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ABSTRACT

The relationship between gravity wave momentum fluxes aodl lvind
speed is investigated using probabildgnsityfunctions conditional on the
wind speed. The motivation is to identify relationshipsiestn gravity waves
and diagnostics of the large-scale flow, in order to des@ymthetically the
gravity wave field and provide constraints for the modelifighe@se waves.
Three independent datasets covering high latitudes in twh8rn Hemi-
sphere springtime are analyzed: simulations with a mesosutadel, analyses
from the European Center for Medium-Range Weather Forecadtslaser-
vations from superpressure balloons of the Concordiasi agnpn 2010. A
remarkably robust relation is found, with stronger momanfiluxes much
more likely in regions of strong winds. The tails of the prbitity density
functions are well described as lognormal. The median mamerlux in-
creases linearly with background wind speed: for windsdatiyan 50 ms?,
the median gravity wave momentum fluxes are about 4 timestdhgn for
winds weaker than 10 nt$. From model output, this relation is found to be
relevant from the tropopause to the mid-stratosphere at,laad to increase
somewhat with height. It is argued that two major processasdontribute
to this relation are the location of tropospheric sources tige upper-level
jet, and the lateral propagation into regions of strong winthe absence of
this latter effect in most gravity wave parameterizatiaksly will make it

difficult for parameterizations to account for this relatia the stratosphere.
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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 leasineof their impactaeedto 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)tthagport and hence a dynamical
forcing. Many studies have focused on quantifying momentiumes and describing their geo-
graphical and seasonal variatiqiesg. Alexander et al. (2008); Ern et al. (2011)), to be compared
with their modeled counterparts, parameterized or regolve

Over the last decade, considerable progress has been makle olbservations of the GWs in
the lower stratosphere and the middle atmosphere. Thigggsdollows 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
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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. Thiermittency in time and space of the parame-
terized gravity waves can be improvby parameterizations that relate the gravity waves to their
tropospheric sources. Whereas this is now commonly doneoiorective gravity waves (using
schemes like Beres et al. (2004); Song and Chun (2005); LotGaret (2013)), this is rather
the exception for non-orographic gravity waves parameaéions (Charron and Manzini 2002;
Richter et al. 2010). The recent stochastic parameterizafide la Camara and Lott (2015) stands
out as having been adapted to incorporate and reprodudatirishittency with a physically based
link to the tropospheric flow (Lott et al. 2010, 2012). Nored#ss, there is a pressing need for en-
hanced understanding of non-orographic gravity waves @pidved parameterizations of these
waves (Kim et al. 2003; Plougonven and Zhang 2014). One wwoidd for a quantitative relation
between the large scale flow and the characteristics oftgrasves that are found near jets and
fronts. The gravity wave field near realistic jets and fraatsowever complex (e.g. Zhang et al.
(2001); Waite and Snyder (2012); Plougonven et al. (20H5),it is perhaps more reasonable not
to aim for a deterministic relation between the large scal #ind gravity wave characteristics,
but rather identify factors in the large scale flow that mditiently constrain the waves likely to
be found at a given time and location.

The probabilitydensityfunction (PDF) of absolute momentum fluxes provides a gooans¢o
guantify intermittency and to compare different sourcesmfafrmation on gravity waves (Hertzog
et al. 2012), and it is now also used to analyze gravity wavasiellite data (Wright et al. 2013).
This intermittency was also explored in outputs of numénnadels (Plougonven et al. 2013;
Jewtoukoff et al. 2015). Comparison of modeled grawigvesin analyses from the European

Center for Medium-range Weather Forecasts (ECMWF) waves terobd gravity waves have
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shown very encouraging agreement (Plougonven and Teitel2003; Wu and Eckermann 2008;
Shutts and Vosper 2011; Plougonven et al. 2013; Jewtoukaff 2015). Relative to observations,
modelled gravity wave fields offer the advantage of progdairmore extensive dataset to test and
explore factors that may be crucial in shaping the gravityenféeld.

