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Clouds significantly influence the Earth’s energy budget, typically exerting a net global cooling effect by
balancing shortwave radiation shading and longwave radiation trapping. However, here we report a
shortwave warming effect by clouds over Greenland, contrary to the conventional belief of a cooling
effect. We find that the shortwave cloud warming effect on the Earth-atmosphere system is particularly
prominent for optically thin clouds. Utilizing satellite-based observations over Greenland during the
summer season from 2013 to 2022, we identify a positive shortwave cloud radiative effect when the ratio

Iéfé/lr\;ords: of surface albedo to top-of-atmosphere (TOA) reflectivity reaches a critical threshold, implying that
Cloud radiative effect cloud-induced warming can occur in any place when the surface is bright enough compared with TOA.
Greenland The shortwave warming effect (with radiative effect up to 25 W/m?) over Greenland is primarily concen-

trated in the peripheries and southern margins—regions experiencing the most intense ice melt. From a

global perspective, these warming clouds can contribute up to 0.36 W/m? to the summer Earth-

atmosphere system in the Northern Hemisphere. These findings are critical for understanding the radia-

tion budget in the polar regions, improving predictions of polar ice melt, and enhancing our comprehen-

sion of the Earth’s energy budget.

© 2025 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.

Earth’s energy budget

1. Introduction

Clouds regulate the energy balance of the Earth-atmosphere
system through the intricate interplay of shortwave radiation
shading and longwave radiation trapping [1-3]. As global warming
intensifies and extreme weather events become more frequent,
understanding the radiative effect mechanisms of clouds within
the Earth-atmosphere system has emerged as a central focus of cli-
mate research. This focus is particularly pronounced in polar
regions, where the cloud radiative effect (CRE) assumes a pivotal
role in shaping the freeze-thaw dynamics of polar land and sea
ice, which is closely linked to polar climate change [4-7].
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The behavior of polar CREs is contingent upon a triad of factors:
surface albedo (), cloud properties, and solar zenith angle (SZA)
[8]. Among these factors, the Greenland ice sheet (GrlS) and its
encompassing milieu stand out as a Northern Hemispheric high-
latitude region acutely sensitive to climate change, intricately
entwined with various facets of the global climate system [9-13].
Over the past two decades, the GrIS has witnessed a markedly
accelerated ice loss attributed to rising temperatures, significantly
outpacing the rates predicted by prevailing models [14,15]. This
acceleration, coupled with the increasing global warming and
heightened extreme climatic events, has propelled the climate of
Greenland into the forefront of ongoing climate investigations
[16-19].

Distinctive attributes mark the CRE over the GrlS, diverging
from those observed in the broader Arctic context. In many
instances, the net CRE at the surface yields a warming effect,
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particularly pronounced during winter and spring [20,21]. Cloud
properties, particularly the cloud optical depth (COD), play a criti-
cal role in determining CRE [22,23]. While thin clouds exhibit a
subdued albedo effect in the Arctic, their robust longwave-
warming influence magnifies the net warming effect at the surface
[24-27]. A notable instance from July 2012, documented at the
Summit Ground-based Observatory in Greenland, underscores that
low-altitude clouds can elevate surface temperatures beyond the
melting point of snow, inducing surface melt. This surface melt,
in turn, diminishes surface albedo, augmenting solar radiation
absorption, thereby perpetuating changes in cloud-induced radia-
tive effect [25]. The warming effect attributed to clouds over the
GrIS results from the interplay of shortwave cloud radiative effect
(SWCRE) and longwave cloud radiative effect (LWCRE), wherein
the warming impact of LWCRE outweighs the cooling effect of
SWCRE [28]. Compared with surface radiative effects, research on
top-of-atmosphere (TOA) CREs has largely focused on the entire
Arctic region. Many studies have quantified the contributions of
the atmosphere and surface to changes in TOA shortwave radiative
effects. In the Arctic, the contribution of TOA shortwave radiative
effects to the energy balance of the entire climate system is highly
dependent on the TOA SWCRE [29,30]. Meanwhile, changes in sur-
face sea ice and snow cover can also influence the TOA SWCRE
[31,32]. However, previous studies have primarily focused on the
annual mean, multi-year summer averages, and interannual varia-
tions of TOA SWCRE across the entire Arctic, with few exploring the
deeper physical mechanisms of changes in TOA SWCRE over high-
albedo surfaces [31-35].

