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Abstract. With high emissions of aerosols and the known world’s “Third Pole” of the Tibet Plateau (TP) in East
Asia, knowledge on the energy budget over this region has been widely concerned. This study first attempts to
estimate the present-day land energy balance over East Asia by combining surface and satellite observations as
well as the atmospheric reanalysis and Coupled Model Intercomparison Project Phase 6 (CMIP6) simulations.
Compared to the global land budget, a substantially larger fraction of atmospheric shortwave radiation of 5.2 %
is reflected, highly associated with the higher aerosol loadings and more clouds over East Asian land. While
a slightly smaller fraction of atmospheric shortwave absorption of 0.6 % is unexpectedly estimated, possibly
related to the lower water vapor content effects due to the thinner air over the TP to overcompensate for the
aerosol and cloud effects over East Asian land. The weaker greenhouse effect and fewer low clouds due to the
TP are very likely the causes of the smaller fraction of East Asian land surface downward longwave radiation.
Hence, high aerosol loadings, clouds, and the TP over East Asia play vital roles in the shortwave budgets,
while the TP is responsible for the longwave budgets during this regional energy budget assessment. The further
obtained cloud radiative effects suggest that the presence of clouds results in a larger cooling effect on the climate
system over East Asian land than that over the globe. This study provides a perspective to understand fully the
roles of potential factors in influencing the different energy budget assessments over regions.
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1 Introduction

Current patterns of Earth’s weather and climate are largely
determined by the spatiotemporal distributions of energy ex-
changes between the surface, atmosphere, and space. Theo-
retically, the outgoing longwave radiation (OLR) is balanced
by the incoming and reflected solar radiation at the top of
the atmosphere (TOA) to produce an equilibrium climate.
The incoming solar radiation can be scattered by clouds
and aerosols or absorbed by the intermediary atmosphere,
thereby contributing to the diverse energy transformation at
the surface (Trenberth et al., 2009; Wild et al., 2013a). The
Earth’s surface energy balance is of particular significance
because it is the key driver of atmospheric and oceanic cir-
culations, hydrological cycles, and various surface processes
(Wild et al., 2008; Mercado et al., 2009; Wild et al., 2013a;
L’Ecuyer et al., 2015). Anthropogenic influences on climate
change are driven by the uneven distribution of the TOA net
radiation caused by forcings perturbed by variations of the
atmospheric composition of greenhouse gases and aerosols
as well as aerosol–cloud interactions (Trenberth et al., 2009;
Stephens et al., 2012; Wild et al., 2013a; Trenberth et al.,
2014; L’Ecuyer et al., 2015; Wild et al., 2019; Z. Wang et al.,
2021).

Many efforts have been made to quantify the magnitudes
of different radiative components or energy budgets in the
climate system over a range of time–space scales, such as
on global scales (Lin et al., 2008; Trenberth et al., 2009;
Stephens et al., 2012; Wild et al., 2013b, 2015; L’Ecuyer
et al., 2015; Wild et al., 2019; Wild, 2020), over land and
ocean domains or the energy transport between them (Fa-
sullo and Trenberth, 2008a, b; Trenberth et al., 2009; Wild
et al., 2015; L’Ecuyer et al., 2015), over the Arctic (Previdi
et al., 2015; Christensen et al., 2016), and over individual
continents and ocean basins (L’Ecuyer et al., 2015; Kim and
Lee, 2018; Thomas et al., 2020). The energy balance at the
TOA can be accurately monitored by satellites from the most
advanced Clouds and the Earth’s Radiant Energy System
(CERES) Energy Balanced and Filled (EBAF) data product
(Loeb et al., 2018), while considerably larger uncertainties
appear at the surface fluxes owing to weaker observational
constraints (Raschke et al., 2016; Kato et al., 2018; Huang
et al., 2019). These assessments mostly build upon comple-
mentary approaches from a combination of space and surface
observations, climate models, and reanalyses. To date, the
discrepancies of independent global mean surface radiative
fluxes have been estimated to be within a few W m−2 (Wild,
2017a, b), enabling the accurate quantification of global sur-
face budgets. Besides, the surface radiative components sim-
ulated by various climate models vary substantially in a range
of around 10–20 W m−2 on global scales but exhibit greater
inter-model discrepancies on regional scales (Li et al., 2013;
Wild et al., 2013a; Boeke and Taylor, 2016; Wild et al., 2015;
Wild, 2017a, b, 2020). Existing challenges in the surface en-
ergy estimates include considerable uncertainties from sur-

face albedo and skin temperature as well as the partitioning
of surface net radiation into sensible and latent heat (SH; LH)
(Wild, 2017a, b).

Due to the large population and the largest emission source
of aerosols and their precursors, East Asia, especially China,
has long been a hotpot in climate change research. Aerosols
can interact with radiation directly by scattering and absorb-
ing solar/thermal radiation (Ghan et al., 2012) and indirectly
by modifying cloud microphysical properties and lifetimes
(Li et al., 2011), thereby influencing Earth’s radiation bal-
ance. As the world’s largest and highest plateau, the Tibet
Plateau (TP) covers nearly one-fifth of the East Asian land
area, significantly affecting the atmospheric circulation, en-
ergy budget, and water cycles of the climate system through
its orographic and thermal effects (Liu et al., 2007; Xu et al.,
2008a, b; Wu et al., 2015). Deeper insights into the energy
budget differences over East Asian and global land against
the background of high aerosol emissions and the TP role in
East Asia are meaningful and essential attempts. Moreover,
clouds play a key role in modulating global and regional en-
ergy budgets and hydrological cycles by increasing the re-
flected solar radiation and also the downward thermal radi-
ation, leading to a cooling and warming of the climate sys-
tem (Stephens, 2005; Wild et al., 2013a; Li and Mao, 2015;
H. Wang et al., 2021). Therefore, our emphasis in this study
is on the regional characterization of the East Asian energy
balance under both all-sky and clear-sky conditions based on
a combination of surface observations, satellite-derived prod-
ucts, reanalysis, and Coupled Model Intercomparison Project
Phase 6 (CMIP6) models. The cloud influence on the radia-
tive energy budgets at the TOA, within the atmosphere, and
at the surface is further quantified over this region. Section 2
introduces the different data sources used in this study, in-
cluding surface and satellite observations, climate models,
and reanalyses. Sections 3 and 4 provide detailed analyses
of the all-sky and clear-sky estimates of the energy balance
components. The inferred cloud radiative effects (CREs) at
the TOA, within the atmosphere, and at the surface are pre-
sented in Sect. 5. A summary and conclusions are given in
Sect. 6. The present day in this study represents the years
of 2010–2014, which correspond to the last 5 years of the
historical simulations in CMIP6 climate models. East Asian
land as considered in this study consists of five countries, i.e.,
China, Japan, South and North Korea, as well as Mongolia.

