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Surface energy budget and soil hydrothermal regime are crucial for understanding the interactions between the
atmosphere and land surface. However, large uncertainties in current land surface process models exist, espe-
cially for the permafrost regions in the Qinghai-Tibet Plateau. In this study, observed soil temperature, moisture,
and surface energy fluxes at four sites in permafrost regions are chosen to evaluate the performance of CLM5.0.
Furthermore, the soil property data, different thermal roughness length schemes, and dry surface layer (DSL)
scheme are investigated. The results show that the soil property data is important for CLM5.0. The default
scheme in CLMS5.0 yields large errors for surface energy fluxes. The combination of the thermal roughness length
and DSL scheme significantly improved the simulation of surface energy fluxes, especially for latent heat flux.
The optimization of DSL scheme significantly improved soil temperature simulation and decreased the RMSE
from 1.95 °C, 2.07 °C, 2.02 °C, and 2.95 °C to 1.34 °C, 1.35 °C, 1.35 °C and 2.29 °C in TGL site, respectively. The
combination of the thermal roughness length and DSL scheme performed the best in shallow soil moisture,
decreasing the RMSE from 0.136 m® m 2 to 0.049 m® m~ in the XDT site but slightly enhancing the errors in
middle soil. The interactions between surface energy and soil hydrothermal regime also discussed. However, the
thermal roughness length and the DSL schemes are highly dependent on the condition of the underlying surface.
Different schemes should be selected for different regions.

1. Introduction

The Qinghai-Tibetan Plateau (QTP), which is known as the highest
plateau in the world, has been proved to have a significant impact on the
Asian summer monsoon and even global climate through its dynamic
and thermal effects (Duan et al., 2012; Wu et al., 2012; Xin et al., 2018).
The underlying surface of the QTP is complex and has extensive
permafrost distribution (Zou et al., 2017). In permafrost regions, the
diurnal variation of surface energy fluxes and near-surface meteoro-
logical elements is drastic, which have significant impacts on regional
and global climate change (Ma et al., 2004; Yao et al., 2019). Permafrost
is also sensitive to climate change, the surface air temperature on the
QTP has increased at 0.40-0.52 °C per decade since the 1980s and this
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has resulted in substantial degradation of the permafrost (Cheng and
Wu, 2007; Cheng et al., 2019; Zhao et al., 2020), which may in turn
release more greenhouse gasses into the atmosphere (Mu et al., 2020).
Thus, the interactions between the land surface and atmosphere in QTP
plays an essential role in understanding the climate change (Luo et al.,
2017; Ma et al., 2022a; Zhang et al., 2011).

Due to its remote location, there are rare observation sites in QTP
(Cao et al., 2019; Deng et al., 2020). Compared to the in-situ observa-
tions and reanalysis data, land surface process models (LSMs) provide a
more convenient way for the land surface process researches and the
future forecast (Ma et al., 2022b). The realistically simulations of the
complex interactions between the land surface and the atmosphere are
significant, however, numerous studies reveals that many LSMs have
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difficulties in reliably simulating the land surface processes, such as the
surface energy fluxes, soil temperature and moisture, the snow cover
process (Gao et al., 2016; Li et al., 2020; Ma et al., 2008; Yang et al.,
2009; Zhang et al., 2016).

Many modifications have been made to improve the simulation effect
of the surface energy budget and soil hydrothermal regime in LSMs. The
thermal roughness length (2op) is an important parameter for calculating
sensible heat flux (H) in both LSMs and climate models. Moreover,
several theoretical and experimental zy, schemes have been proposed
recently. Yang et al. (2003) developed a 2o, scheme based on the wind
and temperature profiles; the H can be calculated more accurately in
combination with aerodynamic methods. Zeng et al. (2012) modified
the coefficients in the default 2, scheme of CLM4.5, and improved the
simulation effect of H. Furthermore, changes in 2o can also affect the
characteristics of other parameters, such as soil temperatures (Li et al.,
2021). Chen et al. (2011) adjusted the zg,, scheme in Noah; they found
that the soil temperature was also ameliorated. The soil evaporation
resistance is also a crucial parameter for surface evaporation and soil
moisture (Yang et al., 2009). Results showed that the modification in the
soil evaporation resistance could effectively reduce the overestimation
of soil moisture on the QTP (Deng et al., 2021). Numerous studies have
proven that the simulation results can be improved by replacing
appropriate parameterization schemes in LSMs (Chen et al., 2013; Wang
et al., 2019b; Yang et al., 2009; Zhang et al., 2021a). However, most of
these studies focused on soil temperature and moisture simulations in
seasonally frozen ground soils (Deng et al., 2020, 2021). Only a few
studies considered the evaluation and improvement of the surface en-
ergy fluxes in the permafrost regions (Wang and Ma, 2019). Therefore,
further studies on the performance for surface energy fluxes of the LSMs
in permafrost regions are still necessary.

The Community Land Model (CLM) is the land surface module in the
Community Earth System Model (CESM). It is one of the most developed
and potential LSMs in the world (Dickinson et al., 2006). The latest
version, CLM5.0, has made great progress in the key parameters
compared to its previous version (Deng et al., 2020; Lawrence et al.,
2019). This study used CLM5.0 to conduct the simulation of the surface
energy budget and soil hydrothermal regime in permafrost regions of the
QTP. We primarily aim to investigate the impact of different thermal
roughness length and dry surface layer schemes on the simulation results
of surface energy fluxes and the interactions between surface energy
budget and soil hydrothermal regime. The paper is organized as follows:
Section 2 describes the study area and method. The model description
and experiment designs are introduced in Section 3. Section 4 presents
the simulation results for the soil temperature, moisture, and surface
energy fluxes of different experiments. Section 5 discusses the key pro-
cesses associated with soil hydrothermal and surface energy budget
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regimes. Section 6 presents conclusions.
2. Study area and methods
2.1. Study area and in-situ observation

