
1. Introduction
Terrains with different scales significantly affect the weather and climate by regulating the atmospheric circu-
lation through dynamic and thermal effects (Sandu et al., 2019; Wu et al., 2017). Effective representation of 
complex terrain and related effects has long been a difficult problem in numerical simulation studies (Davies 
& Brown,  2001; Jiménez & Dudhia,  2012; Phillips,  1957; Wallace et  al.,  1983; Xu et  al.,  2019). Adopting 
high-resolution grid-scale topography improves the model performance (Hua et  al.,  2020; Ji & Kang, 2013). 
However, the models perform worse when increasing the resolution to a certain degree without correspondingly 
improving the description of physical process (Carvalho et al., 2012; Falasca & Curci, 2018; Mass et al., 2002; 
Maurya et al., 2018), especially the sub-grid terrain related processes (Elvidge et al., 2019; Lalande et al., 2021; 
Yu et al., 2019).

State-of-art meteorological models with high horizontal resolutions still have difficulties in reproducing the 
mountain climate and weather well. For example, large cold-wet biases over the Tibetan Plateau are common in 
numerical models (Li et al., 2021; Niu et al., 2021; Zhu & Yang, 2020). The dynamic effects of sub-grid terrain, 
such as orographic drags, have gained wide attention and become well parameterized (van Niekerk et al., 2020; 
Vosper et al., 2020; Wang et al., 2020). Better representations of the sub-grid terrain thermal effects are also vital 
to the model performance (Zhou et al., 2019). However, the computationally economical and physically reliable 
schemes of sub-grid thermal effects, such as sub-grid terrain solar radiative effect (STSRE), are still scarce.

The STSRE strongly influences the land surface energy exchange and thereafter weather and climate at local 
to regional scales (Barry,  2008; Wang et  al.,  2002). The importance of the STSRE in numerical models has 
been recognized along with the continuous increase in model horizontal resolution (Feng & Zhang, 2007; Gu 
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et al., 2012). Three kinds of STSRE schemes have been applied to numerical models, namely the 2-dimensional 
(2D) STSRE scheme based on Kondrat'yev (1965), the Monte Carlo scheme based on the Monte Carlo photon 
tracking technology (Chen et al., 2006; Liou et al., 2007), and the 3-dimensional (3D) STSRE scheme based on 
the mountain radiation theory consider the synergetic influences of the self and surrounding terrains (Dozier 
& Frew, 1990; Dubayah, 1994). These schemes greatly improve the model performance in estimating the land 
surface energy exchanges, temperature, atmospheric circulations, and even precipitation (Hao et al., 2021; Lee 
et al., 2013, 2015, 2019; Manners et al., 2012; Müller & Scherer, 2005; Shen & Hu, 2006; Zhang et al., 2006). 
However, they have their own limitations. The 2D STSRE schemes neglect the radiative impacts of the surround-
ing terrains (Olyphant, 1984). Uncertainties remain in the Monte Carlo scheme because (a) the photon tracking 
results are not evaluated by the observations, and (b) the parameterized function regression coefficients vary 
discontinuously under different solar elevation angles and albedo (see Tables 1, 3, and 4 in Lee et al., 2011).

The type of 3-dimensional sub-grid terrain solar radiative effect (3DSTSRE) schemes has a solid physical foun-
dation and agrees well with observations (Ruiz-Arias et al., 2010; Tovar-Pescador et al., 2006). However, the 
large calculation amount of 3DSTSRE schemes limited their applications in numerical models. Most studies 
only consider the radiative effect of 2D topographical configuration in models (Gu et al., 2020; Han et al., 2018; 
He et al., 2019; Huang & Qian, 2008), leading to noticeable overestimation of downward surface solar radiation 
(SSR) flux in mountainous area (Arthur et al., 2018; Hauge & Hole, 2003). Besides, to avoid the complex integra-
tion calculations of the 3DSTSRE schemes due to the variation of solar elevation and azimuth, some researchers 
tended to find empirical statistical relationships between the sky view/shadow factors and terrain slope (Essery 
& Marks, 2007; Helbig & Lowe, 2012). However, the applicability of these schemes in the area other than their 
test sites is questionable.

In addition, the elevation data with coarse horizontal resolution (i.e., 10′, 5′, or 1 km) used in the previous studies 
poorly represent the terrain and STSRE (Liou et al., 2013; Zhang et al., 2002, 2006). Currently, global digital 
elevation model (DEM) data with resolutions of tens of meters provides valuable opportunities to better describe 
the detailed 3D configuration of terrain (such as ASTER Global DEM data of Fujisada et al., 2012; TanDEM-X 
data of Krieger et al., 2007; SRTM DEM data of Jarvis et al., 2008; and ALOS World 3D-30 m data of Takaku 
et al., 2014).

The 3DSTSRE scheme based on the mountain radiation theory can be easily used to explicitly calculate the 
downward SSR flux with the high-resolution DEM data. However, the horizontal resolution of most current 
models ranges from several kilometers to hundreds of kilometers, while the resolution of DEM data is tens of 
meters, resulting in large discrepancy in the horizontal resolution between the DEM data and models. For the 
reasons mentioned above, an efficient upscaling method or parameterization scheme should be developed to 
convert the explicit calculations of downward SSR flux at sub-grid scale (DEM data resolution) into the grid scale 
(model resolution) to fully consider the impact of 3D terrain configuration on the downward SSR flux in numer-
ical models. We presented a preliminary version of clear-sky 3DSTSRE scheme (Zhang et al., 2022), however, 
it still has problems of overestimating the terrain shadow effect and neglecting the effect of rugged surface area 
change on the fluxes. Also, the sensitivity of the scheme's performance to the model resolution remains unclear. 
These problems demand prompt solution. The aim of this study is to fix these problems and build up a robust 
clear-sky 3DSTSRE parameterization scheme based on the mountain radiation theory and the DEM data of much 
finer horizontal resolution with the advantages of a solid physical foundation, high accuracy, minimal computa-
tional expense, strong portability and flexibility to the numerical models with different horizontal resolutions.

2. Methodology, Data, Experimental Design, and Evaluation Metrics
2.1. Explicit Calculation Method of Downward SSR Over Rugged Terrain

The downward SSR flux in a plane surface (𝐴𝐴 𝐴𝐴↓ ) includes the direct solar radiation flux (𝐴𝐴 𝐴𝐴dir↓ ) and the diffuse solar 
radiation flux (𝐴𝐴 𝐴𝐴dif↓ ):

𝐸𝐸dir↓ = max(𝐸𝐸ac ⋅

(

𝑟𝑟0

𝑟𝑟

)2

⋅ 𝜏𝜏𝑏𝑏 ⋅ cos𝑍𝑍𝑍 0.0) (1)

𝐸𝐸dif↓ = max(𝐸𝐸ac ⋅

(

𝑟𝑟0

𝑟𝑟

)2

⋅ 𝜏𝜏𝑑𝑑 ⋅ cos𝑍𝑍𝑍 0.0) (2)
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𝐴𝐴 𝐴𝐴ac , 𝐴𝐴 (𝑟𝑟0∕𝑟𝑟)
2 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝑏𝑏 , and 𝐴𝐴 𝐴𝐴𝑑𝑑 are the solar constant, the earth-solar distance factor, the solar zenith angle, and the 

atmospheric transmittance of 𝐴𝐴 𝐴𝐴dir↓ and 𝐴𝐴 𝐴𝐴dif↓ , respectively. As shown in Figure 1a, the solar zenith angle (𝐴𝐴 𝐴𝐴 ) is 
the complementary angle of the solar elevation angle (𝐴𝐴 𝐴 ). 𝐴𝐴 𝐴 is the acute angle between the horizontal plane and 
the incident sunlight. 𝐴𝐴 𝐴𝐴 is calculated by 𝐴𝐴 cos𝑍𝑍 = sin𝜑𝜑 sin 𝛿𝛿 + cos𝜑𝜑 cos 𝛿𝛿 cos𝜔𝜔 . The variables 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , and 𝐴𝐴 𝐴𝐴 are the 

latitude, solar declination, and hour angle. 𝐴𝐴

(

𝑟𝑟0

𝑟𝑟

)2

 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝑏𝑏 , and 𝐴𝐴 𝐴𝐴𝑑𝑑 are calculated following Liu and Jordan (1960), 
Li and Luo (2015), Kalogirou (2014), Keith and Kreider (1978), and Vician et al. (2017) with respectively.

