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Abstract Rugged topography considerably regulates the surface downwelling long‐wave radiation (SDLR)
flux and further affects the surface radiation and energy balances. The three dimensional sub‐grid terrain long‐
wave radiative effect (3DSTLRE) is absent in most current numerical models, which usually adopt plane‐
parallel schemes to simulate the SDLR flux. This study has developed a clear‐sky 3DSTLRE parameterization
scheme based on the isotropic assumption of SDLR at rugged terrains and systematically evaluated its ability
over the Tibetan Plateau (TP). Results show that the 3DSTLRE scheme achieves good and stable performance
regardless of the horizontal resolution, time of the year, and sub‐grid terrain complexity. At different model
horizontal resolutions ranging from 0.025° to 0.8°, the normalized mean absolute errors (NMAE) of the daily
SDLR flux simulated by the clear‐sky 3DSTLRE scheme over most of TP are less than 0.9%, and the NMAE of
the daily SDLR flux produced by the clear‐sky 3DSTLRE scheme regionally averaged over the grids with
different sub‐grid terrain complexity are less than 0.25% in different months. Neglecting the 3DSTLRE in the
plane‐parallel schemes may lead to clearly underestimated SDLR flux over the rugged areas, and the
underestimation increases with the horizontal resolution and sub‐grid terrain complexity. At different model
horizontal resolutions, the mean underestimation of the clear‐sky daily SDLR flux simulated by the plane‐
parallel scheme over most of TP ranges from 5 to 20 W · m− 2 with a relative underestimation of 4∼10%. The
3DSTLRE scheme can clearly reduce the biases of plane‐parallel scheme and exhibits wide application
prospects in various numerical models.

Plain Language Summary Terrain greatly affects the surface downwelling long‐wave radiation
(SDLR) flux and further modulates the surface radiation and energy balance and thereafter weather and
climate at local to regional scales. But most current numerical models do not consider the 3‐dimensional sub‐
grid terrain long‐wave radiative effect (3DSTLRE). This study has developed a clear‐sky 3DSTLRE
parameterization scheme to describe the 3DSTLRE in the numerical models. Several experiments have been
conducted to test the accuracy of the 3DSTLRE parameterization scheme in Tibetan Plateau and to indicate
the necessity of considering the 3DSTLRE over the areas with rugged sub‐grid terrains in numerical models.
Results show that the clear‐sky 3DSTLRE scheme can accurately calculate the SDLR flux at the model grids
with different horizontal resolutions. The plane‐parallel schemes without considering the 3DSTLRE tend to
clearly underestimate the SDLR flux over the rugged areas. The 3DSTLRE parameterization scheme can
obviously reduce the biases of the SDLR flux simulated by the plane‐parallel scheme over the regions with
complex terrain. Due to the advantages of a solid physical foundation, high accuracy, and strong flexibility,
the 3DSTLRE scheme developed in this study exhibits wide application prospects in various numerical
models.

1. Introduction
Surface long‐wave radiation fluxes are important components of the land surface energy budgets (Hu et al., 2017;
Jiao & Mu, 2022; Matzinger et al., 2003). Surface upwelling long‐wave radiation cools land, heats atmosphere,
and during nighttime dominates surface energy balances (Pashiardis et al., 2017; Stephens et al., 2012). Surface
downwelling long‐wave radiation (SDLR) results from atmospheric greenhouse effects and responds quickly to
global warming (Ma et al., 2014; Shakespeare & Roderick, 2022; Vargas Zeppetello et al., 2019). Thus, surface
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long‐wave radiation fundamentally affects the land surface energy processes, atmospheric circulation, and
variation of climate (Laguë et al., 2019; Wild, 2020; Yu & Zhang, 2015; Zeng et al., 2017).

Over plane surface, the surface upwelling and downwelling long‐wave radiation fluxes depend on the land surface
temperature, land surface emissivity, and condition of low‐level atmosphere, that is, temperature, humidity,
cloud, aerosol, and greenhouse gasses (Ma et al., 2014; Morcrette, 2002; Panicker et al., 2008). Due to
complicated influencing factors, it is tough to accurately simulate the surface long‐wave radiation (Chen
et al., 2017; Li et al., 2013; Wild et al., 1995). The surface long‐wave radiation simulation can be improved from
better model description of land surface process (Zheng et al., 2012) and cloud‐aerosol radiative forcing (Chen
et al., 2018; Jin et al., 2019; Ma et al., 2019; Peng et al., 2018; Zhang et al., 2014). However, uncertainties in the
simulated surface long‐wave radiation over rugged areas (i.e., the Tibetan Plateau (TP), Andes Mountains, and
Rocky Mountains) are much larger than those over plains (Xu et al., 2021, 2022). This is attributed to the fact that
the STLRE is not included in most numerical models (Feldman et al., 2022).

