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Abstract Superpressure balloons, which drift approximately on isopycnal surfaces, get displaced by gravity
waves and are thus capable of detecting gravity wave signatures. The project Loon provides superpressure
balloon data in the upper troposphere and lower stratosphere from 2011 to 2021. We compare Loon data from
the 6 years of best data coverage with output of global storm-resolving models from the DYnamics of the
Atmospheric general circulation Modeled On Non-hydrostatic Domains winter initiative in the tropics. We
study the variance of the vertical velocity and, for the models, the gravity wave momentum flux as function of
distance to closest convection. The models show large differences in the variance of the vertical wind velocity,
which is crucial for calculating vertical gravity wave momentum fluxes. We find large differences between the
models with respect to simulated convection, lateral propagation, and the wave background away from sources.
We then sample balloons as models by optimizing the match of vertical wind distributions using a temporal
low pass filter. The average distance the balloons travel during the optimum low pass filtering time turns out

to correspond approximately to four times the model grid spacing. The functional dependence of the vertical
velocity variance on distance to closest convection is similar between the models and the observations sampled
as models. The robustness of this result across all models suggests that storm-resolving models provide a useful
resource for machine learning some characteristics of convectively generated gravity waves.

Plain Language Summary Superpressure balloons drift on surfaces of constant density in the
upper troposphere and lower stratosphere. The balloons get displaced by gravity waves and are thus capable

of measuring their signatures. We compare superpressure balloon observations from the project Loon, a
commercial project which was intended to provide internet access to remote regions, to high-resolution models
from the DYnamics of the Atmospheric general circulation Modeled On Non-hydrostatic Domains winter
initiative in the tropics. We investigate the variance of vertical wind and the gravity wave momentum flux

as function of distance to closest convection, the main source of gravity waves in the tropics. To sample
balloons as models we use a temporal low pass filter. Despite large differences in gravity wave amplitudes,

we find similar characteristics in models and observations which is promising for potential machine learning
applications to understand the underlying physics.

1. Introduction

Gravity waves from tropospheric sources, such as convection and orography, transport momentum across the
atmosphere and therefore influence weather and the climate system on multiple scales. Many studies exam-
ined the effects of gravity waves on large-scale circulation, such as the quasi-biennial oscillation (Alexander
& Holton, 1997; Anstey et al., 2016) and sudden stratospheric warmings (Stephan et al., 2020; Watanabe
et al., 2022). Other previous studies focused on the interaction of gravity waves with tropospheric phenomena,
such as cirrus clouds (Dinh et al., 2016; Jensen et al., 2016) and turbulence (Callies et al., 2014; Sharman &
Trier, 2019). Validating the realism of gravity waves simulated by numerical models still poses major challenges.
In low resolution models, gravity waves are typically parameterized, whereas they are explicitly resolved in high
resolution storm-resolving models. Even in the latter class of models it remains unclear at which resolution the
gravity wave spectrum is sufficiently well resolved (Polichtchouk et al., 2022).

A relatively novel idea for improving parameterizations employs machine learning methods (Espinosa
et al., 2022). This requires one to assess how well storm-resolving models simulate gravity waves since their
output is typically used as training data for neural networks. Faith in the machine learning approach toward
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improving parameterizations depends on the realism of simulated lateral propagation and convective sources
(Stephan et al., 2022). Comparing storm-resolving models to observations is useful for informing us how model
output can be used as training data. Moreover, it may shed light on the physical processes related to the generation
and propagation of gravity waves, which storm-resolving models represent physically albeit differently. The goal
of this work is to study how global storm-resolving models simulate the amplitude of gravity waves in the tropics
compared to observations.

On the observational side, gravity waves have been studied with a large variety of measurement techniques such
as space-borne remote sensing (Chen et al., 2022; Miller et al., 2015), radiosondes (Hindley et al., 2021), lidars
(Banyard et al., 2021), aircraft measurements (Atlas & Bretherton, 2022), and superpressure balloons (Corcos
et al., 2021; Nastrom, 1980; Vincent & Hertzog, 2014). Superpressure balloons have a diameter between 10 and
20 m, are filled with a lifting gas, usually helium, and drift in the upper troposphere or lower stratosphere on
isopycnal surfaces for months. Their trajectories get distorted by gravity waves which is reflected in their position
and in the temperature and pressure data. Data from the French-US Strateole-2 campaign (Haase et al., 2018)
have been intensively used to study gravity waves (Cao et al., 2022; Corcos et al., 2021; Lott et al., 2023). In this
study, we use Loon superpressure balloon observations.

Loon (Rhodes & Candido, 2021) was a commercial project intended to improve global internet coverage, launch-
ing superpressure balloons into the lower stratosphere from 2011 to 2021. The balloons measure temperature and
pressure, their position is determined via GPS. Compared to scientific campaigns such as Strateole-2, a unique
characteristic of the Loon balloons was their vertical maneuvering, which results in gaps in the data. Yet, Loon
provides measurements from several years with extensive data coverage. The data will be introduced in more
detail in Section 2.1.

