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Abstract

Understanding future changes in compound <cl ir
risk asgEessmenghowswar ahgelly ed on stationary
over | oodky magmitch eevosuuntdieorsit mafn €rC&r v Td i anchd ree < atnlyie
gap t hiesmpltawmpdse nhanced Generalized Additive Mode
( GAMLSS) framework to pmomtitdei anaelys cohteaehgobtt sr i 8
(HW) drhyot( Hwet W) ;drygnd CDOgl extremes under futu
We focus on the Minjiang Ri VAeri gRailmut (ifddB)d ait ra s
CEE det egeéeneoebygwead mi cal davamsgaeaelcitregd FuMIitRitge dat as e
We at her Research amad ®&lorescialstd stohag i OMRE ) i ncr eas e
signi fait c an tr ladtaey so fp edr n &d6erc at@ee5 SsSPebnar i o, wi t h hot
and B®i)tnhgeo mi ca@amt r iSbpuattoirasl | y, e X thiebiitnca edis®etsi nct
gradpeaking in t heofdotwne tWRdEen atr8eesbsSSPdnar i o, Ct
e X hi miatr ksehdif frtom st at i-otnatriyo ntaor yn ocnh a r-aatcd tetiryo sd ri ic s,
detected in 95TRI0O% tfamgiitdi ocnelilss.primarily dr i
explains 80.81% of the (C3Wiprgwmtoanr iadomarythasnublsve
t hat t he severfirteyguimdcaCEscuarenscgstemandenl!| |y u
stationary &Mest ynEeskocnespts foow nefCD ke asi NIYOr e g @ mac ¥ n C ¢
under t8.e5 SsScPedbrariinbshfeaegeency ofilOPeamtsetwuth per
i ncrseaastée raonger trend ofTh3i.sl2stduadyys epneprh acdce caede t |
updat ifmegqtcheaciyges of CGCEatumdbear yafmamewor k.

Keywocampoundaxt e emesat nonarity, GAMLSS, dynamic.
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1l ntroducti on

Gl obal warming is |l eading to more sf(rC&&€gElsgnt an
(Sauter et al., 2023; |Yowtetalal . ROP@GILedeNEESNg e
threats to gl obal soci al, economebar ga@amwafeecol og
individual ea@rxtnagedese v exr ibtoy h( Mukher jee et al ., 2
al ., 2024) . For exampl e, trhieenfaen@twrep rRe oveed e Btaesd

hodry extremes in Augustbrdeda2RkRi,ng hlag atcwaevwd ¢ eadn d ys
which directly affected over 50 million people

on Climate Cpangei tR€E€pedbabality and intensit

projected to increase (1 PCC, 2021). Therefore,
CCEs is critica¢dcdmomimé tnigaks ngndocproamegi e@g. cl |
Recent studies have increasingly focused on C
the context of c¢climate change. Zscheischler et
of compound event s, emphasi muhgi phloev ¢ lhiemadtnd ea @
drivers can amplify extreme i mpacts. Building
gl obadl e assessment o f the changes in -compound
occurrence ofouwmehtt waerxtsr emal wlirnds, and precipit.
t hat under warming conditions, t heithotit skt asme c |

events are projected to be significandtlyrigcalat el
period. Fang et al. (2025) investigated the fut
events as well as concurrent drought and heat wa
increase in both ththdseqaeaeartys.and intensity of

Whil esstatgestudies play a crucial role in adyv

o

hange and extreme events, their practical rel e

strategieandn smatliecumelgatoboingeliyy Iri mited due to t|

tempor al resolution. To overcome this constrair
higlkesolution regional cli mate model s ( RCMs) ,
i nvestigapenséi mat b asnceaslness a(tTafpiineedor et al ., 20 2

Compared to Global Climate Models (GCMs) , RC Ms
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more precise simulations of || ocal dl icroentvees cd fi fveec

precipitation, orographic effects, and regional
with complex terrain, RCMs are particularly ef:/
variabl es, such as ptalhe edinsf, erpegrecepiitmtwiom, and
topography in mountainous or basin areas (I mran
assessed the ability of RCMs and GCMs to simul af

ae better ablesdolbutcapn urepbdgogaphy, thereby redu

Lin et al. (2022) showrtdet hmtr KRLMa| gsi sedhabyg &RC
s masiclal e processes, such facsr mr@@MWMsapihn cregrfeda i n
scal e f dadteurHesatofWave -dvaiglny .{RoTerirgenzd 2 x et al . (2

demonstrated that RCMs ar e btedrmpear aat crheaprraocdt uecrii

precipitation ithersmuditmMempagiadrds.a mglkkdedxmd drnv gt iRCM,

—+

he WRF model significantly enhances the simula

10 km scales throughhytdsoswuatltiyccoympwpamisci bbee hc

al20,12). -fbsel bt gbn simulation capability gives
capt ur i-sncga lsemamelt eor ol ogi cal phenomena. Zhou et |
regional reanal ysis dat aset c o VVRH nmo dtehle, Tai nbde
demonstrated its superior applicability compar

