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Abstract. The westerly phase of the stratospheric Quasi-
Biennial Oscillation (QBO) was reversed during North-
ern Hemisphere winter 2015/2016 for the first time since
records began in 1953. Recent studies proposed that Rossby
waves propagating from the extratropics played an impor-
tant role during the reversal event in 2015/2016. Building
upon these studies, we separated the extratropical Rossby
waves into different wavenumbers and timescales by analyz-
ing the combined ERA-40 and ERA-Interim reanalysis zonal
wind, meridional wind, vertical velocity, and potential vortic-
ity daily mean data from 1958 to 2017. We find that both syn-
optic and quasi-stationary Rossby waves are dominant con-
tributors to the reversal event in 2015/2016 in the tropical
lower stratosphere. By comparing the results for 2015/2016
with two additional events (1959/1960 and 2010/2011), we
find that the largest differences in Rossby wave momentum
fluxes are related to synoptic-scale Rossby waves of periods
from 5 to 20 d. We demonstrate for the first time, that these
enhanced synoptic Rossby waves at 40 hPa in the tropics in
February 2016 originate from the extratropics as well as from
local wave generation. The strong Rossby wave activity in
2016 in the tropics happened at a time with weak westerly
zonal winds. This coincidence of anomalous factors did not
happen in any of the previous events.

In addition to the anomalous behavior in the tropical lower
stratosphere in 2015/2016, we explored the forcing of the un-
usually long-lasting westerly zonal wind phase in the mid-
dle stratosphere (at 20 hPa). Our results reveal that mainly
enhanced Kelvin wave activity contributed to this feature.

This was in close relation with the strong El Nifio event in
2015/2016, which forced more Kelvin waves in the equato-
rial troposphere. The easterly or very weak westerly zonal
winds present around 30-70 hPa allowed these Kelvin waves
to propagate vertically and deposit their momentum around
20 hPa, maintaining the westerlies there.

1 Introduction

The variability of zonal winds in the tropical lower strato-
sphere (100 to 10hPa) is dominated by the Quasi-Biennial
Oscillation (QBO) with descending easterly and westerly
zonal wind regimes and a varying period from 22 to
36 months (Baldwin et al., 2001). The QBO was discov-
ered by Reed et al. (1961) and Ebdon (1960) indepen-
dently and its characteristics have been observed for many
decades (Lindzen and Holton, 1968; Holton and Lindzen,
1972; Kawatani and Hamilton, 2013). The tropical QBO
not only influences the tropical stratosphere but also im-
pacts the tropical troposphere, for example the Hadley cir-
culation (Gray et al., 1992) and the Madden—Julian oscilla-
tion (Yoo and Son, 2016). Furthermore, the QBO impacts
the extratropical stratosphere by modulating the strength of
the stratospheric polar vortex (Baldwin et al., 2001; Holton
and Austin, 1991; Holton and Tan, 1980; Gray et al., 2004).
If the mean flow in the tropical stratosphere is westerly, it
generally favors the penetration of planetary waves into the
tropical regions even across the Equator without encounter-
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ing a critical limit. The wave-mean flow interaction theory
proposed that vertically propagating equatorial waves are the
main forcing mechanism for the QBO through the selective
filtering by the background wind (Lindzen and Holton, 1968;
Holton and Lindzen, 1972). The vertically propagating equa-
torial waves deposit their momentum into the regions where
the background zonal wind is equal to the wave phase speed.
This mechanism explains the descent of the wind regimes al-
ternating the QBO phase. The responsible equatorial waves
include Kelvin waves, equatorial Rossby waves, and smaller-
scale gravity waves (Lindzen and Holton, 1968; Holton and
Lindzen, 1972).

Kelvin waves are excited by tropospheric convection and
propagate upward and eastward (Lindzen and Holton, 1968;
Holton and Lindzen, 1972; Baldwin et al., 2001). The
eastward-propagating Kelvin waves and small-scale grav-
ity waves provide the main eastward acceleration for the
initiation of the QBO westerly phase, while the westward-
propagating Rossby waves and small-scale gravity waves
provide the main westward acceleration for the initiation of
the QBO easterly phase (Ern and Preusse, 2009; Ern et al.,
2014; Garcia and Richter, 2019). The period of the strato-
spheric QBO depends on the amount of vertically propagat-
ing equatorial waves (Baldwin et al., 2001).

In February 2016, the regular descent of the QBO west-
erly phase was interrupted and reversed near 40 hPa. The
reversed westerly zonal mean zonal wind at 40 hPa (shown
in Fig. 1b) is named “reversal event” in the following. This
reversal event occurred for the first time in 2016 since the
QBO has been recorded (Naujokat, 1986). Several stud-
ies tried to explore the possible reasons for the anomalous
QBO behavior (Osprey et al., 2016; Dunkerton, 2016; Coy
et al., 2017; Tweedy et al., 2017; Barton and McCormack,
2017; Lin et al., 2019). Their results showed that Rossby
waves propagating from the extratropical Northern Hemi-
sphere might have been the most likely cause of the reversed
westerly zonal wind at 40 hPa. Coy et al. (2017) also found
high amounts of momentum flux divergence present in the
tropical lower stratosphere in 1987/1988 and 2010/2011, but
the westerly zonal wind at the Equator did not reverse as a
consequence of this extratropical Rossby wave activity. An-
other possibility for the enhanced Rossby wave activity in
the equatorial stratosphere is local wave generation from in-
stability within the QBO westerlies. Coy et al. (2017) calcu-
lated the meridional gradient of the potential vorticity field
(¢ Andrews et al., 1987) during the anomalous QBO rever-
sal event. Regions with negative g, indicate the presence of
barotropic shear instability associated with the QBO winds.
Coy et al. (2017) found that g4 was positive during the rever-
sal event in 2015/2016, implying an unlikely instability of the
large-scale flow. However, in the model study by Hitchcock
et al. (2018) it is suggested that the g4 distribution present in
February 2016 favored wave flux convergence over a narrow
region, providing a dynamical feedback, not the source of
the wave forcing. One goal of our study is to investigate the
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responsible waves for the reversal event in the lower strato-
sphere in February 2016 by separating the contributions of
individual wavenumbers and different timescales.

As highlighted in previous studies, the stratospheric QBO
can interact with other large-scale oscillations. El Nifio—
Southern Oscillation (ENSO) events influence tropical con-
vection. The ENSO warm phase (El Nifio) enhances the trop-
ical tropospheric convection and the ENSO cold phase (La
Nifia) decreases the tropical tropospheric convection (Maury
et al., 2013; Yang and Hoskins, 2013). Through modulating
the tropospheric convection, ENSO could affect the equato-
rial wave behavior and hence the forcing of the QBO (Maury
etal., 2013; Yang and Hoskins, 2013; Schirber, 2015; Hansen
et al., 2016; Christiansen et al., 2016; Kang et al., 2018).
Based on this mechanism, many studies investigated the in-
teraction between ENSO and the QBO. Taguchi (2010) and
Yuan et al. (2014) revealed that the QBO has a weaker am-
plitude and faster phase speed during El Nifio conditions by
investigating radiosonde data from 1953 through 2008. Re-
cently, some studies (Barton and McCormack, 2017; Hirota
et al., 2018) highlighted the potential role of the exception-
ally strong El Nifio conditions on the reversed QBO wester-
lies in 2015/2016. Their results agree with a modeling study
by Calvo et al. (2010), which found that the subtropical zonal
wind has a westerly tendency in the Northern Hemisphere in
conjunction with a strong El Nifio in winter (NDJ). Newman
et al. (2016) reported that the QBO westerlies propagated
upward instead of the regular downward propagation above
30hPa in 2015/2016. The upward migration of QBO west-
erlies above 30 hPa caused the westerly zonal winds to last
unusually long at 20 hPa in 2015/2016. Another goal of our
study is to explore the responsible waves and the role of the
strong El Nifio event for the upward migration and unusually
long westerly zonal mean zonal wind regime at 20 hPa.