Now, over the Southern polar cap, mesoscale simulatiomstalisthat, on top of the sources,
the dynamical filtering of the gravity waves by the backgmbdlow is also essential to interpret
their regional and vertical distributions: more precisetaps of mean gravity-wave MF suggest
that larger values are found in regions corresponding tortean position of the stratospheric jet
(e.g. Sato et al. (2012)), and examination of snapshotsedidlv above the Southern Ocean (e.g.
Figure 1) suggests that, also in instantaneous distribsitistrong values of momentum fluxes
are more likely to occur in the stratospheric jet than oetilit. Regions of strong winds (i.e.
the polar vortex) have been highlighted for a long time asvartd locus for gravity waves, for
reasons that are at least partly tied to lateral propagébankerton 1984; Whiteway et al. 1997;
Sato et al. 2009).

The aim of the present study is tlescribe and quantifthe relation between non-orographic
gravity waves and the strength of background stratospkeénid. The tool used will be the PDFs
of the absolute gravity wave momentum flux (GWMF), and theaegind season of interest is
the Southern polar cap during austral spring. This choiseltefrom the availability of relevant
and complementary datasets (see below), but is also mediNat 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 otdels 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).
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The datasets used include mesoscale simulations (Ploeg@tal. 2013) and observations col-
lected on superpressure balloon during the Concordiasi a@mgRabier and coauthors 2010).
The simulations have the advantage of providing a wide alatid temporal coverage. The bal-
loon observations used constitute the most recent andateadataset available for gravity waves
above the Southern polar cap (Geller et al. 2013).

The paper is organized as follows. Section 2 introduces #t@ dsed and methodology. The
relation between gravity wave momentum fluxes and the locad apeed 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¥F to background wind speed:

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

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

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

about 13 kmwith 91 vertical levels corresponding approximately t® BOvertical spacing.

e superpressure balloon measurements from the Concordrapadgn, with the gravity waves
analyzed using wavelets and taking advantage of the quagp@ahgian 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 taMBV/F analyses, only the resolved
waves are investigatedln the three datasets, in order to investigate only non+aqagc gravity
waves, we analyze the gravity wave MF over the oceans anddiar iElands or coastline (region
5 of Plougonven et al. (2013)).

The numerical dataset is derived from mesoscale simuktarried out with the Weather Re-
search and Forecast Model (WRF, Skamarock et al. (2008)) axthmain 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 10,6dD,000 km wide centered on the South Pole, with
a resolution ofdx = 20km in the horizontal and 120 levels going up to 5 hPa, seadgdloven
et al. (2013) for a complete description. Comparison witidosl observations from the Vor-
core campaign (Hertzog et al. 2008) showed good agreememeée the simulated and observed
momentum fluxes (Plougonven et al. 2013; Hertzog et al. 2@h@ygh both suffered from under-
estimation because of the limited resolutions.

The balloon measurements used come from the Concordiasiabgmwhich 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 ¢eahpesolution of measurements
for Concordiasi has been greatly enhanced relative to prevdampaigns (measurements every
30s instead of every 15 min), allowing to resolve the fulltpem of gravity waves, hence our
choice of this campaign rather than Vorcote.the balloon observationghe momentum fluxes
are estimated with a wavelet analysis of the timeserieslotitg and pressure (see Hertzog et al.
(2008) and Vincent and Hertzog (2014) for details).

These datasets have been inter-compared previously: thescede simulations have been vali-

dated with data from the Vorcore superpressure campaigrizdtget al. 2008; Plougonven et al.
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2013; Hertzog et al. 2012), and the ECMWEF analyses have beamgbaontain realistic gravity
waves by comparison to the Concordiasi campaign Jewtoukalf €015).The reader is directed
to these earlier studies for an intercomparison of thesasdtd.

