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Abstract

We present estimates of gravity wave momentum fluxes calculated from Project Loon superpressure balloon data collected

between 2013 and 2021. In total, we analyzed more than 5000 days of data from balloon flights in the lower stratosphere,

flights often over regions or during times of the year without any previous in-situ observations of gravity waves. Maps of mean

momentum fluxes show significant regional variability; we analyze that variability using the statistics of the momentum flux

probability distributions for six regions: the Southern Ocean, the Indian Ocean, and the tropical and extratropical Pacific and

Atlantic Oceans. The probability distributions are all approximately log-normal, and using only their geometric means and

geometric standard deviations we explain the sign and magnitude of regional mean and 99th percentile zonal momentum fluxes,

and regional momentum flux intermittencies. We study the dependence of the zonal momentum flux on the background zonal

wind and argue that the increase of the momentum flux with the wind speed over the Southern Ocean is likely due to a varying

combination of both wave sources and filtering. Finally, we show that as the magnitude of the momentum flux increases, the

fractional contributions by high-frequency waves increases, waves which need to be parameterized in large-scale models of the

atmosphere. In particular, the near-universality of the log-normal momentum flux probability distribution, and the relation of

its statistical moments to the mean momentum flux and intermittency, offer useful checks when evaluating parameterized or

resolved gravity waves in models.

Hosted file

972966_0_art_file_11344278_s0bkhh.docx available at https://authorea.com/users/577718/

articles/663679-gravity-wave-momentum-fluxes-estimated-from-project-loon-balloon-data

1

https://authorea.com/users/577718/articles/663679-gravity-wave-momentum-fluxes-estimated-from-project-loon-balloon-data
https://authorea.com/users/577718/articles/663679-gravity-wave-momentum-fluxes-estimated-from-project-loon-balloon-data


Gravity wave momentum fluxes estimated from Project Loon 1 
balloon data 2 
 3 
Brian Green1, Aditi Sheshadri1, M. Joan Alexander2, Martina Bramberger2, François Lott3 4 
 5 
1Stanford University 6 
2NorthWest Research Associates 7 
3Laboratoire de Météorologie Dynamique (LMD)/IPSL 8 
 9 
Corresponding author: Brian Green (briangre@stanford.edu) 10 
 11 
 12 
Key Points 13 

• We estimate and analyze atmospheric gravity wave momentum fluxes from Project Loon 14 
balloon data collected in the lower stratosphere. 15 

• We use the statistics of the approximately log-normal momentum flux probability 16 
distributions to explain inter-regional flux variability. 17 

• Our results can be used as observational constraints when developing and validating 18 
gravity wave parameterizations.   19 



Abstract 20 
 21 
We present estimates of gravity wave momentum fluxes calculated from Project Loon 22 
superpressure balloon data collected between 2013 and 2021. In total, we analyzed more than 23 
5000 days of data from balloon flights in the lower stratosphere, flights often over regions or 24 
during times of the year without any previous in-situ observations of gravity waves. Maps of 25 
mean momentum fluxes show significant regional variability; we analyze that variability using 26 
the statistics of the momentum flux probability distributions for six regions: the Southern Ocean, 27 
the Indian Ocean, and the tropical and extratropical Pacific and Atlantic Oceans. The probability 28 
distributions are all approximately log-normal, and using only their geometric means and 29 
geometric standard deviations we explain the sign and magnitude of regional mean and 99th 30 
percentile zonal momentum fluxes, and regional momentum flux intermittencies. We study the 31 
dependence of the zonal momentum flux on the background zonal wind and argue that the 32 
increase of the momentum flux with the wind speed over the Southern Ocean is likely due to a 33 
varying combination of both wave sources and filtering. Finally, we show that as the magnitude 34 
of the momentum flux increases, the fractional contributions by high-frequency waves increases, 35 
waves which need to be parameterized in large-scale models of the atmosphere. In particular, the 36 
near-universality of the log-normal momentum flux probability distribution, and the relation of 37 
its statistical moments to the mean momentum flux and intermittency, offer useful checks when 38 
evaluating parameterized or resolved gravity waves in models. 39 
 40 
 41 
Plain Language Summary 42 
 43 
Atmospheric gravity waves flux momentum away from their sources, depositing it as drag when 44 
they dissipate. Global climate models cannot resolve the entire gravity wave spectrum, so they 45 
must parameterize this drag by making assumptions about the gravity wave field developed from 46 
wave theory and validated by observations. We present new estimates of gravity wave 47 
momentum fluxes observed by Project Loon balloons, which flew on surfaces of constant density 48 
in the lower stratosphere and could detect gravity waves using their GPS sensors. The balloons 49 
detected significant regional and temporal variability in the momentum fluxes, and we explain 50 
this variability using the statistics of the momentum flux probability distributions. We also find 51 
that the momentum flux varied with the background wind over the Southern Ocean in ways that 52 
point to the competing effects of changing wave sources and filtering of the waves by the 53 
background flow, and that high-frequency waves were important contributors to large values of 54 
the momentum flux. These new estimates of the momentum flux come from many regions of the 55 
stratosphere that have never been sampled by neutral-density balloons before and provide 56 
observational constraints for the development and validation of the representation of gravity 57 
waves in models. 58 
 59 
 60 
1 Introduction 61 
 62 
Drag induced by dissipating atmospheric gravity waves is one of the most important ways the 63 
waves interact with their environment. Because global models of the atmosphere cannot resolve 64 
the entire gravity wave (GW) spectrum, they are forced to parameterize this drag by assuming 65 



some range of wave sources, how the waves propagate, and how they dissipate (Plougonven et 66 
al., 2020). These assumptions are based on gravity wave theory, results from high-resolution 67 
model runs, and comparisons of model output to observations of the waves from both in-situ and 68 
remote platforms (see Alexander et al., 2010 for a review). 69 
 Among the available in-situ observations, superpressure balloons are uniquely well-suited 70 
for measuring gravity waves. Floating approximately on isopycnals, the balloons act as quasi-71 
Lagrangian tracers, and their data time series are analyzed in the intrinsic (flow-following) 72 
frequency space that defines the range of vertically propagating GWs. Techniques using wavelet 73 
transforms and other similar spectral methods have been developed to estimate the GW 74 
momentum flux from balloon data (Boccara et al., 2008; Vincent and Hertzog et al., 2014; 75 
Vincent and Alexander, 2020). (The momentum flux is converted to drag when the waves 76 
dissipate, but the balloons cannot directly measure the GW-induced drag.) These techniques have 77 
been applied to data from past scientific balloon campaigns to estimate the mean GW momentum 78 
flux and its statistical distribution (e.g., Hertzog et al., 2008; Jewtoukoff et al., 2015), and the 79 
dependence of the momentum flux on the waves’ environment, such as their proximity to 80 
convection (Corcos et al., 2021). 81 
 A drawback to these past scientific balloon campaigns has been their limited number of 82 
observations, often from just one region and season. Over a ten-year span, Project Loon launched 83 
more than 2000 balloons that flew around much of the globe, sampling many regions of the 84 
lower stratosphere for the first time. Loon data have already been used to study gravity waves 85 
(e.g., the power spectra of the wind and temperature data: Schoeberl et al., 2017; the near-inertial 86 
peak in the wind power spectra: Conway et al., 2019; and the seasonal and latitudinal variability 87 
of the slope of wind power spectra: Lindgren et al., 2020), but not yet to estimate GW 88 
momentum fluxes. 89 
 In this paper, we present gravity wave momentum fluxes estimated from the Loon data. 90 
In the next section, we describe the Loon dataset, how we processed the data, and how we 91 
estimate the GW momentum flux time series. In section 3 we present maps of the mean total, 92 
zonal, and meridional momentum fluxes. In section 4 we decompose the mean zonal flux in six 93 
geographic regions into contributions by its eastward and westward momentum flux components, 94 
focusing on the properties of their approximately log-normal probability distributions. In section 95 
5 we study the dependence of the zonal momentum flux on the background zonal wind, and in 96 
section 6 we study the relationship between the momentum flux and the fractional contributions 97 
to its magnitude by high-, medium-, and low-frequency waves. We conclude with a summary 98 
and discussion of our results. 99 
 100 
 101 
2 Processing the Loon balloon data and estimating the gravity wave momentum flux 102 
 103 
Our analysis primarily uses GPS data collected by the balloons Loon LLC flew to support their 104 
mission of improving global internet coverage (Rhodes & Candido, 2021). From 2011 to 2021, 105 
Loon launched 2127 balloons to cruising altitudes between 16 and 21 km. In aggregate, the 106 
balloons flew above most of the globe, but some large regions such as Europe and Asia have 107 
almost no data coverage. The balloons measured their position (with GPS; uncertainty +/-2.5 m), 108 
and ambient pressure (uncertainty +/- 1 hPa) and temperature (uncertainty +/- 5 K) every 60 109 
seconds. From the GPS data, Loon provides derived zonal and meridional winds. The 110 
uncertainties in the pressure and temperature data are too large to reliably detect gravity waves, 111 