The remaining parts of this paper are organized as follows.
In Sect. 2, the data and methods used in our study are de-
scribed. The possible reasons for the reversed westerly zonal
wind at 40 hPa are explored in Sect. 3.1. The Rossby waves
are divided into quasi-stationary Rossby waves and faster
Rossby waves. Their contributions and sources (propagat-
ing from the extratropics or generated locally in the tropics)
during the QBO westerly phase reversal event are investi-
gated in Sect. 3.1.1 and 3.1.2, respectively. We explore pos-
sible mechanisms for local Rossby wave generation during
the reversal event in Sect. 3.1.3. Section 3.2 will analyze the
unusual behavior of Kelvin waves and the influence of the
strong El Nifio event during the long-lasting westerly zonal
mean zonal wind phase at 20 hPa. The summary and conclu-
sions are given in Sect. 4.

2 Data and methods

For this study, we use the combined European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA-40 and
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Figure 1. Zonal mean zonal wind at (a) 20 hPa and (b) 40 hPa; (¢) ENSO index in the Nifio 3.4 region. Panel (d) denotes the time series
of the horizontal Rossby wave momentum flux anomaly with respect to the monthly climatology averaged over the tropics (from 10° S to
10° N) at 40 hPa from 1958 to 2017 (unit is m? s_z). The horizontal dashed lines denote the speeds of 2 and —2m s1in panels (a) and
(b). In panel (c) the horizontal dashed lines denote 0.5 and —0.5 K, respectively. The horizontal dashed line denotes the value of 0.7 m2s~2
in panel (d). The vertical red lines denote the time period of 2015/2016, and the vertical blue lines denote the periods of 1959/1960 and
2010/2011. In panel (a) the horizontal red lines denote the westerly phase periods during 1959/1960, 2010/2011, and 2015/2016 at 20 hPa.
In panel (b) the red triangle denotes the reversed westerly zonal wind in 2015/2016 at 40 hPa.
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ERA-Interim reanalysis data sets (Uppala et al., 2005; Dee
etal., 2011), which extend from 1958 to 2017. This was done
to use the longest time series up to the 2016 QBO reversal to
cover as many QBO cycles and ENSO events as possible,
instead of starting from 1979 with ERA-Interim alone. We
use daily averaged pressure level data including zonal wind,
meridional wind, vertical velocity, and potential vorticity
with a horizontal resolution of 2.5° longitude x 2.5° latitude.
The ERA-40 and ERA-Interim reanalysis data sets have 23
and 37 pressure levels in the vertical direction, respectively,
from 1000 to 1 hPa. We use a merged data set of ERA-40 and
ERA-Interim on the 23 pressure levels they have in common
(Blume et al., 2012). The NOAA Extended Reconstructed
Sea Surface Temperature (SST) V4 was used to calculate the
ENSO index. Furthermore, we also used the monthly outgo-
ing long-wave radiation (OLR) data to represent the amount
of convective activity from https://www.esrl.noaa.gov/psd/
data/gridded/data.interp_OLR.html (last access: 30 Decem-
ber 2019).

2.1 Index definitions

We define the QBO phase using the monthly zonal mean
zonal wind at 40 hPa (averaged from 50 to 30 hPa since the
40hPa level is not available in ERA-40 or ERA-Interim)
and averaged over 2.5° S-2.5°N (U40) (following Hansen
et al., 2016). The westerly QBO phase (QBOW) is defined
when U40 is greater than 2ms~! and the easterly QBO
phase (QBOE) is defined when the U40 is less than —2m s ™!
(shown in Fig. 1b) following Hansen et al. (2016). To exam-
ine the reliability of the QBO index, we compared the ERA-
40 and ERA-Interim reanalysis data with the monthly zonal
mean zonal wind at 40 hPa from the Free University of Berlin
(FUB) data set (FU40) (Naujokat, 1986). The amplitude of
the QBO index is only slightly larger in FU40 compared with
U40 (not shown). The index of FU40 is an average of three
stations (Canton Island station (1953-1967); Gan, Maldives
station (1968-1975); and Singapore station (1976—present)),
all of them at a similar latitude around the Equator (Naujokat,
1986). Note that, the result of U40 comes from the zonal
mean and averaged from 2.5° S to 2.5° N. The U40 and FU40
agree well in the duration and phase of zonal wind regimes,
suggesting that the result of U40 is robust and the differences
between U40 and FU40 are negligible. We therefore use the
ERA-reanalysis data set for the rest of this study. Similar to
U40, we also defined the direction of zonal wind at 20 hPa
(U20). Both ERA-40 and ERA-Interim provide the 20 hPa
level, so no averaging is needed. The westerly zonal wind
was defined when U20 is greater than 2m s~ 1 and when U20
is less than —2m s~ 1, it is defined as easterly zonal wind (as
shown in Fig. 1a).

The ENSO index is obtained as deviations from the
monthly climatology, with 5 months’ running average in
the Nifio 3.4 region (5° S—-5° N, 70-120° W)(Hansen et al.,
2016). An El Nifio event is defined when the ENSO index is

Atmos. Chem. Phys., 20, 6541-6561, 2020

H. Li et al.: On the forcings of the unusual QBO structure in February 2016

Table 1. Exact boundaries of the Rossby wave and Kelvin wave
filters.

Period  Wavenumber Equivalent

(d) depth (m)

Rossby wave 5to70 —3.5t0 —0.5 -
Rossby w0520 5t020 —3.5t0—0.5 -
Rossby w2040 20to40 —3.5to —0.5 -
Kelvin wave 4 to 30 1to 14 6 to 600

greater than 0.5K, and a La Nifia event is defined when the
ENSO index is less than —0.5 K (shown in Fig. 1c).

2.2 Wave filtering

In order to explore the roles of tropical and extratropi-
cal waves during the unexpected QBO reversal event in
2015/2016, we extracted Rossby and Kelvin wave perturba-
tions in the wavenumber-frequency domain by applying the
“kf-filter” function (a two-dimensional fast Fourier transform
in longitude and time; Schreck, 2009) on horizontal winds
and vertical velocity.

The “kf-filter” function enables defining the filtered
wavenumber-frequency domain with its boundaries follow-
ing the dispersion curves of the different equatorial wave
modes, as introduced by Wheeler and Kiladis (1999). In our
study we use this feature to extract Kelvin wave anomalies in
the tropics.

The “kf filter” also has the option of defining a simple
box in the wavenumber-frequency domain, bounded by a
wavenumber and period range, without following any dis-
persion curve. This has proven to be useful for wave filtering
in the extratropics (Pilch Kedzierski et al., 2017), where the
propagation of waves is highly affected by the background
winds through Doppler shifting, and thus a single Rossby
wave mode can occupy different regions in the wavenumber-
frequency domain depending on the background wind condi-
tion. This option of the “kf filter” will be used to filter Rossby
waves from 60° N to 60° S, as our study wants to diagnose
extratropical waves that propagated into the equatorial region
during the 2016 QBO reversal, as reported by Osprey et al.
(2016), Newman et al. (2016), and Coy et al. (2017). This
filtering technique does not distinguish equatorial from ex-
tratropical Rossby wave modes, but their origin and propaga-
tion will be tracked by separating different wavenumbers and
timescales and using time—height and time—latitude sections.
The detailed information about the different filter boundaries
used in our study is shown in Table 1. The filter boundaries
for Rossby waves are —0.5 and —3.5: negative wavenumbers
indicate westward-propagating waves.

