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Abstract

Extreme precipitation often causes enormous eninmsses and sevedesasters
Changes in extreme precipitation potentially have large impacts on the Isoaiaf.
In this study,we investigaté the changesn four precipitation extreme indicesver
Chinaduring1961~2014 The indices includ®tal wetday precipitatiofPRCPTOT,
precipitationon extremely wet day@R95TOT), number of extremely wet days (R95d)
and precipitation intensity on extremely wet dég85nt) duringtheextended summer
(May-August).Observation analyseshowedthatthese four indicebave significantly
increased over southeast China (SEC) and northwest China (MWIS) decreased
over northeasthina(NEC) and southwest Chin®&WC). Based otHadGEM3GC3.1
historical, greenhouse gas only (GH@nd anthropogenic aerosol only (AA)
simulatiors, we assessethe relative roles dfiifferent forcings in the observecends.
Model reproduca the main features ofncreasing treds over SEC and NWC in
historical simulationssuggesting a dominant role of forced changes in the treinds
four indicesover thetwo regions.ndividual forcing simulations indicatethat GHG
and AA forcinganfluencetheincreassin summer extreme precipitation over SEC and
NWC, respectively through different processeQver SEC, extreme precipitation
increaseis mainly due to GHG forcing thatesults inmoisture flux convergence
increasehroughthermodynamic and dynamic effecks.comparisorto GHG forcing,
AA forcing has a weak contributiobecauseAA forced moisture flux convergence
increaseis offset by AA forced evaporationreduction Over NWC, extreme
precipitationincreases primarily attributed to AA forcing and secondarily to GHG
forcing. AA forcingcan result imoisture flux convergendacreasehroughdynamic

effect andGHG forcingcan resulin evaporatiorincrease

Key words summerextreme precipitation, anthropogenic impagpgenhouse gases

aerosolsChina
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1. Introduction

Increased frequency and intensity of extrearexipitation have been observed in
the context of global warming, whidiave proninentimpacts orthe human society,
ecosystems, and environment (IPCC,2D0 Extreme precipitation often causes
enormous economic losses and severe disasters. East China has experienced significant
increass inextremeprecipitation during the last few decadgbou et al. 2016which
cause enormous economic losses due to locally high population danditgpid
economic development. For example, the annual economic losses caused by floods
increased from 80.2 billion Yan during 1984~2003 to 122.83 billion Yuan during
2004~2013over China(Qin et al., 2015). Therefore, understanding the causes for
changes in extreme precipitation over China and providing reliable projection of future
changes are of great significancd)ieh are particularly concerned by both scientific
community and decision makers.

Humaninduced increases in greenhouse gases (GHGs) have contributed to the
observed intensification of extreme precipitation over many land @viaet al. 2011;

Zhang ¢ al. 2013 Dong et al. 2020, 2021GHG impacts have been detected over
China both on the increasing trend of precipitation extrd@ben and Sun 2017; Li et

al. 2017; Lu et al. 202@nd individual heaviest precipitation eve(®sin et al. 2019)
Physially, GHG induced global warming could enhance atmospheric water holding
capacity, favoring more heavy precipitation. Meanwhile, GHG induced modulation of
the East Asiarsummermonsoon (EASM) circulationan give rise to more moisture
flux convergence oveeast China, favorable to more heavy precipitafigia et al.
2017) It was demonstrated that under GHG forcing, EASM circulatiman be
modulated through intensified lasmtean thermal contrast as well as uneven warming
of sea surface temperature (SSTatthesulted in intensified western North Pacific
subtropical high (WNPSH) via strengthened local Hadley circuldfi@n et al. 2018)

or weakened Walker circulatidhin et al. 2020)

In addition to GHGs, increases in anthropogenic aerosol (AA) emissions have
essential influences on precipitation cha)@dthough its influences are complex that
includes direct (aerosol radiation interaction) and indirect inspg@arosol cloud
interaction). By scattering and absorbing solar radiation, aerosols can prevent the
shortwave radiation reaching the earth surface, termed as aerosol radiation interaction.

