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ABSTRACT: The quasi-biennial oscillation (QBO) is thought to influence boreal winter surface conditions over Asia and
around the North Atlantic. Confirming if these responses are robust is complicated by the QBO having multiple pathways
to influence surface conditions as well as internal variability. The reanalysis record suggests that sudden stratospheric
warmings (SSWs), breakdowns of the polar vortex that can elicit persistent surface impacts, are more frequent during east-
erly QBO (EQBO). Hence, this modulated frequency of SSWs may account for some of the EQBO surface responses.
However, many climate models do not reproduce this QBO–SSW relationship, perhaps because it is noise or because the
model QBOs are deficient. We circumvent these issues by using an ensemble of fixed boundary condition branched simula-
tions in which a realistic EQBO is prescribed in control simulations previously devoid of a QBO, allowing us to isolate the
transient atmospheric response to EQBO. Imposing EQBO accelerates the tropical upper-tropospheric wind, shifts the
subtropical jet poleward, and attenuates the polar vortex. Interestingly, the latter is not entirely dependent on the statisti-
cally significant increase in SSW frequency due to EQBO. Corroborating observations, EQBO is associated with warmer
surface temperatures over Asia and negative North Atlantic Oscillation (NAO) conditions. We then subsample the
branched/control simulations based on which EQBO members have SSWs. The negative NAO response is primarily asso-
ciated with more frequent SSWs, while the Asia warming develops irrespective of SSWs. These results have implications
for wintertime predictability and clarify the pairing of particular QBO teleconnections with certain surface impacts.

SIGNIFICANCE STATEMENT: The QBO is one of the few parts of the Earth system that is predictable months in
advance and that also elicits global effects on surface temperature, circulation, and precipitation. Unfortunately, climate
models and operational forecast systems do not simulate the QBO well and it is not always clear how robust the global
impacts of the QBO are. Here, we impose the QBO in idealized model simulations, which modulates wintertime sur-
face temperature and precipitation over Asia, the North Atlantic, Europe, and Africa in a manner consistent with ob-
servations. This work substantiates the importance of climate and forecast models properly simulating the QBO.

KEYWORDS: Quasi-biennial oscillation; Teleconnections; Surface pressure

1. Introduction

Observational evidence indicates that boreal winter surface
conditions fluctuate in response to the quasi-biennial oscillation
(QBO). The periodic descending and alternating easterly and
westerly winds in the tropical stratosphere that comprise the
QBO modify the stratospheric circulation from tropics to pole,
which is thought to give rise to tropospheric impacts (Gray et al.
2018). Studies point to the QBO affecting wintertime surface
conditions over Asia (Chen and Li 2007;Ma et al. 2021; Zuo et al.
2022; Park et al. 2022) as well as over the landmasses surround-
ing the North Atlantic (Angell et al. 1969; Anstey and Shepherd
2014; Andrews et al. 2019; O’Reilly et al. 2019; Rao et al. 2020b).
Identifying how the QBO interacts with the surface and whether
or not these responses are robust is complicated by the QBO

having multiple pathways to influence the troposphere and by in-
ternal variability.

The QBO interacts with the troposphere through tropical, sub-
tropical, and polar routes (Gray et al. 2018). The tropical route re-
fers to fluctuations in tropical circulation and precipitation
location and variability under different phases of the QBO (Liess
and Geller 2012; Son et al. 2017; Hitchman et al. 2021). Upper-
tropospheric–lower-stratospheric stability (Densmore et al.
2019), cloud radiative processes (Sakaeda et al. 2020), the
Walker circulation (Garcı́a-Franco et al. 2022), the structure
of the tropopause (Tegtmeier et al. 2020), as well as the ampli-
tude and propagation speed of the Madden–Julian oscillation
(Lim et al. 2019; Martin et al. 2021b) are all impacted by the
QBO phase. The QBO’s effect on the tropical troposphere
also influences poleward Rossby wave propagation through
the upper troposphere (Yamazaki et al. 2020), which is a
means by which the QBO modifies regional circulation vari-
ability over the midlatitudes globally (e.g., Sena et al. 2022).
Unfortunately, the tropical route is underestimated in climate
models (Rao et al. 2020a; Serva et al. 2022), which could pre-
clude the QBO from eliciting its full range of teleconnections
and surface impacts in models.

Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-23-
0395.s1.

Corresponding author: Dillon Elsbury, dillon.elsbury@noaa.gov

DOI: 10.1175/JCLI-D-23-0395.1

Ó 2024 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

E L S BURY E T AL . 367515 JULY 2024

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 07/17/24 11:38 PM UTC

https://orcid.org/0000-0002-3730-9226
https://orcid.org/0000-0002-3730-9226
https://doi.org/10.1175/JCLI-D-23-0395.s1
https://doi.org/10.1175/JCLI-D-23-0395.s1
mailto:dillon.elsbury@noaa.gov
http://www.ametsoc.org/PUBSReuseLicenses


Another pathway by which the QBO’s influence extends into
the extratropics is through the subtropical route. The QBOwinds
arch poleward and downward out of the tropics toward the sub-
tropical upper troposphere, weakening the upper-tropospheric
zonal-mean zonal winds near 208N during easterly QBO
(EQBO). This zonal wind response is particularly strong near the
North Pacific (Wang et al. 2018; Rao et al. 2020a; Elsbury et al.
2021a; Ma et al. 2021: Anstey et al. 2022), although an analogous
teleconnection appears to operate over the North Atlantic too
(Wang et al. 2018). The subtropical route develops in response to
theQBO’smeanmeridional circulation (QBO-MMC) (Garfinkel
andHartmann 2011a,b), a secondary circulation intrinsically asso-
ciated with the QBO (Plumb and Bell 1982) whose poleward ex-
tent is continuously modified by extratropical wave–mean flow
and wave–wave interactions (Inoue and Takahashi 2013; White
et al. 2015; Wang et al. 2018; Haynes et al. 2021). The zonal wind
anomalies associated with the subtropical route can reach down
to Earth’s surface (Garfinkel and Hartmann 2011a,b) and are
thought to promote surface warming over East Asia during
EQBOboreal winters (Ma et al. 2021).

