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ABSTRACT

As the strongest subseasonal atmospheric variability during boreal winter, three remarkable sudden stratospheric major
warming (SSW) events in the 2000s are investigated in terms of the Brewer–Dobson circulation (BDC) response. Our study
shows that the changes of cross-isentropic velocity during the SSWs are not only confined to the polar region, but also extend
to the whole Northern Hemisphere: enhanced descent in the polar region, as well as enhanced ascent in the tropics. When the
acceleration of the deep branch of the BDC descends to the middle stratosphere, its strength rapidly decreases over a period
of one to two weeks. The acceleration of the deep branch of the BDC is driven by the enhanced planetary wave activity in
the mid-to-high-latitude stratosphere. Different from the rapid response of the deep branch of the BDC, tropical upwelling in
the lower stratosphere accelerates up to 20%–40% compared with the climatology, 20–30 days after the onset of the SSWs,
and the acceleration lasts for one to three months. The enhancement of tropical upwelling is associated with the large-scale
wave-breaking in the subtropics interacting with the midlatitude and tropical Quasi-Biennial Oscillation–related mean flow.
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1. Introduction

Sudden stratospheric major warming (SSW), character-
ized by a rapid temperature rise and strong wind disturbance
in the polar stratosphere, has been identified as the most pro-
nounced subseasonal dynamical phenomenon in the boreal
winter atmosphere. Among the various definitions and classi-
fications of SSW that have been proposed [reviewed by But-
ler et al. (2015)], the current and most widely used defini-
tion of midwinter SSW was proposed as early as the 1970s
by the World Meteorological Organization, and is described
more explicitly in Charlton and Polvani (2007). The basic un-
derstanding regarding the dynamics of SSW is that enhanced
planetary waves generate in the troposphere, propagate up-
wards into the stratosphere, break in the midlatitude strato-
sphere, and the wave forcing drives the polar temperature rise
and slows the mean flow (Matsuno, 1971; Holton, 1976; An-
drews et al., 1987).

The enhanced wave activities during SSWs potentially in-
fluence the wave-driven hemispheric overturning circulation,
i.e., the Brewer–Dobson circulation (BDC) (Dobson et al.,
1929; Brewer, 1949). This mechanism of wave-driven mean
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meridional circulation is referred to as the “downward con-
trol” principle (Haynes et al., 1991) or extratropical “wave
pump” (Holton et al., 1995). In fact, the complete struc-
ture of the BDC is more complicated. There are two hemi-
spheric branches of the BDC in the stratosphere: the deep
branch, which penetrates high into the upper stratosphere;
and the shallow branch, which overturns in the lower strato-
sphere (e.g. Plumb, 2002; Bönisch et al., 2011). The connec-
tion and disconnection between the two BDC branches have
been intensively discussed. Some studies emphasize that the
extratropical wave drives the entire tropical upwelling (both
branches), with an equatorward propagation of about 10 days
(Ueyama and Wallace, 2010; Ueyama et al., 2013). Other
works suggest that the equatorial wave is important for driv-
ing upwelling at the tropical tropopause (e.g., Kerr-Munslow
and Norton, 2006; Ryu and Lee, 2010). Several works sug-
gest an alternative dynamical mechanism is responsible for
the shallow branch circulation: combined extratropical and
equatorial wave drag in the subtropics (Bönisch et al., 2011;
Garny et al., 2011) that remotely influences the tropical up-
welling through the zonal wind tendency from subseasonal
to decadal timescales (Randel et al., 2008; Shepherd and
McLandress, 2011; Abalos et al., 2014).

The SSW events that take place when the most pro-
nounced enhancement of the planetary wave occurs on a sub-
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seasonal timescale can be regarded as a natural experiment
in which we can study the response of the BDC to the vari-
able dynamics. Most previous works on the association be-
tween the BDC and SSWs have focused on the poleward
and descending motion of the BDC at high latitudes from
the perspective of dynamical anomalies (Labitzke and Kunze,
2009; Manney et al., 2009a; Liu et al., 2014), or from tracer
transport (Manney et al., 2005, 2009b; Tao et al., 2015a)
or ozone chemistry (Konopka et al., 2005; Kuttippurath and
Nikulin, 2012). Several recent studies have noticed an in-
creased tropical upwelling response to SSWs based on ev-
idence from lower-stratospheric water vapor. Extratropical
cooling and drying related to SSWs was found as a subsea-
sonal variation of tropical lower-stratospheric water vapor by
a 35-year simulation (Tao et al., 2015b), and the extra-drying
effect was confirmed by in-situ water vapor measurements
(Evan et al., 2015). Gómez-Escolar et al. (2014) proposed
that SSWs induce strong tropical upwelling and extra cooling
as a response to subtropical planetary wave breaking, which
is modulated by the phases of the Quasi-Biennial Oscillation
(QBO).

