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Abstract.

-Hemispheric and interannual

variations of reflected solar radiation (RSR) may mask the inter-month and region-specific signals

limiting the investigation of spatiotemporal mechanisms and hemispheric symmetry projections. This

drives us to explain RSR characteristics from latitude- and month-based perspectives. The study also

attempts to reproduce hemispheric symmetry of RSR using longer-record radiation datasets to understand
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its temporal changes. Statistics indicate that the largest decreasing trends in Northern and Southern

Hemispheres (NH and SH) occur in mid-spring and are dominated by (clear-sky atmospheric and cloud

components), and cloud component only, respectively. The interannual negative trend in NH mainly

derived from 30°-50°N latitude zones, attributed to decrease in clear-sky atmospheric component caused

by reduced anthropogenic sulphate emissions and spring/summer dust frequencies, and reduced cloud

fraction caused by increased sea surface temperature and unstable marine boundary layer, leading to

reduced cloud component. In SH, the significant decreasing trend is widespread in 0°-50°S latitude zones,

closely related to the decrease in cloud component caused by the decrease in cloud cover over the tropical

western Pacific and Southern Ocean, partially compensated by the increase in clear-sky atmospheric

component. A new data evaluation system and uncertainty analysis reveal that only AVHRR outperforms

in reproducing hemispheric differences of RSR due to offsetting biases among different components, and

achieves hemispheric RSR symmetry criteria within its uncertainty, making it suitable for studying long-

term RSR hemispheric symmetry changes. Furthermore, ISCCP reproduces hemispheric asymmetry of

cloud component well and can help to study the corresponding long-term changes and mechanisms.

1 Introduction

Planetary albedo (PA) refers to the fraction of incoming solar radiation that is reflected back into
space by the Earth's atmosphere, clouds, and surface. It plays a crucial role in regulating the Earth's
energy budget and global climate change (Wielicki et al., 2005; Stephens et al., 2015) by determining the
amount of solar energy absorbed and distributed threughout-by the Earth-atmosphere system (Fu et al.,
2000; Stephens et al., 2015). Studies have shown that a 5% change in PA can lead to an average global
temperature change of approximately 1K (North et al., 1981), while a 0.01 change in PA can have a
radiative forcing effect equivalent to carbon dioxide doubling the-amount-efcarbendioxide-in the

atmosphere (Wielicki et al., 2005; Bender et al., 2006). Even small variations in PA could be sufficienteasn

havesienificant impheationsfor the development of Quaternary glaciations (Budyko, 1969). Therefore,

it is crucial to quantify the basic statistical properties of PA, as-wel-asunderstand-and clarify the major
principles-and-mechanisms governing its spatial-temporal changes and long-term trends at various scales,

including annual, global, and even finer spatial-temporal scales (e.g., regional and monthly scales).
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Nowadays, satellite data and model simulations have been widely used utilized-to investigate the
climatology (George and Bjorn, 2021; Jonsson and Bender, 2022), spatial and temporal distribution
characteristics (Loeb et al., 2007; Pang et al., 2022), and long-term trends of PA (Diamond et al., 2022;
Stephens et al., 2022; Xiao et al., 2023), as well as the contributions of different components (e.g..sueh
as cloud, clear-sky atmosphere, and surface) to PA (Stephens et al., 2015; Jonsson and Bender, 2022).
Long-term satellite records have indicated that the current PA maintains a relatively stable value of
approximately 0.29 (Bender et al., 2006). Surprisingly, the annual mean reflected solar radiation (RSR)
in the Northern Hemisphere (NH) and Southern Hemisphere (SH) is nearly—thealmost same within
measurement uncertainty, which is referred to as hemispheric symmetry (Loeb et al., 2009; Voigt et al.,
2013; Stephens et al., 2015; Jonsson and Bender, 2022). However, although satellite observations have
demonstrated the symmetry of hemispheric PA-RSR on inter-annual scales, state-of-the-art models still
struggle to reproduce this essential feature due to inadequate representation of the underlying physical
mechanisms for PA-RSR variation, particularly the poor modeling of compensatory effects of asymmetric
clouds (Voigt et al.,, 2013; Stephens et al., 2015; Jonsson and Bender, 2022). As a result, mean
hemispheric asymmetries persist in all-sky reflections from CMIP phase 3 to CMIP phase 6, with
considerable spread among the General Circulation Models (GCMs) within each CMIP phase (Crueger
et al., 2023). Additionally, models also fail to capture the observed decreasing trend in reflected
shertwaveradiationR SR in both hemispheres. These limitations may stem from the inability of models
to accurately simulate the components of PA-RSR and their respective contributions to the hemispheric
symmetry of RSRPA. In factpartienlar, the annual mean RSRreflected-selarradiation at the hemispheric

scale is eomprisedconsisted of the RSRreflected radiation at finer spatial and temporal scales (such as

regional and monthly scales). But, those signals of latitudinal and monthly variations are easily masked

by studies at hemispheric or annual scales. It means that i}f models cannot accurately aceount-simulate

for-the contribution of each component to hemispheric atbedoRSR at finer temporal and spatial scales, it

will be bound to limit our ability ini-hinders-eurability-te identifying potential regional maintenance or

compensation mechanisms for hemispheric symmetry in PARSR. FinallyFurthermore, above RSR bias

at finer temporal and spatial scales will exacerbate the it-intreduces-signifieant-uncertainties in model

simulations of RSRPA at annual and hemispheric scales.

Indeed, decomposing the hemispheric annual RSR to finer spatial and temporal scales can help to




90

95

100

105

110

115

identify the regional-scale influence and maintenance mechanism for hemispheric symmetry of RSR and

further improve the model simulation of the radiative fluxes. Previous numerous studies have already

demonstrated the importance of the regional compensation and influencing mechanism maintaining the

hemispheric symmetry.

Intertropical Convergence Zone (ITCZ) plays an importantA role in regulating cloudiness in the 10°S-

10°N region, with its location and intensity varying seasonally (Waliser and Gautier, 1993; Hu et al.,

2007). Based on the hemispheric-scale model simulations, early study conjectured that the ITCZ is the

important compensating mechanism for the hemispheric symmetry of RSR by shifting it towards the

darker surface hemisphere (Voigt et al., 2014). However, the-presence-of-tropical clouds alene-may not

be the primary factor compensating for the determining-hemispheric albede-asymmetry of RSR, because

the NH not only has the higher clear-sky albedo, but also the maximum tropical cloudiness as—the

and-eclear-sky-atmosphere ofthe NH (Jonsson and Bender, 2023). Nevertheless, based on finer temporal

scales (such as monthly-scale) studies, it was found that variations in tropical clouds, especially those

associated with the nonneutral phases of El Nifilo—Southern Oscillation (ENSQ), are critical in regulating

the asymmetry of hemispheric RSR (Jonsson and Bender, 2022). This suggests the importance of

examining mechanisms influencing and maintaining hemispheric symmetry on finer spatial and temporal

scales.

Furthermorelastead, extra-tropical cloudiness, particularly in the SH, has been highlighted as an

important factor in maintaining the symmetry of the annual mean hemispheric albedo (George and Bjorn,

2021; Rugenstein and Hakuba, 2023). Reeent-In addition. recent studies have emphasized the impact of

the distinct land-sea distribution between hemispheres, which leads to enhanced baroclinic activities
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obligue pressureaetivity-at mid-latitudes in the SH, resulting in an increase in baroclinic synoptic systems
(Hadas et al., 2023). This activity results in intensified storm tracks, increased cloud cover, and higher
cloud albedo in the extratropical regions of the SH (George and Bjorn, 2021). These clouds effectively
compensate for the asymmetries-asymmetry in clear-sky albedo between the NH and SH. The baroclinic
activityeblique-pressure-aetivity at mid-latitudes exhibits a distinct seasonal cycle, with winter storm
tracks in the NH being almost three times longer than summer storm tracks, and seasonal meridional

shifts occurring in the SH (Verlinden et al., 2011). Besides, regional volcanic eruptions and forest fires

also significantly affect local atmospheric transmissivity and underlying surface albedo, even affect the

albedo of polar snow cover remotely (Cole-Dai, 2010: Pu et al., 2021). These events typically occur

during the summer and autumn (Fan et al., 2023) in certain regions, but they have significant impacts on

the interannual hemispheric symmetry of RSR.

In particular, H—is—impertant—te—nnote that the contributions of different latitudinal zones to
hemispheric PA-RSR are not independent of each other. Changes-Variations in the contributions of
different latitudinal zones can offset or amplify each other, resulting in an energy balance or imbalance

between the two hemispheres_(hemispheric symmetry or asymmetry). For example, anthropogenic

emissions from Asia not only enhance the local clear-sky atmospheric component of reflected
radiationRSR through direct aerosol effects but also significantly increase aerosol optical thickness in
the northwestern Pacific through long-range transport. This, in turn, increases the amount of deep

convective clouds due to the indirect effects of aerosols (Zhang et al., 2007; Wang et al., 2014). The

increased deep convective clouds can strengthen the storm track in the Pacific Ocean and increase the

contribution of the cloud component (Wang et al., 2014). However, most of these studies are based on

specific regions or components. Systematic studies on the distribution and changes of RSR and its

components at finer temporal and spatial scales have received far less attention. Therefore, a
comprehensive analysis of the contributions of different components at different latitudes and their
monthly variations would help to better understand the mechanism of hemispheric PA-RSR symmetry
and reduce uncertainties in model simulations of PARSR.

Currently, satellite remote sensing products from the CERES mission, which are based on broad-
band measurements, are invaluable for studying the energy balance of the Earth-atmosphere system

(including changes in RSR PA-and hemispheric symmetry) and climate change (Loeb et al., 2018b). In
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fact, researchers are still debating whether the hemispheric symmetry of RSR is an incidental outcome

or an inherent feature of the Earth-atmosphere system. Based on CERES observations, a recent study

found a decreasing trend in RSR in both hemispheres, while the hemispheric differences in RSR have

not significantly changed (Jonsson and Bender, 2022), indicating that the hemispheric symmetry remains

robust. Rugenstein and Hakuba (2023) suggested that hemispheric symmetry is a characteristic of the

current climate state and will be disrupted in future scenarios. However, the CERES observational record

is relatively limited (2000-present), we cannot determine how hemispheric symmetry changes over time.

