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Abstract The sub-grid terrain solar radiative effect (STSRE) significantly affects the heterogeneity of the
surface downward solar radiation (SDSR) over mountainous areas, which further exerts remarkable influences
on simulations of surface energy budgets and hydrological processes. Given that two thirds of China is
mountainous, we have systematically revealed the noticeable STSRE impacts on the performance of the
Common Land Model (CoLM) in simulating land surface thermal and hydrological processes over China.
Validations indicate that adopting the three dimensional (3D) STSRE scheme clearly improves the CoLM's
ability in simulating the land thermal and moist characteristics over China in almost all seasons, and the
improvements increase with the terrain complexity increasing. Over the regions with the most rugged terrain,
adopting the 3D STSRE scheme can remarkably reduce the overestimated SDSR and thereafter land surface
temperature (LST) warm biases in the CoLM with the plane-parallel radiative scheme. The modeled snow cover
increases corresponding to the reduced LST with the Taylor score improved the most by 52.84% in summer, and
the modeled evapotranspiration (ET) over southeastern Tibet and the Hengduan Mountains is also notably
improved in summer. Further analysis indicates that the surface net radiation well corrected by the 3D STSRE
scheme firstly reduces the warm biases of LST simulation using the plane-parallel radiative scheme over strong
terrain shaded areas, directly leading to the depressed sensible heat flux and ET and more snow accumulation,
then the inhibited ET and increased snow accumulation jointly affect the runoff and soil moisture simulations
and thereafter latent heat simulation.

Plain Language Summary The landform produces considerable affects on the surface downward
solar radiation (SDSR) over regions with rugged terrains, which controls heat and water exchanges between
atmosphere and land. Considering that China especially the Tibetan Plateau (TP) owns the most rugged terrains
in the world, we introduce a newly developed scheme that much more realistically describes the sub-grid terrain
solar radiative effect (STSRE) relative to the plane-parallel radiative scheme in the Common Land Model
(CoLLM) and indicate its impacts on the model performance. Results show that the CoLM adopting the 3D
STSRE scheme could remarkably advance the simulations of land surface energy balance and land thermal and
hydrological features. Findings of this study emphasize the necessity of considering the STSRE in simulations
of land surface process and hopefully contribute to deepen our understanding of the surface energy budget and
improve the land thermal and hydrological simulations over the rugged terrains in China.

1. Introduction

As one of the countries with the most complex terrains in the world, two-thirds of China is mountainous
(Figure 1a). Different topographical distributions make the climate in China show notable regional differences
(Wu, Huang, et al., 2018; Zhang et al., 2017). Large-scale topography such as Tibetan Plateau (TP) significantly
exerts thermal and dynamic effects on the weather and climate through regulating the atmospheric circulation
(Wuetal., 2012; Yang et al., 1992; Ye, 1980). Meanwhile, mesoscale and microscale terrains greatly impact the
land surface thermal heterogeneity, energy balance, land surface temperature (LST), and local circulation (He,
Zhao, et al., 2019; Zhang et al., 2006). One of the most important thermal impacts from the mesoscale and
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Figure 1. The terrain elevation (a) and sky view factor (b) with a horizontal resolution of 0.1° in China. The major landforms
are marked by triangles with names list on the right side.

microscale terrains is the terrain solar radiative effect, which impacts surface downward solar radiation (SDSR)
second only to clouds (Ma et al., 2016; Zhang et al., 2022).

The SDSR, as a primary driving component of land surface models (LSMs), obviously affects the accuracy in the
simulation of land surface processes such as snowmelt, evapotranspiration (ET), surface energy balance and
photosynthesis (L. Chen et al., 2012; Li et al., 1999; Lu et al., 2011; Tang et al., 2006, 2010; Vignola et al., 2007).
However, due to many objective limitations such as the heavy computational burden, complicated physical
process and poor portability among different models, most of the current numerical models still adopt the plane-
parallel radiative transfer scheme that assuming terrains are homogeneous within each model grid, which is
inadequate for representing the thermal heterogeneity caused by the reflecting and shading effects of sub-grid
topography over complex terrains (Aguilar et al.,, 2010; Barry, 1992; Y. Chen et al., 2006; Dozier &
Frew, 1990; Wang et al., 2005). As the spatial resolution of numerical models increases, the sub-grid terrain solar
radiative effects (STSRE) gain essential importance in modeling surface energy budget over the rugged terrains
(Lee et al., 2013; Liou et al., 2007; Zhang et al., 2006). For instance, Lee et al. (2013) showed that deviations of
the simulated surface net radiation (NR) over the TP induced by the STSRE scheme relative to the plane-parallel
radiative transfer scheme could be —10-30, —40-90 and —150-180 W m™~2 at the model horizontal resolution of
100, 30 and 10 km, respectively, with much larger deviations for the finer model resolution. Considering that
China especially the TP is the region with the strongest STSRE in the world which is neglected in most high-
resolution LSMs, it is essential to introduce the STSRE scheme in numerical models to further refine the
description of land-atmosphere interactions and improve the simulation of key land parameters and surface heat
fluxes over complex terrains in China.

A lot of STSRE parameterization schemes (e.g., the radiosity method, the spherical harmonics discrete method
and the 3D Monte Carlo method) have been developed over the last three decades (Y. Chen & Liou, 2006; Y.
Chen et al., 2005; Dozier & Frew, 1990; Evans, 1998; Fu, 1983; Helbig et al., 2009; Li et al., 1999; Ruiz-Arias
et al., 2009, 2010, 2011; Wang et al., 2018; Wu, Wen, et al., 2018) by employing sub-grid topographical pa-
rameters such as slope, orientation, sky view factor (SVF) and topographic shading factor (SF) extracted from the
Digital Elevation Model (DEM). Accordingly, realistic simulations of key meteorological elements (such as air
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temperature, precipitation and wind speed) and surface thermal and hydrological processes (including surface
heating, snow melting, soil moistening and ET) in numerical models are spurred by the advances in these STSRE
schemes (Fan et al., 2019; Gu et al., 2012, 2020, 2022; Hao et al., 2021; Lee et al., 2019; Liou et al., 2013; Muller
& Scherer, 2005; Zhang et al., 2018, 2022). Among all these STSRE parameterization schemes, the 3D STSRE
schemes more comprehensively deliberate the effects of the 3D structure of neighboring terrains on the SDSR and
are the most mature and accurate parameterization scheme in the matter of realistically describing the sub-grid
terrain effect (Oliphant et al., 2003; Ruiz-Arias et al., 2010, 2011). To briefly introduce the 3D STSRE
scheme, the surface downward diffuse solar radiation is primarily affected by SVF (Dozier & Frew, 1990), which
is determined by the obstruction from adjoining landforms and mathematically equivalent to the ratio of the area
of the visible sky for an object point to that of an unblocked semisphere on a flat surface. The reflected radiation
from adjacent landform is parameterized based on the surface albedo and SVF (Li et al., 2002; Liou et al., 2007).
Finally, the most important surface downward direct solar radiation is estimated based on the terrain slope, aspect
and the time-variant SF (Dubayah & Rich, 1995; Li et al., 2002). However, the SF is neglected in the idealized 2D
STSRE schemes (Arthur et al., 2018; Gu et al., 2020; Hauge & Hole, 2003; Shen & Hu, 2006; Zhang et al., 2006)
for lightening the computational burden and avoiding complex integration calculations, thus bringing about
nonnegligible overestimation of SDSR during morning and afternoon with lower solar elevation angles and over
the regions with high latitudes (He, Smirnova, & Benjamin, 2019).

To overcome the restrictions of previous STSRE schemes, we have recently developed a new 3D STSRE scheme
that shares advantages of more reasonable representation of the sub-grid topographical influence and compara-
tively lower computational cost (Huang et al., 2022; Zhang et al., 2022), and yet successfully coupled it into
several numerical models. For example, we have introduced this scheme into the Common Land Model (CoLM)
to improve the simulations of surface energy budget, LST, soil thermal and hydrological features through in-situ
and regional validations over the Heihe River Basin in TP (Zhang et al., 2022). Adopting this scheme in the
Regional Climate Model Version 4 (RegCM4) can also noticeably alleviate summer wet deviations in TP through
reducing the biases of SDSR simulation and thus inhibiting the air-heating process near the ground over TP (Gu
et al., 2022).

Furthermore, the STSRE schemes mentioned above are generally employed in studies of climate or weather
models, which concentrate on the coupling influences between land and atmosphere and the improved simula-
tions of precipitation, air temperature and atmospheric circulations (Liou et al., 2013; Fan et al., 2019; Lee
etal., 2019; Gu et al., 2020, 2022). Whereas in coupled models, sub-grid topographical influences on land surface
thermal and hydrological processes without complex response to the atmosphere cannot be clearly exhibited.
Only a few of the STSRE schemes have been solely used in the LSMs (Hao et al., 2021; Zhang et al., 2018, 2022)
to elaborately discuss the separate and direct responses of surface heat fluxes and key surface elements (e.g., the
LST, snow cover and ET) to the heterogeneous SDSR. Moreover, aforementioned studies on the sub-grid thermal
heterogeneity in China mainly focused on large-scale topographic regions like the TP (Fan et al., 2019; Gu
et al., 2020, 2022; Hao et al., 2021; Lee et al., 2019), and paid less attention to much smaller scale topographic
regions, for example, the Tianshan Mountains, the Qinling Mountains, the Greater and Lesser Khingan Moun-
tains, the southeast hilly regions and the Taiwan Mountains, etc. As well known that different land cover types and
soil parameter conditions can lead to strong differences in responses of key land surface physical processes to the
3D STSRE, such as heat and water transport in ground and vegetation canopy. Thus, it is exigent to pay close
attention to the influences of the 3D STSRE on land surface simulations in other complex terrain areas except for
the TP of China. Besides, our previous study (Zhang et al., 2022) mainly analyzed the surface energy budget and
validated simulations of the soil temperature and moisture in specific small region with large topographical
heterogeneities, paying less attention to other important parameters which control the surface heat and water
exchanges (like snow cover, ET and runoffs). Possible causes related to the improvement of the CoLM perfor-
mance in modeling the surface thermal and hydrological exchanges by adopting the 3D STSRE scheme remain to
be further studied and revealed.

