
1.  Introduction
The land surface process plays a critical role in land–air mass and energy exchanges, which greatly affects the 
weather and climate at local and regional scales (Guo & Wang, 2013; Guo et al., 2011; Lin et al., 1996; Vecellio 
et al., 2019). The Tibetan Plateau (TP), with an average elevation of 4,000 m, has a wide distribution of seasonally 
frozen soil and permafrost (Ran et al., 2012; Zou et al., 2017). The soil freeze–thaw process over the TP signifi-
cantly influences the local climate and even affects the variation of the Asia Summer Monsoon (Gao et al., 2005; 
C. H. Wang et al., 2020; K. Yang et al., 2013). Therefore, the hydrothermal properties of the soil over the TP in 
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Plain Language Summary  The frozen soil over the Tibetan Plateau (TP) exerts evident influences 
on regional climate and ecosystem. However, the Community Land Model version 5 (CLM5.0) produces 
obvious cold bias in the frozen soil simulation over the TP due to the inaccurate hydrothermal transfer 
processes parameterization above or within the soil. Here, we implemented the gravel hydrothermal scheme 
and the improved vegetation emissivity scheme into CLM5.0 to improve the model performance in simulating 
the frozen soil over TP. The results from the single-point and regional simulations consistently show that the 
cold bias in the frozen soil simulation produced by the original CLM5.0 model can be clearly reduced by 
adopting the improved vegetation emissivity scheme and gravel hydrothermal scheme, indicating that accurate 
parameterization of hydrothermal transfer processes above or within the soil is equally important to improve the 
frozen soil simulation and benefits to advance our understanding of the soil freeze–thaw process.
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winter and spring are good indicators for the prediction of the following summer precipitation over eastern China 
and even the whole of East Asia (Ullah et al., 2021; K. Yang & Wang, 2019a, 2019b).

Frozen soil is a large carbon reservoir with carbon storage nearly twice as much as the atmosphere, and it has 
positive feedback on the global warming (Schuur et al., 2008; X. J. Wang et al., 2022). Under the global warm-
ing, the frozen soil is enduring dramatic degradation. The frozen soil temperature and active layer thickness 
are increasing (Akerman & Johansson, 2008; Biskaborn et al., 2019; Peng et al., 2018; Vasiliev et al., 2020; 
Q. B. Wu & Zhang,  2010). The delayed onset of freezing timing and the advanced onset of thawing result 
in a shorter annual frozen duration (Guo & Wang, 2013; Li et al., 2021; S. Q. Luo et al., 2020). The frozen 
soil area apparently decreases and gradually retreats to the regions with higher elevations and latitudes (Guo & 
Wang, 2016, 2017a, 2017b; H. J. Jin et al., 2000). Moreover, the emission of greenhouse gases induced by the 
frozen soil degradation will undoubtedly exacerbate global warming (Elberling et al., 2013; Schuur et al., 2015).

Land surface models have been widely used to understand the land surface hydrothermal processes and further 
been coupled with meteorological models for weather and climate prediction (Dai et  al.,  2003; Lawrence 
et al., 2019; Niu et al., 2011). To identify the uncertainties of land surface model simulation, considerable efforts 
have been dedicated recently. S. Q. Luo et al. (2008) modified the frozen soil parameterization scheme in CoLM 
model to improve the soil liquid water simulation when soil temperature was below the freezing point. C. H. 
Wang and Yang (2018) incorporated a fully coupled water-heat transport scheme into Community Land Model 
version 4.5 (CLM4.5) model and improved the simulations of soil temperature and moisture in arid regions. H. 
L. Liu et al. (2020) optimized the frozen soil parameterization scheme in the Noah-MP model and reproduced 
the soil freeze–thaw characteristics more realistically. X. D. Zhang et al. (2022) developed a 3D subgrid terrain 
radiative effect scheme and implemented it into the CoLM model, leading to the soil temperature and mois-
ture simulation biases significantly reduced. Studies on the soil thermal conductivity and hydraulic conductivity 
parameterizations are more abundant (Fu et al., 2022; H. L. He et al., 2020; S. H. Yang et al., 2021).

Although there are great progresses in the much more realistic representation of the hydrothermal processes 
among the land surface models, significant uncertainties still exist in the simulations of the soil temperature 
and moisture, especially for frozen soil (Deng et al., 2020, 2021). This could be attributed to the improper vege-
tation emissivity scheme which may produce an unrealistic surface radiation budget (X. G. Ma et  al.,  2019; 
Mullens,  2013). In addition, in the existing hydrothermal parameterization schemes, the gravel with particle 
sizes larger than 2 mm is not yet considered in the soil texture data set (Y. G. Liu et al., 2021; Yuan et al., 2021). 
Actually, it is found that there exists very high content and wide distribution of gravel in the soil over the TP 
(Arocena et al., 2012; S. Q. Luo et al., 2008; X. D. Wu et al., 2012), and the hydrothermal properties of gravel are 
completely different from those of fine soils (C. L. Ma et al., 2020; Pan, Lyu, & Gao, 2015).

In this study, we implement an improved vegetation emissivity (VE) scheme and a gravel hydrothermal (GH) 
scheme into CLM5.0 model and discuss their synergistic effects on the simulation of soil temperature during the 
soil freeze–thaw period. The findings of this study may provide a better understanding of the soil freeze–thaw 
process and improve the simulation of frozen soil and thereafter regional climate.

2.  Study Area
The TP, with a total area of about 2.5 × 10 6 km 2, is sparsely vegetated but with a very wide distribution of soil 
gravel content and frozen soil. In winter and spring, the leaf area index (Figure 1a) is less than 0.5 m 2 m −2 over 
most part of TP. The soil gravel content at the depth of 0.83 m (Figure 1d) ranges from 30% to 60% with larger 
values in the west TP. The seasonally frozen soil and permafrost occupy 56% and 40% of the total TP area, 
respectively (Figure 1e). More than half of the TP area is higher than 4,000 m above sea level (Figure 1f). The 
topography is complex in the south and north edge of the TP, where the subgrid (3″, ∼90 m) standard deviation 
terrain elevation in a grid of 0.25° × 0.25° can be more than 600 m (Figure 1g).