Medi-Rramnge Weat her Forecasts Reanalysis (ERA5).
mo d e | provides better adaunagytihe <iealud vaaetiarsagnns n

regions compamad t o ERAS

Additionalll vy, traditional extreme ¢wemt anall
analyzing time series dat a, it is asseametanhthat
over), tipmesuming that the probability and distr
constant (Sun et al., 2018; Nerantzaki et al .,

war mi ng and ant hhropogénbcect feiginnmdg, caemxttr aime $t s
characteristicshd€Gafoored, atlr. gdi2t0ilo8na ls tnaotd eolnsa rfya i
(e statistical properties of a t i mechsaenrgieess icnh a i

t hes enee xetvMantys st udies have applied the Generald.
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Scal e, and Shape (GAMLSS) (Rigbytand oSitaasyi ma podou
in hydrological and meteorologicalolextinge mdd maen
extr.émes et al . (20258)r atmnoeasatriygathacdhgee omomxtrer
Poyang Lake Basin and found that the stationar
extreme precipit&haoo(®202a2)t hiimrsnorveagtiiovne.l y pr opose
Standardized Runoff I ndex (NSRI), and the resul
it can more accurat®alyaidjeazi fgt dalough202¥Feneé¢val
of mami temperatures in multiple urban areas of
approaches tend to underesti mat eHotwheev erri,s ke xafsta
nosnt ationary analyses only focusalemaihndinvairdu al
CCEs has not been established. The comprehensiyv
a nsothati onary framework is also | acking.

To address these r esea¢krrcehs oglauptsi,d pt haipsp tesiof @uedhyi ragd
WRF model wi Wéf i pAMLISOSS.m dynamical downscaling u
reftihbeeacsor r Eouptied Model l nt er c Civp Ppdoxfomn. P A j ect
I 1.25A) to aBa3 ekdm orne stefisaotldud nioghohh WREEBh@ampet s
identified andtheedGAMESS nputamdwar k-sttat i aamalryz e
charactTéaimes thiodomvieorgcyo mes t he | i mi t-a¢eg s @lhist odnt made
and addresses the shortncso@GClBqssliBy Hbatusodongr pyna:
Minjiang Rivéma Baditmop MBRBMhMIi natoends olmamsi n in sout |
wher e compl einc | itrmgtoigr apmiter act Fionntsengi vy C 0BmpoL
hydroclimatic extregqeset (&hn, e 0 D4 )h,i V82 rgeseetaGacl h |, a
to examine fourwdtypekdWoy ICilBe,t dGaiN) drand CDgl d
evemhse. anal ysi s pKFiogleyea sSuapsp Ifeomhel mtwsSect i on S1 pr
of CMlaPpGldad cability. Sectidamemp.ol at¢ hprad dteeg misz eod
bot h aodnhrdodd d s cepnrarbi)o a(rEEIBiRR2sh iognls s&.eb)a.r i Toh ¢ SnSoPn5
stationarity detection of CCEs fir= qdeesaomg ebse di ni n
CCEs wundeatnonary conditions is evaluated in Se

basi s for addressing t he environment al and cl
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contributing to effgoest @enabirhttygi esdfolkri mageon

Step 1: Historical Data Validation Step 2: Future Projections of Compound Climate Extremes

ERAS CMIP6bc-Hist CMIP6bc-SSP2-4.5 ‘ CMIP6bc-SSP5-8.5 ‘

Weather Research & Forecasting Model (WRF) ‘Weather Research & Forecasting Model (WRF) ‘
| |

| I ‘ [ |

Downscaling ERAS Downscaling CMIP6bc Downscaling CMIP6bc-SSP2-4.5 ‘ Downscaling CMIP6bc-SSP5-8.5 ‘
| | | |
| \
Daily Precipitation and Temperature Compound Climate Extremes (HW, HD, CW, CD) ‘
Comparison with Observations Comparison of Spatiotemporal Variation under Different Scenarios

|

Compound Climate Extremes (SSP2-4.5) Compound Climate Extremes (SSP5-8.5)

