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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 an-

alyzed 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 dissi-

pated near the jet core instead of 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 breakinglatitude than the

zonal mean winds.

Surprisingly, tropical mixed Rossby gravity waves also madean appreciable

contribution to the deceleration of the equatorial westerly jet by the horizon-

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

eddy momentum fluxes associated with the tropical waves arise from the de-

formation of the wave structure when background westerliesincrease with

height. These horizontal eddy momentum anomalies from the tropical waves

are commonly observed in the reanalysis data, but are typically much weaker

than those in the 2015/2016 winter. The possibility exists that exceptionally

strong equatorially trapped waves precondition the flow to disruption by an

extratropical disturbance.
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1. Introduction32

The Quasi-Biennial Oscillation (QBO) is the most prominent circulation pattern in the trop-33

ical stratosphere, featuring alternating easterlies and westerlies that slowly descend from the34

stratopause to the tropopause (Baldwin et al. 2001, and references therein). It is mainly driven35

by the vertically propagating waves with easterly and westerly phase speed that dissipate in the36

corresponding shear zones, leading to easterly acceleration in easterly shear zones (where easter-37

lies increases with height) and westerly acceleration in westerly shear zones (Holton and Lindzen38

1972). These tropically-trapped waves are of various horizontal scales, ranging from planetary39

scales to a few kilometers or less (e.g., Baldwin et al. 2001; Kim and Chun 2015). Since tropical40

stratospheric wind measurements became available in the 1950s, this oscillation in zonal wind has41

been observed consistently with a period around 28 months.42

However, this regularity was distorted in the late 2015 wheneasterlies started to develop at the43

core of the westerly jet instead of in an easterly shear zone,and the descent of the zonal wind44

pattern halted and even reversed for a few months (Newman et al. 2016; Osprey et al. 2016).45

Momentum budget analyses show that the abnormal easterly acceleration during the 2015/201646

boreal winter is mainly driven by the divergence of the eddy momentum fluxu′v′ (Osprey et al.47

2016; Coy et al. 2017; Barton and McCormack 2017). Studies henceattributed the QBO disrup-48

tion to the Northern Hemisphere extratropical Rossby waves that propagated horizontally into the49

tropical lower stratosphere and dissipated near the equator (Osprey et al. 2016; Coy et al. 2017;50

Barton and McCormack 2017). The small scale gravity waves generally make appreciable contri-51

bution to the QBO forcing (e.g., Dunkerton 1997; Holt et al. 2016), but are shown to have little52

effect during the 2015/2016 winter (Coy et al. 2017). By February 2016, a thin layer of easterlies53

was established near the level of 40 hPa. Once the easterliesdeveloped inside the westerlies, the54
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propagation pattern of both tropical and extratropical waves was altered, facilitating further dis-55

ruption of the QBO (Hitchcock et al. 2018). The QBO seems to havereturned to its normal cycle56

by the end of 2016.57

Questions remain on how the easterly acceleration occurredat the westerly jet core. Linear58

wave theory predicts that a Rossby wave propagates when its phase speed is more easterly than59

the background wind, and dissipates close to the critical latitude where its phase speed matches60

with the background wind. In the case when a westerly jet is located near the equator, there is61

a westerly minimum at the subtropics that filters out the waves of strong westerly phase speed,62

and only those waves with easterly or weak westerly phase speed can penetrate into the tropics.63

Therefore, all waves reaching the equatorial westerly jet are of phase speed more easterly than the64

jet itself, and minimal dissipation is expected to occur at the jet core from the linear theory. Based65

on a global shallow water model, O’Sullivan (1997) showed that these extratropical Rossby waves66

can reduce the width of the equatorial westerly jet, but the jet core strength remains undiminished67

even on seasonal timescales. Furthermore, anomalously strong eddy momentum flux emanating68

from extratropics into the tropics was also observed duringthe 1987/1988 and 2010/2011 winters69

(Coy et al. 2017). Yet, no similar disruption of the QBO was found.70

In this study, we address this puzzle by analyzing the space-time spectral characteristics and the71

detailed evolution of the eddy momentum flux. We focus on the period when the easterly anoma-72

lies start to develop, that is the 2015/2016 boreal winter. We find that the strong horizontal eddy73

momentum flux divergence observed near the equator during the 2015/2016 winter was associated74

in large part with an episode of extratropical Rossby wave breaking as suggested by earlier studies75

(Newman et al. 2016; Osprey et al. 2016; Coy et al. 2017; Barton and McCormack 2017). But76

we also find that tropical mixed Rossby-gravity (MRG) wave contributed to the equatorial mo-77

mentum flux divergence. We discuss the behavior of these two types of waves and explain how78
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they each contributed to the westerly deceleration/easterly acceleration at the equatorial jet center.79

In particular, we contrast the 2015/2016 winter with the 2010/2011 winter, and address why the80