For this reason, we implement the newly developed 3D STSRE scheme into CoLM and divide the whole China
into four research regions with different terrain complexities based on the SVF, to indicate the regional and
seasonal impacts in the condition of different sub-grid terrain complexity on the surface heat exchange and land
hydrological processes over China, and offer insight into the potential mechanisms of these effects induced by the
3D STSRE scheme in modeling land surface processes, which have not been elaborately studied in previous
papers.
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Figure 2. The summary flowchart for coupling the 3D sub-grid terrain solar radiative effect scheme into the CoLM.

Section 2 introduces the CoLM Model, 3D STSRE scheme, data and numerical experimental design. Section 3
evaluates the influences of 3D STSRE scheme on the performance of CoLM over China and indicates the possible
mechanisms. The main conclusions and discussions are given in Section 4.

2. Model, 3DSTSRE Scheme, Data, Experimental Design, and Methodology
2.1. Model Description

The CoLM (Dai, 2014; Dai et al., 2003), making use of global soil, vegetation and other key land surface
parameter data sets, develops a series of land surface physical schemes in recent years such as the 3D canopy
radiative transfer scheme (Yuan et al., 2016), the soil water transfer scheme (Dai et al., 2019) and lake scheme
(Qiu et al., 2020) by leveraging the advantages of many prevalent models. Various studies indicate that the CoLM
can realistically reproduce the surface heat budget distribution pattern and land surface conditions over arid
regions in the northwest of China (Luo et al., 2009; Song et al., 2008; Xin et al., 2006). However, Li et al. (2017)
also pointed out that overestimation of the annual LST and underestimation of the annual surface runoff exist in
the CoLM over the TP, especially in the southern TP during summer. Besides, the CoLM shows negative bias in
snow depth simulation during winter around the high-altitude mountainous areas, such as the south and west
slopes of TP, the Hengduan Mountains and Tianshan Mountains. The above unsatisfactory aspects may be partly
caused by the original plane-parallel radiative scheme adopted in the CoLM, which neglects the radiative transfer
processes affected by the sub-grid topography over mountainous areas and thus overestimates the land surface
heating, and such deficiencies are hopeful to be addressed in the following sections through adopting the 3D
STSRE scheme in the CoLM Model.
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Table 1
List of Symbols
Symbols Definitions
SECA, The area weight coefficient for a model grid
DIRC, The grid-scale topographical correction factor for the direct solar radiation
TACBI,, TASBF The grid-scale factor for the calculation of DIRCp
DIFC, The grid-scale topographical correction factor for the diffuse solar radiation
REFC, The grid-scale topographical correction factor for the solar radiation reflected by surrounding
terrain
a The terrain slope
p The terrain orientation
SVF The sky view factor
SF The shading factor
VA The solar zenith angle
(7 The solar azimuth angle
P The grid-scale variable
i The sub-grid scale variable
E,. The solar constant
a The surface albedo
Eir,1» Edir, | The grid-scale surface downward direct and diffuse solar radiation by the plane-parallel
radiative scheme
Eics 1 Edit,1> Erefs, The grid-scale surface downward direct, diffuse, and reflected solar radiation by the 3D
STSRE scheme
2.2. The 3D STSRE Parameterization Scheme
According to the flow chart shown by Figure 2, we introduce the 3D STSRE scheme (Huang et al., 2022) into the
CoLM to correct the SDSR components (direct solar radiation Eg;;,, and diffuse solar radiation Ejir,)) at plane
surface (Equations 1-3), with the grid-scale orographic calibration factors (shown in Table 1) prepared according
to Equations 4-10.
Then, we can achieve three components of the topographical influenced SDSR fluxes at each model grid, the
surface downward direct solar radiation Ey;,, |, the diffuse solar radiation Ey;, |, and reflected solar radiation
from surrounding terrains Erery,)-
Egir,y
Edirtl = max SFp . D[RCP /SECAP,O.O (1)
o’ cos Z,
Eye |~ 4 prrc, (1 - —221)/SECA, |, if DIRC, > 0
’ E{l(.' ac
Egi,,1 = E @)
di .
Eg, l[Dchp (1 - “”l>/SECAp], otherwise
ac
Erets,1 = (Egir,| + Eqir,) a,REFC,/SECA, 3)
DIRC, = cos Z, + TACB, sin Z, cos 8, + TASB,, sin Z, sin 0, (@)
1 i=n
TACB, = ZZ’EI tan a; cos f3; (5)
1 i=n -
TASB, = ;zi=1 tan a; sin ; (6)
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SF, = (SF);.., Q)
A _1 i=n
SECA, = ;Z,:l sec a; ®)

1 i=n SVF;
Z %(l + cos ;) 9)

DIFC, =% =

li=n[1+ cos a;
REFC, = ;Zi,zl" (f - SVF,-) sec a; (10)

E,. is the solar constant and a,, is the surface albedo at the pth model grid. Equations 1-3 are derived from the
scheme of Dozier and Frew (1990) and Li and Luo (2015) based on the mountain radiation theory. Generally
speaking, the surface downward direct solar radiation Eq;.,, | in Equation 1 is modified from the direct component
Ejir) at plane surface mainly by the calibration factor DIRC, (Equation 4) representing the influences of terrain
slopes and orientations and the shading (Equation 7) casted by surrounding terrains. In Equation 2, the direct
radiation Egis,) (Edgir,)) at terrain (plane) surface and diffuse radiation Egir,y at plane surface together with the
calibration factor DIFC,, (Equation 9) which represents the block effect of surrounding terrain, affect the
calculation of the slope surface downward diffuse solar radiation Ejity,1- Finally in Equation 3, the reflected solar
radiation Erety,) from surrounding terrains is simplified to the product of the reflected solar radiation from the
ground (Edirp 1+ Ea, 1) a, and the calibration factor REFC,, (Equation 10) which represents the area of sur-
rounding terrains participating in reflections. Note that all of the 3 solar radiation components are derived from the
sub-grid scale upscaled to the grid scale with the area weighted average (Equation 8).

The accuracy of terrain calibration factors is highly dependent on the resolution of the DEM data. In general, the
higher the DEM data we used, the smaller the topography can be captured in terrain calibration factors. For
example, Dirksen et al. (2019) pointed out that the accuracy of the SVF is highly sensitive to the resolution of
DEM data that using finer grid resolution DEM data can acquire more accurate estimation of SVF. Besides, the
coarse-grid SVF values averaged from the highest finer resolution still shows the best approximation. Thus in our
scheme, the sub-grid scale terrain calibration factors are first computed from the Shuttle Radar Topography
Mission (SRTM) global Database v4.1(Jarvis et al., 2008) with the resolution of 3 arc sec (~90 m) to properly
capture the small terrains. Then we aggregate the sub-grid terrain factors to 0.1° grid scale to ensure that the sub-
grid terrain can be well represented in the CoLM. Figure 3 shows the time-invariant orographic correction factors
with the spatial resolution of 0.1°, which are used in the 3D STSRE scheme.

The factor SECA,, (Figure 3a) is the area weight coefficient determined by the aggregation of the secant value of
sub-gird terrain slope «; (sec @;), the minimum value 1 implies the flat surface. The role of sec «; is assigning
different weights to sub-grids with various slopes during aggregation to obtain more realistic and representative
grid-scale SDSR fluxes in mountainous regions.

The factors TACB,, and TASB,, (Figures 3d and 3e) together with the solar zenith angle Z, and azimuth angle 6,
decide the value of grid-scale calibration factor of the surface downward direct solar radiation (DIRC,,). Whether
values of TACB,, and TASB,, are positive or negative depend on the slope orientation, larger absolute values of
TACB,, and TASB,, suggest more significant influence of sub-grid terrain. Besides, smaller DIFC,, implies that the
topography exerts more impacts on the surface downward diffuse solar radiation, while the larger REFC,, in-
dicates that the grid receives more solar radiation bounces from the surrounding terrains. The time-dependent
shading factor SF), represents the fraction of sub-grids non-shaded by the adjacent terrain along the current so-
lar azimuth given a certain solar zenith angle in a model grid, which is statistically calculated according to the
look-up table method of Zhang et al. (2022) and Huang et al. (2022). It comprises of complex terrain shading
conditions in the discrete elevation angles along distributed azimuth angles. In this study, we divide the sine of
maximal topographic elevation angle € into 100 levels (sin € < 0.01, sine < 0.02, ..., and sin € < 1) at 240 azimuth
directions with equal interval of 1.5° on sub-grids considering the balance between the simulation accuracy and
computing efficiency.