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

P \/(u’w’)2 + (V'wW)2. In the model output, the momentum fluxes are obtained by-pags filter-
ing spatially the velocity components, see Plougonven €21 3) and Jewtoukoff et al. (2015) for
further details. The observed momentum fluxes are obtaiftedawavelet-based identification

of wave packets in the time series of velocity (Boccara et@82 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,
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)arefirst investigated. PDFs of absolute momentum fluxes werairodd,using 200 bins
that are equally spaced for the logarithm of the GWNIRe PDFs are conditional on the back-
ground windspeed (x,y, z t) (i.e. simply the total wind speed at that location and timvljch
was partitionned in intervals of 10 m§ see Figure 4for example the green curve corresponds to
p(F |30 < U < 40 ms1), i.e. the probability to find the value F of the GWMF, knowingtihe
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,
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to provide detail on the tail of the distributions (rare mieinse events which account for a large
part of the average GWMF (Hertzog et al. 2018jrikingly, the 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 horizontaldvépeedJ. For example, values of the
GWMF between 35 and 40 mPa are about 100 more likely where the iwlarger than 50ns
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: becalisee 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 4 are lognormal approximagiof the PDFs, to be discussed in
the following subsection.

Figure 5 shows the PDFs of GWMF estimated from the ECMWF analyses the same ge-
ographical region but for the time of the Concordiasi campaiggain, strikingly, the PDFs of
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 6 shows the PDFs of GWMF in balloon observations, d¢awdil on the background wind
speed. Relative to Figures 4 and 5, there are surprisingasitiés and expected differences. The
differences include the more irregular nature of the PDKseeted 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. (2016 worth stressing that these curves are
obtained fronin situmeasurements, and that most of the information is in thet#ile PDFs, i.e.
carried by few, rare events. Hence, it is normal that theesiare noisier than the ones obtained

from model output. The ordering of the PDFs is not as perfedbamodel output. Nonetheless,
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the overall picture is again that the tails of the PDFs areegaly ordered by the background
windspeed, with small exceptions that are compatible wilser due to the limited sampling.
Hence the main result we retais the similarity and confirmation of a strong sensitivitytbé
PDF to the windspeed. Again, for GWMF values larger than 10,ntfRacurves are generally
ordered according to the background wind speed, and therecoe frequency of large GWMF
varies by more than one order of magnitude as a a functidh of

In summary, information on the local wind speed in the lowteatssphere already provides
significant information about the GWMF that are likely presérhis has been obtained over the
ocean for the Southern high latitudes in austral sprifige preference for strong GWMF values
to be present in regions of strong windspeeds comes out wikiing agreement from the three
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 fieldsfrom 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 referetzgeography, it may provide a useful
and compact quantification of this preference for large GWMbIBd present in regions of strong
winds.

Figure 7 shows the medians and the geometric standard idegan the three datasets, as a
function of the background wind speed The mdeians have been normalized for the compari-
son, whereas the geometric standard deviations naturallgienensionless (Limpert et al. 2001).
Both the values directly calculated from the series of GWMHRigal(left column) and the values

describing the lognormal fits (right column) are display&te main, robust conclusion to retain
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from these panels is that the medians systematically iser@éh the background wind speed, the
increase being surprisingly consistent between the éiftedlatasets (factor 3 to 5 between the me-
dian for the weakest winds and for the strongest winds). Hungtric standard deviations vary
significantly from one dataset to another (with the obséraatin between the two values from

the models), but within a dataset they are remarkably inenso the background wind speed.

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 contributbgaelation between GWMF and

background wind speed:

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

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

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

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

strong winds.

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

lies in shear may act as a source of gravity waves (Lott e(0dl022012).

The different processes outlined above are expected todifigeent signatures on the relation
between GWMF and local windspeed. In the following sectioesaxplore 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 ECMWF analyses doouthe relation of
GWMF and wind speed at different heights. Figure 8 shows thEsPai GWMF conditional
on the background wind for several heights from the tropepda the mid-stratosphere. Strik-
ingly, the sensitivity of the PDFs holds at these differdtituales. 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 figisrwere 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 backgroumtispeed at all heights, and the
expected decrease of momentum fluxes with height.

