
Atmos. Chem. Phys., 16, 9983–10019, 2016
www.atmos-chem-phys.net/16/9983/2016/
doi:10.5194/acp-16-9983-2016
© Author(s) 2016. CC Attribution 3.0 License.

Satellite observations of middle atmosphere gravity wave
absolute momentum flux and of its vertical gradient
during recent stratospheric warmings
Manfred Ern1, Quang Thai Trinh1, Martin Kaufmann1, Isabell Krisch1, Peter Preusse1, Jörn Ungermann1,
Yajun Zhu1, John C. Gille2,3, Martin G. Mlynczak4, James M. Russell III5, Michael J. Schwartz6, and Martin Riese1

1Institut für Energie- und Klimaforschung, Stratosphäre (IEK–7), Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
2Center for Limb Atmospheric Sounding, University of Colorado at Boulder, Boulder, Colorado, USA
3National Center for Atmospheric Research, Boulder, Colorado, USA
4NASA Langley Research Center, Hampton, Virginia, USA
5Center for Atmospheric Sciences, Hampton University, Hampton, Virginia, USA
6Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA

Correspondence to: Manfred Ern (m.ern@fz-juelich.de)

Received: 30 March 2016 – Published in Atmos. Chem. Phys. Discuss.: 25 April 2016
Revised: 18 July 2016 – Accepted: 20 July 2016 – Published: 9 August 2016

Abstract. Sudden stratospheric warmings (SSWs) are cir-
culation anomalies in the polar region during winter. They
mostly occur in the Northern Hemisphere and affect also sur-
face weather and climate. Both planetary waves and gravity
waves contribute to the onset and evolution of SSWs. While
the role of planetary waves for SSW evolution has been rec-
ognized, the effect of gravity waves is still not fully under-
stood, and has not been comprehensively analyzed based on
global observations. In particular, information on the gravity
wave driving of the background winds during SSWs is still
missing.

We investigate the boreal winters from 2001/2002 un-
til 2013/2014. Absolute gravity wave momentum fluxes
and gravity wave dissipation (potential drag) are estimated
from temperature observations of the satellite instruments
HIRDLS and SABER. In agreement with previous work, we
find that sometimes gravity wave activity is enhanced be-
fore or around the central date of major SSWs, particularly
during vortex-split events. Often, SSWs are associated with
polar-night jet oscillation (PJO) events. For these events, we
find that gravity wave activity is strongly suppressed when
the wind has reversed from eastward to westward (usually
after the central date of a major SSW). In addition, grav-
ity wave potential drag at the bottom of the newly forming
eastward-directed jet is remarkably weak, while considerable

potential drag at the top of the jet likely contributes to the
downward propagation of both the jet and the new elevated
stratopause. During PJO events, we also find some indication
for poleward propagation of gravity waves. Another strik-
ing finding is that obviously localized gravity wave sources,
likely mountain waves and jet-generated gravity waves, play
an important role during the evolution of SSWs and poten-
tially contribute to the triggering of SSWs by precondition-
ing the shape of the polar vortex. The distribution of these
hot spots is highly variable and strongly depends on the zonal
and meridional shape of the background wind field, indicat-
ing that a pure zonal average view sometimes is a too strong
simplification for the strongly perturbed conditions during
the evolution of SSWs.

1 Introduction

The unperturbed arctic winter stratosphere is characterized
by a strong eastward-directed zonal wind jet (polar vortex).
Occasionally, however, forcing by upward propagating plan-
etary Rossby waves can lead to strong deceleration and even
reversals of this polar jet. These events are associated with
strong warming of the polar stratosphere, and they are there-
fore called sudden stratospheric warmings (SSWs). Such
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events were first reported by Scherhag (1952), and the im-
portance of upward propagating planetary waves for the driv-
ing of SSWs was first pointed out by Matsuno (1971). A
climatology and characterization of SSW events into differ-
ent categories can be found, for example, in Charlton and
Polvani (2007). Often, the following classification is used:
during a “minor warming”, the temperature gradient in the
stratosphere between 60◦ latitude and pole, on zonal aver-
age, becomes positive over a certain altitude range at or be-
low the 10 hPa level (about 32 km altitude). During a “major
warming”, additionally, the stratospheric zonal wind at 60◦

latitude reverses from eastward to westward at or below the
10 hPa level (e.g., Chandran et al., 2014).

SSWs are dynamical processes that involve strong vertical
coupling through atmospheric waves. Much of the dynamics
during SSWs can be understood by upward propagation of
planetary waves from the troposphere, amplification of their
amplitudes, followed by wave dissipation and heat flux con-
vergence. During this process considerable wave drag is ex-
erted on the zonal mean background flow. Particularly during
major warmings, stationary planetary waves will encounter
critical levels when the zonal jet reverses from eastward to
westward. The waves dissipate and can no longer propagate
to higher altitudes. However, as was shown by Holton (1983),
accurate representation of major SSWs also requires the in-
clusion of gravity wave drag in models.

1.1 Relevance of SSWs for global modeling

Simulating realistic SSWs in general circulation models and
chemistry climate models (GCMs/CCMs) and including the
physical processes that are involved in the onset and evolu-
tion of SSWs is important for several reasons:

1. Effects of SSWs are not limited to the polar region.
SSWs influence the global meridional residual circu-
lation, and meridional coupling between different lati-
tudes is observed. For example, SSWs have influence
on mesospheric temperatures in the tropics (e.g., Shep-
herd et al., 2007), and they likely also have an effect on
the opposite hemisphere (e.g., Becker and Fritts, 2006;
de Wit et al., 2015; Cullens et al., 2015).

2. There are teleconnections between high latitudes and
the tropics. For example, it is known that the fre-
quency of SSWs is influenced by the direction of the
stratospheric quasi-biennial oscillation (QBO) of the
zonal wind in the tropics (e.g., Holton and Tan, 1980):
SSWs are more frequently observed if the zonal wind
in the tropics at 50 hPa is westward. However, there
are also indications for influences in the opposite direc-
tion: SSWs can influence the tropospheric temperature
and convection in the tropics (e.g., Kodera, 2006), and
thereby also tropical clouds and moisture (Eguchi and
Kodera, 2010). In particular, SSWs have strong influ-
ence on the composition of the stratosphere by modu-

lating the tropical ascent of trace species into the strato-
sphere (Tao et al., 2015a, b). These teleconnections be-
tween tropics and high latitudes are still not fully cap-
tured by GCMs/CCMs (e.g., Scaife et al., 2014).

3. The forecast skill of weather prediction is related to
the occurrence of SSWs (e.g., Sigmond et al., 2013;
Domeisen et al., 2015), and this can be utilized for an
improvement of weather forecasts.

4. SSWs have effect on the average temperature of the
stratosphere at high northern latitudes. Changes in the
frequency of SSWs will therefore result in temperature
trends (Angot et al., 2012). In addition, the warming
of the lower stratosphere induced by SSWs can lead to
temperatures too warm for polar stratospheric clouds to
form, which has a strong influence on ozone depletion
in the Arctic.

On the other hand, changes in the frequency of SSWs
will also affect the meridional circulation and tracer
transport from lower latitudes, possibly resulting in
changes in ozone depletion of opposite sign (e.g.,
Konopka et al., 2007).

Particularly the timing of SSWs is of importance, with
later SSWs favoring stronger ozone depletion (e.g., Kut-
tipurath and Nikulin, 2012; von Hobe et al., 2013). The
timing of SSWs, however, may change in response to
climate change. If SSWs are shifted to later in win-
ter, as expected by Naoe and Shibata (2012), stronger
ozone depletion would be expected in the Arctic. There-
fore, realistic representation of SSWs and their evo-
lution could be important for obtaining more realistic
ozone projections for a changing climate.

5. It has been found that the circulation anomalies of
SSWs have influence on surface weather and cli-
mate (e.g., Baldwin and Dunkerton, 2001; Kodera
et al., 2016), as well as on sea surface temperature
(O’Callaghan et al., 2014). Near-surface effects of
SSWs are not limited to the polar region, but can also
extend to low latitudes (e.g., Hitchcock and Simpson,
2014).

A recent review on the mechanism of downward cou-
pling during SSWs is given, for example, by Kidston et
al. (2015). Because of this downward influence, repre-
sentation of SSWs is required for accurate simulation
of Northern Hemisphere climate both on global and re-
gional scales (e.g., Gerber et al., 2012, and references
therein).

All these effects and interlinks show the importance of
understanding all processes that are relevant for the for-
mation and evolution of SSWs, and of including them in
GCMs/CCMs. As mentioned before, one important process
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for the onset and evolution of SSWs is driving by atmo-
spheric waves, particularly by planetary waves. The effect
of gravity waves is still not well known. However, there are
indications that they significantly contribute.

1.2 Effects of gravity waves during SSWs

The effects of gravity waves during SSWs are manifold. For
example, in model simulations, the frequency of SSWs does
not depend on planetary waves alone, but also on parameter-
ized gravity wave drag (e.g., Richter et al., 2010).

Further, the effect of SSWs is not limited to the strato-
sphere. Also the mesosphere (e.g., Labitzke, 1972; Jacobi et
al., 2003; Siskind et al., 2005, 2010; Hoffmann et al., 2007;
Yamashita et al., 2013; Zülicke and Becker, 2013), and even
the thermosphere/ionosphere are affected (e.g., Goncharenko
and Zhang, 2008; Fuller-Rowell et al., 2010; Yigit et al.,
2014). The selective filtering of gravity waves by the anoma-
lous winds during (major) SSWs is an important mechanism
in these vertical influences.

SSWs are associated with mesospheric coolings (e.g.,
Labitzke, 1972; Siskind et al., 2005; Hoffmann et al., 2007)
that are likely driven by dissipation of eastward propagating
gravity waves (e.g., Holton, 1983; Miller et al., 2013). As a
consequence, the zonal wind in the mesosphere/lower ther-
mosphere (MLT), that is usually directed westward during
winter, can change its sign to eastward (e.g., Holton, 1983).
A recent review about coupling between stratosphere and
mesosphere during SSWs is given by Chandran et al. (2014).

One particular subset of SSWs are polar-night jet oscil-
lation events (PJO events; e.g., Hitchcock and Shepherd,
2013). These PJO events often are related to strong ma-
jor SSWs, but sometimes they can be related also to minor
warmings. Polar-night jet oscillation events can be character-
ized as follows: after the peak of the warming, the stratopause
altitude drops rapidly within a few days, and the stratopause
disappears (e.g., France et al., 2012). This rapid drop of
the stratopause is driven by downwelling induced by break-
ing planetary waves. Then, after a short period of nearly
isothermal conditions in the whole middle atmosphere, a new
stratopause forms at altitudes around 75 km, propagates grad-
ually downward with time, and reaches its nominal (climato-
logical) altitude of around 50 km after 1–2 months. Similarly,
an eastward-directed polar jet re-establishes at elevated alti-
tudes and propagates downward together with the elevated
stratopause (e.g., Manney et al., 2008, 2009a, b; Orsolini et
al., 2010).

Likely both planetary waves (e.g., Limpasuvan et al.,
2012) and gravity waves contribute to the formation of the
new elevated stratopause. For example, model simulations
show that the formation of the new stratopause is sensitive
to nonorographic gravity wave drag (e.g., Chandran et al.,
2011; Ren et al., 2011). Further, model simulations that ex-
plicitly resolve a considerable part of the gravity wave spec-
trum reveal that during PJO events the dissipation altitude of

westward propagating gravity waves is higher after the SSW
than before. Consequently, the residual circulation induced
by those gravity waves that is responsible for the formation
of the stratopause is also raised, which explains the forma-
tion of the new stratopause at an elevated level (Tomikawa et
al., 2012).

During PJO events, gravity waves are also important for
the recovery of the eastward-directed polar jet after a period
of anomalous westward winds. In particular, it has been sug-
gested in a modeling study by Tomikawa et al. (2012) that in
cases when a band of anomalous westward winds (induced
by the SSW) is located below the eastward jet, westward
propagating gravity waves are filtered out more effectively,
and less westward momentum of gravity waves is available to
slow down the eastward jet above, and it can therefore reach
considerable strength. During this recovery phase of polar jet
and stratopause, both the evolution of stratopause height and
the descent of tracers from the mesosphere are sensitive to
the settings of the gravity wave drag schemes used in model
simulations (e.g., Ren et al., 2011), and the importance of
both orographic and nonorographic gravity wave drag dur-
ing the recovery of the polar jet has been pointed out (e.g.,
McLandress et al., 2013; Hitchcock and Shepherd, 2013).

Gravity waves could also play an important role for the
onset and triggering of SSWs. As has been pointed out by
Albers and Birner (2014), before the onset of a SSW, grav-
ity wave drag in the stratosphere is non-negligible. There-
fore, gravity waves may contribute to the preconditioning of
the polar vortex and its shape such that resonant amplifica-
tion of planetary wave amplitudes occurs and a SSW takes
place. For details see Albers and Birner (2014) and refer-
ences therein.

Still, the role of gravity waves in SSWs is not fully un-
derstood, as has been shown in several recent studies (e.g.,
Limpasuvan et al., 2011, 2012; Yamashita et al., 2010a, b,
2013). One of the main reasons is that gravity waves have
short horizontal scales (tens of kilometers to around thou-
sand kilometers at high latitudes). Therefore their scales are
too small to be resolved in most GCMs/CCMs, and their ef-
fect on the background flow has to be parameterized. These
parameterization schemes are very simplified, and they con-
tain a number of tunable parameters. The improvement of
those parameterization schemes by comparison with global
observations is a still ongoing issue (e.g., Ern et al., 2006;
Alexander et al., 2010; Geller et al., 2013). However, also
the part of the gravity wave spectrum that is resolved by high
resolution models is not necessarily fully realistic, and needs
to be validated (e.g., Schroeder et al., 2009; Preusse et al.,
2014).

Given the sensitivity of simulated SSWs to uncertain rep-
resentation of gravity waves in global models, observations
of gravity waves (both ground and satellite based) provide a
vital tool for the clarification of the role of gravity waves in
the evolution of observed SSWs and to evaluate the adequacy
of their representation in models.
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1.3 Gravity wave observations during SSWs

Much work about gravity waves during SSWs has been
done using ground-based observations, for example lidar
data (e.g., Duck et al., 1998) and radar data (e.g., Hoffmann
et al., 2002, 2007). One of the main findings is that during
SSWs gravity wave activity in the upper stratosphere and in
the mesosphere is related to the background winds, and se-
lective filtering of gravity waves by the background winds is
an important effect (e.g., Thurairajah et al., 2010; Matthias et
al., 2012). Recent work has derived gravity wave momentum
fluxes from radar observations in the upper mesosphere (e.g.,
de Wit et al., 2014; Placke et al., 2015), and the gravity wave
drag on the background flow was estimated during the major
SSW in 2013 (de Wit et al., 2014).

Although ground-based stations have already provided a
wealth of information during SSWs, these observations do
not provide a global or zonal average view. In particular,
gravity wave activity strongly depends on the exact location
of the vortex edge. The shape of the polar vortex, however,
will vary considerably during a SSW due to changes in plan-
etary wave amplitudes and phases.

