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Abstract A multiwave stochastic parameterization of nonorographic gravity waves (GWs), representing
GWs produced by convection and a background of GWs in the midlatitudes, is tuned and tested against
momentum fluxes derived from long-duration balloon flights. The tests are done offline using data sets
corresponding to the Southern Ocean during the Concordiasi campaign in 2010. We also adopt the
limiting constraint that the drag produced by the scheme resembles that produced by a highly tuned
spectral GW parameterization, the so-called Hines scheme. Our results show that the parameterization can
reproduce the momentum flux intermittency measured during the campaign, which is relevant since it
strongly impacts on the vertical distribution of the GW drag. We also show that, at the altitude of the
balloon flights, the momentum flux intermittency is in good part due to the GW sources: filtering by the
background winds only becomes effective at much higher altitude. These results are based on bulk formulae
for the GW momentum flux that could be used to replace our background GWs by GWs produced by fronts.
Finally, the GW energy spectra built out of the stochastic scheme by averaging over a large ensemble of
realizations are comparable to the classical vertical spectra of GWs, used today in globally spectral schemes.
This indicates that multiwave and spectral schemes can be reconciled once a stochastic approach is used.

1. Introduction

Gravity waves (GWs) generated from nonorographic sources are subject of active observational [e.g., Hertzog
et al., 2012; Hoffmann et al., 2013], theoretical [e.g., Lott et al., 2010, 2012b], and modeling research

[e.g., Plougonven et al., 2013; Jewtoukoff et al., 2013]. This interest follows that GWs are an important driver
of the circulation of the middle atmosphere, contributing for instance to the quasi-biennial oscillation (QBO)
forcing [Lindzen and Holton, 1968] and to the formation of the summer cold mesopause [e.g., Holton, 1983].

The spatial scales of the GWs are generally too small to be represented in global general circulation mod-
els (GCMs), and their effects on the resolved scales need to be parameterized. For this purpose, two distinct
“families” of GW parameterizations have emerged over the last three decades, hereinafter called “globally
spectral” and “multiwave” schemes. In the first family, parameterizations use the observational fact that GW
energy spectra have well-determined slopes along, for instance, their vertical wave number, which allows
to treat a large ensemble of waves at a reasonable cost via theoretical integrations [e.g., Hines, 1997; Warner
and Mclntyre, 1996; Scinocca, 2003]. In the second family, the spectral domain is binned by a large number
of monochromatic waves, and the breaking of each wave is treated independently from the others [Lindzen,
1981; Alexander and Dunkerton, 1999; Song and Chun, 2008; Richter et al., 2010]. As discussed in Lott et al.
[2012a] and Lott and Guez [2013], the two approaches have arguments for and against. Recent observations
showing that GWs often travel as wave packets (i.e., fluctuations at a given time and location dominated by a
single GW with its particular set of wave parameters, such as amplitude, horizontal, and vertical wavelength)
[e.g., Hertzog et al., 2008; Wright et al., 2013] justify the use of multiwave schemes. These parameterizations
have the advantage of being largely based on linear wave theory where it is easy to include the convec-
tive sources (see Lott and Guez [2013] and equation (2) here). Recent linear theory of GWs produced by
potential vorticity anomalies suggest that bulk formula linking GW fluxes and relative vorticity amplitude
could also be used to represent the GWs produced by fronts at small cost (see Lott et al. [2010, 2012b] and
section 4.2 here). Linear theory is nevertheless not well adapted to treat wave breaking far from critical
levels. In this respect, the globally spectral schemes are better adapted, since they are based on systematic
observations of GW energy spectra. On the other hand, they have the defect of considering that the entire
spectrum of GWs is realized at each model grid point and at each time, somehow contradicting the fact
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that GWs often travel in narrowbanded wave packets. For this reason, the spectral schemes are not really
adapted to link the GWs to potential sources, simply because a given source at a given time and location is
not supposed to launch the entire spectra of GWs. In this paper, we will show that the two approaches are
not opposed, and that realistic spectra can be produced out of a stochastic multiwave scheme by averaging
over a large ensemble of realizations.

A major effort has been made over recent years to constrain the tunable parameters of GW parameter-
izations with observations in the stratosphere [Alexander et al., 2010; Ern et al., 2011; Geller et al., 2013;
Hoffmann et al., 2013]. Although parameterizations are often found to be reasonably realistic, Geller et al.
[2013] found that agreement, or lack of it, between observed and parameterized GW momentum flux at a
given altitude does not imply similar agreement on the GW drag deposited aloft. The reason is that the con-
ditions for GW breaking depend on the model winds and temperature but also that the intermittency of
the parameterized GW field has a very strong effect. A given averaged flux produced by a large number of
small-amplitude waves will produce a drag at much higher altitudes than if the same averaged flux is trans-
ported by few large GWs. Today, this issue becomes central since sporadic and very intense GW events are
shown in recent observations from long-duration balloon flights [Hertzog et al., 2008, 2012; Plougonven et
al., 2008], satellite measurements [Hertzog et al., 2012; Wright et al., 2013], ground-based radars and airglow
imager [e.g., Fritts et al., 2002, 2012], and in high-resolution simulations with mesoscale models [Hertzog et
al., 2012; Plougonven et al., 2008, 2013].

