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Abstract. The influence of thestratospheri®Quasibiennial oscillation(QBO) on global monsoon systemand their
extratropical teleconnectiomsinvestigatedisingd2 years (19702020) of monthly mean ERA reanalysesdat, excluding
the~22% of months wittNifio 3.4 indexaboveN 1 . .Thiskstudy provides a unified perspective on how@B® modulats
the global monsoon system for neutral to moderate ENSO conditions, with apptitatiortherrsummerand winteDuring
JJA,QBO westerly(W) at 50hPacoincideswith enhancedainfall over the Maritime Continent ahessover theWestern
Pacific.ForthesamelJA and QBO Wthe zonal mean cold anomaly in the subtropical UTLS associated with then@B0
meridionakirculation(MMC) actsto reduce static stability in the Northwest Pacific. This coincides with a wa#losclonc
lower troposphericirculationand eastward shift in convectix@infall from south of Japa®uringDJF, QBO modulation of
tropical deep convection alters the planetary wave train pattern emanating from the tropics along tRBOMW&t50 hPa
promotesapositiveNorthAtlanticOscillation NAO) phasewith anenhancd AzoreHigh, strongeNorthAtlanticjet stream
andwestward shiftin precipitatiotowardNorth AmericaQBO W at 70 hPgromotesa positivePacific North America
(PNA) phasewith anomaloushortheasward flow into Alaska andaboveaverageprecipitationaccompanied byeduced
precipitatioralongthewestcoast of théJnited Statedn each caseaheopposite effedis observediuringQBOeasterly(E).

1. Introduction

The global nmnsoon(GM) is a largescale circulatiosystemwhich helps to control the distribution pfecipitation
in low- and midlatitudes It respondso the annual cycle of solar forcingdenergy budgetBordoni and Schneider, 2008;
Biasutti et al., 2018; Geen et al., 2028 dis influencedby continentalscale thermal contrast between land and o(z=gn
Changet al. Eds2005 Krishnamurti et al., 2013 theGM systemspecific featuresf the underlying surfacecluding
theland-ocean distribution, topograpland oceanic circulatiguay key rolein contributingo regionatlifferences observed
among monsoon systerf\ang and Ding, 2008; Wang et al., 2018gsed o the tmingof thewet seasothesummelGM
can be classified into two maimodestheboreal summemonsoor{June, July, and Augustereinafter JJAN theNorthan
Hemisphere (NH3ubtropicsandthe austrasummemonsoonDecember, January, and Februdmreinafter DIF)n the
Southern Hemisphere (SHilibtropicgAn et al., 201% During JJA thehree primary regional monsoon systemsiogh
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African, AsianandNorth Americanwhile during DJF they a&@outh AfricanAustralian, and South Americarheseregional
monsoons are not independent but headgnamical linkage among them via prevailing wind patterns (Meehl, 188the
past fewdecadethere habeen a series oésearclpublicationsand review articleshich describe the complexity of the GM
system(e.g..Chang et al. Ed2005 2011, 2016 202Q Yoden et al., 20283 Its variability across different time scales has a
profound societal and economicimpactonnearlytwb i r ds o f t h e.Thug studyng wariatiomspniHe &M i o n
system across subseasonal, seasonal, interannual, and decadal timescales ifoe dsgmtsihg knowledge anfbrecasting
skill. Forecagnhg variations in GM dynamics across different time scales renshiailengng. Understandingriterannual
variability of the GM systempresensa significant challenge to the scientific commuyntn improvement in understanding
would directly benetfisocietythroughanimproved ability to forecast regional and seasonal climate anomalies

On interannualime scales, the GM systemnis alsoinfluenced bythetroposphericEl Nifio Southern Oscillation
(ENSO) TheENSO isa majortropospheridriver of global teleconnectiorfslorel and Wallacgl 981 ShenandLau, 1995;
KrishnamurthyandGoswamy2000; Yu et al., 2021Park et al. 20281t influenceshe GM by modulating the distribution
of sea surface temperatu®ST) and tropospheric circulatisrOver the Northwest Pacific, ENSO significantly modulates
regional atmospheric circulation and associated precipitation psftéamget al. 2000Wu et al. 2003ParkandSon20249.
Through modulation of tropical convective centers, ENSO can modulate the Rossby soufCé &ater 8, James 1994m
and Kim 2002, and therefore modify climatological structures associated with stationary Rossby wave trains, including the
North Atlantic Oscillation (NAO) and Pacifiblorth America pattern (PNA)As a remote teleconnection with the North
Atlantic, ENSO induces vaability in the NAO, leading to shifts in the jet stream location and strength, modulating weather
conditions across Northern Europe and the Eastern United States (Hurrell et al.lri2B@3Norh Pacific, NSO anomalies
modulateghe PNA pattern, where La Nina favors more precipitation in Alaska (Wendler etal. @0d#Z)Nino favors more
precipitation in California (Jongetal. 201Bgcently, Yu etal. (2021) demonstrated thihterannual timscales, the Indian
summermonsoon exhibits aignificantrelationship with ENSCDespite extensive studies on the teleconnection between GM
dynamics adsurface atmospheric circulatiqmsterannual variability aheGM is still unclearandfurtherresearch ineeded
to improveunderstanding

TheQuastbiennial oscillatiofQBO) is aregular dynamical featuréthe equatorial stratosphenevhichalternating
layers of easterly (E) and westerly (W) winds descend in time aviinge irperiodicityof 24-32monthgBaldwin et al.
2001) The influence of the QBO is nobnfinedto theequatoriaktrabsphergbutcan extend down to the surface across the
entire globe througtwo primarypathwaysalongtheupper troposphere and lower stratospefELS) orvia thestratospher
(Hitchman et al. 2021 both pathways, th@ BO mearmeridional circulation MMC) modulatsthetemperature structure
of thetropicsand subtropigin an antiphased sense, where descending QBO W is associated with a warm anomaly in the
tropics and simultaneous cold anomalies in the subsoplwoth hemisphereMoreover, QBO temperature anomalies in the
UTLS can nodulattropical deep convectih and thereforalter the planetary wave pattern radiatihgng the UTLSnto the
extratropicsModulation of thesubtropical westerly jets (STXMp QBO MMCanomalies can be complex sincimitolves

feedback withextratropicasynopticand planetaryaves(Garfinkel andHartmann, 2011 Here we refer toht e UTES
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pathway of QBO influence as involvingimultaneousantiphasednodulation ofropical and subtropical UTLS temperature
anomalies by the descending pattern of QBO MMC cells, modulating deep convective centers, emanation of planetary wav
activity along the UTLS into thextratropicsVia the UTLS pathway, the QBO can therelhier planetary wave patterns and

70 jets Kumar et. al, 2022 2024)and therefore regional GM circulations

The fistratospherip a t h yapylar route, connects the extratropicalkurface via the winter stratosphefhe
polar routénvolves QBO modulation of planetary Rossby wave propagation by changing the stratospheric QBO MMC and
position of thezerowind line at mid-stratospheric level§hispathwaygives risetdi Ho |-TamdbtrT)e f f ect 0 ( Ho | -
Tan 1980; 1982which operateduring boreal wintewhen westerlies exist in tip@larstratosphergQBO Eat 30 hPdavors

75 adisrupted polar vortex, and therefotexa NAM indexandincreased midlatitude surface cold air outbré@akempson and
Wallace 20Q; Kumar et al.2024).

In the ULTS pathwaywhenaQBO MMC patterrarrives at the tropopaugég resulting temperature anomakdier
the merdional temperature gradiertndare therefore associated with zonal wind anomalyethe thermal wind lawThe
resulting changes istatic stabilityand wind shear ithe UTLScan affect deep convecti¢@iorgetta et al. 1999 Collimore

80 etal.2003NieandSobel,2015)The resulting QBO zonal wind anomalies caninfluence the,hich can, inturn, interact
with synoptic andplanetaryscalewavesthatoriginate in the extratrop@and dissipate in the subtropi@Sarfinkeland
Hartmann, 2011; InougndTakahashi, 201;3Haynes et al., 2091During JJAthe subtropical jet is displaced polewhyd
the South Asian High, creating a unique regimbe investigatedsray et al. (2018) observéunkreasegrecipitation inthe
tropicalWestern Pacifigvhen therés QBO Wat 70 hPaparticularlyduringboreal summer. They also noted that the band of

85 precipitation across the Pacific, associated with the intertropical convergence zone (ITCZ), shifts sdedrivatal. (2022)
found thatwhenQBOE occusat 70 hPathe East AsiatsTJ weakens and shifts poleward

Modulationof the tropical UTLS by theQBO MMC can belinked to the surface through modulationddep
convectiorandits organizatiof{Gray et al., 1998, 1992bhCollimore et al., 1998003; Kumar et al., 2014ge et al2019;
Hitchman et al.2021;Haynes et al., 2021Gao et al. 2028QBO modulation of deep convective centers can modulate the

