegetation restoration from the perspectives of the hydro-

logical and thermodynamic characteristics of the underlying
surface changes, atmospheric boundary layer development,
and atmospheric dynamics. As shown in Figure 6, we com-
prehensively analyzed and compared the physical quantities
output by both WRF-Noah simulations (under the dynamic
vegetation and static vegetation scenarios) during the period
from 2000 to 2015. It can be seen that the vegetation fraction
and LAl under the dynamic vegetation scenario were sig-
nificantly higher than those under the no vegetation re-
storation scenario (increases of +9.02% and +13.42%,
respectively). On the one hand, the increase in vegetation
fraction led to a decrease in regional albedo (—5.11%),
thereby increasing the shortwave radiation received, which
can be understood as the land-surface heating effect of the
vegetation restoration. On the other hand, an increase in
vegetation led to greater evapotranspiration (+17.18%) and
latent heat flux (+4.11 W m_z), which had a cooling effect on
the land surface. However, the heating effect was greater
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Figure 5 Spatial patterns of the linear trend (mm yrfz) in WRF simulated precipitation over the Loess Plateau during 2000-2015. WRF simulation under the
dynamic vegetation scenario (a), and under the static vegetation scenario (b). (c) The difference in trends between the dynamic and static vegetation scenarios.

than the cooling effect, and eventually caused the surface
temperature to rise by 0.45°C and the near-surface tem-
perature (2 m) to rise by 0.36°C. Vegetation restoration can
also affect atmospheric water conditions, and the evapo-
transpiration increase resulted in a 3.25% increase in the
water vapor content of the atmospheric boundary layer. In
addition, the increases in surface temperature, near-surface
temperature and sensible heat flux (3.79 W mfz) also led to
an increase in convective instability of the atmospheric
boundary layer (convective available potential energy in-
creased by +15.94%) and an increase in vertical velocity
(+18.93%). Through the above physical process, large-scale
vegetation restoration ultimately promoted an increase in
regional precipitation.

5. Discussion

By considering the impact of vegetation dynamics on the

intensity of land-atmosphere interactions, this study coupled
the dynamic changes of vegetation canopy parameters with
the WRF-Noah model to construct a WRF-Noah land-at-
mosphere coupled model that takes into account the vege-
tation dynamic changes. Through comparing and analyzing
the differences between the real scenario of vegetation re-
storation (WRF DYN) and the hypothetical scenario without
vegetation restoration (WRF CTL), we found that con-
sidering the impact of vegetation dynamics can greatly im-
prove the accuracy of the WRF-Noah model for regional
precipitation simulation. The increases in evapotranspiration
and water vapor flux, and changes in energy processes,
caused by large-scale vegetation restoration have had a po-
sitive effect on the increase of local precipitation.
Vegetation restoration is a basic indicator of the im-
provement of regional ecological-environmental conditions.
How to evaluate the effect of vegetation restoration, quantify
the success of vegetation restoration, and modify the gov-
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Figure 6 Schematic diagram of the mechanism responsible for the po-
sitive effect of GfGP on precipitation. The plus sign, “+”, denotes a positive
contribution (green line), and the minus sign, “—”, denotes a negative
contribution (red line). All the values in the diagram represent differences
between the climatological values of the default scenario and dynamic
scenario. Percentages are differences relative to the default scenario, also
shown as the corresponding absolute values (in brackets).

ernance strategy in the future are of great significance to soil
erosion management and vegetation restoration. The Loess
Plateau is located in an arid to semi-arid area, where the
amount of surface water is small and the groundwater is
difficult to access because it is deeply buried. Therefore,
rainwater resources have become the most important water
source for vegetation restoration in this area (Wang et al.,
2011). Large-scale vegetation restoration promotes an in-
crease in local precipitation through feedbacks with regional
climate. The increase in precipitation means an increase in
the total amount of rainwater resources, and the temporal and
spatial characteristics of rainwater resources determine the
water use strategy of plants. Therefore, based on the ba-
lanced relationship of water consumption and replenishment,
and through the efficient use of rainwater resources, pro-
posing reasonable vegetation restoration strategies has be-
come the basis for the management of ecological restoration
and the efficient use of water resources across the Loess
Plateau.

