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Abstract
Terrain significantly regulates surface downward longwave radiation (SDLR). TheCMIP6High-
ResMIPmodels without the three-dimensional sub-grid terrain longwave radiative effects (3DSTLRE)
produce large SDLRbiases over complex terrains. This study applies the 3DSTLRE scheme to correct
the SDLR simulated by thesemodels in East Asia and assesses the correction’s effectiveness. Results
indicate that theCMIP6HighResMIPmodels without the 3DSTLRE clearly underestimate the SDLR
over the rugged terrains and the underestimation increases with the sub-grid terrain complexity. The
offline correction of 3DSTLRE can evidently improve the SDLR simulations in different seasons, and
the improvements increase with the sub-grid terrain complexity. Themost significant improvements
are observed over theHimalayas, the Tibetan Plateau, the TianshanMountains, and theHengduan
Mountains. The relative rootmean square error of SDLR simulations over the areaswith themost
complex sub-grid terrains can be decreased by∼40%due to the offline correction of 3DSTLRE.
Considering the 3DSTLREmay be an efficientway to improve the simulations of the SDLR and surface
energy balance over the regionswith complex sub-grid terrains.

1. Introduction

The surface downward longwave radiation (SDLR) is an important component of the surface energy balance,
driving local weather patterns and global climate change (Wang and Liang 2009, Feng et al 2023). The SDLR is
the primary heat source that warms the land surface under specific conditions, such as low solar elevation,
nighttime, deep valleys, high latitudes, and glaciers that are starting tomelt (Whiteman et al 1989,Matzinger et al
2003, Juszak and Pellicciotti 2013, Zhang et al 2013, Senese et al 2020). The SDLR is sensitive to global warming
(Vargas Zeppetello et al 2019, Stephens et al 2012). Inaccurate simulations of the SDLR in numericalmodels can
increase the uncertainty associatedwith simulated soil freeze–thaw processes, snow and icemelting, canopy
temperature, near-surface temperatures, and subsequent atmospheric circulation (Wu et al 2016,Webster et al
2017, Lee et al 2019, Robledano et al 2022, Luo et al 2023). Over the plane surface, the SDLR is determined by the
radiative effects of the cloud and the atmospheric conditions, such as low-level humidity, greenhouse gases, and
air temperature (Sugita andBrutsaert 1993, Viúdez-Mora et al 2015, Shakespeare andRoderick 2022, Tana et al
2023, Shang et al 2024).

Over themountainous region, the SDLR is not only determined by the atmospheric radiative transfer but
also significantly influenced by the topographical relief (Olyphant 1986, Yan et al 2020). The topographies can
block the SDLR from the sky and emit additional longwave radiation to the neighbouring point (Duguay 1993,
Robledano et al 2022). The longwave radiative effects of terrain have been studied since the late 1970s
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(Cole 1979,Dozier andOutcalt 1979) andwidely applied in hydrological simulation and generating the SDLR
data based on theGeographic Information System (Gratton et al 1993, Arnold et al 2006, Yan et al 2016,Wu et al
2019). The SDLR can be increased by 101∼102Wm−2 due to the extra longwave radiation emitted from the
surrounding terrains (Aubry-Wake et al 2018, Zhu et al 2018, Yan et al 2020, Feldman et al 2022).