90 planetarywave trains which emanate from them, with poleward energy dispersion along th@emaOrtiz et al.2019
Yamazakiet al. 2020)This can, in turn, modulate regional circulation features in the extratropics, including the NAO and
PNA patters. This principle provides the impetus for highlighting two other regions: QBO modulation of the PNA and NAO
patterns during DJFhe effects of the QBO on rainfall tifferentparts of the globe, particularly within the tropical and
subtropical regions, have been examined in previous observational studies (Seo et al., 2013; Gray et &l.a@@iti8),

95 severalnumerical modabstudies have been conducted to explore modulatioainfall patterns byhe QBO(Goswami,
1998;Giorgetta et al., 1999 Bronnimann et al., 20)6However, some contradictions have been observed among the
numerical modesdtudies In a general circulation mode3CM) experimentGiorgetta et al. (1999 found thatheboreal
summer monsoon is significantly influenced by the Q&ith lessprecipitation over th&esternPacific during QBON but
more ovethelndianOceanOn the other han@ronnimann et al. (201@)id notfind significantQBO effects on the Indian

100 monsoon ireitherobservatios or coupled oceaimtmospheriechemistry climate model simulations.
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Recently Yoden et al. (2023) reported new observational aspeaif QBO modulationn the GM system,
highlightingmodulation of lowpressure cyclonic perturbations over the WesterrnPacific duringlJAandEasternPacific
duringDJFE. However, this studyid not provide an irdepth view of the QB@ssociation witltheGM systenfrom both a
phenomenological and mechanical perspechiva very recent study, Kumar et al. (2024) demonstrated teleconsection
betweenthe QBO and regionakurface climate in Eurasia and North Amerdi&ing boreal winterThey proposeé
teleconnectiopathway via the UTLS region to the hidgititude surfacéy diagnosing changés planetary wave activity
independent of theA mechanisnBoth studies suggest that the role of the QBO in modulating surface weather regimes from
the equataal regiongo the polar regions cannot be ignorédereforefurthersystematiavorkis needed to diagnose the
QBOteleconnection pathways, which vary on a seasonal and redias@hnd by phasef the QBO

QBO teleconnectiswith the tropospheric surface via the different routissussed above display pronounced
zonally asymmetriteatureand sensitivity to its vertical phasedlimore et al1998;2003; Gray et al. 201&arciaFranco
et al.203; Kumar et al. 202). Collimore et al. (1998, 2003) observed that the QBO primarily modulates convective activity
over tropical deep convection, using thé B0 hPa zonaiean wind shear as an ind&xay et al. (2018) noted that, during
JJA, precipitation ovdhe tropicaMWestern Pacifiexhibitsma x i mum s ensi ti vi t yOntheoth@®and,wi n ¢
Zhou et al(2024) observed that precipitation over the Yarigtaeaihe River Basin (YHRBJuring JJAs sensitive to QBO
winds at 50 hPaDuring DJF, the 50 hPa QBO index has been extensively used to assess changes in the NAM via H
mechanics, in order to evaluate its modulation oftaiilude surface dynamid®ecently Kumar etal. (2024) used the 70 hPa
QBO index and described a teleconnection pathway via the UTLS to the Eurasian and North American surface. The preser
study uses 58Pa and 70 hPa QBO indices, since these levels exhibit the most consistent phase relationship with QBO phas
in the UTLS, and are compatibiMth most previous studieShe QBO signal in tropical precipitation exhibits significant
zonal asymmetries at a regional sq@eay et al. 2018GarciaFranco et al. 2023roden et al. 2023)GarciaFranco et
al. 2023 found much larger QBO differences in precipitation over the ocBampresent study is intended to provide a
first-step global perspective by identifying regions where the QBO signal is most evident in the-asyatiyetric GM
circulation systems.

The phase dENSOcan enhance or diminish tirfluence theQBO (Kumar et al.2022).The new teleconnection
pathway observed by Kumar et al. (2024) was found to exist only during the neutral phase ohENS®H] NifionorlLa
Nifia).Yoden et al. (2023) excluded extreme El Nd@ralLa Nifia events to avoid contaminatiopthem.Information about
QBO phasecanbe used tamproveENSO predictior{Rodrigo et al., 2025Here our strategy is to study QBO anomalies,
including all months in which ENSO is neuttatmoderate. This approach excludes only strong El Nino and La Nina months
and is therefore complementaoyother approaches in trying to distinguish the mutual effects of ENSO and thdrQBiS.
study, we highlightQBOeffects on GM systemegional circulationand precipitatiopatterndrom tropical to extratropical
latitudes(60°S60°N). Potential routeby which the QBO connects with the GM systesti beinvestigate, focussing on

changes associated wipecific QBO phaspairs Separate analyses are presentediffedJAandDJF seasons.
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2.Data and methodology
2.1 Data

Monthly mearERA-5 reanalysis datfor the42-year period 979- 2020(satellite era) aresedto analyezonal and
meridional wind (U, V), vertical wind (Wxivergence of horizontal wingpecific humidity (q), mean sea level pressure
(MSLP), andgeopotential heightGPH). ERA-5 offers several improvements over ERRAerim, havingbenefitted from a
decade of developmentin core dynamaindmodel physicéHersbach et al2020) Assimilation of a much larger number of
reprocessed datasets has impro#RA-5 reanalysis productdn this study, a double prime superscript for a given
meteorological variableéyegrepresentse seasonalized anomalies deviation frontheclimatologicalseasonainean in the
42-year data se¥Vertical wind shear of the zonal mean zonal widld/d2) is calculated using centered finite differencing.

Monthly mean values of wigoing longwave radiation (OLRare obtainedfrom the National Oceanic and
Atmospheric Administration (NOAA) (Gruber and Krueger 1984 study the monsoon patterpsecipitation(P) dataare
obtainedfrom the Global Precipitation Climatology Project (GPCP) version, 2sich incorporates precipitation
estimate$rom surface rain gauge statiotmy-orbit satellite microwave datandgeostationary satellite infrared dada a
2.5° 2.5°(latitude longitude global grid(Adler et al,2003; 2018)This dataset provides overviewof global monsoon
rainfall patterns oveboth land and ocean

SST datareobtained from the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) v1.1 (Rayner
et al., 2003) andreused to calculate the monthly Nifio 3.4 indexidentifyingextreme ENSO events. These events are
defined using deseasonalized data over ay@ar period in the Nifio 3.4 region (5°BPS, 120°W170°W).Any month is
considered to be an extreme El Nifio or La Nifia period whenever the Nifio 3.4 index exctegshaid valuesl 1 . @ K
El Nifio; T : La Nifia) We obtained 395 neutral, 57 El Nifio, and 52 La Nifia months. This study focuses on the 39foneutral
moderatenonths only and alltheanalysis isconductecat2.5°  2.5° resolutionspanning 60°S to 60°N

2.2 Methodology

A QBO stateis defined iltwo-dimensional phase space using the first two principal compor@ishdPC2) of
the deseasonalized zonalean zonal wind variations in the equatorial lower stratosiifegvecen 10 hPa to 70 hR&allace
et al., 1993) Figure S1 in supportive information (hereinaftérshows the vertical structure thfefirst two leading EOFs
along withscatter plotenthePClandPC2phase spader all four seasonDJF,March, April,and May MAM ), JJA and

SeptemberOctober and November§ON). The QBOstate is represented e phase angle— 0 ®& — , where

PClsandPC2sarethe principal components witlespect to the centroid of all data poirtitack+ markerin FigSl). See

Kumar et al. (2022, 2024) and Yoden et al. (2023) for a detailed description of the methodology used in employing EOF
analysis to define QBO phasethis studywe divide QBOphaseéntothe followingeight45° angular binsphase 107 459,

phase 2457 90°), phase 3901 1359, phase 41351 1809, phase §1801 2259, phase 2251 270°), phase {2701

3159, and phase 8157 36099, hereinaftedesignatedPl to P§Hitchman et al., 202; Yoden et a].2023.



170

175

180

185

Figure 1 shows vertical prof#®f the composite meanfdeseasonalized zonal meapnalwind atthe equatpfor
each of theeight phases separatetiuring JJA(a-d) and DJHe-h). Each subplot contains twarofiles corresponding to
oppositeQBO phaseat thecentral angle—(i.e,— and— p Y 11 $hownin redfor P1 to P4and bludor P5 to P8The
composite difference between the opposite phias#sown as a black dashed line (Fig. 1).0fen circle on the rightsxis
indicates that theomposite differencéor a givenlevel isstatisticaly significart (90%), usingatwes i d ed Stest den't
with two independent samples in each ph&secessive downward phase propagation of @B(E) phase can be seen from
P1to P4 (P5 toP8) between 2tPaand70hPaMost of the majofeatures of QBO propagation aienilarin the twoseasons
for each phase pafFig. 1).

