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Abstract A new study of gravity waves produced by thunderstorms was performed using continuous
recordings at the IS17 (Ivory Coast) infrasound station of the International Monitoring System developed for the
veriﬁcation of the Comprehensive Nuclear Test-Ban Treaty. A typical case study is presented for a large
thunderstorm on 10–11 April 2006 lasting near 14 h. Comparison with cloud temperature measured by the
Meteosat 6 satellite shows that wave activity is large when the cloud temperature is low inside convection cells
located over the station. Statistics based on 10 year data show that the wave activity is intense throughout the year
with peak periods in May and October and less intense activity in January, in good agreement with the local
keraunic level. The seasonal variations of the wave azimuth highlight clear trends from northward direction from
February to August to southward direction from August to December. Lightning ﬂashes, observed from space,
show a similar motion conﬁrming that thunderstorms are the main sources of the gravity wave activity. The gravity
wave azimuth follows the seasonal motion of the tropical rain belt partly related to the Intertropical Convergence
Zone of the winds. The contribution of other possible sources, such as wind over relief, is weak because surface
winds are weak in this region and only oceans are present south of the station. We conclude that the large
observed wave activity is mainly produced by convection associated to thunderstorms.
1. Introduction
Thunderstorms are an efﬁcient source of atmospheric waves. Infrasonic waves at periods 20–50 s produced
by thunderstorms were tracked by microphone arrays in the 1960s [Goerke and Woodward, 1966]. Such waves
were associated to the leading edge of the storms. At larger periods from 10 to 20 min, gravity waves
characterized by frequencies lower than the Brunt Väisälä period were also observed by microbarometers up
to distances of hundreds of kilometers from thunderstorm regions in relation with convection [Curry and
Murty, 1974]. Gratchev et al. [1988] measured waves at periods ranging from 20 to 180 min when
thunderstorms passed over the station. The different wave oscillations were related to several convective
cells within the thunderstorm [Grachev et al., 1995].
New interest in the atmospheric waves produced by thunderstorms arose with the sprite discovery [Sentman
and Wescott, 1993] and related observation campaigns using complementary instrumentation [Lyons et al.,
2008; Neubert et al., 2008; São Sabbas et al., 2010]. Sprites are transient luminous events generally observed by
cameras at the horizon, but they also generate infrasound [Liszka, 2004; Farges et al., 2005]. However, the
sprite energy is not sufﬁcient to generate larger-scale waves which could be detected in the mesospheric OH
airglow layer. Only concentrically expanding gravity wave ripples generated by the thunderstorm convection
circular structure were observed in the mesosphere [Sentman et al., 2003]. Pasko et al. [1997] showed that
gravity waves launched by thunderstorms could lead to vertically oriented cylindrical structures in the
mesosphere above the thunderstorm closely resembling to some sprite structures. Also, a clear correlation
was observed between acoustic gravity waves and the sprites, the tops of sprites appearing to align with the
acoustic gravity wave depletions in the 80 to 95 km altitude region [Siefring et al., 2010].
The development of the International Monitoring System (IMS) infrasound network dedicated to the
veriﬁcation of the Comprehensive Nuclear Test-Ban Treaty (CTBT) motivates new scientiﬁc studies. This
network will consist of 60 infrasound stations distributed uniformly over the surface of the globe [Christie and
Campus, 2010]. The microbarometers used at each station provide high-quality data, and correlation-based
processing techniques determine the wave front parameters (e.g., direction of arrival and horizontal phase
velocity). Infrasound inversion methods were developed. Such processing allows, for example, to determine
the infrasound origin of sprites at altitudes from 40 to 100 km [Farges and Blanc, 2010].
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As most microbarometers are characterized by a broad bandwidth, larger-scale atmospheric waves like
gravity waves and tides can also be observed [Marty et al., 2010]. Gravity waves modulate the wind proﬁles,
producing partial reﬂections of infrasound in the stratosphere and strong modiﬁcations of the detected
infrasound waveforms [Kulichkov and Bush, 2001]. The most recent infrasound attenuation relations
incorporating such effects are used to predict the network detection capability in time-varying and
range-dependent conditions [Le Pichon et al., 2012].
