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Abstract Convective gravity waves are important for the forcing of the quasi biennial oscillation (QBO).
There is a wave component that is stationary with respect to the convective cells that is triggered by convection
acting like a barrier to the background flow (moving mountain mechanism). Waves from this mechanism have
only been observed in a few case studies and are not parameterized in climate models. However, the
representation of the whole spectrum of gravity waves is crucial for the simulation of the QBO, especially in the
lowermost stratosphere (below 50 hPa) where the QBO amplitudes are under-estimated in current global
circulation models. In this study, we present analysis of convective gravity wave observations from
superpressure balloons in boreal winter 2019 and 2021, retrieving phase speeds, momentum fluxes, and drag.
We also identify waves generated by the moving mountain mechanism using the theory of the Beres scheme as a
basis. These waves do not have a specific period, but are of smaller horizontal scale, on average around 300 km,
which is similar to the scale of convective systems. Our results show that gravity waves contribute up to 2/3 to
the QBO forcing below 50 hPa and waves from the moving mountain mechanism are responsible for up to 10%
of this forcing.

Plain Language Summary Convective rain cells in the tropics are known to generate waves that
drive global atmospheric circulation patterns in the tropical stratosphere. One mechanism of wave generation is
called a “moving mountain” mechanism. In this mechanism, the convective rain cell acts as a mountain-like
obstacle to the ambient wind, which generates waves that are stationary with respect to the convective rain cell.
In our study, we determine the impact of this type of wave from super-pressure balloon observations. We find
that although these waves do not occur often in our observations, they are of bigger amplitude and play an
outsized role in driving the tropical stratospheric winds.

1. Introduction

The quasi-biennial oscillation (QBO) in equatorial lower-stratospheric zonal mean winds is a prominent feature
where alternating easterly and westerly zonal mean wind zones descend from about 10 hPa to 100 hPa with an
average period of about 28 months. In principal, the QBO is driven by the interaction of tropical Kelvin, mixed-
Rossby-gravity, inertia-gravity and small-scale gravity waves, with the mean flow (Baldwin et al., 2001). Current
evidence suggests that gravity waves contribute from 50% to 75% of the forcing, depending on the phase of the
QBO. Therefore, the representation and parameterization of gravity waves, mostly generated by convection in the
tropics (Convectively generated Gravity Waves, or CGWs) is crucial for the simulation of the QBO, especially in
the lowermost stratosphere (below 50 hPa) where the amplitudes are under-estimated in current global circulation
models (GCMs) (Anstey et al., 2022).

Together with planetary-scale Kelvin waves, the breaking and dissipation of tropical gravity waves in the
stratosphere drives the descent of QBO zonal wind changes. Breaking of these waves occurs when they become
unstable, which is more likely as they approach a critical level, where their ground-based phase speed ¢ equals the
wind speed in their propagation direction. That way, ¢ together with propagation direction has a first order control
on when and where gravity waves break and impart a drag force on the circulation. For now, these CGWs are not
explicitly resolved in global climate models and their interaction with the surrounding flow, in particular their
drag, is included using parameterizations.
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The current CGW Beres parameterization scheme (Beres et al., 2005) implemented in the Whole Atmosphere
Community Climate Model (WACCM) launches waves at 1° X 1° grid locations when convection is active. In
this parameterization, CGWs are assumed to be launched at the top of convective rain cells, whenever they occur
in the model, and it is also assumed that the convective latent heating is concentrated only in a minor 5% of the
GCM grid-cell area. In this scheme, a spectrum of CGWs are generated by an oscillating heat source, and their ¢
spectrum is also tied to the vertical profile of latent heating and the mean wind in the convective heating layer. The
momentum flux is directly proportional to the square of the maximum heating rate. The waves are assumed to
propagate forward and backward in the plane defined by the vector motion of the convective cell, which is
assumed to be the 700 hPa wind vector. Note, this CGW Beres parameterization scheme currently only takes into
account the nonstationary CGWs generated by an oscillating heat source (Beres et al., 2005; Richter et al., 2010).
We define here “stationary” or “non-stationary” waves as relative to their sources. Thus, stationary waves phase
speed is not null but close to the motion of their source. This terminology will be used moving forward in our
paper. The nonstationary waves are necessary for simulating the QBO because they fill a broad spectrum of phase
speeds, yet both observations and simulations suggest that stationary CGWs have much larger amplitudes and
represent an important gap in the spectrum at low phase speeds (Alexander et al., 2006, 2021).

The stationary CGWs are generated by the obstacle or “moving mountain” effect, where the convective cell acts
as an obstacle to the surrounding flow (Beres et al., 2004; Clark et al., 1986; Pfister et al., 1993). Pfister
etal. (1993) and Beres et al. (2004) modeled this effect as a linear response to the steady component of convective
heating when there is a non zero background flow relative to the cell motion. This generates vertically propagating
gravity waves with upstream-tilted phase fronts, similar to a wave generated by a mountain, and these waves are
modeled as stationary relative to the convective cell. For a propagating cell, their ground-based phase speed
equals the convective cell propagation speed, and their direction is given by the vector difference of the cell
motion and the wind at the top of the cell. As the propagation of tropical convective cells rarely exceeds 15 m/s,
momentum fluxes associated with these waves are concentrated at lower phase speeds (Clark et al., 1986). For
now, due to their small scale, their intermittent occurrence, and the lack of observations of their momentum fluxes
(a key variable in the current parameterizations), it has been difficult to constrain their effects in atmospheric
circulation models.

