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ABSTRACT

During a solar eclipse, the moon’s shadow progressively occults a part of Earth from the solar flux. This
induces a cooling in the atmospheric layers that usually absorb the solar radiation. Since the eclipse shadow

travels within the atmosphere at supersonic velocity, this cooling generates a planetary-scale bow wave of
_ﬁfﬁ;ravity waves. The purpose of this article is to estimate the surface atmospheric pressure fluctuations
produced by the passage of the 1 August 2008 total solar eclipse and to compare these pressure fluctuati
with those recorded by a temporary network of microbarographs and by the infrasound stations

the In-

ternational Monitoring System. The surface pressure fluctuations expected at all the measurement sites are
estimated using a linear spectral numerical model. It is shown that the cooling of both the ozonosphere and the
troposphere can produce detectable pressure fluctuations at the ground surface but that the tropospheric
cooling is likely to be the predominant source. Since the expected eclipse signals are in a frequency range that
is highly perturbed by atmospheric tides and meteorological phenomena, the pressure fluctuations produced
by these latter synoptic disturbances are characterized and removed from the recorded signals. Low-
frequency gravity waves starting just after the passage of the eclipse are then brought to light at most mea-
surement sites. The time—frequency characteristics of these waves are similar to those obtained from the
model, which strongly suggests that these waves were produced by the passage of the 1 August 2008 solar

eclipse.

1. Introduction

Molecular oxygen, ozone, and water vapor are the
main gases responsible for the absorption of solar radi-
ation within the atmosphere. During the day, these gases
respectively heat the thermosphere, the stratosphere,
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and the troposphere. The thermal forcing produced by
the daily heating of these absorption regions generates
large-scale gravity waves at subharmonic periods of
a solar day. These waves, called atmospheric solar tides,
cause regular pressure oscillations that have been ob-
served at Earth’s surface for more than a century
(Simpson 1918; Chapman and Westfold 1956; Dai and
Wang 1999). During a total solar eclipse, the moon
moves through the sun-Earth axis, progressively
screening a part of the atmosphere from solar radiation.
This induces a cooling in the part of the atmosphere
occulted by the eclipse shadow. Since the eclipse shadow
moves within the atmosphere at supersonic velocity,
Chimonas (1970) showed that this atmospheric cooling
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could act as a continuous source of internal gravity waves
and produce a planetary-scale bow wave. He estimated
that the thermospheric cooling could not produce de-
tectable waves at the ground surface because of the ex-
ponential decrease of the atmospheric density with the
altitude. He then calculated that the stratospheric cooling
could generate ground pressure fluctuations with ampli-
tudes of 1 Pa, horizontal wavelengths of several thousands
of kilometers, and periods around 10 h. The tropospheric
cooling was not modeled because of the lack of knowledge
on the shape and the altitude of the water vapor absorp-
tion region, but Chimonas (1970) mentioned that this
cooling could produce waves with greater amplitudes than
those produced by the cooling of the ozone layer.

Soon after this first modeling, Anderson et al. (1972)
set up a measurement campaign to detect the ground
pressure fluctuations produced by the passage of the
7 March 1970 total solar eclipse. They identified waves
with an amplitude of 25 Pa and a central period of
90 min. Chimonas (1973) demonstrated that waves with
such characteristics could not be induced by the global
cooling of the ozonosphere. To explain these observa-
tions, he proposed a second theory based on the gen-
eration of Lamb waves from the radiative cooling of
cloud layers. Two decades later, Fritts and Luo (1993)
proposed an extension to Chimonas (1970) theory by
numerically solving the pseudoincompressible pertur-
bation equations in the eclipse shadow reference frame.
They used the same stratospheric thermal forcing term
and background atmospheric conditions as Chimonas
(1970). They presented stationary solutions related to
the middle and upper atmosphere but not to the ground
surface. More recently, Eckermann et al. (2007) studied
the response of the atmosphere to the passage of the
total solar eclipse of 4 December 2002 using a prototype
high-altitude global numerical weather prediction model.
They estimated pressure fluctuations of several tens of
pascals at ground level. These pressure fluctuations were
explained by the cumulative effects of the stratospheric
and tropospheric cooling as well as by the drop of tem-
perature at Earth’s surface, which was particularly in-
tense over land.

Contrary to most gravity wave sources (orography,
convection, geostrophic adjustment, etc.), the spatial
and temporal evolution of the eclipse shadow can be
easily and precisely determined a long time in advance.
This is why several measurement campaigns were set up
with the aim of detecting the ground pressure fluctua-
tions produced by the passage of solar eclipses. Jones
(1999) summarized that among all these attempts, most
of them failed to detect such fluctuations (e.g., Schodel
et al. 1973; Beckman and Clucas 1973; Anderson and
Keefer 1975; Jones and Bogart 1975; Jones 1976, 1999)
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or gave ambiguous results (e.g., Venkatachari et al.
1982; Jones et al. 1992; Venkatachari et al. 1996). These
nondetections might be due to the small amplitude of
the expected waves, the simplicity of the existing
models, or the short duration of the measurements,
which prevents differentiating the waves produced by
solar eclipses from those produced by other sources.

In a few cases only, authors provided evidence of
a link between the detection of gravity waves and the
passage of a solar eclipse. Among these observations,
results are quite heterogeneous with 4-h-period waves of
10-15-Pa amplitude (Seykora et al. 1985), 23-min-period
waves of 0.1-0.2-Pa amplitude (Goodwin and Hobson
1978), and 9-12-min-period waves of 3-Pa amplitude
(Farges et al. 2003). The heterogeneity of these obser-
vations might be explained by the fact that the mea-
surement campaigns were set up at different distances
from the path of the total eclipse. The microbarograph
network used by Seykora et al. (1985) was deployed at
several thousands of kilometers from the central line of
the eclipse whereas those used by Goodwin and Hobson
(1978) and Farges et al. (2003) were only at a few hun-
dreds of kilometers. Nevertheless, none of these de-
tections can be clearly linked to any of the modeling
proposed by either Chimonas (1970), Fritts and Luo
(1993), or Eckermann et al. (2007). The period of the
waves observed by Goodwin and Hobson (1978) and
Farges et al. (2003) are for instance too short to have
been produced by the global cooling of either the
stratosphere or the troposphere. These waves could
nevertheless result from the cooling of smaller-size ab-
sorption regions such as clouds or water vapor in-
homogeneities. In summary, despite several modeling
efforts and measurement campaigns, it is still unclear
whether the cooling of the atmosphere during the pas-
sage of a solar eclipse can produce a planetary bow wave
of internal gravity waves with large enough amplitude to
be detected at Earth’s surface.

