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Abstract The 3D sub-grid terrain longwave radiative effects (3DSTLRE), which significantly regulate the
surface downward longwave radiation (SDLR) in the mountainous regions, are not described in current
numerical models. We incorporated a 3DSTLRE scheme into RegCM4 to assess its influence on modeling the
surface air temperature (SAT) across the Tibetan Plateau (TP). Results show that the RegCM4 adopting the
parallel-plane longwave radiative scheme significantly underestimates the SAT over TP, this underestimation of
SAT is clearly mitigated by considering 3DSTLRE, with the root mean square error (RMSE) decreased by 9%.
The SAT simulations are improved more noticeable over western TP than entire TP and more evident at
nighttime than at daytime in different seasons. Further analysis indicates that the improvement of SAT
simulations over the rugged areas of TP is primarily benefited from the improved SDLR simulations. In the
absence of the 3DSTLRE scheme, RegCM4 markedly underestimates SDLR by 20 W-m ™2 over the entire TP,
this underestimation can be greatly reduced by 15 W-m~? through adopting the 3DSTLRE scheme, with the
RMSE reduced by more than 40% over the rugged edges of TP. The increased SDLR induced by the 3DSTLRE
is mainly transformed into sensible heat flux to warm the near surface air, further leading to reduced cold bias of
SAT produced by the RegCM4 without 3DSTLRE. Better representing the TP thermal condition can enhance
the simulation of East Asian monsoon. Therefore, incorporating the 3DSTLRE scheme in numerical models can
potentially improve the ability in simulating and predicting the East Asian monsoon.

Plain Language Summary The terrain significantly affects the surface downward longwave
radiation (SDLR). Currently, most numerical models do not describe in the impact of terrain on SDLR. This
research integrated the effects of terrain on SDLR into RegCM4 and revealed its effect on the model ability to
simulate the surface air temperature (SAT) over the Tibetan Plateau (TP) based on sensitivity experiments.
Results show that the original RegCM4 significantly underestimates the SDLR and SAT in the TP. Including the
impact of terrain on SDLR in the RegCM4 can improve the SDLR and SAT simulations over the rugged areas
by mitigating their underestimations. The increased SDLR over the rugged areas primarily comes from the
longwave radiation emitted from the surrounding terrains. The increased SDLR further warms the ground
surface and generate more sensible heat flux and thereafter increased SAT. Overall, considering the impact of
terrain on SDLR in numerical models may be an efficient way to improve the simulations of SAT over rugged
areas.

1. Introduction

The Tibetan Plateau (TP) is one of the most complex terrain areas in the world and is highly sensitive to the effects
of global warming (You et al., 2021). The surface air temperature (SAT) over the TP has exhibited unique features
in the past decades, such as an increasing warming rate with elevation and a reduced annual temperature cycle
(Niu et al., 2021; Palazzi et al., 2017). The warming SAT and thermal conditions over the TP have significant
impacts on regional and global climates through complex processes (Diallo et al., 2022; Hu et al., 2023).

Numerical models are important tools for climate studies, and accurate simulation of the SAT over the TP is
necessary (Wang et al., 2018; Wu et al., 2022). However, the numerical models commonly exhibit a noticeable
cold bias of SAT simulations in the TP, especially over the western part of the TP with much more complex sub-
grid terrains during dry seasons (Fan et al., 2020; Gao et al., 2015; Hu et al., 2022; Niu et al., 2021; Su et al., 2013;
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M. Zhou et al., 2023). Ma et al. (2023) and P. Zhou et al. (2023) suggest that employing the Weather Research and
Forecasting model at a very high resolution may mitigate the cold bias issue in the TP. However, Zhu et al. (2019)
and Guo et al. (2020) suggest that the dynamic downscaling of reanalysis data or the outputs from global climate
models may exacerbate the cold bias over the TP. Similar to other numerical models, the Regional Climate Model
Version 4 (RegCM4) significantly underestimates the SAT in the TP (Gao et al., 2017; Ge et al., 2021; Liang
et al., 2019; Ren et al., 2023; Yang et al., 2018; Yu et al., 2020).

Improving the simulation of SAT should prioritize the precise representation of physical processes, rather than
merely increasing the resolution of numerical models (Wang et al., 2023; Xu et al., 2019). Previous studies (Luo
etal., 2023; Sun et al., 2023; Yue et al., 2021; X. Zhou et al., 2023, 2022) show that enhancing the representation
of the physical processes related to soil, vegetation, and land-atmosphere energy exchange in the numerical
models can improve the accuracy of SAT simulations in the TP. An inadequate portrayal of the land surface
radiation balance is identified as a key element that contributes to the underestimation of SAT in the TP (Lee, Li,
etal., 2019; Lee, Liou, 2019). Some studies indicate that the underestimated SAT in the TP can be attributed to the
overestimated surface albedo and underestimated surface downwelling longwave radiation (SDLR, An
et al., 2022; Chen et al., 2017; Wang et al., 2023; X. Zhou et al., 2023).