However, vhen QBO winds maximize at 70 hRih the opposite phase at 20 hze profile of P1P5 is different
above 3 hPa for JJA (Fig. 1a) and DJF (Fig.. Eajther, it is also noteworthy théite magnitude of RP5 in the lowest
stratosphere is diminished during DJF. At 70 ftRa whiskers are clearly separated in the JJA profile (Fig. 1a), but overlap
in the DJF profile (Fig. LeKumar et al(2013)showedhatthe tropopause height is at a higher altitude (~ 90 hPa) during
DJF comparedto JJA (~ 110 hPsge also Reid and Gage 198%)te thaDJF is a dynamically active seasarthe NH(and
duringSON in the SH with QBO Wwinds permittingnoreupward propagation of planetamavesinto the stratosphessnd
the possibility of the HT mechanismAlso, deep convection penetrates higher over Indonesia duringDdlratcloud tops
wouldextend higheinto QBO thermal anomalies associated with the Mi@ich can modulatstatic stability Furthermore,
the pattern of convectionis more symmetric about the equator during DJF, subject to the tropical QBO UTLS &roomaly
these considerationsne might expedignificantQBO effects during DJkn the tropicsDuring JJA convection shifts
northeastward to Southeast Asia from the Maritime Continent and northeastward from Brazil to the Gulf of Panama, both in
the subtropicsThus, during JJA convection the subtropics is subject to the opposite sign of QBO UTLS thermal anomaly
compared to the tropics. Keeping this antiphased zonal mean pattern in mind will be helpful in diagnosing QBO influences

during JJA compared to DJF.
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Figure 1. Averagevertical profiles of zonaihean zonal win& asseomaliegor eachof theeight phases P1 to P4 (red) and P5 to P8 (pblue)
along with composite differences betwelraseQBO opposite phases (black dashed lime)JA @-d) andDJF(e-h). The whiskers denote

+ one standard deviation for each composite phasearamplen circle is plottedn theright y-axis if thecomposite differencatthat level
exceed®90% statistical significace. The ptal number of sampkfor each phase is written at the bottom left corner in grtel

Based on our previous survelymodulations of the GM systelny QBO phaséYoden et al., 2023jhis study will
focus on the phases when QBO anomaliesein the UTLS regionsseparatelyor JJA and DIJRResultsarepresented for
the composite differens®4i P8 QBO Wi E at50 hPaandP5i P1(QBOW i E at70hPa) For an easy understanding of
the QBO signature in the GM system, it is essential to grasp the fundamental dynamics of the GM system; therefore, we will

first discuss its climatologhpriefly in the next section.

3. Climatological cycle ofthe GM
Figure 2 provides an overview of thef@arzonal mean and naonal climatology of the GM system in precipitation

andwindsat 950hPa showingtheannuaimeanJJA meanDJFmean, and JJA DJF meanpatternseparatelyusing only

neutral ENS@nonths The composite difference panel provides a concise overview of seasonal variations in global monsoon
precipitation, a phenomenon extensively examined in humerous previous §idieg and Ding, 2008ordoni and
Schneider, 2008; Biasutti et al., 2018; Geen et al., 202 figureis an updated version of Figjof Yoden et al(2023,
showingawider latitudinal domain from 60°Sto 60°N, andincludingwind patternsn the boundary layer &50 hPa
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Figure 2. ERA-5 climatology (1979-2020)of precipitation(P)and horizontal winds (U, V) at 99@Pa using onlyneutral ENSQmonths
The Istand 2ndcolumrs showlatitudinal profiles ofzonal mean zongU] (solid line) andmeridional [V] (dashed lineyinds, andzonal
mean precipitatiofiP], respectivelyThe 3rd columrshows chartef precipitationP (color bar)along950 hPawind vectors Fromtop to
bottom rowsshow results for the climatologicajannual meary) borealsummemonsoorn(JJA), c) austral summer monso@d®JF), and
210 d)the composite differencEAi DJF, respectivelyln d), a positive value (golden color) denotes enhapoecipitationduring JJA relative
to DJF, and a negatiwealue(green color) denotes eamcedprecipitationduring DJF relative to JJA.
SeasonalariationsbetweerlJAandDJFcan be clearly seén thezonal meamndgeographicallyvaryingstructure
of precipitatiorandhorizontawind vectors Notethere isvery little shiftin the ITCZ in the Pacific, but the latitude of the
zonal mean maximum shifts froni7°N in JJA to~10°S in DJFFig. 2, 2nd columi). Vigorous convection over Brazil and
215 the South Pacific Convergengene(SPCZ)contribute strongly to the zonal mean in DilRhecomposite difference JJA

DJFpane|[U] and [P] showroughly antisymmetric profiles with respect to the equator, wheregis[roughy symmetrig
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describing the annual cycle responses with ayedf time difference between the two hemisphanekthe asymmetry of the
Hadley circulatioratthe solstices
The composite difference chart of precipitation and 950 hPa winds (Fig. 2d) highlightsominent regional
220 monsoorsystem®ver the globeDuringboreal summemonsoordJAin the NH, heavy precipitation is associated wiid t
North African, Asian, and North AmericanonsoongFig.2b,goldenshading in Fig. 2 Thesemonsoorprecipitaton
patternsare associated with dominant largale wind circulationd he northward flow in the boundary layer associated with
the Hadley cell occurs in preferred longitude bands, including promimessequatorial windover Indonesia, over the
western India®cean(which feeds the Somali Jatyer theEasterrPacific, andeastermtlantic Oceanseach of which brings
225 moisturgoward heavy precipitation regioakng the ITCZ (Fig. B, d). The North Atlantic and North Pacific are dominated
by large surfacenticyclores, whichgeneratéess precipitatiotouttransporimoisture clockwise from the subtropics, creating
a band of higer precipitation to the northwest of the anticyclones (Fig. 2b).
The monsoon circulation during DJF also exhibits a longitudinal preference fomepatorial flow in the boundary
layer toward the summer hemisphere, notably in WesternPacific andWesternAtlantic, which feed into regional
230 precipitation maxima over South Africa, the Amazon, and a band stretching from therS®P@ZSouthwest Pacific across
the Indian Ocean (Fig. 2c). Thesgional precipitation maximare highlightedy greenshadingn the JJA DJF difference
plot (Fig. 2d).As in theNH during JJA, large anticyclones are prominent over thelatitlde Indian, Pacific, and Atlantic
Oceans of th&Hduring DJFwhich help feed moistungoleward on their west edges, creating thin midlatitude precipitation
maxima poleward of the anticyclon&.asonatharacteristics afthermeteorological variablesre shown in Figre S2 as
235 JJAI DJFdifferencesfor OLR,300 hPaspecific humidity SST, MSIP and 950 hPa wind850 hPalivergenceand500 hPa
vertical velocity Deep convectie featuresappearnsoppositesignpeaks of OLRlifferenceacross all six regional monsoon
systemgFig. S2b) A moredetailed descriptionnthe climatology and seasonality of all these meteorological variables can
be found in Yoden et al. (2023)

4. Zonal mean seasonal structure of QBO

240 Deseaonalized anomalieszinalmeanzonalwind UN andtemperatur@N between 66S to 60N, binned using

QBO W- E paired phase indices at 50 hPa (P48), are usetb investigate theseasonal dependency@BO dynamical
teleconnectiosiseparately fotheborealandaustral monsoosummerseasonérig. 3). Theantiphasd pattern of vertical
motion between the tropics and subtropics associated with the Blivianifested in the UTLS temperature anomalies, such
that QBO W causes a tropical warm anomaly and subtropicabowlchaliegFig. 3¢, d) This is more evident during JJAin

245 the subtropics (Fig. 3c), but more evident during DJF in the tropical troposphere (Fig. 3d). From the thermal wind law,
integrating upward through the meridional temperature gradients associated with these anomalies yields-fltageghoe
structures in the QBO W E zonal wind anomalies (Figs. 3a, b).

During JJA this archHike structure is absentin the NH subtropics (Fig. 3a). This is the location of the strong upper

tropospheric easterlies associated with the equatorward side of the Southeast Asian monsoon during JJA (Krikbirigmurti

9
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This shows thatthe Tibetan High and its associated easterigyetot significantlybeaffected by the QBO. However, note
the cold anomaly in the UTLS near®) which can act to reduce static stability above deep convective center located over
Southeast Asia (Fig. 2b) during QBOaN50 hPaNote that the corresponding cold anomaly in the SH, acts to shift the winter
subtropical jet poleward (Fig. 3djhe MMC near 30 hPa showing asymmetricaxtensoninto the winter hemisphere

During DJFthere is avarmanomaly in the tropical troposphdme QBO W at 50 hPa (Figd). From the thermal
wind law, this implies enhanced, equatorwdigplaced subtropical jets nearR8s are seen in both hemispheres (Fig. 3b).
The MMC near 30 hPa is greatly amplified, extending well into the winter hemisphere, causing a large warm anomaly near
40N (Fig. 3d).Previous studies have shown a stronger extension of QBO MMC into the winter hemisphere (Randel et al.,
1999; Kinnersley, 199%®efiaOrtiz et al., 2008Hitchman et al., 2021; and Kumar et al. 2022). This implies a weakening of
stratospheric westerlies nearBl0during QBO W, as seen in Fig. 3the warm anomaly near 4N is the downwelling
companion to the upwelling over the equator which underlies QBO E, also implies a strengthening of the polar night jet near
60JIN during QBO W, as seen in Fig. 3khis is a visual representation of tHeT effect, where QBO W is correlated with a
stronger polar night jet.