The locations of two eddy covariance in situ observation sites and two soil temperature and moisture observation 
networks are shown in Figure 1a. Arou site is a frozen soil superstation and located in a semiarid climate zone 
over the upper reaches of the Heihe River Basin (Che et al., 2019). The soil texture at Arou site is sandy and 
gravel (Figure 2a), and the vegetation there is a typical alpine meadow (Su et al., 2020). Maqu site is located in 
the Yellow River Source Region with a cold and damp climate (Shang et al., 2015; S. Y. Wang et al., 2016). The 
soil texture at Maqu site is sand–clay–loam (Figure 2b), and the vegetation there is a typical alpine meadow too 
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(S. Q. Luo et al., 2017). The Maqu network is located at the northeastern edge of the TP with a cold and humid 
climate. The Shiquanhe network is located in the western part of the TP with a cold arid climate, and the land 
cover there is dominated by a desert system (P. Zhang et al., 2022). The sites of the two networks are shown in 
Figures 1b and 1c. These two sites and two soil temperature and moisture observation networks provide repre-
sentative coverage of vegetation and soil gravel content over the TP.

3.  Model, Physical Schemes, Data, Experimental Design, and Methods
3.1.  Model

The CLM is developed and maintained by the National Center for Atmospheric Research (NCAR). The CLM has 
been widely used to study the land–air interaction for its sophisticated physical mechanisms (Guo & Wang, 2013; 
S. Q. Luo et al., 2017, 2018; Xie et al., 2019). Although the latest version of CLM model (CLM5.0) shares the 
same frozen soil parameterization scheme with the CLM4.5 (Lawrence et al., 2012; C. H. Wang & Yang, 2018), 
the new features of CLM5.0, such as the dry surface layer for ground evaporation, and the new fresh snow density 

Figure 1.  The underlying characteristics and the locations of the in situ sites over the Tibetan Plateau. (a) The MODIS leaf area index from October 2013 to May 
2014. The sites of Maqu (b) and Shiquanhe (c) observation networks. (d) The soil gravel content at 0.83 m derived from Shangguan et al. (2014). (e) The distribution of 
frozen soil from Zou et al. (2017). Distributions of the terrain elevation with the horizontal resolution of 3″ (f) and the standard deviation of subgrid (3″, ∼90 m) terrain 
elevation within the grid of 0.25° horizontal resolution (g). The orange (purple) line indicates the Heihe River Basin (Yellow River Source Region).
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scheme modified with wind speed and air temperature, offer it a better representation of the soil hydrothermal 
processes (Deng et al., 2020; Lawrence et al., 2019).

3.2.  Physical Schemes

X. G. Ma et al. (2019) reported that the VE scheme in CLM4.5 produced unreasonably low VE in the areas with 
low vegetation density, such as TP (Zhong et al., 2010), and the improved VE scheme (Mullens, 2013) can simu-
late more accurate snow process in the Northern Hemisphere. Adopting the GH scheme developed by Pan, Lyu, 
and Gao (2015) and Pan, Lyu, Li, et al. (2015) clearly improved the land surface process simulation over the TP 
in warm seasons (Y. G. Liu et al., 2021; C. L. Ma et al., 2020; Yuan et al., 2021). We implement the two hydro-
thermal schemes mentioned above into CLM5.0 model and discuss their synergistic effects on the simulation of 
soil temperature during the soil freeze–thaw period. Sections 3.2.1 and 3.2.2 introduce the details of the improved 
VE scheme and the GH scheme, respectively.

3.2.1.  Vegetation Emissivity Parameterization

The surface energy balance equation is expressed as

𝐺𝐺 = ⃖⃖⃖⃗𝑆𝑆g − ⃖⃖⃖⃗𝐿𝐿g −𝐻𝐻g − 𝜆𝜆𝜆𝜆g� (1)

where G, 𝐴𝐴 ⃖⃖⃖⃗𝑆𝑆g , 𝐴𝐴 ⃖⃖⃖⃗𝐿𝐿g , 𝐴𝐴 𝐴𝐴g , and 𝐴𝐴 𝐴𝐴𝐴𝐴g are the ground heat flux (positive downward), the solar radiation absorbed by the 
ground (positive downward), the surface net long-wave radiation emitted from the ground (positive upward), the 
sensible heat flux (positive upward), and the latent heat flux (positive upward). The unit for each term of Equa-
tion 1 is W m −2.

The vegetation emissivity (𝐴𝐴 𝐴𝐴v ) and ground emissivity (𝐴𝐴 𝐴𝐴g ) in CLM5.0 are given by

Figure 2.  Soil texture at Arou and Maqu sites. The unit for sand, clay, and gravel is %, for organic is kg m −3.
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𝜀𝜀v = 1 − 𝑒𝑒
−(ELAI+ESAI)∕𝜇𝜇� (2)

𝜀𝜀g = 𝜀𝜀soil(1 − 𝑓𝑓sno) + 𝜀𝜀sno𝑓𝑓sno� (3)

where ELAI, ESAI, 𝐴𝐴 𝜇𝜇 , 𝐴𝐴 𝐴𝐴soil , 𝐴𝐴 𝐴𝐴sno , and 𝐴𝐴 𝐴𝐴sno are the leaf area index, the steam 
area index, the average inverse optical depth for long-wave radiation, the soil 
emissivity, the snow emissivity, and the snow cover fraction, respectively. 𝐴𝐴 𝜇𝜇 
is set to 1.0.

For the vegetated areas, the upward long-wave radiation from the ground is

𝐿𝐿g↑ = 𝜀𝜀g𝜎𝜎𝜎𝜎g
4
+
(

1 − 𝜀𝜀g
)

𝐿𝐿v↓� (4)

where σ = 5.67 × 10 −8 W m −2 K −4 is the Stefan-Boltzmann constant, 𝐴𝐴 𝐴𝐴g (K) 
is the ground temperature, 𝐴𝐴 𝐴𝐴v↓ = 𝜀𝜀v𝜎𝜎𝜎𝜎v

4
+ (1 − 𝜀𝜀v)𝐿𝐿atm↓ is the downward 

long-wave radiation (W m −2) below the vegetation, 𝐴𝐴 𝐴𝐴v (K) is the vegetation 
temperature, and 𝐴𝐴 𝐴𝐴atm↓ is the atmospheric downward long-wave radiation 
(W m −2). Thus, the surface net long-wave radiation is

⃖⃖⃖⃗𝐿𝐿g = 𝐿𝐿g↑ − 𝐿𝐿v↓ = 𝜀𝜀g𝜎𝜎𝜎𝜎g
4
− 𝜀𝜀g𝐿𝐿v↓� (5)

In this study, we replace the original VE scheme in CLM5.0 with the VE 
scheme improved by Mullens (2013) which is suitable for the regions with 
different vegetation densities as follows:

𝜀𝜀v =

(

ELAI + ESAI

LAIpft,max + SAIpft,max

)1∕𝑘𝑘

× 𝜀𝜀pf t,max� (6)

where 𝐴𝐴 LAIpft,max , 𝐴𝐴 SAIpft,max , and 𝐴𝐴 𝐴𝐴pf t,max are the maximum leaf area index, the maximum steam area index, and the 
maximum emissivity of different plant functional types (PFTs) in CLM5.0, respectively (Table 1). 𝐴𝐴 𝐴𝐴 is a tunable 
unitless parameter and is set to 50 (X. G. Ma et al., 2019).