In order to determine how the sensitivity of momentum fluxesh\ee with height, figure 9 sum-

marizes the variations with background wind speed of theiamesthomentum fluxes, for the dif-
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ferent heights and for the two different models. Again, thedrans are normalized by the mean
of the medians for 2& U < 30ms! and 30< U < 40ms™. The two figures are remarkably
similar, showing first that the relation is robust and holddifferent heights, second that the slope
increases a little with height, and third that it deviatemnira linear relation at the lowest and
highest heights.

Assuming that the sources for momentum fluxes are in the $ppere, the sensitivity of the
GWMF PDF to the background wind bears different meanings fégrdnt heights: in the low-
ermost stratosphere, this suggests that the sources drotitae jet region, which is expected
(Plougonven and Zhang 2014). Higher in the stratosphetegaen 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 wsrtabth will tend to enhance the sensi-
tivity of GWMF to U. The present analysis does not allow to conclude on thewelatportance
of both effects.

If strong stratospheric winds were simply co-located in thestical 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 llugtrates that this is not the case by
displaying PDFs of GWMF at 30 km altitude, conditional on thedwspeed at 10 km. Although
there is still some sensitivity, most of the information lheen lost and the differerent PDFs are
no longer sorted by knowledge of the wind speed below. Thistitutes 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 comes fitoe PDF of the orientation of the

wave momentum flux relative to the background watdz = 20 km, shown in figure 11. This
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was calculated from the WRF simulations by calculating théegrag all locations over the ocean,
between the momentum flux vector and the local wid.seen from figure 3, both the north and
south sides of the jet core are sampled in the oceanic regiexh for the present analysi$Vaves
are predominantly found to propagate against the flow, ingles between 90 and 270 degrees.
Moreover, there is a strong asymmetry with the mode of the P@Fesponding to an angle of
about 225 degrees. Knowing that the winds in the polar vatexpredominantly westerlies, this
is indicative of poleward propagation, from source regitotated more to the North. Finally,
note that this figure is reminiscent of the PDF of the orieatedf gravity wave momentum fluxes
that was displayed in Plougonven et al. (2015) (their figukg 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 ZI2Zfigl) and difficult to quantify.
Moreover, as gravity waves ascend in the stratosphere pghagpagation modulates the wave field
in such a way that the background wind may, on its own, convererimformation than the knowl-
edge only of tropospheric sources.

The present section aims at testing whether simple diagsostat 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 torthagcsthat are simple and very easily
available, as was the case for the local wind speed (inastgy more sophisticated diagnostics
such as the frontogenesis function Charron and Manzini (260#he residual of the nonlinear

balance equation Zhang et al. (2001) is not the purpose gbrément study.) We will consider
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vorticity, at the surface or in the mid-troposphere, andies@ pressurel he 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 pasipattéo parameterize non-orographic
gravity waves (Charron and Manzini (2002); Richter et al. (®Qdsed the frontogenesis func-
tion in mid-troposphere) or on idealized and real case stuff’'Sullivan and Dunkerton (1995);
Plougonven et al. (2003); Zhang (2004)ilicke and Peters (2006, 2008) suggest indicators of
imbalance such as Lagrangian Rossby numbers and the residir@ nonlinear balance equa-
tion). The range of possibilities is large and its explanatis not the purpose of the present study.
The present question is merelfar the region and season of interestthere a potential source
diagnostic, having comparable simplicity to local windespgthat carries comparable information
on GWMF?

Figure 12 shows PDFs of gravity wave momentum fluxes, camdhtion different indicators of
tropospheric activity. The curves plotted are illustratithereis 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 charaot vorticity: even for gravity waves
emanating from fronts, they may not show good correlatioth whe underlying fronts because
they propagate away horizontally from the narrow maximumasticity which is the signature of
the front. This motivated the use of surface pressure, which has sigggabn larger scales and for
which we expect gravity waves to be enhanced near negatvmalies (extra-tropical cyclones
and regions of enhanced precipitafiohe PDFs indeed show some sensitivity to this condition
on surface pressure, yet the 'stratification’ of the PDFgbtas this condition is much weaker than
that obtained simply from using the wind at 10 km. Hence ago#ittempt has consisted in using
vorticity as a condition, but after having averaged it sbti Figure 13 shows the PDFs of GWMF