The topography can regulate the surface long‐wave radiation (Marks &Dozier, 1979). Compared to plane surface,
rugged surface receives less SDLR from the atmosphere due to terrain obstruction but gets additional long‐wave
radiation emitted from adjacent terrain (Gratton et al., 1993; Oliphant et al., 2003). The terrain‐emitted long‐wave
radiation accounts for about 22% (more than 50%) of the total SDLR in the common (extreme) cases over the
Upper Colorado River Basin (Feldman et al., 2022). The SDLR over the north slope of a high latitude valley in
Canada is increased by 60% due to the long‐wave radiation from the neighboring slopes (Sicart et al., 2006). The
outgoing surface net long‐wave radiation observed at the crater bottom is 28% less than that at the crater rim in
Arizona's Meteor Crater (Whiteman & Hoch, 2010). According to the remote sensing observation, the SDLR
within the wavelength band of 10.4∼ 12.5 μm emitted from the adjacent terrain is about 2.6 times higher than that
emitted from the atmosphere over the glacier tongue of Qiyi Glacier in China (Wu et al., 2019).

Considering the STLRE in numerical models benefits the simulation of the surface long‐wave radiation or surface
long‐wave radiation related processes (Arnold et al., 2006; Plüss & Ohmura, 1997). The simulated melt of
Shackleton Glacier increases 30% because of the long‐wave radiation emitted from the surrounding valley wall
(Jiskoot & Mueller, 2012). Simulations indicate that 81 ∼ 120 W · m− 2 of long‐wave radiation emitted from the
surrounding bare rocks to the margin of the Cuchillacocha Glacier leads to 1.7 m of glacier melt during the dry
season (Aubry‐Wake et al., 2018). Without considering the STLRE, the biases of simulated surface net long‐wave
radiation reach to themagnitude of∼102W ·m− 2 (∼100%) over the highly rugged surface (Yan et al., 2016, 2020).

The importance of describing the sub‐grid terrain solar radiative effect in the numerical studies of the weather/
climate has been recognized since the 2000s (Hauge & Hole, 2003; Müller & Scherer, 2005; Zhang et al., 2002).
The sub‐grid terrain solar radiative effect is prosperously adopted in the numerical studies of weather and climate
with the parameterization schemes based on various theories (Arthur et al., 2018; Fan et al., 2019; Feng &
Zhang, 2007; Hao et al., 2021; Huang et al., 2022; Lee et al., 2011; Manners et al., 2012). Because of the complex
terrain of TP and its important role in affecting the regional and global climate (Wu et al., 2017; Yang et al., 2020),
great efforts have been paid to investigate the sub‐grid terrain solar radiative effect in TP (Gu et al., 2022; Hao
et al., 2021; Lee et al., 2013; Zhang et al., 2002).

The sub‐grid terrains not only obstruct the solar irradiance and the atmospheric downwelling long‐wave radiation,
but also reflect solar radiation and emit long‐wave radiation to the land surface (Dozier & Frew, 1990;
Duguay, 1995). Both the terrain solar and long‐wave radiative effects should be described in the numerical
models. However, most numerical models totally neglect the STLRE. Zhang et al. (2006) and Gu et al. (2020)
introduce the 2‐dimensional STLRE to the regional climate models based on the theory ofWeng et al. (1981). The
2‐dimensional STLRE simplifies 3D topography as 2D infinite long slope and has the disadvantage of frag-
mentary physical basis. The 2‐dimensional STLRE only considers the terrain obstruction but completely ignores
the essential long‐wave radiation emitted from adjacent terrain. It is urgent to describe the 3‐dimensional STLRE
(3DSTLRE) in numerical models (Feldman et al., 2022).

Here comes two questions: (a) How can the 3DSTLRE be accurately parameterized in the numerical models? (b)
How large are the uncertainties of the grid scale SDLR in the models without the 3DSTLRE scheme? In this
study, a clear‐sky 3DSTLRE parameterization scheme has been developed and its accuracy has been evaluated at
different model horizontal resolutions. The differences of simulated SDLR fluxes between the traditional plane‐
parallel scheme and the 3DSTLRE scheme are also discussed. The rest of the paper is arranged as follows:
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Section 2 introduces the methodology, which includes the description of the explicit calculations of SDLR over
rugged surface at sub‐grid scale and the 3DSTLRE parameterization scheme, respectively. Data, experimental
design, and evaluation metrics are presented in Section 3. Section 4 evaluates the performance of 3DSTLRE
scheme. Conclusions and discussions are shown in Section 5. The acronyms and symbols used in this study are
shown in Table 1.

2. Methodology
2.1. Mountain Radiation Theory

The mountain radiation theory describes the effect of 3‐dimensional topography on the SDLR fluxes
(Duguay, 1995; Robledano et al., 2022). The terrain obstructs the sky and reduces the atmospheric downwelling
long‐wave radiation flux but emits the additional long‐wave radiation flux to the target land surface (Figure 1a).
The terrain‐emitted long‐wave radiation flux is usually greater than the atmospheric downwelling long‐wave
radiation flux, which makes the SDLR over the rugged terrain areas larger than that over the plane surface