Since the 2000s, the significance of sub-grid terrain effects has been acknowledged in numericalmodels
because of the increasing horizontalmodel resolution (Hauge andHole 2003,Müller and Scherer 2005, Chen
et al 2006, Zhang et al 2006, Essery andMarks 2007). The sub-grid terrain solar radiative effects have beenwidely
applied inweather/climate numericalmodels (Feng andZhang 2007, Liou et al 2007, Lai et al 2010, Lee et al
2011, Ruiz-Arias et al 2011, Gu et al 2012,Manners et al 2012, Arthur et al 2018, Fan et al 2019,He et al 2019,Hao
et al 2021, Gu et al 2022,Huang et al 2022, Zhang et al 2022, Cai et al 2023). However, the sub-grid longwave
radiative effects are notwell described in numericalmodels. Some studies have found that incorporating sub-
grid longwave radiative effects into regional climatemodels can enhance the simulation of surface energy
balance and, consequently, precipitation (Zhang et al 2006, Feng andZhang, 2007, Gu et al 2020). But they only
consider the obstruction of SDLR caused by the topography and completely ignore the additional longwave
radiation emitted from the topography. Recently, based on themountain radiation theory, we have developed a
three-dimensional sub-grid terrain longwave radiative effects (3DSTLRE) parameterization scheme (Gu et al
2024a), which fully accounts for the terrain obstruction of the SDLR from the sky and the additional SDLR
emitted from the surrounding terrains.

TheHighResolutionModel Intercomparison Project (HighResMIP,Haarsma et al 2016) is an important
component of theWorldClimate Research Programme (WCRP)CoupledModel Intercomparison Project
Phase 6 (CMIP6). TheCMIP6HighResMIP aims to systematically investigate the impact of horizontal
resolution. TheHighResMIP gathers state-of-the-art global climatemodels and conducts simulations spanning
the period 1950–2050 (Roberts et al 2020, Priestley andCatto 2022). However, the CMIP6HighResMIPmodels
do not consider the three-dimensional sub-grid terrain longwave radiative effects (3DSTLRE), whichmay result
in additional uncertainty of SDLR simulations over the rugged areas compared to the plains (Wan et al 2022, Xu
et al 2022). Recent study ofGu et al (2024b) indicated that the biases in theCMIP6HighResMIP surface solar
irradiance simulations offline corrected by the three-dimensional sub-grid terrain solar radiative effects
(3DSTSRE) can be significantly reduced over the rugged areas. Besides the 3DSTSRE, the 3DSTLRE is also
crucial for accurately describing the surface energy balance.

In this study, the 3DSLTRE scheme provided byGu et al (2024a) is used to offline correct the CMIP6
HighResMIP SDLR simulations. One purpose of this study is to evaluate additional uncertainty of the SDLR
simulated by theCMIP6HighResMIPmodels without the 3DSTLREover themountainous areas relative to the
plains. The other purpose is to provide amethod for correcting theCMIP6HighResMIP SDLR simulations. The
corrected SDLR simulationsmay be better utilized in studying the surface energy balance, exploring the physical
mechanismof climate change, and as the forcing data for the land surfacemodel, the glaciermodel, and the
hydrologicalmodels (Ren et al 2018, Tao andBarros 2018,Wild 2020,Heavens 2021, Van Beusekom et al 2022,
Liu et al 2023,Wang et al 2023, Shi et al 2024,Wu et al 2024). The East Asia regionwas selected as the study area
for three reasons. First, East Asia features some of themost complex terrains in theworld, including the
Himalayas, the Tibetan Plateau, theHengduanMountains, and the TianshanMountains (figure 1(a)). Second,
the climate of East Asia is significantly influenced by these diverse terrains (Huang et al 2023). The last point is
that East Asia exhibits significant SDLRbiases produced by theCMIP6HighResMIPmodels (Xu et al 2022). The
rest of the paper is arranged as follows: The data,methodology, andmetrics are introduced in section 2. Section 3
presents the results. The discussion and conclusion are described in section 4.

2.Data,methodology andmetrics

2.1.Data
The data used in this study are listed as follows:

The sub-grid terrain is provided by the Shuttle Radar TopographyMission (SRTM)Version 4.1 (Jarvis et al
2008)digital elevationmodel (DEM) datawith a horizontal resolution of 3″ (∼90 m).

Themonthly surface upward longwave radiation (SULR) and SDLRfluxes from the 11CMIP6HighResMIP
models participating the hist-1950 experiment during 2001–2014 (specific information shown in table 1).

The SDLR observations during 2001–2014 from themonthly CMSAFCloud, Albedo and Surface Radiation
dataset (CLARA-A2, Karlsson et al 2020)with a horizontal resolution of 0.25°, which takes into account the
effects of topography on the SDLR (Karlsson et al 2017).