The final pathway the QBO uses to interact with the surface is
the polar route via the Holton–Tan effect (Holton and Tan
1980). The QBO modifies the strength and position of the polar
vortex, which projects onto the surface North Atlantic Oscilla-
tion (Anstey and Shepherd 2014; Zhang et al. 2019). Some
CMIP6 models simulate this teleconnection and its associated
surface North Atlantic Oscillation (NAO) response, while others
do not (Rao et al. 2020a; Elsbury et al. 2021b), with this spread
in representation conceivably resulting from the deficient struc-
ture of the model QBOs (Hansen et al. 2013; Richter et al.
2020), model circulation biases (Karpechko et al. 2021), or inter-
nal variability (Lu et al. 2014; Kumar et al. 2022). There are a
range of mechanistic explanations for the Holton–Tan effect.
The classic Holton and Tan (1980) mechanism emphasizes that
the zero wind line partitioning the QBO easterlies and Northern
Hemisphere stratospheric westerlies concentrates planetary scale
waves closer to the polar vortex (Watson and Gray 2014). Other
explanations of this teleconnection have emphasized the impact
of the QBO-MMC on the middle stratosphere (Yamashita et al.
2011; Garfinkel et al. 2012). These studies emphasize that the
midlatitude middle stratospheric mean flow geometry is modified
by the QBO-MMC in a way that prevents planetary waves,
which customarily propagate equatorward through the midlati-
tude middle stratosphere, from doing so, thereby confining the
waves to higher latitudes and weakening the polar vortex (Rao
et al. 2021).

One aspect of the Holton–Tan effect is the modulated
frequency of sudden stratospheric warmings (SSWs), rapid
breakdowns of the stratospheric polar vortex in response to
amplification of vertically propagating planetary scale waves.
SSWs occur more often during EQBO winters than westerly
QBO (WQBO) winters (Labitzke 1982; Anstey et al. 2022)
but they can occur during either phase and can initiate persis-
tent hemispheric-scale surface temperature, precipitation, and
circulation responses in boreal winter (Butler et al. 2017; Rao
et al. 2020c; Noguchi et al. 2020). Given that SSWs have
known surface impacts, many of the surface impacts ascribed

to the QBO could arise largely from the change in frequency
of SSWs during the different QBO phases.

It is also possible that the QBO interacts with the global circu-
lation and the surface “directly,” herein defined as in the absence
of SSWs. Observational and model-based studies indicate that
the QBO has a direct effect on tropical upper-tropospheric–
lower-stratospheric conditions (Martin et al. 2021a) and, sub-
sequently, tropical–extratropical planetary wave propagation
through the upper troposphere (Yamazaki et al. 2020). More-
over, reanalysis-based studies show that EQBO shifts the tropo-
spheric zonal mean zonal winds in the vicinity of the Northern
Hemisphere subtropical jet poleward (White et al. 2015;
Hitchman et al. 2021). This has been corroborated in a hierarchy
of model simulations (Garfinkel and Hartmann 2011a,b) and
even in a simulation in which SSWs are explicitly suppressed
(Elsbury et al. 2021a). Model-based evidence also indicates that
EQBO is capable of warming the polar stratosphere in a climate
model that severely underestimates SSWs (Richter et al. 2008;
Garfinkel et al. 2012). These direct effects of the QBO on the at-
mospheric circulation ostensibly yield surface impacts.

Here, we present results from an ensemble of branched simu-
lations in which EQBO is prescribed in simulations previously
devoid of a QBO. These simulations, which run with fixed re-
peating annual cycles of sea surface temperatures and sea ice, re-
produce many of the observed EQBO teleconnections and
surface impacts. The ensemble members are then binned based
on whether or not an EQBO branched run has a SSW or not
and the teleconnections and their associated surface impacts are
reevaluated.

2. Methods

The Whole Atmosphere Community Climate Model
(WACCM) is used. The model was run with version 4 of the
Community Atmosphere Model physics (Neale et al. 2013),
which included from WACCM3 an updated parameterization of
nonorographic and orographic gravity waves that made the fre-
quency of SSWs more similar to reanalysis (Richter et al. 2010;
Marsh et al. 2013). To lower the computational cost of these ex-
periments, the model was run with specified chemistry (SC) in
which monthly mean ozone and chemical and shortwave heating
rates are prescribed (Smith et al. 2014). Using specified chemistry
as opposed to interactive chemistry reduces the frequency of
SSWs from 5 to 4 events decade21 (Smith et al. 2014). The atmo-
spheric model includes 66 vertical levels with a model lid at
5.1 3 1026 hPa and a horizontal resolution of 1.9 latitude 3

2.5 longitude. Fixed repeating annual cycles of sea surface
temperature and sea ice concentration representative of time
averaged 1979–2008 conditions [from the Hadley Centre Sea
Ice and Sea Surface Temperature dataset (HadISST), Rayner
et al. 2003] are prescribed, and the greenhouse gases were
fixed to year 2000 values.