In this study, we unveil that over high albedo terrains, TOA
SWCRE can result in warming effects, particularly when thin
clouds are in play. This warming effect, however, is intricately
modulated by cloud properties and SZA. Chen et al. [36] explored
the impact of the TOA aerosol warming effect (AWE) and examined
how surface albedo variations influence AWE. However, previous
studies have rarely addressed the mechanism of cloud-induced
TOA SWCRE warming over high-albedo surfaces. Our primary focus
rests on investigating the impact of COD on SWCRE, evaluating the
variability of SWCRE with SZA across distinct surface albedo-to-
TOA reflectance ratios, and calculating the global effect of cloud-
induced shortwave warming.

2. Materials and methods
2.1. CERES-SSF orbital dataset

This study uses the Clouds and the Earth’s Radiant Energy Sys-
tem (CERES) Single Scanner Footprint (SSF) dataset, including sur-
face albedo, SZA, mean visible optical depth for cloud layer, TOA
incoming solar radiation and TOA upwards shortwave radiation
(Aqua satellite). Both the TOA incoming solar radiation and TOA
upward shortwave radiation data are directly based on observa-
tions. CERES-SSF measures the upward radiance at TOA in three
spectral bands. By using Angular Distribution Models (ADMs)
upward fluxes can be well estimated [37]. As we focus on the
shortwave radiative effect of clouds, we have only considered the
daytime situation, when TOA incoming solar radiation is greater
than 0.

2.2. SYN1deg dataset

The SYN1deg dataset provides monthly mean radiative fluxes
and cloud properties on a global by 1°x1° grid. This dataset inte-
grates measurements from MODIS (Moderate Resolution Imaging
Spectroradiometer) sensor and GEO (Geostationary Operational
Environmental Satellite) systems, offering comprehensive
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coverage of cloud properties and radiation data [38]. The SYN1deg
data is used in this study to cross-validate the CERES-SSF findings,
providing a broader context and confirming the consistency of the
observed SWCRE warming effect.

2.3. Surface Albedo dataset

The CERES Synoptic (SYN1deg) product provides high-quality
global surface albedo data on hourly and monthly basis at a
1°x1° spatial resolution. These surface albedo values are derived
using the Langley-modified Fu-Liou Radiative Transfer Model
(RTM) based on inputs from Terra and Aqua MODIS data, 3-h geo-
stationary (GEO) satellite observations, and meteorological assim-
ilation data from the Goddard Earth Observing System Version
5.4.1 [39]. This integration of satellite and meteorological data
allows for accurate estimation of surface albedo across different
geographic regions and time scales, supporting its use in radiative
flux calculations in the atmosphere and at the surface.

To better assess and validate the accuracy of surface albedo data
from the CERES albedo product, we use the surface albedo data
from the “AVHRR Polar Pathfinder (APP) and Extended AVHRR
Polar Pathfinder (APP-x) Climate Data Records, Version 1” dataset
provided by the National Snow and Ice Data Center (NSIDC) [40].
APP is a fundamental Climate Data Record (CDR) that provides
channel reflectance and brightness temperatures from twice-
daily observations spanning the period from 1982 to the present
for the polar region.

2.4. Calculating CRE

Our general approach for investigating the CREs from satellite
observations is outlined here. Since we use the mean visible optical
depth for cloud layer variable from CERES-SSF dataset, clouds are
considered to be present when the COD of a single cloud layer is
greater than 0. The SWCRE involved in this study is divided into
two types. One for the SWCRE in Section 3.1, which is defined as
the difference between cloudy-sky and clear-sky TOA radiative
fluxes. We calculate the SWCRE using Egs. (1) and (2):

NetSW = DSW — USW, (1)

SWCl:{lE]full—cloud = NetSW1cloudy—sky - NetSW1clear—sl(ya (2)

where DSW and USW denote downward and upward shortwave
radiations, respectively; NetSW represents the net shortwave radi-
ation. The SWCRELj1-cioud is considered as the TOA CRE with a cloud
fraction of 100% (as shown in Section 3.1) based on CERES-SSF data-
set. The other one is the two-dimensional average SWCRE, which is
calculated based on SYN1deg dataset as Eqgs. (1) and (3):