QBO W at 50 hPa implies a warm anomaly near the tropical tropopause, which lowers the tropopause and stabilizes
the uppertroposphere, thereby reducing deep convection over Indonesia during NHIwititeo(e et al., 2003weakening
the Walker Circulation (WC)Yasunaril990 Huang et al., 2012; Hu et al., 201QarciaFrancet al., 2022, and causing
awarm anomaly throughout the troposphere over Indordsiaginet al, 2018. The opposite effect for QBO E, with a cold
anomaly in the tropical UTLS, warm anomalies in the subtropical UTLS in both the NH and SH, and enhanced convection
over Indonesia during DJFhere is also significant modulation of the STJs and polar night jet by QBO NIM&Se results
suggesthat both thestratospheriandUTLS routesfor QBOteleconnectionsperate simultaneouslhy addition tathe H-T
mechanism during DJF
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DJF. Theviolet cross hatching indicates regiasfsstatistical significanckess than 8%. The cyan dotted line separate regions of fine and
coarse contouHorizontal linesndicate the20 hPgdotted) 50hPa(dashed)and 10thPa(dotted)levels.The climatological cycle of the

U-wind forthe period 197® 020 i s al so shown as gray contour | ines oVher the
solid (dashed) contour lines represent the positive (negative) valuehaibthtk dotted linés theposition of the zeravind line.

Figure4 showsthesameseasonaineridionalstructureo f U nj campakitedifigrencesasin Fig. 3 but forQBO
Wi Eat70hPa (B i Pl). During both JJA and DJF one may sefindamentatri-pole patternin temperature anomalies
alongthe subtropical UTLS, with the subtropics antiphased with the trgficgc, d) The anomalies can extend deep into
the troposphere, with considerable differences between the two se@sdng JJA this somewhat complex temperature
anomaly pattern is associated with an equatorward shift in the subtropical jet in both hemispheres (Fig. 4a), whil&during DJ
it is associated with a poleward shiftin both hemispheres (Figh#i@.that moderate QBO anomalies in temperature and
zonal wind are found throughout the troposphere, which can affect surface weather.
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The subtropical and extratropical tropospheric responses depend on season and phase of the QBO, with interestir
differences seen even between using 50 hPa and 70 hPa as index levels (compare FigsF8aexdpleduring DJF and
QBO W at 70 hPa, a significant cooling anomialglso evidenin the lower troposphere poleward ofA)(Fig. 4d). This
confirms the recent finding of Kumar et al. (202dyarding a QBO teleconnection pathway for these cooling patterns via the
UTLS region to the highatitude surfaceBased on this zonal mean analysis, QBO dynamical teleconnections with tropical,
subtropical, and polar regions vary with the seasonslamahward propagatioof the QBO anomalies. Additionally, the
characteristics of QBO anomaly patterns in any latitudinal zone may differ with geographical I&iatierthe monsoon
systemislinkedto the distribution of land and s, since the climatological patteassociated with emanation of planetary
wave trains are fundamentally zonally asymmetric, such as the PNA and NAO patterns, we now focus on the geographica

variation of QBO teleconnections in the extratropics
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5. QBO teleconnectiors with the GM system
5.1 Composite differences of seasonal precipitation and surface wind for opposite QBO phases

In order tovisualizeregionaleffectsof QBO dynamicalteleconnectioain the GM systemwe investigatedhe
horizontal distribution otheQBOsignalin precipitation and surface wirduringJJA and DJEFig. 5). The index pail®BO
Wi E at 50 hPa index®4i P8) and70 hPa indexR5i P1) are of interest since they are associated with signifiQaa
anomaliesrrivingin thetropical and subtropical UTLSignificant patterns inhecomposite differenceexist at continental
scale in the equatorial, tropical, and extratropical regidmshare related tonodulatiorof regionalatmosphericirculations
for both seasongs in the seasonal mean fields (Figs-@, one may observesystemati@associatiorbetweemrecipitation
maxima and convergence in anomalsusface wind patternhe differenceamonghe four panels in Fig. 5 illustrate that
theregionalmonsoonsystem response the QBO is sensitive foothseason and QBO phase.

During JJA, deep convection shifts toward Southeast Asia, away from the Maritime Continent (Fig. 2b, d) and the
South Asian High dominates the circulation in the UTIE®plying the 50 hPaindex for JJA one may see enhanced
precipitation near 2N in the longitude band ~38 - 18QJE during QBO W (Fig. 5a). This is compatible with the UTLS cold
anomaly in therising branch of the QBO MMC seen nedl20 Fig. 3c. At the equator there is enhanced precipitation near
135JE and reduced precipitation neatdB@nd 170E (Fig. 5a)The eastvest dipole pattern modulates deep convection in the
tropical west Pacific, which in turn affects the Pacific cell of the.\@@e may interpret the pattern in Fig. 5a over the
subtropical Northwest Pacific as an-attaped maximum during QBO W which occurs on the edge of the lower tropospheric
anticyclone known as the Bonin High (Fig. 2Bhis represents aguatoward shiftin precipitation, with a negative anomaly
over China an&outhernJapan. Which is consistent with the results of Zhou et al. (2024), who showed that low precipitation
preferentially occursin the YHRB during QBO&S50 hPaWe will provide a detadidanalysis of this pointin a subsequent
section.The composite difference QBO WE at 70 hPa (RP1)for JJAdoes not show any significaahomaliesn
precipitation or wind vectors (Fig. 5iilowever, reduced rainfall occurs over Indonesia during QBO W at 70 hPa, which is
compatible with the QBO UTLS warm anomaly over the equator seen in Fig. 4c
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E at50 hPa (P4 P8), while the right column represents QBO W at70 hPa (P5 P1).The latitudinal profile of zonal mean

precipitation is shown to the left of each paneintManomaliegU", V") are plottedf either componerit statistical significance exceeds

90%. Violet crosshatching indicates regioref statistical significancéess than 6%.

During DJF, convection over the Maritime Continent is more intense than during JJA and more symmetric about the
equator (Fig. 2c). The SPGH thesoutheast of Indonesia is a significant zonally asymmetric region-efjotitorial heating
during austral summerhe QBO W warm anomaly in the UTLS over the equator, obtaisied the 50 hPa index (P478),
is more robustluringDJF than during JJA (compare Figs. 3d and c). This is accompanied by reduced precipitation over
Indonesia (~90ET 160JE) and in the SPCZ, with enhanced precipitation near the tropical date line (Fig. 5c¢). ifhis is
agreementwith previous results (Collimore et al., 2003; Tegtmeier et al., 2020; and Hitchman et aQBO2¥)at 50 hPa
implies increased static stability in the tropical UTLS when there is a QBO warm anomaly near the tropopause (Gray et al.
1992b; Giorgetta et al., 1989Consistent with this, Liess and Geller (2012) report a diminution of rainfall over Indonesia in
DJF during QBO W. The reduced precipitation over Indonesia (Fig. 5¢) is consistent with our zonal seasonal mean structur
(Fig. 3d). As shown by Collimore et al. (2003), and discussed further below, there is local enhancement of the warm anomaly
in the UTLS over Indonesia during DJgmpatible with the concept that convective positive feedbacks can amplify the
response to QBO UIS temperature anomalies.

During DJF, when the 70 hPa index (P%) is used, the equatorial UTLS zonal mean warm anomaly in the
troposphere seenin the 50 hPa index (Fig. 3d) becomes a cold anomaly in the upper troposphere (Fig. 4d). With the pattern
QBO MMC penetrating downward into the troposphere somewhat farther, in this phase precipitation is enhanced over
Indonesia and sygessed near the date line (Fig. 5idje response of convection in the tropical West Pacific during DJF is
sensitive to QBO phasédn the extratropicghereis an enhanced anticyclonic circulation over the North Atlantic for the 50

hPa index and over the Northeast Pacific for the 70 hPa index, with enhanced precipitation centered on the associate
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northward flow anomaly (Fighc, d). The lower tropospheric regional circulations which are modulated by the QBO
correspond to the NAO and PNA patterns, respectiViélis highlights that QBO dynamical teleconnecBocur in regions
where localized atmospheric circulat®arepresent.

