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Abstract13

The quasi-biennial oscillation (QBO) is a repeating cycle of tropical stratosphere winds14

reversing direction from eastward to westward roughly every 14 months1. Discovered in-15

dependently by British2 and American3 scientists the QBO continued undisturbed for16

27 cycles from 1953 until February 2016 when a westward jet unexpectedly formed in17

the lower stratosphere during the eastward phase4,5. This disruption is attributed to un-18

usually high wave momentum fluxes from the Northern Hemisphere5,6. A second, sim-19

ilar, QBO disruption occurred during the 2019/2020 northern winter though this time20

the Arctic polar vortex was exceptionally strong and wave fluxes weak7. Here we show21

that this latest disruption to the regular QBO cycling was twice as strong as that seen22

in 2016 and resulted from horizontal momentum transport from the Southern Hemisphere.23

The disruption began in September 2019 when there was a rare Southern Hemisphere24

sudden stratospheric warming followed by abnormal conditions in the stratosphere with25

the smallest ozone hole since its discovery8,9 and enhanced equatorward momentum fluxes.26

In both disruptions the normal downward progression of the QBO halts and the east-27

ward shear zone above the disruption moves upward assisted by stronger tropical upwelling28

during the boreal winter. Results from the two disruptions provide compelling evidence29

of a fundamental change in our understanding of the dynamics of the QBO with extra-30

tropical influences more significant than previously thought. In turn, this implies a less31

predictable QBO. Furthermore, the expected climate response of the mechanism we have32

identified suggests that reoccurring QBO disruptions are consistent with an emerging33

signal of climate change weakening QBO amplitudes as predicted by models10–12.34

Main35

The QBO consists of alternating layers of eastward and westward wind that emerge36

above 40 km and gradually descend through the tropical stratosphere before dissipat-37

ing near the tropopause (16 km)13. Observed periods range from 22 to 35 months av-38

eraging around 28 months14. The QBO dominates stratospheric variability in the trop-39

ics while modulating variability in mid to high latitudes15 and thereby providing a use-40

ful source of predictability on seasonal-to-decadal timescales16. The established QBO41

fluid dynamical mechanism involves vertically propagating waves from the troposphere42

that accelerate the winds through interactions with the winds themselves1. This leads43

to the iconic descending layers of winds of opposite sign (Fig. 1a). Opposing the down-44
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ward progression is tropical upwelling17 from the Brewer-Dobson circulation18. It was45

thought, at least until recently, that horizontally propagating waves from the mid-latitudes46

into the tropics played only a minor part in the QBO’s evolution19 - explaining the QBO’s47

remarkable cycle-to-cycle consistency with predictability extending out to a few years16.48

Indeed this consistency together with the oscillation’s deep vertical structure allows 90%49

of the month-to-month variability of the QBO to be described by just two modes of vari-50

ability known as Empirical Orthogonal Functions, or EOFs20 (Methods).51

Conventional QBO wisdom was challenged in February 2016 when its regular cy-52

cling was disrupted4–6,21 for the first time since its discovery in the early 1960s2,3. A ver-53

tically thin layer of westward winds appeared at 40 hPa, within a decaying eastward QBO54

phase. Anomalous westward acceleration resulted from unusually large horizontal fluxes55

of wave-momentum from the Northern Hemisphere (NH)5, linked to the occurrence of56

a very large El Niño event21,22. Conditions in the subtropics contributed to focusing the57

wave activity into the QBO jet23,24. Failures by models to predict the disruption5 are58

consistent with it originating in the extra-tropics since predictability timescales are shorter59

there than in the tropics. The abnormal westward winds at 40 hPa subsequently strength-60

ened, descended, and the QBO returned to its usual cycling by early 2017.61

A second major QBO disruption, strongly resembling that of 2015/16, began in late-62