Therefore, there is an urgent need for us to use longer and more reliable radiation records to verify the

symmetry feature and find out the potential maintenance or compensation mechanisms of RSR symmetry.

study-hemispherie PA-symmetry-on-longer timeseales—In recent years, satellite radiometric products and

reanalysis data with longer time coverage and finer spatial resolution have been released, and numerous
assessments have been conducted by researchers (Cao et al., 2016; Schmeisser et al., 2018; Loeb et al.,
2022). The Cloud_cci version 3 radiative flux dataset has been shown to be in good agreement with the
CERES EBAF dataset at a global scale (Stengel et al., 2020). Zhao et al. (2022) systematically assessed
the applicability and accuracy of the Cloud_cci radiative flux dataset over the Tibetan Plateau (TP) and
found that although the AVHRR can better describe the spatial and temporal characteristics of top-of-
atmosphere (TOA) radiative fluxes over the TP, it does not capture the long-term trend of cloud radiative
effects well. Furthermore, the spatial and temporal distributions of global TOA reflected solar
radiationradianee from MERRA-2 and ERAS have been compared with those from CERES (Lim et al.,
2021), revealing that ERAS shows better agreement with CERES than MERRA-2 in terms of seasonal
fluxes. However, most of these assessments focus on the spatial and temporal reproducibility of these
data in terms of global or regional radiative flux, while their performance in terms of hemispheric
symmetry remains unknown. To understand the mechanisms maintaining hemispheric symmetry of
RSRPA on longer time scales, it is essential to systematically quantify evaluate the performance usability
of long-term radiative flux products in describing interhemispheric differences in TOA-+eflected radiation

RSR and its components_at hemispheric and finer temporal-spatial scales. Additionally, identifying

deficiencies and gaps between the datasets can provide a reference basis for improving algorithms and

parameterizations of radiation.
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To enhance future investigations into the potential maintenance mechanisms of hemispheric
symmetry and to reduce uncertainties in model simulations, this study aims to use utilize-long-term
satellite observations of radiative flux (e.g., CERES-EBAF ed4.2) to quantify the contributions of clear-
sky atmospheric, surface, and cloud components to PA-RSR at finer spatial-temporal scales (e.g., regional
and monthly scales). Additionally, we aim to analyze the spatial-temporal variability characteristics of

these contributions. Fu

—Furthermoreln—partienlar, we will

comprehensively evaluate the performance repredueibility-of various satellite and reanalyzed radiation

datasets (including Cloud cci AVHRR PM v3, ISCCP-FH, MERRA-2, and ERAS) in reproducing

hemispheric differences and symmetry of CERES observed RSR and its components at hemispheric and

finer temporal-spatial scales. in

structured as follows: Section 2 describes the data and methods used in the study; Section 3 presents the

overall characterization (including: average and variability of RSR at different spatial and temporal scales;

componentsinextremeanomaly years, as well as the systematic assessment of different radiation datasets;

and finally, Section 4 provides the conclusions_and discussion.

2 Datasets and Methodology
2.1 Datasets
2.1.1CERES-EBAF-and MODIS
The Terra and Aqua satellites of the NASA were launched into Earth orbit in 1999 and 2002,

respectively. Here, we use the products from &we-instruments{Clouds and the Earth’s Radiant Energy

System (CERES) instrument a#

both the Terra and Aqua satellites to provide the monthly mean radiative flux;—eloud preperties—and
CERES utilizes-provides satellite-based observations to measure the Earth's radiation budget and

clouds (Wielicki et al., 1996; Loeb et al., 2018b). The CERES instrument is a scanning broadband
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radiometer that provide eapturesradiation data across three channels: the shortwave channel (0.3—-5pum),

the infrared window channel (8—12um), and the total channel (0.3—200um). fr-eurstudy—wefoeuson

filtered—radiances—withintheshoertwave speetram—(0-3—5pm)—The radiance received by the CERES

instrument is first converted from digital counts to calibrated "filtered" radiances. This is then These

radiances-are-first-converted to unfiltered radiances to correct for imperfections in the spectral response

of the instrument (Loeb et al., 2001), and then transformed into TOA instantaneous radiation-radiative

fluxes using an empirical angular distribution model (Su et al., 2015). Instantaneous fluxes are converted
to daily-averaged fluxes using sun-angle dependent diurnal albedo models (Loeb et al., 2018b). Surface
irradiances are independently calculated using aerosols, clouds, and thermodynamic properties derived
from satellite observations and reanalysis products. These calculations are constrained by the TOA
irradiance (Kato et al., 2013; Kato et al., 2018).

Based-en-the-werlkefFollowing Stephens et al. (2015) and Jonsson and Bender (2022), swe-hawvethe
study seleeted—chooses the TOA and surface shortwave (SW) radiative fluxes from the CERES

EBAEEnergy Balanced and Filled (EBAF) product to analyze the contributions of different components.

The CERES EBAF product employs an objectively constrained algorithm (Loeb et al., 2009) that adjusts
the TOA SW and longwave (LW) fluxes within their uncertainties to eliminate-remove inconsistencies
between the global mean net TOA fluxes and the heat storage in the Earth-atmosphere system (Johnson
et al., 2016). We use CERES EBAF, edition 4.2 (Loeb et al., 2018b), for monthly mean radiative fluxes
(incoming solar radiation, upwelling SW radiation at TOA, and both upwelling and downwelling SW
radiation at the surface) during all-sky and clear-sky conditions between March 2001 and February 2022
(21 years) on a 1°x1° resolution grid. Note that EBAF data prior to June 2002 are Terra records only. In

order to minimize flux discontinuities between the Terra-only record and the Terra&Aqua record, the

CERES EBAF Ed4.2 product applies regional climate adjustments to the Terra-only record.
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2.1.2ISCCP-FH

The International Satellite Cloud Climatology Project (ISCCP) aims to provide global cloud
coverage and cloud radiation characteristics (Schiffer and Rossow, 1983). As part of the ISCCP project,
the ISCCP-FH radiation product contains SW radiation fluxes at five levels from the surface to the TOA
(surface-680hPa-440hPa-100hPa-TOA) under all-sky, clear-sky and overcast-sky conditions as well as
the diffuse and direct SW fluxes at the surface. ISCCP-FH is not produced using direct instrumental
observations, but rather the ISCCP H series of data products that are derived from geostationary and
polar-orbiting satellites (Young et al., 2018), adopting a complete radiative transfer model developed
from the GISS GCM ModelE. As a third-generation product, ISCCP-H has become more advanced and
has other improvements in radiation quality control, calibration, cloud detection (especially high clouds,
thin clouds and polar clouds), cloud and surface properties retrievals (Zhang et al., 2023). The ISCCP-
FH product consists of five sub-products, of which the PRF (surface-to-TOA flux profile) sub-product
can provides 34 years of global radiative flux data from July 1983 to June 2017 with a spatial resolution
of up to 1° and a temporal resolution of 3 hours. In order to be consistent with CERES EBAF data, this
study uses the diurnal mean of monthly mean of 3-hour upward and downward SW radiative flux at the

TOA and surface under all-sky and clear-sky conditions provided by the MPF (monthly average of PRF)
9
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sub-product.—

2.1.3AVHRR

The Cloud_cci project is-part-efcovers the cloud component of the European Space Agency (ESA)

Climate Change Initiative (CCI) program and aims-te-previdehas generated a long-term and consistent
cloud property dataset (Hollmann et al., 2013). The Cloud cci dataset is senerated-using-based on the
state-of-the-art retrieval system called "the Community Cloud retrieval for Climate" (CC4CL), which
employs optimal estimation (OE) techniques and is applied to passive imaging sensors from current and
past European and non-European satellite missions (Sus et al., 2018). ln-eurstudy,we-have-chosentThe
Cloud_cci AVHRR-PMv3 dataset, which effers-contains comprehensive cloud and radiatien-—radiative

flux properties-en-a global-sealely from 1982 to 2016, is_ chosen for the comparison with CERES EBAF.

These properties are retrieved derived—from measurements obtained by the Advanced Very High
Resolution Radiometer (AVHRR) instrument onboard the afternoon (PM) satellite of the US National
Oceanic and Atmospheric Administration's (NOAA) Polar Operational Environmental Satellite (POES)
mission (Stengel et al., 2020). To account for the diurnal cycle of the solar zenith angle, all samples of
the SW flux are rescaled and averaged to represent a 24-hour average for each pixel. Fhis-The monthly
average value is then determined (More details can be found in ESA Cloud cci Algorithm Theoretical
Baseline Document v6.2). NH-is-important-to-note that the radiation broadband flux is determined by
using eembining-exported cloud characteristics combined with reanalysis data (Stengel et al., 2020).
However, there are some differences diserepaneies-in this product for the years 1994 and 2000 due to the
unavailability of AVHRR data. Therefore, data from these years are not utilized-used in this study. We
use the monthly mean global 0.5° grid data (Level-3C) from Cloud_cci, which includes TOA and surface
upward and downward SW radiative fluxes under both all-sky and clear-sky conditions—We and

interpolate this data to a 1° grid to saintain-keep consistency with CERES.

2.1.4Reanalysis datasets

In this study, we select two state-of-the-art reanalysis data to evaluate their applicability in the study

of hemispherical symmetry: Modern-Era Retrospective Analysis for Research and Applications, version

2 (MERRA-2) and ERAS reanalysis datasets.

10
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the latest atmospheric reanalysis of the modern satellite era produced by NASA’s Global Modeling and
Assimilation Office (GMAO) with version 5.12.4 of the Goddard Earth Observing System (GEOS)
atmospheric data assimilation system (Gelaro et al., 2017). It is the first long-term global reanalysis to
assimilate space-based observations of aerosols and represent their interactions with other physical

processes in the climate system. MERRA-2 can provide long-term radiative and-aerosel-products with a

spatial resolution of 0.5°%0.625° from 1980. Here, theradiative produetfrom MERRA-2isusedfor

PArespeetively- M2TMNXRAD (or tavgM 2d rad Nx) monthly mean radiation-radiative flux data,
including the incident and net downward SW radiative fluxes at the TOA and the surface under all-sky

and clear-sky conditions.;

monthly-datafrom2001-teo-2021-are used for comparative assessment with CERES dataseleeted-in-this

ERAS is the fifth-generation atmospheric reanalysis of the global climate from January 1940 to
present by the European Centre for Medium-Range Weather Forecasts (ECMWF). ERAS combines
model data with observations from around the world to form a globally consistent dataset that replaces
the previous ERA-Interim reanalysis. 4D-var data assimilation technique in the Integrated Forecasting
System (IFS) Cycle 4112 is used to ensure a significant improvement in prediction accuracy and
computational efficiency (Jiang et al., 2019; Hersbach et al., 2020). It provides hourly estimates of a large
number of atmospheric, land and oceanic climate variables with a spatial resolution of 0.25°x0.25°
(Hersbach et al., 2020). The monthly average surface and TOA radiation budget products are used in this
study. Chetenlesbin e n e CUC D D dle s ples enps Do L0 S

In order to ensure-maintain data consistency, we—resample-the monthly mean diurnal averaged
radiative fluxes and-othermeteorelogical parameters-from MERRA-2 and ERAS datasets are resampled
to match the 1°x1° resolution of CERES.

H's-impertant-te-nNote that for a more accurate comparison with CERES EBAF, we-utilize-the other

radiative flux data mentioned above (SW radiative flux from ISCCP-FH, AVHRR, ERAS, and MERRA-

2) have been selected for their overlapping time period ef from March 2001 to February 2016.

11



320

325

330

335

340

2.2 Methodology

2.2.1Decomposition of planetary-albedereflected solar radiation contribution

To investigate the main drivers of the PARSR, we use the similar model as Stephens et al. (2015)
to decompose the RSRPA into the contributions of the surface and atmospheric components. Assuming

that surface and atmospheric seattering-havereflection and absorption processes are isetropyisotropic,

planetary albedo R is defined as:

.