As shown in Figure 1b, the downward SSR flux 𝐴𝐴 𝐴𝐴𝑡𝑡↓ in the rugged surface includes 3 parts, namely, the direct 
solar radiation flux 𝐴𝐴 𝐴𝐴dirt↓ , the diffuse solar radiation flux 𝐴𝐴 𝐴𝐴dift↓ , and the solar radiation flux reflected by the 
surrounding terrains 𝐴𝐴 𝐴𝐴reft↓ . The downward SSR components are calculated following Dozier and Frew (1990) and 
Li et al. (2002):

𝐸𝐸dirt↓ = max

(

𝐸𝐸ac ⋅

(

𝑟𝑟0

𝑟𝑟

)2

⋅ 𝜏𝜏𝑏𝑏 ⋅ SF ⋅ cos 𝐼𝐼𝐼 0.0

)

= max

(

SF ⋅ 𝐸𝐸dir↓ ⋅
cos 𝐼𝐼

cos𝑍𝑍
𝐼 0.0

)

 (3)

Figure 1. (a) Coordinate of the terrain slope 𝐴𝐴 𝐴𝐴 and aspect 𝐴𝐴 𝐴𝐴 , solar zenith angle 𝐴𝐴 𝐴𝐴 and elevation angle 𝐴𝐴 𝐴 , solar azimuth angle 𝐴𝐴 𝐴𝐴 , and solar incidence angle 𝐴𝐴 𝐴𝐴 on the 
inclined plane; (b) downward solar radiation components over the areas with complex terrains; (c) the sky view factor and shadow factor; (d) terrain self shadow and 
cast shadow of the surrounding terrains.
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𝐸𝐸dift↓ =

⎧

⎪

⎨

⎪

⎩

𝐸𝐸dif↓

[

𝐸𝐸dirt↓

𝐸𝐸ac

+
1

2
SVF(1 + cos𝛼𝛼)

(

1 −
𝐸𝐸dir↓

𝐸𝐸ac

)]

, if cos 𝐼𝐼 𝐼 0

𝐸𝐸dif↓

1

2
SVF(1 + cos𝛼𝛼)

(

1 −
𝐸𝐸dir↓

𝐸𝐸ac

)

, otherwise

 (4)

𝐸𝐸reft↓ = 𝑎𝑎 (𝐸𝐸dir↓ + 𝐸𝐸dif↓)
(

1 + cos 𝛼𝛼

2
− SVF

)

 (5)

The variables 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 SF , and 𝐴𝐴 SVF are the surface albedo, sunlight incidence 
angle, slope, shadow factor, and sky view factor. The albedo 𝐴𝐴 𝐴𝐴 is derived 
from the MODIS data (MCD43A3) with a resolution of 500 m. 𝐴𝐴 𝐴𝐴 is the angle 

between the normal of the inclined plane (
⇀

�� ) and the incident sunlight 

(
⇀

�� ) (Figure 1a). According to Zhang et al. (2006),

cos 𝐼𝐼 = cos 𝛼𝛼 ⋅ cos𝑍𝑍 + sin 𝛼𝛼 ⋅ sin𝑍𝑍 ⋅ cos(𝛽𝛽 − 𝜃𝜃) (6)

where 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are the terrain aspect and solar azimuth angle. As shown in 
Figure 1a, 𝐴𝐴 𝐴𝐴 is the angle between the inclined plane and the horizontal plane. 

𝐴𝐴 𝐴𝐴 varies from 0° to 90° and represents the steepness of the inclined plane. 𝐴𝐴 𝐴𝐴 
is the angle between the normal of the inclined plane projected on the hori-
zontal plane (𝐴𝐴

⇀

𝑂𝑂𝑂𝑂
′ ) and the north direction. The solar azimuth angle 𝐴𝐴 𝐴𝐴 is the 

angle between the projection of the incident sunlight on the horizontal plane 

(𝐴𝐴

⇀

𝑂𝑂𝑂𝑂
′ ) and the north direction. Both 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 vary from 0° to 360° clockwise. 

𝐴𝐴 𝐴𝐴 (𝐴𝐴 𝐴𝐴 ) in the directions of north, east, south, and west are 0°, 90°, 180°, and 
270°, respectively (Figure 1c).

The slope 𝐴𝐴 𝐴𝐴 and aspect 𝐴𝐴 𝐴𝐴 are calculated by the horizontal gradient of the 

elevation 𝐴𝐴

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 and 𝐴𝐴

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

 . According to Sharpnack and Akin  (1969) and 
Skidmore (1989),

𝛼𝛼 = arctan

√

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

+

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

 (7)

𝛽𝛽 =

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

3𝜋𝜋

2
− arctan

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
∕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

, 𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
> 0

𝜋𝜋

2
− arctan

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
∕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

, 𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
< 0

0, 𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 0

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
< 0

𝜋𝜋, 𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 0

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
> 0

undefined, if
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 0

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 0

 (8)

where 𝐴𝐴

⎧

⎪

⎨

⎪

⎩

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
=

(𝜕𝜕𝑖𝑖+1,𝑗𝑗+1 −𝜕𝜕𝑖𝑖−1,𝑗𝑗+1) + (𝜕𝜕𝑖𝑖+1,𝑗𝑗 −𝜕𝜕𝑖𝑖−1,𝑗𝑗) + (𝜕𝜕𝑖𝑖+1,𝑗𝑗−1 −𝜕𝜕𝑖𝑖−1,𝑗𝑗−1)

6𝑑𝑑𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
=

(𝜕𝜕𝑖𝑖+1,𝑗𝑗+1 −𝜕𝜕𝑖𝑖+1,𝑗𝑗−1) + (𝜕𝜕𝑖𝑖,𝑗𝑗+1 −𝜕𝜕𝑖𝑖,𝑗𝑗−1) + (𝜕𝜕𝑖𝑖−1,𝑗𝑗+1 −𝜕𝜕𝑖𝑖−1,𝑗𝑗−1)

6𝑑𝑑𝜕𝜕

 , 𝐴𝐴 𝐴𝐴 (𝐴𝐴 𝐴𝐴 ) is the grid number along the 

x (y) axis.

Figure 2. The sky view factor over parts of (a) Eurasia and Africa, (b) Reg1, 
(c) Reg2, and (d) Reg3 with the grid resolution of 3″ (∼90m).
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The solar azimuth angle 𝐴𝐴 𝐴𝐴 is calculated following Kittler and Darula (2013):

� =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

� if cos� = 1

arccos

(

sin � − cos� ⋅ sin�

cos�
√

1 − (cos�)2

)

if� < 0 and cos� ≠ 1

2� − arccos

(

sin � − cos� ⋅ sin�

cos�
√

1 − (cos�)2

)

if� > 0 and cos� ≠ 1

 (9)

The sky view factor 𝐴𝐴 SVF (Figure  2) represents the terrain openness and is calculated following Dozier and 
Frew (1990):

SVF = 1
�

∑N

k=1

[

cos � ⋅ cos2��� + sin � ⋅ cos (�� − �)
(�
2
− ��� − sin ��� ⋅ cos ���

)] (10)

As shown in Figure 1c, 𝐴𝐴 𝐴𝐴𝑘𝑘 is the azimuth angle at the 𝐴𝐴 𝐴𝐴 th direction. 𝐴𝐴 𝐴𝐴𝜙𝜙𝑘𝑘 is the maximal topographic elevation 
angle in the direction of azimuth angle 𝐴𝐴 𝐴𝐴k . It is the angle between the connection line from the adjacent point 
with the maximum shadow effect to the target point and the horizontal line at the target point in the direction of 
azimuth angle 𝐴𝐴 𝐴𝐴𝑘𝑘 . N is the total number of the azimuth directions divided.

The shadow factor 𝐴𝐴 SF is determined by the solar elevation angle 𝐴𝐴 𝐴 and the maximal topographic elevation angle 
𝐴𝐴 𝐴𝐴𝜙𝜙𝑘𝑘 in the solar azimuth direction 𝐴𝐴 𝐴𝐴k at a given time or solar elevation angle 𝐴𝐴 𝐴 (Figure 1c) according to Dozier 

and Frew (1990):

SF =

⎧

⎪

⎨

⎪

⎩

0 if sin 𝜀𝜀𝜙𝜙𝑘𝑘 > sinℎ

1 if sin 𝜀𝜀𝜙𝜙𝑘𝑘 ≤ sinℎ

 (11)

Much more accuracy of calculated 𝐴𝐴 SVF and 𝐴𝐴 𝐴𝐴𝐴𝐴  corresponds to more directions divided and larger searching 
radius, but it will increase the calculation amount. In current study we set the searching radius of 27 km (∼300 
sub-grids with the resolution of 3″) and 360 azimuth directions (N = 360 in Equation 10) with a resolution of 1°.

