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Abstract. The Chinese government has implemented large-scale vegetation restoration projects and plans to expand the
percentage of grasslands to 60 %. However, excessive vegetation restoration consumes more moisture and causes soil drying
in the agro-pastoral ecotone of Northwest China (APENWC). The optimal mixture of land use/cover in the APENWC
incorporated into vegetation restoration strategies to mitigate the drying effects remains unclear. To fill this gap, the
Community Land Model version 5.0 (CLM5.0) with static climatic forcing was used to analyse the spatially averaged
impacts of land use/cover change (LUCC) by simulating real LUCC scenarios from 2000 to 2015 and examine the impacts
of different types of LUCC by simulating idealised maximised LUCC scenarios. The results showed that the two main types
of LUCC in the study region from 2000 to 2015 were the conversion from bare land and croplands to grasslands. The bare
land to grasslands decreased the annual mean land surface temperature (LST) by -0.17 °C, while croplands to grasslands
increased the yearly mean LST by 0.96 °C; evapotranspiration (ET) changes were 53.32 and -184.42 mm yr!, respectively,
leading to an annual spatially averaged LST by a cooling range of -0.06 £0.15 °C and ET increased by a range of 9.70 +
19.04 mm yr in the study region. The correlation coefficients between biogeophysical characteristics and change of ET and
LST indicated that surface albedo was the most sensitive surface characteristic influencing LST and ET in summer and
winter from bare land and croplands to grasslands. In contrast, the leaf and stem area index (LAl + SAI) showed the most
significant correlation between croplands and grasslands throughout the year. An analysis of changes in land use/cover
patterns from 2000 to 2015 found that some grids experienced drying and warming as vegetation restoration projects, owing
to the offsetting effects of the two types of LUCC. Furthermore, to identify the proper land use/cover pattern to mitigate
drying, we designed different LUCC scenarios by varying the mixture of land use/cover in the CLM5.0 and compared the
criteria (water conservation and LST) from the output. Based on higher water conservation and cooling surface, results show
that the optimal percentages of grasslands, bare land, and croplands in the APENWC approximately are 60, 23, and 11 %,
respectively, which will mitigate the drying and warming surface environment; this suggests that approximately 5348 km? of
bare land and 1163 km? of croplands will be transformed into grasslands. These findings provide vital information for

maintaining ecohydrological sustainability in the APENWC and similar areas.



35

40

45

50

55

60

Keywords: Land use/cover change, Water conservation, CLM5.0, Land use pattern, Agricultural-pastoral ecotone in

Northwest

1 Introduction

Land use/cover change (LUCC), such as deforestation, afforestation, grassland restoration, and agricultural expansion,
affects the interaction of energy and vapour at the interface between the land and atmosphere by modifying biogeophysical
characteristics, thereby modulating climate and hydrology at regional and global scales (Alkama and Cescatti, 2016; Chen
and Dirmeyer, 2016; Chen and Dirmeyer, 2017; Davin et al., 2020; Duveiller et al., 2018; Liu et al., 2016; Woodward et al.,
2014). The LUCC has been recognised as one of the key climatic, hydrological mitigation, and adaptation strategies
available to governments, especially under global warming and water resource shortages (Arora and Montenegro, 2011;
Davin et al., 2014; Findell et al., 2017; Poniatowski et al., 2020). Therefore, examining the impacts of the LUCC and
developing optimal land use/cover patterns are crucial for supporting long-term sustainable land management and ecosystem
services (Jia et al., 2017a; Zhang et al., 2018).

Statistical analyses based on in-situ observations, satellite products, and simulated scenarios using numerical models have
been widely adopted (Lee et al., 2011; Nkhoma et al., 2021). However, in-situ observations are sparsely and unevenly
distributed because of equipment and resource constraints (Li et al., 2021; Zhang et al., 2021). Satellite products rarely
provide accurate continuous long-term data because the satellites obtains instantaneous images, and processing methods
introduce uncertainty (Srivastava et al., 2015; Zhang et al., 2010). Numerical models have been used to study multiple
variables with high spatial resolution over extended periods and to access flux cycles with a consistent framework (Han et al.,
2021; Winckler et al., 2018). Many studies have used numerical models to systematically interpret water and energy
processes, contributing to a better understanding of the impacts of LUCC (Chen and Dirmeyer, 2019; Llopart et al., 2018).
The Community Land Model (CLM), in which each grid cell is composed of multiple land use/cover, represents well under
different land use/cover and LUCC regions (Li, 2021; Meier et al., 2018; Xu et al., 2020; Lawrence et al., 2019), which
would effectively simulate changes in the water and energy processes response to LUCC.