FTOA
R= 1
. M

Among them, the FqTO A 1s reflected SW (upwelling) flux at the TOA, S is the solar incoming
(downwelling) flux. The transmittance T of the whole earthEarth-atmosphere system is defined as:

K

T
S

(2)
Where, FSl is the downwelling SW radiation at the surface. The surface albedo a is calculated as

follows:
F
oa=— €)
Fg
Where F'ST is the upwelling SW radiation at the surface. The term FSl can be expressed as:
F§ =tS+7F] (4)

Here, r and t represent atmospheric intrinsic reflectivity (that is, PA purely contributed by the

atmosphere ) and atmospheric transmittance, respectively. The r
and t are calculated separately, so absorption and forward scattering are included in t. FqTO A can be
represented as:

F'ITOA =rS + tFST (5)

By combining the above equations, R and T can be expressed by r, t and o

t2
R=r+ (6)
1—-ra
T ™)
T 1-ra
According to the above equation, the values of r and t can be written:
r=R—taT (®)
f=T 1—-oaR )
© 11— 02T2

It can be seen that the planetary albedo R is composed of two parts: atmospheric contribution r and

12
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2
surface contribution % These two parts are multiplied by the incoming solar radiatien-radiative flux

S respectively, and the respective contribution values of the atmosphere and the surface to the RSRSW
upwelling flux at-the TOA (Fr;o A) can be obtained, namely FaTtm and F_Jurf (unit: W m™),

FaTtmESr (10)
2
RS o an
Following Jonsson and Bender (2022), we further decompose the atmospheric component into
clear-sky atmospheric and cloud contributions. The difference between the all-sky atmospheric
contribution FaTtm and the clear-sky atmospheric contribution F;tm'clear is considered as the cloud
contribution Fchoud- That is,

T 0 T ) 0
FTOA = FaTtm + Fsurf = Fcloud + Fatm,clear + Fsurf (12)

T _ et T
Fcloud - Fatm - Fatm,clear (13)
2.2.2Regional mean and contribution rate

In calculating regional averages radiative flux, the study employs a geodesic weighting method

consistent with the official CERES product. This method assumes Earth’s oblate spheroid shape and

takes into account the annual cycle of the Earth's declination angle and the sun-Earth distance (details

about the method can be found in the website: “https://ceres.larc.nasa.gov/documents/GZWdata/

zone weights.f”). The regional averaged TOA RSRreflected-SW-Hhax Fi is spatially aggregated using the

following calculation formula{Huanget-al; 2042
N
P Vit Wi
k — ZNk W..
i=1""ki
Here, N, is the number of grid samples in region k, and Fj; is the RSRreflected-SW flux

(14)

O

corresponding to grid i in the region k. Moreover, W}; =

; s Fid-is

the  geodetic  zonal weight for the grid i which can be obtained from

“https://ceres.larc.nasa.gov/documents/GZWdata/zone weights lou.txt”. Regional averages for other

variables are calculated according to the similar weighting equation.

In order to explore the contribution of different regions to the total hemispheric RSRreflected

radiation-at-a-hemispherieseale, the global latitude is divided into 18 latitude zones in the unit of 10°,

that is, 90°N-80°N, 80°N-70°N, ..., 70°S-80°S, 80°S-90°S. For example, the contributionrate of the
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cloud component contribution Cg4,q Of each latitude zone to its hemispheric RSRreflected solarradiation

can be calculated by the following formula:

total_latzone_cloud
Cetoua = < total_hem_R ) * 100% 5%

Where total_latzone_cloud refers to the sum of the latitude-weighted RSR of cloud component eloud

from all grid-peintss in the given latitude zone, total_hem_R is

the sum of latitude-weighted total RSR reflected-selarradiationfrom all grid-peintss in the hemisphere

in which the latitude zone is located

t=}

different—grids). The contribution of surface and clear-sky atmospheric components to hemispheric

RSRreflected radiation in different latitudinal zones can be derived by the similar method.
2.2.3Time average

For the average contribution over time, we consider March to the following February as a complete
year. Following the CERES EBAF Ed4.1 Data Quality Summary (2020), the monthly average data is
weighted by the number of days in each month to obtain the annual average data (Wielicki et al., 1996;
Loeb et al., 2009; Rugenstein and Hakuba, 2023). For example, the annual average value of TOA RSRSW
reflectedradiationflux in a certain year is:

i=12 .
DAY 00 (1)

Fyear = mFmon(O (16)

i=1
where DAY, is the total number of days in the given year, DAYy, (i) is the number of days
in the current month, and F,,,, (i) is the monthly averaged R SRradiationflux. The annual average values

of all variables are also obtained by this method.
2.2.4 CCHZ-DISO data evaluation system

To find out whether other radiation datasets can exhibit the similar hemispheric symmetry of
RSRPA, the CCHZ-DISO data evaluation system is also used. This method uses the Euclidean Distance
between indices of simulation and observation (DISO) to evaluate the combined quality or overall
performance of data from different models (Hu et al., 2019; Zhou et al., 2021; Hu et al., 2022). DISO has
the advantage of quantifying the combined accuracy of different models compared to Taylor diagram

(Kalmar et al., 2021). Moreover, the statistical indicators chosen for the Taylor diagram are fixed,

14
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whereas those in DISO can be taken and discarded according to the needs of the study (Hu et al., 2022).
In particular, Taylor diagrams only provide statistical metrics on two-dimensional plots, DISO not only
provides distances in three-dimensional space to quantify the comprehensive performance of a simulation
model, but also allows a single statistical metric to capture different aspects of model performance (Hu

etal., 2019).

In this paper, s CERES-

EBAF during March 2001-3-February 2016-2 is taken as the observed dataset, while AVHRR, ISCCP,

MERRE-2, ERAS are considered as the model datasets. For the observed time series and the model-

simulated time series, their correlation coefficient (CC), absolute error (AE), and root mean square error

(RMSE) are obtained from Egs. (17-19), respectively.

cC = Yheo1(aw — @) (by; — b) 17)

— _\2
Yk=o1(ar; — @)? k=01 (bké’ - b)

1 n
AE==13" (b —ay) (18)
n k=01
1 n
RMSE = —Z (bri — ai)? (19)
N &dg=01

The CCHZ-DISO 3D evaluation system is then constructed using NCC, NAE and NRMSE, which

are normalized CC, AE and RMSE. respectively. Please note that the metrics are normalized to be

between 0 and 1. using the normalization formula following Chen et al. (2024) as:

NS - S, — min(S) 20
" max(S) — min(S) (20)

Where S indicates the metric (CC, AE, and RMSE). Here, a=0, 1, ..., m, “0” indicates the observed

data, and m is the total number of model data used for comparison.

DISO p1so. = J(CC; — CCy)* + (NAE; — NAE,)? + (NRMSE; — NRMSE,)? (201)
L

Where i_and xj_represent the ith model and jth variable. The subscript “0” in Eq. 21 represents

statistical parameters of variable xj_ from observation data (here refers to CERES EBAF). A

smaller/larger DIS Oix J values indicates better/worse performance of model i_in simulating variable xj.
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3 Results-and-discussion

3.1 Temporal variation of contribution-of PARSR components in different latitudinal zones
(a)Total reflected radiation (b)Clear-sky atmospheric component
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Figure 1: (2)-The interannual variability-mean time series of (a) total upwelling SW-radiative fluxreflected
solar radiation at the TOA and its (b)clear-sky atmospheric, (c)surface, and (d) cloud components in the NH
and SH frem-2001-te-2021(the left axis), as well as —and-the annual-mean-difference between hemispheres
NH and SH (erange-celumns-on-the right axis) from 2001 to 2021.-Interannual-variation-in-the-contribution

Note that the

scales of the two y-axes are not the same. The red line is for the NH, the blue line is for the SH, the orange
bars and black line are for hemispheric difference (NH-SH), and the dashed line in—(a)-is the 21-year average
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values. The trends labeled-marked in-the-upper right-corner-passes the 9995% significance test in units of W
m2{0adecade”!, for(a)and % (*9* for (b)-(d)- Unlabeled-trends-do-not-pass-the test of significance:
Firstly, we examine the general characteristics of reflected radiation in the NH and SH on an annual
average scale. Figure 1 illustrates the interannual variability of SW-upweling radiative fluxRSR at the
TOA and the-contributionrates-of-its three components in the NH and SH during the period of 2001-

2021, based on CERES EBAF data._Supplementary-materials(Fig—S-providefurtherdetails-onthe

‘The RSR in both hemispheres

shows symmetry in term of multi-year averages (21-year average difference: 0.02 W m) and the long-

term trends. In-a

Thereflected SWoradiationat the TOA-in-bBoth hemispheres exhibits a consistent decreasing trend

(Trend NH=-0.832 W m? (10a)decade™; Trend SH=-0.61962 W m? (10a)decade™), indicating

simultaneous darkening of both hemispheres as observed from space. with the NH darkening at a faster

are-intensifyineTo investigate whether these trends in reflectedradiationR SR are linked to changes in

incident solar radiation, we also present the interannual variations of incident solar radiation and PA (Fig.
$2S1). The results indicate that the interannual variations of incident solar radiation at TOA in both
hemispheres do not exhibit a significant elear-trend, with the hemispheric difference following a stable
multi-year cycle. However, PA in both hemispheres shows a consistent decreasing trend (Trend NH=-

2.4x107 (10a)decade™; Trend SH=-1.8x107 (10a)decade™), suggesting a decrease in reflected-selar
17
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radiationRSR by the Earth as a whole and an increase in absorbed solar radiation. However, the same
response in both hemispheres is driven by different component changes. The darkening of the SH can be
primarily attributed to a decrease in reflectedradiationRSR from the cloud component (-0.661 W m™
decade(10a)!) (Fig. Sled). In contrast, the reflected radiative fluxesRSR by all-three components in the
NH all show a decreasing trend, with the cloud component exhibiting the largest decrease (-0.448 W mr

2 decade(10ay), followed by the clear-sky atmospheric component (-0.219-22 W m decade™**!), and

the smallest decrease is for the surface component showingthe-smallest-decrease—(-0.159-17 W m?

decade™®® ). Moreover, the hemispheric asymmetry (NH-SH) of the clear-sky atmospheric component

is decreasing (-0.29 W m? decade!) around 2008 year, which is mainly influenced by the declining

reflection of the clear-sky atmosphere in the NH due to -the reduced scattering of aerosol particles (Loeb

et al., 2021a; Stephens et al., 2022).-Hewever,—there—is—no—elear—trend—in—theproportion—oftheir
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Figure 2: The hemispheric averaged trends in reflected solar radiation and its components in the (a) NH and

(b) SH for_different month from 2001-2021. Pink, vellow and blue bars indicate trends in the clear-sky

atmospheric component, surface component and cloud component, respectively. The brown line indicates the

trend of total reflected solar radiation. Dots of different colours indicate that the hemispheric averaged trend

of the corresponding variable is significant at the 95% confidence level.

The analysis presented above is based on the results of annual average RSR. Note that the symmetry

of RSR between hemispheres is a characteristic observed at interannual scales. However, certain natural

and human activities (e.g., the Pinatubo eruption, Australian bushfires, societal response to the COVID-

19 pandemic) that strongly influence albedo or compensate for hemispheric asymmetry are seasonal or

even occur only in specific months of the year (Minnis et al.,1993; Hirsch and Koren, 2021; Diamond et
al., 2022). They can generate significant perturbations on interannual scales due to strong signals in

specific seasons. To further clarify the variations of these mechanistic signals by resolving RSR and its

components at finer temporal scale (e.g., monthly), Figure 2 resolves the long-term trends in RSR for

both hemispheres into different months. The results indicate that the significant decreasing trends in

hemispheric RSR for both hemispheres are generally observed throughout the year, with an obvious

reduction from spring to winter. This is related to seasonal changes in trends with different components.

In addition, there is no significant trend in the RSR of the NH for July and the SH for December. This

may due to the fact that the decreasing trends observed in different months are regulated by different

components at different latitudes, thus not showing consistent changes.