Topographical impacts can bring about heterogeneous distribution of solar energy on terrain surface according to
Equations 1-3 different from that on the plane surface. However, the radiation that a fine model grid cannot
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Figure 3. The topographical correction factors: (a) SECA,, (b) DIFC,, (¢) REFC,, (d) TACB,, (¢) TASB,, for the 3D sub-grid terrain solar radiative effect (STSRE)
scheme with a horizontal resolution of 0.1° model grid in China. The schematic diagram for the 3D STSRE scheme is shown by (f).

receive due to terrain obstruction, will right be accepted by its neighboring obstructive model grids. Thus, for an
offline LSM, the total solar energy on the land surface does not alter within a coarse scale and just be redistributed
between finer-scale model grids (Xian et al., 2023). However, for a coupled model that should consider the energy
conservation in the near surface land-air system at each model grid, the upward solar radiation fluxes should be
corrected as follows:

Egicsp = Edir,y = Edirg,) - (1 — ap i) - SECA, (1n

Egity,r = Eqit,) — (Edirs) + Every,1) - (1 = apai) - SECA, (12)

where the grid-scale surface albedo a

., dir fOI the direct solar radiation is calculated by land model, the Eirs,) is the

terrain corrected SDSR at grid scale. The direct radiation flux absorbed by the terrain should be
Egirs) - (1 = @y gir) - Since the downward direct radiation driving the CoLM is Eg;, |, which is calculated by the

plane-parallel radiative transfer scheme, the upward solar radiation flux should be equal to
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Egir) — Edirg,) - (1 = a,q4yr) - SECA,,. Similar methods can be used in diffuse fluxes (Equation 12) with slight
difference. Since the models do not have the variable of the solar radiation reflected from the surrounding area
(Etef,ip))» following the previous studies (Arnold et al., 2006; Hock & Holmgren, 2005; Senkova et al., 2007), we
take the solar radiation reflected from the surrounding area (E,.¢,, ) as part of the diffuse solar radiation.

2.3. Data

The atmospheric forcing data employed in this study is derived from the three hourly China Meteorological
Forcing Data set (CMFD) at a spatial resolution of 0.1° (He et al., 2020; Yang et al., 2010, 2019), which is
generated through the hybrid of reanalysis data sets, remote sensing data and in-situ observations from 753 in-situ
stations, including seven meteorological parameters in the surface layer (2-m air temperature and specific hu-
midity, surface pressure, precipitation rates, 10-m wind speed, downward shortwave and longwave radiation).
Validations against in-situ data exhibit that the CMFD utilizing a larger collection of site observations is better
than the Global Land Data Assimilation System (GLDAS) in China (He et al., 2020). However, it should be noted
that the SDSR data of CMFD in mountainous areas is not that satisfactory since it does not combined with
observations from stations significantly affected by terrains, which is exactly the problem going to be solved by
current study.

Furthermore, the validation data sets are listed below:

1. The daily SDSR product from the Global Land Surface Satellite (GLASS) with a spatial resolution of 5 km
(Zhang et al., 2014, 2016; Zhang, Wang, et al., 2019; Zhang & Liang, 2018), derived from Moderate Reso-
Iution Imaging Spectroradiometer (MODIS) top-of-atmosphere (TOA) reflectance data at 1 km resolution
(including the 250 and 500 m resolution bands aggregated to 1 km resolution). The surface elevation correction
is added in particular to include the influence of elevation on Rayleigh scattering transmittance by using high
resolution DEM data (Kim & Liang, 2010).

2. The SDSR data set with the horizontal resolution of 0.05° by 0.05° and temporal resolution of 10 min for the
TP region (22°-45°N, 80°-105°E) during 2016-2018, it is derived from the geostationary satellite Himawari-8
SDSR corrected by terrain effect (Letu et al., 2022), for simplicity, we called this data as HS8.

3. The monthly LST product in China with a horizontal resolution of 0.05°, which is generated through the fusion
of daily and monthly Terra and Aqua MODIS data and in situ observations (Zhao et al., 2019, 2020).

4. The monthly evapotranspiration data at a spatial resolution of 0.25° provided by the third version of the Global
Land Evaporation Amsterdam Model (GLEAM v3, Akash & Petra, 2022; Miralles et al., 2011; Martens
et al., 2016, 2017), which is produced by combining the radiation, air temperature and multi-source precip-
itation reanalysis data, together with the satellite-derived product of soil moisture, vegetation optical depth and
snow water equivalent, it shows reasonable agreement with site measurements of 91 eddy-covariance towers
across a wide range of ecosystems.

5. The monthly snow cover data at a spatial resolution of 0.05° is aggregated through a combination of the
MODIS snow cover data sets (MOD10CM and MYD10CM, Hall & Riggs, 2021a; Hall & Riggs, 2021b)
offered by the National Snow and Ice Data Center (NSIDC) with a cloud-free preprocessing.

Generally, the remote sensing data sets show relatively weak performances over complex terrains. Thus, we
choose the remote sensing data for validating the SDSR, the LST and snow cover data all have been verified
against the observation from meteorological stations in mountainous areas in China. For example, Hu et al. (2013)
proposed that compared to the observed SDSR at the Miyun station (in Yanshan Mountains) and the Arou station
(in Qilian Mountains) in summer, the GLASS SDSR shows reasonable temporal consistency with the in-situ
observations, showing that the relative error in Miyun (Arou) is only about 1.8% (—2.7%). The reconstructed
monthly MODIS LST data in China we used has also been assessed in the TP against 2,706 in situ LST records
(Zhao et al., 2020). The verification result exhibits the explained variance R? of 0.98, the mean absolute error of
1.34°C and the root mean squared error (RMSE) of 1.58°C, indicating that this reconstructed LST data can be
suitable to evaluate the model performance in complicated terrain areas. The combined monthly snow cover data
at a resolution of 0.05° used in this study is originally aggregated from the MOD10Aland MYD10A1 product
with a 500 m resolution. Several comparative analysis and validation of the snow coverage products MOD10A1,
MYDI10A1 and their combination products, carried out in the northern Xinjiang (Wang et al., 2009; Xie
et al., 2009) and the TP (Zhou et al., 2019; Zhou et al., 2019) show reliable performance in the snow classification
accuracy over complex terrains. As a summary, though the representativeness of data accuracy analysis for the
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above remote sensing data over complex terrains still has limitations due to the lack of sufficient in situ obser-
vations in mountainous areas, these long time serial and spatial continuous data sets are still reasonable for
regional validations due to the sparsity and heterogeneity of observation stations. We have interpolated all these
data using the bilinear interpolation method onto the model grid of 0.1° for further model validations.

2.4. Experimental Design

To demonstrate the influences of the 3D STSRE scheme on modeling the land surface energy exchange, land
thermal and hydrological processes in China, the control experiment (CTRL) and the sensitivity experiment
(SEXP) are conducted by the CoLM with the plane-parallel radiative scheme and the 3D STSRE scheme,
respectively. As we mentioned in the introduction section, the STSRE become more significant in modeling
surface energy budget over complex terrains with the increasing spatial resolution of numerical models (Lee
etal., 2013; Liou et al., 2007; Zhang et al., 2006). Huang et al. (2022) conducted a series of idealized experiment
under clear sky condition in 3 sub-regions (the eastern TP, the Great Rift Valley and the parts of the Wai Hinggan
Mountains). Comparing with the SDSR explicitly calculated at a resolution of 90 m (aggregated to the corre-
sponding coarse resolution in evaluation), the fraction of model grid that show normalized mean absolute errors
within 1% can reach 76.8%, 84.8%, 88.7%, 91.6%, 93.0%, and 87.1% with the horizontal resolution of 0.025°,
0.05°, 0.1°, 0.2°, 0.4°, and 0.8°, respectively. That is to say, the accuracy of the 3DSTSRE scheme not often
increases with finer spatial resolution. Therefore, we decided to conduct experiment at a spatial resolution of 0.1°
to balance the accuracy of SDSR simulation and the significance of differences in modeling key parameters of the
3D STSRE scheme. To match the temporal resolution of the CMFD, the model integration time step is set to
3 hours. Offline simulations are performed for 19 years from 1 January 2000 to 31 December 2018 and the model
results of the last 9 years are used for validations and analysis. The first 10 years are considered as the model spin-
up time to ensure that the surface thermal disturbance signals caused by the 3D STSRE scheme can be entirely
delivered from land surface to deeper soil. In validations, we separately discuss the effects of the 3D STSRE
scheme in four seasons (winter: from December to February; spring: from March to May; summer: from June to
August; autumn: from September to November).