QBO behaved differently in these two winters given comparable strong wave flux coming from81

the northern extratropics. In the following, we will first describe the dataset used and the analysis82

methodology in section 2, then we present the evolution of the zonal winds during the 2015/201683

winter and discuss the effects of the extratropical and tropical waves in section 3, followed by a84

summary and discussion in section 4.85

2. Data and Method86

Our analysis is based on the ERA-Interim reanalysis productsoutput on its model levels (Dee87

et al. 2011). This QBO event has been analyzed using other reanalysis products (Newman et al.88

2016; Coy et al. 2017; Barton and McCormack 2017), showing similar results compared to those89

using ERA-Interim (Osprey et al. 2016). Most results are shown on the 35.8 hPa level, where the90

easterly acceleration are the strongest. The eddy fluxesu′v′, u′w′, andv′θ ′ are calculated using the91

6-hourly resolution output, in whichu′, v′ andw′ are the eddy component of the zonal, meridional92

and vertical winds, respectively,θ ′ is the eddy component of the potential temperature, and overbar93

indicates the zonal average. Using these eddy fluxes, we calculate the Eliassen-Palm (EP) flux94

following Andrews et al. (1987) (their Eq. 3.5.3). We pay special attention to the eddy momentum95

flux from the covariance between the zonal and meridional wind u′v′ (horizontal eddy momentum96

flux) as studies have showed its importance in the momentum budget during the 2015/2016 winter97

(Osprey et al. 2016; Coy et al. 2017; Barton and McCormack 2017).In this paper, we present98

the horizontal eddy momentum convergence−
∂ (u′v′ cos2φ)

acos2φ∂φ
, so that it has the same sign as the99

zonal wind tendency, and its value is directly comparable tothe zonal wind tendency, in which100

a is the radius of the Earth, andφ is latitude. We also consider the eddy momentum flux from101
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the covariance between the zonal and vertical windsu′w′ (vertical eddy momentum flux). The102

convergence of the vertical eddy momentum flux is defined as−
1
ρ0

∂ (u′w′ρ0)

∂ z
, whereρ0 is the103

reference density, andz is the log-pressure height.104

We compute the space-time cross-spectra (Hayashi 1971) andthe angular phase speed spectra105

(Randel and Held 1991) for these eddies. To calculate the spectra in each month, we use 60 days106

of data starting from the 15th of the previous month. Each data chunk is tapered with a Hamming107

window to reduce the noise from sampling (von Storch and Zwiers 1999). Following Randel108

and Held (1991), the space-time cross-spectra are then interpolated into the domain of angular109

phase speed and wavenumber, and the angular phase speed spectra are obtained by summing over110

wavenumbers.111

We also filter the time series with a threshold frequency of 0.15 cycle per day to examine the112

evolution due to high and low frequency waves. We apply the 6th order Butterworth filter forward113

and backward to the daily mean winds to avoid phase shift fromthe filtering. Daily mean instead114

of 6 hourly is used so that irrelevant high frequency signalsare diminished. The first and last ten115

days are discarded after filtering. Eddy momentum fluxes are then calculated using the low-passed116

and high-passed winds. Covariance between the low frequencyand the high frequency winds is117

found to be very small and hence is ignored.118

3. Results119

Figure 1 shows the angular phase speed spectra for eddy momentum flux convergence at 35.8120

hPa averaged from November to February for the 2015/2016 winter, the 2010/2011 winter, as well121

as all 17 boreal winters since 1979 that have westerlies at the equator. Wave activity is strong in the122

northern extratropics during boreal winters. As these waves propagate upward and equatorward,123

most of them will reach their critical lines and dissipate before reaching the tropics. But if there124
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are westerlies in the tropics, those Rossby waves with easterly or weak westerly phase speed125

may propagate across the equator, and dissipate in the Southern Hemisphere. This is clearly seen126

in the phase speed spectra, which shows thatu′v′ diverges strongly along the background zonal127

wind in the Southern Hemisphere. During the 2015/2016 winter, however, additional momentum128

divergence for waves of strong easterly phase speed was found between 5◦S to 10◦N where the129

zonal mean zonal wind was still westerly. This differs from other winters with similar background130

winds, in which little divergence is found inside westerlies or away from the critical latitude. It is131

this additional divergence inside the westerlies that setsthe 2015/2016 winter apart from others.132

Which waves caused this additional eddy momentum flux divergence during the 2015/2016 win-133

ter? We seek hints in the space-time spectra. Figure 2 shows the averaged space-time spectra of EP134

flux divergence at the equator for the 2015/2016 winter. Superimposed are theoretical dispersion135

lines for equatorial Kelvin and MRG waves for a set of equivalent depths as in Wheeler and Ki-136

ladis (1999). In addition, we calculate the dispersion relation for non-divergent barotropic Rossby137

wave at 40◦N asω = kū− kβe f f/(k2+ l2) following Abalos et al. (2016), in whichω is angular138

frequency,k is zonal wavenumber,l is local meridional wavenumber, andβe f f = β −uyy.139

