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EXPRESS LETTER

Inertial effects due to eruption‑induced 
atmospheric disturbances identified 
by superconducting gravimeter observations 
at Matsushiro, Japan
Yuichi Imanishi*   

Abstract 

The violent eruption of Hunga Tonga-Hunga Ha’apai volcano on January 15, 2022 induced strong atmospheric distur-
bances, which traveled around the world as atmospheric Lamb waves. When this wave passed through the super-
conducting gravimeter station at Matsushiro, Japan, a large signal of gravity changes was recorded. Also, barometers 
installed around Matsushiro recorded wave trains of pressure changes. Analysis of the barometer data revealed that 
the atmospheric disturbances traveled as plane waves. Applying the theory of atmospheric loading for traveling plane 
waves, the observed gravity changes were well reproduced by a sum of three components of atmospheric loading, 
namely, Newtonian, free-air and inertial effects. In particular, the inertial effect of atmospheric loading, which is rarely 
observed, was clearly identified in the gravity data. From the theoretical modeling, an estimate of rigidity in the shal-
low region of the Earth was also obtained.

Keywords:  Gravity, Atmosphere, Loading, Inertial effect, Rigidity, Atmospheric Lamb wave, Tonga eruption

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Open Access

*Correspondence:  imanishi@eri.u-tokyo.ac.jp
Earthquake Research Institute, The University of Tokyo, 1‑1‑1, Yayoi, 
Bunkyo, Tokyo 113‑0032, Japan

http://orcid.org/0000-0001-5172-3901
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-022-01615-4&domain=pdf


Page 2 of 8Imanishi ﻿Earth, Planets and Space     (2022) 74:54

Introduction
Atmospheric loading has significant effects on surface 
geophysical observations using highly sensitive instru-
ments including the superconducting gravimeter (Pro-
thero and Goodkind 1968; Warburton and Goodkind 
1977; Goodkind 1999; Hinderer et al. 2007). Usually, this 
effect is considered as a combination of the following 
two agents (Hinderer et al. 2014). For one thing, a posi-
tive change in atmospheric pressure causes larger upward 
Newtonian attraction by atmospheric mass, resulting in 
a decrease in gravity (Newtonian effect). For another, a 
positive change in atmospheric pressure causes down-
ward displacement of the ground, resulting in an increase 
in the gravity measured on the surface of the Earth (free-
air effect). In total, a decrease in gravity is observed for 
an increase in atmospheric pressure, because the for-
mer effect is larger in magnitude. These effects are com-
monly described using a single factor of proportionality 
representing the magnitude of a change in gravity accel-
eration for a unit change in surface atmospheric pressure. 
This factor, called atmospheric admittance, takes a value 
close to −3× 10−11 ms−2Pa−1 (the minus sign means 
that a positive pressure change causes a negative change 
in gravity), and varies slightly depending on the location 
as well as on temporal and spatial scales (Hinderer et al. 
2014). Considering the precision of the superconducting 
gravimeter, this is a really large effect, and many efforts 
have been made to improve the precision of atmospheric 
corrections. They include frequency-dependent admit-
tances (Neumeyer 1995; Kroner and Jentzsch 1999; 
Crossley et  al. 2002), 2D or 2.5D atmospheric models 
(Merriam 1992; Mukai et  al. 1995; Boy et  al. 2002) and 
3D atmospheric models (Neumeyer et al. 2004; Boy and 
Chao 2005; Klügel and Wziontek 2009).

In addition to the Newtonian effect and the free-air 
effect, Zürn and Wielandt (2007) pointed out, in their 
theoretical considerations on the minimum of back-
ground seismic noise spectra in the vertical component, 
that there should be an inertial effect of atmospheric 
loading on surface acceleration measurements. Among 
the several models considered in that paper, they inves-
tigated the case of acoustic-gravity waves based on the 
work by Sorrells (1971), and provide necessary formu-
lae for calculating gravity effects. Because the inertial 
effect originates from the acceleration of the ground to 
which the sensors are fixed, it does not show up at zero 
frequency, and can emerge only at higher frequencies. 
Although Zürn and Wielandt (2007) did not demonstrate 
a clear observational evidence in real records, Zürn and 
Meurers (2009) showed an example of phase reversal in 
the atmospheric effects at millihertz band observed by 
the superconducting gravimeter C025 at Vienna, which 
implies the existence of the inertial effect of atmospheric 
loading. Forbriger et al. (2021) also investigated the iner-
tial effect of atmospheric loading on observations with 
seismometers and gravimeters at Black Forest Observa-
tory, based on the Bouguer plate model. Although daily 
variations in the atmosphere have spectral power in such 
frequency bands, they seldom appear as a clear signature 
of the inertial effect in the records of gravimeters or seis-
mometers, because such variations are spatially random. 
Spatially coherent variations in the atmospheric pres-
sure are needed so that the inertial effect of atmospheric 
loading can be identified by surface gravity or seismic 
observations.

