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S U M M A R Y
Earth’s free oscillations excited by a mega-thrust earthquake were observed by a continent-
scale array of groundwater monitoring sites for the first time. After the occurrence of the 2011
Tohoku Mw 9.0 earthquake, water level records at 43 out of 216 wells in the China mainland
revealed long-period free oscillation signals. In the time domain, these free oscillations exhibit
globe circling Rayleigh surface waves. In some single wells, even the globe-circling Rayleigh
wave R7 was visible, which travels three times around the Earth after the first arrival and
appears about 10 hr after the earthquake occurrence in the present case. The spectral analysis
shows that the principal oscillatory fluctuations seen in the water level records correspond to
the spheroidal modes 0Sl (l = 2–31 for frequencies between 0.3 and 5.0 mHz) of the Earth’s free
oscillation. Especially at quiet sites, the spheroidal modes at very low frequencies (<1.5 mHz)
can be identified with high signal-to-noise ratios. Using signal enhancement methods (product
spectrum over 43 wells), even the gravest modes of these oscillations can be detected. The
results suggest that groundwater level arrays can be considered as a low-cost complementary
tool to study the Earth’s free oscillations excited by great earthquakes. Additionally, the site-
specific aquifer response may provide further insight into local hydrogeological conditions.

Key words: Time-series analysis; Hydrogeophysics; Surface waves and free oscillations;
Asia.

1 I N T RO D U C T I O N

Free oscillations of the Earth have been used to constrain and pro-
vide insight into the Earth’s deep interior structure and its dynamics
(Ness et al. 1961; Laske & Masters 1999; Woodhouse & Deuss
2007; Molodenskii & Molodenskaya 2009; Molodenskii 2010),
to understand the focal mechanisms of earthquakes (Kanamori &
Anderson 1975; Park et al. 2005; Lambotte et al. 2007; Okal & Stein
2009; Bogiatzis & Ishii 2014) and to recognize slow and silent earth-
quakes (Beroza & Jordan 1990). Theories of the Earth’s free oscilla-
tions which have been discussed since the latter part of the 19th cen-
tury were gradually verified by experimental observations during the
late 1950s and 1960s. Originally, only gravimeters and strainmeters
were used to monitor the Earth’s free oscillations. Benioff (1958) at-
tempted to find free oscillations after a large Kamtchatka earthquake
and found oscillations with about the period of 0S2 visible in the
strain record. Benioff et al. (1959) were searching for the incessant
free oscillations, but did not find anything, and concluded that their
amplitude must be less than 1 µgal. Today we know that they are a

factor of 1000 times smaller. Benioff et al. (1961) detected normal
modes after the great Chilean earthquake. After that, a wide range of
normal modes were observed by different kinds of instruments. In
particular, both spheroidal and torsional oscillations were revealed
by a power spectral analysis of seismograms recorded by different
seismographs. Alsop et al. (1961) analysed periods of the graver
modes of oscillations with a strain seismograph and a pendulum
seismograph. Derr (1969) estimated an earth model through least-
squares inversion with weighted means of observed periods of free
oscillations recorded by spring gravimeters. Dziewonski & Gilbert
(1972) made an intensive search for the Earth’s eigenperiods with
long-period seismographs from the World-Wide Standardized Seis-
mograph Network. Modern seismometers like the STS-1 can detect
the longest period normal modes (Deuss et al. 2011). Igel et al.
(2011) and Nader et al. (2012) explored observations of the Earth’s
toroidal free oscillations recorded on a ring laser system, which
is sensitive to rotational ground motions around a vertical axis.
Ferreira et al. (2006) suggested that long-base fluid tube tiltmeters
could potentially contribute to obtaining high-quality measurements
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1458 R. Yan et al.

