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Abstract

The data provided by ten DONET deep-sea observatories, that on March 11, 2011, registered the Great East Japan
Earthquake and tsunami, were used for investigation of the relationship between variations of the ocean bottom
pressure and three-component accelerograms. Methods of cross-spectral analysis revealed the existence of a fre-
quency range of “forced oscillations," within which pressure variations are proportional to the vertical component of
the acceleration. This proportionality is manifested by the magnitude-squared coherence (MSC) being close to unity
and a phase lag (PL) practically equal to zero. The spectral analysis method showed the proportionality coefficient to
be equal the mass of a water column of unit area at the installation point of the observatory or, approximately, to the
product of the water density and the ocean depth. The observed boundaries of the frequency range of “forced oscil-
lations” are revealed to correspond to the theoretical frequency values confining the manifestation of surface gravity
and acoustic waves in pressure variations near the ocean bottom. The hypothesis is put forward that the small devia-
tions of MSC from unity and of PL from zero observed by a number of stations within the range of “forced oscillations”
are due to the contribution of horizontal movements of nearby submarine slopes. A theoretical analysis has been
performed of the problem of forced oscillations of a water layer in a basin of varying depth. A formula is obtained that
relates pressure variations at the ocean bottom to acceleration components of the bottom motion and the bottom
slope. The pressure in the region of forced oscillations is shown to decrease exponentially with the distance from the
moving segment of the ocean bed, so pressure variations, originating from movements of the bottom, are registered
effectively by a gauge at the ocean bottom only within a radius less than 1-2 ocean depths. A cross-spectral analysis
of pressure variations and of three-component accelerograms confirmed the hypothesis concerning the contribution
of horizontal movements of nearby submarine slopes to pressure variations.

Keywords: Tsunami, DONET, Ocean bottom pressure, Ocean bottom acceleration, Cross-spectrum, The 2011 Tohoku
earthquake

Introduction of ocean bottom seismology—not to consider individual

Till the second half of the Twentieth century, earthquakes
and tsunamis were only registered by land-based seis-
mic stations and coastal mareographs. The development
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and indicate if changes were made.

early experiments, e.g., (Ewing and Vine 1938)—origi-
nated in the 1960s (Bradner 1964). The “hydrophysical”
method of tsunami forecasting, based on pressure gauges
installed at the ocean bottom detecting waves at long dis-
tances from the coast (Soloviev 1968; Jaque and Soloviev
1971), was proposed at about the same time. At present,
upon having undergone significant technical develop-
ment, deep-water measurements are actively applied for
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monitoring earthquakes and tsunamis (Suetsugu and
Shiobara 2014; Rabinovich and Eblé 2015).

Of modern deep-water tsunami detectors the most
renowned among professionals is the DART (deep-ocean
assessment and reporting of tsunamis) system that at
present involves about 60 stations installed in different
regions of the World ocean (Rabinovich and Eblé 2015;
Levin and Nosov 2016). Moreover, various regional deep-
water devices for measuring the sea level, such as, for
example, DONET (dense oceanfloor network system for
earthquakes and tsunamis) (Kaneda 2010), NEPTUNE
(The Canadian North-East Pacific Underwater Net-
worked Experiments) (Barnes and Team 2007), EMSO
(European Multidisciplinary Seafloor and water column
Observatory) (Favali and Beranzoli 2009) and others, are
in operation.

In comparison with coastal mareographs, deep-water
tsunami detectors exhibit a whole series of advantages,
among which we primarily single out their advance time
in revealing a wave and the invulnerability of their meas-
uring systems to the destructive effect of catastrophic
tsunamis (Titov et al. 2005; Levin and Nosov 2016).
Perhaps, the only serious defect of deep-water tsunami
detectors consists in noise pollution of the signal due to
manifestations of seismic and hydroacoustic waves. The
level of such noise in the vicinity of a seismic source may
exceed the level of the tsunami signal by several orders
of magnitude (Watanabe et al. 2004; Nosov and Kolesov
2007). An understanding of the physical processes result-
ing in the formation of signals, registered by seafloor
pressure gauges, is very important for correct identifica-
tion of the tsunami signal aimed at its further application
in resolving problems of early tsunami warning (Nosov
and Grigorieva 2015; Gusman et al. 2016; Takahashi et al.
2017).

