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Abstract. We investigate the climatic impact of stratospheric ozone recovery (SOR) with a focusoridbe temperature
change in atmosphestabocean coupled climate simulations. We find that although SOR would cause significant surface
warming (global mean: 0.2 K) in a climate free of cleadd sedce, it may result in surface coolingd(06 K) in he real
climate. The results here are especially interesting in that the strateaphested radiative forcing is positive in both cases.
Radiation diagnosis shows that the surface cooling is mainly due to a strong radiative effect resulting froemsiguitiction

of global high clouds and, to a lesser extent, from an increase ifatiigide sea ice. Our simulation experiments suggest
clouds and sea ice are sensitive to stratospheric ozone perturbation, which constitutes a significant radiaitieatatiat

influences the sign and magnitude of the global surface temperature change.
1 Introduction

Observatioml records show that stratospheric ozone has dedtiriedtothelate 1990s and thertarted stabilizing and even
slowly increasing especially in the Polar Regio&MO, 2007 2017). It is expectedhat the ozone layer woutéturn tothe
pre-1980level in the 2050s(Bekki, 201). It is known that ozone is a greenhouse, gasl that stratospheric ozores a
warming effect ontropospheriesurfaceclimate which has beendemonstratedy early simulationworks with radiative
convectivemodek (Ramanathan and Dickinson, 19Z&cis et al., 1990 Consistent with such understandingonedepletion
generally lead#® a negative radiative forcin@fter accounting fostratospheric temperature adjustmeina) cools the climate

(Forster and Shine, 19%ansen et al., 200Gonley et al., 20181yhre et al., 2013/acintosh et al.2016. On such basis,
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one would expect that stratospheric ozone recovery (SOR}exaositive forcing thathouldlead totroposphere and surface
warming. Thesinglecolumn simulatiorby Hu et al.(2011) agrees with such expectation, although their efforts to distinguish
the responses to SOR in full general circulation models (GCMs) is impeded by cémaitivity differencebetweerthetwo
groups ofmodels(McLandress et al., 20).2 Very interestingly McLandress et al. (2012howaweak troposphersurface
coolingin response to SOR a coupledchemistryclimate model(CCM). As presented belowsuch a weak coolingg also
seenin our simulation with aatmospherié&GCM coupled to slabocean modelTheseresultsraiseimportantquestiors. how
doessurface coolingesult from thepositive radiative forcingof SORin GCM simulation® Why do GCMs and radiative
convection models yield opposite restlta this paper, w are motivated t@nswerthesequestios and reconcilethe

contradicion of the warming predictiobased orsinglecolumn modekimulations

Oneprominent deficiency of thenedimensionaladiativeconvectivemodelsis thattheyneglecteffect of clouds as well as
snow andce albedo Thus, results from these simplified models may not realistically represent the responsestiei&eR.
our hypothesis is thaihe radiative adjustment ofouds andeaice may override théorcing of SOR andchangehe direction

of surface temperature @hgein more sophisticattGCMs To test this hypothesis, weerformtwo sets of SOR forcing
experiments usin@ threedimensional climate model, one with standard settings and the other with cloud and sea
artificially removed in the simulatiofComparison of the two sets of simulations skhicidatethe effects of cloud and sea
ice.In the following sections, we will describe the configuration and results of these experitissast the simulations from

a radiatve budgeperspectiveand surmarize our mairindingsin order.

2 Model and experiment design

Here we conduct and analyze a series of SRperiments using the NCAR Community Atmosphere Model, version 3 (CAM3)
coupled with a Slab Ocean Model (SOWollins et al., 200MNeale et al., 2000 All of the runs presented below are made
with T42 horizontal resolution (~2.8°x2.8°) and coupled to-ateferdeep SOM. The SOM configuration uses a simple ocean
componen{Kiehl et al., 200Danabasoglu and Gent, 2Q008ombined with a thermodynamic sea ice component that is based

on theCommunity Sea Ice Model (CSIMEriegleb, 20@)) and allows for a fullyinteractive treatment of surface exchange
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processes in CAM®Danabasoglu and Gent (200@mpare the slab ocean and the fully dedonfigurations of CCSM3
and find that the slab ocean setup provides a good estimate of the climate sensitivity of the fully couple&dthmadgH.the
slabocean component lacks explicit representation of ocean currents, GCM surface winds drised@edgeamics, with
advection simulated as a cavitating fl(ielato and Hibler, 19901992. Compared with the coupled atmospheoean
simulations by CESM1 (CAMS), the annual cycle of climatological sea ice extent has similar magratydey (from3 to
15x10f km?) in SOM. The variabilities of the annu@lean sea ice extenteaalso similar (about-32x10° km?) in SOM and

coupled atmosphergcean simulations.