Figure 1. Distribution of 43 selected well sites where the Earth’s free oscillations excited by the Mw 9 Tohoku earthquake were recorded. Well depths are
indicated by coloured symbols. Squares depict the selected 43 wells. Circles indicate other wells. The star marks the YMG seismic station.

of the long-period seismic surface waves and free oscillations. Park
et al. (2008) reported long-period toroidal free oscillations from
the great Sumatra–Andaman earthquake observed by paired laser
extensometers in Gran Sasso, Italy. Recently, Mitsui & Heki (2012)
observed Earth’s free oscillation excited by the 2011 Tohoku earth-
quake by a dense GPS array of more than 300 stations in Japan, and
Zürn et al. (2015) showed high-quality low frequency normal mode
strain observations for the 2011 Tohoku earthquake.

A confined well-aquifer system can be viewed as a strain meter.
The sensitivity of such a system to strain is associated with the
poroelastic and hydraulic properties of the aquifer and the geom-
etry of the boreholes (Bodvarsson 1970). Water level oscillations
are usually recorded in wells during the passage of seismic waves
caused by large earthquakes. Already in the 1960s it was suggested
that major water level oscillations have been induced by long-period
surface waves (Eaton & Takasaki 1959; Rexin et al. 1962). Cooper
et al. (1965) formulated analytical solutions relating the amplifi-
cation to the transmissivity and storage coefficient of the aquifer,
the well dimensions and the period of the seismic wave. Liu et al.
(1989) synthesized the results of previous studies and improved the
analytical solution for amplification. Brodsky et al. (2003) extended
these models and applied them to fractured aquifers. All of these
studies were focused on surface waves with periods of several tens
of seconds. However, only very few studies exist on longer-period
free oscillation signals recorded by groundwater level (Kawabe et
al. 1988; Ren et al. 2009).

In this study, we demonstrate that long-period oscillations ex-
cited by the Tohoku Mw 9.0 earthquake were widely observed by
water level stations in mainland China. Groundwater level data with
a sampling interval of 1 min allow the analysis of Earth’s free os-
cillations. An autoregressive (AR) spectral estimation method was
used to detect free oscillation modes in each water level time se-
ries, while a simple array analysis of product spectra of time series
from 43 well sites was used to improve the signal-to-noise ratios
(SNRs). The seismically-induced water level oscillations were then

compared with velocity records from broadband seismometer in the
major frequency band of the free oscillations. The results show that
water level arrays can detect spheroidal modes of the Earth’s free
oscillations down to very low frequencies.

2 O B S E RVAT I O N S A N D DATA

An Mw 9.0 earthquake occurred at 05:46:24 UTC on 2011 March
11 off the Pacific coast of Tohoku, Honshu Island, Japan. The earth-
quake resulted from mega-thrust faulting on the subduction zone
between the Pacific and the Okhotsk plates. The fault rupture ex-
tended about 200 km along dip, while the aftershock zone covered
a length of about 500 km along strike of the subduction zone. The
average slip was about 10 m (Ide et al. 2011; Suzuki et al. 2011;
Kubo & Kakehi 2013; Hwang 2014). This is the largest earthquake
ever recorded with modern instruments in Japan and is the fourth
largest earthquake recorded instrumentally in the world since 1900
in the historical catalogue.

Following the 2011 Tohoku Mw 9.0 earthquake, groundwater
level data from 216 well sites of the Groundwater Monitoring Net-
work of China Earthquake Networks Center were analysed. The well
water levels were measured by LN-3A digital piezometer recorders
manufactured by the Institute of Earthquake Science, which belongs
to the China Earthquake Administration (CEA). The piezometer
readings are converted into groundwater level with a resolution of
1 mm over the range between 0 and 10 m; absolute accuracy is 0.2
per cent full scale. The sampling interval of the observation data was
one minute, the data logger clock being synchronized with GPS. All
the wells are open. Most of the wells were drilled into consolidated
rock, mainly limestone, sandstone and magmatic rocks. The bore-
holes were cased to specific aquifers down to a depth of 5269 m.
The diameters of perforated well sections range from 75 to 216 mm.
The majority of the aquifers show a high degree of confinement;
most of the aquifer systems are sensitive to Earth tides. Phases and
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Earth’s free oscillations excited by an earthquake 1459

