
1.  Introduction
Since the 1980s, people have realized that climate is not only formed by the thermal and dynamic processes of 
the atmosphere, but is also the result of interactions with the biosphere, hydrosphere and lithosphere (Huang 
et al., 2013; Liu et al., 2021; Pielke, 2001). Land-atmosphere interactions are an important part of these processes, 
and surface albedo is an important factor affecting the heat exchange between land and atmosphere, which repre-
sents the reflection ability of the land surface to the solar radiation. Any slight change in the underlying surface 
will cause a change in its albedo, which affects the surface's absorption of solar radiation and the surface’s trans-
port of longwave radiation to the atmosphere, thus affecting the dynamic and thermal conditions near the surface, 
and finally lead to a change in the local weather and climate (Dirmeyer et al., 2006; Gash & Shuttleworth, 1991; 
Irvine et al., 2011; Lee et al., 2011; Li et al., 2018; Liang et al., 2010; Sedlar et al., 2011). It has been shown that a 
0.01 shift in surface albedo will result in an energy change of 3.4 W·m −2, which is about 1.5∼5 times more power-
ful than carbon dioxide in changing global surface temperature (Jorgensen et al., 2014; Wielicki et al., 2005). 
Therefore, surface albedo has become a parameter of great interest in numerical models, whether in land surface 
models, weather forecast models, or regional climate models.

Abstract  Existing land surface models still have large error in the simulation of surface albedo. At present, 
introducing the influence of meteorological factors into the albedo parameterization scheme is an effective 
way to improve the albedo simulation. However, the improvement of the vegetation canopy surface albedo 
parameterization scheme is still insufficient. Therefore, based on the radiation and meteorological observation 
data during 1 November 2015–30 April 2018 from a land-atmosphere interaction observation tower in a typical 
secondary evergreen broadleaved forest in Southern China, this study firstly analyzed the influencing factors of 
canopy surface albedo. It was found that the solar elevation angle and air relative humidity are two key factors 
influencing the canopy surface albedo, and the impact of the solar elevation angle on canopy surface albedo 
is not exactly the same on diurnal and seasonal scales. Then, two new canopy surface albedo parameterization 
schemes of additive form and multiplicative form were proposed and introduced into CLM5 model for single 
point simulation. Results show that the adoption of newly developed canopy surface albedo parameterization 
schemes can improve the simulation of diurnal and seasonal variations of albedo and reduce the overestimation 
of the simulation of near-infrared radiation albedo and visible radiation albedo in the CLM5 model, then 
significantly reduce the root mean square errors of reflected solar radiation and net radiation simulation.

Plain Language Summary  Surface albedo is an important factor affecting the heat exchange 
between land and atmosphere, and is critical for weather forecasting and regional climate modeling. At present, 
even in some complex land surface models, the canopy surface albedo parameterization scheme only considers 
the variation of leaf and stem index and the cosine of the solar zenith angle over time but does not take into 
account the effect of meteorological factors. In this study, two newly developed canopy albedo schemes 
that take into account the effects of solar elevation angle and air relative humidity were developed, and then 
introduced into the CLM5 model for single point simulation. The results show that the new canopy albedo 
scheme can indeed improve the simulation skills of the reflected solar radiation. The results emphasize the 
important influence of meteorological factors on the surface albedo, and the findings may provide a base to 
further develop and improve the CLM5 model.
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In current land surface models, the surface albedo is obtained by weighted summation based on different types 
of land cover, such as bare soil, snow surface and vegetation. However, since the calculation process includes 
many empirical parameters and approximate processing, the albedo simulation still has a large deviation, leading 
to the estimation of surface radiation balance and heat balance is not ideal, which is one of the reasons for the 
poor accuracy of climate simulation (Baldocchi et al., 2000; Xiao et al., 2011). At present, the simulation surface 
albedo relative error of most global circulation models is generally between 5% and 15% (Ding & Sun, 2006). 
Consequently, it is critical to improve the surface albedo simulation skill in land surface models, and hence to 
improve the simulation performance of weather forecast models and regional climate models (Betts & Ball, 1997; 
Dickinson, 1995; Dai et al., 2003; Liang et al., 2005; Rotenberg & Yakir, 2010; Wei et al., 2016).