In addition, the surface area of the rugged terrain is larger than the area of the horizontal plane. The areas of the 
sub-grids are different from each other because of the terrain undulation, which influences the solar energy received 
by the sub-grids. Following Zhang et al. (2006), the grid-scale flux at a model grid � can be explicitly calculated by 

𝐴𝐴 flux𝑝𝑝 =
1

𝑛𝑛

∑𝑖𝑖=𝑛𝑛

𝑖𝑖=1 flux𝑖𝑖 ⋅ sec 𝛼𝛼𝑖𝑖∕
1

𝑛𝑛

∑𝑖𝑖=𝑛𝑛

𝑖𝑖=1 sec 𝛼𝛼𝑖𝑖 . The subscripts � and 𝐴𝐴 𝐴𝐴 represent the �th model grid and the 𝐴𝐴 𝐴𝐴 th sub-grid 
within the model grid � . 𝐴𝐴 𝐴𝐴 is the total number of sub-grids within the model grid � . Considering the area changes of 
each sub-grid, the grid-scale downward SSR components are derived from the explicit calculations at sub-grids by:

�dirt,�↓ =
1
�
∑�=�

�=1
max

(

cos �� ⋅ sec �� ⋅ ��� ⋅ ��� ⋅ ���

( �0
�

)2
, 0.0

)

∕1
�
∑�=�

�=1
sec �� (12)

�dift,�↓=
1
�
∑�=�

�=1

⎧

⎪

⎨

⎪

⎩

sec �� ⋅ �dif,�↓

[

�dirt,�↓

���
+ 1

2
SVF� (1 + cos ��)

(

1 −
�dir,�↓

���

)]

, if cos �� > 0

sec �� ⋅ �dif,�↓ ⋅
1
2

SVF� (1 + cos ��)
(

1 −
�dir,�↓

���

)

, otherwise

⎫

⎪

⎬

⎪

⎭

∕1
�
∑�=�

�=1
sec �� (13)

�reft,�↓ =
1
�
∑�=�

�=1
�� ⋅ sec �� (�dir,�↓ + �dif,�↓)

(

1 + cos ��
2

− SVF�

)

∕1
�
∑�=�

�=1
sec �� (14)

Figures 3a–3f show the downward SSR flux explicitly calculated at the sub-grids with the resolution of 3″, which 
is the same as the DEM data, converted to the model grids with the horizontal resolutions ranging from 0.025° 
to 0.8° according to Equations 12–14. Compared to the downward SSR flux calculated over the plane surface 
(Figure 3g), it is clear that the sub-grid scale terrains strongly affect the intensity and spatial distribution of 
downward SSR flux at grid scale no matter of the grid resolutions. The regionally averaged annual mean down-
ward SSR in Figures 3a–3f is about 8.4% less than that in Figure 3g. Therefore, a satisfactory description of the 
3DSTSRE is essential for the numerical models, regardless of the model resolution.
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2.2. Parameterization Scheme of 3DSTSRE

As shown in Figure 4, the clear-sky 3DSTSRE parameterization scheme is developed by 3 steps: (a) generate the 
global basic datasets of sub-grid terrain parameters including terrain slope, aspect, sky view factor, and maximal 
topographic elevation angle based on the SRTM4.1 data with a horizontal resolution of 3″ (∼90m); (b) prepare 
the grid-scale correction factors for a given model horizontal resolution in advance before the model integration; 
(c) develop a clear-sky 3DSTSRE scheme to correct the downward SSR components calculated by the radiation 
scheme of plane surface during the model integration.

Following Gu et al. (2020), we extract the 3DSTSRE correction factors derived from the global basic datasets of 
sub-grid terrain parameters before the model integration. Thus, the downward SSR components at model grids 
are calculated with considering the effect of 3D sub-grid terrain configuration during the model integration as 
follows:

𝐸𝐸dirt,𝑝𝑝↓ = max

(

SFC𝑝𝑝 ⋅ DIR𝐶𝐶𝑝𝑝

𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑,𝑝𝑝↓

cos𝑍𝑍𝑝𝑝

∕SEC𝐴𝐴𝑝𝑝, 0.0

)

 (15)

�dift,�↓ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�dif,�↓

[

�dirt,�↓

���
+ DIF��

(

1 −
�dir,�↓

���

)

∕SEC��

]

, �� DIR�� > 0

�dif,�↓

[

DIF��

(

1 −
�dir,�↓

���

)

∕SEC��

]

, otherwise 
(16)

𝐸𝐸reft,𝑝𝑝↓ = (𝐸𝐸dir,𝑝𝑝↓ + 𝐸𝐸dif,𝑝𝑝↓) 𝑎𝑎𝑝𝑝REF𝐶𝐶𝑝𝑝∕SEC𝐴𝐴𝑝𝑝 (17)

DIR𝐶𝐶𝑝𝑝 = cos𝑍𝑍𝑝𝑝 + TAC𝐵𝐵𝑝𝑝 sin𝑍𝑍𝑝𝑝 cos 𝜃𝜃𝑝𝑝 + TAS𝐵𝐵𝑝𝑝 sin𝑍𝑍𝑝𝑝 sin 𝜃𝜃𝑝𝑝 (18)

Figure 3. The annual mean downward surface solar radiation (SSR) flux explicitly calculated at the sub-grids with the horizontal resolution of 3″(∼90m) converted 
into the model grids with the horizontal resolution ranging from 0.025° to 0.8° according to Equations 12–14 (a–f) and the annual mean downward SSR flux over the 
plane surface (g) over Reg2 (Figure 2c). The number in the upper right corner of each pannel indicates the regionally averaged annual mean downward SSR flux.
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TAC�� =< tan �� cos �� >�→� =
1
�
∑�=�

�=1
tan �� cos �� (19)

TAS�� =< tan �� sin �� >�→� =
1
�
∑�=�

�=1
tan �� sin �� (20)

SEC�� =< sec �� >�→� =
1
�
∑�=�

�=1
sec �� (21)

DIF�� =< sec �� ⋅ SVF�

2
(1 + cos ��) >�→� =

1
�
∑�=�

�=1

sec �� ⋅ SVF�

2
(1 + cos ��) (22)

REF�� =<
(

1 + cos ��
2

− SVF�

)

sec �� >�→� =
1
�
∑�=�

�=1

(

1 + cos ��
2

− SVF�

)

sec �� (23)

SFC𝑝𝑝 =< SF𝑖𝑖 >𝑖𝑖→𝑝𝑝 (24)

The operator 𝐴𝐴 𝐴𝐴𝑖𝑖→𝑝𝑝 stands for the process of aggregating the variables at the sub-grid scale to the grid scale. 
We ignore the differences in the surface albedo 𝐴𝐴 𝐴𝐴 , solar zenith angle 𝐴𝐴 𝐴𝐴 , solar azimuth angle 𝐴𝐴 𝐴𝐴 , atmospheric 
transmittance 𝐴𝐴 𝐴𝐴𝑏𝑏 of direct solar radiation, and transmittance 𝐴𝐴 𝐴𝐴𝑑𝑑 of diffuse solar radiation among the sub-grids 

Figure 4. Diagrammatic sketch for the applications of the clear-sky 3-dimensional sub-grid terrain solar radiative effect (3DSTSRE) scheme in numerical models. The 
blue (gray) background indicates the process before (during) the model integration. The dashed (solid) box indicates the applications of the clear-sky 3DSTSRE scheme 
in numerical models. The red, blue, and green characters indicate the topographic elements, the original variables calculated in the numerical models, and the original 
variables corrected by the clear-sky 3DSTSRE scheme.
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within a model grid. The grid-scale time-invariable correct factors 𝐴𝐴 TAC𝐵𝐵𝑝𝑝 , 𝐴𝐴 TAS𝐵𝐵𝑝𝑝 , 𝐴𝐴 SEC𝐴𝐴𝑝𝑝 , 𝐴𝐴 DIF𝐶𝐶𝑝𝑝 , and 𝐴𝐴 REF𝐶𝐶𝑝𝑝 
related to the 3D configuration of sub-grid terrain are simply derived from the arithmetic mean of all sub-grids 
within a given model grid before the model integration.

It is difficult to obtain the grid-scale 𝐴𝐴 SFC𝑝𝑝 by a formula because it is a time-variant variable jointly determined 
by the solar azimuth angle and zenith angle at every model time step. As mentioned in Zhang et  al.  (2022), 
we generate the grid-scale 𝐴𝐴 SFC𝑝𝑝 by a statistical method as follows: First, we divide 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 which ranges from 
0 to 1 into 𝐴𝐴 𝐴𝐴 = 100 levels (𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.01 , 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.02 , ……, and 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 1 ) on sub-grids at 360 azimuth 
directions. Second, we count the total number of sub-grids with 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.01 , 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.02 , ..., 𝐴𝐴 sin𝜀𝜀𝜙𝜙k ≤ 1 at a 
given azimuth direction within a model grid with a given horizontal resolution, that is, there are 𝐴𝐴 𝐴𝐴1 , 𝐴𝐴 𝐴𝐴2 , ..., 𝐴𝐴 𝐴𝐴100 
sub-grids with 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.01 , 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.02 ,..., 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 1 in the model grid 𝐴𝐴 𝐴𝐴(𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 ) (𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 JY represent the 
number of the model grid in the longitudinal and latitudinal directions, respectively) with 𝐴𝐴 𝐴𝐴 sub-grids at a given 
azimuth direction, respectively, then we can get the ratio of total sub-grids with 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.01 , 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.02 , 

𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 ≤ 0.02 ,..., 𝐴𝐴 sin𝜀𝜀𝜙𝜙k ≤ 1 to the total sub-grids within the model grid 𝐴𝐴 𝐴𝐴(𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 ) by 𝐴𝐴 𝐴𝐴1∕𝐴𝐴 , 𝐴𝐴 𝐴𝐴2∕𝐴𝐴 , …, 𝐴𝐴 𝐴𝐴100∕𝐴𝐴 at 
each azimuth direction, respectively. Adopting the same method, we can get the ratios of total sub-grids with 
different levels of 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 to the total sub-grids within each model grid at the 360 azimuth directions. Finally, we 
use a time-invariant four-dimensional array 𝐴𝐴 𝐴𝐴(𝐼𝐼num, 𝐽𝐽num,𝑀𝑀,𝑀𝑀) to save these ratios, 𝐴𝐴 Inum and 𝐴𝐴 Jnum denote 
the numbers of model grids in the longitudinal and latitudinal directions, respectively. 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are the total 
levels of 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 and the total azimuth directions divided. Generally, larger 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 can get more accurate 𝐴𝐴 SFC𝑝𝑝 . 
In current study we divide the 𝐴𝐴 sin𝜀𝜀𝜙𝜙𝑘𝑘 at 360 azimuth directions (𝐴𝐴 𝐴𝐴  = 360) into 100 levels (𝐴𝐴 𝐴𝐴  = 100) with the 
consideration of the balance between the precision and the minimization of computational demand. As mentioned 
above, the time-invariant four-dimensional matrix 𝐴𝐴 A(Inum, Jnum,M,N) only determined by the maximal topo-
graphic elevation angle 𝐴𝐴 𝐴𝐴𝜙𝜙𝑘𝑘 at sub-grid scale is prepared in advance before the model integration.