The limitations of numerical models in accurately simulating clouds and their radiative forcing represent the most
significant source of error in modeling the SDLR (Jiang et al., 2023; Li et al., 2024; Vitdez-Mora et al., 2015).
The RegCM4 also faces challenges related to inadequate cloud simulation capabilities, which lead to uncertainty
in the simulated SDLR (H. Gu et al., 2020; Pareja-Quispe et al., 2021). To improve the simulation of clouds and
precipitation, Nogherotto et al. (2016) introduced a novel cloud microphysics scheme to the RegCM4. However,
the new Regional Climate Model Version 5, which incorporates the Nogherotto cloud scheme and utilizes
ECMWEF Reanalysis v5 forcing data, continues to underestimate the cloud liquid water and SAT over the TP
(Coppola et al., 2024). In rugged areas, overlooking the impact of the terrain on the SDLR is another significant
source of simulating errors of the SDLR.

Complex topography substantially influences the SDLR by obstructing the atmospheric infrared radiation and by
emitting its own infrared radiation onto the target surface (Dozier & Outcalt, 1979; Duguay, 1995). The atmo-
spheric infrared radiation obstructed by terrain is commonly weaker than that emitted from the surrounding
terrain, resulting in relatively higher SDLR over the rugged areas than over the plane surface (Whiteman &
Hoch, 2010; Wu et al., 2019). Neglecting the longwave radiative effects of terrain may lead to the average
(instantaneous) intensity of SDLR underestimated by several watts to several tens of watts (hundreds of watts) per
square meter in the middle latitudes (Aubry-Wake et al., 2018; Feldman et al., 2022; Olyphant, 1986; Yan
et al., 2020; Zhu et al., 2018).

The importance of describing the sub-grid terrain radiative effects in the numerical models has long been
recognized since the 2000s (Colette et al., 2003; Zhang et al., 2002). A lot of parameterizations have been
developed to depict the effects of sub-grid scale terrain on surface radiation and have been incorporated into
various numerical models (Arthur et al., 2018; Gu et al., 2022; A. Huang et al., 2022; Lee et al., 2011; Zhang
et al., 2006). Considering the impacts of sub-grid terrain on longwave radiation into numerical models can
improve the description of surface energy balance (C. Gu et al., 2020; Zhang et al., 2006). However, these two
studies totally neglect the longwave radiation emitted from the surrounding terrains, and to solve this issue, we
have developed a parameterization scheme to completely describe the three-dimensional sub-grid terrain long-
wave radiative effects (3DSTLRE) (Gu et al., 2024).

The impact of long-wave radiation from three-dimensional structure of sub-grid terrains has been utilized in snow
cover modeling, glacier simulations, and hydrological models to enhance temperature simulations (Arnold
et al., 2006; Moore et al., 1993; Robledano et al., 2022; Sicart et al., 2006). However, these applications are
restricted to very small spatial areas and shorter time frames. The impact of the 3DSTLRE scheme on SAT
simulations in different seasons across a broader range remains unclear.

In this study, the 3DSTLRE scheme (Gu et al., 2024) was incorporated into RegCM4 to enhance its ability to
describe the surface radiative balance. Despite of the significant influence of the thermal conditions of the TP on
the climate of East Asia (Hao et al., 2023; Huang et al., 2023), this study has narrowed its research focus to the TP
region. This approach aims to mitigate the effects of atmospheric circulation feedback and to better highlight the
local influence of 3DSTLRE on the SAT over the TP. Three questions are raised: (a) To what extent can the
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Figure 1. Schematic diagram of the sky view, the terrain view, the maximal topography elevation angle ¢, the surface downward longwave radiation flux (a), and the

slope a (b) in the mountainous areas.

3DSTLRE improve the SDLR and SAT simulations across various seasons in large areas with complex terrain?
(b) Can the cold bias of RegCM4 over the TP be mitigated by implementing the 3DSTLRE scheme? (c) What are
the underlying physical mechanisms? Section 2 introduces the 3DSTLRE scheme, the RegCM4, the experimental
design, the data, and the metrics for model evaluation. The results are shown in Section 3. Section 4 explores the
potential physical mechanism. Section 5 gives the conclusions.

2. 3DSTLRE Scheme, RegCM4, Model Configuration, Data and Methodology
2.1. The 3DSTSRE Scheme

As shown in Figure la, the SDLR over the rugged terrains consists of two components: the SDLR from the
atmosphere and the SDLR emitted from the surrounding terrains. The surrounding terrains block the atmosphere-
emitted SDLR and emit long-wave radiation to the target surface at the same time. To describe the 3DSTLRE in
numerical models, the 3DSTLRE scheme is implemented in three steps (Gu et al., 2024): (a) Calculate the sky
view factor SVF; and the terrain slope a; of the sub-grids; (b) Calculate the grid-scale 3DSTLRE correction
factors (C; and C,) based on Equations 1 and 2; (c) Calculate the grid-scale SDLR (L, ;) with the consideration of
3DSTLRE based on Equation 3 with the Cy, Cy, L, |, and L, 4.