Figure 2. 12 hr data of water level fluctuations after the Mw 9 Tohoku earthquake of 2011 observed at 43 well sites sorted by well-epicentre distances. The
data are filtered with periods of 2–64 min by a Daubechies Wavelet (db4) bandpass filter. Zero point of horizontal coordinate corresponds to the origin time of
the earthquake. Well IDs are shown on the right side of each curve.
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Figure 3. Power spectral density (normalized to amplitude of unity) of water level oscillations at 43 well sites within 220 hr after the Mw 9 Tohoku earthquake,
sorted by azimuth from the seismic source to the station. The vertical lines correspond to the eigenfrequencies of the Earth’s free oscillations. 0Sl indicates the
spheroidal modes of the Earth’s free oscillations. For clarity, the amplitudes were normalized to the maximum amplitude of the power spectrum density. Well
IDs and well-epicentre distances are listed on the right side of each curve.

amplitudes of the tidal constituents were calculated with Baytap-
G (Ishiguro & Tamura 1985), the calculating error was given as
Root Mean Square Error (RMSE). For further details the reader is
referred to Yan et al. (2014).

At 85 out of 216 well sites, maximum amplitude water level
oscillations up to 3 m were recorded during the passage of the
seismic waves (Yan et al. 2014). From these 85 wells, we selected
43 sites for this study (Fig. 1), which are characterized as follows:
(i) continuous oscillations for several hours after the occurrence
of the earthquake, (ii) high sensitivity to earthquake shaking and
solid earth tides characterized by the lowest RMSE among the 216

wells and (iii) availability of basic information about the monitoring
wells.

The epicentral distances of the selected wells range from 1488
to 5123 km, while the azimuths range from 238◦ to 318◦. The os-
cillatory response to seismic waves could be observed at these well
sites after the occurrence of the earthquake, recording the gravest
spheroidal modes of the Earth’s free oscillations, and the succes-
sive passages of surface waves circling the globe several times after
the earthquake. The amplitudes of the water level oscillations at
different sites varied greatly. The maximum amplitude during the
passage of the first surface wave was 3 m, with a mean value of
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Earth’s free oscillations excited by an earthquake 1461

Figure 4. Power spectral density of water level oscillations at four quiet well sites.

Figure 5. Product spectrum from the 43 considered wells.

0.35 m. During the passage of the earth-circling waves the ampli-
tudes ranged from several millimetres to tens of centimetres. Time
series of the well water level at each site are shown in Fig. 2. Well
IDs are the same as in Yan et al. (2014), where the reader can find
additional information about the well-aquifer systems as well as the
tidal admittance of each well.

3 F R E Q U E N C Y E S T I M AT I O N M E T H O D S

There are numerous frequency estimation methods for detecting
modes of the Earth’s free oscillations, most of which have roots
in conventional Fourier harmonic analysis, while some are non-
Fourier-based spectral methods (Chao & Gilbert 1980; Thomson
1982; Masters & Gilbert 1983; Roult & Clévédé 2000; Carlin &

Louis 2008; Rosat et al. 2008; Ding & Shen 2013; Shen & Ding
2014).

Considering periodic, exponentially decaying harmonic signals
that exist in a noisy time series, Chao & Gilbert (1980) devised
a method, referred to as the AR method, to estimate the complex
frequencies. This method is robust in estimating the complex fre-
quency and amplitude of harmonic signals in noisy time series, and
has been successfully used to estimate the frequencies and quality
factors of the Earth’s normal modes recorded in long-period seis-
mograms and superconducting gravimeter (Chao & Gilbert 1980;
Masters & Gilbert 1983; Chao et al. 1990; Ding & Shen 2014; Ding
& Chao 2015). In this study, we use the AR method to analyse the
well water level data. Because the details of the estimation method
have been introduced in Chao & Gilbert (1980), we will not repeat
them here and refer the reader to that work.
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Due to the fact that the SNRs of the various well water level
records for the 2011 Tohoku Mw 9.0 earthquake are different, some
multiplets of a mode may appear in one record, but not appear
in others. As scaling differences induced by different well-aquifer
systems exist, the AR method is used to estimate the singlets of
one target mode from each record separately. Thereafter, we use the
geometrical mean of all estimates as the final estimation, the product
spectrum, that is [

