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Abstract The surface albedo plays a crucial role in regulating the allocation of solar radiation between the
surface and atmosphere over the Tibetan Plateau (TP), and significantly influences the heat transfer from the
surface to the overlying atmosphere. This study used field observation data to reveal the key factors affecting the
albedo of two typical underlying surfaces (bare land, alpine grassland) under snow free conditions. Results show
that the solar elevation angle, soil ice content, soil liquid content, and near canopy surface air relative humidity
are the primary determinants of albedo for these typical surfaces. Based on these findings, the albedo schemes
suitable for the bare land and alpine grassland on the TP have been constructed by considering more
comprehensive affecting factors. Evaluation of single‐point simulations at four stations indicates that adopting
the new albedo schemes can clearly improve the albedo simulations of Community Land Model version 5
(CLM5) with the root mean square error reduced by ∼10% to ∼60% relative to adopting the original albedo
schemes, further leading to the surface net radiation simulations improved and thereafter the warm biases of soil
temperature simulations reduced by ∼0.2°C to ∼1°C. Regional simulation verification further confirms that
adopting the new albedo schemes in CLM5 can obviously improve the surface net radiation simulations by
increasing the albedo simulation accuracy on the TP, thereby mainly reducing the overestimation of surface
sensible heat flux and land surface temperature by the original albedo schemes, further resulting in the
performance of CLM5 to simulate the TP surface heat conditions enhanced.

Plain Language Summary In addition to snow cover, two typical underlying surfaces (bare land,
alpine grassland) are widely distributed on the Tibetan Plateau (TP). In this study, the main factors affecting the
albedo of the two typical underlying surfaces on the TP under snow free conditions have been identified based
on the field observation data, and two albedo schemes have been developed by considering more comprehensive
affecting factors tailored to the TP region with much higher accuracy in simulating the albedos of the two typical
underlying surfaces. We further explore to what extent the newly developed albedo schemes affect the
performance of the CLM5 model in simulating the surface albedo and thermal conditions on the TP under snow
free conditions. The results show that the underestimation of albedo on the TP in the CLM5 model can be
obviously reduced by adopting the newly developed albedo schemes, and the overestimation of land surface
temperature and sensible heat flux simulations is clearly decreased correspondingly. This study provides a
potential way to further improve the simulations of surface thermal conditions on the TP in numerical models.

1. Introduction
The Tibetan Plateau (TP) is characterized by the highest altitude, steepest slope, and largest plateau in the world.
Due to its high altitude, low air density, and short path of solar radiation to reach the surface, the TP can receive
strong solar radiation, which can also transport a large amount of heat from the surface to the atmosphere. Such
strong sensible heat flux transfer from the surface to the atmospheric boundary layer makes it an important
external forcing for atmospheric movement in the Northern Hemisphere, not only affecting the climate of the
Asian monsoon region but also the climate of the Northern Hemisphere and even the world (Duan et al., 2013; Wu
et al., 2007, 2015, 2018; Yimin et al., 2020).

The surface albedo can directly influence the allocation of solar radiation between the surface and the atmosphere.
Even a minor change in albedo can significantly affect the radiation energy balance in the Earth's atmosphere
system. Previous studies have shown that a 0.01 shift in surface albedo can result in an energy change of 3.4W/m2,
which is about 1.5–5 times more powerful than carbon dioxide in changing global surface air temperature
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(Irvine et al., 2011; Jorgensen et al., 2014; Liang et al., 2010; Sedlar et al., 2011; Wielicki et al., 2005). Changes in
the TP surface albedo can alter the heat transfer from the plateau to the atmosphere, the structure of the temperature
and pressure fields over the TP, and further affect the intensity and duration of Asian monsoon and precipitation
(Cao et al., 2019; Cen et al., 2014; Tang et al., 2023; Zhao et al., 2013). Therefore, improving the simulation ac-
curacy of surface albedo to enhance the simulation of theTP thermal effect inweather and climatemodels is of great
importance.

Snow cover is the most important type of land cover on the TP in cold seasons. Currently, the cold biases in
temperature simulations over the TP region are mainly due to the simulation errors of snow cover and albedo in
the climate models (Gu et al., 2024; Li et al., 2018; Luo et al., 2025; Wu & Qian, 2003; Zhao & Moore, 2004;
Zhou et al., 2023). Many studies have tried to improve the simulation of snow cover distribution in the TP from
the perspective of sub‐grid terrain and wind‐blown snow etc., as well as to improve the simulation of snow albedo
from aspects such as new snow albedo and snowmelting process (Liu et al., 2021, 2022;Miao et al., 2022; Roesch
et al., 2001; Sun et al., 1999; Swenson & Lawrence, 2012; Wang et al., 2020; Xie et al., 2019; Zhao et al., 2007).
However, the snow cover in the TP has large seasonal variations. In May, the snow begins to melt, and the
proportion of the snow cover area can reach less than 0.1 from June to August (Guo et al., 2016). In addition to
snow cover, alpine grassland and bare land are widely distributed in the TP, but the current improvement research
on the surface albedo simulation in the TP has rarely focused on these underlying surfaces. The albedo char-
acteristics of these land surface types have significant differences. Systematic improvement of the albedo
parameterization schemes of these typical underlying surfaces on the TP can improve the accuracy of the albedo
simulation in the plateau region. It is of great significance for further improving the simulations of surface thermal
conditions in the plateau region and the climate in East Asia.

