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Abstract—The effects of the quasi-biennial oscillation (QBO) of the zonal wind in the equatorial stratosphere
and the El Niño Southern Oscillation (ENSO) on the dynamic state of the stratosphere in winter and the
evolvement of sudden stratospheric warming (SSW) are studied in numerical experiments with the nonlinear
general circulation model of the middle and upper atmosphere (MUAM) for winter conditions of the North-
ern Hemisphere (January–February). The sensitivity of the model fields of zonal wind, temperature, and
geopotential to ENSO and QBO phases is estimated. The statistics of observed SSWs and their evolution dif-
fer depending on the combination of phases, e.g., the largest number of SSWs is observed under the combi-
nation of El Niño and an easterly phase of QBO; major SSWs are not reproduced by the model under the
combination of La Niña and a westerly phase of QBO. The fields of hydrodynamic parameters have been
averaged for combinations of El Niño/easterly phase of QBO, El Niño/westerly phase of QBO, and La
Niña/easterly phase of QBO to analyze the characteristic features of the model “climatic” SSWs. The analysis
shows the maximal temperature rise in the stratosphere and cooling in the mesosphere in the model under
El Niño and the eastern phase of QBO; wind weakening is maximal under El Niño and the western phase of
QBO. The highest planetary wave amplitudes are modeled under easterly QBO phases regardless of the
ENSO phase. The results can be used in climate forecasting on time scales from one month to decades.

Keywords: numerical simulation, El Niño – Southern Oscillation, quasi-biennial oscillation, planetary wave,
sudden stratospheric warming
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INTRODUCTION
Recent studied in atmospheric dynamics have

shown a significant impact of certain phenomena on
the winter stratosphere. These phenomena are the El
Niño–Southern Oscillation (ENSO), the quasi-bien-
nial oscillation (QBO) of zonal wind in the equatorial
stratosphere, and sudden stratospheric warmings
(SSW). ENSO is known to strongly affect the winter
stratosphere through wave interaction with the tropo-
sphere. It is caused by changes in the heat and mass
distributions in the troposphere and affects the gener-
ation and propagation of waves through the strato-
sphere [1]. These atmospheric waves are generated at
the equator and upward and poleward propagate [2].
This significantly changes the circulation of the winter
stratosphere and decreases the overall temperature.

However, studies have also shown that the ENSO
effect on the stratosphere is unstable and can depend on
the season, the phase of QBO, and other factors [3]. In

addition, the probability of SSW is higher during peri-
ods of strong La Niña and easterly phase of QBO than
during periods of other combinations of tropical oscilla-
tions under study. Vice versa, the probability of SSW is
lower during westerly phases QBO [4, 5].

The interaction between QBO and ENSO can sig-
nificantly change the circulation of the winter strato-
sphere and affect climate conditions in the tropo-
sphere of the Northern Hemisphere [6]. For example,
if an easterly phase of QBO occurs during a strong
El Niño, this can increase the impact of ENSO on the
stratosphere. Sudden stratospheric warmings, in turn,
affect the thermodynamics of the middle atmosphere,
occurrence of weather anomalies, and climate changes
in the troposphere [7].

The main aim of the work is to study the effect of
different phases of ENSO and QBO on wave processes
in the winter stratosphere and occurrence of SSW
using the general circulation model of the middle and
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upper atmosphere (MUAM), which enables taking
into account various boundary and background con-
ditions and sources of planetary waves.

MATERIALS AND METHODS
We study large-scale dynamic phenomena in

numerical simulation. It has a number of significant
advantages: unlike modern data of reanalysis/meteoro-
logical information assimilation, which are typically
available up to altitudes of 50–70 km, model data cover
the altitude range from the surface to 300–400 km with
a regular grid. In addition, the simulation provides ide-
alized experiments, with fixing all external conditions
and changing only the parameters of the processes
under study (QBO and ENSO). This analysis is impos-
sible with observation data, since other atmospheric
processes and phases of natural long-term oscillations
are inevitably superimposed on the processes under
study and introduce additional randomness.

