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ABSTRACT

The relationship between gravity wave momentum fluxes aodl lvind
speed is investigated for oceanic regions at high Soutlaétnde during aus-
tral spring. The motivation is to better describe the gsawhave field, by
identifying a simple relationship between gravity wavesd #me large-scale
flow. The tool used to describe the gravity waves are proibaliénsity func-
tions of the gravity wave momentum fluxes. Three independatdsets
covering high latitudes in the Southern Hemisphere sprmgare analyzed:
simulations with a mesoscale model, analyses from the EaroCenter for
Medium-Range Weather Forecasts and observations frommegsure bal-
loons of the Concordiasi campaign in 2010. A remarkably robelation is
found, with stronger momentum fluxes much more likely in o@gi of strong
winds. The tails of the probability density functions ardlwlescribed as log-
normal. The median momentum flux increases linearly witkkgeaund wind
speed: for winds larger than 50 mis the median gravity wave momentum
fluxes are about 4 times larger than for winds weaker than 10'mBrom
model output, this relation is found to be relevant from ttopopause to the
mid-stratosphere at least, and to increase somewhat wighth&everal dif-
ferent processes contribute to this relation, involvinghltbe distribution of
sources and the effects of propagation and filtering. Itgsied that the loca-
tion of tropospheric sources is the main contributor in thpar-troposphere
and lowermost stratosphere, and that lateral propagatiomegions of strong

winds becomes increasingly important above.
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1. Introduction

Internal gravity waves constitute a ubiquitous componéatmospheric motions, with horizon-
tal scales ranging from a few kilometers to more than a thadikdometers (Fritts and Alexander
2003). These scales imply that at least some of their impessd to be represented by parameter-
izations in atmospheric circulation models (Kim et al. 200&hey also imply that comprehensive
measurements of atmospheric gravity waves constitutengettrdous challenge (Alexander et al.
2010): global observations (from satellites) do not havena &nough resolution to describe the
whole spectrum, and measurements with a finer resolutioarghy provide only a limited spa-
tial coverage. Progress is expected to come from collaiverafforts combining observations and
high-resolution modelling, as illustrated by the recemhparisons between observed and modeled
gravity waves (Geller et al. 2013).

One of the most significant impacts of gravity waves resutismfthe dynamical forcings they
produce in the middle atmosphere (Andrews et al. 1987;skaitd Alexander 2003): their dissi-
pation induces a convergence of the momentum fluxes (MF)tthegport and hence a dynamical
forcing. Many studies have focused on quantifying momentiumes and describing their geo-
graphical and seasonal variations (e.g. Alexander et@8g Ern et al. (2011)), to be compared
with their modeled counterparts, parameterized or regolve

Over the last decade, considerable progress has been makle observations of the GWs in
the lower stratosphere and the middle atmosphere. Thiggssdollows the considerable im-
provements in satellite measurements (e.g. Ern et al. 2@l in their use and interpretation
(Alexander 2015), but also from in-situ ballons observagi@vincent et al. 2007; Geller and Gong
2010). These observations, coupled to high resolutionlsitons reveal that the GW field is more

intermittent than anticipated (Hertzog et al. 2008; Aledamnet al. 2010), questionning the way



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

GWs are currently parameterized: having a few intense was®@gs rather than a continuous
source with small intensity changes completely the alésudt which the waves may be expected
to dissipate and force the background flow. The probabiktysity function (PDF) of absolute mo-
mentum fluxes provides a good means to quantify intermigtamcl to compare different sources
of information on gravity waves (Hertzog et al. 2012), ang ihow also used to analyze gravity
waves in satellite data (Wright et al. 2013). This internmtte in time and space of the grav-
ity waves can be present in parameterizations that relatgrdwvity waves to their tropospheric
sources. Whereas this is now commonly done for convectivatgraaves (using schemes like
Beres et al. (2004); Song and Chun (2005); Lott and Guez (2@BLBhell et al. (2015)), this is
rather the exception for non-orographic gravity waves p@tarizations (Charron and Manzini
2002; Richter et al. 2010). The recent stochastic pararmatermn of de la Camara and Lott (2015)
stands out as having been adapted to incorporate and regerdiis intermittency with a physi-
cally based link to the tropospheric flow (Lott et al. 201012 Nonetheless, there is a pressing
need for enhanced understanding of non-orographic graxates (Plougonven and Zhang 2014).
The framework and requirements of parameterizations aliyuead us to think in terms of
sources, propagation and dissipation as the three sueeessl distinct stages (or processes) in
the life cycle of a gravity wave packet. One would wish to béedb separate each of these
processes and relate them to large-scale flow diagnosties giiavity wave field being generally
complex near jets and fronts (e.g. Zhang et al. (2001); VdaateSnyder (2012); Plougonven et al.
(2015)), a reasonable aim may be to identify factors in thgelacale flow that most efficiently
constrain the wavelskely to be found at a given time and location, rather than seekmdetestic
relations between the large-scale flow and characteristigsavity waves that occur at smaller

scales.
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Based on our investigation of the gravity wave field in sevdedasets, it has appeared qualita-
tively that large values of non-orographic GWMF are morellike regions of strong winds than
in regions of weak winds. This is illustrated by two snapshaftthe wind speed and GWMF at
z=20 km above the Southern Ocean in Figure 1. As expected, the spieed is a large-scale
field, with some small-scale modulations tied to gravity @@avin contrast, the GWMF is patchy,
shows very large variations (note the logarithmic colodescand displays variations on a wide
range of spatial scales. Nonetheless, it appears that @eamaregions, the stronger values of
GWMF are more likely to be found in regions of strong wind. Thegent investigation sets out
to describe and quantify this relation for the Southern tagitudes in austral spring. It turns out
that a simple and robust relation can be found. Its integtict and use are however not as clear,
but we provide an example of use of this relation to criticalésess the GWMF parameterized in
the parameterization of the LMDz model.

The aim of the present study is to describe and quantify tlaioa between non-orographic
gravity waves and the strength of background stratosplénd. The metrics used will be the
PDFs of the absolute gravity wave momentum flux (GWMF), andélgeon and season of interest
is the Southern polar cap during austral spring. This cha@selts from the availability of relevant
and complementary datasets (see below), but is also medivat recent studies on the belt of
enhanced gravity wave activity observed in the lower sgattere in austral winter (Hendricks
et al. 2014). This belt may be connected to the difficulty ofdels to describe the breakdown of
the polar vortex in spring: it is suspected that this bias €®im part from missing gravity wave
drag (McLandress et al. 2012; de la Camara et al. 2016).