In this study we present analysis of convective gravity wave observations from superpressure balloons over boreal
winters 2019 and 2021 in terms of phase speeds, momentum flux, and drag. This analysis can be used to constrain
CGW parameterizations, and we provide a special focus here on the stationary component of these waves. The
second section of this paper is dedicated to present the balloon observations as well as our method of data analysis.
The third section describes first the characteristics of gravity waves associated with the moving mountain
mechanism, then distinguishes these characteristics in different regions of the tropical band. Finally, the dis-
cussion and conclusions focus on the inter annual variability of convective gravity wave drag and the contribution
of the stationary component to the zonal flux and QBO drive.

2. Data and Methods
2.1. Stratéole-2 Observations

Stratéole-2 is a series of balloon campaigns in the deep tropics aimed at studying climate processes in the tropical
tropopause layer (TTL) in several different years and phases of the QBO. A unique aspect of this campaign comes
from the use of superpressure balloons, advected by the wind, that act as quasi-Lagrangian tracers. Two cam-
paigns (named hereafter as CO and C1) occurred, respectively in boreal winters 2019 (from 2019/11/11 to 2020/
02/22) and 2021 (from 2021/10/19 to 2022/01/25), and at two slightly different phases of the QBO. During these
campaigns, 8 and 17 balloons were respectively launched from Mahé, a Seychelles island (55.52°E, 4.67°S), and
balloons flew for up to 3 months each.

The first campaign is described in Corcos et al. (2021). Table 1 summarizes the flight characteristics of the second
campaign. Two types of balloons were launched, “TTL” and “STR” types with equilibrium altitudes of
approximately 18 and 20 km, respectively. Both are globally almost equally represented during the two cam-
paigns. Each balloon carries a gondola with a GPS receiver and a Tsen (Thermodynamic sensor) instrument,
which measures the air pressure and temperature. Both have a time resolution of 30 s, which in theory enables
sampling of the full period spectrum of atmospheric waves in the lower stratosphere.
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Table 1

Characteristics of 2021 Stratéole-2 CI Balloon Flights

Flight Altitude (km) Pressure (hPa) Launch (UT) End (UT) Duration (day)
01_TTLS 18.4 73.6 2021-10-19 2021-10-21 1
02_STR1 20.2 55.1 2021-10-20 2021-11-01 12
03_TTL4 18.5 72.1 2021-10-20 2021-11-21 31
04_STR2 20.1 55.6 2021-10-20 2021-11-19 30
05_TTL3 18.5 72.8 2021-10-27 2021-12-17 50
06_TTLS5 18.6 72.6 2021-10-28 2021-12-11 43
07_TTL4 18.5 72.5 2021-11-01 2021-12-16 44
08_STR1 20.3 53.3 2021-11-04 2021-12-29 54
09_STR2 20.2 54.0 2021-11-05 2022-01-12 67
10_TTL3 18.6 71.7 2021-11-08 2021-12-16 38
11_TTLI 18.6 72.1 2021-11-08 2021-12-15 37
12_STR4 20.5 522 2021-11-12 2022-01-02 51
13_STR1 20.4 52.7 2021-11-15 2022-01-25 71
15_TTL4 18.6 70.9 2021-11-12 2022-01-02 56
16_TTLS5 18.5 72.6 2021-11-22 2021-12-19 26
17_TTL3 18.5 72.3 2021-11-25 2021-12-16 20
Total days 631

Figure 1 illustrates an overview of the original 30 s time resolution observations during both campaigns. All

balloons were released in the QBO, flying eastward for the most part, and observations were mostly gathered
within 15° of the equator, circling the whole tropical band. During CO, the QBO was westerly at balloon floating
levels with easterlies above, whereas in C1 the zero wind line had descended to the balloon floating levels (“TTL”
and “STR”). Although the balloons are overall globally well distributed, many stalled over convective systems in
the Maritime Continent, which explains the higher number of observations in that region during both campaigns.

The background QBO wind shear was negative during both campaigns but weaker in C1 (3.4 and 1.3 m/s/km, for

CO0 and C1, respectively, based on balloon observations), some balloons even reversed direction from eastward to

westward, which partially explains the lack of observations over the Atlantic ocean during that campaign and the
higher number of observations above the eastern Pacific ocean during C1. Finally, C1 also differs from CO by the

shorter flights (table 1) associated with balloon issues.
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Figure 1. Number of 30 s observations of the two first campaigns (CO top and C1 bottom) of Stratéole-2. The blue dot
represents the balloon launching site.
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Figure 2. Leftpanel: S transform of momentum flux on a 4 days sample. Right panel: examples of momentum flux amplitude as
afunction of wave period at two random times. The centers of the two largest amplitude wave packets are spotted with ared dot.

2.2. Derivation of Gravity Wave Properties: Momentum Fluxes, Intrinsic and Ground-Based Phase
Speeds

To retrieve the momentum fluxes and phase speeds from the balloon observations we follow the method described
in Boccara et al. (2008) and Vincent and Hertzog (2014).