This study chose the following four typical underlying surface
monitoring sites in permafrost regions over the QTP: Beiluhe station
(BLH), Liangdaohe station (LDH), Tanggula station (TGL), and Xidatan
station (XDT) (Fig. 1). The BLH station is located between Hoh Xil and
Fenghuoshan on the central QTP. The TGL station is situated southwest
of Tanggula Mountain on the hinterland of the QTP; It is the highest
altitude observation station in the permafrost area. Furthermore, XDT is
located along the boundary of permafrost in the northern QTP, repre-
senting the characteristics of the island-shaped permafrost. The LDH
station has the lowest latitude, the warmest climate, and the most
abundant precipitation (Zhao et al., 2021). The XDT and LDH stations
extend from close to the northernmost (XDT) to the southernmost (LDH)
of permafrost. Table 1 provides the details about the four monitoring
sites.

The atmospheric forcing data required by the CLM5.0 offline simu-
lation included the following: surface air temperature, precipitation,
wind speed, pressure, downward shortwave radiation, specific humidi-
ty, and upward longwave radiation. Furthermore, Table 1 lists the time
resolution of each station. The precipitation data at the LDH station had
a large error during the selected period due to harsh natural conditions.
We extracted the closest points from the China Meteorological Forcing
Dataset (CMFD) to replace the precipitation data The accuracy of the
CMFD dataset has been acknowledged; it has been widely used in LSMs
over the QTP (Deng et al., 2020; Zhang et al., 2021b).

Additionally, observed soil temperature and soil moisture at
different soil depths and surface energy fluxes (including H, latent heat
flux (LE), net radiation flux (Ry), and ground heat flux (Gy)) at the four
stations were collected to verify the simulation performance of CLM5.0.
The soil temperature was measured using a 105T/109 thermocouple
probe (Campbell Scientific, Inc., USA) with an accuracy of 0.1 °C/0.2 °C.
Furthermore, a Stevens hydro probe (Stevens Water Monitoring System,
Inc., USA) with + 3% accuracy was used to obtain the soil moisture
content from 2 to 320 cm below the ground. Among four stations, only
TGL and XDT stations have the eddy covariance system. A 3D ultrasonic
anemometer and an open-path infrared gas analyzer are involved in the
eddy covariance system. Yao et al. (2020) provided a detailed descrip-
tion of calculating H and LE. Moreover, please refer to Ma et al. (2022a)
for the description of the calculation method of R, and G.
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Fig. 1. Locations of the monitoring sites in this study over the QTP.
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Table 1
Information of in-situ monitoring sites used in this study.
Station Lon (°E) Lat (°N) Land cover type Altitude (m) Time resolution Study period
BLH 92.92 34.82 Alpine swamp 4656 1h 2009.8.1-2010.7.31
LDH 91.74 31.82 Alpine wet meadow 4808 10 min 2017.1.1-2017.12.31
TGL 91.93 33.07 Alpine grassy meadow 5100 30 min 2006.8.1-2007.7.31
XDT 94.13 35.72 Alpine meadow 4538 30 min 2013.8.1-2014.7.31
2.2. Methods 3.3. Thermal roughness length scheme

The performance of CLM5.0 was evaluated based on the simulated
and observed values. This study selected the correlation coefficient (R),
root mean square error (RMSE), mean bias error (MBE), and mean ab-
solute error (MAE) to evaluate the simulation performance of the models
in different experiments. Their formulas are as follows:

(€8]

(2)

3

1 N
MAE =5 > |(M: =00, )

where M; and O; correspond to the simulated and observed values,
respectively; M and O denote the average of simulated and observed
values, respectively; N is the length of the study time series.

3. Model
3.1. Model description

CLMS5.0 is the latest generation land surface process model released
by NCAR (National Center for Atmosphere Research). It provides a
detailed description of land surface processes, including biogeophysical,
biogeochemical, dynamic vegetation, and water cycle processes.
Compared with prior CLM versions, some novel parameterizations or
model structural decisions have been updated in CLMS5.0, mainly
including soil hydrology, surface turbulent flux, snow cover, vegetation
physiology, carbon and nutrient dynamics, and river modeling (Law-
rence et al., 2019). CLM5.0 introduces the soil evaporation resistance
parameterization scheme of dry surface layer (DSL), improving the
simulation of soil evaporation (Swenson and Lawrence, 2014). These
improvements make CLM5.0 more accurate in simulating soil water and
heat transfer processes and surface energy flux (Deng et al., 2020, 2021;
Luo et al., 2020).

3.2. Model setup

This study performed single-point offline simulations at four obser-
vation stations of the permafrost regions over the QTP using CLM5.0. We
selected the “I” compset and ran the satellite phenology model (CLMSP).
For each experiment, a one-month simulation was used for spin-up. This
study selected two consecutive years with better data quality and
simulated it from August of the first year to July of the next year to
eliminate the error of the initial ice content to analyze a complete freeze-
thaw cycle process. The simulation was started in January because the
data at the LDH site was only measured for one year.

The sensible heat flux in CLM5.0 is based on the Monin-Obukhov
similarity theory. It was calculated as shown in Eq. (5):
T, - T,
H= p,,,mei( : )7 (5)

Tan

where pgm denotes the density of atmospheric air (kg m™>), and G
corresponds to the specific heat capacity of air (J kg~* K™1); T, and T
denote the air temperature (K) and surface ground temperature (K),
respectively. Moreover, ry, is the aerodynamic resistance (s m™1), which

was calculated using Eq. (6),
1 z—d z—d Zom z—d z—d Zon
e, {h’ P (T) () } {17 v <T> () } ’
(6)

where L represents the Monin-Obukhov length, zoy, and 2o, denote the
momentum and thermal roughness length, respectively; zop, is the height
at which the average wind speed is equal to zero, and 2o, represents the
height at which the air temperature is equal to the surface ground
temperature; z is the height above the surface, d denotes the zero plane
displacement height, yy, and yy, correspond to the stability correction
functions, and k denotes von Karman’s constant, which was set to 0.4.