Through conducting near-surface observation experiments, obtaining the radiation and albedo information under 
different underlying surface conditions in different regions is an important means to optimize the albedo parame-
terization scheme in land surface models. Many studies have shown that the surface albedo is affected by various 
factors, such as the solar elevation angle, soil water content, soil color, vegetation coverage, surface roughness, 
and so on, and has obvious characteristic differences in different areas with different underlying surface conditions 
at different times (Guan et al., 2009; Liu et al., 2008; Roxy et al., 2010; Sugathan et al., 2014; Zheng et al., 2015). 
Based on the previous field observation experiments, it is generally believed that the bare surface albedo is expo-
nentially (linearly) with the solar elevation angle (soil moisture content) decreases. For the underlying surface 
with vegetation coverage (such as farmland, shrubs and grassland), the higher vegetation coverage corresponds 
to the lower surface albedo (Bao et al., 2008; Cai et al., 2012; Tian et al., 2018; Zhang & Huang, 2004; Zheng 
et al., 2014). Introducing these factors into the albedo scheme in land surface models can obviously improve 
the accuracy of albedo calculation (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, previous studies on the improvement of albedo parameterization 
schemes are mostly focused on bare soil and vegetation coverage great changed areas, few researches have paid 
attention to evergreen broad-leaved forests.

Southern China has a wide distribution of subtropical evergreen broadleaf forests. The accuracy of canopy 
surface albedo simulation of evergreen broad-leaved forest in land surface models will further affect the simula-
tion accuracy of regional climate model for monsoon intensity, spatial distribution of precipitation and relevant 
continent-scale circulation (Xue et al., 2004). However, even in some complex land surface models, the canopy 
surface albedo parameterization scheme only considers the changes of leaf and stem index and the cosine of solar 
zenith angle over time but does not consider the influence of other meteorological factors, nor can it well  simulate 
the canopy surface albedo of evergreen broad-leaved forest, especially on hourly and monthly scales (Barlage 
et al., 2015; Berbet & Costa, 2003; Dickinson, 1983; Oleson et al., 2008, 2010; Yanagi & Costa, 2011; Zhu 
et al., 2019). In warm and humid subtropical evergreen broad-leaved forests, vegetation coverage is high and 
changes little throughout the year, so soil exposure is low. The most current surface albedo parameterization 
schemes, which considered the influence of vegetation coverage change and soil moisture, are not applicable over 
these areas. Therefore, observations and further research should be intensified in subtropical evergreen broadleaf 
forest areas.

We established a land-atmosphere interaction observation tower in the Phoenix Mountain forest of Zhuhai, 
Guangdong Province, where the underlying surface type is the evergreen broad-leaved forest (Wei et al., 2016). 
The canopy surface albedo and its influencing factors have been systematically studied, and two new albedo 
parameterization schemes were proposed based on field observations and introduced into Community Land 
Model Version 5 (CLM5). To what extent the newly developed albedo parameterization schemes affect the 
performance of the CLM5 model in simulating the canopy surface albedo and surface radiation balance and 
related possible causes have been systematically explored in this study. Findings may provide a base to further 
develop and improve the CLM5 model over the regions with evergreen broad-leaved forest in Southern China.

2.  Data, Model and Experimental Design, Method
2.1.  Field Observation Data

The field observations used in this study are derived from the land-atmosphere interaction observation tower 
station in Phoenix Mountain, Zhuhai City, Guangdong Province, China. Figure 1 shows the geographical location 
of the observation station. It is located at 22°21 '15.5 "N, 113°31' 34.2" E, and 38.5 m above sea level, belonging 
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to the subtropical monsoon climate zone, so the climate is warm and humid. The underlying surface type is 
evergreen broad-leaved forest with an average canopy height of 18 m and a forest canopy slope of approximately 
5°. In August 2014, the land-atmosphere interaction observation tower station was completely built, and after a 
two-month trial operation and commissioning, official observations began in November of the same year, and 
then stopped in May 2018. It has three sets of observation systems: meteorological, radiation and flux. All obser-
vation instruments were calibrated by the manufacturer before observation, and the relevant technical parameters 
are shown in Table 1 (Wang et al., 2021; Wei et al., 2016).

The radiation observation system is set up at 47.5 m, which mainly observes upward and downward solar short-
wave radiation (SR), visible radiation (VIS) and ultraviolet radiation (UVR). Meteorological observation instru-
ments are installed on several tower platforms at different heights above and below the forest canopy. All data 
is recorded every half-hour using local time. Due to the inevitable damage to the surrounding forest during the 
construction of the observation tower, the observation data used in this study include radiation observation data 
at 47.5 m and air temperature, air relative humidity, wind speed, pressure, precipitation observation data at 25 m 
near the canopy height from 1 November 2015 to 30 April 2018 after a one-year recovery period of the forest. 
Before the study, all observation data have been checked for spatiotemporal consistency, logical extremum and 
rigid values, and the data that failed to pass the check were corrected or eliminated (Wang et al., 2008, 2021). 
Due to the thunderstorm and gale weather in summer, the instrument failed, therefore, the observation data 
from July to August in 2016 and 2017 were missing. The missing data were filled by interpolating the data at 
the adjacent  time. In addition, since there is no radiometer that can directly observe the upward and downward 
near-infrared radiation (NIR, 0.7∼2.8 μm) in the radiation observation system, the near-infrared radiation was 
obtained by subtracting the visible radiation with the waveband of 0.4∼0.7 μm and ultraviolet radiation with the 
waveband of 0.28∼0.4 μm from the solar shortwave radiation with the waveband of 0.285∼2.800 μm (Zheng 
et al., 2012).

