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Abstract: The temperate forests in Northeast China are an important ecological barrier. However, the
way in which temperate forests regulate the regional temperature and water cycling remains unclear.
In this study, we quantitatively evaluated the role that temperate forests play in the regulation
of the regional temperature and precipitation by combining remote sensing observations with a
state-of-the-art regional climate model. Our results indicated that the forest ecosystem could slightly
warm the annual air temperature by 0.04 &+ 0.02 °C and bring more rainfall (17.49 + 3.88 mm) over
Northeast China. The temperature and precipitation modification function of forests varies across
the seasons. If the trees were not there, our model suggests that the temperature across Northeast
China would become much colder in the winter and spring, and much hotter in the summer than the
observed climate. Interestingly, the temperature regulation from the forest ecosystem was detected in
both forested regions and the adjacent agricultural areas, suggesting that the temperate forests in
Northeast China cushion the air temperature by increasing the temperature in the winter and spring,
and decreasing the temperature in the summer over the whole region. Our study also highlights
the capacity of temperate forests to regulate regional water cycling in Northeast China. With high
evapotranspiration, the forests could transfer sufficient moisture to the atmosphere. Combined with
the associated moisture convergence, the temperate forests in Northeast China brought more rainfall
in both forest and agricultural ecosystems. The increased rainfall was mainly concentrated in the
spring and summer; these seasons accounted for 93.82% of the total increase in rainfall. These results
imply that temperate forests make outstanding contributions to the maintainance of the sustainable
development of agriculture in Northeast China.

Keywords: forest ecosystem; regional temperature and precipitation regulation; Northeast China;
WREF regional climate model

1. Introduction

Forest ecosystems are some of the crucial components of the terrestrial ecosystem.
They provide a variety of ecosystem services, including water and soil conservation, carbon
concentrations, climate regulation, and biodiversity maintenance, etc. [1-3]. Reforestation
or afforestation is regarded as one of the most effective natural climate solutions in terms of
maintaining warming below 2 °C [4,5]. China and various other countries have launched
a series of forest protection and restoration programs to make full use of the role that
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forests play in improving the vulnerable ecological environment [6,7]. The six reports
from the Intergovernmental Panel on Climate Change (IPCC) documented unprecedented
global warming and increasingly frequent extreme events over the past decade resulting
from human activities [8], suggesting that forests’ buffering impact on climate change has
become more and more critical.

Generally, the forest ecosystem regulates the climate through biogeochemical pro-
cesses and biogeophysical processes [9,10]. From the biochemical perspective, forest
ecosystems are a crucial carbon sink, storing ~45% of terrestrial carbon [11]. Both tropical
and temperate forests have high carbon storage capacities, and deforestation and forest
fires convert the carbon sink into carbon dioxide sources, contributing to warming [12].
The biogeophysical processes are the energy, moisture, and momentum exchanges between
the surface of the land and the atmosphere [13-15]. There is a general consensus regarding
the cooling effects of tropical forests and the warming effects of boreal forests [16-19].
The competition between evapotranspirational cooling and albedo warming determines
the final impact on temperature resulting from forests [20]. In tropical areas, deforesta-
tion significantly suppresses evapotranspiration (ET) and moderately increases albedo,
exerting a warming influence on Earth’s climate [21]. Contrarily, deforestation in boreal
regions strongly increases albedo and causes a slight decrease in ET, resulting in a cooling
effect [18,19,22]. Bonan et al. (2008) believe that the net climate impact of temperate forests
is highly uncertain because of the competition between low albedo in winter and high
ET in summer [12]. As a result, the climate effects caused by temperate forests are much
more complex, with apparent regional and seasonal dependence [23-27]. For example,
Peng et al. (2014) demonstrated that afforestation in China cools the surface temperature,
except in dry regions [23]. He et al. (2015) studied the impact of temperate forests on the
local surface temperature, and found that the conversion from forests to farmland may
lead to warming in summer and cooling in winter [24].