again, conditional on the surface vorticity (top) and migpbspheric vorticity (bottom) averaged
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in boxes that are 10 degrees longitude by 5 degrees latititie. GWMF do show significant

sensitivity to the last of these diagnostics, i.e. mid-ogheric vorticity spatially averaged. This
brings support to the choice made by de la Camara and Lott {201e tropospheric vorticity as
the indicator for non-orographic, non-convective graviigve sources. Their motivation for this
choice came from theoretical studies of waves emitted bgreltePV anomalies (Lott et al. 2010,
2012).

While it will be of interest to explore further the sensitwiof 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 lowestesphere is remarkable and
it is not straightforward to find a tropospheric diagnostiattcarries more, or even comparable,
information. Secondpossible candidates for such a tropospheric diagnostindeche 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 fiéidexander 1998). As a method to
test how much vertical propagation, on its own, can lead ffer@inces 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 parameiatiizn for the present comparison are
that it has been designed to describe fluxes that are camsigite observations regarding spectra

and intermittency de la Camara et al. (2014), and it includa®tél/jet sources that are physically
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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 amplitidee@GWMF emitted, and as a con-
sequence represents the observed GWMF intermittency ralalsonell (de la Camara and Lott
2015). Therefore it becomes straightforward, with thisapagterization, to produce PDFs of the
GWMF conditional on the background wind speed and compargethath the ones obtained
above from resolved waves. Input data for the offline runsdary wind and temperature fields
from ERA-Interim for the September 2010 - January 2011 perRdsults are shown at 20 km
height south of 405. Note that the purpose here is to test the effect of venticgdagation and
critical filtering (the offline runs are used as a tool to iseleertical propagation), not to evaluate
the most recent version of the constantly evolving pararizeon.

Figure 14 shows the PDFs of GWMF conditional on backgrounddveipeed in four config-
urations. The impact of having sources that are physicadly to the tropospheric flow can be
seen by comparing the left and right columns: the latter shasgults of an offline run of the
parameterization where the initial fluxes are set to folldagmormal distribution, but with no in-
formation from the tropospheric flow. With the phase speetspm that is used operationally in
LMDZ (i.e. a Gaussian distribution of phase speeds centeme@ins ! with a standard deviation
of 40ms1) the parameterized fluxes that come from homogeneous soshosv no sensitivity
to the background wind speed. With the same phase speedwspecine can see from the top
left panel that the present version of the parameterizdtiaith sources estimated from the tropo-
spheric flow) does reproduce part of the sensitivity of the Gl the background wind speed.
This reflects the collocation of the sources and high wingbregin the upper-troposphere region,
as expected from previous sections. With homogeneous egsutds possible to obtain a sensi-

tivity of GWMF to background wind speed, but this requires astic change in the phase speed
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spectrum (standard deviation of 10m}s The sensitivity to the launch level was also investigated
but had little impact. Finally, the effect of reducing theagk speeds in the parameterization with
varying sources was tested (lower left panel). Here aghis,reduction of the phase speeds al-
lows to obtain a significant dependence of the GWMF to the backgl wind speed. Note that
this dependence remains weaker than that found in the tlatesets investigated in section 3. In
other words, it appears that specifying the sources fronrép@spheric flow accounts for a small
part of the relation between GWMF and wind speed. It would kssjde to account for a more
significant part of this relation by critical filtering andntieal propagation only, but this requires
a drastic reduction of the phase speed spectrum, a redwekimi seems unrealistic relative to
observations (e.g. Jewtoukoff et al. (2015)) and would belzstacle for the parameterization to

fulfill its role in forcing the upper-stratosphere and megdese circulation.