Figure 1.  Location of the land-atmosphere interaction observation station in Phoenix Mountain, Zhuhai City, Guangdong Province, China.

Parameter Instrument name Instrument model Measuring range Observation accuracy

Short wave radiation Short Wave Radiation Sensor CMP21 285∼2,800 nm ±1.4%

Visible radiation Optical Quantum Radiation Sensor SQ-130-L-10 400∼700 nm ±5%

Near-infrared radiation Ultraviolet Radiometer CUV5 280∼400 nm ±5%

Longwave radiation Long Wave Radiation Sensor CGR 4 4,500∼42,000 nm ±3%

Rainfall Rain Gauge TB4MM 0∼700 mm/hr ＜250 mm/hr: ±2%

250∼300 mm/hr: ±3%

Relative humidity Relative Humidity Sensor HMP155A 0.8∼100% ±1.0%

Temperature Temperature Sensor HMP155A −80°C∼60°C ±1.0°C

Table 1 
Observation Instruments for the Solar Radiation Experiment and Their Technical Parameters
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2.2.  Model

Community Land Model (CLM) is the land portion for the Community Earth System Model (CESM), and the 
CLM5 we used in this study is the latest version (https://www.cesm.ucar.edu/models/cesm2/land). CLM5 is one 
of the most advanced land surface models in the world (Lawrence et al., 2019). It comprehensively considers 
the physical, hydrological, biochemical and material cycle processes of the land surface and adds many new 
sub-models to make the land surface process more complete. In the CLM5 model, the two-steam approxima-
tion method for calculating atmospheric radiation transmission is introduced into the calculation of vegetation 
canopy radiation transmission (Dickinson, 1983; Oleson et  al.,  2008, 2010). As shown in the following basic 
equations of radiation transfer (Equations 1 and 2), the model divides the transmission process into three parts: 
extinction, primary scat tering and multiple scattering. By assuming the upward and downward diffusion fluxes 
are completely isotropic, the canopy radiative transfer equations are solved by parametrizing the individual single 
scattering rate of leaves at the upper and lower boundary conditions of the vegetation canopy. Through complex 
derivation, the upward and downward radiation fluxes of vegetation with only scattered radiation and only direct 
radiation can be obtained. Thus, the overall canopy surface albedo, transmittance and absorption rate can be calcu-
lated (Zhou et al., 2008).

−𝜇𝜇
𝑑𝑑𝑑𝑑↑

𝑑𝑑(𝐿𝐿 + 𝑆𝑆)
+ [1 − (1 − 𝛽𝛽)𝜔𝜔]𝐼𝐼↑ − 𝜔𝜔𝜔𝜔𝜔𝜔↓ = 𝜔𝜔𝜇𝜇𝜇𝜇𝜇𝜇0𝑒𝑒

−𝐾𝐾(𝐿𝐿+𝑆𝑆)� (1)

𝜇𝜇
𝑑𝑑𝑑𝑑↓

𝑑𝑑(𝐿𝐿 + 𝑆𝑆)
+ [1 − (1 − 𝛽𝛽)𝜔𝜔]𝐼𝐼↓ − 𝜔𝜔𝜔𝜔𝜔𝜔↓ = 𝜔𝜔𝜇𝜇𝜇𝜇(1 − 𝛽𝛽0)𝑒𝑒

−𝐾𝐾(𝐿𝐿+𝑆𝑆)� (2)

where I↑ and I↓ refer to the upward and downward diffuse radiative flux per unit incident radiant flux, respec-
tively. 𝐴𝐴 𝜇𝜇 , ω, β, β0, and K are vegetation optical parameters, L and S indicate leaf and stem area index, respectively.

2.3.  Experimental Design

In this study, three single point simulation experiments with the CLM5 model adopting different canopy surface 
albedo parameterization schemes were designed and carried out. The CLM5 model is driven by the field meteor-
ological observation data during 1 January 2016 to 31 December 2017, and a 0.1° × 0.1° grid at a center point of 
22.35°N, 113.53°E with an underlying surface type of evergreen broadleaved forest is set as the simulation area. 
The simulations in 2016 are regarded as the adjustment model operation, and the simulations in 2017 are used as the 
main analysis data to evaluate the ability of the CLM5 model with different canopy surface albedo schemes in simu-
lating the albedo and the reflected solar radiation. The parameterization schemes of canopy surface albedo adopted 
in the three simulation experiments are: the original albedo scheme (CLMO), the newly proposed albedo scheme in 
the form of addition (CLMA), and the newly developed albedo scheme in the form of multiplication (CLMM). The 
details of two newly developed canopy surface albedo parameterization schemes are given in Section 3.2.