Since the tropical BDC response to SSWs has rarely
been discussed in detail, and the effect is important
for troposphere–stratosphere transport of climate-relevant
species like H2O and O3, we focus in this study on the
BDC response at different altitudes based on three remark-
able SSWs that occurred in the 2000s. Then, we discuss the
association of the deep and shallow branches of the BDC with
the evolution of the wave forcing. Following this introduc-
tion, section 2 introduces the data and method used in the
study. Section 3 provides an overview of the dynamical back-
ground, including the wind, temperature, polar vortex and
planetary wave propagation during the three warming events.
In section 4, we diagnose the strength of upwelling in the
shallow and deep branches of the BDC during the SSWs. In
section 5, the relationship between the BDC and wave forc-
ing is discussed based on the Eliassen–Palm (EP) flux and its
divergence in an isentropic coordinate. A discussion and a
summary of the main findings of our study are provided in
section 6.

2. Data and method

To estimate the zonal-mean mass transport by the BDC,
the widely used definition of the mean meridional residual
circulation in log-pressure coordinates is defined as

v∗ = v− 1
ρ0

[(ρ0v′θ′)/θz]z , (1)

w∗ = w+
1

acosϕ
[(cosϕv′θ′)/θz]ϕ , (2)

where overbars indicate the zonal mean. The items ρ, a, v,
w represent density, radius, meridional and vertical velocity
(Andrews et al., 1987).

This study is performed in the isentropic coordinate,
where ϕ and θ denote latitude and theta, respectively. The

zonal mean residual circulation in the isentropic coordinate
is defined as the isentropic mass density (σ) weighted mean
meridional velocity (v∗) and cross-isentropic velocity (w∗):

v∗ = σv , (3)

w∗ = σθ̇ , (4)

where the vertical velocity θ̇ can be estimated by the total
diabatic heating rates (θ̇ = Q). The advantage of using the
isentropic coordinate is that no additional transformation is
required, compared to the formalism in log-pressure coordi-
nates in Andrews et al. (1987).

Typically, 70 hPa is used as the upper-limit pressure level
[∼ 500 K (20 km)−1] of the shallow branch of the BDC (e.g.
Rosenlof, 1995, Bönisch et al., 2011, Abalos et al., 2014).
Here, we use the total positive w∗ between 380 K and 500 K
to quantify the upwelling of the shallow branch of the circu-
lation, and the total positive w∗ between 600 K and 1500 K
to quantify the upwelling of the deep branch.

The wave forcing is diagnosed by the divergence of EP
flux (e.g., Eliassen, 1951; Plumb and Bell, 1982). EP flux
vectors represent the propagation direction of wave energy.
More specifically, EP flux divergence characterizes the forc-
ing from eddy (or wave) to the zonal mean flow. Here, we
use the EP flux formula in an isentropic coordinate, referring
to the TEM formalism by Andrews et al. (1987). The verti-
cal and horizontal components of EP flux [F = (Fϕ,Fθ)] are
given by

Fϕ = −acosϕ(σv)′u′ , (5)

Fθ = (p′M′λ/g)−acosϕ(σQ)′u′ , (6)

where M is the Montgomery streamfunction (M =CpT +gz),
p is pressure, and a is the Earth’s radius. The Montgomery
streamfunction is the streamfunction for the geostrophic flow,
which is equal to CpT +gz on an isentropic surface, where z
is the height of the isentropic surface.

The European Centre for Medium-Range Weather Fore-
casts interim reanalysis (ERA-Interim) dataset is used to
study the dynamical background and to derive the eddy heat
and momentum fluxes. The ERA-Interim data have a tempo-
ral resolution of 6 h and a horizontal resolution of 1.5◦ ×1.5◦.
Originally in a 37-layer pressure coordinate, the data are
interpolated into a 60-layer hybrid coordinate between the
pressure coordinate (below 300 hPa) and isentropic coordi-
nate (above 300 hPa). The vertical cross-isentropic velocity
(θ̇ = dθ/dt) is equal to the ERA-Interim forecast total dia-
batic heating rate (Q) (Ploeger et al., 2010). The rate of theta
change following a parcel is equal to the total diabatic heating
rate, which contains the effects of all-sky radiative heating,
latent heat release, and diffusive heating.

