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Abstract

We usethe HadGEM3GA4, CESM1, and GISS ModelEdimate models to investigate the
global and regionaherosol burden, radiative fluxand surface temperature respanse
removing anthropogeniulfur dioxide SOy) emissions from China. We find that the models
differ by up to a factor of six in the simulatetiange in aerosol optical depthOD) and
shortwave radiativeldx over Chinathat results from reducesulfate aerosol, leading to a
large range of magnitudes in the regional and global temperature respongesf the three
models simulate a neabiquitous hemispheric warming due to the regionab Bnoval,
with similarities in the local and ren®fpattern of response, but overall witlsubstantially
different magnitudeThe third model simulates almost no significant temperature response.
We attribute te discrepancies in the responseatoombination osubstantial differences in
the chemical conversion of S@ to sulfate, translation ofsulfate mass into AODand
differences in theadiative forcing efficiency of sulfate aerosol in the modelsThe model

with the strongest respongeladGEM3GA4) compares best witlobservations of AOD
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regionally however the other two models compaimilarly (albeitpoorly) and still disagree
substantially in their simulatieclimate response, indicating thatal AOD observationsare

far from sufficient to determine which model pemse is more plausible.Our results
highlight that there remains a large uncertainty in the representatimitcderosol chemistry

as well asdirect and indirectaerosol radiatve effects in current climate models, and
reinforcesthat caution must bapplied when interpreting the results of singledel studies

of aerosol influences on climatéModel studies that implicate aerosols in climate responses

should ideally explore a range of radiative forcing strengthsesentative of this uncertainty,

© 00 N oo 0o b~ W N P

in addition tothoroughlyevaluatinghe modek usedagainst observations.
10
11 1 |Introduction

12 Shortlived atmospheric pollutants such as aerosols have very inhomogespatial

13 distributions. This means that, unlike leliped greenhouse gases such ag,Gle radiative

14 forcing due to aerosols HEghly variable and the resulting climate response may be strongly
15 influenced by the region of emission atfk prevailing circulation patterns. There is
16 increasing interest in trying to understand how aeraswirfg from different regions affects
17 the climate, both locally and remotelyFor example Shindell and Faluvegi (2009) and

18 Shindell et al(2012)looked systematically at the response of temperature and precipitation to
19 singlespecies forcinggmposed in different latitude bandsnd showed that the influence of
20 remote forcings on certain regions caften outweighand even have opposite sign to the
21 influence of local forcingsTeng et al(2012) investigated thglobaltemperature response to
22  drasticallyincreasing carbonaceoasrosols only oveAsia, finding a strong remote effect on

23 US summertime temperatures

24  One ofthe most important anthropogenicafigurced aerosol speciessslfate (SQu) (e.g.

25 Myhreet al, 2013). Sulfatecontaining aeroselare formed following chemical conversion

26  of gaseoussulfur dioxide (SQ) emissions from fossifluel combustionas well as natural

27 sourcessuch asvolcaric SO, and ocean dimethyulfide (DMS) emissionge.g.Andres and

28 Kasgnoc, 1998Andreae and Crutzen, 1997 Sulfate particles strongly scatterincoming

29 shortwave (SW) radiationwhich helps to increase the planetary albedo and cool ttieceu

30 They also act as cloud condensation nuclei, leading to additional cloud droplets forming in

31 supersaturatedonditions, which increases cloud albedo and again coolgdh& system
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Historically, cooling fom sulfate aerosol, predominantly in the more industrialised northern
hemisphere, has been implicategla range oimodellingstudies indisruptingclimate since
the mid20" century. For instancéBoothet al.(2012), Hwanggt al.(2013) and Wilcoxet al.
(2013) discusxd the importance of historical aerosol cooling in modulating lsgme
temperature and precipitatiqgratterns, while other studies such as Bollaghal. (2011),

Donget al.(2014), and Polsoet al.(2014) have looked at the impacttoétorical aerosols on

N o o~ WON P

regional climate features such as the monsoon systems or Sahelian rainfall.

[e¢]

The few studies that have investigatgukecific regional aerosol forcings (eghindell and
Faluvegi (2009);Shindell et al (2012) Teng et al.(2012) typically usel a single climate

10 model at a timeto investigate the climate response to idealised, historical, or projected
11 forcings. Howevemodels vary considerably in their representation of aercsudgtheir

12 radiative propertiegesulting in a largencertainty inaerosol radiative forcine.g.Myhre et

13 al., 201®; Shindell et al.,, 201@. When investigating thelimate response to regional

14 aerosol emissionssuch uncertainies are likely to be confounded even further by the
15 variability betveenmodels in regional climate and circulation patterns, and variation in the
16 global and regionatlimate sensitivity(the amount of simulated warming per unit radiative
17 forcing). To best interpret the findings sfnglemodel experiments with regional aerbso
18 forcings, it isthereforecritical to understanthe range of uncertainty in the climate response

19 thatmay arise as a result of structural and parametric differences between climate models.

20 We investigate here the range \gdriability that can arise inhe translationof a regional

21  emission perturbation to a climafemperatureyesponsebetweenthree different statef-

22 theart global climate models. Weelectas a case study the removal of-SDthropogenic

23 emissions fronthe region ofChina. SinceChina iscurrentlythe largestinthropogenisource

24  region ofsulfur dioxide Emith et al, 20110 and hence anthropogenic aerosol, this regional
25 perturbation represents a substarmialdificationto global aerosol levelsvith the additional

26 characteristic ofbeing localised over a particular part of the worl@his aspect of our
27 experiment is distinct frommany previous model intercomparison studies, which have
28 typically compared the climate response in models forcedjlblgal historical trends in
29 aerosols(for example,Shindell et al., 2015; Wilcox et al., 2013or which have only
30 considered the impact of regional emissiondongrange pollutiortransport anen radiative

31 forcing (for example the HTAP and AeroCompermens (HTAP, 201Q Yu et al, 2013

32 Kinne et al, 2006 Schulzet al, 2006 Textor et al, 2009), but have notnvestigate the
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range of model climate ggonses to a regionally localised emission perturbatiorhe
potential importance of remote climate effects due to the strong zonal asymmetry created by
such regional emissions sitherefore not yet been exploredrinulti-model studies Single

model studies such as Teagal.(2012) suggest though that regédly localised forcings can

a A W N P

produce significant climate teleconnecioinat leasthe longitudinal direction.