The SDLR observations during 2001–2014 from themonthly Synoptic TOA and surfacefluxes and clouds
dataset (SYN1deg_Ed4.1)with a horizontal resolution of 1° provided by theClouds and the Earth’s Radiant
Energy System (CERES) project (Doelling et al 2016). The SDLR from theCERES alignswell with the station
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observations in the regionswith high elevation and complex terrain, such as the Tibetan Plateau and the Loess
Plateau (Gui et al 2010, Yan et al 2011, Naud et al 2012,Wang et al 2021) and is broadly applied in the studies of
the surface energy balance over East Asia (Chen et al 2022,Wang et al 2022).

The hourly fused global land surface longwave downward radiation dataset with a horizontal resolution of
0.25° during 2001–2014 provided by theNational Tibetan Plateau/Third Pole EnvironmentDataCenter
(TPDC,Wang andWang 2022,Wang et al 2022), which is an enhanced product that combines satellite data and
reanalysis data using amachine learning-based fusionmethod.

The simulated SULR and SDLR fluxes from theCMIP6HighResMIPmodels and the SRTMDEMdata are
used for the offline correction. The SDLRfluxes from theCLARA-A2, theCERES, and the TPDC are used for the
evaluation. The simulated SDLRfluxes and the satellite-observed SDLR fluxes are available atmonthly or daily
intervals, which limits our ability to analyze the diurnal effects of the offline 3DSTLRE correction. Consequently,
this study examines the impacts of 3DSTLREon amonthly and seasonal scale.

2.2. The 3DSTSRE scheme
The SDLRfluxes contain two components: namely the SDLR coming from the atmosphere and the SDLR
emitted from the surrounding topography (figure 1(b)). The sky view factor (SVF) is used tomeasure the
openness of the sky, which is the ratio of the obstructed sky to the total sky (Dirksen et al 2019, Jiao et al 2019).
The SVF varies from0.0 to 1.0, representing the degree towhich the sky over the target point is obstructed,

Figure 1.The elevation over East Asia with a horizontal resolution of 3″ (a), the diagramof the SDLRover themountainous region (b),
the slope and slope aspect (c), the data processing flow chart (d), and the 3DSTLRE correction factorC1 over East Asiawith the
horizontal resolution of 1° (e).
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Table 1.Themodels of CMIP6HighResMIP providing the data in this study.

Model Horizontal resolution Institution Model description Data source

BCC-CSM2-HR ∼50 km BeijingClimate Center Wu et al (2021) Jie et al (2020)
CESM1-CAM5-SE-HR ∼25 km National Center for Atmospheric Research, Climate andGlobal Dynamics Laboratory Chang et al (2020) Hurrel et al (2020)
CMCC-CM2-VHR4 ∼25 km FondazioneCentro Euro-Mediterraneo sui Cambiamenti Climatici Scoccimarro et al (2022) Scoccimarro et al (2018)
CNRM-CM6-1-HR ∼50 km CentreNational de RecherchesMeteorologiques, Centre Europeen deRecherche et de FormationAvancee en

Calcul Scientifique

Saint-Martin et al (2021) Voldoire (2019)

EC-Earth3P-HR ∼50 km EC-Earth-Consortium Haarsma et al (2020) EC-EarthConsortium (2018)
ECMWF-IFS-HR ∼25 km EuropeanCentre forMedium-RangeWeather Forecasts Roberts et al (2018) Roberts et al (2017)
FGOALS-f3-H ∼25 km Chinese Academy of Sciences An et al (2022) Yu (2020)
GFDL-CM4C192 ∼50 km NationalOceanic andAtmospheric Administration, Geophysical FluidDynamics Laboratory Zhao et al (2018a) Zhao et al (2018b)
HadGEM3-GC31-HH ∼50 km MetOfficeHadleyCentre Roberts et al (2019) Roberts (2021)
INM-CM5-H ∼50 km Institute forNumericalMathematics, RussianAcademy of Science Volodin et al (2017) Volodin et al (2019)
MPI-ESM1–2-XR ∼50 km MaxPlanck Institute forMeteorology Gutjahr et al (2019) von Storch et al (2018)
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ranging from completely obstructed to completely unobstructed. The terrain view factor (1.0-SVF) is the
counterpart of the sky view factor, representing the ratio of the sky obstructed by the topography. The SDLRover
the sub-gridwith the rugged surface ( Lt ) can be calculated by equation (1) (Robledano et al 2022):