Extratropical Rossby waves can also propagate eastward
relative to the ground with strong westerly mean zonal winds,
but their activity and fluxes are limited to the winter strato-
spheric polar vortex, therefore not affecting tropical regions.

https://doi.org/10.5194/acp-20-6541-2020
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We confirm that momentum flux anomalies of relevance for
tropical regions only originate from westward-propagating
waves (see and compare Figs. 3 and S1 from the Supple-
ment), and thus the eastward-propagating Rossby waves are
not included in our study. The westward-propagating Rossby
waves produce a westward acceleration of the background
zonal wind and hence weaken the westerly zonal wind in
the extratropics during Northern Hemisphere (NH) winter.
First, the total amount of Rossby wave activity (periods of
5-70d) is presented in Sect. 3.1. Since we found that very
slow waves (40-70d periods) show very little activity, we
focus on the two dominant timescales: quasi-stationary (20—
40d) and faster (5-20d) Rossby waves in Sect. 3.1.1 and
3.1.2, respectively. To explore their sources and contribu-
tions during the 2015/2016 reversal event, for each timescale
we further separate the filtered Rossby waves into individual
wavenumbers 1, 2, and 3. We also study the Kelvin wave ac-
tivity (wavenumbers 1 to 14, periods of 4-30d; see Table 1)
in Sect. 3.2.

Please note that the output of the filter near the temporal
ends (years 1958 and 2017) of the data set in our analysis
is neglected because the amplitude of the filtered waves is
underestimated there. The monthly climatology is calculated
from January 1959 through December 2014 to avoid any in-
fluence of the unique structure of the stratospheric QBO in
2015/2016.

2.3 Momentum flux calculation

The contribution of each wave type defined in Sect. 2.2 dur-
ing the 2015/2016 QBO reversal event is estimated by cal-
culating the horizontal (Mf}) and vertical (Mf,) momentum
fluxes:

Mfy = u'v/, ey
Mfy = u'w’. @)

|
S

u', v/, and w’ denote the perturbations (waves) in the zonal
wind, meridional wind, and vertical velocity. The overbar de-
notes the zonal mean.

Vertical momentum flux calculations will be used only
for Kelvin waves in our study, since no relevant contribu-
tion from Rossby waves was detected in the tropics (see and
compare Figs. 14a and S2). Kelvin waves do not propagate
meridionally; therefore Mf,, as part of the vertical compo-
nent of the Eliassen—Palm (EP) flux, represents their propa-
gation well.

Regarding Rossby waves, EP flux analyses of the 2016
QBO reversal showed that, around 40 hPa, wave propagation
in the tropics and subtropics was mainly meridional, with lit-
tle vertical component (Osprey et al., 2016; Lin et al., 2019).
Vertical EP flux components were of importance in the ex-
tratropics.

Rather than showing the full latitude-height path of the ex-
tratropical Rossby waves that propagated into the tropics, our
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study aims at confirming extratropical or local origin of the
different wavenumbers of quasi-stationary and faster Rossby
waves present in the tropics during the 2016 QBO reversal
and to compare their amounts (see Sect. 3.1). For the pur-
poses of our study, the simplified use of Mfy, is sufficient.
Our approach is equivalent to the quasi-geostrophic approxi-
mation of the EP flux by Matthias and Ern (2018), and even
though ageostrophy holds near the Equator, we found no dis-
continuities in time-latitude sections of Rossby wave activity
crossing into the SH (see e.g., Figs. 3 and 10).

Another limitation of our method is that with Mf}, and Mf,
alone, the interaction of the waves with the mean flow cannot
be diagnosed as done with the full EP flux divergence in, e.g.,
(Lin et al., 2019), but this is not the goal of our study, and in
any case increased momentum fluxes tend to cause stronger
EP flux divergences.

2.4 Barotropic and baroclinic instability calculation

Shuckburgh et al. (2001) revealed that barotropic instability
in tropical regions could be associated with QBO westerlies.
Coy et al. (2017) later studied both barotropic and baroclinic
instability following Andrews et al. (1987). We use a simi-
lar approach calculating the meridional gradient of potential
vorticity in 2015/2016 from 70 to 10 hPa following Andrews
et al. (1987) and Coy et al. (2017).

T 2
gy =2Qcosp — [M} —i(p()f u_> , 3)
¢ z

acos¢ oo\ N2 °°

where 2 is the Earth’s rotation frequency, a is the Earth’s ra-
dius, u denotes the zonal and time-averaged zonal wind, po
is the basic state density, z is the log pressure vertical coor-
dinate, ¢ is the latitude, and N 2 denotes the Brunt—Viisald
frequency squared. A negative meridional potential vorticity
gradient is indicative of barotropic—baroclinic instability and
hence is used as a condition for local Rossby wave generation
in Sect. 3.1.3.

3 Details and mechanisms of the unusual QBO
behavior in 2015/2016

This section on results is divided into two parts. First, the
interruption of the westerly zonal wind in the lower strato-
sphere (40 hPa) in February 2016 and possible reasons are
investigated (Sect. 3.1). Then, the reasons for the unusually
long-lasting westerly zonal winds in the middle stratosphere
(20 hPa) are investigated in more detail. Figure 1b shows the
reversal of the westerly zonal wind regime and the onset of
easterlies around 40 hPa in February 2016. A weakening of
westerly zonal winds occurred in several earlier winters, for
example, in winter 1959/1960 and 2010/2011 (Coy et al.,
2017), but so far no other winter has resulted in a reversal
of the wind. This is exceptional to the winter of 2015/2016
and resulted in a number of publications. We will add sig-

Atmos. Chem. Phys., 20, 6541-6561, 2020



6546 H. Li et al.: On the forcings of the unusual QBO structure in February 2016

nificant new aspects to the existing literature. As shown in
Fig. 1a, the westerly zonal wind around 20 hPa lasted for an
unusually long time in 2015/2016. Newman et al. (2016) and
Kumar et al. (2018) noticed the unusual behavior of west-
erly zonal wind above 30 hPa but none of them explored it
in detail. The goal of this study is to investigate the unusual
behavior of the QBO in winter 2015/2016 in the lower and
middle stratosphere in more detail than earlier studies.

3.1 Interruption of the westerly zonal wind at 40 hPa

Figure 1a—b shows that the amplitude of westerly zonal wind
was weaker in a number years (e.g., 1959/1960, 2010/2011)
but the westerly zonal wind only reversed its direction in the
winter of 2015/2016 at 40 hPa. Prior to 2016, many events
show weakened westerlies either at 40 or 20 hPa (Fig. 1a-b),
but only 1959/1960 and 2010/2011 had large Rossby wave
momentum flux anomalies comparable to 2016 (Fig. 1d).
Previous studies (Osprey et al., 2016; Newman et al., 2016;
Coy et al., 2017) reported that the reversal event in winter
2015/2016 at 40 hPa was caused by enhanced Rossby wave
activity in the tropical stratosphere, mainly of extratropical
origin. Based on these studies, we investigate the Rossby
wave activity in the tropical stratosphere during the reversal
event in more detail by looking not only at wavenumbers 1—
3 but also by separating quasi-stationary Rossby waves (20—
40 d) and faster Rossby waves (5-20d).