2 Data sources

2.1 Surface observations

Considering the efforts to diminish the inhomogeneities in
the measurement of ground-based surface (downward) solar
radiation (SSR) (Tang et al., 2011; Wang, 2014; Wang et al.,
2015; Wang and Wild, 2016; He et al., 2018; Yang et al.,
2018, 2019) and the large number of observational stations
over China, the homogenized monthly all-sky and clear-sky
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SSR datasets from the China Meteorological Administration
(CMA) National Meteorological Information Center (NMIC)
are used in this study (http://data.cma.cn/enl, last access:
10 February 2022) (Yang et al., 2018, 2019). In this dataset,
the clear-sky condition at observational sites is defined based
on the measured cloud fraction per day of no more than 15 %
(Yang et al., 2018). Taking clear-sky data (with relatively
complex missing months compared to the all-sky dataset)
as an example, sites with more than 1 year of > 2 missing
months were deleted to ensure ≥ 4 years of available data
during the period 2010–2014, and then the spline interpola-
tion was performed on the missing months of the selected
sites. As a consequence, 99 and 76 sites are available for the
all-sky and clear-sky studies, respectively. Besides, to further
explore the anthropogenic influence on SSR, 84 (62) urban
and 15 (14) rural stations for all-sky (clear-sky) conditions
are defined according to the administrative divisions of China
(Wang et al., 2017).

For the remaining East Asian sites, we use the monthly
Global Energy Balance Archive (GEBA) dataset (http://
www.geba.ethz.ch, last access: 25 February 2022) (Wild et
al., 2017), which contains a worldwide widespread distri-
bution of monthly data from many sources, e.g., from the
World Radiation Data Center (WRDC) or the Baseline Sur-
face Radiation Network (BSRN). Among these data sources,
the BSRN dataset has a much higher precision and temporal
resolution (up to 1 min) compared to the GEBA, but its site
number is very limited over East Asia (only a few sites lo-
cated in Japan and one site in Xianghe, China, but with no
data available during this study period). Moreover, the rela-
tive random error of the monthly SSR from the GEBA data
evaluated by Gilgen et al. (1998) is 5 %.

In order to retain as many sites as possible during the study
period, we widen the selection criterion of the GEBA data,
i.e., sites with data ≥ 4 years and missing months ≤ 3. Even-
tually, 8, 2, 4, and 14 sites are selected from the GEBA in
China, Mongolia, South and North Korea, and Japan, respec-
tively. In particular, among the 14 sites in Japan, five pairs of
the duplicate sites are obtained from the WRDC and BSRN
sources, respectively, and the remaining 4 sites are only from
the WRDC (9 sites available). For China, only 1 site from
Hong Kong out of 8 GEBA sites is not repetitive from the
abovementioned CMA sites (1 site available). Therefore, 16
out of 28 GEBA sites are available under all-sky conditions
(including 15 sites over regions outside China and 1 site over
Hong Kong, China) by taking the average of these duplicate
sites in Japan instead, while the clear-sky reference sites are
obtained from the interpolated CERES EBAF clear-sky es-
timates at the GEBA sites (also 16 sites) due to the limited
numbers of observational sites over these regions. Addition-
ally, we regard four island sites in Japan as rural stations (not
shown in the figures), while the sites in Mongolia as well as
South and North Korea are all urban sites.

As shown in Fig. S1 in the Supplement, there are 99 (ru-
ral/total: 15/99) and 16 (rural/total: 4/16) sites from the CMA

and GEBA available under all-sky conditions, respectively,
whereas 76 (rural/total: 14/99) and 16 (from the CERES-
interpolated data at the 16 GEBA sites) sites are considered
for clear-sky conditions, respectively. More detailed station
information is given in Table S1.

2.2 Satellite observation

Owing to the excellent temporal and spatial coverage of
satellite instruments, CERES data products are widely used
to track variations of Earth’s energy budgets. The newly re-
leased CERES EBAF Edition 4.1 with a monthly 1◦× 1◦

latitude–longitude resolution is used in this study (https://
ceres.larc.nasa.gov/data/, last access: 20 March 2022). In this
dataset, the TOA radiation components are adjusted within
their uncertainty ranges based on the independent observa-
tional ocean estimates of the global heating rate (Loeb et
al., 2018). Unlike the directly measured TOA energy budget,
the EBAF surface energy fluxes are calculated by the cloud
and aerosol properties from satellite-derived products as well
as the atmospheric profiles from reanalysis, with a lower
accuracy than their TOA counterparts (Kato et al., 2018).
The uncertainty ranges in 1◦× 1◦ regional monthly all-sky
and clear-sky longwave (LW) and shortwave (SW) radiation
fluxes at the TOA are also documented by Loeb et al. (2018).

2.3 Climate models and reanalysis

Data from 40 CMIP6 climate models are used for the anal-
yses in this study, with their model abbreviations, modeling
groups, and resolutions in Table S2. A detailed description of
the modeling groups participating in CMIP6 is provided at
https://pcmdi.llnl.gov/CMIP6/ (last access: 14 April 2022).
The CMIP6 model-calculated radiation fluxes under investi-
gation for this study include energy budgets under both all-
sky and clear-sky conditions from “historical all forcings”
experiments covering the period 2010–2014. In these histor-
ical simulations, both natural (e.g., solar variability and vol-
canic aerosols) and anthropogenic (e.g., greenhouse gases,
aerosols, and land use) forcings are considered to reproduce
the climate change and evolution since preindustrial times as
accurately as possible (Eyring et al., 2016). Only the first en-
semble member of each model is selected for the analysis,
and the model numbers vary slightly among different avail-
able energy components.

In the long history of the European Centre for
Medium-Range Weather Forecasts (ECMWF), ERA5 is
the fifth-generation product. It is a comprehensive re-
analysis from 1959 to near real time, which assimilates
as many observations as possible in the upper air and
near surface (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5, last access: 22 May 2022). Monthly
means of the radiative components from ERA5 are used in
this study with a resolution of 0.25◦× 0.25◦ (regridded to
1◦× 1◦). Compared to previous reanalyses (such as ERA-
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Interim), a major strength of ERA5 is the much higher tem-
poral and spatial resolutions as well as a higher vertical res-
olution with 137 levels (Hersbach et al., 2020). Several in-
dependent studies have evaluated the performance of ERA5
since its release. For example, excellent closure of the Arc-
tic energy budget based on ERA5 atmospheric data has been
assessed by Mayer et al. (2019). The representation of the
surface irradiance of ERA5 has been compared with other
reanalyses and with ground and satellite observations (Trol-
liet et al., 2018; Urraca et al., 2018). Specifically, Trolliet
et al. (2018) found that the surface solar irradiance over
the tropical Atlantic Ocean from ERA5 exhibits fewer bi-
ases than the second version of the Modern-Era Retrospec-
tive Analysis for Research and Applications (MERRA-2).
Urraca et al. (2018) reported that ERA5 can be a valid al-
ternative for satellite-derived products in terms of surface ir-
radiance in most inland stations compared to ERA-Interim or
MERRA-2. Furthermore, based on BSRN station data, Tang
et al. (2021) pointed out that the accuracy of ERA5 over land
in terms of surface downward longwave radiation is higher
than the CERES-derived product on average at both hourly
and monthly timescales.