Table 1
List of Symbols and Abbreviations

Symbol or abbreviation Meaning

3DSTLRE 3 Dimensional Sub‐gird Terrain Long‐wave Radiation Effects

a Subscript for the atmospheric variables

C1 3DSTLRE correction factor 1

C2 3DSTLRE correction factor 2

d Subscript for the dewpoint

e Water vapor pressure

g Subscript for the grid scale variable

i Subscript for the sub‐grid scale variable

L↓ Clear‐sky surface downwelling long‐wave radiation fluxes

Lsur Long‐wave radiation emitted from the surrounding terrains

m Sub‐grid number in the west‐east direction

n Sub‐grid number in the north‐south direction

NMAE Normalized Mean Absolute Error

p Subscript for the variables over the plane surface

PDF Probability Density Function

s Subscript for the ground surface variables

SDLR Surface Downwelling Long‐wave Radiation

SKV Sky view factor

STLRE Sub‐gird Terrain Long‐wave Radiation Effects

T Temperature

t Subscript for the variables over the rugged surface

z Altitude

α Slope

β Slope orientation

ε Long‐wave emissivity

ζ Maximal terrain elevation angle

θ Azimuth angle

σ Stefan‐Boltzmann constant

Δx Sub‐grid scale horizontal resolution in the west‐east direction

Δy Sub‐grid scale horizontal resolution in the north‐south direction
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(Oliphant et al., 2003; Sicart et al., 2006). The sky view factor (SKV) is used to represent the 3‐dimensional
openness of the sky and determines the ratio of the SDLR from the atmosphere in the total SDLR (Figure 1a).
The (1‐SKV) is the terrain view factor and determines the ratio of the SDLR from the topography in the total
SDLR. The mountain radiation theory has been widely applied in the previous studies, which not only improved
the accuracy of calculated SDLR over the rugged areas but also refined the simulation of the SDLR related
processes, such as the snow cover, the glacier melting, and the hydrological cycle (Duguay, 1993; Jiskoot &
Mueller, 2012; Marks & Dozier, 1979; Olyphant, 1986; Robledano et al., 2022; Sicart et al., 2006; Webster
et al., 2017). The main shortcoming of these studies is the assumption that the long‐wave radiation fluxes emitted
from the surrounding terrain are isotropic (Adams et al., 2011; Sicart et al., 2006). The isotropic assumption leads
to the uncertainty of estimating the long‐wave radiation emitted from the surrounding terrain. In reality, the long‐
wave radiation fluxes emitted from the surrounding terrain are anisotropic. For example, the surface temperature
and emitted long‐wave radiation at the sunny part of the crater differs from those at the shading part of the crater
(Whiteman & Hoch, 2010).

2.2. Explicit Calculation of SDLR Over Rugged Surface Based on Mountain Radiation Theory

Over the plane surface, the clear‐sky SDLR (Lp↓) is calculated by equation provided by Niemelä et al. (2001) as
follows:

Figure 1. Illustration of the surface downwelling long‐wave radiation components over the rugged surface (a); the slope (b); and the maximum elevation angle (c).
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Lp↓ = εaσT4a (1)

Where εa = 1.24 · (eaTa)
1
7
(Brutsaert, 1975), ea, Ta, and σ = 5.67 × 10

− 8 W · m− 2 K− 4 (Carmona et al., 2014) are the

clear‐sky atmospheric effective emissivity, the 2 m water vapor pressure, the near surface air temperature (2.0 m
above ground surface), and the Stefan‐Boltzmann constant, respectively.

The clear‐sky SDLR over the rugged surface (Lt↓) can be calculated by the equation of Duguay (1995) and
Robledano et al. (2022):

Lt↓ = SKV · Lp↓ + (1 − SKV) · Lsur (2)

where SKV · Lp↓ and (1 − SKV) · Lsur are the SDLR from the atmosphere and the received long‐wave radiation
emitted from the surrounding terrains, respectively. The Lsur is the long‐wave radiation fluxes emitted by the
surrounding terrain and calculated by Lsur = εsurσT

4
sur, where εsur and Tsur are the surface emissivity (εs) and

temperature (Ts) regionally averaged over the neighboring sub‐grids within the radius of 1 km.

Jiao et al. (2019) recommends the SKV to be calculated by the Equation of Dozier and Frew (1990):

SKV =
1
N
∑
N

k=1
[sin α · cos(θk − β)(

π
2
− ζθk − sin ζθk · cos ζθk) + cos α · cos2ζθk] (3)

where α and β are the terrain slope and the slope orientation (Figure 1b), θk is the azimuth angle in the kth direction,
ζθk is the maximal terrain elevation angle in the direction θk (the angle between the line oo′ and the horizontal line
in Figure 1c). As shown in Figure 1b, the terrain slope α is defined as the angle between the inclined surface (the
normal line of the inclined surface) and the horizontal surface (the zenith). The terrain slope aspect β is defined as
the angle between the north direction and the projection of the normal line of the slope on the horizontal surface.
The α and β are the functions of the gradient of altitude (∂Z∂x ,

∂Z
∂y ) (Sharpnack & Akin, 1969; Zhou & Liu, 2004):

α = tan − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
∂Z
∂x
)

2

+ (
∂Z
∂y
)

2
√

(4)

β =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

π
2
− tan − 1(

∂Z
∂y /

∂Z
∂x

), if
∂Z
∂x

< 0

3π
2
− tan − 1(

∂Z
∂y /

∂Z
∂x

), if
∂Z
∂x

> 0

undef, if
∂Z
∂x
= 0 and

∂Z
∂y
= 0

0, if
∂Z
∂x
= 0 and

∂Z
∂y

< 0

π, if
∂Z
∂x
= 0 and

∂Z
∂y

> 0

(5)

where the altitude gradient is the third‐order finite difference of the altitude Z from the digital elevation
model (DEM) data (Jarvis et al., 2008) with the horizontal resolution of 3″ (∼90 m):