For simulated data, we use output from the DYnamics of the Atmospheric general circulation Modeled On
Non-hydrostatic Domains (DYAMOND) winter initiative (Stevens et al., 2019). DYAMOND has been designed
to compare different storm-resolving models and provides simulations for 40 days in January and February 2020
(see Section 2.2 for further information).

Balloon observations are special in that they provide localized information on gravity waves, as opposed to, for
instance, satellite measurements, which have a limited vertical resolution (Stephan et al., 2019a, 2019b). When
comparing superpressure balloon observations to storm-resolving models, we have to account for the fact that
balloons sample the atmosphere along trajectories whereas model output comes on grids and is only available at
relatively large output time intervals. Models have an effective resolution which determines the minimum wave-
length they can resolve. By applying a low pass filter to the balloon data, we reduce their resolution to sample
them as models. In Section 3.1, we discuss the filtering times that correspond to the models' effective resolutions.

To study gravity waves in models and observations, we link gravity waves to their potential sources similarly to
Corcos et al. (2021). In that paper, the authors studied gravity waves in the Strateole-2 data by looking at different
quantities such as momentum flux and temperature variances as a function of distance to closest convection, a
major source of gravity waves. In Section 3.2, we consider the variance of the vertical wind velocity w in a similar
way, since in the absence of convection w is dominated by gravity waves. In Section 3.3, we determine the gravity
wave momentum flux for the DYAMOND winter models. We study mean and variance of the momentum flux
as function of distance to closest convection, as before. We conclude with a summary and outlook in Section 4.

2. Observational Data and Models
2.1. Loon Superpressure Balloon Data

Loon (Rhodes & Candido, 2021) was a commercial project intended to provide internet access to remote regions.
For this purpose, superpressure balloons were released to drift in the upper troposphere and lower stratosphere.
The balloons provide their GPS position, ambient temperature, and pressure along their trajectories. In the scien-
tific context, the Loon data have been used to study the inertial peak in the stratospheric wind spectrum (Conway
et al., 2019) and the gravity wave spectrum (Lindgren et al., 2020; Schoeberl et al., 2017).

The balloons follow Lagrangian air motions and thus one can extract the wind from the GPS position. Data is
sampled in timesteps of 60 s. The error for the temperature measurements is +5 K. The pressure comes with an
error of +1 hPa. The horizontal and vertical GPS position is given with an accuracy of +2.5 m. The balloons are
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actively maneuvered in height for navigation. Balloons were flown from 2011 to 2021; here we use data from
2014 to 2019. In this time interval, around 1,400 flights took place. Flight segments between identified maneu-
vering events last from hours to months. There is no data coverage in high latitude regions and over Eurasia (cf.
Figure 1 in Lindgren et al. (2020)). For the following analysis, we use the complete data set without time restric-
tions, like choosing the same period as in the models, to maximize the number of balloon flights for statistical
analysis. Outside the maneuvering periods, the balloons drift approximately on isopycnal surfaces at heights
between 16 and 21 km. The mean pressure of the Loon data is approximately 70 hPa, which is used to guide the
comparison to numerical output.

We did some processing of the raw data before analyzing it, to identify and remove balloon maneuvering and to
interpolate the data onto equal time steps. First, maneuvering in a balloon flight is identified by examining gaps
in the data larger than 5 min. Two criteria must be met for a data gap to be identified as a maneuvering event. The
first is the magnitude of the altitude jump across the gap must exceed 100 m. The second is the mean altitudes of
the two data “chunks” (continuous data without any gaps) on either side of the gap must be different by more than
three times the average of their standard deviations. If both criteria are met, the flight is split into segments on
either side of the gap and the segments are analyzed separately. Comparison with a newer version of the Loon data
set which includes an “Altitude Control System” flag confirms that our algorithm manages to identify maneuver-
ing gaps reliably. We randomly tested the sensitivity of our results on the exact edges of the maneuvering gaps to
check that this does not affect the results. The balloons typically record GPS data every 60 s, but the time between
data points varies, so all the data for each segment are interpolated onto evenly spaced 2-min intervals.

The vertical velocity can be calculated from the altitude or from the pressure assuming hydrostatic equilibrium
and making use of the ideal gas equation. However, the accuracy of the latter method is restricted by the large
errors of temperature and pressure provided by Loon. Furthermore, some segments lack valid temperature data.
Thus, we use the first approach and calculate the vertical velocity of the balloon wy,eon from the altitude infor-
mation. For the derivative, we use the central difference, that is,

dz(t) _ z(t+ At — z(t — Ar)

1
dt 2At )

Walloon(?) =
As pointed out in Massman (1978), Nastrom (1980), Boccara et al. (2008), and Vincent and Hertzog (2014),
we have to account for the fact that the balloons drift on isopycnal surfaces whereas air parcels move on isen-
tropes. For sufficiently slow motions on time scales longer than twice the Brunt-Viisild period, this just requires
with @ = 0.3 (Podglajen
et al., 2016). Thus, to determine the air's vertical velocity w from the balloon's vertical motion, we use w =

a constant correction factor for vertical displacements Az, namely Az, = aAz,,

wballoon/0-3 .

