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Abstract. This study investigates the influence of teatospheridQuasibiennial oscillation(QBO) on global monsoon
systens and their extratropical teleconnectiomsing42 years (197982020) of monthly mean ER/ reanalyseslata.QBO

modulation of precipitation and circulation variables is examimethe

separately fodune, July, and AuguslJA andDecember, January, and FebruddJi). It is found thalQBO teleconnections

act primarily by modulating regional circulatiorBuring JJA,QBO westerly (W) at 50hPacoincides with an intensified
Pacific Walker Circulatio (WC), with enhancedtainfall over the Maritime Continent aridssover theWestern Pacificln
the Northern HemispheregNH) subtropcs for the sameQBO W, the anticycloric lower troposphericirculationin the
NorthwestPacificis reducedwith rainfall south of Japashifting eastwardDuring DJF, QBO teleconnectioswith theNorth
Atlantic Oscillation (NAO) and the Pacifici North America (PNA)patterrs are observed QBO W at 50 hPapromotes a
positive NAQ with arhieh enhancds-the—anticyclonic—circulatiorassociated—withthe Azores High, a resulting—in—-a
strengestrongeNorth Atlanticjet streamanda westward shift in precipitatidowardthe-eastceast-dforth America While
the As-QBO-phaseprogres®BO W at 70 hPapromotes a positive PNA phase with a trough over the Gulf of Alaska and
ridge over the EasternPacific This promotesnortheasvard flow into Alaska andaboveaverageprecipitation with less

reduced precipitatio@longthe westcoast of theUnited Statesin each of these examplebgetopposite effects observed
during QBO easterly(E) relative to QBO Wsuggesting-the-dominance-of linearitydBO-modulations

1. Introduction
The global nmnsoon(GM) is a largescale circulatiorsystenmwhich helps to control the distribution pfecipitation

in low- and midlatitudes It respondgo the annual cycle of solar forcimgdenergy budgetéBordoni and Schneider, 2008;

Biasuttiet al., 2018; Geen et al., 202aindis influencedby continentalscale thermal contrast between land and ofean,

Chang et al. Eds2005 Krishnamurti et al., 2013)n the GM system specific featuresf the underlying surfacéncluding
theland-ocean distribution, topographgnd oceanic circulatioplay key rolesin contributingto regionadifferences observed
among monsoon syster(#ang and Ding, 2008; Wang et al., 201Based o the tming of thewet seasorthesummerGM

can be classified into two mamodestheboreal summemonsoonJune, July, and Augudtereinafter JJAIn the Northen



35

40

45

50

55

60

65

Hemisphere (NH}yubtropics andthe australsummermonsoon(December, January, and Febrydrgreinafter DJF)n the

Southern Hemisphere (SHubtropics(An et al., 2015 During JJA th&urtherat-theregionalsealethe-summeiGM-is

categerized-isix-dominantmenseon-systemsinthe-wplltreeprimary regional monsoon systeareNorth African, Asian,
andNorth American while during DJF they aie-NH-during-JJA,-andouth African Australian, and South Americam-SH

during-DJF These regional monsoons are not independent butddyaamical linkage among them via prevailing wind

patterns (Meehl, 1987) In thepast fewdecadeshere habeen a series a&searctpublicationsand review articlesn-the
GM-which describethe complexity of the5M system(e.g.,Chang et al. EA005 2011, 2016 2020 Yoden et al., 2023

Hoewever-the-GMs-acomplexsystem-and-lts variability across different time scales has a profound societal and economic

impact on nearly tmwd hi r ds of t h e . Thus,rstudyidgs variations unl ttee tGM system across subseasonal,

seasonal, interannual, and decadal timescales is esdentiaimprovinge knowledge andorecastingskill. Forecasing

variations in GM dynamics across different time scales renwinendgng—due-tothe-highly-complexcharacteristicnf
teleconnections-with-various—atmospheric-eireutatiddnderstandingriterannual variabilityof the GM systenpresers a

significant challenge to the scientific commuyniAn improvement in understanding would directly bethsdicietythroughan
improved ability to forecast regional and seasonal climate anomalies
On interannuatime scales, the GM systemis alsoinfluenced bythe stratospheric quagiennial oscillation (QBO)

andthe El Nifio Southern Oscillation (ENSO) The QBO carinfluenceglobal monsoon structuregda mean meridional

circulation (MMC) cells by modulating theupper troposphere and lower stratosph@i&LS) directly, or through the

stratospherevia annular modes:. ENSO can influence the GMby modulating the distribution of SSTs atrdpospheric

circulation. Through modulation of tropical convective centdrsth the OBO and ENSO can modulate the Rosshy source

term (Chapter 8, James 1994ind therefore modify cliatological structureassociated with stationary Rossby wave trains,
including the PacifieNorth America pattern (PNA) and North Atlantic Oscillation (NAO).

ENSO is a major driver of global teleconnectioifsooley and Parthasarathy1984 Shen and Lau, 1995;
Krishnamurthy and Goswamy 2000; Yu et al., 2021 i }
and-may-vary-with-the-timscale-Over the Northwest Pacific, ENSO significantly modulates regional atmospheric circulation

and associated precipitation patefWang et al., 2024)As a remote teleconnection with tNerth Atlantic, ENSO induces

variability in the NAO, leading to shifts in the jet stream location and stremaithylating weather conditions acrdésrthern

Europe and th&astern United States (Hurrell et al., 20d8)the Norh Pacific, NSO anomalieshodulatethe PNA pattern,

where La Nina favors more precipitation in Alaska (Wendler et al. 2@hdE| Nino favors more precipitation in California

(Jong et al. 2016).Recently, Yu et al. (2021) demonstrated tlatinterannual timescales, the Indiansummermonsoon
exhibits astrengsignificaner relationship with ENSQOw nveakBespite
extensive studies on the teleconnection between GM dynamicsiefiade atmospheric circulatigristerannual variability of

the GM is still uncleay andfurtherresearch imeededo improveunderstanding

{QBO} is a regular dynamical featuod the equatorial stratospherethe-layer=10-100-hPg-in which alternating layers of
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easterly (E) and westerly (W) winds descend in time, withnge irperiodicity~of 24-32 months(Baldwin et al, 2001) The
influence of the QBO is naonfinedto theequatoriaropical strabspherebutcan extend down to the surface across the entire
globe throughtwothree primary pathways,deseribedas the tropospherit TLS pathway and stratosphede pathwag
(Hitchman et al. 2021 Fhese-two-pathways-eanbBO meanVIMC modulate théemperature structure of tiwpical and
subtropical UTLS in an antiphased sensbere descending QBO W is associated with a warm anomaly in the tropics and

simultaneous cold anomalies in the subtropical UTLS of both hemispheres (Hitchman et aM@@Ri3ation of tropical deep

convection can altethe planetary wae pattern radiatin@long the UTLSinto the extratropics.Direct modulation of the

subtropical westerly jets (STJ&p QBO MMCcaninvolve feedback with synoptic wavesthis part of the UTLS pathway

is often studied separatela s t he s ubt Haymes et all (202 Igassif ehesepathwaysinto -the tropical,

subtropical, and polar rées T h eJTLS pathway refers toQBO modulatbn of the tropicsand subtropics with effects
propagatingalong the UTLS into the extratrgics, altering planetary wave patterrend jetsby-directly—affecting-tropical
1 I 1 i SHhd -e= \Ma\e and " .-,".- ato here

