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[1] A case study of a large-amplitude orographic gravity wave occurring over the
Antarctic Peninsula is presented, based on observations from the Vorcore balloon
campaign and on mesoscale numerical simulations. The Vorcore campaign (September
2005 to February 2006) consisted in the flight of 27 superpressure balloons in the core of
the Southern Hemisphere stratospheric polar vortex at altitudes of 16—19 km, from
September 2005 to February 2006. On 7 October 2005, one of the balloons exploded as
it was flying above the Antarctic Peninsula. The observations collected by another
balloon that was flying during the same time period above the peninsula suggest the presence
of a very intense gravity wave (peak-to-peak amplitude of the order of 25-30 m's™ ' in
zonal and meridional velocity disturbances). The wave packet is likely undersampled in
the balloon observations because of its high intrinsic frequency, but the balloon data set is
complemented with high-resolution numerical simulations carried out with the Weather
Research and Forecast Model. The simulations are validated by comparison with the
balloon measurements and show that the wave was breaking in the lower stratosphere at the

time and height where the balloon exploded. The simulations highlight several
consequences of the mountain wave on the stratosphere: forcing of the mean flow,
generation of secondary inertia-gravity waves, and turbulence and mixing. In particular, the
momentum fluxes are calculated and are found to compare well with the estimates from
balloon measurements. The large values found are likely extreme values, which raises the
issue of their representativity. To discuss this, the balloon measurements are used in
conjunction with operational analyses to estimate the frequency of such large-amplitude
gravity waves, i.e., to provide an estimate of their intermittency.

Citation: Plougonven, R., A. Hertzog, and H. Teitelbaum (2008), Observations and simulations of a large-amplitude mountain wave
breaking over the Antarctic Peninsula, J. Geophys. Res., 113, D16113, doi:10.1029/2007JD009739.

1. Introduction

[2] Internal gravity waves significantly influence the
dynamics of the atmosphere on both small and large scales.
On global scales, their upward transport of momentum
fluxes from the troposphere is essential to understand the
middle atmosphere circulation [Fritts and Alexander, 2003],
particularly in the mesosphere, but also in the stratosphere
[Haynes, 2005]. On scales of tens of kilometers, gravity
waves provide significant fluctuations of wind and temper-
ature which contribute to turbulence and mixing [Lane et
al., 2004; Koch et al., 2005], and influence processes that
are sensitive to temperature thresholds, such as polar
stratospheric clouds [Buss et al., 2004] or dehydration
[Potter and Holton, 1995]. It is becoming increasingly
appreciated that the gravity wave forcing, both in space
and time, is very variable [Frifts et al., 2006]. One impli-
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cation is that this forcing can provide a secondary source of
inertia-gravity waves [Vadas et al., 2003]. This variability,
which is in part tied to the intermittency of wave sources, is
an important factor to determine the time-dependent (and,
through nonlinear processes, the time-averaged) response of
General Circulation Models to gravity wave forcing [Biihler,
2003; Piani et al., 2004].

[3] Specific motivations for the study of gravity waves in
high latitudes include their contribution to Polar Strato-
spheric Clouds and related microphysics [Dornbrack et al.,
2002; Shibata et al., 2003; Hopfner et al., 2006]. The
possibility that mountain waves, in particular above the
Antarctic Peninsula, contribute locally to PSCs was already
highlighted in one of the earliest papers on large-amplitude
gravity waves in that region [Gary, 1989]. On a larger scale,
they are also primarily responsible for the Southern Hemi-
sphere polar vortex temperatures that are much warmer than
those implied by pure radiative considerations [Hamilton et
al., 1995]. A better representation of gravity waves in
General Circulation Models (GCM) would provide a better
forcing for the meridional circulation in the stratosphere,
and hence very likely contribute to reduce the common
“cold pole bias” [Pawson et al., 2000; Austin et al., 2003].
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Figure 1. Map showing the topography of the Antarctic
Peninsula and the trajectories of Vorcore balloon 11 (black,
southern trajectory), Vorcore balloon 12 (grey), and Vorcore
balloon 17 (black, northern trajectory) on 7 October 2005.
Small crosses are shown every 2 h along the trajectories.
The balloons were embedded in the stratospheric, winter
westerly flow and therefore traveled from left to right on the
figure. The large grey cross on the eastern side of the
peninsula indicates the position of VB12 at 1054 UT, when
the GPS reported an altitude of 3 km (i.e., after the balloon
failure). The small square shows the position of the
Argentinian Marambio station. The dashed line delimits
the inner domain used in the WRF simulations.

[4] The Vorcore campaign (September 2005 to February
2007), during which 27 long-duration, superpressure bal-
loons were launched in the Antarctic polar vortex, has
provided a unique data set to investigate mesoscale motions
in the polar and subpolar lower stratosphere, and in partic-
ular gravity waves [Hertzog et al., 2007]. Climatologies of
momentum fluxes associated with gravity waves have for
instance been estimated from these observations [Vincent et
al., 2007; Boccara et al., 2008]. In a complementary way,
these observations can also be used for case studies that may
provide a better understanding of the dynamics and impacts
of gravity waves.

[5] In the present study, we focus on a gravity wave event
of large amplitude that took place above the Antarctic
Peninsula. The first goal that we pursue is to fully charac-
terize the wave packet on the basis of the balloon observa-
tions, and in particular to estimate the momentum flux
carried by the wave packet. It will nevertheless appear that
the wave packet is somewhat undersampled in the balloon
observations, so that high-resolution mesoscale simulations
using the Weather Research and Forecast model (WRF
[Skamarock et al., 2005]) were designed to obtain a more
comprehensive view of the wave packet, its generation and
evolution. Mesoscale models have indeed proved to be very
useful to study mountain waves [e.g., Broad, 1996; Beau
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and Bougeault, 1998]. Recently, two cases of large-
amplitude mountain waves comparable in many respects
to the event studied in this article have been described
over Greenland [Shapiro et al., 2005; Limpasuvan et al.,
2007]. A second goal of this study is to show that the
numerical simulations succeed in reproducing a large-
amplitude gravity wave with characteristics similar to
those found in the balloon observations. Validating meso-
scale simulations, and especially the simulated momentum
fluxes, is of great importance, as mesoscale models are
believed to be a useful tool to provide constraints on
gravity wave drag parameterizations.