The peculiarities and nature of signals registered by
measuring devices at the ocean bottom were discussed
in refs. (Filloux 1983; Webb 1998) on the basis of on-site
data, available by the end of the twentieth century. The
unflagging interest in the problem is demonstrated by a
recent publication (An et al. 2017), in which a theoreti-
cal analysis is presented of regularities in the formation
of pressure variations at the flat bottom of an incom-
pressible ocean and an analysis of modern on-site data is
performed.

The 2003 Tokachi-oki earthquake happened to be the
first tsunamigenic event with its epicenter in the immedi-
ate vicinity of gauges of the seafloor observatory Kushiro-
Tokachi/JAMSTEC (Watanabe et al. 2004). Analysis of
its data resulted in significant progress in understanding
the properties of signals registered by seafloor observato-
ries (Watanabe et al. 2004; Nosov et al. 2005; Nosov and
Kolesov 2007; Li et al. 2009; Ohmachi and Inoue 2010;
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Bolshakova et al. 2011). Regretfully, peculiarities of the
installation of pressure gauges of the Kushiro-Tokachi
station hindered interpretation of the results of meas-
urements. The point is that the pressure gauges and the
seismometers were located at a significant distance from
each other (~ 4 km) and, moreover, there existed an
uncertainty in the orientation of the accelerometer axes.
The DONET-1 system of seafloor observatories deployed
by JAMSTEC in 2006—2011 turned out to be free of the
above defects. Each DONET-1 observatory is equipped
with an ocean bottom seismometer-(OBS), and a pres-
sure gauge-(PG), situated at practically the same point,
and the orientation of seismometers is rigorously cali-
brated (Nakano et al. 2012; Matsumoto et al. 2017).

By the time, the Great East Japan Earthquake (the
2011 Tohoku earthquake) took place 10 stations of the
DONET-1 network were in operation—they all success-
fully recorded both the actual seismic event and the sub-
sequent tsunami waves. Earlier, we already investigated
the low-frequency component (f < 0.01 Hz) of pres-
sure variations registered by DONET-1 observatories for
resolving a number of problems related to tsunami waves
(Nosov and Grigorieva 2015; Nurislamova and Nosov
2016). The signals obtained by the PG and OBS (only the
vertical component) gauges of two DONET-1 observa-
tories (B08, C09) were investigated in refs. (Matsumoto
et al. 2017; Levin and Nosov 2016).

In this work, we present an analysis of the complete set
of data (pressure variations and three-component accel-
erograms), registered by DONET-1 observatories dur-
ing the 2011 Tohoku earthquake. In the work, we put an
accent on the relationship between ocean bottom pres-
sure variations and accelerations in movements of the
ocean bottom, following from on-site observed data, and,
also, on the physical interpretation and development of a
mathematical model of this phenomenon. Special atten-
tion is devoted to a discussion of the contribution of
horizontal components of the acceleration of the ocean
bottom movement to pressure variations at the ocean
bottom.

