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Abstract

In this study, we detected the horizontal ground strains induced by the atmospheric Lamb wave emitted from the
2022 eruption of the Tonga—Hunga Ha'apai undersea volcano, at an underground observatory in Kamioka, Japan.
The observed strains were in the range of 10~' =10~'% and were measured precisely using a 1500-m laser strainme-
ter with a high resolution in the order of 10~"2. This was one of the first observations of a Lamb wave using a laser
strainmeter. The strainmeter was constructed in a tunnel of the KAGRA gravitational-wave telescope. Our observa-
tions demonstrate that strain and atmospheric pressure were clearly correlated, resulting in a regression coefficient
of —=(2.3 — 3.7) x 10~ '%strain/hPa. This finding was compared with the responses under regular pressure conditions
and the estimations obtained using the local deformation and traveling wave models. The observed coefficients

for the Lamb wave exhibited smaller magnitudes than those observed under regular conditions and take values
between that of the two theoretical models. These results reflect the intermediate scale of the pressure distribution of
the Lamb wave between the assumptions of the simple models. The strain variations were also found to have started
earlier than the corresponding pressure changes at the observation site with characteristic time lags ranging from 25
to 155 s.In addition, several aspects related to the mechanism that created the time lags are discussed.
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Introduction

The large eruption of the Tonga—Hunga Ha’apai under-
sea volcano which occurred at 04:14 on January 15,
2022 UTC produced various phenomena, e.g., seismic
and acoustic disturbances, tsunamis, and ionospheric
disturbances on a global scale (Matoza et al. 2022;
Carvajal et al. 2022; Zhang et al. 2022). One of the most
remarkable phenomena was the Lamb wave, which was
detected as fluctuations of atmospheric pressure at
numerous observation sites while circling the Earth for
a few days after this historic volcanic event occurred.
In addition, for the first time, horizontal deformations
induced by the Lamb wave were observed using laser
strainmeters by us and at another observatory (Dol-
gikha et al. 2022).

Atmospheric loading induces deformations of the
Earth and occasionally hinders geodetic and seismologi-
cal measurements by introducing noises in the signals of
instruments, e.g., seismometers, tiltmeters, strainmeters,
and gravimeters (Ziirn et al. 2007, 2015; Imanishi 2022).
The effect of atmospheric pressure on ground deforma-
tions is a classical problem, and several models based on
theory of elasticity have been proposed to resolve this
problem (Sorrels 1971; Farrell 1972). However, these
models often disagree with the observation results (Stef-
fen et al. 2005; Mouyen et al. 2017), which indicates that
there is a lack of clarity regarding our general under-
standing of pressure-induced ground strain. This may
suggest that various factors are not considered in these
simple models, e.g., topographic effects, meteorological
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effects, or the dynamic response of the crustal struc-
ture, and these omitted factors may introduce measur-
able discrepancies between the observations and the
simple models. Thus, extensive corresponding studies
have been conducted, including numerical modeling
based on the finite element method and the analysis of
seasonal variation of strain response to pressure (Mentes
and Eper-Péapai 2009; Kroner et al. 2005; Steffen et al.
2005; Gebauer et al. 2010). In addition, previous studies
have estimated that atmospheric loading in the vicinity
of the observation point (and in the wider area) appears
to cause nonnegligible effects on ground deformations
(Akutsu et al. 2021). This introduces another complexity
to the evaluations of loading effect because it is gener-
ally difficult to detect the exact distribution of air pres-
sure over a wide region. In this context, the Lamb wave
emitted from the undersea volcano provided a unique
opportunity to better understand the mechanism of the
loading effect because it created a distribution of air pres-
sure that can be estimated with little uncertainty, virtu-
ally forming a coherent plane wave at remote locations,
e.g., Japan, which is distant from the wave’s origin point.
This particular condition should resolve the complexity
related to the uncertainty of atmospheric pressure distri-
bution under normal conditions and allowed us to evalu-
ate the spatial range within which the air loading induced
the deformations at the strainmeter location.

The Lamb wave generated by the eruption of the
undersea volcano in Tonga was observed using a 1500-m
laser strainmeter at the Kamioka Observatory, which
has a resolution in the order of 107!2, and this is the best
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resolution at the frequencies of interest (1 mHz to 10 Hz;
Araya et al. 2017). This excellent signal-to-noise ratio
allowed us to investigate the relationships between pres-
sure and strain precisely by analyzing their waveforms
and spectra.

