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ABSTRACT

An unprecedented disruption of the quasi-biennial oscillation (QBO) started to develop from late 2015.

The early development of this event is analyzed using the space–time spectra of eddies from reanalysis data.

While the extratropical waves propagating horizontally into the tropics were assumed to be the main driver

for the disruption, it was not clear why these waves dissipated near the jet core instead of near the jet edge as

linear theory predicts. This study shows that the drastic deceleration of the equatorial jet was largely brought

about by a single strong wave packet, and the local winds experienced by the wave packet served as a better

indicator of the wave breaking latitude than the zonal mean winds. Surprisingly, tropical mixed Rossby–

gravity waves also made an appreciable contribution to the deceleration of the equatorial westerly jet by the

horizontal eddy momentum fluxes, especially before January 2016. The horizontal eddy momentum fluxes

associated with the tropical waves arise from the deformation of the wave structure when background

westerlies increase with height. These horizontal eddy momentum anomalies from the tropical waves are

commonly observed in the reanalysis data but are typicallymuch weaker than those in the 2015/16winter. The

possibility exists that exceptionally strong equatorially trapped waves precondition the flow to disruption by

an extratropical disturbance.

1. Introduction

The quasi-biennial oscillation (QBO) is the most

prominent circulation pattern in the tropical strato-

sphere, featuring alternating easterlies and westerlies

that slowly descend from the stratopause to the tro-

popause (Baldwin et al. 2001, and references therein).

It is mainly driven by the vertically propagating waves

with easterly and westerly phase speeds that dissipate

in the corresponding shear zones, leading to easterly

acceleration in easterly shear zones (where easterlies

increases with height) and westerly acceleration in

westerly shear zones (Holton and Lindzen 1972). These

tropically trapped waves are of various horizontal

scales, ranging from planetary scales to a few kilome-

ters or less (e.g., Baldwin et al. 2001; Kim and Chun

2015). Since tropical stratospheric wind measurements

became available in the 1950s, this oscillation in zonal

wind has been observed consistently with a period

around 28 months.

However, this regularity was distorted in late 2015

when easterlies started to develop at the core of the

westerly jet instead of in an easterly shear zone, and the

descent of the zonal wind pattern halted and even re-

versed for a few months (Newman et al. 2016; Osprey

et al. 2016). Momentum budget analyses show that the

abnormal easterly acceleration during the 2015/16 bo-

real winter is mainly driven by the divergence of the

eddy momentum flux u0y0 (Osprey et al. 2016; Coy et al.

2017; Barton and McCormack 2017). Studies hence

attributed the QBO disruption to the Northern Hemi-

sphere extratropical Rossby waves that propagated

horizontally into the tropical lower stratosphere and

dissipated near the equator (Osprey et al. 2016; Coy

et al. 2017; Barton and McCormack 2017). The small-

scale gravity waves generally make appreciable con-

tribution to the QBO forcing (e.g., Dunkerton 1997;

Holt et al. 2016), but are shown to have little effect

during the 2015/16 winter (Coy et al. 2017). By

February 2016, a thin layer of easterlies was established

near the level of 40 hPa. Once the easterlies developed

inside the westerlies, the propagation pattern of bothCorresponding author: Pu Lin, pulin@princeton.edu
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tropical and extratropical waves was altered, facilitating

further disruption of the QBO (Hitchcock et al. 2018).

The QBO seems to have returned to its normal cycle by

the end of 2016.

Questions remain on how the easterly acceleration

occurred at the westerly jet core. Linear wave theory

predicts that a Rossby wave propagates when its phase

speed is more easterly than the background wind, and

dissipates close to the critical latitude where its phase

speed matches with the background wind. In the case

when a westerly jet is located near the equator, there

is a westerly minimum at the subtropics that filters out

the waves of strong westerly phase speed, and only

those waves with easterly or weak westerly phase speed

can penetrate into the tropics. Therefore, all waves

reaching the equatorial westerly jet are of a phase

speed that is more easterly than the jet itself, and

minimal dissipation is expected to occur at the jet

core from the linear theory. Based on a global shallow-

water model, O’Sullivan (1997) showed that these ex-

tratropical Rossby waves can reduce the width of the

equatorial westerly jet, but the jet-core strength re-

mains undiminished even on seasonal time scales.

Furthermore, anomalously strong eddy momentum

flux emanating from extratropics into the tropics was

also observed during the 1987/88 and 2010/11 winters

(Coy et al. 2017). Yet no similar disruption of the QBO

was found.

In this study, we address this puzzle by analyzing

the space–time spectral characteristics and the detailed

evolution of the eddy momentum flux. We focus on the

period when the easterly anomalies started to develop,

that is, the 2015/16 boreal winter. We find that the

strong horizontal eddy momentum flux divergence

observed near the equator during the 2015/16 winter

was associated in large part with an episode of extra-

tropical Rossby wave breaking as suggested by earlier

studies (Newman et al. 2016; Osprey et al. 2016; Coy et al.

2017; Barton andMcCormack 2017). Butwe also find that

tropical mixed Rossby–gravity (MRG) wave contributed

to the equatorial momentum flux divergence. We

discuss the behavior of these two types of waves and

explain how they each contributed to the westerly

deceleration/easterly acceleration at the equatorial

jet center. In particular, we contrast the 2015/16

winter with the 2010/11 winter, and we address why

the QBO behaved differently in these two winters

given comparable strong wave flux coming from the

northern extratropics. In the following, we will first

describe the dataset used and the analysis methodol-

ogy in section 2, and then we present the evolution

of the zonal winds during the 2015/16 winter and dis-

cuss the effects of the extratropical and tropical waves

in section 3, followed by a summary and discussion

in section 4.