First, to show the total amount of Rossby wave activity,
we extracted all Rossby waves with periods of 5-70d and
with wavenumbers from 1 to 3. Figure 2 illustrates the time—
height cross section of the squared Rossby wave anoma-
lies in zonal wind averaged over the tropics (10° S—10° N)
with respect to the monthly climatology (1959-2014). As
shown in Fig. 2, the Rossby wave activity was enhanced
in the tropics before the westerly zonal wind reversed near
40 hPa in February 2016. Since enhanced Rossby wave be-
havior does not extend to lower and higher levels in February
2016, the observed signal less likely originated from vertical
propagation. Besides vertical propagation, Rossby waves can
propagate in the meridional direction (O’Sullivan, 1997; Os-
prey et al., 2016). We choose two additional cases to com-
pare the results with the 2015/2016 case: 1959/1960 and
2010/2011. Both have increased horizontal Rossby wave mo-
mentum fluxes (Fig. 1d). We investigated the role of merid-
ionally propagating Rossby waves during the reversal event
as in previous studies (Osprey et al., 2016; Newman et al.,
2016; Coy et al., 2017; Tweedy et al., 2017).

Figure 3 shows the time-latitude cross section of Rossby
wave horizontal momentum flux anomalies during three re-
lated cases (marked as blue and red vertical lines in Fig. 1b).
The result is in agreement with the findings of Barton and
McCormack (2017) which found that westerly subtropical
zonal winds favor extratropical Rossby waves to propagate
into the tropics. Rossby wave horizontal momentum flux
anomalies maximize in the extratropics and the magnitude
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generally decreases with decreasing latitude. Equatorward
propagation of Rossby waves is observed in all three exam-
ple winters (Fig. 3) in agreement with Osprey et al. (2016)
and Coy et al. (2017). However, the specific timescales and
wavenumbers of the responsible Rossby waves have not been
explored before. While previous studies have discussed the
extratropical Rossby wave origin, a tropical origin of the en-
hanced Rossby waves in February 2016 is still unclear and
will be explored in more detail in Sect. 3.1.3.

Our filtered Rossby waves in the tropics include Rossby
waves generated in the tropics and in the extratropics. In or-
der to detect where the Rossby waves were generated, we
analyzed the time series of the mean Rossby wave horizon-
tal momentum flux anomaly separately in the tropics (10° S—
10°N) and extratropics (35-45° N), for the three selected
winters: 1959/1960, 2010/2011, and 2015/2016 (Fig. 4).

As expected, the horizontal Rossby wave momentum flux
anomalies peak in the extratropics, but some also peak in
the tropics. For example, the extratropical momentum flux
anomalies in February 2015 and 2010 do not coincide with
any wave activity in the tropics. The horizontal Rossby wave
momentum flux anomalies were not able to propagate into
the tropics due to the prevailing easterly background zonal
wind in the subtropics around 20° N (see Fig. 3). Figure 4
suggests that the peaks of the horizontal Rossby wave mo-
mentum flux anomaly in the tropics in January 1960, Novem-
ber 2010, and February 2016 are related to extratropical
Rossby waves (highlighted with red triangles in Fig. 4), since
there is a few days’ lag between the peaks in the tropics and
extratropics. This implies that they need some days to prop-
agate from the extratropics into the tropics, which can easily
be seen in Fig. 3.

We now focus on faster Rossby waves (5-20d, w0520)
and quasi-stationary Rossby waves (20—40d, w2040) as de-
scribed in Sect. 2.2. The mean horizontal momentum flux
anomaly for the total as well as the contribution from fast
and quasi-stationary Rossby waves in the tropics is shown
in Fig. 5. The maximum amplitude of the horizontal Rossby
wave momentum flux anomalies occurred in February 2016
(3.43 m? s~2). In addition, the Rossby w0520 horizontal mo-
mentum flux anomaly was stronger during January 1960,
November 2010, and February 2016 than Rossby w2040,
which had similar values in all three cases. This suggests
a dominant contribution from faster Rossby waves (w0520)
during the QBO reversal event, which was not noted in pre-
vious studies (Osprey et al., 2016; Newman et al., 2016; Coy
etal., 2017).

From Fig. 5 we conclude that quasi-stationary Rossby
waves contribute significantly to the observed momentum
flux anomalies in the tropics, in a fairly similar way in all
three cases. Faster Rossby waves (w0520) are responsible for
most of the case-to-case variability, being especially domi-
nant in February 2016. It is worth analyzing the contribu-
tions from individual wavenumbers for Rossby waves of both
timescales, which also enables tracing their origins more
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Figure 2. Temporal evolution of Rossby wave activity as squared zonal wind anomalies averaged over 10° S—10° N in the vertical direction.
Color shading denotes the anomalies with respect to the monthly climatology (the unit is m 25~2). The zonal mean zonal wind is overlaid
in black contours with contour interval of 5ms~!. The solid and dotted black contours denote westerly and easterly winds, respectively.
The thick contours represent the zero wind line. The horizontal dashed lines denote the altitudes of 20 and 40 hPa. The horizontal solid lines
denote the El Nifio (single line) and strong El Nifio periods (double line) in the bottom.
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precisely. Such a detailed analysis of the wave forcings of
the QBO reversal event in February 2016 has not been per-
formed yet and may lead to results of high interest. Lin et al.
(2019) reported an important contribution to the 2016 QBO
disruption made by a single wave packet, with dominating
wavenumbers 1-3 in its wave spectrum. Their study was per-
formed at a similar vertical level as ours (35.8 and 40 hPa,
respectively), and our analysis will describe the evolution
of the Rossby waves with wavenumber 1, 2, and 3, inde-
pendently. The following Sect. 3.1.1 and 3.1.2 will focus on
the behavior of quasi-stationary and faster Rossby waves, re-
spectively, whereas Sect. 3.1.3 will explore possible mecha-
nisms for an observed locally generated wave whose contri-
bution was important and only present in February 2016.

3.1.1 The role of quasi-stationary Rossby waves

Firstly, we discuss the contribution of quasi-stationary
Rossby waves (Rossby w2040; light blue lines in Fig. 5).
The Rossby waves w2040 were enhanced in January 1960,
November 2010, and February 2016 (red triangles in Fig. 5)
with the horizontal momentum flux anomaly having maxi-
mum values of about 0.78 m?s~2 in February 2016 in the

Atmos. Chem. Phys., 20, 6541-6561, 2020

tropics at 40 hPa. In November 2010 and January 1960, the
Rossby w2040 waves’ horizontal momentum flux anomaly
was 0.41 and 0.66 m” s~2, respectively, close to the values
in February 2016. To explore the sources of quasi-stationary
Rossby waves, Figs. 6 and 7 show the horizontal momentum
flux anomaly from Rossby waves w2040 with wavenumber 1
and 2, respectively. The contribution of Rossby waves w2040
with wavenumber 1 and 2 was weaker in November 2010,
while January 1960 and February 2016 were characterized by
a strong Rossby wave w2040 with wavenumber 1. However,
the total contribution of quasi-stationary Rossby waves was
similar in all cases as shown in Fig. 5. In order to highlight
the latitudinal variation in the Rossby waves w2040 with
wavenumber 1, we analyzed its horizontal momentum flux
anomaly at the Equator, 10, 20, and 30° N during each case,
as shown in Fig. 8. The peaks of Rossby waves w2040 (with
wavenumber 1) in the extratropics occurred earlier at higher
latitudes, propagating and peaking later near the Equa-
tor, which is especially clear in January 1960, November—
December 2010, and January—February 2016. Figures 5, 6,
and 7 reveal that quasi-stationary Rossby waves have an im-
portant contribution to the enhanced Rossby wave activity in

https://doi.org/10.5194/acp-20-6541-2020
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Figure 5. Temporal evolution of horizontal Rossby wave momentum flux anomalies over the tropics (10° S-10° N) during (a) 2015/2016,
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the tropics, mainly by wavenumber 1 (and 2 to a lesser de-
gree) of extratropical origin.

3.1.2 The role of faster Rossby waves

Lin et al. (2019) reported that the low-frequency waves (with
periods above 6d) with wavenumbers 1-3 were important
contributors to the reversal event in February 2016. This cat-
egory would include the faster and quasi-stationary Rossby
waves from our analysis. In the previous sections we demon-
strated that the case-to-case differences are mostly due to the
faster wave type (5-20d periods), which will be explored in
this section.