[6] The numerical simulations will stress that the wave is
breaking through static instability in the lower stratosphere.
This provides a significant forcing of the mean flow, which
can be quantified from the calculation of the momentum
fluxes, but also induces turbulence and mixing at these
heights. Such effects, which are associated with a particu-
larly intense gravity wave, are expected to be very inter-
mittent. The last part of the article is thus devoted to a
coarse assessment of the probability of occurrence of such
large-amplitude mountain waves over the Antarctic Penin-
sula. Indeed, as case studies generally focus on particularly
large and identifiable events, it is worthwhile to estimate
how frequent or representative the events studied are.

[7] The paper is organized as follows: the balloon data
used are described in section 2. The numerical simulations
of the event are described and analyzed in section 3. The
significance of this wave event and its impacts are discussed
in section 4. Conclusions are presented in section 5.

2. Balloon Data
2.1. Signature of the Wave Packet

[8] The twelfth Vorcore balloon (hereinafter referred to as
VB12) was launched on 9 September 2005 from McMurdo,
Antarctica. Until 7 October 2005, this balloon was flying
nominally at ~50 hPa (~18.5 km) in the lower stratosphere.
At 1054 UT on that day, the GPS inside the scientific
payload reported an unusually low altitude of 3 km. The
following records show further slowly decreasing altitudes,
indicating that the flight train had separated from the
balloon and was falling under its parachute. Prior to this
fall, the last VBI2 record in normal flight conditions
corresponds to an observation performed by the payload
at 1001 UT, and the reported altitude is 19 km. Thus for
some reason, VB12 failed between 1001 and 1054 UT on
7 October 2005. (Further inspection of the housekeeping
data shows that VB12 flight train crossed the 100-hPa
level at 1032 UT, which generally occurs a few minutes
after the balloon failure.)

[9] The trajectory of VB12 during that period as well as
that of Vorcore balloon 11 (VB11) are displayed in Figure 1.
VBI11 and VB12 were flying closely together on 7 October,
VBI11 leading VBI2 by about 4 h. As shown by Figure 1,
the last position of VBI12 in normal flight condition is
located on the western side of the Antarctic Peninsula (i.e.,
just before VB12 crossed the peninsula), whereas the low-
altitude records are located on the other side. While none of
the data recorded by VB12 when it was crossing the
peninsula were received by ground stations, the observa-
tions performed by VB11 a few hours earlier at the same
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Figure 2. (top) Time series of zonal (black) and meridional (grey) velocities, (middle) temperature, and
(bottom) altitude recorded by VB11 on 7 October 2005.

place are available. Because of its smaller size (diameter of
8.5 m, instead of 10 m), VB11 was flying 2 km lower than
VBI12, but VB11 observations are still useful to understand
the reason for VBI12 failure.

[10] VBII horizontal velocities, temperature and altitude
on the morning of 7 October are displayed in Figure 2. At
the time when this balloon was flying above the peninsula
(i.e., ~0600 UT), a sudden and large disturbance is ob-
served on every time series. Peak-to-peak amplitudes in
zonal and meridional velocities, temperature, and altitude
amount to 30 m s~ !, 25 m sfl, 17 K, and 1.7 km,
respectively. Notice that the disturbances in horizontal
velocities also clearly appear in VB11 trajectory just above
the peninsula mountain ridge (Figure 1). Observations were
performed every 15 minutes along the Vorcore flights, and
the rapid oscillations displayed by the time series indicate

that the sampling was probably not sufficient to fully
resolve the disturbances. Corresponding disturbances are
observed in the atmospheric pressure (18 hPa) and in the
superpressure of helium inside the balloon (of the same
order). Now, the total force due to pressure acting on the
balloon envelope scales with the balloon surface, so that
smaller balloons like VBI1 can withstand larger super-
pressure than larger balloons. As reported by Hertzog et
al. [2007], the maximum superpressure observed by VBI11
applied to a balloon of the size of VB12 is sufficient to
cause the latter to burst, causing the end of the flight.
Moreover, VB12 passed above the peninsula during day-
time, in contrast to VBI11, so that the helium had already
started to warm because of daylight, enhancing further the
superpressure experienced by the balloon. (One may ask
whether the low temperatures encountered may have altered
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the elasticity of the balloon skin and contributed to the
balloon failure. Technical specifications, experience from
other balloons which encountered yet lower temperatures,
and the recordings available of the helium temperature for
VBI11 and VB12 exclude that possibility.) Another interest-
ing feature in the VB11 time series is the observation of
longer-period (~5 h) disturbances occurring just after the
rapid fluctuations at 0600 UT. Those longer fluctuations have
amplitudes in horizontal velocities that are similar to those of
the rapid event, whereas the induced vertical displacements
and temperature disturbances are significantly smaller. We
will further discuss these longer fluctuations in section 3.5.
[11] Finally, Figure 1 also shows the trajectory of VB17,
which was flying on the same day in the same area of VB11
and VBI12, about 200 km north of these two balloons.
Consequently, VB17 did not fly over the mountain ridge,
and its time series only exhibit a weaker signature of the
disturbances reported by VB11 (see section 3.3).

2.2. Characteristics of the Mountain Wave in the
Observations

[12] From now on, we will interpret the 0600 UT distur-
bances seen in the balloon time series as caused by a mountain
gravity wave packet generated above the peninsula ridge and
propagating upward in the atmosphere. This assumption will
be further supported by the numerical simulations reported in
the following section, but several aspects of the balloon
observations obviously argue for such an interpretation.