2. Data and method

Our analysis is based on the ERA-Interim products

output on its model levels (Dee et al. 2011). This QBO

event has been analyzed using other reanalysis products

(Newman et al. 2016; Coy et al. 2017; Barton and

McCormack 2017), showing similar results compared to

those using ERA-Interim (Osprey et al. 2016). Most

results are shown on the 35.8-hPa level, where the

easterly acceleration are the strongest. The eddy fluxes

u0y0, u0w0, and y0u0 are calculated using the 6-hourly-

resolution output, in which u0, y0, and w0 are the eddy

component of the zonal, meridional, and vertical winds,

respectively; u0 is the eddy component of the potential

temperature; and overbar indicates the zonal average.

Using these eddy fluxes, we calculate the Eliassen–

Palm (EP) flux following Andrews et al. [1987, their

Eq. (3.5.3)]. We pay special attention to the eddy mo-

mentum flux from the covariance between the zonal and

meridional wind u0y0 (horizontal eddy momentum flux)

as studies have shown its importance in the momentum

budget during the 2015/16 winter (Osprey et al. 2016;

Coy et al. 2017; Barton and McCormack 2017). In this

paper, we present the horizontal eddy momentum con-

vergence [2›(u0y0 cos2f)/(a cos2f›f)], so that it has the

same sign as the zonal wind tendency, and its value is

directly comparable to the zonal wind tendency, in

which a is the radius of Earth, and f is latitude. We also

consider the eddy momentum flux from the covariance

between the zonal and vertical winds u0w0 (vertical

eddy momentum flux). The convergence of the vertical

eddy momentum flux is defined as 2(1/r0)›(u
0w0r0)/›z,

where r0 is the reference density, and z is the log-

pressure height.

We compute the space–time cross spectra (Hayashi

1971) and the angular phase speed spectra (Randel and

Held 1991) for these eddies. To calculate the spec-

tra in each month, we use 60 days of data starting

from day 15 of the previous month. Each data chunk is

tapered with a Hamming window to reduce the noise

from sampling (von Storch and Zwiers 1999). Follow-

ing Randel and Held (1991), the space–time cross

spectra are then interpolated into the domain of an-

gular phase speed and wavenumber, and the angular

phase speed spectra are obtained by summing over

wavenumbers.

We also filter the time series with a threshold fre-

quency of 0.15 cycle per day (cpd) to examine the

evolution due to high- and low-frequency waves. We

apply the sixth-order Butterworth filter forward and

822 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 76



backward to the daily mean winds to avoid phase shift

from the filtering. Daily mean instead of 6-hourly data

is used so that irrelevant high-frequency signals are

diminished. The first and last 10 days are discarded

after filtering. Eddy momentum fluxes are then cal-

culated using the low-passed and high-passed winds.

Covariance between the low-frequency and high-

frequency winds is found to be very small and hence

is ignored.

3. Results

Figure 1 shows the angular phase speed spectra for

eddymomentum flux convergence at 35.8 hPa averaged

fromNovember to February for the 2015/16 winter, the

2010/11 winter, and all 17 boreal winters since 1979 that

have westerlies at the equator. Wave activity is strong

in the northern extratropics during boreal winters. As

these waves propagate upward and equatorward, most

of them will reach their critical lines and dissipate be-

fore reaching the tropics. But if there are westerlies in

the tropics, those Rossby waves with easterly or weak

westerly phase speed may propagate across the equa-

tor, and dissipate in the Southern Hemisphere. This is

clearly seen in the phase speed spectra, which shows

that u0y0 diverges strongly along the background zonal

wind in the Southern Hemisphere. During the 2015/16

winter, however, additional momentum divergence

for waves of strong easterly phase speed was found

between 58S and 108N where the zonal-mean zonal

wind was still westerly. This differs from other winters

with similar background winds, in which little di-

vergence is found inside westerlies or away from the

critical latitude. It is this additional divergence in-

side the westerlies that sets the 2015/16 winter apart

from others.

Which waves caused this additional eddy momen-

tum flux divergence during the 2015/16 winter? We

seek hints in the space–time spectra. Figure 2 shows the

averaged space–time spectra of EP flux divergence

at the equator for the 2015/16 winter. Superimposed

are theoretical dispersion lines for equatorial Kelvin

and MRG waves for a set of equivalent depths as in

Wheeler and Kiladis (1999). In addition, we calculate

the dispersion relation for nondivergent barotropic

Rossby wave at 408N as v5ku2 kbeff/(k
2 1 l2) fol-

lowing Abalos et al. (2016), in which v is angular fre-

quency, k is zonal wavenumber, l is local meridional

wavenumber, and beff 5b2 uyy.

Westerly deceleration (indicated by the negative

EP flux divergence) is found along these dispersion

lines of extratropical Rossby waves, supporting the

extratropical wave argument suggested in previous stud-

ies (e.g., Osprey et al. 2016; Coy et al. 2017). However,

additional decelerations are found at the easterly phase

speeds with higher frequencies, which lie along the the-

oretical dispersion lines of equatorial MRG waves. The

spectra also show acceleration along theoretical disper-

sion lines of equatorial Kelvin waves.