The purpose of this paper is to estimate the surface
atmospheric pressure fluctuations produced by the total
solar eclipse of 1 August 2008 and to compare these
pressure fluctuations with those recorded by a tempo-
rary network of microbarographs and the infrasound
stations of International Monitoring System (IMS). To
do so, we use the linear spectral numerical model de-
scribed by Marty and Dalaudier (2010). This model was
already used to study the cooling of the ozone layer
during the passage of a total solar eclipse. Marty and
Dalaudier (2010) showed that the asymptotic response
to a Gaussian thermal forcing traveling at constant ve-
locity was in good agreement with results obtained by
Fritts and Luo (1993). They also obtained a stratospheric
response similar at the first order to that presented by
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Eckermann et al. (2007) for the 4 December 2002 solar
eclipse. In section 2, we start by studying the pressure
field produced at the ground surface by the passage of
the 4 December 2002 solar eclipse in order to compare
our results with Eckermann et al. (2007). It is shown that
the cooling of the ozonosphere cannot explain the sur-
face pressure perturbation obtained by Eckermann et al.
(2007). We therefore consider a tropospheric cooling
and show that this cooling is likely to be the pre-
dominant source of pressure perturbations produced at
Earth’s surface. The model is then used to study the case
of the 1 August 2008 solar eclipse and estimate the
ground pressure fluctuations produced at all the mea-
surement sites by the cooling of the stratospheric and
tropospheric regions.

In section 3, we describe a temporary network of mi-
crobarographs set up in western Mongolia to detect the
waves produced by the 1 August 2008 total solar eclipse.
Along with data from this temporary network, we also
use the pressure measurements recorded by the per-
manent IMS infrasound network. This worldwide in-
frasound network is composed of 60 multicomponent
stations of which 45 are already operationally certified.
Although the IMS infrasound stations were designed to
detect atmospheric pressure fluctuations produced by
nuclear explosions in the 0.02-4-Hz-frequency range,
Marty et al. (2010) recently demonstrated that the
pressure measurements recorded by the majority of IMS
infrasound stations are also accurate in the entire gravity
wave—frequency range.

In section 4, we analyze the pressure measurements
recorded by both the temporary microbarograph net-
work and the closest IMS infrasound stations to the total
eclipse path. Since the period of the expected pressure
signals is in a band highly disturbed by atmospheric tides
and meteorological processes, the pressure fluctuations
produced by these synoptic disturbances are character-
ized and removed, as much as possible, from the recorded
signals. Two low-frequency pressure signals starting just
after the passage of the eclipse are then identified at
stations of the temporary microbarograph network as
well as at most of the closest IMS infrasound stations to
the total eclipse path. The time—frequency characteristics
of these two waves are similar to those produced from the
model with the stratospheric and tropospheric sources,
which shows that these two waves were likely produced
by the passage of the 1 August 2008 total solar eclipse.

2. Modeling
a. Stratospheric and tropospheric sources

Eckermann et al. (2007) used a prototype high-altitude
global numerical weather prediction model to study the
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response of the atmosphere to the total solar eclipse of
4 December 2002. They showed that a large-scale bow
wave was produced in the middle atmosphere as well as
in the troposphere. They obtained pressure fluctuations
of several tens of pascals at ground level. To identify
the main source responsible for these pressure fluctu-
ations, we use the linear spectral numerical model de-
scribed by Marty and Dalaudier (2010). This model was
proposed to get first-order estimations of gravity wave
fluctuations produced by sources with evolving sizes,
trajectories, and velocities. It is based on the solutions
of the linearized fundamental fluid equations (Fritts
and Alexander 2003) and uses the fully compressible
dispersion relation for inertia-gravity waves. Since this
model can account for spatial and temporal variations
of sources, Marty and Dalaudier (2010) already applied
it to the case of the ozonosphere cooling during the
passage of the 4 December 2002 solar eclipse. They
found results in good agreement with those obtained by
Eckermann et al. (2007) in the middle atmosphere. To
study the pressure perturbation produced at Earth’s
surface, we start by applying the model to the same
solar eclipse. Following Marty and Dalaudier (2010),
we take into account the changes in shadow trajectory
and velocity and consider the reflection of gravity waves
at the ground surface. We also use the same thermal
forcing term, atmospheric parameters, and eclipse char-
acteristics.

Figure 1 represents the perturbation of the vertical
velocity field at 80 km altitude (Fig. 1a) and the pressure
field at the ground surface computed with the linear
model (Fig. 1b). These two wave fields correspond to
Figs. 13c and 15 presented by Eckermann et al. (2007).
We can see that the bow wave observed at 80-km alti-
tude is similar to the first order to the response obtained
by Eckermann et al. (2007). The intensity of our wave
field is slightly lower but it could be due to the fact
that we consider a constant Gaussian daily heating
rate profile (with an amplitude of 20 K day ') whereas
Eckermann et al. (2007) used a spatially and temporally
variable heating rate profile. On the contrary, the re-
sponse obtained at ground level is very different from
that presented by Eckermann et al. (2007). In the two
solutions, we can see a large-scale bow wave but the
amplitude of the pressure fluctuations produced with
our model is at least one order of magnitude lower than
that obtained by Eckermann et al. (2007). Moreover, the
shape of the bow wave is clearly different. The ampli-
tude of the pressure fluctuations obtained with our
model is about 1.5 Pa, which is in agreement with the
pressure fluctuations obtained by Chimonas (1970) for
the cooling of the ozone layer. It therefore seems that
the cooling of the ozonosphere can produce detectable
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FIG. 1. Response of the atmosphere to the cooling of the ozone layer at 1000 UTC 4 Dec 2002 with (a) the vertical
velocity wavefield at an altitude of 80 km and (b) the pressure wavefield at the ground surface. Scales and units are
given in colorbars and the green dashed line shows the central line of the total eclipse path.

pressure fluctuations at the ground but that it is not the
predominant source of the surface perturbation.