The purpose of the present paper is to show that the stochastic methods used to handle the multiwave
schemes in Eckermann [2011], Lott et al. [2012a], and Lott and Guez [2013] are suitable to capture (i) the inter-
mittency of the GW field, (ii) realistic GW spectra, and (iii) realistic GW drag. We further illustrate that the
representation of intermittency is mandatory to parameterize the GW drag realistically and to analyze the
origin of the observed intermittency. We will also show that GW intermittency comes in part from inter-
mittency of the sources (and not only from the filtering of the GWs by the zonal mean flow as suggested
by Hertzog et al. [2012]). To address these issues, we use the GW parameterization scheme presented by
Lott et al. [2012a] and Lott and Guez [2013], which successfully helps produce a QBO in the Laboratoire de
Météorologie Dynamique Zoom (LMDz) GCM. Nevertheless, in both works the stochastic parameterization
was only used to represent the GWs produced by convection, whereas the waves produced within fronts in
the midlatitudes were still parameterized using the globally spectral Hines [1997] scheme. This coexistence
between two distinct GW schemes is not entirely satisfactory and only justified by practical reasons. Conse-
quently, in the present paper we follow Eckermann [2011] and apply the stochastic methods to the GWs that
affect the midlatitudes. For this purpose we add a stochastic background flux to the launched convective
GW fluxes described by Lott and Guez [2013]. This scheme, which combines stochastically and convectively
generated GWs, will be referred to as BCGWD. We then constrain the tunable parameters of the BCGWD
scheme with observations of GW momentum flux intermittency derived from long-duration balloon flights
in the lower stratosphere over the Southern Ocean during the Concordiasi field campaign in the austral
spring of 2010 [Rabier et al., 2010]. Offline tests of the BCGWD scheme are conducted using daily wind and
temperature fields from reanalysis data sets and precipitation from global observations, all at the same 1°x 1°
longitude-latitude resolution. We do offline rather than online tests because we want the large-scale winds,
temperature, and precipitation fields to correspond to those present when the balloon observations we use
were made. In addition, Lott and Guez [2013] showed that offline results translate very well online in GCMs.

The remainder of the paper is organized as follows. Section 2 describes the data used for the offline tests,
including a brief description of the Concordiasi balloon campaign in 2010, overviews the formalism of the
GW parameterization, and specifies the scheme setup. Results of momentum flux intermittency are pre-
sented in section 3, while section 4 discusses the significance and potential causes for intermittency and
presents the GW energy spectra that can be constructed out of the scheme. Finally, a summary and the main
conclusions are given in section 5.

2. Data and Methods

2.1. Data

Three different databases are used in this study. The first one is in situ monitoring of the extratropical
lower stratosphere by superpressure balloons launched during the Concordiasi campaign in Antarctica
in the austral spring of 2010 [Rabier et al., 2010]. A total number of 19 balloons successfully drifted inside
the Antarctic polar vortex at a given isopycnal surface at around 20 km height from September 2010
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until January 2011. The sample frequency was 1/30 Hz, which allowed to measure a large part of the
GW spectrum (visit http://www.cnrm.meteo.fr/concordiasi/ for further details). In particular, we make
use of the data set of GW momentum flux computed following the methodology described by Boccara
et al. [2008] and applied by Hertzog et al. [2008] to the balloon data from the previous Vorcore campaign
[Hertzog et al., 20071].

The second data set is daily (at UTC1200) horizontal wind and temperature fields from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis ERA-Interim [Dee et al., 2011]. The data are
archived on a 1°x 1° longitude-latitude grid, on 60 pressure levels spanning from 1000 hPa to 0.1 hPa. The
last data set is the global precipitation field from Global Precipitation Climatology Project (GPCP) [Adler et al.,
2003]. We use daily data at UTC1200 on the same horizontal grid of 1°x 1° as the ERA-Interim data. The data
from these two sources are used as input of the parameterization.

2.2. Extension of the Convective GW Scheme to Include a Background of GWs
The GW parameterization used in the present study follows Lott et al. [2012a] and represents the GW field
with a stochastic series:

w = Z Cw)(x,y,z,1), where w/ =R {Wn(z)ez/z"’ei(k"';"”"t) } , M
n=1

the intermittency coefficients C,,'s satisfying the normalization relation Z Cﬁ = 1. Following the interpreta-

tion in Lott et al. [2012a], C? is the probability that the wavefield is realize1d entirely by the nth wave, so each
GW can be treated independently from the others. In equation (1), w’ is the vertical component of the GW
wind perturbation, W, is the amplitude of the nth wave, z = Hlog(p,/p) is the log-pressure height (where
p is pressure, p, is a reference state pressure, H = RT,/g is a scale height, R is the universal gas constant, T, is
the reference state temperature, and g is gravity acceleration), k is the horizontal wave number vector, and
w is the absolute (i.e., ground-based) frequency.

The momentum flux carried by each wave is specified at a given launching altitude z, by

R RL 2 |;A('|2e—m2Az2 . Z(' }
Fi =p,G ( a ) PP - + G, (1 — y cos® ) —, %)
r~uw0 erCp NQ3 |k| |k|
. ~ / o ~- /
flux from convective sources background flux

where the n indices have been dropped for conciseness. The first term in the right-hand side of equation (2)
represents the contribution from convective sources (see Lott and Guez [2013] for a formal derivation). The
second term in the right-hand side represents the contribution from the background flux and accounts

for GWs from nonconvective (and nonorographic) sources. The influence of this second term is confined

to the extratropical latitudes via the factor (1 — y cos® ¢), where ¢ is latitude and the factor0 < y < 1.

In equation (2), p, is the reference state density, G, is a tunable, adimensional parameter related to the
flux amplitude of the convective GWs, L, is the latent heat of condensation, m is the vertical wave number
(m? = N2|7<'|2/§22), Az is the vertical width over which the released heating due to condensation is dis-
tributed, N is the buoyancy frequency, P is the grid precipitation, Q = w — k - Uis the intrinsic frequency, and
G, is the background (nonconvective) GW flux amplitude.