so we exclusively used the GPS data, which have uncertainties similar to past scientific balloon 112 
campaigns (e.g., Podglajen et al., 2016).  113 
 An important difference to those campaigns is the maneuvering the Loon balloons 114 
performed to alter their horizontal trajectories. Times when the balloons were maneuvering 115 
vertically by changing their density, or horizontally by using a propellor, are indicated in the data 116 
by flags. When maneuvering occurred, we split a flight’s data into “segments” of time when the 117 
balloon is passively drifting, then analyzed those segments separately. To make sure the data 118 
sampled a large part of the GW frequency spectrum, we only analyzed the 938 segments that 119 
were at least two days long. These yielded 5245 days of observations, several times more data 120 
than the Strateole/Vorcore (Hertzog et al., 2007) and Concordiasi (Rabier et al., 2010) 121 
campaigns, which were each limited to one geographic region and season. 122 

The GPS data contain measurement errors that we wanted to eliminate and not falsely 123 
interpret as gravity waves. Errors in the GPS data commonly appear as spikes in the wind or 124 
altitude data. If the zonal or meridional wind changed by more than 2 m/s over a 60-second 125 
interval from one data point to the next, and the following change was also more than 2 m/s 126 
(again, over 60 seconds) but opposite in sign, we removed the spike in the data by setting its 127 
value to the prior data point (as in Lindgren et al., 2020). Spikes in the altitude data larger than 128 
100 m were treated identically. In both the wind and altitude data, there are also several obvious 129 
spikes that last longer than one time step. Using the same amplitude criteria as before, we 130 
identified these manually and interpolated across the bad data, deleting 20 spikes in the wind 131 
data and 32 spikes in the altitude data. 132 

Occasionally, the balloons experienced altitude changes of more than 100 m that are 133 
clearly not associated with gravity wave motion. These changes often happened at either the 134 
beginning or end of the segment, indicative of the termination or initiation of maneuvering, but 135 
were sometimes associated with depressurization events, which can happen at night when the 136 
balloon’s cooled enough to lose superpressure relative to its environment (Corcos et al., 2021). 137 
We manually identified 78 non-GW altitude changes, and those data were removed from our 138 
analysis. 139 

Though the balloons collected data every 60 seconds, transmission errors occasionally 140 
resulted in gaps of several minutes, so after we checked the data for maneuvering, spikes, and 141 
non-GW altitude changes, we interpolated it onto an evenly spaced two-minute time step using 142 
cubic interpolation. 143 

Vertical velocity anomalies due to adiabatic gravity waves in a compressible atmosphere 144 
are associated with the displacement of isentropes, not the isopycnals the balloons flew on, but 145 
the two are related by the temperature lapse rate in the waves’ environment (see Equations 6 and 146 
7 in Vincent & Alexander, 2020). We used COSMIC-1 (Anthes et al., 2008) and COSMIC-2 147 
(Yue et al., 2014) radio occultation data to estimate the environmental temperature and its lapse 148 
rate. At each time step, we averaged together COSMIC temperature profiles measured within 1 149 
day, 2.5° latitude, and 60° longitude of the balloon to define the environmental profile, then took 150 
its vertical derivative and interpolated both profiles to the balloon’s altitude. From the 151 
interpolated lapse rate, we then calculated the factor (typically 3-4) used to scale up 152 
displacements of the isopycnic surface and applied its segment-mean value to the detrended 153 
balloon altitude anomalies. Finally, we took the centered difference of the scaled-up altitude 154 
anomalies to estimate the isentrope’s anomalous vertical velocities. 155 

Following the methodology laid out in Torrence and Compo (1998), we used continuous 156 
wavelet transforms to estimate the gravity wave momentum flux. Wavelets resolve signals in 157 



time and frequency and are popular for analyzing balloon data (e.g., Corcos et al., 2021; Hertzog 158 
et al., 2008; Jewtoukoff et al., 2015) because gravity waves are intermittent and propagate in a 159 
limited range of frequencies. We balanced resolution in the time and frequency dimensions by 160 
using a Morlet wavelet with a nondimensional frequency ω0 of 4 (we also performed the analysis 161 
with an ω0 of 6, which sacrifices time for frequency resolution, and the results didn’t change 162 
enough to affect our conclusions). We performed wavelet analyses on each segment’s time series 163 
of zonal (u), meridional (v), and vertical (w) wind anomalies, setting the complex amplitude 164 
coefficients with magnitudes smaller than three times the instrumental uncertainty to zero. To 165 
reduce the effects of the wavelet’s cone of influence, after performing the analysis we deleted the 166 
first and last two hours of data from each segment. 167 

Our method for calculating time series of the upward flux of zonal momentum from the 168 
wavelet coefficients is shown in Figure 1. (To calculate the upward flux of meridional 169 
momentum, replace u with v wavelet coefficients.) First, we calculate the cross-wavelet spectrum 170 
of u and w and retain only the real-valued coefficients. Then we take weighted sums (see Eq. 24 171 
of Torrence & Compo, 1998) over the GW period range of the positive and negative coefficients, 172 
separately, to get two time series, one each of the upward flux of eastward and westward 173 
momentum. From now on we will refer to these as the eastward and westward momentum 174 
fluxes. (To our knowledge, this method of separating the positive and negative coefficients has 175 
been applied once before, in section 5.3 of Corcos et al., 2021.) We used a minimum period of 176 
10 minutes to avoid the shorter periods when the balloons depart significantly from their 177 
isopycnals (see Fig. 3 of Vincent & Hertzog, 2014), and a maximum period of either one day or 178 
the Coriolis period, whichever was smaller. To convert the flux time series to units of Pascals, 179 
we multiply them by the segment-mean density, estimated from the balloon’s pressure 180 
measurement and the COSMIC temperature data. For the data segment shown in Figure 1, the 181 
eastward and westward fluxes are a few millipascals when the balloon was above the Southern 182 
Ocean before jumping to over 200 mPa westward when it flew over the Andes at the tip of South 183 
America. 184 