Westerly deceleration (indicated by the negative EP flux divergence) is found along these dis-140

persion lines of extratropical Rossby waves, supporting theextratropical wave argument suggested141

in previous studies (e.g., Osprey et al. 2016; Coy et al. 2017). However, additional decelerations142

are found at the easterly phase speeds with higher frequencies, which lie along the theoretical143

dispersion lines of equatorial MRG waves. The spectra also show acceleration along theoretical144

dispersion lines of equatorial Kelvin waves.145

Spectra are integrated separately across three frequency ranges: easterly waves with frequency146

0 < ω < 0.15 cycle per day; easterly waves with frequency 0.15≤ ω ≤ 0.5 cycle per day; and147

westerly waves with frequency 0.05≤ ω ≤ 0.5 cycle per day. The distinction among the three148
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groups is apparent by their EP flux patterns as shown in Fig. 3.Most of the low frequency easterly149

waves originate from the Northern midlatitudes, and propagate horizontally across the equator into150

the Southern Hemisphere (Fig. 3a). These waves generally cause westerly deceleration (easterly151

acceleration) of the mean flow. Weaker EP flux divergence is found near the equator where the152

westerly jet core resides. The EP flux from this frequency band is the strongest, and is similar to153

the EP flux calculated from all waves shown in earlier studies(Osprey et al. 2016; Coy et al. 2017;154

Barton and McCormack 2017). The high frequency easterly wavesare largely confined within155

the tropics (Fig. 3b). Consistent with the expectation for equatorial MRG waves, upward EP flux156

is found at both sides of the equator. EP flux from this frequency band also points equatorward,157

leading to westerly deceleration at the equator and westerly acceleration off the equator. While the158

magnitudes (i.e., the length of EP flux vectors) of these highfrequency easterly waves are much159

weaker than the low frequency ones, their effects on the equatorial mean flow (i.e., EP flux diver-160

gence) are comparable to the low frequency waves. For both low frequency and high frequency161

easterly waves, the EP flux divergence in the tropics is mainly contributed by the divergence of the162

horizontal eddy momentum flux. The westerly waves show EP fluxes pointing downward in the163

tropics (Fig. 3c), consistent with the expectation for equatorial Kelvin waves. These waves lead to164

westerly acceleration in the tropics, with stronger acceleration in the lower stratosphere where the165

mean flow had a westerly shear.166

Comparing the 2010/2011 winter with the 2015/2016 winter (Figs. 3d-f vs. a-c), we find that167

the general propagation pattern of each wave group does not differ much between the two winters.168

The stronger westerly deceleration of the equatorial jet during the 2015/2016 winter came from169

a strong deceleration centered around 35 hPa 5◦N from the low frequency easterly waves that170

was absent in the 2010/2011 winter, as well as the stronger horizontal EP fluxes from the high171

frequency easterly waves.172
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Because the space-time spectra only measure the average wavecharacteristics over a certain173

temporal window and cannot resolve the finer evolution over time, we employ a temporal filter174

to differentiate different wave groups on finer time scales.Note that the temporal filter cannot175

separate between the easterly and westerly waves. But the zonal wind tendency from the westerly176

Kelvin waves is generally weaker than the easterly waves at 35 hPa, and mostly comes from177

the vertical momentum fluxu′w′ instead of the horizontal momentum fluxu′v′. We therefore178

consider the low frequency (< 0.15 cycle per day)u′v′ as the contribution from the extratropical179

Rossby waves, the high frequencyu′v′ as the contribution from the tropical MRG waves, and the180

u′w′ from all frequencies as the contribution from the tropical Kelvin waves. Since extratropical181

Rossby waves, tropical MRG and Kelvin waves all have periods ofa few days or longer, we apply182

the filter to daily mean instead of 6 hourly outputs to eliminate other irrelevant high frequency183

variations such as solar tides. Figure 4 shows the zonal windtendency as well as contributions184

from the three wave groups during the 2015/2016 and 2010/2011 winters. Consistent with earlier185

studies (Osprey et al. 2016; Coy et al. 2017; Barton and McCormack 2017), other contributions186

to the zonal wind tendency, such as additional terms in the EPflux divergence, advection by the187

mean circulation and the reanalysis’ unresolved processes, are found to be relatively small near188

the equatorial jet during the two winters, and hence are not shown.189

As expected, the dissipation of the extratropical Rossby waves is strongly modulated by the190

background zonal wind. In both winters, we see the low frequency u′v′ diverges strongly at the191

southern flank of the equatorial jet where there is strong horizontal shear. During the 2015/2016192

winter, the shear zone gradually moved northward, and the low frequency momentum divergence193

followed this migration. In contrast, during the 2010/2011winter, the location of the shear zone194

had less fluctuation, and the low frequency momentum divergence largely remained south of the195
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equator. This pattern agrees qualitatively with the theorythat Rossby waves dissipate at the critical196

latitude where its phase speed matches with the background wind.197

There are occasional episodes in which the low frequency momentum divergence occurred away198

from the shear zone and inside the westerly jet. One exceptional example occurred around 1199