3 Assessment of land energy balance budgets
under all-sky conditions

3.1 Shortwave components

Under all-sky conditions, the present-day annual land mean
anomalies of TOA incident solar radiation as well as the
SW net radiation at the TOA, within the atmosphere, and
at the surface regarding their respective multi-model means
as simulated by various CMIP6 models over East Asia
are shown in Fig. 1a. A summary of the CMIP6 model
statistics (such as the available model number, the model
spread, and the standard deviation – SD) along with the
corresponding multi-model mean as well as ERA5- and
CERES-derived estimates of different energy balance
components is listed in Table 1. As shown in Fig. 1a, with
the exception of the BCC-CSM2-MR and BCC-CESM1
models, all models give an estimate around 334 W m−2

for TOA incoming solar radiation with a very small SD of
0.2, closely matching the multi-model mean as well as the
CERES and ERA5 estimates (Table 1). The multi-model
means of solar absorption at the TOA, within the atmo-
sphere, and at the surface are 217, 73, and 144 W m−2,
respectively, all within 2 W m−2 of the biases against the
CERES-derived estimates, while they are 3–4 W m−2 larger
for those from ERA5 at the TOA and within the atmosphere,
yielding 1 W m−2 of bias against the CERES-based estimate
at the surface (Table 1). However, the individual models
vary significantly in their simulated annual East Asian land
mean solar absorption, both at the TOA and the surface
(Fig. 1a), with SDs of around 6 W m−2 and inter-model
spreads of more than 20 W m−2 (Table 1). Considering

the smaller absolute amount of atmospheric and surface
solar absorption compared to the TOA counterpart (73
and 144 vs. 217 W m−2; Table 1), the relative (percentage)
differences relative to their respective multi-model means(
relative (percentage) difference= range

multi-model mean × 100%
)

indicate that the uncertainties within the atmosphere and
at the surface are larger than that at the TOA (i.e., TOA:
22

217 × 100%= 10%; atmosphere: 19
73 × 100%= 26%;

surface: 23
144 × 100%= 16%).

The simulated SSR, however, shows the largest spread
of more than 30 W m−2 (ranging from 172 to 205 W m−2)
among all the substantially differing all-sky surface radiation
components, with a large SD of 7.6 W m−2 (Fig. 2a; Table 1).
The multi-model mean SSR is estimated to be 186 W m−2,
suggesting positive and negative deviations of 8 and 5 W m−2

from the CERES- and ERA5-derived estimates, respectively
(Table 1). Interestingly, although the discrepancy between
them is very large (8 or 5 W m−2), both the resulting surface
solar absorption differences are very small (within 3 W m−2),
indicating that a higher SSR goes together with a higher sur-
face albedo (Table 1), which agrees well with that on a global
mean level (Wild et al., 2015).

3.2 Best estimates for the surface downward SW
radiation

As a major component of Earth’s energy balance, the solar
radiation reaching the Earth’s surface governs a wide range
of surface physical and chemical processes. The spatial dis-
tributions of the site-based annual mean SSR from the CMA
and GEBA (Sect. 2.1) over East Asia under all-sky conditions
are presented in Fig. 3a together with the classified rural and
urban sites. In short, the high values are mainly located at
the high-elevation stations over western China and a few is-
land sites in Japan (e.g., Minamitorishima, Japan; not shown
in the figure), especially over the TP, with the largest value
reaching 263 W m−2 (Geer, Tibet), which is associated with
the high atmospheric transparency over these regions. How-
ever, the low annual mean values are primarily over south-
western China, with the smallest value of 103 W m−2 (Shap-
ingba, Chongqing), which is possibly caused by the higher
aerosol loadings (Liao et al., 2015; de Leeuw et al., 2018)
and more clouds (Li et al., 2017; You et al., 2019; Lei et al.,
2020; Zhang et al., 2020) over these regions. This distribution
pattern is highly consistent with that over China documented
by Q. Wang et al. (2021).

Figure 4 shows the distributions of annual mean SSR bi-
ases derived from CERES, the CMIP6 multi-model mean,
and ERA5 against the surface observations, as well as the
comparisons of their respective annual land means at the
surface sites with their observed counterparts. The corre-
sponding quantifications of the magnitudes of station mean
biases are also given in Table 2. According to the compar-
isons, they all correlate well with the ground-based obser-
vations, with their respective high correlation coefficients of
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Figure 1. Annual land mean anomalies of (a, b) shortwave (SW) and (c, d) longwave (LW) budgets (unit: W m−2) with regard to their
respective multi-model means for the present-day climate under (a, c) all-sky and (b, d) clear-sky conditions over East Asia as simulated by
various CMIP6 models. The black, red, blue, and green lines represent the TOA incoming solar radiation as well as the net SW/LW radiation
at the TOA, within the atmosphere, and at the surface, respectively.

0.93, 0.87, and 0.89, indicative of the highest accuracy in
the CERES-derived estimate (Fig. 4b, d, and f). To quan-
tify their SSR mean biases against the corresponding ob-
served counterparts, the CERES-based bias at all the sites
is the smallest, with a station mean bias of 3.8 W m−2, fol-
lowed by the CMIP6 multi-model mean and the ERA5 re-
analysis (with respective station mean biases of 13.8 and
16.5 W m−2) (Table 2). Additionally, among all the afore-
mentioned SSR estimates, the East Asian urban sites are in
general more significantly overestimated than the rural sites
on average compared to the surface observations (Fig. 4b,
d, and f; Table 2). This further supports the argument that
rural stations might be more representative for larger-scale
comparisons (e.g., the general circulation model grid scales)
than the urban stations (which are vulnerable to local pollu-
tion) (Wang et al., 2018). The overestimations are mainly lo-
cated in the high-latitude regions over East Asia for CERES-
derived estimates (among them the underestimations mostly
from rural sites), while the underestimates are primarily lo-

cated in lower-latitude and eastern coastal regions (Fig. 4a
and b). The CMIP6 multi-model mean and ERA5-derived
SSR generally greatly overestimate the surface-based obser-
vations at both urban and rural sites, except for the regions
over northern and northeastern Inner Mongolia, northwest-
ern Heilongjiang (located in northeastern China), and some
individual sites over southwestern China (Fig. 4c–f). The an-
nual land mean area-weighted average SSR over East Asia
derived from CERES is estimated to be 178 W m−2, which is
closest to the surface observational estimate of 174 W m−2

compared to the much higher overestimations of both the
CMIP6 multi-model mean and ERA5 (186 and 191 W m−2)
against the surface observations (Table 3), which shows a
high consistency with their bias distributions and the collo-
cated quantifications (Fig. 4; Table 2).

However, the ground-based observations are spatially lim-
ited with sparse stations in some remote regions and are thus
inadequate for many applications, as they may be not rep-
resentative for real situations. To better constrain the large
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Table 1. Annual land mean estimates (unit: W m−2) of the magnitudes of various energy balance components and cloud radiative effects
(CREs) over East Asia under all-sky and clear-sky conditions at the TOA, within the atmosphere, and at the surface, respectively. The
CMIP6 model statistics (e.g., available model number, spread, standard deviation – SD) as well as the corresponding multi-model mean,
ERA5-derived, and CERES-derived estimates are also given in the table.