Land surface temperature (LST) and evapotranspiration (ET) are extremely sensitive to the LUCC and provide important
information regarding extreme events and water resource management (Chen and Dirmeyer, 2018; He et al., 2020; Li et al.,
2015; Wang et al., 2020). The impacts of the LUCC on LST vary mainly because of competition among different
biogeophysical characteristics, such as surface albedo and surface roughness (Burakowski et al., 2018; Cherubini et al., 2018;
Davin and De Noblet-Ducoudré 2010; Li et al., 2015). The LUCC alters the redistribution of moisture flux and energy
balance through biogeophysical characteristics, which differ according to LUCC types and spatial variability, leading to
impacts on ET (Das et al., 2018; Li et al., 2017; Ning et al., 2017; Winckler et al., 2017). Additionally, the diurnal cycle has
been widely adopted to clearly show discrepancies in flux distribution, including soil residual heat fluxes and latent heat

fluxes, representing temperature and ET, in different land use/cover types, and to explicitly explain how biogeophysical
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characteristics in the LUCC process affect the energy and water cycle (Breil et al., 2020; Kueppers and Snyder, 2011).
However, the spatially averaged impacts of LUCC and the impacts of a single LUCC on LST and ET have been studied
extensively (Cherubini et al., 2018; Davin and De Noblet-Ducoudré 2010), and few researchers have quantified and
attributed these spatially averaged impacts to the synergy of different LUCC types under complicated realistic conditions.
Therefore, LST and ET were selected as representatives to quantify the synergy and respective impacts of different types of
LUCC, which will help explain the mechanisms of optimal land use/cover patterns.

The agricultural pastoral ecotone in Northwest China (APENWC), which is mainly interlaced by grasslands, croplands, and
bare land, is one of the largest agropastoral ecotones worldwide (Li et al., 2018; Xue et al., 2019; Yang et al., 2021a). Since
the 1980s, The land surface vegetation has been experiencing changes over the last decades due to implemented policies,
such as the “Grain for Green Project” and “Three-North Shelterbelt” (Cao et al., 2015; Wei et al., 2018; Liu et al., 2019).
These programs have contributed to increased vegetation (Wang et al., 2019b; Wu et al., 2013; Xue et al., 2019; Zhang et al.,
2018) and vegetation restoration has led to increased soil moisture consumption (Yang et al., 2021a), reduced runoff (Liang
et al., 2015; Zhang et al., 2016), increased ET (Wang et al., 2019a) and decreased LST (Wang et al., 2020). However, some
studies have pointed out that excessive vegetation restoration declines ecohydrological sustainability, such as soil drying (Jia
et al., 2017b; Zhang et al., 2018), indicating that incorporating proper land use/cover into decision-making suitable for the
APENWC standing perspective of ecohydrological sustainability is urgently required. Additionally, the latest national
ecological development project plans to expand the percentage of grasslands to 60 % in China and continue to convert bare
and agricultural lands to grasslands to improve ecosystem services in the APENWC from 2021 to 2035 (China state council,
2017; National development and reform commission, 2019). However, this plan to expand the percentage of grasslands to
60 % of the study area has not been robustly tested, and little was done to propose the proper percentages of croplands and
bare land suitable for the APENWC under the government plan.

This study identifies the optimal mixture of land use/cover to expand the percentage of grasslands to 60 % and mitigate the
drying effects due to vegetation restoration, for the first time. Previous studies have optimised land use/cover by setting
different weights for economic profit and ecological parameters in scenario simulations using a Multi-Objective Genetic
Algorithm(Kaim et al., 2018; Kucsicsa et al., 2019; Yang et al., 2020). The experimental design was limited owing to
insufficient theoretical studies on parameter settings (Ding et al., 2021) and could not meet the government's preset values
(e.g., 60 % grassland). Therefore, we first quantified the impacts of the LUCC by simulating land uses/cover scenarios with
static climatic forcing in the CLM. We investigated the spatially averaged impacts of LUCC in real scenarios from 2000 to
2015, as well as the impacts of a single type of LUCC in idealised scenarios with maximised LUCC. These spatially
averaged impacts were attributed to the synergy of different LUCC types. In addition, we further designed different LUCC
scenarios by setting the percentage of grasslands as 60 % and varying the percentages of croplands and bare land in the
CLM5.0 to identify the optimal mixture of land use/cover in the APENWC based on the higher water conservation and

cooling surface.



100

105

2 Materials and Methods
2.1 Study area

The boundary of the agro-pastoral ecotone did not reach agreement because of the differently defined indicators of ecology,
climatology, and economic geography (Li et al., 2021). The APENWC was identified based on previous research(Wang et
al., 2020; Tan et al., 2020), including the Otog Banner, Otog Front Banner, Lingwu, Yanchi, Dingbian, Jingbian, Hengshan,
Yuyang, Wushen, and Shenmu. It is located northwest of the agro-pastoral ecotone in Northern China (APENC). It lies
between 36.816 to 40.194 N and 106.228 to 110.903 E (Fig. 1), covering 77,513 km?, at an elevation of 915-1947 m above
mean sea level with an annual average temperature of 7.0 to 9.0 °C, an annual average relative humidity of 13 %, and annual
precipitation of 250 to 450 mm with most of it falling in the summer (Xu et al., 2020; Yang et al., 2021a). The sequence’s
dominant land use/cover types were grasslands, bare land, and croplands. The study area is a climatic and ecological
transition belt historically developed by agricultural cultivation and animal husbandry. It is highly sensitive to changes in
human activities and background climate (Tan et al., 2020; Wei et al., 2018; Xue et al., 2019).
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Figure 1. (a) DEM of the APNEWC and the locations of the in-situ observation stations. (b) Land use/cover map of the study area
in 2000. (c) Land use/cover map of the study area in 2015.