Since the model proposed by Marty and Dalaudier
(2010) is linear, it can then be used to study in-
dependently the surface pressure fluctuations produced
by different atmospheric thermal forcings. We therefore
consider the cooling of the troposphere during the same
solar eclipse. This cooling is due to the reduction of in-
frared absorption by water vapor. Water vapor is much
more inhomogeneously distributed within the atmo-
sphere than ozone. These inhomogeneities can produce
local variations of the atmospheric cooling, which could
generate smaller-scale waves compared to the dimen-
sion of the large-scale bow wave. Such inhomogeneities
could be the source of the waves observed by Goodwin
and Hobson (1978) or Farges et al. (2003). Despite the
inhomogeneity of the water vapor distribution, we can
see that Eckermann et al. (2007, their Fig. 15) obtained
a clear large-scale bow wave at Earth’s surface. This
supports the idea of a global response of the tropo-
sphere. We therefore consider a vertical Gaussian dis-
tribution for the tropospheric absorption coefficient.
The thermal forcing term is defined as

R
FTn(x7y7 7) = QEOb(ﬁLn) exp |:_(ZZTZZO):| > )]

with zo =3 km, o, = 1 km, and Q = —5 K day '. The
numerical values were chosen to approach a cooling
characteristic of the troposphere (Eckermann et al.
2007, their Fig. 8). The function w,(x, y) is defined by
Marty and Dalaudier (2010) to approximate the eclipse
magnitude at the time ¢, in the shadow region and Egy,
represents the eclipse obscuration—that is, the fraction
of the surface area of the solar disk occulted by the moon
(Espenak and Anderson 2001; Eckermann et al. 2007).
Although solar intensity is brighter at the disk center
than near the limb in the ultraviolet band, the solar ir-
radiance is quasi uniform across the solar disk in the

near infrared (Eckermann et al. 2007). Solar limb
darkening effects can therefore be neglected when cal-
culating the tropospheric thermal forcing term. As for
the case of the ozone layer cooling, we take into account
changes in shadow trajectory and velocity and also con-
sider the reflection of gravity waves at the ground surface.
We also use the same eclipse characteristics but consider
atmospheric parameters related to the troposphere—that
is, an atmospheric temperature 7' = 290 K, a buoyancy
frequency N = 0.01 rad s, and a density-scale height
H =10 km.

Figure 2 represents the pressure perturbation ob-
tained at the ground surface at 1000 UTC. We can see
that the shape of this wavefield is much more similar to
that obtained by Eckermann et al. (2007) than the
wavefield obtained from the cooling of the ozonosphere
(Fig. 1b). We indeed retrieve the same high pressure
region over the Indian Ocean and the south of Africa.
The amplitude of the wavefield (from —5 to +12 Pa) is
one order of magnitude higher than for the case of the
ozone cooling but is still lower than that found by
Eckermann et al. (2007) (from —16 to +53 Pa). This
might be due to the fact that we did not take into account

e I s o F O e i ANNRSIEREG PRy * o ST R aasaasaais .. AR i P 5

FIG. 2. Pressure wavefield produced at the ground surface by the
cooling of the troposphere at 1000 UTC 4 Dec 2002. Scales and
units are given in the colorbar and the green dashed line shows the
central line of the total eclipse path.
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FI1G. 3. Stereographic projection map of the eclipse (Espenak and Anderson 2007). The dark
blue lines represent the limits and the center of the total eclipse path, the green lines the time
(UTC) of the eclipse maximum, and the light blue lines the obscuration at the eclipse local max-
imum. The red star represents the location of the temporary microbarograph network deployed in
western Mongolia (M2008) and the other colored stars are the locations of the four closest certified
IMS infrasound stations to the total eclipse path. The blue disk represents the eclipse maximum.

the radiative effects of the cloud layers and of the
ground surface (Eaton et al. 1997). In conclusion, this
result shows that the cooling of the troposphere is more
likely to produce detectable pressure fluctuations at
Earth’s surface than the cooling of the ozonosphere.

b. Solar eclipse of 1 August 2008

The solar eclipse of 1 August 2008 was the sixth total
solar eclipse of the twenty-first century. It lasted about
2 h on Earth’s surface. It started at 0924 UTC in Canada
and then moved through Greenland, the northern

Atlantic, Russia, Kazakhstan, and Mongolia (Fig. 3). It
ended over northeastern China at 1118 UTC. The total
eclipse reached its maximum in northern Russia with
a maximum duration of 2 min 27 s in the center of the
total eclipse path, a minimum velocity of 900 m s~ ', and
a magnitude of 1.0185 (Espenak and Anderson 2007).
The eclipse magnitude is defined as the fraction of the
sun’s diameter occulted by the moon. It is strictly a ratio
of diameters and should not be confused with eclipse
obscuration, which is a measure of the sun’s surface area
occulted by the moon (Espenak and Anderson 2007).
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FIG. 4. Synthetic pressure fluctuation signals produced by the cooling of (left) the stratosphere and (right) the

troposphere during the passage of the 1 Aug 2008 total solar eclipse at the position of the temporary network installed
in western Mongolia (M2008) and at the position of the four closest certified IMS infrasound stations to the total
eclipse path. The pressure fluctuation is plotted in solid blue, the period in dashed purple, and the signal envelope

shaded in light gray.