To represent vertical propagation, the momentum flux is almost conserved from one level to the next in the
absence of breaking or critical levels, at least in the stratosphere and lower mesosphere. In fact, we consider
that a small diffusivity u,/p, acts on the waves to ensure that the flux is dissipated over the last few model
levels (this is ensured by the density in the denominator; see equation (3)). Besides, the GW momentum flux
is limited by that produced by a saturated monochromatic wave [e.g., Lindzen, 1981], and the flux is set to
zero where the waves encounter a critical level. The passage of Eliassen-Palm (E-P) flux from one level to the
next (equation (12) by Lott and Guez [2013]) can be written as

- m3 342

F(z+62) = f‘—Qe)(g(z + 62)Q(2)) min { F(2)]e 2 0 2, p,s§% } , 3)
Ikl1€| Nik|4

where the Heaviside function ® handles critical levels, S_ is a tunable parameter controlling the saturated

momentum flux, and ki, is @ minimum horizontal wave number associated with the smallest unresolved

grid scale.
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2.3. GW Scheme Parameters

The values of the tunable parameters are carefully chosen in order to produce GW momentum flux inter-
mittency that compares well with the balloons measurements over oceanic areas. To this aim, we use the
observational fact that the probability density functions (pdfs) of GW momentum flux from balloons and
satellite measurements in the extratropics over flat terrain (i.e., nonorographic case) present a lognormal
distribution at 20 km [Hertzog et al., 2012]. Therefore, the variable that controls the background flux ampli-
tude at the launching level, G, in equation (2), is randomly chosen out of a lognormal distribution with
mean 10.35 mPa and standard deviation 18.54 mPa (these values are chosen to give results consistent with
observations, they correspond to a lognormal distribution with parameters A(u = 1.6, = 1.2)). Besides,
as this background flux is meant to represent the GWs forced within midlatitude fronts, we take y = 0.9
in equation (2). This choice reduces the background flux by 90% at the equator, by 50% at 22° latitude,
and does not affect it poleward of 60°. For the parameters controlling the convective GWs, the choices are
almost as in Lott and Guez [2013], with G, = 0.8 for the parameter controlling the convective flux ampli-
tude, Az = 1 km, and p,; = 1 kg m~' s7! for the diffusion parameter. In opposition to the background fluxes,
these settings for the convective GWs do not follow an imposed latitudinal shape. For them, the latitudinal
variations will be naturally related to the variations in the precipitation climatology.

Apart from these separate treatments of the parameters controlling the launched fluxes, the convective and
background waves are treated on the same footing; e.g., a given wave can have part of its amplitude coming
from the background and another part from precipitation (see equation (2)). Accordingly, the parameter
controlling the saturated flux only has one value S, = 0.4. Also, the horizontal wave number is randomly
chosen within the interval k., < k| < Kooy With ko = 1073 m™" and k., = 1/4/AxAy is related to
the grid dimensions Ax and Ay, which in the present study correspond to a grid of 1°x 1° longitude-latitude.
Only waves propagating in the four cardinal directions (i.e., north, south, east, and west) are allowed. Also,
we launch two pairs of waves (M = 4) each time step (i.e,, 1 day), which means that in equation (1) C,f =0.25
whenn = 1,...,4and C, = 0 otherwise, and in each pair the waves have identical wave number and
amplitude but exactly opposite phase speed. This offline setup has to be distinguished from an online setup,
where about the same number of waves are launched every 30 min typically. We will not discuss further this
difference since we already know that offline settings translate well online essentially because the GWs are
treated independently from the others regardless of their number. Finally, we choose a launching altitude in
the midtroposphere (z; = 5 km), and the amplitude of the absolute phase speed c is chosen from a Gaussian
distribution with zero mean and a standard deviation of 40 ms~'.

2.4. Gravity Wave Drag

Although the central point of our paper is to benefit from recent observations of GW momentum fluxes
and their intermittency, we have to keep in mind that the information provided needs to be ultimately used
online in GCMs. Here we do not make such online experiments, but we verify that the scheme predicts a
GW drag comparable to that given by operational schemes. For the QBO region in the tropical stratosphere,
the results are almost as in Lott and Guez [2013] (not shown). For the extratropical stratosphere, where the
background flux makes a large contribution to the total GW momentum flux, comparisons are made with
the Hines [1997] parameterization keeping the setup used operationally in the LMDz GCM [Lott et al., 2005].
Figure 1 displays the zonal mean zonal wind tendencies (shaded) averaged over July 2010, predicted by the
BCGWD parameterization (Figure 1a) and by the Hines scheme alone (Figure 1b), along with the zonal mean
zonal wind from ERA-Interim (contours). The tendencies predicted by the two schemes are very similar in
the upper stratosphere, characterized by a substantial deceleration in absolute terms of the zonal mean flow
in both the winter and summer hemispheres. These tendencies also compare well with those provided by

a high-resolution GCM that is able to resolve a large part of the GW spectrum [Watanabe et al., 2008] (not
shown). There are nevertheless some differences between Figures 1a and 1b. The tendencies given by the
Hines scheme are more confined to the upper levels, whereas those given by the BCGWD scheme reach
lower altitudes in the stratosphere. Also, in Figure Ta maxima in the summer stratosphere are located in the
subtropics, which could be potentially beneficial since we know that the Hines scheme in the LMDz model
underestimates the drag in this region [Lott et al., 2005].

3. Intermittency of Gravity Wave Momentum Flux

To evaluate the intermittency of the GW momentum fluxes predicted by the scheme, we next analyze the
pdfs of their absolute values. More specifically, we sort the values of momentum flux in bins of 1 mPa wide, a
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A) du/dt, BCGWD B) du/dt, Hines

Height (km)

Figure 1. Zonal and temporal mean values of the nonorographic gravity wave drag (in m/s/d, shaded) and the
ERA-Interim zonal mean zonal wind (in m/s, solid and dashed lines) for July 2010.

resolution representative of those used in observational studies, and construct histograms. The regions and
time intervals over which the pdfs are constructed will be specified in the text.