In the following sections we first describe the thneedels employedand our experimental
setup(Sect. 2) We then present the results of the radiafiug and surface temperature

responsedo the removal of Chinese $@Sect. 3) and analyse theossiblereasons for

© 0 N o

differencesbetween the model responséSect. 4) Finally, in Sect. 5we presentour

10 conclsions
11
12 2 Model descriptions and experimental set -up

13 The three models we employ are the Hadley Centre Global Environment Mati8ldbal

14  Atmosphere ® (HadGEM3GA4), the Community Earth System Model 1 (CESHNd the
15 Goddard Institute for Space Studies ModelEEASSE2). To allow the climatesystem to
16 freely respom, the models are all used i fully coupled atmosphemrean configuratian
17 These three models d#latureexplicit aerosol modellingandinclude both direct and indirect
18 radiative effects of aerosols. However the models all vary in the details of the
19 parametrisations used, the dynamical cgreadiationand cloudschems, model grig and

20 horizontal and vertical resolutions, land surfacel ocearcomponentsetc. This lack of
21 common structural features make these three modelsswitid to contrast against en

22 anotherandprobe the range of potential model uncertainty, as we do here.
23

24 2.1 Model descriptions

25 2.1.1 HadGEM3-GA4

26 ForHadGEMS3 we usethe Global Atmosphere.@version of the model ia standard climate
27 configuration with a horizontal resolution of 1.875fbngitude x 1.25° latitude in the
28 atmosphere, with 85 vertical levels and the model top at 85km, dynamically resolving the
29 stratosphere. The atmosphere is coupled to the JULES land sorfales, which includes 4

30 soil layers and 5 plarfunctioral types. Although in principle this can be run in a fully
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prescribe fixed vegetation and also prescribe glohaliform observedmassmixing ratios

for CO,, CHs, and other londived greenhouse gasesking thé& year2000 values from the
CMIP5 historical dataset A zonallyuniform presentday ozone climatology is also
prescribedin the radiation schemalerived from theSPARC dataset Cionni et al, 2011)
More detailed description and evaluation of the atmosphere andlafate schemes can be
found in Walters et al.(2014). The atmospheric modés also coupled to the NEMO
dynamical ocean moddMadec, 2008) and CICE seme model(Hunke and Lipscombe,
2008, which arerun with a 1° horizontal resolution, and 75 vertical depth lef@isthe

ocean

Critical to our study is the representation of aerosssusethe CLASSIC aerosol scheme,
which isdescribedand evaluatedh Bellouinet al.(2011) CLASSIC is a masbased scheme
which includes an interactive representatiorsufatein three modes (Aitken, accumulation,
and in-cloud), fossitfuel black carbon fossitfuel organic carbon, and biomalssrning
aerosolin three modes (frestaged, and irtloud), dustin six size binsand seaaltin two
modes(jet and film), as well as aoffline biogenic aerosol climatologyThe scheme can also
include a representation of nitrate aerosol, but this option was nohesed

The sulfate component of thescheme(Jones et al., 2001hcludes tracers for two gahase
precursors: S@from anthropogenic and natural sources, and DMS from natural sources.
These are emitted into the atmosphere and can undergoiadyeatt and dry deposition, or
oxidationusing prescribed 4Dxidant fields(Derwentet al, 2003) In CLASSIC, oxidation

of SO&: to SO, aerosolcan proceed through three possible reaction pathways: in the gas phase

by reaction with OHor in the aqueous phase by reaction with eithgddtr Os.

The remainingaerosol species are emitted diredtlythe particulate phasandall aerosol
speciescan then undergo advection, wet and dry deposition, and interaction with radiation.
The hygroscopic aerosolsulfate, organic carbon, biomaksarning aerosolseasal) can also
interact with cloudsvia their role as cloud condensation nuclei. Cloud droplet number
concentration and effective radius atetermined from the concentration of these aerpsols
which affects the simulated cloud lifee (2'° indirect effect) and cloud brightness®(1
indirect effect)as described iBellouin et al.(2011) andJone<et al.(2007).

DQ
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2.1.2 CESM1

CESML1 is run in its standar@AM5-Chem configuration (Tilmes et al., 2015with a
horizontal resolution c2.5°longitudex 1.875°latitude,and 30 vertical levels, with the model

top atapproximately 40 km. The atmosphere is couplettié@ommunity Land Atmosphere
version 4 land surface model (Lawrence et al., 2011). In the present configuration, the
vegetaion distribution is fixed at its 2005 distribution and the &0ncentration is specified.

The atmosphere model is coupled to the POP2 ocean and CIChee seadels, with an

equivalent resolution of 1°.

In the presentCAM5-Chem configuratior(Tilmes et al., 2015)we use a representation of
tropospheric and stratospheric chemistry so that no chemical constituents are specified, other
than specifying the lontived greenhouse gasfsncentratioain the surface layer. The gas

phase chemistry is coupled to the modal aerosol scheme MAM3 (Liu et al., 2012), so that the
rate of formation ofsulfate aerosols is dependent on the chemical state of the atmosphere
SO from anthropogenic and natlisourcescan beconvertedo SQ: through threexidation
pathways: byOH in the gas phaser by eitherH>O; or Oz in the aqueous phasén addition,

the surface area of thgrognostictropospheric aerosols is used to compute heterogeneous
reaction ratethat affect gagphase chemistrAerosols interact with climate through radiation
andcloud-aerosol interactions

2.1.3 GISS-E2

GISSEZ?2 is run inthe configurationused for CMIP5with a horizontal resolution o2.5°
longitudex 2° latitude and 40 vertical levels, with the model top at 0.1 hPa (80 km). The
atmospheric model is coupled to the dynamic Russell ocean model with horizontal resolution
of 1° latitude x 1.25° longitudend 32 vertical levels as described in Schmidt et al. (2013)
and Russell et al. (1995).

Well-mixed greenhouse gases are prescribed as described in Miller et al. (2013), but methane
is only prescribed at the surface and is otherwise interactive with theisthe The @one
distribution is prognostic throughout the simulated atmosphere, and the chemical mechanism
is described in Shindell et al. (2493 In general,other atmospheric gas and aerosol
constituentsare also simulated online anihteract with eals other (via oxidantsn both the

gas and aqueous phaséeterogeneous chemistry, aeresfluenced gas photolysis, and
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aerosolcoating of dust) and with climate (via radiative effects of ozone and methane, water
vapour change due to chemistry, and aerosol direct and indirect effects) in a manner
consistent with the physics of the rest of the GCM as describ8ecin3b of Schmidt et al.
(2013).For the sulfur scheme in particul@, from anthropogenic and natural soes can

be oxidisedto SO aerosolthrough two reaction pathways: I9H in the gas phaser by

o o~ WN R

H20:z in the aqueous phase.