2019 and has persisted to the present (Fig. 1a). Here we determine those robust under-63

lying mechanisms driving both disruptions. We directly assess the hypothesis that re-64

curring QBO disruptions represent an emerging signal of climate change as opposed to65

natural variability that is currently difficult to quantify due to the short data record (just66

28 QBO cycles). We also identify the implications the two disruptions have on predictabil-67

ity.68

Disruptions to regular QBO cycling69

The characteristic QBO descending eastward and westward wind pattern disinte-70

grates in 2019/20 with unexpected westward winds appearing near 40 hPa along with71

an atypical ascending layer of eastward winds (Fig. 1a). The small vertical scale of the72

ascending eastward layer is unique in the QBO record. A decomposition of the QBO winds73

into EOFs (Methods) quantifies this unusual vertical structure (Fig. 1b). Whereas the74

first two EOFs (encompassing the largest scale downward propagating structure of the75
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QBO) typically explain over 90% of the vertical structure variance their values drop catas-76

trophically to ∼20% by May 2020 as the higher order, smaller scale, EOFs 3 and 4 grow77

in amplitude. This extreme 2019/20 decrease in the variance explained by EOFs 1 and78

2 greatly exceeds the decrease to 60% associated with the 2015/16 disruption.79

Similarities and differences between the two disruptions become clearer from the80

zonal-mean zonal winds (Fig. 2a,b). Relative to the seasonal cycle the QBO phase evo-81

lution in 2019/20 is roughly 6 months ahead of that seen in 2015/16, with the eastward82

phase starting to recede during SH winter rather than NH winter. Similarly, the verti-83

cal wind shear at ∼50 hPa weakens and becomes westward in September 2019 compared84

to November 2015 (Fig. 2b). In both cases the westward vertical shear anomalies strength-85

ened throughout the NH winter and preceded the emergence of corresponding 40 hPa86

westward wind anomalies by about 3 months (Fig. 2b), though in 2019/20 they emerge87

at a slightly lower altitude (43 hPa) than in 2015/26 (41 hPa).88

Mechanisms89

For both disruptions westward wave-forcing by meridional momentum transport90

(meridional EP-flux; Methods) was the main reason for the winds in the lower strato-91

sphere (∼40 hPa) changing from eastward to westward (solid red line in Fig. 2c,d). From92

June to September 2019 the westward forcing from the meridional EP-flux is the largest93

single forcing term and opposes the more usual eastward forcing from the vertical-EP94

flux (dashed red line in Fig. 2c) expected during this phase of the QBO. This leads to95

very weak eastward winds that persist until January 2020 when the contribution from96

the meridional EP-flux strengthens again before the emergence of 40 hPa westward winds.97

In contrast during the 2015/2016 disruption there was a single period of strong forcing98

from the meridional EP Flux during the northern winter (December-March) leading up99

to the emergence of westward winds at 40 hPa (red line in Figure 2d).100

Once the abnormal westward winds appear the forcing in both cases returns to the101

more established pattern of a balance between vertical advection and forcing from the102

vertical EP-flux (blue and red dashed lines in Figure 2c & d, respectively), consistent103

with an eventual return to the more usual QBO cycling. The key difference between the104

two events, then, was in the timing of the strongest forcing by horizontal waves: during105
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SH midwinter for the 2019/20 disruption, and during NH midwinter for the 2015/16 dis-106

ruption.107

Role of Southern Hemisphere in 2019/20 disruption108

The SH winter of 2019 was unusual in that a sudden stratospheric warming (SSW)109

occurred, beginning in late August25. Only one other SSW is known to have occurred110

in the SH, during September 200226,27. The timing of the 2019 SH SSW coincided with111

large westward forcing by meridional EP-flux and vertical advection that occurred in August–112

September (Fig. 2c), initiating the weak vertical shear anomaly that eventually devel-113

oped into the westward disruption (Fig. 2a). The overturning circulation induced by the114

SSW28 most likely accounts for increased forcing of the QBO by vertical advection in115