Observations of gravity waves are of large interest for scientiﬁc applications and operational monitoring.
However, the wave characteristics and associated source mechanisms need to be better understood. The
present study aims to quantify the gravity wave activity in West Africa equatorial region where
thunderstorms are very intense [Christian et al., 2003]. Early gravity wave observations in the equatorial
ionosphere showed large gravity waves at periods of 5–30 min originating from the rain forest where
convection takes place [Rottger, 1977]. This suggests that convection could be at the origin of strong gravity
wave activity penetrating in the upper atmosphere and ionosphere with a possible impact on the general
atmospheric circulation. This was conﬁrmed by equatorial observations in the mesospheric airglow layer
in Indonesia showing that gravity waves are directly related to the horizontal distribution of wave sources
such as cumulous clouds near the observation site [Nakamura et al., 2003]. For waves at low and middle
latitudes, their upward propagation to the mesosphere may be signiﬁcantly inﬂuenced by wave ﬁltering or
ducting by stratospheric winds [Medeiros et al., 2003; Pautet et al., 2005].
The gravity waves produced by thunderstorms can propagate vertically into the stratosphere, mesosphere,
and lower thermosphere and, by mechanical forcing, can excite secondary short-period waves, which can be
trapped in the lower thermosphere and propagate over large distances [Vadas et al., 2003; Snively and Pasko,
2003]. Near their sources, they form concentric rings in the mesosphere as observed by all-sky airglow layer
imagers [Alexander et al., 2004; Yue et al., 2009]. The cumulative effects of gravity wave activity could then
constitute an important large-scale wave source which may disturb the general atmospheric circulation
[Holton et al., 1995; Baldwin et al., 2003; Shaw and Shepherd, 2008]. A strong air descent observed by satellite
in northern polar regions by Hauchecorne et al. [2007] was explained by a pure atmospheric dynamical
phenomenon induced by gravity wave activity. For improving modeling of the middle atmosphere dynamics
and weather forecasting [Charlton et al., 2004; Lott and Guez, 2013; Mitchell et al., 2013], the occurrence,
amplitude, and impact of gravity waves need to be determined. The contribution of waves originating from
thunderstorms and convection compared to other orographic sources needs also to be quantiﬁed.
We consider here 10 years of gravity wave observations performed at the IS17 (Ivory Coast 6.67°N, 4.85°W)
IMS station located within the ITCZ (Intertropical Convergence Zone), together with lightning and cloud
temperature measurements. The use of IMS data in this low-frequency range is very recent. Such new
observations can provide a realistic representation of the gravity wave spectrum in the troposphere and
open new scientiﬁc objectives.
After a presentation of infrasound technology and data processing, we describe wave activity during a large
typical thunderstorm and show the formation of intense gravity waves in convection cells corresponding to
low-temperature clouds. We then analyze the climatology of the gravity wave activity and demonstrate that
most of this activity is produced by thunderstorms. In the framework of the Atmospheric Dynamics Research
Infrastructure in Europe (ARISE; http://arise-project.eu) project, we discuss the inﬂuence of gravity waves
produced by thunderstorms at low latitude on the global dynamics of the Earth’s atmosphere and their
possible impact on weather and climate.

2. Observations
2.1. Methodology
The infrasound network developed for the veriﬁcation of the CTBT will include 60 stations uniformly
distributed across the globe when it will be completed. The ﬁrst infrasound station was certiﬁed in 2001.
Today, nearly 70% of this network is operational. The IMS network is unique by its global and homogeneous
coverage as well as its data quality. It is larger and much more sensitive than any previously operated
infrasound network. All technical aspects of infrasound monitoring related to sensors, stations, and data
processing have been redeveloped for CTBT veriﬁcation [Christie and Campus, 2010; Brachet et al., 2010].