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. Seva@nt observational and numerical
studies have emphasized the importance of the intermyttehthe gravity wave field (Hertzog
et al. 2008; Alexander et al. 2010; Hertzog et al. 2012; Rdongn et al. 2013; Wright et al.
2013) and have proposed PDFs of momentum fluxes as a descrgbtgravity wave momentum
fluxes (GWMF) which includes their intermittency. We havedasiigated the sensitivity of PDFs
of GWMF to the local background wind speédl, in three different and complementary datasets:
mesoscale simulations (Plougonven et al. 2013), analyses the ECMWF (Jewtoukoff et al.
2015) and measurements from long-duration balloons of thee@diasi campaign (Rabier and
coauthors 2010). In order to focus on non-orographic gyavives, only oceanic regions far from

orography were considered. It was found that the backgrauind speed provides significant
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information on the expected gravity wave Ntthis region The PDF of MF conditional on the
background wind speedl, displayed systematically longer tails and larger meangaigerU
(figures 4, 5 and 6). Very good agreement was found betweethtbe very different datasets,
providing strong evidence that this is a very robust feaitutbis region

The presenstudyalso allowed to investigate further the description of GWMPHB using the
lognormal distribution. Our analysis in different dataskirther confirmed that the tails of the
PDF are very well approximated as lognormal (Hertzog et@l2). Further, this also applies to
subsets of GWMF.

The variation of the PDFs of GWMF with respect to the local wspked was synthesized
using their medians and their geometric standard devidtionpert et al. 2001). As expected,
the medians differ in absolute value (Geller et al. 2013;tdakoff et al. 2015), but their relative
variations displayed remarkable consistency betweenhitee tdatasets. At an altitude of 20 km,
the median momentum fluxes for winds larger than 50 his about 4 times larger than those for
winds weaker than 10 nT8. It is noteworthy that the observational dataset falls imieen the two
numerical datasets. The geometric standard deviationsd#fer in value between the different
datasets, but they are strikingly insensitive to the bamlgd wind speed. For each dataset, they
appear as a rather constant parameter for the PDFs of GWMF.

This bias for larger MF in regions of strong winds is consisteith previous results emphasizing
a belt of strong MF in the stratospheric jet (Ern et al. 200éxander et al. 2010; Sato et al. 2009).
Several factors may contribute to this: spatial variatiohghe tropospheric sources (Hendricks
et al. 2014), lateral propagation (Sato et al. 2012), loeakgation tied to the stratospheric winds
(e.g. Sato and Yoshiki (2008)) or the vertical shear (e.gtt &bal. (2010, 2012)). The relative

importance of these different processes was investigateshalyzing the variation with height of

19



423

424

426

427

429

430

431

432

433

435

436

437

438

440

441

443

444

446

GWMF, the relation of GWMF to simple indicators of tropospkeynoptic activity, and by using
an offline parameterization (de la Camara and Lott 2015).

The sensitivity of GWMF at an altitude of 10 km was investighata strong sensitivity to local
wind was found here too, implying that the relation aboveds purely a result of propagation
in the lower stratosphere. The contrast between GWMF in gtvands relative to weak winds
increases somewhat with height, indicating that propagatontributes to maintain and even en-
hance this relation. Nonetheless, this relation is alrga@gent at the tropopause level. This
reflects that the sources are tied to the upper-tropospjegriehich is expected. The relevance of
this relation relative to other tropospheric diagnostieswvaluated by investigating PDFs con-
ditional on simple tropospheric diagnostics (surfaceigityt surface pressure, mid-tropospheric
vorticity). As the vorticity field has much variability at sthscales, it was averaged spatially for a
fair comparisonThese test suggest that the GWMF PDFs are sensitive to tleesipfessure and
to mid-tropospheric vorticity anomalies beloWhe sensitivity is at best comparable to that found
for local wind. This provides additional justification toetltthoice of parameterization made by
de la Camara and Lott (2015), but further investigation winddequired to explore more efficient
tropospheric diagnostics.