The zonal and meridional components of the wind are inferred from the balloon consecutive positions, with a
precision of ~0.1 m/s (Podglajen et al., 2014). As in Corcos et al. (2021), the balloon's vertical displacements ()
are derived from the pressure observations, assuming hydrostaticity and a perfect isopycnic behavior of the
balloon (Podglajen et al., 2016). This assumption is realistic for wave-induced disturbances with intrinsic periods
longer than twice the Brunt-Viisila period (2z/N). In this range of frequencies, the air-parcel and balloon vertical
displacements are linearly related by a constant coefficient that enables us to transform the isopycnic motion of
the balloons to the air parcel isentropic vertical motion (Podglajen et al., 2014).

Balloon timeseries are processed using an S transform (Bramberger et al., 2022; Stockwell et al., 1996), which
gives a time-frequency representation of the signal with a frequency dependent resolution. We include wave
periods in the range in 1-24 hr, a choice further explained by the need for wave packet selections in the next
paragraph. This range in frequencies also avoids concerns with either the balloon neutral oscillations at their
equilibrium density level (which occur at @, < N), or the balloon tendency to depart from a perfect isopycnic
behavior at frequencies near N. The S transform method applied to quasi-Lagrangian balloon measurements
provides information in the time/intrinsic-frequency space that enables us to retrieve properties of individual
wave packets.

We define a wave packet as a local amplitude maximum in wave period at each time (several wave packets can be
distinguished at each time step), and only the center of each wave packet is used to derive the detailed wave
properties. In that regard, our method differs from Corcos et al. (2021) and Podglajen et al. (2016) who integrated
the wave momentum fluxes over the full range of frequencies and did not compute phase speeds or individual
packet properties. Figure 2 illustrates wave packet identification from the S-transform. Wave packets are asso-
ciated with a specific intrinsic period and are separated by a local minimum of amplitude. A wave packet's
intrinsic phase speed is indeed only well-defined at the peak and tends toward infinity at the edge of peaks. As
illustrated in the figure, local maxima in the time/frequency plot can sometimes evolve in time, but here our
definition of wave packet treats identified maxima at each time as independent wave packets, which is necessary
to compute phase speeds and other properties, and which allows these properties to evolve in time as observed.
Approximately, 76,000 wave packets can be retrieved per campaign in the period range of 1 hr to a day. We
analyze each wave packet separately to obtain momentum fluxes pu’w’(z,®) and intrinsic phase speeds &(¢,®),
where p is the flight-averaged balloon density. As in Boccara et al. (2008), the gravity-wave polarization relations
(Fritts & Alexander, 2003) (their equation 27) is also used to infer the local wave direction of propagation 6,

relative to the East. It is defined as %/|%|. Then, using the polarization relation between w’ and uj, we follow
Boccara et al. (2008) to obtain the momentum fluxes:
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ER(W’M’W) = —#3(1),’ ull‘*) 1

with H the density scale height, p; is the Lagrangian pressure perturbation, ”I/I* is the horizontal motion parallel to
the direction of propagation 6, i and < stands for the real and imaginary part, respectively. Note here that we only
retain the real part of the equation as the Imaginary part vanishes when averaged over a wave period Boccara
et al. (2008). Finally, we present density weighted momentum fluxes as they would be independent of the altitude
if waves do not break (Vincent & Alexander, 2000). Density is well defined as balloons are flying on constant
density levels. Intrinsic phase speeds ¢ are calculated following Boccara et al. (2008):

aA 2 ! /*
c= p_—(sul/lzm(Pl u ) @)

withé = 1 — f%/®?, a function of balloon latitude, and with f the inertial frequency and @ the intrinsic frequency
of the wave. Note here that the periods, momentum fluxes and phase speeds are in the intrinsic frame of the quasi-
Lagrangian balloon observations.

In this study, we retain only the two largest amplitude wave packets at each time step (Figure 2). Although wave
packets are only accounted for by their center, or maximum of amplitude, these two alone represent on average
around 40% of the total momentum flux. In sensitivity tests, we compared moving mountain wave characteristics
using only the first largest wave packet to the two-packet method, and the results were very similar, except the near-
diurnal period was over emphasized, so we added the second wave packet. Note that the total momentum fluxes are
computed in the direction of propagation of the waves. This was possible by making the assumption that all waves at
the balloon levels propagate upwards (Vincent & Hertzog, 2014), which resolves a 180° direction ambiguity from
the polarization relations. In this convention, the total fluxes are positive quantities. However, the zonal (u’w’) and
meridional (v/w’) components, namely uﬁw’ cos 6 and uﬁw’ sin @ respectively, are signed quantities.

The last step is to compute the ground-based phase speed. As in Vincent and Alexander (2000), it is the sum of the
ground-based phase speed ¢ with a projection of the wave propagation direction on the background flow:
k
Ikl

3)

¢ =+ [, vp)].

In the above equation, c is projected in the zonal and meridional direction with [i,,V,] the daily mean horizontal
flow at the balloon level.