The study uses a nonlinear mechanistic model of the
middle and upper atmosphere [8], which is actively
developed by a team of specialists from St. Petersburg
State University and the Russian State Hydrometeo-
rological University [9, 10]. The model reproduces the
general atmospheric circulation from the Earth’s sur-
face to altitudes of 300–400 km. It is based on a stan-
dard system of primitive equations adapted to spheri-
cal coordinates [11]. MUAM uses the Marchuk–
Strang splitting procedure [12, 13] to solve predictive
equations and the Matsuno scheme [14] for time inte-
gration. The model horizontal grid has steps of 5.625°
in longitude and 5° in latitude. The vertical grid uses
the log-isobaric coordinate z = −H ln(p/p0), where p0
is the surface pressure and H = 7 km is the height of the
homogeneous atmosphere. In our study, we use a
model version with 56 vertical levels. The time inte-
gration step is 225 s. The main parameters calculated
by the model are the zonal, meridional, and vertical
velocity components, geopotential, and temperature.
A more detailed description of the processes taken into
account in the current version of the model and the
numerical experiment can be found in [15].

Stratospheric QBO is considered in MUAM
through nudging, i.e., the method for relaxing mod-
eled zonal average fields of zonal wind to observations.
Since MUAM is not capable of self-consistently
reproducing QBO in the stratosphere, the simulation
requires specifying the background and initial hydro-
dynamic fields corresponding to years with different
phases of QBO [16]. Years with easterly and westerly
phases of QBO were selected based on decomposing
meteorological fields into empirical orthogonal func-
tions. In the decomposition method [17], QBO divides
into eight phases based on the Japanese 55-year
reanalysis JRA-55; then, to increase the statistical sig-
nificance when choosing years as the main (westerly
and easterly) phases of QBO, the 2nd and 3rd phases
are combined into the westerly phase and the 6th and

7th phases are combined into the easterly phase [18].
This procedure provided for two sets of 10 years with
typical westerly (1983, 1985, 1993, 1995, 1997, 1999,
2002, 2004, 2008, and 2013) and easterly phases of
QBO (1987, 1989, 1996, 1998, 2000), 2003, 2005,
2007, 2010, and 2012). Background zonal average dis-
tributions of zonal wind and temperature were calcu-
lated from these two sets for the two QBO phases and
then used in MUAM.

To account the ENSO phase, we use latent heat
release values averaged over years corresponding to the
warm (referred to as El Niño) and the cold phases
(La Niña). Years with one or another ENSO phase
were selected from multidimensional MEI index. It is
based on a set of six main parameters measured in the
tropical Pacific: sea level pressure, zonal and meridio-
nal components of surface wind, sea surface tempera-
ture, surface air temperature, and total cloud amount.
Using the table of available MEI values we have
selected 1983, 1992, 1998, 2003, and 2010 for El Niño
conditions and 1989, 1999, 2000, 2008, and 2011 for
La Niña conditions [10].

When the model is initialized accounting different
phases of ENSO and QBO, even minor changes in ini-
tial conditions can strongly affect the evolution of the
simulated stratosphere. The slightest deviations in the
structure and amplitude of planetary waves in the
nonlinear model change the average f low, thus chang-
ing the propagation conditions for these waves. As a
result, the stratospheric dynamics become extremely
unstable and changeable with time. Therefore, for
model calculation results to be statistically significant,
ensemble calculations of the general atmospheric cir-
culation are required. Within MUAM, ensembles are
formed during many iterations—model calculations
(“runs”), which show different phases of oscillation of
the average wind and planetary waves in the middle
atmosphere. These phases in MUAM are controlled
through changing the date of switching on diurnal
variations in solar heating and generation of normal
atmospheric modes. The initial and background con-
ditions are taken the same in all model calculations.
Note that the monthly average amplitudes of planetary
waves, the average f lux intensity, and the temperature
of the winter stratosphere can significantly vary from
one iteration to another. This variability is treated as
internal variation in model calculations.

RESULTS AND DISCUSSION
To study the effect of combinations of QBO and

ENSO phases on the dynamics of the winter strato-
sphere, a series of model experiments were carried out
for January–February. Four ensembles of solutions
each of 10 realizations have been compiled, i.e., four
scenarios have been implemented: El Niño/easterly
phase of QBO, El Niño/westerly phase of QBO,
La Niña/easterly phase of QBO, and La Niña/west-
erly phase of QBO.
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Distributions of Model Hydrodynamic Fields

For each model implementation (“run”), the fields
of zonal wind, temperature, and amplitude of plane-
tary waves with zonal wave numbers m = 1–3 in the
geopotential height field were derived and analyzed to
detect model SSWs. Under the combination
El Niño/easterly phase of QBO, SSWs were observed
in nine of ten realizations. Major SSWs, accompanied
not only by an increase in the stratospheric tempera-
ture, but also by a change in the zonal wind direction,
were simulated in four realizations. Under the combi-
nation El Niño/westerly phase of QBO, SSWs were
simulated in eight of ten realizations, with two major
SSWs. For cold ENSO phase and the easterly phase of
QBO, SSWs were simulated in half of the implemen-
tations, with one major SSW. No SSW occurred in the
model under the combination La Niña/westerly phase
of QBO.