The temperate forests in Northeast China are a natural barrier for the Northeast Plain
and Hulunbuir grasslands of Inner Mongolia. They play an indispensable role in main-
taining the regional ecological balance and ensuring ecological security and environmental
quality at the local and national levels. Furthermore, the Northeast Plain, surrounded by
temperate forests, is one of the main grain-producing areas in China. The forest ecosystem
provides plenty of ecological services at the regional scale, including water conservation,
wind prevention, sand fixation, and climate regulation, which have been widely docu-
mented. However, the way in which the forest activity alters the agricultural climate, which
may further influence crop growth and grain yield in the Northeast China plain, still lacks
comprehensive understanding.

Therefore, the primary objective of this study was to quantitatively evaluate the role
of forest ecosystems in the regulation of the temperature and precipitation pattern across
Northeast China. First, spatial-temporal continuous multisource remote sensing datasets
were used to characterize the land use/land cover pattern and surface properties for all
the ecosystems in Northeast China. Moreover, we incorporated these remote sensing-
based parameters into the regional climate model in order to better simulate the regional
temperature and precipitation pattern. Thereafter, we adopted scenario simulations based
on a regional climate model to identify the impact of forests on the regional temperature
and precipitation. Finally, the biogeophysical mechanisms through which forest ecosystems
regulate the regional temperature and water cycling were further analyzed, i.e., the energy
exchanges and water cycling processes between the land surface and the atmosphere. Our
study will provide a scientific basis for temperate forest ecological protection and decision
support for the sustainable development of agriculture in Northeast China.

2. Materials and Methods
2.1. Study Area

Northeast China (Figure 1) extends from a latitude of 38°40’ N to 53°34' N and a
longitude of 115°05’ E to 135°02" E [28]. Its total area is 1.24 million square kilometers,
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accounting for 12.9% of the total land area of China. It is primarily made up of mountains
and plains. The mountains are mainly located in the east, west, and north of Northeast
China, while the plains are in the middle and south. The climate is characterized as a
temperate monsoon climate, with long and cold winters, and mild and wet summers.
The average minimum temperature in January is lower than —20 °C, while the average
temperature in July ranges from 18 °C to 20 °C. Influenced by the summer monsoon
from the Pacific, most of the precipitation is concentrated in the summer, which can reach
400-700 mm. The soil types are mainly black soil, chernozem, dark brown soil, and brown
soil, which provide excellent conditions for both forests and crops. Forests and farmland
are the main landscape types in Northeast China, accounting for 35% and 30% of the
total area, respectively. The forests in the region are mainly distributed in the mountains,
including the Great Khingan Range, the Lesser Khingan Mountains, and the Changbai
Mountains. Moreover, the farmland is primarily located in the plain regions, including the
Songnen plain, the Liaohe plain, and the Sanjiang plain.
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Figure 1. The geographic location of Northeast China.

The temperate forests in Northeast China are cold-temperate coniferous forests in
the north and temperate summer green forests in the south [29]. As a result, the forest
composition is mainly characterized as deciduous coniferous forest, deciduous broadleaf
forest, and mixed forest (Figure 2). The forest in Northeast China comprises one belt of
the “two screens and three belts” national ecological security pattern. It is an essential
ecological barrier for the environment in Northeast China. Northeast China is also China’s
commodity grain production base, and thus, sustainable agricultural development is
the primary objective in this region. Therefore, studying the way in which temperate
forests modify the regional temperature and precipitation patterns is vital in order to
fully understand the ecological functions of forests on both the individual forest and
forest-agriculture ecosystem scale.
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Figure 2. Spatial distribution of the land use/land cover in our simulation domain.

2.2. Data Sources
2.2.1. Land Use/Land Cover (LULC) Data

The land use/land cover data used in this study were divided into two parts: first, we
selected the land use/land cover data in China from the resource and environmental science
and data center of the Chinese Academy of Sciences (CAS). These LULC data were from
Landsat Operational Land Imager, and had a spatial resolution of 1 km. Secondly, regarding
the LULC pattern outside of China but within the simulation study area, we utilized the
European Space Agency (ESA) climate change initiate (CCI) LULC data from 2015 [30].
Both LULC datasets were uniformly converted using the USGS LULC classification system,
and then were projected onto the Lambert equal area projection system to match the model
setup. Thereafter, the LULC percentage for each LULC category was calculated, and the
primary LULC type in each 10 km grid was identified in order to update the original
LULC-related datasets in the WRF model.