We have also calculated, but will not present, the gravity wave pseudo-momentum flux, 185 
which differs from the momentum flux by the factor 1 − 𝑓 /𝜔  and is related to the gravity 186 
wave contribution to the Eliassen-Palm flux (Eq.’s 41 and 42, Fritts and Alexander, 2003; f is the 187 
Coriolis frequency and ω is the frequency in the reference frame of the balloon). The differences 188 
between these two versions of the momentum flux are negligible in our results in sections 2-5 189 
and minor in for those in section 6, where we discuss them further. 190 

It is more common to combine superpressure balloons’ pressure data with the equations 191 
presented in Boccara et al. (2008) and Vincent and Hertzog (2014) to estimate the momentum 192 
flux than to use vertical velocities derived from the GPS altitude (e.g., Vincent & Alexander 193 
2020). In past scientific campaigns, balloons’ pressure sensors have been more sensitive to 194 
vertical motion than GPS, but the large uncertainties in the Loon pressure data make the altitude 195 
data more accurate. One advantage of using altitude data to estimate momentum fluxes, instead 196 
of using pressure data, is not having to assume that the GWs measured by the balloons behave 197 
according to their linear polarization relations. As mentioned above, we discarded the w 198 
amplitude coefficients if they were less than three times the amplitude associated with 199 
uncertainties in the altitude data. Figure 1 shows that, when the momentum flux is larger than a 200 
few millipascals, the Loon GPS sensor was sufficiently sensitive to detect GWs at even their 201 
highest frequencies. 202 

 203 



 204 
3 Maps of mean momentum fluxes 205 
 206 
Figure 2 shows maps of mean momentum fluxes, calculated by binning the momentum flux time 207 
series into 5° latitude by 10° longitude grid cells and averaging, making the mean fluxes 208 
averages over time and space. The mean total (non-directional) momentum flux is in general 209 
largest over the Southern Ocean, where it regularly exceeds 15 mPa. Over much of the rest of the 210 
global ocean, it is typically less than 5 mPa, except over the northern hemisphere Atlantic where 211 
it’s noticeably larger, 5-10 mPa. This range of values is also commonly observed over the 212 
Americas and Africa, except in some cases when the balloons passed over mountain ranges. In 213 
the tropics, the magnitude of the mean total momentum flux – several mPa with maxima near 10 214 
mPa – is close to estimates from the Strateole-2 superpressure balloons (see Figure 11 of Corcos 215 
et al., 2021). 216 

Particularly for the zonal momentum fluxes, there are large-scale patterns of the sign of 217 
the flux, generally westward in the mid-latitudes and often eastward in the tropics. (Between 30 218 
and 60 °S, the area-weighted mean zonal flux is -2.52 mPa; between 30 and 60 °N, it is -0.62 219 
mPa; between 15 °S and 15 °N, it is -0.20 mPa, but there are large regions over the Indian and 220 
Pacific Oceans where it is positive.) Large-scale patterns in the meridional momentum fluxes are 221 
less obvious, but there is a slight difference between the hemispheres: its area-weighted mean in 222 
the Southern Hemisphere is slightly positive and pointed toward the equator (0.25 mPa), while it 223 
is nearly zero in the Northern Hemisphere (0.01 mPa).  224 
 The momentum flux maps have several interesting local features. Over parts of northern 225 
Africa there are relatively high fluxes, possibly due to orographic gravity waves generated in the 226 
vicinity of the Hoggar and Atlas Mountains; 13 balloons flew over or near those mountain 227 
ranges. For those flights, the magnitude of the momentum flux regularly exceeds 20 mPa above 228 
the mountains, with maxima above 100 mPa. The largest amplitude momentum fluxes in the 229 
Loon dataset, though, are found over the Andes. Of the 89 flights that passed over the tip of 230 
South America, 57 of them show westward momentum fluxes there larger than 50 mPa, with the 231 
largest westward flux almost 2 Pa. Also, the mean zonal and total momentum flux magnitudes 232 
above the Andes are larger than indicated in Figure 2, where the color scales saturate at 10 and 233 
20 mPa, respectively. In the grid cells from 35 to 55 °S and 60 to 80 °W, the mean zonal 234 
momentum flux is -13.97 mPa and the minimum is -41.90 mPa. In those same grid boxes, the 235 
mean total momentum flux is 36.97 mPa, and the maximum is 104.88 mPa. For comparison, the 236 
mean total momentum flux above the Antarctic peninsula, measured at 19 km altitude during the 237 
Concordiasi balloon campaign, is about 100 mPa (see Fig. 1d of Jewtoukoff et al., 2015). 238 

Though comparisons between different observing platforms are difficult, it seems our 239 
estimated mean momentum fluxes of more than 100 mPa over mountains aren’t inconsistent with 240 
those calculated from data from research aircraft flights in the middle and upper troposphere. 241 
Lilly and Kennedy (1973) estimated an average momentum flux over a 200 km path of about 1 242 
Pa at altitudes of 6-8 km in a region of severe turbulence above the Rockies. The PYREX field 243 
program found peak momentum fluxes of several Pa above the Pyrenees and averages along 300 244 
km flight legs of about 500 mPa at 12 km altitude (Lott, 1995). More recently, the DEEPWAVE 245 
campaign measured flight-leg-average fluxes at 12 km altitude above New Zealand of several 246 
hundred mPa; the average leg length was 350 km (Smith et al., 2016). From 06:00 to 18:00 UTC 247 
on March 14, 2014, the Loon balloon shown in Figure 1 traveled 355 km at an average altitude 248 
of 20.5 km; during this period, we estimate a mean total momentum flux of 59 mPa. Though this 249 



value and the mean total momentum fluxes of about 100 mPa discussed above are significantly 250 
lower than those estimated from the aircraft data, the Loon balloons flew at much higher 251 
altitudes than the aircraft, and orographic gravity wave momentum fluxes are believed to reduce 252 
significantly with height in the upper troposphere due to the interaction of the waves with, for 253 
example, clear air turbulence. 254 