For comparison to previous results, we show in Figure 3, the obtained distributions of density-weighted mo-
mentum flux (zonal and meridional) versus intrinsic and ground-based phase speeds, for the retrieved wave
packets, as in Hertzog et al. (2008), for CO campaign, as an example. The shape of the spectrum is similar to the
Vorcore campaign results. Unlike Corcos et al. (2021), we find a significant difference at high momentum fluxes
between the two flight levels. This can be explained by our focus here on the two largest amplitude wavepackets,
that will be more easily dissipated between the TTL level (~18 km) and the STR level (~20 km). Indeed, previous
observations of gravity wave momentum fluxes highlighted the importance of highly intermittent large amplitude
wave events in the total momentum fluxes (Hertzog et al., 2012), which will tend to break at lower altitudes. These
may be one of the key elements for realistic simulations of the stratospheric simulations and more precisely the
QBO (Bushell et al., 2020; Vincent & Alexander, 2020). We find here a dissipation of ~25% of the momentum
flux between 18 and 20 km for the two campaigns.

Note also the possible change of ground-based phase speed sign for low intrinsic phase speeds that shifts the
overall momentum fluxes distributions. Waves with a small ground-based phase speed carry either positive or
negative momentum flux, depending on the background wind velocity.

Finally, depressurization events can occur when a superpressure balloon flies over an extremely cold convective
cloud. During these events, the balloon behavior is not isopycnal anymore, and the observations were disregarded.
In total they represented around 5% of our data set as in Corcos et al. (2021).
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Figure 3. (left) Density-weighted zonal (full) and meridional (dashed) positive and negative bin-averaged momentum flux
spectra of the retrieved wave packets versus the projection of the corresponding intrinsic phase speed on the zonal/meridional
direction for tropical tropopause layer (red) and STR (blue) flights during CO. (right) As in the left panel, but for momentum
fluxes and ground-based phase speed. C1 is not shown here.

2.3. Convective Environment and Identification of the Moving Mountain Waves

We used the Integrated Multi-satellitE Retrievals for GPM (IMERG) product to locate the Stratéole-2 balloons
with respect to convective systems. IMERG for GPM gives a continuous precipitation data set since 2000,
merging satellite radar-observations from Global Precipitation Measurement (GPM) and Tropical Rainfall
Measuring Mission (TRMM) satellites with the constellation of infrared-observing weather satellites (Meteosat,
Indoex, Himawari, GOES-W, and GOES-E) and using rain-gauge measurements for calibration (Huffman
et al., 2019). This product is available at a half-hourly time resolution, and 0.1° X 0.1° spatial resolution. We
define convective pixels as pixels with a rain rate higher than 5 mm/hr following Ryu et al. (2011). Figure 4 maps
the IMERG convective rain pixels for CO and C1 to show the overall patterns in rain during these two periods. We
note the Indian Ocean Dipole (IOD) was in a positive phase during C0O, and ENSO (EI Nifio-Southern Oscillation)
was in the La Nifia phase during C1.

IMERG for GPM convective rain pixels are co-located with each balloon position. Convective pixels are
considered co-located if within each 1 hr-period they lie within a 300 km radius surrounding each balloon position
based on Corcos et al. (2021) (their Figure 6). These co-located rain pixels are selected as significantly impacting
the balloon observations of gravity waves and define the “convective environment” of the balloon observations.
We find co-located convection at 40% and 44% of the time for CO and C1, respectively, meaning that for around

2019/2020 CO

180° 120°W 60°W 0° 60°E 120°E 180°

2 4 6 8 10 12 14
% of total accumulated rain

Figure 4. Maps of convective rain over the 20°S to 15°N latitudes covered in this study. Units are percent of total convective
rain over the tropical band during the two campaign periods CO (top) and C1 (bottom). Note: white boxes have no convective
rain by our definition.
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Figure 5. Tllustration of the “co-location” method. Colors show a map of brightness temperature of the fifth of January, 10
UTC. Blue crosses correspond to pixels with a rain rate higher than 5 mm/hr, and white circles highlight those within a radius
of 300 km (red dashed circle) around the balloon position (red dot). ERAS 700 hPa horizontal wind for the co-located
convective rain pixels are represented with black arrows. Note that the IR brightness temperatures are used here to illustrate
the environment and to derive convective pixel cloud top heights (see text).

half the time for both campaigns the balloons were positioned less than 300 km away from a raining convective
cell.

At convective rain cell pixel positions, nearest neighbor ERAS reanalysis profiles are identified. Cloud top height
is calculated by interpolating the ERAS geopotential height profile with ERAS5 temperature profile and the global
merged-IR brightness temperature within 0.036° of the rain pixel. Wind profiles at these points are also derived
from ERAS.

In order to identify the waves generated by the moving mountain mechanism, we base our method on the
formulation of Beres et al. (2004). The first step is to gather the co-located convective cell velocity and direction.
Following Beres et al. (2005), we estimate the vector motion of each co-located rain cell as the wind at the steering
level (700 hPa) from ERAS profiles. We average those rain cell velocities and directions in the 300-km radius
vicinity of the balloons for each hourly balloon position. Figure 5 illustrates the method, showing a Stratéole-2
balloon (red dot) on a background map of IR (InfraRed) brightness temperature. The IMERG convective pixels
are marked as blue crosses, and those retained within the 300 km radius are overlain with white circles with a blue
edge. Steering level winds for the co-located pixels are also shown with vectors. Note the similarity of the steering
level wind directions within the convective complex in the vicinity of the balloon.