∏
n Pn(ω)]1/N , where N is the number of records

used (Smylie et al. 1993). The product spectrum reduces the noise
variance by the factor N all across the spectrum and increases the
modal SNRs. Furthermore, since the logarithm of [

∏
n Pn(ω)]1/N is

equal to 1
N

∑
n logPn(ω) , any scaling difference induced by different

well-aquifer systems among the component spectra only introduces
static offsets and hence does not matter in practice (Ding & Chao
2015).

Before frequency estimation, tidal effects were removed in all
43 wells as in the previous paper (Yan et al. 2014). For 27 wells
with barometric records, the local barometric effects were corrected
(Zürn & Widmer 1995; Zürn & Wielandt 2007; Zürn et al. 2007).
The barometric admittance ranges from 0.9 to 16.5 mm hPa−1,
with a mean of 7.3 mm hPa−1 and a median of 6.7 mm hPa−1.
The M2 tidal factors range from 0.9 to 18.2 GPa, with a mean of
6.9 GPa, and a median of 5.7 GPa. The barometric admittances are
positively correlated with tidal factors. For the other 16 wells, due
to a lack of barometric data, we could not correct for barometric
effects in our calculation. A test revealed that there was no obvious
difference in the product spectra whether the barometric pressure
effect had been corrected or not. A Hann window was used to
improve the robustness of estimation by reducing spectral leakages
(Harris 1978; Chao & Gilbert 1980).

4 R E S U LT S A N D D I S C U S S I O N

4.1 Detection of Earth’s free oscillations

In order to compare the normal modes of the free oscillations among
different well sites, the AR spectral density analysis was applied
to each well water level record. 220 hr of data were used as a
record after the earthquake, and a Hann window was multiplied
with the data before the spectral analysis. Fig. 3 clearly shows
that all 43 wells contain distinguishable spectral peaks between
the frequencies of 1–4 mHz. Note that all spectral peaks match
spheroidal fundamental mode frequencies. Incidentally, every peak
is related to a fundamental mode multiplet (each multiplet actually
contains 2l + 1 singlets, where l is the angular degree). At some quiet
well sites, the long-period fundamental modes are clearly legible, for
example, at sites 210251, 140341, 131071 and 370431, both 0S2 and

0S3 modes can be identified in the single spectra (Fig. 4). However,
not all of the singlets of 0S2 (see examples from superconducting
gravimeter recordings in Häfner & Widmer-Schnidrig 2013) are
detected at these stations.

As depicted in Fig. 3, not all of the modes were detectable at each
well. Especially at lower frequencies, some of the wells showed
higher noise levels. In order to improve the SNRs, we calculated the
product spectrum (Fig. 5). The product spectrum reduces the noise
variance by a factor of 43 all across the spectrum and reduces scal-
ing differences induced by different well-aquifer systems among
the component spectra. Fig. 5 shows that the modes of the free
oscillations can be clearly detected, which match well with the fun-
damental spheroidal modes, 0Sl (l = 2–31). In addition, some spikes
are significantly higher than the background noise in the product

Figure 6. Dispersion diagram for 494 spheroidal modes (with periods
>2 min) of the PREM model. Shown are free-oscillation frequencies de-
tected from the 43 wells as a function of the harmonic degree.

Figure 7. Histogram of the frequency resolution error of different modes
detected from 43 well records.

spectrum, coinciding with overtones of the spheroidal modes, such
as, 1S3/3S1, 1S4, 1S5/2S4, 1S6/2S5 and 1S7/2S6.

The eigenfrequencies of the oscillations detected from the prod-
uct spectrum of 43 groundwater wells are shown in Fig. 6 as a func-
tion of angular degree for the spheroidal modes, with the colour
scale indicating the logarithm of the detected amplitude. The red-
der the colour is, the more reliable the detected frequency can be
assigned. Furthermore, not only fundamental modes, but also some
overtones can be detected by these well water level oscillations.
The detected frequencies are mainly below 5 mHz, and the angular
degrees are mainly below 40.