Spectra are integrated separately across three frequency

ranges: easterly waves with frequency 0 , v , 0.15 cpd,

easterly waves with frequency 0.15 # v # 0.5 cpd, and

westerly waves with frequency 0.05 # v # 0.5 cpd. The

distinction among the three groups is apparent by their

EP flux patterns as shown in Fig. 3. Most of the low-

frequency easterly waves originate from the Northern

FIG. 1. Angular phase speed spectra for eddy momentum flux convergence (color shading) and background zonal wind U/cosf (black

line) at 35.8 hPa averaged over (a) November 2015–February 2016, (b) November 2010–February 2011, and (c) November–February for

17 boreal winters with equatorial westerlies (1980/81, 1982/83, 1985/86, 1987/88, 1988/89, 1990/91, 1992/93, 1994/95, 1997/98, 1999/2000,

2002/03, 2004/05, 2006/07, 2008/09, 2010/11, 2013/14, and 2015/16).
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Hemisphere midlatitudes and then propagate hori-

zontally across the equator into the Southern Hemi-

sphere (Fig. 3a). These waves generally cause westerly

deceleration (easterly acceleration) of the mean flow.

Weaker EP flux divergence is found near the equator

where the westerly jet core resides. The EP flux from

this frequency band is the strongest and is similar to the

EP flux calculated from all waves shown in earlier

studies (Osprey et al. 2016; Coy et al. 2017; Barton and

McCormack 2017). The high-frequency easterly waves

are largely confined within the tropics (Fig. 3b). Con-

sistent with the expectation for equatorial MRGwaves,

upward EP flux is found on both sides of the equator.

EP flux from this frequency band also points equator-

ward, leading to westerly deceleration at the equa-

tor and westerly acceleration off the equator. While

the magnitudes (i.e., the length of EP flux vectors) of

these high-frequency easterly waves are much weaker

than the low-frequency ones, their effects on the

equatorial mean flow (i.e., EP flux divergence) are

comparable to the low-frequency waves. For both

low-frequency and high-frequency easterly waves, the

EP flux divergence in the tropics is mainly contributed

by the divergence of the horizontal eddy momentum

flux. The westerly waves show EP fluxes pointing

downward in the tropics (Fig. 3c), consistent with the

expectation for equatorial Kelvin waves. These waves

lead to westerly acceleration in the tropics, with stronger

acceleration in the lower stratosphere where the mean

flow had a westerly shear.

Comparing the 2010/11 winter (Figs. 3d–f) with the

2015/16 winter (Figs. 3a–c), we find that the gen-

eral propagation pattern of each wave group does not

differ much between the two winters. The stronger

westerly deceleration of the equatorial jet during the

2015/16 winter came from a strong deceleration cen-

tered around 35 hPa 58N from the low-frequency east-

erly waves that was absent in the 2010/11 winter, as well

as the stronger horizontal EP fluxes from the high-

frequency easterly waves.

Because the space–time spectra only measure the

average wave characteristics over a certain temporal

window and cannot resolve the finer evolution over

time, we employ a temporal filter to differentiate dif-

ferent wave groups on finer time scales. Note that the

temporal filter cannot separate between the easterly

and westerly waves. But the zonal wind tendency from

the westerly Kelvin waves is generally weaker than the

easterly waves at 35 hPa, and mostly comes from the

vertical momentum flux u0w0 instead of the horizontal

momentum flux u0y0. We therefore consider the low-

frequency (,0.15 cpd) u0y0 as the contribution from the

extratropical Rossby waves, the high-frequency u0y0

as the contribution from the tropical MRG waves, and

u0w0 from all frequencies as the contribution from the

tropical Kelvin waves. Since extratropical Rossby,

tropical MRG, and Kelvin waves all have periods of a

few days or longer, we apply the filter to daily mean

instead of 6-hourly outputs to eliminate other irrele-

vant high-frequency variations such as solar tides.

Figure 4 shows the zonal wind tendency as well as

contributions from the three wave groups during the

2015/16 and 2010/11 winters. Consistent with earlier

studies (Osprey et al. 2016; Coy et al. 2017; Barton and

McCormack 2017), other contributions to the zonal

wind tendency, such as additional terms in the EP flux

divergence, advection by the mean circulation, and the

reanalysis’s unresolved processes, are found to be rel-

atively small near the equatorial jet during the two

winters and hence are not shown.

As expected, the dissipation of the extratropical

Rossby waves is strongly modulated by the background

zonal wind. In both winters, we see the low-frequency

u0y0 diverges strongly at the southern flank of the

equatorial jet where there is strong horizontal shear.

During the 2015/16 winter, the shear zone gradu-

ally moved northward, and the low-frequency mo-

mentum divergence followed this migration. In contrast,

during the 2010/11 winter, the location of the shear zone

had less fluctuation, and the low-frequency momentum

FIG. 2. Space–time spectrum for EP flux divergence at 35.8 hPa

averaged over 58S–58N from November 2015 to February 2016.

Black dashed lines mark the boundary of the frequency ranges

discussed in the text. Positive wavenumbers are for westerly waves,

and negative wavenumbers are for easterly waves. Black solid lines

plot the dispersion curves of the mixed Rossby–gravity wave and

n5 0 westerly inertial gravity wave for equivalent depth h5 25, 50,

90, and 200m.Green solid lines plot the dispersion curves of Kelvin

waves for equivalent depth h5 25, 50, 90, and 200m. Orange solid

lines plot the dispersion curves for extratropical Rossby waves for

local meridional wavenumber l 5 4–7. See text for details of the

dispersion curves.
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divergence largely remained south of the equator. This

pattern agrees qualitatively with the theory that Rossby

waves dissipate at the critical latitude where its phase

speed matches with the background wind.