To calculate the downward SSR components with considering the effects of the 3D configuration of sub-grid 
terrains, the clear-sky 3DSTSRE parameterization scheme is developed based on Equations 15–24, which involve 
the grid-scale time-invariable factors (𝐴𝐴 TAC𝐵𝐵𝑝𝑝 , 𝐴𝐴 TAS𝐵𝐵𝑝𝑝 , 𝐴𝐴 SEC𝐴𝐴𝑝𝑝 , 𝐴𝐴 DIFC𝑝𝑝 , and 𝐴𝐴 REFC𝑝𝑝 ) and time-variable factor 𝐴𝐴 SFC𝑝𝑝 
determined by the time-invariant four-dimensional matrix 𝐴𝐴 𝐴𝐴(𝐼𝐼num, 𝐽𝐽num,𝑀𝑀,𝑀𝑀) and grid-scale time-variable 

𝐴𝐴 𝐴𝐴𝑝𝑝 and 𝐴𝐴 𝐴𝐴𝑝𝑝. The 𝐴𝐴 TACB𝑝𝑝 , 𝐴𝐴 TASB𝑝𝑝 , 𝐴𝐴 SECA𝑝𝑝 , 𝐴𝐴 DIFC𝑝𝑝 , 𝐴𝐴 REF𝐶𝐶𝑝𝑝 , and 𝐴𝐴 𝐴𝐴(𝐼𝐼num, 𝐽𝐽num,𝑀𝑀,𝑀𝑀) calculated in advance are 
input at the first time step of the model integration. Meanwhile, the grid-scale variables 𝐴𝐴 𝐴𝐴𝑝𝑝 , 𝐴𝐴 𝐴𝐴𝑝𝑝 , 𝐴𝐴 𝐴𝐴𝑝𝑝 , 𝐴𝐴 𝐴𝐴dir,𝑝𝑝 , and 𝐴𝐴 𝐴𝐴dif,𝑝𝑝 
in each model grid are calculated based on the radiation scheme of plane surface at every time step during the 
model integration. The 𝐴𝐴 SFC𝑝𝑝 at the model grid 𝐴𝐴 𝐴𝐴(𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 ) can be derived from the nearest order of 𝐴𝐴 𝐴𝐴𝐴𝐴 and IL 
for the grid-scale solar azimuth angle 𝐴𝐴 𝐴𝐴𝑝𝑝 and zenith angle 𝐴𝐴 𝐴𝐴𝑝𝑝. The 𝐴𝐴 SFC𝑝𝑝 ranging from 0 to 1 (zero for completely 
shadowed) indicates that the fraction of the sub-grids with the 𝐴𝐴 sin𝜀𝜀𝜃𝜃𝑝𝑝 ≤ cos𝑍𝑍𝑝𝑝 is not shadowed in a given model 
grid at a given time, that is, for the model grid 𝐴𝐴 𝐴𝐴(𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 ) with the grid-scale 𝐴𝐴 cos𝑍𝑍𝑝𝑝 = 0.25 and solar azimuth 
angle 𝐴𝐴 𝐴𝐴𝑝𝑝 = 100

◦ , 𝐴𝐴 𝐴𝐴𝐴𝐴 = 0.25∕(1∕𝑀𝑀) and 𝐴𝐴 𝐴𝐴𝐴𝐴 = int[(100◦ − 0◦)∕(360◦∕𝑁𝑁)] + 1 . In current study, 𝐴𝐴 𝐴𝐴 = 100 and 

𝐴𝐴 𝐴𝐴 = 360 , so 𝐴𝐴 𝐴𝐴𝐴𝐴 = 25 and 𝐴𝐴 𝐴𝐴𝐴𝐴 = 101 . Note that 𝐴𝐴 𝐴𝐴𝐴𝐴 =

⎧

⎪

⎨

⎪

⎩

101 if (100
◦ ≤ 𝜃𝜃𝑝𝑝 ≤ 100.5

◦

)

102 if (100.5
◦

< 𝜃𝜃𝑝𝑝 ≤ 101
◦

)

 . 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝 at the model grid 

𝐴𝐴 𝐴𝐴(𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 ) with 𝐴𝐴 cos𝑍𝑍𝑝𝑝 = 0.25 and 𝐴𝐴 𝐴𝐴𝑝𝑝 = 100
◦ can be easily taken from the value of 𝐴𝐴 𝐴𝐴(𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 𝐼 25𝐼 101) .

The grid-scale downward SSR components with the consideration of 3DSTSRE are calculated every time step in 
terms of the methods indicated above. However, the parameterized calculations of downward SSR components 
based on Equations 15–24 show large negative biases compared to those derived from the explicit calculations of 
Equations 12–14 (not shown). The negative biases are mainly attributed to the parameterized calculation of down-
ward direct solar radiation (Equation 15), specifically the simplified replacement of 𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 ⋅ 𝑆𝑆𝑆𝑆𝑖𝑖 >𝑖𝑖→𝑝𝑝 
with 𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 >𝑖𝑖→𝑝𝑝𝐴 𝑆𝑆𝑆𝑆𝑖𝑖 >𝑖𝑖→𝑝𝑝 without considering the regional mean product of their perturbation terms, 
resulting in the overestimation of terrain shadow effect. These negative biases are the main error source of the 
preliminary version of clear-sky 3DSTSRE scheme (Zhang et al., 2022). To reduce the error in the preliminary 
clear-sky 3DSTSRE scheme, the 𝐴𝐴 SFC𝑝𝑝 related to the shadow effect of surrounding terrains in Equation 24 is 
further adjusted by:

SFC𝑝𝑝 = 1 − 𝐶𝐶ad (1− < SF𝑖𝑖 >𝑖𝑖→𝑝𝑝) (25)
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𝐶𝐶ad = 0.1849𝑑𝑑𝑑𝑑−1.443 + 0.04561 (26)

𝐴𝐴 𝐴𝐴ad is an adjustment factor depending on the model horizontal resolution 𝐴𝐴 𝐴𝐴𝐴𝐴 (Figure 8), it ranges from 0 to 1. 
𝐴𝐴 𝐴𝐴ad  = 1 (0) indicates that the shadow effect of surround terrains is (is not) considered. 𝐴𝐴 𝐴𝐴ad greatly reduces the error 

of the preliminary version of clear-sky 3DSTSRE scheme (Zhang et al., 2022). The error source of the parame-
terized calculation of downward direct solar radiation (Equation 15) and the specific reason for the adoption of 
Equations 25 and 26 are discussed in Section 3.

There are no variables representing the reflected solar radiation from the surrounding terrain (𝐴𝐴 𝐴𝐴reft,𝑝𝑝↓ in Equa-
tion 17) in the numerical models. 𝐴𝐴 𝐴𝐴reft,𝑝𝑝↓ is added to 𝐴𝐴 𝐴𝐴dift,𝑝𝑝↓ following previous studies (Arnold et al., 2006; Helbig 
et al., 2009, 2010; Hock & Holmgren, 2005; Senkova et al., 2007):

𝐸𝐸dift,𝑝𝑝↓𝑜𝑜2𝑚𝑚 = 𝐸𝐸dift,𝑝𝑝↓ + 𝐸𝐸reft,𝑝𝑝↓ (27)

where 𝐴𝐴 𝐴𝐴dift,𝑝𝑝↓ (𝐴𝐴 𝐴𝐴reft,𝑝𝑝↓ ) is calculated by Equations 16 and 17 and 𝐴𝐴 𝐴𝐴dift,𝑝𝑝↓𝑜𝑜2𝑚𝑚 is the downward diffuse solar radiation 
calculated by the 3DSTSRE scheme in the numerical models.