In this paper, following a brief description of the
Kamioka Observatory in the next section, we report the
observation results of atmospheric pressure changes
caused by the Lamb wave, and the horizontal strains
induced by these changes. The results of the observa-
tions are then discussed and compared with theoretical
models.

The 1500-m laser strainmeter at Kamioka
Observatory

In 2016, we constructed a laser strainmeter in the
underground site of the gravitational-wave antenna
KAGRA (Kamioka, Gifu Prefecture, Japan). This site
comprises two orthogonally excavated tunnels meas-
uring 3 km in length (Akutsu et al. 2020). The laser
strainmeter with a 1500-m baseline length is referred
to as the Geophysics Interferometer (GIF) and is still
in operation in the KAGRA’s “X-arm” tunnel (Araya
et al. 2017). The locations of the GIF and KAGRA
are shown in Fig. 1. The GIF is located at 36.416° N
latitude, 137.316° E longitude, 377 m a.s.l, approxi-
mately 380 m below the surface (these values are for
the midpoint of the instrument based on the digital
elevation model supplied by The Geospatial Informa-
tion Authority of Japan) with an azimuth of N 61.7°
E, horizontal (Brady et al. 2021). The location and

36°22N-

137°14E 137°16'E 137°18°E 137°20E 137°22E

Fig. 1 Rightand center: locations of the 1500-m laser strainmeter (GIF) at the KAGRA site and the Hunga-Tonga undersea volcano, respectively.
The red curve represents the Great circle path between the KAGRA site and the volcano, along which the Lamb wave emitted by the eruption is
supposed to have traveled to Japan, thereby forming a plane-wave-like pressure distribution. Left: topographical map around the KAGRA site in
Kamioka. The GIF (red circles) is installed in one of the KAGRA tunnels (blue). The Great circle path is shown by the red line running SE to NW. A
fraction of the strain induced by the traveling wave was observed as the GIF is rotated by approximately 105° from the propagation path
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orientation of the tunnel were determined to obtain
a large cover depth of soil to reduce seismic noise for
KAGRA. The GIF was designed and installed for geo-
physical observations and was expected to provide
valuable information about the tunnel deformation
for KAGRA to enable active baseline compensations
(Akutsu et al. 2021; Miyo 2020). It is essentially a
Michelson laser interferometer equipped with une-
qual arm lengths (Fig. 2), and the displacement of the
main 1500-m baseline is measured using the quadra-
ture phase detection technique and a high-frequency-
stabilized laser that realizes a linear strain resolution
better than 10~!! within the frequency range studied in
this paper (Agnew 1986; Araya et al. 2002). The front
end of the GIF (X500) is located approximately 960 m
(path length) from the entrance of the KAGRA tun-
nel behind nonairtight steel doors, and its other end
(X2000) is 1500 m from X500. The GIF covers wide
frequency and spatial ranges. It regularly observes the
tidal strains with amplitudes of the order of 10~ and
microseisms where the amplitude strongly relates to
the weather condition of the Sea of Japan (in the range
of 107! to 1071% around 200 mHz), as well as regional
earthquakes that induces large strain fluctuations
of the order of 1077 without saturating (Akutsu et al.
2018; Araya et al. 2017). In theory, the GIF can record
horizontal linear strains continuously as long as the
interferometric phase is tracked; however, it is occa-
sionally interrupted by human activities in the tunnel
(for the commissioning work of KAGRA) and other
practical issues such as power outages.

To monitor atmospheric pressure at the GIF, Vaisala
PTB110 barometric pressure sensors are deployed at
both X500 and X2000. The recorded pressure at both
of these ends was virtually identical with the pressure
recorded outside the tunnel (Washimi et al. 2022),
which was likely due to the loose closure of the tunnel
by the steel doors described earlier.