- :Kumar et. al, 2022 2024)and therefore regional GM circulatioAhe-tropical-and-subtropicalpathways

atosphere

aly in

The fistratospherigp a t h woapolar route, connects tihe surface via the winter stratosphetiéhe polar route

stratospheric-pathwanvolves QBO modulation of planetary Rossby wave propagation by changing the stratospheric QBO
MMC and position of theerowind line. This pathwayis-knewn-asgives rise tcdi Ho I-Ttaonn e f f €l effect (Holtor H
and Tan 1980; 1982)vhich operatesluring boreal wintewhen westerlies exist in tipolar stratosphere, QBO Eat 30 hPa

favors a disrupted polar vortex, and therefore a weak Northern Annular Mode (Al#dvtjcreased midlatitude surface cold

air outbreaks (e.g., Kumar et,&022).In the subtropical route, when a QBO MM@Etternarrives at the tropopausegiitses
antiphased-temperature—anomalies—in-the-tropics—and-subtropics;—altech the medional temperature gradienand
consequentlyv-henecethe distribution of zonal windoy the thermal wind law The resultingchanges irstatic stabilityand

wind shear irnthe UTLScan affect deep convectid@iorgetta et al. 1993Collimore et al.2003,Nie andSobel, 2015)The

resulting QBO zonal wind anomalies can influence thesSWdich can, in turn, interact with synoptic asetplanetaryscale
waveeddieswhich originate in the extratropi@and dissipate in the subtropi@Sarfinkel and Hartmann, 2011; Inouand
Takahashi, 2033Haynes et al., 2021 In the tropical routedynamical andhermodynamic modulation of theopical UTLS

by theQBO MMC is directly linked to the surfaeegionthrough modulation ofleepconvectionandits organizationGray

et al., 1992, 1992h Collimoreet al., 19982003; Kumar et al., 2014;ee et al.2019;Hitchman et al.2021;Haynes et al.,
2021).QBO modulation of deep convective centers can modulate the planetary wave trains which emanate from them, with
poleward energy dispersion along the UTO®is can, in turn, modulate regional circulation features in the extratropics,
including theNerth-Atlantic- Oscillation NAO) andPacific- North-AmericaPNA) patterrs. Information abouBO phasecan

be used tamproveENSO predictior{Rodrigo et al., 2025)
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QBO modulationof deepconvectionin the tropicafoutemay play a substantial role in tropical rainfall and global
circulation, potentially influencing forecasté weatheraround theglobe(Collimore et al., 2008 Gray et al. (2018ybserved
increasedorecipitation inthe tropical Western Pacifiazvhen therdés QBO W at 70hPag particularlyduring boreal summer.
They also noted that the band of precipitation across the Pacific, associated with the intertropical convergence zone (ITCZ)
shifts southwardn thesubtropicakoute the QBO may directly influence rainfafl thesubtropicsFor example, whe®BO
E occus at 70hPa the East Asiais Tk weakens and shifts polewandeakeling theEast Asian winter monsoqiMa et al.,
2021).

The effects of the QBO on rainfall wifferent parts of the globe, particularly within the tropical and subtropical
regions, have been examinedsmmeprevious observational studies (Seo et al., 2013; Gray et al., 2018; Ma et al.,|I2021).
addition, several numerical modetl studies have been conducted to explore modulatiominfall patterns bythe QBO
(Goswami, 1998Giorgetta et al., 199Bronnimann et al., 20d6However, some contradictions have been observed among
the numerical modedtudies In ageneral circulation mode{SCM) experimentGiorgetta et al. (1999) found thite boreal
summer monsooddAis significantly influenced by the QBWith the lessprecipitation over th&/esternPacific during QBO
W but more ovethe Indian Ocean On the other handBronnimann et al. (2016)id not find significantQBO effects on the
Indian monsoon iritherobservatios or coupled ocearatmospheriechemistry climate model simulations.

Recently Yoden et al. (2023) reported new observational aspsovf QBO modulationinef the GM system,
highlighting modulation of lowpressure cyclonic perturbations over the WdsternPacific duringJJA and EasternPacific
during DJF. However, this study does not provide ardapth view of the QB@ssociation withthe GM systemfrom both a
phenomenological and mechanical perspectinea very recent study, Kumar et al. (2024) demonstrated teleconrgection
betweenthe QBOand regionakurface climate in Eurasia and North Ameréiaing boreal winterThey proposed aew
teleconnection pathway via the UTLS region to the Hagliude surface, independent of theTHmechanism.Both studies
suggest that the role of the QBO in modulating surface weather regimes from theialpegiionsto the polar regions cannot
be ignored.Therefore further systematiowork is needed to diagnose ti@@BO teleconnection pathways, which vary on a
seasonal and regionadsisand by phasef the QBQ

QBO teleconnectianwith the tropospheric surface via the different roulesussed above display pronounced

zonally asymmetriéeatureand sensitivity to its vertical phasedidmore et al.1998;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 zonamean wind shear as an inde@ray et al. (2018) noteithat during

JJA precipitation ovethe tropicaMWestern Pacifiexhibitsma x i mum sensi t i vi t yOrntheotieBandwi n d
Zhou et al. (2024) observed that precipitation over the Yangizaihe River Basin (YHRB)uring JJAis sensitive to QBO
winds at 50 hPa

During DJF, the 50 hPa QBO index has been extensively used to assess changes in the NANheiehEnics, in

order to evaluate its modulation of ratitude surface dynamics. Recently Kumar et al. (2024) used the 70 hPa QBO index

and described a telecoection pathway via the UTLS to the Eurasian and North American surface that is independent of the

4



135 Hi T mechanism. The present study uses 50 hPa and 70 hPa QBO indices, since these levels exhibit the most consistent ph:

relationship with QBO phase in the UTLS, and are compatible with most previous sfitliieBO signal in tropical

precipitation exhibits significant zonal asymmetries at a regional €6edg et al. 2018GarciaFranco et al. 2023/oden

et al. 2023). Garci&ranco et al. 2023 found much larger QBO differences in precipitation over the otieamsesent

study is intended to provide a firstep global perspective by identifying regions where the QBO signal is most evident

140 in the zonallyasymmetric GM circulation systems.
The phaseof Alse—the-ENSO eventscan enhance or diminish thdireethr-influence theQBO MMC,—tropical,

subtropicatandgarreute{Kumar et al.2022).The new teleconnection pathway observed by Kumar et al. (2024) was found
to exist only during the neutral phase of EN®@itherEl Nifio norer La Nifia).Yoden et al. (2023 iseexcluded extreme El
Nifio andLa Nifia events to avoid contaminatiogfrom them. | TFhereforein this study we will alsofocus ontheneutral

145 ENSO ESNO-times in ordeperied to extracthighlight the-QBO effects on GM system and regional circulatiand
precipitationpatterns-foeusing-en—+egionfrom tropical to extratropicdhtitudes(60°S60°N)-where-monseosirculatiors
have-a-strong-influence-on-precipitation-and-wind-patt®otential routedy which the QBO connects with the GM system

will beinvestigaté, focussing orchanges associated wgpecific QBO phasga| . Separate analyses are presentedddn