The model was run continuously for 100 years without pre-
scribing a QBO. Since the model does not spontaneously gener-
ate a QBO, the tropical stratospheric winds default to weak
tropical stratospheric easterlies. This experiment is referred to as
the control, and it provides the hundred 1 November restarts
that are used to initialize the EQBO branching experiments. In
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the branching runs, a downward propagating EQBO is pre-
scribed by continuously relaxing the tropical zonal-mean zonal
winds between 86 and 4 hPa toward an idealized EQBO profile
using a time constant of 10 days. Details on this QBO profile are
in Matthes et al. (2010), and its zonal wind data are from two
28-month sequences of rocketsondes observations (Gray et al.
2001). The target EQBO profiles have easterlies at 50 hPa and
westerlies at 10 hPa. The relaxation time scale t evolves as a
function of latitude according to t(f) 5 1/[teqexp

(1/2)(f/108)],
where f is the latitude and teq refers to latitudes 28S–28N where
the nudging is full strength. The model atmosphere freely evolves
poleward of 228S–228N, while the nudging is half strength one
level above and below the nudging domain (4–86 hPa) and zero
at all other vertical levels. The 100 EQBO branched runs are
each run from 1 November through 31 January. By comparing
the 100 EQBO branched runs with the 100 November–January
(NDJ) periods from the control, the transient atmospheric re-
sponse to EQBO is isolated.

In addition to analyzing the bulk (all 100 members, irrespec-
tive of intraseasonal polar vortex variability) atmospheric re-
sponse to EQBO, this study aims to better understand how the
occurrence of SSWs during EQBO influences its teleconnections
and surface impacts. Central dates of major SSWs are defined as
the first day the zonal-mean zonal wind at 10 hPa and 608N is
0 m s21 or less (Charlton and Polvani 2007). The 100-yr control
run includes 29 NDJ winters with SSWs with 2.5th/97.5th percen-
tile confidence intervals of 20–38, obtained by resampling the
100 winters with replacement into groups of 100, documenting
the number of winters with SSWs, and repeating this 10000
times. EQBO branching promotes a statistically significant in-
crease in SSW frequency as 47 winters have SSWs, of which
14 occur the same year as in the control. EQBO “fails” to gener-
ate SSWs during 15 of 29 winters that the control does but
“induces” SSWs in 33 of 71 winters that the control does not, il-
lustrating that SSWs alone are a strong source of internal vari-
ability. The number of winters with SSWs is emphasized in this
study as opposed to the number of SSW events. However, if the
additional criterion that SSW central dates be separated by
20 consecutive days of westerlies is applied, the control run in-
cludes one winter with two SSWs and the EQBO branched runs
include four winters with two SSWs bringing the SSW totals to
30 and 51, respectively.

To regulate the influence from SSWs in the control andEQBO
ensembles, we discard the 29 control run/EQBO branched run
pairs inwhich the controlNDJwinter includes a SSW.Thismeans
that of the remaining 71 control run/EQBO branched run pairs,
SSWs only occur in the EQBO branched ensemble. The 71 con-
trol run/EQBO branched run pairs are then separated into two
groups, “EQBO with SSWs,” the 33 pairs in which the EQBO
branched run includes a SSW, and “EQBO without SSWs,” the
38 remaining pairs, which are entirely devoid of SSWs. Partition-
ing the experiments into these groups and differencing between
their respective EQBO branched and control runs isolates, for
EQBOwith SSWs, the effect of EQBOon the atmospheric circu-
lation when a SSW also occurs. In the case of EQBO without
SSWs, we isolate the effect of EQBOon the atmosphere when all
types of intraseasonal polar vortex variability are present except
for SSWs. This includes more minor perturbations to the polar

vortex that may weaken the vortex but do not fully reverse the
westerly winds to qualify as a SSW.

3. Results

The control NDJ monthly averaged zonal-mean zonal wind
climatologies and standard deviations are shown in the first
column of Fig. 1. With no QBO in the control, easterlies are
omnipresent in the tropical middle-to-upper stratosphere
where there is (unrealistically) little zonal-mean zonal wind
variability (Figs. 1a–c). Variability in the winds generally is
largest at high latitudes and increases with height. If the con-
trol zonal-mean zonal winds are compared against those from
ERA5 reanalysis (Hersbach et al. 2020) sampled for 1979
through 2008 (Fig. S1 in the online supplemental material), so
as to be consistent with the time-averaged SSTs prescribed in
the experiments, it is apparent that the control experiment po-
lar vortex is weaker than observed. This may be due to a num-
ber of factors, for instance, the model’s polar vortex zonal
wind variability, which maximizes too far north (;758N) com-
pared to observations (;658N), biases in the model’s station-
ary wave, or perhaps the absence of a QBO. In contrast to
these polar stratospheric biases, the strength of the zonally av-
eraged tropospheric jet stream and its variability are better
represented by the model.

The 100-member ensemble-mean zonal-mean zonal wind
responses in the branched prescribed EQBO experiments are
shown in the second column of Fig. 1. During November, the
first month after the EQBO nudging is turned on, the tropical
lower stratospheric easterlies and middle stratospheric west-
erlies comprising EQBO are not yet at full strength and so
have little effect on the extratropical circulation (Fig. 1d). The
QBO westerlies and easterlies gradually protrude into the ex-
tratropical Northern Hemisphere during December (Fig. 1e),
but it is only during January that tropospheric responses to
EQBO develop (Fig. 1f). Consistent with the model, the ob-
served tropical and polar routes are active during December–
January or midwinter (Inoue et al. 2011; Garcı́a-Franco et al.
2022). However, previous observational studies report no sta-
tistically significant midwinter subtropical route to the QBO,
contrary to what the model shows (Fig. 1f) (Anstey et al.
2010; Gray et al. 2018). Maps of the zonal wind at 200, 500,
and 1000 hPa are used to help clarify where the model sub-
tropical route is deriving its signal from (Figs. S2–S4). The
208–308N tropospheric easterlies shown in Fig. 1f form in the
upper troposphere over western, southern, and eastern Asia
as do the anomalous westerlies poleward of these regions.
This regional manifestation of the subtropical route is contig-
uous in height between the upper troposphere and the sur-
face, which it warms.