By directly interacting with cloud, aerosols can change cloud radiation properties and

3
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precipitation efficiency, termed as aerosol cloud interacdfimng et al. 2019)Besides
direct interaction with cloud through microphysical processes to affect precipitation,
aerosols have the potential to affect circulation through altering radiatioetb ddks

have been demonstrated to play an important role for the observed weakethiag of
EASM circulation(Dong et al. 2019; Song et al. 2014; Tian et al. 2@h8)the reduced
summer extremprecipitationover north ChindLin et al. 2018; Zhang et #017) Ma

et al. (2017)showed evidences that AA could partially offset the GHG induced
increassin heavy precipitation over east China.

Although previous studies have investigatee anthropogenic influences on
precipitation changes over China, a fetndses focused on the changes in extreme
precipitation defined by percentiasedextremeindices, and the exact physical
mechanism underlying are still not clear. In this study, our main aineisi¢c@atethe
relative roles of GHG forcing and AA forgnon the changes in summer extreme
precipitation over China, and to understand the physical processes responsible. We use
a set oexperiments based on a stafehe-art climate model HadGEM3 in the Global
Coupled configurédHadGEM3GC3.1)that participates in the sixth phase of Coupled
Model IntercomparisorPrgect (CMIP6)(e.g.,Eyringet al.,2018 Gillett et al.,2016)
to address these above questions.

The structure of this paper is designed as follows: Sect.2 introduces the
observational dta, model and methodology. Sect.3 illustrates the observed changes in
summer precipitation extremes over @diSect.4elucidats theanthropogenicoles
including GHG forcing and AA forcing irshapingthese changes and analyzes the
related physical prosses. Sect.5 and Sect.6 reveal the detailed physical mechanism in
response to GHG forcing and AA forcing, respectively. Finally, our conclusion and
discussion are summarized in Sect.7.

2. Observational data, modeland methodlogy

As a reference fromobservationgridded dailyprecipitation data with a spatial
resolution of1°x1° since 196Iwere obtained from the CNO05.1 data@du and Gao
2013) The CNO05.1 dataset is produced by the dtedi Climate Ceme of the China
Meteorological Administration fronmore than2400 observatical stationscovering
all of mainland ChinaThe reliability of this dataset has been widely confirmed by
previous researctocused orclimateover ChinaLuo et al., 2021; Zhou et.&2016)

HadGEMS3 * & UHSUHVHQWY WKH 8.1V FRQ@WWUdeEXWLRQ WR
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et al., 2020) This physical climate model consists of global atmosplare
configuration GA7/GL7.1, the global ocean GO6 and the sea ice model configuration
GSI8.1, coupled with the OASIBICT coupler. Its lower resolution configuration was
used in this study, whichas a nominal atmospheric resolution of k&5(85 levels)
and an ocean resolution df (75 level$ with coupling every 3 hoar Threetypes of
experiment designed in CMIP6 were employed, which are (1) historical simslation
with all externalforcings (Al) includingexternalanthropogenic forcings (GHGs, AAs,
ozone, and land use) aedternalnatural forcings (solar and volcanic activities); (2)
GHG-only simulatiors (GHG) forced by GHGs only; (3) Adnly simulatiors (AA)
forced by AAs only(e.g.,Eyring et al., 2016; Gillett et al., 201.6A common period
1961~2014 among three experiments were concernedivRllensemblemembers
rlilplf3~r5i1plf3 were usedEnsemble mean dive ensemblenembersvas used to
representhe external forced responses.