Description of the on-site data

The Great East Japan Earthquake took place on March
11, 2011, at 05:46 UTC. According to JMA (Japan Mete-
orological Agency) data, its epicenter was located at
the point with coordinates 38.322N, 142.369E, while its
moment magnitude amounted to M, = 9.0 (JMA 2011).
The disposition of the ten DONET-1 observatories that
registered this event is shown in Fig. 1. The distribution
of depths and ocean bottom inclinations, presented in
Fig. 1, are based on JODC-Expert Grid data for Geogra-
phy (J-EGG500).
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Each DONET-1 observatory is equipped with a block
for measuring pressure (quartz PG Paroscientific and dif-
ferential PG Nichiyu Giken) and a seismoblock located
at a distance not greater than 10 m from each other. The
seismoblock includes two seismometers: a broadband
velocimeter (Guralp CMG-3T) and an accelerometer
(Metrozet TSA-100S) (Araki et al. 2013). In spite of the
DONET-1 observatories being located at a large distance
from the epicenter (750 km), the strength of the earth-
quake was so great that the broadband velocimeters hap-
pened to be saturated, which resulted in only data from
the accelerometers being useful.

In the further analysis, we shall use the three-hour
records (from 05:30 UTC to 08:30 UTC of March 11,
2011), obtained by the PGs and the three-component
OBS accelerometers. The frequency of digitizing data
from the PGs was 10 Hz. The initial digitization fre-
quency of seismic data was 200 Hz. To provide for the
possibility of cross-spectral analysis, the accelerograms
were downsampled to the frequency 10 Hz. The resulting
length of each record amounted to 108,000 readouts.

In Fig. 2, we present the example of signals obtained
by the A02 observatory. The main seismic event M,,9.0
and the first strong aftershock M,7.9 clearly show up
both in pressure variations at the ocean bottom and in
each of the three components of the bottom acceleration.
The double amplitude of pressure variations amounted
to 87.5 kPa. The leading tsunami wave manifests itself in
pressure variations about 1 h 15 min after the beginning
of the earthquake with a significantly lower amplitude
of 4 kPa (0.4 m). The peak values of acceleration com-
ponents (double amplitude) amounted to 14.4, 17.5 and
6.5 cm/s? along the x, y and z axes, respectively.

Cross-spectral analysis

At the first stage of investigating the relationship between
pressure variations and accelerations, we applied cross-
spectral analysis (Bloomfield 2000). To reduce random
errors in the “magnitude-squared coherence” (MSC)
and the “phase lag” (PL), we made use of the mean val-
ues of these quantities. Averaging was performed by
Welch’s method (Bendat and Piersol 2010). Each time
series was divided with the aid of the Hann window into
27 segments with a 50% overlap. The size of a segment
amounted to 23 readouts. The theoretical normalized
random error of the estimate for squared coherence was
3.1 x 1073, The error was so small that it had no sense to
show it in the plot.

Results of the cross-spectral analysis of pressure vari-
ations and of the vertical component of acceleration are
presented in Fig. 3 by the blue curves. It is clearly seen
that for each of the ten observatories there exists a fre-
quency range (from about 0.02 up to 0.1 Hz), within
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Fig. 1 Relief of ocean bottom in installation region of DONET obser-
vatories. The radii of circular marks at each station equal 1, 2 and 3
ocean depths at the installation points of the stations. The distribu-
tion of depths (isolines in steps of 100 m) and the absolute value of
the depth gradient (color scale) are shown in the map in accordance
with JODC-Expert Grid data for geography (J-EGG500). The absolute
value of the ocean depth gradient (bottom slope) is shown in accord-
ance with the color scale at the bottom of the figure

which the coherence (MSC) value is quite close to unity
and the phase lag (PL) to zero. The observed character
of cross-spectra reveals that within the frequency band
indicated pressure variations are quite precisely pro-
portional to the vertical acceleration component of the
motion of the ocean bottom.