Next we predict the phase speed and direction of waves that would be generated by the moving mountain
mechanism. According to Beres et al. (2004), such waves are stationary relative to the convective cell, so their
ground-based phase speed is approximated by the cell speed identified in the previous paragraph. Theoretical
propagation directions for moving mountain waves lie in the semi-circle of directions opposite to the vector wind
at the top of the rain cell in the frame moving with the rain cell, “u,,;.” Figure 6 illustrates this wind and the
direction criterion. The cell moves with the wind vector uyq,p, and the background wind vector at the top of the
cell is labeled u and the moving mountain waves will propagate in the semi-circle of directions upstream of u,,,,
shaded green in the figure.

Finally, retrieved wave packets are identified as “moving mountain waves” at an hourly time resolution only if
their ground-based phase speed is within the range |u;g,p,|£5 m/s and if their direction lies within the green
semi-circle. Both criteria must be met simultaneously for a wave packet to be identified with the moving mountain
mechanism. Note that we tested the sensitivity of our results to a smaller angle opposite to u,,;, using 90° instead
of 180°, as well as to a larger ground-based phase speed range +10 m/s, and this did not substantially change our
results.
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3. Results

3.1. Occurrence of the Moving Mountain Waves

u rel Figure 7 presents the number of retrieved wave packets identified as from the

moving mountain mechanism (hereafter called “moving mountain waves” or
u MM waves). Note the difference with Figure 1, which represented raw 30 s

S

< E observations. Here, we illustrate hourly wave packets. Moving forward, all

. results will represent contributions of identified main pair of wave packets, at

sconstruction Uy an hourly time resolution. For this figure, the small number of identified MM

i waves can be explained by close convection happening only half of the time,

. and criteria for MM waves only gathered 5% of the time when there is a

U700 hPa convective cell in the right range. For better statistical robustness, we gath-
ered wave packets at 18 and 20 km in this section.

Figure 6. Example of zonal background wind at the top of the cell (black Both campaigns show similar patterns with most MM waves above the

arrow) and south-east steering level wind (light blue) in polar representation.
The average speed of convective cells with respect to the background wind
(green arrow) defines the range of directions of propagation at its opposite

(green half circle).

Maritime Continent. This may be related to two different reasons: first, a
stalling of the balloons above that region, especially in C1, and second its high
convective activity. It is also interesting to describe the differences. First, the
part of the Indian Ocean with the largest amount of observations seems to
shift west from 2019 to 2021. This feature is explained by a positive event of
the IOD that took place during CO, shifting the convection toward the west, and reducing overall the gradient of
convection in the basin (Saji et al., 1999; Webster et al., 1999). The C1 campaign coincided with La Nifia
conditions, with more convective rain over the Maritime Continent (Figure 4). The second difference is the
amount of MM wave observations above the Pacific Ocean during CO, which also mirrors the convective rain
patterns.

3.2. Moving Mountain Waves Characteristics

We describe here qualitatively the wave packets from the moving mountain mechanism. Figure 8 displays dis-
tributions of wave periods observed during both campaigns. As mentioned, colocated observations, or obser-
vations with convective cell spotted in a 300 km radius around the balloons positions, represent half of the total
observed data set, but the two distributions are similar. This is a good indicator of the uniformity of the sub-
sampling due to the colocation process. This distribution highlights the prominence of smaller periods, up to 5 hr,
and of the longer periods close to a day. The latter is partly affected by the balloon night/day oscillations that may
have affected our results. We will come back to it in the next subsection. The distribution of wave packet periods
for the MM waves (orange) highlights no preferential wave period associated with MM waves over the 2019/2020
campaign. In other words, the distribution of wave periods is similar to other CGWs, in line with Beres
et al. (2004) simulations. Differences between the two campaigns might not be statistically significant. A slight

2019/2020 CO
7

20°N [ AP . = A
e e . —
0° . 1 = . ,;:[
20°S E | == (\::Mb
180° 120°W 60°W 0° 60
2021/2022 C1
20°N |- N ? AN
- “{‘_ T e
0° - N e
. 7 P R
20°s F4 A
180° 120°W 60°W 0° 60°E
5 10 15 20 25 30

Figure 7. Number of retrieved wave packets identified as generated by the moving mountain mechanism, during the CO
campaign (upper panel) and C1 campaign (lower panel).
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Figure 8. Distributions of identified wave packet intrinsic periods for 2019/2020 CO and 2021/2022 C1 campaigns. The gray
distribution shows the average from all hourly packets. The dark blue line is the distribution from packets collocated with
Integrated Multi-satellitE Retrievals for GPM. The orange distribution corresponds to the MM wave packets. The relative
occurrences are normalized such as the sum of the occurrences equals to one.

shift from shorter to longer wave periods with a higher peak near the diurnal cycle might be related to increased
convection above the Maritime Continent in 2021/2022 (Figure 4) where there is a stronger diurnal cycle.

Figure 9 displays the horizontal wavelength distributions for the identified wave packets. The striking feature of
this figure is the difference between the all-gravity-wave packets and the MM wave packet distribution (orange),
as the latter shows a longer tail of shorter wavelengths. Thus, the average horizontal scale of the latter is reduced
by 65%, from around 900 km (all colocated packets) to 300 km. This result is encouraging and in line with model
studies (Clark et al., 1986). These waves are expected to occur with smaller scales, closer to the horizontal scale of
the convective systems. It should also be noted that the apparent difference for all the packets between 2019 and
2021 is not significant: we choose the log-scale of the figure to highlight the smaller scales in the tail, whereas the
mean horizontal wavelength only varies by 2% between the two campaigns.