⎧⎪⎨

⎪⎩

∂Z
∂x
=
(Zm+1,n+1 − Zm− 1,n+1) + (Zm+1,n − Zm− 1,n) + (Zm+1,n− 1 − Zm− 1,n− 1)

6Δx
∂Z
∂y
=
(Zm+1,n+1 − Zm+1,n− 1) + (Zm,n+1 − Zm,n− 1) + (Zm− 1,n+1 − Zm− 1,n− 1)

6Δy

. The subscript m (n) and the item Δx

(Δy) are the grid number and the horizontal resolution of the grid in the west‐east (north‐south) direction of the
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DEM data. The α varies from 0 to π2. Both the β and the θ vary from 0 to 2π. The value 0,
π
2, π, and

3π
2 of the β (θ) are

the north, east, south, and west aspect (direction), respectively.

By considering the effect of area variation due to the rugged terrain, the grid‐cell‐mean flux is calculated by
Lg = 1

n∑
i=n
i=1 (Li · sec αi)/

1
n∑

i=n
i=1 sec αi (Huang et al., 2022). The Lg, Li, and αi are the grid‐cell‐mean flux, sub‐grid

scale flux, and sub‐grid scale terrain slope. For a model grid g with N rugged sub‐grids, the clear‐sky SDLR is
explicitly calculated by:

Lt,g↓ =
1
N
∑

i=N
i=1 (SKVi · Lp,i↓ · sec αi + (1 − SKVi) · Lsur,i · sec αi)/

1
N
∑

i=N
i=1 sec αi (6)

2.3. 3DSTLRE Parameterization Scheme

Previous studies indicate that the variation of the SKV is much more important to determine the STLRE than the
variation of the long‐wave radiation fluxes emitted from the adjacent topographies (Duguay, 1995; Sicart
et al., 2006). Therefore, we hypothesize that the thermal conditions of the sub‐grids i are homogeneous within the
model grid g with the horizontal resolutions of several kilometers to tens of kilometers (Ta,i ≐ Ta,g, εa,i ≐ εa,g,
Tsur,i ≐ Ts,g, and εsur,i ≐ εs,g). In other words, assuming the differences of the plane surface long‐wave radiation
fluxes calculated between the grid and its sub‐grids to be neglectable (Lp,i↓ ≐ Lp,g↓, Lsur,i ≐ Lp,g↑ = εs,gσT4s,g), then
Equation 6 is converted to Equation 7:

Lt,g↓ = Lp,g↓ · C1 + Lp,g↑ · C2 (7)

C1 = (∑
i=N
i=1 SKVi · sec αi)/(∑

i=N
i=1 sec αi) (8)

C2 = [∑
i=N
i=1 (1 − SKVi) · sec αi]/(∑

i=N
i=1 sec αi) (9)

The 3DSTLRE scheme is conducted in three steps: (a) Calculate the sub‐grid scale α and SKV based on the high‐
resolution DEM data according to Equations 3–5. (b) Calculate the grid‐scale terrain modification factors C1 and
C2 based on the sub‐grid scale α and SKV according to Equations 8 and 9. (c) Use the grid‐scale terrain correction
factors C1, C2 (C1 + C2 = 1) and the grid‐scale surface long‐wave radiation (Lp,g↓ and Lp,g↑) simulated by the
plane‐parallel scheme to calculate the grid‐scale SDLR (Lt,g↓) with the consideration of the 3DSTLRE according
to the Equation 7.

When 3DSTSRE scheme is implemented in numerical models under all‐sky conditions, the grid‐scale downward
and upward surface long‐wave radiation fluxes (Lp,g↓ and Lp,g↑) in Equation 7 are provided by the plane‐parallel
radiative transfer module and the land surface module of the numerical models. After the step 3, the grid‐scale
downward surface long‐wave radiation flux with the 3DSTLRE (Lt,g↓) replaces the Lp,g↓ to participate the sub-
sequent calculations in the numerical model. The computation costs are primarily in the step 1. Both the steps 1
and 2 are prepared before the model run. The step 3 during the model integration does not put computation burden
to the model. The 3DSTLRE scheme also has the advantage of strong portability because the calculation of
3DSTLRE scheme (Equation 7) during model run is quite simple. Equation 7 can be calculated in the atmospheric
module or land surface module of the numerical model.

3. Data, Experimental Design, and Evaluation Metrics
3.1. Data

1. The Shuttle Radar Topography Mission (SRTM) Digital Elevation Database Version 4.1 (Jarvis et al., 2008)
with a horizontal resolution of 3″ (∼90 m) are used to calculate the sub‐grid α, β, and SKV.