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Stations are very sensitive acoustic antenna including at least four microbarometers at distances of 1 to 3 km, with
a ﬂat frequency response between 0.01 and 8 Hz, a sensitivity of about 0.1 m Pa, and a large dynamic scale of 80 dB
[Ponceau and Bosca, 2010]. These arrays are able to detect and characterize low-amplitude coherent infrasound
signals within the background noise. In order to improve the signal-to-noise ratio (by ~20 dB), infrasound arrays are
connected to optimized wind noise reduction devices [Ponceau and Bosca, 2010]. The large dynamics of the
instruments allow the observations of large-amplitude events close to the station and small-amplitude signals
from remote sources. Recent technical advances in the development of efﬁcient algorithms allow detecting
coherent waves within noncoherent noise. The Progressive Multichannel Correlation (PMCC) method is routinely
used to characterize low-amplitude pressure signals in real time [Cansi, 1995]. Using such an approach, different
coherent wave systems can be differentiated by their time-frequency signature and azimuth.
In the last decade, detection bulletins determined from near-real-time analysis were produced and correlated
with observations of natural or man-made atmospheric sources, such as exploding meteoroids, volcanic
eruptions, hurricanes, earthquakes, and ocean swelling [Campus and Christie, 2010; Le Pichon et al., 2013;
Matoza et al., 2013]. More recently, well-determined repetitive infrasound sources are used to probe the
upper atmosphere [Le Pichon et al., 2005; Lalande et al., 2012; Assink et al., 2012]. Gravity waves and tides can
be observed with most of the microbarometers in the lower frequency range of the instrument below the
Brunt Väisälä frequency. This frequency range is lower than the one generally used for infrasound
observations (0.02–4 Hz). However, the high quality of the low-frequency observations was demonstrated
using speciﬁc validation experiments [Marty et al., 2010] and analysis of some large-scale disturbances
including tides, solar eclipses, and large-scale waves from thunderstorms [Blanc et al., 2010; Marty et al., 2013].
2.2. Data Processing
The IS17 Ivory Coast station is composed of four MB2000 microbarometers forming a triangle of ~ 1km basis
with a central point which is a typical conﬁguration of IMS stations [Christie and Campus, 2010]. Such stations
form sensitive acoustical antennas. The PMCC data processing algorithm is based on a progressive study of
the correlation functions leading to a consistent set of time delays in the case of a coherent propagating
wave. Detection is determined on the basis of signal consistency. In case of detection the time delays are
used to compute the signal azimuth and phase velocity [Cansi, 1995]. This array processing method was
originally designed for seismic data and proved to be efﬁcient for extracting low-amplitude coherent
infrasound signals among noncoherent noise [Le Pichon and Cansi, 2003]. It is then intensively used for
operational processing for detection of events and a tool to analyze the signals detected by the IMS stations.
Different wave systems are routinely differentiated from their wave signature in time and frequency and from
their wave azimuth and phase velocity. The processing is performed in different frequency bands between
0.07 and 4.0 Hz and in adjacent time windows covering the whole period of analysis. Detections
characterized by similar characteristics can be grouped in detection clusters forming events. Additional
details are given by Brachet et al. [2010]. The method is very sensitive and allows representation of persistent
oscillations by a sequence of similar events if small changes in azimuth and velocity are identiﬁed.
In the present paper, the analysis has been adapted to larger time periods for gravity wave studies. The
capability of the sensors for such observations was validated by Marty et al. [2010]. As the sensor low cutoff
frequency is set at 9.8 10 3 Hz, the entire gravity wave frequency range is attenuated by the ﬁlter. The
maximum error due to the ﬁltering uncertainties was determined using data from ﬁeld experiments. The
error was found at least 34 dB lower than the noise power spectral density, demonstrating that the IMS
pressure measurements can be accurately corrected a posteriori from ﬁltering effects [Marty, 2010]. This led
to ﬁrst studies at low frequency using this technology, including analysis of gravity waves [Blanc et al., 2010]
and larger-scale ground pressure ﬂuctuations produced by the passage of solar eclipses [Marty et al., 2013].