2.2.2. Other Surface Parameter Data

The spatially continuous surface parameter data used in this study mainly included
leaf area index (LAI), the fraction of vegetation coverage (FVC), and albedo data. In the
Noah land surface model, LAI and FVC are essential land surface parameters to express
the energy, moisture, and carbon exchanges between the land surface and atmosphere.
LAI reflects the physiological structure of plants and determines the water and carbon
cycle for the vegetation canopy. For the water transfer process, LAI determines the canopy
transpiration, respiration, and stomatal conductance, while for the carbon process, LAI
is also an indispensable parameter for the calculation of vegetation photosynthesis and
the soil carbon accumulation from falling leaves. In contrast, FVC is mainly involved in
the energy and water cycle, which is used to calculate the physical processes, including
radiation partitioning between vegetation canopy and soil, canopy evaporation intercep-
tion, and precipitation interception and transmission to the surface. The LAl and FVC were
obtained from the Global Land Surface Satellite Data Set (GLASS) [31], spanning from 1981
to 2018. The spatial resolution of the LAl and FVC data products is 0.05°, and the temporal
resolution is eight days. In order to match the model requirements, the datasets were first
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integrated into monthly average data. Surface albedo data, which reflect the optical charac-
teristics of the surface, were obtained from the fifth-generation reanalysis dataset of the
European Center for medium range weather forecasting (ERA5-land) monthly dataset; they
have a spatial resolution of 0.1°. In order to eliminate the impact of climate fluctuations on
the surface parameters, we used the 3-year mean monthly averaged LAI, FVC, and albedo
data from 2016 to 2018 to update the spatiotemporal data of the corresponding surface
parameters in the WRF model.

2.2.3. Climate Forcing Data and Surface Meteorological Observational Data

We used the ERA5 data to provide the initial and boundary conditions for the model
simulation. The ERA5 is a long-term, hourly climate reanalysis dataset, which has been
widely used in climate change research [32]. The dataset provides near-real-time mete-
orological data concerning the surface and pressure levels from 1979, and has a spatial
resolution of 0.25° x 0.25°. The meteorological observational data were obtained from the
National Meteorological Science Data Center (http://data.cma.cn/, accessed on 8 May
2021). Our study area included 98 and 95 observational stations from 2016 to 2018 for
temperature and precipitation, respectively. In this study, we used the annual average
temperature and annual total precipitation to evaluate the accuracy of the model simulation
results. We interpolated the meteorological observational data into the model resolution
to eliminate the scale mismatch between the station and the model resolution using the
Australian National University Spline (ANUSPLIN) method [33].

2.3. Experiment Design and Regional Climate Simulation

In this study, we used the weather research and forecasting (WRF) model to separate
the biophysical impacts that forests have on the regional climate. The WRF model was
developed by the National Center for Atmospheric Research (NCAR), the National Center
for environmental prediction (NCEP), and other institutions, and has been widely used in
numerical weather prediction and regional climate change research due to its flexibility
in parametric scheme selection and simulation resolution setting [34]. The model has
been registered and used by scientific researchers and relevant personnel in more than
160 countries. We chose the advanced research WRF (ARW) version 4.2 to conduct our
experiments. As a result of the high spatial resolution of the ERA5 climate forcing data, we
designed one domain covering Northeast China to carry out our simulation. The domain
center is located at a latitude of 46° N and a longitude of 125° E. The horizontal resolution
of the domain is 10 km, including 180 x 200 grids in the east-west and south-north
directions (Figure 2).