2. The Terra Moderate Resolution Imaging Spectroradiometer (MODIS) product (MOD11A1v061, Wan
et al., 2021a) with a horizontal resolution of 1 km in 2012 offers the daily ground emissivity of bands 31 and
32. The missing values of theMOD11A1v061 product are filled by the 8 days average ground emissivity of the
MODIS product (MOD11A2v061, Wan et al., 2021b) with a horizontal resolution of 1 km and the monthly
ground emissivity of the MODIS product (MOD11C3v061, Wan et al., 2021c) with a horizontal resolution of
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0.05°. Then the daily broadband ground emissivity εs with a horizontal resolution of 1 km are obtained with the
processed daily emissivity of band 31 (ε31, wavelength 10.780–11.280 nm) and band 32 (ε32, wavelength
11.770–12.270 nm) by Liang (2003):

εs = 0.273 + 1.778ε31 − 1.807ε31ε32 − 1.037ε32 + 1.774ε232 (10)

3. The daily near surface air temperature at height of 2.0 m above ground surface is averaged by the daily
maximum and minimum near surface temperature data based on the combination of station‐based measure-
ments and satellite observation with a horizontal resolution of 1 km in 2012 (Zhang, Zhou, Zhao, et al., 2022).

4. The daily land surface temperature is averaged by the daytime and nighttime land surface temperature data set
based on the satellite observation with a horizontal resolution of 1 km in 2012 (Zhang, Zhou, Zhu, et al., 2022).

5. The hourly 2 m dewpoint temperature from the fifth generation European Centre for Medium‐Range Weather
Forecasts (ECWMF) land surface reanalysis (ERA5‐Land) reanalysis with a horizontal resolution of 0.1°
(Muñoz Sabater, 2019) are used to calculate the hourly near surface water vapor pressure following
Murray (1967):

ea =

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

6.1078 · exp[
21.8745584(Td − 273.16)

Td − 7.66
] over the ice

6.1078 · exp[
17.2693882(Td − 273.16)

Td − 35.86
] over the water

(11)

where ea and Td are the 2 m water vapor pressure and 2 m dewpoint temperature with the units of hPa and K. The
hourly water vapor pressure data are averaged to the daily water vapor pressure data.

Due to lack of the temperature and emissivity data which share the same horizontal resolution with the SRTM data
(3″, ∼90 m), for a compromise, the temperature and emissivity data with the horizontal resolution of 1 km are
processed to the resolution of 3″ by the following methods. The calculated broadband emissivity and water vapor
pressure data are interpolated to the grid of the SRTM data by the bilinear interpolation (Shi et al., 2014). The
temperature is calculated to the grid of the SRTM data by Tz = T − 0.0065(Z − Z) (Dozier & Outcalt, 1979). T
is the temperature with the horizontal resolution of 1 km. Z is the elevation with the horizontal resolution of 3″. Z
is the elevation with the horizontal resolution of 1 km averaged from Z of SRTM data with the resolution of 3″
(∼90 m). The unit of elevation is meter. Then the clear‐sky atmospheric effective emissivity εa is estimated by

εa = 1.24 · (eaTa)
1
7
with the processed air water vapor pressure and air temperature at the horizontal resolution of 3″.

3.2. Experimental Design

The global SKV and α with the horizontal resolution of 3″ are shown in Figures 2a and 2c. The TP owns the
smallest SKV and largest α and is one of the regions with the most rugged topography in the world. Figures 2b
and 2d show that the most complex terrains are located over the western TP, the southeastern TP, and the
south edge of the TP. The topographies in the Qiangtang Plateau are moderately rugged while the topographies
over the Gangetic Plain are quite plane. Thus, the region (70°E ∼ 105°E, 25°N ∼ 40N°) shown in Figures 2b
and 2d owns abundant topographic features, which offers a suitable scenario for evaluating the 3DSTLRE
scheme.

As shown in Table 2, three experiments named EXPL, PARA_Terrain, and PARA_Plane are carried out in
this study. In the EXPL experiment, the daily clear‐sky atmospheric effective emissivity, broadband ground
emissivity, near surface air temperature, and ground surface temperature with the horizontal resolution of 3″
are used to explicitly calculate the daily SDLR fluxes at the sub‐grids with the horizontal resolution of 3″.
Then the daily SDLR fluxes with the horizontal resolution of 3″ are averaged to the model grids with the
horizontal resolutions of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8° by Equation 6. The PARA_Plane
experiment calculates the grid scale daily SDLR fluxes over the idealized plane surface by Equation 1 over
the model grids with the horizontal resolutions of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°. The PARA_-
Terrain experiment calculates the grid scale daily SDLR flux with rugged sub‐grids according to
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Equation 7. The grid scale ground surface temperature (Ts,g), near surface temperature (Ta,g), and ground
surface broadband emissivity (εs,g) in the PARA_Plane and PARA_Terrain experiments are regionally
averaged from the daily clear‐sky atmospheric effective emissivity, broadband ground emissivity, near
surface air temperature, and ground surface temperature with the horizontal resolution of 3″ to each model

Figure 2. The sky view factor (a), (b) and slope (c), (d) of sub‐grid scale terrain with the horizontal resolution of 3″ over the world (a), (c) and the testing field (b), (d).

Table 2
Experimental Design

Experiment name Calculation method Resolution

EXPL Explicitly calculate the daily SDLR fluxes at the grid of the SRTM data using the daily clear‐
sky atmospheric effective emissivity, broadband ground emissivity, near surface air

temperature, and ground surface temperature with the horizontal resolution of 3″ according to
Equation 6.