2.4.  Method

The root mean square error (RMSE) between the simulated value and the observed data is used to evaluate the 
model simulation ability. The specific formula is as follows:

RMSE =

[

1

𝑁𝑁

𝑁𝑁
∑

𝑖𝑖=1

(𝑆𝑆𝑖𝑖 − 𝑂𝑂𝑖𝑖)
2

]1∕2

� (3)

where Si and Oi are the simulated and observed values, respectively, and N is sample of the time series.

Besides, the Taylor score (TS) is also used in this paper to evaluate the simulation of canopy surface albedo vari-
ation trend and amplitude. The calculation formula is as follows (Taylor, 2001):

TS =
4 ∗ (1 + �)

(

SDR + 1
���

)2
(1 + �0)

� (4)

𝑟𝑟 =

1

𝑁𝑁

𝑁𝑁
∑

𝑖𝑖=1

(

𝑆𝑆𝑖𝑖 − 𝑆𝑆

)

∗

(

𝑂𝑂𝑖𝑖 − 𝑂𝑂

)

𝜎𝜎𝑠𝑠𝜎𝜎𝑜𝑜

� (5)
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SDR = ��

��
� (6)

𝜎𝜎𝑠𝑠 =

[

1

𝑁𝑁

𝑁𝑁
∑

𝑖𝑖=1

(

𝑆𝑆𝑖𝑖 − 𝑆𝑆

)2

]1∕2

� (7)

𝜎𝜎𝑜𝑜 =

[

1

𝑁𝑁

𝑁𝑁
∑

𝑖𝑖=1

(

𝑂𝑂𝑖𝑖 − 𝑂𝑂

)2

]1∕2

� (8)

The r represents the correlation between simulated values and observed values, and r0 is the theoretical maximum 
correlation coefficient between the two, which is set as 1 here. And SDR represents the ratio of standard deviation 
of simulated values (σs) to standard deviation of observed values (σo). Finally, the 𝐴𝐴 𝑆𝑆 and 𝐴𝐴 𝑂𝑂 represent the average 
of simulated and observed values.

3.  Results
3.1.  Relationship Between the Canopy Surface Albedo and Influencing Factors

In the CLM5 model, the solar shortwave radiation is only divided into near-infrared radiation (wave-
length > 0.7 μm) and visible radiation (wavelength < 0.7 μm) with equal proportions, and calculate the albedos 
of near-infrared radiation and visible radiation are respectively. Therefore, the observed ultraviolet radiation is 
included into the visible radiation for the subsequent study of albedo parameterization scheme.

In the forested areas, where the relationship between the soil water content and the canopy surface albedo is not 
obvious, other meteorological factors such as near canopy surface air relative humidity, air temperature, and 
wind speed may affect the canopy surface albedo (Zhang, 2012; Zhao et al., 2014). Correlation analysis between 
the canopy surface albedo and meteorological factors showed that the canopy surface albedo is well correlated 
with the solar elevation angle, air relative humidity and temperature. Through further partial correlation analysis 
by control variables, it was found that the correlation coefficient between the canopy surface albedo and the 
solar elevation angle can reach approximately −0.5. While the air relative humidity is still correlated well with 
the canopy surface albedo, but the correlation coefficient between air temperature and canopy surface albedo 
becomes very small, which may be caused by the high correlation between air temperature and solar elevation 
angle. Therefore, the solar elevation angle and air relative humidity are two key factors that have relatively greater 
impact on the canopy surface albedo.

In previous research, we found that albedo showed obvious diurnal and seasonal variations (Wang et al., 2021). 
Are the effects of solar elevation angle and air relative humidity on albedo consistent at the diurnal and seasonal 
scales? To answer this question, this study first randomly selected a day from spring, summer, autumn and winter 
and revealed the influence of the solar elevation angle on albedo by comparing their diurnal variation relationship 
(Figure 2). It was found that the albedo presents a “U”-shaped variation with large values in the morning and 
evening and small values at noon. However, the diurnal variation of the solar elevation angle is exactly opposite 

Figure 2.  Diurnal variation of canopy surface albedo for near infrared and visible radiation and solar elevation angle in different seasons (The shaded areas represent 
the 95% confidence intervals).

 21698996, 2024, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

038682 by N
anjing U

niversity, W
iley O

nline L
ibrary on [14/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

WANG ET AL.