Toexplorethe zonal structure of UTLEBO anomaliexompositalifferencefor temperature and horizontal winds
at 100 hPare shown in Fig. Bor QBO opposite phase paiduring JJA, anomalous QB® winds (range ~28 m/s) and a
warm anomaly (range ~3 K) are found near the tropopause in a zorsyinmetric pattern along the equatdsing the 50
hPa index (P4 P8),the QBO W zonal wind anomaly at 100 hPa is larger than it is when using the 70 hPa ind &4} P5
(compare Figs. 6andb). This is compatible with the downward progression and diminution of QBO W from Fig. 3a to Fig.
4a. The QBO temperature anomaly descends with time, being stronger at 100 hPa using the 70 hPa index than using the.
hPaindex (compare Figs. 3cand 4c). Thisis seenat100hPa as a harrowing of the westerliesand broadening oittee tempera
anomaly at the equator as the QBO MMC descend from the 50 hPa level to the 70 hPa level (compasgaigigs. Bas
progression is also compatible with reduced equatorial precipitation as the warm anomaly enters the upper tropospher
(compare Figs. 5a and b).

Note the prominent QBO cold anomaly nead2@uring JJA, as shown by Hitchman et al. (202R1s associated
with the same MMC which caused the warm anomaly over the equator (Figs. 6ag biubTtopicalwinter coolingeffect
along the UTLSgeneratethy theQBO MMC is strongeandmoresignificantfor the50hPa indeXFig. 6a) In agreement
with thezonal mean structuturing JJA significantQBO negative temperature anomaliethe subtropisassociated with
the QBO MMC have zondy symmetric features ithewinter hemispheréFigs. 6a, b).

DuringJJAandusingthe 56hPaQBO index, one may obseraalistincicool anomalyver the subtropicéorthwest
Pacific Oceamea 140°E (Fig.6a) whichextends into the Bering Sea araincides with the regionwhere a significpattern
was found in precipitatioand wind vectors dhesurface(Fig. 5a) Enhanced precipitation at the western edge of a weakened
Bonin High may imply that more convective updrafts overshoot and cool the 100 hPa level in this region during GO W.
composite difference fahe70hPa indexalso shows a region of cooling in the subtropical lower stratosphere oGaritnal
Pacific midlatitudes (Fig. 6b), although less robust than for the 50 hPa ifttese results indicathat there are preferred
longitude bands whettbe QBOcan influence the extratropics along gubtropicalJTLS, with subsequemhodulatiorof

extratropicalkurface weather.

15



375

380

385

390

395

" ¥y vectors@100hPa for P4 - P8 with confidence 30°
T S e

n Jul Aug “ V| P1 with confidence 90%
= + e~ = K1
7 '

Latitude
5]

Latitude
o

2 0 5 270 315 360 2 02 45 a 135 180 270 315 360
Longitude Longitude
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During DJF, the tropopause in convective regions usually lies above the 100 hPa level, making it harder for QBO
wind regimes to affect the 100 hPa level. QB@vind and warm temperature anomalies appear in the tropics at specific
longitude bandgFigs. 6¢, d). Forthe50h Paindex asignificantQBOwarmanomaly occurs over Indonesia, extending from
CentralAfrica to the Date Line, with another warm anomaly over Amazonia (FigTee)rangeeache8K over Indonesia
where significant westerly wind vectamsside These warm anomalies coincide with the climatological locations of deep
convection, characterized by cloud top temperatures less than 192 K and low OLR e(fisHioore et al. 1998)andan
easterly flonanomaly at 150 hPa, juselowthe tropical tropopauseonsistent with a reduced WC during QBQ(¥Y. Figs.
18e, 19e oHitchman et al.2021). Smilar temperature anomafyatterns were observadcold pointtropopause temperature
(CPT) forthe sam&@BO W i E phasesyHitchman et al. 202(see theifFig. 17b) Tropical UTLS thermal anomalies are
stronger during DJF, with greater geographical variation in the strength of deep convection andtropopause heighgsThis creat
a greater opportunity for QBO anomalies to preferentially affect regionstétracteristicallgeep convection during DJF
compared to JJA.

Forthe50 hPa index,ignificantQBOW wind anomaliesan be seen ithe NH and SHubtropicaEasterrPacific
and inthe North Atlantic (Figc),which washotedasdownwardextendingubtropicahnomaliesn the zonal mean structure
(Figs. 3b). Extratropical QBOvarm anomaésappear near 3Bl and 3dS, beingtronger inthewinter hemispher@andin
the eastern hemisphgiiéig. 6¢) A cold anomaly can be seen at 100 hPa centered near the tip of Greenland, consistent with
an amplified waveone pattern during QBO W (Kumar et,&024).This North Atlantic 1:00hPatemperature anomgis
related to the westward shiifttheprecipitatiormaximum(Fig. 5¢) This geographical fingerprint provides useful information
for evaluating whether this teleconnection operates through the stratosphere pathway-ih tiecHanism or along the
subtropical UTLS. For 70 hPa index, the temperature angrehbwsadipolepatterrin thetropical Pacifiand PNAregions
aswas observedfor the surface precipitatiorfFig. 5d). The Indonesia warm anomaly changesaaool anomalyA
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wavenumbeionepattern in temperature anomaly is also evident near 60°N (Fig. 6d), similar to that observed at 50 hPa (Fig.
6c¢). There are also significant easterly anomalies in the STJs of both hemispheré&saisténdPacific when the 70 hPa level
is used, resulting in ayclonic circulationranomalyoff of the west coast of North America (uppevel trough)which
accompanies thanticyclonicsurface windvectoranomalyin Fig. 5d

These composite differencemps illustrate theystematicsignificantassociation betweehe GM systemandQBO
anomaliesn the UTLS throughoutthe tropics and extratropite characteristic ahisdynamicateleconnectiois regional
andis manifestedvhere prominenibcalizedatmospheric circulatiaprevail Results aresensitiveo QBO phase. In the
tropicsa QBO signal in precipitation is observyeehich occurs inhecenter®f deep convection. The strongest signals are
associated with modulation of thmnvection over the Maritime Continent and Southeast Asid exhibit significant
dependence on season and on QB@seThe zonal mean QBO MMC caussisnultaneousintiphased cold and warm
anomalies in the tropical and subtropical UTlc&he tropicsthe QBO modulates regions of deep convection and therefore
creates a regionalyarying signal which can also propagate into the extratropics along the Uie®nanner in which the
teleconnection signal propagates from the tropics into the midlatitudes fally understood but involves modulation of
planetary Rossby wave radiation from tropical convective cehieslly this can lead to changes in seasonal mean cyclonic
and anticyclonic circulations in the extratropics. During NH summer the stratospheric route is disabled. Therefore, during
summer the QBQ@an onlyinfluence the extratropics via the subtropical UTLS pathttoweverduring winter a QBO
teleconnection can reach the extratropical surface via either the stratospheric pathway and annular modes or viectie subtropi

UTLS. The rest of this studwill present further information abaitese potential routes witheirregional characteristics

5.2 QBO dynamical teleconnectionwith the Northwest Pacific during JJA

In ordertoinvestigaé dynamical teleconnections operating alongghbtropicarouteduring boreal summelJA
we analyze compositdimatologesof precipitation and other medrological parameterfor QBOW and Ephasest 50 hPa
(P4 and P alongwithcomposite differenceTheNorthwesPacific region (16-5°N, 12C°-19C°E) is shownin Fig. //From
top to bottomrows show precipitation, 5atPawW-wind, MLSP together with 950 hPa horizontginds, andtemperature
together with horizontal windat 100 hPa The presence othe QBO signal is cledy visible even in thecomposite
climatologesfor QBO W and Ephases®4 and PR During QBO E at 50 hRahe band of precipitation which arches
anticyclonically toward Alaska is enhanced south of Japan (Figwit) associated increase in raicbpospheric upward
motion (Fig. 7e)During QBO W at 50 hPa there is less precipitation along this summertime sysugléstorm track, more
precipitation throughoutthe rest of tRerthwestPacific(Fig. 7a), and reduced upward motion near the southern tip of Japan
(Fig. 7d).These features are more easily seen in the difference(flgss 7c, f).
This variation inprecipitation is associated withodulation of theegionalcirculation (Figs. 7¢). During QBO W at 50 hPa,
the lower tropospherinticycloniowhich dominates thorthwesPacific basins diminished (Fig. 7g), while it is enhanced
during QBO E at 50 hPa (Fig. 7h), such that a negative anome@i® and cyclonic anomalous circulat@reseen in the
difference composit®BOW i E (Fig. 7i).During the QBO W phase the higitessureegion contractsvith isobasshifting
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430 slightly eastward (asindicated by the position of the yellow line in FigThig shrinking ofthewestern edge of the surface
anticycloneallows for the eastward expansion of convective precipitation from south of Japan into the Northwest Pacific
during QBO W.Diminution of the anticyclone is accompanied by anomalous upward motion at 500 thieaNorthwest
Pacific and decreased upward motion south of Japan during QBO W (FigTfiéye is atrong anticyclonic curvature of the
flow near 30N, 150JE around UTLSand his region is influenced by the northeast portion of the South Asian High (Figs. 7],

435 Kk, I). During QBO W at 50 hPa this circulation is stronger, with an associated cold anomaly at (6@ hHrwhile during
QBO E this circulation is weaker and 100 hPa temperatures are not as cold (il QBO Wihis results irenhanced
southward flow in the central North Pacific on the eastern edge &adbth Asian High(Fig. 71).