In order to check the frequency-resolution error of different
modes corresponding to theoretical frequencies, the differences be-
tween the detected frequency values from the product spectrum of
43 well sites and the frequency values based on the Preliminary Ref-
erence Earth Model (PREM; Dziewonski & Anderson 1981) were
calculated. 494 modes shown in Fig. 6 were tested. The frequency-
resolution error is defined as the ratio of the frequency differences
to the frequency values of the PREM. Fig. 7 shows the distribu-
tion of the frequency-resolution error from the product spectrum
of 43 well records. As the theoretical frequencies of Earth’s free

 at B
ibliothek des W

issenschaftsparks A
lbert E

instein on D
ecem

ber 11, 2016
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


Earth’s free oscillations excited by an earthquake 1463

Figure 8. Globe-circling Rayleigh (R) and Love (G) surface waves recorded at the three-component broad-band seismic station YMG and the well water level
site 140341 over 12 hr after the Tohoku Mw 9 earthquake. The seismograms have been corrected for instrument response by deconvolution. Both seismograms
and water level records were filtered by a Butterworth bandpass filter from 2 to 5 mHz.

oscillation modes are directly related to the geophysical parameters
of the PREM, the small frequency-resolution errors (one standard
deviations is about 0.04 per cent) indicate that well water level
data may provide some valuable information about the Earth’s
deep structure, which will help to improve upon existing earth
models.

4.2 Comparison between groundwater level
and broad-band seismograms

In order to reveal the essential characteristics of the well water level
response to seismic waves, we compared the water level oscillations
with broadband seismic records, both in the time and frequency
domains. Fig. 8 is an example of the comparison of water level
records (site 140341, see Fig. 1) with three-component velocity
records from a broadband seismometer located at site YMG, in the
immediate vicinity of the well (about 27 km) over a period of 12 hr
after the Tohoku Mw 9.0 earthquake. Instrument responses (BBVS
60 s 50 Hz) have been corrected by deconvolution of seismograms.
A Butterworth bandpass filter between 2 and 5 mHz was applied
to both data sets. Globe-circling Rayleigh waves were visible up to
the R7 in both the seismograms and water level records. However,
globe-circling Love waves up to G8 or even G9 were visible only in
the seismograms, but not in the water level records because no (or
negligible) volume change can be caused by the Love waves.

In order to study the normal modes of the Earth’s free oscilla-
tion, amplitude spectra of the records from both water level and
broad-band seismograms were calculated and compared. The fre-
quencies of normal modes were calculated with PREM and the
fundamental modes are indicated by thin vertical lines in Fig. 9.
There are some differences in the amplitude spectra between water
level and seismograms. In the higher frequency range, both seis-
mograms and water level records have a high SNR except for the
transversal component of the seismogram. The transversal compo-

nent seems strange with a single, strong line at 0T12. One reason
for the pronounced line might be that 0T12 is strongly coupled to

0S11 via the Coriolis force (Zürn et al. 2000). However, at this site,
in the lower frequency range (frequency smaller than 1.5 mHz),
a significant increase of the seismic noise inhibits the study of
the gravest free oscillations. Contrary, the water level data have
the highest SNR in the lower frequency range, especially below
1.5 mHz.

The water level data show spectral peaks associated with the
spheroidal modes of the gravest free oscillations. For instance, the
fundamental spheroidal modes 0S3, 0S4, 0S5, 0S6 and 0S7 are clearly
visible in water level records, but undistinguishable in seismograms.
Apart from the fundamental modes, many small amplitude modes
can be distinguished in the water level records. In our case, the
comparison analysis of amplitude spectra between water level and
broadband seismograms (BBVS 60 s 50 Hz) illustrates the higher
quality of water level data at very low frequencies, which is very
significant for the study of the gravest free oscillations. It should
be noted, however, that this statement cannot be generalized. The
example was selected to demonstrate how sensitive groundwater
systems can be.