The datasets used include mesoscale simulations (Ploeg@tal. 2013) and observations col-
lected on superpressure balloon during the Concordiasi @@mgRabier and coauthors 2010).

The simulations have the advantage of providing a wide apatid temporal coverage. The
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balloon observations used constitute the most recent aturate dataset available for gravity
waves above the Southern polar cap (Geller et al. 2013). Casopaof these three datasets
have been carried out, showing satisfactory agreement@Biven et al. 2013; Jewtoukoff et al.
2015), similarly to other comparisons of the resolved dyawiaves from the European Center for
Medium-range Weather Forecasts (ECMWF) analyses and vastmesvations (Plougonven and
Teitelbaum 2003; Wu and Eckermann 2008; Shutts and Vosper)20

The paper is organized as follows. Section 2 introduces #t@ dsed and methodology. The
relation between gravity wave momentum fluxes and the locad wpeed is explored in section 3,
using PDF conditional on the background wind speed. Thegsses that may be contributing to
this relation are discussed in section 4. Implicationsititrons and perspectives are discussed in

section 5.

2. Data and methodology

Several datasets are used in order to explore the relatiGWi¥1F to background wind speed:

e mesoscale numerical simulations over the Southern polar rea for two months in the

Austral spring of 2005 with a resolution dk = 20km;

e analyses of the European Center for Medium-Range Weathec&3ise(ECMWF), for the
months of September 2010 to January 2011, correspondinget@€oncordiasi campaign.
The resolution of the model was T1279, corresponding to ebotal resolution of 0.125or

about 13 km, with 91 vertical levels corresponding appratety to 500 m vertical spacing.

e superpressure balloon measurements from the Concordrapaogn, with the gravity waves
analyzed using wavelets and taking advantage of the quagg@abhgian behavior of the bal-

loons (Hertzog et al. 2008; Vincent and Hertzog 2014).
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The resolution and limitations of each dataset are sumetiiz table 1. In the mesoscale sim-
ulations, no gravity wave parameterization is used. In taMBVF analyses, only the resolved
waves are investigated. In the three datasets, in ordevéstigate only non-orographic gravity
waves, we analyze the gravity wave MF over the oceans anddiar iElands or coastline (region
5 of Plougonven et al. (2013)).

Before providing more details on these datasets, some extparon the logic of their choice is
necessary. The relation between gravity waves and backdneinds was found when exploring
the mesoscale simulations (Plougonven et al. 2013). Thadiand location of these simulations
aimed at a comparison with a first balloon campaign (Vorcaustral spring of 2005) over Antarc-
tica Hertzog et al. (2007). The Concordiasi campaign (ausprang of 2010) was very similar to
Vorcore regarding geographical coverage and timing, beitntleasruements are much improved
for gravity wave studies because of enhanced time resaléeery minute instead of every 15
minutes, see 1). As our aim is not a comparison of the balloeasurements to the mesoscale
simulations (see Plougonven et al. (2013); Hertzog et @lLZ?, Plougonven et al. (2015)), it was
logical to use the best available dataset for the ballooembsions. The gravity wave momentum
fluxes had been analyzed also in the ECMWF analyses (Jewtoeikaff 2015), so this readily
provided a third, complementary dataset.

The background flow over Antarctica during austral springlescribed from the mesoscale
simulations (21/10/2005 to 18/12/2005) and from the ECMWHyees (September to December
2010) in figures 4 and 3. It consists of an upper-troposphetibetween 4€5 and 60S. It is a
region of active baroclinic instability, and is found to mersewhat stronger betweef &nd about
120. In the lower stratosphere, at= 20 km, the flow is dominated by the polar vortex, which is

strongest at the end of winter, and breaks up in late sprihg. pblar vortex is at more poleward

latitudes, between 8% and 75S. The mean winds in the mesoscale simulations are weaker and
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show more longitudinal variations, which is mainly due tdharser time interval and their timing
in late spring.

The numerical dataset is derived from mesoscale simukgarried out with the Weather Re-
search and Forecast Model (WRF, Skamarock et al. (2008))axdthmain encompassing Antarc-
tica and the Southern Ocean and for a time period of two mdmhs October 21st to December
18th, 2005. The domain covers an area 10;000,000 km wide centered on the South Pole, with
a resolution ofdx = 20km in the horizontal and 120 levels going up to 5 hPa, seadgdlo/en
et al. (2013) for a complete description. Comparison withHdoal observations from the Vor-
core campaign (Hertzog et al. 2008) showed good agreememéde the simulated and observed
momentum fluxes (Plougonven et al. 2013; Hertzog et al. 2@4@ugh both suffered from under-
estimation because of the limited resolutions.

The balloon measurements used come from the Concordiasiaegmwhich took place in the
austral spring of 2010 (Rabier and coauthors 2010). Longtaur balloons provide one of the
most accurate estimates of GWMF (Geller et al. 2013). The oeahpesolution of measurements
for Concordiasi has been greatly enhanced relative to prswtampaigns (measurements every
30s instead of every 15 min), allowing to resolve the fulltpem of gravity waves, hence our
choice of this campaign rather than Vorcore (austral s@0@p). The trajectories of the balloons,
shown in Figure 2, covered a wide area, part of which is overSbuthern Ocean, allowing for
the investigation of non-orographic waves. In the ballotwseyvations, the momentum fluxes
are estimated using a wavelet analysis: the continuousetlasvelet transform applied on the
balloon timeseries of pressure, and zonal and meridionadisvallows us to locate gravity-wave
packets in the time/intrinsic-frequency space, and tarege phase shifts between these time
series. This information, together with the gravity-wawesér theory, are then used to compute

momentum fluxes. Note that wavelet coefficients with magi@tamaller than three times the
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standard deviation of measurement noise are discarded tirerstatistics. This has probably
the detrimental effect of removing some real geophysiaghai but provides confidence that
we do not interpret measurement noise as real gravity waMes.reader is referred to Boccara
et al. (2008) and Vincent and Hertzog (2014) for further dietan how we compute gravity-wave

momentum fluxes from the balloon timeseries. These papsypabvide estimates of the accuracy
with which momentum fluxes are assessed. In particular, Baceal. (2008) report that the

retrieved gravity-wave momemtum fluxes are underestimiayeabout 10%, and associated with
a(1— o) uncertainty of 10%.