[13] Since the superpressure balloons used during Vor-
core are advected by the wind, they directly observe the
intrinsic period of gravity waves. The reported period of the
disturbances (<45 min) is thus within the gravity wave
band [Andrews et al., 1987]: at the time and location of the
disturbances, the buoyancy and inertial periods amount to
4 min 45 s and 13 h 20 min, respectively. Furthermore, the
ratio of the intrinsic frequency of the wave to the inertial
frequency is:

~ 18 (1)

~ e

so that the wave can be safely considered as a pure gravity
wave. Writing each disturbance field as:

+ =Re [f{ ei(kx+/y+mz—wt) (2)

where Re stands for the real part, (k, [, m) for the zonal,
meridional and vertical wave numbers, and w for the
ground-based frequency (which is assumed to be positive
without loss of generality), the polarization relations for
such a wave read [Fritts and Alexander, 2003]:

Vv, (3a)
¢, (3b)

%a (3c)
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where (i, v, T, ¢) are the wave complex amplitudes in zonal
and meridional velocities, temperature and vertical dis-
placement, T the background temperature, N the buoyancy
frequency calculated from the ECMWF analyses, and g the
Earth gravity. The peninsula mountain ridge has a south-
west—northeast orientation at the location where the
balloons crossed it, so that a mountain wave generated by
an eastward wind flowing above this mountain will
propagate toward the northwest, that is / ~ —k > 0.
Equation (3a) therefore implies that there must be a phase
opposition between the wave-induced zonal and meridional
velocity disturbances, in agreement with the observations
(see Figure 2, top). Equation (3b) implies that there must be
a phase opposition between the balloon vertical displace-
ment and the temperature disturbance, again in agreement
with the observations (Figure 2, middle and bottom).
Finally, equation (3c) states that ¢’ must lead ' (since
is in phase opposition with w'), which is also consistent with
the balloon observations.

[14] The horizontal wavelength of the wave packet can be
estimated by assuming that the mountain wave is at least at
first order stationary with respect to the ground. In this case,

&= —kit — Iv ~ —k( — V) 4)

where u and v are the background zonal and meridional
velocities, and where we have assumed that £ ~ —/, which
is supported by the observed similar amplitudes of zonal
and meridional velocity disturbances. Identifying # and v to
the observed values of the wind velocities before the
peninsula, one obtains: & ~35ms 'and v~ —10 ms .
The zonal wavelength can then be obtained from equation
(4), and is A\, = 27/|k| &~ 120 km. (The same value is
obtained by estimating \, directly on the balloon trajectory).
With the previous assumptions, the horizontal wavelength
is linked to the zonal wavelength through: \, = \/v2 =~
85 km. At the latitude where the balloons crossed it, the
width of the Antarctic Peninsula is typically of the order of
this value, which furthermore support the generation of the
wave packet by the peninsula ridge.

[15] The vertical wavelength ()\,) of the wave can be
inferred from the following polarization relation [Andrews
et al., 1987]:

K+ P

7 2
w
mk

i =l 0

and from the amplitude of the vertical velocity disturbance:
W] = &|¢| ~ 2ms~". (6)

[16] Notice that we have considered here that the balloon
vertical displacement corresponds to the vertical displace-
ment of the air parcels, although it is generally assumed that
superpressure balloons behave as isopycnic tracers, and thus
underestimate the wave-induced adiabatic vertical displace-
ments of air parcels [Massman, 1978]. Nastrom [1980]
nevertheless showed that the amplitude of the balloon
vertical displacements tends asymptotically to that of air
parcels in the limit of high-frequency or large-amplitude
waves. The wave that we study obviously falls in the latter
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Table 1. Characteristics of the Waves in the Lower Stratosphere (15—20 km) at About 0600 UT on 7 October 2005*

A (km) . (km) w (@, v, W) (ms™ ") 0 (K) —p u'W (Pa) p VW (Pa)
Observations 80 8 18 f (15, 12.5, 2) 17 22 =2
Simulations 50-65 8-10 23 f (20-25, 15-20, 3—-4) 15-20 7-9 7-9

“The last two columns indicate extreme values for local averages over one or two wavelengths.

case. The assumption in (6) is therefore justified, though it
certainly leads us to slightly underestimate the real vertical
displacement of air parcels (and consequently the associated
disturbance in vertical velocity). Combining (5) and (6)
yields A, =~ 8 km. These characteristics of the wave packet
are summarized in Table 1.

[17] Finally, the density-weighted zonal momentum flux
averaged over one horizontal wavelength is estimated:

M) 0,125 12 % 2

o'W ~ —2Pa, (7)
where po = 0.125 kg m > is the VBI1 density level. This
value corresponds to the observed peak amplitudes, but
because of the wave undersampling in the balloon data set
and the assumption made for the balloon behavior, it is
likely an underestimate of the real momentum flux. Our
momentum flux estimate is typically of the same order
(though slightly larger) than values reported in similar
mountain wave observations [Broad, 1996; Beau and
Bougeault, 1998; Shapiro et al., 2005]. It is on the other
hand significantly larger than the value cited by Alexander
and Teitelbaum [2007] (0.14 Pa), who studied a mountain
wave event at the same location but at much higher
altitudes (40 km), making the two situations hardly
comparable.

2.3. Radiosounding Downstream of the Peninsula

[18] A radiosounding was launched from the station of
Marambio (located just downstream of where VBI12 failed,
64.23°S, 56.72°W, see Figure 1) on 7 October at 1100 UT.
Measurements were recorded every 2 s (roughly every 10 m),
but unfortunately the wind measurements failed, and hence
we only show vertical profile of potential temperature
(Figure 3). This profile is very significantly disturbed in
the stratosphere, showing several conspicuous regions that
are fairly well mixed (in particular between 13.5 and 14.5 km,
between 15 to 17 km, and again near 23—24 km and 26—
27 km). In addition to the balloon observations, the profile
therefore suggests that the mountain wave was breaking in
several places in the lower stratosphere. This sounding will
be further discussed in the light of the numerical simu-
lations in section 3.5.

3. Numerical Simulations

[19] In this section, we first report on the meteorological
synoptic situation in the vicinity of the Antarctic Peninsula
at the time when the Vorcore balloons were passing by
(section 3.1). We then describe the numerical mesoscale
simulations that were carried out to provide further details
on the dynamical processes that took place over the penin-
sula on 6 and 7 October 2005 (section 3.2). The numerical
outputs are next compared with the balloon measurements

(section 3.3). The characteristics of gravity waves generated
in the model are detailed in section 3.4, and section 3.5
lastly discusses wave breaking in the simulations.