C = (ZZ:\ISVFZ -sec a,-)/(Z:V sec ai) @)

C, = [sz(l — SVF,) - sec ai]/<zzv sec ai> 2)
Ligy =Lpg - Cr+Lyg -G (©)

where the L, ;| and L, oy are the plane surface downwelling and upward longwave radiation fluxes at the model
grid g, which are already calculated by the plane-parallel longwave radiative scheme. C; and C, are the terrain
correction factors of the 3DSTLRE scheme at the grid-scale. The subscript #, p, i, and g represent the terrain
surface, the plane surface, the sub-grid, and the grid, respectively. SVF and « are the sky view factor and terrain
slope. The method to calculate the sky view factor (SVF) and the terrain slope can be found in Gu et al. (2024).
The SVF represents the degree of sky openness at the target point (Figure 1a). (1 — SVF) represents the terrain
view factor. The terrain slope ranging from 0° to 90° denotes the steepness of the terrain (Figure 1b). Larger
terrain slope indicates steeper terrain. The SVF is dimensionless and ranges from 0.0 to 1.0. Smaller SVF in-
dicates that larger fraction of the sky over the target point is obstructed by the topographies (Lindberg &
Grimmond, 2010). C; (C,) is the grid-scale sky (terrain) view factor. C; plus C, is equal to 1.0 (Figures 2a and
2b). Smaller C; and larger C, mean that a smaller proportion of the SDLR originates from the atmosphere, while a

GU ET AL.

3of 19

85U80|7 SUOWILLIOD 8A1e8.D) 8|qeo [dde au Aq peusenob afe sapie YO ‘SN JO '3y 10} AreIqT8UIUO A8]IM UO (SUORIPUOD-pUe-SWBYLID" A3 1M ARIq U1 UO//SdNL) SUORIPUOD pue swie 1 8y} &8s *[5202/90/6T] uo Areiqiauliuo A8im ‘Aisieaiun BuiiueN Aq Z0Tzr0aryz0z/620T 0T/10p/wod A8 im AriqiieutjuosqndnBey/sdny wouy papeojumoq ‘€z ‘¥Z0Z ‘96686912



| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2024JD042102

(c¢) Elevation

40N 1

30N -

20N -

40N A 40N A

30N N B, F | 30N
S S Vsl PSS I B S YOS ET I s §
70E 80E 90E 100E 110E 70E 80E 90E 100E 110E 70E 80E 90E 100E 110E
T T 7 [ T T T T T T T T 111 T
0.78 0.84 0.9 0.96 0.010.040.07 0.1 0.130.160.190.22 0 1000 2000 3000 4000 5000 m

Figure 2. Spatial distributions of (a) sky view factor Cy, (b) terrain view factor C,, and (c) topography at the grid-scale of 30 km. The dashed rectangles in (a) show the
study areas. The black grids in (c) indicate the lateral buffer zone. The altitude of 3,000 m is shown as the blue solid lines.

larger proportion comes from the longwave radiation emitted from surrounding terrains. Therefore, smaller C,
and larger C, indicate that the sub-grid terrains have stronger effects on the grid-scale SDLR. More details of the
3DSTLRE scheme can be found in the study of Gu et al. (2024). This study utilizes the terrain elevation data with
an approximate spatial resolution of 90 m (Jarvis et al., 2008) to depict the sub-grid topographical features.

2.2. RegCM4

In this study, we adopted the RegCM4, which is provided and maintained by the Abdus Salam ICTP (Giorgi
et al., 2012). It offers a wide range of parameterization options for physical processes and enables simulations
with high horizontal resolution across areas characterized by intricate landscapes (Abish & Arun, 2019; Nog-
herotto et al., 2016). Consequently, the RegCM4 has emerged as a widely utilized regional climate model across
Asia (Gao & Giorgi, 2017; Wu et al., 2024). However, like other numerical models, RegCM4 also adopts the
plane-parallel longwave radiative scheme and neglects the 3DSTLRE.

2.3. Numerical Experiments

The RegCM4 has been modified to include the 3DSTLRE scheme. To explore the influence of the 3DSTLRE
scheme on the accuracy of SAT simulation across the TP, we conducted two numerical experiments. The only
difference between the two experiments is that the SEXP (CTRL) experiment is conducted using the RegCM4
with (without) the 3DSTLRE. The terrain correction factors at the grid level reveal that the most intense
3DSTLRE are observed along the periphery of the TP, particularly in the western and southeastern areas
(Figures 2a and 2b). The scope of both experiments includes the TP as well as the adjacent areas (Figure 2c).
Please refer to Table 1 for the detailed information on the model configuration.

The simulations in both experiments start at 00:00:00 UTC on 1 July 2009, end at 00:00:00 UTC on 1 January
2016, and output the model results every 1 hr. The outputs during the period from 1 January 2010 to 31 December
2015 are used for analysis.