3.2.2.  Gravel Hydrothermal Parameterization

The soil thermal and hydraulic properties in CLM5.0 are assumed to be a weighted combination of fine soil 
minerals, which are determined according to sand and clay contents (sand% and clay%), and organic matter 
(Lawrence & Slater,  2008). The fine soil mineral hydraulic properties include porosity (𝐴𝐴 𝐴𝐴sat,min , mm 3 mm −3), 
exponent B (𝐴𝐴 𝐴𝐴min , unitless), saturated hydraulic conductivity (𝐴𝐴 𝐴𝐴sat,min , mm s −1), and saturated matric potential 
(𝐴𝐴 Ψsat,min , mm), which are expressed by the following equations:

𝜃𝜃sat,min = 0.489 − 0.00126(%sand)� (7)

𝐵𝐵min = 2.91 + 0.159(%clay)� (8)

𝑘𝑘sat,min = 0.0070556 × 10
−0.884+0.0153(%sand)� (9)

Ψsat,min = −10 × 10
1.88−0.0131(%sand)� (10)

The porosity for the GH scheme is determined by Poesen and Lavee (1994):

𝜃𝜃sat,min =
(

1 − 𝑉𝑉g

)

𝜃𝜃sat,f + 𝑉𝑉g𝜃𝜃sat,g� (11)

where 𝐴𝐴 𝐴𝐴sat,f is the porosity of fine soil (calculated by Equation 7), 𝐴𝐴 𝐴𝐴sat,g is the porosity of gravel, and Vg is the gravel 
volumetric content.

The scheme for 𝐴𝐴 𝐴𝐴min modified by Pan, Lyu, and Gao (2015) is applied in the GH scheme:

𝐵𝐵min = 𝑏𝑏g𝑉𝑉g + 𝐵𝐵min,f

(

1 − 𝑉𝑉g

)

� (12)

where 𝐴𝐴 𝐴𝐴g is set to 6 and 𝐴𝐴 𝐴𝐴min,f is determined by Equation 8.

Table 1 
Maximum Leaf and Steam Area Indices and Emissivity of Different PFTs in 
CLM5.0

PFTs 𝐴𝐴 LAIpft,max + SAIpft,max 𝐴𝐴 𝐴𝐴pf t,max 

Needleleaf evergreen temperate tree 6.0 0.982

Needleleaf evergreen boreal tree 6.0 0.982

Needleleaf deciduous boreal tree 6.0 0.985

Broadleaf evergreen tropical tree 8.0 0.978

Broadleaf evergreen temperate tree 8.0 0.981

Broadleaf deciduous tropical tree 7.7 0.982

Broadleaf deciduous temperate tree 8.0 0.970

Broadleaf deciduous boreal tree 6.0 0.968

Broadleaf evergreen shrub 5.8 0.987

Broadleaf deciduous temperate shrub 6.3 0.987

Broadleaf deciduous boreal shrub 5.4 0.987

C3 Arctic grass 5.2 0.978

C3 non-Arctic grass 5.9 0.978

C4 grass 5.9 0.978

C3 crop 4.1 0.976

C3 irrigated 4.1 0.981
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The revision of 𝐴𝐴 𝐴𝐴sat,min is proposed by Peck and Watson (1979) based on the 𝐴𝐴 𝐴𝐴sat,f (calculated by Equation 8):

𝑘𝑘sat,min = 𝑘𝑘sat,f

[

2
(

1 − 𝑉𝑉g

)

2 + 𝑉𝑉g

]

� (13)

Considering the water-holding capacity of gravel, Cousin et al. (2003) expressed the 𝐴𝐴 Ψsat,min as

Ψsat,min = Ψ
1−𝑉𝑉g

sat,f
Ψ

𝑉𝑉g

sat,g
� (14)

where 𝐴𝐴 Ψsat,g  = −1.3 mm according to Pan, Lyu, Li, et al. (2015).

The fine soil mineral thermal properties in CLM5.0 include bulk density (𝐴𝐴 𝐴𝐴d , unit: kg m −3), solid heat capacity 
(𝐴𝐴 𝐴𝐴s,min , J m −3 K −1), solid thermal conductivity (𝐴𝐴 𝐴𝐴s,min , W m −1 K −1), dry thermal conductivity (𝐴𝐴 𝐴𝐴dry,min , W m −1 K −1), 
and Kersten number (𝐴𝐴 𝐴𝐴𝑒𝑒 , unitless), which are expressed by Equations 15–19:

𝜌𝜌d = 2, 700(1 − 𝜃𝜃sat )� (15)

𝐶𝐶s,min =

(

2.128(%sand) + 2.385(%clay)

(%sand) + (%clay)

)

× 10
6� (16)

𝜆𝜆s,min =
8.8(%sand) + 2.92(%clay)

(%sand) + (%clay)
� (17)

𝜆𝜆dry,min =
0.135𝜌𝜌d + 64.7

2, 700 − 0.947𝜌𝜌d
� (18)

�� =

⎧

⎪

⎨

⎪

⎩

log(�r ) + 1 ≥ 0 , � ≥ �f

�r , � < �f

� (19)

where 𝐴𝐴 𝐴𝐴sat (mm 3 mm −3) is the volumetric water content at saturation, 𝐴𝐴 𝐴𝐴r (unitless) is the soil wetness at saturation, 
𝐴𝐴 𝐴𝐴  (K) is the soil temperature, and 𝐴𝐴 𝐴𝐴f (K) is the freezing temperature.

The revision of 𝐴𝐴 𝐴𝐴d is derived from Russo (1983):

𝜌𝜌d = 𝜌𝜌d,f
(

1 − 𝑉𝑉g

)

+ 2, 650𝑉𝑉g� (20)

where 𝐴𝐴 𝐴𝐴d,f is the fine soil bulk density calculated by Equation 15.