3.1. Synoptic Conditions

[20] The synoptic meteorological situation in the lower
troposphere (850 hPa) in the vicinity of the Antarctic
Peninsula is described on the basis of the ECMWF opera-
tional analyses and 3-h forecasts. It is displayed in Figure 4
from 6 October 2005, 1500 UT, until 7 October, 1500 UT.
On 6 October, a low-pressure system is located on the west
of the peninsula at about 100°W, 65°S. This system is
associated with a wide area of strong westerly winds (values
greater than 20 m s~!) on its western and northern (i.e.,
equatorward) sides. On 7 October, 0300 UT, the low-
pressure center has moved eastward, and is now located at
about 85°W, 65°S. The jet region is mainly located on the
northern side of the trough (70°W, 60°S), and northwesterly
winds begin to blow over the peninsula. Twelve hours later,
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Figure 3. Vertical profiles of potential temperature taken
from radiosoundings launched from Marambio on 7 October
(solid line) and also on 1, 9, and 12 October (dashed lines,
displaced by —50, +50 and +100K, respectively) for
comparison. Also shown, in grey, is the vertical profile of
potential temperature from the WRF simulation, above
Marambio, for 7 October 1200 UT.

50f 17

5119017 SUOWILIOD dAIERID 3|qedt|dde au) Ag pauenob a1e saplle YO ‘38N J0 S9IN1 10) Afeiqi8ulUO 4|1 UO (SUONIPUOD-PUB-SLLBY WD A3 1M Afe.q1 U |UO//SdIY) SUONIPUOD PUe SWS L 81 39S *[€202/90/70] Uo Arelqiauliuo Ao|im ‘9oueid aueiyooD Aq 6€2600Ar2002/620T OT/I0pwod &) im Akeiqiputuo sgndnBey/sdny woy papeojumoq ‘9Ta ‘8002 ‘PZ02eISTe



D16113

a 06/10/2005 — 15 UT

PLOUGONVEN ET AL.: ANTARCTIC PENINSULA MOUNTAIN WAVE

D16113

b 07/10/2005 — 03 UT
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Figure 4. (a—c) Horizontal winds from 3-h forecasts of the ECMWF operational model on the 850-hPa
surface. Hours are indicated above each plot. Grey shading corresponds to areas where the modulus of the
horizontal wind is greater than 20 m s '. Regions where the 850-hPa isobar is below the surface are
shaded in black. (d) A close-up of the Antarctic Peninsula from Figure 4c.

the low pressure center has moved ~5° further eastward,
and the peninsula is now hit by strong winds blowing from
the northwest, i.e., almost perpendicular to the mountain
ridge. VB11 and 12 were passing over the peninsula on the
morning of 7 October, exactly at the time when the winds
associated with this low-pressure system reached the moun-
tains. Strong winds keep blowing over the peninsula until
the end of 7 October, as the low is further displaced
eastward. Yet, the winds now have a more pronounced
southward component, and the strongest flow is located on
the northern tip of the peninsula. A mountain wave above
the peninsula is visible in the ECMWF analyses, but
because of their coarse resolution the wavelength is over-
estimated, and the amplitude is severely underestimated
(Figures 8 and 9). The drag exerted by the peninsula on
the tropospheric flow is already visible in the ECMWF
analyses displayed in Figure 4. When looking closely at the
low-level wind pattern in the vicinity of the peninsula
(Figure 4d), a region of weaker winds is clearly seen right
above the peninsula. To investigate in detail the interaction
between the atmosphere and the surface, mesoscale simu-
lations have been carried out and are described below.

3.2. Overall Description of the Simulations

[21] The mesoscale simulations were carried out with the
Weather Research and Forecast Model (WRF) [Skamarock
et al., 2005], which solves the nonhydrostatic, compressible
equations for the atmosphere. We used a two-way nesting
configuration (the inner domain is shown in Figure 1), so
that the small-scale dynamics in the nested domain acts on

the outer domain. Standard parameterizations were used,
including the WRF single-moment 3 class for microphysics
and the Yonsei University scheme for the planetary bound-
ary layer [Skamarock et al., 2005]. The horizontal spacing is
21 km in the outer domain and 7 km in the inner domain.
There are 112 levels from the ground to 1 hPa,
corresponding to an altitude of about 42 km. The vertical
spacing is about 300 m up to an altitude of about 20 km,
except near the ground where the resolution is enhanced.
The spacing increases progressively in the last 25 levels, to
reach more than 1 km in the last 5 levels. A sponge layer is
included in the uppermost 5 km of the domain by increasing
the diffusion in order to avoid having excessive reflection of
gravity waves from the model lid. Topography is interpo-
lated from the 30" database provided with WRF. The model
is forced at the initial integration time, and on its bound-
aries, with the 6-hourly operational analyses from the
European Center for Medium-Range Weather Forecasts
(ECMWF).

[22] The simulations were started on 5 October, 1200 UT
and were run for 54 h until 7 October, 1800 UT. A time-
altitude cross section of the horizontal wind upstream of the
peninsula is displayed in Figure 5. In agreement with the
ECMWEF analyses, the wind is continuously increasing on
7 October, and exceeds 25 m s~ in most of the troposphere.
The orientation of the winds in the troposphere evolves
during the day, but there is continuously a significant
wind component perpendicular to the peninsula (more
than 20 m s '), so that meteorological conditions on
7 October clearly favor the generation of mountain waves.
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Figure 5. Time-height section of the wind in m s™' upstream of the peninsula in the WRF nested
domain on 7 October 2005, from 0000 UT to 1800 UT. The wind has been averaged between 66°S
and 58°S, and 65°W and 62°W, but is fairly insensitive to the box chosen. Shading indicates the wind
component normal to the ridge (45° clockwise from east), whereas thin lines indicate the wind
component parallel to the ridge. In both cases, the contour interval is 5 m s~ '. Thick black lines depict
two values of the Brunt-Viisild frequency: N = 1.5 1072 rad s~ (lower line) and 3 1072 rad s '

(upper line).

[23] Another simulation with a different setting was run
and compared with the one described below: the model top
was set at 10 hPa only, and the simulation was started on
6 October, 1200 UT. The main features of the wave
discussed in the present study (characteristics, amplitude,
indications of breaking, fluxes) were found to be robust.
Nevertheless, differences were found between the two sim-
ulations, showing that the precise aspect and parameters of
the wave in such mesoscale simulations remains sensitive to
the setting of the simulation [Leutbecher and Volkert, 2000].