Charges of extreme precipitation during theréalextendedsummerfrom May
to Augustwere studiedFourprecipitationextremendiceswere used which aaefined
according to the approach recommendgdthe Expert Team on Climate Change
Detection and Indices (ETCCDI), i.etptal wet-day precipitation (PRCPTQTunit:
mm), precipitationon extremelywet daygR95TOT, unit:mm), number oextremely

wet days (R95d, unit: days), precipitation intensityrtremelywet days (R95int, unit:

mm/day) A wet daywasdefined as dailprecipitation 8 1 mm. An extremelywet day

was defined as dailyrecipitation> the 9%' percentile ofdaily precipitation orwet
days over thebaseperiod 1961~199 the borealextendedsummerWe used linear
trend todescribe the lonterm changewhich is estimatedusing the least square
methodand its statistical significance is testegingatwo WDLOHG 88WtXGHQW IV W
3. Observed changes in summerngcipitation extremes

Figure 1showsthe observed trends summemwet-day total amountfRCPTOT),
extremelywetday amount R95pTOT), extremelywetday frequency(R95d, and
extremelywet-day intensity R95in{) during 1961+2014(54 years as 54ahanges in
PRCPTOT, R95pTOT, and R95int are expressed as percenttajere to the
climatology overl961~1990Patterrs of trends inthesefour extremeindices showa
common featurewhich isincrease ovethe southeast and northwest China whilst
decreaseverthenortheast and southwest China. Changes inddtkme precipitation

frequency and intensity are in agreement with extreme precipitation arsoggésting
5



167 thatmore extrema precipitation eventsccurover the southeast and northwest China
168  with strengthened intensity, and oppositely less extreme precipitation events occur over
169 the northeast and southwest China with weakened intensity.

170 To facilitate quantitative depiction, whole China was divided into fowreglions,

171  i.e., southeast China (SEC), northeast China (NEC), northwest China (NWC), and
172 southwest China (SWC) as shown in Fig.1. The treridegional averagedxtreme

173  indices wee calculatedverthesefour regions and shown in Fig.2 (white badver

174  SEC,PRCPTOT haincreased a8.8%54a andR95pTOT has increased a6%/4a.

175 Responsible fothe R95TOT increase R95d and R95inhave consistently risewith

176 rates of 0.7 days/3la and 7.4%/54a respectively.Similarly, dgnificantly increasing

177 trends are seen over NWC the four extremeindices, which arel5.4%54a in

178 PRCPTOT, 34%/%a in R9%TOT, 08 days/3la in R95d, and.5.1%54a in R95int.

179  Contrary tothe increases girecipitaton extremesover SEC and NWC, precipitation

180 extremeglecreaseareobservedver NEC and SWC, not significant though.

181 4. Model simulated changesn precipitation extremes and related processes in

182 response to different forcings

183 To understand the underlying drivers tbe observed changes in precipitation
184 extremes and the physical mechanism involved, a sesimfilatiors based on

185 HadGEM3-GC3.1wereanalyzed. Figure 3ad are the simulated trend&four extreme

186 indices inreponse to All forcing Overall, model is able to reproduce precipitation

187  extremesincreasse over SEC and NWCThis is consisteh among five ensemble

188 membersThe simulated trendsver SECare22.7%6.7%/54ain R95pTOT,0.590.16
189  days/54an R95d, and.4 2.9%/54an R95int plue bars in Fig.R beingvery close to
190 observationThe simulated trendgver NWCare 15.1%65.4%/54a in R95pTOT, 08

191 0.17 days/54a in R95d, and 76.6%/54a in R95int(blue bars in Fig.R being

192 underestimatetb some exteribut still significant.Above resultssuggest a dominant

193 role of forced changes in the recent trends of extreme indices over the two regions.
194  Observediecreasesf precipitation extremegver NEC and SWG@renot reproduced

195 by modelensemble meams demonstrated by opposite treadainst observatioi he

196  associategbossible reasons will be discussed lakerthe following we will explore

197 the detailedprocessge associated witlthe changes in summer precipitation extremes

6
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justover SEC and NWGQather than over all China, based on modelGaM3-GC3.1