3.1. Comparison With Concordiasi Observations
Figure 2 displays the pdf of GW absolute momentum fluxes obtained from the balloon observations (dark
gray), together with the corresponding pdf obtained from the offline test at 20 km (black). The pdfs have
been constructed in the 65°S-50°S latitude band. To compare with our nonorographic scheme, observa-
tions corresponding to GWs produced by the Antarctic Peninsula have been removed. This is done using a
simple geographic criterion that excludes the Peninsula itself and its downwind wake where higher wave
activity is observed. Typically, all observations between 45°W and 75°W are excluded from the balloon
pdf. The different sampling of the two data sets should be noticed. For the parameterization, we have used
data from all the grid points of the selected region from September 2010 to January 2011, whereas for the
balloons we have taken the data
corresponding to specific moments
10° when the balloons were located in

mean 90" perc 99" perc

§ 1o the target region over the ocean.
§ R l‘ 59 Teaten sasnon With these limitations in mind, we
§ 10 see in Figure 2 that the GW momen-
G 1078 tum flux distribution obtained from
%’ 104 BCGWD resembles the observed
§ one. Importantly, the pdfs are posi-
2 107 A ln{'w‘ll tively skewed and present long tails,

10 . JELW e— ; in agreement with Hertzog et al.

0 50 100 150 200 250

[2012] using momentum flux pdfs
derived from both balloons during
Figure 2. Pdfs (histogram style) of absolute momentum fluxes obtained the Vorcore campaign in 2005 and
with balloon observations (dark gray), and offline tests with the BCGWD
(black) and CGWD (light gray, see text) configuration of the scheme at
20 km, between 65°S and 50°S during the whole Concordiasi period

Absolute momentum flux (mPa)

High-Resolution Dynamics Limb
Sounder (HIRDLS) measurements.

(September 2010 to January 2011). The continuous black line shows the
pdf of a lognormal distribution with the same geometric mean and stan-
dard deviation as the BCGWD distribution. For each distribution, the
(arithmetic) mean and 90th and 99th percentiles are displayed (in mPa).
The percentages of total flux associated with fluxes larger than the per-
centiles are also indicated: for instance, in the BCGWD test, fluxes larger
than 14.3 mPa occur 10% of the time (90th percentile) but correspond to
the 48% of the total absolute momentum flux.

Waves with small fluxes are much
more likely than those with large
fluxes. The 90th and 99th percentiles
of the distributions are very similar
between the scheme and the bal-
loons (see percentiles in Figure 2), and
the percentage of the flux they
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g A) July 2010 represent is only slightly higher in the
g 10° T T T T scheme (48% versus 35% in the bal-
t 1 mean 90 %rc 99 %I’C .
g 1o 208508 B 138% B 7 loons, for the 90th percentile). The
8 10 y oo largest differences between both
“— 10_3 60N-90N 4.8 12.9/52%  41.712% 1 .
2 . pdfs arise at large momentum flux
= "~ 3 .
5 :875 values (>100 mPa), with balloons

k|
§ 106 ‘ ‘ A observing larger fluxes than those
a 0 20 40 60 80 100 produced by the GW scheme at
g B) January 2011 20 km. Nevertheless, the observations
€ 400 . . : . iani
o 1071 mean 90" pere. o6 pere that few events carry significantly
510 ' 208808 49 Bl dgnze o high GW momentum fluxes is qualita-
8 10 1 i i
g o0 30N-o0N 51 ramsed ashi | tively well captured by our stochastic
>4 parameterization.
£ 10 3
g 105 A 1 Provided that momentum flux dis-
Q 4 ) : L \ . .
09_ 10, 20 20 0 30 100 tributions from both balloon and

satellite observations adjust to a log-
normal [Baumgaertner and McDonald,
2007; Hertzog et al., 2012], Figure 2
also displays a theoretical lognormal
pdf A(u, o) with the same geometric
mean e* and standard deviation e° as
those of the BCGWD pdf. This lognormal pdf fairly fits that predicted by the parameterization but overes-
timates the occurrence of fluxes larger than 100 mPa. In contrast, the lognormal pdf derived from the GW
scheme seems to better fit with Concordiasi observations in this range of large and rare momentum flux
events (i.e., >100 mPa).

Absolute momentum flux (mPa)

Figure 3. Pdfs of absolute momentum fluxes at 20 km obtained with
offline tests of the BCGWD scheme for (a) July 2010 and (b) January 2011
and for different latitude bands as indicated.

For illustrating purposes, we also include in Figure 2 the pdf obtained running the convective GW scheme
alone (i.e, taking G, = 0in equation (2) and referred to as CGWD, light gray). In this case, the distribution
also exhibits a large degree of intermittency, but clearly the mean absolute momentum flux (0.6 mPa) is
much lower than that measured by the balloons (8.1 mPa). This justifies a posteriori our choice of adding a
background flux active at middle-high latitudes to the GW flux produced by convection.

3.2. Variations With Latitude, Height, and Season

We next analyze the momentum flux pdfs produced by the scheme in other regions, altitudes, and seasons.
We have divided the globe into five latitude bands: southern high latitudes (90°S-60°S), southern midlat-
itudes (60°S-30°S), tropics (30°5-30°N), northern midlatitudes (30°N-60°N), and northern high latitudes
(60°N-90°N).

Figure 3 shows the pdfs at 20 km for each region, in July 2010 and January 2011. The mean fluxes in the
extratropics are almost twice as large as in the tropics (5 mPa versus 2.7 mPa), with some seasonal varia-
tions. This ratio between midlatitudes and tropics is consistent with balloon observations: Jewtoukoff et al.
[2013] have shown mean values between 3.9 and 5.4 mPa for two balloons flying in the lower tropical
stratosphere, whereas during Concordiasi, observations over the Southern Ocean show a mean value of
8.1 mPa (Figure 2). Besides, the pdfs in middle-to-high latitudes present longer tails than in the tropics. Con-
sequently, our parameterization provides more frequent events of larger fluxes in the former than in the
latter region. Although this might be an artifact of our scheme since the launching flux in the extratropics
has an important contribution from the background term (i.e., not related to sources), it is in good qualita-
tive agreement with momentum fluxes derived from satellite [Wright et al., 2013] and balloon observations
again [Hertzog et al., 2012; Jewtoukoff et al., 2013]. In contrast, the percentage of the total flux associated
to fluxes larger than the 90th and 99th percentiles (around 50% and 10%, respectively) remains unaltered
among the various regions, including the tropics.