In CLM5.0, the default scalar roughness height for sensible heat
transfer was derived following Zeng and Dickinson (1998):

0045
Zon = Zom€ aluszon /) ’ )

where the quantity u.zom/v corresponds to the roughness Reynolds
number (R,.), the kinematic viscosity of air was v = 1.5 x 10 °m?s!
and a = 0.13.

The zo, parameterization scheme is a crucial parameter in estimating
sensible heat flux, which also has an important impact on the surface
energy budget and soil water and heat transfer (Chen et al., 2013; Li
et al., 2020). The default scheme of CLM5.0 is mainly applicable to bare
land and snow covered surface. Some studies show that this scheme is
overestimated in the sensible heat flux simulation of the QTP (Wang
et al., 2019b), and we have similar conclusions in the permafrost region
of the QTP. It is very effective to select appropriate thermal roughness
length scheme for different types of underlying surfaces to improve
energy flux simulation. Herein, we incorporated two other widely used
thermal roughness length schemes—Brutsaert (1982) (B82) and Yang
et al. (2008) (Y08) schemes—into CLM5.0 to determine the effects of the
thermal roughness length scheme on surface energy flux and soil water
and heat transfer. B82 scheme is suitable for rough rigid surface, high
vegetation and forest surface. Studies have shown that B82 scheme can
improve the overestimation of CLM in sensible heat simulation over the
QTP (Wu et al., 2022). The YO8 scheme is mainly designed for the
sparse, low and short grass in the QTP, which is more suitable for the
simulation of energy flux in the QTP (Li et al., 2020).

In the B82 scheme, the thermal roughness length depends on the R,,,
which was calculated by Eq. (8),

Zon = Zom€XP(2.0 — 2.46R07) (8)

The Y08 scheme has been widely used in land surface models, it can
simulate an evident diurnal variation of zg, (Chen et al., 2011). This
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scheme is defined as

2o = (100 / w)exp( = pulIT."), ©
where § = 7.2 m2stk, and v is the kinematic viscosity of air.

3.4. Dry surface layer scheme

Compared with CLM4.5, CLM5.0 has introduced the evapotranspi-
ration soil resistance scheme based on the thickness of the dry soil layer,
improving the simulation accuracy of evapotranspiration in semi-arid
areas to a certain extent (Swenson and Lawrence, 2014). The soil
evaporation scheme in CLM5.0 is as follows:

Eoy = 7/)atm (qulm - q.mil). (10)
Taw + Tsoit

where qqm and gso correspond to the atmospheric specific humidity
(kg™ and specific humidity (kg ™) of the soil, respectively; rq, denotes
the aerodynamic resistance to water vapor transfer (s m™b); Tsoi TEpPTE-
sents the soil resistance to water vapor transfer (s m’l), which is a
crucial parameter for calculating the surface evaporation and soil
moisture within the topsoil (Yang et al., 2009). It was calculated using
Eq. (11),

DSL
D7’

(1)

Fsoil =

where DSL (m) is the dry surface layer thickness, D, denotes the mo-
lecular diffusivity of atmospheric water vapor (m?s~2), and r represents
the tortuosity of the vapor flow paths through the soil matrix (Swenson
and Lawrence, 2014).

The DSL in CLM5.0 is given by

edslo - glap
Z———, 61y < Oy
DSL = Ousto — Ouir " @ s 12)
0, Gop > Ousio

where Az describes the length scale of the maximum DSL thickness
(default value was 15 mm); 640 (mm® mm~3), Orop (mm® mm~2), and Ouair
(rnm3 mm*S) denote the moisture values of the DSL initiates, top soil
layer, and the “air dry” soil, respectively.

Ousio = kD, (13)

where ® denotes the porosity, and k = 0.8, which is calibrated by
comparing the simulation performance at reproducing the Gravity Re-
covery and Climate Experiment satellite project total water storage
seasonal characteristics globally (Swenson and Lawrence, 2014).

DSL scheme in CLM5.0 is primarily aimed at improving the accuracy
of evapotranspiration simulations in semi-arid regions around the
world. However, due to the complexity of the underlying surface of the
QTP, the soil texture in permafrost regions remain large difference from
other region, the performance of the default k value in the permafrost
region of the QTP may not ideal. The surface soil moisture in TGL site is
approximately 0.2 m® m~2 during thawing stage, and the porosity of top
soil is about 0.55. When k = 0.8, 64 is 0.44 m® m~, which is signifi-
cantly higher than the annual soil moisture of TGL site. Furthermore, a
recent study showed that the DSL scheme in CLM5.0 might result in the
overestimation of soil moisture over the QTP (Deng et al., 2020), which
may cause the underestimation of latent heat flux. Herein, in this study,
we set the value of k = 0.4, which is calibrated via the observation re-
sults of soil moisture and soil particle size in the permafrost regions of
the QTP.

3.5. Experimental designs

This study designed sensitivity experiments (SP1, SP2, SP3, SP4, SP5,
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and SP6) and one control experiment (CTL) to investigate the influence
of soil property data, thermal roughness length scheme, and soil resis-
tance scheme on soil water and heat transfer and surface energy fluxes.
Table 2 provides details of the designs of experiments by CLM5.0. The
CLM5.0 default scheme and soil property data were used in the CTL
experiment. However, the observed surface data (including percent of
clay, sand, and soil organic matter) in the sensitivity experiments (SP1,
SP2, SP3, SP4, SP5, and SP6) were used.