On January 15, 2022, the Hunga Tonga-Hunga Ha’apai 
volcano in Tonga erupted violently. This event induced 
strong disturbances in the atmosphere which propagated 
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several times around the world as atmospheric waves. 
The waves are considered to be atmospheric Lamb waves 
(Lamb 1910; Lindzen and Blake 1972; Gill 1982). The 
atmospheric Lamb waves are classified into a special 
branch of propagating waves in the stratified atmosphere, 
and propagate along the bottom boundary of the atmos-
phere (Watada 2009; Arai et  al. 2011). The atmospheric 
Lamb waves are not dispersive, meaning that they do not 
change waveforms as they travel except for the effect of 
energy dissipation. After traveling about 8000  km from 
Tonga, the waves passed Japan about 8 h after the erup-
tion. A local barometer network built around the super-
conducting gravimeter station at Matsushiro, Japan 
(Imanishi et  al. 1997, 2004) recorded wave trains of the 
pressure signals from this event. The recorded pressure 
signals were almost identical, indicating that the waves 
took the form of plane waves and therefore that highly 
coherent variations in the surface pressure had occurred 
in this region. Also, gravity changes associated with the 
passing of atmospheric disturbances were precisely 

recorded by a superconducting gravimeter at Matsush-
iro. In this paper, we show a clear evidence of the iner-
tial effect of atmospheric loading, by analyzing both the 
gravimeter and barometer recordings. This analysis also 
led to rough estimation of rigidity of the Earth.

Characterization of atmospheric disturbances
We start with characterizing the atmospheric distur-
bances observed at and around the Matsushiro sta-
tion (see Figure  1). At Matsushiro, the superconducting 
gravimeter iGrav #028 has been in operation since Febru-
ary 2019. In an effort to improve the precision of atmos-
pheric correction for the superconducting gravimeter, we 
built a local network of barometer observations around 
Matsushiro. Four of such barometer stations are still in 
operation, as shown in Figure  1 and Table  1. The sam-
pling interval of the barometers and the gravimeter is 1 s. 

Figure 2 shows the barometer data from the five sta-
tions including Matsushiro. Since the barometer sta-
tions are located at different heights, absolute values of 
barometric pressure are different from station to sta-
tion (Table 1). Aside from the difference in the absolute 
values and arrival times, it is evident that the barome-
ters at the five stations have recorded very similar wave 
trains of atmospheric signals from the Tonga volcano. 
To extract the temporal changes in atmospheric pres-
sure from the volcano, a linear trend was estimated and 
removed from the data for each station. Extracted sig-
nals were subject to calculation of cross-correlations, 
from which differences in arrival times with respect 
to Matsushiro were estimated. The result was − 115  s 
(advance) for Komoro and + 83 s (delay) for Ohmachi. 
Here we excluded Matsumoto and Nagano stations, 
because the clocks of the recording systems at these 
stations were incorrect at the time of the Tonga event, 
due to lost connection to internet time servers. We 
verified that the wave trains of the atmospheric distur-
bances from the three stations were almost identical if 
the data from the Komoro and Ohmachi stations were 
shifted by the estimated time differences.

Fig. 1  Locations of gravimeter and barometer stations used in this 
study. For station codes, see Table 1. The square indicates the area in 
which Newtonian attraction by the atmospheric mass is calculated. 
Atmospheric waves from the Tonga volcano travel from the 
south-east direction through the north-west direction

Table 1  Barometer stations around Matsushiro, Japan

Name Code Latitude (°) Longitude (°) Height (m) Instrument Resolution 
(Pa)

Remark

Matsushiro MA 36.544 138.203 409.5 Paroscientific 6000 0.1 Gravity station

Komoro KM 36.320 138.442 744.2 Yokogawa F4711 1

Matsumoto MM 36.235 138.003 653.9 Yokogawa F4711 1 Incorrect time stamp

Nagano NA 36.668 138.183 479.7 Yokogawa F4711 1 Incorrect time stamp

Ohmachi OH 36.515 137.794 825.8 Yokogawa F452 0.1
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Given this result, we can conclude that the observed 
waves propagated as plane waves. The assumption of 
plane waves will be justified considering the distance 
(about 8000 km) from the Tonga volcano and the size 
(about 100 km × 100 km) of our study area. The veloc-
ity and azimuth of the waves can be estimated using 
the difference in arrival times between stations. Fig-
ure  3 shows the time difference at each station with 
respect to Matsushiro, plotted against the distance 
from the volcano. Fitting a linear function to these 
data while taking into account the uncertainties (1  s) 
in time difference estimation gives (3.49 ± 0.02) s km−1 
as the slowness of the waves, in other words, 
(286 ± 2)  ms−1 as the propagation velocity. This value 
is close to, but significantly lower than, 310  ms−1, 
the value typically quoted as the propagation veloc-
ity of the atmospheric Lamb waves (e.g., Nishida et al. 
2014). One possible explanation of this discrepancy is 
the effect of background eastward winds in the layer 
of the atmosphere where Lamb waves occupy, which 
is particularly strong around Japan in winter seasons. 
For the present, we identify the observed waves as 
atmospheric Lamb waves without going into meteor-
ological details. This does not have serious influence 
on the following analysis of the atmospheric loading. 

