








was warmer than the local ambient temperature, consistent
with a model of GW generated by a shock wave.
[13] Figure 3 confirms that propagation of a large atmo-

spheric perturbation was initiated at about 22:30 UTC on
July 12, 2008 strikingly concomitant to the onset of the
strong 1.7 mHz mode observed in the seismic records. We
suggest, however, that the 1.7 mHz signal does not reflect
propagating ground motion (i.e., seismic waves). For the
reasons discussed earlier in this manuscript (the reader may
refer to the Introduction section) we argue that effective
atmosphere‐ground coupling is unlikely to have been
achieved.
[14] Our preferred explanation is that the ULP signal

represents the effect of changing gravity on the instrument
as described, for instance, by Zürn and Wielandt [2007].
When a parcel of air changes its density due to a pressure
wave, the gravitational field is affected; perturbations in
gravitational acceleration are generated near the Earth’s
surface and the mass of the seismometer is subject to
changes in Newtonian attraction. Müller and Zürn [1983]
proposed a simple model of gravity for a homogeneous
atmosphere with density r and finite extent H:

g ¼ 2�GHD� ¼ 2�GH
pm

RT
ð1Þ

where, G is the gravitational constant, H the height where
the pressure perturbation p is accommodated, m is the mean
molecular weight of air, T the temperature in °K, and R the
specific‐gas constant. For values of H between 10–15 km,
m = 0.02896 kg/mol, T = 288.15 K, R = 8.314472 J/mol K,
and G = 6.673 · 10−11 m3 kg−1 s−2, an atmospheric wave of

1 mbar corresponds to a change in g, sensed by the seis-
mometer, of between 5–8 nm/s2. Changes in atmospheric
pressure also act as a load on the Earth’s surface causing
static displacement and tilts. For well‐adjusted seismometers
tilt is almost exclusively detected on the horizontal com-
ponents, as its effect is a change in the projection of the
vector of gravity onto the axis of sensitivity of the instru-
ment; properly functioning vertical seismometers should not
be affected. Because we did not have clear evidence of large
apparent horizontal motions in the Okmok data, we con-
sidered tilt negligible and proceeded to investigate the
effects of vertical ground displacement. Sorrells [1971]
calculated an approximate solution for the near‐surface
displacement response of a homogeneous and isotropic
half space to a slowly propagating atmospheric pressure
disturbance:

U ¼ c0P0 �þ 2�ð Þ
2� �þ �ð Þ

1

!0j j e
i!0 t� x

c0

� �h i
ð2Þ

[15] Where P0 is the amplitude of the pressure distur-
bance, c0 its speed of propagation, w0 the frequency of
oscillation, and l and m are the Lamé parameters of the
material. This displacement field produces, in the vertical
direction, gravity signals smaller and of opposite sign to
equation (1). The peak change in gravity associated with the
displacement U (equation (2)) is:

Dgmaxj j ¼ d2U

dt2

����
����
max

¼ c0P0!0 �þ 2�ð Þ
2� �þ �ð Þ ð3Þ

Figure 3. (a) NASA MODIS and (b) NOAA GOES‐11 satellite imagery data gathered during the July 12, 2008 eruption of
Okmok volcano. NASA MODIS data are for thermal infrared imagery and NOAA GOES‐11 show visible imagery.
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[16] The amplitude of these changes depends strongly on
the properties of the material. Approximate calculations
assuming rock density of 2600 kg m−3, P‐ and S‐wave
velocities of 4 km s−1 and 2.6 km s−1, respectively, and
values of c0 typical of atmospheric gravity waves (up to a
few tens of m s−1), suggest that at frequencies of 1–2 mHz
the admittance between pressure and gravity is of the order
of 0.1–0.5 nm/s2/mbar.
[17] These simple models allow us to estimate the pres-

sure changes from the seismic data. If we consider that the
seismogram in a narrow band around 1.7 mHz is dominated
by a combination of the effects described above, the theo-
retical admittance coefficients between pressure and local
gravity changes can be used to obtain a simple estimate of
the magnitude of the atmospheric pressure perturbation. In
Figure 4, we plotted the OKFG seismogram corrected for
the acceleration response of the instrument. A notable
increase in amplitude coincides with the period of inferred
propagation of atmospheric gravity waves clearly identified
as a large monochromatic 1.7 mHz oscillation (black‐line
segment in Figure 4). The application of a gravity‐pressure
admittance coefficient of 5 nm/s2/mbar results in estimates
of the peak atmospheric pressure changes of the order of
∼0.8 mbar. Whilst this represents a rough estimate, a pres-
sure perturbation of the order of a fraction of mbar is con-

sistent with barometric measurements at volcanoes with
eruptions of similar magnitude [Ripepe et al., 2010].
[18] Due to the lack of local barometric measurements

we could not obtain an empirical, frequency dependent,
transfer function between atmospheric pressure and ground
displacement.

5. Conclusions

[19] We have presented seismic and remote sensing data
collected during the initial phases of the 2008 eruption of
Okmok volcano. These measurements suggest that the
injection of a large eruption plume at elevations of up to
17 km asl associated with the vent‐opening phase generated
atmospheric gravity waves. The seismic data presented in
this paper represent original, ground‐based, observational
evidence of atmospheric gravity waves generated by an
explosive volcanic eruption. Simple modeling of the effects
that the propagation of atmospheric perturbations have on
seismic instruments allowed us to estimate a peak change in
pressure associated with the eruption of about 0.8 mbar,
consistent with barometric measurements reported at other
volcanoes with eruptions of similar size. Gravity oscillations
induced by large volcanic explosions have been the focus of
several recent investigations and may open new avenues for

Figure 4. (top) Sequence of NOAA GOES‐11 visible imagery between 19:45 and 23:00 on July 12, 2008, and (bottom)
instrument corrected acceleration seismogram during the initial phase of the 2008 eruption of Okmok. The onset of larger
amplitude, monochromatic, ULP (1.7 mHz) oscillations in the band‐pass filtered (1–2.5 mHz) seismic record corresponds to
the propagation of a significant atmospheric perturbation visible in the satellite data (panels 4, 5, 6). Note that corrections for
instrument response and filtering were performed on a 2‐day seismogram around the time of the eruption in order to avoid
undesired signal distortion.
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research into assessing the magnitudes of large eruptions
and understanding their direct effects on the atmosphere.
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