50

(a) Precip for P4 Jun Jul Aug 50 {b) Precip for P8 Jun Jul Aug [mm/da'\‘/]z

Latitude
oW
<
[+7] =]

IS

8]

10
120 130 140 180 160 170 180 190 120 130 140 180 160 1¥0 180 190

50

(d) W@500hPa for P4 Jun Jul Aug (e} W@500hPa for P8 Jun Jul Aug [mmﬂs]zu

50 &4

{f) W @500hPa for P4 - P8 Jun Jul Aug  [mm/s

]
1

=

16
12

-

40 Hy

30

Latitude

20

10 10 < o :
120 130 140 150 160 170 180 190 120 130 140 150 160 170 180 190 120 130 140 150 160 170 180 190

50 () MSLP & (U V)@950hPa for P4 Jun Jul Aug

TR E T b w e vmr

50 (h) MSLP & {(U,V)@950hPa for P8

Latitude

e
SN N e e

150 160 170 180 30 40 150 160 170 180 190
Longitude Longitude Longitude

170

Figure 7. QBO regionalteleconnectiomanifestation in the Northwest Pacif{t0°-50°N, 120°-190°E) during boreal summer (JJA),
440 showing composite climatolgies for (le@BO Wat50 hPa P4), (middle)QBO Eat50 hPa(P8), and (rightyQBO W1 E at50 hPa P41
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P8), for (a-c) precipitation (d-f) mid tropospheric vind at 50thPa (g-i) MLSP with (U, V) wind at 95thPg and(j-I) 100hPatemperature
with (U, V) wind. Theviolet cross hatchingn the composite difference platslicates regionsf statistical significancess than 6%.
Wind anomalieqU", V") are plottedonly if either componeris statistical significance exceeds 90%

During JJAa significantQBOcold anomalyvas foundat 100 hPaverthe Northwest Pacific during QBO W at 50
hPa with a reduced anticyclonm MSLP and 950 hPa wind®ostel and Hitchman (1999, 2001) showed that there is a
maximumin Rossby wave breakingin the UTLS (150 kiRangJJAfor this region associated with the episodic detrainment
of low potential vorticityfrom the Tibetan Higkto northeastwardver the PacificThese events ocowhentransient synoptic
waves travel along the poleward edge of the South Asian High. This regional maxifRassly wave breakif@®@wWB) was
confirmed by Hitchman and Huesmann (2007) for the 350 K surfaeeSouth Asian High appears to be more robust in its
northeast quadrant during QBO W at 50 hR&is analysis suggesthat in theUTLS pathwaytheQBO can connect to
surface dynamics aregional scale via modulaticof localized atmospheric circulations.

5.3 QBO teleconnectios with the North Atlantic during DJF for 50 hPa index

Figure8is in the same formaits Fig7, butfocuse on the Nortitlantic region(20°-60°N, 28C°-35C°E) for boreal
winterDJF. Duringthis seasojteleconnectionoutesare possible via either the stratospheralong the UTLS, or bothror
QBO W at 50 hPa (Fig. 8aprecipitationis enhanced in thevesternNorth Atlantic and diminished in theasterriNorth
Atlantic relative to QBO E (Fig. 8bThis feature is distinctly recognizable as a significeagtwestdipole in the composite
differenceQBO W1 E (Fig. 8c). A similar eastwest dipole pattern is also evident in anomalous vertical motion at 500 hPa
This reflecting a westward shift ithe both precipitation andpward motion during QBO W (Fig. B. The variation in
precipitationis closely linked to changes in Bl systentirculation patternérigs. 8gl). During QBO W, the dominant
Azores High surface anticyclone is strengthened (FggMvith a westward shift in poleward advection of moist tropical air.
This signal is quasharotropic, extending from the surface to the lovaisttosphere &200 hPa (Fig. 8I)It representa
strengthening of anticyclonic flow in the North Atlantic during QBO W at 50 WPstronger Azores High implies a higher
index NAO and stronger flomto northern Europé€e.g.,Thompsorand Wallace2000.
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465 Figure 8. Asin Fig. 7,butfor DJF andfocusedoverthe North Atlantic Ocean(20°-60°N, 280°-350°E).

The increased pressure in the Azores High enhances the anticyclonic circulation near the Azores, resulting in a more
intenseNorth Atlantic (NA) jet stream. This change in anticyclone creatgimalconditions for leavyprecipitation inthe
western NA including the eastern coast of North Americalayhder precipitation around the Azores High (Fig. 8a). The
oppositeeffectis foundfor QBOE at 50 hP4Fig. 8b) The composite difference QB@1 E clearly highlights this feature,

470 showing significant anticyclonic motian wind anomalies ceatedaround the higpressure zone (Figi) 8Similar to JJA,

stronger upward motion can be observed at®@8 over regions efnhancegrecipitaion (Fig. 8d-).

In the extratropical lower stratosphe2®0hP3g, temperaturanomalies display significant patterns akin to those of
MSLP (Figs. 8i, I). This iscontrastto the situation in tiNorthwestPacific during JJA, where a large surface anticyclone is

centered over the Pacific and a larger anticyclone is centered over Tibetin the UTLS (Figs.thielNorth Atlantic during
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DJF, the structure is equivalent barotropicwith a strengthened anticyclone extending upward, causing cooling of the lower
stratosphere in the eastern North Atlantic during QBO W at 50 hPa (Fig/8,discussed earlién theseasondbJFzonal
meanstructurdor the 50hPa indexthese anomaly patterns mayllnked toeither theH-T mechanism associated witie
stratospheriQBOteleconnectiomoute orto the route alongthe subtropical UTLS, or to a combination of At influence

of theQBO is manifesteadvhereregionalatmospheric circulatiorexist. In this casethe QBO is regionally interacting with

the NAO.

5.4 QBO teleconnectios with the Northeast Pacific during DJF for 70 hPa index

Figure9 showsthe same variables as in Fggbut for thenortheasPacific region20°-6°N, 19C°-260°E) and using
the 70 hPandex.During QBO W, rainfaland500 hPa vertical motioare both enhancdcom northwest of Hawaii to the
Gulf of Alaska, whilehese ardiminished along the west coast of the United Stidigs 9¢, f) Consistentvith resultdrom
sectiors5.2and5.3, these patterns asystematicallfinkedwith variaionsin thelocalized atmospheric circulatiorfzurther,
the spatial structure of the 50®a GPH anomaly composite difference patt¢fig. S3)resembleavith that of the MSLP
(Fig. 8i). This supports thapBO W at 70 hPanodulates the tropospheric planetary wave pattern in this region such that a
positive PNA patternis excited, with an enhanced surface low in the Gulf of Alaska and enhanced anticyclonic flow off the
west coast of California (Figi @ A stronger tropospheric low in the Gulf of Alaska implies a lower tropopause, hence a warm
anomaly in the lower stratosphere near 200 hPa (Fig. 9l). The effect of the QBO on the PNA is similar to that of ENSO, where
QBO W at 70 hPdor La Ning favors more precipitation in Alaska, while QBO E at 70 li®aEl Nino) favors more
precipitation in California during DJNote that our analysis includes only the neutral ENSO pieeebtainverysimilar
patternausing the lowethresholdvalues 0f+0.4 K of the ENSO indeXFig. S4).
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Figure 9. Asin Fig. 7, but focused ovethe Northast Pacific region20°-60°N, 19C-260°E) during DJFfor QBO W and Eat70hPa P5
and P).