In recent years, also considerable work has been done uti-
lizing satellite observations of gravity waves during SSWs.
For example, it has been shown by Wang and Alexander
(2009) that sometimes gravity wave amplitudes are positively
correlated with warming peaks of SSWs and that the selec-
tive filtering by the background wind is important for the
propagation of gravity waves into the stratosphere. Also the
study by Jia et al. (2015) indicates that the background wind
has a strong influence on gravity wave activity in the strato-
sphere. Other studies revealed that sometimes after major
SSWs, gravity wave activity in the stratosphere is strongly
suppressed (e.g., Wright et al., 2010; Thurairajah et al.,
2014). On the other hand, before the major SSW in winter
2005/2006, an enhancement of gravity wave momentum flux
was observed in the lower mesosphere (France et al., 2012).
Gravity waves may also contribute to the observed tracer de-
scent from the mesosphere after (major) SSWs (Thurairajah
et al., 2014). Further, the study by Yamashita et al. (2013)
suggests that meridional propagation of gravity waves could
be important during major warmings.

Most of these studies are based on either gravity wave am-
plitudes, variances or potential energies (Wang and Alexan-
der, 2009; Yamashita et al., 2013; Thurairajah et al., 2014;
Jia et al., 2015). Studies based on gravity wave momentum
fluxes, on the other hand, allow a more direct comparison
with gravity wave parameterization schemes. However, so
far only few studies of SSWs based on satellite observations
used gravity wave momentum fluxes (Wright et al., 2010;
France et al., 2012), and these studies are focused mainly
on the stratosphere. Momentum flux observations at higher
altitudes, as well as direct estimation of gravity wave dissi-
pation from momentum flux vertical gradients (gravity wave
potential drag) derived from satellite observations have not

been exploited in SSW studies. In addition, previous work
using gravity wave momentum flux observations from space
was focused only on single major SSW events, and a more
comprehensive comparison of different Arctic winters and
different major SSW events is still an open issue.

In our work, we derive absolute gravity wave momen-
tum fluxes and gravity wave potential drag from Sound-
ing of the Atmosphere using Broadband Emission Radiom-
etry (SABER) satellite observations for the Arctic winters
2001/2002 until 2013/2014, and from High Resolution Dy-
namics Limb Sounder (HIRDLS) satellite observations for
the winters 2004/2005 until 2007/2008. This gravity wave
activity is compared to atmospheric background conditions
provided by SABER, the Microwave Limb Sounder (MLS)
on the Aura satellite, and the ERA-Interim reanalysis of
the European Centre for Medium-Range Weather Forecasts
(ECMWF).

The manuscript is organized as follows: in Sect. 2 the dif-
ferent data sets used in our study are briefly introduced. For
the boreal winters 2001/2002 until 2013/2014 the zonal aver-
age temporal evolution of atmospheric background tempera-
ture and zonal winds averaged over 60–80◦ N is discussed
in Sect. 3. In Sect. 4, the altitude–time distribution of grav-
ity wave squared amplitudes, momentum fluxes and grav-
ity wave potential drag, averaged over the latitude band 60–
80◦ N, is studied for all considered Arctic winters. In addi-
tion, in Sects. 5 and 6 the horizontal distribution of grav-
ity waves, as well as zonal average cross sections of gravity
wave squared amplitudes, momentum flux and gravity wave
potential drag are investigated before, during, and after the
major SSWs of the years 2009 (Sect. 5) and 2006 (Sect. 6).
Based on the zonal average cross sections particularly the
role of meridional propagation of gravity waves is discussed.
Finally, Sect. 7 summarizes our main findings.

2 Data sets

Our work is based on data of the satellite instruments MLS,
SABER, and HIRDLS, as well as on the ERA-Interim reanal-
ysis. In the following, some information on ERA-Interim and
the different satellite instruments is given. Further, we de-
scribe how atmospheric background fields are obtained, and
how gravity wave amplitudes, momentum fluxes and poten-
tial drag are derived from HIRDLS and SABER tempera-
tures.

2.1 ERA–Interim

For parts of our study we use meteorological fields (temper-
ature and winds) of the ECMWF ERA–Interim reanalysis
(e.g., Dee et al., 2011). Our ERA-Interim data are interpo-
lated on a longitude/latitude grid of 1◦× 1◦ resolution. The
altitude resolution is about 1.4 km. Global fields are avail-
able at 00:00, 06:00, 12:00, and 18:00 UT. Because numer-
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ous observations are assimilated in ERA-Interim (Dee et al.,
2011), ERA-Interim meteorological fields are considered to
be quite reliable in the troposphere and lower and middle
stratosphere. At higher altitudes, however, due to a lack of
observations, reanalyses become more and more unreliable,
particularly during the complicated dynamical situation of
SSWs (e.g., Manney et al., 2008). It should also be noted that
ERA-Interim simulates the effect of nonorographic gravity
waves by Rayleigh friction. A parameterization of nonoro-
graphic gravity waves was only introduced in later ECMWF
model versions in order to provide more realistic results par-
ticularly at higher altitudes (Orr et al., 2010).

2.2 The MLS Aura instrument

The Microwave Limb Sounder (MLS) instrument on NASA’s
Aura satellite is a microwave radiometer that observes at-
mospheric microwave emissions using the limb sounding
method (e.g., Waters et al., 2006; Livesey et al., 2013).
MLS observes atmospheric temperature and numerous trace
species. In our study, we use MLS version 3.3 temperatures,
as well as geopotential height. Useful altitude range is be-
tween the 316 and 0.001 hPa pressure levels (between about
the middle troposphere and somewhat above the mesopause).
Vertical resolution is about 4 km in the stratosphere, and
about 14 km in the mesopause region. For more details on the
temperature/pressure retrieval and the altitude resolution de-
fined by the averaging kernels see Schwartz et al. (2008). Lat-
itude coverage is between 82◦ S and 82◦ N. Measurements
are available starting from 8 August 2004 and are still ongo-
ing at the time of writing.

2.3 The HIRDLS instrument

Like MLS, the HIRDLS instrument (e.g., Gille et al., 2003)
was launched on NASA’s Aura satellite. From January 2005
until March 2008 HIRDLS observed atmospheric infrared ra-
diances in limb-viewing geometry. From these infrared emis-
sions in limb-viewing geometry, temperature-pressure pro-
files were derived at altitudes between the tropopause region
and well above 70 km. Latitudes between about 63◦ S and
80◦ N are covered by HIRDLS observations. In our study we
use version V006 HIRDLS temperatures (see also Gille et al.,
2011). Detailed information about the HIRDLS temperature
retrieval can be found in Gille et al. (2008). The vertical res-
olution of observed temperature profiles is about 1 km (e.g.,
Barnett et al., 2008; Gille et al., 2008; Wright et al., 2011).
Along-track sampling distance is about 90 km. Dense along-
track sampling, together with good altitude resolution, allows
to estimate absolute gravity wave momentum fluxes from ob-
served HIRDLS temperature fluctuations (e.g., Alexander et
al., 2008; Wright et al., 2010; Ern et al., 2011).

2.4 The SABER instrument

The SABER instrument was launched on the Thermosphere-
Ionosphere-Mesosphere Energetics and Dynamics (TIMED)
satellite. Like for HIRDLS, atmospheric temperatures are de-
rived from atmospheric infrared emissions observed in limb-
viewing geometry. SABER temperatures are available from
the tropopause region to well above 100 km in the lower
thermosphere. SABER switches between southward-viewing
and northward-viewing geometries every about 60 days for
about 60 days. The latitude coverage is either about 82◦ S–
50◦ N (southward view) or about 50◦ S–82◦ N (northward
view). This is particularly relevant for our study, because
SABER does not continuously observe high northern lati-
tudes. SABER temperature profiles have an altitude reso-
lution of about 2 km, and every second pair of consecutive
altitude profiles has an along track sampling of better than
300 km, allowing to derive gravity wave absolute momentum
fluxes (e.g., Ern et al., 2011; Ern et al., 2013). In our study,
we use SABER version v2.00 temperatures. More informa-
tion about the SABER instrument is available, for example,
in Mlynczak (1997), or in Russell et al. (1999). Details about
the SABER temperature retrieval can be found, for example,
in Remsberg et al. (2004, 2008).

2.5 Satellite observations of gravity wave amplitudes,
momentum fluxes, and potential drag

The determination of gravity wave absolute momentum
fluxes from satellite data is a procedure that requires sev-
eral steps. First, the zonal average background is removed
from every altitude profile of observed temperatures. Fur-
ther, global-scale waves with zonal wavenumbers 1–6 are re-
moved from each altitude profile by reconstructing the con-
tribution of global-scale waves at the exact location and time
of each observation. For this purpose, longitude-time spectra
are estimated for a fixed set of altitudes and latitudes. This
procedure is described in detail in Ern et al. (2011), and it ac-
counts also for fast traveling planetary waves, such as short-
period Kelvin waves (e.g., Ern et al., 2008; Ern and Preusse,
2009; Ern et al., 2009) or quasi 2-day waves (e.g., Ern et al.,
2013). Tides, however, are removed separately, as described
in Ern et al. (2013). The result of this procedure are altitude
profiles of temperature perturbations that can be attributed to
small-scale gravity waves.

For each altitude profile of temperature perturbations, the
dominant wave structures are identified by a two-step proce-
dure called Maximum Entropy Method/Harmonic Analysis
(MEM/HA), as described in detail by Preusse et al. (2002).
For these waves, vertical wavelengths and amplitudes are es-
timated in sliding 10 km vertical windows, and altitude pro-
files of vertical wavelengths and amplitudes are obtained.

HIRDLS and SABER are limb sounders that observe the
atmosphere with only a single viewing direction. At a given
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altitude, the satellite soundings are arranged in a measure-
ment track in parallel to the ground track of the satellite.

We assume that the same gravity wave is observed in two
consecutive altitude profiles of a satellite measurement track,
if for a given altitude the vertical wavelengths in these two
profiles do not differ by more than 40 %. If these pairs of al-
titude profiles are observed at almost the same location (hor-
izontal separation of less than 300 km) and at the same time
(within 1 min or less), the projection of the horizontal wave-
length of the observed gravity wave on the satellite measure-
ment track can be estimated from the vertical phase shift of
the wave structures seen in both profiles (Ern et al., 2004).
This estimate of the horizontal wavelength, however, is in
most cases an upper estimate of the “true” horizontal wave-
length of the gravity wave (Preusse et al., 2009a).

Absolute values of gravity wave momentum fluxes Fph can
be calculated in the following way (Ern et al., 2004):

Fph =
1
2
%0
λz

λh

( g
N

)2
(
T̂

T0

)2

. (1)

In this equation, %0 and T0 are the atmospheric background
density and temperature, g is the gravity acceleration, N the
buoyancy frequency, λh and λz are the horizontal and the ver-
tical wavelength, respectively, and T̂ the temperature ampli-
tude of the wave.

For a limb-viewing instrument with only a single view-
ing direction, such as HIRDLS or SABER, the uncertainty
of these momentum fluxes is large, at least a factor of 2. Two
of the main shortcomings are biases in the determination of
the gravity wave horizontal wavelength, as well as the sensi-
tivity of the instrument to observe gravity waves of a given
horizontal and vertical wavelength (observational filter).

For a detailed error discussion see Ern et al. (2004). In
particular, for instruments with only a single measurement
track the direction of momentum flux is not known.

Estimation of momentum fluxes in this way is possible for
about 3000 altitude profile pairs per day for HIRDLS, and
for about 350 altitude profile pairs per day for SABER. Of
course, satellite instruments are sensitive only to part of the
whole spectrum of gravity waves (see also Alexander et al.,
2010). In our study, we cover horizontal wavelengths longer
than about 100–200 km (e.g., Ern and Preusse, 2012), and
vertical wavelengths in the range 2–25 km for HIRDLS, and
4–25 km for SABER (see also Ern et al., 2011). For a de-
tailed discussion of the observational filter of limb observa-
tions from satellite see Trinh et al. (2015).

Absolute (total) values of gravity wave drag XY can be
estimated from vertical gradients of absolute momentum
fluxes:

XY =−
1
%0

∂Fph

∂z
. (2)

As is the case with absolute momentum fluxes, the direc-
tion of this drag is not known without additional information.

For this reason, we call these values gravity wave “potential
drag”. Like for absolute momentum fluxes, uncertainties of
potential drag are at least a factor of 2. Net gravity wave drag
could be even zero, while gravity wave potential drag is non-
zero, and, of course, net vectors of momentum flux would be
needed in order to estimate the net drag of gravity waves on
the background flow.

In situations when the gravity wave spectrum is filtered by
strong background winds, it can be assumed that the grav-
ity wave momentum flux spectrum is dominated by waves
propagating opposite to the background wind (e.g., Warner
et al., 2005). Therefore it can be assumed that at the top of
strong wind jets gravity wave potential drag can be used as a
proxy for net gravity wave drag, and the direction of the drag
is opposite to the vertical gradient of the wind at the top of
the jet. In spite of the large uncertainty of gravity wave po-
tential drag, relative variations of this drag have already led
to meaningful results in several cases: for the mesospheric
zonal wind jets in the summer hemisphere (Ern et al., 2013),
and for both the QBO (Ern et al., 2014) and the semiannual
oscillation (SAO; Ern et al., 2015) of the zonal wind in the
tropics. Therefore, it can be expected that meaningful results
can also be obtained in our current study for the polar jets in
boreal winter.

3 Atmospheric background conditions in the boreal
winters 2001/2002–2013/2014

In order to characterize the zonal average meteorologi-
cal background conditions during SSWs, temperatures and
winds in both stratosphere and mesosphere are needed. In
this section we focus on the latitude range 60–80◦ N. In the
stratosphere, temperatures and winds of ERA-Interim have
shown to be quite reliable. In addition, SABER and MLS
provide temperatures in the whole stratosphere and meso-
sphere. Further, we derive quasi-geostrophic winds from
SABER and MLS pressure and geopotential fields using the
method by Oberheide et al. (2002) that has been applied to
SABER data recently (Ern et al., 2013).

Because MLS data are not available before August 2004,
and SABER observes high northern latitudes for only about
60 days in the months December until March, we compose
merged wind fields covering the whole altitude range 20–
90 km. Below 40 km we utilize winds from ERA-Interim,
at altitudes between 40 and 60 km winds are relaxed with
a linear transition toward the SABER or MLS winds, where
available, and at altitudes above 60 km only winds from MLS
or SABER are used. Because of their better altitude reso-
lution, we use SABER geostrophic winds, where available,
otherwise MLS geostrophic winds are used. Differences be-
tween SABER and MLS usually are small. ERA-Interim
zonal winds are daily averages, while MLS and SABER
geostrophic winds are 3-day averages calculated with a time
step of 3 days and interpolated to obtain daily values.
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Figure 1. Altitude–time cross-sections of daily 60–80◦ N zonal average zonal wind in m s−1 from ERA-Interim, MLS Aura and SABER
combined. The time scale on the x axis is given in “days of the year” (doy) with 1 January 00:00 UT as doy= 0. Overplotted contour lines
have a contour increment of 20 m s−1. Westward (eastward) winds are indicated by dashed (solid) contour lines. The zero wind line is bold
solid. Times and altitudes where no data are available are marked in gray.
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Table 1. Central dates of major SSWs in the time period
2001/2002–2013/2014. Vortex displacement events are indicated
by “D”, and vortex split events by “S”. Events with an elevated
stratopause forming after the SSW are additionally marked by “ES”.