The eclipse geometry depends on the relative orbital
motions of Earth and the moon. During the 4 December
2002 total solar eclipse, the eclipse shadow moved
through tropical regions and the entire penumbral re-
gion struck Earth’s surface for most of the eclipse du-
ration. The penumbral perimeter was therefore closed
except during the beginning and end phases of the
eclipse. Since the contribution of these two extreme
phases to the total atmospheric cooling was low (Marty
and Dalaudier 2010), we approximated the shape of the
penumbral region by a disk of constant radius. The case
of the 1 August 2008 total solar eclipse is different be-
cause the eclipse shadow moved through the North Pole
region and the penumbral perimeter was continuously

interrupted by the solar terminator (Fig. 3). It is there-
fore less accurate to approximate the penumbral region
by a disk. However, since we look for the qualitative but
not quantitative response to the 1 August 2008 total
solar eclipse, we nevertheless keep this approximation,
which simplifies the implementation of the model. For
the same reason, the model is run for the same strato-
spheric and tropospheric forcing terms as those used in
section 2a. The considered eclipse characteristics (tra-
jectory, velocity, and magnitude) are those provided by
Espenak and Anderson (2007).

Figure 4 presents the pressure signals (solid blue)
produced by the stratospheric (left) and tropospheric
(right) thermal forcings at the position of the temporary
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microbarograph network M2008 installed in western
Mongolia and at the position of the four IMS infrasound
stations shown in Fig. 3. Note that all these stations will
be further described in section 3. The instantaneous
period of all pressure signals is plotted in dashed purple
and the signal envelope in light gray. Since the complex
wavefield obtained from the model corresponds to the
complex conjugate of the analytic signal (Marty and
Dalaudier 2010, their section 2b), the instantaneous
period and the signal envelope were directly calculated
from the time derivative of the wavefield phase. The
period is not plotted when the signal envelope is too
weak.

In Fig. 4, we can first see that the maximum amplitude
of the pressure signals produced from the model with the
stratospheric source is about 1.5 Pa, whereas it is about
20 Pa for the tropospheric source. The greatest intensity
of the tropospheric response is in agreement with the
discussion in section 2. It can also be seen that the am-
plitude of the pressure fluctuations produced by the
stratospheric source is greater for the stations located
farthest from the total eclipse path (I34MN, 131KZ),
whereas that produced by the tropospheric source is
higher for the closest stations (I46RU, M2008, I18DK).
This is due to the fact that the wavelengths excited by the
tropospheric forcing term propagate slower than those
excited by the stratospheric forcing term. Thus, the
maximum amplitude produced by the tropospheric
forcing will arrive more than 24 h after the passage of
the solar eclipse at the 131KZ and I34MN stations.

If we look at the pressure fluctuations produced by the
stratospheric source and expected at the closest stations
to the total eclipse path (M2008, I18DK, [46RU), we can
see that the maximum amplitude is reached about 2-3 h
after the passage of the total solar eclipse. At this time,
the period of the signal is about 5 h. To our knowledge,
Seykora et al. (1985) are the only ones who reported the
observation of such low-frequency pressure fluctuations
(4 h) at the ground surface after the passage of a solar
eclipse. However, the amplitude of the ground pressure
fluctuations they recorded was about 10-15 Pa, which
seems incompatible with the cooling of the ozone layer.
Contrary to the case of the stratospheric source, the
maximum amplitude of the pressure signals produced by
the tropospheric source is reached about 20 h after the
passage of the solar eclipse (for the same three stations
M2008, 118DK, and 146RU). The instantaneous period
is about 8 h at the beginning. It then increases rapidly
toward the inertia period, which is about 17 h 30 min for
the chosen Coriolis parameter.

If we now look at the stations located farthest from
the total eclipse path (I34MN and 131KZ), we can see
that the maximum amplitude of the pressure signals

ET AL. 815

produced by the stratospheric source arrives about 6-7 h
after the passage of the total solar eclipse. The pressure
fluctuations produced by the tropospheric source arrive
almost at the same time and have similar amplitudes
(about 3 Pa). The period of the stratospheric and tropo-
spheric signals are however different, allowing these two
pressure fluctuation signals to be distinguished.

As a conclusion, the pressure signals produced by
the stratospheric and tropospheric sources have dif-
ferent waveforms and can be distinguished from one
another. However, the amplitude of the pressure
fluctuations produced by the stratospheric source is
small compared to ambient pressure fluctuations. The
pressure fluctuations produced by the tropospheric
source can also be difficult to identify because of the
energetic pressure fluctuations produced in the same
period range by atmospheric tides and meteorological
processes.

3. Mongolia 2008 measurement campaign

a. Network description

The modeling results presented in section 2 showed
that the passage of the 1 August 2008 solar eclipse could
generate a planetary bow wave and produce pressure
fluctuations with periods from 4 to 17 h at Earth’s sur-
face. To characterize such a bow wave, the measurement
sites must be located at thousands of kilometers from
one another. This distance roughly corresponds to the
average distance between the infrasound stations of
the IMS infrasound network. This network consists of
60 worldwide-distributed stations, among which 45 are
already operationally certified and continuously trans-
mit data to the International Data Center in Vienna,
Austria. The stations are miniarrays of infrasound sen-
sors, which measure micropressure changes produced at
ground level by infrasonic wave propagation. Although
this network was designed to detect atmospheric pres-
sure fluctuations produced by nuclear explosions in the
0.02-4-Hz-frequency range, Marty et al. (2010) recently
demonstrated that the pressure measurements recorded
by the majority of IMS infrasound stations are also ac-
curate in the entire gravity wave—frequency range. They
showed that the instrumental noise, the transfer function
uncertainties, and the thermal susceptibility of the
measuring chains do not significantly alter the pressure
measurements in the gravity wave—frequency range. In
Fig. 3, we can see that four certified IMS infrasound
stations are located at less than 2000 km from the total
eclipse path: 146RU (Russia, 65 km), 118DK (North
Greenland, 220 km), I34MN (Mongolia, 990 km), and
131KZ (western Kazakhstan, 1650 km).
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FIG. 5. Position of the three stations of the M2008 network. The total eclipse path is plotted in
gray. The geometry of station A array elements is represented in the upper-left corner. Stations
B and C have the same array element geometry as station A.