10.1029/2023JD038682

6 of 14

to the canopy surface albedo. Figure  3 shows the relationship between canopy surface albedo and the solar 
elevation angle at the sub-daily scale. It can be seen that the canopy surface albedo gradually decreases with the 
increase of the solar elevation angle, and the decreasing amplitude also gradually decreases with the increase of 
the solar elevation angle. When the solar elevation angle is greater than 60°, the albedo of the canopy surface 
to near-infrared radiation does not change with the solar elevation angle, and when the solar elevation angle is 
greater than 75°, the albedo of the canopy surface to visible radiation does not change with the solar elevation 
angle. This is in accordance with the diurnal variation of albedo and the solar elevation angle. When the solar 
elevation angle is small (large), the diurnal variation of albedo is obvious (unobvious).

Similarly, the relationship between canopy surface albedo and solar elevation angle at the seasonal scale can 
also be indicated by comparing the relationship between them. To exclude the influence of diurnal variation, we 
calculated the radiation albedo and the corresponding maximum midday solar elevation angle every day during 
the observation period. As shown in Figure 4, there is also an opposite seasonal variation between the albedo and 
the maximum midday solar elevation angle. Figure 5 further shows the relationship between the albedo and the 
maximum midday solar elevation angle. The elevation angle at noon in the evergreen broad-leaved forest area 
ranges from 45° to 90° in a year. When the solar elevation angle is approximately 45°, it corresponds to winter, 
at this time, with the increase of the solar elevation angle, the albedo does not change significantly. When the 
solar elevation angle is greater than 60°, it corresponds to autumn, spring and summer, and the albedo decreases 
gradually with the increasing of solar elevation.

As mentioned above, although the canopy surface albedo is affected by the solar elevation angle on both diur-
nal and seasonal scales, it is not completely identical. The canopy surface albedo decreases exponentially with 
the increase of the solar elevation angle on the diurnal scale, and decreases in a quadratic power form with the 
increase of the maximum midday solar elevation angle on the seasonal scale. In addition, the same comparative 
experiment also took place on the relationship between air relative humidity and albedo, and it was found that the 
diurnal variation of the above variables was sometimes the same and sometimes the opposite, without obvious 
correlation, while the seasonal variation showed an obvious opposite relationship, the canopy surface albedo 

Figure 3.  The relationship between the solar elevation angle and canopy surface albedo of near infrared and visible radiation 
at sub-daily scale.

Figure 4.  Seasonal variation of canopy surface albedo for the near infrared and visible radiation and solar elevation angle at noon.
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decreases linearly with the increase of the air relative humidity (not shown). In summary, the solar elevation angle 
and air relative humidity are two variables dominating the albedo, and the influence of the solar elevation angle 
on canopy surface albedo is not completely the same on diurnal and seasonal scales.

3.2.  New Albedo Parameterization Schemes

Based on the above relationship between the canopy surface albedo and the influencing factors, we have proposed 
two new albedo parameterization schemes in the form of addition and multiplication, respectively. For the addi-
tive albedo parameterization scheme, it based on the observed annual mean albedo, then superimposed the effects 
of diurnal and seasonal variations of the solar elevation angle and air relative humidity in the form of addition. 
The following empirical relationship equations were obtained by fitting:

𝛼𝛼𝑉𝑉 𝑉𝑉𝑉𝑉 = 0.0164 ∗ exp(−0.0178 ∗ 𝜃𝜃) − 1.0906 ∗ 10
−6

∗ 𝜃𝜃2𝑚𝑚 − 0.00005 ∗ 𝑟𝑟𝑟 + 0.034� (9)

𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁 = 0.0496 ∗ exp(−0.0179 ∗ 𝜃𝜃) − 4.6075 ∗ 10
−6

∗ 𝜃𝜃2𝑚𝑚 − 0.0001 ∗ 𝑟𝑟𝑟 + 0.199� (10)

where αVIS and αNIR represent the albedo of visible radiation and near-infrared radiation on the canopy surface, 
respectively. θ(degree) is the solar elevation angle, θm(degree) is the maximum midday solar elevation angle, and 
rh (%) is the air relative humidity near the canopy surface, 0.034 and 0.199 are the observed average albedo of 
visible radiation and near-infrared radiation, respectively. The correlation coefficients of the albedos calculated 
by Equations 9 (10) with the observations is 0.73 (0.65), and the confidence intervals are both above 90%.