2.4. Data for Model Evaluation

The data used for model evaluation are listed in Table 2. The daily SDLR from the GLASS data set and the hourly
SDLR from the TPDC are averaged to the monthly SDLR. Then the monthly SDLR from the CLARA-A2, TPDC,
CERES, and GLASS data sets, the monthly total cloud cover from the CLARA-A2 data set, and the hourly SAT
from the CLDAS data set are remapped to the model grids of RegCM4. The arithmetic average method is used
from high resolution interpolation to low resolution, and bilinear interpolation method is used from low resolution
interpolation to high resolution. The ensemble average value of the SDLR from the four data sets is calculated to
reduce the uncertainty of the satellite observations and is referred to as the observation (OBS), which is used for
the evaluation of the simulated SDLR.

2.5. The Metrics of Model Evaluation

The Root Mean Square Error (RMSE) serves as a metric for evaluating the model's accuracy. A lower RMSE
signifies superior model performance. To quantitatively evaluate the results of the numerical experiments, the

GU ET AL.

4 of 19

85U80|7 SUOWILLIOD 8A1e8.D) 8|qeo [dde au Aq peusenob afe sapie YO ‘SN JO '3y 10} AreIqT8UIUO A8]IM UO (SUORIPUOD-pUe-SWBYLID" A3 1M ARIq U1 UO//SdNL) SUORIPUOD pue swie 1 8y} &8s *[5202/90/6T] uo Areiqiauliuo A8im ‘Aisieaiun BuiiueN Aq Z0Tzr0aryz0z/620T 0T/10p/wod A8 im AriqiieutjuosqndnBey/sdny wouy papeojumoq ‘€z ‘¥Z0Z ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2024JD042102

Table 1
Model Configuration

Items

Values Reference

Dynamic core

Horizontal grid

Vertical levels

Initial & lateral boundary condition

Initial soil moisture for shorting spin-up

time
Grid-scale topography

Planetary Boundary Layer (PBL)
scheme

Convective scheme

Radiation transfer module
Large-scale precipitation scheme
Ocean flux scheme

Land surface model

Integral period

Integral interval

Output interval

Grell et al. (1994)

Arakawa B-grid Coordinate System 140 (90) grids in the latitude (longitude) direction -
Horizontal Resolution 30 km Lambert Conformal Projection Model Center
(87°E, 33°N)

Sigma Coordinate System 18 Vertical Levels Top at 50 hPa -

ERA-Interim Reanalysis of 1.5° NOAA OISST of 1.0° Updated Every 6 Hr Dee et al. (2011), Reynolds
et al. (2002)

Dorigo et al. (2021)

Hydrostatical core

Soil moisture from ESA CCI product of 0.25°

GMTED of 30"
Holtslag PBL scheme

Danielson and Gesch (2011)
Holtslag et al. (1990)

Tiedtke (1996)
Kiehl et al. (1998)
Pal et al. (2000)
Zeng ocean scheme Zeng et al. (1998)
Community Land Model V4.5 Oleson et al. (2013)

00:00:00 1 July 2009 to 00:00:00 1 January 2016 UTC (Spin-up Period: 1 July 2009-31 -
December 2009) (Analysis Period: 1 January 2010-31 December 2015)

Tiedtke cumulus scheme
CCM3 radiation scheme
SUBEX scheme

40 Seconds for Dynamic Core 40 Seconds for Cumulus Scheme 20 Minutes for Solar -
Radiation Calculation 3 Hr for Atmospheric Absorption-emission Calculation
30 Min for Land Surface Model

1 Hr -

model domain is divided into two sub-regions. The sub-regions Regl and Reg2 (Figure 2a) are the areas with an
elevation above 3,000 m in the range of (70-105°E, 26—41°N) and (70-80°E, 30-41°N), respectively. The Regl
covers the entire TP, while the Reg2 covers the western TP.

3. Impact of the 3DSTLRE Scheme on the SAT Simulation

Figures 3a-3c show that the RegCM4 with or without considering the 3DSTLRE both can reproduce the climatic
patterns of the SAT in the TP during 2010-2015. However, in the CTRL experiment, the SAT simulated by the
RegCM4 model without the 3DSTLRE shows evident cold bias in the TP and with the intensity more than —5°C
located in the western and southeastern TP, where the terrains are much more complex (Figure 3d). The SEXP
experiment significantly mitigates the underestimation of SAT in the CTRL experiment across the majority of the
TP (Figures 3d and 3e) with the largest reduction located in the western TP. The RMSE for the SAT simulation in
the SEXP experiment, is notably decreased in most of the TP and the western part of the TP experiences a more
substantial reduction in RMSE, exceeding 9.0% relative to the CTRL experiment (Figure 3f).