The spatio‐temporal variability of surface albedo is mainly influenced by the factors such as solar elevation angle,
soil moisture, soil color, vegetation coverage and surface roughness, etc. According to previous field observation
experiments, it is widely accepted that the albedo of the bare surface decreases exponentially (linearly) with an
increase in the sine of the solar elevation angle (soil moisture). For the underlying surface with vegetation
coverage, the higher vegetation coverage corresponds to the lower surface albedo and the relative humidity near
the canopy surface can also affect the albedo (Bao et al., 2008; Cai et al., 2012; Guan et al., 2009; Liu et al., 2008;
Roxy et al., 2010; Sugathan et al., 2014; Tian et al., 2018; Zhang & Huang, 2004; Zheng et al., 2014, 2015).
Currently, many studies have improved the parameterization scheme of surface albedo based on the above
influencing factors, and shown that the introduction of these factors into albedo parameterization schemes can
clearly improve the accuracy of albedo simulations and further improve the simulations of surface energy balance
(Kala et al., 2014; Liang et al., 2005; Loarie et al., 2011; Wang et al., 2007; Yang et al., 2008; Zheng et al., 2017).
However, the climate environment in the TP region is unique, with seasonal frozen soil widely distributed (Luo
et al., 2023). Previous improved schemes for the albedos of bare soil and vegetation underlying surfaces may not
be fully applicable in this area.

This study used field observation data and satellite data to reveal the main factors affecting the albedos of the bare
land and alpine grassland, which are widely distributed in the TP, and developed two new albedo parameterization
schemes suitable for the TP with more comprehensive factors considered and higher simulation accuracy. Finally,
these newly developed albedo schemes were introduced into the CLM5 land surface model. Meanwhile, this
study systematically explored to what extent the newly developed albedo schemes affect the performance of the
CLM5 model in simulating the surface albedo and thermal conditions under snow free conditions on the TP, as
well as the possible associated reasons. The findings of this study may provide a potential way to further improve
the ability of numerical models in simulating the land‐air energy exchange and surface thermal conditions on
the TP.

2. Study Area
As shown in Figure 1, the alpine grassland is the dominant land cover type on the eastern TP (accounting for about
50% of the TP area), while the bare land is dominant in most parts of the northwestern TP (accounting for about
40% of the TP area). Due to its special geographical location and high altitude, the TP is often covered with a large
amount of snow in cold seasons. The TP is less covered with snow in summer and autumn, and more in winter and
spring (Guo et al., 2016). Consistent snow accumulation on the TP occurs from October of the preceding year to
April of the subsequent year, and the snow cover fraction begins to decrease after May. Therefore, this study
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selects bare land and alpine grassland underlying surfaces as research objects, and the main research period is
from May to September with relatively little snow cover.

3. Data, Model, Albedo Schemes, Numerical Experimental Design, and Methods
3.1. Data

The data sets used in this study are listed as follows:

1. The observation data from four field stations, including Arou (38.05°N, 100.46°E) and Maqu (33.92°N,
102.15°E) stations featured by alpine grassland, NADORS (33.39°N, 79.70°E) and QOMS stations (28.36°N,
86.95°E) featured by bare land (Figure 1). The available observed data include atmospheric data (2 m air
temperature and air relative humidity, precipitation, surface air pressure, 2 m wind speed, surface upward and
downward shortwave radiation and downward longwave radiation) and flux data (sensible and latent heat
fluxes). The data from the Arou (Maqu) station with a temporal resolution of half‐hour during 1 January 2013–
31 December 2014 (1 January 2014–31 December 2015), and data from the NADORS (QOMS) station with a
temporal resolution of 1 hr during 1 January 2012–31 December 2013 (1 January 2008–31 December 2009).
The half‐hourly (hourly) soil temperature and moisture data observed at Arou (NADORS) station at the depths
of 0, 0.02, 0.1, 0.2, 0.4, 0.6, 1.2, 1.6, and 2m (0, 0.2, 0.5, 1, and 2 m) during 1 January 2013–31 December 2014
(1 January 2012–31 December 2013). All the albedo data are calculated based on the upward and downward
shortwave radiation observation data at each station. All observational data were quality controlled for
spatiotemporal consistency and logical extreme values, with unqualified data corrected or eliminated. Missing
data were filled by interpolating from adjacent observational records. It is worth noting that the observation
data from Arou and NADORS stations are used for the establishment of the new albedo schemes and model
evaluation, but the observation data from Maqu and QOMS stations are only used to validate the simulation
results of the new albedo schemes.