We explored the activity of faster Rossby waves (Rossby
w0520; dark blue lines in Fig. 5), separating wavenumbers
1, 2, and 3, which will be referred to as W1, W2, and W3
in the following. The time-latitude structure of the horizon-
tal Rossby waves w0520 momentum flux anomaly for each
case is shown in Fig. 9. In the tropics, the largest anomaly of
Rossby waves w0520 is found in February. Figure 9 shows
that the amplitude of the horizontal Rossby wave w0520 mo-

https://doi.org/10.5194/acp-20-6541-2020

mentum flux anomaly was stronger in the extratropics in Jan-
uary 1960 and November 2010, while there were two peaks
in February 2016 around 40 and 15° N. We therefore focus
now on the contributions of W1, W2, and W3 separately dur-
ing the 2016 reversal event by analyzing the time—latitude
cross section of their horizontal momentum flux anomaly
from November 2015 to April 2016 at 40 hPa (Fig. 10). The
activity of W2 and W3 was enhanced in 2015/2016 but the
activity due to W1 was very weak. The maximum horizon-
tal momentum flux anomaly of W2 occurred around 40° N in
early February 2016 (Fig. 10c) and propagated equatorward
since early February 2016. Although it is difficult to distin-
guish in Fig. 10, W2 activity shows with some days’ lag be-
tween 40 and 15° N (see Fig. S4), indicating its extratropical
origin and equatorward propagation.

The peak of W3 occurs in early February 2016, around
15°N (as shown in Fig. 10d). Furthermore, as shown in
Fig. 2, the enhanced Rossby wave activity was concentrated
on the lower stratosphere (from 50 to 30 hPa). Figures 2 and
10d suggest that the W3 peak does not originate from the ex-
tratropics or the vertical propagation; therefore the remaining

Atmos. Chem. Phys., 20, 6541-6561, 2020
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possibility is local wave generation. The record high horizon-
tal momentum flux anomaly from Rossby waves in Febru-
ary 2016 at 40 hPa seems to be the combination of a quasi-
stationary W1 (Rossby waves w2040), a faster W2 generated
in the extratropics, as well as a possibly locally generated
W3. Figure 10e reveals that the peaks of W1 (Rossby waves
w2040) and W2 occurred earlier compared to the peak of the
W3 in early February 2016. This result implies that not all
components of the wave packet described by Lin et al. (2019)
were of extratropical origin. Strictly speaking, the wavenum-
ber composition of a traveling Rossby wave packet should
remain similar during its lifetime: the dominant wavenumber
does not change. Our analysis shows that this is not the case
with W3, which becomes dominant. The amplitudes of W1
(Rossby waves w2040), W2, and W3 are 0.74, 0.931, and
1.312m? s~ 2, and hence W3 was stronger than W2 and W1
(Rossby waves w2040). The locally generated W3 only oc-
curred in February 2016, and we do not find such behavior
in other cases, whose Rossby wave contributions are exclu-
sively of extratropical origin (see Figs. S5 and S6 for com-
parison with Fig. 10).

Atmos. Chem. Phys., 20, 6541-6561, 2020

3.1.3 The possible source of local Rossby wave
generation

Figure 10e demonstrates that the quasi-stationary W1
(Rossby waves w2040) and the faster W2 and W3 have
stronger horizontal momentum flux anomalies in February
2016 at 40 hPa around 15° N. This suggests that the possibly
locally generated W3 was as important as the Rossby waves
which propagated from the extratropics during the reversal
event in 2015/2016. Therefore it is important to investigate
the possible source of the locally generated Rossby waves.
As demonstrated in the previous section, the W3 generated
in early February 2016 is not related to vertical or meridional
propagation. In this section we will discuss two possible gen-
eration mechanisms: barotropic and baroclinic instability and
nonlinear interactions.

We analyzed the barotropic and baroclinic instability in
the lower stratosphere with the meridional gradient of po-
tential vorticity at 40 hPa in February 2016 similar to Coy
et al. (2017). The meridional gradient of potential vorticity
was calculated at 70, 50, 40, 30, 20, and 10 hPa from Jan-

https://doi.org/10.5194/acp-20-6541-2020
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uary 2015 to December 2016 (as shown in Fig. S7). Fig-
ure S7 reveals that the meridional gradient of potential vor-
ticity was greater than zero in February 2016 at 40 hPa and at
lower altitudes, meaning that the atmosphere was stable dur-
ing our analysis period at pressures below 40 hPa. At 40 hPa
the meridional gradient starts to be negative in late March
2016, which indicates barotropic and/or baroclinic instability
(see Sect. 2.4.) In this study, W3 maximizes 1 month prior to
March 2016. Our result is consistent with Coy et al. (2017),
who showed that g4 was positive during the reversal event in
2015/2016, implying that instability of the large-scale flow
was unlikely. Hitchcock et al. (2018) also suggested that the
distribution of the g4 could have directed and concentrated
wave fluxes to this narrow region.

Another possible mechanism for the local generation of
W3 is the nonlinear interaction between several different
Rossby waves. Previous studies (Reznik et al., 1993; Huang
et al., 2009; Tamarin et al., 2015) pointed out that nonlin-
ear coupling processes could occur between different waves.
Based on the wave interaction theory (Reznik et al., 1993;
Huang et al., 2009), two waves could force a third wave if

https://doi.org/10.5194/acp-20-6541-2020

the first two waves satisfy the resonant interaction condition:

w (k) wko) =w(ks), kitky=ks, “)
where @ and k are the frequency and wavenumber of the
Rossby waves.

We analyze the frequency behavior of W1, W2, and W3
by using the phase position of the filtered Rossby w0540 of
each wavenumber to calculate their phase speeds and trans-
form them into frequencies at a daily resolution. This anal-
ysis is very sensitive to the wave’s phase position; therefore
it is applied directly to the standard 30 hPa level without any
interpolation and using only zonal winds. W1, W2, and W3
frequencies for January—March 2016 at 30 hPa are presented
in Fig. 11a—c. We also repeated the same analysis also at the
50 hPa level, obtaining similar results (see Fig. S8).

It can be observed in Fig. 11a—c that during periods of in-
creased wave activity, all wavenumbers’ frequencies do not
remain constant: they accelerate and slow down many times
during January—March 2016. During the end of January and
February 2016, W1 frequency (Fig. 11a) in the subtropics
and Equator varies around 0.02 and 0.04 cycles per day (cpd,

Atmos. Chem. Phys., 20, 6541-6561, 2020



6552

(a) 2015/16 Rossby w2040

H. Li et al.: On the forcings of the unusual QBO structure in February 2016

15 30'N
1___20°N
1.0 |
0.5 |

0.0 - =

05
2015 2 3 4 5 6 7 8
(b) 2010/11 Rosshy w2040

L5 30°N '
1 20°N
1.0

2000 2 3 4 5 6 7 8 9 10 11
() 1959/60 Rosshy w2040

154 3°N

20N

1.0 |

> .