In the NH, the decreasing trends of RSR are highest in the months of March to June and August,

being more than twice as large as the trends in winter months. The peak value of the decreasing trend

occurs in April, which is influenced by both the clear-sky atmospheric and cloud components. The trend

from April to June is primarily driven by the clear-sky atmospheric component. Here, we further

decompose the results of the monthly trend into different latitude zones (Fig. S2, S3), the statistical results

show that the significant decreasing trend of the clear-sky atmospheric component in the NH during

April-June is mainly contributed by the mid-latitude regions (30°N-60°N). The vital dust belt is located

in these regions, serving as the major emission source of dust, typically peaking in spring and early

summer (Yang et al., 2022). However, due to reduced local wind speeds and increased soil moisture, dust

activity frequencies in regions such as West Asia, and Central Asia have experienced varying degrees of

decline (Shao et al., 2013 Shi et al., 2021; Zhou et al., 2023). Particularly, the frequency of dust storms

in China has significantly decreased due to increased vegetation cover (Zhao et al., 2018; Jiao et al.,
20
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2021). Moreover, in regions with concentrated industrial and anthropogenic aerosol emissions, such as

Europe, eastern and central China and North America, effective emission reduction policies have led to

a decrease in polluting sulfate aerosols (Zhao et al., 2017; Li et al., 2020; Tao et al., 2020; Yu et al., 2020;

Gui et al., 2021; Cui et al., 2022; Tang et al., 2022), weakening the contribution of the clear-sky

atmospheric component in RSR. In most months (especially in August, October, December, and January)

except the spring, the decreasing trend of RSR in the NH is primarily dominated by the cloud component.

The decreasing trend of cloud component reaches its maximum in August, and is mainly influenced by

the regions between 50°N-60°N and 0°-10°N. For the 50°N-60°N regions, the low cloud cover over

northeast Pacific has decreased significantly over the last 20 years, due to the weakening temperature

inversion intensity and increasing sea surface temperature (SST), which has reduced the cloud

component of RSR in this region (Andersen et al., 2022). At 0-10°-N, the decreasing trend in RSR is

particularly strong over the tropical western Pacific. This is due to the increase in SST, which reduces

the stability of the marine boundary layer (MBL), leading to MBL deepening and decoupling between

cloud cover and surface moisture supply. thus reduce the cloud cover and corresponding cloud

component of RSR (Loeb et al., 2018a). Compared to the other components, the surface component of

RSR does not dominate the decreasing trend of NH in a specific month. It decreases most rapidly in June,

followed by July, which is primarily located at the region between 70°N-80°N. This decrease may link

to the advancement and lengthening melting period of Arctic ice due to the Arctic amplification effect,

which can affect changes in surface component of RSR (Noél et al., 2015; Wang et al., 2018; Mika et al.,
2022).

In the SH, the cloud component dominates the decreasing trend of RSR for all months except

December. This dominant role is mainly contributed by the latitudinal zones from equator to 60°S,

although the trends of cloud component in these latitudinal zones may not be significant on a single

month. This may be partly attributed to decreasing cloud cover. On the one hand, the low cloud cover

over tropics has decreased significantly due to the increasing SST. On the other hand, multi-source

satellite cloud climatological data consistently show a significant decreasing trend in total cloud cover

over the Southern Ocean (Devasthale and Karlsson, 2023). The maximum value of the RSR decreasing

trend occurs in October, while the cloud component of RSR decreases fastest in February. In December,

the trend in the SH is dominated by the surface component in the region of 60°S-70°S (see Figure S3),
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where is covered with extensive ice and snow coverage. Under the background of global warming, ice

and snow are melting rapidly, resulting in significant seasonal changes in ice and snow cover. However.
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Figure2:s-Figure 3: Annual averaged time series of (a) total RSR and its (b) clear-sky atmospheric component,

(¢) surface component, and (d) cloud component at different latitudinal zones, along with (e-h) the

interhemispheric differences (NH-SH) between corresponding zones and (i) the zonal mean trends at different

latitudinal zones from 2001 to 2021. Pink, vellow and blue bars indicate trends in the clear-sky atmospheric,

surface and cloud components, respectively. The brown line indicates the trend of total RSR. Dots of different

colours indicate that the interannual trend of the corresponding variable at the given latitude zone is

significant at the 95% confidence level. (a)-Contribution-of-differentlatitudinal zones—to-hemispherie-total
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Large-scale systems or certain compensatory mechanisms that may affect the hemispheric

symmetry of PA-RSR do not directly eperate-act on a hemispheric scale. Instead, they can compensate

for hemispheric energy imbalances by influencing—affecting local or regional climates. For

instaneeexample, baroclinic _activityeblique—pressure—aetivity, although occurring primartdy—mainly

eceurring-at mid-latitudes, exerts-has a significant influence on cloud albedo, thereby strongly impacting
global albedo (Hadas et al., 2023). While larger regional anomalies in reflectedradiativefluxRSR may
offset each other when spatially and temporally averaged to calculate global PA-RSR and its interannual
variations, these anomalies play a crucial role in regional radiation budgets, subsequent climate change,
and the identification of mechanisms that maintain or compensate for PARSR. Therefore, to eain-further

insight-intefurther deepen the understanding of the regional RSR changes and provide a reference for

mechanism research-theresional-effeets—of these—influenecing mechanisms, we have-divideddivide the

globe into 18 latitudinal zones in 10° increments. Figure 3a-h show the time series of latitudinal averaged

RSR and interhemispheric differences of RSR and their components at different latitudinal zones, where

Figure 3i shows the interannual trends of RSR and its components at different latitudinal zones. Note that

the RSR and their trends for different latitudinal zones are area-weighted based on Eq. (14) for

comparison. Figy

In general, the total RSR in both hemispheres decreases from the equator towards the poles, while

the zonal-averaged magnitude of their components of RSR varies. In the SH, the zonal distribution of

clear-sky atmospheric components is similar to that of the RSR. In the NH., the extreme values of clear-

sky atmospheric components of RSR occur at 10°N-20°N, where has a large amount of dust aerosols

from the Sahara Desert. The RSR peak by surface components are located at 70°-80° in the SH and 20°-

30° in the NH, respectively, due to the high ice and snow albedo and high surface albedo caused by bare

ground. The cloud component reflects the most radiation at 40°S-50°S in the SH and at 0°-10°N in the

NH, since these regions are where the storm tracks of Southern Ocean (George and Bjorn, 2021) and the

annual average position of ITCZ (Gruber, 1972) are located, respectively.

For the hemispheric differences (Fig. 3e-h), it is shown that theinterannual variation—in—the
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Mmore energy is reflected from the 0°-40° latitude zones in the NH compared to the corresponding

latitude zones in the SH-(Fig2e). However, this imbalance is compensated by more reflection from the

SH in the 50°-90° latitude zones. The higher RSR from the 0°-40° latitude zones in the NH stems from

the higher cloud component from the equator to 10° and the combined effect of clear-sky atmospheric

and surface components in the 10°-40°. The-dominance—of-the NH-mainlyarisesfromtheelearsky

contributionfrom-the-equaterte—1+0°-In contrast, the strength of the SH at middle and high latitudes is

derived from the surface eontribution-component from 60°-90° and the cloud eontribution-component

from 1040°-70°. At 40°-50°, more radiation from cloud component in the SH offset the more radiation

from clear-sky atmospheric and surface components in the NH. Regarding the clear-sky atmospheric
componenteentributions, the NH as a whole slightly exeeeds-higher than the SH (except in the polar
regions), possibly due to the higherpreseneelarge amount of dust aerosols in the NH tropics and
subtropics, as well as more sulfate pollution in the mid-latitudes (Diamond et al., 2022). Notably, the
disparity-difference in clear-sky atmospheric eentributions-components between the two hemispheres is
greatest at 20°-30°(areund-1%), influenced by the combined effect of more dust and sulfate aerosols in
the NH. There are significant hemispheric differences in surface componenteentributions, with the NH

exhibiting larger RSR from surface componenteentributions concentrated in the 10°-60° latitude range;

because ofe the larger land area in the NH.
CenversebrAnd in the region from 60° to the poles, particularly from 70°-80°, the SH shows a greater
larger surface eentribution-component due to the higher snow and ice eeverage-cover in the near-polar

regions, resulting-inwhich reflects more solar radiation-reflection. -

more significant eentribution—ratereflection-frerm-elonds between 10° and 70°, with the extreme valuess

of the hemispheric differences occurring at 50°-60°. This is net-enly-attributed to lewer-econtributions

fromthe surfaceandelearsloratmesphere butalse-te-the prevalenee-ethigher subtropical cloudiness and
higher-cloud albedo at mid-latitudes (Engstrom et al., 2017). The greatercontribution-efmore radiation
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from NH clouds near the equator may be due to the persistent presence of the —Intertropical- Convergenee
Zene-(ITCZ) north of the equator in the eastern Pacific and Atlantic. This observation suggests that the

SH heavily relies on extratropical clouds to compensate for clear-sky hemispheric asymmetries-, which

is consistent with previous studies (George and Bjorn, 2021: Blanco et al., 2023; Hadas et al., 2023;

Rugenstein and Hakuba, 2023). Based on the above analyses we can conclude that it is the offsetting of

the differences in the different components across the latitudinal zones that leads to the minimal

hemispheric differences in total RSR.

In addition, to clarity the variations and hemispheric differences of RSR at finer temporal scale, we

further analyze the annual cycle of RSR across different latitudinal zones. Figure S4-S7 illustrate the

annual cycle of RSR and its components in different latitudinal zones and their interhemispheric

differences. It can be seen that the RSR in different latitudinal zones of both hemispheres presents

obvious monthly variations, with the peak values in spring and summer, and low values in autumn and

winter, typically reaching maximum values in summer. The annual cycles of RSR and its components

are mainly dominated by the monthly variation of incident solar radiation (Fig. S8). However, the surface

components in the 40°N-60°N latitudinal zones exhibit enhanced reflectivity in spring (Fig._S6),

possibly influenced by surface albedo (Fig. S9). The annual cycle of hemispheric RSR differences is

dominated by the cloud component at mid-low latitude and the surface component at high-latitude, rather

than by incident solar radiation, which remains relatively stable.

Furthermore, statistical results indicate that the interannual trends of RSR at different latitudinal

zones are highly significant (Fig. 31). It is clear that the hemispheric decreasing trend of RSR is the

cumulative result of decreasing trends of RSR across all latitude zones. Fig. S10a-c presents the global

distribution of the trends in three components of RSR, which help to identify the key areas and factors

influencing the trends. From Fig. 31, it can be observed that the RSR trends in the NH for different latitude

zones below 60°N are widely disparate, whereas the trends in the SH for different latitude zones below

60°S are relatively homogeneous, mainly due to the difference in their dominant components. Most of
the downward trends in the NH come from 20°-50°, with the strongest trend coming from 30°-40°,

dominated by significant decreases in cloud and clear-sky atmospheric components. Decreasing trends

in cloud component are mainly observed over the Northeast Pacific and North Atlantic near North

America (Fig. S10c). The decreasing trend in cloud component over the Northeast Pacific may be

25



685

690

695

700

705

associated with a shift in the Pacific Decadal Oscillation (PDO) phase from negative to positive, which

leads to warmer SSTs in parts of the eastern Pacific, thus significantly reducing low cloud cover and RSR

(Loeb et al., 2018a; Loeb et al., 2020; Andersen et al., 2022). The significant decreasing trends for 20°

N-50°N in the clear-sky atmospheric component occurs in Europe, central China, the eastern seas of

China and the eastern United States (Fig. S10a), which is consistent with previous studies and related to

the reduced aerosol particle scattering (Loeb et al., 2021a; Raghuraman et al., 2021; Quaas et al., 2022;

Stephens et al., 2022). At 70°N-80°N, the decreasing trend in total RSR is dominated by the surface

component, accompanied by a significant decrease in the clear-sky atmospheric component and partially

compensated by an increase in the cloud component. The strong downward trend of the surface

component can be observed along the northern coast of the Asian and European continents and over the

Arctic Ocean (Fig. S10b), which is inseparable from the decrease in albedo caused by the strong retreat

of sea ice.

From the equator to 60°S, there are significant decreasing trends in cloud components, which

dominate the trends in RSR (Fig. 3i). The extreme value of the trends in total RSR of SH occurs at 0°-

10°S due to the significant reduction in cloud components over the tropical western Pacific (Fig. S10c¢).