To explore the anthropogeneffectson the changes in summer precipitation
extremes over SEC and NWC, the simulated trends in four exinelces in response
to GHG forcing and AA forcing areespectively shown in Fig.3gh and Fig.383l.
GHG forced pattern, resembling that in response to All forcing, is characterized by
prominent increaseover the Yangtzéduai River Basin and northwest China. AA
forced patterrshowsa meridional dipolefeatue characterized bylecreasever the
Yangtze Rivems well asts southern region andcreaseover northern China

Trends of regional averagextreme indices over SEC and NVifCresponse to
individual GHG forcing and AA forcing are shown in Fig. 2 (gaawyd green bay. Over
SEC, prominent increas® precipitation extremes apgovidedin response to GHG

forcing with trendsof 29.9%6%/54ain R95pTOT, 9 90.26 days/54an R95d, and.6

s3.8%/54ain R95int, beingconsistent withhosein response to All forcingn contrast,

decreasef precipitation extremeareprovided in response to AA forcingith trends

of 3.4512.8%/54ain R95pTOT, |0.07 0.38 days/54an R95d, and;3.8 2.7%/54ain

R95int Theseresuls imply that model simulated increagé summer precipitation
extremes oveBEC is predominantly due to GHG forcing, rather than AA forcing.

Unlike over SEC, modelprovided increagd precipitation extremes over NWC in

response to both GHG forcirmgnd AA forcingwith trends ofl1.54.8%/54aand6.1s
8%/54ain R95pTOT,0.290.05 days/54aand 0.13 90.13 days/54an R95d, and3.8s

3.™06/54aand 4.9 s4.8%/54ain R95int, indicating that model simulated increasfe

summer precipitation extremes over NWg@ue tobothGHG forcing and AA forcing.

As we know that global warming increases the water holding capacity of the
atmosphere thus mean precipitation is expected to increaseand precipitation
characteristics are expected to chamyesignificant shift inprobability digribution
functiors (PDFs) of tropical precipitation tevard intenserain have beerexpected
(Trenberth et al. 200&)nd alsavidely observedlLau et al2007). Ma et al. 017 also
indicated this shift ilrPDFs of summer precipitatiaaver EastChina.Increasd mean
precipitation is contributed by increased extreme precipitatiosuggeshg an

associationof increasedetween the mean precipitation and extreme precipitation,

7
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although the increasing rataredifferent In our study,changes inmean precipitation
and precipitation extremese inagreenentwith each otherAs Fig.1showsthe pattern
of trendin PRCPTOT resemblethosein RO95pTOT, R95d and R95int witlpattern
correlationcoefficiens of 0.76 0.54 and 0.6, respectivelfxnd these associations are
well represented in modeThe pattern correlation coefficiendf trend inPRCPTOT
with that in R95pTOT, R95d and R95int are 0.84).71, and 0.62 respectively in
historical simulation Mean precipitation increase usually exhibits extreme
precipitation increase, therefosmderstanding thenechanisms responsible forean
precipitationincreasewill helpusto understanthat forextremeprecipitationincrease

To investigate what processcontribute to tk increases osummerprecipitation
over SEC and NWC, atmospheric moisture budgets have been examined. According to
moisture budget equation, precipitation is balanced by evaporation and vertically
integrated atmospheric moisture flux convergence at monthly or longer time scale
(Trenberth ad Guillemot 1995) Furthermore, the moisture flux convergence is
decomposed into the dynamic component due to circulation changes and the
thermodynamic component due to specific humiditgnges, to facilitate studying the
dynamic and thermodynamic effe¢lts et al. 2015)

Figure 4 is the spatial pattern of trend Sammerprecipitation, evaporation,
moisture flux convergence, and thermodynamic and dynamic components of moisture
flux convergence in response to All forcing, GHG forcing, and AA forcing ecsely.
Changesin precipitation (Fig. 4a4c), evaporationFig. 4d4f), and moisture flux
convergencéFig. 4g4i) are compared. The similarity between chanmgesecipitation
and moisture flux convergence indicates that moisture flux convergenceedsang
predominantly responsible for precipitation change. Furthermore, the moisture flux
convergence is decomposed into thermodynamic comp@rignt4j41) and dynamic
componentFig. 4m40). The decomposition manifests that the pattern and magnitude
of maisture flux convergence changes are mainly due to dynamic effect. Over SEC,
thermodynamic effect also plays a role in responsglitéorcing (Fig. 4j) or GHG
forcing (Fig. &), however it weakens dynamic effect in response to AA forcing (Fig.
4)).