There are occasional episodes in which the low-

frequency momentum divergence occurred away from

the shear zone and inside the westerly jet. One excep-

tional example occurred around 1 February 2016

north of the equator, during which the divergence

exceeded 0.4m s21 day21, and the background zonal

wind quickly dropped from .5m s21 to easterlies.

Comparing Figs. 4b and 3a, we see that the tropical

isolated peak of deceleration seen in the winter-

averaged plot is almost entirely driven by this single

episode. We will examine this episode in detail in the

next subsection.

On the other hand, the tropical MRG waves show no

horizontal displacement with the equatorial jet. Instead,

the high-frequency u0y0 always diverges at the equator

and converges to the north and south of the equator,

producing westerly deceleration at the equator flanked

by westerly acceleration (less obvious on the northern

flank). During the 2015/16 winter, the magnitude of the

high-frequency momentum divergence was compara-

ble to that of the low-frequency momentum diver-

gence. Especially during the early winter, most of the

zonal wind deceleration at the equator is driven by the

high-frequency eddies (Fig. 4a vs Fig. 4c). The zonal

FIG. 3. EP flux (vectors) and its divergence (color shading) for (a),(d) waves with easterly phase speed and

frequency lower than 0.15 cpd, (b),(e) waves with easterly phase speed and frequency between 0.15 and

0.5 cpd, and (c),(f) waves with westerly phase speed and frequency between 0.05 and 0.5 cpd. (a)–(c) Results

averaged over November 2015–February 2016. (d)–(f) Results averaged over November 2010–February 2011.

The reference arrows in the lower-right corner represent a vertical EP flux of 3 3 103 kg s22 and a horizontal

EP flux of 3 3 105 kg s22.
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wind tendency from the MRG waves in the 2010/11

winter showed a similar latitudinal distribution to the

2015/16 winter, but with much weaker magnitude. We

will discuss how the MRG waves bring about such a

zonal wind tendency pattern in section 3b.

Kelvin waves result in weak westerly acceleration at

the equator throughout the winter, consistent with the

weak westerly shear at this level. Stronger Kelvin

waves were found during the 2010/11 winter than the

2015/16 winter, especially during the early winter.

Note that u0w0 is not a perfect representation of Kelvin

waves only, as other equatorial waves also consist of

u0w0. As a result, patches of deceleration are also seen

in Figs. 4d and 4h.

To further illustrate the evolution of the equatorial

westerly jet at 35.8 hPa, we identify the jet core as

the maximum wind in each latitudinal profile of daily

zonal-mean zonal wind within the tropics (208N–208S).
Figure 5 plots the evolution of jet-core location and

strength during the 2015/16 and 2010/11 winters. In

both winters, the jet core drifts northward from the

equator to ;78N from October to February, presum-

ably because of the extratropical Rossby wave dissi-

pation at the southern flank of the jet. The jet-core

FIG. 4. The weekly evolution of (a),(e) zonal-mean zonal wind acceleration, (b),(f) horizontal eddy momen-

tum flux convergence from low-frequency waves, (c),(g) horizontal eddy momentum flux convergence from

high-frequency waves, and (d),(h) vertical eddy momentum flux convergence. Black contours plot the zonal-

mean zonal wind. Here, (a)–(d) are the 2015/16 winter and (e)–(h) are the 2010/11 winter. All results are

plotted at 35.8 hPa.
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strength, on the other hand, undergoes contrasting

evolution in these two winters. In the 2010/11 winter,

the jet-core strength stayed relatively constant, con-

sistent with the idealized simulation by O’Sullivan

(1997). In the 2015/16 winter, however, the jet-core

strength decreased continuously from mid-October. A

drastic deceleration started from the end of January,

and no westerly jet can be identified after 10 February.

To understand the evolution of the jet-core strength,

we calculate the contribution to zonal wind changes at

the jet core from the three wave groups by integrating

the corresponding eddy momentum flux convergence

over time since 1 October. As shown in Fig. 5c, from

October to December 2015, the continuous weaken-

ing of the jet core was mainly driven by the tropical

MRG waves, whereas the contributions from the ex-

tratropical Rossby waves and Kelvin waves were

mostly small. The drastic deceleration of the jet core

around 1 February, on the other hand, was driven by

the extratropical Rossby waves. In the 2010/11 winter

(Fig. 5d), the extratropical Rossby waves also decel-

erated the equatorial jet, but there was no equivalent in

the 2010/11 winter to the sharp deceleration at the end

of January 2016. The MRG waves yielded very little

fluctuation in the jet strength during the 2010/11 winter.

Kevin waves drove weak acceleration at the jet core in

both winters. In the following subsections, we will dis-

cuss the exceptionally strong extratropical wave episode

occurring around 1 February 2016 and the tropical MRG

waves, respectively.

a. The exceptionally strong extratropical Rossby
wave episode

In this subsection, we address the question of why

the extratropical Rossby waves dissipated near the jet

core during this episode, rather than at the jet flank as

theory predicts and most other extratropical waves

do. We find that the responsible wave for this episode

was a wave packet rather than a circumglobal one, and

the spatial confinement may be a key to understanding

its behavior.

