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The influences of El Nino and Arctic sea-ice on the QBO
disruption in February 2016
N. Hirota1, H. Shiogama 1, H. Akiyoshi1, T. Ogura1, M. Takahashi1,2, Y. Kawatani3, M. Kimoto2 and M. Mori4

The westerly phase of the quasi-biennial oscillation (QBO) was unexpectedly disrupted by an anomalous easterly near 40 hPa
(~23 km) in February 2016. At the same time, a very strong El Nino and a very low Arctic sea-ice concentration in the Barents and
Kara Sea were present. Previous studies have shown that the disruption of the QBO was primarily caused by the momentum
transport of the atmospheric waves in the Northern Hemisphere. Our results indicate that the tropical waves evident over the
Atlantic, Africa, and the western Pacific were associated with extratropical disturbances. Moreover, we suggest that the El Nino and
sea-ice anomalies in 2016 account for approximately half of the disturbances and waves based on multiple regression analysis of
the observational/reanalysis data and large-ensemble experiments using an atmospheric global climate model.
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INTRODUCTION
The quasi-biennial oscillation (QBO) is the dominant mode of
stratospheric variability with a period of 22–36 months.1 The
oscillation is characterized by alternating easterlies and westerlies
descending from ~1 hPa (~50 km) to ~100 hPa (~16 km) and has
been observed to occur in a very similar manner for several
decades.2,3 Due to its strong periodicity and its various influences
on the atmosphere, the QBO is an important factor in the
predictability of the seasonal forecasts.4 However, in February 2016
the descent of the westerly phase of the QBO was unexpectedly
disrupted by an easterly in the lower stratosphere near 40 hPa. As
emphasized in previous studies, this disruption was completely
unprecedented and not predicted by the forecast models.5,6 The
primary cause of the easterly was the momentum transport from
the planetary waves from the Northern Hemisphere converging
near the equator.6,7 Previous studies also mentioned that the El
Nino in 2016 was a leading candidate for the source of the
tropospheric waves that caused the QBO disruption.5,7,8 However,
El Nino alone cannot explain this event as the QBO westerly in
1998 was not disrupted by the very strong El Nino occurring at that
time. Additionally, we examine the recent reduction of the Arctic
sea-ice, which is associated with significant atmospheric distur-
bances in the Northern Hemisphere.9,10 This study aims to
understand why the unprecedented disruption occurred in 2016.

RESULTS
Figure 1 presents an overview of the unexpected disruption event of
the QBO in 2016 and the associated atmospheric waves based on
the Modern-Era Retrospective analysis for Research and Applica-
tions, Version 2 (MERRA2; see Methods for details). The waves are
examined using the Eliassen–Palm (EP) flux11 and the three-
dimensional wave activity flux (WAF),12 which run parallel to the
group velocity, identifying the propagation direction of the waves.

During 2015, the westerly phase of the QBO descended in the
stratosphere. However, during 2016 the westerly descent at 20 Pa
halted while an easterly developed near 40 hPa (Fig. 1a).
Correspondingly, the waves in the Northern Hemisphere propa-
gated from the extratropical troposphere to the equatorial
stratosphere (Fig. 1b). The associated wave divergence was
negative, i.e., the easterlies accelerate,11 in the equatorial lower
stratosphere (Fig. 1a). The horizontal wave propagation as
indicated by the WAF shows that the equatorward traveling
waves were apparent over the Atlantic, Africa, and the western
Pacific (Fig. 1c). We emphasize that the tropical waves shown by
the EP flux in the previous studies6,7 were zonally localized. Note
that the vectors above 100 hPa (Fig. 1b) and equatorward of 30°N
(Fig. 1b, c) are multiplied by factors of 5 and 10, respectively.
Figure 1d compares the magnitudes of the EP flux divergences