In order to isolate the effect of clouds and sea ice, two sets of experiments are conducted here. In the first satdardise st
settings of the model, without any modification of cloud and sedricthe other set of integrations, we set the freezing
temperature te180 degree centigrade so that there is effectively no sea ice in the simulation. We also set all the cloud fractions
to zero in radiative heating rate and flux calculations and thus suppress the radiative effects,oftbloids similarto the
configuration of theClouds On Off Klima Intercomparison Experimgi@OOKIE). To restore radiate energy balance,
following Koll and Abbot (2013yve reduce the solar constant by 120 W, trecause CAM3 has a global mean dléorcing

of ~30Wm.These two sets of e$SmeardiamdotosdNalSeaicedNCNIIJirespbctizely in i

the following. The global and climatologicahean surface temperature is 291.4 K in the NCNSI experiment, which is
comparabldo the climatology in theStandard experimerfabout 2 K warmer)Note that the cloud modification used here
does not affect the generation of clouds in GCM integration or related latent heating of the atmosphere. The hydrdégical cyc
as reflected by #hclimatology of precipitation, in the NCNSI experiment is similar to that in the Standard expefiment.

the NCNSI simulation provides a reasonable hypothetical world for comparingdib&veresponses to SOR.

In order to examine the impact of SQdd surface temperaturéwo 100year integrationsprescribedwith identical
concentrations of welnixed greenhouse gases (£QHs, N;O, etc.) butdifferent stratospheric ozone concentratjcare
conducted irboth theStandardand theNCNSI experiments. The monthly mean ozamdume mixing ratiosaveraged over

19992003 (scenario2000)and 19791983 (scenariol979) taken from the ERAnterim reanalysigDee et al., 201)] are
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prescribed in these two integraticiosrepesentfipresend (2000) and frecovery (1979) scenariogespectively In order to
eliminate the influence of tropospheric ozone, the ozone below 200 hPa in the recovery scenario sciredid000 level.

To see the impact of SOR, thiealizedozone changan the recovery scenarabove 200 hPa is set to the absolute value of
the differencebetween 1979 and 20@Bigure 1a). In comparison, the ozone in the recovery scenario increases by2gbout
Dobson Unit (DU) in the tropics and subtropicagiions, abou63 DU in Arctic and abou?3 DU in Antarctic(Figure 1b).
Both scenario experiments argtialized from an equilibratedpresentday CAM3 simulationwith Sea surface temperature
(SST) prescribed to btheclimatological meanalues of the perio#l9832000.The atmospheric states in all these experiments
approach steady states affy years of integrationWe assess the SOR impacts by contrasting the nmeaangpropriate

variables inthe last90 years oftwo 100-yea simulatiors (the difference between two equilibrium states)

3 Surface temperaturechange

As shown by Figur@, SORcausesioticeable changes in not only stratospheric but also tropospheric and surface Thenate.
stratosphere in both tigtandardand NCNSI experiments is significantly warmed, as expected fromattiative heating
effectof stratospheric ozon€@n the other han&OR leads taropospheric and surface warming in the NCNSI experiment
while noticeable cooling is seen in tB&andard experimerftompare-igure2 a and h. The globalandannualmean stface
temperature change is +0.2 K afd6K in the two experimenisespectively. The surface warming in the NCNSI experiment
occurs in all seasons and at most latitutlesomparisonsurface cooling in th&8tandard experimeiig the strongesh the

two polar regiongreaching0.8K in Arctic in boreal autumnpnd is also stron@bout-0.2 K) over the higHatitudeSouthern

Oceanq40°’S-70°S).