Quater wave plate
1500 m
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Observations and data processing

Waveforms and cross-correlation analysis

Here, 24-bit analog-to-digital converters were used to
record the output fringe signals of the GIF and the sig-
nals of barometric pressure sensors at sampling rates of
50 kHz and 200 Hz, respectively. The fringe signals were
then converted to an interferometric phase representing
the displacements of the 1500-m arm and resampled at
20 Hz. The average linear strain along the interferome-
ter baseline was obtained by dividing the displacements
by the nominal baseline length of 1500 m. Note that the
tidal strains contribute the largest to the strain ampli-
tude. Theoretical tidal strains, including solid Earth and
oceanic tidal loading, were calculated using the GOTIC2
software, and then subtracted from the observed strain
data to investigate the effect of atmospheric loading
(Matsumoto et al. 2001). The theoretical strain was syn-
thesized by a linear combination of three horizontal
strain components because the strain at the Kamioka site
is influenced by topographical effects. Here, the combi-
nation coefficients, i.e., @, 8, and y, were determined by
minimizing the sum of errors from the observed tidal
strain as follows:

S(e) =Y {eobs — (@ens + Beew + vesw)l’ (1)

where ¢}, denotes the observed strain, ens, €gw, and esyg
denote the theoretical linear strains in the north—south
direction, the east—west direction, and the shear strain,
respectively. Each combination of weighting factors was
determined using the strain data with a period of 24 h,
including the corresponding arrival of the Lamb wave.
An example of the strain data preprocessing is illus-
trated in Fig. 3. High-frequency noises were removed
by applying a second-order Butterworth low-pass filter
with a cutoff frequency of 0.01 Hz to the detided strain
and atmospheric pressure data. Note that only the pres-
sure data recorded at X500 are considered in this paper
because the atmospheric pressure changes at the two
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Fig. 2 Diagram of GIF adopted from the literature (Araya et al. 2017) with minor modifications. A frequency-stabilized laser beam is introduced
to an input mode matching telescope to locate the beam waist at the position of the end reflector, and a quarter wave plate is inserted in the

reference arm to enable the quadrature phase detection
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Fig. 3 Strain data preparation process. The theoretical tide
(compression negative) was calculated using GOTIC2 and weighted
(green) to best reproduce the raw observed strain (red). Their
difference gives a detided strain (blue). Arbitrary offset is added to
each curve for clarity. The arrows indicate a tiny glitch associated with
the arrival time of the first Lamb wave (L)

ends of the GIF were observed to be identical (Akutsu
et al. 2021).

Figure 4a shows the detided strain observed by the GIF
at the arrival of the first Lamb wave (L;) that traveled
along the minor arc from the south to arrive at approxi-
mately 11:30 UTC, i.e., 7 h and 15 min after the eruption.
A clear negative correlation between the pressure and
strain can be seen immediately. The maximum variations
of the atmospheric pressure and strain were approxi-
mately 1.9 hPa and —4.0 x 10710, respectively, where the
negative sign means compression. A normalized cross-
correlation function was calculated as follows in consid-
eration of the slight offset in time (time lag) between the
strain and pressure:

Z et mpom)
m=0 \/ITRp -
Rep(n) = (2)
N e(myp(—n + m)
—=— ' n<0,
— R:Ry,
N N
R, = Z s(m)z, Ry, = ZP(WI)Z, (3)
m=1 m=1

where ¢ and p denote the detrended strain and pressure
samples, respectively, N denotes the number of samples
and T = At X u gives the time lag between the strain and
pressure (At is the sampling interval). The shape and
peak values of the cross-correlation function were found
to be strongly dependent on the period of data used in
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the calculation. Thus, to evaluate the effect of the Lamb
wave as efficiently as possible, we carefully selected data
periods that satisfied the following criteria: (1) each
period must contain the main (significant) peak(s) of
the Lamb wave, and (2) the absolute value of the larg-
est negative peak of R, must be greater than 0.8, i.e, a
strong negative correlation between the pressure and
strain is required. The periods of data used in the calcula-
tions are listed in Table 1. For Lj, the strongest correla-
tion (|R5,p| ~ 0.87) occurred at approximately —40.4 s of
time lag, which indicates that the strain changed ahead of
the pressure. To evaluate the uncertainty of the time lag,
a full width of the negative peak at which the amplitude
of the peak decreases by 10% was calculated (Table 1). As
can be seen, for Ly, it is 156 s.