· ( )· ( )= + - L SVF L SVF L1 1t p sur

Where L ,p L ,sur SVF, and ( )- SVF1 are the SDLRover the plane surface, the longwave radiation emitted from
the surrounding terrain, the sky view factor, and the terrain view factor. The SVF can be calculated by
equation (2) (Dozier and Frew,1990):
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Where a and b are the terrain slope and aspect of the target point. The qk and zK are the azimuth and the
maximal terrain elevation angle at theKth direction.N is the total number of the divided direction. LargerN
leads tomore accuracy of SVF but costmore computation.N is set to 360 in this study. As shown in figure 1(c),
the a represents the terrain steepness and varies from0.0 to p .
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WhereΔx andDy are the zonal andmeridional grid distance of the SRTMDEMdata. m (n) represents the grid
number along thewest-east (south-north) directions, respectively.

We have developed a 3DSTLRE scheme (Gu et al 2024a) that utilizes the grid-scale terrain correction factor
to correct the SDLRfluxes simulated by the numericalmodels adopting the plane-parallel approach:
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Where Lt g, is the grid-scale SDLR corrected by the 3DSTLRE scheme. Lp g, and Lp g, are the grid-scale SDLR
and SULRfluxes simulated by the numericalmodels adopting the plane-parallel radiative transfer scheme. The
terrain correction factorsC1 andC2 represent the grid-scale sky view factor and terrain view factor, respectively,
which take into account the surface area variation of rugged terrains. SumofC1andC2is 1.0. SmallerC1 and
largerC2 indicate that the grid hasmore complex sub-grid terrain, resulting in stronger 3DSTLRE.More details
can be found inGu et al (2024a). The difference between the SDLRwith andwithout the 3DSTLRE correction is

( ) · · ( )- = + -    L L L C L C L . 9t g p g p g p g p g, , , 1 , 2 ,

Taking = -C C12 1 into equation (9), equation (9) can be rewritten as

( ) ( )· ( )- = -   L L L L C 10t g p g p g p g, , , , 2
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C2is static data and doesn’t change over time. The item ( )- L Lp g p g, , is the surface outgoing net longwave
radiation calculated by the plane-parallel radiative transfermodule of the numericalmodel.

2.3.OfflineCorrection of 3DSTLRE
As shown infigure 1(d), themonthly SDLRfluxes are corrected at their native grid according to equations
(6)–(8). Themonthly SDLRfluxes corrected by the 3DSTLRE are then remapped onto the grids with a
horizontal resolution of 1.0° using thefirst-order conservative remappingmethod (Jones 1999). Themulti
model ensemble (MME)mean SDLR fluxeswithout andwith the 3DSTLRE correction are referred as the
MME_PPdata and theMME_TOPdata, respectively. The abbreviations ‘PP’ and ‘TOP’ stand for plane-parallel
and topography slope, respectively. The hourly SDLRfluxes provided by the TPDC are averaged tomonthly
SDLR. Themonthly SDLRfluxes from theCLARA-A2, the TPDC, and theCERES are remapped to the grids
with a horizontal resolution of 1.0°. Themonthly SDLRfluxes averaged from theCLARA-A2, the TPDC, and the
CERESwith a horizontal resolution of 1.0° are referred to as the observational (OBS) data and considered the
‘true value’. The 3DSTLRE correction factors are determined solely by the sub-grid terrain and are not
influenced by time. The absence of diurnal variation in the longwave radiation emitted by the terrain and the
atmosphere does not affect the accuracy of the 3DSTLRE correction.