Table 2

Data for Evaluation

Data set Variable Horizontal resolution Period/Frequency Reference

CLARA-A2 SDLR, Total cloud fraction 0.25° x 0.25° 2010-2015/Monthly Karlsson et al., 2017

GLASS SDLR 0.05° x 0.05° 2010-2015/Daily Xu et al., 2022

CERES SYNldeg_Ed4.1 SDLR 1°x1° 2010-2015/Monthly Doelling et al., 2016

Machine learning-based SDLR provided by TPDC SDLR 0.25° x 0.25° 2010-2015/Hourly Wang et al., 2022

CLDAS SAT 0.0625° x 0.0625° 2010-2015/Hourly X. Huang et al. (2022)
GU ET AL. 50f 19
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Figure 3. The average SAT for the period 2010-2015, as derived from the CLDAS data set is depicted in (a), while the CTRL simulation is shown in (b) and the SEXP
simulation in (c). Panel (d) illustrates the discrepancy in the average SAT between the CTRL simulation and the CLDAS data set, and panel (e) shows the variance
between the SEXP and CTRL simulations for the same period. The relative discrepancy in the root mean square error (RMSE) of the modeled SAT for the SEXP versus
the CTRL simulation is presented in panel (f) for the 2010-2015 timeframe. The black solid lines in the figures represent the 3,000-m contour. In panel (e), the dots
signify the statistical significance of differences at the 95% confidence level according to Student's #-test.

Figures 4a—4d show that the cold bias of the simulated daytime SAT in the CTRL experiment is situated across
almost the entire TP in winter and spring, and in the western and southern part of the TP during summer and
autumn. Compared to the CTRL experiment, the SEXP experiment produced much higher daytime SAT in the
majority of TP during winter and spring and in the western TP during summer and autumn (Figures 4e—4h). These
differences can reduce the cold bias produced by the CTRL experiment to a certain extent. The proportional
variations in the RMSE of the simulated SAT in the TP further indicate that the inclusion of the 3DSTLRE can
clearly improve the simulations of SAT across most of the TP in winter and spring, as well as in the western TP
during summer and autumn (Figures 4i—41). The outcomes at nighttime are akin to those during the daytime, but
the improvement of SAT simulations induced by the adoption of 3DSTLRE is more evident at nighttime
(Figures 4i—41 and 4u-4x).

Figure 5 illustrates that the 3DSTLRE scheme effectively diminishes the RMSE of the modeled SAT across both
daytime and nighttime in different seasons over the sub-regions Regl and Reg2. Compared to the CTRL
experiment without 3DSTLRE, the SEXP experiment with the 3DSTLRE results in a reduction of the RMSE for
the simulation of SAT over sub-region Regl at daytime (nighttime) by 3.0%, 1.7%, 1.7%, and 2.4% (4.4%, 3.4%,
2.5%, and 2.6%) during winter, spring, summer, and autumn, respectively (Figures 5e and 5f). The improvement
of the simulated SAT induced by the adoption of 3DSTLRE scheme is more evident over the sub-region Reg2
than over the sub-region Regl. From Figures 5g and 5Sh, the inclusion of the 3DSTLRE can lead to a reduction in
the RMSE of the simulated SAT in the sub-region Reg2, with the RMSE of simulated SAT at daytime (nighttime)
reduced by 5.3%, 3.2%, 4.4%, and 6.5% (5.6%, 6.0%, 6.1%, and 8.4%) during winter, spring, summer, and autumn,
respectively. Overall, the improvement of the simulated SAT induced by the 3DSTLRE over the both sub-regions
is more evident in nighttime than in daytime.

4. Physical Mechanisms

Figures 6a—6c¢ display the distributions of the SDLR flux averaged over 2010-2015 from the OBS data and model
simulations. The observed SDLR decreases from the southeastern to the northwestern parts of the TP. Both
experiments can reproduce the overall spatial pattern of SDLR in the TP (Figures 6b and 6¢). The CTRL
experiment without the 3DSTLRE substantially underestimates the SDLR over the majority of the TP. This
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Figure 4. The differences of the climatic mean SAT over 2010-2015 between the CTRL simulations and the CLDAS data set (a—d, m—p), and between both simulations
(e-h, g-t), and the relative variation in the RMSE of the simulated SAT between both experiments (i-1, u—x) during the daytime (a-1) and nighttime (m—x) in different
seasons over 2010-2015. The dots in panels (e-h and g-t) indicate the differences exceeding the 95% confidence threshold as determined by Student's r-test.

underestimation is notably pronounced, with values exceeding —20 W-m™2, particularly along the northwestern
and southern boundaries of the plateau (Figure 6d). The SEXP experiment with the 3DSTLRE notably improves
the simulated SDLR across much of the TP, particularly at the southern edges where the terrain is complex, the
increase in SDLR is significantly obvious with an increment of 15 W-m~? relative to the CTRL experiment
(Figure 6e). The enhancement in SDLR could be predominantly ascribed to the longwave radiation flux emitted
from the surrounding topographies. The RMSE of the SDLR simulated by the SEXP experiment is clearly
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Figure 5. The regional averages of the RMSE for the SAT simulations between the both experiments are presented for the years 20102015, categorized by daytime and
nighttime across various seasons in two sub-regions (a—d). These sub-regions, defined by elevations exceeding 3,000 m, correspond to the red (Regl) and black (Reg2)
rectangles depicted in Figure 2a. Additionally, the relative shifts in RMSE are detailed in (e-h).

reduced in most of the TP compared to the CTRL experiment (Figure 6f). The RMSE of the SDLR simulated by
the SEXP experiment experiences a reduction exceeding 40% at the majority of the TP's peripheries relative to the
CTRL experiment, suggesting that the inclusion of the 3DSTLRE can significantly enhances the accuracy of
SDLR simulations over the complex and rugged terrains.