The balloons start to oscillate around their density level when displaced from equilibrium. Thus, the balloon's
eigenfrequency provides a lower bound on vertical air motions that can be resolved. This frequency is of the same
order as the Brunt-Viisild frequency. Therefore, we apply a low pass filter to the balloon data with different filter-
ing times, starting with a minimum filtering time 7 of 15 min (Vincent & Hertzog, 2014). For our analysis, we
restrict ourselves to latitudes between —20° and 20° and only include segments between maneuvering gaps longer
than 10 times the filtering time which leaves us with more than 10* segments. We thereby assume a spatially
homogeneous distribution of the balloons. We will further discuss the value of 7 below in Section 3.1.

A balloon only measures the projection of a wave onto its trajectory. Therefore, to extract gravity wave momentum
fluxes from the balloon data, one needs to perform a wavelet analysis (Boccara et al., 2008; Corcos et al., 2021).
Here, we focus instead on the vertical velocity, which is directly available from observations and models, and
its variance as a measure for gravity waves since w is nearly completely driven by gravity waves (Morfa &
Stephan, 2023).

2.2. High-Resolution Models

We compare Loon data to high-resolution models from DYAMOND winter. The DYAMOND initiative
(Stevens et al., 2019) was designed in 2017 to compare storm-resolving models. DYAMOND provides output
from various global high-resolution models which allows investigating a large variety of questions relying on
a good representation of deep convection, for instance cirrus clouds (Nugent et al., 2022), cloud organization
(Christensen & Driver, 2021), tropical cyclones (Judt et al., 2021), and gravity wave momentum fluxes (Stephan
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et al., 2019b). Two time periods, each 40 days long, were simulated: DYAMOND summer starts on 1 August
2016 and DYAMOND winter covers the 40 days from 20 January to 1 March 2020.

In this study, we restrict ourselves to the DYAMOND winter simulations. An overview of all models involved in
DYAMOND can be found here: https://easy.gems.dkrz.de/DYAMOND/. We include the following models which
provide online output of the vertical velocity w, such that no hydrostatic balance has to be assumed to determine
w from the pressure velocity w. We state the vertical resolution of the models at 70 hPa which is approximately
the mean pressure of the Loon data.

e ICON-NWP 2.5 km: The Icosahedral Nonhydrostatic Weather and Climate Model (ICON) co-developed by
the German weather service and the Max Planck Institute for Meteorology was run with the numerical weather
prediction physics schemes and with a 2.5 km horizontal resolution in an atmosphere-only setup. The output
is given on 90 terrain following vertical model levels with a resolution of 650 m at 70 hPa and horizontally on
the icosahedral native ICON R02B10 grid presented, for example, in Zingl et al. (2015).

¢ GEOS 3 km: The Goddard Earth Observing System (GEOS) model by NASA was run in an atmosphere-only
setup at a 3 km horizontal resolution. The output is given on 181 sigma surfaces with 3.1 hPa resolution at
70 hPa. For further information on the model see Putman and Lin (2007).

e NICAM 3.5 km: The non-hydrostatic icosahedral atmospheric model (NICAM) by the Japan Agency for
Marine-Earth Science and Technology was run with 3.5 km resolution and an atmosphere-only setup. The
output is provided on 78 height levels with a level spacing of ~400 m at 70 hPa. Detailed model information
is given in Tomita and Satoh (2004).

e SHIiELD 3 km: The GFDL experimental system for high-resolution prediction on earth-to-local domains
(SHiELD) model by NOAA was run with an atmosphere-only setup and with a 3 km horizontal resolution.
The output is given on 79 pressure levels with a resolution of ~7 hPa at 70 hPa. Further information can be
found in Harris et al. (2020).

e IFS 4 and 9 km: The Integrated Forcast System (IFS) model by ECMWF was run coupled to land, wave, and ocean
with 4 and 9 km horizontal resolution, respectively. The output is computed on 137 pressure levels with 15 hPa
vertical output resolution for the hourly data at 70 hPa. ECMWEF (2020) presents documentation of the IFS model.

The temporal output resolution of the 3d fields is 1 hr for GEOS 3 km, IFS 4 and 9 km, and 3 hr for [CON-NWP
2.5 km, SHIiELD 3 km, and NICAM 3.5 km, respectively. For analyzing the dependence on distance to convec-
tion, we consider hourly means of the precipitation rates which are computed from the total precipitation provided
with 15 min temporal resolution if not directly available.