Regarding the seasonal modulation, no significant variations appear in the tropics, with similar pdfs, mean
flux, and percentile values in July 2010 and January 2011. In the extratropics, some differences arise between
summer and winter. In the winter hemisphere the distributions present longer tails than in summer for

any given latitude band in the extratropics, especially in the Southern Hemisphere. Along with it, mean
flux and percentiles are slightly higher in winter than in summer, with variations in the mean flux ranging
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2 0 50 100 150 200 . .
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Absolute momentum flux (mPa) .
number (|m|) in summer. These waves

Figure 4. As in Figure 2 but for the 60°S-30°S latitude band at various are more likely to break and/or reach

heights, as indicated. a critical level (the limit |[m| — o0)

yielding a stronger reduction of GW
momentum flux between 5 and 20 km in summer than in winter. Using similar arguments, the stronger
winds during the austral than during the boreal winter can in part explain the fact that a marginally larger
amount of momentum flux reaches 20 km height in the southern winter than in the northern winter. Nev-
ertheless, these seasonal differences seen in the amplitudes and pdfs of momentum fluxes reaching 20 km
do not affect the momentum flux intermittency. If we evaluate it as the flux associated to the 90th and 99th
percentiles, intermittency stays unaltered around 50% and 10% of the total flux, respectively.

In Figure 4 we focus on variations with altitude. For simplicity, we just show the pdfs at 10, 20, 30, 40, and
50 km height for the southern midlatitudes (60°S-30°S), but we have verified that the results are quali-
tatively similar in the other latitude bands (not shown). The parameterization produces momentum flux
distributions with longer tails at 10 km than at any other height in any given latitude band. The pdfs at

10 km are almost identical in July and January (Figures 4a and 4b, respectively). Thus, we interpret that sea-
sonal variations of midlatitude precipitation do not strongly affect the momentum flux at this level, maybe
due to a dominant role of the background component of the launched flux in the current setup of the
scheme. As we go up in the atmosphere, the momentum fluxes regularly decrease due to a combination

of critical level filtering and GW breaking (i.e., wave saturation). Unlike the pdfs at 10 km, we see significant
changes with season at higher altitudes. Specifically, the momentum flux reduction with height is more
intense in summer than in winter (mean fluxes at 50 km of 1.6 mPa in winter and 0.9 mPa in summer), which
can be understood using the same arguments of critical level filtering given above. Interestingly, the evolu-
tion with height of the pdfs in both seasons maintains the proportions between mean and percentiles: the
90th and 99th percentiles consistently correspond to around 2.5 and 8 times the distributions mean, respec-
tively. This characteristic was also found by Hertzog et al. [2012] in high-resolution numerical simulations,
with slightly different proportions.

3.3. Consistency With Previous Observational Studies

In the extratropics, the momentum flux pdfs variations with latitude, height, and season provided by our
offline tests qualitatively agree with global satellite observations reported by Wright et al. [2013]. There

are quantitative differences nevertheless. The seasonal variations of the pdfs and mean momentum fluxes
are much weaker in the BCGWD than in observations [Geller et al., 2013; Wright et al., 2013]. This follows
that we are launching waves with quite large phase speeds, and which are therefore less sensitive to the
dynamical filtering (i.e., an important source of GW seasonal variability). We have verified that reducing the
phase speeds of the waves in the parameterization strengthens the seasonal cycle of the momentum fluxes
(not shown). We have not kept such a configuration because we ultimately want the new scheme to replace
the Hines scheme in the LMDz GCM, which has been highly tuned online, and the configuration we adopt
is consistent with the fact that the Hines scheme version we use also have a weak annual cycle. Besides, it
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Figure 5. GW drag due to waves with positive phase speed, for July 2010. (a) GW drag and (b) GW drag when the launch-
ing momentum flux is averaged in longitude and time and zonally redistributed. The tendencies are scaled by e=2/2" to
display on the same panel the tendencies acting at different altitudes.

is important to remark that the seasonal cycle of the extratropical mean momentum flux in the BCGWD is
similar to those shown by some of the GW schemes analyzed in Geller et al. [2013].

In the tropics, the pdfs of GW momentum flux provided by our offline runs have similarities with those
derived from satellite instruments at 25 km by Ern et al. [2014] and from long-duration balloon flights at
20 km during the tropical pre-Concordiasi campaign in 2010 [Jewtoukoff et al., 2013]. For example, these
studies present probabilities of occurrence around 10~2 and 103 of momentum flux events with 5 and

10 mPa, respectively, similarly to our results in Figure 3. This is an interesting agreement since events of less
than 10-15 mPa are able to drive the observed QBO [Ern et al., 2014], as confirmed by Lott and Guez [2013]
who simulated a realistic QBO in the LMDz GCM with the convective part of the BCGWD scheme used here.

Regarding the differences between the tropics and the extratropics, the validations are less evident since
observations somehow contradict. If we consider the quantitative measure of intermittency given by the
Gini coefficients and percentiles, the satellite-derived products show that the GW fluxes are less intermittent
in the tropics than in the extratropics [Wright et al., 2013; Ern et al., 2014], whereas in situ balloon observa-
tions show the opposite (see the analysis of the tropical pre-Concordiasi campaign and of the extratropical
Vorcore campaign in Jewtoukoff et al. [2013] and Hertzog et al. [2012], respectively). For this reason we
have not given much emphasis to the tropical/extratropical contrasts, and the percentiles predicted by the
BCGWD are about the same in these sectors. Of course, this will probably call for further analysis and tests
in the future, but today it is quite difficult to make a choice. The apparent homogeneity of the satellite data
pledge in their favor, but they have limitations nowadays. As an example, the data used in Wright et al. [2013]
and Ern et al. [2014] come from polar orbiting satellites, with trajectories almost perpendicular to the zonal
direction at the equator. This could lead to an underestimation of momentum fluxes in the tropics [Wright
et al. 2013]. At least concerning GW intermittency, we know that this is the case since Jewtoukoff et al. [2013]
reported events of GW amplitude near 100 mPa in the tropics whereas the extreme events in Ern et al. [2014]
are around 15 mPa.