Figure 6a shows a longitude–latitude snapshot of the

low-frequency eddy momentum flux u0y0 and the zonal

wind. As shown in the figure, the eddy momentum

fluxes emanating from the extratropics into the tropics

are organized into stripes that tilt with latitude. (The

simplest equatorward-propagating Rossby wave, with

streamfunction c0 5A sin(kx1 ‘y) and k‘, 0, would

have u0y0 52k‘A2 cos2(kx1 ‘y), with amplitude oscil-

lating between 0 and a positive value, roughly consis-

tent with this figure.) We note that these eddies do not

spread out longitudinally over the globe, but instead

FIG. 5. (a),(b) The daily evolution of the equatorial jet-core position. (c),(d) The daily evolution of the equatorial

jet-core strength (black) and the integrated contribution to zonal wind changes at the jet core since 1 Oct from the

convergence of the low-frequency horizontal eddy momentum flux (purple), the high-frequency horizontal eddy

momentum flux (orange), and the vertical eddy momentum flux (green). Zonal winds and their changes are

measured at the latitude of the jet core. Here, (a) and (c) are the 2015/16 winter and (b) and (d) are the 2010/11

winter. All results are plotted at 35.8 hPa.
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form a wave packet with width of ;1008. Collocated
with the wave packet is a tongue of strong easterlies

that extends from the Southern Hemisphere to the

Northern Hemisphere. The zonal wind experienced

by the wave packet is then quite different from the

zonal mean wind profile as shown in Fig. 6c. While

the zonal mean winds show westerlies between 208N
and 58S, the zonal wind averaged over 158W–458E
shows easterlies occupying the region south of ;158N.

As shown in Fig. 7, this wave packet moves west-

ward with a phase speed of ;212m s21. If judging by

the zonal mean wind profile, the critical latitude where

zonal wind matches the phase speed would be around

108S. However, judging by the local zonal wind, the

critical latitude would be around 58N. Indeed, we see

the magnitude of u0y0 quickly drops as it crosses 58N
(Fig. 6a), and a potential vorticity (PV) overturning

and reversal of its meridional gradient are seen in the

region between 08 and 108N, centered around 308E
(Fig. 6b), both of which indicate the dissipation or

absorption of the wave packet near the local critical

latitude.

The coexistence of the wave packet and the strong

easterlies is not just coincidence. These local easter-

lies arise from the passing of the wave itself,

indicating that they are a signature of wave break-

ing. As evident from Fig. 7, the easterlies propa-

gate westward with the wave packet (indicated by the

strong poleward eddy momentum flux). Hence the dis-

sipation of this wave packet always occurs at the

local critical latitude that is located much northward

of the zonal-mean critical latitude. This is consis-

tent with the westward-propagating Ertel PV knot

observed in the equatorial region shown by Coy et al.

(2017, their Fig. 13). Similar episodes of a strong

enough wave packet leading to some dissipation

away from the zonal-mean critical latitude have been

observed from time to time, such as the deceleration

centered around 108N between 1 and 15 December

FIG. 6. (a) Snapshot of low-frequency eddy momentum flux u0y0 (color shading) and zonal wind (black contours) at 0600 UTC 7

Feb 2016 (gray line in Fig. 7) at 35.8 hPa. For clarity, only easterlies are plotted, with contours of 25,210, and215 m s21. Stronger

easterlies are plotted with thicker lines. The gray line indicates the latitude where a Hovmöller plot is shown in Fig. 7. (b) Snapshot

for PV at the same time. Black lines plot a representative PV contour of 0.11 3 1024 s21. (c) Zonal wind profiles averaged over all

longitudes (solid line) and over 158W–458E (dashed line). The vertical green line marked the phase speed of212 m s21 at which the

wave packet is traveling.

FIG. 7. Hovmöller plot for low-frequency eddy momentum

flux u0y0 (color shading) and zonal wind (black contours) at 4.58N
(gray line in Fig. 6a) at 35.8 hPa. For clarity, only easterlies are

plotted, with contours of 25, 210, and 215 m s21. Stronger

easterlies are plotted with thicker lines. The gray line indicates the

time when the snapshots in Fig. 6 are taken. The green line rep-

resent an easterly phase speed of 12m s21.
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2015 (Fig. 4b) and the deceleration centered around

38N in late November 2010 (Fig. 4f). But typically

those wave packets transport less momentum and

are less persistent, and hence exert much weaker im-

pact on the background zonal wind. As a single wave

packet, its dissipation or absorption must be confined

locally initially. This also explains why the strong

deceleration in the equatorial westerly was vertically

confined within a thin layer in February 2016.

This behavior of a wave breaking before reaching

its critical latitude has been discussed by Fyfe and

Held (1990) and others, the breaking occurring where

the phase speed of the wave with respect to the mean

flow drops below the eddy zonal wind perturbation

amplitude u0. Fyfe and Held (1990) described how a

bifurcation to strong wave breaking and mean-flow

deceleration can occur with increasing wave ampli-

tude because of feedback with the zonal flow, but

in the context of an incident wave of a single zonal

wavenumber rather than a wave packet. The interac-

tion between a wave packet and the mean flow has

been modeled (e.g., Magnusdottir and Haynes 1999;

Esler et al. 2000), but has typically focused on the

potential for reflection rather than an abrupt transi-

tion from transmission through equatorial westerlies

to wave breaking. Waugh et al. (1994) reported that

the breaking of a stationary wave train may occur in

the absence of the critical line given that the wave

forcing is strong enough to create stagnation points,

which is equivalent to having a local critical line.