150

2. Data and methodology
2.1 Data
Monthly mearERA-5 reanalysis dattor the42-year periodl979- 2020(satellite era) arasedto analyzethevarious
155 meteorologicalvariables-suehzonal and meridional wind (U, V), vertical wind (Wiyergence of horizontal windpecific
humidity (g),aremean sea level pressure (MSLR)dgeopotential heighiGPH). ERA-5 offers several improvements over

its-precedingERA-Interim-version-{Hersbach-et-aR020) havingas-itis benefited from a decade of developmetin core

dynamicsandmodel physicsHersbach et a12020) AFhe-assimilation of a much larger number of reprocessed datasets has
improvedERA-5 reanalysis productshich-is-considerable-inthe-tropesphdrethis study, a double prime superscript for a
160 given meteorological variablése eepresentsle-seasonalized anomaliesr —its-deviation fromthe climatologicalseasonal
meananndal-cyelen the 42yeas data sahe-42yearsclimatological-meanforthatmenth Vertical wind sheaof the zonal
mean zonal winddU/d2) is calculatedising centeredfinite differendng.
Monthly mean values of@utgoing longwave radiation (OLRpenthly—dataaretakenvere obtainedrom the
National Oceanic and Atmospheric Administration (NOAA) (Gruber and Krueger)1984study the monsoon patterns,

165 precipitation(P) dataweare usedobtainedrom the Global Precipitation Climatology Project (GPCP) version 243 ch—Fhis
merged-data-s@corporates precipitation estimafesm surface rain gauge statiotsy-orbit satellite microwave datand
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geostationary satellite infrared datsm a2.5° 2.5°(latitude longitude global grid(Adler et al, 2003; 2018)This dataset
providesan overviewadefinitive-deseriptiorof global monsoon rainfall patterns ovasth land and ocean

SST datanxere-areobtained from the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) v1.1
(Rayner et al., 2003) aradeused to calculate the monthly Nifio 3.4 indexidentifying extreme ENSO events. These events
are defined using deeasonalized data over ayar period in the Nifio 3.4 region (5°BPS, 120°W 170°W).Any month is
considered to be an extreme EI Ni fo or La Nifa period w
El Nifio; : La Nifia) ; \Wwe obtained 395 neutral, 57 El Nifio, and 52 La Nifia months. This study focuses on the 395 neutral

to-moderatamonths only and alltheanalysis isconductedat2.5° 2.5° resolutionspanning 60°S to 60°N

2.2 Methodology

A QBO stateis defined inatwo-dimensional phase space using the first two principal comporie@isshdPC2) of
the deseasonalized zonalean zonal wind variations in the equatorial lower stratosgieveeen 10 hPa to 70 hPAallace
et al., 1993) Figure S1 in supportive information (hereinaftéy §hows the vertical structure tifefirst two leading EOFs
along withscatter plotsn thePClandPC2 phase spackr all four seasondDJF, March April, and May MAM), JJA and

SeptemberOctober and November§ON). The QBOdtate is represented ke phase angleP <=|= . It—: , Where

PClsand PC2sarethe principal components wittespect to the centroid of all data poirtitatk + marker in Fig.S1). 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 phada this studywe divide QBO phasento the followingeight45° angular bins phase 107 45°),
phase 24571 90°), phase 39071 1359, phase 41357 1809, phase §18071 2259, phase §22571 2709, phase {2701
3159, and phase @157 3609, hereinaftedesignatedPl to P&Hitchman et al., 202, Yoden et al.2023.

Figure 1 shows vertical proféef the composite meainf deseasonalized zonal meaonalwind at the equatofor
each of theeight phases separateburing JJA(a-d) and DJF(e-h). Each subplot contains twarofiles corresponding to
oppositeQBO phasest thecentral angléP. (i.e., P, andPu J , shownin redfor P1 to P4and bluefor P5 to P8 The
composite difference between the opposite phasgtsown as a black dashed line (Fig. 1).0p@n circle on the right-gixis
indicates that theomposite differencéor a givenlevel isstatisticaly significart (90%), using atwes i ded Stestdent
with two independent samples in each ph8secessive downward phase propagation of QR@RBO E) phase can be seen
from P1to P4 (P5 to P8) between 2thPaand70 hPa.Most of the majofeatures of QBO propagation asenilar in the two
season$or each phase paiFig. 1).
However, wA/hen QBO winds maximize at 70 hRéh the opposite phase at 20 hitree profile of PAP5 is different above
6.3 hPa for JJA (Fig. 1a) and DJF (Fig. 1elrther, it is also noteworthy treadd the magnitude of RP5 in the lowest
stratosphere is diminished during DJF. At 70 itRa whiskers are clearly separated in the JJA profile (Fig. 1a), but overlap

in the DJF profile (Fig. 1e)Kumar et al.(2013)showedthatthe tropopause height is at a higher altitude (~ 90 hPa) during
DJF compared to JJA (~ 110 hRa}e also Reid and Gage 198Spggesting-that-the-highertropopadse-during-BJdFmay be

Rhibiting-deepepenetration-of-the- QBO-signtid-the-tropospherdNote thatDJF is a dynamically active seasionthe NH




200 (andduringSON in the SH with westerly winds permittingpward propagation of planetamavesinto the stratospheland
the possibility of the HI mechanismAlso;-the deep convection penetrates higher over Indonesia duringsDJfzthecloud
tops wouldi—p—o-k—-e—u-pxterd ihighkirta QBO thermal anomalies associated with the MM®Bich can modulatepper

tropospheristatic stability Hity- forFurthermore, the pattern of convection is more symmetric about the
equator during DJFsubject to the tropical QBO UTLS anomafyomthismechanisiinese considerationene might expect

205 thesignificantQBO effects during DJfer-the- tropical-route the tropics i ; ic

jdnaring JJA convection shifts northeastward to Southeast Asia from the

Maritime Continent and northeastward from Brazil to the Gulf of Panama, both in the subtropics. ThusJducimgyvection

in_the sibtropicsis subject to the opposite sign @BO UTLS thermalanomaly compared to the tropics. Keeping this

210 antiphaseadonal mean patterin mind will be helpful in diagnosing QBO influences during JJA compared to DJF.
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Figure 1. Averagevertical profiles of zonaiean zonal wind) acamomaliedor eachof theeight phases P1 to P4 (red) and P5 to P8 (blue)

along with composite differences betweabhaseQBO opposite phases (black dashed Ifne)JA @-d) andDJF(e-h). The whiskers denote

+ one standard deviation for each composite phaseqrangen circle is plottedn theright y-axis if the composite differencatthat level
215 exceed90% statistical significase The btal number of sampkfor each phase is written at the bottom left corner in paciel
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Based on our previous survef/rmodulations of the GM systeby QBO phasd€Yoden et al., 2023}his study will
focus on the phases when QBO anomaligisein the UTLS regionsseparatelyor JJA and DJF. Rwith+esultsarepresented
for the composite differened?4i P8 QBO Wi -QBO-E at 50 hP}-as-well-asforandP51 P1(QBOW i QBOE at70
hPa) For an easy understanding of the QBO signature in the GM system, it is essential to grasp the fundamental dynamics ¢
the GM system; therefore, we wiitst discuss its climatologigriefly in the next section.