1959 2 3 4 5 6 7 8 9 10 1

9 10 11 12 2016 2 3 4 5 6

12 2011 2 3 4 5 6 7 8§ 9 10 1

O S “v—,;_i—f% ’—\\“/ ,‘ N

12 190 2 3 4 5 6 7 8 9 10 1

/,

~-//\ e — /qv--\x;;__v/ 2

T T

:_ \’/ f_‘—i\\z-\;,r\_/’ 7},47’;:>1'\/ \\\; 7/‘}‘{) \—».\__- e 7\%

—
-
T

—
P
T

T

T

12 1961

Figure 8. The temporal variation in Rossby w2040 (with wavenumber 1) horizontal momentum flux anomaly at 0° N (orange lines), 10° N
(green lines), 20° N (blue lines), and 30° N (black lines) in 2015/2016, 2010/2011, and 1959/1960 at 40 hPa.

i.e., periods above 20d), in agreement with the previously
diagnosed quasi-stationary W1 from an extratropical origin.
W2 (Fig. 11b) in the end of January 2016 at 15-30° N has
frequencies around 0.03 cpd (~ 30 d period, also in the quasi-
stationary range) while having relatively low amplitude and
showing signs of equatorward propagation. At the beginning
of February, W2 can be seen accelerating while it amplifies,
reaching frequencies of 0.07 cpd coinciding with its maxi-
mum amplitude near 10° N, then quickly losing amplitude
and frequency by mid-February. W3 (Fig. 11c¢) in late Jan-
uary shows no activity or very low amplitudes throughout the
extratropics, starting to gain amplitude within the NH tropics
with frequencies around 0.06-0.09 cpd. Between the begin-
ning and middle of February, W3 maximizes its amplitude
and seems to propagate outward from the tropics, with a sim-
ilar frequency range. In the second half of February 2016,
W3 starts to slowly decay in amplitude while occupying a
large area from 20° S to about 40° N, with markedly higher
frequencies of around 0.09-0.14 cpd. W3 has nearly dissi-
pated by March.

According to Eq. (4), to satisfy the resonance mechanism,
the frequency of W3 minus the sum of W1 and W2 needs to

Atmos. Chem. Phys., 20, 6541-6561, 2020

be close to zero. Figure 11d highlights where this happens by
only showing where the absolute value of W3—(W1+W2) in
terms of frequency is below 0.04 cpd (blue colors; the rest is
masked out). In Fig. 11d dark blue colors, or values close to
resonance, rarely last more than a couple of days or they tend
to have significant amounts of lighter blue colors. Only by the
end of January and the first half of February are the values
close to resonance (less than 0.02; dark blue in Fig. 11d) for
about 2 weeks in a row, a fair amount of time for a resonant
wave to build up. This coincides with the amplification of
w3 and its expansion outward from the tropics in Fig. 11c, as
well as the large W3 momentum flux anomalies in Fig. 10d.

In mid-February there is a break in the resonance condi-
tion, depicted by the absence of blue color in Fig. 11d. It
can be noted that W2 has nearly dissipated near 15° N by
this time (Fig. 11b), and interestingly this is immediately fol-
lowed by a sudden acceleration of W3, with higher frequen-
cies as yellow and red colors in Fig. 11c. Perhaps this is an
indicator that the W3, in the absence of forcing (no resonance
of W1 and W2 as the latter dissipated), starts a transition into
a faster and decaying free mode in the second half of Febru-
ary 2016.

https://doi.org/10.5194/acp-20-6541-2020



H. Li et al.: On the forcings of the unusual QBO structure in February 2016 6553

(a) 2015/16 Rossby w0520
TN

R
« ||I

2 I
\ ..

Latitude (' N)
3

205 2 3 4 5 6 7 8 9 10 11
(b) 2010/11 Rossby w0520

“ FREVITYY
A
o A b{_

12 2016 2 3 4 5 6 7 8 9 10 1

Latitude (" N)
[

2000 2 3 4 5 6 7 8 9 10 11
(c) 1959/60 Rossby w0520

60 IIVIRTEY
45 %’M?)
30

Latitude ('N)
]

1959 2 3 4 5 6 7 8 9 10 1

12 2011 2 3 4 5 6 7 8 9 10 1

12 1960 2 3 4 5 6 7

Figure 9. The time-latitude cross section of the Rossby waves (with periods of 5-20d) in (a) 2015/2016, (b) 2010/2011, and (¢) 1959/1960
at 40 hPa. Color shadings denote the anomalies with respect to the monthly climatology (0 m? s2). The zonal mean zonal wind is overlaid
in black contours with contour interval of 5ms~!. The solid and dotted black contours denote westerly and easterly winds, respectively. The

thick contours represent the zero wind line.

It was noted by Reznik et al. (1993) that this wave reso-
nance mechanism generally works in the shortwave domain,
with resonant interaction at planetary scales happening only
in exceptional cases. The reasons for this special behavior
and the exact timing and location of the waves would need
further work and is beyond the scope of this paper.

Both W2 and W3 had important contributions to the en-
hanced Rossby wave horizontal momentum flux anomaly in
the tropics (Fig. 10). Our results from Figs. 10 and 11 in-
dicate that the mechanism for the local generation of W3
at 15° N, 40hPa, was nonlinear interaction and resonance
between a quasi-stationary Rossby wave W1 and a faster
Rossby wave W2 of extratropical origin. Coy et al. (2017)
noted that the horizontal momentum flux anomalies were
very concentrated at a specific height range and latitude dur-
ing the QBO reversal of the winter of 2015/2016, which is
in agreement with our result. The very rare origin of W3
at 15° N and its important contribution to these momentum
fluxes could explain why it was so localized, since the condi-
tions for nonlinear interaction and resonance must have been
very localized too.

https://doi.org/10.5194/acp-20-6541-2020

In summary, we explored the Rossby wave horizontal mo-
mentum flux anomaly in the extratropics as well as in the
tropics for three different cases (1959/1960, 2010/2011, and
2015/2016). The results show that the Rossby wave horizon-
tal momentum flux anomaly in the tropics is dominated by a
quasi-stationary Rossby wave W1 originating from the extra-
tropics, as well as enhanced activity of faster Rossby waves,
which amount to the largest case-to-case differences (e.g.,
an equatorward-propagating extratropical Rossby wave W2
and the locally generated Rossby wave W3 in the 2015/2016
case). During the 2015/2016 reversal event at 40 hPa, the lo-
cally generated Rossby wave W3 had the largest and most
localized contribution (among faster Rossby waves) to the
record horizontal momentum flux anomalies in the tropics.

Whereas the total structure from W1, W2, and W3 around
15° N resembles that of a wave packet as described by Lin
et al. (2019), our results suggest that only the W1 and W2
components are of extratropical origin. The W3 component
seems to originate later from the resonant interaction be-
tween W1 and W2.

The reversal event not only depends on the enhanced
Rossby wave activity in the tropics but also on the differ-

Atmos. Chem. Phys., 20, 6541-6561, 2020
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ent background zonal winds. The peaks of the Rossby wave
horizontal momentum flux anomaly almost correspond to
the strongest westerly zonal wind (greater than 10ms™!) in
November 2010 (see Fig. 5). Meanwhile, in January 1960
and February 2016 the peaks of the Rossby wave horizon-

Atmos. Chem. Phys., 20, 6541-6561, 2020

tal momentum flux anomalies correspond to a weaker zonal
wind (less than 5 m s~ !). Through a comparison of the results
in January 1960 and February 2016 when the background
zonal winds were similar (see Figs. 9a and 9c), we found
that the enhanced Rossby wave activity is an important fac-
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(b) W2, and (c) W3. In panel (d) the absolute difference in frequency of W3 — (W1 + W2) is shown, indicating the deviation from resonant
conditions. Black contours indicate amplitudes of the corresponding wavenumbers in panels (a)—(c), starting at 1ms~! with that same
interval. In panel (d) the black contours repeat W3 amplitudes. In panels (a), (b), and (c), frequencies of waves with very low amplitude
(below 1 m s_l) are masked out. In panel (d), frequency differences above 0.04 cpd (i.e., far from resonant condition) are masked out for

better visibility. Wave properties were obtained using zonal winds.

tor for the reversal event in 2015/2016. The stronger Rossby
wave horizontal momentum flux anomaly together with the
weaker westerly zonal mean zonal wind both played signif-
icant roles for the reversed westerly zonal wind at 40 hPa in
February 2016. Lin et al. (2019) pointed out that the westerly
flow was decelerated by mixed Rossby gravity wave momen-
tum fluxes (MRG, with ~ 6-2 d periods: mostly faster waves
than those analyzed in our study) prior to the appearance of
the low-frequency waves, i.e., the W1-3 wave packet.