2. The 3‐hourly China Meteorological Forcing Data set (CMFD) (Yang et al., 2019) with a horizontal spatial
resolution of 0.1° includes 7 variables: 2 m air temperature and specific humidity, surface air pressure, 10 m
wind speed, surface downward solar and longwave radiation, and precipitation rate. This study used the CMFD
data from 1 January 1997 to 31 December 2016 to drive the CLM5 model in the regional simulations.

3. The surface temperature data is obtained from the China Meteorological Administration Land Data Assimi-
lation System (CLDAS) surface temperature analysis product data set provided by the China Meteorological
Data Service Centre. The data set covers the Asian region with a temporal resolution of 1 hr and a horizontal
resolution of 0.0625° (Sun et al., 2017). This study used the CLDAS data between 1 January 2010 and 31
December 2015 for analysis, and the bilinear interpolation method was employed to resample the data to a
spatial resolution of 0.1° to facilitate comparison with the simulated data.

3.2. Model Description

The Community Land Model (CLM) is a component of the land surface processes in the Community Earth
System Model. It combines the advantages of many previous land surface models, comprehensively considers
multiple processes such as the physics, hydrology, biochemistry, and material cycling of the land surface, and

Figure 1. Spatial distribution of the land cover types and field sites over the Tibetan Plateau.
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incorporates many new sub‐models. It is currently the most well‐developed and widely used land surface model in
the world (Lawrence et al., 2019; Luo et al., 2023; Xie et al., 2019). The CLM5 used in this study is the latest
version (https://www.cesm.ucar.edu/models/cesm2/land). This version mainly improves the main dynamic
processes such as soil and vegetation hydrological processes and snow melting dynamic processes. It is more
suitable for the research of land surface processes related to permafrost, forest fires, urban canopies, etc. In the
CLM5, the grid‐scale surface albedo is obtained by weighted summation based on different types of land cover
(bare land, vegetation and snow surface) within each model grid. The default 20 soil layers are set at the depths of
0.01, 0.04, 0.09, 0.16, 0.26, 0.40, 0.58, 0.80, 1.06, 1.36, 1.70, 2.08, 2.50, 2.99, 3.58, 4.27, 5.06, 5.95, 6.94, and
8.03 m (Bao et al., 2024).

3.3. Albedo Parameterization Schemes

3.3.1. Albedo Parameterization Schemes in the CLM5

In the CLM5 model, incident solar radiation is divided into direct and diffuse radiation (f ), each further divided
into visible radiation (VIS,<0.7 μm) and near‐infrared radiation (NIR,>0.7 μm) according to the wavelength (Λ).
The albedos of direct visible radiation (αvis), direct near‐infrared radiation (αnir), diffuse visible radiation (α

μ
vis),

and diffuse near‐infrared radiation (αμnir) are calculated separately.

SR = NIR + NIRf + VIS + VISf (1)

FSR = αSR = αnirNIR + αvisVIS + αf
nirNIR

f
+ α f

visVIS
f (2)

where SR and FSR are incident solar radiation and reflected solar radiation, respectively. α is the albedo of total
incident solar radiation.

The albedo of bare land is specified as a function of soil color and soil moisture:

αc = 0.11 − 0.4 × ssw (3)

α f
soi,Λ = αsoi,Λ = min(αsat,Λ + αc,αdry,Λ) (4)

where ssw is the soil moisture content in the top layer, and αc represents the decrease in soil albedo caused by soil
moisture. α f

soi,Λ and αsoi,Λ are the albedos of diffuse and direct solar radiation with different wavelengths on the
soil surface, respectively. αsat,Λ and αdry,Λ are the albedo of the soil in saturated and dry states respectively and are
directly given as a constant based on soil colors (the soil color is divided into 20 color types in CLM5).

For the vegetation underlying the surface, the two‐stream approximation method for calculating the atmospheric
radiation transmission is introduced into the calculation of vegetation canopy radiation transmission (Dickinson
et al., 1983; Oleson et al., 2008, 2010). As shown in the following basic equations of radiation transfer (Equa-
tions 5 and 6), the model divides the transmission process into three parts: extinction, primary scattering and
multiple scattering:

− μ
dI↑

d(L + S)
+ [1 − (1 − β)ω] I↑ − ωβI↓ = ωμKβ0e− K(L+S) (5)