Winter Central date Type

2001/2002 2 January D
2001/2002 17 February D
2002/2003 18 January S
2003/2004 5 January D, ES
2004/2005 – –
2005/2006 21 January D, ES
2006/2007 24 February D
2007/2008 22 February D
2008/2009 24 January S, ES
2009/2010 9 February S, ES
2010/2011 – –
2011/2012 – D, ES
2012/2013 7 January S, ES
2013/2014 – –

Altitude–time cross-sections of the merged zonal average
zonal winds in m s−1, averaged over the latitude band 60–
80◦ N, are given in Fig. 1 for the different boreal winters cov-
ering the period 2001/2002 to 2013/2014. Temporal coverage
is always from 1 December until 31 March. Also given on the
x axis is a time scale in “days of the year” (doy) with 1 Jan-
uary 00:00 UT as doy= 0. Areas where no data are available
are indicated in gray. Zonal wind contour lines overplotted
in Fig. 1 are also given in all other figures showing altitude–
time cross sections.

Figure 2 shows altitude–time cross sections of daily zonal
average temperatures in the stratosphere and mesosphere for
the boreal winters 2001/2002 until 2013/2014. Figure 2d–m
show temperatures observed by MLS. Different from this,
because MLS was not yet in orbit in the first three win-
ters considered, Fig. 2a–c show temperatures observed by
SABER, where available, and ERA-Interim temperatures
otherwise (but only at altitudes below 60 km).

In the time period considered, a number of major SSWs
took place. These major SSW events can be identified in
Fig. 2 by sudden enhancements of the temperatures in the
stratosphere. The “central date” of these major SSWs is the
day when the polar jet reverses from eastward to anoma-
lously westward wind at 10 hPa (about 32 km altitude) and
60◦ N. A compilation of major SSW central dates is given,
for example, by Charlton and Polvani (2007) for the years
1958 until 2002, or by Cohen and Jones (2011) for the years
1958 until 2010. A compilation of recent central dates is
listed in Table 1 for the time period considered in our study.
This compilation is mainly based on the references Cohen
and Jones (2011) and Chandran et al. (2013). In addition,
the type of the major SSW is classified by either “D” for
“displacement” or “S” for “split”, depending on whether the

polar vortex was either displaced by a strong planetary wave
number one, or split into two parts by a strong planetary wave
number two (see also Charlton and Polvani, 2007). Further,
it is noted by “ES” if an elevated new stratopause forms after
the warming. A classification of SSWs can also be found in
Chandran et al. (2014), including their type. Of course, the
classification of SSWs into major and minor SSWs some-
what depends on the data, as well as on the criterion used
(e.g., Charlton and Polvani, 2007; Butler et al., 2015).

Major SSWs that were associated with a PJO event took
place in the winters 2003/2004, 2005/2006, 2008/2009,
2009/2010, and 2012/2013. During these warmings, the
stratopause altitude drops, and a new elevated stratopause
forms around 75 km altitude. After the central date a new
eastward-directed polar jet re-establishes at higher altitude
and gradually propagates downward in altitude, while the
anomalous westward winds associated with the major SSW
persist for a longer time (for one month and longer) in an
altitude range below the newly formed eastward polar jet.

In the winter 2011/2012 another PJO event took place.
However, because the winds only reversed above the 10 hPa
level at 60◦ N the criterion for a major warming is not
matched (see, for example, Chandran et al., 2014), and the
SSW in January 2012 is classified only as a minor SSW,
even though after the warming a new elevated stratopause is
formed in the mesosphere (Chandran et al., 2013). If an av-
erage over a wider latitude range of 60–80◦ N is considered,
like in Fig. 2k, the wind reversal in the winter 2011/2012
reaches as low as about 30 km. Therefore, averaged over this
latitude band, the response of gravity waves to this change in
the global circulation may be similar to the conditions of a
major warming.

There are also several major SSWs that were not associ-
ated with a PJO event, for example in the winters 2001/2002,
2002/2003, and in late winter 2006/2007. In addition, there
was a pronounced oscillation of the polar jet during the win-
ter 2007/2008: three minor warmings with anomalous west-
ward winds only in the upper stratosphere were followed by
a weak major warming on 22 February. The only winters that
were only slightly perturbed and had no major SSW or PJO
event are 2004/2005, 2010/2011, and 2013/2014.

4 Time series of gravity wave activity and gravity wave
potential drag

In this section, the zonal average gravity wave activity
(gravity wave squared amplitudes and absolute momentum
fluxes), as well as gravity wave potential drag derived from
vertical gradients of absolute momentum fluxes are inves-
tigated. Figure 3 shows gravity wave squared amplitudes
in the latitude band 60–80◦ N for the winters 2001/2002–
2013/2014. Values are given in K2 on a logarithmic scale. For
the same years, Fig. 5 shows absolute gravity wave momen-
tum fluxes in mPa on a logarithmic scale, and Fig. 6 gravity
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Figure 2. Altitude–time cross-sections of daily 60–80◦ N zonal average temperatures from MLS Aura for the winters 2004/2005–2013/2014,
and from ERA-Interim and SABER combined for the winters 2001/2002–2003/2004. The time scale on the x axis is given in “days of the
year” (doy) with 1 January 00:00 UT as doy= 0. Like in Fig. 1, overplotted contour lines indicate zonal average zonal winds at 60–80◦ N in
steps of 20 m s−1.
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wave potential drag in m s−1 day−1, also on a logarithmic
scale.

Please note that, as detailed below, gravity wave param-
eters are only available from HIRDLS and SABER obser-
vations in limited time and altitude ranges. Therefore, com-
pared to Figs. 1 and 2, in Figs. 3, 5, and 6 there are much
larger areas indicated in gray where no gravity wave data are
available.

In the winters 2001/2002 until 2004/2005 and the win-
ters 2008/2009 until 2013/2014 only SABER gravity wave
observations are available. SABER gravity wave data are
most reliable at altitudes above 30 km. Therefore in Figs. 3,
5, and 6 SABER data are shown only above 30 km. In the
winters 2005/2006, 2006/2007, and 2007/2008, the values in
Figs. 3, 5, and 6 are a combination of HIRDLS observations
at altitudes below 55 km, and of SABER observations at alti-
tudes above. HIRDLS observations are daily averages, while
SABER observations are 3-day averages calculated with a
time step of 1 day. During time periods when observations
from both instruments are available, in the altitude range 50–
55 km a smooth transition is made between both data sets.

Overplotted contour lines in Figs. 3, 5, and 6 indicate the
zonal average zonal wind, determined as described in Sect. 3.
Contour interval is 20 m s−1, eastward (westward) wind is
indicated by solid (dashed) contour lines, the zero wind line
is indicated in bold solid.

Atmospheric background winds have strong influence on
the global distribution of gravity wave activity. Because
zonal winds usually are much stronger than meridional
winds, their influence on the gravity wave distribution is also
much stronger, and we will focus on the effect of the zonal
average zonal wind u on zonal average gravity wave distri-
butions.

There are two main processes related to the background
wind that shape the gravity wave distribution. The first pro-
cess is critical level filtering: during wave propagation it
can happen that background wind u and ground-based phase
speed cϕ of a gravity wave become equal. In this case, the in-
trinsic phase speed of the wave ĉϕ = cϕ−u becomes zero, the
wave cannot propagate further, and it dissipates completely.

The second process is wave saturation. If a gravity wave
propagates conservatively upward (without dissipation), the
wave amplitude will grow exponentially according to the de-
crease in background density. At some point, the wave am-
plitude cannot grow further. The wave amplitude reaches its
saturation limit, and the wave breaks. This can happen with-
out a critical level being reached. The saturation temperature
amplitude (T̂sat) is proportional to the intrinsic phase speed,
i.e., to the difference between ground-based phase speed and
background wind:

T̂sat =
T0

g
N |cϕ − u|. (3)

The saturation momentum flux of a gravity wave is propor-
tional to the intrinsic phase speed to the power of 3. See also

Preusse et al. (2006), Eq. (10) in Ern et al. (2008), and the
discussion in Ern et al. (2015).

4.1 Discussion of gravity wave squared amplitudes

In the upper mesosphere gravity wave squared amplitudes are
usually quite high (30 K2 and higher), and there is little in-
terannual variation. Main differences are found in the strato-
sphere and in the lower mesosphere. These differences will
be discussed in the following for different vortex conditions.

4.1.1 Strong polar jets

Situations of strong unperturbed (i.e., continuously eastward-
directed) stratospheric polar jets are found, for example, in
the winters 2004/2005, 2010/2011, and during December
2006 until mid February 2007, during December 2007 until
mid January 2008, as well as during the first half of January
2013/2014.

During these unperturbed periods, on zonal average there
is no wind reversal in the stratosphere and lower meso-
sphere. Under these conditions, gravity waves with west-
ward or zero ground-based phase speeds can propagate in
this whole-altitude range without encountering critical lev-
els. This means that those gravity waves can attain large am-
plitudes already in the stratosphere and lower mesosphere,
because their intrinsic phase speeds and thus their satura-
tion temperature amplitudes are high. This effect is clearly
seen in Fig. 3: during the mentioned periods of strong unper-
turbed polar jets gravity wave squared amplitudes are quite
high with values of about 5 K2 around 30 km altitude, and of
about 20 K2 around 50 km altitude.

4.1.2 Weak polar jets

Compared to the situation of strong polar vortices, during
weak vortex conditions (zonal mean zonal wind weaker than
about 20 m s−1), gravity wave squared amplitudes in the mid
stratosphere around 30 km altitude are somewhat reduced
(about 3 K2). These conditions are found, for example, dur-
ing parts of the winter 2001/2002, during much of the winter
2002/2003 (Fig. 3b), and during winter 2013/2014 in the sec-
ond half of January and during February. A likely reason for
this reduced gravity wave activity are reduced gravity wave
saturation amplitudes that are not enhanced by strong favor-
able background winds.

4.1.3 PJO events

In Fig. 3, the highest values of gravity wave squared am-
plitudes (about 10 K2 and more) in the mid stratosphere (at
∼30 km altitude) are found before or around the central date
of strong major SSWs with PJO event. This is the case, for
example, for 2008/2009 around 24 January (Fig. 3h), or for
2012/2013 around 7 January (Fig. 3l). For the 2009/2010
PJO event, gravity wave squared amplitudes are enhanced
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Figure 3. Altitude–time cross-sections of a combination of 1-day zonal average HIRDLS and 3-day zonal average SABER gravity wave
squared amplitudes in the latitude band 60–80◦ N during the winters 2001/2002–2013/2014, derived in 10 km vertical windows. Time step
is 1 day for both HIRDLS and SABER. The time scale on the x axis is given in “days of the year” (doy) with 1 January 00:00 UT as doy= 0.
Squared amplitudes are given in K2 on a logarithmic color scale. Like in Fig. 1, overplotted contour lines indicate zonal average zonal winds
at 60–80◦ N in steps of 20 m s−1.
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Figure 4. Gravity wave squared amplitudes in K2 for the winters
2001/2002–2013/2014 averaged over the latitude band 60–80◦ N
and the altitude range 30–40km. Values for vertical averaging were
taken from Fig. 3. The different winters are grouped into major
SSW with split vortex and PJO event (red solid), major SSW with
split vortex but without PJO event (red dotted), major SSW with dis-
placed vortex and PJO event (blue solid), minor SSW with displaced
vortex and PJO event (blue dashed), major SSW with displaced vor-
tex but without PJO event (blue dotted), and winters without major
SSW or PJO event (black solid). For winters without major SSW or
PJO event, the time scale on the x axis is given in “days of the year”
with 1 January 00:00 UT as time= 0. For the winter 2011/2012
time= 0 refers to 15 January 2012. For all other winters, time= 0
refers to the time of the central date of the major SSW. For winters
with PJO event and for winters without major SSW or PJO event,
the curves are labeled with the respective years.

around 25 January, somewhat before the central date 9 Febru-
ary (Fig. 3i). On the other hand, around the central date 21
January of the 2005/2006 PJO event (Fig. 3e) and for the mi-
nor SSW in January 2012 that is associated with a PJO event
(Fig. 3k), gravity wave squared amplitudes are not so much
enhanced. Since zonal average wind speeds are not neces-
sarily stronger than during other situations, enhancements of
squared amplitudes close to the SSW central dates are proba-
bly not only caused by favorable propagation conditions, but
also by stronger activity of gravity wave sources.

In particular, the three SSWs that had enhanced gravity
wave squared amplitudes were all vortex split events (the
events in the winters 2008/2009, 2009/2010, and 2012/2013).
In Sects. 5.1 and 6.1 we will see that split vortex events may
cover a larger longitude range than vortex displacements. On
the one hand, this would generally improve propagation con-
ditions for gravity waves propagating opposite to the back-
ground wind. On the other hand, this may result in stronger
activity of gravity wave sources. For example, there would
be more opportunities for the excitation of mountain waves,
resulting in enhanced gravity wave squared amplitudes on
zonal average. In addition, during vortex split events jet-
related gravity wave sources may be more active than during
vortex displacements: there could be more jet exit regions,
and other jet-related gravity wave source mechanisms could

be enhanced, too. The importance of the vortex shape will
be discussed in more detail in Sects. 5.1 and 6.1 where grav-
ity wave horizontal distributions in the polar regions are pre-
sented.

Regarding gravity waves sources, one important question
is at which source altitude the gravity waves were excited that
are being observed. However, from our observations alone,
it is difficult to obtain this information. In particular, for all
gravity waves observed in the stratosphere and mesosphere,
the source could be at altitudes much lower than the obser-
vation altitude, i.e., in the troposphere, in the tropopause re-
gion, or in the lowermost stratosphere. Further information
could be obtained, for example, by comparison with model-
ing studies, or by gravity wave ray tracing simulations. This,
however, is beyond the scope of our study. In the following,
we will therefore just suggest possible explanations for our
observations.

After the onset of SSWs associated with PJO events (not
multiple SSWs associated with a single PJO), gravity wave
activity in the stratosphere is reduced for two reasons. First,
zonal winds are much weaker, not resulting in favorable en-
hancements of gravity wave saturation amplitudes. Second,
due to anomalous westward winds there are wind reversals in
the troposphere and/or in the stratosphere, such that gravity
waves with zero ground-based phase speed (e.g., mountain
waves) or with slow westward-directed phase speeds will en-
counter critical levels. Particularly during the phases of PJO
events when weak anomalous westward winds persist for 1–2
months below the newly forming eastward jet; i.e., well after
the SSW central date, gravity wave squared amplitudes are
quite low in the whole stratosphere (as low as 1–2 K2). This
is the case for all PJO events in the time period considered –
even for the PJO event in winter 2011/2012 that is associated
with only a minor SSW, although the zonal wind in the mid
and lower stratosphere only weakens after the SSW, and does
not reverse on zonal average in the latitude range considered.