6. Longitude-altitude structure of regional QBO anomalies
The dove analysis suggests thia QBO hadynamical teleconnectienvith differentparts of theGM systenvia

500 modulatiorofregional atmospherarculationsTheanomaliesiMSLP, surface wind,andprecipitation patternsere found

to beassociadwith QBOanomaliesn theUTLS. To bettemunderstand theertical structure gberturbations associated with

the QBO, we analyzdongitudealtitude sections of anomalies BPH, vertical sheaof zonal wind temperature, static

stability,meridionalwind, andverticalwind. These analyseweaveraged over selected latituaiendsor the pairedQBO

phases at which significant composite difference patterns were obgartleckte regiongheNorthwestPacificduring JJA
505 theNorth Atlantic Ocearduring DJF andthe NortheastPacificduring DJF (Fig. 1Q)
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Figure 10. Longitudepressure sections of composite differences between oppositeladds for selected latitudinal meahown in Fig.
7, 8, and 9The bp rowshows thdatitudinal mean between 28 and 30N overthe Northwest Pacific (12€E - 190°E) during JJA the
middle rowshows the meabetween 48N and 50N overthe NorthAtlantic Ocean(280°ET 350°E) during DJF and bottom rovehows
the mearbetween 28N and 35N overNortheasPacific (190 E and 260 E) during DJF The first, secondhird, andfourth column of
each row represent the composite difference of GRettical shear of zonal win@lU/dz), Texelor bar)with V" wind (contour lines at
0.5 m/s) and N'2with W" wind vectors, respectivelfhe bp two rowsuseQBO Wi E at 50 hPa(P4i P8), andhethird uses70hPa
indices(P51 P1).Violet crosshatching indicates regions efatistical significancéess than 90%. The" contours on th8™ column and
W" wind arrows on thd! column are plottednly if either component's statistical significance exceeds @4é.9

In theNorthwestPacific duringlJA the composit@ifferencan GPHanomalyshowslow values overtheregion
135°E-17CE (Fig. 10a) wherediminution of thdower tropospherianticycloneand strengthening of the upper tropospheric
anticyclonic flow isobservedluring QBO W.This upper tropospheric ridging is compatitligh more convection in the
Northwest Pacific. Above 150 hRane may see the subtropical UTLS cold anomaly anomaly, which may help promote deep
convectionin this region during QBO W (Fig. 10c). Indeed, static stability is reduced in the layier@5@a and there is
enhanced upward motion throughout the troposphere during QBO W in this region (FighE0@BO anomaly in meridional
wind shows anomalous poleward flow to the west and equatorward flow to the east of this enhanced anticyclonic flow in the
UTLS duringQBO W (Fig. 10cYhis represents an amplification of the time mean flowin the RWB surf zone to the northeast
of the South Asian High (Postel and Hitchman 1999).

Zhouetal.(2024 analysed the QB@eridional structuraveraged ovet20°E160°Efor JJAandshowedhatduring
QBO Wat50hPathere are regional zonal wind anomalies in the troposphere in th&0@mdl0°N. This corresponds to an
equatorward shiftin the S$during QBO W which coincidewith reduce moisture transport and convergence, leading to
lower rainfall extremesin the YHRE5a0 et al. (2023) descridéhese resultsin terms of a regional QBO MMC anomaly.
Our results confirm low precipitation over this regfon QBO Wat50hPg but these features are not limitedhe YHRB,
havingbroader spatialomainsspanning theNorthwestPacific. But during the boreal summehe planetary waves are
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relatively weakand there idarge region of convection ov&outheasfsia. Also, the STJ isdisplaced northwarih that
longitude ban@ndthere isa huge anticyclone in thegpper tropospherin thisregion Here we interpret the regional response
as a direcinfluenceof the QBO zonal mean UTLS cold anomaly in the subtropical NH on promoting deep conveacion.
analysis, we found regionatool anomalyn the upper tropospheovertheNorthwestPacificduringQBOW at50hPaThis
is related to enhanced deep convection in the Southeast Asian monsoon, the northeastward expansion of the South Asian H
inthe upper troposphere, and diminution of the surface anticyclone oWoritthevesPacific. These changes resultin reduced
upward motion and precipitation over the southern tip of Japan and enhanced upward motion and precipitation over the
NorthwestPacific It is possible to call this a local MM&omaly, where the polarity is rising over tierthwesterrPacific
and sinking over Japan during QBO W at 50 hPa, but the underlying cause for this apparentlocal circulation is more complex

Considering the zonal mean temperature anomalies iB&&md nonzonal in Fig. 6dor the QBO MMGC one may
see a QBO cold anomaly all along the subtropical UTLS during QBO W at 50 hPa, which accompanies the warm anomaly
over the equator. This subtropicalldanomaly might be expected to enhance precipitatianzonallysymmetric pattern,
since thereis a decrease in static stability in the subtropical UTLS across Asialdodhie stPacific, from 120E to 18QE
(Fig. 10c). This would encourage more deep convection ov@&tdhbwestacific relative to over land along the east coast
of Asia during QBO WAnother aspect of this system which may be important in this contextis that deep tropical convection
is suppressed over Indonesia during QBO W, which implies reduced subtropical downwelling. The lower tropospheric
anticyclone which dominates the circulation east of Japan during summer (the BoniBrtigiotaet al., 2003is one region
of subsidencalith reduced convection in the adjacent tropics, one might expect a reduction in subsidence and strength of the
Bonin High. In our analysis, the reduced subtropical downwelling is evident as a significant upivaidd anomaly
accompanied by notable meridawind contours, suggesting a weakening of the region of subsidence over east of Japan
(Fig. 10c, d) This phenomenological perspective supports the mechanisitdTih& static stability plays a key role in
regulating deep convection over the Northwest Pacific reglort al. (2023) also concluded that temperature anomalies near
the tropopause and uppeopospheric static stabilitpake major contributions to deep convection over the northern South
China Sea

Toseeother possible routes for QBO dynamitaeconnectiorpotentially through the polar or extratropical region
orthographid\H polar projectios (0°Ni 90°N) of GPH at 50hPa, along witt200hPa tropospheric temperature, MSLP, and
precipitationare shownn Fig. S5 for JJA None of the panelsxhibitanyotherpossible routefor QBO teleconnectiaat
the50hPa level 2™ column, FigSb) or everat70hPa(3column, FigS5), because quasiationary planetamyave activity
between the equator and polar regions remains very low during the summer monsoomwkeasiratospheric winds are
easterly(Chenret al., 2005)The orthographic polar projectioatsohighlight the localized characteristics of the QBI®IC
subtropicalUTLS route over théNorthwestPacific, as previously discussed.

During DJF,the nature of dynamical teleconnection remains irgatss QBO phas€S0hPa to 70hPabut the

geographical location for surface linkage changesboth théNorth Atlantic andNortheasPacifig significant positive GPH
anomalies prevaih thetroposphere, but the Atlantic anticyclonic anomaly extends upward above 30Bigg24.0e, i). The
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locations of these anomalies coincide with the locations of the anticyclonic MSLP anomalies in Figs. 8i and 9i. Irohsth regi
there is a negative wind shear anomaly in the troposphere and a positive shear anomaly in the lower stratosphetjg (Figs. 10f,
but with significantly larger magnitudes over the Northeast Pa&ificing DJF, we found a regional cool anomaly in the
upper troposphere off the coast of California, with a warm anomaly in the Gulf of Alaska during QBO W at 50 h#g (Fig. 9
The cold anomaly at 235IN may be seenin Fig. 10Khe vertical structure of QBO temperature anomalies is similar in both
the Atlantic region and off the coast of California, with a cold anomaly in the lower stratosphere (above 300 hPa) and warm
anomaly throughoutthe troposphere (Figs. 10dftkis implies changes in static stability, with a decrease below 200 hPa and
an increase above (Fig. 10i. For the Atlantic, hese anomalies during QBO W are accompanied by anomalous rising
poleward motioratwestern sectaand equatorward sinking moti@measern sectowith upwardanddownward motion
respectivelyFigs. 10g, h, k, DDuring DJF between 40°N and 50°N theNorth Atlantic, the climatological verticahotion
field exhibitsmarginal ascent over the oceanic eastern sector and marginal subsidence over the continental western sector (s
Fig. 2a of Schwendike etal., 201%herdore, QBOW at 50 hPa reduces the contrast betwbesescending and descending
branchesThe static stabilitypatternsover both the North Atlantic andNortheastPacificdo not show any consistent
relationship with the vertical wind field across all longitudes, as observed over the Northwest Pacific region, but during a
differentseason (JJA). It is also noted that both the temperature and stability patterns occutevésveompared to the
Northwest PacificA straightforwardnterpretatiorof changes in static stability and vertical motion is that they are consistent
with QBO modulation of the longvave pattern, rather than invoking a primary feedback role for static instability, such as
during JJA over East Asi@his suggests that the role of static stability in modulating vertical matiothsonvectiodepends
on regional dynamicthat vary across seasons

To better understand QBO teleconnections during DJF, we also examnihegraphid\H polar projectios (0°Ni
90°N) of GPH at50hPa, along witR00hPatemperature, MSLP, and precipitaBig. 12). Over theArctic Circle (> 60°N),
significant composite differensgQBO Wi E (P47 P8), areseen inGPHhjat 50hPg indicative of a deeper polar vortex
duringQBO W than QB (2"dcolumnFiglla). Thisannulamodestructurds part of the teleconnection pathwayginally
known aghe QBO stratosphericoute orH-T MechanismThelower stratospheritnjanomalieat200hPa aresomewhat
similar tothoseat 50 hPa GPHj(2"d column Fig 11h), consistent with @eeper and cooler polar vortdyring QBO W
M S L Rlsjo shows a low anomaly over the pole, but it is not significant (Fig. 11¢). However, the amplificatioAzuirése
High and reduction in rainfall over the North Atlantic during QBQGaY® significant (Figs. 11c, djheNAO and polar vortex
are linked byannulamodestructurs (Kodera et a].1999 Kumar et al.2022) The QBONAO teleconnectiomay result
from tropospheric eddies interacting with barotropic annular anomalies (Kushner 2010). This can rkgitlidimal
displacement atheSTJs(Fig.3b). Factors which can affectthe response include nonlinear interaction between #melSTJ
polar night jet(PNJ (Kushner and Polvani, 2004) and the presence or absence of strong zonal asymmetries (Gerber anc
Polvani2009).The relationship betweenzonal mean QBO anomalies associated with the QBO MMC and regional circulations

is complex, with distinctly differentresponses of the local STJs over the Pacific and Atlantic dur{kuDF et al,2022)
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However a detailednechanism fotheNAO- QBO dynamical teleconnectiam still unclear and needs to be exploirethe
future.