The methodology to identify the onset of the SSWs is
based on Charlton and Polvani (2007). The main criterion of
this method to identify SSW events is the reversal of the zonal
mean zonal wind at 10 hPa and 60◦N during November–
March [see Charlton and Polvani (2007) for more details]. In
addition, the magnitude of an SSW event is measured by the
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Table 1. Key information regarding the three SSW events selected in this study. The dominant wavenumber is determined by the amplitude
of wave components averaged over 40◦–70◦N at 400 K through Fourier decomposition. The vortex geometry during the SSWs is deter-
mined by checking the daily potential vorticity map in the Northern Hemisphere. The QBO phase for each SSW is defined as the 30-day
smoothed equatorial mean wind at θ = 500 K (∼ 50 hPa), calculated for each SSW central date.

Year Central date Magnitude ΔT10 (K) Planetary wavenumber Polar vortex geometry QBO phase

2003/04 5 Jan 2004 12.5 wavenumber-1 Displaced Easterly
2005/06 21 Jan 2006 7.7 wavenumber-1 Displaced Easterly
2008/09 24 Jan 2009 14.4 wavenumber-2 Split Westerly

mean temperature anomaly over the polar cap (60◦–90◦N) at
10 hPa (ΔT10, shown in Table 1), and the polar vortex edge is
identified by the maximum potential vorticity meridional gra-
dient combined with the maximum westerlies [further details
in Nash et al. (1996)].

The QBO is a major impact factor of tropical upwelling
and tropical temperature in the stratosphere, inducing tem-
perature variations of ±4 K and ±0.5 K in the lower strato-
sphere and around the tropopause, respectively (Baldwin et
al., 2001; Xie et al., 2014). Although El Niño–Southern Os-
cillation (ENSO) is an important tropospheric factor (Xie et
al., 2012, 2014), Konopka et al. (2016) suggested that, whilst
there is a three-dimensional impact of ENSO on tropical up-
welling, it is not as pronounced as that of the QBO in a
zonal-mean sense. Thus, the QBO phase during the SSW
period, and not the ENSO phase, is considered in this study.
The QBO phase for each SSW event is defined as the 30-day
smoothed equatorial mean wind at θ = 500 K (∼ 50 hPa), cal-
culated for each SSW central date.

3. Dynamical background

The 20-year de-seasonalized (referred to as the climatol-
ogy from 1979 to 2013) records of averaged polar cap tem-
perature and mean zonal wind around the North Pole (55◦–
65◦N) are shown in Fig. 1. A ±7-day smoothing is applied
to both the temperature and wind data to remove the short-
term variations, e.g., synoptic perturbation. We can see that
SSW events are the most pronounced subseasonal variation
during boreal winter. There are nine major SSWs during the
20 years. The black arrows mark the central dates of all the
major SSWs, according to Charlton and Polvani (2007). Note
that in this study we follow the recommendation of Butler et
al. (2015) to use the mean zonal wind from 55◦–65◦N, instead
of the zonal wind at a specific latitude such as 60◦N.

Among all the major SSWs, three events during the
boreal winters of 2003/04, 2005/06 and 2008/09 are the
most remarkable. Table 1 provides the essential information
about these three remarkable SSWs, including their central
dates, magnitudes of temperature rise, dominant planetary
wavenumbers, polar vortex geometries, and QBO phases in
the tropics. Firstly, the three SSWs experience the strongest
temperature and wind variation, which can be quantified by
the polar cap temperature increase listed in Table 1 as ΔT10.
Secondly, the perturbation of temperature and wind descend
more deeply to the lower stratosphere and the upper tro-

posphere during the three SSWs than in the other SSWs.
Thirdly, all three SSWs are followed by strong polar vortex
recovery, shown as the strong cooling and westerly anomalies
after their occurrence. This polar warm and cold oscillation
in boreal winter refers to the polar-night jet oscillation (e.g.,
Kuroda and Kodera, 2001; Hitchcock and Shepherd, 2013).
This is the result of radiative relaxation, diabatic cooling in
the polar region, as well as the suppression of planetary wave
propagation into the high latitudes due to the formation of
easterlies.