4. Results
4.1. Soil temperature

Fig. 2 shows the comparison of daily mean soil temperature between
observation and simulation at four soil depths (10 cm, 50 cm, 80 cm, and
210 cm) in the four stations (TGL, BLH, XDT, and LDH). CLM5.0 can
better reflect the seasonal pattern of the soil temperature at the four
sites; the simulation effect of shallow soil temperature was better than
that of deep soil. The simulation performance of the CLM5.0 model at
different stations was slightly different. Out of the four stations, the
simulation effect of TGL and BLH was found to be better than that of XDT
and LDH. Table 3 shows the statistics between different experiments.

The best simulation results were obtained with the DSL parameter-
ized scheme (SP4, SP5, and SP6) for different scheme experiments (CTL
test and SP1-SP6). SP4 test decreased the RMSE of the four depth soil
temperatures from 1.95 °C, 2.07 °C, 2.02 °C, and 2.95 °C to 1.34 °C,
1.35°C, 1.35°C, and 2.29 °C, respectively, for the TGL station compared
to the CTL test. The tests with the highest correlation coefficients were
SP5 and SP6, with four soil layers of 0.99, 0.98, 0.98, and 0.94,
respectively. Furthermore, the SP4 test also showed the best agreement
with observation in MAE; its values decreased from 1.65 °C, 1.72 °C,
1.65 °C, and 2.49 °C to 1.02 °C, 1.05 °C, 1.07 °C, and 1.95 °C, respec-
tively. SP5 showed the best performance for the MBE in the shallow soil
(10 cm); the value decreased from 0.87 °C to 0.11 °C, i.e., 87% reduc-
tion, for middle and deep soils (50 cm, 80 cm, and 210 cm). Moreover,
SP4 showed the best performance, reducing the value from 0.99 °C,
0.91 °C, and 1.16 °C to 0.23 °C (77%), 0.27 °C (70%), and 0.68 °C
(41%), respectively. The other three stations also had a similar
phenomenon.

4.2. Soil moisture

Modeled soil moisture was evaluated with the observed values. Fig. 3
compares the simulated and observed daily mean of soil moisture at
three stations (TGL, BLH, and XDT). CLM5.0 captured well the temporal
pattern of the soil moisture at the three stations. CLM5.0 had over-
estimated in the thawed stage and underestimated in the frozen stage in
the TGL and BLH stations for the shallow soil; Overestimation in the
entire period for the XDT station was noted. The TGL station under-
estimated the middle and deep soil. An overestimation was observed for
the BLH and XDT stations in the middle and deep soil. Table 4 shows the
statistics of soil moisture at the three stations between different
experiments.

SP5 showed a significant improvement compared to the CTL test in

Table 2
Designs of experiments by CLM5.0.

Experiment Soil property Thermal roughness Soil resistance
name data length scheme scheme

CTL Default Default Default

SP1 Observation Default Default

SP2 Observation Y08 Default

SP3 Observation B82 Default

SP4 Observation Default Modified

SP5 Observation Y08 Modified

SP6 Observation B82 Modified
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Fig. 2. Comparison of daily mean observed and simulated soil temperature ( °C) at the four stations.

Table 3
Statistical results between the simulated and observed soil temperatures at the four stations.

Experiment Station TGL BLH XDT LDH
Soil depth 10cm 50cm 80cm 210cm 10cm 50cm 80cm 210cm 10cm 50cm 80cm 210cm 10cm 50cm 80cm

CTL RMSE 1.95 2.07 2.02 2.95 2.68 2.31 1.98 1.02 6.40 6.78 6.62 5.66 3.82 5.52 5.71
R 0.99 0.98 0.97 0.94 0.98 0.96 0.92 0.86 0.96 0.90 0.85 0.66 0.95 0.88 0.82
MAE 1.65 1.72 1.65 2.49 2.36 2.05 1.79 0.79 5.27 5.51 5.36 4.64 3.22 4.51 4.50
MBE 0.87 0.99 0.91 1.16 2.22 1.89 1.45 0.72 5.18 5.02 4.86 4.14 3.04 4.33 4.35

SP1 RMSE 2.00 2.11 2.04 2.96 2.67 2.30 1.97 1.01 5.97 6.25 6.09 5.27 4.02 5.74 5.93
R 0.99 0.98 0.97 0.94 0.98 0.96 0.92 0.87 0.97 0.92 0.87 0.70 0.95 0.88 0.82
MAE 1.68 1.75 1.66 2.52 2.34 2.05 1.78 0.79 4.84 4.96 4.83 4.32 3.40 4.69 4.67
MBE 0.86 0.95 0.88 1.12 2.22 1.87 1.42 0.71 4.76 4.52 4.35 3.72 3.23 4.51 4.53

SP2 RMSE 2.23 2.31 2.22 3.08 3.04 2.65 2.31 1.24 7.04 7.12 6.89 5.88 4.05 5.77 5.95
R 0.99 0.98 0.97 0.93 0.98 0.96 0.90 0.83 0.97 0.92 0.88 0.71 0.95 0.88 0.82
MAE 1.91 1.92 1.82 2.59 2.72 2.36 2.04 0.98 5.92 5.74 5.50 4.81 3.42 4.71 4.69
MBE 1.18 1.25 1.16 1.35 2.65 2.23 1.75 0.94 5.91 5.58 5.36 4.54 3.25 4.53 4.55

SP3 RMSE 2.40 2.47 2.35 3.15 3.30 2.89 2.54 1.43 7.51 7.51 7.25 6.16 4.05 5.76 5.95
R 0.98 0.98 0.97 0.93 0.98 0.96 0.89 0.81 0.97 0.92 0.88 0.72 0.95 0.88 0.82
MAE 2.07 2.06 1.95 2.64 2.99 2.58 2.23 1.15 6.44 6.14 5.87 5.05 3.42 4.71 4.70
MBE 1.40 1.46 1.36 1.52 2.95 2.49 1.99 1.12 6.44 6.08 5.84 4.92 3.25 4.53 4.55