in February of the past 37 (1980–2016) years with the QBO zonal
winds of the equatorial lower stratosphere. These values are
normalized by the standard deviations of their year-to-year
variations. The EP flux divergence in 2016 shows a very large
negative value of −2.6 in the QBO westerly (zonal wind of 0.25).
The large negative value in 2016 is also evident in the time series
of the EP flux divergence shown in Fig. S1. The EP flux divergence
in 2010 also shows large negative values. However, in the case of
2010, the zonal wind was easterly, and the QBO disruption did not
occur, unlike in 2016. Stationary Rossby waves cannot propagate
when the mean zonal winds are easterly.
The stream function anomaly in the extratropics had the

horizontal structure of zonal wavenumbers 1 and 2 (Fig. 1c), which
corresponded to the significant meandering of the westerly jet
with the disturbed potential vorticity (PV) field in February (Fig. 2).
Examining the daily data from February, we see that the wave
structure in the extratropics was basically steady, whereas the
amplitude of each anomaly varied with time. Figure 2b, c show
two different days: On February 6th, the positive anomaly of the
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stream function over North America was enhanced, with the larger
equatorward WAF over the tropical Atlantic and Africa. On
February 23rd, the WAF over the Atlantic and Africa was relatively
small, while the stream function anomaly over eastern Eurasia and
the equatorward WAF over the tropical western Pacific were
stronger. Moreover, comparing the time series of the EP flux
divergence associated with disturbances of all wavenumbers and
those of wavenumbers 1 and 2 (black solid and dashed lines in
Fig. S1), we see that its variabilities were dominated by the
wavenumbers 1 and 2 components (the temporal correlation is
0.84). These results illustrate that the equatorward waves in the
lower stratosphere were associated with the quasi-stationary
disturbances of the atmospheric circulations in the extratropics.
Next, we explore the factors that contribute to the formation of

the anomalous QBO by examining the impacts of the strong El

Nino and sea-ice anomaly in February 2016. We use the NINO3.4
index (sea surface temperature (SST) over the equatorial eastern
Pacific (170–120°W, 5°S–5°N); a large positive value indicates a
strong El Nino) to measure the strength of the El Nino, and define
a sea-ice index (SIC) by averaging the Arctic sea-ice concentrations
in the Barents and Kara Seas (30–90°E, 65–85°N), where the sea-ice
anomaly in 2016 was large (Fig. S1 and Fig. S2). The observational
dataset of the SSTs and sea-ice concentrations was compiled by
the Hadley Center.
Figure 3a plots the normalized NINO3.4 and the SIC for the past

37 years. The value of NINO3.4 in February 2016 is 1.7, which is the
third strongest El Nino in the analyzed period, whereas the sea-ice
concentration is the smallest, with a value of −2.0 (SIC). Although
some years have a strong El Nino (1983 and 1998) or low sea-ice
concentrations (2008 and 2012), 2016 clearly stands out as having

Fig. 1 An overview of the QBO disruption in 2016. a The time evolution of the zonal mean zonal wind (shading; m s−1) and the EP flux
divergence (contour; 0, ±0.05, ±0.1, ±0.2, ±0.4 m s−1 day−1) near the equator (10°S—10°N). The orange dashed line indicates February 2016. b
The zonal mean zonal wind (shading; m s−1) and the EP flux (vector) of February 2016. (c) The anomalies of the stream function (shading; 106

m2 s; zonal mean is removed) and WAF (vector; m2 s2) at 40 hPa. The vectors above 100 hPa in (b) and equatorward of 30°N in (b, c) are
multiplied by factors of 5 and 10, respectively. d A scatter plot of the EP flux divergence and the zonal wind averaged over the equatorial
lower stratosphere (10°S–10°N, 40 hPa) for February 1980–2016 (values are normalized by their respective standard deviations)
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both a strong El Nino and a low sea-ice concentration. The
correlation between NINO3.4 and SIC is small (0.07), suggesting
that they are independent of each other.
The impacts of El Nino and sea-ice are further investigated