Careful examination of the cross-spectra shows that
there are small deviations of the MSC from unity and
of the PL from zero. These deviations are particularly
noticeable in the case of observatories B06, BO8 and
C09, which were installed at sites of a sloped ocean bot-
tom (see Fig. 1). Here, “perfect” cross-spectra (MSC =
1, PL = 0) are shown by signals registered by observa-
tories A02, E17 and E18, that are installed on practically
flat segments of the ocean bottom. The observed peculi-
arities exhibited by the cross-spectra suggest that devia-
tions may be explained by the contribution to pressure
variations of horizontal seismic movements of submarine
slopes. This issue will be dealt with in greater detail in
“Contribution of horizontal movements of the ocean bot-
tom to near-bottom pressure variations” section.
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Fig. 2 Pressure (p) variations and acceleration components dy, dy,
and a; registered by DONET observatory A02 on March 11,2011.The
red vertical lines indicate the time of the main shock and of the first
strong aftershock

The linear relationship between pressure variations and
the vertical component of the ocean bottom acceleration
corresponds to Newton’s second law written for a water
column of unit area that undergoes vertical forced oscil-
lations following movements of the ocean bottom,

p = pHa, (1)

where p is the water density, H is the ocean depth, and a,
is the vertical acceleration component of the ocean bot-
tom’s motion. Formula (1) is mentioned in various pub-
lications (Filloux 1983; An et al. 2017), where the sole
restriction to be imposed on its applicability consists in
that the liquid is to be considered incompressible. Actu-
ally, from classical mechanics it follows that for formula
(1) to be precise the water column must move like a
solid-state body inseparably linked with the ocean bot-
tom, and the quantity pH must be considered as the mass
of a water column of unit area.

The real ocean is not similar to the model object
described, since vertical motion of its bottom not only
excites forced oscillations in the water layer, but also
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gravity and acoustic waves. The contribution of waves to
pressure variations depends on regularities differing from
formula (1). The contribution of surface gravity waves to
oscillations of pressure at the ocean bottom is propor-
tional to the amplitude of these waves, which, in turn,
is proportional to the amplitude of bottom movements.
On the other hand, the contribution of hydroacoustic
waves is proportional to the motion velocity of the bot-
tom. Thus, relation (1) can be expected to be satisfied
accurately, only if neither gravity nor acoustic waves are
excited by motion of the ocean bottom. Precisely such
a situation is realized in the case of bottom oscillations
within the frequency range f; <f < fac, where f; and
fac are the limit frequency values for surface gravity and
acoustic waves due to motion of the ocean bottom. The
theoretical values of limit frequencies are determined by
formulas (Levin and Nosov 2016; Matsumoto et al. 2017):

Jfe =0.366\/g/H,
fac = ¢/4H,

where g is the gravity acceleration and c is the speed of
sound in water.

The theoretical values of limit frequencies f, and fi,
calculated for g =9.8m/s?, ¢ = 1500 m/s and ocean
depths at installation points of the stations (the values
are given in the figure) are indicated in Fig. 3 by verti-
cal lines. The theoretical estimate for limit frequencies is
seen to be in good agreement with the actually observed
frequency range, within which the MSC is close to unity,
and PL is close to zero. The frequency range f; < f < fac
will further be termed the range of forced oscillations.

The deviations of MSC from unity and of PL from
zero, observed in all cases at the higher-frequency end of
the forced oscillation band, deserve a special comment.
We think the nature of these deviations to be due to the
compressibility of water. A compressible layer of water is
known to represent a waveguide characterized by the dis-
persion relation (Tolstoy and Clay 1987):

ky = \/@?/c? — k2,

where k., is the horizontal wave number and
k, =m(1+2n)/2H is the vertical wave number for
the n-th mode (n = 0, 1, 2...), w is the cyclic frequency

(See figure on next page.)

Fig. 3 Cross-spectra of pressure variations at ocean bottom and of accelerations of seismic oscillations of the ocean bottom registered by DONET
stations. (Blue curves are obtained only taking into account vertical acceleration, and red curves take the optimal linear combination of all three
acceleration components into account.) The name of the station and the ocean depth at its installation point is indicated above each one of the
spectra. The vertical lines correspond to theoretical values of the critical frequencies fg and fa, restricting the range of “forced oscillations”
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(w = 2xf). This dispersion relation can be written in the
following form:

2
ky = 7 f2 _fnz’

where f, = c(1+2n)/4H is a discrete set of normal
frequencies. The limit frequency for acoustic waves is
the lowest normal frequency (the cutoft frequency):
fac =fo = c/4H. If f > fic, the value of k is real—in this
case perturbations created by the source can propagate
horizontally like acoustic waves. If f < f;. the value of k,
becomes imaginary, no acoustic waves arise in this case,
and perturbations die out exponentially as the distance
from the source increases. However, at frequencies close
to the cutoft frequency, i.e., at the higher-frequency end
of the forced oscillation band, certain manifestations of
water compressibility may be observed at insignificant
distances from the source.