~

Otheraerosolsinclude nitrate, elemental and organic carboch et al. 201,12006) along
with secondary organiaerosols and aral seasalt and mineral dusferosol indirect effects

9 arecalculated aslescribed in Menon et al. (2010).
10
11 2.2 Experimental setu p

12 For this study we investigate thmurface temperatureesponseto an idealisedregional
13 emissionperturbation on a centennial timescald&ach modehas a control simulation which
14 is forced with thesame athropogenic emissions of aerosols and their precursors following
15 the year2000 ACCMIP emission inventory (Lamarque et al., 20IDhe controkimulations
16 are runfor 200 yearswith continuous yea2000 conditionsFor each modelye then un a
17  200year perturbation simulation in which S@missionsfrom energy production, industry,
18 transport, domestic use, and wasteset to zermverthe region ofChina defined here to be
19 the rectanguladomain80°-12C°E, 20*50°N. Theseemissionsectors contribut®88.7% ofthe
20 anthropogenicSG; emitted from this regionso this corresponds to a neemmplete removal
21 of SO emissions from this highly pollutingirea of the glohe Quantitatively, this
22  perturbationreducesglobal anthropogenicSQ; emissions from mund104 Tg yr* to 86 Tg
23 yr, areduction of aroundi7 Tg yr?, or 16.5%

24
25 3 Radiative forcing and climate response

26  We investigate the change in theeanstate of the models by taking averageer the last
27 150 yearof the 200-yearlong simulations(the first 50 years were discarded as s and
28 takingthe difference between the perturbation simulation and the control simulatowell

29 as plotting maps of 2D variables, vedso calculate areaeighted means ofemperature,

30 shortwave radiativeflux, and aerosol optical deptiboth globallyand for an east China
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region(E. China)defined as 108012C°E, 2C°-40°N. This region is found to contain the most
intense changes sulfateaerosol in all three models, and is used from here on to quantify the
magnitude of local changes over China. The gloaatl regionallyaveragedjuantities are
tabulated in Table,lalong with the totadulfate burdens over the globe andding and the
ratios of AOD tosulfate burden and SW flux to AOD changes

The anticipated immediate consequence of removinge®tssions from China is that there

will be a reduction in thamount ofsulfate aerosol formedeading to a positivehortwave

(SW) radiative forcing Figure 1 shows the changes in net domard top-of-atmosphere

(TOA) SW radiative flux in each of the three modefor HadGEM3GA4 and GISSE2, the

plot is stippled in locations where the change exceeds two standard deviations, estimated for
HadGEM3GA4 from the gridpoint standard deviations from six ye2000 control runs with
perturbed atmospheric initial conditions, and for GEB5Sfrom 12 noroverlapping 156/ear
sections of a 190@earlong preindustrial control simulation that had reached radiative

equilibrium.

Figure 1 revealshat here is avery substantial variatiobetween the modeis the intensity
of thelocal radiative flux changeover China. GISE2 shows &fairly weak increase imet
downwardSW flux overE. China,with alocalincreasgfrom Table 1)of 0.91 W m? and &
insignificant global meanchange(-0.0% W m?), whereas HadGEM&A4 shows a very
pronouncedhangeof 5.3W m?2 locally over E. China, and a global mean value of O\ m-
2, CESMLlliesin the middle, with anoderate locaBW flux changeof 4.2 W m?, and 0.B
W mZin the global meanBetweenGISSE2 andHadGEM3GAA4, thereis a6-fold increase

in the intensity of théocal radiativeflux changeoverE. China

Because these are fully coupled simulations, the change in the TOA SW flux does not provide
a measure of the shortwave radiative forcing, since the underlying climstieen allowedo

adjust potentially allowingfeedbacks on clouds, and snow and ice covecompkementary

pair of atmospherenly simulations, where seaurface temperaturéSSTs)and sedce cover

were prescribed tgear2000values,were run with HadGE3-GA4 to diagnose the effective
radiative forcing (ERF)tthe change in TOA radiative flux whdeedbacks due tthe slow
response of the ocean are preventdddfews et al., 2000 The global SWERF due to
removing SO2 from China in the§i@ed-SST simulationsis 0.18 W nm?, 35% smaller than

the 0.28 W it change in the fully coupled case. However, locally over th@hia region,

the fixedSST change was found to be 4.2 W,which is only 21% lower than the 5.3 W?m
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value in the fully couple@g@xperiment Moreover, the spatial magf the SW flux anomaly
over Chinas very similar betweethe twoexperimers (Supplemerwary fig. S). At leastin
HadGEM3GA4, over E China the change inulfate thereforeappears to béhe dominant
driver of the change in TOA SW flux, and the local changeSW flux over this region is
reasonably representatieé the local radiative effectof the sulfate perturbation eveim the
fully-coupled simulationsvith this model The same isesstrue of the globamean values
becausef positive feedback fronte melt in the Arcti¢ andalso somemall but widespread
changes in cloud covewhich globallyadd up to a sizeable effdatthe coupled simulations

(not shown)

Based on the fully agpled simulations he substantial differences in the intensitysd¥ flux
changesver Chinaultimately translate to very pronounced differences in the strerigtie
resulting climate response. big 2 shows the change in surfaa@ temperature between
the perturbation and control runs for each of the three modajain stippling indicates the
UHVSRQVH H[FHHGV WKH-GA4 arid GIBEE2L Qhe+ @ifferenbe between
GISSEZ2 and HadGEM35A4 is particularlystriking. Apart from a smalvarmingin parts of
eastern China by around 0Kl there isvirtually no coherent temperature response across the
rest of the globé GISSE2. The global mean temperature charffgable 1)is -0.028 K and

is not significant In contrast HadGEM& A4 displayssignificantwarming across almostlal
of the northern hemispheraith much larger increases in temperathetween0.4-1 K in
many regionsnot onlyin China but alsen much of the US, northern Eurasia, and the Arctic.
The global mean temperature response(sll K. CESML1 sits again in the middle, with
clear warming responséetween 0:8.5K overmuch ofeastern EuropeAsia, andthe west
Pacific. Overall the warming response s8ll less strong and less widespretihn in
HadGEM3GA4, with a global mean warming 60.064 K.