3.2 Reasons for the unusually long westerly zonal wind
at 20 hPa

This subsection will focus on the behavior of Kelvin waves
during the unusually long westerly zonal wind at 20 hPa in

https://doi.org/10.5194/acp-20-6541-2020

2015/2016. The possible role of the strong El Nifio event
during the long-lasting westerly zonal wind will be also ex-
plored. As shown in Fig. la the westerly zonal mean zonal
wind lasted for an unusually long time in 2015/2016 at
20 hPa. Previous research mainly focused on the interruption
of the westerly zonal wind near 40 hPa in 2015/2016, and
only a few other studies (Newman et al., 2016; Coy et al.,
2017; Kumar et al., 2018) noticed the unusual behavior of
the zonal mean zonal winds above 30 hPa. We found that the
average period of westerly zonal mean zonal wind at 20 hPa
is 10.6 months between 1958 to 2014 (Fig. 12). However, in
2015/2016 the westerly zonal wind lasted 23 months (from
May 2015 to March 2017) which is much longer than the
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Figure 12. The minimum, average, and maximum periods (trian-
gles) of the westerly zonal wind at 20 hPa from 1958 to 2014. The
star signal denotes the period of westerly zonal wind at 20 hPa in
2015/2016.

maximum period (16 months) from 1958 to 2014. No similar
westerly zonal wind period has ever been observed.

Newman et al. (2016) noticed that the westerly zonal wind
started to migrate upward instead of downward from Novem-
ber 2015 to April 2016 above 30 hPa. The extended westerly
zonal wind and the upward-propagating westerly zonal wind
above 30 hPa could result from wave-mean flow interaction.
Since Kelvin waves are generated in the troposphere and
propagate upward to the lower stratosphere where they ini-
tiate an eastward acceleration of the zonal mean zonal wind
(Baldwin et al., 2001), they might play a role in the extended
westerly zonal winds.

Figure 13 shows a predominance of above-average Kelvin
wave squared perturbations in zonal wind (mostly red and
yellow shading and absence of blue) in the upper troposphere
around 200 and 100hPa throughout 2015 and early 2016.
The upper-tropospheric Kelvin waves can be seen propagat-
ing upward within easterly winds most of the time. Also,
from December 2015 to April 2016, vertical propagation of
Kelvin waves can be observed within weak westerly winds
between 50 and 20 hPa, which will be discussed in more de-
tail below. Since the vertical momentum flux from westward-
propagating Rossby waves (Fig. S2) is very weak during this
time, we will focus only on vertical momentum flux anoma-
lies from Kelvin waves in the following (Fig. 14).

Figure 14a demonstrates that the vertical momentum flux
anomaly from Kelvin waves was strong during most of the
easterly zonal wind condition from the troposphere to the
stratosphere in 2015. Furthermore, the vertical momentum
flux anomaly from Kelvin waves was also above-average
from December 2015 to April 2016 from 50 to 20 hPa which
agrees with the increased squared zonal wind perturbations
of Kelvin waves (Fig. 13). It should be noted that from De-
cember 2015 to around April 2016 near 20 hPa the back-
ground zonal mean zonal wind is westerly. Also in the lev-
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els down to 300 hPa, from December 2015 until February
2016, the mean zonal winds are weak westerlies or around
zero. Kelvin waves were propagating upward at the time,
while in theory they do this within easterlies. Also, if the
Kelvin wave’s phase speed exceeds that of the westerly flow,
it is possible that the Kelvin wave propagates upward within
weak westerlies as reported by Ern et al. (2008).

We analyzed the vertical momentum flux anomaly from
Kelvin waves during the westerly zonal wind conditions
at 20 hPa from 1958 to 2016 (Fig. 14b). The result shows
that the maximum vertical momentum flux anomaly from
Kelvin waves corresponds to the beginning of the westerly
zonal wind phase in general (Fig. 14b). The vertical Kelvin
wave momentum flux anomaly becomes weaker when the
westerly zonal wind gets stronger. The westerly zonal wind
starts in May 2015 (around 3 ms~!). Meanwhile the verti-
cal Kelvin wave momentum flux anomaly was around (0.4 x
1073 m2 s~2). From late 2015 to early 2016 the amplitude
of the background zonal wind was similar to the background
zonal wind in May 2015, but the vertical momentum flux
anomaly from Kelvin waves was much stronger. The ampli-
tudes of the vertical Kelvin wave momentum flux anomaly
in December 2015 and January, February, March, and April
2016 are 0.88, 1.54, 1.31, 0.872, and (1.025 x 1073)m? s ™2,
respectively. They are much larger than the average val-
ues (0.45 x 1073 m? s_2) in westerly zonal wind conditions
from 1958 to 2014. The vertical momentum flux anomaly
from Kelvin waves started to increase from December 2015
and ended in April 2016, which corresponds to the upward-
propagating westerly zonal winds (Fig. 2) reported in New-
man et al. (2016). The unusually large vertical momentum
flux anomaly from Kelvin waves from December 2015 to
April 2016 was deposited in the westerly zonal wind and
resulted in additional eastward momentum and hence a pro-
longation of the westerly winds at 20 hPa.Typically, Kelvin
wave momentum deposition promotes downward propaga-
tion of the QBO westerly phase, since the waves encounter
westerly shear and a rather narrow region below the criti-
cal level near the bottom of the QBO westerlies where the
Kelvin wave momentum is deposited. This is not the case
in early 2016, with weak westerlies (weak easterlies later
on), low shear between 100 and 20 hPa, and easterly shear
above. These sub-critical conditions make the height range
for Kelvin wave momentum deposition quite a lot broader
than usual, thereby enabling a prolongation and even upward
propagation of the westerly QBO phase. This interpretation
would be in agreement with Das and Pan (2015), who found a
faster-descending QBO westerly phase only when the lower-
stratospheric winds favored Kelvin wave upward propagation
(not the case in early 2016).

We also analyzed the temporal variation in the ENSO in-
dex and the convective activity in the tropics (Fig. S9). The
ENSO index was larger than 2 K (strong El Nifio event) from
October 2015 to January 2016. Tropospheric convective ac-
tivity is represented by the Outgoing Long-wave Radiation
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Figure 13. Temporal evolution of Kelvin wave activity as squared zonal wind anomalies averaged over 10° S—10° N in the vertical direction.
Color shading denotes the anomalies with respect to the monthly climatology (0 m? s=2). The horizontal dashed lines denote the altitudes of
20 and 40 hPa. The zonal mean zonal wind is overlaid in black contours with contour interval of 5m s L. The solid and dotted black contours
denote westerly and easterly winds, respectively. The thick contours represent the zero wind line. The horizontal solid lines denote the El
Nifio (single line) and strong El Nifio periods (double line) in the bottom.
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Figure 14. Temporal evolution of Kelvin wave vertical momentum flux anomalies averaged over 10° S—10° N. Panel (a) shows the daily time-
altitude cross section from 2015 to 2016. Color shading denotes the anomalies with respect to the monthly climatology (unit is 1073 m2s72).
The zonal mean zonal wind is overlaid in black contours with contour interval of 5 ms~!. The solid and dotted black contours denote westerly
and easterly winds, respectively. The thick contours represent the zero wind line. In panel (a), the horizontal dashed lines denote the altitudes
of 20 and 40 hPa, respectively. The horizontal solid lines denote the El Nifio period (single line) and strong El Nifio period (double line)
in the bottom. Panel (b) shows the monthly mean Kelvin wave vertical momentum flux anomalies (blue line) and the westerly background
zonal wind (black line) at 20 hPa from 1958 to 2017, exclusively during the westerly QBO phase. In panel (b), the dashed line denotes the
vertical Kelvin wave momentum flux anomaly value of 0 m?s~2
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Figure 15. The squared perturbations in zonal mean zonal wind for
Kelvin waves averaged over 10° S—10° N at 200 hPa for La Nifia
(blue star), neutral (black star), and El Nifio (red star) conditions.
The error bars denote 41 standard deviation of the mean values.