4. Significance and Causes of Intermittency and GW Spectra

4.1. Significance of Intermittency

To illustrate the significance of representing the gravity wavefield as a stochastic process in order to gener-
ate GW momentum flux intermittency in our parameterization, we can proceed as in Lott and Guez [2013]. In
their offline tests with the stochastic scheme linked to convection, the sporadic nature of precipitation trans-
lated into fewer events of large GW momentum flux amplitudes, and they showed that the associated GWs
broke lower in the atmosphere than when uniform sources were considered. When the parameterization
was used in GCM runs, the authors concluded that lower level breaking helped the model to produce
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events and that the shapes of pdfs do
not resemble lognormal distributions. We therefore see that stochastic techniques, when fed by the right
statistics, are key to mimic the observed intermittency of GW momentum flux.

This general tendency of our stochastic scheme to produce GWs breaking at lower altitude than more uni-
form schemes may well be helpful for models. For instance, the QBO currently simulated in GCMs is too weak
in amplitude and does not descend to a sufficiently low altitude [e.g., Giorgetta et al., 2006; Orr et al., 2010;
Osprey et al., 2013]. Although large-scale Kelvin waves may contribute at least as much as the GWs [Krismer
et al., 2013], it is clear that lower level GW breaking can also be helpful. There is some indication that this is
indeed the case in Schirber et al. [2014], where important aspects of the QBO are improved by relating the
GWs to their convective sources. Lott and Guez [2013] also found that intermittent waves breaking at quite
low altitude helped to decorrelate the QBO and the semiannual oscillation and to produce a QBO with an
irregular period.

4.2. Sources of Gravity Wave Intermittency

The results on GW momentum flux intermittency presented in the previous section are consistent with
Hertzog et al. [2012], who showed that lognormal distributions in extratropical, nonorographic regions are
observed in a variety of data sets, including in situ balloons, satellite observations, and high-resolution
simulations. They argued that such distributions can simply be due to the dynamical filtering of a wave spec-
trum propagating through a space-time varying background wind. This naturally questions our assumption
of imposing a lognormal distribution on the launched fluxes, i.e., our hypothesis that the lognormality is
already present in the GW sources.

To test the sensitivity of momentum flux pdfs to the choice of the launching distribution of background
fluxes, we have repeated the offline tests for the Concordiasi period (September 2010 to January 2011) using
white noise, as well as Gaussian and lognormal processes, to launch the background flux (i.e., variable G,

in equation (2)). This is shown in Figure 7, where the resulting pdfs are plotted at different heights in the
65°S-50°S latitude band, along with the Concordiasi pdf (at ~ 20 km) for the same region and time inter-
val (note that the GW drags produced by the three different launching flux distributions are reasonably near
that shown in Figure 1a). For the cases of white and Gaussian processes (Figures 7a and 7b), the shapes of
the pdfs at lower altitudes are far from resembling a lognormal distribution. Interestingly, the pdfs contin-
uously change with height, and at 50 km they clearly share similarities with the observed ones. In fact, a
lognormal fit is fairly close to the produced pdf at 50 km. This is especially evident for the lowest values and
starts failing for values above 30-40 mPa. For the case of a lognormal process generating the launching flux
amplitude (Figure 7¢), the pdfs present many similarities at all altitudes with the observed ones. The vertical
propagation removes large momentum flux values due to wave dissipation, but the shape of the pdfs is not
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Figure 7. Pdfs of GW absolute momentum fluxes at different altitudes constructed in the 65°5S-50°S latitude band from
September 2010 to January 2011 and obtained from offline tests of the BCGWD scheme by launching momentum fluxes
following (a) a white noise, (b) a Gaussian, and (c) a lognormal distribution. In Figures 7a and 7b, the theoretical log-
normal pdf with the same mean and variance as the pdf at 50 km is shown (smooth black curve). The pdf derived from
Concordiasi balloons is displayed in all panels (gray).

altered. Comparing with Concordiasi at 20 km, the best performance of the parameterization is undoubtedly
achieved using a lognormal source for the background flux.

These results indicate, therefore, that wave dissipation contributes to generate lognormal shapes in momen-
tum flux pdfs, supporting the findings by Hertzog et al. [2012], but also that one needs to be at a sufficiently
high altitude for this process to be efficient. Our results suggest that imposing a lognormal distribution for
the launching flux is mandatory to better represent the fluxes that enter the lower stratosphere (e.g., where
they are measured by balloons). This issue raises the question of what causes these distributions in the
launching fluxes.