μ
dI↓

d(L + S)
+ [1 − (1 − β)ω] I↓ − ωβI↑ = ωμK(1 − β0) e

− K(L+S) (6)

where I↑ and I↓ refer to the upward and downward diffuse solar radiative flux per unit incident radiant flux,
respectively. K = G(μ)/μ, G(μ), μ, ω, β, β0 and are the vegetation optical parameters calculated based on the
work of Sellers (1985), μ is the sine of the solar elevation angle, L and S indicate the leaf and stem area index,
respectively. By assuming the upward and downward diffusion fluxes are completely isotropic, the canopy
radiative transfer equations are solved by parametrizing the individual single scattering albedo (as(μ)Λ) of leaves
at the upper and lower boundary conditions of the vegetation canopy. The upscatter for diffuse radiation and direct
radiation are given as follows:
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ωveg
Λ βvegΛ =

1
2
[αΛ + τΛ + (αΛ − τΛ) cos2θ] (7)

ωveg
Λ βveg0,Λ =

1 + μK
μK

as(μ)Λ (8)

where αΛ is a weighted combination of the leaf and stem reflectance (αleafΛ , αstemΛ ) and τΛ is a weighted combi-
nation of the leaf and stem transmittance (τleafΛ , τstemΛ ), θ is the mean leaf inclination angle relative to the horizontal
plane:

αΛ = αleafΛ ωleaf + αstemΛ ωstem (9)

τΛ = τleafΛ ωleaf + τstemΛ ωstem (10)

ωleaf = L/(L + S) (11)

ωstem = S/(L + S) (12)

cosθ =
1 + χL
2

(13)

The model divides vegetation into different plant functional types (PFTs), and the optical parameters (χL, αleafΛ ,
αstemΛ , τleafΛ , τstemΛ ) of different PFTs are given as constants. Through complex derivation, the upward and downward
radiation fluxes of vegetation with only scattered radiation and only direct radiation can be obtained (Zhou
et al., 2008). More information about the canopy radiative transfer can refer to the CLM5 technical note, which is
available at the website https://escomp.github.io/ctsm‐docs/versions/release‐clm5.0/html.

3.3.2. Newly Developed Albedo Parameterization Schemes

Previous studies have shown that soil moisture and solar elevation angle are two important factors affecting the
albedo. For the underlying surface of vegetation with a high canopy, the near canopy surface air relative humidity
is also an important factor affecting the canopy surface albedo (Wang et al., 2024). However, the influence of soil
liquid content on the surface albedo is weakened due to the existence of frozen soil on the TP. So, can the change
of soil ice content affect the albedo? Therefore, this study conducts partial correlation of albedo with the sine of
solar elevation angle, the 2m air temperature and wind speed, air relative humidity, the soil liquid content at 0 cm
depth (when soil temperature is greater than 0°C) and soil ice content at 0 cm (2 cm) depth (when soil temperature
is less than 0°C) based on the observation data at Arou (NADORS) sites. It was found that through partial
correlation analysis, the solar elevation angle, soil ice content, and near canopy surface air relative humidity (soil
liquid content) were the main factors affecting the albedo of the grassland (bare land) in the TP. From the
relationship between albedo and these factors (Figure 2), it can be seen that the albedo decreases exponentially
with the increase of sine of solar elevation angle (Figures 2a and 2b), increases linearly with the increase of soil ice
content (Figures 2c and 2d), and decreases linearly with the increase of near surface air relative humidity and soil
liquid content (Figures 2e and 2f). Therefore, we proposed two new albedo schemes for the bare land underlying
surface and alpine grassland underlying surface, which are called BN scheme and GN scheme for simplicity.

Due to the paucity of observation data for visible radiation and near‐infrared radiation at field stations, the direct
and diffuse radiation are even more rare; therefore, it is not feasible to study the albedo of these four parts of solar
radiation separately. As shown in Equation 2, it is feasible to multiply a correction factor on both the left (α) and
the right side of equation (αnir,αvis,α

f
nir,α

f
vis) to make the albedo obtained by the model closer to the observation.

For the albedo scheme of grassland, referring to the method proposed by Wang et al. (2024), it is planned to
introduce the influence of the midday solar elevation angle of each day, near surface air relative humidity and
soil ice content by multiplying some correction factors with the simulated albedo by the original albedo
scheme (Equation 14). For the albedo scheme of the bare land, referring to the method proposed by Zheng
et al. (2017) and Equations 3 and 4, the impacts of solar elevation angle, soil liquid content and soil ice
content on albedo are introduced based on the albedo when the soil is saturated (Equation 15). The following
empirical relationship equations were obtained by fitting:
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αgrass,Λ = αy,Λ × exp(− 0.89 × sin θm) × (1 + 0.34 × ice) × (1 − 0.002 × rh) × 3.22 (14)

αbare,Λ = min (αsat,Λ + 0.135 × exp(− 0.55 × sin θ) + 0.34 × ice − 0.002 × liq,αdry,Λ) (15)

Where αy,Λ represents the albedo of shortwave radiation simulated by the original albedo scheme of grassland
(Equations 7 and 8) in the CLM5 model, αsat,Λ represents the albedo of the soil in saturated states. θ (radian) is the
solar elevation angle, θm (radian) is the midday solar elevation angle at each day of a year, and rh (%) is the air
relative humidity near the canopy surface, ice and liq (kg/m2) are the content of ice and liquid water in the top soil
layer simulated by CLM5. The correlation coefficients of the albedos calculated by Equations 14 and 15 with the
observations are 0.54 and 0.64, both of which are above the significance level of 95%.