Generalized Additive Models for Location, Scale, and Shape (GAMLSS) Model

|
| |

Detection of Nonstationarity in Mean and Variance

Step 3: Compound Climate Extremes in a Nonstationary Climate

Analysis of Nonstationary Return Period Variations

| [
| | I I — l | | |
. n far n and Var .
‘ et Nonstationary Nonstationary Nonstationary 20 years ‘ S0 years 100 years

\ [ [ [ I ' | |

‘ Comparison of Compound Climate Extremes under Different Scenarios in a Nonstationary Climate

Fi gLFlkowc hCaCrEpsr o f @ mnt ia® tmaotnif ¢ manre.w o r k
2 Study region, met hods and dat a

2.1 Study region

The MRB is a complex topographiFecgBasinThe so

Mi nj Raemgr, the main stream of [Jidhec dwurstiinng dfrari nrs
hakdjian ProvEmcempaseirmgttomryee principal tribut
rivers), the MRB experiencesctersuledr dyi cla7zl0O Omomn

annual precipitation(ahengyy8AC méan RLOABRr aiThree k

tempor al het erogeneity in precipitation,

Wi

t h

accompanBarCCiEssul arfll pyoidn sttlasolnattduly to Septembe

frequent et mpleradorcr ompound di sasters: the upper an

by typaoonhtaodml| i de events, while the | ower

rai nairoam wat er | ogaqii mgf iaonodah teyvpehnotosn ( Yang

et

reac

al . |

1
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examypbdoon DMK.su2305) caused approximately 66, 7¢
the downstream city of the MRB, with direct =eco
al ., 2024) . I n addition, the regionaianfsal lexahnd i
heat , with CCEs frequently occurring during t he
heavy rainfall (Sun et al 2025) .
a 117°E 118°E 119°E 120°E b 114°E 117°E 120°E 123°E
NS Z z
. @ " pr
r4
| s LR , i
'.,#"1 h |z
LA A SeMinjiang River: e zZ
A d e _'l" ""‘v\m K (] —OV
z ‘\‘;_- » [}
: Q§' L N ' P 0 50 100 200KM $
118°E 119°E 14°E 117°E 120°E
B Elevation(m) Sk Meteorological Stations Rivers [ | BasinBoundary [ | WRF Grid Boundary
-45 2155
FigRreStudy area and model configuration. (a) T
Mo d el conWiitghuma ( DO h-k ma G ®0 3) nesZbdngomai mg . 2
BasemapE&suicehttps://services.arcgisonline. com
2. Pat a
Obt ained from the Science Data Bank, the CMIP
invest(Xgaet oant.t,ps202Iwww. scidb. cn)t,heeRABONhSi s col

dat aset

i ncroa gelr a@ MIsP G ndSlis83e pribd eeb ke a®a i nt ai ni ng b

climatol ogical mean and iinterannuntawvatempolat
trecCompared with original CMI P6 dat a, CMI P6bc
extreme evelets psiitneu liattsi omi.despread application in
Huang et al ., 2024, Wu andf8dhenwp, i @283 pn weec
Considering both the reliability of the dataset
(simulating one year over the MRB requires appr
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a -Yéar hist@0bD260UAds)psuifddci ent to demonstrate th
dataset for drivibBRAS,heasWRE widdmlvye ny Haad aWRE et
al ., 2021; Jiang et al ., 2021;, Vasghemddaddaue
reference for t Fesj sa mulPatoivomcraebulMeg @i blyogi ca
precipitation and temperature ra&rmuesredls afsr vrmliitdat
dat a f orFutthiirse stcwedy.rdi.éSad uBE@HASEH6RE2)e empl oyed t
project future changes in CCEs.
23WRFmodel setup

This research wutil i zesdotnmaei nWRFe sMea d i omn f4i. gB3u rwai |
grid spacings ofFi g 2rkgn. anhabl3e klm s(ummari zes t h
parameterization schemes selected t hrough O Ul
Suppl RBens@2(tLi n et al., 2023; Zhang et al., 2025)
deep convecticvaen phreoceexspslei citly resolved (Arakaw
cumulus parameterization scheme is deactivated
permitting capability. We first simul dremdaily
January 1, 2005 to December 31, 2014, wusing bot
future projections from January 1, 2025 to Decel
two climate projection scenarios.

Table 1 Settialgsi f otrhiWRFstmody .