As discussed in the introduction, the majority of the
measurement campaigns set up to detect ground pres-
sure fluctuations produced by the passage of solar
eclipses either failed to detect such fluctuations or gave
ambiguous results (Jones 1999). Most of those who re-
ported evidence of a link between the detection of
gravity waves and the passage of a solar eclipse reported
waves with periods from 10 to 90 min (Anderson et al.
1972; Goodwin and Hobson 1978; Farges et al. 2003).
However, as discussed in section 2, these waves have
periods that are too short to have been produced by the
global cooling of either the troposphere or the strato-
sphere. These pressure fluctuations might nevertheless
have been produced by smaller-size sources such as the
cooling of water vapor inhomogeneities or clouds
(Chimonas 1973). Since the IMS infrasound network can
be used to study the bow wave produced by the passage
of the 1 August 2008 solar eclipse, the French Atomic
Energy Commission (CEA) decided to install a tempo-
rary microbarograph network that was adapted to the
detection of short-period waves similar to those pre-
viously observed (Anderson et al. 1972; Goodwin and
Hobson 1978; Farges et al. 2003). This network was in-
stalled in western Mongolia in the frame of the scientific
collaboration between the CEA and the Research
Center of Astronomy and Geophysics (RCAG) of the
Mongolian Academy of Sciences.

The main objective of the Mongolia 2008 (M2008)
temporary measurement campaign was to detect and

analyze the gravity waves produced by the passage of
the 1 August 2008 solar eclipse. To distinguish these
waves from the waves produced by other sources, the
microbarograph network was set up for 20 days around
the passage of the solar eclipse. Three stations (or
miniarrays) of four measurement points were installed
100 km apart from one another (Fig. 5). Such a distance
was chosen for the characterization of a group veloc-
ity of about 320 m s™', similar to that observed by
Goodwin and Hobson (1978) and Farges et al. (2003).
The four measurement points of each station were po-
sitioned as described in the upper-left corner of Fig. 5.
This geometry was chosen to optimize the calculation of
phase velocities and azimuths of waves having hori-
zontal wavelength longer than 500 m.

b. Sensor description

The microbarometers used during the M2008 mea-
surement campaign were Martec MB2005 (CEA/DASE
1998). These sensors record pressure fluctuations from
DC to tens of hertz including the entire gravity wave—
frequency range. They are therefore adapted to the
detection of the low-frequency pressure fluctuations
estimated with the model (see section 2b) as well as to
the detection of higher-frequency pressure fluctuations
such as those previously observed after the passage of
solar eclipses (Anderson et al. 1972; Goodwin and
Hobson 1978; Farges et al. 2003). The pressure signals
were recorded with a 20-Hz sampling frequency, which
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prevents any temporal aliasing in the gravity wave—
frequency band.

MB2005 microbarometers have a thermal suscepti-
bility lower than 10 Pa K™, which is very low compared
to other types of infrasound sensors such as micro-
phones (Ponceau and Bosca 2010). Such a thermal sus-
ceptibility could however still produce significant
fluctuations, especially at the diurnal period. Since this
phenomenon was anticipated, all the measuring chains
were installed underground (with air inlets at the sur-
face) in order to reduce the amplitude of temperature
changes in the sensor. A temperature sensor was also
glued inside each microbarometer to record tempera-
ture changes within sensor measurement cavities. We
will see in the next section that these temperature records
along with a good estimation of each sensor thermal
susceptibility allow an excellent correction of pressure
signals from the influence of the temperature changes.

4. Data processing
a. M2008 pressure measurements

1) CORRECTION FROM SENSOR THERMAL
SUSCEPTIBILITY

The objective of this section is to evaluate and remove
the influence of temperature changes on the pressure
measurements recorded during the M2008 measure-
ment campaign. Figure 6 represents the power spectral
density (PSD) of the raw pressure signal recorded by the
B1 measuring chain during 21 days (blue curve). The
two peaks observed on the PSD at diurnal and semi-
diurnal periods are produced by atmospheric tides and
have been discussed by Marty et al. (2010). The PSD of
the temperature recorded inside the sensor measure-
ment cavity is represented in dashed orange and that
recorded outside the station in dashed red. Comparing
these two PSDs, we can see that the PSD of the tem-
perature recorded inside the sensor is filtered out as the
frequency increases. This is due to the fact that care was
taken to ensure thermal insulation of the sensors by in-
stalling them underground. We can also observe that the
PSD of the temperature recorded inside the sensor de-
creases faster than that of the pressure as the frequency
increases. This shows that the more the frequency in-
creases the less the thermal susceptibility will affect the
pressure signal.

The thermal susceptibility of the B1 microbarometer
as provided by the manufacturer is —2.8 Pa K~'. The
pressure PSD corresponding to the spurious fluctuations
induced by this thermal susceptibility is plotted in green.
We can see that the ratio between the PSD of the
pressure signal and the PSD of the fluctuations produced
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FIG. 6. PSD of the pressure signal recorded by the B1 measuring
chain over 21 days (blue) and linear approximation of this PSD in
the gravity wave—frequency band (dashed black). The PSD of the
temperature recorded inside the sensor measurement cavity is
represented in dashed orange and that recorded outside the mea-
surement site B1 in dashed red. The green curve represents the
PSD of the spurious fluctuations produced by the thermal suscep-
tibility of the B1 microbarometer.

by B1 thermal susceptibility is always greater than 30 dB
except at the diurnal period. This means that the thermal
susceptibility of the microbarometer will not signifi-
cantly affect the pressure signal in comparison with the
other sources of error (Marty et al. 2010) except at the
diurnal period.