In Table 1, from left to right: the indexes of the Lamb
wave; periods of data used to calculate the cross-correla-
tion functions and transfer functions between the strain
and atmospheric pressure; minimum values of the cross-
correlation functions (equivalent to the strongest nega-
tive correlation coefficients); and the corresponding time
lags and full width at which the correlation decreases by
10% from the peaks. The negative lags indicate the strain
changes ahead of the pressure. The regression coefficients
obtained from the mean magnitude of the transfer func-
tions in 0.6—3 mHz are given in the rightmost column.

Figure 4b and ¢ shows the waveforms for the second
(L) and third (L3) waves, which arrived from the north
and south together with their corresponding strains. As
shown, the maximum amplitudes of pressure for L, were
0.43 hPa, and that for L3 was 1.1 hPa. Note that the pres-
sure variations for Ly were substantially less than those
for other waves. The cross-correlation functions for Lo
and L3 were computed in the same manner as for L;.
The results are plotted in Fig. 5. As shown in Table 1,
the strongest correlations and the corresponding time
lags were negative in all cases, which indicates that the
changes in strain occurred prior to the local pressure
variations.

Frequency domain analysis

Figure 6a—c shows the spectra of the strain and atmos-
pheric pressure fluctuations along with their coher-
ences for L; — L3, respectively, and the periods of data
used to compute the spectra are listed in Table 1 (sec-
ond column). The strain fluctuation induced by the
microseisms appears as a broad peak around 0.2 Hz.
Note that the spectra of the strain and pressure have
similar shapes below 3 mHz in all cases, and their high
coherences, which indicate their strong correlations,
are observed at these frequencies. A high coherence
associated with the resonance of the tunnel at 28 mHz
was observed in 10-30 mHz range for L; (Washimi
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Fig. 4 Detided strain (blue, compression negative) and atmospheric pressure (red) variations observed at the arrival of the first direct Lamb wave
a Ly, the second wave b [, and the third wave ¢ L3. Linear trends were removed from the detided strain shown in Fig. 3 and from the pressure data
prior to applying a 0.01 Hz low-pass filter. The visibility of L, may be lower than others and insignificant relative to the background fluctuations;
however, its arrival was confirmed by a similar waveform recorded at a distant observatory (see Appendix)

Table 1 Summary of data analysis

Lamb wave Period (UTC) Best correlation  Corresponding lag Full width (10% Regression coefficient
coefficient [second] decrease) [second] [strain/hPa]

Ly 2022/1/15 11:20-13:00 - 087 —404 156 —24x 10710

L 2022/1/16 07:30-09:00 —-089 —25.1 13 —37x 10710

L3 2022/1/16 23:30-2022/1/17 01:30 —-0.84 — 155 273 —26x 10710

et al. 2022). The transfer functions between the strain
and pressure were computed using the same dataset to
investigate the regression coefficients between them.
The results are shown in Fig. 7a—c for L; — L3, respec-
tively. As can be seen, the magnitudes and phases of
the transfer functions become nearly flat and close to

—180°, respectively, in the frequency band where higher
coherences were observed. This observation is consist-
ent with the negative correlations seen in the time-
domain data. The mean values of magnitude in 0.6 — 3
mHz were calculated to obtain the regression coeffi-
cients, and the results are summarized in Table 1. Note
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Fig.5 Cross-correlation functions computed between the observed
strain and atmospheric pressure fluctuations for L (blue), L; (red),
and L3 (green). The strongest negative correlation corresponds to a
time lag between strain and pressure. The dispersed waveform and
the influence of background noise may have caused multiple peaks
with same levels of amplitude for L. These were computed from the
records in the periods given in Table 1

that the scales of the left (strain) axes in Fig. 6a—c are
adjusted by multiplying the range of the right (pressure)
axes by these coefficients, which allows us to visually
confirm that the strain and pressure spectra coincide
below a few mHz.