This latter parameterization (de la Camara and Lott 2015)iges an ideal tool to test the role
of vertical propagation and critical level filtering in thelation between GWMF and wind speed:
indeed, as the waves are launched stochastically and failbyv a lognormal distribution, plots
similar to the ones obtained from observations and higblmisn models can be produced and
compared. By construction, the parameterization only takiEsaccount vertical propagation.
The sources can be tied to the tropospheric flow, or they candae horizontally and temporally
homogeneous, so as to isolate the effect of vertical prdfwagal hese tests provide evidence that

confirm that the collocation of sources and high-wind regiomthe upper-troposphere accounts
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for part of the relation between GWMF and wind speed, but cofyafsmall part. The tests further
show that it is possible to reproduce part of this relatiorthgnging the phase speed spectrum of
the waves launched, but that this requires a drastic remfuofithe phase speeds (factor 4 relative
to what is used successfully in the online version of thematarization). It is therefore plausible
to interpret these results as indirect evidence that vditiabf the sources and vertical propagation
alone can not account for the relation that is found in boteolations and numerical models. In
other words, this is likely evidence for a missing processspmably lateral propagation.

Lateral propagation is known to occur (Dunkerton 1984; Sstal. 2012). Now, this lateral
propagation is more prnonounced for low-frequency wavas for high-frequency wave8), and
hence one might object that our analysis relies on modelubwtpich likely has a bias towards
low frequencies for gravity wave® However,the presence of the relation between GWMF
and wind speed in observations from Concordiasi balloongyitiat this relation does not apply
only to low-frequency waves: whereas the model output (WRFEOGMWF) presumably have
a bias towards low-frequency waves because of their lintiaizontal resolution, the balloon
measurements describe the full spectrum of gravity waestQukoff et al. 2015).

Further evidence for lateral propagation stemmed fromriestigation of th@rientation of the
gravity wave momentum fluxes relative to the local wind: thesimikely orientation corresponds
to waves propagating against the wind but obliquely (confiiam low latitudes and propagating
toward the pole). This is consistent with the main sourceafes being in the tropospheric storm
tracks, which are more equatorward than the poloar nighapet confirms the lateral propagation
already highlighted in the literature (Sato et al. 2009).

The purpose of the present study was to investigate theaelat GWMF 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 attractiv@use of its compactness and
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robustness. This relation provides a novel and compactigésa of the bias for stronger GWMF
in regions of strong winds. We expect such relations betvgeavity waves and background flow
to become a tool to analyze gravity waves, test and improvanpeterizations, and constitute a

complement to using only geographical and seasonal vamti
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APPENDIX

A1l. Lognormal approximation of thetails

& As mentionned in section Al, the lognormal distribution niegre reflect the exponential
dependence of spontaneous emission on the local Rossby n(Mabeeste 2013)%

The description of the PDF of momentum fluXaghlightsthe significant weight of rare but
intense events. This emphasizes that describing souraasnedrographic gravity waves in pa-
rameterizations using a constant value is probably ingpate (de la Camara et al. 2014). Now,
PDFs of GWMF could well be described by a lognormal distrimut{Hertzog et al. 2012). A

lognormal distribution is found for a strictly positive valble whose logarithm is normally dis-
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tributed (e.g. Limpert et al. (2001)). Because the propagadtirough successive layers of the
atmosphere can be seen as a succession of multiplicativetieals of the momentum fluxes, it
has been argued that propagation alone could explain tbearate of lognormal distributions
(Hertzog et al. 2012). But other reasons, linked to wave ssuic the troposphere, may also
be relevant. For example, it has been repeatedly highligihiat waves spontaneously generated
are exponentially small in Rossby number (Vanneste and Ya2084; Plougonven et al. 2005;
Vanneste and Yavneh 2007; Lott et al. 2010). If the distrdyubf local Rossby humberan be
roughly described as a Gaussi#ime spontaneously emitted waves naturally follow a logradrm
distribution (Vanneste, personal communication).