Figures 6g—6j demonstrate that RegCM4 significantly underestimates the total cloud cover over the TP, with the
underestimation exceeding 20%. After adopting the 3DSTLRE scheme, the total cloud cover simulated by the
SEXP experiment shows a slight increase compared to the CTRL experiment (Figure 6k). This increase is pri-
marily attributed to the rise in surface air temperature and the resulting atmospheric thermal feedback. Notably,
the increase in cloud cover is concentrated over the elevated regions of the TP, where the RMSE of the simulated
total cloud cover has decreased by more than 2% (Figure 61). It is important to note that the improvement in the
simulation of total cloud cover by the 3DSTLRE scheme is minimal. The limited capability in cloud simulation is
a significant source of SDLR errors in the RegCM4's simulation of the TP. Therefore, enhancing the cloud
simulation performance of RegCM4 is essential.

Relative to the CTRL experiment, the RMSE of the SDLR in sub-region Regl (Reg2) simulated by the SEXP
experiment is reduced by 20.4%, 18.2%, 18.5%, and 22.6% (6.7%, 29.5%, 33.6%, and 36.3%) during winter,
spring, summer, and autumn, respectively (Figures 7c and 7d). Overall, the implementation of the 3DSTLRE
scheme undoubtedly enhances the RegCM4 model's capability to simulate SDLR in the rugged terrains.
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Figure 6. The average SDLR and total cloud cover for the period 20102015 is depicted from observational data (OBS data set and CLARA data set) in (a, g), the CTRL
simulation in (b, h), and the SEXP simulation in (c, i). The discrepancies in average SDLR (total cloud cover) between the CTRL simulation and OBS (CLARA) data set
are shown in panels (d, j), and between both simulations in panels (e, k). Additionally, panels (f, 1) illustrates the relative changes in the RMSE of the SDLR and total
cloud cover as simulated by the modified RegCM4 with the 3DSTLRE compared to the CTRL over the 2010-2015 period. The black solid lines in the figures represent

the 3,000-m altitude contour. In panels (e,
Student's #-test.

k), the dots highlight the areas where the differences are statistically significant at the 95% confidence level, as determined by

In this study, the surface net radiation (SNR), surface net solar radiation (SNSR), SDLR, and surface downward
solar radiation (SDSR) are all positive downward. Conversely, surface latent heat (LH) flux, surface net longwave
radiation (SNLR), and surface sensible heat (SH) flux are positive upward. Figure 8§ shows the disparities in the
modeled surface radiation components between the two experiments. The SDLR simulated by the SEXP
experiment surpasses that of the CTRL experiment by more than 15 W-m~? in the TP during daytime hours
(Figures 8al-8a4). The daytime SULR simulated by the SEXP experiment exhibits a modest rise relative to the
CTRL experiment (not shown), this can be attributed to the increase in ground surface temperature. Therefore, the
reduced daytime SNLR in the SEXP experiment mainly resulted from the increased SDLR (Figures 8al1-8b4).
The variations in the modeled SDSR between the two experiments are relatively minor (Figures 8c1-8c4). The
modest decrease in SDSR found in the SEXP experiment is a result of the heightened cloud cover (Figure 6k). The
increased SNSR in the SEXP experiment (Figures 8d1-8d4) should be attributed to the reduced surface albedo,
which is the feedback of the increased surface temperature (not shown). In all, the increased daytime SNR during
different seasons in the SEXP experiment (Figures 8e1-8e4) is mainly attributed to the increased SDLR, which is
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Figure 2a, respectively.

resulted from the direct impact of the 3ADSTLRE scheme. Similar to daytime, the increased SNR at nighttime
during different seasons in the SEXP experiment mainly results from the enhanced SDLR induced by the
3DSTLRE relative to CTRL experiment (Figures 8f1-8h4).

Figure 9 provides a detailed comparison of the differences in SH, LH, and the combined surface sensible and
latent heat (SHLH) flux between the two experiments. The differences in the modeled SHLH, predominantly
driven by SH, are on par with the discrepancies in the SNR between the two experiments (Figures 8e1-8e4, 8h1—
8h4, 9c1-9c4, and 9f1-9f4), implying that the majority of the increased SDLR induced by the 3DSTLRE scheme
is primarily transformed into SH, which in turn directly warms the surface air and leads to the increase of SAT.

Figure 10 presents the regional mean differences of surface energy components between the two experiments in
the sub-regions Regl and Reg2. The differences in the SNR show comparable magnitudes to those of the SNLR in
the sub-regions Regl and Reg2 during daytime and nighttime throughout a year (Figures 10a—10d), indicating
that the indirect feedback from the land surface and atmosphere, such as reduced surface albedo and increased
solar irradiance due to reduced cloud cover, is not the primary reasons for the improvement of the simulated SAT.
Figure 10 also indicates that the increased SNR induced by the 3DSTLRE in different seasons predominantly
contributes to the increases of SH flux, which directly warm the near surface air. Although the increased SDLR
and SNR due to the 3DSTLRE is much larger in daytime than in nighttime (Figures 10e—10h), the SAT increases
more at nighttime than at daytime (Figures 4e—4h and 4q—4t), this should be attributed to the diurnal boundary
layer differences.