Figure 1 presents an example of the PMCC analysis performed for a large thunderstorm on 10–11 April 2006
measured in the I17 IMS Ivory Coast station. The signals recorded by the four different sensors in the 0.001 to
0.0001 Hz frequency range present a good coherency, and the correlation coefﬁcient is close to unity.
Figures 1b and 1c display, in time-frequency diagrams, the wave azimuth and phase velocity in color,
respectively. We then explain the observations as produced by the gravity waves at their origin, inside, or
very near the convection cells. Figure 1 shows that the azimuth follows the thunderstorm motion. The
velocity does not signiﬁcantly change during the event. This differs from other observations of faster gravity
waves before the passage of convective cells reported, for example, by Danilov and Svertilov [1991].
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Figure 1. Example PMCC data processing using data recorded at the IS17 IMS station during the thunderstorm of 10–11
April 2006. The data processing was performed in the gravity wave frequency range. The ﬁgure displays (d–g) the time
series of the four station components, (a) the correlation coefﬁcient, (b) the azimuth, and (c) phase velocity.

The corresponding wavelet data processing (Figure 2) shows that the signal frequency varies from 8 min to
few hours. Tides are observed at 12 and 24 h in the lower frequency part of the signal, showing the sensor
capability to perform observations at low frequencies.
2.3. Wave Activity During the Thunderstorm of 10–11 April 2006
The meteorological conditions corresponding to this same thunderstorm are given by the radiance
temperature maps measured at the cloud top by the Meteosat 6 satellite and shown in Figure 3. A general
westward motion of the clouds can be observed during the thunderstorm duration.

Figure 2. Wavelet analysis for the same thunderstorm. The upper part of the
ﬁgure shows the absolute pressure measured by one of the station sensor.
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A ﬁrst gravity wave maximum is
observed between 15:00 and 16:00 UT
while a cloud cell appears just over the
station. The wave azimuth is about 60°.
It roughly corresponds to the general
southeastward thunderstorm motion.
The wave period is about 1 h, and the
wave amplitude reaches 5 Pa peak to
peak (~160 Pa after correction of the
microbarometer frequency response).
The second maximum, between 21:30
and 23:00, corresponds to the passage
of a second thunderstorm cell. It is
correlated with a low temperature
( 80°C) of the cloud above the station
indicating an area of strong convection
[São Sabbas et al., 2010]. The different
azimuths identiﬁed between 00:00 and
03:00 UT indicate a multicellular
structure of the storm, suggesting the
possibility to determine the origin of
the gravity waves inside the convection
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Figure 3. (top) Meteosat 6 maps of the radiance temperature at the top of the thunderstorm clouds for the same
thunderstorm. The station location is indicated by the red triangles. The thunderstorms are moving westward. (bottom)
The increase of the gravity wave amplitude corresponds to the passage of the thunderstorm convective cells close to the
station. The azimuth roughly corresponds to the thunderstorm azimuth. At 22:00 UT, several directions are distinguished,
indicating a multicellular structure.

cells, as it has been recently demonstrated by Costantino and Heinrich [2013]. The lightning activity observed
by the Worldwide Lightning Location Network (WWLLN) [Rodger et al., 2009] starts at 15:00 when the
cloud appeared over the station (Figure 1b). The lightning azimuths were computed assuming observations
from the station. The lightning distance to the station is represented by the color. The lightning azimuth
at distances lower than 120 km (in blue) differs from the gravity wave azimuth. The thunderstorm
mechanisms for producing gravity waves are not related to lightning activity but rather to the convection
cells moving over the station.