The time evolution of gravity wave activity in terms of
gravity wave squared amplitudes, averaged over the altitude
range 30–40 km, is illustrated in more detail in Fig. 4. Values
for this averaging were taken from Fig 3. In Fig. 4, the dif-
ferent winters were grouped into PJO events with split vortex
(red solid lines) and PJO events with displaced vortex (blue
solid and blue dashed lines). Winters with no major SSW
or PJO event are given as a reference (black lines), and other
winters are indicated just by dotted lines. For the winters with
major SSW, time= 0 days refers to the central date of the ma-
jor SSW, and for the winter 2011/2012 to 15 January 2012,
while for all other winters time= 0 days refers to 1 January
of the respective year.

As can be seen from Fig. 4, the three PJO events with split
vortex display enhanced gravity wave squared amplitudes be-
fore or around the central date, while the PJO events with
vortex displacement show no particular enhancement with
respect to winters without major SSW or PJO event (black
lines). Further, Fig. 4 shows that for the PJO events it takes
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Figure 5. Same as in Fig. 3, but for gravity wave absolute momentum fluxes at 60–80◦ N. Momentum fluxes are given in mPa on a logarithmic
color scale. Like in Fig. 1, overplotted contour lines indicate zonal average zonal winds at 60–80◦ N in steps of 20 m s−1.
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about 40–60 days after the central date for gravity squared
amplitudes to recover to values comparable to years without
major SSW or PJO event. (Please note that for the individual
PJO events, according to their central date, the time axis is
shifted to the left by between 4 and 39 days.) The time range
of around 40–60 days for recovery is about comparable to the
simulations by Hitchcock and Shepherd (2013) who obtained
values of about 40–50 days.

In the six PJO events considered, a very strong eastward
polar jet re-establishes in the upper mesosphere and slowly
descends into the stratosphere within 1–2 months. In the
lower part of this re-established polar jet, gravity waves over
a wide range of eastward phase speeds will encounter criti-
cal levels, dissipate, and it could be expected that they might
significantly contribute to the formation and maintenance of
this jet. However, as will be shown later in Sect. 4.3, this is
likely not the case.

High westward phase speed gravity waves are not filtered
out by the comparably weak anomalous westward winds in
the troposphere and lower stratosphere. In the strong east-
ward jets, their critical amplitudes can become very large
(cf. Eq. 3). This is one possible explanation why very high
gravity-wave squared amplitudes of well above 30 K2; i.e.,
values similar to those in the other years, are found in the
upper part of the re-established eastward jets and above (at
altitudes above about 70 to 80 km). Another explanation for
these high squared amplitudes could be meridional propaga-
tion of gravity waves from lower latitudes, as suggested by
Yamashita et al. (2013).

4.1.4 Other SSWs

After other SSWs, the zonal wind in the stratosphere is usu-
ally much weaker than before. Consequently, there is no fa-
vorable enhancement of gravity wave saturation amplitudes
like in the strong polar jets of unperturbed winters, or like
often before SSWs. In addition, during periods of anomalous
westward winds, gravity waves with zero or slow westward-
directed phase speeds will encounter critical levels. The re-
sult are reduced gravity wave squared amplitudes in the
stratosphere and sometimes the lower mesosphere. This is
seen, for example, in winter 2001/2002 after mid February,
in late winter/early spring 2006/2007 after mid February, and
after the major SSW in 2008 after mid February.

Around the central dates of other major SSWs or just be-
fore minor SSWs, in the latitude range considered, there are
no clear enhancements of gravity wave squared amplitudes
in the mid stratosphere. However, there are four pulses of en-
hanced gravity wave variances in the lower stratosphere (be-
low 30 km altitude) in January and February 2008 (Fig. 3g)
that are related to enhanced planetary wave amplitudes dur-
ing three minor SSWs and one major SSW. This effect has
been discussed in detail by Wang and Alexander (2009) for
the winter 2007/2008.

Together with the findings from the PJO events, this shows
that there is no clear relationship between onset of strato-
spheric warming (central date) and strength of gravity wave
squared amplitudes. This indicates that the shape and lo-
cation of the polar vortex is important in determining the
strength of observed gravity wave activity: depending on
the shape of the vortex, enhancements of jet-related gravity
wave source processes could be expected. In particular, the
strongest enhancement of gravity wave squared amplitudes is
found for the central dates of the 2008/2009 and 2012/2013
major SSWs, which were both vortex split events.

This is qualitatively in good agreement with the find-
ings by Albers and Birner (2014) who found enhanced oro-
graphic gravity wave drag for split vortex events in the
ERA-Interim reanalysis and in the Japanese Meteorological
Agency and Central Research Institute of Electrical Power
Industry 25 year Reanalysis (JRA-25).

One possible reason for enhanced gravity wave activity
during vortex-split events could be the strong jet curvature
and the existence of two jet exit regions that will lead to en-
hanced jet-related gravity wave sources.

But also the location of the polar vortex should be impor-
tant. For example, stronger gravity wave activity would be
expected if the polar jet crosses mountain ranges, resulting
in stronger excitation of mountain waves. For this reason, the
importance of the particular conditions of the polar vortex
will be discussed later in more detail in Sects. 5 and 6 for the
2008/2009 vortex split event and for the 2005/2006 vortex
displacement event.

4.2 Discussion of gravity wave momentum fluxes

Much of the discussion of gravity wave squared amplitudes
in Sect. 4.1 is also valid for gravity wave momentum fluxes
and will therefore not be repeated in detail. The main differ-
ence is that gravity wave amplitudes usually grow with alti-
tude. If a gravity wave propagates conservatively in a con-
stant wind, this amplitude growth is exponential, compen-
sating the exponential decrease of atmospheric background
density with altitude.

Different from this, gravity wave pseudomomentum flux is
conserved, i.e., remains constant, if a wave propagates con-
servatively. In all panels of Fig. 5, however, we find that grav-
ity wave momentum flux gradually decreases with altitude,
indicating an overall dissipation of gravity waves while the
waves are propagating upward.

There are several further findings. First, in situations of
strong polar jets, an increased amount of gravity wave mo-
mentum flux enters the stratosphere. Like for gravity wave
variances, this is the case during the periods of strong po-
lar jets in the winters 2004/2005, 2010/2011, 2013/2014 (see
Fig. 5d, k, m), and during December 2006 until January 2007
(see Fig. 5f) as well as in December 2007 (see Fig. 5g).
Second, sometimes zonal average gravity wave momentum
fluxes are enhanced before or around the central dates of
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Figure 6. Same as in Fig. 3, but for gravity wave potential drag at 60–80◦ N. Potential drag is given in m s−1 day−1 on a logarithmic color
scale. Like in Fig. 1, overplotted contour lines indicate zonal average zonal winds at 60–80◦ N in steps of 20 m s−1.
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major SSWs, for example for the major SSW in the win-
ter 2008/2009. However, these enhancements are less pro-
nounced than for gravity wave squared amplitudes. And,
third, gravity wave momentum fluxes are reduced in the
stratosphere, when zonal winds are weak.

For the PJO events, during the 1–2 month phases of
anomalous stratospheric westward winds persisting after
the SSW, we find that gravity wave momentum fluxes are
strongly reduced in both stratosphere and mesosphere. This
is the case particularly when the polar jet starts to re-establish
at elevated altitudes. During this period momentum flux ver-
tical gradients are sometimes close to zero, while negative
gradients would be expected. This again might indicate that
meridional propagation of gravity waves could play an im-
portant role and additional momentum flux is transported
from lower latitudes into the latitude band 60–80◦ N.

4.3 Discussion of gravity wave potential drag

While gravity wave squared amplitudes and gravity wave
momentum fluxes have already indicated that there are strong
interactions between gravity waves and the background
winds, calculation of gravity wave potential drag can serve
as a metric whether the variations seen could have significant
effect on the background flow, or not. Considering Fig. 6,
there are a number of noteworthy findings.

1. In the stratosphere, usually there seems to be no par-
ticular enhancement of gravity wave potential drag that
would contribute to the onset of SSWs directly in the
latitude range considered (i.e., 60–80◦ N).

2. In the case of strong, unperturbed stratospheric polar
jets (see also Sect. 4.1.1) gravity wave potential drag in
the range 1–3 m s−1 day−1 is found in the stratosphere.
This suggests that wave driving by gravity waves some-
what contributes to the zonal momentum budget for
unperturbed conditions. These values are similar to
the drag due to planetary waves during unperturbed
conditions. This supports the findings by Albers and
Birner (2014) that stratospheric gravity wave drag be-
fore SSWs is non-negligible, and gravity waves could
therefore be important for preconditioning the polar vor-
tex such that a SSW is triggered. For perturbed condi-
tions, however, the drag due to planetary waves can be
up to around 30 m s−1 day−1 in the stratosphere (see, for
example, Hitchcock and Shepherd, 2013), i.e., consider-
ably stronger.

3. When background winds are weak (see also Sect. 4.1.2)
only little gravity wave potential drag is found in the
stratosphere (1 m s−1 day−1 and below). The likely rea-
son is that only a reduced amount of gravity wave mo-
mentum flux can enter the stratosphere: due to the weak
background winds, there is no favorable enhancement
of gravity wave saturation amplitudes.

4. Momentum fluxes are even more reduced in the case
of wind reversals in the troposphere and lower strato-
sphere, as is the case during PJO events when anoma-
lous westward winds are persisting in the stratosphere
after the SSW. Consequently, during these periods,
gravity wave potential drag in the stratosphere is also
much weaker. This is the case for all PJO events:
the major SSWs in the winters 2003/2004, 2005/2006,
2008/2009, 2009/2010, and 2012/2013, as well as for
the minor warming in the winter 2011/2012.

5. In the cases when during a PJO event a strong polar jet
re-establishes after the SSW, one might expect that en-
hanced gravity wave potential drag would be seen in the
lower part of the newly formed polar jet, because gravity
waves with eastward phase speeds will encounter criti-
cal levels for a wide range of ground-based phase speeds
(in some cases even about 10–80 m s−1). In Fig. 6c, e, h,
i, k, and l, however, only very weak gravity wave poten-
tial drag is seen in the lower part of the re-established
eastward jets.

One possible explanation for this finding is that, for
these situations, background winds in an altitude range
below the re-established polar jet are quite weak. At the
beginning of the jet recovery, weak winds are found in
the whole stratosphere, while in the later part of the jet
recovery this altitude range covers only the lower strato-
sphere. As will be seen later in Sects. 5.1 and 6.1, dur-
ing phases of jet recovery, the zonal wind in the lower
stratosphere usually is quite weak at all longitudes. Due
to the generally weak winds, also gravity wave satura-
tion amplitudes will be quite low in this altitude range.

This considerably reduces the amount of gravity wave
momentum flux that is available for interacting with the
background winds in the lower part of the eastward jets.
Another possible explanation could be that gravity wave
activity in boreal winters may be dominated by grav-
ity waves with slow ground-based phase speeds, for ex-
ample mountain waves, as indicated in previous model-
measurement comparisons (e.g., Preusse et al., 2009b).

On the one hand, these waves would encounter critical
levels in the troposphere or lower stratosphere due to the
wind reversals caused by anomalous westward winds in
the lower stratosphere. And, on the other hand, having
only low ground-based phase speeds, these waves are
too slow to contribute to the formation of wind jets with
zonal wind speeds as high as 80 m s−1.

Obviously, the momentum flux of high eastward phase
speed gravity waves is too small to produce significant
driving of the eastward jets in their lower parts. Con-
sequently, the re-formation of the eastward polar jets
after major SSWs is basically an effect induced by an
anomalous residual circulation, i.e., by changes in the
poleward flow and vertical motion inducing dynamical
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warming and thermal wind changes, and not directly
driven by gravity waves or planetary waves.

This finding is in good agreement with modeling stud-
ies. For example, Hitchcock and Shepherd (2013) point
out that the situation of the re-established polar jets dur-
ing PJO events is very different from wave-driven circu-
lations like the QBO. For the QBO enhanced wave drag
is seen both on top and at the bottom of an eastward or
westward-directed wind jet, i.e., for both positive and
negative vertical shear of the zonal wind (see also Ern et
al., 2014). For the re-established eastward-directed po-
lar jets, however, gravity wave drag is only enhanced at
the top of the jet. As suggested by Hitchcock and Shep-
herd (2013), at the top of the jet wave saturation effects
should be more important than critical level filtering.

The absence of strong gravity wave drag on the lower
flank of the jet is in good agreement with the theoreti-
cal picture that the residual circulation drives the ther-
mal structure of the mesosphere and the stratopause in
the polar region, and the new polar jet is forming in
response to these changes in the residual circulation:
in the mesosphere, the gravity-wave-driven branch of
the residual circulation, which is directed poleward and
downward in the polar region, enforces the warm winter
stratopause (e.g., Hitchman et al., 1989). During SSWs,
anomalous breaking of planetary waves changes the cir-
culation in the stratosphere, and, as a consequence, the
net forcing by gravity waves changes its sign, which
leads to an anomalous residual circulation resulting in a
cooling of the (upper) stratosphere and mesosphere (i.e.,
at altitudes above about 50 km). Later, during the jet
recovery, the sign of net gravity wave forcing changes
again, and the stratopause is rebuilt (e.g., Tomikawa et
al., 2012; Hitchcock and Shepherd, 2013).

The theoretical picture of the mesospheric gravity-
wave-driven branch of the residual circulation being re-
sponsible for changes in the residual vertical motion and
related dynamical warming is well supported by the fact
that the strongest gravity wave potential drag is usu-
ally observed above the temperature maximum of the
stratopause (cf. Figs. 2 and 6).

The importance of the residual circulation for the forma-
tion of the new elevated stratopause is also confirmed by
several studies that observe enhanced transport of trace
species from the mesosphere downward, induced by an
enhanced poleward and downward-directed residual cir-
culation (e.g., Manney et al., 2009a, b; Orsolini et al.,
2010; Salmi et al., 2013; Bailey et al., 2014).

In addition to the observed tracer transport, the long
time required until the newly formed stratopause
reaches the climatological stratopause altitude (see
Sect. 3) indicates that the anomalous residual circula-

tion accompanying a PJO event persists for a longer
time after the central date of the SSW.

6. While gravity wave driving is not observed in the lower
part of the re-established polar jets during PJO events,
considerable gravity wave potential drag of well above
10 m s−1 day−1 is observed in the upper part of these
jets. From meteor radar observations, even stronger
gravity wave drag of about 100 m s−1 day−1 is reported
(de Wit et al., 2014). However, these particular measure-
ments are from a location that is known for enhanced ac-
tivity of mountain waves and may therefore not be rep-
resentative for zonal averages. Further, the quite high
gravity-wave momentum fluxes seen by meteor radars
are currently under debate (e.g., Riggin et al., 2016).