SP4 RMSE 1.34 1.35 1.35 2.29 1.99 1.67 1.41 0.76 5.18 5.37 5.22 4.62 2.41 3.81 4.04
R 0.99 0.98 0.97 0.94 0.98 0.97 0.93 0.85 0.97 0.92 0.88 0.72 0.93 0.88 0.81
MAE 1.02 1.07 1.05 1.93 1.70 1.47 1.21 0.59 4.19 4.30 4.16 3.76 1.84 3.17 3.23
MBE —0.12 0.23 0.27 0.68 0.74 0.57 0.27 —0.01 4.07 3.96 3.82 3.29 1.51 2.93 3.01

SP5 RMSE 1.37 1.41 1.40 2.36 2.15 1.83 1.53 0.68 6.03 6.05 5.84 5.08 2.43 3.83 4.06
R 0.99 0.98 0.98 0.94 0.98 0.97 0.93 0.87 0.96 0.92 0.88 0.72 0.93 0.88 0.81
MAE 1.06 1.13 1.08 1.99 1.84 1.62 1.36 0.55 5.03 4.93 4.74 4.15 1.85 3.19 3.24
MBE 0.11 0.44 0.47 0.85 1.00 0.79 0.46 0.12 5.02 4.81 4.63 3.95 1.53 2.96 3.04

SP6 RMSE 1.36 1.43 1.42 2.43 2.32 2.02 1.69 0.66 6.44 6.41 6.16 5.33 2.44 3.84 4.07
R 0.99 0.98 0.98 0.94 0.98 0.96 0.92 0.88 0.96 0.92 0.88 0.72 0.93 0.88 0.81
MAE 1.07 1.17 1.10 2.06 1.98 1.76 1.52 0.52 5.49 5.30 5.07 4.40 1.86 3.20 3.25
MBE 0.24 0.56 0.58 0.94 1.28 1.03 0.67 0.26 5.49 5.24 5.03 4.28 1.54 2.97 3.05

the shallow soil (5 cm) at the three stations. For example, the RMSE to 0.049 m> m~2 in XDT station. The R-value of the three stations also
decreased from 0.045 m® m~> to 0.035 m® m 3 in TGL station, from improved effectively, from 0.88, 0.86, and 0.76 to 0.92, 0.92, and 0.85,
0.089 m® m 2 to 0.055 m® m~3 in BLH station, and from 0.136 m® m 3 respectively. Overestimation for the thawed period at the three stations
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Fig. 3. Comparison of daily mean of observed and simulated soil moisture (m® m~3) at the three stations.
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Table 4
Statistical results between the simulated and observed soil moisture at the three stations.

Experiment TGL BLH XDT
Soil depth 5cm 10cm 20cm 40cm 5cm 10cm 20cm 40cm 5cm 10cm 20cm 40cm

CTL RMSE 0.045 0.057 0.095 0.062 0.089 0.071 0.092 0.117 0.134 0.108 0.133 0.123
R 0.88 0.92 0.90 0.92 0.86 0.87 0.90 0.91 0.76 0.58 0.74 0.73
MAE 0.037 0.052 0.090 0.049 0.062 0.051 0.073 0.083 0.123 0.086 0.105 0.091
MBE —0.004 —0.051 —0.090 —0.048 0.057 —0.006 —0.041 —0.066 0.123 —0.031 —0.060 —0.074

SP1 RMSE 0.059 0.043 0.091 0.065 0.088 0.070 0.091 0.116 0.091 0.125 0.149 0.126
R 0.88 0.92 0.91 0.92 0.87 0.87 0.90 0.93 0.75 0.56 0.74 0.76
MAE 0.047 0.037 0.087 0.052 0.061 0.051 0.072 0.083 0.071 0.104 0.113 0.098
MBE 0.019 —0.028 —0.087 —0.051 0.056 —0.005 —0.041 —0.066 0.071 —0.068 —0.090 —0.085

SP2 RMSE 0.059 0.041 0.091 0.065 0.091 0.075 0.096 0.118 0.094 0.122 0.149 0.125
R 0.89 0.92 0.91 0.91 0.85 0.85 0.87 0.91 0.74 0.58 0.71 0.73
MAE 0.048 0.036 0.087 0.052 0.062 0.055 0.077 0.086 0.074 0.102 0.113 0.097
MBE 0.021 —0.027 —0.087 —0.051 0.056 —0.005 —0.040 —0.065 0.073 —0.066 —0.088 —0.082

SP3 RMSE 0.057 0.040 0.091 0.066 0.094 0.077 0.098 0.119 0.095 0.121 0.149 0.125
R 0.89 0.93 0.91 0.91 0.84 0.84 0.86 0.91 0.73 0.59 0.71 0.72
MAE 0.046 0.036 0.086 0.053 0.063 0.057 0.079 0.088 0.075 0.102 0.113 0.096
MBE 0.020 —0.027 —0.086 —0.051 0.057 —0.004 —0.039 —0.064 0.075 —0.065 —0.087 —0.080

SP4 RMSE 0.036 0.051 0.104 0.079 0.052 0.081 0.116 0.141 0.049 0.139 0.167 0.150
R 0.91 0.92 0.91 0.95 0.93 0.94 0.93 0.95 0.86 0.68 0.81 0.80
MAE 0.029 0.047 0.099 0.063 0.038 0.059 0.086 0.100 0.036 0.104 0.120 0.112
MBE —0.006 —0.046 —0.099 —0.063 0.003 —0.043 -0.071 —0.092 0.031 —0.096 -0.113 —0.112