For the vertical wind comparison in Sections 3.1 and 3.2, we use w and precipitation rates on the native grids to
avoid reducing gravity wave amplitudes by remapping. When considering the gravity wave momentum flux in
Section 3.3, we need remapped output on a Gaussian grid to apply a Helmholtz decomposition. Therefore, we
remap all wind components, temperature, and pressure (for those models that do not use pressure as the vertical
coordinate) to a Gaussian N1024 grid. The Helmholtz decomposition separates the horizontal wind field into
its rotational and divergent components (Lindborg, 2015). By setting the rotational part to zero, we are approx-
imately left with the gravity wave contribution to the horizontal wind field, which is given by its divergent part
(Biihler et al., 2014). After remapping back to the Gaussian N1024 grid, we use the mean over a square area with
edge length of 700 km for defining perturbations and background.

We consider three pressure levels, 20, 70, and 500 hPa. We avoid vertical interpolation to maintain maximum
gravity wave amplitudes. We therefore use the respective model level closest to the considered pressures. This
applies to ICON-NWP, GEOS, NICAM, and SHIiELD. Only IFS provides output at the studied pressures.

To compare model output on global grids with a coarser spatial and temporal output resolution than the balloon
data measured on Lagrangian trajectories, we randomly distribute points in the models without calculating trajec-
tories. These random points are located within a latitudinal range from —20° to 20°. For each model, we distribute
more than 10° random balloon points in total.

3. Results
3.1. Low Pass Filtering Time for Loon

To remove balloon oscillations that cannot be distinguished from high frequency waves, we apply a temporal low
pass filter. We cut all frequencies smaller than a cutoff frequency feuorr = 1/7" with T being the filtering time in
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Figure 1. w is distributed approximately like a stretched exponential. (a) Shows the w distributions for the DYnamics of

the Atmospheric general circulation Modeled On Non-hydrostatic Domains (DYAMOND) winter models and Loon with
different filtering times at 70 hPa. The inset presents one example of a fit for ICON-NWP. The dotted line shows the fit. The
fit parameters (b) a and (c) f of the stretched exponential distribution according to Equation 2 are presented at three different
pressure levels. Stars denote the DYAMOND winter models according to the legend and the blue circles represent the Loon
data with different filtering times.

the moving balloon frame. To remove the balloon oscillations, the filtering time needs to be larger than at least
15 min (Corcos et al., 2021). Applying a low pass filter corresponds to smoothing the balloon data measured
on trajectories. On the other hand, the model output has limited spatial resolution. We suggest to use the low
pass filter on the trajectories additionally to removing the balloon's intrinsic oscillations to find a filtering time
which corresponds to the effective spatial resolution of the models. For simplicity, we assume that the balloons
move relatively slowly compared to gravity wave phase speeds, and thus neglect Doppler shifts for the follow-
ing comparison between moving balloon frames and static global model frames. This corresponds to assuming
T = T. We therefore drop the hat in the following.

We compare the probability distribution functions (pdf) of the vertical wind velocity w for the different models
and the Loon data with different filtering times as presented in Figure 1a. We find that the pdfs for w follow
approximately normalized stretched exponential distributions (Podglajen et al., 2016), also called double expo-
nential or symmetric generalized normal distributions, that is,

pw) = exp[—(lw — ul /)], @)

_s
2aT(1/p)
where « and f are free parameters, u is the mean value, which is assumed to be zero for w, and I'(x) is the gamma
function. ff ranges between 1.1 and 1.5 and parameterizes the transition from a Laplacian (f# = 1) to a Gaussian
(B = 2) distribution. a is a scale parameter. In the case of f = 2 it corresponds to \/5 times the standard deviation.
The inset in Figure la presents the fitted stretched exponential (dotted line) to the pdf (solid line) exemplary
for ICON-NWP 2.5 km. It covers the behavior at sufficiently small lwl very well but misses the tail with higher
occurrence frequencies of large lwl present in the models as well as in the Loon data.