From 20°S-60°S, the trends in clear-sky atmospheric component even exhibit significant positive values,

especially at 50°S-60°S. The increasing trend of clear-sky atmospheric component in low-latitude zones

of SH is primarily observed over Chile and the South Tropical Pacific (Fig. S10a). This trend in the

former region stems mainly from the increasing secondary aerosol loading (Miinalainen et al., 2021

while the trend in the latter region may be remotely influenced by biomass burning in South-East Asia

and South America (Li et al., 2021). In addition, studies have shown that large amounts of dust and smoke

from the 2019-2020 forest fires in Australia significantly affect the aerosol loading over the South Pacific

(Yang et al., 2021). At mid and high latitudes, the clear-sky atmospheric components are generally

increasing over the Southern Ocean, which may be related to the change of aerosol loading. Based on

model simulations, Bhatti et al. (2022) found that the depletion of stratospheric ozone can alter the

westerly jet and affect wind-driven aerosol fluxes, hence increasing the aerosol loading over the Southern

Ocean, which includes sea salt aerosols and phytoplankton-produced sulfate aerosols.

26



710

715

720

F'TOA
90°-80° 80°-70° 70°-60°

34567 89 1011121 2 34567 89 1011121 2 3456789 1011121 2
Month Month Month

60°-50° 50°-40° 40°-30°

34567809
Month

30°-20° 20°-10° 10°-0°

1011 121 2

3456789 1011121 2
Month

1011121 2

3456789 1011121 2 034567891011[1[2 “3456789
Month Month Month

(a)The rate of clear-sky atmospheric contribution (d)Trends in the contribution

36.1 — — of latitudinal zones
35.9 \:’Clelxr-sky contribution
? |C__ISurface contribution
S, o [ICloud contribution
% S e i et % Total contributio mll 1 80°N-90°N
Fasshoodfod N a ol oot L NN AL AL S 7 4 T0°N-80°N
——SH(trend = 0.28) q3L4 | 7001
353 - - -MEANNH(565%) {31 SIFRISHIEN
- - “MEAN SH(31.54%) b 4 50°N-60°N
151 oy o TMEANSHGERR,
(b)The rate of surface contribution 1 40°N-50°N
14.0 12.0
5 ' T T - MEANNH@3.65%) 119 r 7| 30°N-40°N
13.8 - - ~MEAN SH(11.62%) i {20oN30N
LB T =] {10°oN20°N B
P e (b e s K /. 1 Y 7 S W g o 1.6 & =
s (il i~ i Sy N whal ey el 2 J00-100 B
E 13.6 11.5 & OS-10°N E
s 114 %2 | H00-10°8 3
113 110080200
ed e 10°8-20°8
133 —1 N N (N I N N N S S A B [ 20°8-30°8
(¢)The rate of cloud contribution o
30°5-40°8
512 — T — T —— 58.0
o 40°5-50°8
) 575 50°5-60°S
50.8
3 9 60°5-70°S
= e, |
= 50670 \ M—— L N/ . NN NN N 57.0 = 70°5-80°S
“ 504 7
’ —— SH(trend =-0.31) 565 80°8-90°S
50.2[ - - -MEAN NH(50.69%) E . . L L
---MEANSH@S684%) | | | 015 -0.10 -0.05 000 005 0.10

50.0
>

. -1
> & & Trend (% decade™)
S S

D S O R I
FESFISTT LIS

Figure 34: Interannual mean time series of the contribution rate for (a) the clear-sky atmospheric component,

(b) the surface component, and (c) the cloud component to the total reflected solar radiation at the TOA in

the NH (the left axis) and SH (the right axis) from 2001-2021; note that the scales of the two axes are not the

same. The red line is for the NH, the blue line is for the SH, and the red/blue dashed lines are 21-year averaged

values of NH/SH. The trends marked in the upper right corner passes the 95% significance test in units of %

decade’l. (d)The zonal mean trends in the contribution rate of different latitudinal zones to hemispheric total

reflected solar radiation from 2001-2021. Pink, vellow and blue bars indicate trends in the clear-sky

atmospheric contribution, surface contribution and cloud contribution, respectively. The brown line indicates

the trend of total reflected solar radiation contribution. Dots of different colours indicate that the zonal mean

trend of the corresponding variable at the given latitude zone is significant at the 95% confidence

level.M
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The analysis above is all based on RSR and its components at different latitudinal zones, which can

directly show the variation of their reflected ability to solar radiation. However, they cannot reflect

changes and adjustments in the contribution of different components to the total RSR. So this study

further quantifies the contribution rates of different components to the RSR (Fig. 4a-c) and the

contribution rates of different latitudinal zones to hemispheric RSR based on Eq. (15) (Fig. 4d). There

are clear hemispheric asymmetries in the contributions of the three components to the hemispheric RSR,

which indicates that the relative importance of the three components varies in different hemispheres. For

both hemispheres, the cloud component contributes the most to the RSR, accounting for over 50%,

followed by the clear-sky atmospheric component, while the surface component contributes the least.

The cloud contribution rate in the SH is approximately 6.15% higher than that in the NH, which can be

attributed to more and brighter clouds in the SH (Stephens et al., 2015; Datseris and Stevens, 2021;

Diamond et al., 2022; Jonsson and Bender, 2023). The clear-sky atmospheric contribution rate in the NH

is 4.11% higher than that of the SH, possibly due to greater anthropogenic aerosol emissions resulting

from human activities in the NH (Diamond et al., 2022; Jénsson and Bender, 2022). Although all three
components of RSR in the NH show significant decreasing trends, there is no significant trend in the

proportion of their contributions. This means that there is no significant adjustment in the radiation

budget for the NH. The clear-sky atmospheric contribution rate in the SH shows an increasing trend of

0.28% per decade, which may be regulated by a decreasing trend of -0.31% per decade in the cloud

component contribution (Fig. 1 and Fig. 4). Compared to the SH, the NH exhibits a 2.03% higher surface

contribution rate. Although the NH has a larger land distribution, the higher ice albedo in Antarctica

partially compensates for the lack of land area in the SH (Fig. S9), resulting in a less significant difference

in surface contribution between the hemispheres (Diamond et al., 2022).

The spatial distributions of the contribution rates of the three components (Fig. S10d-f) are generally

consistent with the trends in RSR (Fig. S10a-c), however some regional differences exist. For example,

a strong increasing trend in the clear-sky atmospheric contribution rate is observed in the equatorial

western Pacific, which does not appear in its RSR. This is a moderating result of the decreasing

contribution of the cloud component, indicating an increasing significance of the clear-sky atmospheric
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component for RSR in this region. In addition, the cloud component contribution rates show a wider

distribution of increasing trends over the Arctic compared to the RSR. This is not only due to the increase

in RSR from the cloud component, but also closely related to the significant decrease in the surface

component at high latitudinal zones (Fig. 31). This indicates that cloud components are playing an

increasingly crucial role in the radiation budget in the Arctic.

There is no significant trend in the contribution of each latitudinal zone to the hemispheric RSR,

except for a significant decreasing trend from 30°N to 40°N (Fig. 4d). Although the decreasing trend in

cloud component of RSR at this latitude zone is greater than that of the clear-sky atmospheric component

the significant decreasing trend in the contribution rate of this latitude zone to the hemispheric

RSR is mainly due to the reducing clear-sky atmospheric contribution. For the SH, trends in the different

components cancel each other out, resulting in no trend in the contribution of the latitudinal zones to the

total hemispheric RSR. For example, in the 0°-50°S region, the significant decreasing cloud component's

contribution to the hemispheric RSR is offset by increasing clear-sky atmospheric and surface component

contributions in the hemispheric RSR.
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333.2  Performanece-of different-datasets-on-hemispherie-asymmetryCan other radiation data

reproduce hemispheric symmetry of RSR?

As mentioned —in the introduction parteartier, AVHRR, ISCCP, MERRA-2, and ERAS can provide

longer-term TOA reflected SW-fluxRSR data compared to CERES EBAF. If these datasets can reproduce

945 the ebserved-hemispheric symmetry of RSR reflectedradiation-observed eaptared-by CERES, it would

oreatly assist in identifying the underlying mechanism responsible for the hemispheric symmetry of

PARSR -—at longer time scales and exploring how the symmetry changes with timeusing-data-spanning

CCHZ-DISO system with 3-dimension
AVHRR(0.96,0.14,0.21) DISO1=0.25
ISCCP(0.71,-0.29,0.43) DISO2=0.59
MERRA2(0.32,0.71,1) DISO3=1.40
s VMERRA2 ERAS5(0.84,0.34,0.48) DISO4=0.61

NAE 0.5 0

4 (a)Hemispherical asymmetry of F'TOA (b)Hels'nispherical asymmetry of clear-sky atmospheric component
Correlation Coefficient: (.96 Correlation Coefficient: -(.51
L 35
“— 0.32 45 * ;J‘Asx
E 2 0.84 \E 0.05
2 g
7 =
E0 =35
£ £ i
: i £ s
- -
72 7
< l <35
'y L 2 L L L
CERES AVHRR ISCCP MERRA-2 ERAS CERES AVHRR ISCCP MERRA-2 ERAS
Datasets Datasets
(c)Hemispherical asymmetry of surface component (d;Hemispherical asymmetry of cloud component at TOA
Correlation Coeficient: (.65 b Correlation Coefficient: (.53
0.25 0.86
- 4.5 0.81 “— 6 o.z;
E 4 0.80 E 0.85
= = 7
o | :
£ l £
E . i
525 g
<, <.10
13 CERES AVHRR ISCCP MERRA-2 ERAS sl CERES AVHRR ISCCP  MERRA2 ERAS
Datasets Datasets
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(a)CCHZ-DISO system with 3-dimension

MERRA-2 AVHRR(0.95;0.20,0.21) DISO1=0.29

. ISCCP(0.58,0.41,0.42) DISO2=0.72
MERRA-2(0.00,1.00,1.00) DISO3=1.73
ERA5(0.76,0.48,0.48) DISO4=0.71

= 0.6
>
% 0.4-
0.2~
OBS
1 1

0.8

06 04" o, oy 04 O
NAE : 0 0 : NCC
(b)Hemispherical asymmetry of F'TOA (c)Hemispherical asymmetry of F'atm-clear
4 ' ' ' T DISO: 029] o ' ' ' " DISO: 1.73
: Ll e %
3 i 071 B4t 1171
Eo } g }
g | E3l b
£-2 { £
z z
<, | | | , | <, | , | | |
) CERES AVHRRISCCP MERRA-2 ERA5 CERES AVHRRISCCP MERRA-2ERA5
(d)Hemispherical asymmetry of Fsurf (e)Hemispherical asymmetry of F'cloud
o> T T DISO: 19 o i ' I " DISO: 097
A 82| B O 1.73]
B4 082 = l i 0.55
3 l ! | E 4 l
o 3f 13
N |
< ! ) | | ) < ) | | : |
CERES AVHRRISCCP MERRA-2 ERA5 CERES AVHRRISCCP MERRA-2 ERA5

system with 3-dimension for hemispheric difference of annual-average total RSR between NH and SH. The

coordinate axis consists of three statistical indicators, normalized correlation coefficient (NCC) for x-axis

normalized absolute error (NAE) for y-axis, and normalized root mean square error (NRMSE) for z-axis.