Loon coverage was uneven in space and time, and the momentum flux maps should not 255 
everywhere be interpreted as a climatology. Figure 3 gives a sense of the seasonal and 256 
interannual variability of the balloons’ regional coverage, showing time series of the monthly 257 
fraction of the total data collected in each of the colored regions demarcated in the top panel. In 258 
the Tropical Atlantic and Tropical Pacific Oceans, the amount of data collected varies 259 
significantly from month to month, but over the length of the record each season was well-260 
sampled. (n.b. We name regions according to the ocean basins the balloons flew over, referring 261 
to the data as collected “in” a region, and do not mean to imply that the data were collected 262 
inside (below the surface of) the ocean.) For the other regions, the Extratropical Pacific, the 263 
Extratropical Atlantic, the Indian Ocean, and the Southern Ocean, there were significant biases in 264 
the seasonal coverage. In the Extratropical Atlantic, for example, winter was better sampled than 265 
summer: 65% of the data there were collected between November and February. In the Southern 266 
and Indian Oceans, the majority of the data were collected during several months of one year, in 267 
the second half of 2014 in the Southern Ocean, and in late 2020 to early 2021 in the Indian 268 
Ocean. These sampling biases do not diminish the utility of Figure 2, since many regions and 269 
seasons have lacked balloon observations until Project Loon, but we mention them to clarify that 270 
the maps do not display the true annual mean gravity wave momentum fluxes in the balloon 271 
altitude range. In some cases, such as the Southern Ocean where most of the data were collected 272 
in the winter months when the westerly jet is strongest, the seasons with the most data are those 273 
of the most interest. 274 
  275 
 276 
4 Regional momentum flux probability distributions 277 
 278 
To better understand the range of gravity waves contributing to the mean zonal momentum flux, 279 
in this section we analyze the eastward and westward components of the flux and their 280 
probability distributions for the six regions shown in Figure 3. There is very little land in any of 281 
the regions, so the gravity waves measured in them most likely had non-orographic sources. 282 
We’re focusing on non-orographic gravity waves because they represent a major source of 283 
uncertainty in climate models’ gravity wave parameterizations (Alexander et al., 2010; 284 
Plougonven et al., 2020), and on their zonal momentum fluxes because that component has the 285 
most regional variability and drives important patterns of wind variability, such as the Quasi-286 
Biennial Oscillation and the polar vortices (reviewed in Alexander et al., 2010). Selecting three 287 
mid-latitude and three tropical regions ensures our analysis samples waves from a variety of non-288 
orographic sources, though we do not distinguish between those sources beyond our choice of 289 
region boundaries. In the Tropical Pacific, for example, our focus is on waves in the vicinity of 290 
the convection in the Inter-Tropical Convergence Zone, so that region is centered in latitude on 291 
the climatological position of the ITCZ. Each region’s boundaries are fixed in time. 292 
 Before discussing the probability distributions, we present in Table 1 each region’s mean 293 
zonal momentum flux and its decomposition into its mean eastward and westward components. 294 
By construction, the number of samples of the eastward and westward momentum fluxes are 295 



equal (Figure 1), so the mean zonal momentum flux is equal to the difference between the mean 296 
eastward and mean westward momentum fluxes. For all six regions, the magnitude of the zonal 297 
flux is smaller than both the eastward and westward fluxes. In the Indian and Pacific Oceans, it’s 298 
more three times smaller than either component. This is true for the decomposition of the mean 299 
meridional momentum flux into its northward and southward components, too (not shown). 300 
These averages are taken over many thousands of data points spread over large geographic 301 
regions, and it should be noted that, as Figure 1 shows, the instantaneous momentum flux or its 302 
local mean can be almost unidirectional. But, over a large enough region and a long enough time, 303 
we find that the mean zonal and meridional momentum fluxes by non-orographic gravity waves 304 
are the residual of larger opposite-signed fluxes. 305 

Figure 4 shows the probability density distributions of the eastward and westward 306 
momentum fluxes for each region. The distributions are approximately log-normal – that is, the 307 
probability density of the logarithm of the independent variable (the momentum flux) is 308 
approximately normally distributed – a characteristic that’s been noted in both numerical 309 
simulations of non-orographic gravity waves and in balloon and satellite observations (e.g., 310 
Hertzog et al., 2012; Plougonven et al., 2017; Lott et al., 2023). Like the normal distribution, the 311 
log-normal distribution is described by two statistical moments, the geometric mean and 312 
geometric standard deviation. Table 2 gives the geometric means and geometric standard 313 
deviations of the eastward and westward momentum flux probability distributions for each 314 
region. 315 

Throughout this paper, we will refer to both the geometric mean of a momentum flux 316 
probability distribution and the mean momentum flux; the two are related but distinct. Both are 317 
averages of the same data: the geometric mean is the mean of the logarithm of the flux values 318 
and is dimensionless, and the mean momentum flux is the mean of the dimensional fluxes and 319 
has units of mPa. (Similar to the geometric mean, the geometric standard deviation is the 320 
standard deviation of the logarithm of the flux values; it’s also dimensionless.) The differences 321 
between these two measures can be seen in Figure 4: the geometric means (dots) are always to 322 
the left of the mean fluxes (vertical dashed lines), because values in the right-side tail of the 323 
distribution are exponentially larger than those in the left-side tail and contribute more to the 324 
mean flux. The non-linearity of the x-axis also means that an increase or decrease of the 325 
geometric standard deviation results in an increase or decrease, respectively, of the mean flux. 326 
 327 
 328 
4.1 Explaining mean zonal momentum fluxes using the log-normal probability distribution 329 
 330 
Motivated by the ubiquity of log-normal probability distributions in observed and modeled 331 
gravity wave momentum fluxes, in this section we use the distributions’ properties to offer a 332 
statistical explanation for the sign and magnitude of the mean zonal momentum flux in each 333 
region. In some regions, like the Tropical and Extratropical Atlantic, it’s clear from Figure 4 that 334 
the difference between the geometric means of the eastward and westward flux distributions 335 
contributes to the sign of the mean zonal momentum flux – one distribution is shifted relative to 336 
the other. In others, like the Southern Ocean, it’s clear that the two distributions have different 337 
geometric standard deviations – one distribution is wider or narrower than the other. We quantify 338 
the contributions of the two statistical moments to the mean zonal momentum flux by separately 339 
shifting and squeezing the eastward and westward flux distributions so that either their geometric 340 
means or geometric standard deviations match, then record the resulting change in the mean 341 



zonal flux. Four of these calculations are performed for each region: one matching the eastward 342 
flux distribution’s geometric mean to the westward’s, one to match the westward’s to the 343 
eastward’s, one to match the eastward flux distribution’s geometric standard deviation to the 344 
westward’s, and one to match the westward’s to the eastward’s. The average changes to the 345 
zonal momentum flux for changing the geometric mean and standard deviation, expressed as a 346 
percent of the mean zonal momentum flux, are given in Table 1. 347 

For the sake of clarity, we will describe this shifting and squeezing procedure in more 348 
detail for an analysis of one region’s momentum flux probability distributions. In the Tropical 349 
Atlantic, the geometric mean of the eastward momentum flux distribution is -0.09, and for the 350 
westward momentum flux distribution it’s 0.10 (Table 2), a difference of 0.19. If we increase the 351 
values of the eastward momentum fluxes so that the logarithm of each of them is 0.19 higher, the 352 
mean eastward momentum flux increases by 0.76 mPa, from 1.37 mPa (Table 1) to 2.13 mPa. If 353 
we decrease the values of the westward momentum fluxes so that the logarithm of each of them 354 
is 0.19 lower, the mean westward momentum flux decreases by 0.78 mPa, from 2.19 mPa (Table 355 
1) to 1.41 mPa. The average of these two changes expressed as a zonal momentum flux is 0.77 356 
mPa, or 94 % of the mean zonal momentum flux of -0.82 mPa (Table 1; the percentage has the 357 
opposite sign as the ratio of the change to the mean zonal momentum flux). That is, 94% of the 358 
mean zonal momentum flux can be explained by the higher geometric mean of the westward 359 
momentum flux probability distribution. The percent of the mean zonal momentum flux that can 360 
be explained by the difference between the distributions’ geometric standard deviations is 361 
calculated in the same way, by changing the values of one distribution’s momentum fluxes so 362 
that the standard deviation of their logarithm matches the other distribution’s geometric standard 363 
deviation. Changing the eastward momentum flux values in this way decreases the mean 364 
eastward momentum flux of 0.04 mPa, and its companion calculation increases the mean 365 
westward momentum flux by 0.09 mPa. The average of these two changes expressed as a zonal 366 
momentum flux is -0.07 mPa, or -8 % of the mean zonal momentum flux (Table 1). So, in the 367 
case of the Tropical Atlantic, the geometric means of the eastward and westward momentum flux 368 
probability distributions explain both the sign and magnitude of the mean zonal momentum flux, 369 
while their geometric standard deviations explain neither. 370 