To evaluate the error produced by the sensor thermal
susceptibility, we first characterized the averaged di-
urnal pressure oscillation recorded by each measuring
chain using the superimposed epoch method (Panofsky
and Brier 1958) on a diurnal time interval. We then se-
lected the diurnal spectral complex components of the
resulting signals. According to the fact that the maxi-
mum distance between the four microbarometers of
each station (<1 km) is negligible compared to the di-
mension of the diurnal surface pressure perturbation
produced by atmospheric tides, the four microbarometers
of each station (A, B, and C) of the M2008 network
should detect the same diurnal pressure fluctuation.
However, we can see in Table 1 that the relative standard
deviation (RSD) between the amplitude of the diurnal
oscillations measured at the four measuring chains of
each station can reach 17.4%. This confirms that the
thermal susceptibility can significantly affect the pressure
signal at the diurnal period.

In section 2b, we saw that the period of the expected
eclipse signals ranged from 4 to 16 h, which is close to
the diurnal period. To ensure identifying the pressure
fluctuations produced by the passage of the solar eclipse
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TABLE 1. Mean amplitude and RSD of the time-averaged di-
urnal pressure oscillation recorded by the four measuring chains of
each station (A, B, and C) of the M2008 network without correction
of pressure signals (none), with correction including the thermal
susceptibilities provided by the manufacturer (correction 1), and
with correction including the thermal susceptibilities evaluated in
CEA’s laboratories (correction 2).

Station  Correction type ~ Mean amplitude (Pa)  RSD (%)

A None 113 3.96
Correction 1 119 6.08
Correction 2 120 291

B None 105 1.66
Correction 1 108 3.11
Correction 2 107 1.63

C None 106 17.4
Correction 1 120 6.10
Correction 2 122 2.33

and not some simultaneous fluctuations produced through
temperature changes, we decided to compensate all the
pressure signals from the influence of the temperature.
To do so, we multiplied the temperature measurements
recorded inside each microbarometer by the thermal
susceptibility of the microbarometer and removed the
resulting signal from the pressure signal. The thermal
susceptibility is measured at —25° and +60°C during the
manufacturing process, assuming that it is constant over
this temperature range. To better estimate the thermal
susceptibility of microbarometers, we decided to measure
it in CEA’s laboratories for 10 temperature steps ranging
from +15° to +30°C. This temperature range covers
values observed during the M2008 measurement cam-
paign. The influence of the correction using these two
estimations of the thermal susceptibility was characterized
by calculating the RSD of the amplitude of the diurnal
pressure oscillation recorded by the four microbarographs
of each station (Table 1). We can see that the signal cor-
rection using the thermal susceptibility provided by the
manufacturer (correction 1) modifies the diurnal oscilla-
tion amplitude but that the RSD remains important. On
the contrary, the signal correction using the thermal sus-
ceptibility evaluated in CEA’s laboratories (correction 2)
allows an excellent correction of the pressure signals
since the RSDs are lower than 2.9%. This value is highly
satisfactory since the other sources of error such as the
measuring chain instrumental noise can reach 3% (Marty
et al. 2010). The difference between the two measure-
ments of the thermal susceptibility probably results from
the fact that the thermal susceptibility is not constant over
the considered temperature ranges.

2) TIME-FREQUENCY ANALYSIS

The pressure signal recorded during 21 days by the B1
measuring chain is plotted in Fig. 7a (blue). It has been
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FIG. 7. (a) Pressure fluctuation signal recorded at the B1 mea-
surement point (blue) and averaged diurnal and semidiurnal
pressure oscillation (purple). (b) Pressure fluctuation signal sub-
tracted from the averaged diurnal and semidiurnal pressure oscil-
lation (blue) and cubic spline approximating large-scale pressure
perturbations (purple). (c) Pressure signal subtracted from the cubic
spline (blue). The purple rectangle represents the part of the signal
analyzed within the time—frequency domain in Fig. 9. The eclipse
signal produced from the model with the tropospheric source is
plotted in black in all figures. Green vertical lines represent the time
of the total solar eclipse.

corrected from the sensor thermal susceptibility ac-
cording to the discussion in section 4a(1). The synthetic
signal obtained from the model with the tropospheric
source (cf. section 2b) is overplotted in black to the right
of the vertical green line. The amplitude of this signal is
two orders of magnitude smaller than the maximum
pressure fluctuations recorded by the B1 measuring
chain. The synthetic signal corresponding to the strato-
spheric source is not shown since its amplitude is even
smaller. Diurnal and semidiurnal oscillations can be
clearly seen on the recorded pressure signal. As dis-
cussed in previous sections, these oscillations are pro-
duced by atmospheric tides and are in the same period
range as the synthetic eclipse signals but with amplitude
one or two orders of magnitude higher. It is therefore
essential to remove these oscillations from the pressure
signal to identify the pressure fluctuations produced by
the passage of the total solar eclipse.

To do so, we consider that these diurnal and semi-
diurnal oscillations do not vary significantly over the
duration of the measurement campaign. This approxi-
mation is especially valid for the semidiurnal oscillation,
which mainly results from the daily heating of the
stratospheric ozone layer. We then calculate the aver-
aged tide amplitude by applying the superimposed epoch
method (Panofsky and Brier 1958) on a diurnal time
interval and by selecting the diurnal and semidiurnal
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components of this signal. The averaged diurnal and
semidiurnal pressure oscillations obtained with this
method are plotted in purple on the left side of Fig. 7a.
They are removed from the pressure signal in Fig. 7b
(blue). In this resulting signal, large-amplitude pres-
sure fluctuations produced by meteorological pro-
cesses can still be seen. These fluctuations have periods
exceeding 24 h and are not exactly in the same period
range as the expected eclipse signals. However, they
are very energetic and can potentially mask the waves
produced by the eclipse depending on the signal pro-
cessing method used. These fluctuations are therefore
fitted with a cubic spline, which is then removed from
the signal. The residual signal is plotted in blue in
Fig. 7c.