During PJO events high values of potential drag in the
upper mesosphere are observed even though momentum
fluxes in the lower stratosphere are much reduced after
the SSW. These high values of potential drag are com-
parable to those in the upper mesosphere during most
other periods considered in our study (see Fig. 6). As
already indicated by the quite strong gravity wave am-
plitudes in the altitude range 70–80 km (see Sect. 4.1),
likely a mixture of gravity waves that have propagated
from lower latitudes, as well as vertically propagat-
ing gravity waves with westward-directed ground-based
phase speeds act to decelerate the re-established polar
jets in their upper part.

Overall, this suggests that gravity waves contribute to
the wind reversal of the re-established polar jets at their
top, and, consequently, to the downward propagation
of the newly formed stratopause to its nominal altitude
around 50 km. The issue of meridional propagation of
gravity waves will be addressed again in Sects. 5 and 6.

7. From Fig. 6, it can also be seen that for the PJO events
around the central date of the major SSWs, or, in the
case of the PJO event during winter 2011/2012, around
the onset of the minor SSW, gravity wave potential drag
in the upper mesosphere usually is not reduced. This
might indicate that gravity wave drag could be involved
in the formation of the new elevated stratopause around
75 km altitude.

This finding indicates a difference between observations
and the model simulations by Hitchcock and Shepherd
(2013). Around the SSW central date and during the
phase of anomalous westward winds over a large alti-
tude range for a few days directly after the central date,
the model results by Hitchcock and Shepherd (2013)
indicate a strong decrease in gravity wave momentum
flux over almost the entire vertical column in the strato-
sphere and the mesosphere, see their Fig. 5c. Differ-
ent from this, during these phases, observed momentum
fluxes are still quite strong in the mesosphere. This is the
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case for all PJO events (see Fig. 5e, h, i, k, and l). Pos-
sible reasons could be either a less effective filtering of
gravity waves in the real atmosphere than in the models,
or effects of non-vertical propagation, or a combination
of both. With this not much reduced amount of gravity
wave momentum flux still available, the reversed winds
after the central date will not lead to a reduction of po-
tential drag in the upper mesosphere.

8. Finally, it should be mentioned that, in all winters con-
sidered, enhanced values of gravity wave potential drag
are preferentially found in the upper stratosphere and in
the mesosphere (i.e., at altitudes above about 40 km). In
many cases, these enhanced values are related to verti-
cal shear of the background wind. This is not only the
case for the upper part of eastward-directed polar jets,
but also for some occasions of positive vertical shear
of anomalous westward winds at altitudes above 40 km,
for example in the second half of January 2006 (Fig. 6e),
in mid January 2012 (Fig. 6k), and in the first half of
January 2013 (Fig. 6l).

5 Gravity waves during different phases of the major
SSW in 2009

In this section we will address the effect of gravity waves
during different phases of the major SSW in boreal winter
2008/2009. There are several reasons for choosing this ma-
jor SSW. First, this SSW is associated with a PJO event. This
means that after the SSW anomalous westward winds persist
for a longer time in the stratosphere (from about 21 January
until end of February), a new elevated stratopause is formed,
and a new strong eastward-directed polar jet is re-established
after the SSW. Second, during this SSW strong activity of
the quasi-stationary planetary wave with zonal wavenumber
2 is observed, leading to a split vortex. Third, SABER is ob-
serving high northern latitudes already somewhat before the
central date of the SSW.

5.1 Horizontal distributions during the 2009 major
SSW

Figure 7 illustrates the temporal evolution of the polar vortex
and of gravity wave activity during the different phases of
the 2009 major SSW/PJO event at 30 km altitude. Shown are
horizontal distributions of ERA-Interim temperatures (left
column), zonal wind (second column), absolute horizontal
wind (third column), SABER gravity wave squared ampli-
tudes on a logarithmic scale (fourth column), and SABER
gravity wave momentum fluxes on a linear scale (right col-
umn). For comparison, the first row shows an average over
an unperturbed vortex period during 13–28 February 2011,
while the other rows show different phases before, around
and after the central date (24 January) of the 2009 major
SSW.

5.1.1 Unperturbed vortex during 2011

For an unperturbed vortex situation, there is a temperature
minimum centered at the pole (Fig. 7a1), and the polar jet is
strong and axisymmetric around the pole (Fig. 7a2 and a3).
Enhanced gravity wave activity is usually found in regions of
high wind speed (Fig. 7a4 and a5). This enhancement may
be a consequence of enhanced saturation amplitudes of grav-
ity waves having phase speeds opposite to the background
wind. Still, there are some regions where momentum fluxes
are more enhanced. This could be an indication of local-
ized gravity wave sources, for example jet-related sources or
orography. Of course, the period 13–28 February 2011 repre-
sents conditions of a very stable and axisymmetric polar vor-
tex. Usually, even for widely unperturbed conditions, there
will be some displacement (activity of planetary wave num-
ber 1) and/or elongation of the vortex (activity of planetary
wave number 2).

5.1.2 Well before the central date of SSW 2009

The second row in Fig. 7 shows horizontal distributions for
the period 12–16 January 2009, i.e., well before the central
date of the 2009 major SSW. The temperature at the pole
is still quite low (Fig. 7b1), but the polar vortex is already
somewhat perturbed. As a consequence of activity of plane-
tary wave number 2, it is elongated towards North America
and northern Asia (Fig. 7b2 and b3). Further, there seem to be
two jet exit regions (i.e., regions of strong jet deceleration),
one over North America, and another one close to Scandi-
navia. In the vicinity of those jet exit regions we find strongly
enhanced gravity wave momentum fluxes (Fig. 7b5). These
gravity waves are likely a mixture of jet-generated waves
and orographically induced waves via the Rocky Mountains
and the Norwegian Alps. Although the jet exit regions are
seen at 30 km altitude, we expect that they are a feature per-
sistent over a larger altitude range, and the sources of the
jet-generated gravity waves could therefore be well below
30 km.

A review of jet-related gravity wave source processes is
given, for example, by Plougonven and Zhang (2014). Some-
what enhanced momentum fluxes are also found over other
mountainous regions, such as northeastern North America
or the Ural Mountains. For an overview of regions that are
known as sources for orographically generated gravity waves
see, for example, Jiang et al. (2004a), or Hoffmann et al.
(2013).

The period 12–16 January 2009 almost coincides with the
period 11–15 January 2009 investigated in Albers and Birner
(2014). The distribution of gravity wave momentum fluxes in
our Fig. 7b5 is in remarkable agreement with the distribution
of orographic gravity wave drag derived from the JRA-25
and ERA-Interim reanalyses, particularly over North Amer-
ica (see Albers and Birner, 2014, their Figs. 6d and 7d). This
is an important finding because Albers and Birner (2014)
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Figure 7. Horizontal distributions at 30 km altitude of ERA-Interim temperatures (left column), zonal wind (second column), absolute
horizontal wind (third column), and SABER gravity wave squared amplitudes in K2 on a logarithmic scale (fourth column), as well as
SABER gravity wave momentum fluxes in mPa on a linear scale (right column). The first row represents an unperturbed vortex situation,
averaged over 13–28 February 2011, while the other rows represent different periods before, during, and after the central date (24 January)
of the 2009 major SSW.
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state that, for the conditions prior to the 2009 major SSW,
gravity wave forcing, particularly in the longitude range be-
tween 60 and 160◦W, could trigger the evolution from an
elongated to a peanut-shaped vortex, finally leading to the
SSW and vortex split to happen.

Of course, there are some differences between the distribu-
tions of orographic gravity wave drag by Albers and Birner
(2014) and the gravity wave momentum fluxes in Fig. 7b5.
For example, in Fig. 7b5 there is a strong enhancement of
gravity wave momentum fluxes over Europe that is not seen
in Albers and Birner (2014, their Figs. 6d and 7d). Such
differences may be due to the fact that the satellite obser-
vations contain not only mountain waves, but also gravity
waves from jet-related sources that are not covered by the
analysis of Albers and Birner (2014).

5.1.3 Shortly before the central date of SSW 2009

The third row in Fig. 7 coincides with the maximum of grav-
ity wave squared amplitudes and momentum fluxes shortly
before the central date of the 2009 SSW (see also Figs. 3h
and 5h). During this period (17–21 January), there are two
distinct temperature minima off the pole (Fig. 7c1), and the
vortex is extremely elongated with the polar jet extending
even to the Gulf of Mexico and far into Central Asia (Fig. 7c2
and c3). While one of the jet exit regions is still located above
North America, the other one has somewhat shifted toward
Asia. Accordingly, we find hot spots of gravity wave momen-
tum fluxes in the vicinity of these jet exit regions. One hot
spot is located over central North America, and the other over
Central Asia. Again, enhanced momentum fluxes are found
over mountainous regions, like northwestern North America,
the Ural Mountains or Scandinavia. Compared to the period
of 12–16 January, however, the momentum fluxes over Scan-
dinavia are much reduced. One possible reason could be the
northward shift of the polar jet, another reason could be the
shift of the jet exit region towards Asia. It is also notewor-
thy that enhanced gravity wave activity is found even at lat-
itudes as low as 30◦ N. There are also two regions of weak
westward-directed wind, apparently some outflow of the po-
lar vortex that seems to be a first indication of vortex in-
stability and breaking of the planetary wave number 2. One
region is located over the North Pacific, and the other over
the Mediterranean. Similar to the polar jet, these regions of
enhanced winds could provide favorable propagation condi-
tions for gravity waves. While no enhancement of gravity
wave activity is found in the North Pacific region, indeed,
enhanced gravity wave momentum fluxes are found over the
Mediterranean. Another enhancement of momentum fluxes
over the North Atlantic might also be related to this sec-
ondary circulation and the breaking of the planetary wave
number 2. This, however, is difficult to decide from the grav-
ity wave observations alone.

5.1.4 Around the central date of SSW 2009

The period of 22–26 January, which is centered around the
central date of the 2009 SSW (24 January), is shown in the
fourth row of Fig. 7. As seen in Fig. 7d1, now there is a pro-
nounced temperature maximum close to the pole, as expected
for a SSW. At the same time, the polar vortex has weakened
and split into two sub-vortices, and two regions of anoma-
lous westward winds are located close to the pole (Fig. 7d2
and d3). Additionally, the two wider regions of westward
winds at lower latitudes over the North Pacific and over the
Mediterranean have strengthened. As mentioned before, this
may be an outflow of the polar vortex and related to rising
vortex instability and breaking of the planetary wave 2.

From Fig. 7d4 and d5 we find that gravity wave activity
has somewhat weakened, compared to the period directly be-
fore the central date. Still, some gravity wave activity will
be caused by localized orographic sources. However, grav-
ity wave momentum fluxes are similarly enhanced over the
whole area of the two vortices, suggesting that the strong jet
curvature leads to a wide distribution of jet-related gravity-
wave-generating processes. Further, there is a large area of
enhanced momentum fluxes over the North Pacific that co-
incides with an area of low latitude anomalous westward
winds in this region (see Fig. 7d2), and thus this enhance-
ment may be related to the breaking of the planetary wave 2.
At the same time, however, gravity wave momentum flux is
not much enhanced in the other region of low latitude anoma-
lous winds over the Mediterranean. This shows that breaking
planetary waves can act as gravity wave sources. The strong
variation of gravity wave activity during this process, how-
ever, indicates that these source processes may be very inter-
mittent.

5.1.5 Anomalous winds shortly after the central date of
SSW 2009

The fifth row in Fig. 7 shows average horizontal distributions
for the period 25–29 January 2009, i.e., shortly after the cen-
tral date of the SSW. Temperatures still show a zonal wave
number 2 structure with two temperature maxima in the lati-
tude range 40–80◦ N (Fig. 7e1). The two sub-vortices of the
vortex split event are still clearly visible, and the horizon-
tal separation between these two vortices has considerably
grown (Fig. 7e3). The zonal wind displays a zonal wave num-
ber 2 pattern of alternating positive (= eastward) and nega-
tive (=westward) winds at all latitudes north of 30◦ N. In the
latitude range 60–80◦ N negative winds are much stronger,
such that the zonal wind is negative (anomalously westward)
on zonal average. At latitudes 30–50◦ N positive winds are
stronger, but the regions of negative winds are more extended
resulting in close to zero winds on zonal average (Fig. 7e2).

We still find considerable gravity wave activity related to
the polar vortices (Fig. 7e4 and e5). Enhancements are found
in regions of strong jet curvature (above North America and,
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Figure 8. Zonal average cross-sections of MLS temperatures (upper), SABER gravity wave squared amplitudes in K2 (second row), mo-
mentum fluxes in mPa (third row), and potential drag in m s−1 day−1 (lower) for the latitudes 20–90◦ N during different phases of the strong
major SSW in winter 2008/2009. For comparison, the left column shows an unperturbed vortex situation during February 2011. For the lower
three rows logarithmic color scales are used. Overplotted contour lines indicate the zonal average of MLS geostrophic zonal winds, averaged
over the respective time periods shown. Contour interval is 20 m s−1. Dashed contour lines indicate westward wind.

much weaker, over central Asia), as well as over eastern Eu-
rope, possibly related to the jet exit region. The source alti-
tude, however, could be well below 30 km.

Of course, also mountain waves will play an important
role. There is also some remaining gravity wave activity over
the North Pacific that seems to be related to the anomalous
westward winds in this region. It should also be noted that,
due to the off-pole displacement of the two vortices, winds
are much reduced north of 70◦ N. Further, there are two re-
gions of anomalous westward winds north of 60◦ N, which
may increase the probability of mountain waves to encounter
wind reversals (i.e., critical levels). Both vortex displacement
and anomalous winds may therefore contribute to the overall
reduction of gravity wave activity at latitudes north of 60◦ N
(see also Figs. 3h and 5h).

5.1.6 Extended phase of stratospheric anomalous
winds

The sixth row in Fig. 7 covers the time period 8–23 Febru-
ary 2009, i.e., the extended period of stratospheric anomalous
westward winds in the latitude range 60–80◦ N (cf. Fig. 1h).
During this period, there is little structure in the tempera-
ture distribution of the Northern Hemisphere, with a polar
temperature minimum just starting to form (Fig. 7f1). The
polar vortices have disappeared, and zonal wind is generally
weak. There is an almost axisymmetric band of weak anoma-
lous westward winds at latitudes north of about 50◦ N, while
winds are prevalently eastward south of about 50◦ N (Fig. 7f2
and f3).

Due to the very weak winds in the whole Northern
Hemisphere, gravity wave activity is also strongly reduced
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(Fig. 7f4 and f5). Partly, this is the case because there are
no favorable enhancements of gravity wave saturation ampli-
tudes by the background winds. And, particularly at latitudes
north of 50◦ N, due to the anomalous westward winds there
is an increased probability for mountain waves to encounter
critical levels before reaching the altitude level of 30 km dis-
played in Fig. 7. The highest values of gravity wave activity
are found in the vicinity of Japan and the Korean Peninsula
(see Fig. 7f4).