February 2016 north of the equator, during which the divergence exceeded 0.4 m s-1 day-1, and200

the background zonal wind quickly dropped from> 5 m s-1 to easterlies. Comparing Fig. 4b vs.201

Fig. 3a, we see that the tropical isolated peak of deceleration seen in the winter-averaged plot is202

almost entirely driven by this single episode. We will examine this episode in detail in the next203

subsection.204

On the other hand, the tropical MRG waves show no horizontal displacement with the equatorial205

jet. Instead, the high frequencyu′v′ always diverges at the equator and converges to the north and206

south of the equator, producing westerly deceleration at the equator flanked by westerly accel-207

eration (less obvious on the northern flank). During the 2015/2016 winter, the magnitude of the208

high frequency momentum divergence was comparable to that of the low frequency. Especially209

during the early winter, most of the zonal wind decelerationat the equator is driven by the high210

frequency eddies (Fig. 4 a vs c). The zonal wind tendency fromthe MRG waves in the 2010/2011211

winter showed a similar latitudinal distribution to the 2015/2016 winter, but with much weaker212

magnitude. We will discuss how the MRG waves bring about such azonal wind tendency pattern213

in subsection b.214

Kelvin waves result in weak westerly acceleration at the equator throughout the winter, con-215

sistent with the weak westerly shear at this level. StrongerKelvin waves were found during the216

2010/2011 winter than the 2015/2016 winter, especially during the early winter. Note thatu′w′
217

is not a perfect representer for Kelvin waves as other equatorial waves also consist ofu′w′. As a218

result, patches of deceleration are also seen in Fig. 4 d and h.219
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To further illustrate the evolution of the equatorial westerly jet at 35.8 hPa, we identify the220

jet core as the maximum wind in each latitudinal profile of daily zonal mean zonal wind within221

the tropics (20◦N-20◦S). Figure 5 plots the evolution of jet core location and strength during the222

2015/2016 and the 2010/2011 winters. In both winters, the jet core drifts northward from the equa-223

tor to∼ 7◦N from October to February, presumably due to the extratropical Rossby wave dissipa-224

tion at the southern flank of the jet. The jet core strength, onthe other hand, undergoes contrasting225

evolution in these two winters. In the 2010/2011 winter, thejet core strength stayed relatively226

constant, consistent with the idealized simulation by O’Sullivan (1997). In the 2015/2016 winter,227

however, the jet core strength decreased continuously since mid-October. A drastic deceleration228

started from the end of January, and no westerly jet can be identified after 10 February.229

To understand the evolution of the jet core strength, we calculate the contribution to zonal wind230

changes at the jet core from the three wave groups by integrating the corresponding eddy momen-231

tum flux convergence over time since 1 October. As shown in Fig. 5c, from October to December232

2015, the continuous weakening of the jet core was mainly driven by the tropical MRG waves,233

whereas the contributions from the extratropical Rossby waves and Kelvin waves were mostly234

small. The drastic deceleration of the jet core around 1 February, on the other hand, was driven by235

the extratropical Rossby waves. In the 2010/2011 winter (Fig. 5d), the extratropical Rossby waves236

also decelerated the equatorial jet, but there was no equivalent in the 2010/2011 winter to the sharp237

deceleration at the end of January 2016. The MRG waves yieldedvery little fluctuation in the jet238

strength during the 2010/2011 winter. Kevin waves drove weak acceleration at the jet core in both239

winters. In the following subsections, we will discuss the exceptionally strong extratropical wave240

episode occurring around 1 February 2016 and the tropical MRGwaves, respectively.241
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a. The exceptionally strong extratropical Rossby wave episode242

In this subsection, we address the question of why the extratropical Rossby waves dissipated243

near the jet core during this episode, rather than at the jet flank as theory predicts and most other244

extratropical waves do. We find that the responsible wave forthis episode was a wave packet rather245

than a circum-global one, and the spatial confinement may be akey to understand its behavior.246

Figure 6a shows a longitude-latitude snapshot of the low frequency eddy momentum fluxu′v′247

and the zonal wind. As shown in the figure, the eddy momentum fluxes emanating from the248

extratropics into the tropics are organized into stripes that tilt with latitude. (The simplest equator-249

ward propagating Rossby wave, with streamfunctionψ ′ = Asin(kx+ ℓy) andkℓ < 0, would have250

u′v′ = −kℓA2cos2(kx+ ℓy), with amplitude oscillating between 0 and a positive value,roughly251

consistent with this figure.) We note that these eddies do notspread out longitudinally over the252

globe, but instead form a wave packet with width of∼ 100◦. Co-located with the wave packet is253

a tongue of strong easterlies that extends from the SouthernHemisphere to the Northern Hemi-254

sphere. The zonal wind experienced by the wave packet is thenquite different from the zonal mean255

wind profile as shown in Fig. 6c. While the zonal mean winds showwesterlies between 20◦N and256