2.5. Methodology

The mean bias error (MBE), relative error (RE) and the RMSE are adopted in this study to evaluate the model
errors in quantity (Huang et al., 2016; Kan et al., 2015). These statistical metrics can be expressed as:

]77

MBE = - Y (S; — 0; 13
n;( D (13)
lﬂ

RMSE = [~ ) (S; — 0,)* 14
,/n;(, D) (14)

RE =%  100% (15)

i

where S; and O, respectively indicate the simulated and observed results at the i th point. In addition, to reveal the
magnitude and spatial pattern variability of the simulation simultaneously, we used the Taylor score (Ts) pro-
posed by Taylor (2001):

41 +R)

Is=——5———
(c+1°(1 +Ry)

(16)

where R is the spatial correlation of simulation with observation expressed by Equation 15, and & demonstrates the
resemblance of the spatial variability between two variables (Equation 16). R is the maximum spatial correlation
and here is set to 1. Ts varies from 0 to 1 with higher value suggesting better simulating skill.
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Figure 4. The diurnal variation of the differences in the multiyear mean surface downward total solar radiation flux, direct radiation flux, diffuse radiation flux and
surrounding terrain reflected radiation flux during winter between SEXP experiment and CTRL experiment over 2010-2018 from 06:00 to 18:00 BJT.

3. Results
3.1. The Influences of 3D STSRE Scheme on SDSR

2z (Si = 9) (0

_6)

R=
ViTL (5.-5P X (0,-0)

o=

Vi (s -5)°

Ly, (0,-0)

an

(18)

Figures 4 and 5 show the spatial distribution of diurnal cycles in differences of multiyear mean total SDSR and
three components (direct, diffuse and reflected radiation by adjacent terrains) between SEXP and CTRL during
winter and summer. Besides, diurnal variations of the above differences over the regions with different SVF and

the whole China during winter and summer are also shown in Figure 6. From Figures 4 and 6a-6d we can see that
the differences in total SDSR are mainly contributed by those of the surface downward direct solar fluxes,
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Figure 5. The diurnal variation of the differences in the multiyear mean surface downward total solar radiation flux, direct radiation flux, diffuse radiation flux and
surrounding terrain reflected radiation flux during summer between SEXP experiment and CTRL experiment over 2010-2018 from 06:00 to 18:00 BJT.

therefore the spatial distribution and domain averaged diurnal variations of these two fluxes are very consistent
and their differences between SEXP and CTRL both decrease with the decline of terrain complexity. When the
solar elevation angle peaks at noon, much more obvious negative deviations occur in the regions with strong
rugged terrain (SVF < 0.90, Figures 6a and 6b). As shown in Figure 4, the northern slope of the TP maintains
daylong negative deviations due to the terrain shading effect. The positive deviations appear in the sunny slopes of
mountains, such as the southern foothills of the Altai Mountains, the Tianshan Mountains and the Qilian
Mountains, because the south-faced slope can increase the incidence angle of sunlight to increase the surface
downward direct solar fluxes while the solar elevation angle becomes lower in winter. The spatial distribution of
deviations in surface diffuse solar fluxes is consistent with that of the sky view factor displayed in Figure 1b and
the magnitude of diffuse solar radiation deviation is much less intense relative to the direct radiation deviation
(Figures 6b and 6¢). The deviations of reflected radiation from surrounding terrains account for the smallest
proportion of total SDSR compared to the other components (Figure 6d). Relative to the plane-parallel radiative
scheme, the 3D STSRE scheme leads to much larger reflected radiation over the regions with rugged terrains, that
is, the southeastern TP and Tianshan Mountains. As shown in Figure 5, owing to the increasing solar elevation
angle in summer, positive deviations in the modeled total SDSR at sunny slopes, which can last for all the daytime
in winter (Figure 5), only occur at 6:00 Beijing Time (BJT) (around sunrise) and 18:00 BJT (around sunset) in
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Figure 6. The domain mean diurnal variation of the differences in the multiyear mean surface downward total solar radiation flux (a, ), direct radiation flux (b, f), diffuse
radiation flux (c, g) and surrounding terrain reflected radiation flux (d, h) between SEXP and CTRL regionally averaged over the regions with different SVF and the

whole China during winter (a—d) and summer (e-g) over 2010-2018.

summer. Between 9:00 BJT and 15:00 BJT in both winter and summer, differences in the direct and diffuse solar

fluxes (reflected solar fluxes from neighboring terrains) are dominated by the negative (positive) deviations over

rugged terrain areas (Figures 6e—6h).
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Figure 7. The spatial distribution of seasonal mean GLASS observed surface downward solar radiation (SDSR) from and the differences in SDSR between CTRL
simulation and GLASS observation, and between the SEXP simulation and the CTRL simulation over 2010-2018. The gray dots in the right panel indicate the

significant level above 95% of ¢ test.

As shown in the left column of Figure 7, the GLASS observed total SDSR shows clear seasonal variations with
large (low) intensity in summer (winter). Among the 4 seasons, the largest spatial variability can be noted in
winter, during which much higher (lower) total SDSR is located in TP (Sichuan Basin and north part of north-
eastern China) with the intensity larger than 120 Wm™> (less than 60 Wm™2). Meanwhile, the total SDSR at the
northern slopes of TP, the Qilian Mountains and the Tianshan Mountains is relatively lower than the nearby areas
due to the shading effect of surrounding terrains.

From the middle column of Figure 7 and Table 2, in comparison with the GLASS observation, the CTRL
experiment adopting the plane-parallel radiative scheme overestimates the total SDSR all year round with a MBE
of 15.74 W m™2 over most mountainous areas (i.e., TP, Tianshan mountains, Greater Khingan Mountains and the
Taiwan Mountains), especially TP and Tianshan where the biases are the most significant in spring and autumn.
The SEXP experiment with the 3D STSRE scheme (the right column of Figure 7) can largely reduce approxi-
mately 20% positive biases (Table 2) of the total SDSR produced by the CTRL experiment in all seasons.
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Table 2

Annual and Seasonal MBE, Root Mean Squared Error and Ts Values of Simulated Surface Downward Solar Radiation in
CTRL and SEXP Experiments Relative to GLASS Over the Whole China and Their Relative Changes (RC = (SEXP — CTRL)/
CTRL X 100%) Produced by the SEXP Compared to the CTRL

MBE (W m™?) RMSE (W m™2) Ts

Season CTRL SEXP RC % CTRL SEXP RC % CTRL SEXP RC %

Annual 15.74 12.41 —21.12 32.05 29.01 —9.48 0.526 0.569 8.17
Winter 11.25 8.28 —26.38 36.18 33.13 —8.42 0.344 0.401 16.57
Spring 17.40 13.90 —20.09 50.47 47.25 —6.38 0.436 0.443 1.61
Summer 18.19 15.14 —16.73 47.45 44.63 —5.96 0.367 0.370 0.82
Autumn 16.10 12.39 —23.08 31.12 27.60 —-11.30 0.608 0.675 11.02

Note. Bold values indicate the most significant improvement among all seasons.

Especially in winter, the SDSR simulated by the SEXP shows the most significant improvement with the MBE
decreased by 26.4% and the Ts improved by 16.6% (Table 2).

3.2. Validation of Key Land Surface Parameters

LST, snow cover and ET are all key variables for surface water and energy budget calculations. In the LSMs, LST
directly controls the calculation of outgoing longwave radiation flux and sensible heat flux, the snow cover affects
the estimation of solar radiation and water absorbed by the soil, and ET is the key component of the land surface
water cycle and regulates the simulation of latent heat flux. To quantitatively investigate the influences of the 3D
STSRE scheme on the ability of CoLM, we evaluated the simulation of the above three critical land surface
parameters over China in each season with the model biases (Figures 8—10) and relative improvements in terms of
RMSE and Ts (Figures 11c—11h).

3.2.1. Land Surface Temperature

From the left column of Figure 8, the MODIS observed LST over China basically increases gradually from north
to south in four seasons, whereas the northwest arid area (especially deserts in Xinjiang and Inner Mongolia) in
summer becomes an obvious maximum area of the LST. The LST less than 0°C in all seasons except for summer
can be noted in the areas with much higher altitudes, such as the northern and eastern part of the TP including the
Kunlun Mountains, the Nianqing Tanggula Mountains and Qilian Mountains.

Compared to the MODIS observations, the LST in most China especially the areas with strongly rugged terrains
are obviously overestimated by the CTRL experiment all year round (the middle column of Figure 8) with an
annual MBE of 0.98°C (Table 3), similar results are also revealed in the studies of Zheng et al. (2009) and Li
et al. (2017), suggesting that the CoLM with the plane-parallel radiative scheme produces warm biases in the
modeled LST due to the overestimated SDSR. The warm biases are much more obvious over the areas with the
SVF < 0.85 (such as the northern and southeastern part of TP, the Hengduan Mountains, the Qilian Mountains and
the Tianshan Mountains) (the middle column of Figure 8) corresponding well to the evidently overestimated
SDSR in the CTRL experiment (shown in the middle column of Figure 7). Adopting the 3D STSRE scheme can
obviously reduce the warm biases over these mountainous areas in the CTRL experiment (the right column of
Figure 8). In Table 3, the MBE values of simulated LST in the SEXP decline about 0.2°C in all seasons compared
to the CTRL simulations, resulting in the annual MBE (RMSE) values relatively decreased by 19.5% (3.85%).

3.2.2. Snow Cover

As shown in the left column of Figure 9, the MODIS observed snow cover in the TP mainly sustains at the edge of
the plateau where the topography is quite complex (Miao et al., 2022), so that the snow cover over the Kunlun
Mountains and the Nianqing Tanggula Mountains maintains more than 40% all year round much larger than that
over the central TP (less than 20%). The seasonal snow cover is located outside the TP except for the Tianshan
Mountains. Over the northern Xinjiang and northeast China, where the snow cover shows large seasonal variation
with the highest snow cover more than 80% in winter among four seasons.
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Figure 8. The spatial distribution of seasonal mean MODIS observed land surface temperature (LST) and the LST differences between the CTRL simulation and MODIS
observation, and between the SEXP simulation and the CTRL simulation over 2010-2018. The gray dots in the right panel indicate the significant level above 95% of ¢

test.