In five of the six regions, differences between the geometric means of the eastward and 371 
westward flux probability distributions explain a larger percentage of the mean zonal flux than 372 
differences between the distributions’ geometric standard deviations. In four of those regions – 373 
the Tropical Atlantic, the Extratropical Pacific, the Extratropical Atlantic, and the Southern 374 
Ocean – the geometric means explain at least 75 % of the mean zonal momentum flux, while the 375 
geometric standard deviations explain at most 17 %. In the Tropical Pacific, the geometric 376 
standard deviations account for a larger percentage, 51 %, but the geometric means still explain 377 
more, 71 %. The only region where the percentage is higher for the geometric standard 378 
deviations than the geometric means is the Indian Ocean, by 55 to 48 %. Even in the Indian 379 
Ocean, though, the geometric means correctly explain the sign of the mean zonal momentum 380 
flux (its percentage is never negative for any region). 381 

None of the regions’ probability distributions are perfectly log-normal, so the two 382 
percentages never add up to exactly one hundred. For all six regions, though, they add up to 383 
within 25 % of one hundred, so both the sign and the magnitude of the mean zonal momentum 384 
flux can be explained using only the geometric means and geometric standard deviations of the 385 
momentum flux probability distributions. In four of the six regions, only the geometric means are 386 
necessary. 387 



We come to the same conclusions when analyzing inter-regional differences of the mean 388 
zonal momentum flux. For example, 97% of the difference between the mean westward fluxes in 389 
the Tropical Atlantic (2.19 mPa) and Tropical Pacific (1.33 mPa) is due to the difference 390 
between the two distributions’ geometric means (-1 % is due to their geometric standard 391 
deviations). These two regions have very similar mean eastward momentum fluxes, so the 392 
difference between their mean zonal momentum fluxes can now be attributed to the higher 393 
geometric mean of the Tropical Atlantic’s westward momentum flux distribution. Comparing the 394 
Extratropical Atlantic to the Extratropical Pacific, 95 and 109 % of the difference between their 395 
mean eastward and westward momentum fluxes, respectively, is due to the difference between 396 
the distributions’ geometric means (-5 % and -8 % is due to their geometric standard deviations). 397 
So, almost all of the difference in the mean zonal momentum flux between the two regions can 398 
be attributed to differences between their momentum flux distributions’ geometric means. 399 
 400 
 401 
4.2 Explaining 99th percentile fluxes and flux intermittencies 402 
 403 
If momentum flux probability distributions’ geometric means and geometric standard deviations 404 
can statistically explain differences between mean momentum fluxes, can they be used to 405 
account for differences between the distributions’ tails as well? The right-side tails of the 406 
distributions are of particular interest, because large but infrequent momentum fluxes are known 407 
to be responsible for large fractions of the mean flux (another property of the log-normal 408 
distribution; Hertzog et al., 2012). Table 3 gives the 99th percentile fluxes for each region’s 409 
eastward and westward momentum fluxes, as well as the percent of the mean flux due to fluxes 410 
above the 99th percentile. In general, both the 99th percentile flux and the percent of the total flux 411 
increase with the mean eastward and westward fluxes (Table 1); the largest values are in the 412 
Extratropical Atlantic and the Southern Ocean. We use the same distribution shifting/squeezing 413 
procedure described above to explain the east-west differences between the 99th percentile 414 
fluxes. Again, the distributions’ geometric means more often explain a higher percent of the 415 
difference than the geometric standard deviations, with the exception again being the Indian 416 
Ocean. The difference between the 99th percentile fluxes in the Tropical Pacific is so small that 417 
the percentages are meaningless. It is worth noting that the two percentages only add up to 418 
within 25 % of one hundred in two regions this time, so this method is less accurate for 419 
explaining the distributions’ tails than the mean momentum flux. 420 

For a perfectly log-normal probability distribution, only the geometric standard deviation 421 
is needed to quantify the intermittency of the momentum flux. As in Hertzog et al. (2008), we 422 
define the intermittency as the ratio of the median to the 90th percentile momentum flux (note 423 
that, as the momentum flux becomes more intermittent, this measure of the intermittency goes 424 
down). More generally, the ratio of the median momentum flux to a value Mσ away from the 425 
median, where M is a positive real number and σ is the geometric standard deviation, is equal to 426 
10-Mσ for a log-normal distribution. The value of M at the 90th percentile is approximately 1.3. 427 
This theoretical intermittency curve, along with the intermittency calculated from each region’s 428 
probability distribution of the total momentum flux, is shown in Figure 5. While the regional 429 
values of the intermittency do not perfectly follow the theoretical curve, they do appear to have 430 
an exponential dependence on the geometric standard deviation, and the theoretical curve never 431 
overestimates the intermittency by more than 20 %. The four regions furthest from the 432 
theoretical curve all have flux probability distributions with positive kurtosis and skewness 433 



relative to a log-normal distribution, elongating their right-side tails and reducing the value of the 434 
intermittency. In the Southern Ocean, one possible contributor to this is the choice of the 435 
geographic mask (Figure 3), which likely doesn’t exclude some highly intermittent orographic 436 
waves generated by flow over the Andes mountains, waves which can propagate eastward and 437 
southward over the ocean (Kruse et al., 2022).  438 
 439 
 440 
5 Dependence of the mean zonal momentum flux on the background zonal wind 441 
 442 
The balloon data also contain information about the environment the waves propagate in; 443 
namely, the “background” wind. Estimating the background wind from atmospheric reanalysis, 444 
Plougonven et al. (2017) showed the total gravity wave momentum flux above Antarctica and 445 
the high-latitude Southern Ocean increases with the background wind speed. Following on from 446 
their results, in this section we study the dependence of the zonal momentum flux on the strength 447 
of the background zonal wind.  448 

We calculate the background zonal wind by smoothing the zonal wind time series using a 449 
Gaussian filter with a half-width set to the maximum gravity wave period in our analysis, either 450 
the Coriolis period or one day, whichever is smaller. This filter width effectively eliminates 451 
inertial oscillations, while still allowing for the smoothed wind time series to vary over the length 452 
of a two-day segment. Figure 6 shows the probability densities of the smoothed zonal wind in 453 
each region. In the Extratropical Pacific, the mean smoothed zonal wind is easterly, which likely 454 
results from a bias in the balloons’ sampling of that region. In the other two mid-latitude regions, 455 
the mean smoothed zonal wind is westerly, and in the Southern Ocean it has a wide range of 456 
values, from weakly easterly to above 60 m/s westerly. There also appears to be a sampling bias 457 
in the Tropical Atlantic, where the mean wind is more westerly than the other two tropical 458 
regions. 459 