To quantfy the impacts of different forcings on extreme precipitattbanges
over SEC and NWC via distinctiy@hysical processethetrends ofregional averaged

summerprecipitation, evaporation, moisture flux convergence, thermodynamic and

8



261 dynamic componds over SEC and NW@rerespectivelyshown inFig. 5.0ver SEC,

262  summerprecipitationincreasein response to All forcingblue baj is attributed to

263  moisture flux convergenaacreasehatis further caused by both dynam({62%) and

264  thermodynamiq46%) effects. Isolating the roles of GHG forcing and AA forcing
265 demonstrates that precipitationcreaseover SEC is due to GHG forcingray bar).

266 The GHG forcedprecipitation increase is dominated by moisture flux convergence
267 increas€95%)that isfurthercaused by both thermodynan{#8%)and dynami¢49%)

268 effects. Differently, AA forcedqgreen bar) moisture flux convergenoereasas offset

269 by evaporatiorreduction Moreover moisture flux convergencmcreaseis due to

270 dynamic effect(148%) rather tharthermodynamic effect that contributes negatively
271 (46%).

272 Over NWC,summerprecipitationincreasan response to All forcing (blue bar) is
273  attributed to increases in both evaporaf@tfo)and moisture flux convergen€g2%).

274  Theincrease immoisture fluxconvergence is due to dynamic effét58%) Isolating

275 the roles of GHG forcing and AA forcing demonstrates phatpitationincreaseover

276  NWC is primarily attributed to AA forcin¢green bar), and secondarily to GHG forcing
277  (gray bar). AA forced precigiation increase is dominated by the moisture flux
278  convergencencrease(83%) that is mainlycaused by dynamic effe¢144%) while

279  GHG forced precipitation increagemainly fromevaporationncreasg100%).

280 5. Mechanism related to GHG forcing

281 As shownin Sect. 4, mdel simulatedummerprecipitation increase over SEC is
282  resulted from moisture flux convergerinerease that isaused by both thermodynamic
283  effect due to humidityncreaseand dynamic effecbwing to strengthened circulation
284  convergence. Watdetailedprocesses are responsible for the changes in humidity and
285  circulation?

286 As air temperatureincreases in response to rising GHG concentration,
287  atmosphere can hold more moisture, as demonstrated by increased vertically integrated
288  precipitablevater over SEC (Fig. 6a), which favors precipitaiimreaseAdditionally,

289 in response to GHG forcing, the enhanced WNPSH leads to anomalous southwesterly
290 winds prevailing over SEC (Fig. 6b) that transport more moisture fronBalyeof

291 BengalandtheSauth China Sea and converge over the Yanstzai River Basin (Fig.

292  4h), giving rise tdocal precipitationincrease Theseresuls basically agree with the

293 resultsbased on a specific modéMetUM-GOML2) with experiment design in
9
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previous studieflin et d. 2020; Luo et al. 2019; Tian et al. 2018)

How does the WNPSH strengthen in response to GHG forcing? GHG forced SST
changs show an El Nindike SSTA (Fig. 6¢), which is formed becaudkemixed layer
depth is deepeover the western tropical Pacific than the eastern tropical Pacific, in
turn, GHG forced warming is weakeverthe west than the east. This mechanism has
been indicated ithe previous researc{Collins et al. 201Q)The zonal asymmetry of
SST increase couldieaken the Walker circulation (Fig. 6d), resulting in anomalous
descent over the northwest Pacdind theenhanced WNPSH.