Large deviations in the snow cover between the simulations from the CTRL experiment and observations (the
middle column of Figure 9) exist on the TP, varying drastically throughout the year. In winter, the positive bias of
snow cover simulation on plateau platform is of most significance, accompanied with overestimation from the
south of Tianshan Mountains to Inner Mongolia. However, at the edge of TP, around the Sichuan basin, and
around the Greater and Lesser Khingan Mountains and Changbai Mountains, the warm biases of modeled LST
(the middle column of Figure 8) caused by the overestimated SDSR increase snow melting, resulting in a
significantly underestimated snow coverage, which gradually disappears in low altitude areas owing to the in-
crease of LST and melting snow during spring. The underestimated snow cover on the plateau continues
throughout the year only with a relatively smaller magnitude in summer. Taking the STSRE into account, the
reduction of LST in the SEXP experiment clearly reduced the positive deviations of the snow cover modeled by
the CTRL experiment in the southeastern TP and northern part of China (the right column of Figure 9) with the
annual MBE of modeled snow cover in the SEXP deceased by 15.7% and the RMSE (Ts) values decrease (in-
crease) in all seasons (Table 4).

ZHANG ET AL.

15 of 32

85US0 | SUOWILLOD BAIERID 3|edl[dde au A pauenob 8Je Saolie YO ‘@SN JO Sa|N 104 AXeiq1T8UIUO AB]IM UO (SUORIPUCD-PUe-SWS} W00 A3 | M AReIq U1 JUO//SURY) SUORIPUOD pue Swie L U &8s " [720z/2T/ve] uo Ariqriauluo Aejim * Aiseaun BullueN - buenH Buluuy Aq 522680Qr€202/620T OT/10p/L0D A8 1M Areaq1eutjuo sgndnfie//sdny wouj pepeoumoq ‘2 ‘#20e ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD039775

CTRL - MODIS SEXP - CTRL

50°N- 50°N-

O 40°N] 1 a0°n]

- s

k=

= 30°N “/ 30°N-
20°N-J\ /\M gl'jyj 20°N-

T
90°E

T
105°E

I ) U T T
120°E 135°E 90°E 105°E 120°E

/ g
50°N- 50°N-
O 400 1 400
40°N- 40°N-
c
= ;
‘% 30°N- 7 30°N-]
20"N-"\ /\l»« A ss#] 20°N-

T
90°E

T
105°E

T T T T T T T T T T “T
120°E 135°E 75°E 90°E 105°E 120°E 135°E 75°E 90°E 105°E 120°E 135°E

50°N

40°N -

30°N+

Summer

20°N4

50°N 50°N

] 40°N 1 40°N]

30°N+ 30°N+

"4 20°N

U
90°E

T
105°E

T “T T T T 7
120°E 135°E 90°E 105°E 120°E 135°E

50°N- 50°N-
c ;
£ 40°N- . a0°N
g )
30°N- : 30°N-
< O
20°N-‘)\ /\A ‘ S;.:s,azow-

L
90°E

T
105°E

<[ T T
0 40 60

T T T T T =T T T T T =T
120°E 135°E 90°E 105°E 120°E 135°E 75°E 90°E 105°E 120°E 135°E

80 100 % -20 -10 0 10 20 % S5 3 - 1 3 5 %

Figure 9. Same as Figure 8, but for snow cover.

3.2.3. Evapotranspiration

In the evaluation of ET, we choose the GLEAM ET product because studies show that it can more realistically
reproduce the land surface water balance than other ET products (Martens et al., 2016, 2017). As demonstrated in
the left column of Figure 10, the observed ET increases from northwest to southeast, among which the intensity is
lower than 20 mm month™" at the Junggar Basin, the Tarim Basin, the Badain Jaran Desert and other northwest
arid areas in the whole year. Compared to the ET observations, the CTRL experiment clearly overestimates the ET
with much larger biases in summer. However, for the arid and semi-arid regions (excluding TP platforms) with
grass land types (Zhang, Liu, et al., 2019), such as the northern slope of TP, the Tianshan Mountains and central
Inner Mongolia, the CTRL experiment noticeably underestimates the ET during spring and summer. The CTRL
overestimates the ET on the TP platform all year round with much larger overestimation in summer. In addition,
in most areas with the land cover type of forest, such as the Yunnan-Guizhou Plateau, southern coastal provinces
and the southeastern Tibet, the ET is underestimated by the CTRL experiment throughout the year, suggesting
that the CoLM cannot well characterize the evaporation process of canopy precipitation interception for the forest
areas with high vegetation canopy height. This surmise is substantiated that the spatial distribution and amplitude
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Figure 10. The spatial distribution of seasonal mean ET from GLEAM and ET differences between the CTRL simulation and GLEAM, and between the SEXP
simulation and CTRL simulation over 2010-2018. The gray dots in the right panel indicate the significant level above 95% of 1 test.

of the dry biases produced by the CTRL experiment over densely vegetated areas show a good agreement with
those of the forest interception loss part in GLEAM product (not shown).

In comparison with the CTRL experiment, the SEXP experiment produced obviously attenuated ET in the
southeast Tibet, the Hengduan Mountains, the Taiwan Mountains and other southern coastal regions (the right
column of Figure 10). The weakened total SDSR caused by the topographical shading effects notably inhibits the
evapotranspiration process and thereafter reduces the positive ET biases in the CTRL experiment. Especially in
summer and autumn (Table 5), the 3D STSRE scheme reduces positive ET biases over the whole China by 24.3%
and 36.3% respectively, and leads to the reduction (increase) in the RMSE (Ts) of ET simulation at the same time.

3.2.4. The Improvements Induced by the 3D STSRE Scheme

The RMSE (Ts) of the total SDSR in the CTRL experiment over China and the regions with different SVF can be
reduced (increased) by ~10%—40% (~0-100%) due to the adoption of 3D STSRE scheme (Figures 11a and 11b),
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Figure 11. The seasonal mean relative change (RC = (SEXP-CTRL)/CTRL*100%) of the root mean squared error and the Ts of surface downward solar radiation, land
surface temperature, snow cover and ET produced by the SEXP experiment compared to the CTRL experiment over the regions with different SVF and the whole China
during 2010-2018.

ZHANG ET AL. 18 of 32

95UBD17 SUOWILIOD BA1TES1D) 3|qeatdde a) Ag peusenoB a2 Sao1Le YO ‘9SO S8|nJ 10J Aiq1T 8Ul|UO AS|IM UO (SUONIPUOD-PUB-SWR)/LID"AB | 1M Afe.q 11Bu Uo//SaiY) SUONIPUOD PUe SIS 1 81 38S *[7202/2T/v2] uo Ariqiauluo Asim * Aiseaun Builuen - Bueny Buiuuy Aq 522680Ar€202/620T OT/10p/w0d" A3 1mAreiqjpuljuo'sgndnBe//sdny WwoJy pepeo|umod ‘vZ ‘v20e ‘96686912



 Veld
M\I Journal of Geophysical Research: Atmospheres 10.1029/2023JD039775
AND SPACE SCIENCES
Table 3
Annual and Seasonal MBE, Root Mean Squared Error and Ts Values of Simulated Land Surface Temperature in CTRL and
SEXP Experiments Relative to MODIS Over the Whole China and Their Relative Changes (RC = (SEXP — CTRL)/
CTRL X 100%) Produced by the SEXP Compared to the CTRL
MBE (°C) RMSE (°C) Ts
Season CTRL SEXP RC % CTRL SEXP RC % CTRL SEXP RC %
Annual 0.98 0.79 —-19.49 2.18 2.10 -3.85 0.970 0.971 0.10
Winter 0.22 0.07 —70.98 2.33 2.31 —0.82 0.780 0.787 0.90
Spring 1.19 0.97 —18.14 2.17 2.06 —4.99 0.860 0.862 0.23
Summer 1.69 1.49 —12.02 2.90 2.76 —4.87 0.950 0.955 0.53
Autumn 0.80 0.62 —22.47 2.24 2.17 =291l 0.972 0.972 0.00
Note. Bold values indicate the most significant improvement among all seasons.
and the improvements induced by the 3D STSRE scheme enhance with the increased terrain complexity, which is
indicated by the SVF with larger (lower) values implying less (more) terrain complexity.
As represented in Figures 11c and 11d, the RMSE (Ts) of the simulated LST in the CTRL experiment over China
and the regions with different SVF in the four seasons can be reduced (increased) by ~1%—14% (~0-2.2%) due to
the adoption of 3D STSRE scheme, similar to the total SDSR, the improvements in the LST simulation induced by
the 3D STSRE scheme enhance with the terrain complexity increasing.
Further quantitative analysis indicates that adopting the 3D STSRE scheme can reduce (increase) the RMSE (Ts)
of the snow cover simulation in the CTRL experiment by ~1-10% (0%-50%) over China and the areas with
different terrain complexity in all seasons (Figures 11e and 11f).
Figures 11g and 11h further indicate that the RMSE (Ts) of ET produced by the CTRL experiment in summer is
obviously reduced (increased) in the SEXP experiment, and the improvements are much more significant in the
areas with much lower SVF. However, during winter and spring, the implement of the 3D STSRE scheme
progressively weakens the ET in the forest areas, where the ET has already been underestimated by the CTRL
experiment. Thus the RMSE of the ET simulation of the CTRL experiment is slightly magnified in the SEXP
experiment during winter and spring over almost areas except for the regions with SVF < 0.85 and further leads to
slight degradation of Ts when adopting the 3D STSRE scheme. This retrogression is expected to be addressed by
more realistically simulating the evaporation process of forest especially the precipitation interception loss in
CoLM.
3.3. Possible Causes Related to the Improvement of the CoLLM Performance in Modeling the Surface
Thermal and Hydrological Exchanges by Adopting the 3D STSRE Scheme
Figure 12 displays the spatial patterns of multiyear mean surface downward NR (downward net solar radiation
minus upward net longwave radiation), sensible heat (SH, positive in the upward direction) and latent heat (LH,
Table 4
Annual and Seasonal MBE, Root Mean Squared Error and Ts Values of Simulated Snow Cover in CTRL and SEXP
Experiments Relative to MODIS Over the Whole China and Their Relative Changes (RC = (SEXP — CTRL)/CTRL X 100%)
Produced by the SEXP Compared to the CTRL
MBE (%) RMSE (%) Ts
Season CTRL SEXP RC % CTRL SEXP RC % CTRL SEXP RC %
Annual —-1.99 —-1.67 —15.72 5.16 5.01 —2.87 0.859 0.879 2.33
Winter 0.80 1.34 66.83 11.22 11.20 —0.14 0.932 0.934 0.21
Spring —5.26 —4.87 -7.29 6.98 6.74 —3.48 0.697 0.745 6.89
Summer —5.83 —5.46 —6.21 6.19 5.95 -3.84 0.429 0.541 26.11
Autumn —2.03 —1.74 —-14.29 4.58 441 -3.63 0.766 0.808 5.48
Note. Bold values indicate the most significant improvement among all seasons.
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Table 5