These or similar datasets have been inter-compared psdyiothe mesoscale simulations
have been validated with data from the Vorcore superpressampaign (Hertzog et al. 2008;
Plougonven et al. 2013; Hertzog et al. 2012), and the ECMWFyaealhave been shown to con-
tain realistic gravity waves by comparison to the Concordiampaign Jewtoukoff et al. (2015).
The reader is directed to these earlier studies for an ioteparison of these datasets.

The gravity wave field is characterized by the PDF of the alisomomentum fluxes,

P \/(u’vv’)2 + (V'wW)2. In the model output, the momentum fluxes are obtained by-pags filter-
ing spatially the velocity components, see Plougonven.gRatl3) and Jewtoukoff et al. (2015)
for further details. As described above, the observed &mes of momentum fluxes are obtained
after a wavelet-based identification of wave packets inithe series of velocity (Boccara et al.

2008; Vincent and Hertzog 2014).

3. Relation between gravity waves and local wind speed

In order to investigate only non-orographic gravity wawes,analyze the gravity wave MF over

the oceans (region 5 of Plougonven et al. (2013)). In ordeotopare with superpressure balloons,
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the analysis of model output is carried outzat 20 km. This is slightly higher than the flight

levels of the balloons (between 17 and 19 km).

a. In different datasets

Gravity wave momentum fluxes in the mesoscale simulatioosmented by Plougonven et al.
(2013) are first investigated. PDFs of absolute momentune$luxere obtained, using 200 bins
that are equally spaced for the logarithm of the GWMF. The Pareésconditional on the back-
ground windspeedt (x,y, z t) (i.e. simply the total wind speed at that location and timéjol
was partitionned in intervals of 10 m% see Figure 5: for example the green curve corresponds to
p(F|30 < U < 40 ms™), i.e. the probability to find the value F of the GWMF, knowingtlhe
background wind is between 30 and 40 ThsEach of these curves, by definition, is normalized
such thatfy’ p(F |30 < U < 40 ms 1)dF = 1. Finally, note that the vertical axis if logarithmic,
to provide detail on the tail of the distributions (rare ieinse events which account for a large
part of the average GWMF (Hertzog et al. 2012)). Strikinghg PDFs are found to be very con-
strained by the background wind, with the frequency of oenae of GWMF larger than 5 mPa
systematically increasing with background horizontaldvapeedJ. For example, values of the
GWMF between 35 and 40 mPa are about 100 more likely where the imlarger than 50ms
than where the wind is weaker than 10ms Note finally that the graphs (semilog in the vertical
axis) purposefully emphasize the tails of the PDFs: becatisee intermittency of the gravity
waves, it is the rare, large events described by the tail@PDF that matter most (Hertzog et al.
2012). The thin lines in Figure 5 are lognormal approximagiof the PDFs, to be discussed in
the following subsection.

Figure 6 shows the PDFs of GWMF estimated from the ECMWF anglyses the same ge-

ographical region but for the time of the Concordiasi campaiggain, strikingly, the PDFs of

10
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momentum fluxes are stratified by the background velocitye Wdues of the momentum fluxes
are somewhat larger than those found in the WRF simulationa,fagtor 2-3. This is consistent
with the expected sensitivity to resolution, whether basedensitivity tests (Plougonven et al.
2013) or on the truncation of the spectrum of resolved wavewtoukoff et al. 2015).

Figure 7 shows the PDFs of GWMF in balloon observations, ¢ardil on the background wind
speed. Relative to Figures 5 and 6, there are surprisingssitiés and expected differences. The
differences include the more irregular nature of the PDseeted from a more limited sampling,
and the significantly larger values of the GWMF, expected beeaf the limited resolution of the
simulations, see discussion in Jewtoukoff et al. (2015is Worth stressing that these curves are
obtained fromin situ measurements, that our focus on non-orographic waves asdadimited
sampling (see figure 2), and that most of the information ithentail of the PDFs, i.e. carried
by few, rare events. Hence, it is normal that the curves aigardhan the ones obtained from
model output. The ordering of the PDFs is not as perfect amfmiel output, what is striking is
rather that, even with such limited sampling, the orderingslcome out. The overall picture is
again that the tails of the PDFs are generally ordered by dle&dround windspeed, with small
exceptions that are compatible with noise due to the limgaohpling. Hence the main result
we retain is the similarity and confirmation of a strong stviy of the PDF to the windspeed.
Again, for GWMF values larger than 10 mPa, the curves are gépardered according to the
background wind speed, and the occurrence frequency of BWMF varies by more than one
order of magnitude as a a functionldf

In summary, information on the local wind speed in the loweatesphere already provides
significant information about the GWMF that are likely presérhis has been obtained over the
ocean for the Southern high latitudes in austral spring. dreéerence for strong GWMF values

to be present in regions of strong windspeeds comes out wiking agreement from the three
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datasets, whether from observations or from models, andftire we consider this a very robust
result. It is consistent with a well-known aspect of the gpalistribution of GWMF, i.e. the belt
of large values found in the stratospheric polar vortex @imks et al. 2014). This belt has been
noted in a number of previous studies in time-averaged figldisfrom instantaneous values. It
has been argued that horizontal propagation and refraictiorthe jet contributed to this spatial
distribution of the gravity waves (Dunkerton 1984; SatoleP@09). The present approach sheds
a different light on this phenomenology: without referetcgeography, it may provide a useful
and compact quantification of this preference for large GWMbIBd present in regions of strong
winds.