3″

PARA_Plane Average the daily clear‐sky atmospheric effective emissivity, broadband ground emissivity,
near surface air temperature, and ground surface temperature with the horizontal resolution of
3″ to the grids with the different resolutions. Then use these average data to calculate grid scale
daily SDLR fluxes according to Equation 1, which represents the model radiation scheme

without considering the 3DSTLRE.

0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°

PARA_Terrain Average the daily clear‐sky atmospheric effective emissivity, broadband ground emissivity,
near surface air temperature, and ground surface temperature with the horizontal resolution of
3″ to the grids with the different resolutions. Then use these average data to calculate grid‐scale
daily SDLR fluxes according to Equation 7 over the surface with the correction factor

calculated by Equations 8 and 9, which represents the model radiation scheme adopting the
3DSTLRE.

0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°
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grid. Figure 3 shows the grid scale correction factors C1 and C2 with the different horizontal resolutions.
Smaller (larger) value of correction factor C1 (C2) means that the long‐wave radiation from the atmosphere
(surrounding terrain) accounts less (more) in the grid scale SDLR flux, which indicates the grid‐cell mean
SDLR are more largely regulated by the sub‐grid topographies.

3.3. Evaluation Metrics

The clear‐sky daily SDLR fluxes calculated in the EXPL experiment are upscaled to the model grids with the
horizontal resolutions ranging from 0.025° to 0.8° by Equation 6, which are treated as the “true value” in this
study. The smaller (larger) differences of the SDLR flux between the PARA_Terrain and EXPL experiments
(between the PARA_Plane and PARA_Terrain experiments) indicate the better performance of the 3DSTLRE
scheme (greater importance of the 3DSTLRE). Compared to the EXPL experiment results which are treated as
true values, the normalized mean absolute error (NMAE), error, and relative error of the PARA_Terrain
experiment produced SDLR fluxes are used to evaluate the performance of the 3DSTLRE scheme. The differ-
ences of the SDLR fluxes between the PARA_Plane and PARA_Terrain experiments are used to assess the
importance of the 3DSTLRE.

Figure 3. 3DSTLRE correction factor C1 (a–f) and C2 (g–l) in the grids with the horizontal resolutions of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.
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Figure 4. The surface downwelling long‐wave radiation (SDLR) fluxes over 2012 in the EXPL (a, d, g, j, m, p) and PARA_Terrain (b, e, h, k, n, q) experiments and the
normalized mean absolute error (NMAE, c, f, i, l, o, r) of the daily SDLR fluxes over 2012 in the experiment PARA_Terrain against the EXPL results with the horizontal
resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.
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4. Results
4.1. Accuracy of the 3DSTLRE Parameterization Scheme

Figure 4 shows the NMAE of the daily clear‐sky SDLR flux in the PARA_Terrain experiment throughout 2012
over the testing field. Most of the model grids with different horizontal resolutions have the NMAE of the
simulated SDLR flux within 0.9%. Although the NMAE of the SDLR fluxes increases with the horizontal res-
olution of the grids decreasing from 0.025° to 0.8°, the NMAE of the SDLR fluxes in the grids with the horizontal
resolutions of 0.8° are still acceptable.

The correction factor C1 can be treated as the SKV at model grid scale. Smaller correction factor C1 indicates the
grid has stronger STLRE and receives less (more) SDLR from the atmosphere (terrain). The grid with the
correction factor C1 > 0.99 has very flat terrain and extremely weak STLRE, thus these grids with the correction
factor C1 > 0.99 are excluded in the following assessment. Figure 5a shows the NMAE of the daily clear‐sky
SDLR flux in different months and whole year of 2012 in the PARA_Terrain experiment at the grids with the
correction factorC1 ≤ 0.99. Similar to those in Figure 4, the NMAE of SDLR fluxes increase along the decrease of
the model horizontal resolutions. All the NMAE of SDLR simulation with different horizontal resolutions in
different months are less than 0.25%. Therefore, the performance of 3DSTLRE scheme is stable and favorable
throughout the year in the model grids with different horizontal resolutions. Figure 5b shows that 99.1%, 97.8%,

Figure 5. (a) The normalized mean absolute error of the daily surface downwelling long‐wave radiation (SDLR) fluxes over
months and whole year of 2012 from the PARA_Terrain experiment against the EXPL results and (b) the probability density
function of the relative error of the daily SDLR fluxes in 2012 at the grids with the 3DSTLRE correction factorC1 less than or
equal to 0.99 in the experiment PARA_Terrain with the horizontal resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.
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94.9%, 90.2%, 84.4%, and 79.9% of the samples over the rugged terrain areas have the relative error of the daily
SDLR fluxes within ±0.25% in the PARA_Terrain experiment with the horizontal resolution of 0.025°, 0.05°,
0.1°, 0.2°, 0.4°, and 0.8°, respectively. The probability density functions (PDF) of the relative error in the ex-
periments with the different horizontal resolutions all follow the normal distribution with the peak of PDF at the
relative error of − 0.05∼0.05%, indicating the similar probability of positive relative error and negative relative
error and the good performance of the 3DSTLRE scheme.