[24] A horizontal cross section of the simulated vertical
velocity in the lower stratosphere taken from the nested
domain is shown in Figure 6. This field is dominated by a
gravity wave developing above the Antarctic Peninsula.
Figure 7 furthermore shows vertical cross sections of the
vertical and horizontal wind components in the nested
domain. Figure 7 highlights that the simulated wave packet
is generated by the peninsula ridge and propagates upward
in the stratosphere. The isentropes are seen to be severely
distorted above the peninsula, and are nearly vertical and
overturning in several regions spaced by one wavelength
(e.g., around 17-19 km, and again around 26—28 km).
Finally, it is noteworthy that, in the lee of the stratospheric
wave, layered structures are clearly visible in » and v with

large amplitudes, yet essentially absent from w. These will
be further discussed in section 3.5.

3.3. Comparison With the Observations

[25] The simulations are compared directly to the balloon
observations by interpolating the simulated fields (horizon-
tal wind and temperature) at the balloon locations. This is a
quite stringent assessment of the realism of the simulation:
for instance, the model may simulate realistic features of the
flow but at somehow shifted locations, and the present
comparison will then be poorer than deserved. Such direct
comparisons thus tend to emphasize the differences between
the simulations and the observations. Nevertheless, it
appears that the model simulations reproduce reasonably
well the balloon observations.

[26] Comparisons are shown for balloon VB11 (Figure 8)
and for balloon VB17 (Figure 9). It appears that the model
captures very satisfactorily the presence of the wave just
above the peninsula, and produces an amplitude that is
comparable to the balloon observations. Also shown, for
comparison, are the ECMWF fields from the analyses,
interpolated at the same locations. The mesoscale features
associated to the wave are essentially absent from these, and
this makes the benefit of using WRF to study these small-
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Figure 6. Horizontal maps of the vertical velocity inm s~

and of horizontal wind at altitude z = 15 km, for 7 October
2005, (top) 0300 UT, (middle) 0900 UT, and (bottom)
1500 UT, in the nested domain. The line shows the location
of the vertical cross sections of Figure 7, and the crosses in
Figure 6 (middle) indicate the location of the soundings of
Figure 11.
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scale features evident. On the other hand, the model has
more difficulties to accurately simulate the flow in the lee of
the peninsula. This is understandable as the flow in the lee
of the peninsula results in part from the forcing due to the
wave and its breaking. As this breaking cannot be properly
resolved in the simulations, we do not obtain as good an
agreement between the observed and simulated fields as for
the mountain wave itself.

3.4. Characteristics of the Wave in the Simulations

[27] In this section, we give further details on the char-
acteristics of the gravity wave packet in the simulations, as
was done with the balloon observations. In the following,
the characteristics of the wave are estimated in the nested
domain.

[28] In the simulated fields, graphical estimation of the
horizontal wavelength typically yields A, ~ 80—100 km in
the zonal direction, A, ~ 70-90 km in the meridional
direction, yielding a wavelength of )\, ~ 50—65 km in
the southeast direction, i.e., perpendicular to the mountain.
The vertical wavelength is about A, ~ 10—12 km in the
troposphere, A\, ~ 8—10 km in the stratosphere. Such values
in the lower stratosphere yield an intrinsic frequency @ ~
(3.0 £ 0.5) x 1077 rad s~' ~ 23 + 3.5 £, or an intrinsic
period 7 ~ (35 + 5) min. Hence the wave can well be
approximated as a pure internal gravity wave. These esti-
mations of the wavelength, direction of propagation, and
intrinsic frequency are in very good agreement with the
balloon measurements, see section 2 and Table 1.

[29] One can also calculate the intrinsic frequency by
assuming that the wave is nearly stationary with respect to
the ground, as suggested by Figures 6 and 7. Thus, w = k;,
1, where the horizontal velocity normal to the ridge (u,)
is typically 30—35 m s~ according to Figure 5. This yields
&~ (3.4 +0.3) x 10> rad s~ '. The consistency between
the values of & estimated from the dispersion relation and
from the Doppler shift further confirms that the interpreta-
tion in terms of gravity wave is fully justified.

[30] The amplitude of the wave-induced disturbances in
vertical velocity is estimated directly from the simulated
field above the peninsula. In that region, the mountain wave
actually accounts for most of the vertical velocity fluctua-
tions (see Figure 7). At stratospheric heights comparable to
those of the balloons, we find that [#W| ~ 3—4 m s~ in the
nested domain. Similarly, other cross sections indicate
amplitudes of ~20—30 m s ' for the horizontal velocity
disturbances (#,) in the direction perpendicular to the
mountain ridge, and of ~15-20 K for the potential tem-
perature disturbances (). These values are fully consistent
with the values estimated from the balloon observations.
They are also consistent with values that can be estimated
from the wave characteristics: for example, injecting A, ~
60 km, A, ~ 8 km, 7" ~ 40 min into the polarization relation
that relate i1, and 6 to w ~ 3 m s ' yields

OoN2T

)\ ~
s =5 1] ~ 22.5ms™", (6] = [#] ~ 16K, (8)

where 6, is the background potential temperature. The
quoted values therefore correspond to a very large amplitude
gravity wave event. Shapiro et al. [2005] reported of a
similar event above Greenland, and furthermore showed that
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Horizontal wind across and along the ridge
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Figure 7. Vertical cross sections of (left) vertical velocity (in m s™', colors) and potential temperature
(contours) and (right) horizontal wind (colors for u, contours every for v, contour interval 5 m s~ ). The
cross sections are taken along the line shown in Figure 6. Times displayed are 7 October 2005, (top)

0300 UT, (middle) 0900 UT, and (bottom) 1500 UT.

the wave was breaking in their simulations. This is also the
case with our simulations, as is now shown.

3.5. Wave Breaking

[31] Given the characteristics and amplitude of the wave
found above, the wave-induced maximum vertical gra-
dients of potential temperature in the lower stratosphere
are sufficient to induce regions of static instability (we

have 27/\,) (g/60) 0 ~ 5 x 10~*s™"). This is illustrated in
Figure 7, where isentropes become nearly vertical in
several regions in the stratosphere. A further confirmation
is obtained by diagnosing the Richardson number Ri = N*/
|du/dz| from the simulations: Figure 10 shows that in a
large region of the flow above the peninsula the isentropes
are overturning at the time when balloon VB12 was flying
over the peninsula. It also makes clear the contrast between
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Figure 9. Same as Figure 8 but for balloon VB17.
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Figure 10. Map of the minimum Richardson number in the altitude range 12—20 km, from domain 2 on
7 October 2005, 0900 UT. The thick contour outlines regions of static instability (Ri < 0). Other contour
lines indicate Ri values of 1, 10 (labeled), and 100 (labeled).

the very stable conditions upstream (Ri.,;, > 10 and even
Riin > 100) and downstream of the peninsula (Ri,;, < 10 at
most locations). Inspection of the simulations reveals that
there is continuous breaking during the time period inves-
tigated (7 October 2005, 0000—1800 UT). Finally, note that
the cross sections of horizontal velocity (Figure 7) suggest
that the wave is also inducing severe winds downslope of
the mountain. This may account for the significant reduction
in vertical momentum fluxes in the first kilometers of the
troposphere, see section 4.1.