3.3. Regional Variability: Land, Ocean, Maritime Continent

Corcos et al. (2021) and Wright et al. (2013) highlighted a difference between quieter oceanic regions and more
active regions (continents and Maritime Continent), in agreement with Randel et al. (2021) and Ern and Pre-
usse (2012). We thus distinguished three zones with different convective activity (Figure 10, upper panel):

Co C1
horizontal wavelength g<m) horizontal wavelength (km)
10 628.3 62.8 314 20. 15.7 109 628.3 62.8 31.4 20.9 15.7
all wave packets all wave packets
-l [ colocated wave packets [ colocated wave packets
) l—I MM wave packets o Ll MM wave packets
210t | & c10-1 |k
g g b
5 5 I,
v v
v 1%
<} o
¢ ¢
21072 21072
© ©
° °
1073 10734 R N -
0.01 0.10 0.20 0.30 0.40 0.01 0.10 0.20 0.30 0.40
k (/km) k (/km)

Figure 9. Distributions of horizontal wavelength and horizontal wave number for 2019/2020 CO and 2021/2022 C1
campaigns. The gray distribution collects all hourly packets. The dark blue line is the distribution of packets collocated with
Integrated Multi-satellitE Retrievals for GPM convection. The orange distribution corresponds to the wave packets identified
as MM waves. The relative occurrences are normalized such as the sum of the occurrences equals to one.
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Figure 10. (Upper panel) Map of the continental (orange), oceanic (blue) and Maritime Continent (green) zones (Lower
panel) Corresponding distributions of momentum fluxes, for all retrieved wave packets (filled), colocated retrieved wave
packets (dashed line) and MM wave packets (solid line). The relative occurrences are normalized such as the sum of the
occurrences equals to one.

continent, ocean, and Maritime Continent as balloons stalled in this region, giving particularly high sampling in
2021 (Figure 1). For more robust statistical results, we combined the two campaigns in this section. The overall
retrieved wave packets show very similar average momentum flux above the continents and Maritime Continent,
whereas flux is ~30% smaller above the oceans (Table 2). This difference is expected, and further described in
Figure 10 (lower panel): the Maritime Continent has a distribution with the longest tail of high momentum fluxes.
This highlights the importance of a few larger events on the mean value. On the other hand, the tail of the flux
distribution above the oceans decreases the fastest, with amplitudes above 5 mPa five to ten times less probable
than elsewhere. The continental distribution exhibits an intermediate shape, with higher relative occurrence of
momentum fluxes larger than 2 mPa compared to the oceans, but a shorter tail than the Maritime Continent.

The MM waves' distribution differs from the colocated wave packet distributions in the three zones, with a higher
relative occurrence of larger events, resulting in an increase of the momentum flux average by 30% above the
continents and Maritime Continent, and 40% above the oceans. Furthermore, Table 2 shows a shift in the relative
occurrence of the MM waves in the three different regions, with the lowest relative occurrence above the
Maritime Continent, and the highest above the oceans.

We also computed the intermittency of the gravity wave packets and the subset of MM waves, as the contribution
of the highest 10% of fluxes in the distribution to the mean momentum flux (Alexander et al., 2010; Hertzog

Table 2
Statistical Results About the Computed Momentum Fluxes in the Three Different Regions Depicted in Figure 10

Continents Oceans Maritime continent

All wave packets (colocated wave packets) Mean flux/standard deviation (mPa) 1.3/0.8 (0.7/0.9) 0.9/0.7 (1.1/0.9) 1.2/0.9 (1.3/1.0)

Intermittency (%) 24 (25) 28 (27) 26 (26)
Moving mountain mechanism Mean flux/standard deviation (mPa) 1.7/1.4 1.3/1.1 1.7/1.2
Intermittency (%) 30 29 25
Occurrence (%) 5.0 5.5 4.7
Contribution to the total flux (%) 7.0 6.7 5.5
CORCOS ET AL. 10 of 15
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et al., 2012; Plougonven et al., 2013). It describes further the distribution of momentum fluxes presented in
Figure 10. Intermittency further quantifies the importance of the tails of the distributions in Figure 10. It is
computed as:

2

F>Jo

x 100 )
P

where f; represents the instantaneous momentum flux from the two main wave packets, fyoo the momentum fluxes
in the 90th quantile, N, the number of observation points. We find an overall intermittency of ~27%, for both all
retrieved wave packets and for the MM waves, in line with the values of Corcos et al. (2021) and Wright
et al. (2013) for a spectrum of waves with periods from an hour to a day. The intermittency variability between the
different convective zones is nonnegligible, in line with the shape of the distributions presented in Figure 10. This
highlights the importance of a few larger events to the overall momentum flux, but this value is low compared to
higher latitude regions where orographic waves are a more significant source of gravity waves (Hertzog
et al., 2012; Jewtoukoff et al., 2015; Wright et al., 2013). Indeed, convective sources are intermittent but ubiq-
uitous in the tropics, lowering the overall intermittency.