There is an order of magnitude more data in the Southern Ocean than in the other regions, 460 
and since the range of values of the smoothed zonal wind is larger there, too, it’s the region best 461 
suited for studying the relationship between zonal momentum fluxes and the smoothed zonal 462 
wind. Figure 7 shows probability distributions of the eastward and westward momentum fluxes 463 
when the flux values are binned into three ranges of their concurrent smoothed zonal wind 464 
values: 0-20, 20-40, and 40-60 m/s. As the wind strength increases, the means of both the 465 
eastward and westward momentum fluxes also increase. The mean westward momentum flux 466 
outpaces the eastward, so the mean zonal momentum flux becomes more negative as the winds 467 
become more westerly, increasing in magnitude from -0.45 to -2.90 to -4.05 mPa. The mean 468 
zonal wind and zonal momentum flux in Southern Ocean data is 21 m/s and -1.64 mPa (Table 1), 469 
consistent with this relationship. 470 

Plougonven et al. (2017) found that, as the wind speed increases, the geometric mean of 471 
the momentum flux distribution also increases, but the geometric standard deviation remains 472 
relatively constant (see their Figure 8). Our results are consistent with theirs: for the data in the 473 
Southern Ocean, the increases of the geometric means from the weakest to the strongest wind 474 
band are larger than any changes of the geometric standard deviations (Table 2). As might be 475 
obvious from Figure 7, the distributions’ geometric means explain much more of the differences 476 
between the mean fluxes than their geometric standard deviations do. Using the method 477 
described in section 4.1, we find that more than 80 % of the difference between mean fluxes is 478 
explained by the distributions’ geometric means, whether the comparison is between the 479 



eastward and westward fluxes in a given wind band, or between the eastward or westward fluxes 480 
across wind bands. 481 

Though there are fewer data in the other five regions and the distributions of their 482 
smoothed zonal winds aren’t as broad, their mean momentum fluxes also show a dependence on 483 
the background wind speed. For both the Extratropical Atlantic and Extratropical Pacific, we 484 
compare the mean momentum fluxes in two bands of the smoothed zonal wind, one weak wind 485 
band and one strong wind band, defined based on the probability distributions in Figure 6. The 486 
weak wind band is always between -5 and 5 m/s; the strong wind band is between -15 and -5 m/s 487 
in the Extratropical Pacific and between 5 and 15 m/s in the Extratropical Atlantic. As in the 488 
Southern Ocean, the mean zonal momentum flux becomes stronger in the direction opposite the 489 
wind as the wind becomes stronger. The mean zonal momentum flux in the Extratropical Pacific 490 
in the weak wind band is -0.03 mPa, and in the strong wind band it is 0.55 mPa. In the 491 
Extratropical Atlantic it’s -0.85 mPa in the weak wind band and -1.17 mPa in the strong wind 492 
band. Again like in the Southern Ocean, the magnitudes of both the mean eastward and mean 493 
westward momentum fluxes increase with the wind speed in both regions (not shown). 494 

It is worth noting that the negative mean zonal momentum flux in the Extratropical 495 
Pacific can now be explained as resulting from a possible bias in the balloon sampling of that 496 
region – in general, we would expect the zonal wind in that region to be westerly, which we now 497 
anticipate would result in a positive mean zonal momentum flux. As shown in Figure 3, most of 498 
the data in the Extratropical Pacific come from 2014, so it’s possible interannual variability 499 
contributed to the mean easterly zonal wind. Seasonal sampling bias doesn’t seem to 500 
significantly contribute: only 27 % of the data come from June, July, and August, and summer is 501 
the only season when the climatological winds in the northern hemisphere extratropical lower 502 
stratosphere are easterly. Other sources of sampling biases, such as the balloons sampling local 503 
conditions unrepresentative of the zonal mean climatology, are possible. 504 

In the three tropical regions the natural choice is to compare the momentum fluxes when 505 
the background wind is easterly to when it is westerly. In both the Indian Ocean and Tropical 506 
Pacific, the sign of the mean zonal momentum is opposite the sign of the smoothed zonal wind, 507 
but in the Tropical Atlantic, this isn’t always the case. When the background wind is westerly, 508 
the mean zonal fluxes in the Indian Ocean, Tropical Pacific, and Tropical Atlantic are -0.15, -509 
0.21, and -0.93 mPa, respectively. When the background wind is easterly, the fluxes are 0.61, 510 
0.24, and -0.33 mPa, respectively. Figure 6 shows that there are relatively few observations of 511 
easterly winds in the Tropical Atlantic, the region that also has the fewest number of total 512 
observations, so the -0.33 mPa value should be treated with some skepticism. This sampling bias 513 
likely contributes to the negative mean zonal momentum flux in the Tropical Atlantic (Table 1).  514 
 515 
 516 
6 Momentum fluxes by high-, medium-, and low-frequency waves 517 
 518 
So far, we have presented momentum fluxes that have been integrated across the gravity wave 519 
frequency spectrum. The frequency spectrum of the gravity wave momentum flux has an 520 
approximate ω-1 dependence (Hertzog et al., 2008) in the mean, but how variable is this 521 
relationship? In this section we analyze the contributions by high-, medium-, and low-frequency 522 
waves to the varying magnitude of the momentum flux. 523 

To separate the momentum flux into contributions by those three wave types, we divide 524 
the wavelet cross-spectra into three bands between the minimum and maximum wave 525 



frequencies, then integrate in frequency to create momentum flux time series for each band. The 526 
frequencies separating the three bands for the data segment shown in Figure 1 are the dashed 527 
lines in Figure 1b and are chosen so the bands have equal width in the logarithm of frequency. 528 
This choice was made partially out of convenience – as we’ll show, the momentum fluxes in the 529 
three bands have similar magnitudes – and partially to separate waves based on the magnitudes 530 
of their intrinsic frequencies, since the magnitude of the intrinsic frequency can be used to make 531 
helpful simplifications to the gravity wave dispersion relation (see sections 2.1.1-3 of Fritts and 532 
Alexander, 2003). For a balloon flying at the equator, the three bands cover wave periods 533 
between 10 and 52 minutes, 52 minutes and 4.6 hours, and 4.6 and 24 hours. If the balloon was 534 
flying at 45 °S, the three period ranges would be 10 to 47 minutes, 47 minutes to 3.6 hours, and 535 
3.6 to 17 hours. In our analysis, we let the period range vary over the course of a balloon flight. 536 
 Figure 8 shows how the percent contributions of high-, medium-, and low-frequency 537 
waves to the total zonal and meridional momentum fluxes changes with the magnitude of the 538 
total flux. By “total,” we mean the sum of, not the difference between, the directional fluxes: the 539 
total zonal flux is the sum of the eastward and westward fluxes, and the total meridional flux is 540 
the sum of the northward and southward fluxes. In every region, and for both the zonal and 541 
meridional fluxes, the percent contribution by high frequency waves to the total flux increases 542 
with the magnitude of the flux. Conversely, the contribution by low frequency waves to the total 543 
fluxes everywhere decreases with the magnitude of the flux. The cross-over point where the 544 
high-frequency waves contribute more to the total flux than the low-frequency waves do is 545 
typically between 5 and 10 mPa. If we compare the contributions by the three wave types to the 546 
pseudo-momentum flux, the contribution by low-frequency waves reduces by as much a 10 % in 547 
the three extratropical regions, and the cross-over point increases by a couple millipascals, but 548 
the shapes of the curves are unchanged (not shown). 549 
 The cause of the relationships in Figure 8 is unclear, but they are robust to the choices we 550 
made in our analysis. If we fix the period ranges defining the three wave types (to 10 to 50 551 
minutes, 50 minutes to 4 hours, and 4 hours to 1 day or the Coriolis period), the contribution by 552 
the high frequency waves to the total flux still increases with the magnitude of the total flux, and 553 
the contribution by the low frequency waves still decreases (not shown). Figure 1 implies that, 554 
when the total momentum flux is low, many of the wavelet coefficients in the high-frequency 555 
band are deleted because they do not meet the noise threshold. If we eliminate the noise 556 
threshold criteria and retain all wavelet coefficients regardless of their magnitude, the fraction of 557 
the total fluxes due to the high frequency waves increases, but the increase is only noticeable at 558 
total flux magnitudes below 2 mPa or so (not shown). Below 2 mPa, the high-, medium-, and 559 
low-frequency curves become approximately flat. Finally, though our analyses have focused on 560 
waves over the oceans, if we perform the same frequency-band decomposition on data from all 561 
regions not colored in in Figure 3, we see the same trends in the high- and low-frequency 562 
momentum fluxes (“All Other Data,” Figure 8). This result includes all the data collected over 563 
land, indicating that, in this respect, non-orographic and orographic gravity waves behave 564 
similarly. 565 