WRF model setu Parameterization scheil
Forcin¢ CMI P6bc, Mi crophysi Purdue Lin (Che
Centr 118. 02EA, Cumul us con New Tiedtke (Zh
Grid 10071 90, Longwave r & RRTMG ( Ml awer ¢
Resol u 9k m, 3k Shortwave r Dudhia (Dudhi
E _ver: 45 Boundary | YSU (Hong et
Spiump ti 7 days Land surf NoaMP ( Niu et

24Definition of CCEs

This csotnisdyder s fourwetypewe otf-d rCICIHH®Y. e htoweé ( HD) , ¢
events (CWyryardeandlsd (CD) . We adopt the widely
percentiles) to identify CCEs (Calo.i,to2@®m24e). aWe ,

extract daily precipitation (>0.1 -2n0n65 andet iempect
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the 90th and 10th percentiles as thresholds to

Specifically, mnpeerdaetfurnee eevxetnrtesmeast eoccurri ng when
(hot extremes) or | ower (cold extremes) than th
surpassing the threshold (90t h), whil eaysdry eve

withoutFagraisfywldondst sooaamesnedceuftiineeed days, weiatchhout

day within a dry spienl It hies ctoruen#eiencgo madfu a€ Chosy| adwalye

independently for each gerciidf ipco itnotS peeaacphp | paihrgty .t h
i nterannual variati on, we sort t heapr ecirpiotdatairn
det eetrhien t hresholds based on the 10th and 90t h
variations, we separately extract the precipita
winter (DJF) seasons, applyingespecsiawme sbréeshg
analyzing the distribution characteristics of C
25GAMLSS model

GAMLSS is a flexible statistical w=otade¢l onseg f
characteristics (RigkkwtemdsSttahei nomaultao,na20 =)
(GLMs) and generalized additive models (GAMs) b
parameters (location, scale, and shape). Unl i ke
c har aecst ebroitzh | i near and nonlinear dependencies |
M. Stasinopoulos and Rigby, 2007).

This stusdyheempgimamet ric GAMLSS, which accommod
nonparametric smooth $uwcthbnsa andfraeddomdefie
al ., 2018Qdi.n dGopnesniddeemst’Q pthfnpfloelsl owi ng & wd+ st ri but |
where the paramelhéBh-veonoRcomponents represent.i
(Mnyral e (Var), and shape Unsokrenvan e sys naontd ekxucreteodsiins
selection is performed using Akaike's I nformati
configuration identifi ed dt hmoageddquiadisrgigmyrie eAl C v a

Filliben correlation coefficient (Filliben, 197

Q — 0y Q w
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wheifQdenotes the indicato+icf thiestdiisbutibaunipar pm
N repreb®mas rcaxvavaat &abiwlse coefficie@tQvector o
Il shienk function connecting di sQr idoeuftiinoens phaorva neht
distribution parameterwvlar itelse WEAML ScSO vmao d ealt,e tvia
used as the independent wvariable (x), and the
treated as the depenmdammlti ngarti fad | e a Ksoyaltaitoi hoanr g dfy
characteri stWece mpfl oyadcdwoCECEEF.pes of GAMLSS model s
in the distribution of meteorol @ogairaanet\iar il altlad g
scal e mageendd (vanwhlmincle assumes a fixed distributi
mor e f | exadrbd me tfeisua bsbheaaptei omo devlar ( Ak e WB @ o
kur tUgsslilsowi ng the distributionaledhmapeelt® reetodivi
mean and variance parameters while incorporati:
asymmetry and tail behavior. We assess the mode
the one that best iremprfesre nd sb dRdegguaat raiti aagrd at Iwyes acda.u tc
of stationarity, we consider the CCEs to be sta
|l f either the mean or variance showstasitgminfairgyan
Supp!l eTnaebnlte i &St khdei st ri buti on functions | mplement ec
i mpl ementing GAMLSS nnodepls :c/angihb-ehaiabé cceosnt/ egda el ts s
3 Results
3lSpatemppraateff@Bsnder future scenari os

Fiugsg i{a il lustrate oheagpa@aviean e dMRE2r@i RoBuit n go n
206v.er all , total CCESs8.a5 es cha rgahreiro u(nd=.r4 8 hdea ySsS)P 51
4.5 scenar ibry(edl2ea kK5e8d ednaeyss )( HD aanarst<iRd s idenrhe ansat e
wertel ated extr emealkkee { HW Baantghu ed)t. ext remes occur
under-8SSPbh-dnBWSiPReseam 0. 84 ,amd 1B Broidskay® . 69 t o
27. 45l Wdaygentr astdeccro€¥ls deaxct @ @ me 3. 1 7 ,atnod 2C DL 5f rdoany s
15.88 to 14.19 days.