The results hersupportour hypothesis that the different responses to $0RBling vs. warmingpare caused by clouds and
sea icelt is interesting thathe sameéSORperturbation drivesurfaceclimate changgin opposite directiondue to effects of
clouds and sea ic&his isespecially interesting becaube stratospheradjusted forcingf SOR (as detailed in the following

section)is similar (positive) in the NCNSI arstandard experiment

4 Radiation diagnosis
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4.1Instantaneous forcing

We calculate thenstantaneousadiative forcingIRF) of SOR using a radiative transfer model, RRF {Mlawer et al., 199\
The radiative forcing is calculated as the change irofestmospher€TOA) radiation fluxesn response tthe stratospheric
ozone change (from 2000 to 1979 values) at every grid box osinthlymeantemperature, water vapor, amtbud profiles
from a 2000 equilibrium integratianFollowing Cronin(2014), we use the insolatieweighted method to calculate the
monthlymean solar zenith angl€he globalndannualmean forcing values are provided in Tabl®(e to ozone absorption
of shortwave solar radiatigmainly in the 200315 nm UV regionand longwave terrestrial thermal emiss{orainly around
9.6 um) the SOR as prescribed in our experiments indugesiave (downward at TOA, i.e., warming) forcing in both the
NCNSI andStandard experimesnt The global mean values @#&9W m? and0.60 W m2, respectivelyNote that in our
idealized SOR scenario (Figure 1), the ozone change is positive throughastathephere, including the tropical UTLS
region, which renders very positive forcing across all the latituddxth experiments, tHengwaveforcing has a flat zonal
mean pattern, due to compensating effecthefatitudinal variations in surfaciermal radiatiorandozone concentration
(black lines inFigure 3 a and b)n contrast, the shortwave SOR forcing peaks at two @Eseshown in Figure 3 ¢ and d

which iscausedy thehigherlocal ozoneconcentration

4.2 Stratospheric adjustment

Ozone heats the stratospheltge to its absorption of solar radiatidttere, he stratospheric adjustment, i.de tradiative
impact due to stratosphencarmingin response to SOR, is calateéd using a kernel method, followi#ipang andHuang
(20149 and Huang et a(2016. The stratospheric temperature kernels of Shell §2@08 are usedere The stratospheric
temperature change is calculated as the temperature difference between the 1979 and 2000 equilibrium intednigtiens. As
stratosphericemperature mean more thermal radiation radiated to the space, stratospheric adjustmentsckbvaieatre
negative in both experimentseeFigure 3 a and)bNevertheless, the stratosphadjusted forcingAF, i.e.,instantaneous
forcing plus stratospheric adjustmergjnains positive in both NCN$0.30 W m?) andStandard experimes(0.29 W m?).

In addition, ve also calculate thBAF with RRTMG using the fixed dynamical heatimgethod(Ramanathan and Dickinson,
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1979, and find theSAF in the Standard experimesito be0.21 W m?, which is in agreement with the kernel methddbte
thatas discussed by Huang et(@016), the adjusted forcing evaluated using TOA flux equals that evaluated using tropopause
flux if the stratosphere adjusts & radiative equilibriumThe fact thathe stratospheradjusted forcing is positive indicates

that the weak cooling in tHetandard experimerg not predictable froSAF, but isinfluencedby tropospheriadjustments

4.3 Tropospheric adjustments

Here we analyze the radiative contributions by other atmospheric and surface variables, namely temperature, water vapor, se
ice (albedo) and cloudsainly using the kernels of Shell et a2008. Note that the radiative effect of clouds is obtained
usng the cloud forcing adjustment method that incorporates the instantaneous forcing and stratospheric adjustment calculate

above (c.fHuang(2013 andHuang and Zhan2014).

In the Standard experiment, we find thedliative effects of clouds and siea to be strongly negatiye0.39 and0.10 W n?,
respectivelysee Table 1)The cloud effect consists é6.26 W n¥ in thelongwave and0.13 W n¥ in the shortwave which
is in good agreement with the 0.26 m? effect inresponse tstratospheric ozone depletiogported byGrise ¢ al. (2013)
Thiscloud radiative effeatffsetsthe warming effect of SOR forcing (a SAF of 0.29 W)nAs a resultthere isa weakglobal
cooling in surface temperatu(ed.06 K). The radiation budges balancedy the positive radiation changégduction of
outgoing radiation) caused by the surface cooling (0.08-%%and byatmospheric temperature and water vagimanges-(

0.04 andD.10 W m?, respectively.