5◦S, the zonal wind averaged over 15◦W-45◦E shows easterlies occupying the region south of257

∼ 15◦N. As shown in Fig. 7, this wave packet moves westward with a phase speed of∼ −12 m258

s-1. If judging by the zonal mean wind profile, the critical latitude where zonal wind matches the259

phase speed would be around 10◦S. However, judging by the local zonal wind, the critical latitude260

would be around 5◦N. Indeed, we see the magnitude ofu′v′ quickly drops as it crosses 5◦N (Fig.261

6a), and a PV overturing and reversal of its meridional gradient is seen in the region between 0◦
262

and 10◦N centered around 30◦E (Fig. 6b), both of which indicate the dissipation or absorption of263

the wave packet near the local critical latitude.264
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The coexistence of the wave packet and the strong easterliesis not just coincidence. These local265

easterlies arise from the passing of the waves themselves, indicating that they are a signature of266

wave breaking. As evident from Fig. 7, the easterlies propagate westward with the wave packet267

(indicated by the strong poleward eddy momentum flux). Hencethe dissipation of this wave packet268

always occurs at the local critical latitude that is locatedmuch northward of the zonal mean critical269

latitude. This is consistent with the westward propagatingErtel PV knot observed in the equatorial270

region shown by Coy et al. (2017) (their Fig. 13). Similar episodes of strong enough wave packet271

leading to some dissipation away from the zonal mean critical latitude have been observed from272

time to time, such as the deceleration centered around 10◦N between 1 and 15 December 2015273

(Fig. 4b) and the deceleration centered around 3◦N in late November 2010 (Fig. 4f). But typically274

those wave packets transport less momentum and are less persistent, and hence exert much weaker275

impact on the background zonal wind. As a single wave packet,its dissipation or absorption276

must be confined locally initially. This also explains why the strong deceleration in the equatorial277

westerly was vertically confined within a thin layer in February 2016.278

This behavior of a wave breaking before reaching its critical latitude has been discussed by279

Fyfe and Held (1990) and others, the breaking occuring wherethe phase speed of the wave with280

respect to the mean flow drops below the eddy zonal wind perturbation amplitude,u′. Fyfe and281

Held (1990) described how a bifurcation to strong wave breaking and mean flow deceleration can282

occur with increasing wave amplitude due to feedback with the zonal flow, but in the context of an283

incident wave of a single zonal wave number rather than a wavepacket. The interaction between a284

wave packet and the mean flow has been modeled (e.g., Magnusdottir and Haynes 1999; Esler et al.285

2000), but have typically focused on the potential for reflection rather than an abrupt transition286

from transmission through equatorial westerlies to wave breaking. Waugh et al. (1994) reported287

that the breaking of a stationary wave train may occur in the absent of the critical line given that288
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the wave forcing is strong enough to create stagnation points, which is equivalent to have a local289

critical line. Enomoto and Matsuda (1999) simulated the wave packet propagation with a zonally290

varying mean flow, and showed that the behavior of the wave packet depends strongly on the291

relative location between the wave packet and local easterlies. Campbell (2004) simulates a wave292

packet with stationary forcing in an initially zonally symmetric basic flow, and showed that the293

absorption of the wave packet near the critical line leads tostrong local perturbation in the basic294

flow. All these model studies support our argument that a wavepacket interacts with the local295

background flow rather than the zonal mean.296

However, unlike in idealized simulations, it is much more ambitious to define the wave and the297

mean flow in observations as there may not be a clear scale separation between them. Here, we298

made this somewhat arbitrary choice of averaging over 15◦W-45◦E to represent the mean flow.299

While this may not be the optimal definition, the mean flow underthis definition gives a much300

better estimation of the latitude where wave dissipation/absorption occurs than the zonal mean301

winds. This strongly suggests that it is to the local winds rather than the zonal mean winds that a302

wave packet responds. The fact that it is a wave packet ratherthan a circum-global wave also leads303

to ambiguity in determining the wavenumber from the spectraanalysis. This is why this single304

wave packet projects to a seemingly broad patch of signal ranging over wavenumber 1 to 3 in Fig.305

2.306

b. The tropical MRG waves307

The equatorial MRG waves are a major driver of the QBO. The analytical solution for MRG308

wave Matsuno (1966) indicates EP fluxes pointing upwards centered off the equator. During the309

2015/2016 winter, the vertical EP flux over the easterly highfrequency band generally consisted310

with this prediction. The horizontal EP flux, on the other hand, surprisingly showed strong con-311

14



vergence and divergence in the tropics throughout the stratosphere. These horizontal EP flux312

anomalies are brought about by the horizontal eddy momentumflux u′v′. This contradicts with the313