Spat jtaH d ystcweon ar i ossi megreloirgbriptp h i Bhrenshi ghestes freque

occurring irregdmannstsi ¢ wlamidWHD o 6 daovw dseprat i al exten

10
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Building onanmeadnazhpinigsay e stveeg tieed hem a | vari a
CCEAs shdcwmsylifig ), t hdei sstprartbivuatn@enElsar ge b g mihlee s
annpalteexcept foemadiiMi r wgueht NoOn etthheesl msses& e dn.

i ncrienasHW unde8. 5 bigse ISt wnstream MRB. I n summar
increase during summesi ngq@rdmandeort-8dpSRgppebpsr,

decaden unde®. BHPL per. dwocraedever ,eenf § eeereeac e s s b e
mor e pr o moournecbetdtreerde se x(tHW assdmnibeDr)o tihnaen annual scal
wherceoalsé | avedt s (CW CD) s hhiwsgebensi stent patterr

Il ni wt@CEsexhi bi't a <codtitstasti buog4d kstpa k Eopchcuurre
predominanheywestern MRB, particularly concentr
frequencie8. bn@eit BBrPBary-4SEPL51 dayspri mairs | gyhif
drivenr dlyatheood e mes ( HW i anddferHDm ,t he dowmwsatrrdeam MR
western mount ai nougs edrakaed.e Mdesa (vCNndamd @@DHYd f r eq
in the Jiuf eni nMb&Eshawn ianrceraesa.s8 d e g &(80R.&7a863 s 5
per Jdbobtdadesdrig@gddi ng trend sbhfjdemobgg®Rviddbal Fega
typewettakedemes (CW and HW) ewheorwmamecti @ghs&8 cant
and dawys peundercal3IP5 8.5 angdg 239Md2 €CHOB.e&shkspect i
0. @@y s peun deerc atdlee )t.wo scenari os

Gi vtelme | mpprtexnea t at i oan&awldi maetmp eir ad iuac &t or s,
t hei ra vbeadai gne u a | values anSlupmitéemeBiinBn &Ilci preatdson
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performance for alilndintstcedd deexfixfearpcti eW,s a&esxceedi
Suppl mg 86t e

Our results reveal a prosebahcedaslii behhwvomrsi i
SSP8B. 5 compardedhi e SEPPRt IS np-st mdi Dohyr owhy wehn Mn
gove3ron$® ofcegakisdolses MRBaddi ti onalarlel .iOn7% uosfn cgerdi dos
combined effects of both Mn and Var, primarily
downstredmy MR8xéedemasdDHDshow a transit-ion fror
stati BaHiDtitey.ar ea do mi-antadteido rbayr iMny neoxnpands fr om
of grids, becoming the prevailing pattern (coVe
stationar i tyy dwars nmrndaSviifbulsal? I-9d) a tMino maomi ty for CD
cover nearly the ehonnwdkemetme sa ih BMRVEIN G nAW) |,
Var -sntoant iiomar eaydhereotaallklay domi vsdtaedd omar Mbbyndor F
from 34.30% to 54.02% of grids, while for CW it
to 23069 ICICEs u+#der s BIGRYW de s powtaatiitoynvairt h dr vy
relakxedemesgpvemaed]| yy ,whernepats eixariddimé s eanced by
combt havim @fnd Var effects.

Fiug7e fudethmimsepsat i al Mmatared G€E®d mpar edMnt o Var ,
exhibits moaedps pabiuavcaeryl a& giltaerinsd iavikee d € Fh&/s a n d
HD) Mn isBcgeafeaegarstsil t he entir el.lbaxainl. &B5Pa&t bboteh
99% <confidence l evel ), indicating that cl i mat e
frequwedmogl akedemes rat her t haRodaohled Ira kt eedmeprmoersa,l v
CD exsmbmdatronget h@Wmhogeb @aredamsoaantly driven by
MnUnder -8SSEPHaVNCICE ncreiageisfgice asts nearly the enti
under-4SSP2it remains relativel mi itcadd neg.e sl nu ncdoerrt

both scenari os.
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To assess crheacngrdrseentcoeefn ¢iGC Evee it beotdh - samt i on
stationaAsy snodEwps8(R,subst ant i a&lmedigfef doredewmssn t he
persieosd i mated under -stationaryOaessmguiniss.r evea
stati onasryystmomaehlde a e b ffiumaue eeu tfhreengqcled N CYCEs, wher ea
nosnt at i onarey smenahghtl gyt @ @telod ivii ng chhracuedesé stcbsma
gap widens notably over ti me.