The spatial pattern of warming over Europe and Asia in CESM1 bears sgumaétative
similarity thoughto the pattern ovethe sameegion in HadGEM3GA4, suggestinghat there

may bea similar mode ofjlobal response to heating over eastern China in these madels
least across the Eurasian continefihe dynamical mechanisms through which local aerosol
emissions are translated to remote respansbeyond the scope of this manugtthough
Whether GISE2 would have displayed the same pattern had the radiative forcing over
China been stronger is impossible to tell from these results; given the small magnitude of the

SW flux changet seems that most of the spatial pattern in the temperature respdbiES
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1 E2 canbe attribuéd to internal variability £the largest changes in temperature seen in this
2 model are in fact a region of cooling over the navdst Atlantic, which is mostl not

3 significant and appears instead to be the result of particularly large internal variability in this
4  region

5

6 4 Exploring drivers of diversity

7  Weinvestigatethe differences between these modgatlead to sucla largevariation in the
8 predicted temperature responsélNe explore below a number of possible sources of

9 discrepancy.
10
11 4.1 Differencesin simulated aerosol amounts

12 We address first the possibility that differences in the aerosol schemes themselves, lead
13 directly to very differehaerosol loadings between the modéisspite the identical change in
14 SO emissions appliedFigure 3 shows thechange in coluniintegrated S@in each model
15 as aresult of removing Ginese S@emissions.The modelsrary in boththe distributionand
16 magnitudeof SOy reductions In particular, HadGEM&A4 hasthe reduction in S@burden
17 fairly concentrated over ChinaCESM1 and GISE2 simulatemore diffuse changes in 30
18 which extend further downwind from the source reggiwing a larger spatial footprintThis

19 difference in spatiakxtentof the SQ field from Chinese S@seems to be due to particularly
20 fast conversion of SOto SQ in HadGEM3GA4 resulting in much more concentrated
21 changes in S@xclose to the source. For GIER and HadGEMI5A4 where more detailed
22 diagnostics were available, we find that the.Siftime is around1.8 times shorter in
23 HadGEMS3GA4, associated witlaround 45%higher wet oxidation rates in this moderhis
24  difference is due in part to the inclusion of an additional wet oxidation pathway in
25 HadGEM3GA4: whereas GISE2 only includes wet oxidation of S®y H.O» (around 730

26  kg(S) s? globally integrated), HadGEM®@A4 includes wet oxidation by both,&, and Q,

27 each of which contribute similarly in this model (around 540Skg(* and 520 kgf) s?

28  respectively).

29 Globally integrated, HadGEM®A4 and GISSE2 simulate fairly similar reductions in 30
30 burden, at0.070 Tg and0.077 Tgrespectively (Table 1). Thigombined with the more

10
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spreadout SQ field in GISSE2, means that locally over eastern China HadGEBSA has a
much more intense reduction in Surden, with 50% of the global reduction occurring over
E. China in HadGEM3GA4 (-0.035 Tg), compared with only 21%0(016 Tg) in GISEE2.
CESML1, by contrast, simulates almost double the global chan§&ibburden as the other
two models, with0.136 Tg. This means that although the; 88uction spreads further from
the sourcein CESM1 than in HadGEM&A4, CESM1 still has a similar reduction to
HadGEM3GA4 locally overE. China €0.039 Tg).

N o o~ WON P
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Given that HadGEM35A4 and GISSE2 simulate a similar global reduction in $@ is
surprising that there is such a difference in the magnitude of their climate respéises.
10 given that CESN simulates a much larger global reductiorSis than the other twenodels

11 it is similarly surprising that this model does not have lmgest response. A partial
12 explanation may be found by inspecting the changwtial aerosol optical deptfAOD),

13 which is a more direct measure of the radiative properties of the aerosol column.
14  Unfortunately, the AOD diagnosed by the modelsds canpletely equivalent:HadGEM3

15 GA4 diagnosed cleasky AOD, which is done in this model by calculating the relative
16 humidity in the cloudree portion of each gribox, and using thisdjustedhumidity to

17 calculate the size dfhe aerosol droplets in theptical depth calculatioriBellouin et al.,

18 2007) However CESMiluses the unadjusted giiebx relative humidity to calculate the
19 droplet sizes in its optical depth calculatithereby providingan allsky AOD calculation

20 (Neale et al.,, 2012) GISSE2 diagnosed both aBky and cleasky AOD, and unless
21 otherwise stated we compare héseclearsky AOD, as it is more directly comparable with
22  satellite retrievals of AODKahn et al., 2010; Levy et al., 2013 Figure 4 shows these

23 changes in AOD at the BBm wavelength for the three models.

24 As with the radiativelfix change there is a large range in the magnitude of local AOD
25 reduction, withE. China AOD reductions ranging fron9.047 in GISSE2 to 0.287 in
26 HadGEM3GA4, i.e. about times highe(Table 1) This is comparable to the approximately
27 6-fold range of SWItix changefound over this regionGlobally averaged, HadGEM3A4
28 also has a much larger AOD reduction than GE2S 0.0042 compared with an almost
29 negligible 0.0003 in GISE2, despite theséwo models having a similar change in global
30 SOy burden The much lower globalkaveraged value in GISS is partly due to a very small
31 but quite zonallyuniform compensating increase in nitrate aerobsent in HadGEM3

32 GA4), which occurs across the noetn hemisphere (not shown). However, the global
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change irsulfateonly optical depth in GISE&2 s still only half that in HadGEM&A4 (not
shown), and locally around eastern Chima find the increase in nitrateptical depthin
GISSE2is at least an order of magnitude smaller than the decreasdfate optical depth,
and so nitrate compensation does substantiallontribute to the discrepancy in local AOD
changes. We therefore still find that HadGERA4 simulates aonsideably larger change
in sulfate optical depth per unit change insSrden at both global and local scalétaving
the largesthange in AOD peunit change in aerosol burdé€mable 1)appeardo be key to

this model simulating the largedimateresponse

Comparingtheclearsky and alisky AOD for GISSE2 (for which we have both diagnostics)

we find that the simulated reduction in-sly AOD (0.183) is much larger than the reduction

in clearsky AOD (-0.047). We cannot be sure that the same would apply to CESM1, but it
suggests that we might expect thesidy values we have for CESM1 te karger than the
equivalent cleasky value. Given this,t is surprisng to find reductiors of all-sky AOD in
CESM1 for the EChina regiorof -0.076andfor the global meaof -0.0013(Table 1) which

lie in between the cleaky valuesof GISSE2 andHadGEM3GA4 even though CESM1 had

the largest change in $®urden both locally and globally.