Component CMIP6 ERA5 CERES

(W m−2) Models Spread SD Mean

TOA

Solar down 39 4 0.2 334 334 334
Solar up all-sky 39 23 6 −117 −115 −118
Solar net all-sky 39 22 6.1 217 219 216
Solar up clear-sky 39 24 7 −76 −78 −72
Solar net clear-sky 39 24 6.9 258 256 262
SW CRE 39 26 6.5 −41 −37 −46
Thermal up all-sky 39 12 3.5 −224 −225 −226
Thermal up clear-sky 39 15 3.2 −247 −246 −250
LW CRE 39 12 2.4 23 21 24
Net CRE 39 24 5.8 −18 −16 −22

Atmosphere

SW absorption all-sky 39 19 3.8 73 78 74
SW absorption clear-sky 35 19 3.8 69 77 71
SW CRE 32 33 6.9 4 2 3
LW net all-sky 39 22 5.1 −152 −150 −157
LW net clear-sky 35 16 3.6 −151 −151 −154
LW CRE 32 14 3.3 −2 1 −3
Net CRE 32 35 7.8 1 2 0

Surface

SW down all-sky 39 33 7.6 186 191 178
SW up all-sky 39 24 6.5 −43 −50 −36
SW absorbed all-sky 39 23 6.1 144 141 142
SW down clear-sky 35 25 4.6 242 238 236
SW up clear-sky 35 27 6.8 −53 −59 −45
SW absorbed clear-sky 32 36 7.8 189 179 191
SW CRE 35 28 6.6 −46 −38 −49
LW down all-sky 39 27 7.9 280 273 285
LW up all-sky 39 23 7.1 −352 −347 −354
LW net all-sky 39 23 5.7 −71 −74 −69
LW down clear-sky 35 26 6.8 256 253 256
LW up clear-sky 35 23 7.1 −351 −347 −353
LW net clear-sky 35 18 4.1 −95 −94 −97
LW CRE 35 12 3.5 24 20 27
Net CRE 32 31 6 −21 −18 −22
Net radiation 39 20 5.3 72 67 73
LH 40 26 4.7 −43 −38 –
SH 40 21 5.2 −31 −29 –

spread in the model-based SSR outlined above, we combine
the ground-based observations to obtain the best estimate re-
ferring to the approach introduced in Wild et al. (2013a).
Figure 5a gives various CMIP6 model biases of all-sky SSR
at all the surface sites and their respective East Asian land
means. The higher overestimations relative to surface ob-
servations generally correspond to higher model-based East

Asian land means, with a much higher correlation coeffi-
cient of 0.96 than that of 0.88 on the global scale (Wild et
al., 2015). Thus, the best estimate of the annual East Asian
land mean SSR is deduced to be 174.2± 1.3 W m−2 (2σ un-
certainty) in light of the linear regression analysis. The cor-
responding estimates from CERES and ERA5 are also la-
beled in the figure, at 178 and 191 W m−2, respectively, im-
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Figure 2. Annual land mean surface downward (a) SW and (b) LW radiation (unit: W m−2) under both all-sky (orange bars) and clear-sky
(green bars) conditions over East Asia as calculated by various CMIP6 models.

Figure 3. Spatial distributions of annual mean surface downward solar radiation (SSR) (unit: W m−2) under (a) all-sky and (b) clear-sky
conditions over East Asia. The all-sky sites are available from 99 CMA and 16 GEBA stations, while there are 76 CMA and 16 CERES-
interpolated sites for clear-sky conditions. The cross and circle symbols indicate rural (19 vs. 18 for all-sky and clear-sky conditions) and
urban stations (96 vs. 74), respectively.

plying a slight and substantial overestimation for CERES and
ERA5 estimates. There is an overall tendency that most mod-
els overestimate the surface downward SW fluxes (36 out of
39 sites) compared to the ground-based observations, with
a multi-model mean overestimation relative to site observa-
tions of 13.8 W m−2, which is also a longstanding issue in
climate modeling (Wild et al., 1995, 2015).

3.3 Longwave components

Similarly to the all-sky SW counterparts, obvious discrepan-
cies can still be noted in the annual land mean LW radiation
over East Asia among models, especially for those within the
atmosphere and at the surface (Fig. 1c). Correspondingly, the
simulated TOA OLR varies in a range of 12 W m−2, which
is almost 10 W m−2 lower than that within the atmosphere

https://doi.org/10.5194/acp-22-15867-2022 Atmos. Chem. Phys., 22, 15867–15886, 2022
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Figure 4. Spatial distributions of annual mean SSR biases (unit: W m−2) derived from (a) CERES-EBAF, (c) the CMIP6 multi-model
mean, and (e) ERA5 reanalysis at a combination of the CMA and GEBA sites under all-sky conditions over East Asia. The corresponding
comparisons of their respective annual means at the surface sites with their observed counterparts are displayed in panels (b), (d), and (f),
respectively. The cross and circle symbols in panels (a), (c), and (e) as well as the orange and green stars in panels (b), (d), and (f) indicate
rural and urban stations, respectively.

(22 W m−2) and at the surface (23 W m−2) (Table 1). The es-
timated annual East Asian land-mean TOA OLR from the
CMIP6 multi-model mean is −224 W m−2, within 2 W m−2

of the deviations from the CERES- and ERA5-inferred es-
timates. The model spread of the simulated annual land-
mean net LW radiation becomes larger from the TOA to the
surface, with SDs of 3.5, 5.1, and 5.7 W m−2, respectively,
which shows the same tendency as the relative (percentages)

differences with respect to their multi-model means (5.4 %,
14.5 %, and 32.4 %).

These large discrepancies in surface net LW radiation be-
tween models are particularly evident in the surface down-
ward LW radiation (Fig. 2b; Table 1), with a range of up to
27 W m−2 (from 267 to 294 W m−2) and a SD of 7.9 W m−2,
which is also the largest deviation among all the components
under all-sky conditions. Compared to the CERES estimates,
the slightly lower surface upward LW radiation (−352 vs.

Atmos. Chem. Phys., 22, 15867–15886, 2022 https://doi.org/10.5194/acp-22-15867-2022



Q. Wang et al.: An assessment of land energy balance over East Asia from multiple lines of evidence 15875

Table 2. Annual station mean SSR biases (unit: W m−2) derived from CERES-EBAF, the CMIP6 multi-model mean, and ERA5 compared
to the surface observational sites under all-sky and clear-sky conditions during 2010–2014 over East Asian land together with the separate
station averages of biases at urban and rural sites. The values in parentheses represent the percentages of SSR biases relative to their respective
station mean averages, with the largest percentages around 10 % and 4 % for all-sky and clear-sky conditions.

Station mean SSR biases All-sky Clear-sky

(unit: W m−2) All Urban Rural All Urban Rural

CERES-EBAF 3.8 (2.3 %) 4.2 (2.6 %) 1.7 (0.9 %) 0.4 (0.2 %) 0.5 (0.2 %) −0.3 (−0.1 %)
CMIP6 13.8 (8.3 %) 15 (9.2 %) 7.4 (4.1 %) 9.1 (4 %) 9.7 (4.3 %) 6.4 (2.8 %)
ERA5 16.5 (10 %) 17.2 (10.5 %) 12.7 (7 %) 5.7 (2.5 %) 6.2 (2.7 %) 3.6 (1.5 %)

Table 3. Annual land mean area-weighted average SSR (unit: W m−2) from a combination of the CMA and GEBA (CERES-interpolated)
site observations under all-sky (clear-sky) conditions during the period 2010–2014 over East Asia together with the corresponding estimates
from the CERES-EBAF, CMIP6 multi-model means, and ERA5, respectively.