As indicated in Sect.45HG forcedsummerprecipitation increase over NWC is
mainly due to evaporatiomcrease What detailed process is responsible fohe
evaporationincrease?eng and Zhou (2017hvestigatedthe summer precipitation
increaseover northwest China with reanalysis data, and thdigaed thatmore than
50% of the increasis balanced by evaporatiamcreaseThe increased evaporaticm
favored by increasknet surface radiation thatlargely originated from the increased
clear sky downward longwave radiation. Accordingtteir conclusion, the change
clear skysurface downward longwave radiation under@&farcing is examined (Fig.
6e). Responding to GHG forcing, clear sky downward longwave radiation ingrease
overall China, especially over northwest China and east Chihah isresponsible
for theevaporationncreaseover there.

6. Mechanism related to AA forcing

As indicated in Sect.4ummerprecipitationhas not significantly changemer
SECin response to AA forcingpecause thenoisture flux convergencmcreaseis
offset bytheevaporatiomeduction Unlikeover SECAA forced precipitationncreass
over NWC It is resulted frommoisture flux convergendacreasewhich iscaused by
dynamic effect due to strengthened circulation convergence. Detailed processes
responsible for these changesginvestigated in the following.

As indicated in previous resear(feng and Zhou 201at evaporatiochange
is highly associated with net surface radiatatrangeover NWCunder GHG forcing
this associations demonstrated texist over SEQn response to AA forcing (with
correlationcoefficient > 0.8).As AA emission increases over SEC, the downward
shortwave radiation will reduce owing to aerosol radiation interaction and aerosol cloud
interaction, which leads tmet surface radiatiorreduction (Fig.7a) and finally

evaporationredudion over SEC.Additionally, as air temperaturaropsdue to AA

10
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radiation effectatmospheac cambility to hold moisturewill weakenasdemonstrated
by reduedvertically integrated precipitable water (Fig)7which is also unfavorable
for theprecipitationover SEC.

Consideringhe anomalousirculation in response to AA forcing, the strengthened
WNPSH results in anomalous southwesterly winds transporting moisture from the
South China Seao the SEC. Thee anomaloussouthwesterés further flow
northwestward after crossing the Huai River and converge over the NWC (Fig. 7c).
Theseanomalous circulati®cause moisture flux convergenoereaseover both the
YangtzeHuai River Basinand eastern part of NWC (Fig.4i), favorable flocal
precipitationincrease

Firstly, what driveghose anomalous circulatichén AA forcing experiment, two
high-value cergrs of sea level pressure anom@BLPA) areformed over north China
and north India, respectively (Fig. 7c), whiapreewith local caling anomalies (Fig.
7d) as A’ increaseover thereln contrast,AAs arerelatively low overthe NWC,
leading torelatively high air temperature anomaly (Figd) andrelativelyweakSLPA
locally (Fig.7c). This spatial patternof SLPA and associatecbzal SLFA gradient
between north China and NWGEan lead anomaloussouthwesterés to turn
northwestward and becora@aomalougasteiies

Secondly, bw does the WNPSH strengthen in response to AA fordiméry.7e

(meridional section zonlgl averagedver105E~145IE), anomalous descer# found
at about 26N, whichis responsible for the WNPSH strengtheningilst itsnorth (30r

N~40mM) and soutH0~10M) sides are anomalous ascents. Howedthis anomalous

meridional cell form ovethenorthwest Padic (NWP)? AA forced SST shosa tilted

SSTA tripole pattern oriented in northwesbutheast directiodasting from the

preceding winter to summéFig.8) with negative SSTA at about 29 and positive

SSTA onboth northwest and southeast sides. This tilted SSTA tripole pattern and
associated meridional SST gradient in-puenmer are responsible for the anomalous

meridional cellshown inFig.7e.This resultis similar to the Fig.9 in Lin et al. (2020).