using a multiple regression analysis and the least square method.
Circulation anomalies are expressed as X0 ¼ αNINO3:4þ βSICþ γ,
where α, β, γ are the regression coefficients. Figure 3b shows the
regression map of αNINO3:4þ βSIC, with values of 1.7 for NINO3.4
and −2.0 for SIC in 2016. The regression map of the stream
function is similar to the anomaly pattern in 2016 (Fig. 1c; the
pattern correlation is 0.83). Moreover, the WAF in the tropics is
evident over the Atlantic, Africa and the western Pacific, as is seen
in the anomalies of 2016. Meanwhile, the amplitude of the
regression is approximately half of the 2016 anomaly pattern (the
color scale and the lengths of the vectors in Fig. 3b are half those
in Fig. 1c). We suggest that El Nino and the Arctic sea-ice are
important because they account for approximately half of the
circulation anomalies and the associated waves in the lower
stratosphere. The inter-annual variabilities of the equatorward
waves are also partially related with El Nino and sea-ice. The
temporal correlation between the EP flux divergence (a black line
in Fig. S1) and that predicated by the multiple regression
(αNINO3:4ðtÞ þ βSIC tð Þ; a black dotted line in Fig. S1) is 0.46.
To further investigate the impacts of El Nino and the large

retreat of sea-ice on the lower stratospheric circulations, we

examine the output data from the large-ensemble experiments of
the atmospheric global climate model (AGCM; see Methods for
the model details) as part of the attribution experiments for
extreme events.13 We analyze three 100-member ensemble
experiments with different initial conditions: 1) ALL: Control
simulations of 2016 with boundary conditions of the historical SST,
sea-ice, and radiative forcing agents; 2) noENSO: Same as ALL but
the SST anomaly regressed onto Nino3.4 was removed; 3) dtrSIC:
Same as ALL but the long-term 1870–2016 trend of the decreasing
sea-ice was removed.14 In addition, we analyze the control
experiment of 1980–2016 (ALL-LNG; 10-member ensemble) to
evaluate the model climatology (see Methods).
Figure 4a, b show the ensemble averaged stream functions of

ALL minus noENSO and ALL minus dtrSIC, showing the impacts of
the strong El Nino and the low sea-ice concentration, respectively,
in 2016. Each response shows a negative value over the North
Atlantic to Europe and a positive value over North America,
resembling the circulation anomaly of 2016 (Fig. 1c; the pattern
correlations with Fig. 4a, b are 0.59 and 0.63, respectively). We
define the amplitudes of the extratropical disturbances using the
maximum value of the stream function anomaly over (150°E–60°
W, 50–80°N) minus the minimum value over (60°W–150°E,

Fig. 2 Atmospheric disturbances and waves in the lower strato-
sphere. PV (shading; 10−5 K kg−1 m2 s−1), WAF (vector; m2 s−2) and
anomalous stream function (contour; 106 m2 s−1; zonal mean is
removed) at 40 hPa for (a) the February average, (b) on February 6th,
and (c) on February 23rd. The vectors in the region equatorward of
30°N are multiplied by a factor of 10. H and L indicate anticyclonic
and cyclonic anomalies, respectively