2.4.Metrics
The relative rootmean square error (RRMSE), relative error (RE), and absolute relative error (ARE) are used to
evaluate the performance of the simulated SDLR fluxes and calculated by equations (11)–(13):

( )
( )=

å -

å
´=

=
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S O
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100% 11i

n
i i

i
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i
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1
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-
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100% 13

Where O and S represent the observation and themodel simulation, respectively, n is the sample size. The
correction and evaluation are conducted over the land of East Asia (65°E∼ 145°E, 17°N∼ 59°N,figures 1(a)
and (e)).

3. Results

As shown in Figures 2(a1)–(e2), the SDLR simulations in theMME_PP data can reproduce the spatial
distributions of the annual and seasonal SDLR.Due to the absence of 3DSTLRE, the annual and seasonal SDLR
in theMME_PPdata showmore pronounced underestimation over the rugged areas compared to those over flat
surfaces (Figures 2(a4)–(e4)). The underestimations of the SDLRwithout correction in theMME_PPdata can
exceed 18W·m−2, with themost significant underestimations located over the edge of the Tibetan Plateau,
particularly along thewestern edge. Compared to theMME_PPdatawithout correction, the SDLRfluxes in the
MME_TOPdatawith the offline correction of 3DSTLRE can be increased by 3∼18W·m−2 in each season
(figures 2(a5)–(e5)), indicating that the correction helps tomitigate the underestimation present in the
uncorrected SDLR. The increase in SDLR resulting from the offline correction of 3DSTLRE is due to the fact that
the SDLR emitted from the surrounding terrain is usually greater than that emitted from the atmosphere (Hoch
andWhiteman 2010). This leads to a higher SDLRover rugged surfaces compared toflat surfaces at the same
time and in the same locations (Sicart et al 2006, Feldman et al 2022). The variations in themagnitude of
increased SDLR due to the 3DSTSRE across different seasons can be attributed to the differences in surface net
longwave radiation, as calculated by the plane-parallel radiative transfermodule during these seasons (see
equation (10)).

Figures 2(a6)–(e7)demonstrate that the offline correction can significantly reduce theRRMSEof the simulated
SDLR in theMME_TOPdata compared to theMME_PPdata in rugged regions, especially over theTibetanPlateau.
TheRRMSEof the simulated SDLR in theMME_TOPdata canbe reducedby 10%∼50%overmost of the gridswith
theC1� 0.99 compared to those in theMME_PPdata throughout the year Figures 2(a8)–(e8)). Although theEast
Asia has various climatic zones (seefigure 5 inKimandBae, 2021), the effects of the 3DSTLREarenot sensitive to
variations in climatic types. The effects of the 3DSTLREprimarily dependon the complexity of the terrain
(figures 1(a), (e), 3(a8)–(e8)). The 3DSTLRE ismost effective over theHimalayas, theTibetanPlateau, theTianshan
Mountains, and theHengduanMountains. TheTibetanPlateauhas significant thermal impacts on theEastAsia
Monsoon (Duan et al2020). Therefore, the 3DSTLRE shouldbe incorporated intonumericalmodels. Thenumbers
infigures 2(a1)–(e3) show the regional average values andRRMSEsof the annual and seasonal SDLRover the grids
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withC1� 0.99, indicating better performanceof the SDLRsimulations in theMME_TOPdata than in the
MME_PPdata.