Average annual mean SSR Surface CERES-EBAF CMIP6 ERA5
during 2010–2014 over observations
East Asia (unit: W m−2)

All-sky 174 178 186 191
Clear-sky 230 236 242 238

−354 W m−2) and much lower surface downward LW radi-
ation (280 vs. 285 W m−2) from the multi-model means are
the major reason for the small deviation (within 2 W m−2)
of the surface net LW radiation between them (Table 1). It
is interesting to note that the annual East Asian land mean
surface upward LW radiation estimated from ERA5 is the
lowest among all these estimates, at −347 W m−2, suggest-
ing the lowest surface skin temperature of the ERA5 product
according to the Stefan–Boltzmann law, followed by the es-
timates from the multi-model mean and CERES (Table 1).
Besides, the annual land mean surface downward LW ra-
diation estimated by ERA5 is 273 W m−2, approximately 7
and 12 W m−2 lower than the estimates by the CMIP6 multi-
model mean and CERES, respectively (Table 1). Therefore,
both the lower surface upward and downward LW radiation
fluxes result in the small deviation in the estimated surface
net LW radiation from ERA5 compared to those from the
multi-model mean and CERES (Table 1). Since the reanal-
ysis products take as many observed atmospheric parame-
ters with global coverage as possible into consideration dur-
ing the radiative transfer calculations, they are widely used
to obtain more accurate surface LW radiation (Simmons et
al., 2004; Wild et al., 2015). We also examined the corre-
sponding surface LW fluxes from another reanalysis, namely
MERRA-2, and found much lower annual land means than
those from ERA5, in particular for the surface downward LW
radiation (not shown), which arrives at similar conclusions to
those documented by Urraca et al. (2018). Thus, considering
the limited observational surface LW radiation data over East
Asia, ERA5 might be the best reference for the estimates of

the annual land mean surface upward and downward LW ra-
diation, at −347 and 273 W m−2, respectively (Table 1).

3.4 Discussion of land energy balance over East Asia
under all-sky conditions

3.4.1 Radiative components

Figure 6a displays the schematic diagram of the all-sky land
mean energy balance over East Asia, including the above-
mentioned SW and LW radiation budgets and other radiative
components discussed in the following. The estimated annual
East Asian land mean incoming, reflected, and net SW radia-
tion as well as the OLR at the TOA are therefore 334, −118,
216, and −226 W m−2 (Table 1), respectively, based on the
CERES EBAF dataset. The corresponding uncertainties are
obtained from the uncertainty of 2.5 (1σ uncertainty) W m−2

for both SW and LW fluxes given by Loeb et al. (2018). The
annual East Asian land-mean TOA OLR in CERES-EBAF is
estimated to be 10 W m−2 larger than the TOA-absorbed SW
radiation, implying an energy loss of 10 W m−2 at the TOA
under all-sky conditions, which should be compensated by
the LH and SH transported from regions outside East Asia
(Fig. 6a).

For the SSR, the annual East Asian land mean best es-
timate based on the CMIP6 multi-model simulations and
surface observations is 174.2 W m−2 (Figs. 5a and 6a).
Considering the abnormally high overestimation by ERA5
compared to surface observation, the high value of the
uncertainty range is given by the estimate from CERES
EBAF (178 W m−2), while its low value is from the low-
est model estimate (172 W m−2; Fig. 2a) (Fig. 6a). The
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Figure 5. Annual land mean SSR (unit: W m−2) of various CMIP6 models as well as their respective model biases relative to an average over
surface sites (99 CMA and 16 GEBA for all-sky, 76 CMA and 16 CERES-interpolated sites for clear-sky) under (a) all-sky and (b) clear-sky
conditions during 2010–2014 over East Asia. Green stars represent various CMIP6 models. The best estimate here (orange circle) can be
inferred from the intersection between the linear regression line (green solid lines) and the zero-bias line (blue dotted lines). Furthermore,
the corresponding estimates from CERES-EBAF and ERA5 are also given by the red triangle and blue square, respectively.

all-sky surface albedo information is derived from the ra-
tio between the CERES-derived surface upward and down-
ward solar radiation, with a radiation-weighted average of
around 0.2 (36.4/178.3) over East Asian land. However,
the corresponding surface albedos estimated by the CMIP6
multi-model mean and ERA5 are substantially higher than
that from CERES, with respective averages of around 0.23
(42.7/186.4) and 0.26 (49.6/191). Considering the large
spatial coverage of remote sensing measurement to map
albedo globally, the CERES-derived annual East Asian land
mean surface albedo is adopted as the best estimate in this
study. Therefore, considering the rounded best SSR esti-
mate of 174 W m−2, the calculated surface-reflected and
surface-absorbed SW radiation fluxes are around −35 and
139 W m−2, respectively. As shown in Table 1, the uncer-
tainty range of the surface-absorbed SW radiation is 132–
144 W m−2 according to the lowest value of CMIP6 mod-
els and the highest estimate among the aforementioned esti-
mates, which gives rise to an uncertainty range of the surface-
reflected solar radiation of 34–40 W m−2. Together with the
annual East Asian land mean SW absorption at the TOA and
surface of 216 and 139 W m−2, the best estimate for the at-
mospheric SW absorption is therefore 77 W m−2, which is
within 4 W m−2 of the differences between those estimated
from the CMIP6 multi-model mean and CERES, and closes
to the ERA5-derived estimate of 78 W m−2 (Table 1). The
uncertainty range of the atmospheric SW absorption is also
determined by the estimates from different data sources as
shown in Fig. 6a.

The downward LW radiation emitted by the atmosphere is
mainly sensitive to the near-surface temperature, water va-

por, and cloud properties, while the surface emission is in
proportion to the skin temperature according to the Stefan–
Boltzmann law. As analyzed in Sect. 3.3, the best estimates
of the East Asian annual land mean surface upward and
downward LW radiation amount to −347 and 273 W m−2,
respectively, with uncertainty ranges also coming from the
above-discussed different data sources (Fig. 6a). The surface
net LW radiation is then estimated to be −74 W m−2 based
on the surface upward and downward LW radiation outlined
above. Combined with the TOA outgoing thermal radiation
of −226 W m−2, the estimated atmospheric net LW radia-
tion is −152 W m−2, which is close to the collocated esti-
mates from the multi-model mean (−152 W m−2) and ERA5
(−150 W m−2) but deviates substantially from the CERES-
derived estimate of −157 W m−2 (Table 1). Considering the
surface-absorbed SW radiation of 139 W m−2, the best esti-
mate for surface net radiation is 65 W m−2, suggesting that
around 65 W m−2 of energy is available for the non-radiative
SH and LH. Besides, the ERA5 estimate of 67 W m−2 is very
close to the best estimate of 65 W m−2, while much higher
estimates of 72 and 73 W m−2 are obtained from the multi-
model mean and CERES (Table 1), respectively.