Discussion

Response to regular pressure fluctuations

The response of ground deformation to regular fluctua-
tions of atmospheric pressure was calculated as a refer-
ence because the Lamb wave from the eruption was
an unusual event. Note that the term “regular fluctua-
tions” refers to moderate meteorological conditions that
exclude harsh changes in pressure, e.g., typhoons. Five
time periods of 12-h stretch, in which the correlations
between strain and pressure were observed in wave-
forms, were selected by considering the weather condi-
tions and avoiding earthquakes or human activities in the
tunnel for commissioning the KAGRA telescope, which
introduce noises to the laser strainmeter (refer to Fig. 10
for an example). Using the same procedure described in
the previous section, the spectra of the strain and pres-
sure were computed using the 12-h data (Fig. 11). The
regression coefficients were obtained by calculating the
mean values of the flat part of their ratio (strain/pres-
sure) at the low frequencies, which is equivalent to the
magnitude of a transfer function, depicting high coher-
ence (2 0.8), as shown in Fig. 8 and summarized in
Table 2. These analyses were performed using the data
acquired within three weeks before and one week after
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the eruption, and the resulting coefficients agree within
11%. Although a coefficient with a larger magnitude,
ie, —5.5 x 10 1%train/hPa, was reported by Akutsu
et al. (2021), it was obtained from the ratio of the spec-
tra of the strain and pressure recorded in October 2017,
i.e., more than four years prior to the occurrence of the
eruption of the Tonga—Hunga Ha’apai volcano. Thus, the
coefficient for regular pressure fluctuations during the
arrivals of the Lamb wave can be assumed to be close to
those obtained in the closer days in Table 2 with an aver-
age of £GIF,reg = —4.7 X 10719 strain/hPa.

The theoretical strain caused by atmospheric pressure
over an elastic half-space is given as follows:

A : ( a )P fisoP 4
€isgo = —— ~ = & S

iso 4M R iso ( )
Eiso = —4.3 X 10_10[strain/hPa], (5)

where P denotes the pressure, and 4 and u refer to the
Lamé parameters according to the general results of
the surface strain presented by Farrell (1972, p. 769). In
this model, the ground is assumed to be isotropically
deformed by the local pressure. The Lamé parameters of
the local bedrock were determined using a blasting exper-
iment, where A = 32.7 GPa and nu = 25.1 GPa (Takemoto
et al. 2003). We found that the regression coefficient
observed under regular conditions £Gireg Was consist-
ent with the theoretical value of &5, within 10%. Thus, the
local deformation model is considered to be an effective
representation of the regular spatial pressure conditions.

Discussion on the response to Lamb wave

Using the observations from the GIF, the regression coef-
ficients of the horizontal ground strain in response to the
atmospheric pressure fluctuations created by the Lamb
wave were obtained as £grrops = —(2.3 — 3.7) x 10710
strain/hPa. The coefficients for L; and L3 were in agree-
ment within 12%, and their absolute values were less
than that of Ly. Note that the Ly coefficient might be
overestimated because the pressure variation created by
the Lamb wave was not as significant as that of L; and
L; relative to the background pressure fluctuations; thus,
the effect of the background fluctuation may have caused
nonnegligible influences. The observed coefficients
have smaller absolute values compared to those of the
response of the GIF to regular pressure variations. How-
ever, it is unlikely caused by the temporal variations of
coeflicient due to seasonal or meteorological conditions
(Mentes and Eper-Pdpai 2009) because the coefficient
for regular fluctuations was supposed to be stable dur-
ing the arrival of Lamb wave as discussed in the previous
subsection.
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Fig. 6 Spectra of detided strain and atmospheric pressure fluctuations fora Ly, b L, and ¢ L3 (plotted with coherence). The higher coherences and
similarity in the shapes of the strain and pressure spectra were commonly observed below a few mHz, which suggests a strong correlation between

them, as expected from the waveforms shown in Fig. 4

To better understand this discrepancy, we consider the
“Traveling wave model (TWM)” discussed by Ziirn et al.
(2007). The pressure disturbances created by the Lamb
wave traveled as a distinct unidirectional plane wave, while
the usual meteorological phenomena generated relatively
slow pressure fluctuations with more complicated spatial
distributions in a greater area. This observation satisfies the
conditions of the TWM. According to the TWM (Eq. 10
in Zirn et al. 2007), the horizontal strains induced on the
ground surface by atmospheric pressure that propagate as a
plane wave along the x axis is given as follows:

M
)u+/1/

1
Ay TWM = — = ( )P = &rwmP. (6)

2u

Note that the plane wave induces the horizontal strain

only in the propagation direction (Aey,Twm =0, y is

orthogonal to x). Thus, the theoretical strain observable by
the GIF is expected to be:

(7)