3. Climatological cycle ofthe GM
Figure 2 provides an overview of the-y@ar zonal mean and naonal climatology of the GM system in precipitation

andP)-togethemvith-thewinds -patterns{UY-at 950hPa -andshowingresers theannualmean JJA mearboreatsummer
monseen)JA-andaustralsummermonseerDJF mean and JJADJFmeanstrueturapatternsseparately Fhis-climatologyis

ereatedusing onlyneutral ENSOmonths _ Fheisteolumnrepresents-the zonal-medructureof [{Ul(selid-tine)and-f\V]

of seasonal variations in global monsoon precipitation, a phenomenon extensively examined in numerous previous studie
(Wang and Ding, 2008ordoni and Schneider, 2008; Biasutti et al., 2018; Geen et al., .ZThiSfigure is an updated

version of Fig.3 of Yoden et al(2023, showinga wider latitudinal domain from 60°S to 60°N, andincludingwind patterns

in the boundary layer &50 hPa
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Figure 2. ERA-5 climatology (19792020)of precipitation(P) and horizontal winds (U, V) at 98@Pa using onlyneutral ENSQmonths

The Istand 2ndcolumrs showlatitudinal profiles ofzonal mean zond4U] (solid line) andmeridional [V] (dashed lineyinds, andzonal

mean precipitatiorfP], respectivelyThe 3rd columrshows chartef precipitationP (color bar)along950 hPawind vectors Fromtop to

bottom rowsshow results for the climatologica) annual mearh) borealsummemonsoon(JJA), c) austral summer monsod®JF), and

d) the composite differencBJAT DJF, respectivelyln d), a positive value (golden color) denotes enhapeecipitationduring JJA relative
to DJF, and a negatiwalue(green color) denotes earftedprecipitationduring DJFrelative toJJA.

Seasonal ariationsbetweenlJAandDJFcan be clearly sedn thezonal mearandgeographicallyaryingstructure
of precipitationand horizontalwind vectors Notethere isvery little shift in the ITCZ in the Pacific, but the latitude of the
zonal mean maximum shifts fr@aseasenal-shifbf-thelFCZfrom ~ 7°N in theannualandlJA averageto ~10°S in DJF
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(Fig. 2, 2nd columi). _Vigorous convedbn over Brazil and the South Pacific Convergence zone contribute strongly to the

zonal mean in DJFEIn the composite difference JJA DJF pane] [U] and [P] showroughly antisymmetric profiles with

respect to the equator, where¥$ig rougHy symmetrig describing the annual cycle responses with ayedf time difference
between the two hemispherasd the asymmetry of the Hadley circulatatnhe solstices

The composite difference chart of precipitation and 950 hPa winds (Fig. 2d) highlighfgominent regional
monsoonsystemsver the globeDuring boreal summemonsoonlJAin the NH, heavy precipitation is associated with t
North African, Asian, and North Americamonsoons(Fig.2b, goldenshading in Fig. 2d Thesemonsoonprecipitaton
patternsare associated with dominant largeale wind circulationsThe northward flow in the boundary layer associated with
the Hadley cell occurs in preferred longitude bands, including promaressequatorial windover Indonesia, over the
western Indiat©cean(which feeds the Somali Jetiver theEasterrPacific, andEasterrAtlantic Oceangseach of which brings
moisturetoward heavy precipitation regioatng the ITCZ (Fig. b, d. The North Atlantic and North Pacific are dominated
by large surfacenticyclores, whichgeneratdess precipitatiotout transportmoisture clockwise from the subtropics, creating
a band of higer precipitation to the northwest of the anticyclones (Fig. 2b).

The monsoon circulation durirsgsstral-summedJF also exhibits a longitudinal preference for cregsatorial flow
in the boundary layer toward the summer hemisphere, notably WeiseernPacific andWesternAtlantic, which feed into
regional precipitation maxima over South Africa, the Amazon, and a band stretching from the SoutC&aedigence Zone
(SPCZ) in the Southwest Pacific across the Indian Ocean (Fig. 2c). fEggeeal precipitation maximare highlightedoy
greenshadingin the JJAI DJF difference plot (Fig. 2dAs in theNH during JJA, large anticyclones are prominent over the

mid-latitude Indian, Pacific, and Atlantic Oceans of 8t¢during DJF which help feed moistungoleward on their west edges,

creating thin midlatitude precipitation maxima poleward of the anticycl@ssonatharacteristics abthermeteorological

variablesare shown in Figre S2 ef-ShHn{a-g)}panelsas JJA T DJIF compeositedifference for (b)-OLR, <€) upper
tropospheriB00 hPaspecific humidity-g—at-300-hPg (6)-SST,{e}MSLP and 950 hPa winegth—{J.\)-at950hPa

variation-ofthe-precipitation-fieldDeep convectie featuresappearasoppositesign peaks of OLRdifferenceacross all six
regional monsoon systenisig. S2h) Seasenakthangedn-300-hPag-and are-nearynti-symmetricaboutthe-egquatar

higherpreeipitation:A moredetailed descriptionn the climatology and seasonality of all these meteorological variables can
be found in Yoden et al. (2023)
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4. Zonal mean seasonal structure of QBO

Deseaonalized anomalies ziinalmeanzonalwind andtemperaturdoetween 665 to 60N, binnedusingQBO W-

E pairedphaseindicesat 50 hPaP41 P8)-, are useth-orderto investigate theseasonal dependency QBO dynamlcal
teleconnectios: i

WM%WW%WMPS

The antiphasgpattern of vertical motion between the tropics and subtropics associated with the dvihd@iiested irthe

UTLS temperature anomaliesjch thatQBO W causes a tropical warm anomaly and subtropical aotinalieFig. 3¢ d).

This is more evident during JJA the subtropics (Fig. 3c), but more evident during DJF in the tropical troposphere (Fig. 3d).

From the thermal wind law, integratingward througlthe meridional temperature gradients associated with these anomalies

yields horsesheshaped structures in the QBO-EVzonal wind anomalies (Figs. 3a, b).

During JJA thisarchlike structure is absent in the NH subtropics (Big). This is the location of tretrong upper

tropospherieasterlies associated with the equatorward side of the Southeast Asian monsoon duknghlda&ngurti 1971)

This shows that the Tibetan High and its associated eastemiayjatot significantly affected by the QBQHowever, note the

cold anomaly in the UTLS near &0, which canact to reduce static stability above the deep convective center located over

Southeast AsiaHig. 2b)during QBO Wat 50 hPa Note thatle corresponding cold anomaly in the SH, acts to shift the winter

subtropical jepoleward during QBO W (Fig. 34
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During DJFthere is a cold anomaly in the tropical tropospliereQBO W at 50 hPa (Fig.d3. From the thermal

wind law, this implies enhanced, equatorwalidplaced subtropical jetgear 20, asare seen in both hemispheres (Fig.. 3b)

The MMC near 30 hPa is greatly amplified, extending well into the winter hemisphere, cadamg s&arm anomaly near

40JN (Fig. 3d) Previous studiehaveshown a stronger extension of QBO MMC into the winter hemisphere (Randel et al.,
1999: Kinnersley, 1999; Pei@artiz et al., 2008Hitchman et al., 2021; and Kumar et al. 20Z)is implies a weakening of

stratospheric_westerlies nearJBD during QBO W, as seen in Figh.3 The warm anomalynear 40N is downwelling

companion to the upwelling over the equator which underlies QBgls& implies a strengthening of the polar night jet near