In order to separatd¢ fast adjustments in the troposphieoen surface temperaturelated feedback effectae conducta
SOR experimentusing CAM3 with fixed SST and sea ice iged-SST/SI) Two simulations forcedwith prescribed
climatological SSTandSI averageaver the years 198P000are performeadvith different ozone concentratioasdescribed
above.The stratosphere and troposphadfusted forcingeffective radiative forcing, ERH} obtaired by contrasting the
averages over the last 15 years of tive 35year integrationsThe ERF isfound to be0.01 W m?, consisting of an
instantaneous forcing of @& M2, astratospheric adjustmeaf -0.31 W n?, and atropospheric adjustmenf -0.28 W m?

(which ismainly contributed by clouds0.25 W n?) (Table 1) Evident from these resultthe cloud radiative effect in the
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Standard experiment is largely a tropospheric adjustment, which togethertheitsiratospheric adjustment offsets

instantaneous forcing of ozone and results in a neutrdiRéd

In comparison, inthe NCNSI experimentyithout the offsetting negative radiative effects of clouds and sea significant
global warming (0.2 Kyesults from the SOR forcingvhich gives rise to a radiative effect-026 W m?. The water vapor
feedbackn this experimenis strong and positived.77 W m?), although it is offset by the atmospheric temperature feedback

(-0.77 W ).

In summary, these resulshiowthat significant radiative cooling effects caused by the adjustments of clouds and sea ice in

response to SOR explains the weak global cooling in the Standard experiment

4.4 Surface radiation budget

Complementary to the TOA radiation buddetomposition, we also analyze theface radiation flux change driven B9R.
Figure 4 shows thechanges in theurfaceradiation budgetfrom the 2000 equilibrium integratiorelative to the 1979
equilibrium integrationThe changes in the nstirface shrtwave radiationin both experimentcan beexplained by ozone
absorption of UV rdiation. In the NCNSI experimenthe globalandannualmeanreduction is-0.60 W nm2. Themaximum
reductionreacles-2.4 W m? in the NorthernHemisphereand-1.6 W m? in the SuthernHemisphere Both occurat high
latitudes in summerbecause of the largestratospheric ozonmcreaseghere In the Standard experimenthe glob& and
annualmeanreductionis -0.62 W m?. Comparedo the NCNSI experiment, the durati@md spatial coveragef the net
shortwave radiation changgalso significantly modified bglouds and sea icéFigure4 g and j) Here we measure the cloud
radiative effect (CRE) by the difference between theslall and cleasky surface radiation. Thehanges ifongwave and
shortwave CREn response to SOReshownseparatelywith globalandannualmean values 00.26 W m?2 and0.04W nv

2, respectivelyThe radiative effect of sea ice is measured as the surface radiation change caused bglsenifackange,
i.e., climatologial surface downwardhortwaveradiation times surface albedo chanblee global mean shortwave radiation

change due talbedo change is measured to®d1 W n?.
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The greenhouse effect of ozomehancethe surfacedownward longwave radiatio his enhancemeris augmented by the
atmospheric warming and moistening in the NCNSI experiment, veliichetheioverrides the cooling effecf ozonein the
shortwave (Figurd c). The globalandannualmean net radiatiochangeis +1.1 W m?. Thisexplairs thesurface warming in
this experimentn comparison, thenhancemernt the downward longwave radiation in tB&andard experimert less strong
andlimited to low latitude regions. This is mairitgcause od strong negative change in cloud forcing (FigLing. The global

andannualmean net radiatioohanges -0.72 W n¥, which explains the global cooling in this experiment.