The SSWs in 2003/04 and 2005/06 both correspond to
an increasing wavenumber-1, whereas the warming event in
2008/09 is driven by a rapid increase in wavenumber-2 (Man-
ney et al., 2005, 2008, 2009a, 2009b). The geometry of the
polar vortex during the SSWs is closely associated with the
dominant planetary wave: wavenumber-1 and wavenumber-2
usually lead to vortex-displacement and vortex-split events,
respectively. Moreover, the SSWs in 2003/04 and 2005/06
both occur during an easterly QBO phase in the tropics,
whereas the SSW in 2008/09 occurs during a westerly QBO
phase. Therefore, the three cases include different wavenum-
ber and QBO situations, and are thus representative of various
dynamical backgrounds.

4. Response of the BDC

Aside from the intense change in wind and temperature
during SSWs, a dramatic enhancement in vertical mass trans-
port is also noticeable. Figure 2 shows the anomalies of the
diabatic heating rate (θ̇) in the polar region (left-hand column)
and tropical region (right-hand column). The anomalies of θ̇
over the North Pole and tropics illustrate the evolution of the
polar downwelling and tropical upwelling of the BDC, re-
spectively. We can see that enhanced downwelling (negative
anomalies) occurs in the upper stratosphere and propagates
downwards gradually to 500 K after 10–15 days.

The negative anomalies at upper levels (e.g., 1000 K) are
only sustained for less than one month (only 10 days in the
2009 case), whereas in the lower stratosphere the intensified
descent lasts longer than two months. The time scales are
consistent with radiative relaxation time scales: 10 days in the
upper stratosphere and around 100 days in the lower strato-
sphere (Mlynczak et al., 1999).

Besides, the left-hand column shows the acceleration of
polar descent (negative anomalies) is always followed by
strong deceleration of polar descent (positive anomalies) in
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Fig. 1. De-seasonalized temperature (color shading) at the North Pole (60◦–90◦N) and zonal mean wind be-
tween 55◦N and 65◦N (positive: solid contours; negative: dashed contours; values larger than 10 m s−1 shown)
during boreal winter (November–March) from 1990 to 2009. A ±7-day running mean is applied to both the
temperature and zonal wind. Black arrows point to the central dates of the SSWs (Charlton and Polvani, 2007).
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Fig. 2. De-seasonalized cross-isentropic velocity (θ̇) averaged over the North Pole (60◦–90◦N; left column) and over the tropics
(30◦S–30◦N; right column), shown respectively for the 2003/04 (top), 2005/06 (middle) and 2008/09 (bottom) winters. Con-
tours in the right-hand panels show the anomalies referring to the corresponding climatology in the same QBO phase. Black
arrows indicate the central dates of the SSWs (Charlton and Polvani, 2007).

the upper stratosphere. This deceleration of polar descent cor-
responds to a strong polar vortex recovery due to radiative
cooling. It is also worth mentioning that the negative anomaly
during the 2008/09 SSW has the most intense amplitude (ve-
locity decreasing to −10 K d−1 at 1000 K), the fastest re-
covery at 1000 K (only 10 days for 2008/09; one month for
the other two events), and the quickest arrival in the lower
stratosphere (< 10 days for 2008/09; 15 days for the other
two).

The impact of the SSWs is not only confined to the polar
region, but also extends to the tropics. Along with the inten-
sified polar descent, tropical upwelling also enhances, which
can be seen as the positive anomalies in the right-hand col-
umn of Fig. 2. Note that two anomalies are shown in the right-
hand column: the anomalies referring to the climatology
(de-seasonalized anomalies; color shading); and the anoma-
lies referring to the easterly QBO (eQBO)/ westerly QBO
(wQBO) climatology (de-seasonalized and de-QBO anoma-
lies; black contours). Both quantities also indicate that the

response of tropical upwelling to the SSWs starts simultane-
ously with the polar downwelling beginning to accelerate in
the upper stratosphere. Disconnection between the deep and
shallow BDC can be observed in the 2003/04 and 2005/06
cases: the descent of upwelling positive anomalies from the
upper stratosphere pauses at around 500 K, but continues with
a lag time in the lower stratosphere. The disconnection be-
tween the two branches is consistent with a previous work
(Plumb, 2002; Bönisch et al., 2011), but also suggests a po-
tential connection with a lagged effect due to latitudinal prop-
agation (Ueyama and Wallace, 2010; Ueyama et al., 2013).