In land surface models (LSMs), the downward SSR components play a role as variables of the atmospheric forc-
ing field. In the offline run of LSMs, the downward SSR components are corrected according to Equations 15–17 
when updating the atmospheric forcing fields. However, the upward SSR components should be also corrected 
to ensure the energy conservation (Lee et al., 2015) when applying the 3DSTSRE scheme to coupled or atmos-
pheric models, in which the 3DSTSRE scheme is applied to the bottom level of the radiative transfer module. The 
upward SSR components on the bottom level of atmosphere should be adjusted by:

𝐸𝐸dirt,𝑝𝑝↑ = 𝐸𝐸dirt,𝑝𝑝↓ ⋅

(

𝑎𝑎𝑝𝑝 +
𝐸𝐸dir,𝑝𝑝↓ − 𝐸𝐸dirt,𝑝𝑝↓

𝐸𝐸dirt,𝑝𝑝↓

)

 (28)

𝐸𝐸dift,𝑝𝑝↑ = 𝐸𝐸dift,𝑝𝑝↓𝑜𝑜2𝑚𝑚 ⋅

(

𝑎𝑎𝑝𝑝 +
𝐸𝐸dif,𝑝𝑝↓ − 𝐸𝐸dif𝑡𝑡,𝑝𝑝↓𝑜𝑜2𝑚𝑚

𝐸𝐸dift,𝑝𝑝↓𝑜𝑜2𝑚𝑚

)

 (29)

where 𝐴𝐴 𝐴𝐴dirt,𝑝𝑝↑ (𝐴𝐴 𝐴𝐴dift,𝑝𝑝↑ ) is the upward direct (diffuse) solar radiation flux calculated by the 3DSTSRE scheme.

2.3. Data

The Shuttle Radar Topography Mission (SRTM) 90m Digital Elevation Database v4.1 (Jarvis et al., 2008) are 
used to generate the terrain slope, aspect, sky view factor and shadow factor in this study. The SRTM V4.1 is 
a further processed and hole-filled version of the original NASA SRTM data (Reuter et al., 2007). The biases 
of the SRTM data in mountainous areas are larger than those in flat areas (Gorokhovich & Voustianiouk, 2006; 
Rodriguez et  al.,  2006). However, the SRTM data still provide a precious opportunity for a detailed terrain 
description. Thus, the SRTM V4.1 data are widely applied in geophysical studies over mountains (Frey & 
Paul, 2012; Lee et al., 2013; Sreedevi et al., 2013).

Following Li and Luo (2015), the MODIS MCD43A3 with a resolution of 500 m (shortwave band) offers the 
albedo in this study (Schaaf & Wang, 2015). The MODIS albedo data are interpolated onto the SRTM grid with 
a resolution of 3″ by bilinear interpolation method. The albedo data on the model grids with the resolutions of 
0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8° are the arithmetic average of MODIS data within each model grid.

This study tests the clear-sky 3DSTSRE parameterization scheme in 3 sub-regions (Figures 2b–2d) with rugged 
terrains (Reg1, 35°E ∼ 40°E, 5°N ∼ 10°N; Reg2, 100°E ∼ 105°E, 30°N ∼ 35°N; Reg3, 130°E ∼ 135°E, 55°N 
∼ 60°N). According to the sky view factor in Figure 2, Reg2 situated in the eastern Tibetan Plateau has the most 
complex terrain among the 3 sub-regions. Reg1 in the Great Rift Valley (Reg3 including parts of the Wai Hinggan 
Mountains) is featured by rugged terrains near the equator (Arctic Circle). Reg2 is the testing area for construct-
ing the parameterization scheme because of its location of mid-latitude with rich terrain feature.
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2.4. Experimental Design

As shown in Table 1, we set up three groups of experiments with the aim to analyze the error source of the param-
eterized calculation of direct solar radiation flux based on the results of experiment group G1, test the optimal 
value of the adjustment parameter 𝐴𝐴 𝐴𝐴ad with the results of experiment group G2, and evaluate the performance 
of the clear-sky 3DSTSRE parameterization scheme by conducting the experiment group G3. The experiments 
with prefix EXPL explicitly calculate the downward SSR components in the sub-grids of 3″, which are then 
area-weighted averaged to the grids with different resolutions (i.e., 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°). 
The experiments with prefix PARA calculate the downward SSR components with different resolutions by the 
clear-sky 3DSTSRE parameterization scheme.

To reveal the error source of the parameterized calculation of direct solar radiation flux, we carry out 8 sensitive 
experiments in the experiment group G1 over Reg2 (Table 1). The 𝐴𝐴 cos𝑍𝑍 , 𝐴𝐴 cos 𝐼𝐼 , and 𝐴𝐴 𝐴𝐴𝐴𝐴  with a resolution of 3″ 
calculated in the EXPL-cosISF experiment are used to statistically produce the correction factors 𝐴𝐴 DIR𝐶𝐶𝑝𝑝 , 𝐴𝐴 SFC𝑝𝑝 , 
and 𝐴𝐴 𝐴 cos𝑍𝑍𝑖𝑖 ⋅ sec𝛼𝛼𝑖𝑖 >𝑖𝑖→𝑝𝑝 for the PARA-cosISF, PARA-cosI, and PARA-SF experiments. The 𝐴𝐴 DIR𝐶𝐶𝑝𝑝 and 𝐴𝐴 SFC𝑝𝑝 
(Equations 18 and 24) in the clear-sky 3DSTSRE parameterized scheme are evaluated by the 𝐴𝐴 DIR𝐶𝐶𝑝𝑝 and 𝐴𝐴 SFC𝑝𝑝 
derived from the explicit calculations of the EXPL-cosISF experiment.

To achieve the optimal value of the adjustment parameter 𝐴𝐴 𝐴𝐴ad to correct the 𝐴𝐴 SFC𝑝𝑝 , in the experiment group G2 
(Table 1), we carried out a series of parameterized experiments with different 𝐴𝐴 𝐴𝐴ad to estimate the downward 
SSR flux in Reg2 at a given horizontal resolution, for which the optimal 𝐴𝐴 𝐴𝐴ad is obtained when the root mean 
square error of the instant downward SSR at all the time steps throughout the year calculated in the PARA-TEST 
against those derived from the explicit calculations of EXPL-TEST is the smallest. Then we can obtain the 

Group Experiment name Calculations Grid resolution

G1 EXPL-cosISF Explicit calculation of the downward direct solar radiation with the effect of terrain self and cast shadows in the 

mountain radiation theory:𝐴𝐴 max

(

SF ⋅ 𝜏𝜏𝑏𝑏 ⋅ 𝐸𝐸ac

(

𝑟𝑟0

𝑟𝑟

)2

cos 𝐼𝐼𝐼 0.0

)

3″ (∼90m)

EXPL-cosI Explicit calculation of the downward direct solar radiation with the effect of terrain self shadow in the 

mountain radiation theory:𝐴𝐴 max

(

𝜏𝜏𝑏𝑏 ⋅ 𝐸𝐸ac

(

𝑟𝑟0

𝑟𝑟

)2

cos 𝐼𝐼𝐼 0.0

)

EXPL-SF Explicit calculation of the downward direct solar radiation with the effect of terrain cast shadow in the 

mountain radiation theory:𝐴𝐴 max

(

𝑆𝑆𝑆𝑆 ⋅ 𝜏𝜏𝑏𝑏 ⋅ 𝐸𝐸𝑎𝑎𝑎𝑎

(

𝑟𝑟0

𝑟𝑟

)2

cos𝑍𝑍𝑍 0.0

)

EXPL-Plane Explicit calculation of the downward direct solar radiation based on the plane radiation 

theory𝐴𝐴 max

(

𝜏𝜏𝑏𝑏 ⋅ 𝐸𝐸𝑎𝑎𝑎𝑎

(

𝑟𝑟0

𝑟𝑟

)2

cos𝑍𝑍𝑍 0.0

)

PARA-cosISF Parameterized calculation of the downward direct solar radiation on model grids with the effect of sub-grid 
terrain self and cast shadows:𝐴𝐴 max

(

SFC𝑝𝑝DIRC𝑝𝑝

𝐸𝐸dir,𝑝𝑝↓

cos𝑍𝑍𝑝𝑝

, 0.0
)

∕SECA𝑝𝑝

0.1°

PARA-cosI Parameterized calculation of the downward direct solar radiation on model grids with the effect of sub-grid 
terrain self shadow:𝐴𝐴 max

(

DIRC𝑝𝑝

𝐸𝐸dir,𝑝𝑝↓

cos𝑍𝑍𝑝𝑝

, 0.0
)

∕SECA𝑝𝑝

PARA-SF Parameterized calculation of the downward direct solar radiation on model grids with the effect of sub-grid 
terrain cast shadow:𝐴𝐴 max

(

SFC𝑝𝑝 < cos𝑍𝑍𝑖𝑖sec𝛼𝛼𝑖𝑖 >𝑖𝑖→𝑝𝑝

𝐸𝐸dir,𝑝𝑝↓

cos𝑍𝑍𝑝𝑝

, 0.0
)

∕SECA𝑝𝑝

PARA-Plane Parameterized calculation of the downward direct solar radiation on model grids based on the radiation scheme 
of plane surface:𝐴𝐴 cos𝑍𝑍𝑝𝑝𝜏𝜏𝑏𝑏𝑏𝑝𝑝𝐸𝐸ac

(

𝑟𝑟0

𝑟𝑟

)2

G2 EXPL-TEST Explicit calculation of downward SSR components at the grids of DEM data based on Equations 3–5 3″(∼90m)

PARA-TEST Parameterized calculation of the downward SSR components based on 15–23 and 25 at the model grids with 
different horizontal resolutions

0.025°, 0.05°, 
0.1°, 0.2°, 

0.4°, and 0.8°

G3 EXPL Explicit calculation of downward SSR components at the grids of DEM data based on Equations 3–5 3″(∼90m)

PARA-Cad Parameterized calculation of the downward SSR components based on Equations 15–23, 25 0.025°, 0.05°, 
0.1°, 0.2°, 

0.4°, and 0.8°
PARA-NoCad Parameterized calculation of the downward SSR components based on Equations 15–24

Table 1 
Experimental Design
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optimal 𝐴𝐴 𝐴𝐴ad at each horizontal resolutions (Table 1) and further get the fitting relation between the optimal 𝐴𝐴 𝐴𝐴ad 
and model horizontal resolution (Equation 25). For a given resolution grid, 𝐴𝐴 𝐴𝐴ad is tested between 1.0 and 0.0 
based on the half-interval search algorithm (Williams,  1976). Specifically, we first calculated the downward 
SSR flux by the clear-sky 3DSTSRE parameterization scheme with 𝐴𝐴 𝐴𝐴ad = (1.0 + 0.0)∕2 = 0.5 . If the clear-sky 
3DSTSRE parameterization scheme with 𝐴𝐴 Cad = 0.5 produces large root mean square error in the downward SSR, 
then we calculate the downward SSR flux by the clear-sky 3DSTSRE scheme with 𝐴𝐴 𝐴𝐴ad = (0.5 + 0.0)∕2 = 0.25 
(𝐴𝐴 𝐴𝐴ad = (0.5 + 1.0)∕2 = 0.75 )……, until we get the optimal 𝐴𝐴 𝐴𝐴ad value.