Figure 8 shows the medians and the geometric standard idegan the three datasets, as a
function of the background wind spedd The medians have been normalized for the comparison,
whereas the geometric standard deviations naturally anertSionless (Limpert et al. 2001). For
a sample of values following a lognormal distribution witmadianFsg and a geometric standard
deviationo* > 1, 68.2% of the values are expected in the intefig)/ 0", F5o0*], and 95.5% in
the intervaI[F50/a*2, F500*2]. The dimensional values of the medians can be found in table 2
Both the values directly calculated from the series of GWMHRigal(left column) and the values
describing the lognormal fits (right column) are display&tle main, robust conclusion to retain
from these panels is that the medians systematically isereath the background wind speed,
the increase being surprisingly consistent between tlierdiit datasets (factor 3 to 5 between the
median for the weakest winds and for the strongest windsk gdometric standard deviations
vary significantly from one dataset to another (with the obm®ons in between the two values
from the models), but within a dataset they are remarkalggnsitive to the background wind

speed.
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4. Interpretation

The relation highlighted in the previous section appeansar&able because it is robust across
several datasets, and because it is simple and can be vaptsusummarized (section 3A1
above). In the present section, we try and identify proce#isgt may contribute to this relation,
and then further explore this relation in model output anthwain offline parameterization, dis-

cussing implications for the relevance of the differentdidate processes.

a. Candidate processes

Several processes are likely to play a role and contributedaelation between GWMF and

background wind speed:

1. alignment in the vertical of the tropospheric sourcesaradrong stratospheric winds above:
the distribution of sources below may have its maxima coling with the polar vortex, with

vertical propagation sufficient to yield more intense GWMFFagions of strong winds.

2. Wind filtering: critical levels remove waves with phasdoe#ties matching the wind (An-
drews et al. 1987). Regions of strong stratospheric windscoagspond to locations below
which there has been less filtering, the strong winds allgwmore of the gravity wave spec-

trum to go through.

3. Lateral propagation of waves: lateral propagation acdgmng into the jet is known to occur
(Dunkerton 1984; Sato et al. 2009, 2012), and can lead toneeldaGWMF in regions of

strong winds.

4. shear as a source of waves: a strong wind speed in the ltatysphere may oftentimes be
associated with strong shear between the troposphere arstr#tosphere. Now PV anoma-

lies in shear may act as a source of gravity waves (Lott e(0dl022012).
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The different processes outlined above are expected todifigeent signatures on the relation
between GWMF and local windspeed. In the following sectiorsewplore the relation between
GWMF and wind speed further, and use those results to disbespdssible relevance of the

mechanisms 1-4 outlined above.

b. Variation with altitude

The output of the WRF simulations and of the ECMWEF analyses doouthe relation of
GWMF and wind speed at different heights. Figure 9 shows thEsPdl GWMF conditional
on the background wind for several heights from the tropspao the mid-stratosphere. Strik-
ingly, the sensitivity of the PDFs holds at these differeiitumles. As expected from previous
investigations (e.g. Hertzog et al. (2012)) momentum flukesrease with height, and the tails
of the PDFs diminish significantly with height. Similar figaerwere obtained from the ECMWF
analyses, at heights of 10, 15, 20 and 30 km. Again, the figimaisshown) are characterized
by a robust relation between momentum fluxes and backgroumdispeed at all heights, and the
expected decrease of momentum fluxes with height.

In order to determine how the sensitivity of momentum fluxeshe with height, figure 10
summarizes the variations with background wind speed ofritedian momentum fluxes, for the
different heights and for the two different models. Agaive tnedians are normalized by the mean
of the medians for 2& U < 30ms* and 30< U < 40ms L. The two figures are remarkably
similar, showing first that the relation is robust and holdditherent heights, second that the slope
increases a little with height, and third that it deviatesnira linear relation at the lowest and
highest heights.

Assuming that the sources for momentum fluxes are in the $pipre, the sensitivity of the

GWMF PDF to the background wind bears different meanings fégrdnt heights: in the low-
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ermost stratosphere, this suggests that the sources drotibe jet region, which is expected
(Plougonven and Zhang 2014). Higher in the stratosphetkegizen that larger momentum fluxes
in the upper-troposphere are associated with strong winslspws that the propagation does not
counteract this relation, and in fact somewhat enhancésiéral propagation into the regions of
stronger winds and critical filtering in regions of weak wartabth will tend to enhance the sensi-
tivity of GWMF to U. The present analysis does not allow to conclude on thavelatportance
of both effects.

If strong stratospheric winds were simply co-located in thetical with strong upper-
tropospheric winds, the PDFs of momentum fluxes in the stpdtere should have the same sen-
sitivity to tropospheric winds as to local wind. Figure 1lugitrates that this is not the case by
displaying PDFs of GWMF at 30 km altitude, conditional on thedvwspeed at 10 km. Although
there is still some sensitivity, most of the information f&en lost and the differerent PDFs are
no longer sorted by knowledge of the wind speed below. Thisttutes some evidence for the
importance of lateral propagation that has already beerhasiped by other means in previous
studies (Sato et al. 2012; Senf and Achatz 2011; Ribstein 20&5b).

Another piece of evidence for lateral propagation comemftbe PDF of the orientation of
the wave momentum flux relative to the background wind at 20 km, shown in the upper
panel of figure 12. This was obtained from the WRF simulationsdlgulating the angle, at all
locations over the ocean, between the momentum flux vectbtranlocal wind. As seen from
figure 4, both the north and south sides of the jet core are lsanpthe oceanic region used for
the present analysis. Waves are predominantly found toagate against the flow, i.e. angles
between 90 and 270 degrees, and this asymmetry is much mmmeyrced than a = 20 km
(lower panel of figure 12. The difference between the twadualgs is consistent with the expected

effect of filtering by the wind. Moreover, there is at= 20 km a strong asymmetry with the
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mode of the PDF corresponding to an angle of about 225 degkeesving that the winds in the

polar vortex are predominantly westerlies, this is indieabf poleward propagation, from source
regions located more to the North. Finally, note that thiarigis reminiscent of the PDF of the
orientation of gravity wave momentum fluxes that was dispthiyn Plougonven et al. (2015) (their

figure 21), but with a somewhat stronger anisotropy.

c. Tropospheric sources

The spatial variations of the gravity wave field is, evidgnth part tied to those of the sources.
Nonetheless, this information may be more difficult to captilecause non-orographic sources
other than convection remain elusive (Plougonven and Zi2@igl) and difficult to quantify.
Moreover, as gravity waves ascend in the stratosphere gfepagation modulates the wave field
in such a way that the background wind may, on its own, convenerimformation than the knowl-
edge only of tropospheric sources.