Finally, we examine the local-time variation of momentum flux of our colocated wave packets with convection.
Figure 11 shows a clear diurnal cycle over land, with an increase of momentum flux amplitude, peaking in the late
afternoon. The same diurnal cycle was observed for convection in many studies (Chaboureau et al., 2004; Hendon
& Woodberry, 1993; Ohsawa et al., 2001; Yang & Slingo, 2001). The MM waves show the same diurnal cycle but
even stronger, suggesting a strong relationship to the intense convection occurring in the late afternoon over land.
The diurnal cycle over the oceans and the Maritime Continent in our data is not as clear, with only a slight increase
of the oceanic fluxes at night, in line with convective and rain rate diurnal cycles as seen in TRMM (Collier &
Bowman, 2004; Liu & Zipser, 2008).

Figure 11 lower panels also show the relative occurrence of retrieved wave packets at each hour of the day. It is
additional information to understand the evolution of the observed momentum flux during the day. Unsurpris-
ingly, the colocated observations show a uniform distribution of the observations within the day. This signal is
more pronounced for the MM waves. It is possible that the diurnal cycle in colocated observations of both types
could be in part an artifact from our method. We colocated the retrieved wave packets with convective pixels with
a minimum rain rate of 5 mm/hr. These higher rain rates happen more preferentially in the mid afternoon, with a
clearer signal above the continents than the oceans (Collier & Bowman, 2004; Negri et al., 2002). Therefore
waves generated by these active cells will be more likely encountered during those times.

4. Discussion: Contribution to the QBO

The last step of our study is to quantify the contribution of the identified MM wave packets to the observed zonal
momentum fluxes, and thus their contribution to the QBO. We decided to distinguish the two campaigns as they
were during two slightly different phases of the QBO. During CO, the mean zonal wind at TTL and STR levels
were ~9 m/s and ~2 m/s, respectively. During C1, these winds were ~4.5 m/s and ~2 m/s.

First, Figure 12 shows the spectrum of zonal momentum fluxes and ground-based phase speeds at 20 (left) and
18 km (right). Note the difference of momentum flux scale between the MM wave packets and colocated wave
packets as the MM represent around 6% of the total flux in the colocated observations (see table 2). This figure
highlights that the MM wave packets (lower panels) are concentrated in the low phase speeds, less than 15 m/s.
Both colocated and MM retrieved wave packets show significant changes between the two balloon float levels
during CO (top row, blue). For C1 (green) the changes between the altitudes are comparatively small.

Table 3 presents the campaign average signed zonal wind tendencies due to dissipation of momentum flux be-
tween the two levels, computed as follows:

_l( 2sTR (pSTRWSTR) _ 2L (pTTLWTTL) ) )

p Ngstr N
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Figure 11. (Upper panel) Daily evolution of hourly averaged momentum fluxes in the continental (orange), oceanic (blue)
and Maritime Continent (green) zones. Full and dashed lines are respectively the average of all colocated wave packets and
average of the MM waves. The upper and lower boundaries of the color field area represent the first and third quartiles of the
colocated wave packets (Lower panel) Corresponding relative occurrence of wave packets colocated with convection. In all
panels the lighter colors represent all colocated wave packets and the darker colors represent the MM detections only. The
relative occurrences are normalized such as the sum of the occurrences equals to one.

with p the averaged density between 18 and 20 km, Ntp; and Ngrr the number of retrieved wave packets at 18 and
20 km. The zonal tendencies associated with the MM waves is stronger in CO than C1. We hypothesize that the
weak MM momentum fluxes and zonal tendencies during C1 are mainly related to the weaker winds and shear,
such that these low phase speed waves have previously dissipated below the TTL level. We also note that future
observations, planned in 2025 for the next phase of Stratéole-2 will be valuable because of the potential influences
of sampling differences in these results.

In terms of contributions to the QBO forcing, CO and C1 were during the eastward phase, where C1 was closer to
the transition phase. Therefore, background wind shear was negative during both campaigns but weaker in the
second one (respectively —3.4 m/s/km and —1.3 m/s/km based on the balloon in situ observations).

The forcing needed to drive the QBO is not constant with height, but is much smaller (in terms of m/s/day) in the
lowermost stratosphere (e.g., Alexander and Ortland (2010); Pahlavan et al. (2021)). At the balloons levels, it is
about 0.3-0.4 m/s/day. All net zonal tendencies are negative, for CO and C1, as expected in these negative shear
conditions. We find that the waves of the colocated observations are counting up to 60% of the drive required for
this phase of the QBO during C1. Note that these results are based on our primary focus on large amplitude waves
and lower phase speeds that are assumed to drive the QBO at lower altitudes. These waves are rarely with periods
smaller than 1 hr, thus, waves with periods down to 15 min, which contribute to the total momentum flux (Corcos
et al., 2021), should not change the sign of the net zonal momentum tendency found here.

In addition, the contribution of the MM waves is not negligible, with a negative net tendency in both campaigns.
During CO, the MM wave net tendency is even larger than the net tendency associated with all the colocated
waves, suggesting that these MM waves can have an outsized effect on the QBO below 20 km considering their
relatively rare occurrence and relatively small contribution to the total gravity wave momentum fluxes (Table 2).
Finally, note that the noise floor for momentum flux is ~10~* mPa (Vincent & Hertzog, 2014). Thus, zonal

CORCOS ET AL.