To assess the performance of the 3DSTLRE scheme over the model grids with different complexity of sub‐grid
topography, the error and NMAE of the daily clear‐sky SDLR fluxes over the model grids with different values
of the correction factor C1 are calculated and shown in Figure 6. The error and NMAE of the SDLR fluxes over
the different grids increase along the decrease of the correction factor C1 and grid horizontal resolution. The
3DSTLRE scheme has the largest uncertainty over the grids with fine resolution and high complexity of sub‐grid
topography. But even over the grids with a horizontal resolution of 0.8° and very rugged sub‐grid topography
(the correction factor C1 ≤ 0.85), the NMAEs (errors) of the daily SDLR fluxes simulated by the PARA_Terrain
are less than 0.5% (within 1.0W ·m− 2), indicating that the 3DSTLRE scheme has good performance and is portable
to the models with different horizontal resolutions. Overall, the 3DSTLRE scheme shows high accuracy under the
different conditions of grid horizontal resolution, time of the year, and sub‐grid terrain complexity (Figures 3–6).

4.2. Importance of 3DSTLRE

Figure 7 shows the annual mean differences and relative differences of the daily clear‐sky SDLR fluxes between
the PARA_Plane and PARA_Terrain experiments throughout 2012. The mean differences of the simulated daily

Figure 6. The error and normalized mean absolute error of the daily surface downwelling long‐wave radiation fluxes at the
grids with different values of the correction factor C1 over 2012 in the PARA_Terrain experiment against the EXPL results
with the horizontal resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039383

GU ET AL. 12 of 18

 21698996, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039383 by N
anjing U

niversity, W
iley O

nline L
ibrary on [22/02/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SDLR fluxes between the PARA_Plane and the PARA_Terrain experiments over most of the rugged areas range
from − 20 to − 5W · m− 2 at the horizontal resolution ranging from 0.025° to 0.8° (Figures 7a–7f). The differences
increase with the sub‐grid terrain complexity (the decrease of the correction factor C1). Neglecting the 3DSTLRE
tends to underestimate the SDLR flux over the rugged areas and the underestimation increases with the sub‐grid
terrain complexity. The mean relative underestimations of the SDLR fluxes in the PARA_Plane and the PAR-
A_Terrain experiments are within 4% and 10% over most of rugged areas and exceed 10% over the grids in the
western TP with the high horizontal resolution (Figures 7g–7l).

Figure 8 shows that the PARA_Plane experiment mainly underestimates the daily SDLR fluxes over the rugged
area. The differences of the calculated SDLR between the PARA_Plane and PARA_Terrain experiments are
larger when the horizontal resolution of the grid is higher (Figure 8a). About 1% and 10% of the samples at
different horizontal resolutions show that the relative difference of the daily SDLR fluxes between the
PARA_Plane and PARA_Terrain experiments are less than − 13% and − 8%, respectively (Figure 8b).

The differences of the SDLR fluxes between the PARA_Terrain and PARA_Plane experiments regionally
averaged over the grids with the correction factor C1 ≤ 0.99 are shown in Figure 9. The differences vary from − 9
to − 4 W · m− 2 in all months. The differences are relatively larger in the winter half year and at the model grids
with higher horizontal resolution. The SDLR underestimations of plane‐parallel scheme without the 3DSTLRE

Figure 7. The mean difference (a–f) and relative difference (g–l) of the daily surface downwelling long‐wave radiation fluxes over 2012 between the PARA_Plane and
PARA_Terrain experiments with the horizontal resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.
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over the areas with complex terrain in the winter half year are relatively larger, and underestimations increase with
the model horizontal resolution and sub‐grid terrain complexity (Figures 8 and 9). Overall, as shown in Figures 7–
9, the larger biases will be generated in the areas with higher horizontal resolution and more rugged sub‐grid scale
topography in the cold months due to neglecting the 3DSTLRE.

5. Conclusion and Discussion
The long‐wave radiation fluxes considerably affected by topography over rugged areas are important to the land‐
surface processes. However, the state‐of‐art numerical models lack the parameterization scheme to describe the

Figure 8. The probability density function (a) and cumulative density function (b) of the relative difference of the daily
surface downwelling long‐wave radiation fluxes at the grids with the correction factor C1 ≤ 0.99 over 2012 between the
PARA_Plane and PARA_Terrain experiments with the horizontal resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.

Figure 9. The mean difference of the daily surface downwelling long‐wave radiation fluxes at the grids with the correction
factor C1 ≤ 0.99 in each month and the whole year of 2012 between the PARA_Plane and PARA_Terrain experiments with
the horizontal resolution of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°.
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STLRE, adding the uncertainty to the simulated SDLR. This study develops a clear‐sky 3DSTLRE parameter-
ization scheme under the isotropic assumption of sub‐grid terrain long‐wave radiation. Three experiments in 2012
are conducted to evaluate the 3DSTLRE scheme over the TP. The EXPL experiment explicitly calculates the
SDLR flux on the sub‐grids with the horizontal resolution of 3″ considering the 3DSTLRE and provides the base
for evaluating the performance of the 3DSTLRE scheme. The PARA_Plane (PARA_Terrain) experiment cal-
culates the SDLR flux on the model grids with the horizontal resolutions of 0.025°, 0.05°, 0.1°, 0.2°, 0.4°, and 0.8°
without (with) the 3DSTLRE parameterization scheme. Conclusions can be drawn as follows:

The 3DSTLRE scheme uses the grid scale terrain modification factors to correct the SDLR fluxes calculated by
the plane‐parallel scheme during the model integration without adding the computation burden. It is applicable to
the models with different horizontal resolutions and different sub‐grid terrain complexity. The 3DSTLRE scheme
can be flexibly carried out in the radiative transfer module of the atmospheric model or in the updating processes
of atmospheric forcing in the land surface model.