Figures 3(a)–(e) shows the annual and seasonal RRMSEs of the SDLR simulations from theMME_PP and
MME_TOPdata during 2001–2014. The annual and seasonal RRMSEof SDLR in theMME_PPdata increases
with the 3DSTLRE correction factorC1 decreasing. In other words, RRMSE increases with the sub-grid terrain
complexity (figures 3(a)–(e), 1(a), and (e)).With the offline correction of 3DSTLRE, the RRMSEof the SDLR in
theMME_TOPdata is evidently reduced over the rugged terrain compared to that in theMME_PPdata
(figures 3(a)–(e), 1(a), and (e)). Throughout the year, the RRMSEof the SDLRover themountainous areas (C1

� 0.99) in theMME_TOPdata is almost equal to that over the plain surfaces (0.99<C1� 1), indicating that the

Figure 2.The surface downward longwave radiation (SDLR)with a horizontal resolution of 1.0° from theOBS data (a1)–(e1), the
MME_PP data (a2)–(e2), and theMME_TOPdata (a3)–(e3) averaged over 2001∼2014. The differences of the 14-yearmean SDLR
fluxes between theMME_PP data and theOBS data (a4)–(e4), and between theMME_TOPdata and theMME_PP data (a5)–(e5). The
relative rootmean square errors (RRMSE) of the SDLR from theMME_PP data (a6)–(e6) and theMME_TOPdata (a7)–(e7) during
2001–2014. The relative differences of the RRMSEof the SDLRbetween theMME_TOPdata and theMME_PP data (a8)–(e8) during
2001–2014. The blue numbers infigures (a1)–(e3) are the SDLR averaged at the grids withC1� 0.99 shown infigure 1(e). The red
numbers in Figures (a2)–(e3) are the RRMSEs of the SDLR simulations during 2001–2014 at the grids withC1� 0.99 shown in
figure 1(e), respectively.C1 represents the grid-scale sky view factor and a smallerC1 value indicatesmore complex sub-grid terrain.
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offline correction can successfully remove the biases due to neglecting the 3DSTLRE in theCMIP6HighResMIP
models. The output from global climatemodels (GCMs) can serve as input data for the offline operation of land
surfacemodels or hydrologicalmodels. By employing themethod introduced in this study and inGu et al
(2024b), we can reduce the uncertainty in the simulated SDLR and surface downward solar radiation in rugged
regions to levels comparable to those found inflat terrain. This enhancementwill facilitatemore accurate
predictions of processes such as glacial dynamics, runoff, and vegetation growth in complex landscapes.

The relative reduction in theRRMSE of the SDLR between theMME_TOPdata and theMME_PPdata
increases with the sub-grid terrain complexity (figures 3(f)–(j)). Over the grids with themost complex sub-grid
terrains (C1� 0.89), the RRMSEof the annual, winter, spring, summer, and autumn SDLR in theMME_TOP
data can be decreased by 40.9%, 37.0%, 43.4%, 46.0%, and 39.3%due to the offline correction of 3DSTLRE,
respectively.

The probability density function (PDF,figures 4(a)–(e)) of the absolute relative error of themonthly SDLR
simulations shows that the 3DSTLRE offline correction clearly decreases the probability of relatively higher
absolute relative errors and increases the probability of relatively lower absolute relative errors in different

Figure 3.The annual and seasonal relative rootmean square errors (RRMSE) of the SDLR simulations from theMME_PP and
MME_TOPdata during 2001–2014 (a)–(e), and the annual and seasonal relative changes of the relative rootmean square errors of the
SDLR simulationswith the 3DSTLREoffline correction during 2001–2014 compared to thosewithout the 3DSTSREoffline correction
at the grids with different grid-scaleC1 shown infigure 1(e).C1 represents the grid-scale sky view factor and a smallerC1 value
indicatesmore complex sub-grid terrain.
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seasons. The cumulative density functions (CDF,figures 4(f)–(j)) of the absolute relative error (ARE) of the
monthly SDLR simulations in theMME_TOP andMME_PPdata also demonstrate that the offline correction of
3DSTLRE can significantly reduce the absolute relative errors of the simulated SDLRover the rugged area. In the
MME_TOPdata, there are approximately 6.0%, 7.3%, 5.8%, 4.7%, and 6.2%more grids with theARE of
simulated annual, winter, spring, summer, and autumn SDLR less than 5%, respectively, compared to those in
theMME_PPdata.