2
&GIFTWM = §TwMCOs” AD,

AO = 01 + barr, (8)

where 01 and Ogir denote the direction of propagation
and the azimuth of the GIF, respectively. In our case
0r = N43.60°W, considering the Great circle path from
the undersea volcano to Kamioka based on GRS80.
The geometric relations of the propagation path and
the azimuth of the GIF are illustrated in Fig. 1 (left).
The theoretical regression coefficient was calculated as
EGIF,TWM = —6.0 x 10711 strain/hPa using Egs. (6), (7)
(8). This value is much less than the observed value of
EIr,ops Dy a factor of 3.8-6.2 (in absolute values). This
difference is too large to be caused by the deviation of
propagation path from the great circle or distortion of
the wave front from an ideal plane wave that could be
caused by strong winds; nevertheless westerly windy con-
ditions were observed at the time of arrival (Watada et al.
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Fig. 7 Bode plots of transfer functions from the atmospheric pressure to horizontal strain calculated for (@) L+, (b) L, and (c) L3 using the data
recorded in the periods shown in Table 1. The peak around 30-40 mHz corresponds to the resonance of the tunnel (Washimi et al. 2022)

2023). In case the discrepancy resulted sorely from the
redirection of the propagation path, it must be rotated to
the east by greater than 45 degrees, which, in the current

Table 2 Regression coefficients between strain and atmospheric
pressure in regular conditions obtained from the mean values of
spectra ratio at low frequencies (Fig. 6)

Date (JST, UTC+9) Regression
coefficient

[strain/hPa]

2021/12/25 00:00-2021/12/25 12:00 —47 x 10710
2021/12/26 00:00-2021/12/26 12:00 —48x 10710
2022/1/1 12:00-2022/1/2 00:00 —43x 10710
2022/1/22 15:00-2022/1/23 03:00 —49 x 10710
2022/1/23 12:00-2022/1/24 00:00 —46x 10710
Average —47 x 10710

scenario, seems impossible. The reduction in the coef-
ficient could be attributed to the peculiar timescale and
spatial distribution of the atmospheric pressure carried
by the Lamb wave. This can be interpreted as an inter-
mediate state between the wide pressure distribution
assumed in the local deformation model and the lin-
ear load distribution on which the TWM is based. This
may result in a regression coefficient that lies between
the expected values from these ideal models. The
observed width of the main peak pressure of the Lamb
wave was 1000-2000s, which corresponds to a width of
310-620 km in space. Here, it is assumed that the typical
group velocity of Lamb waves is 310 m/s (Matoza et al.
2022). This is sufficiently large relative to the character-
istic range where atmospheric loading causes strains.
Thus, it seems reasonable that the response of the ground
deformation became closer to that of the isotropic
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Fig. 8 Ratio of strain and atmospheric pressure spectra under regular
meteorological conditions, before and after the eruption. A dataset
with a 12-h period was used to calculate each these ratios. The
regression coefficients were obtained by calculating the mean values
at frequencies less than 3 mHz where high (= 0.8) coherence was
obtained between the strain and pressure

pressure rather than the local pressure at the point of
strain observation carried by a plane wave, which is con-
sidered in the TWM [Eq. (6)].

As shown in Table 1, the characteristic time lag
between the strain variations and pressure changes
was found to be 25.1-155 s, and the strain was found
to change ahead of pressure in all events. The strain-
before-pressure sequences were also observed in the
records used to calculate the response under regu-
lar conditions at the GIF and have been reported for
other sites (Onoue 1993; Kroner et al. 2005). The time
lags reported by Onoue and Kroner were in the order
of hours and identified after several days of observa-
tions, and those for the Lamb wave were in the order
of 10-100 s. This may indicate a positive correlation
between the time scale of the atmospheric pressure
changes and the time lags. First, we assumed that the
time lags were created by the regional loading effect, as
implicated by Akutsu et al. (2021), using the data under
general conditions, i.e., the Lamb wave induced the
measurable strain at the GIF site when the wave front
was still distant. However, if this is the case, the same
effect should occur after the wave passed the site, and it
should have caused a broadened strain peak and a zero-
centered peak of each cross-correlation function. How-
ever, these after effects were not observed. This finding
may suggest the need for some factors not included in
the models based on a static response of a half-space
with linear elasticity to a surface loading, to understand
the response of crustal deformations to atmospheric
loadings. Such factors may include dynamic coupling
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between crustal deformations and atmosphere, the
effect of the curvature of the Earth, and topographic
effects (Canitano 2020). It was demonstrated by finite
element modeling that topographic effects can cause
complicated ground deformation when a high pres-
sure area passes over a strainmeter (Gebauer et al.
2010). Note, this is an untested hypothesis; however, it
was postulated only after the clear observation of the
strains induced by the Lamb wave.