3.4.2 Non-radiative components

The surface net radiation is mainly balanced by the non-
radiative components of SH and LH in addition to a very
small proportion of ground heat flux and melt (less than 1 %)
(Ohmura, 2004). However, due to the lack of constraints from
in situ and space observations, this partitioning of the sur-
face net radiation into SH and LH is still subject to consid-
erable uncertainties. As shown in Fig. S2, the simulated an-
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Figure 6. Diagrams of the annual land mean energy balance (unit: W m−2) over East Asia under (a) all-sky and (b) clear-sky conditions for
the present-day climate. The uncertainty ranges are also given in parentheses.

nual East Asian land-mean LH and SH vary greatly between
different models, with a range of 26 and 21 W m−2, respec-
tively, as well as the relative discrepancies relative to their re-
spective multi-model means of 60 %

(
26
43 × 100%

)
and 68 %(

21
31 × 100%

)
, respectively, showing larger discrepancies be-

tween models with larger uncertainties in SH (Table 1). The

best SH estimate can therefore be obtained from the residual
of the LH. To obtain a more accurate surface LH from avail-
able datasets of the multi-model mean and ERA5, we take an
average of them as the best estimate, namely −40 W m−2,
the uncertainty ranges of which are also given according
to these estimates (Fig. 6a). Note that all the values in this
study are calculated on the basis of one decimal point, which
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may result in 1 W m−2 of bias during the rounding process.
Combined with the surface net radiation and LH of 65 and
−40 W m−2, respectively, the surface SH is estimated to be
−25 W m−2, the uncertainty range of which is also given
by the existing estimates from various CMIP6 models and
ERA5 (Fig. 6a). Besides, although the annual land mean SH
estimated from MERRA-2 is much higher than the estimates
from the multi-model mean and ERA5 (not shown), the esti-
mated LH is around −39 W m−2 (not shown), very close to
the best estimate of −40 W m−2, which increases our confi-
dence in the estimation of this quantity.

3.4.3 Comparisons with global land mean estimates

Notable discrepancies exist in the global land mean energy
budgets reported by Wild et al. (2015) and the regional ones
over East Asia in this study (Fig. S3; Table 4). For the SW
budgets, the estimated annual land-mean TOA incident so-
lar radiation over East Asia is 9 W m−2 higher than that
over global land (334 vs. 325 W m−2), implying a slightly
lower land mean solar zenith angle over East Asia. Compar-
isons also show a slightly higher relative percentage of TOA-
reflected solar radiation of 0.8 % despite the much lower
surface-reflected SW radiation of 4.3 % over East Asian land
compared to global land with respect to their respective TOA
incident solar radiation (thereafter called “relative percent-
age” for short). This suggests a much more relative atmo-
spheric SW reflection of 5.2 % over East Asian land, which
agrees fairly well with more aerosols (Wei et al., 2019) and
more clouds (King et al., 2013; Fan et al., 2018; also see
Fig. S4) over this region compared to global land. However,
the annual land mean solar radiation reaching the East Asian
surface is around 10 W m−2 lower than that over global land
(174 vs. 184 W m−2), approximately accounting for 52.1 %
and 56.6 % of their respective incident solar radiation at the
TOA, respectively, indicating a lower fraction of solar energy
arriving at the East Asian surface compared to global land.
Together with the lower annual land mean surface albedo
over East Asian land compared to global land (20 % vs.
26 %), this leads to the similar relative percentages of surface
absorptions (41.6 % vs. 41.9 %). Although the magnitudes of
the atmospheric SW absorptions over East Asian and global
land are nearly the same (both around 77 W m−2), the corre-
sponding relative percentage over East Asian land is a little
bit lower than that over global land (around 0.6 %). This is
somewhat unexpected due to the existence of more clouds
and aerosol loadings over East Asian land, which is possibly
offset by the lower water vapor contents caused by the higher
altitudes and thinner air over the TP.

For the LW budgets, the regional surface LW emission
over East Asia is estimated to be much lower than the global
land mean estimates in Wild et al. (2015) (Fig. S3), which
mainly results from the lower temperature over the TP in-
duced by high altitudes. The relative percentage of land mean
surface downward LW radiation with respect to the surface

emission over East Asia is about 78.7 %, which is lower
than the global estimate of 82.3 %, corresponding well to
a reduction in the greenhouse effect and fewer low clouds
due to the TP (Fig. S4) considering its coverage over East
Asian land. Ultimately, a higher percentage of LW radiation
is emitted into space over East Asian land compared to global
land (65.1 % vs. 62.4 %). Our estimates also indicate approx-
imately similar amounts of LH (40 vs. 38 W m−2) and much
lower SH (25 vs. 32 W m−2) over East Asia compared to the
global land mean estimates (Fig. S3), which is possibly re-
lated to the lower East Asian land surface temperature.

In general, as can be concluded from Table 4, although
much less surface SW radiation (4.3 %) is reflected over East
Asian land compared to global land, a slightly higher SW re-
flection of 0.8 % is estimated at the TOA, indicating a much
larger atmospheric SW reflection of 5.2 % due to the stronger
scattering from aerosols and clouds over East Asian land than
global land. However, the SW absorption within the atmo-
sphere over East Asian land is 0.6 % lower than that over
global land despite the higher absorption from clouds and
aerosols, which is possibly offset by the lower water vapor
contents caused by the thinner air over the TP. The lower sur-
face temperature, weaker greenhouse effect, and fewer low
clouds due to the high altitudes and the thinner air over the
TP in East Asian land are the major reasons for the relatively
lower surface LW emission, fewer and more fractions of sur-
face downward LW radiation of 3.6 % and the OLR of 2.7 %
over East Asian land compared to global land, respectively.

4 Assessment of land energy balance budgets
under clear-sky conditions

The clear-sky land energy balance budgets over East Asia
are similarly evaluated as all-sky conditions. Detailed anal-
yses are given in the Supplement if the reader is interested.
The annual land mean SW clear-sky absorptions at the TOA
and the surface over East Asia show larger variations among
different models than those under all-sky conditions (Fig. 1a
and b; Table 1), which is consistent with those reported by
Wild et al. (2019) but is amazingly in contrast to the recogni-
tion that the representation of clouds is the largest uncertainty
in climate models (Dolinar et al., 2015). In particular, the sur-
face SW clear-sky absorptions simulated by various models
still exhibit a larger uncertainty than the TOA counterparts
despite the lower absolute values (Fig. 1b; Table 1). In con-
trast to the all-sky counterparts, the simulated clear-sky SSR
among different models shows a notably smaller inter-model
spread and SD than the surface SW absorptions (Table 1),
with a much smaller model discrepancy compared to the all-
sky conditions (Fig. 2a; Table 1).

To further constrain the outlined inter-model discrepancy
of the simulated clear-sky SSR, surface observations from
the CMA and CERES-interpolated estimates at the GEBA
sites are utilized in this study. The high values of the station-
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Table 4. Comparisons of the annual mean SW/LW energy balance components (unit: W m−2) over East Asian land (this study) and global
land (Wild et al., 2015) as well as the corresponding relative percentages with regard to their respective TOA incident solar radiation/surface
LW emissions and the relative percentage differences between them.

Component East Asian land Global land Percentage

Annual Relative Annual Relative difference
mean percentage mean percentage

SW budget

TOA solar down 334 1 325 1 –
TOA solar up −118 35.3 % −112 34.5 % 0.8 %
Atmospheric SW absorption 77 23.1 % 77 23.7 % −0.6 %
Atmospheric SW reflection −83 24.9 % −64 19.7 % 5.2 %
Surface solar down 174 52.1 % 184 56.6 % −4.5 %
Surface solar up −35 10.5 % −48 14.8 % −4.3 %
Surface solar absorption 139 41.6 % 136 41.9 % −0.3 %