Different from the additive albedo parameterization scheme, which is completely depends on the observed data, 
the multiplicative albedo parameterization scheme is based on the simulated albedo of CLM5 and approximates 
the real albedo by multiplying the correction factor. In the original albedo parameterization scheme of CLM5,  the 
influence of the solar elevation angle on the albedo is considered by introducing the cosine of the solar zenith 
angle, but it is not comprehensive. Replace the cosine of the solar zenith angle in the original scheme by the sine 
of the maximum midday solar elevation angle. At this time, the simulated albedo only includes the influence of 
the seasonal variation of the solar elevation angle. Based on the simulated albedo, the influence of the diurnal 
variation of solar elevation angle and seasonal variation of air relative humidity on the albedo were introduced 
by multiplying the correction coefficients. The empirical formulas of the multiplication form were obtained as 
follows:

𝛼𝛼𝑉𝑉 𝑉𝑉𝑉𝑉 = 𝛼𝛼1

𝑉𝑉 𝑉𝑉𝑉𝑉
∗ exp

(

−0.2073 ∗ sin

(

𝜃𝜃 ∗
𝜋𝜋

180

))

∗

(

1 − 0.2359 ∗

(

𝑟𝑟𝑟

100

))

∗ 0.8560� (11)

𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁 = 𝛼𝛼1

𝑁𝑁𝑁𝑁𝑁𝑁
∗ exp

(

−0.0459 ∗ sin

(

𝜃𝜃 ∗
𝜋𝜋

180

))

∗

(

1 − 0.1278 ∗

(

𝑟𝑟𝑟

100

))

∗ 1.0675� (12)

where αVIS and αNIR represent the albedo of visible radiation and near-infrared radiation on the canopy surface. 
𝐴𝐴 𝐴𝐴1

𝑉𝑉 𝑉𝑉𝑉𝑉
𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎1

𝑁𝑁𝑁𝑁𝑁𝑁
 are the albedo of visible radiation and near-infrared radiation at noon simulated by the original 

albedo scheme in the CLM5 model with the daily maximal solar elevation angle. θ(degree) is the solar elevation 

Figure 5.  The relationship of the solar elevation angle with the canopy surface albedo of near infrared and visible radiation at 
noon during the whole observation period with available observations.
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angle, and rh (%) is the air relative humidity near the canopy surface. The correlation coefficient of the albe-
dos calculated by Equation 11 (12) with the observations is 0.63 (0.66), and the confidence intervals are both 
above  90%.

3.3.  Evaluation of Simulations

We introduced the two newly developed albedo parameterization schemes into the CLM5 model to evaluate their 
performance on the canopy surface radiation energy balance simulation. See Section 2.3 for specific model Settings.

Figure 6 shows the diurnal and seasonal variation of the observed and simulated canopy surface albedo. From 
Figures  6a and  6c, all three experiments can reproduce the observed diurnal variations of near-infrared and 
visible radiation albedos that decrease from morning to noon and then increase from noon to evening. However, 
compared with the observed values, the daily range of canopy surface albedo simulated by the CLMO experiment 
is too large, especially for the near-infrared radiation albedo. The simulated canopy surface albedos produced 
by the CLMA and CLMM experiments are much closer to observation compared to the CLMO experiment. 
As shown in Figures 6b and 6d, the observed canopy surface albedo also shows an obvious seasonal variation: 
decreasing gradually from winter to spring and increasing gradually from summer to autumn. The seasonal vari-
ation of albedo simulated by the CLMO experiment, is much smaller than the observation (Figures 6b and 6d). 
Compared to the CLMO experiment, the CLMA and CLMM experiments can better simulate the seasonal vari-
ation daily-averaged albedo.

As shown in Figures 6a and 6b, the canopy surface albedo of near-infrared radiation simulated by the CLMO 
experiment is significantly higher than the observation, but in winter the simulated albedo is closer to the 
observed albedo than at other seasons. However, the albedo simulated by CLMA and CLMM experiments is 
lower (higher) than observed albedo in autumn and winter (spring and summer), and the simulated albedo is 
closer to the observed albedo in spring and summer than in the autumn and winter. From the RMSE and TS values 
(Figures 7a–7c), the RMSE of CLMA and CLMM experimental simulated canopy surface albedos and observed 
albedo is significantly reduced compared with CLMO experiment, with a reduction of more than 50% (except in 
October), and the TS is also significantly increased (except in winter). According to the statistics of the whole 
year's data, it was found that the CLMA and CLMM experiments with the adoption of newly developed albedo 
schemes can reduce the RMSE from 0.038 to 0.017 and 0.018, respectively.