The width of the w distribution of Loon decreases with increasing filtering time. We find that the observational
w distribution with a filtering time of 15 min, shown by the lightest blue histogram in Figure 1a, is much broader
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than the models' distributions. When we increase 7, shown in darker blue, the pdf gets steeper and we approach a
distribution similar to those of the models. Note that the only fitting parameter is the filtering time 7. Both a(7)
and B(7) depend on T. Thus, although decreasing f alone would lead to a broadening of the distribution, fitting 7'
to a steeper curve leads to a decrease of both a(7T) and f(T). Figure 1b presents the fit parameter a and Figure 1c
presents f3, respectively, of the models (stars) at three different pressure levels and of Loon at 70 hPa with different
filtering times (blue dots). f decreases for Loon from 1.35 to 1.26 when increasing the filtering time from 15 to
30 min. a decreases from 0.07 to 0.05 m s~!. The combination of both leads to a narrowing of the distribution. In
terms of least squares error we find the best agreement with ICON-NWP 2.5 km for a filtering time 7 = 25 min,
for GEOS 3 km, we get T = 23 min. For SHiELD 3 km, the best fit is obtained for 7' = 28 min and for NICAM
3.5 km for T = 30 min, respectively. Within the considered range of filtering times for Loon between 15 and
30 min, we find the best agreement with both IFS resolutions for 7 = 30 min. However, as seen in the pdfs in
Figure 1a, the IFS distributions have a much smaller width than Loon. We nevertheless restrict this analysis to
filtering times up to 30 min since many Loon segments only cover time intervals of a few hours between maneu-
vering gaps. Longer filtering times thus reduce the number of useable segments and deteriorate the statistics. This
approach does not take into account systematic errors in the models like underestimating w, which is certainly
the case for IFS, but assumes that the vertical velocities in the models are correct. This assumption is supported
by the following simple scaling argument.

To resolve a wave in the models, at least four grid boxes are needed. Thus, GEOS 3 km can resolve waves with
wavelengths larger than ~12 km. This value agrees nicely with the mean distance the Loon balloons travel in
23 min, which is indeed 12 km, since they have an average horizontal speed of 8.7 m s~!. The agreement turns out
to be reasonably good for the other models, too: ICON-NWP 2.5 km can in principle, that is, in a perfect model,
resolve minimum wavelengths of ~10 km and the balloons travel on average 13 km in 25 min, for SHiELD 3 km,
the minimum wavelength is ~12 km and the mean traveling distance in 28 min is 15 km, and for NICAM we have
a minimum wavelength of ~14 km and a mean balloon distance of 16 km, respectively. We ignore IFS here, since
the agreement with Loon is worse than for the other models. Although model effective resolution is not four times
the grid spacing (Skamarock, 2004), and the ratio differs between the models, our simple scaling between hori-
zontal grid spacing and filtering time 7 leads to a reasonably good agreement between balloon measurements and
numerical models. To compare superpressure balloon data to models, we have to exclude small waves measured
by the balloons but not resolved in the models by applying a low pass filter with a sufficiently large filtering time.
For further analysis, we will use a filtering time of 7' = 25 min which is consistent with most of the considered
models except for IFS, especially IFS 9 km.

3.2. Variances of the Vertical Velocity

Deep convection is one of the main sources of gravity waves, especially in the tropics. Therefore, we compare
variances of the vertical velocity o2, as function of distance to closest convection d between Loon and the
DYAMOND winter models. The balloons correspond to points in space and time. To compare these to global
models, we distribute random points in the models, which serve as virtual balloons. However, we do not calculate
virtual balloon trajectories but distribute uncorrelated random “balloons” at every time step to avoid interpolation
in space and time which comes with the risk of reducing wave amplitudes.

To determine the closest convection, we use the mean precipitation rate in the previous hour. To take into account
only deep convection, we consider precipitation rates larger than a threshold of 6 mm hr~! consistent with
Bramberger et al. (2020). For the Loon observations, we use CMORPH satellite data (Joyce et al., 2004; Xie
etal., 2017, 2019) which provides precipitation rates with a temporal resolution of 30 min and a spatial resolution
of 8 x 8 km? at the equator. We compute hourly means of the CMORPH data as for the models.

We consider only the tropics and distances to closest convection d up to 1,000 km. Thus, we only take into
account (virtual) balloons in a latitude range of —20°-20° such that convection at distances up to 1,000 km still
takes place in the tropics. Figure 2 shows ¢2(d) for the DYAMOND winter models at (a) 20, (b) 70, and (c)
500 hPa, respectively. At 70 hPa, Loon is included for which, as mentioned above, a filtering time of 25 min is
used and all Loon data points are collected without correction for deviations from this pressure. The variances at
20 and 70 hPa follow approximately a power law in the considered distance range up to 1,000 km,

ou(d) ~d, 3
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Figure 2. Variance of w as function of distance d to closest convection identified by precipitation rates larger than 6 mm hr~!

at (a) 20, (b) 70, and (c) 500 hPa. At 70 hPa, the blue curve corresponds to Loon with a low pass filtering time of 25 min.

with y being the decay exponent ranging between 0.45 (ICON-NWP 2.5 km) and 1.08 (SHIiELD 3 km) for
different DYAMOND winter models at 70 hPa and 0.57 for Loon. In contrast to 500 hPa, we find no constant
background for 20 and 70 hPa within 1,000 km. This is most likely explained by the lateral spreading of upward
propagating gravity waves. The dependence of gravity wave amplitudes on distance to the source is greatest at the
source levels and decreases with height due to lateral spreading. Thus, we find a power law decay in the whole
regime at 70 and 20 hPa, although we can already observe the curves beginning to converge at large distances
d > 700 km, in particular at 70 hPa.