Fig. 3 El Nino and Arctic sea-ice in relation to the lower
stratospheric circulations. a A scatter plot of NINO3.4 and the sea-
ice over the Barents and Kara Sea (30–90°E, 65–85°N) for February
1980–2016 (values are normalized). b A multiple regression map of
the stream function (shading; 106 m2 s−1; zonal mean is removed)
and WAF (vector; m2 s−2) at 40 hPa with respect to NINO3.4 and the
sea-ice. The hatchings denote a significance level of 90% based on
the bootstrap method. The regression coefficients are weighted by
the respective values of NINO3.4 (1.7) and the sea-ice (−2.0) in
February 2016 for a comparison with the anomaly of February 2016.
The vectors equatorward of 30°N are multiplied by a factor of 10
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50–80°N). Figure 4c shows the normalized probability distribution
functions (PDFs) of the amplitudes, assuming a Gaussian
distribution. A gray dashed line shows the PDF for 1980–2016 in
MERRA2 (37 years × 1 members). The PDFs for ALL, noENSO, and
dtrSIC (1 year × 100 members) are shown as black, red, and blue
solid lines, respectively. We applied bias corrections to these PDFs
(see Methods). The occurrence probabilities of amplitudes greater
than those observed in 2016 are 15.1% in ALL, 2.5% in noENSO,
and 9.7% in dtrSIC. The probability is significantly reduced when
the forcings of El Nino or the sea-ice anomaly are removed. The
importance of El Nino and sea-ice is further illustrated by the
calculated atmospheric responses to the heating associated with
El Nino and the sea-ice, which were obtained using a linear
atmospheric model (see supplementary).

DISCUSIONS
The stratospheric circulation structures of wavenumbers 1 and 2
are reminiscent of the leading mode of the troposphere-
stratosphere variation related to the Pacific/North American
teleconnection pattern,15 which is often triggered by El Nino
forcing.16–18 On the other hand, the sea-ice over the Barents and
Kara Sea is suggested to influence the blocking high of the
troposphere over Eurasia,9,10 and the associated tropospheric
waves propagate upward into the stratosphere, resulting in the
similar structures of wavenumbers 1 and 2.18,19 In addition, the
tropical lower stratosphere of early 2016 shows favorable
conditions for wave propagation, with the westerly anomaly at
approximately 20°N. The extratropical disturbances being in close
proximity to influence the QBO at 40 hPa.5,6,8

The results of our analysis indicate that a tropical SST anomaly
and Arctic sea-ice reduction can force the unusual disruption of
the QBO observed in February 2016, which is shown using the
multiple regression analyses using the observational/reanalysis
data and is supported by the AGCM large-ensemble experiments
and dynamic diagnosis by the linear model. The regression map of
the lower stratospheric circulations shows the structures of
wavenumbers 1 and 2 are similar to the horizontal distribution
of the 2016 anomaly, accounting for about half of the 2016
anomaly. Moreover, the occurrence of the disruption may be
sensitive to the QBO phase at the time of the extratropical wave
forcing. As the winter begins with the westerly QBO and a strong
El Nino event/low sea-ice concentration, the extratropical
disturbances act to decelerate the westerly winds and hence
tends to disrupt the QBO, but not when the winters begins with
the easterly QBO. Similar QBO disruptions may occur more
frequently in the future warm climate due to the increasing
stratospheric wave activities6 associated with the decreasing
Arctic sea-ice20 and possible enhancement of the El Nino.21

METHODS
Data
This study used a monthly dataset of sea surface temperatures (SST) and
sea-ice compiled by the Hadley Center (HadISST; https://www.metoffice.
gov.uk/hadobs/hadisst).22 The atmospheric variables of the zonal wind,
meridional wind, vertical pressure velocity, temperature, stream function
(the zonal mean is removed to emphasize its zonal variations), and surface
pressure were obtained from the daily datasets of the Modern-Era
Retrospective analysis for Research and Applications, Version 2 (MERRA2;
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2),23 the Japanese 55-year
reanalysis (JRA55; http://jra.kishou.go.jp)24 and the European Center for
Medium-Range Weather Forecasts Interim Re-Analysis (ERAI; https://www.
ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim).25 The EP
flux diagnosed using these datasets is scaled based on Edmon et al.26 The
EP flux and WAF above 100 hPa and equatorward of 30 °N are multiplied
by factors of 5 and 10, respectively. The 40 hPa level is available in MERRA2
but not in JRA55 or ERAI. The 40 hPa in JRA55 and ERAI is interpolated
using the 50 and 30 hPa levels. The results using JRA55 and ERAI are similar
to those using MERRA2 (Fig. S3). The analyzed period was 1980–2016. The
climatology was defined as the 37-year average, and anomalies were
deviations from the climatology. Although this study discusses analyses for
the monthly averages of February, just before the unexpected easterly
appears, similar relationships of the tropical wave convergence with El
Nino and SIC are obtained for December to February (not shown). The
statistical significances of the anomalies and differences were tested using
a bootstrap method, in which the data samples were randomly shuffled
1000 times, and a significance level of 90% were denoted by hatchings in
the figures. To account for autocorrelation in the original time series, we
applied a moving block modification of the bootstrap technique.27