September 2019 (Fig. 2c).116

Large forcing by horizontally propagating waves began in June 2019 (Fig. 2c) with117

the winter averaged (June–August) horizontal momentum flux reaching the equator at118

∼40 hPa from the SH in 2019 the largest in the ERA5 record (Fig. 3a). Similarly, the119

largest winter averaged (December–February) horizontal momentum flux reaching the120

equator from the NH occurred during the 2015/16 QBO disruption. In contrast, the October–121

December momentum flux from the SH was not exceptional in 2019 compared to other122

years (not shown), even though persistent forcing by these waves continued to deceler-123

ate the already-weakened QBO eastward phase (Fig. 2c). Hence for both disruptions it124

appears that horizontal momentum fluxes initiated a weakening of the QBO eastward125

winds and development of the anomalous westward jet at 40 hPa roughly 3 months later.126

However, in contrast to the 2015/16 disruption, exceptional horizontal momentum fluxes127

for the 2019/20 disruption occurred well before the anomalous westward winds actually128

appeared, and originated from the SH rather than the NH.129

The waves contributing to the SH fluxes in 2019 were ∼ 60% planetary scale (zonal130

wavenumbers k = 1–3) during June–July but in August at the levels where westward131

shear first appears (near 50 hPa, Fig. 2a) ∼ 60% came from synoptic scale waves (k =132

4–10; not shown). Westward winds were present at most longitudes in the subtropics at133

this time, but in the 120◦ W–0◦ sector the wind was eastward (Fig. 3b) with strength of134

5–10 m s−1 over most of the sector, similar to the strength of the zonal-mean QBO jet135

at this time (Fig. 2c). Large horizontal synoptic-scale momentum fluxes occurred within136
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this subtropical corridor of eastward winds, leading to abnormally large westward mo-137

mentum flux convergence in the deep tropics (Fig. 3b); a similar mechanism appears to138

have been operative during the 2019/20 disruption29. The subtropical corridor occurs139

at roughly the same longitudes where the SH polar vortex was displaced equatorward140

toward South America, suggesting it was related to the developing SSW event.141

An emerging eastward jet142

Finally, a distinct feature of the 2019/20 disruption, contributing to its very un-143

usual nature as quantified by Figure 1b, is the emergence of eastward zonal-mean zonal144

winds on the upper flank of the 40 hPa westward layer (Fig. 2a). This appears to have145

been forced by vertically propagating waves, and hence is more consistent with the con-146

ventional QBO paradigm than the westward disruption. Above 30 hPa prior to Decem-147

ber 2019, vertical EP-flux was driving the descent of the QBO westward phase (Fig. 4a).148

After December 2019 this westward forcing gradually diminishes, consistent with increas-149

ing wave filtering by the strengthening westward winds below (Fig.4b). With less wave150

forcing to counteract vertical advection, the westward QBO phase descent stalls and then151

reverses. (A similar stall and reversal of westward phase descent occurred from Decem-152

ber 2015 onward at higher altitudes, above 20 hPa, during the previous disruption; Fig-153

ure 2b.) Increasing eastward shear on the upper flank of the westward disruption (Fig. 2a)154

is then accompanied by increasing eastward forcing by vertical EP-flux, leading to the155

emergence of eastward zonal-mean winds near 25 hPa in May 2020 (Fig. 4). Fourier de-156

composition reveals that ∼50% of this forcing is due to large-scale waves (k = 1–10;157

not shown), consistent with radiative damping of Kelvin waves as they encounter east-158

ward zonal-mean wind shear. The rapid (sub-monthly) variations seen in Singapore ob-159

servations in this region (Fig. 1a) are also consistent with Kelvin wave activity30.160

Discussion and Outlook161

The quasi-biennial oscillation has been disrupted again, four years after the pre-162

vious disruption, and for only the second time since its discovery. The two westward dis-163

ruptions are similar, both occurring near 40 hPa and linked with historically large forc-164

ing from extratropical waves. However the 2019/20 event is different in that wave dis-165

turbances originated from the SH rather than the NH, no concurrent El Niño event was166

present, and an eastward jet subsequently emerged above the westward layer.167
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The SH winter of 2019 and the following NH winter were unique in several respects.168