SWCRE> = NetSWy sy — NetSWqear sy, 3)

where SWCRE? represents the monthly average shortwave CRE cal-
culated using the SYN1deg dataset, which is also influenced by the
cloud fraction (unlike SWCRELi-cioud that assumes a cloud fraction
of 100%). SWCRE? is used to assess the long-term and large-scale
average effects of cloud-induced radiative effects, as shown in Sec-
tion 3.2. The calculation formulas for LWCRE and net cloud radiative
effect (NETCRE) presented in Section 3.2 are provided in Eqs. (4)-(7):

NetLW = DLW — ULW, (4)
NetRad = NetLW + NetSW, (5)

LWCRE = NetLWa“_sky — NetLWdea,_sky,
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NETCRE = NetRadall,sky — NetRaddear,sky, (7)

where DLW and ULW represent the downward and upward long-
wave radiations, respectively; NetLW and NetRad respectively rep-
resent the net shortwave radiation and net radiation. We also define
the downward radiation at TOA as positive.

2.5. Defining Rs/r: a conceptual overview

In the scenario discussed here, the path of shortwave solar radi-
ation through the atmosphere and surface can be depicted using a
single-layer solar radiation model [41]. This model primarily con-
siders three shortwave processes: atmospheric reflection, atmo-
spheric absorption, and surface reflection. A key theoretical
aspect highlighted is the multiple reflections of shortwave radia-
tion between the cloud base and the surface. During this process,
a portion of the shortwave radiation is absorbed by the surface,
another portion by the atmosphere, and the remainder traverses
the atmosphere to escape into space. The resultant upward short-
wave radiative flux at the top of the atmosphere is quantified as:

USWion = S|R+ (1 —R—A)? + 0R(1 — R— A)?
+¢W07R7mﬁﬂ
= SR+ 521~ R— A)*[1 + (aR)+(aR)” - -

(1-R-A)?

 1-aR

where S represents the incident solar shortwave radiation, while A,
R, and o denote the atmospheric absorption fraction during a single
pass through the atmosphere, the fraction of cloud reflection, and
the surface albedo, respectively. We assume that S and A are con-
stant, or that variations USWrg, is driven by changes in S and A
are negligible compared to other variables. Consequently, USWtga
and SWCRE are primarily influenced by R and «. When the sky is
fully clouded (i.e., cloud fraction is 100%), R is principally related
to the optical depth of the clouds. Therefore, we define a new
parameter, R, to characterize the variation in USWroa, Which is
given by

Rs/r = Surface albedo () /TOAreflectance(~ R),

= SR+ Sa

9

TOA reflectance = USW/DSW. (10)

Rsris a dimensionless parameter that reflects changes in both oz and
R, capturing their combined influence on USWros, making it an
effective metric for assessing the shortwave cloud radiative warm-
ing effect. We utilize Santa Barbara DISORT Atmospheric Radiative
Transfer (SBDART) model [42] to simulate CRE and Rs;r across a
range of COD and surface albedo conditions, with results indicating
the presence of a shortwave warming effect (Text S2; Fig. S1 online).
Notably, the CERES-SSF and SYN1deg datasets contain inherent
uncertainties over snow and ice surfaces [43]. Nevertheless, these
uncertainties do not alter our conclusion that lower COD values
are associated with an increased likelihood of cloud-induced short-
wave warming over high-albedo surfaces (refer to Section 3.1). In
calculating TOA reflectance, only the observed parameters USW
and DSW are utilized (Eq. (10)), effectively avoiding the potential
for deviations stemming from COD measurement errors.

In addition, CERES-SSF data divides the observed clouds into
two layers: Layer-1 and Layer-2, and only single-layer clouds are
considered in this study, i.e., the case of Layer-2 is with a COD of
0. We grid the single-layer clouds and clear-sky cases observed
during summer from 2013 to 2022 in the study area by latitude
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and longitude in two dimensions. Notably, for the sake of clarity
and intuitive analysis, our study exclusively encompasses single-
layer cloud scenarios, omitting considerations of double-layer or
multi-layer cloud conditions in Section 3.1.