For 500 hPa, ¢2(d) decays strongly with increasing distance up to 200 km and then approaches a background
value which corresponds to an additional constant +c in Equation 3. The behavior of ¢2(d) in the lower atmos-
phere, that is, 500 hPa, at short distances to convection, that is, d — 0 km, can be understood by looking into
differences in the precipitation rates in the models since in this region updrafts in convection contribute signif-
icantly to 62 (d — 0). The box and whisker plots in Figure 3 show w as function of the co-located 15 min mean
precipitation rate larger than 6 mm hr~!. The green lines serve as a guide to the eye for an easier comparison
between the different models showing the mean of GEOS 3 km. The blue histograms in the background show the
distributions of precipitation rates larger than the threshold of 6 mm hr~!. There are large differences between the
models with respect to simulating precipitation as has been pointed out in Stephan et al. (2022).

IFS 9 km has the shortest tail in precipitation rates, and the least variations and mean values of w of all models
consistent with Stephan et al. (2022). This is the case at all considered pressure levels, cf. Figure 2. The reason for
the short tail in precipitation and the accompanied low mean values and variations of w is the parameterization
of deep convection in IFS 9 km. In contrast, IFS 4 km does not parameterize deep convection. Accordingly, IFS
4 km has larger precipitation rates, and w as function of the precipitation rate shows larger mean values as well as
larger variances away from precipitation pointing to larger gravity wave amplitudes. This agrees with IFS 4 km
showing the largest value of 62 (d — 0) at 500 hPa.

For the other models, 62 (d — 0) at 500 hPa ranges in between the two IFS resolutions. This is consistent with
the behavior of w and the precipitation rates presented in Figure 3. Except for NICAM 3.5 km, the maxima of the
precipitation rate are larger than for IFS 4 km which points to a large number of deep convective gravity wave
sources. However, the means and variances of w, and thus the wave amplitudes, are smaller than for IFS 4 km.

Although the w distribution of Loon was adjusted to the models by setting the filtering time 7 to 25 min, ¢2(d) is
larger than for the models, see Figure 2b. One reason for this is the difference of the observed precipitation rate
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Figure 3. Dependence of w at 500 hPa on the local precipitation rate. The box and whisker plots represent the distribution of w as function of the precipitation rate.
The orange lines show the medians. The boxes represent the first and third quartile. The whiskers correspond to the minimum (Oth percentile) and maximum (100th
percentile) values. We omit outliers for better clarity. The green line serves as a guide to the eye and represents the mean w values in Goddard Earth Observing System
3 km to ease the comparison between the models. The histograms in the background present the precipitation rate distributions. The purple histogram in panel (b)
represents the precipitation rate distribution of CMORPH.

taken from CMORPH compared to the modeled ones. It is known that high-resolution models tend to overesti-
mate rain rates and, in particular, find too many strong rain events as well as too much variance in the precipita-
tion rates (Polichtchouk et al., 2022; Stephan et al., 2019a, 2019b). Figure 3 illustrates this for the DYAMOND
winter simulations. The purple histogram in Figure 3b shows the distribution of precipitation rates larger than
the threshold of 6 mm hr~! from CMORPH. NICAM 3.5 km, which is the model presented in Figure 3b, tends to
small precipitation rates when inter comparing the models as presented by the blue histograms. However, it yet
has much larger precipitation rates than CMORPH. When comparing the number of grid points with precipitation
rates larger than 6 mm hr~!, we also find that it is larger for NICAM than for CMORPH. Figure 2 shows that for
the same o2, the distance to convection is larger for the balloons than for the models. This is because we first
adjusted the w distribution by choosing a filtering time of 25 min and second determined the distance to closest
convection d using CMORPH. Together this leads to a shift of the variances o2 to larger distances d.

Having comparable precipitation rates for the different models and the observations would simplify the interpre-
tation of o2 (d) with respect to gravity waves. However, it is not possible to use the same set of precipitation rates
for the analysis because the dependence of 62, on the distance d comes from the fact that convection is a source of
gravity waves. Thus, we can only study the correlation between 62 and the distance to closest convection d when
using related data.
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3.3. Gravity Wave Momentum Flux

In this last part of Section 3, we turn to the gravity wave momentum flux (GWMF) instead of the vertical
velocity. We investigate the behavior as function of distance to closest convection d as in Corcos et al. (2021).
Here, we restrict ourselves to the DYAMOND winter models. To study only the gravity wave contribution to the
momentum flux, we separate the rotational and the divergent part of the horizontal wind field by a Helmholtz
decomposition. Keeping only the divergent part leaves us approximately with the gravity wave horizontal wind
field (Stephan et al., 2022). We remap the model output onto a N1024 Gaussian grid, perform the Helmholtz
decomposition, and transform the divergent part back to the Gaussian N1024 grid. We do not reconstruct w
since we expect the corrections to be small. In contrast to the horizontal winds, for which the divergent part is
the smaller contribution, the vertical wind is dominated by gravity waves except in close vicinity to convection.