4.3 Earth’s background free oscillations

Ocean infragravity waves in the shallow and deep oceans or at-
mospheric turbulence acting on the Earth’s surface can also excite
free oscillations of the Earth, termed the Earth’s Background Free
Oscillations (Suda et al. 1998; Nawa et al. 2000; Fukao et al. 2002;
Nishida 2013). In order to check for the background free oscilla-
tions, power spectral densities (PSDs) of water level were calculated
for a time interval of three months before and after the Tohoku Mw

9 earthquake. Fig. 10 is an example from well site 140341 show-
ing that the PSD is significantly lower before the earthquake than
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Figure 9. Comparison between the amplitude spectra of the seismograms after the Tohoku Mw 9 earthquake recorded at seismic station YMG and the water
level at site 140341 (both records are 220 hr long). Vertical lines indicate the eigenfrequencies of the fundamental toroidal or spheroidal modes for the PREM.
Instrument response had been conducted by deconvolution on the seismograms.

Figure 10. Comparison of power spectral densities (PSDs) before and after the Tohoku Mw 9 earthquake at well site 140341. The black and red curves indicate
the PSDs before and after the earthquake, respectively.

after it, which means that the free oscillations were caused by the
earthquake rather than ocean infra-gravity waves.

5 C O N C LU S I O N S A N D O U T L O O K

Earth’s free oscillation phenomena provide an independent tool to
investigate the Earth’s interior structure. For the first time—to the
best of our knowledge—the Earth’s free oscillations induced by a
mega-thrust earthquake were resolved within an array of 43 ground-
water wells. Records from single wells provide solid evidence for
groundwater level responses to the modes of the Earth’s free os-

cillations. After the occurrence of the earthquake, globe circling
Rayleigh surface waves were recorded up to the R7. It has been
revealed that the principal oscillatory fluctuations seen in the well
water level records correspond to spheroidal modes 0Sl (l = 2–31
for frequencies between 0.3 and 5 mHz) of free oscillation. Al-
though the background noise of some wells precludes the study
of the gravest modes, the product spectra method can efficiently
improve the SNRs even at very low (<1.5 mHz) frequencies.

Broad-band seismometers, superconducting gravimeters, ring
lasers, tiltmeters, strainmeters, laser extensometers, and recently,
also differential GPS observations have been used to detect free
oscillation signals. These technologies have good SNRs in their
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Earth’s free oscillations excited by an earthquake 1465

corresponding frequency bands. However, such instrumentation
requires major efforts in terms of investment as well as maintenance,
and thus the spatial availability of the data is limited on a global
scale. On the contrary, water level data are easily available, with
monitoring sites relatively well distributed globally. Approximately
42 000 long-term observation wells exist in the United States that
have 5 or more years of water level records (Taylor & Alley 2001).
Assuming that only 1� of these wells are sensitive to Earth tides,
a few tens of wells might have the potential to detect Earth’s free
oscillations in the United States alone. Globally, we may crudely
estimate a virtual array of sensitive water wells of the order of some
hundred sites. Furthermore, water level data may have high sensi-
tivities at very low frequency signals, and it might be advantageous
to sample strain at depth (hundreds of metres to kilometres) instead
of measuring strain at the surface. Thus, groundwater level data
should be considered as a low-cost complementary tool to study
the Earth’s free oscillations and, subsequently, better improve our
models of the Earth’s interior.

Due to the long-periodic nature of the Earth’s free oscillations,
the site-specific aquifer response to these long-periodic excitations
may provide further insight into the local hydrogeological condi-
tions in future studies—in a similar way as the response to Earth
tides can be used (Elkhoury et al. 2006) to infer temporal varia-
tions of the aquifer properties deduced from changes in amplitude
and phase of the tidal components. To this end, it might be worth-
while to investigate the feasibility to use seismic source functions
to predict the anticipated strain response in each of the wells and to
cross-correlate it with the particular modes seen at each well site.
Furthermore, it needs to be addressed why the fundamental radial
mode 0S0—which is normally expected—was not detected in the
well water level records.
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