The difference in the tropical and polar regional mean is
not significant. Figure 3 shows the evolution of the two (de-
seasonalized and de-QBO) anomalies along the latitudes on
the 1000 K (∼ 10 hPa) and on the 450 K isentropic surface
(∼ 80 hPa). The enhancement of upwelling on the 1000 K
surface reaches a maximum around the central dates (10 days
earlier than the central date for the 2003/04 case) and lasts for
10–20 days. The differences in the two (de-seasonalized and
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Fig. 3. De-seasonalized zonal mean cross-isentropic velocity (θ̇) on the 400 K isentropic surface, shown as color shad-
ing, for the 2003/04 (top), 2005/06 (middle) and 2008/09 (bottom) winters. Contours show the anomalies referring to
the corresponding climatology in the same QBO phase. Black arrows indicate the central dates of the SSWs (Charlton
and Polvani, 2007).

de-QBO) upwelling anomalies on the 1000 K surface (left-
hand panels) are noticeable: although the de-seasonalized
upwelling enhances roughly hemisphere-symmetrically after
the SSW and is centered at equator, the positive anomalies
referring to the QBO climatology shift more to the South-
ern Hemisphere. The asymmetry of the de-QBO anomalies
is not significant for the upwelling in the lower stratosphere
(right-hand panels). Enhanced upwelling of the shallow BDC
in the Northern Hemisphere is also found following the three
SSWs, but the peak of the positive anomalies happens 20–30
days after the SSWs, when the upwelling for the deep branch
starts to decrease.

Figure 4 sums up the BDC response to the SSWs by quan-
tifying the strength of the deep branch upwelling anomalies
(black lines) and shallow branch upwelling anomalies (gray
lines). Here, we use the total positive (upward) vertical com-
ponent of residual circulation w∗ over the regions 30◦S–30◦N
between 600 K and 1500 K and 30◦S–30◦N between 380 K
and 500 K, representing the deep and shallow branches of the
BDC upwelling, respectively. These quantities are propor-

tional to the upward mass fluxes crossing the isentropic sur-
face [see Eq. (4)]. Note that the corresponding QBO clima-
tology is used for calculating the relative differences. Thus,
the values in Fig. 4 stand for the relative anomalies from the
QBO climatology (units: %).

We find that the deep branch upwelling quickly increases
with large variability before the SSWs commence, whereas
it decreases sharply 10 days afterwards. The increase in am-
plitude of the upwelling of the deep BDC reaches 20% for
the 2003/04 and 2005/06 cases, and 30% for the 2008/09
case. The shallow branch upwelling remains almost constant,
with some variations before the start of the SSWs, before
slowly accelerating and reaching a peak within a month. The
enhancement of the shallow BDC upwelling after the SSW
cases reaches a maximum of 40% in the 2003/04 and 2005/06
cases, and 20% in the 2008/09 case. The contribution from
the two hemispheres varies from case to case. Compared with
the shallow branch upwelling in the Northern Hemisphere,
the variation of upwelling in the Southern Hemisphere is not
significant (Fig. 3).
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Fig. 4. Variation in tropical upwelling relative differences from
the corresponding QBO phase climatology (ẇ∗), shown for the
total shallow BDC (gray lines) and deep branch of the BDC
(black lines). The total positive ẇ

∗ over 30◦S–30◦N between
600 K and 1500 K denotes the deep branch upwelling. The
total positive ẇ

∗ over 30◦S–30◦N between 380 K and 500 K
represents the shallow branch upwelling. Arrows mark the cen-
tral dates of the SSWs. Dashed straight lines mark the peak of
the black lines (strongest upwelling for deep BDC), and solid
straight lines mark the peak of the grey lines (strongest up-
welling for shallow BDC).

5. Wave forcing

Following discussion of the lagged evolution from the
deep to shallow branch upwelling in the previous section, we
next study the associated wave activities driving the circula-
tion. Figure 5 shows the evolution of Northern Hemisphere
EP flux divergence at selected locations, shown as “A” and
“B” in Fig. 6, during the ±45 days around the central date.
Note that a five-day running mean has been applied to the
quantities in Fig. 5. The black line represents the wave forc-
ing in the mid-to-upper stratosphere. We can see that the
black lines all reach a minimum (largest EP flux convergence)
around the central date of the SSW, and all gradually increase

afterwards. The gray lines clearly have a similar phase to the
black lines shown in the deep BDC variation in Fig. 5. The
correlation coefficients between the two quantities are about
−0.6 in all three cases. The negative correlation between the
evolution of equatorward upwelling and EP flux divergence
indicates in-phase wave forcing (negative EP flux divergence)
of the upwelling according to the “downward control” prin-
ciple (Haynes et al., 1991).