The EQBO nudging generates a QBO-MMC, which de-
scends and warms the tropics beneath the QBO westerlies,
moves poleward, ascends, and cools the midlatitude strato-
sphere (Fig. 2). The portion of the QBO-MMC beneath the
QBO westerlies rotates counterclockwise, while the portion
of the QBO-MMC that is more closely associated with the
QBO easterlies rotates clockwise. These rotating cells pro-
duce midlatitude stratospheric temperature responses that are
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opposite in sign with those in the tropics at the same altitudes
(Fig. 2d). Over time, the midlatitude stratospheric tempera-
ture responses protrude farther into the extratropical
Northern Hemisphere (Figs. 2d–f), as do the QBO westerlies
and QBO easterlies (Figs. 1d–f). This indicates that the QBO-
MMC gradually extends poleward (e.g., Lu et al. 2014; White
et al. 2016), which likely results from a combination of the model
QBO continuously strengthening (QBO-MMC strength is pro-
portional to the QBO strength, Garfinkel and Hartmann 2011a)
and Rossby waves modifying the QBO-MMC’s latitudinal extent
(White et al. 2016; Haynes et al. 2021).

EQBO forcing persistently weakens and warms the polar vor-
tex one month after the QBO nudging begins, with statistically
significant differences in polar vortex strength between the
EQBO and control ensembles in January (Figs. 1f and 2f). This
can be attributed, although not entirely, to the statistically signifi-
cant increase in the frequency of winters with SSWs. The central
dates of SSWs within the EQBO with SSWs ensemble begin as
early as 22 November and end as late as 31 January. All central
dates are scattered between these two dates, and no attempt is
made to further subsample this already small ensemble. Two of

the SSWs in the EQBO with SSW subsample occur during
November, 18 during December, and 13 during January. This
means, for example, that in our EQBO with SSW response, we
are averaging across members with different timings in when the
SSW actually occurs, which could be regarded as a limitation.
However, in practice, the different timings of the SSWs in each
branched run of the EQBO with SSW subsample may not make
a substantial difference on our ability to isolate the EQBO and
SSW responses. For example, the polar stratospheric zonal-mean
zonal wind and temperature responses to EQBO exhibit pro-
nounced differences between the cases (Figs. 1h,k and 2h,k).
This is also apparent in Fig. 3, which shows that 10-hPa zonal-
mean zonal wind at 608N is distinctly different when there are
SSWs versus when there are not (Figs. 3b,c).

EQBO forcing steadily weakens the ensemble mean polar
vortex beginning in December and through January (Fig. 3a).
The timing of this polar vortex response is heavily impacted by
the EQBOwith SSW subsample (Fig. 3b), which features a large
attenuation of the polar vortex beginning in December, concur-
rent with when a statistically significant amplification of wave-1
occurs (Fig. 3e). This wave-1 response is mostly absent without

FIG. 1. (a)–(c) Zonal-mean zonal wind control climatologies (contours;65 m s21) and standard deviations (shading). (d)–(l) Responses
to prescribing EQBO are shown with contours having intervals of 625, 20, 15, 9.5, 8.5, 7.5, 6.5, 5.5, 4.5, 3.5, 2.5, 1.5, and 0.5 m s21. Each
row corresponds to a month after branching: (top) November, (middle) December, and (bottom) January. (d)–(f) The 100-member en-
semble mean responses to prescribing EQBO. (g)–(i) The response to EQBO events with SSWs, calculated by comparing the 33 EQBO
branched runs with SSWs to the 33 control periods from which they were branched. (j)–(l) As in (g)–(i), but for the 38 control run/EQBO
branched run pairs in which the EQBO branched runs include no SSW. As stated in the methods section, the 71 control runs considered
in (g)–(l) include no SSWs. Gray shading denotes statistical significance, p values , 0.05 retrieved using the two-sample and two-sided
bootstrap hypothesis test of Efron and Tibshirani (1994, algorithm 16.2).
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SSWs (Fig. 3f). Thus, even though the SSWs occur at different
times, December can be regarded as the primary SSW “forcing
month” in these simulations when upward planetary wave prop-
agation through the stratosphere is large (Fig. 3e), and January
can be regarded as the primary “impact month” of the SSWs on
the tropospheric circulation and surface (due to most SSWs oc-
curring in December and January and their 1–6-week downward
propagation time scales). Note that this statistically significant
amplification of wave-1 takes place at 50 hPa as well but not at
500 hPa (neither shown), hinting that the source region for the
upward component of wave-1 is near the tropopause or above.
To understand this further, we do a Fourier analysis of the geo-
potential height response to EQBO and filter for zonal wave-
number one (wave-1) at 100 hPa (Fig. S5) and 500 hPa (Fig. S6).
The anomalous wave-1 response present in EQBO with SSWs is
largely barotropic between 50 hPa (not shown) and 500 hPa
(Fig. S6), but only in the stratosphere, do the anomalous wave-1
geopotential heights constructively interfere (e.g., Fletcher and
Kushner 2011) during December with the climatological wave-1
heights. Hence, the enhancement of wave-1 in EQBO with
SSWs is taking place near and above the tropopause in this
model.