We used two sets of simulation experiments, i.e., a forested scenario and an all-
grassland scenario, to quantitatively evaluate the biophysical impact of the forest ecosystem
on the local and regional climate. In the forested scenario, we used the LULC pattern from
2015, 3-year averaged monthly LAI, FVC, and albedo data from 2016 to 2018 to drive the
regional climate model. Because there were no available LULC data from 2016 to 2018
in China from the Chinese Academy of Sciences, the LULC data from 2015 were used
instead. In the all-grassland scenario, we assumed that all of the forests were degraded into
grassland. All of the forests’ types from the LULC data were replaced with grassland, and
the surface parameters—including LAI, FVC, and albedo—for the degraded forest were
updated with the statistical mean values of grassland (Table 1). The surface parameters
of the three dominant forest types are also displayed in Table 1 in order to distinguish
the differences in the surface properties between forest and grassland. It should be noted
that the input albedo in the WRF model was the background albedo, suggesting that
the actual albedo in the snow-covered months should be calculated based on both the
background albedo and snow properties, including the snow depth. Therefore, the snow
albedo (SNOWALB) of the original forest (0.44) was replaced with the regional statistical
mean values of grassland (0.66) to update the snow albedo in the all-grassland scenario.
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Table 1. The regional statistical monthly mean albedo, FVC (%), and LAI (m?/m?) for grassland and forests.

Ve%e];)aet;on Parameters January February March April May June July August September October November December
Grass Albedo 0.20 0.20 0.20 020 020 019 0.19 0.18 0.18 0.19 0.19 0.20
FvC 1.54 1.26 1.07 170 1079 2280 3282 33.44 18.14 4.51 2.29 1.86
LAI 0.11 0.10 0.14 022 043 078 117 112 0.61 0.25 0.17 0.15
. Albedo 0.26 0.24 0.23 019 017 017 017 0.16 0.15 0.18 0.23 0.24
Mixed FVC 4.76 4.42 5.04 743 2682 5392 6748 6743 40.06 12.40 7.36 5.88
forest LAI 0.29 0.27 0.32 063 127 200 267 2.58 157 0.74 0.46 0.36
Deciduous Albedo 0.33 0.32 0.28 021 013 013 0.14 0.13 0.12 0.18 0.27 0.32
coniferous FvC 14.98 14.00 13.51  20.85 54.93 80.21 8556 79.17 42.53 22.33 18.09 16.45
forest LAI 0.67 0.61 0.58 075 205 384 436 3.95 2.11 0.81 0.75 0.69
Deciduous Albedo 0.34 0.33 0.29 016 015 016 0.16 0.15 0.13 0.14 0.25 0.29
broadleaf FvC 11.31 9.47 9.20 19.33  59.27 7948 86.96  85.11 60.77 23.79 15.54 13.38
forest LAI 0.49 0.50 0.50 079 252 402 444 4.16 2.64 0.92 0.58 0.49

In the two groups of scenario simulation experiments, we used the same initial and
boundary conditions and the same surface physical parameterization schemes to isolate
the contribution of forests to the regulation of the local and regional climate. Specifically,
we used the ERA5 climate variables at 00:00 on 1 June 2015, to initialize the WRF model,
and the data from 2015 to 2018 as the lateral boundary. The WRF model was started on
1 June 2015, and ran until 31 December 2018. The simulated model results from 1 June
2015 to 30 November 2015 were used for the model spin-up, and the results from the
next three years and one month were used for further analysis. The differences between
the forested and all-grassland scenarios were used to represent the biophysical impact of
forests on the regulation of the regional climate. The scenario differences in air temperature
at 2 m and the energy components—including incoming shortwave radiation, outgoing
shortwave radiation, downward longwave radiation, upward longwave radiation, latent
heat flux, sensible heat flux, and ground heat flux—were used to illustrate the temperature
impact from forests, while the evapotranspiration, precipitation, and U-V wind were used
to represent the impact of forests on water cycling.