Model Composite SSW

To study the characteristics of SSW and planetary
wave amplitudes simulated under three combinations
of QBO and ENSO (except La Niña/westerly phase of
QBO), the fields of wind, temperature, and geopoten-
tial were averaged over six realizations relative to the
day of beginning of temperature rise for three 10-day
intervals: before, during, and after an SSW. Table 1
shows the selected realizations in each of the three
ensembles and the time intervals corresponding to the

days before, during, and after an SSW. In addition,
fields of hydrodynamic parameters averaged over two-
month intervals (a month before and a month after the
day of start of temperature rise) were calculated. After
the averaging, distributions of the fields for the model
composite SSW were derived for three combinations
of ENSO and QBO.

Figure 1 shows the altitude-time distributions of
the amplitudes of a planetary wave with wavenumber 1
(PW1), zonal wind, and temperature deviations from
its two-month average values during SSW under
El Niño/easterly phase of QBO. Altitude-time distri-
butions of the amplitudes of planetary waves with wav-
enumbers 2 and 3 (PW2 and PW3) were also con-
structed (not shown here). The composite SSW simu-
lation results for this combination of ENSO and QBO
show a 27 K increase in the simulated stratospheric
temperature at 40 km, which is accompanied by meso-
spheric cooling by 30 K at 70 km and corresponds to
maximal temperature changes over all combinations
under study (Fig. 1a). For the presented composite
SSW (consisting of major and minor individual
SSWs), a change in the direction of the zonal-average
jet stream is not simulated (Fig. 1b). The zonal average
wind speed at an altitude of 40 km weakens from 50 to
20 m/s and is returned to values close to original ones
after the SSW. The zonal wind speed changes the most
under the combination El Niño/westerly phase of QBO
(Fig. 2b). Amplitudes of PW1 are the highest in the
first days of SSW in the upper stratosphere (∼2200 m)

Table 1. Time intervals before, during, and after SSW used for averaging fields of hydrometeorological parameters
(the number of realization is given in parentheses)

Period El Niño/easterly phase of QBO El Niño/westerly phase of QBO La Niña/easterly phase of QBO

Before SSW

Dec. 25–Jan. 3 (1) Jan. 20–29 (2) Jan. 17–26 (1)
Jan. 3–12 (3) Jan. 10–19 (5) Dec. 25–Jan. 3 (4)
Jan. 1–10 (6) Feb. 5–14 (6) Jan. 12–21 (5)
Jan. 1–10 (7) Feb. 5–14 (7) Jan. 27–Feb. 5 (5)
Jan. 18–27 (8) Jan. 22–31 (8) Jan. 26–Feb. 4 (6)
Dec. 16–25 (9) Jan. 28–Feb. 6 (9) Jan. 31–Feb. 9 (9)

During SSW

Jan. 5–14 (1) Jan. 31–Feb. 9 (2) Jan. 28–Feb. 6 (1)
Jan. 14–23 (3) Jan. 21–30 (5) Jan. 5–14 (4)
Jan. 12–21 (6) Feb. 16–25 (6) Jan. 23–Feb. 1 (5)
Jan. 12–21 (7) Feb. 16–25 (7) Feb. 7–16 (5)

Jan. 29–Feb. 7 (8) Feb. 2–11 (8) Feb. 6–15 (6)
Dec. 27–Jan. 5 (9) Feb. 8–17 (9) Feb. 11–20 (9)

After SSW

Jan. 16–25 (1) Feb. 11–20 (2) Feb. 8–17 (1)
Jan. 25–Feb. 3 (3) Feb. 1–10 (5) Jan. 16–25 (4)
Jan. 23–Feb. 1. (6) Feb. 27–March 8 (6) Feb. 3–12 (5)
Jan. 23–Feb. 1 (7) Feb. 27–March 8 (7) Feb. 18–27 (5)

Feb. 9–18 (8) Feb. 13–22 (8) Feb. 17–26 (6)
Jan. 7–16 (9) Feb. 19–28 (9) Feb. 22–March 3 (9)
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(Fig. 1a); amplitudes of PW3 do not significantly
change with this combination; The amplitudes of PW2
before warming and in the first days of SSW are ∼ 350 m
at an altitude of 60 km for the three combination. Maxi-
mal amplitudes of PW2 are ∼ 400 m after SSW at an alti-
tude of 40 km; a similar amplitude distribution is repro-
duced by numerical simulation under La Niña/easterly
phase of QBO conditions.