4. Conclusion anddiscussion

The three-dimensional structure of sub-grid terrain significantly regulates the SDLRby obstructing the SDLR
from the atmosphere and emitting the SDLR from the surrounding terrains to the target point. These effects are
referred to as the 3DSTLRE.However, the CMIP6HighResMIP6models do not account for the 3DSTLRE at all.
The absence of 3DSTLRE can introduce additional uncertainty and relatively larger biases in the SDLR
simulations over the grids with complex sub-grid terrain compared to the grids withflat sub-grid terrain. The
SDLR simulated by theCMIP6HighResMIP6models is widely utilized in climate research and can be served as
the forcing data for land surfacemodels, glaciermodels, and hydrologicalmodels. There is a need to assess the

Figure 4.The probability density function (PDF, (a)–(e)) and the cumulative density function (CDF, (f)–(j)) of the absolute relative
error of themonthly SDLR simulations in theMME_PP andMME_TOPdata during 2001–2014 at the grids withC1� 0.99 shown in
figure 1(e).C1 represents the grid-scale sky view factor andC1� 0.99 indicates girdwith complex sub-grid terrain.
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additional uncertainty and biases in the SDLR simulated by theCMIP6HighResMIPmodels and develop a
method tomitigate this additional uncertainty andmodel bias.

In this study, the 3DSTLRE scheme (Gu et al 2024a) is adopted to rectify themonthly CMIP6HighResMIP
SDLR simulations and then SDLR simulationswith andwithout the offline correction are evaluated. Results
show that themulti-model ensemblemean SDLR simulations of theCMIP6HighResMIP are clearly
underestimated over the regionswith complex terrain, and the underestimations increase with the sub-grid
terrain complexity. The offline correction of 3DSTLRE can significantly reduce the biases of the CMIP6
HighResMIP SDLR simulations, and the improvements increases with the sub-grid terrain complexity. At the
grids with themost complex sub-grid terrain (C1� 0.89), the RRMSEof the annual, winter, spring, summer,
and autumnSDLR simulations of theCMIP6HighResMIP can be decreased by 40.9%, 37.0%, 43.4%, 46.0%,
and 39.3%due to the 3DSTLREoffline correction, respectively. The RRMSEof the corrected SDLR simulations
in the rugged areas is almost equal to that in the plane areas, suggesting that the biases of the SDLR simulated by
theCMIP6HighResMIPmodels without the 3DSTLRE can be efficiently eliminated by the offline correction of
3DSTLRE.

The results of this study indicate that it is a great necessity to consider the 3DSTLRE to improve the SDLR
simulations. The 3DSTLRE-corrected SDLR from theCMIP6HighResMIP can be better utilized in climate
research.However, this study has the following shortcomings: (1) due to limitations inworkload and
computational resources, wewere unable to apply 3DSTLRE to the 11CMIP6HighResMIPmodels for online
simulation of SDLR. Instead, we performed offline corrections on the SDLRoutputs of these 11models.
Therefore, the feedback of the land-atmosphere processes to the 3DSTLRE is completely neglected in this study.
Previous studies indicate that the improved simulation of SDLR can enhance themodeling of land surface
processes, including snow cover and soil hydrothermal states (Luo et al 2023, Pomeroy et al 2009).We guess that
the simulated atmosphere would then be adjusted in response to the enhanced simulation of these land surface
processes, potentially leading to further improvements in the simulation of SDLR. It is essential to conduct
online sensitivity numerical experiments in regionswith diverse climate types and varying terrain complexities
to test this hypothesis. (2)Due to the lack of diurnal observations, the performance of the diurnal variation of the
SDLRwith orwithout the 3DSTLRE correctionwas not evaluated in this study. This studymissed the
opportunity to observe themaximum impacts of 3DSTLREon the simulated SDLRwithin the day. Therefore, it
is essential to gain a deeper understanding of the diurnal variation of 3DSTLRE in the future.Wewill discuss
these topics whenwe report the impacts of the 3DSTLRE parameterization on the performance of Regional
ClimateModel Version 4 (RegCM4) in the near future.
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