In summary, thesurface temperature resposse both experimentd-igure2 a and b) areonsistent witlthe changes in the
netradiation at the surfad&igure4 c and f) The comparison between the NCNSI experiment an&tiwedard experiment
againhighlights impacts of clouds and sea ice on the radiatimiyet which can ovende theinitial radiative perturbation of

ozone and lead to different surface temperature respdfisewill elaborate this point in the following section.

5 The roles of cloud and seace

Figure2 e showstheresponse of theloudfractionin the Standard experimenTheae is general reduction in cloud fractjon
especiallyfor those high cloudsear the tropopaus&he decrease in higtloudsis associated witla decrease in relative
humidity caused by th8ORwarming of the uppertroposphere antbwer-stratospheréJenkins, 199%ang et al., 201R
which is consistent with the significant increase in UTLS cirrus clouds resulted from ozone depbtaragk et al. (2015)
This then accounts for the aforementionedativeT OA longwave cloud radiativeffect(Table 1;Figure3) andthe negative

change in CREt the surface (Figu#h).

On the other handhé respaoses of the middle and lowlevel cloudsareconsistent with th&ORforcedequatorward shift of
theeddydrivenwesterly jet inthe southern hemispheric riatitudes(see the review byhompson et al. (201)1)This occurs
especially during late spring and summniar the Southern Hemisphere.As the jet shifts, the associated storm track,
precipitation, and cloud patterns follo®o cloudfraction decreasein the subtropical region (28-40°S), increasgin the
middle latitudes (4T5-60°S), and decreasé the polar region (higher than 60 degrdéis then impacttheradiationbudget

as documented b@rise et al. (2013)As shown by th& OA radiative effect otloud (Figure3 d) and surface CREigure4
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0), there arestrongshortwaveradiation anomalies that oscillate with the latitude. We find that these rachatonalis are
largely accountetbr by the redistribution oliquid cloudand haverery smallsouthershemispherieaneanvalues 0.04W ny
2 for surface radiation and).13 Wm2 for TOA radiation.AthoughSORhas apositiveradiative forcing, the cloud changes

due toSORinduce a netoolingeffect on the climate systemwhich is consistent with the results@rmise et al. (2013)

Seaice responsés important for the surfacediationbudgetin bothpolar regionsArctic sea ice increasén boreal summer

and autumn and Antarctic sea ice incredsmughout the year (Figurej). These increases cause considerable decreases in
net shortwave radiation at surfatieisacting to cool surface temperatureedént studiesuggesthat the Antectic ozone

hole has important influences on Antarctic sea8gmond and Fyfe, 201Bitz and Polvani, 201,3mith et al., 201 The

large seace and radiation changes seen here affinch ozone impact

In order to isolate and compare the effects of clouds and détseae apply the same techniques as used in the NCNSI
experiment to suppress cloud and sea ice effects respectively in twioraddixperiments. We find that the global mean
surface temperature response to SOR is 0.18 K in th€éldled experiment and is 0.03K in the{Sea Ice experiment, which

confirms that the suppression of the warming effect of the SOR is largely dueds.clou

6 Discussion and conclusion

The Standardand NCNSI experiments conducted hsuggest that clouds and sea ice are sensitive to stratospheric ozone
perturbationsand their radiative effect are critical for predicting surface temperature changdthough the stratosphere
adjusted forcing o6ORis positive in bothexperimend, the warming effect of ozonecoveryis offsetby the cooling effect
caused bynigh-cloud reductionand sea icéncrease irthe Standard experimenivhich results ira weakglobal cooling In
addition, SOR alscausesquatorward shift of jet streamrecipitationandmid- and lowclouds, especiallyn the southern
hemispherg which results indipole pattera of zonal mean surface shortwave radiation anomalies and corresgondi

temperature anomalies



10

15

20

The cloud and sea ice changeshe Standard experimemimerge as significarsignalsin response tthe SORforcing. The
reduction of hitp clouds can be attributed to ozoseduced radiativewarmingandconsequentelative humidity reduction in
upper troposphere and lower stratosphereccordance with thiindings of (Jenkins, 199%ang et al., 201R The sea ice
changes in the Arctic and around the Antaratieinfluenced by ozorieduced indirect radiative effects, which are associated
with the reduction of downward infrared radiation over the sea ice edge caused bgithaletreases of clouds and water
vapor, and also the atmospheric coolffiy et al., 2015 The strong sea ice response to SOR forcing sugtdestigoing