The change in SW radiative flux and the final climate response seem to correlate with the
change in AOD much better thawith the change in SOburden for HadGEM35A4 and
GISSEZ2, where over China there is ddd difference both in AOD and in SW flux change
between these two models. For CEENhe all-sky AOD changesver E Chinaare about
1.6 timeslarger tharthe clearsky changeén GISSE2 (Table 1) If we used instead adky
AOD from GISSE2 (not shown in Table 1), we find that the AOD change oveZtina is
more than 2 times smaller in CESM1 than in GEE5 However the change in TOA SW
over the same region is about 4.7 timesdarg CESM1, and so it seentisat unlike the
discrepancies betweeHadGEM3GA4 and GISSE2, differences inthe AOD response
camot explain the difference in the magnitsdé radiative flux changbetween CESM1 and
GISSE2 (seeSect 4.3).

4.1.1 Validation of aerosol fields

To get an indication of whether the modehulated AODs are realistic in the regioh
interest,ZH FRPSDUH WKH PHDQ $2' IURP H D BEttiondhseinadidng FRQW L
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in Asia from the AERONETradiometernetwork Holben et al., 200). Because of the
limited number of stations in the region with long data records, we usdb#eeved AOD at
500nm from all AERONET stationable to providean annual meaestimatefor at least one

year, averaged over all years for which an annual mess available (generally ranging
between1998and2014in different stationy and compare this with the annual mean AODs

at 550 nm from the three models, masked to the locations of the AERONET stations
(Supplementary fig. 92 Focusing orstations inE. China (eight in total) we find that
HadGEM3GA4 comparedestwith AERONET in this regiorwith a mean station bias ef

22%, whilst both GISEE2 and CESML1 appear to be biaseddowm this part of the world

with mean biases 666% and-60% respectively.

We also calculate the aregeighted mean AODas observed bythe MODIS and MISR
satellite instruments The MODIS (Moderate Resolution Imaging Spectroradiometer)
instrument is flown on both the Terra and Aqua satellites, whilst MISR (fndfe Imaging
SpectroRadiometer) is flown on Terr&or MODIS we use theollection 6combined Deep
Blue + Dark Targetmonthly AOD product at 550 nnfLevy et al.,2013) (available from
https://ladsweb.nascom.nasa.gpw@veraged from both Terra and Agsetellites, and take a
10-year average from 206312(2003 being the earliest year that data from both satellites is
available) For MISR we use the best estimate monthly AOD pro@ahn et al., 2010
version 31(available fromhttps://eosweb.larc.nasa.gpat 550 nm oven 15-year averaging
period, from 2002014 (2000 being the earliest year MISR data is availablyr MODIS

the areaweightedE. Chinamean AOD is 0.51, whilst for MISR it is 0.31, segionallythere

is a comsiderable uncertainty in these observations. HadGEM3 overestimates the AOD
compared with botlinstrumentswith a regional averagAOD of 0.58, whilst GISSE2 and
CESM1 underestimatsith regionallyaveraged AODs of 0.23 for both modefSlobally the

two instruments are ibetter agreement, with MODIS giving a global average AOD of 0.17
and MISR giving 0.15. Again HadGEM3A4 overestimates global AOD compared with
both instruments (0.22) whilst GIS=®2 and CESM1 both underestimate (0d&l 0.12).
Given that CESM1 diagnosed -aky AOD, whereas satellite retrievals are only possible for
clearsky conditions, the underestimate for this model is likely greater than these numbers

suggest.

There is considerable variation in the observatamsvell as the modelsGlobally GISSE2
seems to compare best against MODIS and MtB&ugh tentativellHadGEM3GA4 seems

13
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to have the mm accurate AOD over China, comparing besgionallywith both AERONET
and MODIS, though poorer against MISRhis suggests that the more concentseidfate
aerosol burden and larger AOD reduction simulated by HadGEM& over this region may
be more realistic.However we note though that sindkese observationsnly measure total
AOD and cannot differentiate by species, the comparison cannot show for certaimethat
higher sulfate optical depthspecifically is more realistic in HadGEM3A4. The AOD
reduction overE. China due to removing Chinese Sf@presents 50% of thaimatological
total AOD in HadGEM3GA4 over the regioncompared with 34% in CESM1 and only 20%
in GISSE2. Even if the total AOD in HadGEMGA4 is more realistic, there is still
considerable variation between the modedstowhat fraction of that total AOD is due to

Chinese S@emissions.

For HadGEM3GA4 and GISSE?2, for whichsulfate mixingratio diagnostics were available

for individual model levels, we therefore also compared against the sudalfate
observations conducted in China reported by Zhang et al. (201 for 20062007
(Supplementary fig.S3). However, loth models performed extremely poorly, with
HadGEM3GA4 having a mean bias off1% (66% if urban stations are excluded), and
GISSE2 having a mean bias eB7% (86% when urban stations are excluded). Although
HadGEM3GA4 is closer to the observed value, the large underestimation debpite
relatively good column AODcomparison suggests that the model has difficulty representing
the vertical profile okulfate aerosol, and so this comparison with surface measurements may
not be that useful in constraining tiselfate optical depttor columnintegrated burdens
Large underestimations of surfaselfate concentratiomver East Asichave been reported
previously for two other models, MIROC and NICAM, by Goto et al. (2015), suggesting that

thisis a problem common to many curreggneration models.

It seemsplausiblethat any differences in the processingsoffate aerosol would apply to all
polluted regions, and not just over China. Indeed, the spatial pattern of the climatological
sulfate burdenover other major emissioregionslike the United States shows a similar
characteristic to that over China, with HadGEKA4 having a higher burdenclose to the
emission source regions, whilst GKE2 has a more diffusesulfate distribution
(Supplematary fig. $1). With this in mind we also validated these two models against
surface sulfate observationsfrom the Interagency Monitoring of Protected Visual
Environment{IMPROVE) network inthe United StatefMalm et al., 1994 adatasetvith a
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far more extensive recorthan the Zhang et al2012) dataset for China. Taking 61
IMPROVE stations which have data for at least 6 years between 1995 andan20fidd that
over the United Stateboth models are biased slightly high, with GIE3 perforning
relatively better with a mean bias of +10.1%, but HadGE@24 somewhat worse with
+44.5%. Howeverwe findthat he large meanbias in HadGEM3GA4 comes mainly from
an incorrectpatial distributionSupplementary fig. 9, with a high bias on the West Coast
but apronounced low bias in surface $@n the East Coast. Consequenthys comparison
would suggest that HadGEM3A4 in fact has too littlesulfate around the principal US
emission regions on the East Coast, even though over thadt@l&EM3GA4 actually has a
larger columrintegratedsulfate burden(Supplementary fig.S4) and a larger AOD(not

shown)than GISSE2, as was the case for China

Validation with surfaceobservationghereforeseems insufficient to constrain which model
performs better with regard to the more climakevant columsintegrated quantities of
sulfate burden and AODReturning to Asia, we therefore also triedlidating HadGEM3

GA4 and GISSE2 usingsulfate wet deposition observationghich should be less sensitive

to the precise vertical profile stilfate in the modelsWe use the Jear mean wet deposition
data from 2002002 described in Vet ell. (2014)and provided by the World Data Centre

for Precipitation Chemistry (http://wdcpc.org, 201#kingthe 6 stationslocatedin China.