60JIN during QBO W, as seen in Fig. 3fhis is a visual representation of the Holban effect, where QBO W is correlated

with a stronger pair night jet.

especially-during-BIFig—33d)—QBO W at 50 hPamplies a warm anomaly near the tropical tropopause, which lowers the
tropopause and stabilizes the upper troposphere, thereby reducing deep convection over Indonesia during NH winte
(Collimore et al., 2008-anrdweakening the Walker Circulation (WCY4sunaril99G Huang et al., 2012; Hu et al., 2012;

GarciaFrancet al., 202), and causing warm anomaly throughout the troposphere over Indonkkiagin et 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 e is also significant modulation of the Sabsl

polar night jetby OBO MMC. These results gigestthat both thestratospheri@and UTLS routesfor QBO teleconnections

operate simultaneouslyn addition tothe Holtorn-Tan mechanism during D i j

A
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oler bar) and

ivelyTheviolet cross hatching

indicates regionsf statistical significancéess than @%. The yellew-andcyan dotted line separate regions of fine and coarse contour

ively Horizontaldashedinesindicate the20 hPa(dotted) 50 hPa(dashed)

and 100hPa (dotted)levels.The climatological cycle of thekind for the period 197®020 is also shown as gray contour lines over the

355 Unj
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Figure4 showsthe sameseasonateridionalstructureo f

W1 E at70hPa (Bi P1) phase

—During both JJA and DJF one may sdandamentahetri-

with the subtropics antiphased with the

pole pattern in temperature anomalies along the subtropical \HiES-4g:-h-k)
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he anomaliegan extend deep into the troposphewath considerable differences between the two

seasons During JJAthis somewhat complexemperature anomaly patterndassociated with an equatorward shift in the
subtropical jet in both hemispheres (Fig.,4ehile during DJFit is associated with a poleward shift in both hemispheres (Fig.

tropics (Fig. 4c, d).

o 25
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[mis]

ubtropics (Figs.

jetsN®Idsthat moderate QBO

anomalies in temperature and zonal wind are found throughout the troposphere, which can affect surface weather.
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Figure 4. Same as Fig, butfor QBO Wi E at 70hPa(P1i P5) and forizontaldashed is plotted fofOhPalevelP5{QBOW-at70-hP3-and
P1OBOE at 7thP).

The subtropical and extratropical tropospheric responses depend on season and phase of the QBO, with interestin
differences seen even between using 50 hPa and 70 hPa as index levels (compare Figs Farexafpleduring DJF and
375 QBO W at 70 hPa, a significant cooling anomialylso evidenin the lower troposphere poleward of*B0(Fig. 4}4d). This
confirms the recent finding of Kumar et al. (202dyarding aaew-QBO teleconnection pathway for these cooling patterns
via the UTLS region to the higlatitude surface which is independent of thel HnechanismBased on this zonal mean
analysis, QBO dynamical teleconnections with tropical, subtropical, and polar regions vary with the seadonsaadd
propagatiornof the QBO anomalies. Additionally, the characteristics of QBO anomaly patterns in any latitudinal zone may
380 differ with geographical locatiorSince the monsoon system is linked to the distribution of land anduseainceit-the

climatologicalpatternsassociated with emanation of planetasgve trains are fundamentally zonally asymmetric, sucheas t

PNA and NAO patternsye nowfocus onthe geographical variation iBO 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 tovisualizeregional effectsof QBO dynamicalteleconnectiosin the GM system we investigatedhe
horizontal distribution ofhe QBO signaanemaliesn precipitation and surface wirdroppositephaseofthe-QBOduring
theboth-JJA and DJKFig. 5). The index pairs P4P8 (50 hPa index) and P5P1 (70 hPa index) are of interest since they
are associated with significa@BO anomaliesrriving in thetropical and subtropical UTLSFhetop-rowrepresentshe

omposite-differenc®BO-\A of precip ohanomaliesoverlainwith-sian LU /" differencearrow O50hP

in thecomposite differenceexist at continental scale in the equatorial, tropical, and extratropical regiicisare related to
modulationof regionalatmosphericirculations for both seasons in the seasonal mean fields (Figs.c2, one may observe
asystemati@associatiorbetweerprecipitationmaxima and convergence in anomalsugace wind pattern3he differences
amongthe four panels in Fig. 5 illustrate that regionalmonsoonsystem respons® the QBO is sensitive tooth seasoa

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 UTR8trgJJdA-andpplying QBO-Wi-—E-atthe 50 hPaQBO index{P4

P8for JJA-Fig—5a}, one may seenhanced precipitation nearJ®Din the longitude band90JE - 180JE during QBO W(Fig.

5a) This is compatible witthe UTLS cold anomaly in the rising branch of the QBO MMC seear 20N in Fig. 3c. At the

equatorthere isenhanced precipitation near IB5and reducegrecipitationnear80JE and T0JE (Fig. 5a). The eastvest

dipole pattern modulates deep convection in the tropical west Pacific, which in turn affects the Pacific cell of @eeWC

may interpret the pattern in Fig. 5a over the subtropical Northwest Paciit agshaped maximum during QBO W which

on-leadina-to-chanae N Nnracin olsiptrop eolon ore mpla nhara more N NMNMerthwestio

during-when-there-are-QBO-WBH-hPa{Fig-5a)This represents an eastward shift in 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
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preferentially occurs in th&angtzé Huathe-River Basin{HRB) during QBO Wat 50 hPa We will provide a detadd
analysis of this point in a subsequent sectidme composite difference QBOME at 70 hPa (RP1) for JJA during-NH

summermonseentdAdoes not show any significaalterationsanomaliedn precipitation or wind vectorsnd-only-displays
minor-scale—variations(Fig. 5b) However, reduced rainfall occurs over Indonesia during QB@tWO0 hPawhich is
compatible withthe QBO UTLS warm anomaly over the equaseenin Fig. 4¢

{a) Precip” & (U", V")

Tnmiday]
3

Latitude

oo 45 a0 135 180 225 270 315 360, 07007 45 90 135 180 225 270 315 360
£
i -0
vectors@e50hPa for PS5 - P1 with confidence 90%
e T T

{c} Precip” & (U’ a for P4 - P8 with fa Dec Jan Feb
B T e o i = ety 3

Latitude
s

R 45 90 135 180 225 270 315 360 0700y 45 90 135 180 225 270 315 360
Longitude Longitude