Large-scale vegetation restoration has changed the physi-

cal characteristics of the land surface, as well as the surface
water balance and energy balance. Vegetation restoration can
also increase the amount of water vapor transported to the
atmosphere, by increasing evapotranspiration, thereby in-
creasing regional atmospheric humidity and changing local
precipitation and hydrological patterns. Therefore, when
evaluating the rationality of vegetation restoration and pro-
posing appropriate vegetation restoration strategies, it is
necessary to consider the impact of large-scale vegetation
restoration on the water cycle of the basin and on the in-
tensity of land-atmosphere interactions. In addition, some
areas did not follow the principle of sustainable use of water
resources during the implementation of vegetation restora-
tion. Poorly-managed and excessive vegetation restoration
consumed a lot of water resources, breaking the original
dynamic balance between the supply of rainwater resources
and the water consumption of vegetation restoration, leading
to the emergence of new ecological problems as represented
by soil desiccation and vegetation degradation (Wang et al.,
2010). Therefore, it is necessary to combine the WRF-Noah
model with dynamic vegetation processes, and to quantita-
tively calculate the potential contribution of rainwater re-
sources based on the effect of vegetation restoration on local
precipitation. In addition, this work can help to actively de-
velop and promote technological approaches to the efficient
utilization of rainwater resources; it can identify the most
suitable vegetation biomass that can be supported by rain-
water resources in different regions, and on this basis, the
results can be used to establish a vegetation restoration
strategy based on the balance of water supply and demand on
the Loess Plateau.

This study mainly discusses the effect of vegetation re-
storation on local precipitation across the Loess Plateau;
however, when fully considering the feedbacks, it should be
noted that changes in local precipitation also have an im-
portant impact on vegetation growth. Therefore, as models
continue to develop, a full two-way coupling between the
vegetation growth model and the regional climate model can
be implemented in the future. In addition, further research
should be carried out on the mutual feedback effects and
interactions between climate change and vegetation dy-
namics, in order to provide further scientific support for the
sustainable development of ecological restoration in the
Loess Plateau.

6. Conclusion

This study analyzed the temporal and spatial trends of land
use types, vegetation characteristics and surface parameters
on the Loess Plateau from 2000 to 2015. By considering the
impact of vegetation restoration on the hydrothermal cycle
and the intensity of land-atmosphere interaction in the basin,
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and by constructing a coupled land-atmosphere model that
takes into account the vegetation dynamic changes, the effect
of feedback between vegetation restoration and local pre-
cipitation was quantitatively evaluated. Since the im-
plementation of large-scale vegetation restoration, the
vegetation fraction and LA/l of the Loess Plateau have in-
creased by 40.7% and 18.3%, respectively, and the surface
albedo has decreased by 7.5%. Vegetation fraction has been
significantly improved. The hilly gully region of the south-
east Loess Plateau has shown the most significant vegetation
restoration effects, and large-scale vegetation restoration
projects have achieved significant results. Vegetation re-
storation changes the underlying surface elements such as
land use type, surface albedo, vegetation LA/ and vegetation
fraction, triggering a series of changes to net radiation,
evapotranspiration, soil moisture, surface runoff, water va-
por content of the atmospheric boundary layer, surface
temperature, and sensible heat and latent heat fluxes. This
results in a change in the intensity of the interaction between
the land surface and the atmosphere, which has a feedback
effect on the regional climate and local precipitation, and
disrupts the original surface water balance.

In this study, two simulation experiments were set up to
examine the real scenario with vegetation restoration and a
hypothetical scenario without vegetation restoration. By
comparing these two experiments, and analyzing the net
impact of vegetation restoration on local precipitation, it was
found that large-scale vegetation restoration has had a po-
sitive effect on local precipitation in the Loess Plateau. On
the one hand, the increase in vegetation fraction leads to a
decrease in regional albedo, which increases the amount of
shortwave radiation received to heat the surface. On the other
hand, increased vegetation leads to increased evapo-
transpiration and latent heat flux, which has a cooling effect
on the ground. The heating effect is greater than the cooling
effect, which eventually leads to an increase in the land
surface temperature. Vegetation restoration can also affect
atmospheric water conditions: the resulting increase in eva-
potranspiration increases the water vapor content in the at-
mospheric boundary layer by 3.25%. At the same time, the
increases in surface temperature and sensible heat flux act to
increase the convective instability and enhance vertical
movement in the atmospheric boundary layer. Through these
physical processes, large-scale vegetation restoration ulti-
mately promoted the formation of local precipitation. Ob-
servational data show that precipitation on the Loess Plateau
increased significantly (at a rate of 7.84 mm yrﬁz) from 2000
to 2015. The simulation results show that large-scale vege-
tation restoration contributed about 37.4% of that precipita-
tion increase in the study area, while water vapor from
external circulation changes contributed the other 62.6%.
The annual average precipitation in the vegetation restora-
tion scenario on the Loess Plateau was 12.4% higher than
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that of the scenario without vegetation restoration. The in-
crease in precipitation means an increase in the available
rainwater resources. In future, the development and appli-
cation of technologies for efficient utilization of rainwater
resources will help to alleviate the conflicts between water
supply and demand caused by drought, water shortages and
vegetation restoration.
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