OBS indicates observations, here referred to as CERES EBAF. Multi-year averages of hemispheric

differences between NH and SH in (b) TOA RSR and its (¢) clear-sky atmospheric, (d) surface, and (e) cloud

components for the five datasets from Mar./2001-Feb./2016, with the maximum annual average difference for
the dataset at the top of the error bars and the minimum at the bottom of the error bars. Blue for CERES

EBAF, orange for Cloud cci AVHRR, yellow for ISCCP, purple for MERRA-2, and green for ERAS. The

numbers in the upper right corner are the DISO value of time series for hemispheric differences of different

components for different datasets.
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Figure 6
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: (a-d) Multi-year annual mean biases of total RSR and its components compared with CERES at

different

latitudinal zones for various datasets. Multi-year monthly mean biases of total RSR and its

components compared with CERES in the (e-h) NH and (i-1) SH for different datasets from Mar./2001-

Feb./2016. The columns from left to right represent the AVHRR, ISCCP, MERRA-2, and ERAS5 datasets.

Therefore;—iIn order to comprehensively assess the performance of each dataset for hemispheric

symmetry of RSR, Figure 6-5a presents three-dimensional results based on CERES EBAF data using the

CCHZ-DISO data evaluation system.
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aceuratelyreasonably simulatethe-compenents—Here—weligure5b-¢ further decompose the TOA total

RSRreflected—radiation of these datasets into clear-sky atmesphereatmospheric, surface and cloud

components, and compare the performance—of-the-five datasets in terms of multi-year averaged on

hemispheric_asymmetry (NH-SH) of RSR differencesand its components—<Fig-7). Note that the good

performance of dataset in hemispheric differences of RSR may also be attributed to a consistent

overestimation or underestimation in both hemispheres, effectively offsetting biases between them.

Additionally, the poor ability in reproducing hemispheric differences in RSR may also be attributed to

biases in specific latitude zones and months. Therefore, we decompose the average biases of total RSR

and its components compared with CERES for different datasets into latitude zones (Fig 6a-d) and

monthly scales in NH (Fig 6e-h) and SH (Fig 6i-1) to further identity the potential error sources of in their

reproduction performance of RSR hemispheric difference.

Different assessment metrics used for CCHZ-DISO system can produce wyield different statistical

speeitfieresearch-needsto-obtain-the most suitable-dataset. This means that we must select the most

appropriate assessment metrics based on the specific research requirements to ensure the most applicable
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be-nNoted that the inclusion of spatial correlation coefficient in the DISO system did not significantly

alter the results (Table S1c), so the three recommended metrics (NCC, NAE, and NRMSE) are still used.

In general, Fig. 5a indicates that AVHRR has the closest DISO value to CERES (DISO1=0.29) and

exhibits the best performance in terms of hemispheric symmetry. It is followed by ERAS (DISO4=0.71)

and ISCCP (DISO2=0.72), while MERRA-2 performs the worst (DISO3=1.73). The DISO assessment

metrics for the interannual series of hemispheric differences in total RSR and its component are shown

specifically in Table S2.

Even in terms of multi-year average annual mean hemispheric differences (Fig. 5b), AVHRR is the

closest to CERES. In fact, the remarkable ability of AVHRR to reproduce the interannual hemispheric

symmetry of RSR from CERES is attributed to its simultaneous slightly overestimation of RSR in both

hemispheres (Fig. 6a). Biases in hemispheric differences among different components cancel each other

out, explaining this statistical result. It is clear that the hemispheric asymmetry of the three components

of the AVHRR differs significantly from that of CERES. Figure Sc shows that Altheugh- AVHRR-exhibits

HAVHRR significantly

underestimates the hemispheric asymmetry of the clear-sky atmospheric component, however, the bias

of the clear-sky atmospheric component of AVHHR in different latitudinal zones is not as large as that

of MERRA-2 and ERAS5 (Fig. 6). The largest bias in hemispheric asymmetry and the highest DISO value

for the clear-sky atmospheric component of AVHRR are mainly due to the fact that: (1) the clear-sk

atmospheric component of AVHRR exhibits a certain bias versus CERES in NH but is minimal in SH,

resulting in the interhemispheric bias not canceling each other out as observed in other datasets (Fig. 6a);

also fails to capture the interannual variations in the hemispheric differences of the clear-sky atmospheric

component as observed by even-demenstrates-anegative—eorrelation (-0-5H-with- CERES —coneerning
hemispherie—differences—intheelearslkyatmesphericcomponent—and the data itself displays a high
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degree of annual dispersion. This ultimately leads to poor temporal correlation coefficients in the DISO

calculations (CC=-0.52), resulting in its largest DISO value among all datasets for clear-sky atmospheric

component (DISO=1.73). This bias of clear-sky atmospheric component in AVHRR versus CERES This

can—beattributed,—in—partis—partly due to thelimitations—ef-the current version of AVHRR dataset

underestimates the high aerosol loading conditionversionregarding-aeresels:, due to tThe aerosol optical

thickness in this dataset is set at 0.05 (Stengel et al., 2020);-which-is-considered-as-an-underestimation

for—high—aeresolload—situations(Stengelet—al5—2020)._Furthermore, AVHRR exhibits the poorest

performance in terms of hemispheric differences in surface components (Fig. 5d, DISO=1.49). It

overestimates the multi-year average hemispheric differences of surface components by more than twice

compared to CERES (Fig. 5d), which mainly originate from the underestimation of the surface

component by AVHRR only in the SH (Fig. 6a). Eurthermere; AVHRR notably-overestimates-the surface
component—due—to—in—the NH:It is mentioned in the Fhe-ESA Cloud cci Product Validation and

Intercomparison Report (PVIR) PVIRmentions-that the Cloud_cci dataset exhibits higher biases in TOA

upwelling shortwave fluxRSR compared to CERES in regions with low vegetation coverage and

typically high surface albedo. In terms of cloud component, AVHRR slightly overestimates it in both

hemispheres, particularly in the SH (Fig. 6a), thusAdditienallyz—AVHRR— exhibits obvious

biasdemonstrates—a-significant-deviation from CERES in the hemispheric differences (Fig. Se)-of-the

cleud-component. Stengel et al. (2020) hishlichted-pointed out that AVHRR PMv3 shows a greater bias

in identifying liquid clouds and reducing ice water paths compared to v2.

Although the overall performance of ISCCP in reproducing the hemispheric symmetry of total RSR

is comparable to ERAS (DISO _ISCCP=0.72;: DISO_ERAS5=0.71), it is the only dataset that

overestimates the multi-year mean hemispheric difference of total RSR (Figure 5b), because it

overestimates the RSR in NH more than in SH (Figure 6b). Additionally, its the-multi-year means of the

hemispheric differences for all three components are closest to that of CERES among the datasets.
However, the-time-series-efannual-meansfor-theits annual mean hemispheric difference of in-the-elear-

sley-atmespheriecompeonent-and-the surface component shows poor temporal-correlation with CERES

(CC=0.25), thus exhibiting the larger DISO (DISO=1.17). On the other hand, ISCCP performs wel-best

in ine—reproducing the hemispheric differences #—of the clear-sky atmospheric component

(DISO=0.54) and the cloud component (DISO=0.25);showing-elose-agreement-and-astrongcorrelation

41



075

080

085

090

095

Fopeipele leop eleppe elogdel Ulneebapedop a0 00 deliyenalle UThe Ticlusion sszesssader-of the

Max Planck Institute Aerosol Climatology (MAC) in the treatment of stratospheric and tropospheric
aerosols within the ISCCP-H series helps reduce the misidentification of aerosols as clouds (Young et al.,

2018), thereby improving the simulation of clear-sky atmospheric components. Moreover, Fig. 6b shows

that ISCCP overestimates the cloud component in both hemispheres, the offsetting effect results in a

hemispheric difference in cloud component that is closest to CERES . However-the-aerosolinput-dataset

The two reanalysis datasets exhibit quite different performance in simulating hemispheric

differences in the total RSR and its three components. Among all the datasets, MERRA-2 exhibits poorest

in terms of hemispheric symmetry of RSR (Fig. 5a), which may be primarily influenced by cloud cover

bias (Lim et al., 2021). Indeed. MERRA-2 poorly medelsrepresents the hemispheric difference in the

cloud component (DISO=1.73), whereas ERAS demenstrates—shows geed-better agreement and

correlation-with CERES (DISO=0.55). The latitudinal distribution of the RSR bias reveals that although

the underestimation of the clear-sky atmospheric component partly offsets the significant overestimation

of the cloud component, the total RSR bias of MERRA-2 is still the largest in all datasets, especially in

SH (Fig. 6¢). Hinkelman (2019) pointed out that the diserepaney-difference in-of all-sky RSRreflected

SW-radiatienflux at TOA between MERRA-2 and EBAF is attributed to differences in cloud variables

such as cloud fraction or optical depth. JnMERRA-2 there-is-an-execessive presence—of clouds-over
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times{Deng-et-al;2023)-and altitudes (Zhao-et-al;2023).This bias may stem from a flaw in the cloud

parameterization (e.g., cumulus parameterization and convective cloud schemes) within the reanalysis

assimilation model (Dolinar et al., 2016; Li et al., 2017). Besides, MERRA-2 also exhibits significant

biases in the clear-sky atmospheric component in different latitudinal zones compared to other datasets

(Fig. 6¢), but the bias of its hemispheric asymmetry is smaller due to the inter-hemispheric cancellation.

the-eyelone-centerNevertheless, ERAS still exhibits good consistencyeerrelation with CERES, except
for the hemispheric difference in the clear-sky atmospheric component (DISO=1.17). Li et al. (2023)
demonstrated that the deviation of ERAS's surface solar radiation products from observed values
increases with higher aerosol loading, indicating that aerosols have-a-significantly —mpaetaffect on-the

accuracy of ERAS's radiation products, which may affect the calculation of the clear sky component.

Compared to other datasets, AVHRR exhibits smaller positive biases versus CERES in the multi-

year latitude-zone-averaged total RSR (Fig.6a). It is a result of the widespread overestimation of cloud

components across all latitude zones globally, which is offset by the underestimation of clear-sky

atmospheric components in the NH and surface components in the SH. In the NH, the AVHRR data may

misidentify high aerosol loads as clouds, thus underestimating clear sky atmospheric components in NH

with rich dust and anthropogenic aerosol and overestimating the cloud component (more details are

described in PVIR). The surface component in the SH shows a significant negative bias compared to that

of NH. This is mainly due to the different surface albedo retrieve algorithms and input surface parameters
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of AVHRR for land and ocean (more details are described in “ESA Cloud cci Algorithm Theoretical

Baseline Document v6.2”). Compared to CERES, AVHRR systematically overestimates the surface

albedo of land at low and middle latitudes and underestimates the surface albedo of the oceans and polar

regions (Fig. S11). This is why the surface component of AVHRR exhibits a significant underestimation

in the SH compared to CERES. In the NH, the surface component biases for land and ocean cancel each

other out and therefore contribute little to the total RSR bias. From a monthly scale perspective, the

overestimation of cloud components by AVHRR is present in all months in both hemispheres. The

underestimation of clear-sky atmospheric components in the NH is particularly pronounced during

autumn and winter (Fig. 6¢), while the underestimation of surface components in the SH is most

significant in November, December, and January (Fig. 6i), which is related to the seasonal variation in

the incident solar variation and surface albedo biases.

Compared to CERES, ISCCP exhibits the most significant mean bias in the 40°-50° latitude zones

in both hemispheres, primarily driven by the overestimation of cloud component (Fig. 6b). The ISCCP

data combines observational data from geostationary satellites in low- and mid-latitude regions, thus the

higher viewing zenith angle compared to low-latitude regions introduces greater uncertainty in the

retrieval of cloud fractions in mid-latitude regions (Evan et al., 2007; Marchand et al., 2010; Norris and

Evan, 2015; Boudala and Milbrandt, 2021), consequently resulting in larger cloud component biases.