SOR would mitigate Antarctic seee loss fromgreenhouse warming in 2tentury(Smith et al., 201p

Although an isolated SOR forcing as prescribediinexperiments is hypothetical, this forcing scenario makesy unusual
case of climate changa that the radiative forcing is positiea warming effectput the surface temperature response is
negative (cooling). The key factor that leads to thekatean of the prediction appears to be a significant high cloud change
directly resuling from the forcing Although this result is mainly based on one GCM, a suit of experiments and dialgaeses
suggesthatthis may bea significantrapid adjustment tstratospheric ozon®rcing and may have important implications
such as forclimate projection andjecengineeringlt warrantsfurther research teerify whether the cloud and sea ice
responses to stratospheric ozone are robust across different GCMéethénthe responses are sensitive to details in the

prescription of ozone change.
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Table 1. Radiative forcing and adjustments evaluated at thetop of the atmosphereThe columns indicatethe instantaneous radiative
forcing (IRF) of Og, the stratosphere-adjusted forcing (SAF),the effective radiative forcing (ERF, i.e., stratosphere and troposphere
adjusted forcing), the stratospheric adjustment and the radiation changes caused bgloud, seaice, atmospheric temperature (&),

water vapor (WV), and surface temperature (&), respectively. Unit: W m-2,

IRF ) Tropospheric/surface radiative effects
of | saf | Erp | Stratospheric
03 adjustment Cloud | Seaice| Ta WA Ts
NCNSI 0.49 | 0.30 | N/A -0.19 N/A N/A -0.77 | 0.77 | -0.26
Standard | 0.60 | 0.29 | 0.01 -0.31 -0.39 -0.10 | -0.04 | 0.10 | 0.08
Fixed-
SST/S| 0.60 | 0.29 | 0.01 -0.31 -0.25 N/A -0.15| 0.12 | N/A
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Figure 1. The distribution of SOR. (a) The vertical cross section of thannual- and zonatmeandifference of ozone, unit: ppmv (b)

The annual- and zonalmeandifference of total column ozone, unit: DU.
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Figure 2. Responses to SOR of zonal mean surface temperature, annuahd zonalmean air temperature, annual and zonakmean
cloud fraction, and zonal mean sedce fraction. Latitude -month distribution of surface temperature in the (a) NCNSI, and (b)
Standard experiment Vertical cross section of & temperature in the (c) NCNSI, and (d) Standard experiment (e) Vertical cross
section of ¢oud fraction, and (f) latitude-month distribution of seaice fraction in the Standard experiment In (a, b), the color
interval is 0.05 K. In (c, d), the color interval is 0.2 K. In (&), the color interval is 0.4%. Regions with dots are the places where
differences have statistical significant levels higher than the 95 %onfidence level (student-test values are greater than 2.0). Black

line in (c-e) indicates the tropopause of climatology.
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Figure 3. Annual- and zonalmean distribution of the radiative contributions at TOA for the NCNSI experiment: (a) longwave
radiation: stratospheric temperature adjustment (blue line), ozone (black line),and water vapor (green line), (c) shortwave
radiation: ozone (black line), and water vapor (green line). And for theStandard experiment: (b) longwave radiation: stratospheric
adjustment (blue line), ozone forcing (black line), water vapor (green line), anchdiative effect of cloud (red line); (d) shortwave
radiation: ozone forcing (black line), water vapr (green line), cloud(red line) and icealbedo (blue line) effects Negative/positive

values indicate upward/downward radiative flux at TOA. The radiative forcing of ozone are calculated with RRTMG.
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Figure 4. The latitude-month distribution of the responses to SOR of theonal mean surfaceradiation budget. (a) Net shortwave,
(b) downward longwave, and (c) a+b in the NCNSI experiment. (d) Net shortwave, (e) downward longwave, and (f) d+e in the
Standard experiment (g) Shortwave CRE, (h) longwave CRE, and (i) g+h in th&tandard experiment (j) The albedcinduced

surface radiation in the Standard experiment Color interval is 0.5 W n12,
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