2.2 Datasets

The surface land use/cover dataset covered the study area with a 30 m >30 m resolution. Two years 2000 and 2015 were
selected to represent land use/cover before and after the vegetation restoration projects. The land use/cover dataset over the
APENWC contains eight land use/cover types, including shrublands, grasslands, croplands, urban areas, barren land, water
bodies, evergreen needleleaf forests, and deciduous broadleaf forests, which correspond to the land use/cover types in the
CLM5.0 input surface data. Rainfed and irrigated croplands data were calculated using the ratio of irrigated land to
cultivated land in the Shanxi, Ningxia, and Erdos Yearbooks. The percentage of rainfed and irrigated croplands on the
APENWC was 61.30 and 38.70 in 2000, and 46.48 and 53.52 in 2015, respectively (Xu, 2018; Yang, 2021). The China
meteorological forcing dataset (CMFD, http://data.tpdc.ac.cn), with a 3-hour time step and a horizontal spatial resolution of
0.1 < covers the period from 1979 to 2018 (Yang and He, 2016), widely. The soil properties dataset for land surface
modelling over China (http://data.tpdc.ac.cn) with a 30>30 arcsec resolution included sand, clay, soil organic matter, and
bulk density (Shangguan and Dai, 2013).

Six in-situ observation stations were established in 2016. Two Yanchi sites were used for croplands and grasslands, site 18,
site 20, site 39 for grasslands, and site 42 for croplands. The sampling locations are shown in Fig. 1 and Table S1. The
latitude, longitude, and elevation were determined using a GPS receiver during the field survey. Soil temperature and
moisture were recorded every half hour from August 2016 using an ECH20 sensor to record the 0-5, 5-10, 10-15, 15-30,
and 30-50 cm soil layers. The MODIS LST (https://Ipdaac.usgs.gov/dataset_discovery/modis) with 0.05 “spatial resolution
was used to validate LST over the domain, including daytime and nighttime (Wan et al., 2015). ET and net radiation were
validated over the domain using two sensing products from GLASS (http://glass-product.bnu.edu.cn/): ET with 8-day
temporal resolution and 0.05 “spatial resolution and surface all-wave daily net radiation with daily temporal resolution and
0.05 “spatial resolution (Guo et al., 2020; Yao et al., 2014).

Table S2 lists the input and validation datasets, product names, and support resources. The surface land use/cover dataset
that covered the study area was evaluated in a previous study and its precision was reliable (Du et al., 2020). The China
meteorological forcing dataset and MODIS LST have been widely used in the study area of previous studies (Li, 2021;
Wang et al., 2020). Other datasets, such as GLASS have been evaluated in papers that produce the data. The uncertainty in
soil properties is discussed in Section 4.2. For the convenience of model validation, we interpolated all data into 0.1 <grids

coincident with the spatial resolution of the model output.

2.3 Model description and experimental design

CLMB5.0, developed by the National Center for Atmospheric Research (NCAR) and serving as the land surface component of

the Community Earth System Model (CESM, http://www.cesm.ucar.edu/models/cesm?2/), is a land surface model including
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biogeophysical and biogeochemical processes (Lawrence et al., 2019). In CLM5.0, each grid cell has different land units,
including vegetated, crop, lake, urban areas, and glacier. The vegetated land unit is divided into 16 plant functional types
(PFTs) in the SP compset (Bonan et al., 2002; Lawrence et al., 2019). Details of the latest CLM5.0 adopted in this study can

be found in the technical description in version 5.0 (http://www.cesm.ucar.edu/models/cesm2/land/CLM50_Tech_Note.pdf).

Because we needed to represent the local crop of APNEC in CLM5.0, we modified the parameters of the C3 Unmanaged
Crop in the SP compset and regarded it as corn. According to the local corn in the APNEC, the modifications in this study
include: leaf area index (LAI) of 0 as a managed crop in the non-growing season, canopy height of corn of 1.65 m by field
gauge from 2017 to 2018, C4 photosynthetic pathway because corn is a C4 plant, and stem area index (SAI) of 0.1* LAL.
The entire domain was produced in CLM5.0 with 40 x50 horizontal grid cells with a spacing of 0.1 <and each grid was
composed of percentages of multiple land use/cover. The spin-up time to reach equilibrium was strictly constrained by
|Varn+1-Vary| < 0.001*|Vary| (Cai et al., 2014; Yang et al., 1995), where Var is each of the variables for the spin-up and n is
the year for the spin-up time. According to Han et al. (2021), soil moisture requires the longest memory time. Therefore, the
soil moisture was selected as the constrained variable (Fig. S1). We cycled atmospheric forcing from 1979 to 2018 twice to
run the spin-up. Thus, the results for 2000 and 2015 reached an equilibrium and were used in the analysis.