Matsuno’s solution, which yields zerou′v′. Then how did the non-zerou′v′ arise from the MRG314

waves?315

To address this question, we analyze the structure of these waves. We use the meridional wind316

at the equatorv0 as the reference, and calculate the coherence and the phase difference of different317

variables with regards to this reference. The coherence andphase are calculated using the aver-318

aged spectra over the easterly waves with frequency between0.15 and 0.5 cycle per day following319

Hayashi (1971) (their Eq. 4.12 and 4.13). Figure 8 shows the coherence square and the phase320

difference in zonal and meridional winds as well as in temperature withv0. Consistent with the321

analytical solution for the MRG wave (Matsuno 1966), the meridional wind anomalies align along322

the longitude lines showing near-zero phase difference with v0 at all latitudes. The strongest merid-323

ional wind anomalies are located at the equator, and the magnitudes decay away from the equator.324

The temperature and zonal wind anomalies associated withv0 are the strongest off the equator325

at ∼ 7◦ N/S. The temperature anomalies are antisymmetric about theequator, aligning roughly326

in-phase with the meridional wind anomalies in the NorthernHemisphere and out-of-phase in327

the Southern Hemisphere. The zonal wind anomalies are in quadrature with the meridional wind328

anomalies, which lie to the east ofv0 in the Northern Hemisphere and to the west in the Southern329

Hemisphere.330

Upon a close examination, we see that the phase difference between zonal and meridional wind331

is not exactly±π/2 as the analytical solution predicts (Matsuno 1966), especially between 10◦N-332

10◦S. This seemingly small departure from quadrature would result in non-zerou′v′. To estimate333

how muchu′v′ results from this phase difference, we write the zonal and meridional wind anoma-334

lies as:335
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u′ = Aucos(kx+ωt +ϕu) = Aucos(kx+ωt +ϕ0+∆ϕu)

v′ = Avcos(kx+ωt +ϕv) = Avcos(kx+ωt +ϕ0+∆ϕv)

(1)

in which A is the amplitude of the wave,k is zonal wavenumber,ω is frequency,ϕ is phase,ϕ0 is336

phase forv0, and∆ϕ is the phase difference with respect tov0. Further noted that the coherence337

square withv0 measures the fraction of variation that is associated with this MRG wave, we have:338

A2
u

2
= Pucoh2

u,
A2

v

2
= Pvcoh2

v (2)

in which P is the power spectrum of the corresponding variables, andcoh is the coherence with339

respect tov0. From Eqs. 1 and 2, we can derive the corresponding eddy momentum flux:340

[u′v′] =
1
2

AuAvcos(∆ϕu −∆ϕv) =
√

PuPvcohucohvcos(∆ϕu −∆ϕv) (3)

in which [ ] represents temporal average.341

Figure 9 compares[u′v′] as well as its convergence calculated from Eq. 3 with those from direct342

calculation of high frequency winds averaged over the 2015/2016 winter. General agreement is343

seen in both the magnitude as well as the latitudinal structure. The northward momentum flux344

in the Northern Hemisphere comes from∆ϕu < π/2 there, and the southward momentum flux in345

the Southern Hemisphere is due to the fact that∆ϕu < −π/2 there. As a result, eddy momentum346

diverges at the equator and converges off the equator. While the difference between∆ϕu and its347

theoretical value±π/2 seems to be trivial, it is large enough to drive an eddy momentum flux348

divergence on the order of 0.1 meter per second per day at the equator. This agreement between349

Eq. 3 and the directly calculated high frequency eddy momentum fluxes confirms the deformed350

MRG wave as the main driver for the high frequency eddies in the2015/2016 winter.351
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It is not clear why the observed MRG waves have such deformation from the Matsuno’s clas-352

sic wave structure (Matsuno 1966). One possible cause mightbe the background flow, which353

was assumed to be zero in Matsuno’s solution (Matsuno 1966).Andrews and McIntyre (1976)354

showed that both equatorial Kelvin and MRG waves possess nonzerou′v′ with weak shear in the355

background flow. We examine the high frequency eddy momentumflux throughout the reanalysis356

period, and find that the tripole structure in the eddy momentum divergence associated with the357

deformed MRG waves shown in Fig. 9b is not unique in the 2015/2016 winter. Rather, similar358

latitudinal structure is commonly observed. In fact, this tripole structure dominates the variations359

in the tropical monthly high frequency eddy momentum flux convergence since 1979 as shown in360