Boudala and Milbrandt (2021) found that ISCCP overestimates cloud cover between approximately 40°

and 60° latitudes in both hemispheres, particularly in North America and Europe. In the NH, the bias

from cloud component shows no significant seasonal variation (Fig. 6f) as in the SH, which is larger
from late spring to summer (Fig. 6j). Although ISCCP demonstrates minimal average bias in surface

components across almost latitude zones except for 70°S-80°S (Fig. 6b), its combined performance in

hemispheric differences of surface component is relatively poor (DISO=1.17). This is because DISO is

a_comprehensive assessment based on three metrics (NCC, NAE, NRMSE), whereas ISCCP's

hemispheric difference of surface components exhibit poorer temporal correlation with CERES

(CC=0.25), indicating its limited ability to capture the interannual variations of surface components.

For the MERRA-2, the zonal-averaged total RSR exhibit most significant biases compared to other

datasets, particularly positive mean bias in the latitude 0-20° in both hemispheres and 30°S-60°S,

primarily attributed to a considerable overestimation of cloud component (Fig. 6¢). Previous study also
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pointed to excessive cloud cover over tropical oceans and the Southern Ocean has in MERRA-2

(Hinkelman, 2019). The lack of cloud and radiation-related data assimilation also have introduced

uncertainties in the simulated RSR in MERRA-2 (Yao et al., 2020). The significant positive bias in cloud

component in the mid-latitudes of the SH may be due to the fact that MERRA-2 overestimates the

frequency of supercooled liquid clouds over the Southern Ocean during the summer (Kuma et al., 2020).

Furthermore, its underestimation of clear-sky atmospheric components is mainly concentrated in the low-

and mid-latitudes, especially in the tropics, and exhibits a hemisphere-symmetrical bias. This partially

explains its better performance in reproducing hemispheric differences of clear-sky atmospheric

components, as the biases between hemispheres can offset each other. The inability to effectively

distinguish cloudy and clear-sky conditions for high aerosol loadings scenarios (Trolliet et al., 2018) and

the lack of emission data in the aerosol model of MERRA-2 (Buchard et al., 2017) may lead to a

significant underestimation of high AOD values, hence underestimate the clear-sky atmospheric

components. Additionally, the RSR bias from MERRA-2 also shows notable monthly variations (Fig. 6g;

and 6k). On the one hand, it links to the seasonal variation of incident solar radiation mean biases, while

the temporal correlation of between RSR mean biases and incident solar radiation is 0.68 and 0.64 in NH

and SH., respectively. On the other hand, the positive mean biases of RSR are driven by the positive cloud

component biases. The positive cloud component bias in the NH reaches over 10 W m™ from May to

October, with the peak in late summer (August, bias=14.29 W m2), while in the SH, the bias generally

exceeds that of the NH from October to April, with the peak in early summer (December, bias=20.94 W

m?>). Moreover, MERRA-2 significantly underestimates surface components in Antarctica during

melting season (November to January), which could be due to biases in the input snow products that

introduce significant uncertainties in surface albedo (Jia et al., 2022).

For the ERAS, the total RSR between 10°N and 40°S is overestimated compared to that of CERES,

while at other latitudes the RSR is underestimated, which primarily driven by cloud component biases

(Fig. 6d). Previous research indicated that ERAS systematically overestimates high cloud fraction in the

tropical convective regions (Wright et al., 2020) while underestimating liquid and ice water paths of

clouds in the Arctic (Jenkins et al., 2024). In terms of the hemispheric monthly biases, the overestimation

of cloud component in the SH mainly occurs during the autumn and winter seasons (Fig. 61). Apart from

the high latitudes in the SH, ERAS5 shows underestimation of clear-sky atmospheric components across
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all latitude zones, especially in the tropics, which may be attributed to inadequate representation or

simulation of aerosols and aerosol-cloud interactions in ERAS5 (Jiang et al., 2020). This may be related

to the shortcomings of ERAS5's aerosol assimilation process, which only considers aerosol climatology

as input, overlooking aerosol variations on interannual time scales (He et al..2021). Surprisingly, apart

from overestimation in the 20°N-50°N region, the multi-year averaged surface component of ERAS5

basically the same as CERES. Jia et al. (2022) also pointed that ERAS captures changes in snow albedo

at mid and high latitudes better than other reanalysis data.
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Figure 7: Cumulative annual mean for hemispheric differences of RSR and its components for (a) CERES,

(b) AVHRR, (¢) ISCCP, (d) MERRA-2 and (e) ERAS. That is, when Length of year=N, the hemispheric

differences (NH-SH) of annual mean RSR are calculated from 2001 to 2000+N.The range of N varies due to

the different record lengths of the datasets, with 1<N<21 for CERES.,MERRA-2 and ERAS5, while for AVHRR

and ISCCP, 1<N<15.The black colour indicates the hemispheric difference of the total RSR, while the blue,

green, and red colours correspond to the hemispheric differences of the three components, respectively (as y-

axis labels in a).The shaded areas are the uncertainties of hemispheric difference of RSR for the given dataset.

If the solid black line is within the shaded area, it indicates that the hemispheric symmetry in total RSR is

credible within the uncertainty.
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In a recent study, George and Bjorn (2021) arguedpointed out that the symmetry of albedo cannot

be established on an annual or sub-annual scale, but rather on larger spatial and temporal scales. It

prompts us to find out what time scale for these datasets can be used for the study of hemispheric

symmetry of PA. In following analysis, we use radiation datasets from different sources to investigate

the appropriate time scale for studying the hemispherical symmetry of RSR. Figure 7 illustrates the

variation of multi-year average hemispheric differences of RSR and its components over the cumulative

length of the year (N) for different datasets, i.e. the N-year averaged hemispheric difference of RSR. &

_Figure 7a shows that the

hemispheric differences in total RSR and its components observed by CERES are tending to stabilize

over time, except for the clear-sky atmospheric component. The hemispheric asymmetry of clear-sky

atmospheric component exhibits a strong perturbation over time, which may be closely related to human

activities or natural perturbations, particularly the highly variable emissions of anthropogenic aerosols

and irregular occurrences of large-scale volcanic eruptions and forest fires (Minnis et al., 1993: Diamond

et al., 2022).

quantification previeusstudieslacked-a-cleardefinition-of thePA's hemispheric symmetry of RSR in the

previous studies, we try tow discuss this issue here. Voigt et al. (2013) conducted a random division of

the Earth into two halves to assess whether these random pairs exhibited hemispheric symmetry in
reflected-solarradiationRSR. The results revealed that only 3% of the random pairs demonstrated a
hemispheric difference in reflected radiationR SR smaller than 0.1 W m, as measured by CERES-EBAF.
Furthermore, even when this criterion was extended tenfold (1 W m), only 31% of the random pairs
satisfied the hemispheric symmetry requirement. Stephens et al. (2015) noted that the multi-year
averaged hemispheric difference in reflectedselarradiationRSR between the NH and SH is less than 0.2
W m?, suggesting this as an indicator of hemispheric symmetry. Here, when we use a symmetry criterion
of 0.1 W m?2, CERES achieves hemispheric symmetry of reflected radiationRSR on a 1615-year annual

mean scale, while none of the other datasets do. When we expand this symmetry criterion to 0.2 W m™2,
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the symmetry study application of CERES is around 9-year scale, and other datasets remain inapplicable.
When held to a more conservative standard of 1 W m2, CERES achieves hemispheric symmetry every
year, and AVHRR achieves it on scale of more than two years. Interestingly, the ISCCP exhibits

increasing hemispheric asymmetry as the time span extendswith-lengerduratiens, only declining after a

13-year average. Similar, ERAS also displays a similar but more moderate increase in hemispheric

asymmetry.
In addition, in order to have a more rigorous standard, the studywe—would-tike—to takes the

uncertainty of the instrumental measurements into account. That is, }if the RSR difference between the

solarradiationreflectedfrom—the-NH and SH is within the uncertainty of the measurement, it is
considered as hemispherical symmetry (Diamond et al., 2022). The regional averaged monthly mean

uncertainty of the reflected SW-radiationRSR at the TOA of from the CERES EBAF is 2.5 W m (Loeb

et al., 2018b). Considering CERES as the true values, the monthly regional mean biases of AVHRR,

ISCCP, MERRA-2 and ERAS have monthly regional mean biases from the CERES ofare 3.3 Wm?, 4.8
W m?2 5.9 W m?and -1.9 W m?, respectively, which will be used to calculate their uncertainties. Here
we follow the method of Jonsson and Bender (2022) to calculate the uncertainty of hemispheric

difference of reflected solarradiationfluxRSR;-. Here, it is noting that only rough calculations have been

made due to the unavailability of uncertainties at different grid points around the globe. Uncertainty in
the time-mean over the N-month period is scaled by a factor of N2, Then there iswe-ean-ebtain a time
series of the uncertainty in the hemispherical differences of reflectedradiationRSR for each dataset-(Fig-
S123. Tt is clear that as time grows, the range of uncertainty shrinks. Note that if the solid black line falls
within the shaded area (see Figure 7), it indicates that the total reflected radiationRSR exhibits credible
hemispheric symmetry within the given uncertainty. It is clear that Fhe-the hemispherical difference of
the total reflectedradiationRSR from CERES remains well within its uncertainty range-(net-shews).

Similarly, AVHRR stays well within itsdemenstrates—coed-asreementwith uncertainty over a 14-year

timescale. ButOn-the-other-hand, ISCCP only keeps within uncertainty maintains—this—-agreement-on

timescales up to 5 years. The reanalyzed datasets significantly deviate from their respective uncertainty

ranges.

In summary, AVHRR shows better agreement with CERES in terms of the hemispheric symmetry
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of RSR. Furthermore, the cumulative annual mean time series of hemispheric differences in the cloud

component for ISCCP and ERAS5 display similar variations to CERES (CC_ISCCP=0.96:

CC ERAS5=0.95), while ISCCP exhibits a smaller bias (AE ISCCP=0.41; AE ERA5=1.29). However,

in the term of the cumulative annual mean time series of hemispheric differences for the surface

component, only ISCCP fails to reproduce the CERES observed variation, and its CC with CERES is 0.5

(insignificant), while the CCs of the other datasets are all greater than 0.95. For the cumulative annual

mean of hemispheric differences in the clear-sky atmospheric component, although AVHRR, ISCCP, and

MERRA-2 show similar abrupt variability patterns to CERES, indicating the irregularity of human and

natural activities, they do not correlate well with CERES, with CCs of -0.63, -0.38, and 0.25, respectively.

In contrast, ERAS shows a continuous decrease trend, and correlates poorly with CERES, with a CC of

-0.24, which also verifies its poor modelling ability in the clear-sky atmospheric component.
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Figure 8: Trends in TOA RSR flux of the clear-sky atmospheric component (left column), surface component
(centre column) and cloud component (right column) for Mar./2001-Feb./2016. (a-¢c) CERES, (d-f) AVHRR,
(g-i) ISCCP, (j-1) MERRA-2, and (m-0) ERAS.

Figure 8 further illustrates the global distribution of the long-term trends in the RSR of three

components from CERES, AVHRR, ISCCP, MERRA-2 and ERAS5. Note that the trend analysis is based

on de-seasonalized monthly time series from March 2001 to February 2016.