Under -8SSR-&tnaotni onar yngrsaggmetfiicmsnt f requenasgsofn
CCEs corngspon@0 , 50 , akhdr li0fctyalmw@@Hest aar hO P er
year r etaurren ppreojieocdt ed t o daygseae & adteicoandaerayt emoaodfe |
consi snhdeptr egEEmMagednacy 20d 5 . SpWi fHiDc,alalnyd CW al
show posi tneeu rtfrreengolaesnrdicery -8 SWsiPtbh i ncreases of 0. 3
0.30 days per .dednrnder, -46&H@Ee cctoirvreelsypondi ng i ncr e
(0. 15, 2.53, andl 6. 06GDawshpert sieaadetreasing t
rapid declinég. 8n@8yst per8P2adeéeb ThRTI@O UTr n
eveditspl ayseqrsedtienty to climate shangenahiyglelfig
on t heismpadtghextr emes.

We furt hygarheq wertteirfmi me s t1 ifcreengeussmidesygp i r i ¢ al Mo d e
Decomposi tSiugpm | (BN, & ivgd8k-t pr esent tt Hled-Weaarri at i on
recurfrreenacuecnocnyp | et e rreestuulrtns pfeorri oalsl are provi de
Figur@everrglflr,e Cl€amavy r ong upward -8r®endwi tulmd®ir g rSiSTl
spati al h erteeqgrucegnecryedigteyn ¢ &8 @ bnk ywe swi ttho reoatgaabl | uye
ar e€¢as c e nthrhaet eSch aBxai s(éficweeerdi ng 12 days )pdemondgec ade
al |l i, Hh el xches sbhiet mo sit n csreevaesreewi U a s sce e diaryg S er
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4 Discussion

Alt heagh i erh sremapbasized dle n eocfe sssndlyyzing extr eme ¢
nostationary conditions (Cheng et al , 2014; By
evolution of CLEst iwointahriyn cal im@rue seéemdyngdebvathkp
i nnovatstvaet imamry framewbaked ndyemamitec amlg dVRWNSC
GAMLSS to reassedg efquofumic@CT Brse.crueselntce i ndi cate t
stationayygt emmatilscsalsly underestimate the frequen
i mportance of -vianrcyirme rraitskngassemes ments to avoid
inform robust <climate adaptation Bleiramegivas i ¢A&D
framewor k e nsachallees rreeagsCioanshsi naehn ti so ft o Ginesrf err eagoil cen s
4.1 Dominance of hot -éxtvemeshiahtdstemperature

The projected,panrctriecauwslea riddy 5G&ENisegrms SgSIPdbb a | tren

intensifying hydroclimatic risks under continue
al., 2021; ©Obu etndlngsdbgdepcsaremebatdomonate bo
temporally, i hcperasdaga dd i2n 298u MAmersvhunckerc 03 AP 5 »
declITihnes. pattern is consistent with -stagmnati oin gt

and-dhrogt extremes in Eabkh Asibi (Y|l arigt paieesms 2GRN

are projected t o deonuibslsei obn(Y a200e5a0a rusbbdse, r ¢ Zh@ ZB)4B .)

al so revealed that under gl obal war mi ng, extren

regions of China, wimoh es@rmexbaiibe si$lo b ® ptehderrgen ciisn g

evi demge@es tbhionngh tchoantipda wn da ntdo tc dwrepto uenvde rhtost ar e pr o]

i nhcrease significantly under futidimry eV e mtag ee xsltie

substantially hi gher frequency, |l ongeirwedur at i ol

evehEang etThe.revdr$al bet ween hot and cold ex!

enhanced radiative forcing from ant hropogenic
Kr amer et Oal. ,anabDg4d4)s furt hedrneorn e vperaebcsi spti h &t i D an
primary driver of CCE changes in the MRB, as ev
decade u#8deée&rn asPRgsi de rel a3upelldnues®abl Ehipsg eci

supports the hypamhesesfebats,t hat medy t-htaant ey nam
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changes in extremes (Horton et tdweve&r0,16i;t Vamo DI

emphasi zed t hat precipitation responses ar e of

| ntigaysidnt er mi tt ency -t erramt hteor( Bflhseer | id@nielt, y 2@ ® Mai t vy