SP5 RMSE 0.035 0.050 0.104 0.080 0.055 0.082 0.116 0.141 0.049 0.139 0.168 0.151
R 0.92 0.93 0.91 0.95 0.92 0.92 0.92 0.95 0.85 0.69 0.80 0.79
MAE 0.028 0.046 0.099 0.063 0.041 0.062 0.086 0.100 0.036 0.104 0.120 0.111
MBE —0.005 —0.045 —0.099 —0.063 0.005 —0.041 —0.070 —0.090 0.030 —0.096 —0.113 -0.111

SP6 RMSE 0.039 0.047 0.102 0.079 0.061 0.084 0.116 0.140 0.050 0.138 0.168 0.151
R 0.89 0.94 0.93 0.95 0.90 0.90 0.91 0.94 0.84 0.70 0.79 0.78
MAE 0.030 0.044 0.098 0.063 0.044 0.064 0.088 0.100 0.036 0.104 0.120 0.111
MBE 0.000 —0.042 —0.098 —0.063 0.009 —0.038 —0.068 —0.089 0.030 —0.095 —0.112 —0.110

was noticed, and the SP5 effectively reduced these “wet biases.” MAE
and MBE were also improved significantly. However, SP5 increased the
RMSE slightly between the simulated and the observed value of the
middle soil (20 cm and 40 cm); however, the R-value was observed to
improve. Overall, the SP5 improved the simulated soil moisture effec-
tively and reduced the “wet biases” on the permafrost regions for the
shallow soil. RMSE of the middle soil increased slightly, but the R-value
was improved.

4.3. Surface energy flux

Fig. 4 compares the daily mean of simulated and observed H at TGL

and XDT stations. An obvious overestimation of H at both stations was
found. The experiment obtained the DSL scheme (SP4, SP5, and SP6),
which effectively reduced the overestimation. Table 5 shows the sta-
tistical data for the simulated and the observed. SP6, with a mean value
of 33.08 W m ™2, was closer to the observed mean value of 37.28 W m ™2
at the TGL station compared to the CTL test (with a mean value of 46.45
Wm 2. Furthermore, the overestimation of H was more pronounced for
the XDT station. The observed mean value was 24.60 W m 2. However,
the simulated mean value of the CTL test was 130.66 W m~2. Although
the SP6 reduced the mean value to 108.92 W m ™2, there was still a
significant overestimation.

Fig. 5 shows the differences between the observed and simulated LE
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surface energy budget (Fig. 7). Gy was positive during the thawed
period, showing that the atmosphere transmits energy to the soil.
Moreover, it was negative during the frozen period, indicating that the
soil transmits energy to the atmosphere. CLM5.0 could describe this
annual variation pattern of Gy. However, large fluctuations compared to
the observed value were observed. The observed annual mean values
were 1.85 W m~2 and 2.55 W m~2, and the simulations closest to the
observed values were SP6 (3.14 W m %) and SP4 (2.82 W m’z),
respectively.

5. Discussions
5.1. Uncertainties in the results of simulation

The annual mean daily values of soil temperature, moisture, and
surface energy fluxes simulated by different schemes in CLM5.0 were
analyzed. The results showed that the CLM5.0 could well simulate the
soil temperature and moisture. Furthermore, it can capture the annual
pattern of the surface energy fluxes in permafrost regions over the QTP;
however, there still yield large errors during the frozen period.

The soil moisture is often underestimated during the frozen period
and overestimated during the thawed period (Fig. 3), which is a

-50
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Fig. 4. Comparison of daily mean of observed and simulated H (W m~?) at the
(a) TGL station and (b) XDT station.

using the different schemes at the TGL and XDT stations. An obvious
increase from May to September was observed. It started declining after
October. CLM5.0 can describe this pattern of LE well. However, the
comparisons showed that CLM5.0 underestimated the LE. Furthermore,
the observed annual mean value was 48.98 W m~2, while the CTL test
value was only 7.98 W m~2 at the TGL station. The simulated LE from
the SP6 matched well with the observation, which effectively increased
the annual mean value to 25.88 W m~2. The XDT station also under-
estimated LE (Fig. 5b). The annual mean value was observed to be 26.02
W m 2. Moreover, the CTL test provided the simulated value of 17.20 W
m 2. SP4 matched well with the observation, improving the simulated
annual mean value to 25.03 W m ™2

Fig. 6 shows the mean daily variability of observed and simulated R,
at the TGL and XDT stations. The simulated R,, matched well with the
observed value, showing that the R, was simulated well by the CLM5.0.
The simulated mean daily values ranged between —38.55 W m 2 and
190.51 W m2 (CTL test), and the observed values ranged between
—25.94 W m~2 and 200.39 W m~2 at the TGL station. The observed
annual mean values of the two stations were 78.78 Wm 2 and 159.91 W
m 2, respectively. The simulated tests that were closest to the observed
values were the SP6 and CTL tests at TGL and XDT stations, with mean
values of 62.06 W m~2 and 150.97 W m™2, respectively.

The ground heat flux Gy is a comparatively small component of the
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Fig. 5. Comparison of daily mean of observed and simulated LE (W m~?) at the
(a) TGL station and (b) XDT station.