The present section aims at testing whether simple diaigsostat are tied to tropospheric
jet/front systems may provide as much information, or magarding the gravity wave field than
the local wind speed. We restrict our considerations torthatics that are simple and very easily
available, as was the case for the local wind speed (inastmg more sophisticated diagnostics
such as the frontogenesis function Charron and Manzini (R60#he residual of the nonlinear
balance equation Zhang et al. (2001) is not the purpose gbrieent study.) We will consider
vorticity, at the surface or in the mid-troposphere, andiesig pressure. The former is indicative of
fronts, the latter will have a signature at large scales aitighaint out regions of active cyclogen-
esis. Other diagnostics could be proposed based on pasipaéttéo parameterize non-orographic
gravity waves (Charron and Manzini (2002); Richter et al. (®0dsed the frontogenesis func-

tion in mid-troposphere) or on idealized and real case stu@’Sullivan and Dunkerton (1995);
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Plougonven et al. (2003); Zhang (2004)jlicke and Peters (2006, 2008) suggest indicators of
imbalance such as Lagrangian Rossby numbers and the reeidi nonlinear balance equa-
tion). The range of possibilities is large and its explamatis not the purpose of the present study.
The present question is merely: for the region and seasamexieist, is there a potential source
diagnostic, having comparable simplicity to local windspgthat carries comparable information
on GWMF?

Figure 13 shows PDFs of gravity wave momentum fluxes, cathtion different indicators of
tropospheric activity. The curves plotted are illustratithere is very little sensitivity of the PDFs
to the underlying vorticity. Similar tests were carried asing the ECMWF analyses, with similar
results. In part, this results from the small-scale charact vorticity: even for gravity waves
emanating from fronts, they may not show good correlatiotih whe underlying fronts because
they propagate away horizontally from the narrow maximumaoficity which is the signature of
the front. This motivated the use of surface pressure, whéshsignatures on larger scales and for
which we expect gravity waves to be enhanced near negatomaies (extra-tropical cyclones
and regions of enhanced precipitation). The PDFs indeed sbae sensitivity to this condition
on surface pressure, yet the 'stratification’ of the PDFg8a this condition is much weaker than
that obtained simply from using the wind at 10 km. Hence agotittempt has consisted in using
vorticity as a condition, but after having averaged it sgibti Figure 14 shows the PDFs of GWMF
again, conditional on the surface vorticity (top) and nriabbspheric vorticity (bottom) averaged
in boxes that are 10 degrees longitude by 5 degrees latitile. GWMF do show significant
sensitivity to the last of these diagnostics, i.e. mid-trgjgheric vorticity spatially averaged. This
brings support to the choice made by de la Camara and Lott J201Se tropospheric vorticity as

the indicator for non-orographic, non-convective grawviigve sources. Their motivation for this
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choice came from theoretical studies of waves emitted bgreloePV anomalies (Lott et al. 2010,
2012).

While it will be of interest to explore further the sensitiviof GWMF to different indicators
of the tropospheric flow, the present investigations sufficehe following conclusions: first, the
sensitivity of GWMF to the background wind speed in the lowteatssphere is remarkable and
it is not straightforward to find a tropospheric diagnoshiattcarries more, or even comparable,
information. Second, possible candidates for such a tpgpeErsc diagnostic include the surface
pressure and the mid-tropospheric vorticity (spatiallgraged for the latter, as this is a small-scale

field).

d. Vertical propagation and parameterizations

It is known that the vertical propagation of waves in the éasgale winds is sufficient to repro-
duce much of the spatial variability of the gravity wave fiéddexander 1998). As a method to
test how much vertical propagation, on its own, can lead fferginces in the PDFs of GWMF
depending on the backrgound wind, one can use parametengdtom an Atmospheric General
Circulation Model (AGCM) run in offline mode. As the near totalof GW parameterizations,
the one of LMDz makes the columnar approximation, i.e. gyavaves are assumed to propagate
only vertically. Two key advantages of the LMDz parametatin for the present comparison are
that it has been designed to describe fluxes that are camsigth observations regarding spectra
and intermittency de la Camara et al. (2014), and it include#tél/jet sources that are physically
tied to the resolved tropospheric flow in the model de la CaraadaLott (2015). Following the
theoretical arguments of Lott et al. (2010, 2012), the patanration evaluates the grid-scale
vorticity and Richardson number to determine the amplitida®@GWMF emitted, and as a con-

sequence represents the observed GWMF intermittency raalsonell (de la Camara and Lott
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2015). Therefore it becomes straightforward, with thisapagterization, to produce PDFs of the
GWMF conditional on the background wind speed and compargetiath the ones obtained
above from resolved waves. Input data for the offline runsdaiky wind and temperature fields
from ERA-Interim for the September 2010 - January 2011 perRdsults are shown at 20 km
height south of 4t5. Note that the purpose here is to test the effect of venticgbagation and
critical filtering (the offline runs are used as a tool to isekeertical propagation), not to evaluate
the most recent version of the constantly evolving paranzet@on.

Figure 15 shows the PDFs of GWMF conditional on backgrounddveipeed in four config-
urations. The impact of having sources that are physicadly tio the tropospheric flow can be
seen by comparing the left and right columns: the latter shimgults of an offline run of the
parameterization where the initial fluxes are set to follognormal distribution, but with no
information from the tropospheric flow. With the phase spg@ectrum that is used operationally
in LMDZ (i.e. a Gaussian distribution of intrinsic phase ege centered on Om$with a standard
deviation of 40ms?) the parameterized fluxes that come from homogeneous sosinosv little
sensitivity to the background wind speed. This is probably t the fact that the change in winds
between the launch level and the measurement level is ofedino@low the characteristic value
of 40ms! used in the parameterization. With the same phase speetispeone can see from
the top left panel that the present version of the paranzettgsn (with sources estimated from the
tropospheric flow using vorticity (Lott et al. 2010; de la Camand Lott 2015)) does reproduce
part of the sensitivity of the GWMF to the background wind spe€his reflects the collocation
of the sources and high wind regions in the upper-troposptegjion, as expected from previous
sections. With homogeneous sources, it is possible toroatsensitivity of GWMF to background
wind speed, but this requires a drastic change in the phass gpectrum (standard deviation of