LW budget

TOA LW up −226 65.1 % −232 62.4 % 2.7 %
Atmospheric LW absorption −152 43.8 % −166 44.6 % −0.8 %
Surface LW down 273 78.7 % 306 82.3 % −3.6 %
Surface LW up −347 1 −372 1 –

based clear-sky SSR are mainly located in the TP but with an
abnormally high value located in southern China (Fig. 3b).
All the East Asian land mean clear-sky SSR estimates from
CERES, the CMIP6 multi-model mean, and ERA5 agree rea-
sonably well with the surface observations but with smaller
correlation coefficients ranging from 0.78 to 0.82 compared
to the all-sky conditions (Fig. 7b, d, and f). The CERES-
derived clear-sky SSR is mainly overestimated in central and
western China but with slight underestimations mainly lo-
cated in northeastern, eastern, and southern China (Fig. 7a).
Similar bias patterns can also be found in the clear-sky
SSR from the CMIP6 multi-model mean and ERA5 com-
pared to the surface observations, except for some individ-
ual sites over northeastern Inner Mongolia, eastern China,
western Mongolia, and Japan (Fig. 7c and e) but with rela-
tively smaller overestimations than the all-sky counterparts
(Fig. 4c and e; Table 2). Specifically, the smallest station
mean bias in the CERES-derived SSR compared to the multi-
model mean and ERA5 (Table 2) can be attributed to its
evenly distributed surface sites of overestimations and un-
derestimations (Fig. 7b, d, f). Again, among all the afore-
mentioned clear-sky SSR biases, more overestimations ex-
ist in urban stations than rural stations (Figs. 4b, d, f and
7b, d, f; Table 2). Consequently, all East Asian land mean
area-weighted averages of clear-sky SSR from CERES, the
CMIP6 multi-model mean, and ERA5 show higher overes-
timations of around 6, 12, and 8 W m−2, respectively, com-
pared to the surface observed counterpart of 230 W m−2 (Ta-
ble 3). Based on the similar method introduced in Wild et
al. (2015), the best estimate for the East Asian land mean
clear-sky SSR is determined to be 234± 1.1 W m−2 (2σ un-

certainty), with a slightly smaller correlation coefficient of
0.94 and smaller deviations from the CERES and ERA5 es-
timates compared to the all-sky counterparts (Fig. 5b; Ta-
ble 3). Besides, the overestimations still exist in the observed
land mean clear-sky SSR for most climate models over East
Asia, with a smaller multi-model mean overestimation of
9.1 W m−2 than the all-sky counterparts.

This clear-sky energy budget only represents the removal
of cloud but maintains the same atmospheric conditions as
the all-sky conditions, which is not balanced because it is not
the equilibrium state the Earth would achieve when no clouds
could form. Ultimately, the clear-sky East Asian land mean
energy budget is not closed and has no quantifications of SH
and LH as displayed in Fig. 6b. In addition to the analyses
above, the clear-sky TOA energy budgets are derived from
the CERES-derived product, with uncertainty ranges refer-
ring to Loeb et al. (2018), while the surface LW budgets
are again from ERA5 reanalysis. Also, an additional clear-
sky radiation-weighted surface albedo of 0.19 from CERES
is obtained to estimate the surface-reflected and absorbed
SW radiation. Apart from the TOA budget, all the remaining
uncertainty ranges are given by different data sources from
various CMIP6 models as well as the multi-model mean,
CERES-derived, and ERA5-derived estimates.

We double-check the energy balance components evalu-
ated in this study by referring to the uncertainty ranges from
the CERES-derived product given by Kato et al. (2018) (Ta-
ble 5), which indicates that all estimated energy components
fall within these uncertainty ranges, except for the all-sky
surface downward LW radiation, with about 3 W m−2 lower
than the corresponding lowest CERES range. This is in line
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Figure 7. Spatial distributions of annual mean SSR biases derived from (a) CERES-EBAF, (b) the CMIP6 multi-model mean, and (c) ERA5
reanalysis against surface observations from a combination of the CMA and CERES-interpolated sites under clear-sky conditions over
East Asia. The corresponding comparisons of their respective annual land means at the surface sites with their observed counterparts are
displayed in panels (b), (d), and (f), respectively. The cross and circle symbols in panels (a), (c), and (e) as well as the orange and green stars
in panels (b), (d), and (f) indicate rural and urban stations, respectively.

with its much higher CERES-derived estimate compared to
that of ERA5 (285 vs. 273 W m−2) (Table 1).

Overall, around 21.6 % and 56.9 % of the TOA incom-
ing solar radiation are absorbed by the atmosphere and sur-
face, respectively, for clear-sky conditions, while these ab-
sorptions are 23.1 % and 41.6 % for all-sky conditions. This
implies that the existence of clouds results in more atmo-
spheric SW absorption of around 1.5 % and much less sur-

face solar absorption of around 15.3 % with respect to the
TOA incoming solar radiation.

5 The cloud radiative effects (CREs)

According to the annual land mean best estimates of radia-
tive components over East Asia under all-sky and clear-sky
conditions obtained in the previous sections, the present-day
CREs can be inferred quantitatively over this region. The cal-
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Table 5. Uncertainties (unit: W m−2) in 1◦× 1◦ regional monthly
surface SW, LW, and net (SW+LW) fluxes under all-sky and clear-
sky conditions for the CERES-EBAF Edition 4.1 product (referring
to Kato et al., 2018) as well as its corresponding estimates of various
surface fluxes.

Uncertainties (1σ ) All-sky Clear-sky

SW down 178± 14 236± 6
SW up 36± 11 45± 11
SW net 142± 13 191± 13
LW down 285± 9 256± 8
LW up 354± 15 353± 15
LW net 69± 17 97± 17
SW+LW net 73± 20 95± 20

culated SW, LW, and net CREs at the TOA, within the atmo-
sphere, and at the surface are therefore presented in Fig. 8.
Moreover, the corresponding calculation formulas are also
given as follows.

TOA SW CRE= TOA outgoing SWall-sky

−TOA outgoing SWclear-sky (1)

TOA LW CRE= TOA outgoing LWall-sky

−TOA outgoing LWclear-sky (2)
TOA net CRE= TOA SW CRE+TOA LW CRE (3)

Surface net SW CRE= surface net SWall-sky

− surface net SWclear-sky (4)

Surface net LW CRE= surface net LWall-sky

− surface net LWclear-sky (5)

Surface net total CRE= surface net SW CRE

+ surface net LW CRE (6)

Atmospheric SW CRE= TOA SW CRE

− surface net SW CRE (7)

Atmospheric LW CRE= TOA LW CRE

− surface net LW CRE (8)

The best estimates for the annual East Asian land mean re-
flected solar radiation at the TOA under all-sky and clear-sky
conditions are −118 and −72 W m−2, respectively, differing
by −46 W m−2, indicating that the clouds give rise to an ex-
tra 46 W m−2 solar reflection at the TOA, thus cooling the
Earth–atmosphere system. Similarly, the TOA LW CRE, ob-
tained as the difference between the TOA thermal radiation
under all-sky and clear-sky conditions, is 24 W m−2, suggest-
ing a warming effect of clouds on the system. Thus, the es-
timated TOA net CRE is −22 W m−2, pointing out that the
overall effects of clouds result in an energy loss and net cool-
ing to the system, not only in the global mean, but also over
East Asian land.

At the Earth’s surface, the shading effects of clouds are
estimated to reduce the surface solar radiation by 60 W m−2,
from 234 to 174 W m−2, while the surface solar absorption
differs by 51 W m−2, from 190 to 139 W m−2; that is, the
surface net SW CRE is −51 W m−2. In cloudy skies, the es-
timated surface downward LW radiation increases from 253
to 273 W m−2, with an increase of 20 W m−2, illustrating that
the surface net LW CRE is 20 W m−2 and therefore leads to
a surface warming. Thus, the surface net CRE, i.e., the sum
of the surface net SW and LW CRE, is then −31 W m−2, in-
dicating that clouds contribute more to the SW energy bud-
gets. Eventually, the clouds lead to enhancements of the SW
and LW absorptions within the atmosphere of around 5 and
4 W m−2, respectively, thus resulting in an atmospheric net
CRE of 9 W m−2 over East Asian land.