We further carried out the experiment group G3 to indicate the impact of 𝐴𝐴 SFC𝑝𝑝 adjusted by the optimal 𝐴𝐴 𝐴𝐴ad (Equa-
tions 25 and 26) on the accuracy of the clear-sky 3DSTSRE scheme with different horizontal resolutions over 
Reg1, Reg2, and Reg3. The experiment PARA-Cad (PARA-NoCad) adopts the clear-sky 3DSTSRE scheme with 
(without) the adjustment of 𝐴𝐴 SFC𝑝𝑝 .

All experiments calculate the downward SSR flux on the 15th day of each month in 2010 under clear sky condi-
tions with the time step of 20 min. Each run starts from 00:00 UTC and ends at 24:00 UTC on the 15th day of 
each month in 2010. The mean value of the results on the 15th day of each month is taken as the annual mean.

2.5. Evaluation Metrics

The metrics such as the spatial correlation coefficient (SCC), root mean square error, normalized mean absolute 
error (NMAE), relative error (RE), and Taylor score (TS) (Taylor, 2001) are adopted to evaluate the clear-sky 
3DSTSRE parameterization scheme. The lower (higher) error, NMAE, and RE (SCC and TS) indicate better 
performance. To compare the scheme performance in different regions and at different time, the mean absolute 
error is normalized by the mean value of the year, the day, or the region. Many previous studies have proven the 
reliability of the mountain radiation theory by validation with observations (Aguilar et al., 2010; Dubayah & 
Loechel, 1997; Fu & Rich, 1999; Oliphant et al., 2003; Ruiz-Arias et al., 2011; Tovar-Pescador et al., 2006; Yan 
et al., 2021). Therefore, the downward SSR components produced by the EXPL-cosISF, EXPL-TEST, and EXPL 
experiments are treated as the true values in this study.

3. Error Source of the Clear-Sky 3DSTSRE Parameterization Scheme and Solution 
to Reduce Error
3.1. Error Source of the Clear-Sky 3DSTSRE Parameterization Scheme

As shown in Figure 1d, the direct solar radiation flux is affected by the terrain self shadow and surrounding 
terrain cast shadow (Corripio, 2003; Olson & Rupper, 2019). 𝐴𝐴 cos𝐼𝐼 (𝐴𝐴 𝐴𝐴𝐴𝐴  ) is a measure of the terrain self shadow 
(cast shadow) effects. According to 𝐴𝐴 cos 𝐼𝐼 = cos𝑍𝑍 ⋅ cos 𝛼𝛼 + sin 𝛼𝛼 ⋅ sin𝑍𝑍 ⋅ cos(𝛽𝛽 − 𝜃𝜃) , the slope receives more 
direct solar radiation when the difference between the solar azimuth and the terrain aspect is less than 90° (green 
part in Figure 1d). The slope receives less direct solar radiation flux which is terrain self shadowed when the 
angle between the solar azimuth and the terrain aspect is larger than 90° (pink part in Figure 1d). The shadow 
of the surrounding terrain also reduces local direct solar radiation (violet part in Figure 1d). In the continuous 
mountains, the terrain self shadow and cast shadow often occur together in the same place at the same time (gray 
part in Figure 1d).

The differences in direct solar radiation flux at surface between the EXPL-Plane and PARA-Plane experiments 
with the horizontal resolution of 0.1° are quite small (0.1 W·m −2, not shown). Therefore, the differences in lati-
tude, solar zenith, and solar azimuth between the grid and sub-grid are indeed ignorable. The differences in direct 
solar radiation flux at surface between the EXPL-cosISF and EXPL-Plane experiments with the resolution of 3″ 
(∼90m) represent the total terrain effects on the direct solar radiation (Figure 5a). The total terrain effects mainly 
reduce the surface direct solar radiation flux by the terrain self and cast shadow. The differences of direct solar 
radiation flux at surface between the EXPL-cosI (EXPL-SF) and EXPL-Plane experiments represent the impact 
of terrain self (cast) shadow (Figures 5b and 5c). It is clear that both the terrain self and cast shadow largely 
affect the direct solar radiation flux over the regions featured by valleys with the sky view factor less than 0.8 
(Figure 2c), where the annual mean direct solar radiation flux can be reduced by more than 30 (20) W·m −2 due 
to the effect of terrain self (cast) shadow.
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The differences in direct solar radiation flux at surface between the PARA-cosISF calculations with the hori-
zontal resolution of 0.1° and those derived from the explicit calculations of EXPL-cosISF indicate the total 
errors of clear-sky 3DSTSRE parameterization scheme (Figure 5d). And the differences between the PARA-cosI 
(PARA-SF) and EXPL-cosI (EXPL-SF) experiments represent the errors resulted from the parameterization of 
terrain self (cast) shadow effect (Figures 5e and 5f). As shown in Figure 5d, it can be noted that the clear-sky 
3DSTSRE scheme tends to underestimate the direct solar radiation flux, especially over the complex terrains 
featured by the sky view factor less than 0.8 (Figure  2c), where the direct solar radiation flux is underesti-
mated by more than 20 W·m −2 due to the overestimation of parameterized terrain shadow effect. Comparison 
of Figures 5d and 5e suggests that the errors resulted from the parameterized terrain self shadow effect mainly 
contribute to the total errors of the clear-sky 3DSTSRE scheme. The overestimation of the parameterized terrain 
self shadow comes from the process of 𝐴𝐴 DIRC𝑝𝑝 =< sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 >𝑖𝑖→𝑝𝑝 in Equation 18. The value of 𝐴𝐴 cos 𝐼𝐼 ranges 
from −1 to 1. The value of 𝐴𝐴 sec 𝛼𝛼 is non-negative. So the 𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 at the sub-grids in the gray and pink parts in 
Figure 1d is negative. The negative 𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 turns to 0 at sub-grids in the EXPL-cosISF and EXPL-cosI exper-
iments, which means there is no direct solar radiation flux. However, when calculating the grid scale 𝐴𝐴 DIRC𝑝𝑝 by 

Figure 5. Impacts of terrain (a) self and cast shadows, (b) self shadow, and (c) cast shadow on the annual mean downward direct solar radiation flux at surface with the 
grid resolution of 0.1°, which are derived from the differences between EXPL-cosISF and EXPL-Plane, between EXPL-cosI and EXPL-Plane, between EXPL-SF and 
EXPL-Plane at the grid resolution of 3″, respectively. The errors in the annual mean downward direct solar radiation at surface produced by the (d) PARA-cosISF, (e) 
PARA-cosI, and (f) PARA_SF experiments with the grid resolution of 0.1° against those derived from the explicit calculations of EXPL-cosISF experiment with the 
resolution of 3″ over the Reg2 (Figure 2c).
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Equation 18, the negative 𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 cannot be turned to 0, and the negative 
values of 𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 are averaged into 𝐴𝐴 DIRC𝑝𝑝 , and therefore the overesti-
mated terrain self shadow effect in the clear-sky 3DSTSRE scheme leads to 
the underestimation of downward direct solar radiation flux at surface.

Meanwhile, the total errors resulted from the separately parameterized terrain 
self and cast shadow effects (Figures 5e and 5f) cannot explain the errors 
produced by the clear-sky 3DSTSRE scheme. Another main source of the 
errors is the overestimation of the overlapping impact of the terrain self and 
cast shadow effects (Figure 6) in the process of 𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 >𝑖𝑖→𝑝𝑝𝐴 SF𝑖𝑖 >𝑖𝑖→𝑝𝑝 . 
In the process of 𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 ⋅ SF𝑖𝑖 >𝑖𝑖→𝑝𝑝 (explicit calculation), the 
direct solar radiation at the sub-grids in the gray part of Figure  1d is 0. 
The terrain cast shadow together with self shadow affects the grid scale 
direct solar radiation flux at surface once. However, during the process of 

𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 >𝑖𝑖→𝑝𝑝𝐴 SF𝑖𝑖 >𝑖𝑖→𝑝𝑝 (parameterized calculation), the terrain 
cast shadow and self shadow in the gray parts at the sub-grids in Figure 1d 
repeatedly affect the grid scale direct solar radiation flux at surface. The sum 
of terrain self shadow effect (Figure  5b) and the surrounding terrain cast 
shadow effect (Figure 5c) subtracted by the total terrain effects (Figure 5a) 
indicates the overlapping part (gray area in Figure 1d) of the terrain self and 
cast shadow effects (Figure  6), which largely contributes to the errors of 
clear-sky 3DSTSRE scheme (Figure 5d).