Combined with the results in Tables 1 and 3, Figure 8 offers a time-dependent 566 
interpretation of the approximately ω-1 dependence of the gravity wave momentum flux 567 
spectrum mentioned earlier. At most times and in most places in the lower stratosphere, the 568 
gravity wave momentum flux has a magnitude on the order of 1 mPa, and low-frequency waves 569 
contribute the most to the flux and high-frequency waves contribute the least. The time-mean 570 
momentum flux frequency spectrum reflects these conditions. Less than 1% of the time, 571 



however, the momentum flux has an amplitude on the order of 10 mPa or higher, most of which 572 
is attributed to high-frequency waves, and the momentum flux frequency spectrum momentarily 573 
has a shallower slope. Also rarely, the amplitude of the momentum flux is much smaller than 1 574 
mPa; the slope then is steeper. 575 
 576 
 577 
7 Summary and discussion 578 
 579 
Our aim in this paper has been to estimate and build a consistent statistical description of gravity 580 
wave momentum fluxes from Project Loon balloon data, starting with mean momentum fluxes, 581 
then describing their probability distributions, then studying the dependence of the momentum 582 
flux on the background wind and the wave frequency. The maps of mean momentum fluxes 583 
presented in Figure 2 show large-scale patterns in the zonal flux, with largely westward fluxes in 584 
the mid-latitudes and a mix of easterly and westerly fluxes in the tropics. Liu et al. (2022) 585 
studied tropical momentum fluxes by coupling a gravity wave parameterization to winds from 586 
atmospheric reanalysis and convective latent heating profiles derived from observations and 587 
obtained an eastward mean zonal momentum flux near the equator in the tropical tropopause 588 
layer (see their Figure 6). While we found large regions of eastward momentum fluxes near the 589 
equator in the Tropical Pacific and Indian Oceans, the mean zonal momentum flux in the 590 
Tropical Atlantic is westward. That mean zonal flux, though, is the result of a cancellation 591 
between larger mean eastward and westward fluxes (Table 1) and is likely affected by sampling 592 
biases. More observations would be needed to comment further on Liu et al.’s result. 593 
 We found in section 4 that basic properties of the momentum flux probability distribution 594 
have significant power to explain aspects of both the spatial and temporal variability of the non-595 
orographic gravity wave momentum flux. It is well-known that gravity wave momentum fluxes 596 
are distributed approximately log-normally; we found that the first two moments of their 597 
probability distributions contain enough information to statistically explain the sign and 598 
magnitude of the mean momentum flux and the momentum flux intermittency in all six 599 
geographic regions we studied, and the 99th percentile momentum fluxes in some regions. In four 600 
of the six regions identified in Figure 3 – the Tropical Atlantic, the Extratropical Atlantic, the 601 
Extratropical Pacific, and the Southern Ocean – the difference between the eastward and 602 
westward momentum flux distributions’ geometric means explains more than 75 % of the mean 603 
zonal flux (Table 1). They account for almost all of the inter-regional differences in the mean 604 
eastward and westward fluxes between the Extratropical Atlantic and Extratropical Pacific. 605 
Though the geometric standard deviation has more skill explaining the magnitude of the mean 606 
zonal flux in the Indian Ocean, the geometric mean still correctly explains its sign there and in 607 
the Tropical Pacific. We suggest the simplest statistical interpretation of the mean zonal 608 
momentum flux is the difference that results when otherwise identical log-normal eastward and 609 
westward momentum flux probability distributions are shifted relative to each other along the 610 
axis of the logarithm of the momentum flux. 611 

We also found that both the magnitude of the momentum flux intermittency and its 612 
difference between regions are closely related to the geometric standard deviation of the 613 
momentum flux probability distribution. None of the six regions’ distributions are perfectly log-614 
normal, but Figure 5 shows that the momentum flux intermittency nonetheless has an 615 
approximately exponential dependence on the geometric standard deviation. In five regions the 616 



log-normal distribution slightly underestimates the intermittency metric, meaning it 617 
underpredicts the frequency of occurrence of (relatively) large magnitude momentum fluxes.  618 

In section 5 we analyzed the dependence of the zonal momentum flux on the smoothed 619 
zonal wind. In the three mid-latitude regions our results agreed with Plougonven et al. (2017): 620 
the magnitude of the momentum flux increases with the strength of the wind. Mean zonal 621 
momentum fluxes become stronger in the direction opposite the wind, and the negative mean 622 
zonal flux measured in the Extratropical Pacific is likely the result of sampling biases there. We 623 
also found indications of sampling biases in the Tropical Atlantic. In the other two tropical 624 
regions, the mean zonal momentum flux is westward when the smoothed zonal wind is westerly 625 
and eastward when the wind is easterly. Figure 3 shows that Loon balloons flew near the equator 626 
more or less continuously from 2014 to 2021, so it’s possible there are enough data to study the 627 
dependence of the gravity wave momentum flux on the Quasi-Biennial Oscillation. 628 

The large range of zonal wind values in the data over the Southern Ocean indicate a 629 
connection between wave sources and the background wind, but the relative importance of wave 630 
filtering remains unclear. If the gravity wave source spectrum and filtering were fixed, a more 631 
westerly background wind at the balloon level would result in a decrease in both the number of 632 
waves propagating eastward relative to the balloon and the mean eastward momentum flux. 633 
(Concurrently, there would be an increase in the number of westward-propagating waves and the 634 
mean westward momentum flux.) However, Figure 7 shows that the mean eastward momentum 635 
flux increases with the background zonal wind, which if the wave sources remain fixed would 636 
require a significant reduction of the filtering of eastward-propagating waves, enough to more 637 
than offset the effect of the change in the background wind. This seems unlikely, since the range 638 
of background wind speeds is so large. More likely is either a broadening of the gravity wave 639 
phase speed source spectrum or an increase in the number or amplitude of sources of waves 640 
propagating eastward relative to the background flow. This change of wave sources with the 641 
background flow is likely also accompanied by changes in wave filtering, but our analysis is 642 
unable to determine the relative importance of the two. 643 