The 3DSTLRE scheme can properly describe the impacts of the sub‐grid terrain on the SDLR. Compared to the
explicit calculations on the sub‐grid of 3″, the NMAE of the daily clear‐sky SDLR flux in the PARA_Terrain
experiment are less than 0.9% over most of TP. At different model horizontal resolutions, the NMAE of the
SDLR flux in the PARA_Terrain experiment over the model grids with grid‐scale terrain correction factor
C1 ≤ 0.99 are less than 0.25% in different months. The NMAE (error) increases with the decrease of horizontal
resolution and increase of sub‐grid terrain complexity, but the NMAE (error) is less than 0.5% (within
1.0 W · m− 2) even over the grids with very coarse resolution and complex sub‐grid topography. High accuracy
of the 3DSTLRE parameterization is stable regardless of grid horizontal resolution, sub‐grid terrain complexity,
and time of the year.

The plane‐parallel radiative scheme neglecting the 3DSTLRE would lead to underestimated SDLR flux over the
rugged areas. At different horizontal resolutions, the mean underestimations (relative underestimations) of the
clear‐sky SDLR flux over most of TP calculated by the plane‐parallel scheme range from − 20 to − 5 W · m− 2

(4∼10%) and exceed 20W · m− 2 (10%) over western TP. About 1% and 10% of the samples at different horizontal
resolutions exhibits that the relative difference of the daily SDLR fluxes between the PARA_Plane and PAR-
A_Terrain experiments are less than − 13% and − 8%, respectively. The underestimation of SDLR simulated by
the plane‐parallel scheme is much larger at the model grids with higher horizontal resolution and more rugged
sub‐grid scale topography during the cold months.

It should be admitted that this study has the following deficiencies due to the objective restrictions: (a) the
3DSTLRE scheme is based on the isotropic assumption of the long‐wave radiation emitted from the surrounding
terrain, which neglects the differences of the thermodynamic property between the target point and its sur-
rounding topography. (b) The diurnal variation of performance of the 3DSTLRE scheme is not discussed in this
study due to the lack of hourly observed temperature and emissivity data with high resolution. (c) The near surface
air temperature, ground surface temperature, emissivity, and water vapor pressure data with the horizontal res-
olution of 3″ are derived from the data with coarser resolutions, which may raise the uncertainty of the estimation.
(d) The near surface atmosphere absorption of the thermal energy is neglected when calculate the long‐wave
radiation from the surrounding terrain. Besides, the performance of the 3DSTLRE scheme should be carefully
checked when the scheme is implemented over the other regions.

Nonetheless, this study offers an effective and practicable choice for the numerical models to adopt the
3DSTLRE. Because the cloud radiative forcing has been accounted in the radiative transfer module, the sub‐grid
topographic radiative effects parameterization scheme developed under the clear‐sky condition can be directly
applied to the all‐sky condition (Gu et al., 2012; Lee et al., 2013). Thus, the 3DSTLRE scheme developed here
also can correct the SDLR flux from the radiative transfer module under the cloudy condition. When 3DSTLR
scheme is implemented in numerical models under the all‐sky conditions, the performance of the 3DSTLR
scheme can be comprehensively evaluated with the observations. Future plans include comparing the differences
of the theories based on the isotropic (Duguay, 1995; Robledano et al., 2022) and anisotropic assumptions of the
terrain emitted long‐wave radiation flux (Wu et al., 2019; Yan et al., 2020). Furthermore, our preliminary results
show that the 3DSTLRE scheme improves the performance of the Regional Climate Model version 4 in simu-
lating the SDLR and the performance of the 3DSTLRE scheme is stable in different years, which will be reported
later.
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Data Availability Statement
The data used in this study are listed as follows: (a) the SRTM Digital Elevation Database Version 4.1 with a
horizontal resolution of 3″ (Jarvis et al., 2008); (b) the global data set of daily near surface temperature in 2012
with a horizontal resolution of 1 km (Zhang, Zhou, Zhao, et al., 2022); (c) the global seamless daily land surface
temperature data set in 2012 with a horizontal resolution of 1 km (Zhang, Zhou, Zhu, et al., 2022); (d) the daily,
8 days average, and monthly ground surface band 31/32 emissivity of MOD11A1v061 (Wan et al., 2021a),
MOD11A2v061 (Wan et al., 2021b), and MOD11C3v061(Wan et al., 2021c) from the MODIS data sets in 2012
with a horizontal resolution of 1 km, 1 km, and 0.05° respectively; (e) the hourly 2 m dewpoint temperature of
ERA5‐Land reanalysis in 2012 with a horizontal resolution of 0.1°(Muñoz Sabater et al., 2019).
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