Figure 5. Longitudelatitude sections of QBO composite differences in precipitation (color bar) and 950 hPa horizontal winds (vector length
shown in center insefpr QBO opposite phagaairs, for (ab) JJA and (ed) DJF. The leftolumn represestQBO Wi 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 panel. \d anomalieqU", V") are plottedf either componerit statistical significance exceeds 90%olet crosshatching
indicates regionef 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 SPCZoutheast of Indonesisia significant zonally asymmetric region of-effuatorial heating during

austral summer.The QBO W warm anomaly in the UTLS over the equator, obtaikising the 50 hPa index (H28),is

more robust than during JJA (compare FRgsand3c). This is accompanied by reduced precipitation over IndorieS@E

switches-sign-with-lessprecipitation-overtndondsimagreement with previous results (Collimore et al., 2003; Tegtmeier et
al., 2020; and Hitchman et al., 202X)BO W 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. ClB8®¥tent 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 structured{Ei). As shown by Collimoret al. (2003), and discussed further

below, here is locaknhancement of thearm anomaly in the UTLS over Indonesia during Delimpatible with the concept

that convective positive feedbacks can amplify the response to QBO UTLS temperature anomalies.
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During DJF, when the 70 hPa index {Phk) is usedihe equatorial UTLSzonal meanwarm anomaly in the

troposphere seen in the 50 hPa index (Fig. 3d) becameklanomalyin the upper troposphef€ig. 4d) With the pattern

of OBO MMC penetrating downward into the troposphemmewhat farther, in thishaseprecipitation is enhanceover

Indonesia and suppressed near the date line (FigThd)response of coneon in the tropical West Pacific during DJF is

higheramplitudesDJdEThereis anenhanced anticyclonic circulation in the lower troposphere over the North Afiantie
50 hPa index (Fig. 5¢) and over the Northeast Pacific for the 70 hPa iwibxenhanced precipitation centered the

associated northward flow anomdhig. 5d). The lower tropospheric regional circulations which are modulated by the QBO

correspond to the NAO arRNA patterns, respectivelalseled-to-significantmodulationthe-extratropis for 50hPa-index,

on-obre a a¥a alla' = allaYa =ValalVYilaYa RV 'a sem N v aYa' on alaVa

Oscillation(NAO)-prevailsEorthe7Z0-hPaindex-the-significant-semici Nt onic—ci iop-and-digmadternin

precipitation-over-thePaciiidlorth-American{PNA)-region-furtherhis highlights that QBO dynamical teleconnecton
occusin regions where localized atmospheric circulasianepresent.
To exploreexplerehewthe zonal structure of UTLQBO anomaliebehave-in-a-nomonalpattern-nearthetropopause

and-ts-possible-teleconnection-with-GM-systégure 6-showsompositeQBO-compositedifferences similar-to-Fig-—5,-but
for 100-hPaemperature antloo-hP&horizontal windsat 100 hPare shown in Fig..6During JJA, anomalous QB®W winds

(range ~ 23 m/s) and a warm anomaly (range-3 K) are found near the tropopause in a zorgjijnmetric pattern along the

equatorUsing the 50 hPa ind€®4-P8) the QBO W zonal wind anomaly at 100 hPa is larger than it is when using the 70 hPa

index (P5P1) (compare Figs. §&b). This is compatible with the downward progression and diminution of QBO W from

Fig. 3a to Fig. 4aThe QBO temperature anomaly descends wtithe, being stronger at 100 hPa using the 70 hPa itnzhex

using the 50 hPa indégompareFigs. 3 and4c). This is seemmt 100 hPasa narrowing of the westerlies and broadening of
the temperature anomaly at the equa®the QBO MMC descend from the 50 hPa level to the 70 hPa¢dewvepare Figs.

6a, 6b) This progression is alsmompatible with reduced equatorial precipitat@as the warm anomaly enters the upper

tropospherécompareFigs. & and 5b).

QBO cold anomaly near 28 during JJA, as shown by Hitchman et al. (2021t is associated with the same MMC which
caused the warm anomaly over the equadsrulting-ina-stengerSThin-the- SH-wintel(Figs. 6a, b). Thsubtropicalwinter
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coolingeffect along the UTL$§eneratedy the QBO MMC is strongeandmoresignificantfor the 50 hPa indexFig. 6a)

In agreement with theonal mean structurguring JJA significantQBO negative temperature anomalieshe subtropis

associated witthe QBO MMC have zon$ symmetric features ithewinter hemispherérigs. 6a, b).
Din-theNH-summeruring JJA and usingthe 50hPacoempesite-differend@BO index, one may obserevealsa

distinctcool anomalyover the subtropical orthweswesterrPacific Oceamea 140°E (Fig.6a) whichextends into the Bering

Sea andatoincides with the region where a significaattern was found in precipitati@nd wind vectors ahe surface(Fig.

5a). Enhanced precipitation at the western edge of a weakened Bonimidigimply thatmoreconvective updrafts overshoot

and cool the 100 hPa leviel this region during QBO WThe composite difference foine 70 hPa indexalso shows a region

of cooling in the subtropical lower stratosphere overGhatralPacific midlatitudes (Fig. 6b), although less robust than for
the 50 hPa indexthese results indicatbat there are preferred longitude bands whigee)BOcan influence the extratropics

along thesubtropicalUTLS, with subsequemhodulationof extratropicakurface weather.

ectors@100hPa for P4 - P8 with confidence 90% Jun Jul Aug B T & (U clors@100hPa for P5 - P1 nfidence 90% Jun Jul Aug
U = T = —— e o

Latitude

= T
202 45 an 135 180 225 270 315 360

Dec Jan Feb

) vactorsi@100hPa for P5 - P1 with confide
T

Latitude

3

2 0 2 45 90 135 180 225 270 315 360 Zz o0

Longitude Longitude

Figure 6. ASame-ain Fig. SFigure-Sbut fortemperatureX", (color baj andwind vectorgU", V") at 100hPa. The zonal mean meridional
profile of QBO temperature anomaly is shown to the left of each panel.

During DJFthe tropopauseni convective regions usually lies above the 100 hPa level, making it harder for QBO

wind regimes to affect the 100 hPa lev@BO westerly wind and warm temperature anomalies appear in the tropics at specific

longitude bandgFigs. 6¢, d).
bands(Figs—6-¢-d)—Forthe50h Paindex a significantQBO warmanomaly occurs over Indonesia, extending fioemtral

Africa to the Date Line, with another warm anomaly over Amazonia (Fig.TBe).rangaeaches3K over Indonesia where

significant westerly wind vectoneside Thesewarm anomalies coincide wite climatologicallocationsof ehronicdeep
convection characterized by cloud top temperatures less than 192 Koan@LR emission(Collimore et al. 1998)andan
easterly flowanomaly at 150 hPa, julselowthe tropical tropopauseonsistent with a reduced WC during QBO(t¥ Figs.
18e, 19e oHitchman et al.2021). Similar temperature anomalyatterns were observég-Hitchman-etal2020-in cold
point tropopause temperature (CPT) floe sameQdBO W | E phasegqseeHiichman et al. 2021thei-Fig. 17b) Tropical
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UTLS thermal anomaliesssociated-with-theronseon-systerare stronger during DJF, with greater geographical variation in
the strength of deep convection and tropopause height. This creates a greater opportunity for QBO anomalies to preferentiall

affect regions wittcharacteristicallyfdeep convection during DJF compared to JJA.
For 50 hPa indexSsignificant QBO westerlywind anomaliescan be seen ithe NH and SHsubtropicalEastern

Pacific and in the North Atlantic (Figc), which wasnotedasdownwardextendingsubtropicalanomaliesn the zonal mean
structure (Fig. 3f3b). Extratropical QBOvarm anomaésappear near 981 and 30S, beingstronger irthewinter hemisphere
and in the eastern hemisphg(feig. 6¢) A cold anomaly can be seen at 100 hPa centeradthe tip of Greenland, consistent
with an amplified wavene pattern during QBO W (Kumar et,&024).This North Atlantic 100hPa temperature anorgas
related to the westward shiiftthe precipitationmaximum(Fig. 5¢) This geographical fingerprint provides useful information
for evaluating whether this teleconnection operates through the stratosphere pathway -ih thechianism or along the
subtropical UTLS.Composite differencgin 100 hPa temperature fQBO W1 E at 70 hPalevel showsa dipole patternin
the tropical Pacificand PNA regionsaswasobservedor the surface precipitatiorfFig. 5-d). A wavenumberl pattern in
temperature anomaly is also evident near 60°N (Fig. 6d), similar to that observed at 50 hPa (Figréeye also significant
easterly anomalies in the STJs of both hemispheres EetsterrPacific when the 70 hPa level is used, resultingandonic
circulation anomaly off of the west coast of North America (upplewvel trough),which is—+eversetoaccompanies the
anticyclonicsurface windrectoranomalyin {Fig. 5d.