In contrast to the instantaneous Rs;r calculated in Section 3.1 to
explore the principles underlying the SWCRE warming effects, the
Rsr calculation in Section 3.2 is adjusted to align with the analysis
of monthly-averaged SWCRE warming effects. This adjustment uti-
lizes SYN1deg data for the monthly average surface albedo and
TOA reflectance. This approach accounts for various cloud layers
and SZAs, providing a long-term average Rgr. Unlike the instanta-
neous Rg;r in Section 3.1, which focuses on the principle of SWCRE
warming effects, this calculation emphasizes a time-averaged per-
spective on surface-cloud interactions, providing insights into their
broader, global impact.

2.6. Discussion of uncertainties

Upon introducing Rsr as a threshold measure for assessing the
shortwave radiative effects of clouds at TOA, two primary sources
of uncertainty emerge. The first is the error in surface albedo
retrieval from the CERES data product. The second pertains to
errors in surface albedo under all-sky and clear-sky scenarios when
calculating CREs at different Rg;r values using CERES data. We uti-
lize the surface albedo product APP-x provided by the NSIDC for
the summer months from 2013 to 2022 to assess the discrepancies
in surface albedo data across all scenarios compared to the CERES
albedo data (Fig. S2 online). Additionally, we compare the differ-
ences in surface albedo between all-sky and clear-sky conditions
as provided by CERES. Fig. S2a (online) shows a scatter plot of
the average values within the study area, with a spatial resolution
of 1°x1°. The correlation coefficient between the two datasets is
high, at 0.96, indicating strong agreement. However, the consis-
tency decreases somewhat in scenarios involving highly reflective
surfaces. As shown in Fig. S2 (online), the mean bias of 0.037 indi-
cates that the albedo values from the CERES product are higher
than those from the APP-x product. This suggests that the R val-
ues derived from CERES albedo data may be larger than the actual
values. In our SBDART model sensitivity experiments, we calculate
an Ry threshold of 1.3 (Text S2; Fig. S1 online), while the CERES-
based statistics in Section 3.1 yield an R/ threshold of 1.42. The
errors associated with using surface albedo in calculating Rgr are
within expected ranges and consistent with model predictions.
Fig. S2b (online) demonstrates that the surface albedo data derived
from CERES exhibit good consistency between all-sky and clear-
sky conditions, with a correlation coefficient of 0.98. Although
there are some errors that may lead to discrepancies in the calcu-
lated Rg/r threshold for cloud-induced shortwave warming from
the actual values, our primary objective is to demonstrate that
cloud-induced shortwave warming can occur anywhere when the
surface is bright enough compared with TOA.

We also utilize two additional datasets, ERA5 and SYN1deg,
both of which reveal the presence of SWCRE warming effect
(Figs. S3-S8 online). The ERA5 dataset assesses SWCRE under dif-
ferent surface albedo and total column water (TCW) conditions
in the Greenland region (noting that ERA5 reanalysis does not pro-
vide COD data). We observe that SWCRE warming effect occurs
under conditions of low TCW and high surface albedo (Fig. S3
online). Additionally, we use the SYNldeg dataset to evaluate
monthly SWCRE from 2013 to 2022 across the Greenland region
(Section 3.2 and Fig. S4 online), the Tibetan Plateau (Figs. S5 and
S6 online), and West Antarctica (Figs. S7 and S8 online). The results
consistently show that SWCRE tends to become positive as Rsr
increases, indicating the general applicability of the SWCRE warm-
ing effect. The SYN1deg monthly data, which include averages
under various conditions such as daytime, nighttime, and different
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cloud fractions, reveal a threshold that differs from the 1.42 value
obtained using CERES-SSF data.