2.4. Seasonal Characteristics of the Gravity Waves
The duration of PMCC events in the frequency range from 10 4 to 10 3 Hz varies from 20 min to 3.3 h with an
average duration of 1.6 h (Figure 4). In average, 11 events are observed per day. The duration of daily gravity
wave activity varies from few hours to 24 h, the average duration being 14.6 h. The horizontal velocity varies
from 20 to 40 m/s. The average wave amplitude is about 40 Pa after correction of the ﬁlter response, the
maximum reaching 200 Pa for intense thunderstorms. This is in agreement with previous observations,
reporting similar ranges of amplitudes [Grachev et al., 1995; Koch and Siedlarz, 1999].
The statistical study of data recorded during approximately 10 years reveals speciﬁc annual variations of the
wave azimuth (Figure 5). Each year of the observation period, the azimuth of the gravity waves changes from
south in February to east in May and north in August. The direction returns eastward in October and
southward in December. The activity is weaker in January, and there is no activity coming from west of the
station. Figure 6 (right) shows the south-north annual variation of the gravity wave azimuth, cumulated over
the entire database. In order to identify the wave origin, this annual motion is compared to the cumulated
motion of the thunderstorms shown in Figure 6 (left). This analysis uses WWLLN data [Rodger et al., 2009]
recorded from 2005 to 2010 in a region centered on IS17 and extending from 10°S to 20°N and from 0°W to
10°W. This region corresponds to the thunderstorm azimuths as observed from the station. Comparison of
both ﬁgures shows that gravity waves propagate northward when the thunderstorms are located to the
south of the station (from January to May and from October to January) and southward when the
thunderstorms are located to the north of the station (from May to October). This is also shown in the
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Figure 4. Characteristics of the gravity wave events observed at the IS17 station from April 2002 to December 2011. The
4
3
analysis has been performed using the PMCC method in the frequency range from 10 to 10 Hz. The average
horizontal phase velocity is 37 m/s, the average event duration is 1.6 h (96 min), the duration of the gravity wave activity
varies from few hours to 24 h, and the average duration being 14.6 h (880 min). The average wave amplitude exceeds 0.5 Pa
which corresponds to more than 100 about 40 Pa after correction of the sensor’s frequency response.

different satellite lightning maps of several representative months of the year (Figure 7). These maps present
the location of the lightning impacts measured by the Lightning Imaging Sensor (LIS) of the Tropical Rainfall
Measuring Mission [Christian et al., 2003]. Lightning ﬂashes are observed to the south in February and to the
north in July–August, like gravity wave observations.
The number of high-amplitude gravity wave events also shows seasonal variations including two activity
periods in March–June and October–December and weaker activity in January (Figure 8). These annual
variations are well correlated with the variations of the monthly keraunic level observed at the Lamto
meteorological station located at about 40 km from IS17 and averaged over several years (1983 to 1992). The
gravity wave activity periods correspond to the thunderstorm seasons observed near the station. The
thunderstorm activity is very low in January similar to the gravity wave activity. This conﬁrms the relation
between gravity waves and thunderstorm activity.

Figure 5. Ten years of gravity wave activity measured at IS17 infrasound station. The color scale indicates the logarithm of
the number of detections.
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Figure 6. (right) Comparison between the cumulated gravity wave activity and (left) the cumulated lightning activity in the
station longitude range, as observed from the station (azimuth represented by a dashed line). The station latitude is indicated by a dashed line. The color scale indicates the number of ﬂashes per day per 0.1° latitude and the number of gravity
waves per day per 1° azimuth, respectively. The gravity wave azimuth follows the lightning annual motion, north of the
station in August, south in February.

Figure 7. Variations of the location and number of lightning impacts during 1 year (2007) from satellite observations
(LIS maps available on http://thunder.msfc.nasa.gov). The position of the Intertropical Convergence Zone of the surface
winds in January and July is superimposed on the maps. IS17 is shown by a black triangle.
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Figure 8. Comparison between the monthly number of strong gravity wave events measured at IS17 and the keraunic level
at the Lamto station, showing good agreement between the annual gravity wave and thunderstorm activity.