We exclude thestation in Guizhou province in southern China where HadGEM3E has a

bias of +590% and GISB2 abias of +253%. This station only provided data for one year
and was flagged as having a high uncertainty in the Vet @Gl4)dataset; it is also located

in a mountainous region and so it could equally be that the models cannot resolve the specific
local conditions. Removing this station from the analysis we find for the remaining 5 stations
in China thatHadGEM3GA4 performs well with a mean bias €3.9%, compard with -

64.8% for GISSE2. This givesan indication that HadGEMGA4 has more realistisulfate
deposition directly over China, though teample size is very small. If we broaden the
analysis to include all stations described as bbingdlyin Asia +an additional 32 stations
thenthe mean bias for HadGEM3A4 is worsaed (-41.8%), whilst the bias in GISB2 is
slightly improved(-54.1%). HadGEM3GA4 still performsbetter over the Asian region as a
whole, though less dramatically €Bupplementary figS6).

4.2 Differences in cloud effects

15
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Sulfate aerosol exerts indirect radiative effects by modifying cloud properties. The strength
of these indirect effects is highly uncertaing. Boucher et al., 201and diffes substantially
between the modeltaving been shown to contribute substantiallynte-model variation in
historical aerosol forcing (Wilcox et al., 2019)ifferences in the underlying climatologies of
the models, particularly with regard to cloud distributicsmyld also be importardince the
radiative effect obulfate aersol is modulated by the reflectivity of the underlying surface

the radiationschemgChylek and Coakley, 1974; Chand et al., 20@¢ich may often be a
cloud-top.

0o N oo 0o b~ W N P

9 In our case,hite goodcorrespondencketween highe¢clearsky) AOD changadn HadGEM3
10 GA4 and higher(all-sky) SW flux change in this mode&ould suggest that the cloud effects

11  are not the root cause of the larger radiative resporthésimodel

12 Additionally dearsky SW flux diagnostics were availabfer HadGEM3GA4 and GISSE2

13 (Supplemerary fig. S7), and comparing them with the-aky SW flux anomaliewe still find

14 a large- albeit smaller (Fold rather than @old) - discrepancy between these two models
15 This reduceddifference between GISE2 and HadGEM35A4 in the clearsky compared
16 with all-sky anomalyis hard to apportionbecause the aflky response incorporates both
17 aerosol indirect effects and also dynamical feedbacks on cldadsact, in both models the
18 clearsky SW change turns out to be larger tttam alksky SWchange, which i®pposite to
19 what wewould expect from a simplamplification of theradiativeresponse due to indirect
20 effects. In particular GISSE2 simulates arincrease in cloudiness Bast Chinavhensulfate

21 is removednot shown) which partally offsets the direct forcing of reduced £S&nhd results
22 in asmaller alisky flux change than cleaky flux change (0.91 Wrhcompared with 1.8
23 Wm?). HadGEM3GA4 has mixed changés cloud amount over East Asia (not shown) and
24  has a smalledifference between a#lky and cleasky flux changes (5.3 Wthand 5.8 Wit

25 respectively), explainingvhy there is a bigger discrepanbgtween these two modets the

26 all-sky forcing. Nonetheless, the fact that there is stiB-fold difference in cleasky flux

27 indicates that even in a clodicce world, there would bkrge disagreemenin the moded §
28 SW forcing over (Qiina, and so cloud responsese not the primary driver of the
29 discrepancies, althougkloud feedbacks are clearly important in moduigtithe final

30 magnitude of the discrepancy

31 Diagnostics for cleasky radiative fluxes and cloud amount were not available for CESM1, so

32  we are unable to make a similar comparison for this model.
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4.3 Differences in aerosol forcing efficiency

An additional source ofdiscrepang between the models 8dn differences in theaerosol
radiative forcing efficiency +the forcing that resudtfrom a given aerosol optical depthn
burden(e.g. Samset et al, 2013 A previous model intercomparisdooking at radiative
forcing as part of the AeroCom Phase |l study found that there was a large variation in the
radiative forcingdue to aerosofradiation interactionsper unit AOD between different
participating models (Myhre et al., 2G3n a globakcale.

Globally-averaged, the changes in radiative flux and AOD are too small in our experiments
calculate an accurate ratio, but insteael salculateherea regional radiative efficiencfor
HadGEM3GA4 and GISEE2 by taking the change iclearsky SW flux over the 10a120E,
20-40N region (Sect. 4.2) and dividng by theclearsky AOD changeover the same region
(Table 1) This is not directly comparable with previous studies Mgghre et al. (2018), as

we use a regionalgveraged numbenstead ofglobally-averaged, and for the numerator we
use the change iclearsky SW flux rather than the cleaky radiative forcing. Consequently

we use this metric heraainlyto qualitativelyhighlight differences between the models.

As notedin Sect. 4.1 and 4,2ver tle eastern China regiddadGEM3GA4 has a6-fold
larger mean AOD reductionr(Q.29) compared with GIS&2 (-0.047),butonly a 3fold larger
clearsky SW change(5.8 W m? compared withl.8 W m?). As a resultheregionalradiative
efficiency for HadGEM3GA4 is only about half that of GISE2 (-20.3 W m? compared

with -39.1 W m?). If we normalise by the change sulfate burderinstead of the AOD
integratedover the same regiphowever, we find the oppositelationship:HadGEM3GA4

has a largeregional mearchange in cleasky SWflux perTg sulfate than GIS$E2 (167.1

W m? Tg! compared with-117.7 Wm? Tg?Y). The much larger AOD per unihass of
sulfate simulated in HadGEMGBA4 thereforeoutweighs the smaller radiative response per
unit AOD. CuriouslyMyhre et al. (2018) reported results that were qualitatively the inverse
of what we show here, finding th#te atmospheric component GfISS ModelE2 has a
smaller sulfate radiative focing thanthat of HadGEM2 +DG*(0 V SUHGHFHVVRU
very similar aerosol scheme&yhen normalised by AOD, but larger when normalised by
columnrintegratedsulfate burden. The reason for the discrepancy is not clear, though the

aforementioned fact that we calculate our numbers for a specific region means that there may
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1 be important local factors. For instance, the forcing per unit AOD will be influenced by the

2  vettical distribution of the aerosol (Myhre et al., 28),3vhich could vary between models in

w

different parts of the world.