At this stage, it seems that a pressure fluctuation with
a similar waveform as the synthetic signal obtained
corresponding to the tropospheric source (plotted in
black) can be seen in the pressure signal. However, this
fluctuation is still mixed in the middle of ambient pres-
sure fluctuations. We therefore applied a wavelet
transform to this signal using the Morlet wavelet with
the nondimensional-frequency parameter wy = 6, which
seems to be a reasonable compromise between the time
and the frequency resolution (Torrence and Compo
1998). In Fig. 6, we can see that the power-law spectral
index of the pressure fluctuation PSD (black dashed
curve) is roughly constant in the gravity wave band. It is
estimated to —2.48 with a logarithmic fit. To produce
a scalogram that approximately ensures equal weight to
all wavelet components within the full gravity wave—
period band, the scalogram is divided by the function
£~ (with fthe frequency) before applying the wavelet
transform. Figure 8 represents the scalogram of the
pressure signal contained within the purple rectangle
in Fig. 7c. The time of the total solar eclipse is indicated
by the vertical green line. Note that the stations of
the M2008 measurement campaign were uninstalled on
3 August 2008, thus no pressure records are available
after this date.

3) TROPOSPHERIC RESPONSE

We can first observe that there is no significant energy
detected in the 12-24-h-period range except after the
passage of the solar eclipse. This shows that most of the
energy produced by diurnal and semidiurnal atmo-
spheric tides was successfully removed from the pres-
sure signal. It also strongly suggests that the solar eclipse
is the source of the pressure fluctuation observed in this
bandwidth just after the passage of the solar eclipse.
If we focus on the time—frequency characteristics of
this pressure signal, we can see that its period increases
from 8 to 14 h and that its maximum amplitude arrives
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FIG. 8. Scalogram of the pressure signal recorded at the Bl
measurement point between 26 Jul and 3 Aug 2010. The green
vertical line represents the time of the total solar eclipse. The
solid blue and dashed red contours respectively correspond to
the scalograms of the synthetic pressure signals obtained from
the model with the tropospheric and stratospheric source. The
first (lowest) contour level is the same for both the recorded and
the synthetic signals. Amplitudes of the synthetic troposphere
and stratosphere are respectively multiplied by a factor of 3
and 20.

about 20 h after the passage of the solar eclipse. These
characteristics are close to those of the synthetic pres-
sure signal related to the tropospheric source (Fig. 4).
This signal is therefore likely to have been produced by
the cooling of the troposphere during the total solar
eclipse of the 1 August 2008.

To better compare the time—frequency characteristics
of the recorded and synthetic tropospheric signal, we
also computed the scalogram of the synthetic signal
(Fig. 8, solid blue contours). The amplitude of the syn-
thetic tropospheric signal was multiplied by a factor of
3 in order to obtain comparable energy between the
synthetic and observed signal. We can see that the pe-
riod of the synthetic signal is slightly longer than that of
the recorded signal. The maximum amplitude arrives
also slightly earlier in the case of the synthetic signal.
Given the approximations considered in the modeling of
the source shape and intensity, these differences are not
surprising. The fact that the amplitude of the synthetic
signal is lower than that of the recorded signal is ex-
pected because the radiative effects of the cloud layers
and of the ground surface were neglected in the simu-
lation and a horizontally constant tropospheric absorp-
tion coefficient was chosen. Eckermann et al. (2007),
who took into account a more complex tropospheric
absorption coefficient, simulated ground pressure fluc-
tuations that were slightly larger for the 2002 total solar
eclipse (see section 2a). This probably means that we
underestimated the amplitude of the tropospheric
cooling in our simulation.
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4) STRATOSPHERIC RESPONSE

If we now look at other period ranges, we see several
other pressure fluctuations arriving just after the passage
of the solar eclipse. It is difficult to determine whether
they are produced by the passage of the solar eclipse
since pressure fluctuations with similar time—frequency
characteristics can be observed at other times. However,
we can see a low-amplitude pressure fluctuation with
a 4-5-h period occurring just after the passage of the
solar eclipse. Looking at the pressure signal produced
from the model with the stratospheric source (Fig. 4), we
can see that the maximum amplitude is also reached
2-3 h after the passage of the solar eclipse and that its
period is about 5 h at this time. The scalogram of the
synthetic stratospheric pressure signal is plotted in
dashed red contours. The amplitude of the synthetic
stratospheric signal was multiplied by a factor of 20 in
order to obtain comparable energy between the syn-
thetic and observed signal. It can be seen that the time-
frequency characteristics of the synthetic signal are
close to those of the recorded signal. This suggests that
the pressure fluctuation could have been produced
by the cooling of the stratosphere during the passage of
the 1 August 2008 total solar eclipse.

There is nevertheless a factor of 20 between the am-
plitude of the synthetic and the observed signals. The
modeling of the atmospheric response to the cooling of
the ozone layer during the 2008 solar eclipse (section 2b)
predicts temperature fluctuations with a maximum am-
plitude of about 1 K at 50-km altitude. This result is in
agreement with Eckermann et al. (2007) who obtained
similar values for the 2002 total solar eclipse with
a prototype high-altitude global numerical weather
prediction model. However, Eckermann et al. (2007)
pointed out that several rocket soundings reported
temperature decreases of 5-12 K at 50-60-km altitude
during solar eclipses (Ballard et al. 1969; Quiroz and
Henry 1973; Randhawa 1974; Schmidlin and Olsen
1984). Tt is thus possible that the amplitude of the
stratospheric thermal forcing term was not properly
estimated in our model. This amplitude discrepancy
calls for future investigation and model improvements.

b. IMS pressure measurements

Identical pressure fluctuations were detected by all
the microbarometers of the M2008 measurement cam-
paign. This result was expected since the microbaro-
meters are relatively close to one another compared
to the dimension of the ground pressure perturbation.
We therefore looked at the pressure signal detected by
the four IMS stations closest to the total eclipse path. To
extract the eclipse signal, we corrected the pressure
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signals from the sensor transfer function (Marty et al.
2010) and applied the same method described in section
4a(2). The pressure fluctuations produced by atmo-
spheric tides and synoptic disturbances were therefore
removed from the pressure signals. Figure 9 represents
the scalogram obtained for the four IMS infrasound
stations 118DK, I31KZ, 146RU, and I34MN. The sca-
lograms of the corresponding synthetic tropospheric
signals are overplotted in blue contour. Here, the am-
plitude of the synthetic tropospheric signals was multi-
plied by a factor of 4.