3. Results and Discussion
3.1. Biophysical Impact of Temperate Forests on the Local and Regional Air Temperature

In this study, we estimated the biophysical impact of temperate forests on both the
local and regional temperature by combining a land surface model and a high-resolution
regional climate model. On the basis of the differences between the simulated results of
the forested scenario and the all-grassland scenario, we separated the role that temper-
ate forests play in the regulation of the local and regional temperature (Figure 3). From
the perspective of biogeophysical processes, the temperature-regulating effect of the tem-
perate forest in Northeast China was generally characterized as a slight warming effect
(0.04 £ 0.02 °C), which was generally consistent with various previous studies [35-39].
Moreover, the temperature regulation effects of the temperate forests exhibited significant
seasonal differences. Generally, the forest activity in Northeast China decreased the annual
temperature range by cooling the air temperature in the summer and autumn, and warm-
ing the air temperature in the winter and spring. Specifically, the summer air temperature
would rise by 0.88 £ 0.05 °C (p < 0.01) and the autumn temperature would increase by
0.05 £ 0.04 °C if the trees were not there. In contrast, the winter and spring would become
much colder, with the air temperature decreasing by 0.65 =+ 0.06 °C and 0.44 &+ 0.11 °C,
respectively, if there were no trees.

Figure 3 illustrates the spatial pattern of the air temperature changes across different
seasons compared to the scenario in which trees are absent. Generally, the temperature
benefits from forests are usually evaluated locally or regionally based on observational
and model simulation results. Contrary to previous studies, our results highlight the role
that temperate forests in Northeast China play in the regulation of the temperature in the
surrounding agricultural ecosystems. We found that temperate forests could warm the
cropland by 0.47 & 0.11 °C and 0.38 £ 0.10 °C in the winter and spring, respectively, and
that they could cool the cropland by 0.51 &£ 0.05 °C in the summer. This indicates that the



Remote Sens. 2021, 13, 4767 7 of 16

forests provide a cushioning effect that acts against the regional cold and high temperatures
in the cropland regions.

50°N
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Figure 3. Differences (all-grassland scenario minus the forested scenario) in the air temperature (°C) at 2 m in December—
January—February (a) March-April-May (b) June-July-August (c) and September—October—-November (d) between the
forested and all-grassland scenarios.

The surface energy budget and energy redistribution are often used to explain the
mechanisms related to local temperature responses to land use and land cover changes.
Given that the forest’s air temperature regulation varied across different seasons, we
quantitatively evaluated how the forest ecosystem modifies the local temperature by
altering shortwave radiation, longwave radiation, sensible heat flux, latent heat flux, and
ground heat flux (Figure 4).
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Figure 4. Differences (all-grassland scenario minus the forested scenario) in net shortwave radiation (NetS), net longwave
radiation (NetL), net radiation (RN), latent heat flux (LE), sensible heat flux (SH), and ground heat flux (GRDFLX) for the
forest ecosystem. (a) Winter; (b) spring; (c¢) summer; (d) autumn. *, **, and *** indicate that the differences are significant at
p <0.05,p <0.01, and p < 0.001, respectively.

The simulated results from the regional climate model showed that forests significantly
cooled the local summer air temperature, mainly due to their evapotranspiration being
higher than grassland. Moreover, with higher surface roughness, the turbulent heat
exchange between the forests and the atmosphere is more significant than when trees are
absent. As a result, the latent heat flux would decline by 22.90 4- 2.05 W/m? (p < 0.001).
In the winter, the higher albedo with the loss of forest cover due to snow cover could
significantly increase solar radiation reflection and reduce the net shortwave radiation
by 18.39 + 0.50 W/m? (p < 0.001). Without the sheltering from forests, the decreased
surface temperature would reduce the longwave radiation emitted by the surface and
increase the net longwave radiation by 4.24 + 0.35 W/m? (p < 0.001). As a result, the
surface net radiation would significantly decrease by 14.16 & 0.40 W/m? (p < 0.01) if the
trees were not there. The ET differences between the forested and all-grassland scenarios
are not evident (3.83 + 0.48 W/m?, p < 0.001) compared with the net solar radiation,
implying that the albedo-climate feedback plays a dominant role in determining the
winter temperature changes. These results are in general accordance with the study of
He et al. (2015) [23]. Using remote sensing observations and a space-for-time approach,
He et al. (2015) concluded that the annual net climate effect, which signifies the land surface
temperature change, is not evident because of the contrary effects of the energy budget
change in summer and winter [23].