A suite of numerical simulations is described in Table 1 to evaluate CLM5.0 and to explore the impacts of LUCC. First,
single-point simulations with maximised single land cover/use were compared with in-situ observations to assess the
performance of CLM5.0 under different land use/cover conditions. CN2000 and CN2015 simulated the actual land surface
and atmospheric forcing and were then used to assess the accuracy of CLM5.0 over the entire domain. The impacts of the
LUCC were examined using the differences between EXP2000 and CN2015, isolating the impacts caused by the LUCC
from 2000 to 2015 (Wang et al., 2020). In the EXP_bare and EXP_crop scenarios, the bare land and croplands were
extended by 100 %, respectively. Subsequently, in the EXP_grass scenario, grasslands were set to 100 % to replace bare land
and croplands (Cherubini et al., 2018). Thus, EXP_grass, EXP_bare, and EXP_crop were simulated with maximised land
use/cover further to analyse the impacts of the different types of LUCC. To explore a proper mixture of land use/cover in the
APENC, we set the percentage of grasslands as 60 % and varied the percentages of croplands and bare land in EXP_602113,
EXP_602311, EXP_602509, EXP_602707, and EXP_603004. In addition, two sensitivity experiments were conducted to
examine the role of the biogeophysical characteristics of vegetation. The leaf and stem area index (LAl + SAI) of grasslands
was replaced by crops in Yanchi_laisai and canopy height in Yanchi_height (Breil et al., 2020). Sensitivity experiments were

conducted only at the most representative Yanchi station to reduce computation time.

Table 1. List of numerical simulations.

Experiment Region/points  Land use/land cover Atmospheric Forcing Grid

Yanchi_grass Yanchi grasslands 2015-2018 0.0001 <
Yanchi_crop Yanchi croplands 2015-2018 0.0001 <
18 _grass 18 grasslands 2015-2018 0.0001 <
20_grass 20 grasslands 2015-2018 0.0001 <
39 _grass 39 grasslands 2015-2018 0.0001 ©
42_crop 42 croplands 2015-2018 0.0001 ©
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CN2000 Domain 2000 2000 01 170

CN2015 Domain 2015 2015 0.1°
EXP2000 Domain 2000 2015 0.1°
EXP2015 Domain 2015 2000 01°
EXP_grass Domain Grasslands 2015 01°
EXP_bare Domain Bare land 2015 01°
EXP_crop Domain Croplands 2015 01°
EXP_602113 Domain grasslands60%, bare land 21%, croplands13% 2000-2015 01-
EXP_602311 Domain grasslands60%, bare land 23%, croplands11%  2000-2015 01= 175
EXP_602509 Domain grasslands60%, bare land 25%, croplands9% 2000-2015 01-°
EXP_602707 Domain grasslands60%, bare land 27%, croplands7% 2000-2015 01°
EXP_603004 Domain grasslands60%, bare land 30%, croplands4% 2000-2015 01-°
Yanchi_laisai Yanchi Yanchi 2015 0.0001 ©
Yanchi_height Yanchi Yanchi 2015 0.0001 ©

2.4 Model evaluation

Previous work have validated the soil moisture output of CLM5.0 under grasslands and croplands in the APENWC
compared to in-situ observations (Li, 2021). The simulated soil temperature in grasslands and croplands agreed with the in-
situ observations (Fig. S2). The correlation coefficient (R) values for Yanchi grass, Yanchi crop, 18, 20, 39, and 42 were
0.98, 0.98, 0.99, 0.96, 0.97, and 0.96, respectively. The BIAS (absolute error) for Yanchi grass, Yanchi crop, 18, 20, 39, and
42 were -1.09, -1.24, -0.85, -0.84, 0.44, and 0.09 °C, respectively. The RMSE (root mean squared error) for Yanchi grass,
Yanchi crop, 18, 20, 39, and 42 were 2.68, 2.07, 2.12, 3.28, 2.45, and 2.73 °C, respectively. All single-point simulations at
five depths showed high R (>0.95), low BIAS (< £1.71 °C), and RMSE (<3.88 °C). As shown in Fig. S3, the R, BIAS, and
RMSE between simulated and observed ET in the Yanchi station were 0.93, 15.52, and 17.10 mm month, respectively. Fig.
S4 shows the spatiotemporal R values between the simulated LST, net radiation, ET, and multiple validation datasets
(MODIS and GLASS) for the entire domain. The R for LST, net radiation, and ET were 0.96, 0.84, and 0.83, respectively.
Although parameterisation introduced little bias in the performance of the CLM5.0 (Deng et al., 2020; Luo et al., 2020; Ma
et al., 2021), LUCC effects suppress model uncertainty due to parameterisation (Tdle et al., 2018). Therefore, CLM5.0 can
present a complicated and realistic LUCC in APENWC.