Fig. 10.361

We further find the sign of the tripole structure from the MRG wave deformation depends on the362

sign of the vertical shear in the background flow. We regress the space-time spectra of the eddy363

momentum flux convergence upon this tri-pole structure, andcomposite the regression coefficients364

according to the QBO phase. The phase of QBO cycle is determinedfrom the two leading EOFs365

of the stratospheric equatorial zonal mean zonal winds (Wallace et al. 1993, more details are given366

in the Appendix). Figure 11 shows the composited spectra as well as the equatorial zonal wind367

profile over 4 QBO phase bands. Note that the QBO phase during 2015/2016 winter is within368

the first QBO phase band plotted in Fig. 11a and e. In all 4 cases,the regression coefficients are369

strong along the MRG dispersion lines, indicating that the MRGwaves contribute to the tripole370

structure in momentum convergence. When background flow shows westerly shear (Figs. 11 a371

and d), the composited spectra is negative along the MRG dispersion lines (Figs. 11 e and h),372

that is divergence of eddy momentum and westerly deceleration at the equator and momentum373

convergence and westerly acceleration off the equator. Whenbackground flow shows easterly374

shear (Figs. 11 b and c), the composite spectra also flip signs(Figs. 11 f and g). When there are375
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easterlies below the level considered (Figs. 11 c and d), some of the MRG waves will be absorbed376

at the lower levels, and only MRG waves with faster easterly phase speed can penetrate deep into377

the stratosphere. Such filtering effect is apparent in the spectra (Fig. 11 e vs. h, and f vs. g). Using378

data at a different level yields similar results (not shown).379

We sum the regression coefficients of the eddy momentum divergence over the frequency/wave380

number range for the MRG waves (i.e., all easterly wavenumbers and 0.15≤ ω ≤ 0.5 cycle per381

day), which represents the strength of the tripole structure in the eddy momentum flux divergence382

due to the MRG waves. Here positive values indicate momentum divergence at the equator. Fig-383

ure 12a compares this strength during the 2015/2016 winter to that in earlier QBO cycles with384

similar QBO phases. We see that the 2015/2016 winter shows much stronger tripole structure than385

before, even excluding February 2016 when the QBO disruptionhas fully developed, leading to386

more momentum divergence at the equator and more convergence off the equator. Furthermore,387

we calculate the phase difference∆ϕu and∆ϕv in these earlier QBO cycles as in the 2015/2016388

winters. Figure 12b compares the difference in cos(∆ϕu −∆ϕv) between 5◦N-10◦N and 5◦S-10◦S389

of the selected QBO cycles. The latitudinal range is chosen torepresent the region where the MRG390

wave-related eddy momentum flux is the strongest. This quantity represents the deformation of391

the MRG waves, and is proportional to the poleward eddy momentum flux as in Eq. 3. With west-392

erly shear, we see that the MRG wave deforms in such way that poleward eddy momentum flux is393

produced in most cases. Comparing Figs. 12 a and b, the variations in the tripole structure strength394

is found to be correlated with the deformation factor, both showing stronger values in the recent395

years and weaker values in late 1990s/early 2000s. The much stronger MRG wave-relatedu′v′396

in 2015/2016 winter seems to be a combination of stronger wave deformation as well as stronger397

wave amplitude. While there is concern regarding the consistency of the reanalysis data over time,398

abnormal equatorial waves during the 2015/2016 winter are plausible given the record-breaking399

18



El Niño observed at the same time (e.g., Avery et al. 2017; Hu and Fedorov 2017; Santoso et al.400

2017).401

4. Conclusion and Discussion402

We study the early development the 2015/2016 QBO disruption.We find that the westerly403

deceleration in the midst of the equatorial westerly jet wasdriven not only by the extratropical404

Rossby waves that propagate horizontally into the tropics, but also by the tropical MRG waves.405

These tropical waves were masked by the extratropical wavesin the previous analyses based on406

the total eddy fluxes (Osprey et al. 2016; Coy et al. 2017; Bartonand McCormack 2017; Watanabe407

et al. 2018). But as shown in our study, the tropical waves havemade appreciable contributions to408

the development of the QBO disruption.409

Consistent with the critical latitude argument, the extratropically-generated waves are found to410

pass through the equatorial region and dissipate at the southern flank of the equatorial jet, and411

therefore only decelerate the flank but not the core of the jetin most cases. However, as a wave412

packet shifts winds from their zonal mean, if the wave packetis of large enough amplitude, the413

local wind profile experienced by the wave packet can be very different from the zonal mean414

profile. The resulting local critical latitude can therefore be far away from the zonal mean. This415

is why dissipation of easterly waves is possible at a particular latitude where zonal mean wind is416

westerly. An episode of exceptionally strong longitudinally confined extratropical wave packet417

was observed in early February 2016, of which the local critical latitude resided roughly 15◦ north418

of the zonal mean one. This particular wave packet led to localized and drastic deceleration at the419

center of the zonal mean jet and ultimately destroyed the equatorial westerly jet.420

On the other hand, the tropical MRG waves decelerated the equatorial jet core throughout the421

2015/2016 winter. The horizontal eddy momentum fluxes associated with the MRG waves di-422
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verged at the equator, and converged off the equator. Such eddy momentum anomalies arise from423

a deformation of the wave structure. It is not clear why the deformation occurs. But based on424

the reanalysis data, we show that such horizontal eddy momentum anomalies associated with the425