5.1.7 Shortly after the period of anomalous winds

The bottom row of Fig. 7 represents an average over the pe-
riod 5–15 March 2009. During this period, zonal average
zonal winds in the latitude range 60–80◦ N are no longer
anomalous and have turned to eastward again in the strato-
sphere (cf. Fig. 1h). A new temperature minimum has formed
at the pole (Fig. 7g1), and the winds at 30 km altitude have
started to strengthen again, particularly at latitudes around
40◦ N (see Fig. 7g2 and g3).

As a consequence, gravity wave activity has started to in-
crease again, particularly south of 50◦ N. Squared amplitudes
and momentum fluxes are maximum over northeast Asia,
even reaching as far north as about 60◦ N. Compared to Jan-
uary 2009, however, momentum fluxes are still relatively low,
likely because of the still quite weak background winds and
thus comparably low gravity-wave saturation amplitudes.

5.2 Zonal average cross sections during the 2009 major
SSW

Next, we will investigate zonal average cross sections of
MLS temperatures, SABER gravity wave squared ampli-
tudes, absolute momentum fluxes, and gravity wave poten-
tial drag during the major SSW in winter 2008/2009 for the
same periods as discussed in Sect. 5.1. The results are given
in Fig. 8 for temperatures (upper row), gravity wave squared
amplitudes (second row), momentum fluxes (third row), and
gravity wave potential drag (bottom row) in the latitude range
20–90◦ N. Overplotted contour lines are zonal average MLS
geostrophic zonal winds with eastward (westward) winds in-
dicated by solid (dashed) contour lines. Zero zonal wind is
indicated by a bold solid contour line. Contour increment is
20 m s−1.

5.2.1 Unperturbed vortex during 2011

The left column of Fig. 8 shows zonal average temperatures,
gravity wave squared amplitudes, momentum fluxes and po-
tential drag for the characteristic situation of an unperturbed
polar jet during 13–28 February 2011. The temperature struc-
ture during this period displays the typical wintertime split
stratopause pattern (Fig. 8a1) with the polar temperature en-
hancement being an effect of adiabatic heating by the down-
welling branch of the Brewer Dobson circulation (e.g., Hitch-
man et al., 1989). The polar jet is tilted equatorward (with

increasing altitude), displaying the well-known funnel-like
shape of an unperturbed polar vortex.

For unperturbed vortex conditions, stratospheric gravity
wave squared amplitudes and momentum fluxes are en-
hanced only at high latitudes where the strong polar jet is
located (Fig. 8b1 and c1). At higher altitudes, the momentum
flux maximum shifts from around 65◦ N in the stratosphere
to about 45 in the mesosphere, which might be an indication
for gravity waves propagating from higher to lower latitudes
while propagating upward, following the tilted polar jet. We
also find enhanced gravity wave potential drag at latitudes
55–80◦ N in the altitude range 45–55 km where the polar jet
significantly weakens. Obviously, this gravity wave potential
drag has a net decelerating effect at the top of the polar jet.
Another enhancement of gravity wave potential drag is found
in the upper mesosphere with particularly high values around
the zero wind line at the top of the polar jet equatorward of
about 55◦ N. In the lower part of the polar jet, where zonal
wind vertical gradients are positive, gravity wave potential
drag is not as strong as in the upper part of the jet.

5.2.2 Well before the central date of SSW 2009

In the period 12–16 January 2009, i.e., well before the cen-
tral date of the major SSW 2009, the zonal average temper-
ature structure, as well as the shape of the zonal wind jet
(Fig. 8a2) is very similar to the unperturbed situation in 2011
(distinct winter stratopause, equatorward tilt of the polar jet).
The main difference is that the polar jet is somewhat stronger
in the upper stratosphere and mesosphere. Further, due to the
elongation of the polar vortex (see Fig. 7b3) zonal winds are
somewhat stronger even at lower latitudes.

Accordingly, gravity wave squared amplitudes and mo-
mentum fluxes (Fig. 8b2 and c2) are somewhat stronger at
low latitudes in the stratosphere, and momentum fluxes are
also somewhat more enhanced around 60◦ N in the lower
mesosphere. Again, high values of gravity wave potential
drag are found in the upper part of the polar jet (around the
20 m s−1 contour line), where zonal wind vertical gradients
are negative. Another enhancement of gravity wave potential
drag is located in the upper mesosphere (above about 80 km
altitude), around the zero wind line. Again, potential drag is
comparably weak in the lower part of the polar jet.

5.2.3 Shortly before the central date of SSW 2009

During the period 17–21 January 2009, shortly before the
central date of the SSW, the thermal structure in the strato-
sphere is still close to unperturbed conditions (Fig. 8a3).
Only the altitude of the polar stratopause is somewhat lower
than before. At latitudes poleward of about 40–50◦ N, how-
ever, already the well-known mesospheric cooling that is
related to SSWs is observed, and the zero wind line has
started to descend from about 90 km altitude down to about
60–70 km. On zonal average, eastward-directed zonal wind
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(u) has significantly weakened in the whole altitude range.
This zonally averaged behavior, however, does not necessar-
ily mean that the polar jet (

√
u2+ v2) itself has weakened at

all altitudes. As can be seen from Fig. 7c2 and c3, the polar
vortex at 30 km altitude is still very strong. One reason is the
strengthening of the meridional wind component (v). Fur-
ther, due to the extreme elongation of the vortex, considering
a fixed latitude circle the region of strong winds now covers
a narrower range of longitudes, resulting in reduced zonal
average winds. In addition, larger regions of weak westward
winds, apparently secondary circulations and outflows of the
polar vortex, have formed at midlatitudes. This indicates that
for strongly perturbed vortex conditions a zonal average view
may be too simple.

Due to the extreme elongation of the polar vortex, high
values of gravity wave squared amplitudes and momen-
tum fluxes are now spread over all latitudes north of 30◦ N
(Fig. 8b3 and c3). The same is found for gravity wave po-
tential drag (Fig. 8d3). Still, enhanced values of potential
drag are found close to the zero wind line at the top of the
jet around 85 km altitude in the latitude range 20–40◦ N,
and poleward of 40◦ N around 70 km altitude (i.e., somewhat
above the zero wind line).

5.2.4 Around the central date of SSW 2009

In the period 22–26 January, which is centered around the
central date of the SSW, the polar stratopause has further de-
scended, while zonal average zonal winds have further weak-
ened and are westward in the whole altitude range 30–90 km
north of 40◦ N (Fig. 8a4).

Gravity wave squared amplitudes and momentum fluxes
are still spread out over a large latitude range, but have started
to reduce due to the reduction of wind speeds in the split vor-
tex (see Fig. 7d2 and d3), and the increased probability of
wind reversals at low levels. Also gravity wave potential drag
is still spread out over a large latitude range (Fig. 8d4). En-
hancements of potential drag are found above 80 km altitude
and, less pronounced, around 70 km altitude.

5.2.5 Anomalous winds shortly after the central date of
SSW 2009

Shortly after the central date, in the period 25–29 January
2009, the polar stratopause has weakened and further de-
scended to about 40 km altitude (Fig. 8a5). At the same time,
there are first indications of a new elevated polar stratopause
forming at altitudes above 80 km. On zonal average, zonal
wind is anomalously westward in the whole Northern Hemi-
sphere in the altitude range 30–50 km, while it is eastward in
the altitude range of about 50–85 km equatorward of about
65◦ N. This, however, is only the zonal average view of
the zonal winds. As can be seen from Fig. 7e2 and e3, in
the stratosphere the longitudinal structure of the horizontal
winds is still quite complicated due to the split vortex con-

ditions and the secondary circulations (outflows) of the two
polar vortices.

Gravity wave squared amplitudes, momentum fluxes and
potential drag (Fig. 8b5, c5, and d5) display a similar zonal
average structure as in the previous period (22–26 January),
but have further weakened at altitudes below about 60 km.

5.2.6 Extended phase of stratospheric anomalous
winds

Later during the PJO event, in the period 8–23 February
2009, the old polar stratopause has descended to an alti-
tude of around 20 km, and the new elevated polar stratopause
is now well established and has descended to about 75 km
(Fig. 8a6). A new strong eastward-directed polar jet has
formed, which is tilted poleward (with increasing altitude),
while zonal winds are still anomalously westward below
about 35 km altitude poleward of about 50◦ N.

Gravity wave squared amplitudes and momentum fluxes
are now strongly reduced in the whole Northern Hemi-
sphere with the strongest reduction at latitudes north of 60◦ N
(Fig. 8b6 and c6). Still, gravity wave squared amplitudes and
momentum fluxes can attain considerable values in the upper
part of the newly formed polar jet. A remarkable feature can
be seen in the zonal average gravity wave momentum fluxes
(Fig. 8c6): in upper stratosphere and lower mesosphere, a
broad tongue of enhanced momentum fluxes has formed,
which extends from around 35◦ N at 40 km altitude to around
50◦ N at 70 km. At the poleward side of this tongue, momen-
tum flux vertical gradients sometimes even reverse, and be-
come positive. This could be an indication for poleward prop-
agation of midlatitude gravity waves into the newly formed
strong polar jet. Another explanation for reversed vertical
gradients could be gravity wave sources in this altitude range.
To our knowledge, however, there are no pronounced grav-
ity wave sources at mid latitudes and altitudes of 50–60 km.
Further, it is unlikely that these sources would only be active
during one particular time period of a PJO event. Therefore
this explanation for reversed momentum flux vertical gradi-
ents should be less likely.

Gravity wave potential drag (Fig. 8d6) is strongly en-
hanced at the top of the new polar jet where zonal wind
vertical gradients are strongly negative (=westward). This
enhanced drag likely contributes significantly to the deceler-
ation of the jet. At the bottom of the new polar jet, however,
where zonal wind vertical gradients are strongly positive, po-
tential drag is quite weak. This is the case even though zonal
wind vertical gradients at the top and at the bottom of this jet
are similarly strong. As already mentioned in Sect. 4.3, this
finding is in good agreement with simulations of PJO events
by Hitchcock and Shepherd (2013).

Like in most global models, in the simulations of Hitch-
cock and Shepherd (2013) only purely vertical propagation
of gravity waves is assumed. From theoretical considera-
tions, however, refraction of gravity waves into strong wind
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jets is expected if full 3-D propagation of gravity waves
is taken into account (Preusse et al., 2009b; Kalisch et al.,
2014). Evidence for this effect from observations has been
found, for example, by Jiang et al. (2004b), Ern et al. (2011),
or Ern et al. (2013) for gravity waves in the summertime
subtropics, and by Hindley et al. (2015) for mountain waves
over South America. First indication of gravity wave merid-
ional propagation for the re-established polar jet during PJO
events has been found by Yamashita et al. (2013). These find-
ings can now be further confirmed by the characteristic zonal
average distribution of gravity momentum fluxes resulting
from our study. As has been pointed out by Yamashita et
al. (2013), meridional propagation of gravity waves is usu-
ally not considered in gravity wave parameterizations used in
global models. For GCMs/CCMs using gravity wave param-
eterizations that assume only vertical propagation of gravity
waves, the simulation of elevated stratopause events and the
re-formation of the polar jet after SSWs, as well as the down-
ward propagation of both elevated stratopause and the polar
jet after a SSW, may therefore not be fully realistic.

5.2.7 Shortly after the period of anomalous winds

Somewhat later during the PJO event, in the period 5–
15 March 2009, the new elevated polar stratopause has
descended to about 65 km, and also the core of the re-
established polar jet has descended to about 60 km (Fig. 8a7).

During this period, gravity wave squared amplitudes and
momentum fluxes have started to increase again, particu-
larly at mid latitudes (Fig. 8b7 and c7). A likely reason is
favorably increased gravity wave saturation amplitudes due
to strengthening winds. Further, the probability for gravity
waves to encounter wind reversals due to anomalous west-
ward winds has strongly decreased, and troposphere and
lower stratosphere will be more permeable for gravity waves
than before. Consequently, the tongue of increased momen-
tum fluxes, that was seen during the previous period, is now
much less pronounced and broader.

Enhanced values of gravity wave potential drag at the top
of the newly formed polar jet are now found at somewhat
lower altitudes because meanwhile the jet has somewhat de-
scended in altitude (Fig. 8d7). Further, the absence of a pro-
nounced tongue of enhanced momentum fluxes from lower
latitudes seems to indicate that in the later phase of the newly
formed polar jet the role of gravity waves propagating merid-
ionally from lower latitudes into the polar jet is less domi-
nant, and the contribution of vertically propagating gravity
waves in decelerating the polar jet at its top has increased.

6 Gravity waves during different phases of the major
SSW in 2006

Now, as a second event, we will investigate the development
during different phases of the major SSW/PJO event in win-

ter 2005/2006. We will use the same diagnostics and struc-
ture as for the 2009 PJO event.

In two ways, this SSW is different from the one in 2009:
first, while the SSW 2009 was a split vortex event, domi-
nated by a strong quasi-stationary planetary wave 2, the ma-
jor SSW in 2006 is a displaced vortex event, dominated by a
strong quasi-stationary planetary wave 1; second, before the
central date of the SSW 2009 the zonal average wind in the
latitude band 60–80◦ N was strongly eastward, and the wind
reversal to westward winds took place on the central date of
the major SSW. This is different for the SSW in 2006. On
zonal average, the zonal wind in the latitude band 60–80◦ N
was oscillating between eastward and westward in the strato-
sphere well before the central date (21 January 2006). See
also Figs. 1e and 2e. Therefore also the evolution of the po-
lar jet before the major SSW 2006, as well as its effect on
the global gravity wave distribution, is of interest and will be
investigated.

6.1 Horizontal distributions during the 2006 major
SSW

To illustrate the temporal evolution of the polar vortex in
winter 2005/2006, the different rows in Fig. 9 show horizon-
tal distributions at 30 km altitude for different phases of the
2006 PJO event before, during, and after the central date.
Shown are ERA-Interim temperatures (left column), ERA-
Interim zonal wind (second column) and absolute horizon-
tal wind (third column), as well as HIRDLS gravity wave
squared amplitudes (fourth column) and gravity wave abso-
lute momentum fluxes (right column). Because HIRDLS of-
fers a much better horizontal sampling than SABER, hori-
zontal maps of HIRDLS gravity wave activity can be calcu-
lated and displayed with much better horizontal resolution.

6.1.1 Well before the major SSW 2006, eastward winds
around the stratopause

The first period considered is 3–7 January 2006, i.e., well
before the major SSW 2006. From Fig. 9a1, it can be seen
that already several weeks before the central date of the
SSW, there is a pronounced planetary wave 1 structure in
the temperature at 30 km altitude. The polar vortex is dis-
placed (Fig. 9a3), but the displacement is not strong enough
to result in westward winds on zonal average (Fig. 9a2). Still,
there are first indications of vortex instability and breaking of
the planetary wave 1: a region of weak westward winds (ap-
parently some flow out of the polar vortex) is located over
North America and the North Pacific, and a region of weak
eastward winds (apparently some flow into the polar vortex)
extends from around 30◦ N over the Atlantic Ocean to the
Mediterranean.