In the clear-sky 3DSTSRE scheme, the synergistic effect of terrain self and 
cast shadows is indicated by 𝐴𝐴 DIR𝐶𝐶𝑝𝑝 ⋅ SFC𝑝𝑝 (Equation 15). Figure 7 shows the 

relative errors of parameterized 𝐴𝐴 DIR𝐶𝐶𝑝𝑝 and 𝐴𝐴 SFC𝑝𝑝 with the horizontal resolution of 0.1° relative to those derived 
from the explicit calculations of the EXPL-cosISF experiment with the resolution of 3″. The relative error of 
parameterized 𝐴𝐴 DIR𝐶𝐶𝑝𝑝 is within ±0.3% (Figure 7a), while the parameterized 𝐴𝐴 SFC𝑝𝑝 is overestimated by up to 2% 
of relative errors (Figure 7b), which are relatively larger compared to the 𝐴𝐴 DIRC𝑝𝑝 . The overestimation of 𝐴𝐴 SFC𝑝𝑝 
weakens the surrounding terrain cast shadow effect. Overall, the parameterized 𝐴𝐴 DIRC𝑝𝑝 and 𝐴𝐴 SFC𝑝𝑝 are basically 
mathematically accurate despite of the errors produced by the clear-sky 3DSTSRE scheme due to the physical 
processing, that is, the negative values of direct solar radiation flux at some sub-grids are taken into the param-
eterization. Therefore, we further adjust the 𝐴𝐴 SFC𝑝𝑝 by the adjustment factor 𝐴𝐴 𝐴𝐴ad (Equations 25 and 26) to reduce 
the errors of clear-sky 3DSTSRE scheme resulted from the overlapping effect of terrain self and cast shadow 
(Figure 6).

3.2. Solution to Reduce Error

It is difficult to determine the exact ratio of the sub-grids with 𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 < 0 
or the sub-grids with 𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 < 0 and 𝐴𝐴 SF𝑖𝑖 = 0 . However, we can make a 
compromise to meet the goal. Specifically, we replace 𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 ⋅ SF𝑖𝑖 >𝑖𝑖→𝑝𝑝 
with 𝐴𝐴 (1 − 𝐶𝐶ad (1− < SF𝑖𝑖 >𝑖𝑖→𝑝𝑝)) ⋅ < sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 >𝑖𝑖→𝑝𝑝 (Equations 15 and 25). 

𝐴𝐴 𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 >𝑖𝑖→𝑝𝑝 stands for the grid-scale self terrain effect and the 
area weight. 𝐴𝐴 (1 − 𝐶𝐶𝑎𝑎𝑎𝑎 (1− < SF𝑖𝑖 >𝑖𝑖→𝑝𝑝)) stands for the adjusted grid-scale 
shadow factor. 𝐴𝐴 1− < SF𝑖𝑖 >𝑖𝑖→𝑝𝑝 is the ratio of all the cast shadowed sub-grids. 

𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎 (1− < SF𝑖𝑖 >𝑖𝑖→𝑝𝑝) is the ratio of the cast shadowed sub-grids with            
𝐴𝐴 sec𝛼𝛼𝑖𝑖 ⋅ cos𝐼𝐼𝑖𝑖 > 0 .

The value of 𝐴𝐴 𝐴𝐴ad is tested in Reg2 with the horizontal resolutions of 0.025°, 
0.05°, 0.1°, 0.2°, 0.4°, and 0.8°. The adjust factor 𝐴𝐴 𝐴𝐴ad is optimal when the 
root mean square error of the parameterized downward SSR is the small-
est. The optimal 𝐴𝐴 𝐴𝐴ad values are 0.1, 0.064, 0.054, 0.05, 0.048, and 0.043 for 
the 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8° model grids, respectively. The 
grid resolutions (°) converted to distances (km) are 2.3446, 4.6893, 9.3785, 
18.7570, 37.5141, and 75.0281 km (𝐴𝐴 𝐴𝐴𝐴𝐴 = 111.2km × res × cos(32.5 ◦) ). 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 
is the resolution in degrees. 32.5°N is the center latitude of Reg2. We get 

Figure 6. The overlapping impact (gray area in Figure 1d) of the terrain self 
and cast shadows on the annual mean downward direct solar radiation flux 
at surface over Reg2 (Figure 2c) at resolution of 0.1°, which is derived from 
the difference between the sum of values in Figures 5b and 5c and those in 
Figure 5a.

Figure 7. The relative errors of the parameterized (a) 𝐴𝐴 DIRC𝑝𝑝 and (b) 𝐴𝐴 SFC𝑝𝑝 
over Reg2 (Figure 2c) with the grid resolution of 0.1°.
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the function 𝐴𝐴 𝐴𝐴ad = 0.1849𝑑𝑑𝑑𝑑−1.443 + 0.04561 (Equation 26) through the least 
squares fitting, where 𝐴𝐴 𝐴𝐴𝐴𝐴 is the model horizontal resolution in kilometers 
and is calculated by 𝐴𝐴 𝐴𝐴𝐴𝐴 = 111.2km × res × cos𝜑𝜑 . As shown in Figure 8, the 
fitting curve of 𝐴𝐴 𝐴𝐴ad is in good agreement with the test values. The sum of 
squared errors (SSE) and the determination coefficient (R 2) are 1.72 × 10 −5 
and 0.99 in the fitting, suggesting that the function fits well. The portability 
of 𝐴𝐴 𝐴𝐴ad to the regions with different latitudes and terrains is tested over Reg1 
and Reg3 and the results are shown in Section 4.

4. Scheme Evaluation
To evaluate the clear-sky 3DSTSRE parameterization scheme, we carried out 
the PARA-Cad (PARA-NoCad) experiment with (without) the parameterized 
shadow factor 𝐴𝐴 SFC𝑝𝑝 adjusted by the factor 𝐴𝐴 𝐴𝐴ad (Equations 25 and 26) with the 
horizontal resolutions of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8° in Reg1, 
Reg2, and Reg3, respectively. Figure 9 shows the normalized mean absolute 
error (NMAE) of the instant downward SSR flux throughout the year with 
the horizontal resolution of 0.1° relative to those derived from the explicit 
calculations of the EXPL experiment with the horizontal resolution of 3″. 
The PARA-Cad experiment can well reproduce the spatial distribution of the 
annual mean downward SSR flux derived from the explicit calculations of 

EXPL experiment (Figures 9a, 9b, 9e, 9f, 9i and 9j). The NMAE of the downward SSR flux calculated by the 
PARA-Cad experiment are less than 1% (Figures 9c, 9g and 9k). The NMAE of the downward SSR flux calculated 
by the PARA-NoCad experiment are more than 5% in the areas with very complex terrains (Figures 9d and 9h).

Although the relation between 𝐴𝐴 𝐴𝐴ad and 𝐴𝐴 𝐴𝐴𝐴𝐴 (Equation 26) is fitted according to the experimental results over Reg2, 
the NMAEs in Figures 9c, 9d, 9k and 9l show that Equation 26 is successfully portable to Reg1 and Reg3. The 
high portability of Equation 26 over Reg1 and Reg3 indicates that Equation 26 can be extended to the other places 
of the world because of the quite different terrains and latitudes between Reg1, Reg3, and Reg2. The NMAE in 
the downward SSR flux calculated by the clear-sky 3DSTSRE scheme with other horizontal resolutions show 
very similar features to those with the 0.1° horizontal resolution (not shown), indicating the adjustment of 𝐴𝐴 SFC𝑝𝑝 
can further remarkably reduce the relative errors of the annual mean downward SSR flux calculated by the 
clear-sky 3DSTSRE without the 𝐴𝐴 SFC𝑝𝑝 adjusted over the areas featured by complex terrains.

Figure 10 shows the probability distributions of the relative error for the instant downward SSR flux throughout 
the year calculated by the PARA-Cad and PARA-noCad experiments over the 3 regions with different horizontal 
resolutions. The curves in Figure 10a are approximately the normal distribution while the curves in Figure 10b 
are the skewed distribution. The scheme without the adjustment factor Cad generally underestimates the down-
ward SSR fluxes due to the overestimation of the terrain shadow effect. Figure 10a shows that the relative error 
of simulated instant downward SSR flux in the PARA-Cad (PARA-noCad) experiment at 76.8%, 84.8%, 88.7%, 
91.6%, 93.0%, and 87.1% (59.7%, 59.9%, 65.2%, 57.4%, 56.0%, and 55.6%) grids are within ±1% at the horizon-
tal resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°, respectively. The clear-sky 3DSTSRE scheme with the 
parameterized shadow factor 𝐴𝐴 SFC𝑝𝑝 adjusted shows very stable good performance to simulate the downward SSR 
flux in different regions and time with different horizontal resolutions.