Figure 11 illustrates the diurnal variation of the differences in the simulated SH and SAT between the two ex-
periments, as well as the diurnal variation of the boundary layer height from the two experiments. The maximum
differences of the simulated SH are observed in the afternoon, whereas the maximum differences in the simulated
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GU ET AL.

11 of 19

85U80|7 SUOWILLIOD 8A1e8.D) 8|qeo [dde au Aq peusenob afe sapie YO ‘SN JO '3y 10} AreIqT8UIUO A8]IM UO (SUORIPUOD-pUe-SWBYLID" A3 1M ARIq U1 UO//SdNL) SUORIPUOD pue swie 1 8y} &8s *[5202/90/6T] uo Areiqiauliuo A8im ‘Aisieaiun BuiiueN Aq Z0Tzr0aryz0z/620T 0T/10p/wod A8 im AriqiieutjuosqndnBey/sdny wouy papeojumoq ‘€z ‘¥Z0Z ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2024JD042102

Winter Summer
70E BOE 90E 100E 70E BOE 90E 100E 70E BOE 90E 100E 70E BOE 90E 100E
(b1)
39N—J/ °
36N - g
T b
T 3N >
30N
a
27N
70E B80E 90E 100E 70E B80E 90E 100E 70E B80E 90E 100E 70E 80E 90E 100E
70E BOE 90E 100E 70E BOE 90E 100E 70E BOE 90E 100E 70E BOE 90E 100E
(el) (e2) (e3) (ed)
39N—J/ 39N J/ 39N—J/ 39N ﬁ )
36N 36N 36N | 36N §
T 33§ 33N 33N 33N =
— =
30N 30N 30N 30N oo
27N 27N 27N 27N Z
70E B0E 90E 100E 70E B80E 90E 100E 70E B0E 90E 100E 70E 80E 90E 100E
39N 39N |
T 36N 36N |
—
+ 33N 33N |
% 30N - 30N |
27N 27N |
7 90E 100E 70E B0E 90E 100E 70E 80E 90E 100E

([ . [ T
-15-12-9 -6 -3 0 3 6 9 12 15Wm®

Figure 9. The variations in the calculated surface sensible heat flux (SH) as indicated in panels (al—a4) and (d1-d4), surface latent heat flux (LH) in panels (b1-b4) and
(el-e4), and the combined total of sensible and latent heat flux (SH + LH) in panels (c1—c4) and (f1-f4) are presented as comparative analyses between both simulations
across various seasons for the timeframe of 2010-2015. The daytime averages are depicted in panels (al—c4), and the nighttime averages are shown in panels (d1-f4).

SAT are noted just before midnight. The diurnal variation of the differences in boundary layer height from both
experiments aligns with the diurnal variation in sensible heat flux differences between the two experiments. The
SH changes induced by the 3DSTLRE are significantly greater during daytime than during nighttime. However,
the increased SH during the daytime necessitates heating a much deeper boundary layer of the atmosphere
compared to nighttime. Consequently, the increase in SAT during daytime is not as pronounced as it is in
nighttime.

Overall, the RegCM4 underestimates the SDLR over most of the TP with complex sub-grid terrains when the
3DSTLRE is absent. Inclusion of the 3DSTLRE can clearly improve the SDLR simulations over the rugged
terrains of TP. Although the SDSR, SUSR, and SULR vary in response to the variation of SDLR induced by the
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Figure 10. The average regional differences in the modeled surface energy fluxes between the two experiments for sub-regions Regl and Reg?2 throughout the seasons of
2010-2015. The comparison is depicted for daytime conditions in subplots (a, c, €, g) and for nighttime conditions in subplots (b, d, f, h), with each set of subplots

corresponding

to a specific season.

3DSTLRE, the main source of the variation in the SHLH flux heating near-surface atmosphere is the change in
SDLR. Therefore, the change in the SAT is a direct response to the 3DSTLRE.

5. Conclusion and Discussion

Rugged terrains significantly affect the SDLR, however, the 3DSTLRE are not accounted for in most numerical
models. In this study, to assess the influence of 3DSTSRE on the simulation of SDLR and SAT over the TP, we
modified the RegCM4 by incorporating the 3DSTLRE scheme and conducted experiments using both the
modified and original RegCM4. The key findings are summarized below:

The RegCM4 without 3DSTLRE evidently underestimates the SAT in the TP. The largest underestimation of the
annual mean SAT occurs over the western and southern TP with the intensity below —5°C. Inclusion of the
3DSTLRE can lead to the simulated annual mean SAT increased by more than 0.7°C. The RMSE of the simulated
SAT over the western TP can be reduced by more than 9.0% due to the adoption of the 3DSTLRE scheme.
Compared to the CTRL experiment, the RMSE of the daytime (nighttime) SAT across the entire TP region
simulated by the experiment SEXP with the 3DSTLRE is decreased by 3.0%, 1.7%, 1.7%, and 2.4% (4.4%, 3.4%,
2.5%, and 2.6%) in winter, spring, summer, and autumn, respectively. Over the western TP with much more
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Figure 11. The diurnal variation of the regional mean differences of the modeled SAT and sensible heat flux between the two experiments are showcased for sub-regions
Regl in panels (a, b, e, f) and Reg2 in panels (c, d, g, h) across various seasons from 2010 to 2015, as well as, the diurnal variation of the regional mean of the modeled
boundary layer height in the two experiments are shown for sub-regions Reg1 in panels (i, j, k, 1) and Reg2 in panels (m, n, o, p) across various seasons from 2010 to
2015.
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complex sub-grid terrains, the improvement of the SAT simulations induced by the 3DSTLRE is more evident
than that over the entire TP. Adopting the 3DSTLRE scheme can lead to the RMSE of the simulated SAT in the
western TP reduced by 5.3%, 3.2%, 4.4%, and 6.5% (5.6%, 6.0%, 6.0%, and 8.4%) during daytime (nighttime) in
the winter, spring, summer, and autumn, respectively. Overall, the improvements of the SAT simulation in both
the western TP and the entire TP induced by the 3DSTLRE scheme are slightly more noticeable in nighttime than
in daytime.

The improvement of the SAT simulation is primarily a direct response to the improvement of SDLR simulation.
The RegCM4 without the 3DSTLRE significantly underestimates the SDLR over the TP by more than
—20 W-m™?, and the underestimation is more pronounced at the edges of TP with rugged terrains. Considering
of the 3DSTLRE can evidently reduce the underestimation of the SDLR over the TP. Inclusion of the 3DSTLRE
in the SEXP experiment can lead to the RMSE of the SDLR simulated by the CTRL experiment without the
3DSTLRE reduced by 20.4%, 18.2%, 18.5%, and 22.6% (6.7%, 29.5%, 33.6%, and 36.3%) over the entire TP (the
western TP) in the winter, spring, summer, and autumn, respectively.

Most of the increased SDLR induced by the 3DSTLRE mainly leads to the sensible heat flux increased, which
further warms the near surface air and thereafter increases the SAT. The alterations in surface upward longwave
radiation and solar radiation at the surface, which are a consequence of the land surface and atmospheric response
to the 3DSTLRE, exert negligible effects on the modeled SAT. Due to the diurnal boundary layer difference, the
increase of the SAT is more pronounced in nighttime than during daytime.

Although the simulation of the SDLR and SAT in the rugged areas of TP can be improved by the inclusion of the
3DSTLRE scheme in the RegCM4 model to some extent, noticeable cold biases and underestimation of the
SDLR still persist. According to previous studies (An et al., 2022; Lee, Li et al., 2019; Wang et al., 2023; X.
Zhou et al., 2023), we believe that efforts should be made to improve the description of snow, surface albedo,
and atmospheric radiative transfer in the RegCM4 model, which may improve the simulation of the SAT. The
simulation of clouds by RegCM4 contains significant errors that greatly affect SDLR simulations. Therefore, it
is essential to focus on enhancing the accuracy of cloud simulations (Pareja-Quispe et al., 2021).

Additionally, further work is essential to investigate how the combinations of sub-grid terrain long-wave and solar
radiation effects affect the performance of the RegCM4 model in simulating the climate of the TP and its sur-
rounding areas. The experiments conducted in this study do not utilize the optimal model configurations,
including low horizontal and vertical resolutions, the implementation of imperfect schemes such as SUBEX, and
the reliance on ERA-Interim forcing fields. It is essential to further evaluate the effectiveness of the 3DSTLRE
scheme by employing various model configurations over the different regions with rugged terrain.

Data Availability Statement

Data—The SRTM elevation data (Jarvis et al., 2008), the GMTED elevation data (Danielson & Gesch, 2011), the
NOAA OISST data (NOAA, 2002; Reynolds et al., 2002), the ERA-Interim reanalysis (Dee et al., 2011;
ECMWEF, 2011), the ESA CCI ECYV soil moisture data (ESA, 2012; Liu et al., 2012), the CLARA-A2.1 SDLR
data (Karlsson et al., 2020), the GLASS SDLR data (NESSDC, 2022); the SDLR provided by TPDC (Wang &
Wang, 2022), the SAT from the CLDAS data set (CMDC, 2019; Han et al., 2019), and the SDLR from the CERES
SYNldeg_Ed4.1 data sets (Doelling et al., 2016; NASA, 2016). Software—The source codes for the original and
modified RegCM4 (Gu & Huang, 2024).
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Erratum

The originally published version of this article contained an error in Figure 8. Panels 8e1-8e4 were identical to
panels 8d1-8d4. In addition, panels 8e1-8e4 should depict the differences in net surface solar radiation. The
errors have been corrected, and this may be considered the authoritative version of record.
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