Enomoto and Matsuda (1999) simulated the wave

packet propagation with a zonally varying mean flow,

and showed that the behavior of the wave packet de-

pends strongly on the relative location between the

wave packet and local easterlies. Campbell (2004)

simulated a wave packet with stationary forcing in

an initially zonally symmetric basic flow and showed

that the absorption of the wave packet near the crit-

ical line led to strong local perturbation in the basic

flow. All these model studies support our argument

that a wave packet interacts with the local background

flow rather than the zonal mean.

However, unlike in idealized simulations, it is much

more ambitious to define the wave and the mean flow

in observations as there may not be a clear scale sep-

aration between them. Here, we made this somewhat

arbitrary choice of averaging over 158W–458E to rep-

resent the mean flow. While this may not be the opti-

mal definition, the mean flow under this definition

gives a much better estimation of the latitude where

wave dissipation/absorption occurs than the zonal

mean winds. This strongly suggests that it is to the local

winds rather than the zonal mean winds that a wave

packet responds. The fact that it is a wave packet rather

than a circumglobal wave also leads to ambiguity in

determining the wavenumber from the spectra analy-

sis. This is why this single wave packet projects to a

seemingly broad patch of signal ranging over wave-

numbers 1–3 in Fig. 2.

b. The tropical MRG waves

The equatorial MRG waves are a major driver of

the QBO. The analytical solution for the MRG wave

(Matsuno 1966) indicates EP fluxes pointing up-

ward centered off the equator. During the 2015/16

winter, the vertical EP flux over the easterly high-

frequency band was generally consistent with this

prediction. The horizontal EP flux, on the other hand,

surprisingly showed strong convergence and diver-

gence in the tropics throughout the stratosphere.

These horizontal EP flux anomalies are brought about

by the horizontal eddy momentum flux u0y0. This

contradicts with Matsuno’s solution, which yields zero

u0y0. Then how did the nonzero u0y0 arise from the

MRG waves?

To address this question, we analyze the structure

of these waves. We use the meridional wind at the

equator y0 as the reference and calculate the co-

herence and the phase difference of different variables

with regards to this reference. The coherence and

phase are calculated using the averaged spectra over

the easterly waves with frequency between 0.15 and

0.5 cpd following Hayashi [1971, their Eqs. (4.12) and

(4.13)]. Figure 8 shows the coherence square and the

phase difference in zonal and meridional winds as well

as in temperature with y0. Consistent with the ana-

lytical solution for the MRG wave (Matsuno 1966),

the meridional wind anomalies align along the longi-

tude lines showing near-zero phase difference with

y0 at all latitudes. The strongest meridional wind

anomalies are located at the equator, and the magni-

tudes decay away from the equator. The tempera-

ture and zonal wind anomalies associated with y0 are

the strongest off the equator at ;78N/S. The temper-

ature anomalies are antisymmetric about the equa-

tor, aligning roughly in phase with the meridional

wind anomalies in the Northern Hemisphere and out

of phase in the Southern Hemisphere. The zonal

wind anomalies are in quadrature with the meridio-

nal wind anomalies, which lie to the east of y0 in the

Northern Hemisphere and to the west in the Southern

Hemisphere.

Upon close examination, we see that the phase

difference between zonal and meridional wind is

not exactly 6p/2 as the analytical solution predicts

(Matsuno 1966), especially between 108N and 108S.
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This seemingly small departure from quadrature would

result in nonzero u0y0. To estimate howmuch u0y0 results
from this phase difference, we write the zonal and

meridional wind anomalies as

u0 5A
u
cos(kx1vt1u

u
)5A

u
cos(kx1vt1u

0
1Du

u
),

y0 5A
y
cos(kx1vt1u

y
)5A

y
cos(kx1vt1u

0
1Du

y
) ,

(1)

in which A is the amplitude of the wave, k is zonal wave-

number, v is frequency, u is phase, u0 is phase for y0, and

Du is the phase differencewith respect to y0. Further noted

that the coherence square with y0 measures the fraction of

variation that is associated with this MRG wave, we have

A2
u

2
5P

u
coh2

u,
A2

y

2
5P

y
coh2

y , (2)

in which P is the power spectrum of the corresponding

variables, and coh is the coherence with respect to y0.

From Eqs. (1) and (2), we can derive the corresponding

eddy momentum flux:
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in which the square brackets represent temporal

average.

Figure 9 compares [u0y0] as well as its convergence

calculated from Eq. (3) with those from direct calcula-

tion of high-frequency winds averaged over the 2015/16

winter. General agreement is seen in both the magni-

tude as well as the latitudinal structure. The north-

ward momentum flux in the Northern Hemisphere

comes from Duu ,p/2 there, and the southward mo-

mentum flux in the Southern Hemisphere is due

to the fact that Duu ,2p/2 there. As a result, eddy

momentum diverges at the equator and converges

off the equator. While the difference between Duu

and its theoretical value 6p/2 seems to be trivial,

it is large enough to drive an eddy momentum

flux divergence on the order of 0.1m s21 day21 at

the equator. This agreement between Eq. (3) and the

directly calculated high-frequency eddy momentum

fluxes confirms the deformed MRG wave as the main

driver for the high-frequency eddies in the 2015/16

winter.