As shown in Figures 11a–11f, the regionally averaged normalized mean absolute errors (NAMEs) of the instant 
downward SSR flux in the PARA-noCad experiment are all above 1% and reach 3% in winter for all the resolu-
tions. Compared to those in the PARA-noCad experiment, the regional mean NMAEs of the instant downward 
SSR flux in the PARA-noCad experiment largely decrease and have no significant seasonal differences for all 
resolutions. The regional mean NMAEs of the instant downward SSR flux in the PARA-noCad experiment are 
close to 0 for the resolutions of 0.1°, 0.2°, and 0.4°. Figures 11g–11l show that significant NMAEs of the instant 
downward SSR flux exist during the early morning and late afternoon in the PARA-noCad experiment for all reso-
lutions. The NMAEs in the PARA-Cad experiment are less than 1% throughout the day for the resolutions from 
0.05° to 0.8° (Figures 11h–11l). The NMAEs in the PARA-Cad experiment for the resolution of 0.025° are around 

Figure 8. The values of optimal 𝐴𝐴 𝐴𝐴ad (red dots) at different resolutions and the 
fitting curve (black line) of the optimal 𝐴𝐴 𝐴𝐴ad with the grid resolutions based on 
the results over Reg2 (Figure 2c).
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1% during the day and a little bit larger than those at the other resolutions. The clear-sky 3DSTSRE scheme with 
the adjustment factor 𝐴𝐴 𝐴𝐴ad still performs slightly worse in the morning (afternoon) than at noon.

Overall, from Figures 9–11, the clear-sky 3DSTSRE scheme with the parameterized shadow factor 𝐴𝐴 SFC𝑝𝑝 adjusted 
performs well throughout the year (day) in various regions at different horizontal resolutions. In addition, the 
Taylor scores and correlation coefficients calculated for all the resolutions are over 0.99 at most time steps and 
over 0.98 at the dawn and dusk time steps (passing the 99.9% significance level), indicating the good and stable 
performance of the clear-sky 3DSTSRE scheme. The application of the clear-sky 3DSTSRE scheme in the 0.025° 
model grids still offers good descriptions of the terrain effect. Due to the requirement of enormous calculations 
and memory storage, it is impossible and wasteful to explicitly calculate the downward SSR flux at the sub-grids 
during the model integration. Obviously, the clear-sky 3DSTSRE scheme does not add additional computational 

Figure 9. The annual mean downward surface solar radiation (SSR) flux at 0.1° grid resolution derived from the explicit calculations of the EXPL experiment (a, e, 
and i) with the resolution of 3″ and the parameterized calculations of the PARA-Cad experiment (b, f, and j) over the 3 regions (Figures 2b–2d). The normalized mean 
absolute errors (NMAE) of downward SSR flux calculated by the PARA-Cad (c, g, and k) and PARA-NoCad experiments (d, h, and l).
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burden to the numerical models and achieves the equivalence of the explicitly 
calculated downward SSR flux at the sub-grids converted to the model grids.

5. Conclusion and Discussion
In this study, a clear-sky 3DSTSRE scheme based on the mountain radiation 
theory and high-resolution DEM data with full consideration of the influ-
ences of the local terrain, surrounding terrain, and surface area change has 
been developed and evaluated. Main conclusions are listed as follows:

The majority of calculations for the clear-sky 3DSTSRE scheme are the 
preparation of global terrain parameter basic data at the resolution of DEM 
data, including terrain slope, aspect, sky view factor, and maximal terrain 
elevation angle, which are used to generate the grid scale factors in the 
clear-sky 3DSTSRE scheme to correct the downward SSR flux calculated 
by the radiation scheme of plane surface. The clear-sky 3DSTSRE scheme 
achieves the equivalent effect of the downward SSR flux on model grids 
derived from those explicitly calculated on sub-grids and it can be flexi-
bly applied to numerical models without adding additional computational 
burden.

The main challenge for the clear-sky 3DSTSRE scheme is to precisely repre-
sent the synergistic effects of the sub-grid terrain self and cast shadows on the 
direct solar radiation at surface, which is the main error source of the scheme. 
An adjustment parameter 𝐴𝐴 𝐴𝐴ad relying on the model horizontal resolutions is 
further used to balance the effects of the sub-grid terrain self and cast shad-
ows. The clear-sky 3DSTSRE scheme with the parameterized shadow factor 

𝐴𝐴 SFC𝑝𝑝 adjusted performs well at different model horizontal resolutions over 
the regions featured by complex terrains.

The relative errors of the instant downward SSR flux calculated by the 
clear-sky 3DSTSRE scheme obey the normal distribution and are within 

±1% at 76.8%, 84.8%, 88.7%, 91.6%, 93.0%, and 87.1% of the model grids with the horizontal resolution reso-
lution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°, respectively. The NMAEs of the instant downward SSR flux 
calculated by the clear-sky 3DSTSRE scheme are less than 1.0% (2.0%) throughout the year and the day for 
the grid resolutions ranging from 0.05° to 0.8° (of 0.025°). The clear-sky 3DSTSRE scheme produces Taylor 
scores and spatial correlation coefficients passing the 99.9% significant level for the instant downward SSR flux 
at different time steps and different grid resolutions. The performance of the clear-sky 3DSTSRE scheme with 
the shadow factor adjusted decreases slightly under the conditions with much lower solar zenith and finer model 
horizontal resolution. However, the spatial correlation coefficients and Taylor scores of the instant downward 
SSR flux in 0.025° grids produced by the clear-sky 3DSTSRE scheme with the shadow factor adjusted are above 
0.98 at dawn and dusk, during which the solar zenith angle is much lower.

Overall, the clear-sky 3DSTSRE scheme with the shadow factor adjusted offers the models a detailed and precise 
description of the STSRE on the downward SSR flux. It has broad application prospects in various numerical 
models of different horizontal resolutions with the advantages of a solid physical foundation, high accuracy, 
minimal computational expense, strong portability and flexibility.

Due to the restriction of the calculation resources and storage space, the clear-sky 3DSTSRE scheme is evaluated 
in three 5° × 5° regions instead of the whole world. In addition, the study is conducted under clear-sky conditions, 
which idealize the impacts of atmospheric composition and ignore the influences of aerosols and clouds. To 
compensate for these shortcomings, the clear-sky 3DSTSRE scheme should be applied to the numerical models 
and validated with observations around the world in the near future.

Figure 10. The probability distribution function (PDF) of relative errors in 
the instant downward SSR flux from the parameterized calculations of the 
PARA-Cad experiment (a) and the PARA-noCad experiment (b) against those 
derived from the explicit calculations of the EXPL experiments with the 
resolution of 3″ over the 3 regions (Figures 2b–2d).
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Data Availability Statement
The Shuttle Radar Topography Mission (SRTM) 90m Digital Elevation Database v4.1 (Jarvis et al., 2008, avail-
able at https://developers.google.com/earth-engine/datasets/catalog/CGIAR_SRTM90_V4) and the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) MCD43A3 Version 6 Albedo Model data set (Schaaf & 
Wang, 2015, available at https://e4ftl01.cr.usgs.gov/MOTA/MCD43A3.006/) were used in this study. Software -  
Calculations in this study were made with the GNU Fortran compiler (GFortran) version 4.8.5 which is available 
under the terms of the GNU General Public License at https://gcc.gnu.org/wiki/GFortranSource. Figures 1 and 4 
were made with Adobe Illustrator CC 2018 (Adobe, 2018) and can be purchased and free tried at https://www.
adobe.com/products/illustrator.html. Figures 2 and 3 and 5–Figures 2 and 3 and 7 Figures 2 and 3 and and Figures 
2 and 3 and 9 were made with the Grid Analysis and Display System (GrADS) V2.2.0 (COLA, 2017, available 
under the terms of the GNU (2015) General Public License at ftp://cola.gmu.edu/grads/2.2/grads-2.2.0-src.tar.
gz). Figures 8, 10 and 11 were made with OriginPro (OriginLab, 2021) and can be purchased at https://store.
originlab.com/store/Default.aspx?CategoryID=0 and free tried at https://www.originlab.com/try.

Figure 11. The regionally averaged normalized mean absolute error (NMAE) of the instant downward SSR flux from the parameterized calculations of the PARA-Cad 
experiment (red line) and the PARA-noCad experiment (blue line) with different grid resolutions against those derived from the explicit calculations of the EXPL 
experiments with the resolution of 3″ over the 3 regions (Figures 2b–2d) (a–f) for each month (g–l) for local solar time of a day.

https://developers.google.com/earth-engine/datasets/catalog/CGIAR_SRTM90_V4
https://e4ftl01.cr.usgs.gov/MOTA/MCD43A3.006/
https://gcc.gnu.org/wiki/GFortranSource
https://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/illustrator.html
ftp://cola.gmu.edu/grads/2.2/grads-2.2.0-src.tar.gz
ftp://cola.gmu.edu/grads/2.2/grads-2.2.0-src.tar.gz
https://store.originlab.com/store/Default.aspx?CategoryID=0
https://store.originlab.com/store/Default.aspx?CategoryID=0
https://www.originlab.com/try
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