How might our results be used to evaluate climate model or gravity wave 644 
parameterization output, or be used to improve or develop new parameterizations? First, they 645 
show that, ideally, a parameterization or high-resolution model should reproduce the log-normal 646 
shape of the momentum flux probability distribution in the lower stratosphere. Second, they 647 
provide constraints on the shape of that distribution – Table 2 shows that, from region to region 648 
and as the speed of the background wind varies, the geometric standard deviation varies less than 649 
the geometric mean. The relatively small variations in the geometric standard deviation are still 650 
important, though, since they affect the intermittency. Both statistical moments affect the 651 
magnitude and shape of the drag profile: the geometric mean its magnitude, primarily, and the 652 
geometric standard deviation its width, since stronger waves from a more intermittent source will 653 
break lower in the atmosphere (Bühler, 2003; Piani et al., 2004). Finally, section 6 showed why 654 
models that resolve only part of the gravity wave spectrum might not produce realistic gravity 655 
wave intermittencies. Figure 8 shows that the most intermittent waves – those with the largest 656 
amplitudes and momentum fluxes – are predominantly high-frequency waves. If models do not 657 
resolve these waves, their momentum flux probability distributions and drag profiles will likely 658 
be too narrow. 659 

Many questions remain about gravity wave momentum fluxes and their probability 660 
distributions, some of which could be addressed by further analysis of the Loon balloon data. 661 
Are there any physical constraints on the range of the momentum flux probability distributions’ 662 



geometric means and standard deviations? Why does the mean momentum flux seem more 663 
sensitive to the geometric mean than the geometric standard deviation? For that matter, why are 664 
the distributions log-normal to begin with? One possible explanation is the critical-level filtering 665 
of a broad spectrum of gravity waves by a stochastic background wind field (Hertzog et al., 666 
2012), and another is that the probability distribution of the wave sources is itself log-normal (de 667 
la Camara et al., 2014). It might be possible to discriminate between these two hypotheses in the 668 
Loon data by decomposing the momentum flux distributions into contributions by different wave 669 
sources, by estimating the waves’ phase speeds and wavelengths, as in Boccara et al. (2008) and 670 
Vincent and Hertzog (2014). Relating the momentum fluxes to the phase speeds could also 671 
provide a helpful observational constraint on a relationship that is commonly used in 672 
parameterizations (e.g., Alexander and Dunkerton, 1999). 673 
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the square root of the sum of the squared total zonal (eastward + westward) and total meridional 854 
(northward + southward) momentum fluxes. 855 
 856 

 857 
Figure 3. Regional data masks. Top: data collected inside each colored region is assigned to that 858 
region. Middle, bottom: the monthly fraction of the total data collected in each region. 859 
 860 



 861 
Figure 4. Probability densities of the eastward (E) and westward (W) momentum fluxes in each 862 
region. To calculate the distributions, we use 30 bins evenly spaced in log10 of the momentum 863 
flux, from -2 to 3 (10-2 to 103 mPa). The vertical dashed lines are the logarithm of the mean 864 
momentum fluxes from Table 1. Dots indicate the distributions’ geometric means. 865 
 866 
 867 
 868 
 869 



 870 
Figure 5. Statistics of the probability distribution of the total momentum flux, by region. 871 
 872 
 873 

 874 
Figure 6. Probability densities of the smoothed zonal wind in each region. To calculate the 875 
distributions, we use 2 m/s-wide bins. 876 
 877 



 878 
Figure 7. Probability densities of the eastward and westward momentum fluxes in the Southern 879 
Ocean, classified by the velocity of the smoothed zonal wind. The bin resolution is the same as 880 
in Figure 4. The mean eastward momentum flux in the 0-20, 20-40, and 40-60 m/s smoothed 881 
zonal wind ranges are 1.16, 2.27, and 3.85 mPa, respectively (dashed lines, left panel). The mean 882 
westward momentum flux in the 0-20, 20-40, and 40-60 m/s smoothed zonal wind ranges are 883 
1.61, 5.17, and 7.90 mPa, respectively (dashed lines, right panel). Dots indicate the distributions’ 884 
geometric means. 885 
 886 



 887 
Figure 8. The fraction of the magnitude of the zonal (solid lines) and meridional (dashed lines) 888 
momentum fluxes due to high-, medium-, and low-frequency waves. The flux magnitudes are 889 
calculated by setting all component (northward, southward, eastward, and westward) flux time 890 
series to be positive and taking their sum, eastward + westward in the zonal direction, and 891 
northward + southward in the meridional direction. This is equivalent to taking the absolute 892 
value of the wavelet coefficients in Figure 1. We then bin the data by the flux magnitude for each 893 
region and calculate the average percent of that flux contributed by waves in each frequency 894 
band. The “All Other Data” region represents all the data gathered outside the colored regions in 895 
Figure 3. 896 
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 898 
 899 
 900 



 901 
 902 

 903 
Table 1. Regional mean momentum fluxes. N is the number of data points collected in each 904 
region.  905 
 906 
 907 
 908 
 909 
 910 
 911 
 912 
 913 
 914 
 915 
 916 
 917 
Table 2. The geometric means and geometric standard deviations of the eastward and westward 918 
momentum flux distributions, for each region. The last three rows describe data in the Southern 919 
Ocean in different bands of the smoothed zonal wind. 920 
 921 

 922 
Table 3. Regional 99th percentile momentum fluxes. 923 

  Mean momentum flux (mPa) % of zonal flux explained by 
 N Zonal Eastward Westward Geom. mean Geom. σ 

Indian Ocean 149898 0.21 1.42 1.21 48 55 
Tropical Pacific 166494 0.05 1.39 1.33 71 51 
Tropical Atlantic 67140 -0.82 1.37 2.19 94 -8 
Extratropical Pacific 126314 0.29 1.26 0.97 86 0 
Extratropical Atlantic 87087 -1.16 1.84 3.00 90 -4 
Southern Ocean 1390060 -1.64 1.97 3.61 75 17 

 Geometric mean Geometric standard deviation 
 Eastward Westward Eastward Westward 

Indian Ocean -0.06 -0.10 0.47 0.42 
Tropical Pacific -0.10 -0.11 0.48 0.47 
Tropical Atlantic -0.09 0.10 0.49 0.47 
Extratropical Pacific -0.12 -0.21 0.45 0.45 
Extratropical Atlantic 0.06 0.25 0.44 0.43 
Southern Ocean 0.02 0.22 0.51 0.55 
S.O., 0 < u < 20 m/s -0.13 -0.01 0.47 0.46 
S.O., 20 < u < 40 m/s 
S.O., 40 < u < 60 m/s 

0.11 
0.34 

0.49 
0.65 

0.50 
0.49 

0.46 
0.48 

  
99th percentile flux (mPa) 

% of E-W difference 
explained by 

% of mean flux due to values higher 
than the 99th percentile 

 Eastward Westward Geom. mean Geom. σ Eastward Westward 
Indian Ocean 7.76 6.13 33 90 7 8 
Tropical Pacific 9.26 9.58 -82 -133 10 11 
Tropical Atlantic 8.16 14.71 74 -15 8 11 
Extratropical Pacific 7.49 5.49 72 0 9 9 
Extratropical Atlantic 10.14 23.29 53 -5 11 14 
Southern Ocean 14.02 29.96 60 27 12 13 