3.4. Numerical Experimental Design

To verify the improvement level of the GN and BN schemes in simulating the albedo of alpine grassland and bare
land on the TP under snow free conditions relative to the original albedo schemes in the CLM5 model, we
conducted control and sensitivity single‐point experiments at Arou station featured by alpine grassland and the
NADORS station featuring bare land, respectively. In addition, due to the GN and BN schemes constructed based
on the observation data at Arou and NADORS stations, respectively, to better evaluate the applicability of the
newly developed albedo schemes at other stations, we also conducted control and sensitivity single‐point

Figure 2. The relationship of (a) the sine of solar elevation angle, (c) soil ice content at 2 cm depth and (e) 2 m air relative
humidity ((b) the sine of solar elevation angle, (d) soil ice content and (f) soil liquid content at 0 cm depth) with the surface
albedo under snow free conditions based on the half‐hourly (hourly) observations during the months between May and
September of 2013–2014 (2012–2013) at Arou station featured by grassland (NADORS station featured by bare land).
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experiments at Maqu (alpine grassland) and QOMS (bare land) stations, respectively. Details of the model
configuration for each experiment are shown as follows:

For simplicity, the single‐point control (sensitivity) experiments for grassland and bare land are called CEG and
CEB (SEG and SEB), respectively. The CEG (CEB) experiments at Arou and Maqu (NADORS and QOMS)
stations were carried out by the CLM5model adopting the original grassland (bare land) albedo scheme, while the
SEG (SEB) experiments at Arou and Maqu (NADORS and QOMS) stations were conducted by the CLM5 model
using the GN (BN) albedo scheme constructed in this study.

For all the single‐point experiments mentioned above, the CLM5 model ran 12 years cyclically driven by the 2‐
year field observed atmospheric forcing data observed at each station (details can be found in Section 3.1) and
output hourly results, and the model results of the last 2 years are extracted for subsequent analysis.

In addition, to evaluate the suitability of the newly developed albedo schemes across the TP region, this study also
conducted a set of regional experiments with the model domain covering the entire TP, namely CTRL and SEXP
experiments. In the CTRL (SEXP) experiment, driven by the 3‐hourly CMFD atmospheric forcing data during 1
January 1997–31 December 2016 (details can be found in Section 3.1), simulations of 20 years were carried out
by the CLM5 model adopting the original (newly developed) albedo schemes for grassland and bare land and
output daily results, and the simulations of the last 10 years were extracted for further analysis.

3.5. Analysis Methodology

In this study, we used the root mean square error (RMSE) between the simulations and the observations to
evaluate the model performance in detecting the quantity, and the Taylor score (TS; Taylor, 2001) to evaluate the
model ability to simulate both the amplitude and pattern of variability simultaneously.

The calculation of RMSE is given by

RMSE = [
1
N
∑
N

i=1
(Si − Oi)

2
]

1/2

(16)

Where Si andOi are the simulations and observations, respectively, and N is sample size. The RMSE approaching
nearer to 0 indicates a smaller difference between simulations and observations and consequently higher simu-
lation accuracy.

The calculation of TS is given by

TS =
4 ∗ (1 + r)

(SDR + 1
SDR)

2
(1 + r0)

(17)

r =
1
N ∑

N
i=1(Si − S) ∗ (Oi − O)

[1N∑
N
i=1 (Si − S)2]

1/2

[ 1
N∑

N
i=1 (Oi − O)2]

1/2 (18)

SDR =

[1N∑
N
i=1 (Si − S)2]

1/2

[ 1
N∑

N
i=1 (Oi − O)2]

1/2 (19)

Where r represents the correlation between simulations and observations, and r0 is the theoretical maximum
correlation and it is set to 1 here. The SDR represents the ratio of standard deviation of simulations to the standard
deviation of observations, S (O) represents the average of simulations (observations) with sample size of N. TS
ranges from 0 to 1, and larger TS indicates better performance.
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4. Results
4.1. Albedo, Surface Thermal Conditions and Soil Temperature Simulations of the Two Typical Land
Surfaces Improved by the Newly Developed Albedo Schemes

From Figures 3a–3d, the observed albedos at the four stations consistently present a “U” ‐shaped variation with
high values in the morning and evening and low values at noon. Compared to the observations, the CEG
experiment can reproduce this diurnal variation pattern of the albedo in grassland, but the CEB experiment cannot
reproduce this diurnal variation pattern of albedo in bare land. This may be related to the fact that the influence of
solar elevation angle on albedo is considered in the original albedo scheme of grassland but not in the original
albedo scheme of bare land. Compared to the CEG and CEB experiments, the SEG and SEB experiments adopting
the newly developed albedo schemes not only produce the albedo much closer to the observations but also better
simulate the pattern of albedo diurnal variation, especially at the bare land.