Annual and Seasonal MBE, Root Mean Squared Error and Ts Values of Simulated ET in CTRL and SEXP Experiments
Relative to GLEAM Over the Whole China and Their Relative Changes (RC = (SEXP — CTRL)/CTRL X 100%) Produced by
the SEXP Compared to the CTRL

MBE (mm month™") RMSE (mm month™") Ts
Season CTRL SEXP RC % CTRL SEXP RC % CTRL SEXP RC %
Annual —4.31 —5.86 35.95 8.10 8.37 3.36 0.961 0.956 —0.52
Winter —14.64 —15.81 8.05 8.20 8.20 0.32 0.904 0.899 —0.55
Spring —15.66 —16.97 8.36 13.69 13.84 0.48 0.917 0.913 —0.48
Summer 7.50 5.68 —24.32 10.12 9.85 —2.68 0.921 0.925 0.45
Autumn 4.62 2.94 —36.33 6.13 6.11 —0.33 0.946 0.948 0.21

Note. Bold values indicate the most significant improvement among all seasons.

positive in the upward direction) in the CTRL experiment and their differences between SEXP and CTRL during
winter and summer. In winter, due to the reflection of snow and small SDSR, the NR simulated by the CTRL
experiment is negative in the areas north of 40°N and positive in the southern TP, the Hengduan Mountains and
other high altitude areas, as well as lower latitude areas (Figure 12a). In summer, the NR are positive in the whole
China and prominently higher in the central and western parts of TP and southeastern coastal areas (Figure 12g).
The spatial distribution of SH and LH fluxes simulated by the CTRL experiment mostly depends on the distri-
bution of arid and humid regions (Figures 12b, 12c, 12h and 12j). In the arid and semi-arid areas, the majority of
NR returns to the atmosphere in the form of the SH (Figures 12a, 12b, 12g and 12h). While in the humid and semi
humid areas, the surface NR is mainly balanced by the LH (Figures 12a—12c, 12g and 12i). As indicated by
Figures 12d and 12}, the spatial distribution of differences in the modeled surface NR between two experiments is
in accordance with that of SDSR differences (right column of Figure 7).

The 3D STSRE tends to reduce the NR over the complex terrain areas by more than 10 W m~2 during summer and
winter with relatively larger intensity of reduction in summer. Meanwhile, relatively obvious positive deviations
in winter (Figure 12d) are distributed consistently with the positive deviations in SDSR (Figure 7) on the sunlit
slopes of alpine mountains. Hence, differences in the NR further affect the LST simulation (Figure 8), further
leading to the deviations of modeled SH (Figures 12e and 12k). Meanwhile, the differences of modeled LH
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Figure 12. The multiyear mean surface NR, SH and LH simulated by the CTRL experiment and their differences between the SEXP simulation and CTRL simulation in
winter and summer over 2010-2018 with extremums and mean values of differences listed upon.
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Figure 13. The multiyear mean snow cover, snow depth, surface runoff and surface soil moisture of 0—10 cm soil layers simulated by the CTRL and their differences
between the SEXP simulation and CTRL simulation in winter and summer over 2010-2018 with extremums and mean values of differences listed upon.

(Figures 12f and 121) largely depend on the deviations of ET simulation (Figure 10) which are merely evident in
humid and semi humid areas. In winter, relatively obvious negative (positive) deviations appear around the
Hengduan Mountains in southeast Tibet, the southern hillside areas and the Taiwan (the Qinling Mountain and the
Yunnan-Guizhou Plateau) (Figure 12f). In summer, negative differences of LH near the Hengduan Mountains are
much more significant (Figure 121).

As to the simulation of hydrological process, the spatial distributions of snow cover and snow depth modeled by
the CTRL experiment are conformable. The snow coverage during winter reach more than 80% in the north of the
Tianshan Mountains, northern edge of the TP and northeast China (Figure 13a), where the maximum snow depth
appears (Figure 13b). The snow over most China melts rapidly in spring and disappears in summer (except for TP
where the snow maintains on the northern slope of the plateau and near the Karakoram Mountains) (Figures 141
and 14j). Distributions of differences in the simulated snow depth and snow cover are consistent with that of
modeled LST differences (Figure 9), suggesting that the simulation of snow is significantly affected by the
simulation of LST. In winter (Figures 14e and 14f), adopting the 3D STSRE scheme reduces the LST over-
estimated by the CTRL experiment in most mountainous areas due to the attenuated surface NR, thus increases
the snow cover (up to 36.7%) and the snow depth (up to 92.9 mm). The simulated snow decreases only at a few
sunlit slopes such as southern foothills of the Kunlun Mountains and the Tianshan Mountains thanks to the in-
creases of SDSR, so the regional mean snow depth increases by 1.07 mm in the SEXP experiment compared to the
CTRL experiment. In summer (Figures 13m and 13n), the increases of modeled snow cover (up to 6.04%) and
snow depth (up to 86.1 mm) in the SEXP experiment relative to the CTRL experiment only appear over rugged
terrains, for example, the Kunlun Mountains and Hengduan Mountains severely influenced by the topographical
shading (Figure 1b).

The spatial patterns of surface runoff and soil moisture (SSM, in soil layers at the depth of 0—10 cm) simulated by
the CTRL experiment basically decrease from southeast to northwest during winter and summer. The differences
in modeled surface runoff between SEXP and CTRL experiments show distinct responses to the areas with
different snow cover conditions in winter (Figure 13g). For example, compared with the CTRL experiment, the
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Figure 14. The monthly variation of multiyear mean differences between the SEXP experiment and CTRL experiment for NR (a), LST (b), SH (c), snow cover (d), snow
depth (e), SSM (f), surface runoff (g), ET (h), and LH (i) regionally averaged over the regions with different SVF and the entire China during 2010-2018. The annual
mean differences for different regions listed upon are shaded with corresponding colors.

surface runoff modeled by the SEXP experiment decreases (up to 11.46 mm month™") in snow-capped alpine
areas (i.e., the northwest of the TP, the Tianshan Mountains, the Changbai Mountains) since the snow melt water
supply reduces in spring owing to the increase of simulated snow cover and depth (Figures 13e and 13f), the
inhibited ET (Figure 10) caused by the reduced SDSR and corresponding reduction of LST induced by the
STSRE, so the regional mean deviation is only 0.073 mm month™".

In summer, the positive deviations of SSM in the SEXP experiment compared to the CTRL experiment
(Figure 130) in northern TP, the Hengduan Mountains, the Qinling Mountains and Taiwan Mountains are very
obvious because of the water supplement of alpine snow melting in spring with the maximum of
119.03 mm month™! and the regional mean difference of 0.344 mm month~! (about 4.72 times of that in winter).
The spatial pattern of modeled SSM differences between SEXP and CTRL (Figures 13h and 13p) is jointly
controlled by the simulation differences of surface runoff and ET (Figure 10). Positive changes of SSM simulated
by the SEXP experiment relative to the CTRL experiment in winter (Figure 13h) is accordingly large around the
Qilian Mountains, Qinling Mountains and Hengduan Mountains due to the increases of the SSM in summer
(Figure 131), the intensity of modeled SSM differences between the SEXP and CTRL experiments (Figure 13p) is
significantly greater than that in winter with the regional mean up to 0.16% (about 1.4 times of that in winter).