[32] Given that the amplitudes of the wave in the simu-
lations and in the observations are comparable, the presence
of significant regions of static instability in the model
simulations provides evidence that the wave was breaking
in the lower stratosphere at the time when VB12 was flying
over the peninsula. Though not necessary to explain the
explosion of VB12, the breaking has very likely contributed
to the vertical motion of the balloon and hence its explosion.

[33] The breaking of the wave in the lower stratosphere
has several important implications:

[34] 1. The analysis of the potential temperature in the
sounding from Marambio (Figure 3, section 2.3) shows
clearly that several layers have been thoroughly mixed,
nearly homogenized, in particular between 15 and 17 km.
This is evidence for the presence of turbulence upstream of
the radiosounding, i.e., where the gravity wave is breaking.
The comparison of the potential temperature in WRF and in
the sounding shows that the simulation carries relevant
indications of this mixing in the lower stratosphere (around

16 km), though the mixed layers above 20 km are not
found. Moreover, as could be expected, the model under-
estimates the homogenization of layers in which the wave
breaking has occurred.

[35] 2. The forcing associated with the breaking wave is
very localized in space and time, and as such it will act as a
secondary source of inertia-gravity waves [Scavuzzo et al.,
1998; Vadas et al., 2003]. The layered structure found in
both components of the horizontal wind, but absent from the
vertical wind, downstream of the mountain wave in the
stratosphere (Figure 7) appears to correspond in part to
inertia-gravity waves. Further evidence that these oscilla-
tions in u and v correspond to inertia-gravity waves comes
from the inspection of hodographs of the wind in the lower
stratosphere downstream of the mountain (Figure 11): these
show distinct ellipses with aspect ratios of about 2 to 3, and
always rotating anticlockwise with height. This is indication
of inertio-gravity waves with frequencies of the order of 2—
3f'and propagating upward. The vertical wavelengths found
are 5—7 km, which is typical for such waves [Sato, 1994].

[36] This evidence for secondary generation of IGWs is in
agreement with the balloon measurements, which have
shown an enhanced presence of IGWs in the lee of large-
amplitude mountain waves. This secondary source of IGWs
is expected to exist on theoretical grounds [Scavuzzo et al.,
1998; Fritts et al., 2006], but has seldom been documented
in observations and simulations. A more detailed compar-
ison with the observations, however, is beyond the scope of
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Figure 11. Hodographs of vertical profiles of u (horizontal axis, in m s~ ') and v (vertical axis), taken
from the model output for 7 October, 0900 UT, at locations as indicated in Figure 6. The starting point of
the hodograph is indicated by a large dot, and heights are indicated by marks every km from 12 to 19 km.

the present study, the present numerical simulations being
limited by the size of the domain used.

[37] 3. The divergence of the momentum flux associated
with the mountain wave contributes to the forcing of the
stratospheric circulation on large scales, as is further dis-
cussed in the next section.

4. Discussion

[38] The previous sections have shown that the numerical
simulations compare reasonably well with the observations.
Below we use those simulations to discuss two issues related
to this large-amplitude wave event, namely the momentum
fluxes associated with this wave (section 4.1) and the
frequency of such large-amplitude events (section 4.2).

4.1. Momentum Fluxes Toward the Stratosphere

[39] It is known that estimates of momentum fluxes are
very sensitive to resolution, as has been documented for
example by Smith et al. [2006]. Hence, before using our
simulations to estimate momentum fluxes, it is essential to
note the agreement found above in the comparison of the
observations and the simulations. This suggests that our
simulations have a sufficient resolution to be used for the
following discussion.

[40] The momentum fluxes associated with this wave
event can be estimated in two ways: (1) from the estimate
of the amplitude and characteristics of the wave, obtained
either from the observations or from the numerical simu-
lations, and (2) by direct calculation and integration from
the simulation output. The comparison of the two will
provide insight regarding the validity of the assumptions
made in analyzing the Vorcore data.

[41] From the estimates of wave amplitudes (|iz;| ~
25ms ' | ~3ms!, where v/, = (u' — V)/\/2) and
from the density value at the flight level of VB11 (py ~
0.125 kg m>), we obtain local values of the density-
weighted momentum flux (pu),,,,, W' = % pli | [w]) that reach
~5 Pa.

[42] To estimate momentum fluxes directly from the
simulations, anomalies were obtained by removing, at
each height, the average over the whole domain at that
height: «' = u — [[ u dxdy/[[ dxdy. The momentum
fluxes p u'w’ were averaged over squares 140 km x 140 km
(i.e., 20 x 20 grid points). The size of the boxes was chosen
so that they encompass several wavelengths. It is found that
the maximal values of momentum flux are very localized
and reach 7 to 9 Pa at heights between 15 and 20 km. This is
remarkably consistent with the estimate found above simply
from the amplitude of the wave.

12 of 17

85U8017 SUOWLIOD 3A1e8.D) 8|qeo! [dde 8Ly Aq peusenob afe sajoife YO ‘88N JO S3INJ 104 AXeiq i 8UIIUO AB|IM UO (SUORIPUOD-PLE-SLLBY W0 A8 | 1M ATeIq 1 jeul|UO//SdNY) SUORIPUOD pue swie | 3y} 89S *[£202/90/70] Uo Ariqiauljuo A|1M ‘@oueld aueiyood Aq 6€2600Ar2002/620T OT/I0pALI0D A8 i Areiq i jpuljuosqndnfe/sdny wiouy papeojumoq ‘9Ta ‘8002 ‘PZ0ZZISTZ



D16113

PLOUGONVEN ET AL.: ANTARCTIC PENINSULA MOUNTAIN WAVE

D16113

20

—_
(&)

Height, in km

—
o

0 2 4 6 8

10 12 14 16 18
Time, in hours starting from Oct. 7, 2005, 00UT

Figure 12. Momentum fluxes in the southeast direction (perpendicular to the peninsula) integrated over
the region between 65°S and 62°S, and 64°W and 56°W, for 7 October, 0900 UT. Units are 10'° N.