We consider the total vertical flux of horizontal momentum,
_ 2 2
F=p (u’w’) +<U’w’> . C))]

X is the background value of the quantity x and x’ are deviations from this background, that is, x’ = x — X.
The background value X is obtained by taking the average of x over a domain around the position of x with
size 700 x 700 km?. We thus calculate the background values for each point individually around its position
which allows us to investigate the dependence on distances to convection closer than 700 km. We use the same
randomly distributed virtual balloon points as before and calculate 7 for each balloon separately. The averaging
step additionally to the Helmholtz decomposition is needed to remove wavelengths larger than 700 km which is
the wavelength regime we restrict this analysis to. Figure 4 presents the mean and the variance of the GWMF for
the DYAMOND winter models at (a and b) 20, (c and d) 70, and (e and f) 500 hPa.

Figures 4a, 4c, and 4e present the mean momentum flux. F decays approximately exponentially with distance to
convection, that is,

F=ae %y ®)

The variable a determines the value at d = 0, d,, is the exponential decay constant, and c is the background for d — .
Except for IFS 9 km, the decay behavior of the different models is very similar which could be valuable for param-
eterizations. It also suggests that this aspect of GWMF properties may be learned with machine learning with the
result being model independent, in contrast to amplitudes. For 20 hPa, we find a decay up to distances of 1,000 km
with exponential decay constants d, between 422 for NICAM 3.5 and 214 km for ICON-NWP 2.5 km. At higher
pressures, in particular at 500 hPa, we observe that the mean fluxes approach a constant background for large d. For
500 hPa, this background value ranges between 4.3 mPa for NICAM 3.5 and 2.9 mPa for SHiELD 3 km. For lower
pressures, the background flux decreases and is between 1.6 mPa for NICAM 3.5 and 1.1 mPa for IFS 9 km at 70 hPa.
The momentum fluxes in NICAM 3.5 km are larger than in the other models at all considered pressures and distances
which is not the case for the variance of the vertical velocity, see Figure 2. This suggests different phase speed spectra.

Note that for most of the models, except for IFS 9 km, the three parameters a, d,, and c are sufficient to describe
the complete range of considered d. However, the value of d;, depends on the averaging method, here over a
700 km square area. Distances d between 350 and 500 km mark the transition from convection being present
within the 700 x 700 km? area to a convection free region. Therefore, the decay in this regime, described by d,,,
depends on the choice for computing the average, in particular in the lower atmosphere where convection takes
place, that is, at 500 hPa. Thus, the results at d < 500 km should be interpreted with care.

The waves propagate upwards away from their convective source. Therefore, they only reach large horizon-
tal distances at sufficiently high altitudes. This may explain why a constant gravity wave background is only
present at lower levels. A constant GWMF background has also been observed in the Strateole-2 data (Corcos
et al., 2021). In this campaign, the superpressure balloons either drift in the tropical tropopause layer at approx-
imately 70 hPa or in the lower stratosphere at about 55 hPa. In these measurements, the authors find a constant
background flux of approximately 3 mPa (Corcos et al., 2021). For the DYAMOND winter models, we find it to
be approximately 50% lower, that is, 7(d — c0) < 1.5 mPa at 70 hPa. Some differences between observations
and models are expected due to the fact that the models were running freely and evolved away from the initial
state within the first few days. However, we do not expect this to have a systematic damping effect and thus it is
unlikely to explain consistently smaller background values for all models. This seems to be consistent with our
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Figure 4. Gravity wave momentum flux, that is, total vertical flux of horizontal momentum, as function of distance to closest
convection d. (a, ¢, and e) Show the mean flux and (b, d, and f) its variance at (a, b) 20, (c, d) 70, and (e, f) 500 hPa.

analysis of the variance of the vertical velocity in Section 3.2 where we find that at 70 hPa ¢2(d) is larger for
Loon than for the models.

Figures 4b, 4d, and 4f show the variances of the GWMFs. They behave very similarly to the mean flux. For
higher pressures, we find the curves level out at constant backgrounds as for the mean flux. The exceptions to
this behavior at large distances, for instance in the o of ICON-NWP 2.5 km at 70 hPa, are most likely related to
insufficient statistical sampling and should not be physically interpreted.

When comparing the dependence of ¢2 in Figure 2 and F in Figure 4 on distance to closest convection d, we find
in all cases a convergence to the background for d > 500 km at 500 hPa and decays over the whole distance range
of 1,000 km at 20 and 70 hPa. The absolute values of ¢2, ?, and o7 for d — 0 are much larger at 500 hPa than at
lower pressures which can be explained by strong updrafts in convective regions. However, the GWMF and its
variance decay much faster, that is, exponentially, than ¢2, which decays like a power law.