2.5 Criteria of appropriate land use/cover pattern

Considering the importance of warming impacts and the water conservation (WC) function, a proper mixture of land
use/cover depends on the LST and WC, which have been introduced as criteria for optimising ecosystem services from the
perspective of energy and hydrological cycles (Bai et al., 2019; Zeng and Li, 2019; Wang et al., 2021c). The WC was
obtained from the water balance using Eq. (1):

WC = P — ET — Runoff 1)
where WC is the annual water conservation (mm yr?). P, ET, and Runoff are the annual precipitation (mm yr?),
evapotranspiration (mm yr?), and runoff (mm yr?), respectively. P is the forcing data of CLM5.0, and the other data are the

outputs of CLM5.0, whose performance was validated by Li (2021) and in the previous section.
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3 Results
3.1 Impacts of LUCC in the APENWC
3.1.1 LUCC from 2000 to 2015

To quantify the synergy and respective impacts of different types of LUCC, we first need to examine the local LUCC. From
2000 to 2015, grasslands, evergreen needleleaf forests, deciduous broadleaf forests, and shrublands increased by 7.30, 0.17,
0.15, and 0.07 %, respectively. The bare land and croplands decreased by 8.70 and 0.20 %, respectively. Overall, vegetation
coverage in the APENWC increased. The main LUCC consisted of four types: bare land to grasslands 11.62 %, croplands to
grasslands 1.18 %, grasslands to bare land 3.83 %, and grasslands to croplands 1.03 %. The conversation off bare land and
croplands to grasslands has been driven by vegetation restoration projects in the APENWC. The bare land to grasslands
areas were mainly distributed in the northwestern APENWC and were scattered elsewhere, whereas grasslands to bare land
occurred in the western APENWC. Croplands to grasslands were principally distributed in the mid-western APENWC and
grasslands to croplands were mainly distributed in the mid-southern APENWC.

We focused on the main LUCC: bare land to grasslands, grasslands to bare land, croplands to grasslands, and grasslands to
croplands. Meanwhile, grid cells that experienced intense single LUCC type changes > 15 % (Winckler et al., 2018) and

other changes < 15 % were selected as representatives for further analysis (Fig. S5).

3.1.2 The impacts of LUCC over the domain

We ran two experiments in CLM5.0 with two land use/covers (2000 and 2015) and static climatic forcing. Fig. 2 shows the
spatial and seasonal distributions of temperature differences between CN2015 and EXP2000. The LUCC from 2000 to 2015
generally caused a cooling effect in large areas of the APENWC, where the spatially averaged cooling was -0.06 £ 0.15 °C
(mean = one standard deviation) due to increased vegetation coverage. Areas towards the eastern part of the APENWC
showed a weak effect owing to the slight LUCC in the east (Fig. S5). Seasonally changes were -0.06 = 0.15 °C in spring
(MAM: March & April & May), -0.12 £ 0.22 °C in summer (JJA: June & July & August), -0.06 £ 0.14 °C in autumn (SON:
September & October & November) and -0.02 + 0.17 °C in winter (DJF: December & January & February).

Similar to the LST, we only considered the changes in ET directly caused by the LUCC with static climatic forcing. The
spatial and seasonal distributions of ET differences between CN2015 and EXP2000 are shown in Fig. 3. The LUCC from
2000 to 2015 generally caused an increase in ET in large areas of APENWC, where the difference was 9.70 +19.04 mm yr?
as a result of increased vegetation coverage. Seasonally changes were 1.93 +4.41 mm season™ in spring, 6.53 +11.67 mm
season in summer, 1.16 +3.99 mm season in autumn, and 0.07 +0.88 mm season! in winter. The LUCC mainly affected

ET in summer, but this trend was weak in autumn and nonexistent in winter.
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Figure 2. Differences in spatially averaged LST between the simulations with 2000 and 2015 land use data (CN2015 - EXP2000)
during MAM, JJA, SON, DJF and annual.
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Figure 3. Differences in spatially averaged ET between the simulations with 2000 and 2015 land use data (CN2015 - EXP2000)
during MAM, JJA, SON, DJF and annual.
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3.1.3 Effects of different LUCC types

Different types of LUCC contribute to different effects and eventually lead to synergistic effects over the domain. To
understand the different effects of different types of LUCC, bare land and croplands to grasslands as the two main types of
vegetation restoration projects could be carried out through two idealised scenarios. One continent with maximised bare land
turned into grasslands, and the other continent with maximized croplands is turned into grasslands (Arora and Montenegro,
2011; Cherubini et al., 2018). Detailed descriptions of these scenarios are presented in Table 1. Analyses of the water and
energy processes response to bare land to grasslands were conducted in bare land to grasslands and grasslands to bare land
intense grid cells (143 grids; Fig. S5), where bare land and grasslands exist realistically and constantly change back and forth.
Similarly, analyses of croplands to grasslands were conducted in croplands to grasslands and grasslands to croplands intense
grid cells (10 grids, Fig. S5), where crops and grass can be grown and converted.