The expression for 𝐴𝐴 𝐴𝐴s,min is modified by Pan, Lyu, Li, et al. (2015):

𝐶𝐶s,min =

(

2.128(%sand) + 2.385(%clay) + 2.5(%gravel)

(%sand) + (%clay) + (%gravel)

)

× 10
6� (21)

The solid thermal conductivity for the GH scheme of Chen et al. (2012) is given by

𝜆𝜆s,min = 𝜆𝜆
𝑞𝑞0
q 𝜆𝜆

𝑉𝑉soc
soc 𝜆𝜆

1−𝑉𝑉soc−𝑞𝑞0

0
� (22)

where 𝐴𝐴 𝐴𝐴q  = 7.7 W m −1 K −1, 𝐴𝐴 𝐴𝐴soc  = 0.25 W m −1 K −1, and 𝐴𝐴 𝐴𝐴0  = 2.0 W m −1 K −1 are the thermal conductivity for quartz, 
soil organic matter, and other minerals, respectively. 𝐴𝐴 𝐴𝐴0 and 𝐴𝐴 𝐴𝐴soc are volumetric content for quartz and organic.

The 𝐴𝐴 𝐴𝐴dry,min and 𝐴𝐴 𝐴𝐴𝑒𝑒 for the GH scheme is formulated by Côté and Konrad (2005):

𝜆𝜆dry,min = 𝜒𝜒 × 10
−𝜂𝜂𝜂𝜂sat� (23)

𝐾𝐾𝑒𝑒 =
𝑘𝑘𝑘𝑘r

1 + (𝑘𝑘 − 1)𝑆𝑆r

� (24)

where χ, η, and k are empirical parameters which are the average values of gravel soil, natural mineral soil, and 
fiber soil. k is 4.6 for unfrozen soil and 1.7 for frozen soil, respectively. χ is 1.7 and η is 1.8.

Table 2 gives the details of the main modifications in the GH parameterization scheme.
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3.3.  Data

The observed data at Arou and Maqu sites from 1 January 2013 to 31 May 2014 are used to force the single-point 
offline simulations. The observed contents of sand, clay, and organic matter for the Arou and Maqu sites are from 
Su et al. (2020), and the contents of gravel are derived from the data provided by Shangguan et al. (2014) with a 
horizontal resolution of 5 km. The single-point atmospheric forcing data include air temperature, relative humidity, 
and wind speed 2 m above the surface, surface pressure, downward shortwave, and long-wave radiation, and precip-
itation with a half-hourly temporal resolution. From Figure 3, the site observed atmospheric forcing data show 
obvious seasonal variation. The mean values of air temperature, downward shortwave radiation, downward long-
wave radiation, relative humidity, surface pressure, and wind speed are 273.20 (273.97) K, 191.15 (210.30) W m −2, 
248.11 (257.46) W m −2, 53.29 (63.12)%, 728.30 (670.48) hPa, and 2.88 (2.73) m s −1 at Arou (Maqu) site. The 
rainfall at Arou and Maqu sites mainly occurs in July while snowfall mainly occurs in April. The regional forcing 
data from 1 January 2009 to 31 May 2014 are developed by the Institute of Tibetan Plateau Research, Chinese 
Academy of Sciences (ITP, J. He et al., 2020). It has the same variables as the single-point observation but with a 
three-hourly temporal resolution and a horizontal resolution of 0.1°. The soil texture data provided by Shangguan 
et al. (2014), including sand, clay, and gravel contents, are used to conduct the regional simulation too.

The validating data in the period from 1 October 2013 to 31 May 2014 include the observed soil temperature at 
the depths of 4 (or 5), 10, 20, 40, 80, and 160 cm with a half-hourly temporal resolution at Arou and Maqu sites 
and the observed soil temperature at the depths of 5, 10, 20, and 40 cm with a 15-min temporal resolution at Maqu 
and Shiquanhe networks. The hourly China Meteorological Administration Land Data Assimilation System 
(CLDAS) soil temperature in the same period at the depths of 5, 10, and 40 cm with a horizontal resolution of 
0.0625° is used to validate the regional simulations. Additionally, the monthly MODIS (Moderate Resolution 
Imaging Spectroradiometer) emissivity products (MOD11A2; Z. M. Wan, 2014) from Terra with a horizontal 
resolution of 0.05° during June 2013 to May 2014, which have good agreement with the in situ observations (M. 
L. Jin & Liang, 2006; K. Wang et al., 2007), are used to validate the VE scheme simulations.

3.4.  Experimental Design

As shown in Table 3, four offline experiments at single-point and regional scales are conducted to evaluate the 
synergistic influences of the improved VE and GH schemes on the CLM5.0 model performance to simulate the 
frozen soil at Arou and Maqu sites and the whole TP, respectively. The soil vertical discretization is 15 layers in 
the  CLM5.0 model, and the soil temperature is calculated at the depths of 1, 4, 9, 16, 26, 40, 58, 80, 106, 136, 
170, 208, 250, 299, and 358 cm (Lawrence et al., 2019). The CTL experiment has been carried out with the orig-
inal CLM5.0 model, and three sensitive experiments have been conducted with the modified CLM5.0 model as 
follows: the TE experiment with the improved VE scheme, the TG experiment with the GH scheme, and the TEG 
experiment with both the GH and the improved VE schemes. All the experiments are independently conducted at 
Arou and Maqu sites and  the whole TP. In each single-point experiment, the CLM5.0 model first runs 100 years 
cyclically driven by the atmospheric forcing data from 1 January 2013 to 31 December 2013, as the spin-up to 

Table 2 
Comparison of the Soil Thermal and Hydraulic Scheme for Original and Gravel in CLM5.0

Parameter Original scheme Gravel scheme

𝐴𝐴 𝐴𝐴sat,min  𝐴𝐴 0.489 − 0.00126(%sand)  𝐴𝐴 0.489 − 0.00126(%sand) − 0.00489(%gravel) 

𝐴𝐴 𝐴𝐴min  𝐴𝐴 2.91 + 0.159(%clay)  𝐴𝐴 2.91 + 0.159(%clay) × (1 − %gravel) + 0.06(%gravel) 

𝐴𝐴 𝐴𝐴sat,min  𝐴𝐴 0.0070556 × 10
−0.884+0.0153(%sand)  𝐴𝐴 0.0070556 × 10

−0.884+0.0153(%sand)
×

2(1−%gravel)

2 +%gravel
 

𝐴𝐴 Ψsat,min  𝐴𝐴 −10 × 10
1.88−0.0131(%sand)  𝐴𝐴 −10 × 10

1.88−0.0131(%sand)
× (1 − %gravel) + 1.3(%gravel) 

𝐴𝐴 𝐴𝐴d  𝐴𝐴 2, 700(1 − 𝜃𝜃sat )  𝐴𝐴 2, 700(1 − 𝜃𝜃sat )(1 − %gravel) + 2, 650(%gravel) 

𝐴𝐴 𝐴𝐴s,min  𝐴𝐴

(

2.128(%sand) + 2.385(%clay)

(%sand) + (%clay)

)