Table 5
The annual mean value of the surface energy fluxes (W m~?) for simulation and observation at TGL and XDT stations.
Energy fluxes (Wm ~ ?) Station CTL SP1 SP2 SP3 SP4 SP5 SP6 Obs
H TGL 46.45 46.50 44.66 43.75 32.85 32.27 33.08 37.28
XDT 130.66 129.63 123.35 121.19 116.50 111.05 108.92 24.60
LE TGL 7.96 6.75 7.45 8.10 24.77 24.97 25.88 48.98
XDT 17.20 14.90 15.11 14.73 25.03 24.56 23.94 26.02
R, TGL 57.74 56.68 55.65 55.47 60.61 60.29 62.06 78.78
XDT 150.97 147.52 141.99 139.69 144.33 138.84 136.31 159.91
Go TGL 3.37 3.46 3.57 3.65 3.01 3.08 3.14 1.85
XDT 3.12 3.01 3.53 3.78 2.82 3.24 3.46 2.55
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commonly recognized issue in LSMs over the QTP (Deng et al., 2021; Li
et al., 2020; Yang et al., 2018). The simulation effect of soil hydraulic
properties is generally poor compared with the simulation performance
of thermodynamic properties of soil as far as all LSMs are concerned. A
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very important reason is the complexity of soil moisture, which is
different from soil temperature. There is a good linear relationship on
the dimensional scale for soil temperature (Li et al., 2019). However, the
content of soil moisture at different depths has no obvious relationship
(Yuan et al., 2020) because it is affected by several factors, such as
lateral runoff and infiltration. These complex land surface processes in
cold regions have not been represented well in current LSMs (Yang et al.,
2009). Additionally, the main reasons for affecting the performance of
the simulation are the soil organic content (Chen et al., 2012; Yang et al.,
2014), soil surface resistance (Deng et al., 2021), soil stratification
(Yang et al., 2009), and gravel (Yi et al., 2018).

We also noticed that soil temperature was overestimated during the
thawed period, which resulted in an advanced permafrost thawing,
especially at BLH and XDT sites (Fig. 2). This substantial overestimation
of soil temperature at surface layer was not improved greatly by altering
the scheme of thermal roughness length. This is mainly due to the
complex hydrothermal process of the active layer in the permafrost re-
gion, and the simulation of soil temperature is affected by a variety of
factors, such as surface energy budget, hydrothermal coupling, thermal
conductivity (Li et al., 2020; Ma et al., 2022b). XDT site is located in the
northernmost boundary of permafrost, which is characterized as warm
permafrost type with high soil moisture content (Zhao et al., 2021). The
warm permafrost has more intensive hydrothermal exchange processes
compared to the cold permafrost (such as TGL site) (Ma et al., 2022b;
Yao et al., 2020). Soil temperature is greatly affected by soil moisture,
and the poor soil moisture simulation result is the main factor affecting
the soil temperature result. Moreover, the soil temperature at top soil
layer (10 cm) is well simulated at TGL, but large biases occurs in deep
soil layer at 210 cm, which indicates large uncertainty in the thermal
conduction along the vertical profile. The simulation error of soil tem-
perature increases gradually with the increase of soil depth, which may
be related to the imperfect consideration of freeze-thaw process in the
LSMs (Li et al., 2020). During the process of soil temperature simulation,
with the gradual increase of soil depth, the simulation error accumulates
gradually. Therefore, the simulation error is also gradually amplified.
This may be the main reason for the large error in deep soil layer.

The simulation of surface energy fluxes is more difficult compared to
the soil temperature and soil moisture (Yang et al., 2009). Our study
showed that H is often overestimated (Fig. 4), which is consistent with
previous studies in other regions using different LSMs (Li et al., 2017;
Wang et al., 2019a). This overestimation is largely due to an inappro-
priate thermal roughness scheme (Yang et al., 2008). A previous study
showed that the thermal roughness length parameterization is very
crucial for simulating the surface ground temperature and sensible heat
flux (Yang et al., 2009; Zheng et al., 2014). The combination of thermal
roughness and DSL schemes in this study showed the best performance
in simulating H at both stations; this scheme is also very effective for
simulating soil temperature (Fig. 2). The improvement of H corresponds
to the soil temperature (Chen et al., 2010; Li et al., 2020; Zeng et al.,
2005). The improved thermal roughness scheme effectively reduced H.
More energy available for heating the ground, improving the surface soil
temperature (Li et al., 2020). Furthermore, the errors in soil temperature
were larger at the XDT station compared to the other stations (Fig. 2),
which is consistent with the worse results of simulated H at XDT stations
(Fig. 4).

Additionally, we note that the simulated value of the LE was severely
underestimated (Fig. 5). Especially, the simulated value of LE was
mostly 0 in the complete freezing period, which is obviously an under-
estimation. A major reason for this phenomenon is as follows: the un-
frozen water was not very well described in the model (Hu et al., 2020),
and the surface latent heat flux was significantly underestimated during
the complete freezing period. Additionally, the snowfall process on the
QTP was relatively complex. The snow cover quickly melts and becomes
thinner due to the high wind speed and the dry climate. Therefore, the
snow cover on the QTP is generally thinner (Li et al., 2020; Ma et al.,
2022a). However, the snow coverage and thickness simulated by the
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model were significantly different from the actual situation (Fig. 8), the
simulation of surface albedo is obviously high, especially during the
freezing period, which is also an important reason for the underestimate
of LE during the complete freezing period. The reason for the simulation
error during the thawing period may be due to the inaccurate descrip-
tion of soil surface resistance (Yang et al., 2009). We have also noticed
that the LE was very sensitive to the DSL scheme. The underestimation
improved significantly at the two stations after optimizing the DSL pa-
rameters. The LE in the model is mainly composed of vegetation evap-
oration, vegetation transpiration and soil evaporation. The DSL scheme
is a major improvement of CLM5.0 for version 4.5 (Deng et al., 2020,
2021). Compared with the more heavily vegetated area, soil evaporation
in the study area accounts for the main contribution of evapotranspi-
ration (i.e. LE) (Miralles et al., 2011), therefore, the improvement of LE
in this scheme is mainly to improve soil evaporation. For the default DSL
scheme of CLMS5.0, f4s10 is about 0.44 rn3m’3, which is significantly
higher than the annual soil moisture of TGL site. This will lead to
overestimation of soil resistance, and thus underestimation of soil
evaporation, leading to overestimation of surface soil moisture. After
calibrating the DSL parameters, the overestimation of surface soil
moisture was significantly improved, therefore, the soil evaporation was
increased, which significantly improved the underestimation of LE.