Making an equivalent comparison for CESM1 is hindered by the lack ofsitgatiagnostics
available from this model for these simidats. What we can note is that if we instead use
the altsky change in SWlux over East China, normalising by AOD we find a much larger
SW change per unit AOD in CESM1 than in HadGE®&4 or GISSE2 (-55.0 W m?
compared with-18.6 W n¥ and-19.6 W m?) (Table ). Normalising by alisky AOD in
GISSE2 (which provides both cleasky and alsky diagnostics)however gives a

© 0 N o o b

10 comparatively even smaller valye4.95 W m?). Normalised bythe change in regional
11  sulfate burden instead, CESM1 sits in the middle wil§7.7 W n? Tg?, compared with
12 HadGEM3*$ fV153.5 W n? Tg?! (quite closeto its clearsky normalised value), and
13  GISS ( 1¥56.6 W m? Tg! (much smaller than st clearsky normalised value). These

14 results suggestthat either CESM1 has ar{g radative efficiency per unit AOD which
15 compensate$or its much smaller AOD per mass siilfate, orelsethere are large cloud
16 responsesteitherdue to a particularly strong aerosadiirect effest, or a dynamical reduction
17 in local cloudiness+which considerably amplify the radiative effect of a relatively small
18 AOD reduction in this model.

19 The Myhre et al. (2018 AeroCom intercomparisofound that globally, the atmospheric
20 componenbf CESM1 (CAM5.1) did indeed have a much higbalfate radiative efficiency

21 than the atmosphesmnly version of GISE2. In their casethey found CAM5.1 to have

22 approximately 2.25 times higher direct radiative forcing per unit AOD than -G5S

23 Howeer, the studwlsofound that, globally, the atmospheric component of HadGEM2 had a
24  very similarforcing efficiency to CAM5.1 Given that our regional values from GK&2 and

25 HadGEM3GA4 conflict qualitatively with the global values from the AeroCom study
26 though this probably doerot provide a strong indication of whidhactoris more likely the

27 dominant driver of the relativelarge response in CESM1 desptemodest AOD change.
28
29 4.4 Differences in climate sensitivity

30 So far ve have discussadainly factors which influence the translation of a change in aerosol

31 precursor emissianto a radiative heatingand thesevaried strongly between the models
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Thee is a final stepn arriving at the climate response, which is the translation of a given
radiative heating into a surface temperature change. The climate sengithéyamount of
warming simulated per unit radiative forcingis also well known to vary considerably
between mode|globally (Flato et al., 2013and regionally (Voulgarakisna Shindell, 201Q)

and this will additionally impact the strength of the final response. Climate sensitivity is
typically estimated from a 2x or 4x global €€mulation, giving a large response and a large
forcing from which to calculate the ratioFor GISSE2, a climate sensitivity value 66 K

(W m?)t was found in the IPCC AR5 report froadx CQ: simulation (Flato et al., 2013)
using the regression method of Gregory et al. (2004) to estimate radiative forEiog
CESM1, a value of 1.1 K (W ®)* is obtained from valueisom a 2x CQ simulation (Meehl

et al., 2013), noting that in this case the radiative forowap calculated using the
stratospheric adjustment method (Hansen et al., 2086).HadGEM3GA4, we use al00-

year 2x CQ simulationthat was performed separately as part of the Precipitation Driver
Response Model Intercomparison Project (Samset et al., in preparation), which galas

of 1.1 K (W n¥®)* based on the Gregory method.

While CESM1 and HadGEM&A4 both have very simitaclimate sensitivities, we see that
GISSE2 has a particularly small sensitivityin fact, the smallest value of all the CMIP5
models reported in the AR5 report (Flato et al., 20I)is presumably compounds the fact
that GISSE2 simulates the smalleSW flux change of the three models, ensuring that the
resulting surface temperature response is comparatively smaller still. Differences in climate
sensitivity do not seem to explain any of the variation in the magnitude of the response
between CESM1 anHadGEM3GA4, at least based on these values. However, it is worth
noting that the climate sensitivity valuémt we reporaire derived from global CQorcings,
whereas in our case we are looking at the translation of a very regional forcinggintmabh
response. It is not trivial that the globmkan temperature response to a regionally localised
forcing is a functioronly of theresultingglobally-averagedorcing, andin particularit may

be that different models are more or less sensitive orgirfgs in specific regions.
Unfortunately we know of no study that has calculai@datesensitivity to regional forcings

in single omulti-modelframeworks Shindell (2012 calculatel regional climate sensitivities

to forcings imposed in differenttitudinal bands for the GISE2 model, finding that there is
considerableregional variation relative to the gl@b climate sensitivity. Inthat study,
estimates of the response to regional forcings in 3 other global climate models, based on the

GISSE2 regional sensitivities, are found to largely agree to within2€% with the full
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1 simulations however VXJJHVWLQJ WKDW UHJLRQDO VHQVLWLYLWL

2 sensitivity) may not vary that much between models

4 5 Conclusions

By applying anidentical regional perturbation to anthropogenic.Sgissions in three
different climate models, we observe three markedly different resulting climate responses,
ranging from virtually no coherent surfaa temperature response in one model (GE=3,

to pronounced surface warming all acrasest of the northern hemispherén another
(HadGEM3GA4). The third model (CESM1) sits in the middle in terms of both magnitude
10 and spatial extent of the temperature response. This huge variation in climate e@espons

© 00 N o u;

11  corresponds t@ similarly large variation in the SW radiatifleix changefollowing the

12 reduction insulfate aerosol. All three models show a fairly localised increase in net
13 downwards SW radiation over China as a result of reducedeB@sions from this region,

14 however the magnitude of this radiative heating is substantially greater in HadGEM3

15 than in CESM1which is substantiallgreater still than in GIS&2. Theresponse in GISS

16 E2 is so weak thatemperature changeare largey not detectableabove the internal

17 variability of the model. The stronger heating in CESM1 and HadGEM3 produces

18 much more pronounced temperature changesl een though the radiative heating is
19 localised over China, the temperature responses ge ttveo models are much more spread
20 out, particularly in the zonal direction. This is consistent with the findings of Shigtdal!