× 10
6  𝐴𝐴

(

2.128(%sand) + 2.385(%clay) + 2.5(%gravel)

(%sand) + (%clay) + (%gravel)

)

× 10
6 

𝐴𝐴 𝐴𝐴s,min  𝐴𝐴
8.8(%sand) + 2.92(%clay)

(%sand) + (%clay)
  𝐴𝐴 7.7

(%sand+%gravel)
× 2.0

[1−(%sand+%gravel)] 

𝐴𝐴 𝐴𝐴dry,min  𝐴𝐴
0.135𝜌𝜌d + 64.7

2,700− 0.947𝜌𝜌d

  𝐴𝐴 1.7 × 10
−1.8𝜃𝜃sat 

𝐴𝐴 𝐴𝐴𝑒𝑒  𝐴𝐴 log(𝑆𝑆𝑟𝑟) + 1  𝐴𝐴
𝑘𝑘𝑘𝑘𝑟𝑟

1+(𝑘𝑘−1)𝑆𝑆𝑟𝑟
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Figure 3.  The forcing data at Arou and Maqu sites during 1 January 2013 to 31 May 2014. Ta, air temperature; Prec, precipitation; DSR, downward shortwave 
radiation; DLR, downward long-wave radiation; RH, relative humidity; Pres, surface pressure; WS, wind speed.
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reach the hydrothermal stability of the soil (Z. L. Yang et  al.,  1995; Yuan 
et al., 2021). Then, the CLM5.0 for each single-point experiment runs from 
1 January 2013 to 31 May 2014, with the observed atmospheric forcing data 
and the initial soil temperature and moisture provided by the spin-up run. In 
each regional experiment, the CLM5.0 model forced by the ITP data runs 
consecutively from 1 January 2009 to 31 May 2014 at the 0.25° × 0.25° grids 
with the first 4 years as the spin-up time (Xie et al., 2019).

3.5.  Methods

The root-mean-square error (RMSE) and Taylor score (TS; Taylor, 2001) are 
used to quantitatively evaluate the model performance. The RMSE measures 

the model errors in quantity and the Taylor score assesses the model performance in reproducing the similarity of 
the temporal or spatial variability between the simulation and observation. Lower RMSE and higher TS indicate 
better performance of the model (Huang et al., 2016, 2019). The simulated soil temperature during the freeze–
thaw period (from 1 October 2013 to 31 May 2014) is linearly interpolated to the same depth of the observation 
before doing analysis (S. Q. Luo et al., 2017; J. Y. Wang et al., 2019).

4.  Results
4.1.  The Changes in Hydrothermal Parameters Induced by Adopting the VE and GH Schemes

Ogawa et al. (2003) pointed out that the emissivity of vegetation varies from 0.93 to 0.98. As shown in Figure 4, 
the MODIS retrieved surface emissivity near 0.98 at Arou and Maqu sites displays very small annual variation, 
but the VE estimated by the CLM5.0 model with the original VE scheme fluctuates sharply with the vegetation 
dynamics (ranging from 0.42 to 0.90 at Arou site and from 0.54 to 0.95 at Maqu site, respectively). The improved 
VE scheme produces VE ranging from 0.94 to 0.96 at Arou site and from 0.94 to 0.97 at Maqu site, respectively. 
Compared to the CTL experiment, the RMSE of the VE at Arou (Maqu) site simulated by the TE experiment 
with an improved VE scheme against the MODIS observation largely decreases from 0.42 to 0.04 (0.31 to 0.03).

As shown in Figures 5a and 5b, compared to the results from the CTL experiment without considering the effect 
of gravel, the gravel content directly increases the solid content and reduces the water content in the soil: adopting 
the GH scheme in CLM5.0 model increases the B exponent, bulk density, dry thermal conductivity, and solid heat 
capacity and decreases the soil porosity, saturated hydraulic conductivity, saturated matric potential, and solid 
thermal conductivity at both Arou and Maqu sites. Besides, the relative changes in soil hydrothermal properties 
are related to the amount of gravel content (Figure 2). The large relative changes in soil hydrothermal properties 
well correspond to high gravel content. Numerically, the GH scheme has the largest impact on the mineral solid 

Figure 4.  The monthly variations of the MODIS derived surface emissivity and the simulated vegetation emissivity from the 
CTL and TE experiments, and the model input vegetation area index (VAI) at (a) Arou and (b) Maqu sites during June 2013 
to May 2014. The MODIS surface emissivity is the value of area average (0.1° × 0.1°centered at the in situ site).

Table 3 
Design of Experiments by CLM5.0

Cases Soil texture VE scheme GH scheme

CTL Observation Off Off

TE Observation On Off

TG Observation Off On

TEG Observation On On
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thermal conductivity and dry thermal conductivity in the soil. The changes in soil mineral hydrothermal properties 
will further affect the soil heat-water transport process. From Figures 5c and 5d, the GH scheme increases  the soil 
thermal conductivity at the depths of 0.05–3.80 m, especially at the depths of 0.05–1.38 m in October–November 
and April–May, but it reduces the soil thermal conductivity at upper layers above 0.09 m (0.8 m) at Arou (Maqu) 
site during December–March when the soil is completely frozen. The effect of GH scheme on heat-water trans-
port process within the soil is complex and depends not only on the amount of gravel content but also on the soil 
texture, soil liquid water, and ice content (C. L. Ma et al., 2020; Pan, Lyu, & Gao, 2015; Pan, Lyu, Li, et al., 2015).

4.2.  The Changes in Soil Surface Heat Fluxes Induced by Adopting the VE and GH Schemes

Figure  6 gives the differences in soil surface heat fluxes between each sensitive experiment (TE, TG, and 
TEG) and CTL experiment. According to previous studies (S. Q. Luo et al., 2017; J. Y. Wang et al., 2019), the 
freeze–thaw period can be divided into the freezing period (October–November), the completely frozen period 
(December–February), and the thawing period (March–May).