AGCM
The AGCM used in this study is the Model for Interdisciplinary Research on
Climate, version 5 (MIROC5),28 which was jointly developed at the
University of Tokyo, the National Institute for Environmental Studies, and
the Japan Agency for Marine-Earth Science and Technology. The horizontal

Fig. 4 The impacts of the El Nino and the sea-ice. The ensemble
average responses of the stream function at 40 hPa (shading; 106m2 s−1;
zonal mean is removed) to (a) the El Nino (ALL minus noENSO) and
(b) the sea-ice anomalies (ALL minus dtrSIC) in February 2016 based
on the AGCM experiments of MIROC5. Hatchings denote a
significance level of 90% based on the bootstrap method. c The
normalized PDFs of the amplitudes of the extratropical disturbances
for February 2016 in ALL (black line), noENSO (red line), and dtrSIC
(blue line) experiments and for February 1980–2016 in MERRA2 (gray
dashed line) and ALL-LNG (gray solid line). The amplitude is defined
as the maximum value of stream function anomaly (106 m2 s−1) over
(150°E–60°W, 50–80°N) minus the minimum value over (60°W–150°E,
50–80°N). Examples of the locations of the maxima and the minima
are denoted as ① and ②, respectively, in (a) and (b). The orange line
indicates the amplitude of February 2016 in MERRA2. The bias
corrections are applied to the PDFs of ALL, noENSO, and dtrSIC
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resolution of the model is T85 spectral truncation (~150 km) and the model
has 40 vertical levels of hybrid sigma–pressure vertical coordinates. We
prescribed the observed monthly-mean SST and sea-ice concentrations in
the model. SST and sea-ice at each time step are linearly interpolated from
these monthly datasets. We used MIROC5 in the large-ensemble
experiments as part of the attribution experiment.13 Although MIROC5
does not capture QBO variabilities because of its insufficient vertical
resolution, it reasonably simulates responses of extratropical disturbances
to SST and sea-ice,28 which are the focus of this study.
To evaluate the model climatology, we perform a control experiment for

1980–2016 (ALL-LNG; 10-member ensemble). Figure S4 shows the
climatological average stream function of the lower stratosphere for
MERRA2 (1980–2016 × 1 member) and ALL-LNG (1980–2016 × 10 member).
The model captures the basic structure of the extratropical disturbances
with a large negative value over northern Eurasia and a positive value
around Alaska. Spectral analysis indicates that the dominant zonal
wavenumbers of the disturbances are 1 and 2, both in MERRA2 and in
the model. The ALL-LNG experiment simulates the horizontal distribution
of the lower stratospheric circulations reasonably well. However, the model
underestimates the amplitudes of the disturbances. To account for the
model biases in calculating the PDFs in Fig. 4c, we define the bias
corrected anomalies as

Anomalycorrected ¼ Anomalyoriginal � AVRALL�LNG

� �

´ STDMERRA2
STDALL�LNG

þ AVRMERRA2

(1)

where AVR and STD are the average and the standard deviations,
respectively, for ALL-LNG and MERRA2. The PDF of ALL-LNG (a gray solid
line in Fig. 4c) coincides with that of MERRA2 (a gray dashed line in Fig. 4c)
after the corrections.

Data availability
All observational/reanalysis datasets are downloaded from their respective
websites. The model data used in this study are available from the
corresponding author on request.
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