The Fig. 4 shows the opposing impacts of the two types of vegetation restoration. The bare land to grasslands reduced the
LST by -0.17 °C, an annual average difference. On the contrary, croplands to grasslands led to an increase in LST with an
annual average difference of 0.96 °C. From bare land to grasslands scenarios, seasonal average cooling differences were -
0.15, -0.74, and -0.66 °C in spring, summer, and autumn, respectively, but warmer in winter with 0.89 °C. Temperature
impacts from croplands to grasslands showed a warm effect with a more dramatic variation, with seasonal average
differences of 0.08, 2.52, -0.07, and 1.30 °C in spring, summer, autumn, and winter, respectively. Annual changes in ET
were 53.32 and -184.42 mm yr! from bare land and croplands to grasslands, respectively. The differences in ET for bare
land to grasslands were 15.67, 23.77, 11.99, and 2.37 mm season™* in spring, summer, fall, and winter, respectively.
Conversely, the differences in ET from croplands to grasslands were -34.95, -128.76, -23.48, and 2.76 mm season* in spring,
summer, fall, and winter, respectively. From croplands to grasslands (Table S3) and bare land to grasslands (Table S4),
surface albedo was the most sensitive factor. It was significantly correlated with LST and ET in summer and winter. The
correlation coefficients in Table S3 further indicate that LAI + SAI was the most sensitive factor influencing the LST and ET

from croplands to grasslands throughout the year.
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Figure 4. Seasonal changes in LST and ET as box plots from bare land to grasslands (Exp_grass-Exp_bare) and croplands to
grasslands (Exp_grass-Exp_crop).

Further analysis focused on the opposing mechanisms of responses of bare land and croplands to grasslands. Complete
diurnal cycles were observed only in summer and winter, which are considered the most representative seasons.

a. Bare land to grasslands
In the summer days of CLM5.0 simulations, LST showed cooling from bare land to grasslands (-0.74 + 0.99 °C, Fig. S6h).

The surface temperature was equal to the ground temperature for the bare land. For vegetation cover, the surface temperature
is a calculation related to ground and vegetation temperatures (Lawrence et al., 2019). The ground temperature is determined
by the amount of energy used to warm the ground and soil, residual heat energy, resulting from the competition between the
net radiative energy input and the sum of the turbulent heat fluxes (sensible + latent heat fluxes) (Breil et al., 2020). In Fig.
S6f, differences in the ground temperature from bare land to grasslands were relatively small (-0.05 + 0.48 °C), so the
reduced surface temperature from bare land to grasslands was mainly caused by a lower vegetation temperature of grass (Fig.
S69).

In winter, LST increased by 0.89 + 1.27 °C from bare land to grasslands. The increases in sensible heat fluxes and latent heat
fluxes were minimal (Fig. S7b and S7c), indicating increased turbulent term (up to approximately 32 W m, Fig. S7d) was
compensated by the increased net radiation (up to approximately 52 W m, Fig. S7a), suggesting that the net shortwave
radiation acted as the primary term. Thus, LST increased as the residual heat increased (up to approximately 21 W m, Fig.
S7e).

b. Croplands to grasslands
The LST showed warming from croplands to grasslands (2.52 + 2.35 °C, Fig. S8f). The net radiation decreased from

croplands to grasslands (about -40 W m at daily maximum, Fig. S8a). The decreased turbulent energy fluxes (about -60 W
m-2 at daily maximum, Fig. S8d) into the atmosphere were decided by decreased latent heat fluxes (about -133 W m at daily
maximum, Fig. S8¢c) rather than increased sensible heat fluxes (approximately 73 W m2 at daily maximum, Fig. S8b).
Ultimately, decreased net radiative energy input was compensated by a decreased sum of turbulent heat fluxes during the day.
Thus, the results showed that LST increased during the day as the increased residual heat fluxes (approximately 32 W m at
the daily maximum, Fig. S8e). At night, the reversed residual ground heat energy hardly reduced the nocturnal LST. This
was interpreted as the energy increasing at night not being sufficient to compensate for the higher temperature during the day
(Breil et al., 2020).

In winter, the LST increased by 1.30 £ 0.38 °C from croplands to grasslands. No significant differences existed between bare
land to grasslands and croplands to grasslands owing to croplands having no vegetation in winter after being managed and

being analogous to bare land after harvest in autumn in the CLM.
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3.2 Land use/cover pattern in the APENWC
3.2.1 Spatiotemporal mixture of land use/cover

To explore the proper mixture of land use/cover, we analysed the mixtures of land use/ cover in 2000 and 2015. The
different percentages represent a mixture of land use/cover in each grid. We classified a mixture of land use/cover types. To
simplify the classification, only the grids with sum areas of grasslands, bare land, and croplands greater than 90 % were
selected. Then the ratio of three main types in each grid represented a mixture of land use/cover.

Fig. 5 shows the spatiotemporal heterogeneity of the land use/cover mixtures for the three main types: grasslands, croplands,
and bare land. Each grid had a mixed land use/cover. The different impacts of vegetation restoration from 2000 to 2015 are
represented in grids from CN2015 to EXP2000 (Table S5). Different effects of vegetation restoration resulted from the
different contributions of the two main types of LUCC: grids from bare land to grasslands led to more cooling and drying;
and grids from croplands to grasslands led to more warming and moisture, which is in line with Section 3.1.3. However, a
grid from bare land and croplands to grasslands led to more warming and drying owing to the opposing offsetting impacts
from croplands to grasslands and bare land to grasslands. Therefore, unclear synergy effects from bare land and croplands to

grasslands as vegetation restoration. An appropriate mixture of land use/cover is explored in the next section.
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Figure 5. The pattern of land use/cover mixtures in 0.1 <grids of the study area in 2000 (a), 2015 (b).
3.2.2 Proper mixture of land use/cover for vegetation restoration operations