[43] The above estimations however only provide an
estimate for the maximum values of pu/,w'. The forcing
in the stratosphere, where the wave breaks, will depend on
the integral of this term, which is spatially very inhomoge-
neous. The total flux

Fi(z1) ://pu'lw’dxdy, 9)

was thus calculated over a limited area around the mountain
(between 65°S and 62°S, and 64°W and 56°W) and is
shown in Figure 12. It was verified that the obtained values
are hardly sensitive to the chosen geographical area. In
particular, the total flux over the whole nested domain
yields values that are only 10% larger than those in the
small window defined above, indicating that the mountain
gravity wave accounts for most of the flux in the domain.
Several points are worth noting. First, the momentum flux
decreases sharply in the lower troposphere. This is
consistent with the nonlinear phenomena observed in the
lower layers from the simulations (downslope windstorm
[e.g., Holton, 1992]). This decrease is also evident when
one compares the drag exerted on the mountain with the
values of the momentum flux at low altitudes in the
troposphere (Figure 13): at z = 2 km, the momentum fluxes
are already considerably reduced relative to the surface
drag. Second, the momentum fluxes show a second
pronounced decrease in the lower stratosphere at the time
when the wave is most intense (7 October, 0600 UT to
1000 UT), consistent with the breaking occurring there. The

associated deceleration of the mean flow in the lower
stratosphere reaches up to 10 m s~' h™' in very localized
areas (squares of 140 km by 140 km). Finally, the overall
flux increases as the wind increases during the beginning of
the period (7 October, from 0000 UT to 0900 UT), and then
decreases during the rest of the simulated period.

4.2. Frequency of Such Events During the Vorcore
Campaign

[44] The large-amplitude wave event reported in the
previous sections illustrates the strong variability of the
gravity wave field. Local values of momentum fluxes were
found to be very intense, but only in a very limited area and
for a limited time. More generally, the intermittency of
gravity wave forcing is generally one of the least con-
strained parameters in gravity wave drag parameterizations
[Alexander and Dunkerton, 1999], though it significantly
influences the altitude where gravity waves break and forces
the residual circulation in the middle atmosphere [Biihler,
2003; Piani et al., 2004]. Our simulations have for example
shown that the large-amplitude wave that we studied al-
ready breaks in the lower stratosphere, and so forces the
flow at these low altitudes. The impact of such an intense
and localized wave is thus very different from that of a
series of smaller waves that carry the same momentum
fluxes overall, but which could each propagate further up in
the atmosphere. A key issue is thus to determine how
representative, or how frequent, such large-amplitude grav-
ity wave events actually are. The mountain wave signature
in the pressure time series of VB11 (Figure 14) for instance
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Figure 13. Time evolution of the surface drag and momentum flux at z = 2 km over the region with
latitude between 62°S and 65°S, and longitude between 64°W and 54°W, on 7 October 2005, from 0000 UT
to 1800 UT. Time is indicated in hours, and drag and momentum flux are indicated in 10'° N.
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Figure 14. Time series of the pressure for balloon VB11 for the whole of its flight. Time is in days, with
the reference time being 7 October, 0000 UT.
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Figure 15. (top) The rms disturbances in horizontal velocities induced by gravity waves above the
Antarctic Peninsula estimated from the Vorcore data set (crosses, left scale). The grey curve (right scale)
depicts the 850-hPa zonal velocity from the ECMWF operational analyses averaged on a meridional
transect (70°W, 62.5—72.5°S) located on the western side of the Antarctic Peninsula. (bottom) The same
850-hPa zonal velocity but for the entire 2005 year. On both panels, the grey shading indicates time
periods when the horizontal wind veers by more than 90° in the troposphere in the vicinity of the
peninsula, preventing mountain wave propagation into the stratosphere.

appears as a single spike which clearly is an extreme and
rare event among the flow situations sampled by the
balloon: the pressure jump is 2 orders of magnitude larger
than the average pressure jump between successive meas-
urements. Now, the Antarctic Peninsula is known to be a
significant source of large-amplitude mountain waves
[Gary, 1989; Watanabe et al., 2006]. During the Vorcore
campaign, several other strong mountain waves were ob-
served by the balloons above the peninsula, but the wave
activity in that area appears to be very sporadic [Hertzog et
al., 2008]. We propose below a crude estimate of the
occurrence of large amplitude mountain waves above the
peninsula, which is based on the Vorcore observations and
on some knowledge of the large-scale flow upstream of the
peninsula.

[45] To this end, we first estimated the mountain wave
activity in the vicinity of the Antarctic Peninsula during the
Vorcore campaign. Namely, the balloon horizontal veloci-
ties were high-pass filtered in order to only deal with
disturbances induced by gravity waves. This is easily
achieved with long-duration superpressure balloons, as they
are almost perfect tracers of horizontal motions. The time
series recorded during the balloon flights thus directly
exhibit the wave intrinsic frequencies. Accordingly, the
cutoff frequency of the filter used to isolate gravity waves
was chosen to correspond to the inertial frequency at the

latitude of the peninsula. We then defined a geographical
area that encompasses the Antarctic Peninsula (55—70°W,
62.5-72.5°S), and we computed the root-mean-square
horizontal velocity (i.e., vu'?> +1?2) associated with each
passage of a balloon in that area. The result is displayed
(with the crosses) in Figure 15 (top). Figure 15 shows the
large variability of gravity wave activity that is observed
above the peninsula: background rms amplitudes of GW
horizontal velocity disturbances are typically less than
2 m s ', whereas some wave packets induce disturbances
with amplitudes more than 5 time as large (and thus
momentum fluxes typically 25 times larger). In particular,
the event studied in this article occurred during a time
period (early October) which is associated with a larger
than usual gravity wave activity. Other similar active
periods (though less active) are also observed in late
October and early November. Note finally that the obser-
vations underestimate the real gravity wave variability in the
peninsula area for at least two reasons: first, the observa-
tions only provide a limited sampling both in time and
space; second, even when a wave is indeed sampled, it is
only present in a small portion of the above-mentioned area,
so that the rms amplitudes displayed in Figure 15 are
smoothed by the averaging.