(OLR). The deviations of zonal mean OLR from the monthly
climatology had minimum values in February 2016, which
corresponds to enhanced convective activity and at the same
time to the enhanced Kelvin wave activity at 20 hPa (Fig. S9).
Moreover, the convective activity and the vertical momen-
tum flux anomaly from Kelvin waves at 20 hPa have much
stronger values in January, February, March, and April 2016
which corresponds to the reversal event at 40 hPa (Fig. 14).
We also calculated the squared perturbations in zonal wind
for Kelvin waves as deviation from the monthly climatology
at 200 hPa during La Nifia, neutral, and El Nifio conditions
(Fig. 15). This indicates that Kelvin wave activity is sup-
pressed during La Nifia and enhanced during El Nifio con-
ditions, in agreement with previous studies that linked in-
creased Kelvin wave activity to El Nifio (Yang and Hoskins,
2013; Das and Pan, 2015; Rakhman et al., 2017). The en-
hanced vertical Kelvin wave momentum flux anomaly is
excited by enhanced convective activity in the troposphere
caused by the strong El Nifio event. The wind structure be-
low 20 hPa that combined weak westerly and easterly zonal
winds allowed Kelvin waves to propagate vertically. More-
over, as shown in Fig. 14a, the westerly zonal wind was very
weak in January and February 2016. In March and April
2016 the zonal wind was in its easterly phase below 30 hPa
and weak westerly around 20 hPa. This condition allowed the
Kelvin waves to reach 20 hPa and deposit their vertical mo-
mentum in the background wind.

From our investigation, the extended westerly zonal wind
near 20 hPa was possibly caused by enhanced Kelvin wave
activity in 2015/2016. The above-average Kelvin wave activ-
ity (Fig. 13) and related vertical momentum flux anomalies
(Fig. 14a) correspond to a strong El Nifio event in 2015/2016.
Although it is known that climatologically El Nifio events
enhance Kelvin wave activity (Yang and Hoskins, 2013; Das
and Pan, 2015; Rakhman et al., 2017; Fig. 15), the 2015/2016
El Nifio is one of the strongest on record (Fig. 1¢). The strong
Kelvin waves in the troposphere together with the unusual
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wind structure around 20hPa finally lead to the extended
westerly zonal winds at 20 hPa.

4 Conclusions

The QBO westerly phase was reversed by an unexpected
easterly jet near 40 hPa and the westerly zonal wind lasted
for an unusually long time at 20hPa during NH winter
2015/2016. By analyzing the horizontal momentum flux
anomaly from Rossby waves in the extratropics and trop-
ics we find that Rossby waves propagating from the north-
ern extratropics were important contributors to the easterly
jet around 40 hPa, in agreement with previous studies (Os-
prey et al., 2016; Newman et al., 2016; Coy et al., 2017).
We additionally explored different timescales and wavenum-
bers of the Rossby waves and concluded that quasi-stationary
Rossby W1 and faster Rossby W2 waves which propagated
from the extratropics had important contributions to the re-
versed westerly zonal wind at 40 hPa in 2015/2016 (Figs. 6
and 10). Furthermore, we find that during the reversal event a
locally generated Rossby wave W3 around 15° N with a pe-
riod of 5-20d also played an important role (Fig. 10). We
explored two possible generation mechanisms for this lo-
cally generated Rossby wave: barotropic—baroclinic instabil-
ity and nonlinear wave—wave interaction. The locally gen-
erated Rossby wave w0520 with W3 in the tropics was un-
likely caused by large-scale instability (Figs. 2 and 3). Our
results imply that nonlinear interactions between the quasi-
stationary Rossby wave W1 and faster Rossby wave W2
of extratropical origin generated the local Rossby wave W3
around 15° N (Fig. 11). The reasons for the special behav-
ior and the exact timing and location of the waves is be-
yond the scope of this paper. In addition to the extratropical
horizontal Rossby wave momentum flux anomalies and the
locally generated Rossby waves in the tropics, the weaker
background winds as compared to two similar winters in
1959/1960 and 2010/2011 helped to favor this unusual re-
versal event in February 2016. Three important and novel
take-home messages result from Sect. 3.1 of our study:

1. The largest differences in horizontal Rossby wave mo-
mentum flux anomalies among all three investigated
cases are related to faster Rossby waves (periods of 5—
20d) of extratropical origin.

2. The February 2016 case is unique, in the sense that it
shows a local generation (in latitude and height) of a
Rossby wave W3, which is not observed in any other
case and has the largest and most localized contribution
to the observed horizontal momentum flux anomalies.

3. We relate local generation of the aforementioned W3 to
a resonant interaction between quasi-stationary Rossby
wave W1 and a faster Rossby wave W2 of extratropical
origin that were present at 15° N.
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H. Li et al.: On the forcings of the unusual QBO structure in February 2016

Lin et al. (2019) reported that the reversal event of the
QBOW in February 2016 had a dominant contribution from
a wave packet at 35.8 hPa. They also proposed that MRG
played an important role for preconditioning this event.
Hitchcock et al. (2018) revealed that the influence of non-
linear feedbacks of the gy structure is important for the dis-
ruption of the QBOW in February 2016. Our results, studying
the components of the abovementioned wave packets in more
detail, are consistent with previous studies while highlighting
the responsible mechanisms (local W3 generation from res-
onant interaction).

Besides the upward propagation of westerly zonal wind
regime at 20 hPa in the winter of 2015/2016 (Newman et al.,
2016), we find that the westerly zonal wind lasted for an
unusually long time (Figs. 12 and 13). Our results suggest
that the upward-propagating and prolonged westerly zonal
winds at 20 hPa could be caused by enhanced Kelvin wave
activity (Figs. 13 and 14). The enhanced Kelvin wave activ-
ity could be related to strong convective activity. Indeed, the
strong El Nifio event in 2015/2016 favored strong convective
activity, which in turn excited stronger Kelvin wave activ-
ity. Under La Nifia conditions Kelvin wave activity is sup-
pressed (Fig. 15). The weaker zonal winds in the troposphere
and lower stratosphere (related to the combination of anoma-
lous factors around 40 hPa as summarized above) favored the
upward propagation of Kelvin waves. The increased Kelvin
wave activity then produced more eastward and upward ac-
celeration of the zonal mean zonal winds and led to the un-
usual westerly zonal wind structure at 20 hPa in 2015/2016.

Data availability. The combined European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-40 and ERA-interim
reanalysis data sets used in our study can be downloaded
from the website https://www.ecmwf.int/en/forecasts/datasets/
browse-reanalysis-datasets (Uppala et al., 2005; Dee et al.,
2011). The ENSO index is calculated from the NOAA Extended
Reconstructed Sea Surface Temperature (SST) V4, available
here https://psl.noaa.gov/data/gridded/data.noaa.ersst.html
(NOAA et al, 2019). The monthly outgoing long-wave
radiation (OLR) data can be accessed from the website
https://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html
(Liebmann and Smith, 1996).
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