3. Discussion
3.1. Thunderstorms at the Origin of the Observed Waves
The observations performed during the 10–11 April 2006 thunderstorm are in good agreement with previous
observations [Grachev et al., 1995, 1997]. The characteristics of the observed pressure wave are similar in
terms of amplitude ﬂuctuations. The waveform consists in a ﬁrst pressure decrease followed by a large
pressure oscillations related to the different convection cells passing over the station. The azimuth
corresponds to the arrival direction of the general thunderstorm motion. These results are also similar to
other observations described by Blanc et al. [2010] for a large thunderstorm in Europe.
During the second part of the thunderstorm, the satellite maps show a more complex cloud system, and
different gravity wave directions indicate the direction of several convection cells simultaneously active. The
gravity waves disappear when the cloud moves away. The change of 180° in the wave direction of
propagation, as previously observed by Grachev et al. [1995] when the convection system passes above the
observation site, is only observed in the acoustic frequency range. Such infrasound signals are associated to
the low-frequency part of the thunder [Farges, 2008; Farges and Blanc, 2010]. Their origin could be
electrostatic ﬁeld producing a reduction of atmospheric pressure inside the charged region of the cloud
which is canceled when a lightning discharge occurs [Few, 1986]. The observed lightning azimuth differs from
the gravity wave azimuth whose origin is convection. Comparisons between the waves and the cloud
temperature show that the origin of the observed waves is related to deep convection. Wave activity is strong
when the cloud temperature is low. The observed wave system reﬂects the structure of the different
convective cells and represents the gravity wave formation inside the convection cells.
The correspondence between the lightning seasonal motion north and south of the station and the gravity
waves motion shows the strong relation between gravity waves and thunderstorms. This motion is also the
motion of the Intertropical Convergence Zone (ITCZ), formed by the easterly surface winds converging from
both hemispheres in the equatorial region under the seasonal effect of solar radiation. West Africa ITCZ is the
zone of convergence of southwesterly monsoon ﬂow and the dry and hot northeasterly winds, known as
“Harmattan.” The interface between the two air masses is closely linked to pressure gradients across West
Africa [e.g., Buckle, 1996]. The ITCZ motion differs from the rain belt motion [Nicholson, 2009] and then from
lightning general motion. Collier and Hughes [2011] showed that the tropical lightning motion in this part of
Africa is located south of the actual ITCZ position, due to the presence of Gulf of Guinea and Congo basin
leading to thundercloud formation within the monsoon ﬂow. In the present observations, the seasonal
oscillation represents the motion of the deep convection related to convective thunderstorm and is then
mostly related to the rain belt motion.
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The second possible origin of gravity waves could be topographic [Fritts and Alexander, 2003]. The observed
phase velocities are, however, low for topographic forcing. Also, surface winds are generally very low in this
region. A study of 20 years of meteorological data in low-latitude regions showed that the winds in Ivory
Coast are weak (generally lower than 3 m/s in July and even weaker in January) [Nicholson and Grist, 2003].
Such winds are much weaker than winds generally involved in the processes of mountain waves, which
generally exceed 10 m/s [Doyle et al., 2005]. Moreover, there are no mountains around the station: IS17 is
located about 100 km north of the Atlantic Ocean, which discards the possibility of generating mountain
waves in this area. We conclude that the origin of the observed waves is mainly related to atmospheric
convection in thunderstorms.
3.2. Conclusion and Perspectives
We have presented 10 years of observations by the IMS infrasound stations of gravity waves in tropical West
Africa. The gravity wave activity is very strong during all the year with a maximum in April and October. We
have demonstrated that this activity is produced by deep convection inside thunderstorm structures which
dominate other possible sources of wave activity. Wave monitoring by infrasound stations in these regions
can then determine the rain belt motion. Such measurements are also important for understanding the
spectrum at low altitudes closer to wave sources.
A deeper analysis of such data set could provide a more precise description of changes at smaller scales of
time, originating from other more complex processes. The precise climatology of these waves in equatorial
regions, which are very active, and their interaction with the upper atmosphere need to be determined to
improve weather and climate modeling. This is the objective of the ongoing European FP7 ARISE project.
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