From Figures 12 and 13, the magnitude of differences in the simulation of surface heat fluxes and hydrological
process induced by the 3D STSRE is closely related to the complexity of surrounding terrains represented by the
SVF (Figure 1b). To quantitatively demonstrate the impacts of terrain complexity on simulation differences and
their seasonal variations, we again partition the whole research area into several regions same as Figure 11, and
calculate the monthly variation of regionally averaged deviations and relative differences in the simulated surface
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Figure 15. The monthly variation of multiyear mean relative differences between the SEXP and CTRL ((SEXP — CTRL)/CTRL X 100%) for NR (a), LST (b), SH (c),
snow cover (d), snow depth (e), SSM (f), surface runoff (g), ET (h), and LH (i) regionally averaged over the regions with different SVF and the entire China during
2010-2018. The annual mean relative differences for different regions listed upon are shaded with corresponding colors.

NR, LST, SH, snow cover, snow depth, SSM, surface runoff, ET and LH for the regions with different SVF
(Figures 14 and 15).

Overall, the smaller SVF indicating more complicated surrounding terrain well corresponds to the greater
simulation differences and the more significant relative differences of each parameter, and vice versa (Figures 14
and 15). For the surface NR, the negative differences between the SEXP and CTRL experiments become greater
when shading effects of surrounding mountains get stronger, so the annual mean differences over the regions with
SVF < 0.85 is the largest among the 3 classifications of SVF (Figure 14a) with a relative change of —31.5%
(Figure 15a). Among all classifications, differences in winter are relatively smaller compared to the other seasons.
The minimum negative difference occurs in March, reaching —24.40 W m 2. However, the relative differences in
the modeled NR between SEXP and CTRL (Figure 15a) are more significant in winter (even reaching 59.9% in
December) due to the low solar elevation angle and the corresponding strong topographical shading effect.

The simulation of LST is mainly controlled by the radiation heating, therefore seasonal variations of modeled
LST discrepancies between the two experiments (Figure 14b) are very analogous to those of the modeled surface
NR differences (Figure 14a). Negative deviations are obvious throughout the year, especially in spring with a
minimum of —1.31°C over the regions with SVF < 0.85 in May. The deviations of simulated SH (Figure 14c) are
primarily controlled by those of LST simulation and thus exhibits consistent temporal pattern with the modeled
LST deviations, showing a maximum in spring with a mean value of —18.33 W m™2 over the regions with the
SVF < 0.85. Meanwhile, relative differences in the LST and SH simulations are comparable with those of the
surface NR simulations (Figures 15a—15c¢), which are more remarkable in autumn and winter due to relatively
lower solar elevation angle.
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The snow cover also increases correspondingly with the decrease of LST, so that the positive differences of
modeled snow cover between the SEXP experiment and CTRL experiment are the largest (smallest) in winter
(summer) among four seasons (Figure 14d). Significant negative deviations of the modeled LST in winter and
spring could further retard the snow melting process over the snow-capped mountains in spring, bringing the
positive deviations of simulated snow depth (Figure 14e) in the regions with the SVF < 0.85 (0.85 < SVF < 0.90)
become the largest with a positive deviation of 66.63 mm (34.80 mm) in spring among four seasons. While the
seasonal variations of simulated snow depth deviations over the regions with the SVF > 0.90 are much smaller.
Moreover, the reduction of modeled LST in the SEXP experiment would also inhibit the land surface evapo-
transpiration process and further weaken the LH simulation. Therefore, for the regions with the SVF less than
0.90, differences in the simulated ET and LH (Figures 14h and 14i) increase rapidly when snow melt water supply
increases in spring, reaching the maximum in July. Seasonal variations of relative differences in the ET and LH
between the two experiments are roughly the same (Figures 15h and 15i) and both reach peak values in July.

In the soil hydrological simulations of the CoLM, the water seeping into the underground, namely the sum of soil
water content and surface runoff, is expressed as the sum of snow melting and precipitation minus the ET.
Therefore, differences in the simulated SSM and surface runoff are jointly dominated by the snow cover and ET.
The flow size of surface runoff in the alpine snow covered areas with the SVF < 0.90 is mainly regulated by the
snow melt water (Figures 10 and 13), thus the increase of snow cover simulation reduces the runoff simulation in
winter and spring (Figure 14g). While in the areas without snow cover, the decrease of ET simulation plays a
dominant role in supplementing the simulated surface runoff. As can be seen from the average values over the
regions with different SVF and the whole China, the differences in surface runoff simulation between the two
experiments maintain positive throughout the year mainly affected by the differences in ET simulation, with the
annual mean differences ranging from 0.20 mm month™" to 0.65 mm month™'. Positive differences increase
rapidly since March and peak in June (with the maximum of 1.89 mm month™" in the areas of SVF < 0.85 and
1.46 mm month™! in the areas of 0.85 < SVF < 0.90, respectively) because of snow melting supplement to the
surface water cycle in spring.

Deviations of SSM simulation (Figure 14f) are cooperatively controlled by the differences in surface runoff and
ET simulations, and show obvious positive values throughout the year due to the reduction of modeled ET, which
can reach 0.99% annually over the regions with the SVF < 0.85. Besides, differences in the modeled runoff affect
the intensity of differences in SSM simulation. For the regions with the SVF < 0.90, the rapid increase of modeled
surface runoff differences alleviates the enlargement of deviations in SSM simulation during spring. When the
modeled surface runoff differences rapidly decrease after June, positive deviations of SSM simulation continue to
grow until autumn and reach the maximum in September. The seasonal variation of simulated surface runoff and
SSM changes induced by the 3D STSRE can be clearly shown by the relative differences (Figures 15f and 15g).
The relative differences in the modeled surface runoff simulation (Figure 15g) over the mountainous areas with
SVF < 0.90 increase rapidly from March and drops quickly after reaching the annual peak in May or June.

Meanwhile, the relative differences in the SSM simulation (Figure 15f) increase steadily from March and become
the most prominent in November due to the instant decline of modeled SSM concerned with the gradual frozen
soil during autumn and winter. The increase of SSM will also in turn strengthen the ET (Lawrence &
Slingo, 2005; Xu & Singh, 2005) especially in the arid and semi-arid areas, and further leads to decrements in the
intensity of negative deviations in ET simulation, forming a negative feedback process for the intensity of
simulated differences between the SSM and ET. Therefore, the relative differences of the modeled ET
(Figure 15h) are the weakest from October to the following February, when the relative differences in modeled
SSM rise up to the maximum (Figure 15f).

Overall, for the areas strongly shaded by surrounding terrains such as the north slope and southeastern part of TP
and the southeastern hillside areas, adopting the 3D STSRE scheme can well reduce the LST warm biases in the
CoLM using the plane-parallel radiative scheme due to the decrease of simulated surface NR. On the one hand,
the reduced LST directly controls the decrease in SH and upward longwave radiation. On the other hand, the
depressed LST promotes the accumulation of snowfall to diminish the surface runoff and SSM through the
reduction of snow melt water, and inhibits the ET simulation to depress the LH flux, resulting in the increases of
surface runoff and SSM at the same time. On the contrary, for the areas with sunlit slope such as the southern
hillside of Tianshan Mountains, much more absorbed SDSR leads to much higher LST and thereafter increment in
the modeled SH and LH due to the 3D STSRE.
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4. Discussions

In the SEXP experiment, the direction of the SDSR flux over mountainous areas is perpendicular to the inclined
surface, while that in the CTRL experiment and GLASS data is perpendicular to the horizontal plane. As many
previous studies (Gu et al., 2024; Huang et al., 2022; Ma et al., 2024; Xian et al., 2023; Yan et al., 2016, 2020), we
just adopt the area weighted average method (Equations 1-8) to aggregate the SDSR at sub-grids to model grids in
this study, this may lead to the directions of SDSR fluxes produced by the SEXP experiment in mountainous areas
are non-vertical. To reveal the impact of this processing on the results to what extent, we carried out an additional
experiment named SEXP1 which is the same as SEXP experiment, except that the SEXP1 experiment adopts the
method of the vertical projection of SDSR. Results show that the vertical projection process adopted in the SEXP1
experiment slightly affects the terrain-corrected SDSR fluxes compared to the SEXP experiment (Figures S1 to
S3 in Supporting Information S1), the relative differences of SDSR fluxes produced by the SEXP1 experiment
relative to the SEXP experiment at nearly 90% of the rugged grid points which have the SVF < 0.99 are within
+1%. Even in the most rugged regions with the SVF < 0.85, the absolute relative differences of SDSR fluxes
between SEXP1 and SEXP are less than 3% all year round. The above analysis confirms that the projection of
SDSR onto the vertical direction barely affects the main conclusions obtained by this study adopting the area
weighted methods. Despite that the main conclusions in this study are robust, we should project the SDSR flux
onto the vertical direction in the future studies.

In addition, limitations of the validation data sets still exist due to relatively poor performances of remote sensing
data sets over complex terrains, though they show reasonable evaluation results with observations in mountainous
areas mentioned in data introduction section. For example, Liu et al. (2023) found that although the daily GLASS
SDSR show good consistency with ground measurements of 48 sites in China, it also exhibits obvious biases over
the TP. As we mentioned in Section 2.3, the GLASS product incorporates the surface elevation correction, while
the impacts of topography is not fully considered. Hence, we choose the H§ SDSR data set (Letu et al., 2022) that
considers the terrain effect in the TP region as the additional benchmarking data set to study the influence of the
3D STSRE scheme on the performance of CoLM in simulating the SDSR.