a. Land use/cover scenarios based on the national ecological plan
The government plan aims to 1) expand the percentage of grasslands to 60 % and 2) transform bare land and croplands into

grasslands(China state council, 2017; National development and reform commission, 2019). Thus, different mixtures of land
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use/cover were simulated to pursue the proper mixture of land use/cover. First, we set the percentage of grasslands at 60 %.
Then, the percentages of bare land and croplands, 13 and 30 % respectively decreased to meet the increase in grasslands and
were set as the maximum in scenarios. Subsequently, five scenarios were selected to reduce computational time. The
percentages of grasslands, bare land, and croplands were respectively 60, 21, and 13 % in EXP_602113; 60, 23, and 11 % in
EXP_602311; 60, 25, and 9 % in EXP_602509; 60, 27, and 7 % in EXP_602707; 60, 30, and 4 % in EXP_603004 under
static climatic forcing.

b. Optimal land use/cover pattern
Comparing the present land use/cover, EXP_602113 and EXP_602311 resulted in a cooling surface, whereas EXP_602509,

EXP_602707, and EXP_603004 resulted in a warming surface. Additionally, EXP_602113 induced drying, whereas
EXP_602311, EXP_602509, EXP_602707, and EXP_603004 induced high WC (Table 2).

For sustainable ecological construction, it is necessary to pursue an alternative mixture of land use/cover without augmenting
warming and endangering water availability. This means the proper mixture of land use/cover has a lower LST and larger
WC than in 2015 (Arora and Montenegro, 2011; Bai et al., 2019; Wang et al., 2021d; Findell et al., 2017). Therefore,
vegetation restoration strategies in the APENWC should use an appropriate mixture of land use/cover, such as EXP_602311;
this indicates that approximately 6.9 % (5348 km?) of bare land and 1.5 % (1163 km?) of croplands transformed into
grasslands. The LUCC to EXP_602311 generally caused more cooling and slightly increased the WC owing to proper
vegetation restoration. Otherwise, other scenarios would lead to warming or drying, exacerbating drought in the APENWC.

Table 2. The spatially weighted averaged differences of LST and WC as different vegetation restoration efforts.
ALST (°C)  AWC (mmyr?)

EXP_602113 -0.04 -4.39
EXP_602311 -0.01 0.86
EXP_602509 0.02 6.09
EXP_602707 0.05 11.34
EXP_603004 0.09 19.25

4 Discussion
4.1 Sensitivity of LAI + SAIl and vegetation height

In CLM5.0, a dual-source land surface model, the canopy stored energy is zero and is regarded as massless. Vegetation
vapour pressure, temperature, and latent heat fluxes are calculated iteratively by the Newton-Raphson method, with high
complexity related to several land surface parameters, such as surface albedo, roughness, LAl + SAI, aerodynamic resistance,
vegetation height and leaf stomatal resistance (Lawrence et al., 2019). As shown in Fig. 6b, the latent heat fluxes and LST of
Yanchi_height and Yanchi_laisai were only slightly different from those of Yanchi_grass and hardly closed to those of
Yanchi_crop. Moreover, LAl + SAI and canopy height affected the surface roughness and aerodynamic resistance (Fig. 6g
and 6h). This means that complex processes may not simply be adjusted with a single factor and that other characteristics

play an indispensable role even though LAI+SALI is the most sensitive factor shown in Table S3. Future work on studying
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water and energy processes should incorporate the interpretation of the flux cycle distribution shown in Section 3.1.3, instead

of simply considering the correlation between the variables and biogeophysical characteristics.
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Figure 6. Diurnal cycle (Yanchi_crop & Yanchi_grass & Yanchi_laisai & Yanchi_height, (a) net radiation, (b) latent heat fluxes, (c)
turbulent heat fluxes, (d) residual heat fluxes (soil heat fluxes), (e) LST, (f) surface albedo, (g) surface roughness, (h) aerodynamic
resistance.

4.2 Uncertainty of soil properties

Land surface processes are mainly presented in the interaction surface of the soil-vegetation-atmosphere (Breil and Sch&ler,
2017). Soil properties that serve as lower boundary conditions, such as thermal conductivity, porosity and hydraulic
conductivity, are key parameters affecting soil moisture, soil temperature and soil heat fluxes which refer to the partitioning
of water and energy (Yang et al., 2021b). Although the soil properties dataset for land surface modelling over China
provided soil properties with higher precision than the default values of CLM5.0 (Fig. S10), It is worthwhile exploring the
uncertainties in modelling the soil input dataset. In Fig. S10, the dataset shows that sand content is less than 60 % and clay
content is larger than 10 % in the northwest. However, as experiment data is shown in Table S6, the northwest of the
APENWC is a desertified area where the soil contains more mean sand and less mean clay (Duan et al., 2021; Liu et al.,
2011; Xu, 2019), implying that discrepancies between the soil dataset and realistic conditions. The conversion of land
use/cover leads to changes in soil properties, particularly soil organic matter, sand, and clay content (Celik, 2005; Su et al.,
2021). The dynamic changes in soil properties under different land use/cover types were not considered, and the same soil
dataset was used before and after the LUCC. Most soil datasets contain soil properties that remain constant for a long time.