From Figures 6c and 6d, the canopy surface albedo of visible radiation simulated by the three experiments are 
significantly larger than the observation. Similarly, using the new canopy surface albedo schemes in the additive 
form (CLMA) and multiplicative form (CLMM) can significantly reduce the RMSE between the simulated and 

Figure 6.  The diurnal variation of canopy surface albedo for the near-infrared and visible radiation from the simulations (obtained from CLMO, CLMA, and CLMM) 
and observations in each month (a and c) and the seasonal variation of the daily mean canopy surface albedo for the near-infrared and visible radiation from the 
simulations and observations (b and d).
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observed albedos by more than 25% and 50%, respectively (Figures 7d–7f). And the TS value also increased 
significantly (except in winter). According to the statistics of the whole year's data, it was found that the CLMA 
and CLMM experiments with the adoption of newly developed albedo schemes can reduce the RMSE from 0.022 
to 0.016 and 0.008, respectively.

The new canopy surface albedo schemes in additive and multiplicative form can significantly improve the simu-
lation of the near-infrared radiation albedo and visible radiation albedo in CLM5. Furthermore, they can also 
significantly improve the simulation of reflected solar radiation and net radiation. According to the diurnal 
variation and seasonal variation of the difference between simulated reflected solar radiation and observation 
(Figures 8a and 8b), CLMA and CLMM can reduce the overestimation of reflected solar radiation by CLMO 
(except in winter). From Figures 9a and 9c, the RMSE of CLMA and CLMM experimental simulated reflected 
solar radiation and observation also significantly reduced more than 50% compared with CLMO experiment 
(except in Winter). It is worth noting that the reflected solar radiation simulated by the CLMO experiment is the 
closest to the observation in winter, which is related to the actual proportion of near-infrared radiation in solar 
shortwave radiation in winter is more than 50% (Wang et al., 2021). Statistics show that the RMSE of reflected 
solar radiation simulated by CLMO can be reduced from 6.89 W·m −2 to 4.34 W·m −2 and 5.60 W·m −2 by CLMA 
and CLMM.

From Figures 8c and 8d, by the diurnal variation trend of the difference between simulated and observed net 
radiation, we found that the simulated net radiation of the three experimental schemes is often larger than the 
observed value at night, smaller than the observed value in the day, and the deviation between simulated and 
observed net radiation at noon is large. The net radiation simulated by CLMA and CLMM can significantly 

Figure 7.  The RMSE and TS of the modeled canopy surface albedo for the near-infrared radiation (a and b) and visible radiation (d and e) in each month. And the 
relative variation of RMSE and TS of the modeled canopy surface albedo obtained from the CLMA and CLMM compared with the CLMO (c and f).
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reduce the underestimate of daytime net radiation simulated by CLMO experiments. The increase in the accu-
racy of daytime net radiation simulation will also have an impact on nighttime net radiation. The net radiation 
simulated by CLMA and CLMM can also slightly reduce the overestimation of nighttime net radiation by CLMO 
experiments. From the perspective of seasonal variation of daily-averaged net radiation, the simulated net radi-
ation is smaller than the observation, and the deviation is larger in summer and autumn, but smaller in winter 
and spring. From Figures 9b and 9d, the RMSE of CLMA and CLMM experimental simulated net radiation and 

Figure 8.  The diurnal variation of the difference between reflected solar radiation and net radiation simulations (obtained from CLMO, CLMA, and CLMM) and 
observations in each month (a and c). And the seasonal variation of the difference between the daily mean reflected solar radiation and net radiation simulations and 
observations (b and d).

Figure 9.  The RMSE of the modeled reflected solar radiation and net radiation simulations in each month (a and b). And the relative variation of the RMSE of the 
modeled reflected solar radiation and net radiation simulations obtained from the CLMA and CLMM compared with the CLMO (c and d).
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observation also significantly reduced more than 20% compared with the CLMO experiment. Statistics show 
that the RMSE of net simulated by CLMO can be reduced from 12.85 W·m −2 to 9.41 W·m −2 and 8.60 W·m −2 by 
CLMA and CLMM.

3.4.  Validation of the Newly Developed Albedo Schemes at Another Site

The observation data for the validation of the newly developed albedo schemes is from the Dinghushan 
forest ecosystem research station in Guangdong Province, China (Figure  10). It is located at 23°10'25.4" N, 
112°32'3.7"E, and the underlying surface is also a subtropical evergreen broad-leaved forest (Liu et al., 2020). 
We select the solar shortwave radiation and reflected radiation data in 2010 as the analysis data. Similarly, we 
used CLM5 model with different albedo schemes to conduct simulation experiments from 2009 to 2010 (CLMO, 
CLMA, CLMM), and the simulations in 2010 are used as the main analysis data for comparative analysis. The 
driving data used for the simulation is from the China Meteorological Forcing Dataset, with a spatial resolution 
of 0.1 and a temporal resolution of 3 hr (Yang et al., 2019).