3. Results
3.1. Shortwave CRE varies with COD and surface albedo

We utilize data from the CERES-SSF orbital dataset, focusing on
the influence of SWCRE on the Earth-atmosphere system over the
GrlS and its peripheral domain (60°-82°N, 0°-80°W). To illustrate
the SWCRE warming effect, we present a schematic diagram show-
ing distinctive SWCRE patterns across diverse surface types (Fig. 1).
When albedo < 0.15 (mostly over the open sea in the study region),
the SWCRE on the Earth-atmosphere system is (a; - a, - ¢;) (down-
ward direction is positive), a cooling effect. When the albedo > 0.75
(mostly over the GrIS in the study region) and the sky is clear, the
ground partially absorbs shortwave radiation and reflects most of
the solar shortwave radiation away from the Earth-atmosphere
system, which is denoted by b;. Under a cloudy situation, the cloud
top can partially reflect solar shortwave radiation out of the TOA
(cq), the cloud absorbs part of the solar shortwave radiation, and
most of the shortwave radiation that reaches the surface (with a
small part absorbed by the surface) is reflected back into the atmo-
sphere. Part of this reflected shortwave radiation is absorbed by
the cloud, and the other part is reflected back to the surface by
the cloud base, and the cycle continues. Only a portion of the short-
wave radiation reflected from the surface escapes the Earth-
atmosphere system through the clouds (including the shortwave
radiation through clouds during the process), and the total amount
of shortwave radiation transmitted through clouds is symbolized
by b,. The shortwave radiation reflected from the Earth-
atmosphere system is (- ¢; — b,), and the TOA shortwave radiative
effect of clouds relative to the clear sky is (b; - ¢; - by). The mag-
nitude of the cloud shortwave radiative effect depends mainly on
the surface albedo, the cloud properties, and the SZA. In case the
surface albedo is large (large b;) enough or/and clouds are suffi-
ciently thin (small c;), the TOA shortwave radiative effect of clouds
(by = ¢1 = by) could become positive and play a warming effect.

The optical depth of clouds hinges upon properties encompass-
ing the cloud phase, cloud effective radius, and the liquid/ice water
path, delineating the extent of cloud-mediated reflection and
transmission of solar shortwave radiation [44-46]. Here, in the
context of summer from 2013 to 2022, we investigate SWCRE
across varying surface albedos and SZAs, as illustrated in Fig. 2.

Clear sky

Solar
TOA

Ground
reflection:
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Our findings unveil a distinct correlation wherein reduced COD
corresponds to elevated SWCRE values, signifying a diminishing
effect of shortwave cooling (or amplifying warming) induced by
clouds. Beyond COD, surface albedo emerges as an influential fac-
tor impinging upon SWCRE. Our inquiry spans three discrete sur-
face albedo intervals: exceeding 0.75 (predominantly over the
GrlS), ranging between 0.3 and 0.5 (largely over sea ice), and dip-
ping below 0.15 (primarily over open sea expanses). Notably,
results demonstrate that over the GrlS, instances of SWCRE sur-
passing 0 manifest for scenarios marked by low COD, thus under-
scoring the potential for shortwave CRE to invoke a warming
effect on the Earth-atmosphere system under specific conditions
(Fig. 2a and d). In comparison to the GrlS, the proportion of obser-
vations with SWCRE values exceeding 0, relative to the overall vol-
ume of data, exhibits a pronounced decline over sea ice (Fig. 2b and
e; Table 1). Furthermore, only a sparse occurrence of instances
with SWCRE surpassing 0 is discerned within the open sea expanse
(Fig. 2c and f; Table 1). Differential analyses of SWCRE across vary-
ing SZAs further illuminate our exploration. Results depict a ten-
dency for SWCRE to approach O under elevated SZAs, aligned
with reduced incident solar shortwave radiation. However, the
proportion of SWCRE values transcending zero exhibits modest
fluctuations in tandem with SZA variations (Table 1). This collec-
tive elucidation underscores the fundamental sway wielded by
COD and surface albedo as pivotal determinants in shaping the sign
of SWCRE.

TOA reflectance, particularly on cloudy days, is intertwined
with surface albedo and cloud properties [47-49]. COD determines
the extent to which clouds attenuate solar shortwave radiation,
which in turn affects TOA reflectance. To unravel the nuanced
dynamics underpinning the SWCRE warming effect and mitigate
potential biases arising from uncertainties in COD data retrieval,
we introduce Rgr (surface albedo/TOA reflectance) as an index
delineating the interplay of surface albedo and COD. Analyzing
the variation of SWCRE with SZA (Fig. 3a-f) across six Rgr intervals,
we observe a trend where an increase in Rgr corresponds to an
augmentation (or decline) in the warming (or cooling) impact of
SWCRE. Notably, when Rt is below 1.25, the cooling effect of
SWCRE predominates, as elucidated by Fig. 3a—-d. Within the Rg;r
range of 1.25 to 2, SWCRE converges towards neutrality (Fig. 3e),
while R surpassing 2 engenders a dominant warming influence
in SWCRE (Fig. 3f). Concurrently, with rising SZA values, a mild
trend toward neutrality emerges for both warming and cooling
effects. The frequency distribution of the six Rgr ranges across

reflection:

Fig. 1. Schematic illustration of the shortwave radiative cooling and warming effects of clouds over different sub-surfaces. o represents the surface albedo. a; denotes solar
shortwave radiation reflected from a low-albedo surface under clear sky conditions, while b, corresponds to the reflection from a high-albedo surface under clear sky
conditions. a, represents the reflection from a low-albedo surface under all sky (cloudy) conditions, and b, indicates the reflection from a high-albedo surface under all sky
conditions, including the radiation transmitted through clouds. c; denotes the solar shortwave radiation reflected from the cloud top under all sky conditions.
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Fig. 2. Variation of the TOA SWCRE with cloud optical depth for different surface albedo and SZA situations. Scatterplots of the net TOA SWCRE with the COD for different
surface albedo (albedo > 0.75 (a, d); 0.3 < albedo < 0.5 (b, e); albedo < 0.15 (c, f)) and SZA (69° < SZA < 71° (a-c); 75° < SZA < 77° (d-f)) situations. The color of the dots
represents the density distribution (color in probability). The red line denotes the results of the exponential fit between COD and SWCRE. The gray dashed lines represent the
results for SWCRE = 0. The a, b, and c in the fitting regression for the red line correspond to the three parameters of the exponential formula. The y-axis labels are color-coded,

with red indicating SWCRE warming and blue indicating SWCRE cooling.

Table 1
The total number of satellite detections for the six cases (Fig. 2a-f), the number of SWCRE greater than 0 (SWCRE warming), and the proportion of the latter.
Albedo > 0.75 0.3 < Albedo < 0.5 Albedo < 0.15
Case A Case D Case B Case E Case C Case F
Total number 426132 500956 110719 121716 139591 235492
SWCRE > 0 146857 177215 25296 24482 7878 6585
Proportion (%) 34.46 35.37 22.84 20.11 5.64 2.79

three distinct surface albedo categories within the study area is
depicted in Fig. 3i, which aligns with the scenarios presented in
Fig. 2. Over the GrlS expanse (indicated by the red star, albedo >
0.75), the Rgr range of 1.25 to 2 (“e”) prevails (61.3%), followed
by the Rs;r range of 1 to 1.25 (“d”) (34.6%). The Rsr range of >2
(“f"), which is capable of inducing a warming effect on the Earth-
atmosphere system, constitutes 3.8%. Within the sea ice-covered
realm (denoted by the orange star, 0.3 < albedo < 0.5), Rs/r ranging
from 0.5 to 0.8 (“b”) dominates (42.3%). Furthermore, Rs;r intervals
of 0.8-1.0 (“c”), 1.0-1.25 (“d”), and 1.25-2.0 (“e”) represent 29.7%,
16.6%, and 9.5%, respectively. In the open sea domain (character-
ized by the green star, albedo < 0.15), the Rs/r range of 0 to 0.5
(“a”) commands a resounding presence (97.3%). Intriguingly, a
quantitative threshold emerges through a one-dimensional fit of
SWCRE to all Rs/r values during the summer daytime hours, reveal-
ing that Rs/r exceeding 1.42 yields SWCRE values surpassing 0 W/
m?, thereby instigating a warming effect (Fig. 3h).