Interestingly, EQBO still promotes statistically significant
weakening of the upper polar stratospheric winds during January
in the absence of SSWs (Fig. 1l). This coincides with 4–5 K of
nonstatistically significant polar stratospheric warming during
January (Fig. 2l) and Fig. 3c further highlights that EQBO persis-
tently weakens the polar vortex without SSWs beginning in

mid-December, though this response is only somewhat statisti-
cally significant. These results indicate that the polar vortex still
weakens and warms in the absence of SSWs given EQBO, just
slower relative to the warming brought on by the SSWs. Note,
however, that this result may partially arise from not considering
the 29 EQBO branched run/control run pairs in which the control
has an SSW, such that the control background state against which
the 38 no-SSW EQBO perturbation runs are compared is artifi-
cially cool, which helps to reveal the polar stratospheric warming.
If all 100 control run/EQBO branched run pairs are considered
instead, there is no statistically significant weakening of the polar
vortex in the EQBO without SSWs ensemble; however, the
EQBOwith SSW responses are largely unchanged (Fig. S7).

Using the EQBO with SSWs and the EQBO without SSWs
ensembles, we can assess if or how EQBO influences the sub-
tropical and polar routes of surface influence in the presence
and absence of SSWs. However, the sensitivity of EQBO’s
tropical route to SSWs, via changes in the Brewer–Dobson
circulation, for example (e.g., Noguchi et al. 2020; Hood et al.
2023), cannot be assessed because EQBO is prescribed (so
the SSWs cannot modulate the circulation in the tropical
nudged region). EQBO forcing accelerates the tropical upper-
tropospheric winds via the tropical route in both the EQBOwith
SSWs and EQBOwithout SSW subsamples (Fig. 1).

The subtropical route, represented by a poleward shift of
the subtropical jet (Fig. 1f), at first glance appears to be mod-
ulated in magnitude and extension to the surface by the pres-
ence of SSWs (Figs. 1i,l). EQBO with SSWs exhibits an

FIG. 2. As in Fig. 1, but showing the zonal mean temperature. The contour intervals for all anomaly plots are61 K.
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intensified and poleward shifted subtropical jet as early as
December, with the jet strengthening on the poleward flank
of the subtropical jet surpassing 2.5 m s21 by January (Fig. 1i).
On the other hand, this response and in particular its extension
to the subtropical surface is not seen in EQBO without SSWs.
While Fig. 1 gives the impression that the subtropical route only
develops in winters with SSWs, this is partly an artifact of averag-
ing the zonal wind over all longitudes. Both the North Atlantic
and Pacific sector tropospheric zonal winds differ between the
EQBO with SSW and EQBO without SSW subsamples (e.g.,
Fig. 6). Yet over Asia, subtropical route zonal wind anomalies
descend into the troposphere irrespective of SSWs (Figs. S2–S4),
which is not evident from Fig. 1. Hence, the apparent differences
in the zonal-mean subtropical route with and without SSWs re-
sult from different regional circulation processes projecting onto
the zonal-mean wind, including differences in wave driving be-
tween the two ensembles (e.g., reinforced Aleutian low), differ-
ent downward effects of polar vortex variability projecting onto
the subtropical route (e.g., the negative NAO response), and the
regional manifestation of the subtropical route over Asia.

The sensitivity of the EQBO subtropical and polar routes to
SSWs suggests that the surface impacts may also vary depending
on whether or not SSWs occur. A negative NAO-like surface
response develops in the ensemble mean (all 100 members) re-
sponse during January, along with cooling over Eurasia and
warming over Greenland, northern Africa, and the Middle East
(Fig. 4f). These NAO-associated surface impacts of the QBO
have been reported frequently in the literature (Angell et al.
1969; Holton and Tan 1980; Anstey and Shepherd 2014; Gray
et al. 2018; Zhang et al. 2019; Andrews et al. 2019; O’Reilly et al.
2019; Rao et al. 2020b; Zuo et al. 2022). After subsampling for
SSWs versus non-SSWs, it is found that the increased frequency
of SSWs during EQBO is primarily responsible for the negative

NAO-like surface circulation and temperature responses, includ-
ing the Baffin Bay/Greenland warming, most of the northern
Africa warming, and some of the Eurasian cooling (cf. Figs. 4f,i,l).
Regarding the latter, EQBO forcing generates Eurasian cooling
in the absence of SSWs as well (Fig. 4l). The13-hPa surface ridge
over the Arctic and Eurasia that may be responsible for this cool-
ing is not statistically significant, but the EQBO is still weakening
the polar vortex without SSWs (Fig. 1l), which could mean there
is mass accumulating in the polar stratosphere that is exerting
more pressure on the surface. This may mean that this is merely a
side effect of not being able to completely remove periods when
the polar vortex is weak, even though no major SSWs occur in
the EQBOwithout SSW subsample.

Across all 100 members, surface temperatures increase over
central Asia once EQBO is prescribed, corroborating observa-
tional studies (reanalysis and station-based temperature meas-
urements) that have reported that the sign of the QBO’s lower
stratospheric winds is anticorrelated with surface temperatures
there (Chen and Li 2007; Ma et al. 2021; Park et al. 2022; Zuo
et al. 2022). The warming is present on the southeastern side of
an anomalous surface trough that develops over Asia during
December and January (Figs. 4e,f). This trough destructively in-
terferes with the climatological ridge over the continent, the
Siberian High, which ordinarily prompts northerly flow on its
eastern side. The warming and its collocated trough migrate
equatorward and slightly eastward in January, as do the 200-hPa
zonal wind (Fig. S2) and 200-hPa velocity potential (not shown)
responses over Asia. The surface warming over Asia is apparent
with or without SSWs (Figs. 4g–l), implying that this is a “direct”
response to EQBO. The collocation between the zonal wind
anomalies over Asia (Figs. S2–S4) and the surface warming af-
firms that the subtropical route promotes this surface impact.
Note that the anomalous surface trough over Asia during