Unlike He et al.’s study, we also observed spring warming effects from forests. With
lower snow albedos, forests can absorb more shortwave radiation (33.96 + 2.78 W/m?,
p < 0.01) in spring, the change magnitude of which is even greater than that in winter. This
can be explained by the limited incoming solar radiation in winter, although with higher
albedo differences. The growing season starts significantly earlier in the forests of Northeast
China compared with the grassland. As a result, the latent heat flux in the forested scenario
is higher by 15.76 4 0.82 W/m? (p < 0.001) due to stronger evapotranspiration. Due to forest
loss, the sensible heat flux would reduce by 18.22 + 1.65 W/m? (p < 0.01) to balance the
reduced net radiation. This means that the forest cooling effects due to evapotranspiration
can be fully counteracted by the albedo warming effects in spring.
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3.2. The Influence of Temperate Forests on the Regional Water Cycle

Evapotranspiration is one of the most important factors for the maintainance of the
land surface water cycle. The simulated results indicated that temperate forests support
higher rates of evapotranspiration compared with grassland. Without the forests, the total
annual ET would decrease by 59.91 £ 0.44 mm (p < 0.001) in Northeast China. The decline
in evapotranspiration was mainly concentrated in the summer, which registered decreases
of 30.64 £ 2.68 mm (p < 0.01), followed by the spring (19.63 &+ 1.00 mm, p < 0.05), autumn
(5.60 £ 1.86 mm), and winter (4.10 & 0.60 mm, p < 0.001). The spatial pattern of ET changes
between the forested and all-grassland scenarios, as illustrated in Figure 5, showed that the
significant ET changes were mainly concentrated in the forested areas.

Moreover, the ET responses showed apparent regional heterogeneity. The ET capacity
of forests is highly dependent on latitude, forest type, season, and elevation [11,40—-42].
Through all four seasons, the reduction in ET in the temperate forest areas at low latitudes
was much more significant than that in the Great Khingan Range forests, which are located
at a higher latitude. Because the deciduous broad-leaved forests at low latitudes have
a larger leaf area index than the deciduous coniferous forests at a higher latitude, the
evapotranspiration capacity of their vegetation canopy is higher. Furthermore, warmer
temperatures have the potential to increase ET [43]. Compared with the all-grassland
scenario, the temperate forests cool the summer air temperature, inhibiting the local ET
in some agricultural areas without land surface changes. The summer ET in regions,
including the west side of the Lesser Khingan and Changbai Mountains and the Sanjiang
plain, would increase by approximately 10-30 mm if the forests were not there.

By comparing and analyzing the differences in precipitation in the two scenarios
(Figure 6), we found that the forest ecosystem in Northeast China plays a critical role in the
regulation of the regional precipitation patterns. Our climate model simulations showed
that the forests increased the annual precipitation in Northeast China by 17.49 £ 3.88 mm
compared with the all-grassland scenario. The precipitation improvement was most evi-
dent in the summer and spring seasons, which were 9.94 + 5.08 mm and 6.46 £ 2.07 mm,
respectively. The spatial pattern of the precipitation differences between the two scenarios,
as illustrated in Figure 6, demonstrated that the precipitation regulation from forests was
not only focused on the forested areas but also the surrounding regions. For example,
the forest activity could increase the rainfall by 25.81 £ 7.86 mm in the forest ecosystem,
and 55.68% and 29.19%, in the spring and summer, respectively. Regarding the agricul-
tural ecosystem, our simulated results demonstrated that the annual precipitation would
decrease by 21.31 + 5.76 mm if the trees were not there, of which 15.60 £ 6.23 mm and
4.65 + 0.88 mm occurred in the summer and spring. In some specific regions of the Song-
nen and Sanjiang plains, the loss of the forests would decrease the summer precipitation
by more than 30 mm.