2022 I n particular, warming can | ead dtuor aa iroendi s
but more intense evenpsecewpemn aitn ornegixdindiwlserse ar
t r efFdoswleetr al . For2 O WW)nest hese changes ar e cl ose
t her modynami er edrad eho ipgtocrees s e s . As gl obal and r

at mosé hmo hothudriec apacity increas@dWPaetr AC,agmmaeX ism

with QChapewvso@Gec ashnndn gMu | [Adri, e20.1BO;evi QOL 13t udi

have demonstrated that such mo iCGEse neivireangeifoffnesc t s

where average precipitatQGiomenccembhZhal@eRtatalve,l y2

4. 2 -sNtoant i onarity: mean shifts outpace variabil it

A key advance of this stautdgtienamy ebbel,act ¢ r ids
which has been | argely overlooked in p#8i&r comp:
95. 20% of gridstcaetlilosnagaxhiyhi tprreadmmi nant !l y dri ve
t han Var, accounting forg@d®stBd %t lmdt tdlei mataenswai
extremes primarily t hr oduag ht hsehriniotdsydraani bhared tf ke d
through increased temporal variability. Similar
mean war mi ng gdeosmiimateexs rcehmeen t emper ature distribu
et al., 2025). The -dsrpiavtemnabntocnronae nt yai nodowhsMMn e
Shaxi River Basin may reflect |l ocalipbpeddwadming
at mosphere feedbacks, a phenomenon noted in oth
al ., 2020) .

4. 3 Frequency of recurrence systematically unde
Our comparison bet-weaniehatyomadgl anddnoates
a significant i ncrease i n-ye&€&srwhnicceh rairsek sp r opj aer
rise by 3.12 days p&r 5 daeca&doanrairoyd endtdéetlie sYSR ® ma
under esteicmatrenygaftiereqaal, aytsd at hensryomgsmpoms e

year events highlights t hiemphaecitgrha keenteidl ivuyl nex tarb
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Additi o@maWweésyaistt grnadrieechutrergeunecmec ¥ h hot spots in th

Basin, may be attri bustuerdf atcee thepgcecgrogpemied tand wha
hydroclimati c r es polnhsee sp r(oZ heecntge de ti naclr.e-§ €2a0r2 3n) .t h e
CCEsashi mportant implications for flood control
particularly in the middle and |l ower reaches an

The ®&ascoomplex topography and hi gfhy vyt heet epagea

variability of r ai-lnyfianlg uarnbda nr uvanroefafs, iwnh iHuez hhoouv ar

t o bot h pluvi al and fluvi al fl ooding. Mor e fre

concentrated rainfavdi r rclopotardoy deamlaectiitnyg arnas eir

| i kel i hood of spillway activation, while simul:
prone districts (He et al ., 2024). HD events ma
heavy Iraitrhfeayl can increase uncertainty in peak

management systems (HaPn éwast@mund i Seusd hhaa veet sailmi,l a0 2

conventional extreme value modeksrkeamel eventapun
climat eSicrhmamget al . (2021) demonstrated that u
temperature-seahi onantsmt hwpgtenrdee,n and treating t he

substantially under enptoiumat edmg netscallrr eh2z@2 ®)f @«

recurrence probabilities-sdafatfilonady wvwodheintsbasi @
understman onary conditions, the annu&Xlu wdr iadhi | i
(20@QbBaluated changes in global marine heat waves

underestimate their frelgmesaymarnnt enbesyg, saodi
highlight t hat-staatcioaumariintgy fied ynrawsieaslsi hgr vac c o
events

4. 4 Met hodol ogi cal ' i mitations

Our i ntheegaresatredc t BWIR FC MIlym6a mi ¢ a 1G AAVOLVBfSs a enk wo g k

represents a significant met hodol ogi cal advanc
downs cfaolri npgr oj ecti ng CCEs. By resolving mesosca
convective processes, our apprsocaaclhe neopreet i fod ietmip

het erogeneity of precipitation anidt y etntpaetr astuatei s
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met hods, reliant on historically derived statis
al ., 2012; Rahiemeheeltesal,. ,cezx@2d4)n. INmMitations p
permitting resolutaloneXIBi kkint)s <yhset eMRat inbodbi ases
preci pit adoicounme na ewlelclhal |l enge often stemming fr
parameterization schemes -adamibspher @ epnesgmgt atnidc