To address this point, we next evaluate the pdfs of two potential GW sources: convection and fronts. For con-
vection, we take squared precipitation, as already used in equation (2). The corresponding pdf is shown in
Figure 8a, along with the theoretical lognormal distribution with the same mean and variance. The behav-
ior of the squared precipitation pdf is close to a lognormal, although in general, the theoretical distribution
tends to underestimate the values. For fronts, we use recent theoretical results by Lott et al. [2010, 2012b],
who gave explicit formulae for GW emission from potential vorticity (PV) anomalies in vertically sheared
wind. This may be viewed as a proxy for the presence of fronts or for the onset of intense geostrophic
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Figure 8. Pdfs of (a) squared precipitation from GPCP data set and (b) squared vorticity at 8.5 km height from
ERA-Interim. The pdfs are constructed for the 65°S-50°S latitude band from September 2010 to January 2011. The
corresponding theoretical lognormal pdfs with the same mean and variance are shown (gray curve).
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Figure 9. (a) Vertical profiles of horizontal wind perturbation of two realizations of the GW field at two different grid
points (bold and light black curves) and the corresponding periodograms (bold and light gray curves). (b) Global energy
spectrum of gravity waves obtained averaging a large ensemble of individual periodograms (see text). Dash-dotted lines
represent the m and m~3 scaling of the observed universal spectrum, as indicated.

adjustment [e.g., Thorpe and Clough, 1991]. Whatever is the cause for the presence of the PV anomalies, the
above mentioned works derive that the GW amplitude scales linearly with relative vorticity. Based on this,
we take the squared vorticity to scale the pdf of GW momentum fluxes. The resulting pdf at 8.5 km is well
fitted by a lognormal, slightly overestimating at large values. We have tested other altitudes, also averaged
the squared relative vorticity over a range of altitudes, and obtained similar distributions. Although opti-
mizing the relation between emission of GW momentum fluxes and the vorticity diagnostic is beyond the
scope of the present study, we have identified here a good candidate to be used as a source of midlatitude
GWs in parameterizations.

To conclude, our initial decision of considering a lognormal distribution for the launching background flux is
now justified by the fact that GW sources tend to produce such distributions.

4.3. GW Energy Spectra

We compute the energy spectrum of GWs as follows. First, we construct the horizontal velocity perturbation
U’ (x,y,z,t) associated to each wave launched at each time step and grid point. From the solution of the
vertical structure of the vertical velocity (W, (z) here in equation (1) and equation (4) by Lott et al. [2012a]),
and using the polarization relation for midfrequency waves under the WKB approximation [e.g., Fritts and
Alexander, 2003], the following expression can be derived for the horizontal velocity perturbation associated
with one GW:

. K N, (2)
u’(x,y,Z,l‘)= _:’ QR{H_”
! Ikl 2,(2)

e—i /Zj My (2') 42’ +i(kpX—icon O)+idy, } eZ/ZH, )
where ¢, is a phase factor that does not need to be estimated to compute the GWs drag and the vertical
wind amplitude ||W,(2)|| can be related to the E-P flux by using WKB polarization relations:

2 Ikl
pr My (2]

W, @)% = IF,@II. (5)

Both the wind amplitude and the wave phase are computed at every reanalysis vertical level, where the
parameterization provides m,(z), |}n| and |Ij'n(z)|. Next, we linearly interpolate ||Nw,,/Q, || and the wave
phase in the vertical from the reanalysis vertical resolution to a 25 m vertical spacing. Then we perform a
Fourier transform on the resulting u;,(z) in the vertical at a given location and time (x = x,, y = y,, t = t;) and
obtain individual periodograms for each monochromatic wave. Note that we could choose here the phase
¢, and locations (x, y, t) randomly, but this would not affect the individual periodogram. Finally, the energy
spectrum is obtained by averaging a large ensemble of such individual periodograms.

Figure 9a shows the vertical profile of horizontal velocity associated with one realization of our wavefield
(bold black curve), v’ = Z?Cnu:] at a given horizontal location and choosing the phase randomly (this
choice does not influence the results). We see a wavefield made of perturbations with amplitude near
and below 1 m/s, consistent with what is routinely observed in vertical soundings [Scavuzzo et al., 1998;
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Moldovan et al., 2002]. It is also a good illustrative example of the GWs we parameterized: made of stationary
monochromatic GWs, our disturbance field extends over the entire atmosphere. In some regions, for
instance, below 40 km, a certain wave with quite a short vertical wavelength dominates before being
absorbed at around 40 km, and above it another wave dominates. By imposing monochromatic waves, our
scheme exaggerates the observational fact that at a given place, narrowband wave packets dominate the
signal, and it is finally the dynamical filtering of the waves which causes one perturbation at a given alti-
tude to dominate the others. Another example is given by the thin black curve in Figure 9a for illustration.
The disturbance is of much smaller amplitude below 40 km, consistent with our stochastic choice of the
launching amplitude and wave parameters. The dominant vertical wavelength is also larger in many places,
because the chosen phase speed is larger than in the previous case. Figure 9a also shows the sum of the
four periodograms associated with the wavefields presented (bold and thin gray curves). They are quite nar-
rowbanded with strong peaks around 2 - 10~ cycles/m and secondary peaks at4 - 1074, 1073, and 5 - 1073
cycles/m. Overall, the behavior of the spectra before large ensemble averaging is consistent with the fact
that we perform the Fourier analysis of only few random realizations with rather well-defined oscillations in
the vertical.

We next compute large ensemble averages of the individual periodograms and obtain the energy spec-
trum shown in Figure 9b. Two types of average are plotted, a spatial average over the whole globe for a
particular day in October 2010 (black curve), and a time average from September 2010 to January 2011 for
a grid point at 60°S. Also, shown in Figure 9b is the well-known m~3 slope derived from radar and radioson-
des measurements during the 1980s [e.g., VanZandt, 1982; Fritts et al., 1988]. This property, reasonably well
explained by different theories of saturated wave spectra [e.g., Dewan and Good, 1986; Smith et al., 1987;
Fritts, 1989; Fritts and Lu, 1993], is on the basis of the globally spectral parameterizations of GW drag. The
spectral slope for wave numbers (m > 3 - 10~* m~") is not far from the m~3 dependence, but it gets steeper
for large wave numbers (107> < m < 5 - 1073 m~'). Combining equations (3) and (5), it can be derived
that the saturated energy spectrum in the BCGWD scheme ||u,||?’dm~" is proportional to ~m=2dm=" ~m™3,
To explain the departures from this dependence it should be taken into account that critical level filtering
mostly affects waves with large wave numbers due to Doppler shifting near a critical line (as illustrated in
Figure 9a), providing extra GW energy dissipation.