The smallest Antarctic ozone hole in over 40 years resulted from elevated polar strato-169

sphere temperatures following the September 2019 SSW9. In contrast, very low NH po-170

lar temperatures during February 2020 were associated with record Arctic ozone loss31.171

These NH conditions were linked to anomalously low Rossby wave activity and a strong172

polar vortex7. Taken together it is difficult to reconcile how the 2020 QBO disruption173

could have occurred without the SH wave contributions, which contrasts with the role174

of NH Rossby wave driving during the 2016 disruption5,6,22.175

The occurrence of two QBO disruptions in close succession naturally raises the ques-176

tion of whether these events are harbingers of systematic changes in stratospheric cir-177

culation. Radiosonde observations show long-term weakening of the QBO amplitude in178

the lowermost tropical stratosphere10 and similar weakening is projected by models11,12.179

If weaker QBO winds are more easily disrupted, which is consistent with the occurrence180

of both disruptions during decaying eastward QBO phases, then the QBO may become181

increasingly susceptible to disruption in the future as its amplitude weakens, though the182

weakening amplitudes themselves may also be a manifestation of more frequent disrup-183

tions. Models also project an equatorward shift of critical surfaces for synoptic-scale Rossby184

waves32, and since these waves played a role in both 2015/1629,33 and latest disruptions,185

future increases in their equatorward propagation could also increase the likelihood of186

QBO disruptions. However these projected changes are accompanied by extremely large187

natural variability (cf. Fig. 3a) and so the observed record should be interpreted cau-188

tiously.189

The 2019/20 QBO disruption suggests that the 2015/16 one – which at the time190

could be seen as a rare event, occurring during an extreme El Niño – may be more com-191

mon than previously thought. Predicting the evolution of the 40 hPa westward layer,192

and the emerging eastward jet above it, will prove a stringent test of models. Such work193

will be aided by the availability of new Aeolus satellite wind observations that will mon-194

itor the evolution of the QBO over the whole tropical belt in the coming months34. How-195

ever, the increased influence of the extratropics on the QBO identified here suggests that196

tropical stratospheric winds could become less predictable in future, leading to less skil-197

ful seasonal forecasts.198
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Methods199

Our characterization of the QBO disruption is based on a tropical rawinsonde sta-200

tion (Singapore, 1◦N, 103◦E) and global gridded analysis fields (ERA5 reanalysis35 and201

ECMWF operational analysis (OA)36,37).202

Daily and monthly averages of the zonal wind component were constructed from203

the twice daily meteorological Singapore soundings38. The vertical structure (100–10 hPa)204

of the QBO was decomposed into a set of Empirical Orthogonal Functions (EOFs20,21)205

based on the monthly averages from Jan 1976–Dec 2014. The monthly winds from Jan206

2013–May 2020 were then projected onto the first four leading EOFs as the Principal207

Components (PCs) and the relative variance explained by each of the PCs calculated for208

each month.209

The ERA5 reanalysis combines a global atmospheric model with surface, aircraft,210

and satellite observations from 1979-present, resulting in an ongoing global, gridded, data211

set of winds and temperature that captures tropospheric weather systems, stratospheric212

waves and circulations, and the QBO35. These gridded meteorological fields (6-hourly213

in time, 2◦ horizontal and ∼0.5 km vertical) are used to calculate contributions to the214

zonal-mean zonal momentum budget due to wave forcing, quantified by the Eliassen-Palm215