During the freeze–thaw period (Figures 6a and 6b), compared to the CTL experiment, the TE experiment gener-
ates less surface net long-wave radiation (positive upward) induced by more downward long-wave radiation from 
the vegetation because of the increased VE and slightly less surface net short wave radiation (positive downward) 
resulting in more surface net radiation (positive downward) whose intensity is comparable to the magnitude of 
the surface net long-wave radiation change. Most of the increased surface net radiation is distributed to warm the 
soil surface (Section 4.5) and thereafter leads to a large increase in the turbulent heat flux (the sum of sensible and 

Figure 5.  The relative changes of soil hydrothermal parameters in the TG experiment compared to the CTL experiment at Arou (a, c) and Maqu (b, d) sites during 1 
October 2013 to 31 May 2014.
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latent heat flux, positive upward) and a slight increase in ground heat flux. Due to the much larger increase in VE 
(Figure 4), the change in each surface heat balance component is relatively larger at Arou site than at Maqu site. 
Meanwhile, the decrease in the soil thermal conductivity at the soil subsurface layer produced by the TG experi-
ment reduces the heat loss from the soil subsurface to surface representing an increase in ground heat flux and a 
decrease in ground temperature (Section 4.5). It in turn decreases the turbulent heat flux as well as the surface net 
long-wave radiation, which further increases the surface net radiation. The changes in each surface heat balance 
component in the TEG experiment with the VE and GH schemes are the quasilinear superposition of the changes 
in the TE and TG experiments relative to the CTL experiment.

In the freezing (Figures 6c and 6d) and completely frozen (Figures 6e and 6f) periods, the soil is a heat source 
and releases the energy from deep soil to the surface (J. X. Luo et al., 2022; J. Y. Wang et al., 2019). The chang-
ing features of each surface heat component produced by the TE, TG, and TEG experiments relative to the CTL 
experiment in the freezing and completely frozen periods are similar to those in the freeze–thaw period.

Figure 6.  The differences in surface heat fluxes between each sensitive experiment and CTL experiment in the freeze–thaw 
period during 1 October 2013 to 31 May 2014, the freezing period (October–November), the completely frozen period 
(December–February), and the thawing period (March–May) at Arou and Maqu sites.
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However, in the thawing period (Figures 6g and 6h), the soil is a heat sink and gains the heat from the surface due 
to the solar radiation increasing (Figures 3c and 3j). Compared to the CTL experiment, both TE, TG, and TEG 
experiments produce less ground heat flux into the deep soil layers, indicating that more heat is distributed to heat 
the surface and less heat into the deeper soil layers, resulting in relatively warmer surface (Section 4.5), which 
increases the turbulent heat flux and upward surface long-wave radiation. The increase of ground temperature 
in the TE, TG, and TEG experiments leads to an increase of surface evaporation and thereafter the surface soil 
liquid water decreased (not shown), which leads to an increase of the surface albedo (not shown) and thereafter a 
decrease in the surface net shortwave radiation.

4.3.  The Changes in Single-Point Soil Temperature Simulation Induced by Adopting the VE and GH 
Schemes

Figure 7 depicts the time–depth distribution of the observed and simulated soil temperature at Arou site. As 
shown in Figure 7a, the soil temperature fluctuates evidently at the depths ranging from 4 to 40 cm and stabi-
lizes at the depths of 80–160 cm during the freeze–thaw period because the upper layers are more sensitive to 
the changes in atmospheric forcing conditions. The soil at 4 cm starts to freeze on 3 November and gradually 
penetrates to deeper layers with a maximum frozen depth larger than 160 cm. Then, the soil starts to thaw on 18 
March, and the soil column thaws completely on 21 May, enduring a frozen period of 199 days. It is clear that the 
CTL experiment (Figures 7b and 7c) can reproduce the overall vertical structure of soil temperature but tends to 
underestimate it from October to the subsequent March with a bias of −1.93°C and overestimate it from April to 
May with a bias of 1.09°C. The soil shows a stronger and more advanced freeze–thaw process in the CTL exper-
iment with a frozen duration of 187 days compared to the observation.

From Figures 7d and 7e, the improved VE and GH schemes can distinctly reduce the cold bias of soil temperature 
stratification during most time of the freezing and completely frozen periods. The soil freeze–thaw onset and end 
dates at 4 cm are determined by the atmospheric forcing conditions. As discussed in Section 4.2, the improved VE 
scheme decreases the upward surface net long-wave radiation, but most of the energy is distributed to warm the soil 
surface and a small portion is distributed to suppress the heat loss from the deep soil in the freezing and completely 
frozen periods. Then, the soil temperature produced by the TE experiment in the freezing and completely frozen 
periods is increased by 0.64°C compared to the CTL experiment (Figure 7d). Furthermore, it delays the freezing 
process and accelerates the thawing process relative to the CTL experiment, leading to a shorter frozen duration of 
172 days and a lower soil ice content, and making it possible to reduce the energy required for soil ablation. The 
soil temperature produced by the TE experiment in the thawing period is increased by 0.67°C (Figure 7d) even 
though there is a slight decrease in the ground heat flux compared to the CTL experiment (Figure 6g).

From Figure 7e, compared to the CTL experiment, the decrease of the soil thermal conductivity at the soil subsur-
face in the TG experiment inhibits the heat loss from the soil subsurface to surface in the freezing and completely 
frozen periods, which increases soil temperature in November–March. The increase in soil temperature is more 
obvious at the depths of 20–160 cm because of the higher gravel content. In January, when the cold bias is rela-
tively larger in the CTL experiment, the soil temperature increases much more evidently. In the thawing period, 
the decrease in the downward ground heat flux decreases soil temperature because it is the main changing feature 
of soil surface heat fluxes in the TG experiment relative to the CTL experiment.

It is noted that the soil temperature produced by the TEG experiment with both VE and GH schemes adopted is further 
increased relative to the CTL experiment (Figure 7f). As discussed in Sections 4.1 and 4.2, the VE scheme improves 
the soil surface long-wave radiation heat transfer process, while the GH scheme improves the hydrothermal properties 
within the soil, and they have a synergistic effect on the modeled soil temperature. The changes in soil temperature 
in the TEG experiment adopting the VE and GH schemes are the quasilinear superposition of the changes in the TE 
and TG experiments relative to the CTL experiment. The difference features in the TE and TG experiments get much 
more obvious in the TEG experiment during most time of the completely frozen period. Additionally, the freezing 
front produced by the TEG experiment shows the best agreement with the observation among the four experiments.

The air temperature is higher at Maqu site than at Arou site (Figures 3a and 3h), resulting in higher soil temper-
ature and a weaker freeze–thaw process. From the observation (Figure 8a), the soil surface at Maqu site starts to 
freeze on 17 November, starts to thaw on 13 March, and thaws completely on 13 April, with a maximum frozen 
depth of 123 cm and a frozen duration of 116 days. The CTL experiment (Figures 8b and 8c) can reproduce the 
time–depth distribution of soil temperature but still show an underestimation in October–February with a bias of 
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−1.63°C and April–May with a bias of −1.67°C. The difference feature between each sensitive experiment and 
CTL experiment (Figures 8d–8f) at Maqu site is fairly consistent with that at Arou site but with relatively lower 
values because of the lower increase in VE and lower gravel content. The TEG experiment (Figure 8f) still shows 
the best simulation of the freezing front among the four experiments.