As Lin et al.(2020) indicated, theanomalousooling atabout20 N over NWP in pre

summer ishighly associated witihA emissionghat areadvected from th&ast Asian

continentby the prevailing winds
11
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To further understand/hy the merdional SSA gradientdisappeas in the late

summer (Fig.8d), we analyze ttesmporalevolution of zondy averaged1051E~ 145r

E) change®f SST, precipitation, total cloud amount and surface downward shortwave

radiation related with cloud (Fig. 9n Fig.9a,coolingSSTA at about 20N is found to

lastfrom preceding winteuntil June This coolingandits associatedheridional SSA

gradientcandrive meridionatirculatiors. Its anomalous descending branch, located

about 20N, canfurtherdepresshe convection suggesting reduceatecipitation(Fig.

9b) and cloud amount(Fig. 9c¢) In turn, cloud reductiortan increasethe surface
shortwave radiatiofFig. 9d)and warm the sea surfackhis feedback associated with
circulation, precipitation, cloud and surface radiatgonld mitigate the SSTAcooling
leadng to wealenedmeridional SST gradient ithelate summe¢shown in Fig.8d)
7. Conclusion and discussion

In this study, wenvestigatedthe changesn four precipitation extreme indices
over Chinaduringthe extended summer ov&é061-2014.0bservation analyseshow
thatthese fouextremeindices have significantly increased over S&E@ NWCwhilst
decreased over NEC and SVW\Baised on a CMIP6 model HadGEMEC3. 1historical,
GHG and AA simulationswe investigéed the impacts of anthropogenic forcing
(includingGHG and AA forcing) ontheseobserved trendgver SECand NWC Our
mainresuls are summarized as follows.

1. Model reproducgthe main features aihcreasing trends over SEC and NWC
in historical simulationsuggesting a dominarrole of forced changes in
summer precipitatiorextreme over thee two regions.Individual forcing
simulations indicated that GHG and AA forcingave influencesn summer
extreme precipitationncreasesover SEC and NWC, respectively, through
different processes.

2. Over SEC, extreme precipitatiancreaseis primarily due to GHG forced
increase iMmoisture flux convergendiat iscaused byoth thermodynamic
and dyamic effects. In response to GHG forcing, atmosphere can hold more
moisture as temperature increasesch isfavorable tgrecipitation increase
In addition GHG fored El Nino-like SSTA pattern carweakenthe Walker
circulation, resulting in enhanced WNPSH aitd associated anomalous

southwestergs, whichtransport more moisture to SEE@d convergegiving
12
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rise tolocal precipitationincrease Different from GHGeffect AA forced
circulationanomaliegavor moremoisture fluxconvergencever SEhutthat
is offset byAA forced localevaporatiorreductiondue toreduceddownward
shortwave radiation. Thus, neffect of AA forcing has a weak contribution to

precipitationincreaseover SEC.

. Over NWC, extreme precipitationcreases primarily attributed to AA forced

moisture flux convergence increase and secondarily to GHG forced
evaporation increaseSpatially heterogeneou®\A emissiors result in
anomalousgzonal temperature gradient and SLP gradmativeen NWC and
north ChinaThe SLPA gradientcan drivewarm and wet southwested to

turn northwestward after crossing the Huai River and converge over NWC,
whichfavorlocal precipitationincreaseln response to GHG forcing, clear sky
downward longwave radiation increadeover NWC, leading to local

evaporationncreasewhich isfavorable to precipitatiomcrease

Our results are generally in agreemauith previous studie®f anthropogenic
impacts orEast Asian precipitatioohangedased on CMIPmodels(Ma et al. 2017,
Zhou et al. 202D Although the observed increasa summer precipitatioextremes
over NWChave been capturdry model.the underestimatioaf trendsareprominent
(blue barin Fig. 2).It is recognized thatnodel biasexists, howeverthe reliability of
observational dataset over NWf@eds to beoncerned. CN05.1 dataset is produced
from more than 2400 stations covering mainland Chind,stations available in