Waves with periods of 12-16 h can clearly be seen just
after the passage of the solar eclipse at the I18DK,
I31KZ, and I34MN stations. It is worth noting that there
is no other significant energy detected in the 6-24-h-
period band during the entire time period. This strongly
suggests that there is a link between the passage of the
solar eclipse and the observed energy. Moreover, we can
see that at these three stations, the time—frequency
characteristics of the synthetic signals are very similar to
those of the observed signals. As for the M2008 data, the
observed amplitudes are slightly lower but this is not
surprising according to the approximation used in the
simulation and discussed in section 4a(2). A wave with
time—frequency characteristics similar to those of the
tropospheric synthetic signal was also observed at
[46RU. However, this wave arrives too late (2 days
later) to have been produced by the cooling of the tro-
posphere during the 2008 solar eclipse. This shows that
other sporadic atmospheric phenomena can produce
waves with similar characteristics as those observed af-
ter the passage of the solar eclipse at other stations. A
4-h-period pressure signal with similar characteristics as
that of the stratospheric synthetic signal was also ob-
served at the [18DK station just after the passage of the
solar eclipse. However, the observed amplitude is 30
times greater than that of the synthetic signal. Since
other pressure signals are also observed in the same
period range at other times, there is no evidence that this
signal was produced by the passage of the solar eclipse.

5. Conclusions

In this article, we used the linear spectral numerical
model described by (Marty et al. 2010) to estimate the
surface atmospheric pressure perturbation produced by
the cooling of the atmosphere during the passage of
a solar eclipse. While the cooling of both the tropo-
sphere and stratosphere can produce detectable pres-
sure fluctuations at Earth’s surface, it was found that the
tropospheric cooling is much more likely to be the pre-
dominant source. We then estimated the pressure fluc-
tuations produced by the passage of the 1 August 2008
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FIG. 9. Scalogram of the pressure signals recorded at the four closest certified IMS infrasound stations to the total
eclipse path: [18DK, I31KZ, I146RU, and 134MN. Green vertical lines represent the time of the total solar eclipse at
each station. The solid blue contours correspond to the scalograms of the synthetic pressure signals obtained from the
model with the tropospheric source. The first contour level is the same for both the recorded and the synthetic signals
but the amplitude of the synthetic signals was multiplied by a factor of 4.

solar eclipse at the position of different microbarograph
networks. We showed that the amplitude of the simu-
lated pressure fluctuations was rather low compared to
that of ambient pressure fluctuations. This is especially
true for the pressure fluctuations produced by the tro-
pospheric source as their period is in the same frequency
band as the pressure oscillations produced by atmo-
spheric tides. A series of filtering operations was there-
fore required in order to identify the pressure fluctuations
produced by the passage of the solar eclipse. The av-
eraged pressure oscillations produced by atmospheric
tides were first characterized and removed from all
pressure signals. The energetic meteorological distur-
bances produced at periods longer than 24 h were then
filtered out. The resultant pressure signals showed
long-period pressure fluctuations just after the passage
of the solar eclipse at all the stations of the M2008
measurement campaign and at most IMS infrasound
stations located close to the total eclipse path. The
time—frequency characteristics of these identified pres-
sure fluctuations (estimated through the Morlet wavelet

transform) are similar to that obtained from the model
with the tropospheric source. This strongly suggests that
these waves were produced by the passage of the total
solar eclipse of 1 August 2008. Waves with similar time-
frequency characteristics as synthetic pressure fluctua-
tions obtained with the stratospheric source were also
observed. Such waves could therefore have been pro-
duced by the cooling of the ozone layer during the pas-
sage of the solar eclipse. However, the amplitude of these
waves was too high to be explained by the simulations.
Figure 10 shows a summary of the observations from
several experiments after the passage of solar eclipses.
The observations are presented as a function of the pe-
riod of the observed waves and of the distance between
the stations and the central line of the solar eclipse. This
figure points out that the detection of low-frequency
waves at such a number of stations constitutes, to our
knowledge, a unique result. The lack of previous de-
tections might be due to several reasons. First, the re-
cord of such fluctuations requires the use of high
dynamic range pressure sensors whose response is well
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understood and mastered. Second, the pressure sensors
need to detect pressure fluctuations in the entire fre-
quency range and not only the highest-frequency part of
the gravity wave spectrum. Third, to our knowledge,
apart from Chimonas (1970), no pressure waveforms
were estimated for the ground level, increasing the dif-
ficulty to distinguish waves produced by the eclipse from
other fluctuations. Finally, the waves produced by the
passage of a solar eclipse are in a frequency band highly
disturbed by atmospheric tides and meteorological phe-
nomena and their extraction requires the use of specific
signal processing methods.

Since previous authors (Anderson et al. 1972; Goodwin
and Hobson 1978; Farges et al. 2003) reported gravity
waves produced by solar eclipses with period ranging
from 10 to 90 min, we also looked for pressure signals in
this period range. Such signals were identified at the
stations A, B, and C of the temporary network M2008,
but there was no particular link between these pressure
fluctuations and the passage of the solar eclipse. As
discussed in the present paper, such waves can be pro-
duced by the radiative cooling of smaller-size sources
such as cloud layers or water vapor inhomogeneities
(Chimonas 1973). To determine whether these waves
could have been produced by the passage of the 1 August
2008 solar eclipse, additional modeling efforts, including
water vapor profiles and the position of clouds layers,
would be necessary. Finally, we would like to point out

that the IMS infrasound network is a valuable source of
data for analyzing surface pressure fluctuations pro-
duced by solar eclipses. Total solar eclipses occur indeed
on average once a year at Earth’s surface and the first
IMS infrasound stations have been installed more than
10 years ago with now 45 certified stations. As seen in
Fig. 10, the IMS infrasound network provides a great
range of simultaneous observations compared to tem-
porary or isolated sensors. The analysis of IMS infra-
sound data for several solar eclipses could therefore
further demonstrate that the passage of the moon
shadow regularly produces detectable atmospheric
pressure fluctuations at Earth’s surface.
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