MRG waves are commonly observed throughout the stratosphere, and the sign of these anomalies426

largely depends on the vertical shear of the background flow.Comparing to other months that have427

similar equatorial zonal wind structure, the 2015/2016 winters shows a much stronger horizontal428

eddy momentum flux associated with the MRG waves.429

While the exceptionally strong extratropical wave episode is the one that destroyed the equatorial430

westerly jet and triggered the regime shift, we suggest thatthe continuous deceleration from the431

tropical waves beforehand is important for preconditioning the flow. Without these tropical waves,432

the extratropical waves would interact with a stronger jet.Even with the same wave amplitude,433

the wave-passage-induced local critical lines would be further south, and their dissipation may not434

affect the jet core strength as much. In addition, the deceleration from the tropical waves during435

the early winter may contribute to a condition that favors the penetration of extratropical waves436

into the tropics, which is highlighted as the key for successful hindcast simulations by Watanabe437

et al. (2018).438

We compare the abnormal 2015/2016 winter with the 2010/2011winter, when the tropical hor-439

izontal eddy momentum flux was also large but no QBO disruptionwas observed. The key dif-440

ferences that set apart the two winters are the existence of exceptionally strong and persistent441

extratropical wave packets and the strength of the horizontal eddy momentum flux associated with442

MRG waves. This work suggests that further studies of the transition from the propagating of ex-443

tratropical Rossby wave packets through the tropics to strong breaking events near the equator are444

called for. In addition, we feel that the horizontal momentum fluxes in the MRG waves and their445

potential for modifying the extratropical wave breaking needs to be better understood. Finally,446
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whether these anomalies in eddy momentum flux due to extratropical wave breaking and in MRG447

waves amplitudes observed in the 2015/2016 winter are part of the natural variability or effects448

from climate change requires further investigation.449
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APPENDIX455

Constructing the QBO phase456

Following Wallace et al. (1993), we first calculate the EOFs from the monthly zonal mean zonal457

wind at the equator for 1979-2016 between 112.3hPa and 9.9 hPa. Equal weight is given to wind458

anomalies at each level when calculating the EOFs. Figure 13a shows the two leading EOFs and459

the corresponding PCs are shown in Fig. 13b. The alternative descending wind anomalies of460

the QBO are reflected as the counterclockwise orbits in the PC space. One can then define the461

amplitude and phase of QBO from these orbits. In particular, the phase is calculated as the angle462

for the complex numberPC1+ iPC2. The resulted time series of QBO phase is plotted in Fig.463

13c. The 2015/2016 QBO disruption clearly manifests itself in a deviation from the usual orbits464

(red crosses in Fig. 13b). Similar QBO phase evolution is shown by Tweedy et al. (2017). In465

this study, the QBO phase is used as a metric to sort out equatorial zonal wind profiles that haves466

similar vertical structures. To this purpose, defining QBO phase in other ways or sorting out wind467
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profiles by root mean square difference as done by Osprey et al. (2016) would lead to similar468

results to what is shown here.469
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FIG. 3. EP flux (vector) and its divergence (color shading) for (a) and (d) waves with easterly phase speed

and frequency lower than 0.15 cycle per day, (b) and (e) waves witheasterly phase speed and frequency between

0.15 and 0.5 cycle per day, and (c) and (f) waves with westerly phase speed and frequency between 0.05 and 0.5

cycle per day. (a-c) are results averaged over November 2015 to February 2016. (d-f) are results averaged over

November 2010 to February 2011. The reference arrows in the lower right corner represent a vertical EP flux of

3×103 kg s-2, and a horizontal EP flux of 3×105 kg s-2.
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All results are plotted at 35.8 hPa.
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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

October from the convergence of the low frequency horizontal eddymomentum 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. (a) and (c) are for 2015/2016 winter and (b) and (d) are for

2010/2011 winter. All results are plotted at 35.8 hPa.
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FIG. 6. (a) Snapshot of low frequency eddy momentum fluxu′v′ (color shading) and zonal wind (black

contours) at 0600 UTC 7 February 2016 (indicated by the gray line inFig. 7) at 35.8 hPa. For clarity, only

easterlies are plotted with contour levels−5, −10, and−15 m s-1. 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 potential

vorticity (PV) at the same time. Black lines plot a representative PV contour of 0.11×10−4 s-1. (c) Zonal wind

profiles averaged over all longitudes (solid line) and over 15◦W-45◦E (dashed line). The green line marked the

phase speed of−12 meter per second at which the wave packet is traveling.
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the time when the snapshots in Fig. 6 are taken. The green line represent an easterly phase speed of 12 m s-1.
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FIG. 11. (Left) Equatorial zonal wind profiles and (right) 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 (a, e)[−0.84π −0.64π], (b, f) [−0.34π −0.24π], (c, g)[0.16π 0.36π], and (d, h)[0.66π 0.86π]. 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 andn = 0 eastward inertial gravity wave with equivalent

depthh=25, 50, 90, and 200 m.
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