western Chinare sparsegspeciallyover the Taklimakan desertMWC (Wu and Gao

In addition,extremeprecipitationchanges oveNEC and SWChave notfurther
studied since model cannot reproduce the observed trends over these twoinegions
historical simulationSimulation failure over SWC gossilly attributedto model bias
due to complicated topograployer there which have been found to exist in many
GCMs (Flato et al. 2013; Bao et al. 201%9)hile by comparison, thaituationover
NEC is different. From Fig.2(blue bar)and Fig.3ad, we foundlarge inter-member
spreadsexisting over NEG which suggets thatclimate internal variabilitystrongly
influences rather than external forcingdf perfect model is supposedhis issue
whethersummerextremeprecipitationchange over NEC are dominatdsy internal

variability deserves future investigation based on climate models with larger ensemble
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FIG.1 Observed linear trends in summer precipitation extreluesg1961~2014(54
yeas as 54a)(a) PRCPTOT%/54a), (b) ROPTOT (%54a), (c) R95d (daysa) and

(d) R95int @6/54a). Changesn PRCPTOT, R95pTOT, and R95int are expressed as
percentageelative to the climatoldg meanover1961~1990Thecross markslenote
trends being statistically significant at the 90% confidence lewsing two-tailed

6 W X G He3tWWHEKtMIght lines divide China inemutheast China (SEC), northeast
China (NEC), northwest China (NWC) and southwest China (SWih are usefor

regional mean analysi
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than 1(signal: ensemble mean; noisme standrd deviationacross five ensemble
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day'/549, evaporationlmm day'/543, moisture flux convergencenm day'/54g),
thermodynamic componeiiinm day'/54g and dynamic componeiiinm day'/548
during 19612014 in response to All forcing, GHG forcing and AA forcing over (a)

southeast China and (b) northwest Chiflae bars are ensemble mg#me dots are

ensemble measnestandirddeviationacross five ensemble membghse cross marks

denote trends being statistically significant at the 90% confidence level ushtgileab
6 WXGH&BtWIV W

23



584
585

586
587

588

589
590
5901
592
593

FIG.6 Model smulated(ensemble mearnear trends during summaer response to
GHG forcing. (a) Precipitable wat¢Kg m?/54a) (b) sea level pressure (shadings

Pa/54% and 700hPa horizontal winds (vectamrss?/5448), (c) sea surface temperature

(* /54a) (d)omega(shadingsPas?/54g andomegau vectors averaged ovBnS~20r
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to match the value of meridional wind and its sign is reveidee cross marks denote

the signalto-noise ratio larger than 1 (signal: ensemble mean; norsestandird

deviationacross five ensemble members).
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FIG.7 Model simulatedensemble mearnear trendsduring summer in response to
AA forcing. (a)Net surface radiatioWw m2/54g), (b) precipitable watgiKg m%/54a)
(c) sea level pressure (shadings/54@ and 700hPa horizontal winds (vectoms s

/549, (d) neassurface air temperatuig/549 and (e)omega(shadingsPas?/549

andomegav vectorsaveraged ovet051E ~145E. Omega is scaled to match the value

of meridional wind and its sign is reversé@the cross marks denote the sigttahoise
ratio larger than 1 (signal: ensemble mean; nase:standrd deviationacross five

ensemble members).
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FIG. 8 Model simulatedensemble mean)near trends in sea surface temperature
(= /54a)in response to AA forcing from preceding winter to sumrbe cross marks
denote the signdb-noise ratio larger than 1 (signal: ensemble mean; noise:

standirddeviationacross five ensemble members).
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FIG.9 Evolution of model simulatg@nsemble meartinear trends averaged ovEd5r

E ~145E from January to Octoben response to AA. (a) Sea surface temperature

(* /54a) (b) precipitation(mm day'/54a) (c) total cloud amoun(2e/54a)and (d)
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