It is not clear why the observed MRG waves have

such deformation from Matsuno’s classic wave struc-

ture (Matsuno 1966). One possible cause might be

the background flow, which was assumed to be zero

in Matsuno’s solution (Matsuno 1966). Andrews and

McIntyre (1976) showed that both equatorial Kelvin

and MRG waves possess nonzero u0y0 with weak

shear in the background flow. We examine the high-

frequency eddy momentum flux throughout the

reanalysis period, and find that the tripole structure

FIG. 8. (a) Coherence square and (b) phase difference of zonal andmeridional wind and temperaturewith respect

to the meridional wind at the equator for easterly waves with frequency between 0.15 and 0.5 cpd for November

2015–February 2016 at 35.8 hPa.
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in the eddy momentum convergence associated with

the deformed MRG waves shown in Fig. 9b is not

unique in the 2015/16 winter. Rather, similar lat-

itudinal structure is commonly observed. In fact, this

tripole structure dominates the variations in the tropical

monthly high-frequency eddy momentum flux conver-

gence since 1979 as shown in Fig. 10.

We further find the sign of the tripole structure

from the MRG wave deformation depends on the

sign of the vertical shear in the background flow. We

regress the space–time spectra of the eddy momen-

tum flux convergence upon this tripole structure, and

composite the regression coefficients according to

the QBO phase. The phase of the QBO cycle is de-

termined from the two leading EOFs of the strato-

spheric equatorial zonal-mean zonal winds (Wallace

et al. 1993; more details are given in the appendix).

Figure 11 shows the composited spectra as well as the

equatorial zonal wind profile over four QBO phase

bands. Note that the QBO phase during 2015/16

winter is within the first QBO phase band plotted

in Figs. 11a and 11e. In all four cases, the regression

coefficients are strong along the MRG dispersion

lines, indicating that theMRGwaves contribute to the

tripole structure in momentum convergence. When

background flow shows westerly shear (Figs. 11a,d),

the composited spectra is negative along the MRG

dispersion lines (Figs. 11e,h), that is, divergence of

eddy momentum and westerly deceleration at the

equator and momentum convergence and westerly

acceleration off the equator. When background flow

shows easterly shear (Figs. 11b,c), the composite spectra

also flip signs (Figs. 11f,g). When there are easterlies

below the level considered (Figs. 11c,d), some of the

MRG waves will be absorbed at the lower levels, and

only MRG waves with faster easterly phase speed can

penetrate deep into the stratosphere. Such filtering

effect is apparent in the spectra (Fig. 11e vs Fig. 11h

and Fig. 11f vs Fig. 11g). Using data at a different level

yields similar results (not shown).

We sum the regression coefficients of the eddy mo-

mentum divergence over the frequency–wavenumber

range for the MRG waves (i.e., all easterly wave-

numbers and 0.15 # v # 0.5 cpd), which represents

the strength of the tripole structure in the eddy mo-

mentum flux divergence due to the MRG waves. Here

positive values indicate momentum divergence at the

equator. Figure 12a compares this strength during

the 2015/16 winter to that in earlier QBO cycles with

similar QBO phases. We see that the 2015/16 winter

shows much stronger tripole structure than before,

even excluding February 2016 when the QBO disrup-

tion has fully developed, leading to more momen-

tum divergence at the equator and more convergence

off the equator. Furthermore, we calculate the phase

difference Duu and Duy in these earlier QBO cycles

as in the 2015/16 winters. Figure 12b compares

the difference in cos(Duu 2Duy) between 58–108N
and 58–108S of the selected QBO cycles. The latitudinal

range is chosen to represent the region where the MRG

FIG. 9. (a) Horizontal eddy momentum flux u0y0 from high-frequency waves averaged over November 2015–

February 2016 (solid line) and estimated fromEq. (3) (dashed line) at 35.8 hPa. (b)As in (a), but for horizontal eddy

momentum flux convergence. See text for more explanation.
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wave-related eddy momentum flux is the strongest.

This quantity represents the deformation of the MRG

waves, and is proportional to the poleward eddy mo-

mentum flux as in Eq. (3). With westerly shear, we see

that the MRG wave deforms in such a way that pole-

ward eddy momentum flux is produced in most cases.

Comparing Figs. 12a and 12b, the variations in the

tripole structure strength is found to be correlated with

the deformation factor, both showing stronger values in

the recent years and weaker values in late 1990s and

early 2000s. The much stronger MRGwave-related u0y0

in 2015/16 winter seems to be a combination of stronger

wave deformation as well as stronger wave amplitude.

While there is concern regarding the consistency of the

reanalysis data over time, abnormal equatorial waves

during the 2015/16 winter are plausible given the

record-breaking El Niño observed at the same time

(e.g., Avery et al. 2017; Hu and Fedorov 2017; Santoso

et al. 2017).

4. Conclusions and discussion

We study the early development of the 2015/16

QBO disruption. We find that the westerly decel-

eration in the midst of the equatorial westerly jet

was driven not only by the extratropical Rossby

waves that propagate horizontally into the tropics,

but also by the tropical MRG waves. These tropi-

cal waves were masked by the extratropical waves

in the previous analyses based on the total eddy

fluxes (Osprey et al. 2016; Coy et al. 2017; Barton

and McCormack 2017; Watanabe et al. 2018). But as

shown in our study, the tropical waves have made

appreciable contributions to the development of the

QBO disruption.