These composite differencesaps illustrate theystematic significant medulationsef-theassociation betweethne

GM systemby-and QOBO anomaliesn the UTLSprecipitation-andsurfacewinds throughout the tropics and extratropics
The characteristic othis dynamicalteleconnectionis regional and is manifestedn—+regiors-where prominentocalized

atmospheric circulatisprevail Results arsensitiveto QBOphase.In thetropicsaQBO signal in precipitation is observed

which occurs irthe centerof deep convection. The strongest signals are associated with modulation of the Pacific component
of the WC and exhibit significant dependence on season and on QBO index Téeekzonal mean QBO MMC causes
simultaneousntiphased cold and warm anomalies in the tropical and subtropical UTLS. In the tropics the QBO modulates
regions of deep convection and therefore creates a regievaaifing signal which can also propagate into the extratropics
along the UTLSThe manner in which the teleconnection signal propagates from the tropics into the midlatihod dglig
understood but involves modulation of planetary Rossby wave radiation from tropical convective keotdysthis can lead

to changes in seanal mean cyclonic and anticyclonic circulations in the extratrofiesebyleading—teenhanced—or
d+—mini-shed—toecal—meridionalDurinytherNH summer theg stratosphérit routeas disabledd | e
Therefore, during summethe QBOcan onlyprimarily influences the extratropics via the subtropical UTLS pathwédut

during winter a QBO teleconnection can reach the extratropical surface via either the stratospheric pathway and annular mode
or via the subtropical UTLSThe rest of this studwill investigate precise information on these potential routes thgir

regional characteristics

5.2 QBO dynamical teleconnectionwith the Northwest Pacific during JJA
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In orderto investigak dynamical teleconnections operating alonggbbtropicalrouteduring boreal summetJA,
we analyze compositdimatologesof precipitation and other medrological parametergor QBO W and Ephasesit 50 hPa
(P4 and P38 along withcomposite difference TheNorthwestPacific region (10-50°N, 12¢-19C°E) is shown in Fig. Bufing
JIAforthe 50-hPaDBO-index{P4-and-P8From bp to bottomrows show precipitation, 500Pavertical\W- wind-(AD,
MLSP together with 950 hPa horizontalnds and100-hPaemperatureogether withtoo-hPahorizontal windsat 100 hPa
The presence othe QBO signal is cledy visible even in theompositeclimatologesfor OBO W and EphasesP4 and P8

During QBO E at 50 hPa, the band of precipitation which arches anticyclonically toward Alaska is enhanced south of Japan

(Fig. 7b), with associated increase in rridpospheric upward motion (Fig. 7é&uring QBO W at 50 hPa there is less

precipitation along this summertime synopizale storm track, more precipitation throughout the rest ddneawestPacific

(Fig. 7a), and reduced upward motion near the southern tip of Japan (Fig. 7d). These features are more easily seen in tf

difference plots4i-P8;Figs. 7c, f).
This variation inprecipitation is associated withodulation of theregionalcirculation (Figs. 7¢). During QBO W

at 50 hPa, the lower tropospheaiaticyclonicwhich dominates thBlorthwestPacific basiris diminished (Fig. 7g), while it is
enhanced during QBO E at 50 hPa (Fig. 7h), such that a negative anorive®lih and cyclonic anomalous circulation is
seen in the difference compos@BO W i E (Fig. 7i). During the QBO W phase the higiiessuraegion contractswith
isobas shifting slightly eastward (as indicated by the position of the yellow line in FigThg shrinking ofthehigh-pressure

zoneavestern edge of the surface anticyclatiews for the eastward expansion of convective precipitation from south of Japan

into the Northwest Pacifiduring QBO W. Diminution of the anticyclonés accompanied by anomalous upward motion at
500 hPa in the Northwest Pacific and decreased upward motion south of Japan during QBO W i§Fagsétiated-with

reductionof the surface anticyclone during QB® compared to OBO kay be seen in Figs. 79, With anomaly vectors in

Fig. 7i showing reduced anticyclonic flow during QBO W&t 100 hPaover the Northwest Pacific the air is cooler during

QBO W (Fig. 71) During QBO W there is more convection oddeavyprecipitations-associated-withising-air-eurrents

the NorthwestPacificregionduring JJA which is accompanied by redudeaver tropospherianticyclonic flow and a dder
UTLS.

This regionis influenced by the northeast portion of iselominated-by-the-northeastern-portion-ofJoaith Asian

h-dominate he lowe osphe on-in-the htrop ovidhtmrnb weastward to-tha A ntic

Ocean(Figs. 7j, k, 1). Note the strong anticyclonic curvature of the fimar 30N, 12QE. During QBO W at 50 hPa this

circulation is stronger, with an associated cold anomaly at 10@Hié.asj), while during QBO E this circulation is weaker

and 100 hPa temperatures are not as cold (Fig. Fkjs—resulis-in—compeosite—difference-fields—sueh-that-the-high cold
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in the central North Pacific on the eastern edge o&B&-anemalpouthAsian High(Fig. 71).

dfreng QBO Wihis resultsn;with enhanced southward flow
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Figure 7. QBO regionalteleconnectiormanifestation in the Northwest Pacif{¢0°-50°N, 120°-190°E) during boreal summer (JJA),
showing composite climatolgies f@BO-phasegleft) OBO W at50 hPa P4), (middle)OBO Eat50 hPa(P8), and (right)OBO W- -E at
50 hPa(P4P8), for (a-c) precipitation,(d-f) mid tropospheric Wwind at 500hPa,(g-i) MLSP with (U, V) wind at 950hPg and(j-) 100
hPatemperaturevith (U, V) wind. Theviolet cross hatchingn the composite difference platglicates regionsf statistical significance
less than @%. Wind anomalieqU", V") are plottednly if either componeris statistical significance exceeds 90%

DAs-shewn-iFig—6a-uring JJAasignificantQBO cold MME-signabnomalywas foundat 100 hP®@verthisregion

enlythe Northwest Pacifiduring QBO W at 50 hP&-igs. 6a, 7I), withard a compesite-differencein-100-hPatemperature
anomalies-showimilar-significantpatternmeduced anticyclone irasMSLP and 950 hPa windsbuten-atlargerscalérig.
#7i}). Postel and Hitchman (1999007 showed that there is a maximum in Rossby wave breakitiee UTLS(150 hPajn

JJAin this regionassociated withlihe episodic detrainmenif low potential vorticityfrom the Tibetan High in the upper

troposphere northeastward over the Pacilibese events occuhen transient synoptic waves travel along the poleward edge

of the Saith Asian HighThisregional maximum ifRossby wave breakif®@\WB) was confirmed by Hitchman and Huesmann
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(2007) for the 350 K surfac&he South Asian High appears to be more robust in its northeast guadrant during QBO W at 50
hPa This analysis suggesthat in thesubtropicalrouted TLS pathwaytheQBO can connect to surface dynamicaragional

scale via modulationf localized atmospheric circulations.