The bulk of gravity wave activity is found over the North
Atlantic, Europe, and North Asia, related to the southern part
of the displaced vortex. Some enhancement that seems to be
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Figure 9. Horizontal distributions at 30 km altitude of ERA-Interim temperatures (left column), zonal wind (second column), absolute
horizontal wind (third column), and HIRDLS gravity wave squared amplitudes in K2 on a logarithmic scale (fourth column), as well as
HIRDLS gravity wave momentum fluxes in mPa on a linear scale (right column). The different rows represent different periods before,
during, and after the central date (21 January) of the 2006 major SSW.

www.atmos-chem-phys.net/16/9983/2016/ Atmos. Chem. Phys., 16, 9983–10019, 2016



10008 M. Ern et al.: Gravity wave effects during SSWs

related to the weak inflowing and outflowing circulations of
the polar vortex is also seen over the Mediterranean, as well
as over the North Pacific. Overall, the distribution of grav-
ity wave squared amplitudes and momentum fluxes is quite
spotty, which is an indication of strongly intermittent and lo-
calized gravity wave sources. Like for the SSW 2009, the
observed gravity wave distribution will be a mixture of oro-
graphically generated, and of jet-generated gravity waves.
The individual sources, however, cannot easily be attributed
from the observations alone.

6.1.2 Well before the major SSW 2006, westward
winds around the stratopause

Somewhat later, during 8–12 January 2006, the zonal aver-
age wind in the latitude range 60–80◦ N is westward (see
Fig. 1e). As can be seen from Fig. 9b1, the phase of the plan-
etary wave 1 has shifted somewhat to the west, and the polar
vortex is displaced somewhat more to the south (Fig. 9b3).
Due to this slight southward shift, zonal average zonal wind
is now westward close to the North Pole (Fig. 9b2).

Although the vortex has only slightly shifted, this has
a strong effect on the global distribution of gravity wave
squared amplitudes and momentum fluxes (Fig. 9b4 and b5).
The strongest gravity wave activity is no longer found over
Northern Asia, but has shifted toward northern Europe, and
strongly increased momentum fluxes are also found over the
North Atlantic. The gravity wave activity related to the weak
inflow and outflow circulations is somewhat reduced, and
there is a shift from the central Mediterranean to the west-
ern Mediterranean and to the Canary Islands west of Africa.
Overall, these strong changes show the strongly intermittent
nature particularly of orographically generated gravity waves
(e.g., Eckermann and Preusse, 1999; Jiang et al., 2002; Hert-
zog et al., 2008, 2012; Wright et al., 2013), but obviously
also jet-related gravity wave sources show strong day-to-day
variability, as could be the case over the North Atlantic. Of
course, it is difficult to provide reliable estimates of intermit-
tency time scales because the observations are limited by the
daily sampling patterns of the satellite instruments. However,
the strong changes from one 5-day period to the following
suggest that time scales are much shorter than 5 days. This is
further supported by the strong changes in hemispheric grav-
ity wave momentum fluxes by a factor of 3 from one day
to another as obtained from the gravity waves resolved in
ECMWF analyses (Preusse et al., 2014).

6.1.3 Around the central date of major SSW 2006

The period 19–23 January is centered around the central date
(21 January) of the major SSW 2006. The planetary wave 1
is strongly displaced towards lower latitudes, such that the
warm phase of the planetary wave leads to the stratospheric
warming in the polar region (Fig. 9c1). The polar vortex is
strongly displaced towards western Europe, and it has con-

siderably weakened (Fig. 9c3). Due to the strong displace-
ment, zonal winds are anomalously westward east of Green-
land. Further, winds are slightly westward over North Amer-
ica, Asia, and the North Pacific (Fig. 9c2). Therefore, on
zonal average, zonal wind is slightly westward north of about
50◦ N.

Compared to the previous periods, gravity wave activity
has considerably weakened. Also compared to the period
centered around the central date of the major SSW 2009
gravity wave activity is much weaker. One of the reasons is
the much smaller size of the polar vortex during the SSW
2006.

This becomes obvious, in particular, when comparing
gravity wave momentum flux (5th column) and absolute
wind velocities (3rd column) for the two cases in Figs. 7
and 9.

Around the central date of the major SSW 2009 almost the
entire Northern Hemisphere was affected by the split vortex
and its secondary inflow and outflow circulations, resulting
in large regions of enhanced gravity wave activity.

Different from this, around the central date of the major
SSW 2006 we find only several hot spots of gravity wave
activity in the vicinity of the much smaller polar vortex
(Fig. 9c4 and c5).

Two hot spots of strong gravity wave momentum fluxes
are located over Greenland and the Alps, and may therefore
be caused by strong activity of mountain waves. Another hot
spot of momentum fluxes is located over the North Atlantic
around 25◦W and 45◦ N, in a region where strong deceler-
ation of the polar jet is observed. This indicates that these
gravity waves could be excited by jet-related sources in the
vicinity of the jet exit region.

Another enhancement of momentum fluxes is found close
to the North African coast at the southern edge of the po-
lar vortex. Because enhanced momentum fluxes persistently
show up in this region, this may be an indication of oro-
graphic sources, for example the Atlas Mountains.

6.1.4 Strong anomalous winds shortly after the central
date of major SSW 2006

The next period is from 22–26 January 2006. Somewhat
overlapping with the previous period, it covers the phase of
strongest stratospheric anomalous westward winds in the po-
lar region (Fig. 9d2 and d3). While temperatures in the polar
region are still strongly enhanced due to the displaced plane-
tary wave 1 (Fig. 9d1), the polar vortex has further weakened
and has started to decay (Fig. 9d3).

Gravity wave activity is now strongly reduced (Fig. 9d4
and d5). Apart from some scattered gravity wave activity,
there are just three momentum flux maxima south of 60◦ N.
The first maximum is located over the Alps, the second over
the Atlas Mountains, and the third over eastern Europe. Not
much momentum flux is left north of 60◦ N, possibly a con-
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Figure 10. Zonal average cross-sections of MLS temperatures (upper), as well as a combination of HIRDLS and SABER gravity wave
squared amplitudes in K2 (second row), momentum fluxes in mPa (third row), and potential drag in m s−1 day−1 (lower) for the latitudes
20–90◦ N during different phases of the strong major SSW in winter 2005/2006. For the lower three rows logarithmic color scales are used.
Overplotted contour lines indicate the zonal average of MLS geostrophic zonal winds, averaged over the respective time periods shown.
Contour interval is 20 m s−1. Dashed contour lines indicate westward wind.

sequence of the anomalous westward winds causing wind re-
versals at lower altitudes.

6.1.5 Growing stage of new polar jet

The following period is from 1–10 February 2006. As can be
seen from Fig. 1e, this is a phase of anomalous westward
winds that are persisting in the polar stratosphere. These
winds are situated below a polar jet that is newly forming
at higher altitudes. From Fig. 9e1 we find that the plane-
tary wave 1 has almost dissipated, and only little temperature
variation is left in the Northern Hemisphere at 30 km altitude.
Also the polar vortex has decayed, and winds at 30 km are
anomalously westward in most of the polar region (Fig. 9e2
and e3).

Enhanced gravity wave activity is found mainly south of
60◦ N over western Asia and northern Africa, related to the
final remnants of the polar vortex (Fig. 9e4 and e5). Particu-
larly the western Asian region is very mountainous, and part
of the momentum flux enhancement may be due to mountain
waves.

6.1.6 Mature stage of new polar jet

During 27 February until 3 March 2006, a new tempera-
ture minimum has started to form close to the North Pole
(Fig. 9f1). Winds in the polar region are still weak, but at
mid latitudes three regions of enhanced eastward wind have
emerged (Fig. 9f2 and f3). The first region is located above
the coast of northeastern North America and extends over
the Atlantic Ocean, the second region is located over the
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Mediterranean, and the third region is located over northeast-
ern Asia.

Interestingly, strong gravity wave activity is found closely
related to those three regions of enhanced winds (Fig. 9f4
and f5). While some of the gravity wave activity will be re-
lated to favorable enhancements of saturation amplitudes or
to sources directly related to those wind systems, also hot
spots of gravity wave momentum fluxes are located close to
known sources of mountain waves. For example, increased
momentum fluxes are seen over North America in the vicin-
ity of the Appalachian Mountains, and along the eastern
Canadian coast. Also the gravity waves around the Mediter-
ranean Sea may partly be mountain waves. The strongest hot
spot, however, is located over the coast range of northeastern
Asia. Some enhancements are also seen over Kamchatka and
over the mountains in southeastern Russia and northeastern
China. Another hot spot located at 40◦ N, 180◦ E might be
caused by a localized weather system.

6.1.7 First weakening of new polar jet

Finally, during the period 10–14 March 2006, the tempera-
ture minimum is somewhat displaced from the North Pole
(Fig. 9g1). Over most of the Northern Hemisphere, we find
weak eastward-directed winds. Only over the North Pa-
cific the winds are quite weak and partly directed westward
(Fig. 9g2 and g3). The strongest winds are found over North
America, the Atlantic Ocean, and close to the North Pole,
north of the Bering Strait.

During this period, we find scattered gravity wave activity
in most of the Northern Hemisphere, even at latitudes north
of 60◦ N. There is only one major region of low gravity-wave
activity over the North Pacific. This region coincides with
the above mentioned region of comparably weak background
winds. Another region of low gravity-wave activity is found
over the North Pole. However, compared with the previously
discussed period 27 February until 3 March, its area is some-
what smaller, and its gravity wave activity somewhat stronger
(cf. Fig. 9f4 and g4).

6.2 Zonal average cross sections during the 2006 major
SSW

In the following, we will investigate zonal average cross
sections of MLS temperatures, gravity wave squared ampli-
tudes, absolute momentum fluxes, and gravity wave poten-
tial drag during the major SSW in winter 2005/2006 for the
same periods as discussed in Sect. 6.1. The gravity wave
cross sections are a combination of HIRDLS below 50 km
and SABER above 55 km, with a smooth transition between
HIRDLS and SABER in the altitude range 50–55 km. The re-
sults are given in Fig. 10 for temperatures (upper row), grav-
ity wave squared amplitudes (second row), momentum fluxes
(third row), and gravity wave potential drag (bottom row) in

the latitude range 20–90◦ N. Again, overplotted contour lines
indicate zonal average MLS geostrophic zonal winds.

6.2.1 Well before the major SSW 2006, eastward winds
around the stratopause

In the first period considered (3–7 January 2006) the polar
stratopause is not as pronounced as during unperturbed con-
ditions (cf. Figs. 10a1 and 8a1). One of the reasons may be
that the stratospheric polar vortex is already somewhat dis-
placed and perturbed (cf. Fig. 9a3). For the same reason, in
Fig. 10a1 the zonal average wind in the stratosphere is only
slightly positive (= eastward). Also the larger region of weak
westward winds that (at 30 km altitude) is located over North
America and the North Pacific will contribute to the reduc-
tion on zonal average (see Fig. 9a2). Different from this, at
30◦ N in the mesosphere one part of the vortex is as strong as
about 40 m s−1 (i.e., similarly strong as for unperturbed vor-
tex conditions), and therefore does not seem to be affected
much. A similar situation when the polar vortex is shifted off-
pole during a non-SSW period is found during 22–26 January
2010. This suggests that the case from early January 2006 is
not a singular event, and that a zonal average view of polar
vortex dynamics may be too simple.

During 3–7 January 2006, gravity wave squared ampli-
tudes and momentum fluxes (Fig. 10b1 and c1) are still high
with a pronounced maximum around 60◦ N. As can be seen
from Fig. 9a3, a4, and a5, this maximum is caused by the
high gravity-wave activity in the southern part of the polar
jet. Please note that above 55 km no gravity wave data are
available at latitudes north of about 50◦ N because SABER is
in southward-viewing geometry; this is still the case for the
time period 8–12 January, discussed in the next subsection.

Some enhancement of gravity wave potential drag
(Fig. 10d1) is found already in the stratosphere, similar to
during unperturbed vortex conditions, or during the period
well before the major SSW 2009 (cf. Fig. 8a5 and b5). Fur-
ther, we find a strong enhancement of potential drag close to
the top of the mesospheric part of the polar jet.

6.2.2 Well before the major SSW 2006, westward
winds around the stratopause

During the second period (8–12 January 2006), we find a pro-
nounced polar stratopause (Fig. 10a2). Zonal average zonal
wind is negative (=westward) at latitudes north of 40–50◦ N
and altitudes above about 30–40 km. Again, this is an effect
of the vortex displacement, and of the large region of weak
westward winds over North America and the North Pacific.
Compared to the previous period, this region has even grown
in size (cf. Fig. 9b2). Like before, the mesospheric part of the
polar vortex is strong with zonal average eastward-directed
wind speeds exceeding 40 m s−1 at latitudes south of about
30◦ N.
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Gravity wave activity is enhanced only in the vicinity of
the polar vortex and not affected much by the extended re-
gion of weak westward winds. Therefore zonal average dis-
tributions of squared amplitudes, momentum fluxes and po-
tential drag are very similar to those discussed in Sect. 6.2.1.
This shows that a zonal average view may be too simple,
if the distribution of zonal winds has a complicated longi-
tudinal structure. On the other hand, the zonal average dis-
tribution of gravity wave activity and potential drag has not
changed much, even though there is a considerable change
in the longitudinal distribution of gravity wave activity (cf.
Fig. 9a5 and b5).

6.2.3 Around the central date of major SSW 2006

In the time period 19–23 January, centered around the cen-
tral date (21 January) of the 2006 major SSW, the polar
stratopause has started to weaken and to descend (Fig. 10a3).
Related to the oscillation of the polar vortex, there were al-
ready mesospheric coolings during the periods 3–7 and 8–12
January (see also Fig. 2e). The cooling around the central
date is not more pronounced, and therefore not much dif-
ference is seen when comparing Fig. 10a3 with Fig. 10a1
and a2. At altitudes above about 30 km the zonal average
zonal wind is anomalously westward north of about 50◦ N.
South of 50◦ N the zonal wind is eastward on average.

In the stratosphere, gravity wave squared amplitudes
and momentum fluxes have started to decrease (Fig. 10b3
and c3). Still, a maximum is found at latitudes 40–70◦ N
in the stratosphere. This maximum is mainly caused by the
gravity wave hot spots seen in Fig. 9c4 and c5. Compared to
the previous periods, however, gravity wave potential drag is
strongly reduced in the stratosphere (Fig. 10d3). In the meso-
sphere, however, potential drag is strongly enhanced at alti-
tudes above 70 km, where zonal average winds are weaken-
ing (or even reversing above 85 km equatorward of 30◦ N).