Both the GWMF and the variance of w only approach constant backgrounds for large distances and high pres-
sures. This highlights the limitation of parameterizations that do not condition their source level GWMF on actual
sources but use constant background values instead. Moreover, the change in the shape of GWMF curves with
height shows that lateral propagation may be important as well.

4. Summary and Outlook

In this paper, we compared some of the DYAMOND winter models to Loon superpressure balloon data in the
tropics to assess the ability of the models to simulate gravity waves from convective sources. As a simple measure
for gravity waves available from model output as well as from the observational data we used the variance of the
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vertical wind. For the models we also computed the gravity wave momentum flux. To study the propagation of
waves, we considered these quantities as function of distance to closest convection similarly to what has been
done in Corcos et al. (2021).

First, we looked into the distributions of the vertical velocity. We found that it follows approximately a normal-
ized stretched exponential as introduced in Equation 2. The fit parameters, however, and thus the width of the
distribution, vary at 70 hPa by a factor of 2 for a and a factor of 1.2 for f, respectively, for different models and
Loon. For Loon, they depend on the filtering time of the low pass filter. We therefore used it as a tuning param-
eter to find a filtering time which corresponds to the effective model resolution. We found for GEOS 3 km an
optimum filtering time of 7' = 23 min, for ICON-NWP 2.5 km T = 25 min, for SHIELD 3 km 7 = 28 min, and
for NICAM 3.5 km T = 30 min. IFS was not included in the analysis because the appropriate filtering times are
outside the considered range of 7. The average distance a balloon travels is approximately four times the grid
spacing for the time 7 that optimizes the match between the modeled and measured w distribution.

We then considered the variance of w as function of distance to closest convection d. To identify deep convec-
tion, we used precipitation rates larger than a threshold of 6 mm hr~!. At low pressures, we found a power law
decay with increasing d. At high pressures, the variance levels off at a constant background for large distances d.
For small distances d at 500 hPa, we found that the value of 62 depends on the occurrence of large precipitation
rates in the models as well as on the distribution of w as function of precipitation rates. At all pressure levels, the
curves strongly depend on the amounts and maxima of modeled precipitation. At 70 hPa, we included Loon with
a filtering time of 25 min in the analysis. We found larger values of ¢ (d) for Loon. A main reason for this is that
the observational precipitation rates taken from the satellite product CMORPH have less grid points with strong
precipitation than in the models.

We finally calculated gravity wave momentum fluxes for the DYAMOND winter models. We did not include
Loon here because for the approach we used, we needed global data coverage instead of trajectories. To restrict
ourselves to gravity wave contributions, we performed a Helmholtz decomposition and kept only the divergent
part of the horizontal wind field. Like for the variance of w, we considered the momentum flux as a function of
distance to closest convection d. For 20 hPa, the mean momentum flux decays exponentially with d. For 70 and
500 hPa, we also found an exponential decay which quickly approaches a constant background. The background
values found in DYAMOND are smaller than the one observed in the Strateole-2 campaign around 70 hPa. For
the variance of the gravity wave momentum flux we found a similar behavior as for the mean.

Clearly, our results show differences in gravity wave amplitudes between the different models and observations.
However, we find similar characteristics of the distributions of the vertical wind and the decay behavior with
distance to closest convection of variances of w and gravity wave momentum fluxes which is promising for
potential machine learning applications to understand the underlying physics.

To avoid unnecessary assumptions we here chose to compare models and observations in terms of quantities that
minimize the level of required preprocessing. As a next step one could compute virtual balloon trajectories and
condition not only on the distance to closest convection but also on more intricate measures for convection, such
as convective organization and the wave propagation direction relative to convection. Here, we compared balloon
trajectories to the global model output by introducing randomly distributed virtual balloon points and using the
filtering time to coarsen the observational data using a 25 min time window. Given the relatively coarse model
output frequency (1 hr or more), we believe this is the better choice, as the computation of trajectories would
in this case not lead to reasonable results given the high frequencies of convectively generated gravity waves.
Computation of trajectories during runtime would be ideal and allow making the best use of new and existing
balloon data sets, although it would still require a statistical comparison in case of free-running models. It will
be interesting to compare gravity wave signatures in storm-resolving models and superpressure balloons to new
satellite techniques like ESA's EarthCARE which will be able to resolve vertical cloud motion and thus facilitate
a comparison to data along trajectories.

Data Availability Statement

The Loon data are publicly available on Zenodo (Rhodes & Candido, 2021). Access to the DYAMOND winter
data can be obtained via the ESIWACE coordination team, see https://www.esiwace.eu/services/dyamond-initia-
tive for further information (ESiWACE & DKRZ, 2019).
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