The above CRE best estimates are compared with the cor-
responding estimates from different data sources (Fig. 9; Ta-
ble 1). Generally, compared to the LW CREs (Fig. 9b), the
simulated SW CREs show larger spreads and SDs amongst
the models (Fig. 9a; Table 1). For the SW CREs at the
TOA, within the atmosphere, and at the surface, the CERES-
derived estimates match perfectly with the best estimates
mentioned above, within 2 W m−2 of the biases, followed by
the estimates from the multi-model means and ERA5 (Ta-
ble 1). For the LW CREs, the calculated TOA LW CREs from
the CMIP6 multi-model mean and CERES differ by no more
than 1 W m−2 compared to the best estimate, while large dif-
ferences are noted at the surface LW CREs, thereby leading
to their opposite signs in the atmospheric LW CREs (Fig. 9b;
Table 1). Specifically, since the ERA5-based TOA LW CRE
deviates by no more than 3 W m−2 with the best estimate of
24 W m−2 with nearly the same surface LW CRE, the esti-
mated atmospheric LW CRE is therefore the closest to the
best estimate (Table 1). This is owing to the fact that we make
use of the ERA5 data as the reference to estimate the surface
LW radiation. Thus, the major reason for the large discrep-
ancies in the atmospheric and surface LW CREs estimated
from different data sources with respect to the best estimates
in this study is the determination of the surface downward
and upward LW radiation, which is also the reason for the
large deviations in their net CREs (Fig. 9c).

A better comparison with the global annual mean best es-
timates of CREs by Wild et al. (2019) is given in Fig. S5.
At the TOA, slightly lower and much lower East Asian land-
mean SW and LW CREs of 1 and 4 W m−2 result in 3 W m−2

more energy loss at the TOA compared to the globe. At
the surface, much lower annual East Asian land-mean SW
and LW CREs of 3 and 8 W m−2 are estimated compared to
the values over the globe, leading to a net CRE deviation
of 5 W m−2 indicative of 5 W m−2 more energy loss at the
surface. However, lower and higher annual East Asian land-
mean SW and LW CREs of 2 and 4 W m−2 within the atmo-
sphere contribute to the nearly close net CRE with a devia-
tion of no more than 2 W m−2 compared to the global mean
estimates. On the whole, lower annual East Asian land-mean
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Figure 8. Diagram of the annual land mean SW, LW, and net (SW+LW) cloud radiative effects (CREs) (unit: W m−2) at the TOA, within
the atmosphere, and at the surface over East Asia, calculated by the differences between all-sky and clear-sky radiation budgets as given in
Fig. 7.

best estimates in the absolute values of surface SW and LW
CREs as well as the TOA LW CRE compared to their global
mean counterparts give rise to the CRE differences between
them.

6 Summary and conclusions

This study aims to explore how the energy budgets are inter-
rupted by the complex orographic and thermal effects of the
TP as well as the high anthropogenic aerosol emissions over
East Asian land compared to global land, based on comple-
mentary data sources from space and surface observations as
well as the CMIP6 climate models and ERA5 reanalysis. A
further quantitative investigation of CREs at the TOA, within
the atmosphere, and at the surface is also conducted.

Comparisons between all-sky and clear-sky energy bud-
gets indicate that the overall effects of clouds greatly reduce
the surface solar absorption by about 15.3 % and enhance that
within the atmosphere by 1.5 %. Compared to the global land
energy budget estimates from Wild et al. (2015), for the SW
budgets, a notably more atmospheric SW reflection of 5.2 %
but with a slightly less atmospheric SW absorption of 0.6 %
with respect to their respective TOA incident solar radiation
is estimated over East Asian land, possibly indicating that
the lower water vapor content effects due to the TP over-
compensate for the aerosol and cloud effects over East Asian
land. For the LW budgets, a substantially lower surface LW

emission of around 25 W m−2 and a smaller relative surface
downward LW radiation of around 3.6 % with respect to their
respective surface emissions can be noticed over East Asian
land compared to global land, which possibly result from the
lower regional surface skin temperature as well as the weaker
greenhouse effect and fewer low clouds mainly induced by
the high altitude and thinner air over the TP, thus leading to
a higher percentage of regional OLR of 2.7 %.

The CREs over East Asian land are inferred through
the energy budget differences between all-sky and clear-sky
conditions. The clouds reduce the solar absorption at the
TOA by 46 W m−2 and enhance the TOA thermal radiation
by 24 W m−2, respectively, leading to a TOA net CRE of
−22 W m−2, a more cooling effect on the regional climate
system than that over the globe (−19 W m−2). At the surface,
the net CRE is estimated to be −31 W m−2 according to less
solar absorption of 51 W m−2 and more downward thermal
radiation of 20 W m−2, indicative of larger cloud impacts on
SW radiation. Within the atmosphere, the estimated net CRE
is 9 W m−2 due to the increases in solar absorption and net
thermal radiation of 5 and 4 W m−2, respectively. Compared
to the global mean best estimates of CREs as introduced by
Wild et al. (2019), relatively lower East Asian land mean best
estimates of surface SW and LW CREs as well as the TOA
LW CRE contribute to the CRE differences between them.

On the whole, all the estimated land mean energy balance
components over East Asia in this study fall within the uncer-
tainty ranges of the CERES-derived assessments, except for
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Figure 9. Annual land mean anomalies of (a) SW, (b) LW, and (c) net (SW+LW) CREs (unit: W m−2) at the TOA (red line), within the
atmosphere (blue line), and at the surface (green line) with regard to their respective multi-model means over East Asia, respectively, as
represented by various CMIP6 models. The numbers in the parentheses indicate the available CMIP6 climate models for the corresponding
radiation components.

the all-sky surface downward LW radiation. More accurate
and reliable datasets should be utilized to reduce the substan-
tial uncertainties in the regional energy balance estimates,
particularly in the surface budgets, and more widespread
temporal and spatial representations of energy budget re-
search are recommended for more comprehensive compar-
isons in future. For example, newly published surface radia-
tion products with high resolutions based on satellite datasets
(e.g., Letu et al., 2022; Xu et al., 2022) are expected to make
sense in improving the accuracy of the regional/global sur-
face radiation budget studies.

Data availability. The surface observations of the CMA and
GEBA used in this study are available at http://data.cma.cn/enl (ap-
plication required, last access: 10 February 2022; CMA, 2022) and
https://geba.ethz.ch/data-retrieval.html (login required, last access:
25 February 2022; GEBA, 2022), respectively. The satellite-derived
product CERES EBAF Edition 4.1 is obtained at https://ceres.
larc.nasa.gov/data/ (last access: 20 March 2022; CERES, 2022).
The CMIP6 climate models are from https://pcmdi.llnl.gov/CMIP6/
(last access: 14 April 2022; CMIP6, 2022). The ERA5 reanaly-
sis is acquired from https://www.ecmwf.int/en/forecasts/datasets/

reanalysis-datasets/era5 (last access: 22 May 2022; ECMWF,
2022).
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