Forthe70hPaindeyair P51 P1 statistically significafBOmodulationis found in théNortheasPacific(Fig. 11,
right-hand column)The composite differend@BO Wi E for G P H njesmbureflectanyannular mode structuréhis may
argue against the-Fi mechanism but it is possible for annular modes to interact with the flow to yield a large ridge over the
North Pacific.lt is also highly possible that the PNA pattern is altered via the UTLS pathway, which leads to a stronger
Aleutian High. Climatologically, during DJRe Aleutian High tilts westward with height from the troposphere into the upper
stratosphere and mesosphere (Harvey and Hitchman T®@6yvavenumbeionepattern (3'columnin Fig. 11a), consists of
an amplified Aleutian Higover the Pacific and trough overthe North Atlantic. Althotightroughanomaly is not highly
significant, the Aleutian High anomaly iBhelower stratospheritemperature patterns at 28Baare consistent witGPHj
where a warm anomaly underlies tleutianHigh amplificationover the North Pacifiand a cold anomaly underlies the
trough over the North Atlanti®When the 70 hPa index is used during DJF one may also see a strongly amplified Siberian

610 High in the high latitude sect®°Ei 180°Eand reduced precipitation in Northern Eurasia (Figs. 11c, d, 3rd column).
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Figure 11. NH orthographic polaprojectiong10°Ni 90°N) of a) 50 hPa GPH, bT at200 hPg c) MSLP, andd) precipitation,showing

theclimatology andanomalieof compositedifferencesbetween QBO opposite phashisringDJFandneutral ENSO. The first, second,
615 andthird, columnsf each row represent the climatological mean, QBDE at50 hPa(P41 P8), andQBOW i E at70 hPa(P5i1 Pl),

respectively Black dots on thédoth composite difference plots highlight regions whstatistical significance exceeds 90%.

One ofthe possible mechanisnier the QBOT PNA teleconnection isnodulation of theplanetary wavérain
emanating from tropical convection centers altre@JTLS pathwayKumar et al.2024). They showed thanhanced EP
flux convergencén the high latitudesluring QBO Wat 70hPalncreasedaxtratropical stratospheric EP flux convergence

620 favoursalowindex annual modfor both the SH and NH (Polvani et,&010, Fig6 of Kumar et a|.2024).0ur results also
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support the idea th#te UTLS pathways involves modulation of renulamode whose primary responsganorth-south
displacement of the midlatitude jet in a dipole patt@fPlate 4 irKushner2001 and Fig. 4 Kumar et al,2024).

7. Conclusions
This study presentedlarief overviewof the GM systenusingglobal monthly mean ERA reanalysis datiiom
625 19791t02020. Wefocussed opossible teleconnectisbetweerthestratospheric QBO ardifferentmonsoon systesatthe
global scaldor neutral to moderate ENSO conditigimsthe absence of extreme El Nifio and La Nifia evé¥iésexplored
modulation of regional circulationduring two different seasons boreal summer JJAand austral summebJF.
Teleconnectionserefound tovary withseason, antb be sensitive tQBOphaseln boreal summer, the subtropical UTLS
cold anomaly associated with the MMC during QBO W enhances precipitation associated with the Asian monsoon, spreadin
630 eastward over the Northwest Pacific. We also faigdificantmodulatiors of precipitatiorpatternsn the NorthAtlantic and
NortheasPacificduring DJF
In the tropics dring JJA the QBO influencedeep convection anchodulaesthe WC QBO W at 50 hPa is
accompanielly enhanced precipitation near 1B%t the equator, which is connected to the region of enhanced precipitation
over the subtropical NorthwestPacific. Whenthe QBO W anomaly penetrates deeperin the UTLS (70 hPa index), precipitatior
635 is suppressed near 1B5at the equatomhis is to be expected in the presence of a large warm anomaly at the tropopause over
the Maritime ContinenfA route along theubtropicalUTLS was observed as modulatiofcirculations over thdlorthwest
Pacificby QBO MMC temperature anomali@gjichimpacted precipitatiom a largeregion extending from China to the
WesternPacific.lt is confirmed that QBO Vét50hPa bringseducedrecipitation ovethe YHRB region (Zhou at €]2024)
These features were not confined to this region alartlker, they extended across broader spatial donfirans,)apan tdhe
640 northwestern Pacific Ocea@BO Wat50 hPa favesa shift in rainfall from the tip of Japan eastward toward a diminished
Bonin high The opposite effects were observed during the QBO E phiasse patterns can be understood in terfas
regional response to zonally symmetric temperature anomalies associated WBCMMC in the subtropical regicthat
prevailed fromNortheast Asia tdNorth Pacific regiontogether with diminution of the Lagrangiawerturningcirculation
between reduced deep convection over the Maritime Continent and a reduced egbarakeopic Bonin HighFrom our
645 analysis we infethat during JJA over East AsiQBO MMC temperature anomalies around the tropopause in the subtropical
region affect UTLS static stability and modulate deep convection, rathemibdwlating synoptic wave interaction with the
STk
DuringDJF,QBO influence on convectian the tropical West Pacific is sensitive to QBO phiaste UTLS For
QBO W at 50 hPaonsistent with negative feedback on deep conve@isarm anomaly near the tropopause over Indonesia
650 isaccompanied by reduced precipitation over IndonesiaJeRQ60JE) and in the SPCZ, with enhanced precipitation near
the tropical date lin@nthecontraryfor QBO W af70 hPawhen the QB@Gnomalypenetratsdownward into the troposphere
somewhat farthethewarmanomaly near the tropopause over Indonesia changesdotw anomalythat iscompatiblenith
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amplifying the convectivgpositivefeedbacksThis leads to a "reversegitecipitation patterrwith enhancedraluesover
Indonesia and suppressealuesnear the date line.

During DJF, he presence @)BO teleconnection routes along thebtropicalTLS andstratospherigolar routes
wereevidenthrough the modulatioof precipitationin theextratropics. QBO modulation of tropical deep convection alters
the planetary wave train pattern emanating from the tropics to extratropic along therdffie8,than invoking a primary
feedback role for static instability, such as during JJA over EastlAgt@eNorth Atlantic region QBOW at50hPa favors
apositive NAQindex This, in turnenhances the anticyclonic circulatassociated witthe Azoredigh, resulting in a more
intenseNA jet streamand shifts the precipitation maximum westward towtaeleast coast of North Ameriaway from
around the Azores Higl@BOW at70hPapromotesapositive PNA phas, whichintensifesthe midlatitude northeastard
flow over the Pacific Oceaihisbrings above average precipitattonsoutherrilaska and below averageecipitation on
thewestcoast of the United Statékhe oppositeffectsoccurfor QBO E On the basis ahecurrent analysist is difficult
todiscern thexact mechanism for these linkages most analysis focused on phenoaiagical descriptios. Howeverthe
QBO-NAO linkage may be understood in termtb&€H-T mechanism associated with the QBO polar rothie NAO and
polar vortex hava stronger dynamical connectigodera et al.1999, Kumar et al.2022) A deeper polar vortex was
observed for QBO W than QBQ Effecting thennular mode structurAnother possible mechanism for this linkage may be
QBO displacemenmftheSTIsTheQBO-PNA linkage maye due tehanges in theattern oplanetary waveadiation along
great circle routes from seasomabnsoon systeraonvective centergia the UTLS pathwaywith enhancedEP flux
convergence in the high latitudes (Kumar et2024). Furthedetailed investigations are necesdarynderstand thprecise
mechanismmoperatingn the QBO-NAO and QBOPNA teleconnections
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