FIG. 3. The 10-hPa zonal mean zonal wind at 608N in the EQBO branched runs and control shown as a function of time. (a) The
100-member ensemble mean responses. The EQBO (b) with SSW responses and (c) without SSW responses. The bootstrapped
2.5th/97.5th percentile confidence intervals are shown around each solid curve. (d)–(f) As in (a)–(c), but for the 100-hPa wave-1 eddy heat
flux latitudinally averaged (with cosine weighting) between 458 and 758N.
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December (Fig. 4e) is stronger in the case with SSWs (Fig. 4h)
and weaker in the case without SSWs (Fig. 4k). This difference
in the strength of the trough appears to be related to opposite
phase synoptic-scale wave trains propagating over the Atlantic
and Eurasia depending on if there are SSWs or not (Figs. 4h,k);
these wave trains bear some resemblance to the Scandinavian
pattern (Pang et al. 2022). Surface pressures are higher over
Southeast Asia in the absence of SSWs during December, rein-
forcing the warming over the continent, while promoting some
cooling over the South China Sea (Fig. 4k).

For the most part, the surface temperature response to
EQBO is weak over North America. However, expansive sur-
face warming occurs over the northern part of the continent
in the absence of SSWs during December (Fig. 4k). This
warming may develop in association with the nonstatistically
significant Alaska surface trough. It is worth mentioning that

some of these nonsignificant features may arise due to sam-
pling variability.

Imposing EQBO has global effects on precipitation. Broadly
speaking, the ensemble-mean response to EQBO features re-
duced precipitation over the Indian Ocean and increased precipi-
tation over the tropical western Pacific and over some of the
Maritime Continent, with the strongest regional response being
a 150-mm increase between Indonesia and western Australia
during January (Figs. 5e,f). Coinciding with the reduced Indian
Ocean precipitation, longitude–pressure cross sections of the
tropical (108S–108N) velocity potential response reveal that con-
vergence is taking place in the upper troposphere over the Indian
Ocean while divergence increases directly below in the lower tro-
posphere, both of which indicate that anomalous descent takes
place over the Indian Ocean in response to the EQBO perturba-
tion (not shown). Similar observational responses appear in

FIG. 4. (a)–(c) The 1000-hPa temperature (shading) and sea level pressure (contours; 10-hPa intervals) control experiment climatolo-
gies. (d)–(l) Temperature responses to prescribing EQBO are shown with red and blue shading, and sea level pressure responses are
shown in black contours (61 hPa). (d)–(f) The 100-member ensemble mean responses to prescribing EQBO. (g)–(i) The EQBO with
SSW responses and (j)–(l) the EQBO without SSW responses. Stippling (gray undershading) denotes statistical significance.
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Yamazaki et al. (2020) and in Rao et al. (2020a), who showed
that CMIP6 models miss these signals. In the extratropics, re-
gional responses develop over the North Atlantic and Europe
during January, where precipitation shifts south consistent with a
negative NAO response to EQBO (Fig. 5f).

Large differences in precipitation between SSW and non-
SSW cases are found over the North Atlantic and Europe. In
the EQBO case with SSWs, during January, the SSWs shift
the storm track and precipitation south over the North
Atlantic and Europe (e.g., Butler et al. 2017; Ayarzagüena
et al. 2018), which is entirely absent without SSWs (Figs. 5i,l).
This indicates that the increased frequency of SSWs during
EQBO is primarily responsible for the ensemble mean (all
100 members) southward shift of precipitation over the North
Atlantic and Europe (cf. Figs. 5f,i). There are also differences
in precipitation with and without SSWs over the South China
Sea. With SSWs, precipitation increases over the South China
Sea during December (box, Fig. 5h); recall that December is
the SSW forcing month in which stratospheric wave-1 driving
is strong. This regional precipitation response is mostly absent
without SSWs when instead the increases in precipitation
are relatively strong just west of the international date line
(box, Fig. 5k). Noting that tropical–subtropical precipitation
influences tropical–extratropical planetary wave propagation
(Scaife et al. 2017), these longitudinal differences in where the

precipitation occurs hint that tropical–extratropical planetary
wave propagation varies in the SSW versus no SSW cases.

Figures 6a–c show the climatological stationary wave field,
which is retrieved by removing the long-term (100-yr average)
daily zonal-mean geopotential height from the full daily geopo-
tential height field. While there are some differences in ampli-
tude relative to reanalysis (not shown), the model reproduces
the climatological stationary wave at 200 hPa, including the East
Asia trough, the Alaskan Ridge, the Baffin Bay trough, and the
North Atlantic ridge (Figs. 6a–c).

The ensemble mean response to EQBO features a statisti-
cally significant increase in geopotential height over Asia dur-
ing January, that is present irrespective of SSWs, providing
further evidence that EQBO has a direct effect on the circula-
tion over these longitudes (Figs. 6f,i,l). This anticyclonic
anomaly is also apparent in the U200 response (Fig. S2). In
the zonal mean, the Asia anticyclone and the North Pacific
anticyclone (see Rao et al. 2020a) show up as a poleward
shifted subtropical jet (cf. Fig. 1f). The anticyclone is the sig-
nature of the subtropical route and is contiguous through the
troposphere to the surface.