Consistent with the critical-latitude argument, the

extratropically generated waves are found to pass

through the equatorial region and dissipate at the

southern flank of the equatorial jet, and therefore only

decelerate the flank but not the core of the jet in most

cases. However, as a wave packet shifts winds from

their zonal mean, if the wave packet is of large-enough

amplitude, the local wind profile experienced by the

wave packet can be very different from the zonal mean

profile. The resulting local critical latitude can there-

fore be far away from the zonal mean. This is why

dissipation of easterly waves is possible at a particular

latitude where zonal mean wind is westerly. An epi-

sode of exceptionally strong longitudinally confined

extratropical wave packetwas observed in early February

2016, of which the local critical latitude resided roughly

158 north of the zonal mean one. This particular wave

packet led to localized and drastic deceleration at the

center of the zonal mean jet and ultimately destroyed the

equatorial westerly jet.

On the other hand, the tropical MRG waves decel-

erated the equatorial jet core throughout the 2015/16

winter. The horizontal eddy momentum fluxes asso-

ciated with the MRG waves diverged at the equator,

and converged off the equator. Such eddy momen-

tum anomalies arise from a deformation of the wave

structure. It is not clear why the deformation oc-

curs. But based on the reanalysis data, we show that

such horizontal eddy momentum anomalies associ-

ated with the MRG waves are commonly observed

throughout the stratosphere, and the sign of these

anomalies largely depends on the vertical shear of the

background flow. Comparing to othermonths that have

similar equatorial zonal wind structure, the 2015/16

winter shows a much stronger horizontal eddy mo-

mentum flux associated with the MRG waves.

While the exceptionally strong extratropical wave ep-

isode is the one that destroyed the equatorial westerly jet

and triggered the regime shift, we suggest that the con-

tinuous deceleration from the tropical waves beforehand

is important for preconditioning the flow. Without these

tropical waves, the extratropical waves would interact

with a stronger jet. Even with the same wave amplitude,

the wave-passage-induced local critical lines would be

farther south, and their dissipation may not affect the

jet-core strength as much. In addition, the deceleration

from the tropical waves during the early winter may

contribute to a condition that favors the penetration

of extratropical waves into the tropics, which is high-

lighted as the key for successful hindcast simulations

by Watanabe et al. (2018).

FIG. 10. The leading EOF pattern (unitless) in monthly high-

frequency horizontal eddy momentum flux convergence at 35.8 hPa

over 208N–208S for 1979–2016.
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We compare the abnormal 2015/16 winter with

the 2010/11 winter, when the tropical horizontal

eddy momentum flux was also large but no QBO

disruption was observed. The key differences that set

apart the two winters are the existence of excep-

tionally strong and persistent extratropical wave

FIG. 11. (a)–(d) Equatorial zonal wind profiles and (e)–(h) regression coefficients of the space–time spectra

of horizontal eddy momentum flux convergence upon the latitudinal pattern shown in Fig. 10 averaged for

QBO phase in the range of (a),(e) [20:84p, 20:64p], (b),(f) [20:34p, 20:24p], (c),(g) [0:16p, 0:36p], and

(d),(h) [0:66p, 0:86p]. The red circles on the wind profiles indicate the level where the spectra are calculated. The

spectra are superimposed by the dispersion curves of the mixed Rossby–gravity wave and n5 0 eastward inertial

gravity wave with equivalent depth h 5 25, 50, 90, and 200m.
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packets and the strength of the horizontal eddy

momentum flux associated with MRG waves. This

work suggests that further studies of the transi-

tion from the propagating of extratropical Rossby

wave packets through the tropics to strong break-

ing events near the equator are called for. In addi-

tion, we feel that the horizontal momentum fluxes

in the MRG waves and their potential for modify-

ing the extratropical wave breaking needs to be

better understood. Finally, whether these anomalies

in eddy momentum flux due to extratropical wave

breaking and in MRG waves amplitudes observed

in the 2015/16 winter are part of the natural vari-

ability or effects from climate change requires fur-

ther investigation.
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APPENDIX

Constructing the QBO Phase

Following Wallace et al. (1993), we first calculate

the EOFs from the monthly zonal mean zonal wind

at the equator for 1979–2016 between 112.3 and

9.9 hPa. Equal weight is given to wind anomalies at

each level when calculating the EOFs. Figure A1a

shows the two leading EOFs, and the corresponding

principal components (PCs) are shown in Fig. A1b.

The alternative descending wind anomalies of the

QBO are reflected as the counterclockwise orbits

in the PC space. One can then define the amplitude

and phase of the QBO from these orbits. In particu-

lar, the phase is calculated as the angle for the com-

plex number PC1 1 iPC2. The resulting time series

of the QBO phase is plotted in Fig. A1c. The 2015/16

QBO disruption clearly manifests itself in a devia-

tion from the usual orbits (red crosses in Fig. A1b).

Similar QBO phase evolution is shown by Tweedy

et al. (2017). In this study, the QBO phase is used as

a metric to sort out equatorial zonal wind profiles

that have similar vertical structures. To this purpose,

FIG. 12. (a) The strength of the eddy momentum divergence tripole contributed

by easterly waves with frequency between 0.15 and 0.5 cpd averaged over months

when QBO phase is in the range of [20:84p, 20:64p] in each cycle at 35.8 hPa. The gray

bar indicates the average from October 2015 to January 2016. (b) As in (a), but for the

deformation factor cos(Duu 2Duy)j58N2108N2 cos(Duu 2Duy)j58S2108S. See text for more

explanation.
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defining the QBO phase in other ways or sorting out

wind profiles by root-mean-square difference as done

by Osprey et al. (2016) would lead to similar results to

what is shown here.
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