The unsaturated part of the spectrum (i.e., small vertical wave numbers) in the above mentioned observa-
tions presents a ~m scaling and has been represented by a dashed line in Figure 9b. It clearly differs from
the BCGWD scheme, but this is expected. The unsaturated part of the spectrum is directly influenced by the
spectrum of GWs launched in the scheme, since neither wave breaking nor critical levels affect the small ver-
tical wave numbers involved. Combining equations (2) and (5), it can be shown that the launched convective
GW spectrum is proportional to m*, and the launched background GW spectrum is proportional to m.
Therefore, the unsaturated part of the spectrum is a combination of these two dependencies in the BCGWD
scheme. We could have forced the launched fluxes to follow a m slope, but in the absence of theoretical
justification for this, we have preferred not to do so.

Overall, we can conclude that the so-called observed universal spectrum can roughly be obtained with a
multiwave stochastic scheme as a superposition of individual periodograms.

5. Summary and Concluding Remarks

Recent observational studies highlight that the GW field is highly intermittent [e.g., Hertzog et al., 2012;
Wright et al., 2013]. This has implications for GW parameterizations in GCMs, since a given averaged momen-
tum flux carried by a large number of small-amplitude GWs will produce a drag at much higher altitudes
than that produced by the same averaged flux carried by a small number of high-amplitude GWs. The goal
of the present study has been to examine GW momentum flux intermittency parameterized by the stochas-
tic multiwave scheme recently proposed by Lott et al. [2012a] and Lott and Guez [2013]. To that aim, we
have conducted offline experiments using ERA-Interim wind and temperature fields and precipitation from
GPCP data set, and considered both convective and random background sources, the latter accounting for
other nonspecified sources active in midlatitudes, such as fronts. The offline tests have been performed with
the limiting constraint that the produced GW drag compares well with that produced by offline runs of the
operational scheme used in the LMDz GCM (the Hines [1997] scheme).

DE LA CAMARA ET AL.

©2014. American Geophysical Union. All Rights Reserved. 12



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2014JD022002

Acknowledgments

The authors thank three anonymous
reviewers for their insightful com-
ments and V. Jewtoukoff for useful
discussions. This work was sup-
ported by the European Commission’s
Seventh Framework Programme,
under the project EMBRACE (grant
agreement 282672) and by the
French ANR project Stradyvarius.
GPCP precipitation data are pro-
vided by the NOAA/OAR/ESRL PSD,
Boulder (CO), USA, from their web-
site at http://www.esrl.noaa.gov/psd/.
Concordiasi was built by an interna-
tional scientific group and is currently
supported by the following agen-
cies: Météo-France, CNES, IPEV, PNRA,
CNRS/INSU, NSF, NCAR, Concordia
consortium, University of Wyoming,
and Purdue University. ECMWF also
contributes to the project through
computer resources and support, and
scientific expertise. The two opera-
tional polar agencies PNRA and IPEV
are thanked for their support at Con-
cordia station. Concordiasi is part of
the THORPEX-IPY cluster within the
International Polar Year effort.

First, we have studied the intermittency predicted by the parameterization by examining the pdfs of abso-
lute GW momentum fluxes. The scheme parameters have been adjusted in such a way that the pdfs at

20 km over the 65°S-50°S latitude band compare well with in situ observations of balloon flights during
the Concordiasi field campaign in the austral spring of 2010. The distributions of GW momentum fluxes
have lognormal-like shapes, characterized by long tails that signal the presence of sporadic high-amplitude
events. We have described the variations of momentum flux intermittency with height, latitude, and season
as produced by our offline tests. At a given altitude, the pdfs present longer tails in the extratropical win-
ter, and they change their shape toward shorter tails as we go up in the atmosphere. No significant seasonal
modulation is present in the tropics. These results qualitatively agree with those derived from the HIRDLS
instrument on NASA's Aura satellite shown by Wright et al. [2013], especially in the extratropics. Besides,
our results suggest self-similarity: the 90th and 99th percentiles of momentum flux distributions approx-
imately explain the same proportion of the total flux at different altitudes. This feature has been recently
noted by Hertzog et al. [2012] in high-resolution numerical simulations. We have also shown that it is ben-
eficial to constrain the GW drag parameterizations using observational characteristics of GW momentum
flux intermittency. In this regard, it would be interesting to include diagnostics of momentum flux intermit-
tency in global comparisons between momentum fluxes measured in observations and modeled in GCMs
[Geller et al., 2013].

Next, the causes of the observed lognormal pdfs have been analyzed using our stochastic scheme. We find
that dynamical filtering by the winds modifies the shape of the launched pdfs toward a lognormal, as sug-
gested by previous studies [e.g., Hertzog et al., 2012]. However, the pdfs become lognormal at very high
altitudes (around 50 km), and we are forced to choose the launching momentum flux out of a lognormal dis-
tribution in order to obtain pdfs comparable to balloons observations in the lower stratosphere. This implies
that GW sources may have lognormal distributions, and in fact, we have demonstrated that the pdfs of two
potential sources, convection and fronts, fairly follow such a distribution.

Finally, we have shown that the well-known universal spectrum of GWs can be obtained by superposition
of individual narrowbanded periodograms produced by our stochastic, multiwave scheme. This has been
achieved despite some strong simplifications made in this kind of parameterizations, such as assuming that
each GW behaves independently from the others. To some extent, this result reconciles the apparently con-
trasting approaches used to parameterize nonorographic GWs in general circulation models, namely the
globally spectral schemes and the multiwave schemes. A clear advantage of the stochastic multiwave for-
mulation used in the present study is that GWs can be easily related to their sources. As done by Lott and
Guez [2013] with convection, it is interesting to go one step forward and link the GWs to vorticity anomalies
in order to parameterize GWs produced by fronts, as suggested by Lott et al. [2010, 2012b]. Such a study is
subject of ongoing work.
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