The geopotential height fields during EQBO vary depending
on when there are SSWs versus when there are not. In the case
with SSWs, a nonstatistically significant tropical–extratropical
wave train is visible in December just poleward of the South

FIG. 5. (a)–(c) Climatological monthly precipitation totals for November through January. (d)–(f) Precipitation responses to prescribing
EQBO are shown in green and brown shading. (g)–(i) As in (d)–(f), but for the EQBO with SSW subsample. (j)–(l) As in (d)–(f), but for
the EQBO without SSW subsample. The magenta box in (h) is located between 48–278N and 1058–1358E. The magenta box in (k) is lo-
cated between 08–238N and 1458–1758E. Hatching denotes statistical significance.
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China Sea where the increase in precipitation was previously ob-
served (magenta line, cf. Figs. 5e and 6h). The extratropical
trough of this wave train constructively interferes with the
climatological wave-1 scale East Asia trough (cf. Figs. 6b,h),
which is likely a part of the forcing giving rise to the increased
100-hPa eddy heat flux shown in December in Fig. 3e. Con-
versely, a synoptic-scale tropical–extratropical wave propagates
over the North Pacific during December in the absence of
SSWs, also interfering constructively with parts of the stationary
wave (Fig. 6k). Of note, this synoptic wave train emanates from
the subtropics just west of the international date line, the same
region where the precipitation maxima was observed in the ab-
sence of SSWs (magenta line, cf. Figs. 5h and 6k). These results
hint that the difference between having a SSW and not in the
EQBO runs is partly dependent on the state of the tropics (i.e.,
where convective heating is occurring, which can change the loca-
tion of extratropical wave propagation and whether the wave
constructively or destructively interferes with the climatological

stationary wave). Note too, there are opposite signed wave trains
over the North Atlantic during December in the SSW versus no
SSW cases whose signature is also apparent in the sea level pres-
sure responses of Fig. 4.

4. Discussion and conclusions

There are limitations to our modeling and analysis approach
that could influence how applicable this idealized study is to the
real world. First, the model results would probably be more real-
istic if EQBO was prescribed earlier than 1 November. The ob-
served extratropical stratospheric vorticity response to EQBO is
underway during October and November (White et al. 2016;
Lu et al. 2020; Silverman et al. 2021), which is before there is
any extratropical stratospheric response to prescribed EQBO
in these runs (Fig. 1). Second, the model simulations use speci-
fied chemistry, which neglects interactions between planetary
waves and ozone anomalies, affecting planetary wave–mean

FIG. 6. As in Fig. 1, but showing (a)–(c) 200-hPa eddy height field climatologies (contours; 650 m) and climatological standard
deviations (shading) and (d)–(l) full 200-hPa geopotential height anomalies. The magenta boxes in Figs. 5e and 5h are overlaid on (h) and
(k) to highlight the collocation between the precipitation and wavetrain responses. Stippling denotes statistical significance.
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flow interactions (Silverman et al. 2018), thereby muddying
their effect on the secondary circulation (e.g., Lin and Ming
2021). Third, our analysis approach attempts to isolate the di-
rect influence of the EQBO polar route on the surface by re-
moving major SSWs; however, we are not able to fully remove
all internal polar vortex variability using this method, and mi-
nor warmings or other types of vortex variability may still be
influencing the results. Nonetheless, Fig. 3 suggests that the
composite approach reasonably separates winters with strong
vortex perturbations from those without. Additionally, we find
no difference in downward wave coupling (DWC) event fre-
quency between the control and the EQBO branched ensem-
bles (Table S1), so that it is unlikely we are inadvertently
compositing across a different type of polar vortex event in
any systematic way.

Despite the limitations of the modeling and analysis approach,
these results raise questions about how both the subtropical and
polar routes of the QBO impact the surface. In particular, is the
increased occurrence of SSWs necessary for there to be surface
impacts during EQBO? Or is there a direct effect of the EQBO
even in the absence of SSWs? As other studies have shown
and these results corroborate, SSWs occur more often during
EQBO. We show that this increased frequency of SSWs is re-
sponsible for most (though not all) of the surface impacts over
the North Atlantic, southern Europe, and North Africa. This is
important because it implies that attempts at leveraging the
QBO for Subseasonal to Seasonal Prediction project (S2S) of
NAO variability may be impacted by the ability to predict
SSWs, which are currently skillfully predicted by operational
forecast systems out to nearly two weeks (Domeisen et al. 2020;
Lawrence et al. 2023).

The subtropical route is found to descend into the tropo-
sphere over western, central, and eastern Asia in response to
EQBO irrespective of SSWs and promote surface warming
over these regions. ERA5 yields similar results, which exhibit
some sensitivity to ENSO (Figs. S8 and S9). These results are,
to the best of our knowledge, the first GCM simulations show-
ing warmer temperatures over Asia once EQBO conditions
are imposed, corroborating Chen and Li (2007) and Zuo et al.
(2022) who used reanalysis and station surface temperature
observations over China, and Ma et al. (2021) who also attrib-
uted the surface warming to the subtropical route. This re-
gional jet response is masked by zonal averaging (e.g., Fig. 1)
and is more readily visible in zonal wind maps (Figs. S2–S4).
More research is needed to better understand this teleconnec-
tion, especially since precedent shows the subtropical route to
form in jet exit regions mainly during late winter (Garfinkel
and Hartmann 2011a; Gray et al. 2018). Inoue and Takahashi
(2013) also detected subtropical route zonal wind anomalies
over this region in reanalysis plus adiabatic descent through-
out the troposphere, both of which were attributed to the re-
gional wave–mean flow interactions.