4.4.  The Changes in Regional Soil Temperature Simulation Induced by Adopting the VE and GH 
Schemes

From Figures 9a and 9b, the CLM5.0 model can produce the same spatial distribution feature of soil temperature as 
CLDAS over the TP. The soil temperature is much higher in the seasonally frozen soil area than in the permafrost 
area. However, the CLM5.0 model also mainly shows an underestimation, especially in the southeast part of the TP 

Figure 7.  The temporal variations of the observed (a) and the CTL experiment simulated (b) daily soil temperature vertical profile and their difference (c) at Arou site 
during 1 October 2013 to 31 May 2014. And the differences of the simulated soil temperature between each sensitive experiment and CTL experiment (d–f). The black 
line outlines the freezing and thawing fronts, that is, 0°C isotherm. The solid lines show the observations and the dashed lines show simulations.
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with a relatively heavier vegetation (Figure 9c). But the western part of the TP and the southern edge of the Qaidam 
Basin where are barely vegetated show an evident overestimation. This could be attributed to the complex topogra-
phy (Figure 1g), which overestimates the downward surface shortwave radiation (Gu et al., 2022; Huang et al., 2022; 
X. D. Zhang et al., 2022). The adoption of the VE and GH schemes can both increase the modeled soil temperature 
(Figures 9d and 9e). The areas of significantly increased soil temperature in the TE experiment correspond well to 
the distribution of LAI (Figure 1a). Compared to the TE experiment, the TG experiment shows a relatively smaller 
increased soil temperature with a weak significance. This indicates that the improvement of frozen soil temperature 
is limited if the surface radiation transfer process affected by  the subgrid terrain is omitted, even though the hydro-
thermal properties within the soil are revised. Same as the single-point simulation, the TEG experiment with both VE 
and GH schemes adopted produces a further increased  soil temperature and an enhanced significance (Figure 9f).

Figures 10 and 11 give the time–depth distribution of the observed and simulated soil temperature in the regional 
experiments regionally averaged over all in situ sites at the Maqu and Shiquanhe networks, respectively. The CTL 

Figure 8.  Same as Figure 7, but for Maqu site.
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experiments at Maqu and Shiquanhe networks exhibit cold biases in the freezing and completely frozen periods 
and warm bias in the thawing period (Figures 10c and 11c). The TE experiment (Figures 10d and 11d) increases 
the modeled soil temperature during freeze–thaw period while the TG experiment (Figures 10e and 11e) increases 
(decreases) the modeled soil temperature in the completely frozen period (freezing and thawing periods) at both 
Maqu and Shiquanhe networks. The changes in soil temperature in the TEG experiment are the quasilinear super-
position of the changes in the TE and TG experiments relative to the CTL experiment at both Maqu and Shiquanhe 
networks too (Figures 10f and 11f). Those are consistent with the findings of the single-point simulations.

4.5.  Overall Evaluation of Soil Temperature Simulation Induced by Adopting the VE and GH Schemes

Figure 12 depicts the RMSE and TS of the modeled soil temperature at six soil layers of Arou and Maqu sites 
produced by CLM5.0 model against the observation. The CLM5.0 model has a better performance in modeling the 
soil temperature at Maqu site than at Arou site in terms of RMSE and TS, and the column-averaged RMSE (TS) of 
modeled soil temperature in the CTL experiment are 2.34°C and 1.79°C (0.91 and 0.98) at Arou and Maqu sites, 
respectively. From Figures 13a and 13c, it is noted that the VE and GH schemes can noticeably improve the soil 
temperature simulation in terms of RMSE and TS, and the improvements of modeled soil temperature increase with 
depth because the gravel content and cold bias are higher in the deep layers relative to the upper layers (Figures 2a 

Figure 9.  The temporal mean (during 1 October 2013 to 31 May 2014) observed (a) and CTL experiment simulated (b) soil temperature vertically averaged at the 
depths from 5 to 40 cm and their difference (c) over the Tibetan Plateau. And the differences of the simulated soil temperature between each sensitive experiment and 
CTL experiment (d–f). The black dots in panels (c)–(f) indicate the significant level above 95% of t test.
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and 14a). The main improvements of simulation skill in soil temperature for both TE, TG, and TEG experiments are 
located in the freezing and completely frozen periods (Figures 14a–14d). Compared to the CTL experiment with orig-
inal CLM5.0 model, the column-averaged RMSE (TS) of modeled soil temperature in the TE, TG, and TEG experi-
ments are reduced (increased) by 12.88%, 20.68%, and 31.11% (0.81%, 3.83%, and 4.52%) at Arou site, respectively.

The TE experiment shows much higher skill in simulating the soil temperature than the TG experiment at Maqu 
site (Figures 13b and 13d) because it is more effective in reducing the cold bias in the freezing and thawing 
periods (Figures 14f and 14h). Compared to the CTL experiment, the column-averaged RMSE (TS) of modeled 
soil temperature in the TE, TG, and TEG experiments are reduced (increased) by 25.03%, 10.15%, and 36.87% 
(0.40%, −0.53%, and 0.04%) at Maqu site, respectively.

In the regional simulations, the modeled soil temperature with the TS is larger than 0.90 (0.99) at Maqu network 
(Shiquanhe network and the whole TP; Figures 15b, 15d, and 15f). Thus, the relative changes in TS for the 

Figure 10.  Same as Figure 7, but for the soil temperature at different depths regionally averaged over the in situ sites in the Maqu network.
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simulations of soil temperature against observations between each sensitive experiment and CTL experiment are 
very slight at the two networks and the whole TP (Figures 16b, 16d, and 16f). Meanwhile, the TE experiment 
performs better to reduce the cold bias of the soil temperature modeled by the CTL experiment than the TG 
experiment in the regional simulation (Figures 9d and 9e), so the RMSE of modeled soil temperature reduces 
more in the TE experiment than in the TG experiment relative to the CTL experiment at the two networks and 
the whole TP (Figures 16a, 16c, and 16e). Compared to the CTL experiment, the column-averaged RMSE (TS) 
of modeled soil temperature in the TE, TG, and TEG experiments are reduced (increased) by 18.21%, 9.62%, and 
27.34% (0.26%, 1.92%, and 2.10%) at Maqu network, by 17.97%, 2.94%, and 20.0% (0.11%, 0.10%, and 0.18%) 
at Shiquanhe network, and by 32.34%, 6.75%, and 30.18% (0.05%, −0.13%, and −0.07%) over the whole TP, 
respectively.