5.2. Influence of atmospheric forcing data and soil property data

The atmospheric forcing data are essential for LSMs simulation (Guo
et al., 2017). Previous studies have indicated that usage of the observed
forcing data can significantly improve the simulation effect (Deng et al.,
2020). This study used the observed atmospheric data at the four sta-
tions. However, the precipitation data of the LDH station experienced
serious deviation due to the problem with instruments. Hence, we
replaced it with precipitation data extracted from CMFD. The CMFD
dataset was verified to have high simulation accuracy as forcing data in
the QTP (Zhang et al., 2021b). However, a certain error still remained
compared with the observed data.

Previous studies have shown that the soil properties (soil texture, soil
organic matter, canopy height, etc.) directly affect surface albedo,
roughness, soil thermal conductivity (Farouki, 1981; He et al., 2020;
Lawrence and Slater, 2008), and several other parameters of soil hy-
drothermal properties, which in turn makes the changes in soil moisture,
runoff, soil infiltration, and soil evapotranspiration (Dai et al., 2019).
They ultimately affect the water and energy cycle between land and the
atmosphere. In the LSMs, the inaccurate expression of soil properties
directly affects the simulation of the soil hydrothermal properties and
surface energy fluxes. This study used the observed soil properties
(percent of sand and clay, soil organic matter) data in SP1 and found that
the simulation effect was improved at most stations. We also noticed
that the model surface was closer to the actual surface conditions of each
station after modifying the soil properties. However, the simulation ef-
fect of soil temperature did not improve completely, e.g., for the TGL
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Fig. 8. Comparison of daily mean of observed and simulated albedo at the
TGL station.
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station. This phenomenon may be attributed to the inaccuracy of the soil
thermal conductivity in the model (Pan et al., 2015; Yi et al., 2018), and
insignificant improvement of the simulation effect was also proven in
previous studies at other sites (Su et al., 2020). The gravel content is
relatively high at the TGL station. However, the soil thermal conduc-
tivity in the default CLM5.0 did not consider the gravel content. The
simulation effect did not significantly improve after replacing the
observed soil property data.

5.3. Interactions between freeze-thaw process and surface energy fluxes

The freeze-thaw process in permafrost regions is very complex; it
contains physical and chemical changes, which have an important
impact on surface energy fluxes (Hu et al., 2019; Luo et al., 2014; Wani
et al., 2021). Additionally, the variations of surface energy fluxes also
affect the freeze-thaw process (Ma et al., 2022a). These interactions
strengthen the exchange of fluxes between land and atmosphere (Chen
et al., 2014). In this study, CLM5.0 captured the seasonal pattern of
surface energy fluxes well after adjusting the DSL scheme, which was
consistent with the variation of soil temperature and moisture. For
example, In Fig. 5a, Fig. 5a shows that LE increased significantly from
the end of April primarily because soil moisture started to increase
rapidly during this time as the surface soil moisture began to thaw
(Fig. 3a). Another period of a significant increase in LE occurred in June
when precipitation began to increase, primarily due to the QTP entering
the monsoon season (Gu et al., 2015; Yao et al., 2020). Furthermore, the
LE began to decrease after October, mainly due to the end of the
monsoon and the freezing of the soil. This was consistent with the
variation of surface soil moisture. A similar pattern of LE was also ob-
tained from other regions of the QTP (Wang et al., 2019b; Yao et al.,
2011, 2020).

Additionally, the freeze-thaw process is also affected by the surface
energy fluxes. Previous studies have reported that the thawing process is
caused by the accumulation of surface energy fluxes (Li et al., 2011). The
soil temperature increased with increasing R, (Figs. 2 and 6). Similarly,
the freezing process is also closely related to the surface energy fluxes.
R, and surface heat source are important factors affecting the freezing
depth (Li et al., 2009; Ma et al., 2022a). However, compared to the
thawing process, the freezing process is a bi-directional process, which is
due to the combined effect of surface energy fluxes and the cold energy
from the permafrost (Jiao et al., 2014; Zhao et al., 2000, 2019).

6. Conclusions and perspectives

This study investigated the soil property data, different thermal
roughness length schemes, and dry surface layer schemes to evaluate the
performance of soil temperature, moisture, and surface energy fluxes in
CLMS5.0 on the permafrost regions of the QTP. The results showed that
the default scheme in CLM5.0 can well reflect the seasonal pattern of soil
temperature; the simulation results of shallow soil were better than deep
soil. Furthermore, an overestimation during the thawing period was
noted. On the contrary, the simulation results of soil moisture were even
worse, which were overestimated during the thawing period and
underestimated during the freezing period. It yielded large errors while
simulating surface energy fluxes in the study area.

The soil property data is important for CLM5.0. The simulation effect
was improved at most stations after replacing the default soil property
data with the observed values in SP1. The DSL scheme significantly
improved the simulation results of soil temperature. It decreased the
RMSE from 1.95 °C, 2.07 °C, 2.02 °C, and 2.95 °C to 1.34 °C, 1.35 °C,
1.35 °C, and 2.29 °C, respectively, at the four soil depths in TGL station.
The combination of YO8 and DSL showed the best performance in
shallow soil moisture. RMSE decreased from 0.136 m® m~2 to 0.049 m>
m % in the XDT station; however, it slightly enhanced the errors for
middle soil. The combination of B82 and DSL schemes significantly
improved the simulation results of surface energy fluxes, especially for
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latent heat flux.

Changes in one parameter also affect another due to the strong
interaction between the soil hydrothermal process and surface energy
budget regime. The combination of the thermal roughness scheme and
DSL scheme in this study showed the best performance while simulating
H at both stations. This scheme is also very effective in simulating soil
temperature. However, the thermal roughness length and the DSL
schemes are highly dependent on the condition of the underlying sur-
faces. Different schemes should be selected for different regions ac-
cording to the real surface conditions.
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