6.2.4 Strong anomalous winds shortly after the central
date of major SSW 2006

Shortly after the central date of the major SSW 2006, dur-
ing the time period 22–26 January, the polar stratopause has
descended to about 40 km, and there is still no indication
for the forming of an elevated stratopause (Fig. 10a4). The
zonal average distributions of the zonal winds, as well as of
the gravity wave squared amplitudes, momentum fluxes and
potential drag are very similar to those in the period 19–23
January containing the central date of the SSW. The only
differences are that squared amplitudes, momentum fluxes
and potential drag in the stratosphere have further decreased
(Fig. 10b4, c4, and d4). In addition, the anomalous westward
winds have somewhat descended in altitude, while eastward
winds have extended to higher latitudes above about 75 km,
thereby forming some kind of transition stage towards the

re-establishment of a new poleward tilted eastward-directed
polar jet.

6.2.5 Growing stage of new polar jet

During the period 1–10 February, the old stratopause has de-
scended to below 30 km, and a new stratopause has formed
around 75 km (Fig. 10a5). A new eastward-directed poleward
tilted polar jet has formed, while zonal winds are quite weak
and directed westward in the polar stratopause (poleward of
50◦ N below about 40 km altitude).

As a consequence of these weak and westward-directed
winds, gravity wave squared amplitudes and momen-
tum fluxes are strongly reduced in the polar stratosphere
(Fig. 10b5, and c5). The momentum flux distribution is
somewhat tilted, following the upper part of the new polar
jet, but a pronounced tongue of enhanced momentum fluxes,
like after the major SSW 2009 (cf. Fig. 8c6), does not show
up. Still, meridional propagation of gravity waves may play
an important role. Enhanced gravity wave potential drag is
mainly found at the top of the new polar jet (at altitudes
above about 60 km) where vertical gradients of the zonal
wind are strong (Fig. 10d5). Some weak enhancement of po-
tential drag is also found in the lower part of the new jet in
regions of strong vertical gradients of the zonal wind.

6.2.6 Mature stage of new polar jet

In the period 27 February until 3 March 2006, the elevated
polar stratopause has descended to about 60 km (Fig. 10a6).
Compared to the period 1–10 February, the new polar jet
has considerably strengthened and descended in altitude. On
zonal average, zonal wind in the lower stratosphere is weak
and eastward.

Gravity wave squared amplitudes and momentum fluxes
are still weak in the lower polar stratosphere (Fig. 10b6
and c6), but have started to increase around 40 km, related
to the increased winds in the polar jet. Still, some poleward
tilt is found in the momentum flux distribution at altitudes
above about 50 km.

There is some enhancement of gravity wave potential drag
in the strong zonal wind vertical gradients at the bottom of
the new polar jet (Fig. 10d6). These values are somewhat
stronger than those found for comparable conditions during
the jet recovery of the 2009 PJO event (Fig. 8d7), which in-
dicates that during the jet recovery of the 2006 PJO event
the troposphere and lower stratosphere are more permeable
to gravity wave propagation from below. This is confirmed
by the horizontal distributions of squared amplitudes and
momentum fluxes during these periods (cf. Figs. 7g4, g5,
and 9f4, f5). However, like for the PJO event in 2009, gravity
wave potential drag related to the strong zonal wind vertical
gradients at the top of the new polar jet is much stronger and
likely contributes to the deceleration and reversal of the zonal
winds at the top of the jet.
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6.2.7 First weakening of new polar jet

In the period 10–14 March 2006, the elevated polar
stratopause has descended to below 60 km (Fig. 10a7). Also
the new polar jet has further descended and has started to
weaken.

In the stratosphere, gravity wave squared amplitudes and
momentum fluxes have further increased (Fig. 10b7 and c7),
and there is some kind of double peak structure with peaks
at about 40 and 60◦ N. This double peak is caused by the
distribution of the spots of enhanced gravity wave activity,
as can be seen from Fig. 9g4, and g5. There is only little
indication for a poleward tilt of the zonal average momentum
flux distribution.

The zonal average distribution of gravity wave potential
drag (Fig. 10d7) is very similar to the distribution during the
previous period of the PJO event. However, potential drag
has somewhat decreased in the lower part of the new polar
jet, and in the stratosphere potential drag at the poleward side
of the jet is now stronger than at the equatorward side.

7 Summary and discussion

In our work, we investigate the effect of gravity waves during
the boreal winters 2001/2002 until 2013/2014 in the whole
middle atmosphere (20–90 km altitude) based on observa-
tions of the infrared limb sounding instruments SABER and
HIRDLS (depending on data availability).

Altitude–time cross sections illustrate the evolution of
zonal average temperatures (Fig. 2) and zonal winds
(Fig. 1) at latitudes 60–80◦ N. Temperatures were taken
from SABER and MLS observations, as well as from ERA-
Interim, and also winds are a composite of ERA-Interim
winds and of geostrophic winds derived from MLS and
SABER observations. In the 13 winters considered, there are
only a few winters when the polar vortex was little perturbed
(the winters 2004/2005, 2010/2011, and 2013/2014), while
most of the other winters had at least one major SSW. In six
of the perturbed winters, a polar-night jet oscillation (PJO)
event took place (in the winters 2003/2004, 2005/2006,
2008/2009, 2009/2010, 2011/2012, and 2012/2013). During
these events, the polar stratopause rapidly drops in altitude,
a new elevated stratopause forms after the SSW at altitudes
around 75 km, and a new polar jet is re-established. Both,
elevated stratopause and new polar jet gradually descend in
altitude with time over a period of about 1–2 months.

Altitude–time cross sections of observed gravity wave
squared amplitudes, momentum fluxes and potential drag
(Figs. 3, 5, and 6) give an overview of the different effects of
gravity waves during the different conditions of the polar vor-
tex. Particularly, the interaction between gravity waves and
the background winds has a strong influence on the gravity
wave time series. For example, enhanced values of gravity
wave potential drag (i.e., strong vertical gradients of abso-

lute momentum fluxes) are often observed where zonal wind
vertical gradients are strong. This is mainly the case in the
mesosphere, and related to strong zonal wind vertical gra-
dients at the top of the polar jet, but sometimes enhanced
potential drag is also seen together with strong zonal wind
vertical gradients related to anomalous westward winds after
a SSW.

For unperturbed or just somewhat perturbed vortex con-
ditions, there is notable gravity wave activity already in the
stratosphere, because usually there is no wind reversal that
would filter out relevant parts of the gravity wave spectrum
excited by tropospheric sources. The distribution of gravity
wave potential drag indicates that dissipating gravity waves
will contribute to the zonal momentum budget in the strato-
sphere. Values are, however, more enhanced in the upper part
of the jet, related to negative (i.e., westward-directed) verti-
cal gradients of the zonal wind. This suggests that dissipating
gravity waves contribute significantly to the deceleration and
reversal of the polar jets in the (upper) mesosphere.

Before or around the central date of major SSWs, some-
times enhanced stratospheric gravity wave activity is found
in the latitude range 60–80◦ N. However, this is not always
the case. Obviously, the particular shape and position of the
polar vortex plays an important role: enhancements of gravity
wave activity seem to be more likely for vortex split events
(cf. Fig. 4).

This is further confirmed by investigating the horizontal
distributions of gravity wave activity at 30 km altitude before,
during, and after the central dates of the major SSWs 2006
and 2009 (Figs. 7 and 9). Both these SSWs are PJO events,
but they are very different in their temporal evolution.

The SSW 2009 is a vortex split event (i.e., strong activity
of planetary wave 2). During the evolution of the vortex, we
find strong gravity wave activity in regions that are known
as hot spots of mountain wave activity, for example over the
Rocky Mountains and Scandinavia. However, there is also
a lot of gravity wave activity due to jet-related source pro-
cesses. For example, enhanced gravity wave activity is found
in regions of strong jet deceleration (jet exit regions) and of
strong curvature of the jet. Of course, the source altitude of
the gravity waves seen in these regions at 30 km could be
well below this altitude.

In addition, enhanced gravity wave activity is found coin-
ciding with patterns of horizontal winds that are caused by
secondary circulations (vortex outflows) that seem to be re-
lated to the breaking of the planetary wave 2. The gravity
wave distribution changes rapidly within only a few days .
Further, due to the strong elongation and later split of the
vortex, shortly before and around the central date of the SSW
almost the entire Northern Hemisphere north of about 30◦ N
is covered with enhanced gravity wave activity. This is one
of the reasons why gravity wave activity increases on zonal
average shortly before the central date of the SSW.

The situation is very different for the SSW 2006. This
SSW is a vortex displacement event (i.e., strong activity of
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planetary wave 1). Compared to the SSW 2009, the polar vor-
tex covers a much smaller area, and it even does not elongate
much during the evolution of the SSW. Therefore also the
area of enhanced gravity wave activity is smaller than during
the SSW 2009, and since the vortex does not extend much,
gravity wave activity does not increase much on zonal aver-
age (at 60–80◦ N) around the central date of the SSW 2006.
Also during the evolution of the SSW 2006, there seems to
be gravity wave activity due to jet-related sources. However,
at 30 km altitude only little activity is found over the patterns
of horizontal winds that are apparently caused by secondary
circulations (vortex inflow and outflow) related to vortex in-
stability and breaking of the planetary wave 1. On the other
hand, there are a lot of very localized hot spots that could
be caused by mountain waves, for example over northeastern
North America, Scandinavia, the Alps, the Atlas Mountains,
and later, during the jet recovery, also over western Asia and
northeast Asia. The distribution of these hot spots changes
very rapidly, as a consequence of the rapid vortex evolution,
and also due to the strongly intermittent gravity wave source
processes.

It should also be mentioned that, for both SSWs consid-
ered, the gravity wave distribution follows the absolute wind
velocity and displays a strong longitudinal structure. A zonal
average view may therefore be too simple, at least during
some phases of the vortex evolution. Further, during phases
of vortex displacement or elongation, gravity wave activity
may be strongly enhanced over a large range of latitudes,
which could have an important effect on the overall resid-
ual meridional circulation, and thereby on the evolution of
the SSW.

In particular, our findings support the study by Albers and
Birner (2014), and it is suggested that gravity waves may
contribute to the triggering of SSWs by preconditioning the
shape of the polar vortex such that a SSW can take place.

During PJO events, shortly after the central date of the
SSW (or shortly after the SSW in cases of PJO events related
to a minor SSW) a new eastward-directed polar jet emerges
around 75 km altitude. Different from the “regular” polar jet,
which is usually tilted equatorward, this newly formed jet is
tilted poleward. Below this new jet, zonal winds in the strato-
sphere are usually very weak, and initially they are preva-
lently directed anomalously westward. Due to these weak
winds, there is no favorable enhancement of gravity wave
saturation amplitudes for any gravity wave propagation di-
rection. Furthermore, due to anomalously westward winds,
there is an increased probability for low horizontal phase
speed gravity waves, for example mountain waves, to en-
counter critical wind levels.

For these reasons, stratospheric gravity wave activity (am-
plitudes and momentum fluxes) is very weak during the
phase of jet recovery. Therefore, although gravity waves with
eastward-directed phase speeds in the wide range of about
0–80 m s−1 encounter critical wind levels in the lower part
of the new polar jet, little gravity wave potential drag is ob-

served. Different from this, we find quite strong potential
drag in the wind shear at the top of the newly formed polar
jet. In spite of the weak stratospheric gravity wave activity,
these values of potential drag are comparable to those during
unperturbed vortex conditions.

The weak potential drag on the lower flank of the new
polar jet indicates that the strong winds in the jet are not
caused directly by wave driving of the polar jet. Instead, the
re-establishment of the polar jet is induced by changes in the
residual circulation.

Still, the descent of the shear zone on the upper flank of
the new polar jet, and thus also the formation and descent of
the newly formed elevated stratopause is likely dynamically
driven by breaking gravity waves, as indicated by the en-
hanced gravity wave potential drag. These findings are qual-
itatively in good agreement with modeling studies by, for ex-
ample, Tomikawa et al. (2012), or Hitchcock and Shepherd
(2013).

It is also noteworthy that during the first phase of jet
recovery after the SSW 2009, a poleward tilt of the ob-
served zonal average momentum flux distribution indicates
that meridional propagation of gravity waves from lower lat-
itudes may also be important for explaining the strong mo-
mentum fluxes and potential drag at the top of the new po-
lar jet. This confirms first indications from observed gravity
wave variances and a gravity wave ray tracing study by Ya-
mashita et al. (2013). As has been pointed out by Yamashita
et al. (2013), this effect is not included in gravity wave drag
parameterizations that assume only vertical propagation of
gravity waves. Later during the jet recovery, propagation con-
ditions for gravity waves improve, and vertically propagating
gravity waves become more and more important, as indicated
by a less tilted momentum flux distribution. During the jet re-
covery after the SSW 2006, the troposphere and stratosphere
seem to be more permeable to gravity waves, and meridional
propagation seems to be somewhat less important than dur-
ing the recovery after the SSW 2009.

Of course, gravity wave observations by limb-viewing
satellite instruments such as HIRDLS and SABER have sev-
eral limitations. First, there are constraints by the observa-
tional filter. Only gravity waves with horizontal wavelengths
longer than about 100–200 km are visible for those instru-
ments. For details about the observation geometry and the re-
sulting sensitivity for gravity waves see, for example, Preusse
et al. (2009a) or Trinh et al. (2015). Second, no directional
information is available, and only absolute values of gravity
wave momentum flux and potential drag can be derived. Fur-
ther, errors of observed momentum fluxes and potential drag
are quite large (at least a factor of 2).

However, uncertainties in modeling SSWs are sometimes
even larger. For example, in model simulations of PJO events
values of gravity wave drag at the top of the new polar
jet after the SSW range from about 30 m s−1 day−1 (e.g.,
Tomikawa et al., 2012; Hitchcock and Shepherd, 2013) to
about 150 m s−1 day−1 (e.g., de Wit et al., 2014). This means
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that, in spite of their large uncertainties, gravity wave ob-
servations by current satellite instruments like HIRDLS and
SABER provide an important confirmation of our physical
understanding of the dynamics of SSWs and PJO events.
In addition, these observations indicate that models should
be improved: the pronounced longitudinal structure and the
strong day-to-day variation of the global gravity wave distri-
bution shows the need for global models to include physical
gravity wave sources that are as realistic as possible. Fur-
ther, also non-vertical propagation of gravity waves should
be considered. A more quantitative observational approach
would be possible by the limb imaging technique, i.e., an
improvement of conventional limb measurement techniques
(e.g., Preusse et al., 2009a, 2014; Riese et al., 2014). This
technique would provide directional information of gravity
waves, and also errors could be considerably reduced.

8 Data availability

The used ERA-Interim data (Dee et al., 2011) can be re-
trieved from ECMWF Web API: https://software.ecmwf.int/
wiki/display/WEBAPI/Access+ECMWF+Public+Datasets.
The satellite data used in our study are open access. HIRDLS
and MLS data are freely available from the NASA Goddard
Earth Sciences Data and Information Services Center (GES
DISC) at http://disc.sci.gsfc.nasa.gov/Aura. SABER data are
freely available from GATS Inc. at http://saber.gats-inc.com.
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