[46] Figure 15 also shows the analyzed 850-hPa zonal
velocity issued by the ECMWF operational system, aver-
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aged on the western border of the above-mentioned area.
During the Vorcore campaign (Figure 15, top), the periods
corresponding to the largest gravity wave activity in the
lower stratosphere are mostly associated with a strong zonal
velocity in the lower troposphere upstream of the peninsula.
This is the expected relation, since the gravity waves
observed by the stratospheric balloons in that area are most
likely mountain waves generated above the peninsula. Now,
we do not expect such a simple correlation to hold perfectly:
for instance, the geographical extent of the mountain waves
may be smaller than the entire peninsula so that the balloons
may miss them on some occasions. Another factor to
consider is the possible filtering by tropospheric winds: a
further criterion can be considered to identify when the
tropospheric winds veer by more than 90°and prevent
propagation to the stratosphere, as was done in the analysis
of [Dornbrack et al., 2001]. As seen in Figure 15, this
essentially only happens when surface winds are weak or
westward. Hence, the waves generated when ugsg npa >
10 m s ' are likely free to propagate to at least 50 hPa
and the analyzed 850-hPa zonal velocity is a good proxy for
forecasting GW activity in the vicinity of the Antarctic
Peninsula: larger wave-induced disturbances are observed
when the 850-hPa zonal velocity uPstream of the peninsula
is typically larger than 10 m s~ . (An equivalent good
correlation (not shown) is found between the wave activity
in the balloon observations and the time series of gravity
wave stress provided by the parameterization implemented
in the ECMWF model). If we now consider the whole
2005 year (Figure 15, bottom), about 20 time periods,
corresponding to a total of 37 days, are associated with
such strong zonal velocities. These periods mostly occur
when the propagation conditions for mountain waves
throughout the troposphere and into the stratosphere are
generally favorable. On the basis of this coarse proxy, we
thus expect that GW packets comparable to the one
described in this article occur ~10% of the time in the
lower stratosphere above the Antarctic Peninsula. It is
interesting to note that Hertzog et al. [2008] reported very
similar values for the intermittency of mountain waves
above Antarctica from independent estimations based solely
on the Vorcore data set.

5. Conclusion

[47] This study documents the event of a large-amplitude
orographic gravity wave observed on 7 October 2005 over
the Antarctic Peninsula, using both data and mesoscale
model simulations. The data consists principally in meas-
urements from superpressure balloons launched during the
Vorcore campaign [Hertzog et al., 2007]. Several balloons
were flying in the vicinity of the peninsula at that time, at
altitudes between 17 and 19 km (Figure 1), and one of them
(VB12) exploded as it was passing over the peninsula.

[48] The observations gathered from the other balloons
flying over the peninsula on the same day clearly suggest
the presence of a very strong gravity wave above the
peninsula. In particular, VB11 flew on a trajectory close
to VBI12, but about 1.7 km lower and about 4 h earlier.
Measurements of pressure, temperature and wind as the
balloon flew over the peninsula show very large fluctuations
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(18 hPa in pressure, 17 K in temperature) which can be
interpreted as a gravity wave. However, because the meas-
urements are made only every 15 minutes, the wave is
undersampled.

[49] The observations are complemented by numerical
simulations with the Weather Research and Forecast model
[Skamarock et al., 2005], using two domains with a hori-
zontal resolution of dx = 7 km in the nested domain, and
112 vertical levels up to 1 hPa. The simulations clearly
produce a large-amplitude gravity wave above the peninsula.
The wave amplitude and characteristics agree with those
found and estimated from the observations, as summarized
in Table 1. Furthermore, the simulations show that this wave
was breaking through static instability in the lower strato-
sphere on 7 October. This is supported by a radiosounding
(section 2.3, Figure 3) just downstream of the mountain,
which clearly shows evidence of layers where mixing has
occurred in the lower stratosphere.

[50] The simulations were used to obtain estimates of the
momentum fluxes associated with the wave. Local values of
the momentum fluxes, averaged over boxes 140 km x
140 km, reached 7 to 9 Pa at heights between 15 and 20 km.
As the wave is already breaking, the forcing associated with
these momentum fluxes will mostly be relevant for the
lower stratosphere. Such large amplitude gravity wave
events can contribute significantly to climatologies of grav-
ity wave momentum fluxes [Hertzog et al., 2008]. However,
it is also essential to estimate their representativity, or in
other words their intermittency. From a combined investi-
gation of the Vorcore data and of ECMWF analyses, it was
estimated that such large-amplitude gravity wave events are
present 10% of the time over the Antarctic Peninsula.

[51] The simulations carried out have also illustrated
other impacts of the wave which, in addition to their
contribution to momentum fluxes toward the middle atmo-
sphere, can be of importance:

[52] 1. The wave breaking not only leads to a forcing of
the mean flow, it also acts as a secondary source of inertia-
gravity waves [Scavuzzo et al., 1998; Fritts et al., 2006].
There is evidence of low-frequency inertia-gravity waves in
the wake of the breaking region in the lower stratosphere in
the simulations (Figures 7 and 11). This is in agreement
with the presence of low-frequency oscillations frequently
found in the Vorcore data downstream of regions of strong
mountain wave packets (not shown).

[53] 2. The breaking of such a wave in the lower
stratosphere is a source of clear air turbulence and vertical
mixing. Strong evidence for the latter was provided by the
radiosounding from Marambio (Figure 3) in which several
layers in the lower stratosphere have their potential temper-
ature partially homogenized.

[s4] 3. The temperature fluctuations can lead to PSC
formation over the peninsula [Hopfner et al., 2006; Noel
et al., 2008]. On one hand, the wave induces very large
temperature fluctuations (up to 25K), but on the other hand
these occur only on short time scales (tens of minutes). In
consequence, the impact on microphysics remains unclear.

[s5s] Further work on several of these issues (intermittency,
forcing of secondary waves, identification of nonorographic
sources) is underway, again combining Vorcore observa-
tions and mesoscale numerical simulations.
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