From Figures 3e–3l, the RMSE (TS) produced by the new albedo schemes are significantly reduced (increased)
compared to the original albedo schemes. The reduction of RMSE (increase of TS) ranges from ∼10% to ∼60%
(∼20%–∼900%) during May to September across the four stations. Much higher improvements of TS induced by
the new albedo scheme of bare land can be noted at the NADORS and QOMS stations, with the mean relative
change of TS during May to September being more than 300% (Figures 3j and 3l). Moreover, although the GN
and BN albedo schemes were developed based on the observations at Arou and NADORS stations, applications of
them can lead to the RMSE (TS) of surface albedo simulation at Maqu and QOMS stations decreased (increased)
by an average of ∼15% (∼26%) from May to September, suggesting that the newly developed albedo schemes
show good suitability on the TP to some extent.

The improvement in the simulations of albedo may further affect the simulations of surface thermal conditions by
affecting the surface radiation energy balance. As shown in Equation 20, the net shortwave radiation (NSR) and
net longwave radiation (NLR) received at the surface are released through sensible heat flux (SH), latent heat flux
(LH) and ground heat flux (GH):

NSR − NLR = NR = SH + LH + GH (20)

Figure 3. The diurnal variation of simulated and observed surface albedo in each month at each station from May to
September for 2 years (a–d). The relative changes of RMSE and TS of the simulated surface albedo in the sensitivity
experiments compared to those in the control experiments in each month (e–l). The relative changes of RMSE (TS) averaged
over May to September are listed at the bottom (top) right‐hand corner of each sub‐figure of (e–l).

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044703

WANG ET AL. 8 of 17



Where the net radiation (NR), NSR, GH are positive downward and NLR, SH and LH are positive upward at the
surface.

As shown in Figures 4a–4d, the original albedo schemes of the CLM5model clearly tend to overestimate the NSR
and NR at bare land and grassland surfaces; this is mainly due to the underestimated albedo (Figure 3). The
overestimation of NSR (NR) can be clearly reduced by the new albedo schemes, further leading to the decrease of
surface temperature and thereafter reduced NLR. Overall, the improvements of the NR simulations induced by the
new albedo schemes are mainly result from the improved NSR simulations, whose RMSE can be reduced by
∼20%–∼50% at the four stations relative to the original albedo schemes, but with very slight improvements of TS
(less than 2%).

In addition, the CLM5with the original albedo schemes tends to overestimate (underestimate) the surface sensible
(latent) heat flux (Figures 4a–4d). Adopting the new albedo schemes can clearly improve the simulation of surface
sensible heat flux with the RMSE reduction (TS increase) ranging from ∼20% to ∼30% (∼5%–∼15%) across the
four stations compared to the original albedo schemes (Figures 4e–4l). However, the improvements in the surface
latent heat flux induced by the new albedo schemes are marginal.

As a whole, adopting the new albedo schemes can lead to improved simulations of NR and surface thermal
conditions, thereby mainly resulting in the improvements of the land‐air sensible heat transfer.

Corresponding to the changes in surface NR, the land surface temperature (LST) and soil temperature at different
depths (Figures 5 and 6) change accordingly. As shown in Figures 5a and 5b, the observed LST at both sites
gradually increases from May to July and decreases from August to September; the CLM5 model adopting the
original albedo schemes for the bare land and grassland surfaces can well reproduce this trend but it clearly
overestimates the LST, especially in August and September. Relative to the original albedo schemes, adopting the
new albedo schemes can reduce the overestimation of LST to some extent (Figures 5c and 5d), and the RMSE of
the LST simulations can be reduced by ∼6%–∼30% in different months at the stations with relatively larger
reduction at the NADORS station but with very slight improvements of TS (less than 1.5%) (Figures 5e–5h).
Overall, improvements in reproducing the LST in quantity induced by the adoption of new albedo schemes are
much more obvious than reproducing the amplitude and pattern of variability of LST.