The focus on the tails of the distribution and their presiman semilog plots may hide the
fact that the vast majority of values are wery weak. To illat this and clarify how the PDFs
are approximated with a lognormal distribution, an exangpkhown in Figure 15 for momentum
fluxes from the WRF simulations over the ocean: the top pan&shastandard plot, emphasizing
that the most likely values are close to zero, whereas th@opanel shows a semilog plot,
revealing a shallow tail which extends to large values. Tpjmraximate distributions are overlaid:
the lognormal with the same median and multiplicative staddleviation, and a lognormal that
has been adjusted to better describe the tail. The adjusimearried out using a least squares fit
on the logarithms of the distribution, starting from thetfpsrcentile. Indeed, the distribution for
the weakest flux values are likely less reliable than theaktste PDF. In particular in the balloon
dataset, waves are identified as wavepackets with waveletsthere is a threshold (defined in
relation to measurement uncertainties) below which waxesat detected. Including the weakest
values in the fit led to erroneous results, whereas there agdittle sensitivity to the percentile

from which we start the fit (first, fifth, tenth...).
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Fits to lognormal distributions have been carried out ferttiree datasets and are presented in
figures 4, 6 and 5. As these fits aim at describing the tail oPB€s, which are poorly sampled
by definition, they are quite sensitive to the lack of samgplmthe balloon measurements (which
is accentuated by partitioning the measurements conditioon the background wind speed).
For the numerical datasets on the other hand, the fits ara &mad to well capture the tails of
the distributions. The main point to retain from these figusea confirmation of the relevance of
the lognormal distribution for describing the tails of thBF%, 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

ECMWF analyses dx 13 km,dz500 m An > 80 km,A; > 3 km

Concordiasi balloons Measurements every minute Whole spectrumf < @& < N.

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

es  wavelength 4y) and vertical wavelength() that can confidently be resolved.
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Fig. 14.

Fig. 15.

Same as Figure 4 but for the GWMF from the offline parameterizatiorthtoperiod from
September 2010 to January 2011. The left column shows resultseqggarameterization
used with the source varying with the tropospheric flow (see de laataand Lott (2015)
for details). The right column shows results using a source whielinea lognormal distri-
bution but with the amplitudes independent of the tropospHlkeniv. The standard deviations
for the phase speeds are 40 Th $or the upper panels, and 10 misfor the lower panels.

Example of the fit using a lognormal, for the PDF of momentum #urend over the ocean
atz=20km in the WRF simulations, for background winds larger thms . Three lines
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the logarithm of momentum fluxes, the thin black line depibtslbgnormal PDF with the
same median and geometric standard deviation, the red line egptimized 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 tireete distribution.
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FiG. 2. Mean winds in the ECMWF.
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FiG. 3. Mean winds in WRF.
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s the Concordiasi campaign, September 2010 to January 2011.
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FiG. 7. Normalized medians of the PDFs of GWMF (upper plots) andrggnc standard deviations (lower

plots) as a function of the background wind speed. The left colsinows these quantities directly obtained from

the values of GWMF, whereas the right column shows these diggntibtained for the lognormal fits. Black

symbols correspond to the mesoscale simulations, red synithle ECMWF output, and blue symbols to the

Concordiasi balloons. The medians were normalized by the nefahe medians found for winds between 20

and 40 ms?. For the medians, the linear regressions (thin lines) are asgbagied.
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742 Fic. 8. PDFs of momentum fluxes conditional on the background wjpekd at four different heights in
u3  the WRF simulationsz= 12 km (upper-left)z= 16 km (upper-right)z = 25 km (lower-left) andz = 30 km

s (lower-right). .
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FIG. 14. Same as Figure 4 but for the GWMF from the offline parameteviz4ior the period from September

2010 to January 2011. The left column shows results for the pagaizegtion used with the source varying with

the tropospheric flow (see de la Camara and Lott (2015) for details. rifjht column shows results using a
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FiG. 15. Example of the fit using a lognormal, for the PDF of momentluxes found over the ocean at
z=20km in the WRF simulations, for background winds larger thams . Three lines are shown: the thick
black line is for the PDF estimated using 200 bins equally sgdor the logarithm of momentum fluxes, the
thin black line depicts the lognormal PDF with the459ame mediaothgeometric standard deviation, the red line
is the optimized lognormal PDF. Top panel: standard plot oRb&, showing the emphasis of values near zero

(horizontal axis only extends to 6 mPa). Bottom panel: semileg of the complete distribution.