The azimuth was estimated to be N45W. This means 
that the waves came from the south-east direction and 
traveled to the north-west direction.

Fig. 2  Barometer records at the stations around Matsushiro, acquired when the atmospheric waves from the Tonga volcano passed the stations. 
The data at Matsumoto and Nagano shown here have been corrected for the estimated time shift (+ 26 s and + 677 s, respectively) of the data 
acquisition system

Fig. 3  Time difference of pressure wave trains recorded at barometer 
stations with respect to Matsushiro, as a function of the distance from 
the Tonga volcano
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Evaluation of atmospheric loading effects 
on gravity
Since we have collected necessary information on the 
Lamb waves from the Tonga volcano, now we can calcu-
late each of the three (Newtonian, free-air and inertial) 
terms of atmospheric loading that would have affected 
the gravity observed at Matsushiro. For the calculation, 
we use the data of atmospheric pressure recorded at Mat-
sushiro as representative of the whole study area.

Zürn and Wielandt (2007) gives formulae for calculat-
ing the effects of atmospheric loading for several theo-
retical models. Here we adopt the “acoustic-gravity wave 
model” (Sect.  4.3) of that paper, because we deal with 
traveling plane waves. For a single angular frequency 
ω, the three equations (13), (15) and (16) of Zürn and 
Wielandt (2007) give the relevant Fourier components 
of Newtonian, free-air and inertial effects, respectively. 
Therefore, the necessary steps to be taken here will be 
(i) Fourier transform the time domain data of surface 
atmospheric pressure, (ii) multiply the Fourier compo-
nents by the factors in the right-hand sides of the three 
equations and (iii) inverse Fourier transform the fre-
quency domain data back to the time domain. These 
procedures are quite simple to implement. However, 
we found that applying this method to our data gives an 
unrealistically large value (larger than 9× 10−9 ms−2 ) for 
the Newtonian effect. The cause of this phenomenon is 
likely the assumption of the half-space adopted in the 
theory. Because the Newtonian attraction slowly decays 
with distance, a flat Earth model with infinitely wide spa-
tial extension may lead to a serious overestimation of 
the total force. On the other hand, the free-air and the 
inertial effects are related with local displacement fields 
of the ground, which will be affected to a lesser degree 
by the half-space treatment compared with the New-
tonian effect. Therefore, here we choose to adopt a less 
sophisticated grid-method for calculating the Newtonian 
effect, whereas the method of Zürn and Wielandt (2007) 
is applied to calculate the free-air and the inertial effects.

For calculating the Newtonian effect, we consider a 
square area of 100  km × 100  km size around Matsush-
iro (Figure  1). The whole area is divided by a 360 × 360 
grid. The size of each cell is about 286  m, correspond-
ing to the propagation length of the Lamb waves in 1  s 
(the sampling interval of the barometer data). Within one 
cell, atmospheric pressure is taken to be uniform. Each 
cell is further divided into 29 × 29 sub-cells, each having 
the size of about 10 m. Vertically, 10,000 layers with 5-m 
spacing are used. The total height of the atmosphere con-
sidered is 50 km. It is noted that the atmospheric Lamb 
waves are evanescent (see Fig. 5 of Arai et al. (2011)). Fol-
lowing equation (10) of Zürn and Wielandt (2007), we 
assume that density perturbations for the traveling waves 

depend on the height z as exp(−z/Hγ ) , where H is the 
scale height and γ is the specific heat ratio of the atmos-
phere. We assume that H = 8× 103 m and γ = 1.4 . We 
ignore topography and curvature of the ground. For each 
epoch, Newtonian attraction due to density perturba-
tions from all the sub-cells is summed up to give the total 
effect at station Matsushiro.