21  (2010), who found that the temperature response to inhomogeneous aerosol forcings is more
22 uniform and extends much furthigom the forcing location in the zonal direction than in the

23  meridional direction

24  Comparing the models we findery different changes in the SOmass change due to
25 removing SQ@emissions from China, very differergtios of AODchangeper mass o$ulfate,

26 anddifferentradiative flux changeper unit AOD. These differences are compounded further
27 by variations in cloud responseslimate sensitivity, ad the feedbacks omther aerosol

28 species such astrate whichdiversify the response furthetin addition to differences in the
29 total changs insulfate and AOD, we find theregeaalso substantial differences in the spatial
30 distribution of the changes, attributed to differences irrdte ofchemicalconversionof SO

31 to SO which influenceshow concentrated the aerosol changes are around the emission

20
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1 region This implies that even if both the AOD paulfate burden and the forcing per unit

2 AOD were identical among the three models, they would still have different distributions of

w

radidive forcing.

Specifically we find that CESM1simulatesthe largest reduction isulfate burden both
globally and locally. HadGEM3GA4 hasthe smallest reduction isulfate burden globally
and the secondhigest reduction regionally, yet it produdeg far thelargest reduction in
AOD both globally and regionally over EEhina This much larger change in AOD per

change insulfate burderin HadGEM3GA4 results in the largest radiative changes and the

© 0 N o o b

largest temperature response in this mod€hough both GISE2 and CESM1 simulate

10 mudch smaller changes in AOD than HaEM3-GA4, still the SW flux changes and

11 temperature responspsoduced are very different betwetliese two models. In GISES2 the

12 radiative effect ofsulfate burden changesappears smallest, and this combines with
13 compensatingncreases in local cloud amount over China and nitrate aerosol globally to
14 reduce tle radiative response yet further, and a senallmate sensitivity results in this being

15 translated into a largely negligible temperature response.

16 There are a direct observations cfulfate radiative forcing nor of sulfate optical depth or

17  vertically-integrated burdenand so we have tried validating the aerosol component of the
18 models with a range of surface and satebidsed measurements tftal aerosol optical

19 depth, surfacsulfate concentration, argllfatewet deposition. All the models have biases,
20 and no model performs best against all tteservational datasetssed Tentatively

21 HadGEM3GA4 seems to perform best over China against observatiobsth total AOD

22 andsulfate wet deposition, thoughver someother parts of the world this model performed
23  slightly poorer e.g.for global AOD and US surfacsulfate concentrations. However, the
24 main conclusioris that comparison against akisting observational measures is unable to
25 satisfactorilyconstrain which model response is meealistic The model with the largest

26  sulfate mass change (CESM1) did not have the largest radiative or climate response, and two
27 models with a similar AOD change (CESM1 and GEEE had markedly different reative

28 and climate respoes Given the range of discrepancies that we find in all steps along the
29 conversion of S@change to SPchange to AOD change to radiative forcing to temperature
30 response, it seems that knowing how accurate a model is with rdspeither sulfate

31 concentration®r total AOD is far from sufficient to determine whether the climate response

32 to aregional aerosol perturbation is similarly accurate.
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Discussions

We have only looked here at surface temperature, which is a particularlynd@astire of the
climate response. The response of other, lessomaBtrained, climate variables such as
precipitation might be expected to show even greater variatiur.resultsshowthat there
remains a very large uncertainty in curralimate modeb in the translation of aerosol
precursor emissions into a climate response, and imply that care must be taken not to over

interpret the results of studies performed with single models.

On a more optimistic note, we remarkathin the two models which shed the more
substantialchange in SW radiative flu\CESM1 and HadGEM&A4), both also show a
remarkably strong remote temperature response to a relatively localised noritietitude

heat source, with qualitatively similar temperatahangepatternghat extend across much of

the hemisphereindicating that there may be some agreement on the response to a given

regionalforcing, if notonthe forcing itself

Data availability

Model output data from all simulations described here is availae request from the

corresponding author.
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Table 1: Areaintegrated S@and SQ burdens, areaveighted means of AOD, net down-all

sky TOA SW flux, and surface temperature, and ratios of mean change in TOA SW to change
in SQ; burden and change in AOD, for the globe and the region 1002B°E, 20°N- 40°N.

Values are shown for eadhodel for the control simulation (Con), the simulation with ne SO
emissions from China (Ch0), and the difference (Gton). AOD is diagnosed for clear

sky conditions in HadGEM&A4 and GISSE2, and for allsky conditions in CESM1.
Global SQ burden wa calculated only for HadGEMBA4 and GISSE2.
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1 Net down TOA SW change (W m-)

2 Figure 1: Change in net down TOA SW flux due to removal of &fissions over China for
3 a) GISSE2, b) CESMl1andc) HadGEM3GA4. Differences are calculated as the-yB&ar
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mean of the perturbation simulation minus the-¢88r mean of the control. Plots focuses on
the Asian region as changes outside this domain were minimal. Stippling forE2I188d
HadGEM3GA4 indicates the change in that ghidx exceeded? standard deations.
Significance was not evaluated for CESM1 as multiple-yi&dy control runs were not

a A W N P

available to assess internal variability for this model.
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2 Figure2: Global dangs in surface temperaturdue to removing S©emissions from China
3 for a) GISSE2, b) CESM1,and c) HadGEM3 Differences are for 15¢ear means of
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1 perturbation simulation minus control simulatiorstippling for GISSE2 and HadGEM3
2 GAdindicates changes exceeded two standard deviations for that grid box.
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1

2 Figure 3: Global changa in columnrintegrated S@burden due to removing S@missions
3 from China, fora) GISSE2, b) CESM1andc) HadGEM3GA4. Differences are calculated
4  as perturbation run minus control run, averaged over 150 years.
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1
2 Figure4: Change inPAOD at 550nndue to removing S©emissions from China fa) GISS
3 E2, b) CESM1,and ¢) HadGEM3GA4. For HadGEM3GA4 and GISSE2, AOD is
4

calculated for cleasky conditions, whereas for CESM1 AOD is calculated forskyl
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1 conditions, which will generally result in Higr values within each simulation. Differences
2 are calculated as perturbation run minus control run, averaged over 150 years. The plot
3 region focuses on Asia as changes outside of this domain were minimal.
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