10ms1). The sensitivity to the launch level was also investigated had little impact. Finally,
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the effect of reducing the phase speeds in the parameteriaaith varying sources was tested
(lower left panel). Here again, this reduction of the phgseeds allows to obtain a significant
dependence of the GWMF to the background wind speed. Notehlzatiependence remains
weaker than that found in the three datasets investigateddtion 3. In other words, it appears
that specifying the sources from the tropospheric flow aotoéor a small part of the relation
between GWMF and wind speed. It would be possible to accourd faore significant part of
this relation by critical filtering and vertical propagationly, but this requires a drastic reduction
of the phase speed spectrum, a reduction which seems wtieadlative to observations (e.g.
Jewtoukoff et al. (2015)) and would be an obstacle for theupaterization to fulfill its role in

forcing the upper-stratosphere and mesosphere circnlatio

5. Summary and conclusion

The relation of non-orographic gravity waves to the backgobflow has been investigated for
waves in the Southern high latitudes in springtime. Seveeént observational and numerical
studies have emphasized the importance of the intermiyttehthe gravity wave field (Hertzog
et al. 2008; Alexander et al. 2010; Hertzog et al. 2012; Rbougn et al. 2013; Wright et al. 2013)
and have proposed PDFs of momentum fluxes as a descriptioawfygwave momentum fluxes
(GWMF) which includes their intermittency. We have inveatigd the sensitivity of PDFs of
GWMF to the local background wind spe&dl, in three different and complementary datasets: re-
solved waves in mesoscale simulations (Plougonven et AB)2hd in analyses from the ECMWF
(Jewtoukoff et al. 2015) and measurements from long-dumdialloons of the Concordiasi cam-
paign (Rabier and coauthors 2010). In order to focus on nographic gravity waves, only
oceanic regions far from orography were considered. It wasd that the background wind speed

provides significant information on the expected gravity&®F in this region. The PDF of MF
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conditional on the background wind spebd displayed systematically longer tails and larger me-
dians for largetJ (figures 5, 6 and 7). Very good agreement was found betweethtbe very
different datasets, providing strong evidence that thawery robust feature in this region. This
relation appears attractively simple, but one should keepind that it in only descriptive, i.e. it
is not straightforwardly tied to specific processes, asudised further below.

The present study also confirmed that for non-orographicewdkie tails of the PDFs, even
for a subset chosen based on background wind values, arevedrapproximated as lognormal
(Hertzog et al. 2012). Hence, the variation of the PDFs of GWitR respect to the local wind
speed was synthesized using their medians and their gaorsigtndard deviation (Limpert et al.
2001). As expected, the medians differ in absolute valudléGet al. 2013; Jewtoukoff et al.
2015), but their relative variations displayed remarkataasistency between the three datasets.
At an altitude of 20 km, the median momentum flux for winds éarthan 50 ms! is about 4
times larger than those for winds weaker than 10"t dt is noteworthy that the observational
dataset falls in between the two numerical datasets. Theage@ standard deviations also differ
in value between the different datasets, but they are sgikiinsensitive to the background wind
speed. For each dataset, they appear as a rather constameperfor the PDFs of GWMF.

This bias for larger MF in regions of strong winds is consistith previous results empha-
sizing a belt of strong gravity wave activity in the strathepc jet (Ern et al. 2004; Alexander
et al. 2010; Sato et al. 2009). Several factors may congitthis: spatial variations of the tro-
pospheric sources (Hendricks et al. 2014), lateral prapagéSato et al. 2012), local generation
tied to the stratospheric winds (e.g. Sato and Yoshiki (2008the vertical shear (e.g. Lott et al.
(2010, 2012)). The relative importance of these differentpsses was investigated by analyzing
the variation with height of GWMF, the relation of GWMF to sireghdicators of tropospheric

synoptic activity, and by using an offline parameterizafide la Camara and Lott 2015).
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At all heights investigated in the outputs of the models leetwvaltitudes of 10 and 20 km,
the same relation between GWMF and background wind speedowmasl f Different processes
contribute to this, with their relative importance whichcassarily varies with height: near the
tropopause, the location of sources dominates, whereastf propagation should become in-
creasingly important with height. At an altitude of 10 km,teoag sensitivity to local wind was
found, implying that the relation above is not purely a restilpropagation in the lower strato-
sphere. The contrast between GWMF in strong winds relativeetak winds increases somewhat
with height, indicating that propagation contributes toimein and even enhance this relation.
Nonetheless, this relation is already present at the trayegplevel. This reflects that the sources
are tied to the upper-tropospheric jet, which is expectdae Jensitivity to other diagnostics of
the large-scale flow at an altitude of 10 km was also invetjaas a modest attempt to check
if a higher level of information on the GWMFs could readily betained. Simple tropospheric
diagnostics indicative of regions of extra-tropcial cyws or fronts were used as conditions for
the PDFs: surface vorticity, surface pressure, mid-trppesc vorticity. As the vorticity field
has much variability at small scales, it was averaged dpata a fair comparison. These tests
suggest that only the surface pressure and the spatiallpge®@ mid-tropospheric vorticity pro-
vided information on the GWMF at 10 km. The sensitivity is astbeomparable to that found
for local wind. This provides additional justification toetlthoice of parameterization made by
de la Camara and Lott (2015), but further investigation wanddequired to explore more efficient
tropospheric diagnostics.

This latter parameterization (de la Camara and Lott 2015Yiges an ideal tool to test the
role of vertical propagation and critical level filtering tihe relation between GWMF and wind
speed: indeed, as the waves are launched stochasticalfgliovd a lognormal distribution, plots

similar to the ones obtained from observations and higbliéisn models can be produced and
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compared. By construction, the parameterization only takisaccount vertical propagation.
The sources can be tied to the tropospheric flow, or they candak horizontally and temporally
homogeneous, so as to isolate the effect of vertical prdjwagal hese tests provide evidence that
confirm that the collocation of sources and high-wind regiomthe upper-troposphere accounts
for part of the relation found at 20 km between GWMF and windesi®ut only for a small part.
The tests further show that it is possible to reproduce datis relation by changing the phase
speed spectrum of the waves launched, but that this requdesstic reduction of the phase speeds
(factor 4 relative to what is used successfully in the onliaesion of the parameterization). It is
therefore plausible to interpret these results as indeeickence that variability of the sources and
vertical propagation alone can not account for the relatan is found in both observations and
numerical models. In other words, this is likely evidencedanissing process, presumably lateral
propagation.