The enhancement in SSW frequency is coincident with the
amplification of wave-1, which is absent for winters without
SSWs. Studies have reported for decades that EQBO ampli-
fies stratospheric wave-1 (Holton and Tan 1980; Labitzke
1982; Garfinkel et al. 2012; Watson and Gray 2014; Lu et al.
2020; Ma et al. 2021; Silverman et al. 2021). An open question

is whether this amplification in wave-1 driving is forced by the
EQBO itself or just arises stochastically (and then interacts with
the mean flow modulated by the EQBO to preferentially drive
SSWs). Yamazaki et al. (2020) showed that the tropical tropo-
spheric response to EQBO, when imposed in a simplifiedmodel,
stimulates horizontal planetary wave propagation out of the
tropical upper troposphere into the extratropics in amanner that
could reinforce upward planetary wave propagation via the cli-
matological East Asia trough. This mechanism may explain why
Elsbury et al. (2021a) found enhanced December–January up-
ward Plumb (1985) k 5 1–3 wave activity flux over the North
Pacific and East Asia at 50 hPa during EQBO using the same
model that we use here. That same study also found the just
mentioned upward wave activity flux response to EQBO in a
separate sensitivity simulation with fixed repeating annual cycles
of present-day SST/SIC, a prescribed QBO, and suppressed
(by nudging toward climatology) polar stratospheric variability
(,200 hPa, poleward of 608N). These findings indicate that
EQBO enhances upward planetary wave propagation over the
North Pacific somewhat independently of internally generated
polar stratospheric variability. However, we only find the en-
hancement of wave-1 due to EQBO when SSWs occur, indicat-
ing that internal variability projects onto EQBO’s pathway to
influence wave-1. One hypothesis is that the different tropical–
subtropical western Pacific precipitation responses to EQBO
with and without SSWs influence the trajectory of the Rossby
waves propagating into the extratropics (cf. Figs. 5h,k with
Figs. 6h,k) and therefore whether or not the climatological
stationary wave is reinforced (see Scaife et al. 2017).

In contrast to the known influence of EQBO on increasing
SSW frequency, EQBOwarms the polar stratosphere even in the
absence of SSWs, which suggests a role for a direct stratospheric
pathway for the QBO to influence the polar vortex. This parallels
Garfinkel et al. (2012) who found that prescribing EQBO in an
ensemble of 1 January branched runs promoted polar strato-
spheric warming despite few SSWs. Polar stratospheric warming
in response to EQBO has been explained as an effect of the
middle stratospheric mean flow response to the QBO-MMC
(Yamashita et al. 2011; Garfinkel et al. 2012; Lu et al. 2014; Rao
et al. 2021). Rao et al. (2021) showed that strength and speed with
which the polar stratosphere responds to prescribed EQBO
varies depending on when in the annual cycle the nudging is ap-
plied. In their study, the polar stratospheric response to EQBO
given perpetual early winter radiative forcing developed more
slowly than the response given perpetual mid- and late-winter ra-
diative forcing. Seeing as our branched runs begin 1 November,
their results may explain why the polar stratospheric warming is
relatively slow to develop in EQBO without SSWs. The fact that
the polar stratospheric warming takes until January to form
(Fig. 2l) is important because there are indications that this path-
way has a direct surface impact at high latitudes, enhancing sur-
face pressure at the polar surface, thereby warming Greenland
and cooling Europe (Fig. 4l). If this direct polar pathway devel-
opsmore rapidly duringmiddle and late winter than during early
winter (e.g., Rao et al. 2021), perhaps our 3-month branched
simulations are complete before the suspected high-latitude re-
sponse mediated through this pathway is fully formed, which is
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motivation to use longer branched simulations (e.g., branch in
August, run throughApril).

The persistence and predictability of the QBO as well as its
connection to surface impacts in observations and in idealized
studies substantiates the importance of continued efforts to lever-
age the QBO for S2S predictability. However, the QBO is not in-
ternally generated in the majority of S2S forecast models, and in
most cases, the QBO winds begin to decay within 2 weeks after
initialization (Lawrence et al. 2022). The lack of sustained QBO
wind forcing subsequently degrades theQBO’s extratropical tele-
connections. Though the polar route can be simulated by some
S2S forecast systems (Garfinkel et al. 2018; Domeisen et al. 2020;
Portal et al. 2022), often the teleconnection is too weak or its tim-
ing is inconsistent with observations, both of which may preclude
QBO-related surface impacts (e.g., Butler et al. 2016). Poor simu-
lation of the QBO in models may also affect modes of tropical
convection; in particular, the observed connection between the
QBO and the Madden–Julian oscillation (MJO) is not well cap-
tured by most S2S forecast systems (Kim et al. 2019; Martin et al.
2021b; Lawrence et al. 2023). Nonetheless, statistical models
suggest that QBO modulation of extratropical teleconnections
associated with the MJO imparts significant “windows of oppor-
tunity” for improved predictive skill of North American atmo-
spheric rivers and climate on S2S time scales (e.g., Baggett et al.
2017;Mundhenk et al. 2018; Nardi et al. 2020), suggesting that im-
provement of both QBO and MJO processes may improve dy-
namical forecasts of extratropical weather. In addition, our results
and observational studies (Inoue and Takahashi 2013; Ma et al.
2021) imply that further exploration of the QBO subtropical
route for S2S prediction overAsia in particular is warranted. Con-
sidering QBO interactions with other types of internal variability,
which are explicitly ignored in these fixed boundary condition ex-
periments (e.g., El Niño–Southern Oscillation), may be another
topic for future S2S research. For example, the polar route and its
relationship with the NAO is more statistically robust during
La Niña than during El Niño (Wei et al. 2007; Kumar et al. 2022;
Ma et al. 2023), which may have implications for when the QBO
provides windows of opportunity for enhanced extratropical pre-
dictive skill.
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