Figure 2 shows the altitude-time distributions for
the combination El Niño/westerly phase of QBO. The
composite model SSW for this combination is charac-
terized by the minimal increase in the stratospheric
temperature compared to other combinations (Fig. 2c),

by only 15 K, which is accompanied by mesospheric
cooling by 24 K. These temperature changes are the
longest among the three combinations. The small
changes in the temperature are accompanied by the
strongest weakening of the zonal average wind (Fig. 2b):
the speed decreases from 50 to 10 m/s and does not
return to its original values after the SSW. In addition,
PW1 amplitudes are the smallest, of ∼2000 m, during
the SSW (Fig. 2a). The maximal amplitudes of PW2
are ≈350 m and, unlike other combinations, have
maxima not only in the upper, but also in the middle
stratosphere. Significant PW3 amplitudes are simu-
lated at 50-km level during the SSW.

Fig. 1. Altitude-time distributions of (a) amplitudes of zonal harmonics in geopotential height, m, with m = 1 and (b) zonal aver-
age wind, m/s, at 62.5° N; (c) deviation of the zonal average temperature from the two-month average, K, at 87.5° N during SSW
under the combination El Niño/easterly phase of QBO.
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The altitude-time distributions of model hydrody-
namic fields for La Niña/easterly phase of QBO are
shown in Fig. 3. The increase in the simulated tempera-
ture for this combination is slightly larger (21 K) than
for the combination El Niño/westerly phase of QBO,
but lower than for the combination El Niño/easterly
phase of QBO. The temperature in the mesosphere
decreases by 24 K (Fig. 3c).

A change in the zonal average wind is insignificant
for this combination ( the wind weakens by 10–15 m/s
at an altitude of 40 km), and PW1 amplitudes are large
(∼2200 m), like in the case of El Niño/easterly phase
of QBO. The amplitude distribution for PW2 is simi-
lar, i.e., the PW2 amplitudes are ∼350 m before and in

the first days of SSW at a level of 60 km, and the ampli-
tudes are maximal, of ∼400 m, after the SSW at an alti-
tude of 40 km. The amplitudes of PW3 are ∼200 m at an
altitude of 50 km during SSW, unlike the combination
El Niño/easterly phase of QBO, where they are insig-
nificant.

CONCLUSIONS

Using the nonlinear mechanistic general circula-
tion model of the middle and upper atmosphere, a
series of numerical experiments with different scenar-
ios were carried out in order to study the effects of dif-
ferent phases of ENSO and QBO on the wave pro-

Fig. 2. Same as in Fig. 1, for the combination El Niño/westerly phase of QBO.
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cesses of the winter stratosphere and occurrence of
sudden stratospheric warmings. The simulation results
showed the sensitivity of the dynamics of the winter
stratosphere to considering the QBO and ENSO
phases, which is manifested in changes in the distribu-
tions of temperature, planetary wave amplitudes, and
zonal average wind and, hence, occurrence of SSW in
the model.

Simulation for different combinations of ENSO
and QBO phases has shown the following. The model
does not reproduce SSW under the combination
La Niña/westerly phase of QBO.

Results of averaging the meteorological fields over
six realizations relative to the day of SSW start for
ensembles considering the combinations El Niño/east-

erly phase of QBO, El Niño/westerly phase of QBO,
and La Niña/easterly phase of QBO show the inverse
relationship between QBO and ENSO with changes in
the stratospheric and mesospheric temperature. The
maximal increases in stratospheric temperature and
cooling in the mesosphere are simulated for the com-
bination El Niño/easterly phase of QBO. The maxi-
mal weakening of the zonal average wind speed is
observed for the combination El Niño/westerly phase
of QBO. The amplitudes of PW1 and PW2 are maxi-
mal during the easterly phase of QBO regardless of the
ENSO phase.

Thus, out results confirm the importance of taking
into account QBO and ENSO phases when analyzing
the winter stratosphere. They play a significant role in

Fig. 3. Same as in Fig. 1, for the combination La Niña/easterly phase of QBO.
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the vertical and horizontal changes in the atmosphere,
thus affecting the activity of planetary waves and the
zonal mean wind. The database of fields of hydrody-
namic parameters of the atmosphere prepared during
this work for the winter months of the Northern
Hemisphere based on the results of numerical simula-
tion accounting different combinations of ENSO and
QBO is to enable further studies of wave and dynamic
processes in the middle atmosphere.
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