Sufficient water vapor and water vapor convergence are the conditions which are
necessary for precipitation formation [42,44]. With higher surface roughness and surface
drag coefficient, forests also modify the wind field and atmospheric circulation (Figure 7).
The winter season in our study area is significantly affected by the extreme cold in Siberia.
Without the forest barrier, the northwesterly wind on the northeast plain would intensify,
bringing more cold air and reducing the air temperature in this region (Figure 3a). In the
spring, although cyclonic conditions form in the border area between Northeast China and
Russia, the evapotranspiration would decrease significantly if the forests were converted
to grassland, making precipitation formation difficult due to a lack of water vapor.
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Figure 5. Differences (all-grassland scenario minus the forested scenario) in evapotranspiration (mm) in December-January—
February (a) March—April-May (b) June-July—August (c) and September—October—-November (d) between the forested and
all-grassland scenarios.
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Figure 6. Differences (All-grassland scenario minus forested scenario) in precipitation (mm) in December—January—
February (a) March—April-May (b) June-July—August (c) September—October—-November (d) between the forested and
all-grassland scenarios.
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Figure 7. Differences (all-grassland scenario minus the forested scenario) in 700-hPa U-V wind (m/s) in December-January-
February (a) March-April-May (b) June-July—August (c) and September—October—-November (d) between the forested and
all-grassland scenarios.

In the summer, the forests can provide sufficient water vapor with higher evapotran-
spiration capacity, combining with the moisture convergence, generating more rainfall
(Figure 6¢). This is consistent with a recent study from O’Connor et al. (2021). They
reported that the forest land cover in the upwind precipitationshed can reduce the monthly
precipitation variability downwind [45]. The forest cover in the Lesser Khingan and
Changbai mountains promoted atmospheric moisture recycling and caused increased
precipitation in the plain regions compared to the scenario in which there is an absence
of trees.
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3.3. Model Validation and Uncertainty Analysis

By comparing the simulated model annual average temperature and precipitation
data with the meteorological observational data, we found that the physical parameteriza-
tion schemes and near-real-time surface parameters adopted in this study can accurately
simulate the temperature and precipitation characteristics in Northeast China (Figure 8).
Specifically, we found that the temperature simulated by the model had a cold bias of
0.07 °C, and the correlation coefficient with the observed temperature was 0.97. Regarding
precipitation, the model overestimated the precipitation by 0.42 mm/d, and the correlation
coefficient with the observed precipitation was 0.85. Considering the capability of the
climate model to simulate precipitation, we assumed that the precipitation differences
between scenarios are able to describe the precipitation benefits from forest ecosystems.
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Figure 8. Simulated and observed air temperature at 2 m, and precipitation.

4. Conclusions

The temperate forest in Northeast China is an essential ecological barrier from the per-
spective of regional climate regulation. In this study, we quantitatively evaluated the role
that temperate forests play in the regulation of the regional temperature and precipitation
pattern by combining remote sensing observations and a state-of-the-art regional climate
model (WRF). Our results indicated that the forest ecosystem slightly warms the annual air
temperature by 0.04 & 0.02 °C and brings more rainfall (17.49 4 3.88 mm) over Northeast
China. The temperature and precipitation modification function of forests varies across
the seasons. If the trees were not there, our model suggests that the temperature across
Northeast China would become much colder in the winter and spring, and much hotter
in the summer than the observed climate. Interestingly, the temperature regulation from
forest ecosystems was detected in both forested regions and the adjacent agricultural areas,
suggesting that the temperate forests in Northeast China cushion the air temperature by
increasing the temperature in the winter and spring, and decreasing the temperature in the
summer over the whole region. Our study also highlights the capacity of temperate forests
to regulate regional water cycling in Northeast China. With high evapotranspiration, the
forests could transfer sufficient moisture to the atmosphere. Combined with the associated
moisture convergence, the temperate forests in Northeast China brought more rainfall in
both forest and agricultural ecosystems. The increased rainfall mainly occurred in the
summer and spring; these seasons accounted for 93.82% of the total increase in rainfall.
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It should be pointed out that there may exist some limitations in this study. First,
our research assumed that the surface properties reflected by remote sensing products
are reliable. In other words, the quality of the remote sensing products may affect the
simulated results presented here. Second, this study used idealized experimental scenarios
(forested and all-grassland) to evaluate the role that temperate forests play in the regulation
of the regional temperature, precipitation, and atmospheric circulation in Northeast China.
Future studies should assess the impact that the forest structure and changes in forest
quality have on regional climates by using long-term observations and simulations to
support regional ecological development and sustainable agricultural development.
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