Similar to the lagged response from the deep to shallow
BDC, we see a 20–40-day lagged evolution of the subtropical
lower stratosphere (grey lines) to the pronounced subseasonal
variation of EP flux divergence at high latitudes in the mid-
to-upper stratosphere in all three cases. Although a small-
scale wave, e.g., a synoptic wave or gravity wave, could
have contributed to the wave drag of tropical upwelling, the
subtropical planetary wave forcing (gray lines) in the lower
stratosphere revealed by the ERA-Interim data shows a close
association with the shallow branch BDC. The EP flux diver-
gence gradually decreases before the central dates, and con-
tinuously decreases afterwards. The maximum wave forcing
(minimum EP flux divergence) is found around 20–40 days

Fig. 5. Evolution of EP flux divergence during the three SSW
events. Black lines show the EP flux divergence at (50◦N,
θ = 800 K; marked “A” in Fig. 6). Gray lines show the EP flux
divergence at (15◦N, θ = 450 K; marked “B” in Fig. 6). The cen-
tral date of each SSW is marked by an arrow. Dashed lines mark
the minimum of the black lines (strongest wave forcing), and the
solid lines mark the minimum of the gray lines (strongest wave
forcing). A five-day running mean is applied to the quantities.
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after the central dates. The gray lines in Fig. 5 again illus-
trate a close evolution with the upwelling of the shallow BDC
(gray lines) in Fig. 4. The correlation coefficients between the
two quantities are about −0.5 for the selected cases, which
suggests a relationship between subtropical wave forcing in
the Northern Hemisphere and shallow tropical upwelling.

To follow this method and to explore the relationship be-
tween the wave forcing and the two branches of the BDC
and its relationship with zonal wind, we further apply cor-

relation analysis to the variation in EP flux divergence with
that of the shallow and deep BDC upwelling during ±45 days
around the central dates in Fig. 6. We analyze the correlation
in the variation of EP flux divergence with the variation in
the shallow and deep branch upwelling shown in Fig. 5 (the
area used for calculating the BDC upwelling is indicated by
the red square). Note that, before the correlation analysis, a
five-day running mean is applied to the EP flux divergence
shown in Fig. 6. The regions within which the correlation of
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Fig. 6. Latitude–height projections of EP flux divergence (color shading) averaged over ±10 days around the central
dates. Solid and dashed contours show the westerly and easterly zonal mean wind averaged over ±45 days around
the central dates. Regions where the correlation of the EP flux divergence with the variation of upwelling over the
red-square region (left-hand column: 30◦S–30◦N, 600–1500 K; right-hand column: 30◦S–30◦N, 380–500 K) pass the
95% significance test are marked by yellow crosses (positive correlation) and blue circles (negative correlation).
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EP flux divergence with the tropical upwelling is statistically
significant (t-test; 0.95 significance level) are overlaid with
orange crosses (positive correlation) or blue dots (negative
correlation). Recall here that negative correlation (blue dots)
suggests the corresponding wave forcing could be the wave
drag to the correlated upwelling, according to the “downward
control” principle, as shown in the relationship in Fig. 4 and
Fig. 5. Positive correlation (orange crosses) indicates a lag
time between the subseasonal variation of wave forcing and
the correlated upwelling.

All three cases suggest that the deep branch of the BDC
upwelling is mainly a response to the high-latitude EP flux
convergence or extratropical planetary wave drag in the mid-
to-upper stratosphere (blue dots in the left-hand panels of Fig.
6). An example is the EP flux divergence variation of loca-
tion “A” shown in Fig. 6 (black lines). On the other hand,
the wave drag correlated with the upwelling of the shallow
BDC shows an almost opposite correlation with wave forc-
ing: its acceleration is positively correlated with the high-
latitude EP flux divergence in the mid-to-upper stratosphere
(near “A”) and negatively correlated to the EP flux divergence
in the subtropics between 400 K and 500 K (near “B”). The
positive correlation of extratropical wave drag indicates the
lagged effect from the wave drag for the deep BDC to that
for the shallow BDC. A significantly negatively correlated
subtropical wave drag can be a remote forcing for enhanced
shallow upwelling in the tropics (Garcia, 1987).