Figure 11 shows the seasonal variation of the observed and simulated canopy surface albedo. It can be seen that, 
similar to Zhuhai station, the albedo of solar radiation simulated by the CLMO experiment is significantly greater 
than the observed albedo, while the simulations of CLMA and CLMM experiments are closer to the observation, 
and the seasonal variation of the albedo simulated by the CLMM experiment is closer to the observation. From 

Figure 10.  Location of the Dinghushan forest ecosystem research station in Guangdong Province, China.

Figure 11.  The seasonal variation of the daily mean canopy surface albedo for the solar shortwave radiation from the 
simulations (obtained from CLMO, CLMA, and CLMM) and observations in Dinghushan Station.
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Figures  12a and  12b, the RMSE of CLMA and CLMM experimental simulated canopy surface albedos and 
observed albedo are significantly reduced compared with CLMO experiment, with a reduction similar to 30% 
(except in summer). According to the statistics of the whole year's data, it was found that the CLMA and CLMM 
experiments with the adoption of newly developed albedo schemes can reduce the RMSE from 0.033 to 0.027 
and 0.026, respectively.

4.  Conclusions
Through conducting near-surface observation experiments, obtaining land surface information under different 
underlying surface conditions in different regions and exploring land surface process mechanisms are impor-
tant means for optimizing the parameterization scheme in land surface models. The Southern China is widely 
distributed with evergreen broad-leaved forest. Based on the radiation and meteorological observation data from 
the observation tower, this study analyzed the relationships between canopy surface albedo and potential influ-
encing factors, and then proposed two new albedo parameterization schemes, which were introduced into the land 
surface model CLM5 to improve the model performance, main findings are listed as follows.

1.	 �The solar elevation angle and air relative humidity are the two variables dominating the canopy surface albedo, 
and the impact of solar elevation angle on albedo is not exactly the same on the diurnal and seasonal scales.

2.	 �Two new canopy surface albedo parameterization schemes in the additive and multiplicative forms were 
further established. The additive albedo parameterization scheme is superimposed the effects of diurnal and 
seasonal variations of the solar elevation angle and air relative humidity on the observed annual mean albedo. 
The multiplicative albedo parameterization scheme is based on the simulated albedo of CLM5 and approxi-
mates the real albedo by multiplying the correction factor.

3.	 �The new canopy albedo parameterization schemes can not only improve the simulation of diurnal and 
seasonal variations of albedo, but also significantly reduce the overestimation of visible radiation albedo and 
near-infrared radiation albedo in the CLM5 model with the original albedo scheme, and thereafter lead to 
obvious improvements in the simulation of reflected solar radiation and net radiation.

Although the albedo parameterization schemes proposed in current study obviously improved the canopy surface 
albedo and reflected solar radiation simulation in the evergreen broadleaved forest, it still has their shortcomings 
and limitations, and needs to be further improved. Firstly, the newly developed albedo schemes are obtained by 
fitting the observation data over the evergreen broadleaved forest area and has not been verified on other forest 
areas. The additive albedo parameterization scheme is based on the observed annual mean albedo, so it can be 
extended to other forest underlying surfaces by establishing the relationship between NDVI and the mean vege-
tation albedo. The multiplicative albedo parameterization scheme is to multiply the original simulated value 
by correction factors to obtain the albedo value, so the different correction factors can be given for different 
vegetation types. Secondly, the albedo parameterization schemes developed in this study was only introduced 
into the CLM5 model for single-point simulation and was not introduced into the regional climate model to study 
its effect on regional climate simulation. Finally, the proposed albedo parameterization schemes only considered 
the effects of solar elevation angle and air relative humidity on albedo, while the effects of clouds and precipita-
tion on the radiation reaching the surface were not considered. Clouds and aerosols can affect the proportion of 
scattered and direct, near-infrared and visible radiation in the short wave radiation reaching the canopy surface 
through absorption and scattering of solar radiation, and this effect needs to be described more accurately in the 

Figure 12.  The RMSE of the modeled albedo of solar radiation obtained from the CLMA, CLMM and CLMO in each month 
(a), and the relative variation of the RMSE of the modeled albedo of solar radiation obtained from the CLMA and CLMM 
compared with the CLMO (b).
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model. Therefore, the current albedo parameterization scheme needs further verification and promotion, and the 
addition of more influencing factors, to consider more weather conditions in order to further improve its simu-
lation ability.

Data Availability Statement
The observation data from the land-atmosphere interaction observation tower station in Zhuhai Phoenix Moun-
tain (Wei, 2023) and Dinghushan forest ecosystem research station in Guangdong Province (Liu et al., 2020) were 
used in this study. The driving data used in the model simulations is China Meteorological Forcing Dataset (Yang 
et al., 2019). Software—The source codes of Community Earth System Model Version 2.1.3 used in this study 
are freely available online (Danabasoglu et al., 2020).
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