(EP) flux, and advection39. Note that for these calculations the high vertical resolution216

model levels are used as reanalysis output on the standard available pressure levels have217

insufficient vertical resolution for accurate calculation of vertical wind shear and other218

vertical gradients involved in the momentum budget calculations.219

An advantage of reanalyses over operational analyses used by weather forecasting220

centres is that the forecast model and data assimilation methodology are fixed for the221

whole reanalysis duration enabling consistent comparison of the 2015/16 and 2019/20222

disruptions. However, we complement ERA5 with ECMWF OA so as to extend the data223

record to near-present day, since the availability of ERA5 model levels data on the Coper-224

nicus Data Store lags real time by approximately two months.225
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Figure 1. a) Twice daily radiosonde zonal wind observed at Singapore (1.4◦ N, 104◦ E, sta-

tion id 48698). Lapse-rate tropopause determined from the radiosonde temperatures is shown as

a black line. Missing radiosonde data are filled in with MERRA-2 interpolated to the location

of Singapore. b) The percent variance explained by principal components (PCs) 1 and 2 com-

bined (black curve) and PCs 3 (red curve) and 4 (blue curve) as a function of time based on the

monthly averaged Singapore zonal wind profiles (1976–2020) from 100–10 hPa. The EOF calcu-

lation was based on monthly averaged winds limited to 1976–2014 to avoid the two disruptions.

The red vertical lines bracket September 2019.

–13–



manuscript submitted to ESSOAr, 12 June 2020

Figure 2. QBO disruptions as seen in the ERA5 reanalysis during (a,c) 2019/20 and (b,d)

2015/16. (a,b) Zonal-mean zonal wind (black contours; zero thick, westward dashed, 5 m s−1

spacing) and its vertical shear (filled contours). (c,d) Zonal-mean zonal wind tendency due to

eddy momentum transports and advection, and zonal-mean zonal wind (thick black line). Ver-

tical green dashed lines marks the time when westward winds first emerge near 40 hPa for each

disruption. Horizontal green dashed lines in (a,b) indicate the altitudes shown in (c,d) respec-

tively. All panels use daily ERA5 daily, 4◦ S–4◦ N average, smoothed with (a,b) 5-day running

mean, (c,d) 31-day running mean. For the 2019/20 disruption, ERA5 data are extended in time

using ECMWF operational analysis (transition marked by grey vertical line in panels a, c).
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Figure 3. (a) Zonal-mean horizontal eddy momentum flux at 43 hPa, ERA5 reanalysis av-

eraged over 0◦ –10◦ N during NH midwinter (December–February, DJF) and 10◦ S–0◦ during

SH midwinter (June–August, JJA). Vertical green dashed lines mark the years of the two QBO

disruptions, 2015/16 and 2019/20 (for the DJF mean, the year on horizontal axis indicates the

year of the December). (b) Horizontal eddy momentum flux (filled contours) and zonal wind (line

contours; zero thick, westward dashed) at 43 hPa, ERA5 reanalysis, averaged over 10 days when

forcing of equatorial wind by meridionally propagating waves peaks for the 2019/20 disruption

(Figure 2d, red solid line). Different contour values are shown for the tropics and extratropics

(break is at 30◦ S, grey line): momentum flux contours have 10× larger spacing in the extratrop-

ics, and wind contours have 2× larger spacing. Horizontal green dashed lines mark the 4◦ S–4◦ N

range used to define the QBO wind in Figure 2.
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Figure 4. (a) Zonal-mean zonal wind (black contours; zero thick, westward dashed, 5 m s−1

spacing) and wind tendency due to vertical EP-flux component (filled contours). (b) Zonal-mean

zonal wind tendency due to eddy momentum transports and advection, and zonal-mean zonal

wind (thick black line), at the altitude of emerging eastward winds. Vertical green dashed line

marks the time when westward winds first emerge near 40 hPa. Horizontal green dashed line

in (a) indicates the altitude shown in (b). All panels use daily ERA5 daily, 4◦ S–4◦ N average,

smoothed with (a) 11-day running mean, (b) 31-day running mean. ERA5 data are extended in

time using ECMWF operational analysis (transition marked by grey vertical line in panels a, b).
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