Furthermore, we carried out three additional experiments over the TP region to validate the model performance in
simulating LST, snow cover and ET (Figures 16c—16k): the experiment driven by the CMFD without (with) the
3D STSRE scheme is called CMFD (STSRE), and the experiment driven by the CMFD data with CMFD SDSR
replaced by the H8 SDSR is named as H8. As the H8 data only covers 3-years period from 2016 to 2018, all
experiments were performed 12 years cyclically driven by the forcing data from 1 January 2016 to 31 December
2018, and the last 3 years were extracted for subsequent analysis.

From Figure 16a, the CMFD SDSR data shows obvious positive deviation over the TP relative to the H§ SDSR
data. After the correction of the 3D STSRE scheme, the bias of CMFD SDSR in the mountainous areas can be
significantly reduced (Figure 16b) with the Ts (RMSE) in the STSRE experiment increased from 0.892 in the
CMFD to 0.933 (decreased from 11.64 W m™~2 in the CMFD to 10.73 W m™~2). This result indicates that adopting
the 3D STSRE scheme can indeed improve the SDSR over complex terrains.

From quantitative analysis results (Figures 16c—16k), the STSRE experiment shows superior performance than
the CMFD experiment with clearly smaller RMSE (higher Ts) concerning all three variables. Moreover, the
modeling performance of the STSRE experiment is just slightly inferior to that of the H8 experiment, sug-
gesting that adopting the 3D STSRE scheme in the CoLM can obtain comparable performance with the
simulation directly driven by the SDSR with the terrain effect. The main problems hindering the application of
SDSR data sets including STSRE are applicable range not wide enough and difficult to acquire in real-time,
which could be well solved by implementing the 3D STSRE scheme into LSMs to make up the modeling
deficiencies of the plane-parallel SDSR over the rugged terrains. When employed in the coupled climate models,
the 3D STSRE scheme may help improve the simulation of radiative transfer and land-atmosphere interaction
over complex terrains (Gu et al., 2022). Besides, as the fact that the insufficient and discontinuous meteoro-
logical stations cannot meet the needs of validations for model performances in complex terrains, we still
choose the GLASS data sets for model evaluations owing to their long-temporal and spatial continuity over
mountainous areas.
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5. Conclusions

In this paper, we focus on elaborately describe the surface solar radiation process considering the sub-grid terrain
effect to reduce the errors in the SDSR forcing data without the terrain effect, and discuss the impacts of the 3D
STSRE scheme on model performance in simulating the surface heat budget and hydrological processes over
rugged terrains in China. The main findings are concluded as follows:

1. The CoLM model coupled with the 3D STSRE scheme well corrects the overestimation of SDSR in the
original plane-parallel radiative transfer scheme, leading to the remarkable decreases of RMSE and prominent
increases of Taylor score in all seasons. And the improvements of the SDSR increase with the terrain
complexity increasing.

2. Validations against observations show that considering the 3D STSRE distinctly improves the simulations of
key land surface parameters in the CoLM over mountainous areas with different climate conditions, and the
more rugged the terrain is, the more important influences the 3D STSRE scheme exerts on the improvements
of key variable simulations.

3. Further analysis reveals that over mountainous areas, the 3D STSRE scheme firstly influences the simulation
of LST by changing the NR. Then the changed LST directly affects the SH flux through altering the tem-
perature gradient between land surface and atmosphere. On the other hand, it exerts influences on the ET and
snow accumulation (melting) processes, that jointly control the simulation of runoff and SSM, and finally
modifies the LH flux simulation.

In summary, we have addressed the quantitative impacts of sub-grid landforms on the land thermal and hydro-
logical processes over complex terrain areas in China, providing insight into the possible causes related to the
influence of 3D STSRE on modeling the land surface processes. Although simulations of SDSR, LST and snow
cover are prominently improved with the consideration of the 3D STSRE, the improvements of ET simulation
over the areas covered with forest land type is relatively small due to the large systematic error in the original
CoLM, which may be related to the original parameter settings of the model. On one hand, the leaf area index
(LAI) data set applied in the CoLLM is directly subtracted from the MODIS LAI data set, without considering the
dynamic impact of terrain heterogeneity on vegetation characteristics (Hwang et al., 2011; Kayiranga et al., 2017,
Wood et al., 2011) by affecting the local microclimate of mountainous areas (such as precipitation and solar fluxes
absorbed by the canopy).

It is necessary to profoundly study the 3D STSRE on the simulation of dynamic vegetation canopy (i.e., the
vegetation coverage type and LAI), so as to further improve the characterization of the transpiration process of
tree leaves and the evaporation process of canopy precipitation interception in densely vegetated mountains. On
the other hand, the sub-grid topography could not only exert influences on the local water cycle of slope surfaces
through thermal heterogeneity, but also directly controls important dynamic processes such as subsurface flows
and lateral surface flows, that may play a vital part in modeling soil water profiles and ET at mountainous
watershed (Chang et al., 2018; Ji et al., 2017). Combining the 3D STSRE scheme with the sub-grid runoff model,
the hydrological process on slope surface is expected to be elaborately described and then to promote the potential
of ET and soil moisture profile simulations.

Additionally, simulations of other fluxes that help balance the surface net shortwave radiation flux, like longwave
radiation flux, sensible heat flux and latent heat flux, are also affected by various sub-grid scale topographic
features. Thus, our team (Gu et al., 2024) have proposed a 3D sub-grid terrain longwave radiative effect
parameterization scheme to reduce the biases of plane-parallel scheme over the TP. However, modeling sub-grid-
scale interactions between topography and the sensible and latent heat fluxes is still a great challenge, since the
variables including the surface air temperature, humidity, wind speed and air pressure for the calculations of
sensible and latent heat fluxes are uniform on all sub-grids within a given model grid in present CoLM, which is
not conformed with real cases. How to disaggregate the relevant variables from model grid to its sub-grids based

Figure 16. The spatial distribution of differences in the annual mean surface downward solar radiation (a) between the CMFD and H8, and (b) between the sub-grid
terrain solar radiative effect (STSRE) and H8 over 2016-2018. The root mean squared error (RMSE) and Ts values in CMFD and STSRE experiments relative to the H8
experiment are listed at the corners. The annual mean differences of land surface temperature (c—e), snow cover (f—g) and ET (i—k) simulations between the CMFD and
OBS (left), between the H8 and CMFD (middle), and between the STSRE and CMFD (right) over 2016-2018. The RMSE and Ts values for each variable produced by
the CMFD, HS8, STSRE experiments relative to OBS are listed at the bottom.
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on different sub-grid terrain conditions needs further study to describe sub-grid-scale topographic impacts on
sensible and latent heat flux. It is indicated that although the 3D STSRE is more significant at finer horizontal
resolutions, its subsequent impacts on simulating the surface heat fluxes, LST and snow cover could still be
remarkable at the horizontal resolution as coarse as 2° in the TP (Hao et al., 2021; Nian, 2020). Nevertheless, these
researches only focus on the differences of simulating parameters introduced by the 3D STSRE scheme and
neglect validations against observations to analyze the sensitivity of the 3D STSRE on the model capabilities in
simulating key land surface variables to model resolution. Hence, a study is underway to thoroughly investigate
the sensitivity of the impact of 3D STSRE on simulating the key surface parameters such as LST, snow cover and
ET over mountainous areas to model resolution.

Moreover, with the resolution of numerical models increasing, the importance of realistically parameterizing the
sub-grid scale orographic dynamic process is also highlighted that the implement of orographic drag effects
containing the turbulent orographic form drag and the gravity wave drag can substantially improve the capability
in modeling precipitation and wind over hilly terrains such as the TP and the south China (Xue et al., 2021; Zhong
& Chen, 2015; Zhou et al., 2019). Besides, supplementing the sub-grid scale thermal feedback induced by the 3D
STSRE scheme in climate models could also advance the simulation of precipitation and air temperature over the
TP (G. Y. Chen et al., 2019; Gu et al., 2020, 2022). However, the thermal and dynamic impacts of sub-grid
topography are often separately considered in numerical models so that researches on their combined in-
fluences and underlying mechanisms are rarely reported. Therefore, the subsequent research needs to build a
scheme that coordinates the thermal forcing and dynamic drag effects of the sub-grid landform to comprehen-
sively consider the dynamic and thermal effects of sub-grid topography in climate models.

Data Availability Statement

Data - The China Meteorological Forcing Dataset and the monthly China land surface temperature product are
available at http://poles.tpdc.ac.cn. The Shuttle Radar Topography Mission (SRTM) 90 m Digital Elevation
Database v4.1 used in this study is available at https://developers.google.com/earth-engine/datasets/catalog/
CGIAR_SRTM90_V4. The Global Land Surface Satellite (GLASS) DSSR product can be downloaded from
http://www.geodata.cn. The third version of the Global Land Evaporation Amsterdam Model (GLEAM v3)
ET product is provided from https://www.gleam.eu. The monthly snow cover data can be download from
https://search.earthdata.nasa.gov/search. Software - The source codes of the CoLM Version 2014 are available
at http://globalchange.bnu.edu.cn/research/models.
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