Lateral propagation is known to occur (Dunkerton 1984; Sstal. 2012). Now, this lateral
propagation is more pronounced for low-frequency waves thahigh-frequency waves (Preusse
et al. 2008), and hence one might object that our analysesreh model output which likely has
a bias towards low frequencies for gravity waves Preussk @(14). However, the presence of
the relation between GWMF and wind speed in observations @oncordiasi balloons imply that
this relation does not apply only to low-frequency wavesevedas the model output (WRF and
ECMWF) presumably have a bias towards low-frequency wavesusexf their limited horizontal
resolution, the balloon measurements describe the futtapa of gravity waves (Jewtoukoff et al.
2015).

Further evidence for lateral propagation stemmed from tlestigation of the orientation of
the gravity wave momentum fluxes relative to the local winlte most likely orientation at an

altitude of 20 km corresponds to waves propagating agaiesivind but obliquely (coming from
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low latitudes and propagating toward the pole). This is test with the main source of waves
being in the tropospheric storm tracks, which are more egquwaird than the poloar night jet, and
confirms the lateral propagation already highlighted inliteeature (Sato et al. 2009).

The purpose of the present study was to describe the relati@WMF to diagnostics of the
large-scale flow, in the lower-stratosphere. A remarkablyust and simple relation was found
between background wind speed and GWMF. It seems attracs@use of its compactness and
robustness, at least for high Southern latitudes and &sgtiag. How relevant this relation is for
other regions where non-orographic waves are expectednondte, or at other times, remains
an open question. If it is, and is not too sensitive to logaiad season, it may provide a novel
and compact description of the bias for stronger GWMF in negjiaf strong winds, and become a
tool for analyzing gravity waves, complementary to the dgsion of geographical and seasonal

variations.
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Al. Lognormal approximation of thetails

The description of the PDF of momentum fluxes highlights tigaiEcant weight of rare but
intense events. This emphasizes that describing souraasnedrographic gravity waves in pa-
rameterizations using a constant value is inappropriadaCamara et al. 2014). Now, PDFs of
GWMF could well be described by a lognormal distribution (tdeg et al. 2012). A lognormal
distribution is found for a strictly positive variable whokgarithm is normally distributed (e.g.
Limpert et al. (2001)). Because the propagation throughessice layers of the atmosphere can
be seen as a succession of multiplicative reductions of t@entum fluxes, it has been argued
that propagation alone could explain the relevance of lagabdistributions (Hertzog et al. 2012).
But other reasons, linked to wave sources in the troposphexg also be relevant. For example,
it has been repeatedly highlighted that waves spontanegesierated are exponentially small
in Rossby number (Vanneste and Yavneh 2004; Plougonven 20@h; Vanneste and Yavneh
2007; Lott et al. 2010). If the distribution of local Rossbymmoer can be roughly described as a
Gaussian, the spontaneously emitted waves naturallyfaldognormal distribution (Vanneste,
personal communication).

The focus on the tails of the distribution and their prestoran semilog plots may hide the fact
that the vast majority of values are wery weak. To illustthie and clarify how the PDFs are ap-
proximated with a lognormal distribution, an example isvghdn Figure 16 for momentum fluxes
from the WRF simulations over the ocean: the top panel showaaatd plot, emphasizing that
the most likely values are close to zero, whereas the botmmelgshows a semilog plot, reveal-
ing a shallow tail which extends to large values. Two appr@te distributions are overlaid: the
lognormal with the same median and geometric standard titmvigeso = 0.87 mPa,c* = 3.16),

and a lognormal that has been adjusted to better descrildaiti{Esg = 0.95 mPa,o* = 3.23).

25



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

The adjustment is carried out using a least squares fit omgfaithms of the distribution, starting
from the first percentile. Leaving out the weakest valuegstified because they are not the more
reliable part of the distribution. In particular the threkhapplied during the wavelet analysis
of the balloon timeseries may be responsible for an underagbn of the smallest momentum
fluxes in this dataset (see Section 2). There was very |gthsisivity to the percentile from which
we start the fit (first, fifth, tenth...).

Fits to lognormal distributions have been carried out ferttivee datasets and an illustration is
presented in figure 17 for the GWMF in the WRF simulations, whatas to illustrate two points:
a minor point is that the PDFs change slowly with height, s the figure corresponding to a
height within the height range of the balloons (17 to 19 knvkeisy similar to that corresponding to
the altitude of 20 km (figure 5). However, the main point t@nefrom this figure is a confirmation
that the tails of the PDFs are well described as lognormaltéddg et al. 2012), and the extension

of this result to subsets of the GWMF.
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Dataset Resolution Observed waves

WRF simulations dx=20km,dz300 m Anh > 120 km,A; > 2 km
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Concordiasi balloons Measurements every minute Whole spectrumf < @& < N.

736 TABLE 1. Summary of the resolution and expected limitations of theethlatasets used to diagnose the rela-
=z tion between gravity waves and background wind speed. Thedashn provides an estimate of the horizontal

s wavelength 4y) and vertical wavelength() that can confidently be resolved.
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U,inms? (10,20 | [10,20] | [20,30] | [30,40] | [40,50] | 50<...

WRF, medians (mPa) 0.18 0.24 0.36 0.48 0.59 0.87

gsd 3.2 3.2 3.3 3.3 3.3 3.2

ECMWF, medians (mPa) 0.43 0.60 0.73 0.91 1.13 1.30

gsd 4.4 4.2 4.5 4.7 4.8 4.7

Balloons, medians (mPa) 2.56 4.00 4.95 6.28 8.24 10.8

gsd 21 1.9 1.9 1.9 2.0 1.9

730 TABLE 2. Characteristics of the PDFs of the GWMF from the three datasetsach of the wind speed

uo  Intervals. Medians are indicated in mPa, geometric standaridta®s (gsd) are dimensionless.