exchanges aownweusmoemgt ons (Tal bot Stpeal fjicabLg,

overestimation ofelpwatipnt ateigomnenblgi RF may a

freguencrye |l aft eWetcompound extr emes, whemedasi t he

|l owl and and downstream arreealsatneady cbo napso utnhde edxettreecr

the identification of CCEs relies on precipit:
occurrence, Ssystematic pr ectihpriegdsahoilodn ebsitaisneast icoanr
classification, thereby affecting tHe spatieasls d
t his |l i mitation in future |lwanrhma $eavep rgpdcsetrs St ng e x

appro@¥ihmset Xdle. ,et2021n wWHWI28H t he residual s be

simulations and station observations are |l earne

in a physicmét odbinstampmeadch offers aeamptomisi ng

regional model biases while preser vAurgt heirema rne ,e |

while statisticaldtyatriobmuany GAMLSIEIrfrreaamewomk e mj

a proxy covariatWwhifler tuhliastimafdoer nch awigeéel v adopt ed

detect-tegml btnends, time itself serves only as a

processes drGQHBwaggedh saadgkerso2i0nb9 physi,cdlhepenvop adtii

of cC 0 mp@durnyd eavrepotver ned by a combination of t he

mechani s ms, including backgabendt masmhegi c sbai ft

| aimd mospher eBefveeecdddbuaaa k Zh@2 @2 2t Takn, az20RPdr20214

exampl e, gl obal mean surface temperature (GMST)

of ant hropogeni c t hher modynami c forcing, direct |

surface Gehdtetsdln.e.e s2®%2 1 s mb hdsoonp mcada ,e dv abraisatni ons

the intensity, westward extensi on, and persiste:

can reqgul at e subsidence strengt h, cl oud cover,
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persistemtnshomhidcndciutpipr(ileissi alg. PAm2 G2 )pGhthatgie ®M 2 5

in the strength and variability of thesc&last Asi
moi sture transport and rainfall ofi mimnyPasrpkélflest i
et alDoer02®.., I?7022addition, antecedent soil mo i s
persistence and amplificati dinemperthatat rle xatnege anle s c |

and Wan), f20r2tdheg t®Hhhe@ghlivabghbtei-sour fianccel ugdti ntge sl aansd c

Theredoogrporating physically based covariates |

i mprove the i nstteartpittogntsoaraip@mo@afchnedfecttvely det e
trentds—+n—++sk—hbuwt—Fatts—short—oetr—elbluvetrdating t |

vdebr Becoknsel s o

)for eca:

to comprehensively address and minimize the unc:
thereby —enhaneing—the robustness and reliabilit

5 Conclusions

Through this intensiweranstenabl gsfsameewoekt f
nosxnt ationarsit fhiod we€Ek advances the understand
recurfrreengqcueenmdey cl i mat esianpamdanandgeofsfppercti ves t o
strategies and str engdgthlkee mad ins édutmadra nrgigsekd r ppsv & ron d
1)CCEs increase signifiaanttrdogremar os8d et I8YBB®B, wi
per dthadder-4SSP2HD ext rbeonsepsa td camilnyaftedt awmesit) r e a
and seasonpétbhledsumomayisngeatwhgzea2ehes col d extr en

These shifts aredmpirvenari 8y peompeunt-edbatae dni ng
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extremes but-rebapedgsesmes. col d

2)CCEshi ft maorvwkaerddl oyvinn a t-etdatnomar i t-8. Seedar i &SSP 5

contrastilrmg gweibtyh wmBEsSiP42y5 Sp gMn arsotnat i @gomaen n gy

80.8 % oundee-8MBPS5 wietl ha kderdye ma s@)HDs howi ng t he n
abrwupanskdr olB,,-sMatnonarity expands fraom™ 22. 7%
domierdalt% of downsatnr @ anme rgeraisces of near |l y Fohreef ol
CDMndriven shiftsdowwnsiMRBaMh¥aof cohdidiibattlkes min
scenarios, confirming that war miinmeampilntfersi tey

rather than through increased variability

3)No-st ati onary rmddadl istagapnm ompatgamdtyder et ma e

C CErse c u rfrreengcuekenndceyr -8S SR 5 motstp(e€sCEept CD) exhi bit

recurfrreenqcee €ty mat e change i mpacts -peaesugmific
periodwaveht i se at ®&Ba lRresdpyss@ehri dthtea gt iemegd
non st at i onSaprayft yseetnusrirte nvciet yfar edg uset#i @avne $< heqgussh d i e n t

wi adhi gni fiincawmdadsyer ni hgpe western mountainous ar ec¢
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