Conclusions

In this paper, we have presented clear observations
about the horizontal ground strains with the 1500-m
laser strainmeter GIF at Kamioka, Japan, induced by the
atmospheric pressure fluctuations caused by the Lamb
wave emitted from the eruption of the Tonga—Hunga
Ha’apai undersea volcano, which occurred January
15, 2022. Given the high resolution of the instrument,
the horizontal linear strain variations were accurately
observed to be in the range of 107! to 1071°. The wave-
forms exhibited an apparent negative correlation between
strain and pressure, and this correlation was confirmed
by the high coherence between them below a few mHz.
Using the low-frequency component of the transfer func-
tions between strain and pressure, the regression coef-
ficients were determined to be —(2.3 —3.7) x 10710
strain/hPa. In addition, the regression coefficient to reg-
ular pressure fluctuations was calculated using the data
observed before and after the eruption, which turned
out to be stable during the events with an average of
—4.7 x 10719 strain/hPa. Thus, the response to the Lamb
wave was significantly smaller in magnitude compared
to that of the regular pressure variations. The regression
coefficients for the Lamb wave obtained in this study
were also compared with two theoretical models, i.e.,
the local deformation model, which represents the regu-
lar pressure condition, and the TWM, which assumes a
pressure distribution corresponding to a traveling plane
wave front while rejecting deformations orthogonal to a
propagation path. The observation result was intermedi-
ate between the estimates obtained using these models.
This may reflect the medium spatial scale of the Lamb
wave between the extreme situations assumed in these
simple models. The time lag between the strain varia-
tions and pressure fluctuations was found to lie between
25 and 155 s (i.e., the strain changed ahead of pressure),
which was not expected from the static model describing
the effect of the surface loading on an elastic half-space.
However, further observations under various conditions
are required to better understand the origin of the time
lag and improve the theoretical models.
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Appendix

Identification of Lamb wave

To determine the periods of data used in the analysis of
each Lamb wave, the atmospheric pressure fluctuations
measured at distant observatories were compared with
those of the GIF. We found that the waveforms were
highly site dependent, and were affected by local wind
and air temperature variations. However, similar wave-
forms were found at some observatories at the expected
time of arrival, and these were used to identify L;—Ls.
The atmospheric pressure fluctuations observed at
the GIF and Kirishima Volcano Observatory (KVO) of
the Earthquake Research Institute of the University of
Tokyo are shown in Fig. 9 as an example. The identifi-
cations of L1 and L3 were obvious; however, that of L,
was somewhat difficult because it had relatively small
amplitude, which was also distorted by the local atmos-
pheric disturbances. By carefully comparing two wave-
forms, some notable peaks were found to correspond,
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which are indicated by the green arrows in Fig. 9, to
help us identify Lj.

Strain and atmospheric pressure with a longer
time-window
The response of horizontal strain to the air pressure
under regular conditions was calculated using 12-h data.
The time-series data for one of these periods, i.e., dur-
ing 2021/12/26 00:00-12:00 (JST, UTC+9), are shown
in Fig. 10. The strain variations also led the atmospheric
pressure in this time scale. Figure 11 shows the spectra
of the strain and air pressure of the data shown in Fig. 10
together with the coherence and ratio between them.
Here, the regression coefficient was calculated from
the mean value of the ratio in 0.8—-3 mHz, where a high
coherence (>0.8) was observed.

See Figs. 9, 10, 11
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Fig. 9 Atmospheric pressure observed at GIF and KVO. Similar waveforms were observed at these distant sites (the corresponding locations
are shown in the map at the bottom-right). L (a) and L3 (c) arrived at KVO after the GIF, and L (b) was detected at KVO before the GIF. Some

corresponding peaks in L are indicated by green arrows
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