For the regional trends of clear-sky atmospheric components, there are significant differences

among the five datasets. Compared to CERES, the other four datasets exhibit some spurious trends over

the oceans, especially AVHRR. Such a large difference in the trend distribution under clear-sky
50
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conditions between AVHRR and CERES may be due to different methods of estimating the mean clear-

sky fluxes. The clear-sky radiative fluxes of CERES are based on clear-sky conditions only (and

interpolate the collected clear-sky radiative fluxes to cloudy pixels), whereas AVHRR takes into account

all the conditions (but removes the clouds) (Stengel et al., 2020). ISCCP, MERRA-2, and ERAS all

capture a significant positive trend over India well, whereas AVHRR shows the opposite trend. Over the

Arctic, both AVHRR and ISCCP show widespread of significant negative trends, which are not obviously

seen in CERES and reanalysis data. ISCCP suggests a significant positive trend in clear-sky atmospheric

component over North Africa, which is not presented by other datasets. For trends of surface component,

the ERAS is relatively consistent with CERES over the land but exhibits more spurious signals over the

oceans. Despite some similarities in trend distribution of surface components on land between AVHRR

and ERAS, there are widespread spurious decreasing trends similar to that of clear-sky atmospheric
components over Arctic for AVHRR. All datasets show significant negative trends over the Arctic, but

with different magnitudes and ranges. ISCCP shows significant positive trends of surface component

over Central Africa, with opposite trends in North Africa and South Africa. These anomalous trends may

be influenced by geometry artifacts observed by satellites. The ISCCP dataset uses input parameters from

a series of geostationary satellites, and the edges of satellite views may generate spurious variability

(Evan et al., 2007). We selected a gird in North Africa with the strongest positive trend and examined its

de-seasonalized monthly anomaly time series (Fig. S12). There is a sudden increase of RSR in July 2006

and since then there has been a persistent positive anomaly. This abrupt change explains strong trend in

the RSR component in the African region. We speculate that this may be attributed to a sudden change

in the geostationary observation platform (Evan et al., 2007). Over South America, ISCCP and MERRA-

2 exhibit significant negative trends, which are not observed in other datasets. In addition, snow cover is
a significant source of error in surface albedo in reanalysis data (Jia et al., 2023). This could be a key
reason for MERRA-2's failure to capture the declining trend in surface components in northern Russia.

For trends of cloud component, all datasets find a significant increase over the equatorial central-eastern

Pacific. However, except for AVHRR, the other datasets fail to capture the negative trend near the east

Pacific_adjacent to North America. Furthermore, compared to CERES, AVHRR and ISCCP have

produced many unreal trends over polar regions. And every dataset mis-estimates the trend values in

most regions. This indicates that these datasets still require improvement in handling cloud
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parameterization schemes, which is a significant source of uncertainty in their cloud components.

In terms of interannual hemispheric trends of RSR and its components (Table S3), all four datasets

fail to capture the decreasing trend in total RSR for both hemispheres, and ISCCP and MERRA-2 even

show an increasing trend in both hemispheres. For three components, AVHRR significantly

overestimates the positive trend in clear-sky atmospheric component and the negative trend in surface

component in the NH. On the contrary, ISCCP, MERRA-2, and ERAS5 fail to reproduce the decreasing

trends in cloud components for both hemispheres and even show opposite trends.

In summary,On-the-whele; if the focus of study is solely on the long-term changes instadying-the

hemispheric symmetry of total reflected radiationRSR at TOA, AVHRR is the preferred choice. However,

it is not recommended to use AVHRR for decomposing the RSR into components.eanbe-chosen-althoush

Additionally, ISCCP can be utilizedused to investigate long-term—fer—stadying—the hemispheric

asymmetry changes and its mechanisms in the-cloud component-efreflected-radiation. Generally-there

4  Discussion and Summary

The hemispheric symmetry of RSR the-PA-is a powerful feature of the Earth-atmosphere system,
and the mechanisms by which it is currently maintained remain unclear, posing a great challenge for

improving the simulation of hemispheric symmetry of RSR in climate models. Numerous scholars have

proposed many possible compensatory mechanisms, and many of the different mechanisms are not only
limited by latitude but also have seasonal characteristics.;and +#1{ we resolve the energy down to monthly

scales and latitudinal zones, we can gain insight into the changes of RSR at finer spatial and temporal

scales and further improve the understanding of potential regional-scale mechanism for hemispheric

symmetry of RSR.
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evaluate the applicability of radiation datasets with longer records in studying hemispheric symmetry

over time. The main findingsresults are as follows:

(1) RSR shows a decreasing trend in both hemispheres across almost all months and all latitudinal

zones, with differing primary driven factors. In the NH, the interannual hemispheric decreasing trend is

jointly influenced by decreasing trends of the three components, while in the SH, only the cloud

component exhibits a significant decreasing trend. Monthly trends indicate a slowdown in the decreasing

trend from spring to winter, with the maximum trend occurring in the spring (April in NH and October

in SH). For the NH, most of the downward trend in RSR originates from 30°N-50°N, with extremes in

the 30°N-40°N. At 30°N-50°N, the trend is attributed to a significant decrease in both the cloud and clear-

sky atmospheric components. The decreasing in the clear-sky atmospheric component is due to reduced

emissions of anthropogenic sulfate aerosols from various regions and a weakening of dust activities

during spring and summer in parts of the dust belt. The decreasing trend in the cloud component is

concentrated near the eastern Pacific and North Atlantic close to North America, which is may be

associated with a shift in the PDO phase from negative to positive, which leads to warmer SSTs in parts

of the eastern Pacific, thus significantly reducing low cloud cover and RSR. For the SH, the significant

decreasing trends of RSR is mainly occur in the 0°-50°S, which is entirely dominated by the significant

decreasing trend in the cloud component. This reduction in cloud component is mainly observed over the

south tropical western Pacific as well as over the wider Southern Ocean, attributed to the reduction in

cloud cover. Unlike the three components of RSR in the NH, there is no significant trend in the proportion

of their contribution rates, indicating that there is no significant adjustment in the radiation budget in the

NH. The contribution rate of the clear-sky atmospheric component in the SH is increasing, while that of

the cloud component is decreasing. Notably, the contribution rate of total RSR from the 30°N-40°N to

the hemisphere has significantly decreased, primarily due to a reduction in the contribution of the clear-

sky atmosphere component.{h)-Fhe-total reflected-SW-radiation-at-the TOA-shows-a-clear hemispherie
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(32) According to the BBZICCHZ-DISO assessment system, AVHRR performs best n-terms—ef
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hemispheric symmetry of RSR, followed by ERASISCECP and ERAS;ISCCP, and the worst is MERRA-

2. The outstanding performance of AVHRR in hemispheric difference of RSR is due to its simultaneous

slight overestimation of both hemispheres, driven by offsetting biases in different components. While

AVHRR performs worst in capturing the hemispheric difference of clear-sky atmospheric and surface

components, its component biases in different latitude zones are in fact smaller than those of other

datasets, except that they are asymmetric and therefore do not offset between two hemispheres. In

contrast, ISCCP performs best in reproducing CERES-observed hemispheric differences of clear-sky

atmospheric and cloud component, but shows positive bias in the cloud component in the mid-latitudes,

possibly influenced by the field of view of geostationary satellites. The total RSR bias between MERRA -

2 and CERES is mainly concentrated in the 20°N-20°S and 40°S-60°S, with extreme values in the

summer, dominated by the large overestimation of cloud components. ERAS is the best dataset for

reproducing hemispheric difference of surface component, and is in excellent agreement with CERES in

the SH. Under different symmetry criteria-(0-1-W-m?-0.2-W-m? 1-W-m~ and uncertaintiesof different
datasets), the applicability of different datasets to hemispheric symmetry of RSRPA studies varyies.

CERES can achieve hemispheric symmetry at a 15-year average with the 0.1 W m™ criterion, and when

the criterion is extended to 0.2 W m2and 1 W m?, the years of applicability are advanced to 9-year and

cvery year. A

reflectedradiationAVHRR can achieve hemispheric symmetry within its uncertainty of the 14-year time

scale.

uneertainty-ontd—year-timeseale.ISCCP achieves hemispheric symmetry within its uncertainty on a 5-

year scale, but shows increasing hemispheric asymmetry over time. Both reanalysis datasets are far from

the criterion of hemispheric symmetry of RSR. All datasets fail to capture the changes in multi-year

averaged hemispheric differences of clear-sky atmospheric components as the record length increases,

possibly due to a lack of data assimilation for anthropogenic aerosol emissions and large-scale biomass

burning activities. In addition, all datasets struggle in capturing hemispheric and regional trends in RSR

and its components.H
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Based on long-term satellite observations, eu+this study and previous research have confirmed a
clear decreasing trend in solar radiation reflected back into space in both hemispheres over the past two

decades (Loeb et al., 2020; Stephens et al., 2022). To further investigate the inter-hemispheric differences

in Earth's energy balance, we also calculate the trends of outgoing lengwavel W radiation and net

radiation at the TOA (figure not shown). A significant increasing trend of lenewavel W radiation emitted

to space is found in the NH (0.324 W m* (0a)decade™), while no significant trend is observed in the

SH. Loeb et al. (2021b) noted that the increase in outgoing lenewavelLW radiation is primarily due to the

increasing global surface temperature and changes in clouds, although it is partly compensated by the

increase in water vapor and trace gases. However, the overall increase in outgoing lengwavelLW radiation

does not eutweighoffset the decrease in refleeted-shortwaveradiationRSR, resulting in a positive trend

in the net radiative flux in both hemispheres (indicating that the Earth is absorbing more energy)

(Raghuraman et al., 2021). This positive trend in the Earth's energy imbalance (EEI) will exacerbate

global warming, sea-level riseing, increased internal heating of the oceans, and melting of snow and sea

ice (IPCC, 2013; Von Schuckmann et al., 2016; Loeb et al., 2021b). Indeed, a recent study based on long-

term homogenized radiosonde data indicated that the atmosphere has become inereasinglymore unstable

in the NH during the period 1979-2020 (Chen and Dai, 2023). This-trend-is-particularly-significantas-the

permatrost{oeb-etal;2021b)-Given the profound impact of these changes on the climate system, it is

crucial to pay closer attention to the future evolution of PA and its symmetry. Although climate models
persistently exhibit biases in simulating the meanaverage state of albedo symmetry from CMIP3 to
CMIP6 (Crueger et al., 2023), they remain a powerful tool for generating hypotheses about the
unexplained observed RSRalbede symmetry (Rugenstein and Hakuba, 2023) and projecting future
evolutions and potential influencing mechanisms. For example, Rugenstein and Hakuba (2023) examined
the response of modeled surface temperature and PA-RSR to CO, and found an increasing difference in
surface warming between the two hemispheres under stronger carbon dioxide forcing and weaker aerosol

forcing. They also proposed that the warmer hemisphere will become darker, suggesting a potential
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asymmetry in albedo in the coming decades. On the other hand, Diamond et al. (2022) focused on
changes in clear-sky hemispheric asymmetry under different emission scenarios simulated by their model.
Their results indicated a significant shift in clear-sky albedo asymmetry throughout this century under
both high and low emission scenarios, primarily driven by anthropogenic aerosol emissions and
cryosphere changes. Furthermore, Jonsson and Bender (2023) investigated the evolution of hemispheric
albedo differences following a sudden quadrupling of CO, concentration using CMIP6 coupled model
simulations. They found that the initial albedo reduction in the NH may be partly compensated by a
reduction in extratropical cloudiness in the SH on a much longer timescale which can be referred to as a
mechanism of trans-hemispheric communication. They also highlighted that if RSRPA maintains
hemispheric symmetry, compensating for cloud variations will have uncertain but significant effects on
Earth's energy balance and hydrologic cycle. However, whether the hemispheric symmetry of RSRPA
can be sustained indefinitely remains an open question. Therefore, it is essential to focus on investigating
additional potential mechanisms of hemispheric RSRalbedo symmetry and future projections using

model ensembles, along with observational constraints.
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