For calculating the free-air and the inertial effects, 
equations (15) and (16) of Zürn and Wielandt (2007) 
are applied. Converting the horizontal wavenumber into 
angular frequency ω in the two equations, the Fourier 
components for the free-air and the inertial effects are 
given by

and

respectively. � and µ are the Lamé constants and c is the 
wave velocity. pω is the Fourier component of temporal 
pressure changes for angular frequency ω . We assume 
that � = µ , so that the factor (�+ 2µ)/(�+ µ) is equal 
to 1.5. The vertical gravity gradient 
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the atmospheric pressure. Because we assume that the 
atmospheric disturbances take the form of plane waves 
traveling in one direction, spatially integrating attractions 
from the cells over the study area is similar in effect to 
applying a lowpass filter to the time domain data. When 
the change in atmospheric pressure takes its maximum 
value of 174 Pa at 11:37 (UTC), the gravity decrease from 
the attraction term reaches 7.3× 10−9 ms−2 . If we sim-
ply calculate the ratio between these numbers, we obtain 
−4.2× 10−11 ms−2 Pa−1 as an apparent admittance. The 
reason why this is larger than usually seen comes from 
the fact that in the case of Lamb waves the atmospheric 
admittance due to Newtonian attraction is theoretically 
about 1.4 times as large (in the absolute sense) as that 
for the atmosphere in static equilibrium (Zürn and Wie-
landt 2007). During the initial positive pressure pulse 
of the Lamb waves (from 11:18 to 11:46), the negative 
changes in gravity due to the Newtonian effect are partly 
cancelled by positive changes due to the free-air (green) 
and the inertial (red) effects. The rigidity µ is taken to be 
40  GPa. The free-air effect is temporally smoother than 
the inertial effect, because the latter is derived by dif-
ferentiating the former twice with respect to time for 
each Fourier component. The sum of the three terms 
(magenta) is shown in Figure  4c. It reproduces well the 

observed gravity changes (cyan). The calculation repro-
duces also the latter parts of the wave train (from 11:50 
to 12:30), indicating that our model also fits those later 
phases of atmospheric waves.

The good agreement between observations and theo-
retical calculations proves that the theory of Zürn and 
Wielandt (2007) is correct. In particular, incorporat-
ing the inertial effect of atmospheric loading which is 
often neglected is the key feature to understand the 
observed gravity signals. In other words, this result may 
be regarded as a clear identification of the inertial effect 
of atmospheric loading by surface gravity observations. If 
we subtract the Newtonian and the free-air terms from 
the observed gravity, we can isolate the inertial term. Fig-
ure 4d shows the inertial effect thus extracted, to be com-
pared with the calculated one shown in Figure 4b. This is 
the “signal” of the inertial effect of atmospheric loading, 
identified by precise gravity observations with a super-
conducting gravimeter. This identification was made 
possible because the atmospheric disturbances were (1) 
energetic enough and (2) spatially coherent. Although 
this is not the first report of the signal of this kind (Zürn 
and Meurers 2009), the Tonga event has provided a rare 
opportunity for studying such a phenomenon with suffi-
cient signal-to-noise ratio.

Fig. 4  a Atmospheric pressure changes recorded at Matsushiro. b Newtonian (blue), free-air (green) and inertial (red) terms of atmospheric loading, 
calculated using the barometer data shown in a. c Sum of the three terms of atmospheric loading (magenta), compared with the observed gravity 
changes (cyan). d The observed gravity changes with the calculated values of Newtonian and free-air effects subtracted



Page 7 of 8Imanishi ﻿Earth, Planets and Space     (2022) 74:54	

The rigidity µ is an undetermined parameter in the 
theoretical calculations. After some trials, we found 
that the observation is well explained when we choose 
µ = 40 GPa, not 30 GPa or 50 GPa. In other words, a 
rough estimate of rigidity has also been obtained from 
our analysis (Wang and Tanimoto 2020). The theory we 
rely upon in this study was developed on the basis of an 
elastic half-space with homogeneous elastic properties. 
Therefore, it is not easy to specify the effective depth to 
which the present estimate of rigidity is sensitive. Con-
sidering that the wavelength of the Lamb waves used in 
our analysis ranges from a few tens to a few hundreds 
of kilometers, the estimated rigidity may represent the 
property in the upper part of the Earth with similar 
vertical scales. Indeed, rigidity of 40  GPa corresponds 
to the depth of 15–20  km according to PREM (Dzie-
wonski and Anderson 1981).

Conclusion
The atmospheric disturbances induced by the eruption 
of the Hunga Tonga-Hunga Ha’apai volcano on Janu-
ary 15, 2022 were recorded as clear signals in gravity by 
the superconducting gravimeter at Matsushiro, Japan. 
We have successfully modeled the gravity changes by 
atmospheric loading based on the theory of Zürn and 
Wielandt (2007). In particular, the inertial effect due 
to atmospheric loading was clearly identified, almost 
exactly as predicted by the theory of Zürn and Wie-
landt (2007).

In addition, analysis of the data has enabled rough esti-
mation of rigidity of the Earth, maybe corresponding to 
the physical property in the shallow region up to sev-
eral tens of kilometers depth. From a gravimetric point 
of view, the Tonga event served as a natural experiment 
of measuring “how rigid the Earth is” by pressing a wide 
area of the ground simultaneously while making precise 
gravity observations on the Earth’s surface.
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