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

Figure8is in the same formats Fig 7, butfocuses on the NortiAtlantic region(20°-60°N, 28C-350°E) duringfor
austral-summénreal winter During DJF, teleconnectiopathwaysoutesare possible, via either the stratospherealong
the UTLS, or bothFor QBO W at 50 hPa (Fig. 8aprecipitationis enhanced in thé/esternNorth Atlantic and diminished in
the eastern North Atlantic relative to QBO E (Fig. 8iis feature is distinctly recognizable as a significagtwestdipole
in the composite differend@BO Wi E (Fig. &), indicatinga westward shift in precipitation during QBO.\A similar east
west dipole pattern is also evidenttireanomalous vertical motion at 500 hPa, reflecting a westward shift in upward motion
during QBO W (Fig. &). The variation in precipitation is closely linked to changes inGM systemcirculation patterns
(Figs. 8gl). During QBO W at 50 hPa, the dominant Azores High surface anticyclone is strengthenedj)Figth8a
westward shift in poleward advection of moist tropical @is signal is quadbarotropic, extending from the surface to the
loweststratosphere &00 hPa (Fig. 8Ilt represents strengthening of anticyclonic flow in the North Atlantic during QBO
W at 50 hPa. A stronger Azores High implies a higher index NAO and strangeeastwardlow towardinto Scandinavia
ir-the-northern-Nerth-Atlantiorthern Europge.g., Thompsorand Wallace000.
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Figure 8. Asin Fig. 7,butfor DJF andocusedoverthe North Atlantic Ocean20°-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 creatgtimal conditions for leavy precipitation inthe
western NA including the eastern coast of North Americal@ider precipitation around the Azores High (Fig. 8a). The
oppositeeffeciscenarids foundfor QBO E at 50 hPgFig. 8b) The composite difference QB® 1 E clearly highlights this
feature, showingssignificant anticyclonic motioi wind anomalies ceatedaround the highpressure zone (Figi)8Similar
to JJA, stronger upward motion can be observed ahB@Q(Fig. 8d to f) over regions béavyenhancegrecipitdion.

In the extratropical lower stratospheB®QhP3g, temperatur@anomalies display significant patterns akin to those of
MSLP (Figs. 8, I). This iscontrast to the situation in tidorthwestPacific during JJA, where a large surface anticyclone is
centeredver the Pacific and a larger anticyclone is centered over Tibet in the UTLS (Figdn7ih® North Atlantic during

DJF the structure is equivalent barotropic, with a strengthened anticyclone extending upward, causing cooling of the lower
stratosphere in the eastern North Atlantic during QBO W at 50 hPa (Fig-8ishrilarrelationship-is-seen-between the

Hich and-the cold-anomaly 00-hPa during Wig:- JJA
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#). As discussed earliém theseasonaDJFzonal mearstructurefor the 50hPa index, these anomaly patterns malinsed
to either theH-T mechanism associated withe stratospheri€BO teleconnectiomoute or to the route along the subtropical

UTLS, or to a combination of both.But,-again+refininghatthe influence of th€@BOis manifestedit-aregional-scalwhere
lecalizedregionalatmospheric circulationsxig. In this casgthe QBO is regionally interacting with tRAO.

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

Figure9 showsthe same variables as in F&) but for thenortheasPacific region 20°-60°N, 19C¢°-26(°E) and using
the 70 hPandex. QBO-interacts-with-the- PNA-patteffior 70-hPa-indexDuring QBO W, rainfallis-enhancedvith-alengand
500 hPa vertical motioare both enhamed {(Fig—9-a-¢)-from northwest of Hawaii to the Gulf of Alaska, whileese are
diminished along the west coast of the United States Sc, f). The-oppesite-effe an-beerduring the OBO-E phaShe

Consistentwith previeusresultsfrom {sectiors 5.2 and& 5:45.3}, these patterns argystematicallylinked with
variaions in thelocalized atmospheric circulation@BO W at 70 hPa modulates the tropospheric planetary wave pattern in
this region such that a positive PNA pattern is excited, with an enhanced surface low in the Gulf of Alaska and enhanced
anticyclonic flow off the west coast of California (FiggP 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 i
similar to that of ENSO, where QBO ¥ 70 hPgor La Nina favors more precipitation in Alaska, while QBO E at 70 hPa
(or El Ning) favors more precipitation in California during DMNote that our analysis includes only the neutral ENSO phase

We-andobtairedvery similathe samepatternseven-with-a-lowsing the lowethresholdvalues of+0.4 K of the ENSO index
(Fig. S3Y—N-0—. Bherifdreanycontamination-from-ENSO-eventscan-beruled out.
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Figure 9. Asin Fig. 7, but focused ovethe Northast Pacific region20°-60°N, 19C¢-26°E) during DJF, for QBO W and Eat 70 hPa P5
and P).

6. Longitude-altitude structure of regional QBO anomalies

635 The @&ove analysis suggests thihe QBO ha dynamical teleconnectigwith differentparts of theGM systenvia
modulationof regional atmospheridrculations Theanomalies itMSLP, surface wind,andprecipitation patternszere found
to be associadd with QBO feetprint-anomaliesin the UTLS. To betterunderstand theertical structure operturbations
associated witlihe QBO, we analyze longitudaltitude sections of anomalies gmepotentia-heightGPH), zenatvertical
wind-shearof zonal wind temperature, static stabilityyeridionalwind, andverticalwind. These analyseareaveraged over

640 selected latitudbanddor thetheoppesit@airedQBO phases at which significant composite difference patterns were observed
for three regionsthe NorthwestPacific during JJA the North Atlantic Oceanduring DJFE andthe NortheastPacific during
DJF (Fig. 10)
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Meridional mean (20°N-30°N)
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645 Figure 10. Longitudepressure sections of composite differences between oppositg®s for selected latitudinal meahown in Fig.
7, 8, and 9 The bp rowshows thdatitudinal mean between 29 and 30N overthe Northvest Pacific (12€E - 19C0°E) during JJA the
middle rowshows the meabetween 4€N and 50N overthe NorthAtlantic Ocean(280°E i 35C0°E) during DJF and bottom rovehows
the mearbetween 28\ and 38N overNortheasEasternPacific (190 E W- and 260 E\) during DJF The first, secondhird, andthird
fourth column of each row represent the composite difference of GRIb-bar-and/8viind-(contourlines)vertical shear of zonal wind

650 (dU/dz),Tee(@lor bar)V" wind (contour lines at 0.5 misith W wind-vectorsand N 2with W" wind vectors, respectivelfhe bp two
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