Taking the soil temperature observation depths at the stations as the reference, we selected the simulated soil
temperature data at depths closest to the observational depths, derived the corresponding values through

Figure 4. Each component of the surface heat balance averaged over May to September for 2 years at each station from the
observations and the simulations of different experiments (a–d). The relative changes of RMSE and TS of the surface
radiation and heat flux simulations in the sensitivity experiments relative to those produced by the control experiments (e–l).
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interpolation, and then compared them with the observed soil temperatures. From Figures 6a and 6b, the soil
temperature decreases with the depth and is characterized by a warmer upper layer of 0–100 cm and a cooler lower
layer below 100 cm. In addition, similar to the surface temperature, the soil temperature also shows a trend of
increasing first and then decreasing fromMay to September, but there is a significant lag. As soil depth increases,
the lag of this change becomes more apparent. The CLM5 with the original albedo schemes tends to overestimate
the soil temperature (especially below the depth of 20 cm inMay) at different depths (Figures 6e and 6f) due to the
overestimation of the NR (Figures 4a and 4b). By adopting the new albedo schemes, the CLM5 can improve the
time‐depth distribution of soil temperature simulations and reduce the warm biases produced by adopting the
original albedo schemes by ∼0.2°C–∼1°C with relatively larger improvements at the bare land (Figures 6g
and 6h).

As shown in Figures 7a and 7d, the CLM5 with the new albedo schemes can reduce the RMSE of soil temperature
profile simulations ranging from 0.1°C to 0.3°C (0.3°C–0.6°C) at Arou (NADORS) station, and the RMSE can be
reduced by more than 10% at all depths (Figures 7c and 7f). From Figures 7b and 7e, the TS of soil temperature

Figure 5. The time series of the LST from observations and simulations of control experiments and sensitivity experiments
and the differences between simulations and observations at Arou and NADORS over May to September of 2 years (a–d).
The relative changes of RMSE and TS of the LST simulated by the sensitivity experiments relative to those produced by the
control experiments (e–h), and the relative changes of RMSE and TS averaged over May to September are listed at the
bottom right‐hand corner of each sub‐figure of (e–h).
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simulations at all depths is generally higher than 0.8, indicating that the CLM5 can simulate the amplitude and
pattern of the soil temperature variation well. Relative to the original albedo scheme, the new albedo schemes tend
to produce slightly higher TS of soil temperature simulations, but the relative changes of TS are less than 2%
(Figures 7c and 7f). Overall, the new albedo schemes show better performance to improve the soil temperature
simulations in quantity than in the temporal variation.

4.2. Impact of the New Albedo Schemes on the Surface Thermal Condition Simulations in the TP During
Snow Free Seasons

To evaluate the impact of the new albedo schemes on the simulation of surface thermal conditions on the TP, we
conducted a set of regional comparative simulation experiments (CTRL and SEXP). As shown in Figures 8a,
8c and 8d, it can be seen that the differences in NSR and NR, SH between the SEXP experiment and CTRL
experiment show similar spatial patterns. Relatively larger differences are located in the northwest and southwest
TP, and relatively lower differences are concentrated in the southeast TP, which is consistent with the results of
Figure 4. The difference in NLR (Figure 8b) is much lower than those of NSR, and the difference in LH and GH

Figure 6. The temporal variation of the observed and simulated soil temperature profiles at Arou and NADORS stations over
May to September (a–d). The temporal variation of soil temperature differences between control experiment simulations and
the observation (e and f), and between the sensitivity and control experiments (g and h) over May to September.
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(Figures 8e and 8f) is much less than those in SH, indicating that the changes in NR mainly come from the change
in NSR and predominantly affect the changes of surface sensible heat flux.

To further quantify the influence of the new albedo schemes on the simulations of surface thermal conditions, the
TP regional mean differences in the NSR, NLR, NR, SH, LH and the total of SH, LH and GH between the SEXP
experiment and CTRL experiment and their relative changes were further calculated. As shown in Figure 9a,
relative to the CTRL experiment adopting the original albedo schemes, adopting the new albedo schemes in the
SEXP experiment can lead to the simulated NSR, NLR and NR decreased by 9.09, 2.48, and 6.61 W/m2,
respectively, and the change of the NR (reduction of 6.61 W/m2) is mainly balanced by the change of SH
(6.06 W/m2), which shows the largest relative change of ∼15% among the five surface heat components
(Figure 9b).

Figure 7. The RMSE (a and d) and TS (b and e) for the simulated soil temperature at different depths over May to September
of the 2 years from control experiment and sensitivity experiment and their changes produced by the sensitivity experiments
relative to the control experiments (c and f).

Figure 8. The differences in each component of surface heat balance between the SEXP experiment and CTRL experiment
averaged over May to September of 2007–2016. The black dots in panels indicate the confidence level above 95% of t test.
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From Figures 10a and 10b, the CTRL experiment can overall simulate the spatial distribution of LST over the TP,
but overestimates the LST in most regions of the central and western TP (Figure 10c) due to the overestimation of
NR (Figure 8c). This LST overestimation can be clearly reduced by adopting the new albedo schemes
(Figure 10d). Correspondingly, the surface sensible heat flux decreased with the LST reduced in the SEXP
experiment (Figure 8d). From Figures 10e–10h, compared to adopting the original albedo schemes, adopting the
new albedo schemes can clearly reduce (slightly increase) the RMSE (TS) of mean LST simulations during May
to September on the TP by ∼4%–∼15% (less than 1%); this is similar to the situations of single‐point simulations,
adopting the new albedo schemes tends to improve the LST simulations in quantity than in the spatial pattern.