Figure 11.  Same as Figure 10, but for the Shiquanhe network.
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5.  Discussion and Conclusion
Frozen soil is an important and typical underlying surface over the TP, but previous studies focus on evalu-
ating the performance of CLM5.0 in simulating the soil temperature and moisture in warm seasons (Deng 
et al., 2020, 2021; Yuan et al., 2021). The description of the hydrothermal process either at the soil surface or 
within the soil plays important roles in the soil temperature simulation during freeze–thaw period. This study 
implemented an improved VE scheme and GH scheme into CLM5.0 model and indicated how the VE and GH 
schemes affected the model performance. Figure 17 gives the schematic illustration for the effects of the VE and 
GH schemes on the soil temperature simulation during the freeze–thaw period as follows.

The original CLM5.0 model produces much lower VE than the observation, which can be realistically simulated by 
adopting the improved VE scheme. Compared to the CTL experiment with original CLM5.0 model, the much higher 
VE produced by the CLM5.0 model adopting the improved VE scheme in TE experiment leads to more downward 
long-wave radiation from the vegetation and thereafter less surface upward net long-wave radiation, which results in 
more surface net radiation (Figure 17a) and thereafter warmer soil temperature at surface and deep layers (Figure 14).

Compared to the CTL experiment with the original CLM5.0 model, the TG experiment with the GH scheme 
altered the soil heat-water transfer processes by increasing (decreasing) the soil mineral hydrothermal properties 
of B exponent, bulk density, dry thermal conductivity, and solid heat capacity (the porosity, saturated hydraulic 
conductivity, saturated matric potential, and solid thermal conductivity). The less heat loss from the soil leads to 
warmer soil temperature simulated by the TG experiment (Figure 17b), resulting in the cold bias during most time 
of the freezing and completely frozen periods produced by the CTL experiment significantly reduced.

Overall, the TEG experiment with the improved VE and GH schemes can remarkably reduce the cold bias during 
the freezing and completely frozen periods produced by the original CLM5.0 model and enhance the ability in 

Figure 12.  The root-mean-square error (RMSE) and TS for the simulations of soil temperature at different soil depths in Arou and Maqu sites from each experiment 
against observations during 1 October 2013 to 31 May 2014.
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simulating the soil temperature. However, adopting the improved VE and GH schemes shows much less improve-
ment of the soil moisture simulation relative to the soil temperature and obvious inconsistency at different sites 
(not shown). This suggests that the processes related to the soil moisture are much more complex than the soil 
temperature and need to be further revealed and studied in the future work, such as the presence of macropores in 
the frozen soil (Hansson et al., 2004; Lundberg et al., 2016; Niu et al., 2011).

The forming of macropores during the freeze–thaw period is a distinctive hydrological effect of the frozen soil 
(Iwata et al., 2010; Laudon et al., 2007; Mohammed et al., 2018). It allows infiltration and water flow achieve 
within the frozen soil. The ice content within the frozen soil hinders the infiltration and favors the surface runoff. 
When the daily soil surface freeze–thaw cycle occurs, the snow melt water can even form an almost impermea-
ble “concrete frozen layer” between the ground surface and the snow layer (Ala-Aho et al., 2021). Land surface 
models always simulate unreasonable hydrological processes in the frozen soil due to the neglect of the macro-
pores (Lundberg et al., 2016; Niu et al., 2011). Niu and Yang (2006) proposed a frozen soil parameterization 
scheme in CLM2.0, assuming the existence of a partially permeable area, and represented the movement of liquid 
water through the air-filled macropores and unfrozen pores. Furthermore, Mohammed et al. (2021) developed a 
dual permeability model based on Darcy’s law, with one domain for slow matrix flow and another for rapid flow 
through macropore channels, and improved the interaction of infiltration and runoff in structured soils. However, 
neither the default CLM5.0 model nor the two parameterization schemes adopted in this study involve the pres-
ence of macropores in the frozen soil. Besides, although the hydrothermal properties of different soil types vary 
considerably, soil type is unlikely to be a decisive factor affecting the frozen soil hydrological effect (Ala-Aho 
et al., 2021; Mustamo et al., 2019).

In addition, previous studies on frozen soil modeling mainly focus on the hydrothermal process within the soil 
(S. Q. Luo et al., 2008, 2017; C. H. Wang & Yang, 2018), but the hydrothermal process above the soil is equally 
critical. Although the ability of CLM5.0 model in simulating the soil temperature has been obviously improved in 

Figure 13.  The relative changes of root-mean-square error (RMSE) and TS for the simulations of soil temperature at different soil depths at Arou and Maqu sites 
during 1 October 2013 to 31 May 2014 against observations between each sensitive experiment and CTL experiment.
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this study, the snow accumulation process, especially thick snow, was not considered. Snow cover is the dominant 
land cover during the soil freeze–thaw period and largely determines the spatial distribution of frozen soil (Li 
et al., 2021; J. X. Luo et al., 2021; S. Q. Luo et al., 2020; Xie et al., 2017). Meanwhile, implementing the subgrid 
terrain solar radiative effect parameterization scheme into land surface model can produce a more realistic surface 
heat source and sink (Gu et al., 2022; Huang et al., 2022; X. D. Zhang et al., 2022). These issues still deserve 
attention in the future work.

Figure 14.  The differences of modeled soil temperature between CTL experiment and observation and between each sensitive experiment and CTL experiment at 
different depths in Arou and Maqu sites averaged over the freeze–thaw period during 1 October 2013 to 31 May 2014.
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Figure 15.  Same as Figure 12, but for the regional simulations.
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Figure 16.  Same as Figure 13, but for the regional simulations.
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Data Availability Statement
The observed data at Arou site (Che et al., 2019) and the model forcing data (J. He et al., 2020) are provided by 
the Institute of Tibetan Plateau Research, Chinese Academy of Sciences. The observation data at Maqu site (S. Y. 
Wang, 2016) are from the National Cryosphere Desert Data Center. The observed soil temperature in the Maqu and 
Shiquanhe networks is derived from P. Zhang et al. (2022). The CLDAS soil temperature (Shi et al., 2011) is provided 
by the China Meteorological Data Service Center. The Moderate Resolution Imaging Spectroradiometer (MODIS) 
emissivity products (MOD11A2, version 6.1; Z. Wan et  al.,  2021) and leaf area index products (MOD15A2H, 
version 6.1; Myneni et al., 2021) are available at https://search.earthdata.nasa.gov. The terrain elevation data with the 
horizontal resolution of 3″ (∼90 m; Jarvis et al., 2008) are from https://developers.google.com/earth-engine/datasets/
catalog/CGIAR_SRTM90_V4. The CLM5.0 model is freely available at http://www.cesm.ucar.edu/models/.
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