3.2. SWCRE warming over high R/ region

Our analysis involves the aggregation of clouds into 1°x1° grid
boxes across the two-dimensional spatial coordinates defined by
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latitude and longitude based on SYNldeg cloud data. Fig. 4a
unveils the average cloud fraction distribution from 2013 to
2022. The northern region of GrIS exhibits relatively low cloud
cover, approximately 40%, while the central-southern region
shows higher cloud fractions, reaching up to 75%. In contrast, cloud
cover over maritime regions such as Baffin Bay and the Greenland
Sea is notably higher, around 85%-90%. Regarding SWCRE, values
exceeding zero are prevalent along the peripheries of Greenland,
indicating an overall warming effect, while SWCRE is generally
negative over the Greenland Sea and central-southern Greenland
(Fig. 4b). Compared to SWCRE, LWCRE across Greenland consis-
tently exhibits a warming trend, ranging from 10 to 30 W/m?
(Fig. 4c). The NETCRE further highlights a strong warming effect
along the edges of Greenland, driven by the combined influence
of the SWCRE warming effect and LWCRE, with values ranging
from 15 to 30 W/m? (Fig. 4d). To explore the overall impact and
spatial distribution of the SWCRE warming effect throughout the
year, we classify monthly SWCRE > 0 as SWCREyarming for each grid
point. Fig. 4e illustrates the frequency of SWCREyarming OCCUT-
rences, showing a higher frequency along Greenland’s edges, with
values ranging from 40%-70%. This pattern is also reflected in the
SWCREwarming and Rsr values, where the strongest SWCREwarming,
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and blue indicating SWCRE cooling. (g) Map of the study area showing averaged surface albedo during June, July, and August from 2013 to 2022. The labels a-f in the legend
box of (g) correspond to the same Rg/r ranges as represented in (a-f). (h) Variation of the average SWCRE with different Rg/r. The blue line corresponds to the slope and
intercept in the linear fit formula, while P refers to the SWCRE of 0 when Ry is 1.42. The color of the dots represents the density distribution (color in probability). The gray
dashed lines represent the results for SWCRE = 0. (i) The percentage of a-f in three different albedo surfaces (red star, albedo > 0.75; orange star, 0.3 < albedo < 0.5; green star,
albedo < 0.15), which corresponds to Fig. 2.
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with an annual average of 10-20 W/m?, is observed along Although the cloud fraction in the Greenland region shows notable
Greenland’s periphery (Fig. 4f). The cloud-fraction-normalized dis- spatial variability, after normalizing the SWCRF with respect to
tribution of CREs over Greenland can be found in Fig. S9 (online). cloud fraction, the overall trend of cloud radiative warming
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remains concentrated along the periphery of Greenland. Rg;r exhi-
bits pronounced spatial variation, with higher values (ranging from
1.3 to 1.5) observed at Greenland’s periphery, differing from the
lower values (~1) near the center, and even further reduced values
(< 0.5) over the sea (Fig. 4g). The subdued Rgr over the sea is pri-
marily attributed to the diminished surface albedo (Fig. 3g), while
the comparatively lower Rg/r in central Greenland is mainly due to
elevated average COD values (Fig. 4h). Notably, clouds inducing
shortwave warming effects are concentrated along Greenland’s
edges and southern fringes, resulting in a positive radiative effect
of 10-20 W/m? on the Earth-atmosphere system.

To better observe the impact of the SWCRE warming on the glo-
bal energy balance, we conduct a quantitative analysis of the global
SWCRE warming, including a hemispheric breakdown of its
monthly variations (Fig. 5). As shown in Fig. 5b, SWCRE warming
is observed globally, with notable findings in Greenland and across
other regions, particularly in mid-latitude areas of Asia (with
occurrence frequencies of 15%-25%), the Tibetan Plateau (5%-
30%) (Fig. S5 online), the Canadian Archipelago (10%-20%), and
Antarctica (5%-25%) (Fig. S7 online). Our global quantitative anal-
ysis of the SWCRE warming, as shown in Fig. 5¢, indicates that
shortwave cloud radiative warming occurs in regions such as
Antarctica, the Tibetan Plateau, and areas between 30°N and
60°N in Asia and North America, with values ranging from 0.5 to
4.5 W/m?. Monthly analysis further reveals that Rgr and the
SWCRE warming peak in the Northern Hemisphere during March
to July, where the SWCRE warming can reach up to 0.36 W/m?,
highlighting its substantial contribution to regional and global
warming (Fig. 5d). In the Southern Hemisphere, SWCRE warming
averages approximately 0.15 W/m? from October to December.
Rs/r and the SWCRE warming exhibit seasonal variations (Fig. 5d
and Fig. S10 online), particularly in the Asian region, which may
be related to changes in snowfall and surface albedo. Globally,

P ———

R ———
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the SWCRE warming contributes to an average TOA warming of
0.1-0.2 W/m?. These findings underscore the importance of the
SWCRE warming within the global climate system, demonstrating
that it contributes to radiative effect across diverse geographical
regions. Therefore, accurately accounting for this effect in global
climate models is crucial for assessing its impact on the Earth’s
energy balance and climate dynamics.