36



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

7

778

779

780

LIST OF FIGURES

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Two examples of snapshots of absolute momentum fluxes (cdbmyarithmic scale) and
wind speed (thick gray lines for isotachs 20 and 40 ) ¢hick black line for 60 ms?) at
an altitude ofz= 20 km, from the mesoscale simulations of the flow above Antaretic
the Southern Ocean (Plougonven et al. 2013). The dates are ©2&rde 18:00UTC for
the top panel, November 7th, 2005, 12:00UTC for the bottonehan Co

Trajectories of the nineteen Concordiasi balloons above Alitarand hte Southern Ocean
(gray points, one every 12 hours), along with the outline (thick gealme) of the non-
orographic region used for the analysis of the three datasetsrfrediom Plougonven et al.
(2013)). . e

Winds averaged from September to December 2010, from the analftes ECMWF,
described by horizontal maps at 20 km (top), atz= 10 km (middle) and by a vertical
cross-section (bottom). Note that the colorbars are adapted tqpaaeh .

Winds averaged from October 21st, 2005, to December 18th, 2@0b,the WRF simula-
tions. Panels are as in figure 3. Ce e

Probability Density Functions of the gravity wave momentumdii(GWMF) in mPa from
the WRF simulations, &= 20km, conditional on the background wind.

Same as Figure 5 but for the momentum fluxes calculated from the\#EBhalyses, for
the time of the Concordiasi campaign, September 2010 to da2041.

Same as Figure 5 but for the long-duration balloons of the Coresirdampaign, September
2010 to January 2011. e

Normalized medians of the PDFs of GWMF (top) and geometric st@hdeviations (bot-
tom) as a function of the background wind speed. Black symboisespond to the
mesoscale simulations, red symbols to the ECMWF output, areldymbols to the Con-
cordiasi balloons. The medians were normalized by the meartseahedians found for

winds between 20 and 40 m’ For the medians, the linear regressions (thin lines) are also

displayed.

PDFs of momentum fluxes conditional on the background wina:dpd four different
heights in the WRF simulationg:= 12 km (upper- Ieft)z 16 km (upper rlght)z 25km
(lower-left) andz = 30 km (lower-right). . . .

Variation of the normalized median of GWMF with background wamkedJ, from the
WRF simulations (left) and the ECMWF analyses (rlght) for dlffel’rm'ghts (see Iegend in
each graph). oo . .

PDFs of gravity wave momentum fluxes at 30 km, in the WRF sinanat conditional on
the wind speed at 10 km.

PDF of the orientation of momentum fluxes relative to the loaakfbver the ocean, from
the WRF simulations, &= 10 km (lower panel) and &= 20 km (upper panel).

PDFs of GWMF atz = 10km conditional on different indicators of tropospheric jet/fron

activity. First panel: conditional on the absolute value wfface vorticity, by increments
of 0.5104s™1. Second panel: conditional on the absolute value of relativtcity atz =

37

. 39

. 40

41

. 42

43

. 44

45

46

47

. 48

49

50



781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.

5km, by increments of 810 *s~1. Third panel: conditional on surface pressure anomaly,
sorted by increments of 10 hPa.

PDFs of GWMF conditional on the absolute values of relativeieity at the surface (top)
and at the mid- troposphere (bottom) averaged in boxes that aregmeddongltude by 5
degrees latitude. .

PDFs of the parameterized GWMF, using the parameterizationedf Dz Atmospheric

General Circulation Model. The scheme is used offline, for théogdrom September
2010 to January 2011. The left column shows results for the paeaizegion used with the
source varying with the tropospheric flow (see de la Camara and L@i6jXor details).

The right column shows results using a source which retains atatal distribution but

with the amplitudes independent of the tropospheric flow. Taadard deviations for the
phase speeds are 40 mdor the upper panels, and 10 misfor the lower panels.

Example of the fit using a lognormal, for the PDF of momentum #ueind over the ocean
atz=20km in the WRF simulations, for background winds larger thams 1. Three lines
are shown: the thick black line is for the PDF estimated usingtdfis equally spaced for
the logarithm of momentum fluxes, the thin green line depiadalgnormal PDF with the
same median and geometric standard deviation, the red line égthmized lognormal PDF.
Top panel: standard plot of the PDF, showing the emphasisloésaear zero (horizontal
axis only extends to 6 mPa). Bottom panel: semilog view of tiraete distribution.

PDFs of GWMF at a height of 18 km, from the WRF simulations. Alsovgn, as thin lines,
are the the lognormal distributions fitted to approximate ttagis tas described in the text.

38

51

52

53

54

. 55



802

803

804

805

=1000

-2000 | W
-2000 !,'

~4000 | 4

e < .

=4000) =2000 =2000 =1000 0 1000 2000 3000 4000
logll of (GWMFAL mPa)
2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 Z 2.0
T T

HE @ @2 s

FiGc. 1. Two examples of snapshots of absolute momentum fluxesré;dbgarithmic scale) and wind speed

(thick gray lines for isotachs 20 and 40 misthick black line for 60 ms?) at an altitude oz = 20 km, from
the mesoscale simulations of the flow above Antarctica an&thehern Ocean (Plougonven et al. 2013). The

dates are October 23rd, 18:00UTC for the top par@b NovembeR@@b, 12:00UTC for the bottom panel.



4000

3000

2000

1000

-1000

-2000

-3000

-4000

' o o
-4000 -3000 -2000 -1000 O 1000 2000 3000 4000

806 FIG. 2. Trajectories of the nineteen Concordiasi balloons abovaratica and hte Southern Ocean (gray
g7 pOINts, one every 12 hours), along with the outline (thick oraig bf the non-orographic region used for the

ss analysis of the three datasets (region 5 from Plougonven et al3Y201

40



50
45
40
35
30
25
20
15
10
5

o

5!
0 -85 -8 -75 70 65 60 -85 50 45  -40
latitude

809 FiG. 3. Winds averaged from September to December 2010, from thesasaly the ECMWF, described by
s horizontal maps at = 20 km (top), az= 10 km (middle) and by a vertical cross-section (bottom). Note that

su the colorbars are adapted to each panel.

41



812 FIG. 4. Winds averaged from October 21st, 2005, to December 1885, 2@m the WRF simulations. Panels

a3 are asin figure 3.
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