5. Conclusions
This study used field observation data to identify the main factors affecting the albedos of the bare land and alpine
grassland, which are widely distributed on the TP, and constructed two new albedo schemes suitable for the bare
land and grassland on the TP under snow free conditions, respectively. The main findings are listed as follows:

The CLM5 model with the original albedo schemes for the bare land and alpine grassland clearly underestimates
the albedo over the TP, and cannot reproduce the diurnal variation of bare land surface albedo. In‐depth analysis
of the relationship of observed albedo with potential impact factors indicates that the solar elevation angle, soil ice
content, and air relative humidity (the solar elevation angle, soil ice content, and soil liquid content) are the main
factors affecting the albedo of the grassland (bare land) on the TP. Two new albedo schemes have been con-
structed for the bare land and grassland, respectively.

By introducing the newly developed albedo schemes into the CLM5 model for single‐point simulation evaluation
at four stations, the evaluation results show that adopting the new albedo schemes can clearly improve the
simulation accuracy of the albedo on the bare land and alpine grassland, especially that the diurnal variation of
albedo of the bare land can be well reproduced. The RMSE (TS) produced by the new albedo schemes are
significantly reduced (increased) by ∼10%–∼60% (∼20%–∼900%) among the four field stations compared to the
original albedo schemes.

The improvement of the albedo simulation further reduces the overestimation of NR by the original albedo
schemes, thereby mainly resulting in the improvements of the land‐air sensible heat transfer. By adopting the new
albedo schemes, the RMSE of simulated NR (SH) can be reduced by ∼20%–∼50% (∼20%–∼30%) at the four
stations relative to the original albedo schemes, but the improvements of TS are marginal (less than 2%).
Furthermore, the improved accuracy ofNR simulation achieved by the new albedo schemes significantlymitigated
the overestimation of LST and soil temperature. The RMSE of the LST simulations can be reduced by∼6%–∼30%
and the warm biases of soil temperature simulations at different depths can be reduced by ∼0.2°C–∼1°C, and the
improvement in quantity is more significant than in time variation.

Regional simulation results show that adopting the new albedo schemes can improve the simulations of NR by
increasing the simulation accuracy of albedo, thereby mainly reducing the overestimation of the surface sensible

Figure 9. The mean differences of each surface heat component during May to September of 2007–2016 between the SEXP
and CTRL experiments regionally averaged over the TP and the relative changes produced by the SEXP experiment
compared to the CTRL experiment.
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heat flux. In addition, adopting the new albedo schemes tends to improve the LST simulations in quantity than in
the spatial pattern, with the RMSE (TS) of mean LST simulations during May to September on the TP can be
reduced by ∼4%–∼15% (slightly increased less than 1%) compared to the original albedo schemes. Overall,
improving the albedo simulation accuracy can significantly enhance the performance of the CLM5 model in
simulating surface heat conditions on the TP.

Although the newly developed parameterization scheme can reasonably capture the diurnal variation pattern of
albedo, a substantial bias still exists between the simulated and observed values during early morning and late
afternoon. This discrepancy is likely attributable to the high proportions of scattered radiation and near‐infrared
radiation in the incident solar radiation during these two periods. Therefore, it is necessary to further improve the
calculation accuracy of the incident radiation partitioning ratio in the model, thereby enhancing the simulation

Figure 10. The mean LST during May to September of 2010–2015 from the CLDAS (a) and simulations of the CTRL
experiment (b), and the differences between the simulations of the CTRL experiment and the CLDAS (c) and between the
SEXP and CTRL experiments (d). The RMSE and TS of the monthly climatic mean LST fromMay to September over 2010–
2015 simulated by the CTRL and SEXP experiments (e) and (g), and their relative changes produced by the SEXP
experiment compared to the CTRL experiment (f) and (h). The black dots in panels (c) and (d) indicate the confidence level
above 95% of t test. The relative changes of RMSE (TS) averaged over May to September are listed at the bottom (top) left‐
hand corner of sub‐figure of f (h).
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performance of reflected solar radiation. In addition, the newly developed albedo schemes were only evaluated in
the off‐line land surface model, and only verified the model's simulation accuracy of surface heat flux and surface
thermal conditions on the TP. Future work needs to introduce the new albedo schemes into the regional climate
model to explore their impact on the climate simulation in the TP and surrounding regions.
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