Thus, the limitation was that the soil properties could not change dynamically with the LUCC, which might have affected the

15



365

370

375

380

385

390

simulated variables. Therefore, the accuracy of the soil dataset of the study area needs to be improved and a module that

considers dynamic changes in soil parameters following the LUCC should be developed in future research.

4.4 Limitations of the study

Ecohydrological sustainability studies the interaction between water and ecological systems, highlighting water as a key
driver (Zalewski, 2021). The ecohydrological sustainability related to water consists of water provision, soil erosion, and
biodiversity. (1) Water provision. WC is defined as the difference between the income and expenditure of water. It
represents the ability of an ecosystem to store or retain water. Therefore, WC represents the amount of water that can be
supplied to the region's interior (Bai et al., 2019; Costanza et al., 1997). (2) Soil erosion. Severe soil erosion causes
widespread loss of topsoil and the conversion of the once-flat plateau into hills and gullies, leading to catastrophic floods and
droughts in the Loess Plateau of China (Chen et al., 2007; Fu et al., 2017). Since the 1980s, vegetation restoration converted
sloping (more than 15<) farmland into forests and grasslands, leading to a soil-retention rate of 84.4 % on slopes of 8 =35 ©
(Fu et al., 2017). However, in most APENWC areas, the soil erosion was 0-200 (t km?2yr?) in 2000 and 2008 (Fu et al.,
2011), and the soil erosion rate showed no significant changes during the Grain-for-Green Project (Fu et al., 2017). This is
because APNEC is not a gully-hilly area, where intense soil erosion occurs. Therefore, the influence of soil erosion due to
vegetation restoration on the ecohydrological sustainability of the APENWC is limited. (3) Biodiversity. During vegetation
restoration, the diversity of soil fauna and fungal communities increases, because fast-growing plant species produce large
amounts of litter and root exudates, and external resources continually enter the soil food web, promoting nutrient cycling
(Wu et al., 2021; Yang et al., 2021c). Water content between 20 and 60 cm soil depths and soil properties can be regarded as
the primary factors explaining plant and soil fungal diversity, regardless of land use/cover type (Yang et al., 2017; Wang et
al., 2021a). The influence of soil water content on ecohydrological sustainability was included in WC. Additionally, Deng
(2022) reported that WC is a crucial factor that needs to be improved in APENWC based on the ecological sustainability
evaluation of vegetation restoration. WC has been used as a type of regulating the ecohydrological sustainability due to
LUCC (Deng, 2022; Bai et al., 2019; Zeng and Li, 2019). Therefore, the enhancement of ecohydrological sustainability in
the study area mainly focuses on improving water conservation.

Previous studies isolated respectively the effects of LUCC and climate change to better understand the water and energy
processes in APENWC (Xue et al., 2019; Wang et al., 2020). Yang et al. (2021a) found that vegetation restoration induces
soil drying in APENWC. This paper aims to mitigate drying effects by adjusting the mixture of different land use/cover in
vegetation restoration. It is the reason why we only consider the impacts of the LUCC. We designed the experiments with
different land use cover/use and static climatic forcing. This method has been widely used to eliminate the influence of other
factors and isolate the effects of the LUCC (Wang et al., 2021b; Breil et al., 2020). However, the water and energy processes
are affected by changes in both LUCC and climate and vegetation-climate coupling is a complex process. It is worthwhile

exploring the contribution of background climate in the future study.
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Owing to limited in-situ observations, this study validated CLM5.0 with only six stations in the study region. Subsequently,
the validated CLM5.0 was used to assess the proposed land use/cover scenarios. Future research needs to verify the proposed
scenarios with more diverse in-situ observations before an appropriate land use pattern is selected for implementation at a
regional scale.

5 Conclusions

This study first simulated and quantified the effects of LUCC using CLM5.0, which was verified based on in-situ
observations, in the agro-pastoral ecotone of northwest China. Subsequently, five LUCC scenarios were proposed and
assessed to identify the optimal mixture of land use/cover in the study region. The main findings are as follows: First, bare
land to grasslands reduced LST, whereas croplands to grasslands increased LST. Bare land to grasslands caused an increase
in ET whereas croplands to grasslands caused a decrease in ET. This led to a spatially averaged cooling surface and
increased ET from 2000 to 2015 over the study area. Second, an in-depth analysis of the LUCC pattern from 2000 to 2015
revealed that some grids showed warming or drying, whereas one grid showed both drying and warming. Different mixtures
of LUCC could lead to different results for vegetation restoration projects, which indicates the complicated synergistic
effects of bare land and croplands to grasslands as vegetation restoration. Finally, assessing the five proposed LUCC
scenarios related to the Chinese government’s long-term ecological plan based on lowering LST and increasing WC, the
optimal mixture of LUCC in the APENWC is approximately 60 % grasslands, 23 % bare land, and 11 % croplands
respectively; this suggests that approximately 6.9 % (5348 km?) of bare land and 1.5 % (1163 km?) of croplands will be
transformed into grasslands to achieve the optimal mixture of LUCC. These findings provide useful information to support

land management policy/decision-making in the study region.
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