12 of 15

d *9 STOT “9668691C

qndnSe/:sdny wouy

:sdpy) SUONIPUOD) pue SWd L Y1 29 “[STOZ/E0/1€] U0 AIeIqUT QUIUQ AA[LAN © SILBIQIT ANSIOAIUL) BIGUINOD) - S09100) BUIIIA K $08 [HOCIIFTOT/6Z01"01/10p/WOd RA[m:

191/w0% oI

P!

ASURDIT SUOWIWO)) d2ANEI)) S[qearjdde ay) Aq PauIoA0S a1e SI[AMIE YO 8N JO I[N 10§ AIRIqIT dUI[uQ AJ[IA UO (



I ¥edl

M\I Journal of Geophysical Research: Atmospheres 10.1029/20241D04 1804
AND SPACE SCIENCES
©0.100 STR flights ~0.100 TTL flights
4 — Co 4 — €0
o o
5 0.075 — Cl 5 0075 — cd
[} Q
© ®
3 3
3 0.050 S 0.050
Y Y
o o
E 0.025 g 0.025
g g .F'Il e
£ 0.000 = 0.000
g g
£-0.025 € -0.025
x x
= 2
Y —
c —0.050 c —0.050
2 2
g —0.075 g -0.075
g e
o o
E IS
_0'10—0100 -75 =50 =25 O 25 50 75 100 _0'10—0100 -75 =50 =25 O 25 50 75 100
phase speed (m/s) phase speed (m/s)
0.020 STR flights 0.020 TTL flights
4 — co |48 — Co
it —oc g —c1
2 0.015 i 0.015
® ®
3 3
3 0.010 S 0.010
u— u—
o o
5 0.005 5 0.005
Qo (e}
£ S
E 0.000 E 0.000
g g
£-0.005 € —0.005
x x
) > f
= —
= —0.010 c —-0.010
= -
5 5
g -0.015 g -0.015
(=] (=]
= IS
_0'02—0100 -75 =50 -25 0 25 50 75 100 _0'02—0100 -75 =50 =25 0 25 50 75 100
phase speed (m/s) phase speed (m/s)
Figure 12. (Upper panels) Distributions of zonal momentum fluxes as a function of ground-based phase speeds for the
colocated wave packets of both campaigns, at 20 (left) and 18 km (right), within 10° of the equator. (Lower panels) Same but
only for the identified MM wave packets. The distributions are normalized such that the integrated positive and negative
momentum fluxes equal the zonal-mean positive and negative values, respectively.
momentum tendency uncertainties can be estimated as 10‘4\/§/p, ~0.0014, which is order of magnitude smaller
than the net tendency computed here.
5. Summary and Conclusions
We presented observations of convective gravity waves in the tropical band
from Stratéole-2 superpressure balloons. These observations gather two
Table 3

Wind Tendencies Between 18 and 20 km Averaged Over +£10° Latitudes

Zonal momentum tendency

(m/s/day)
Positive Negative Net
Colocated observations Co 0.27 -0.29 —0.02
C1 0.14 —0.31 —0.17
Moving mountain mechanism Co 0.03 —0.06 —0.03
Cl 0.01 —0.02 —0.01

campaigns, CO in 2019-2020 and C1 in 2021-2022, with a total number of 24
balloons, that flew at 18 and 20 km of altitude up to several months each. We
presented gravity wave packets intrinsic and ground-based phase speeds as
well as momentum fluxes. We followed the description of waves generated by
the moving mountain mechanism described in Beres et al. (2004) in order to
identify them in our data set of retrieved wave packets. We first hourly
colocated the balloons with convective cells in a 300 km vicinity, tracking the
direction of propagation of the cells using the ERA5 wind at 700 hPa. The
“moving mountain waves’ have a ground-based phase speed near the speed of
propagation of the convective cells. These waves have an average horizontal
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wavelength of ~300 km and a distribution of wave periods similar to other convective gravity wave packets. They
occur only ~5% of the time but contribute up to ~7% of the total observed flux, with a maximum above the
continents.

In terms of contribution to the QBO forcing, we described the dissipation of the observed gravity waves between
18 and 20 km. We find a higher dissipation of the smaller ground-based phase speed (up to 25 m/s) waves during
the 2019-2020 campaign, that took place during an eastward phase of the QBO. The 2021-2022 campaign
happened closer to the transition phase, with a weakening of the wind shear of around 66%. Overall, we find that
the convective gravity wave packets are responsible for up to 2/3 of the required force to drive the QBO at these
low altitudes. Finally, “moving mountain waves” have a stronger dissipation between 18 and 20 km than the
average retrieved wave packet. Therefore, even with an overall small contribution to the observed flux, they are
responsible for up to 10% of the required drive for the QBO. Given that the MM waves dissipate mostly in the
lowermost stratosphere, they play an important role for the QBO to propagate to these low levels.

Data Availability Statement

Strateole-2 data are available on https://data.ipsl.fr/catalog/strateole2/ and thredds-x.ipsl.fr/thredds/catalog/C1/
catalog.html. Integrated Multi-satellitE Retrievals for GPM is available at Huffman et al. (2019).
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