4. Conclusion and discussion

Our study reveals the important influence of shortwave cloud
radiative warming effect on the Earth-atmosphere system, partic-
ularly in high-latitude regions such as the GrlS and its surrounding
areas. By analyzing data from the CERES-SSF dataset and SYN1deg
dataset (2013-2022), we identify distinct changes in SWCRE asso-
ciated with varying surface albedos and CODs. Over regions with
high surface albedo, such as the GrlIS, the SWCRE can induce a
warming effect under specific conditions, particularly when COD
is low. Additionally, the results indicate that SWCRE warming
occurs across various regions globally as long as the surface is
highly reflective, including the mid-latitude regions of Asia, the
Tibetan Plateau, the Canadian Archipelago, and Antarctica. Our
quantitative analysis shows that SWCRE can contribute up to
4.5 W/m? of radiative warming in these regions. Seasonal varia-
tions in the SWCRE warming are evident, with peaks in the North-
ern Hemisphere from March to July and in the Southern
Hemisphere from October to December. Note that the shortwave
warming effect of clouds also occurs even over the extremely
low albedo ocean when clouds are sufficiently thin, albeit with a
lower probability than over the high albedo surface (Table 1).
The Rgr (surface albedo/TOA reflectance) ratio emerges as a key
index in understanding the SWCRE impact, revealing that when
Rs/r reaches a critical threshold, the SWCRE transitions from a
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cooling to a warming effect. The spatial distribution and seasonal
variation of the SWCRE warming underscore its substantial contri-
bution to regional and global energy balances, particularly in
regions with high surface albedo and low COD. Notably, by analyz-
ing historical simulations from seven CMIP6 models and compar-
ing them with CERES observational data and ERA5 reanalysis
data, we find that none of the models successfully simulated the
SWCRE warming (Table S1 and Fig. S11 online). Although different
climate models produce varied results in simulating CREs [50],
these findings highlight the critical role of clouds in modulating
shortwave radiation and underscore the necessity of incorporating
accurate SWCRE representations in global climate models to better
assess its impact on the Earth’s energy balance and climate dynam-
ics. Furthermore, in accordance with the “snowball Earth” hypoth-
esis, two Neoproterozoic-era global glaciations—the Sturtian
glaciation and the Marinoan glaciation—enveloped the planet in
ice/snow, accentuating the warming influence of SWCRE and
potentially playing a pivotal role in paleo-climate shifts [51-53].
In summation, our satellite-based analyses elucidate that thin
clouds can induce a shortwave warming impact on the Earth-
atmosphere system above high albedo surfaces, defying the tradi-
tional conception of SWCRE primarily instigating cooling effects
[54,55]. Our findings unravel part of the intricate interactions
between clouds and radiation, providing valuable insights for
assessing climate sensitivity and model reliability, thereby enhanc-
ing our ability to predict future climate changes. Both the Intergov-
ernmental Panel on Climate Change (IPCC) and the World Climate
Research Program (WCRP) underscore the pivotal role of cloud
feedback in evaluating climate sensitivity, identifying it as a key
source of uncertainty within contemporary climate research
[56,57]. In the context of ongoing global warming, comprehending
the precise role of surface albedo and clouds within the energy
budget of the Earth-atmosphere system has become increasingly
important. As global surface albedo continues to decline, vegeta-
tion greening in arid regions causes positive radiative forcing
[58], while the reduction in the aerosol shortwave radiative warm-
ing effect (AWE) partially counteracts the energy increase resulting
from albedo reduction [36]. Similarly, the mechanism of SWCRE
warming is analogous to that of AWE and may also offset some
of the warming in the Earth-atmosphere system caused by
decreased surface albedo. Further observational and modeling
studies are required to better assess the impact of surface albedo,
clouds, and aerosol radiative effects on climate change under
future scenarios, which will be the focus of our future research.
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