The propagation and breaking of the wave interacts with
the background zonal wind shown as contours in Fig. 6 (Dick-
inson, 1968). Before the SSWs, strong westerlies in the high
latitudes favor the upward propagation of planetary waves
more poleward, and breaks at high latitudes. After the SSWs,
when the extratropical westerlies have been largely weak-
ened or reversed to easterlies, further wave propagation into
the stratosphere either breaks at the bottom of the extratrop-
ical easterlies, or breaks at the tropics close to the zero-wind
line (Gómez-Escolar et al., 2014). As seen in the right-hand
panels of Fig. 6, the significant correlation of subtropical
wave drag is mainly located where the zonal wind is close to

zero. As proposed by Gómez-Escolar et al. (2014), the QBO
phase is important for the location of the zero-wind line, and
thus important to the breaking of waves driving the lower-
stratospheric upwelling.

6. Conclusion and discussion

The three remarkable mid-winter SSW events studied
here all show strong subseasonal temperature, wind and
cross-isentropic velocity variability from the middle of winter
to spring, throughout the Northern Hemispheric stratosphere.
The response of the tropical upwelling of the shallow branch
of the BDC must be discussed separately to the deep branch
because they show a different tendency and a lagged enhance-
ment after the SSWs. Our results suggest that the strength of
the deep branch of the BDC reaches a peak around the cen-
tral date of the SSW, and rapidly decreases afterwards. On
the other hand, the shallow branch of the BDC gradually ac-
celerates after the SSW central date, remaining for more than
one month in all three cases.

The result suggests a disconnection between the deep and
shallow branches of the BDC, which show different varia-
tion after the SSW, but also a connection between the two
branches in the form of a lagged enhancement from the deep
branch to the shallow branch. This case study result is consis-
tent with results from composite analysis by Gómez-Escolar
et al. (2014), in that the tropical BDC acceleration is a re-
sponse to SSW events. Moreover, the modulation by the
QBO of the shallow BDC upwelling is also confirmed in our
present study: the 2008/09 (wQBO) case shows a weaker in-
crease of upwelling in the lower stratosphere compared with
the other two (eQBO) cases.

We also test the result of increased upwelling as a re-
sponse to SSWs in more cases. The evolutions of mean up-
welling of the deep and shallow BDC during years with and
without SSWs during each QBO phase are compared. For
the detailed method of case sampling and the identification
of central dates (Charlton and Polvani, 2007), refer to Tao et
al. (2015b). The result, shown in Fig. 7, includes all years

Fig. 7. Mean evolution of total positive tropical upwelling (ẇ∗) of the deep branch (30◦S–30◦N, 600–1500 K)
and shallow branch (30◦S–30◦N, 380–500 K) for all SSWs in eQBO (red solid line) and wQBO years (blue
solid line), and winters without SSW in eQBO (red dashed line) and wQBO (blue dashed line) phases. Zero
days for winter with SSWs are the central dates of each SSW and are the mean central dates for SSWs in each
QBO phase for the years without SSWs.
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with SSWs (1979–2013: eight wQBO cases and eight eQBO
cases) and the years without SSWs (five eQBO cases and
seven wQBO cases) in each QBO phase. Note here that the
subseasonal variation is largely smoothed out by composi-
tion. Nevertheless, the composite still shows BDC enhance-
ment due to SSWs for both branches, with a 20–30-day delay
in both QBO phases, which supports the conclusion based on
the case study.

Further analysis of wave forcing shows the deep and shal-
low BDC responding to the extratropical planetary wave forc-
ing and the subtropical planetary wave drag, respectively.
The lagged and remote connection between the extratropical
and subtropical wave drag can be explained by the variation
in the zonal wind background, consistent with previous works
(e.g., Dickinson, 1968; Garcia, 1987).

The variations in dynamics in the tropical lower strato-
sphere influence the transport from the troposphere to the
stratosphere. This work supports and completes the theory
of extra drying at a cooler tropopause associated with SSW
events, as suggested by the simulation in Tao et al. (2015b)
and from in-situ observations in Evan et al. (2015), from the
dynamical perspective. Furthermore, the complex interaction
between the variation in temperature, chemical reaction rates,
and radiation effect, needs further investigation.
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