Spectral analysis of pressure variations and vertical
accelerations

Cross-spectral analysis only shows the fact that pressure
variations are proportional to the vertical component of
acceleration. To check how accurately formula (1) actu-
ally holds true can be done with the aid of spectral analy-
sis. Figure 4 presents power spectra of pressure variations
(green curves) and of the vertical component of accel-
eration (violet curves). The acceleration is preliminarily
multiplied by the quantity pH so as to be presented in
units of pressure. The density of water p was set equal to
1030 kg/m3, the value of H was chosen equal to the ocean
depth at the installation point of the observatory. The
analysis was also performed applying Welch averaging
with the same segment size (212) and overlap (50%). The
limit frequencies f; and f;c confining the range of forced
oscillations are shown by black vertical lines, and the 95%
confidence interval is shown in the left upper corner.

The spectral curves within the range of forced oscil-
lations are shown in Fig. 4 to be either totally identical
or exhibit very similar behaviours, up to the repetition
of minor peculiarities in the spectrum. Noticeable dif-
ferences are observed in the case of observatories B06,
C09, E18, and, to a somewhat lesser degree of B08. We
recall that in the case of observatories B06, BO8 and C09,
located close to submarine slopes, the cross-spectra also
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showed a certain disagreement between the pressure var-
iations and vertical acceleration.

The difference in the spectra from observatory E18
deserves a special comment. In this case, the cross-
spectrum (see Fig. 3) practically exhibits perfect propor-
tionality between pressure and acceleration. Moreover,
the fine structure of spectral curves within the range of
forced oscillations is shown in Fig. 4 to be actually identi-
cal. Only the signal level is different (by a factor of about
1.7). Such a significant error in determining the value of
pH is quite improbable. Uncertainty in the calibration of
a pressure gauge is also to be excluded, as shown by the
joint analysis of PG data from all 10 observatories (Nuris-
lamova and Nosov 2016). Most likely, this case was due
to an error in the calibration of accelerometers of obser-
vatory E18. Simple visual comparison of the respective
spectra of signals, registered by observatories E18 and
E17, can serve as an additional argument in favour of
this assumption. The distance between these observato-
ries (12.4 km) is quite inferior to their distance from the
source (750 km). Consequently, the signals registered
by E18 and E17 should not be expected to differ signifi-
cantly. From Fig. 4, it is well seen that the pressure spec-
tra are indeed characterized by identical levels. At the
same time, the acceleration spectrum for E18 exhibits a
noticeably lower level.

Comparison of the spectra of pressure variations at the
ocean bottom and vertical accelerations of the ocean bot-
tom motion can be applied in practice for testing the cali-
bration precision of sensors in situ. It is remarkable that
in the case of such a test there is no need to make use of
data on the water density and the ocean depth. It is suf-
ficient to take advantage of accurate measurements of the
total pressure at the ocean bottom, P. The average value
of the total pressure P and the value of pH, that repre-
sents the mass of a water column of unit area, are related
by the obvious formula P = pHg. Using it to derive the
quantity pH and further substituting it into formula (1),
we obtain an expression that is convenient for use in
practice,

p=a.P/g.

In Table 1, the measured values of P and the calcu-
lated values of pHg (p = 1030 kg/m3, g = 9.8 m/s?) are
compared for each of the 10 observatories. The relative

(See figure on next page.)

Fig. 4 Power spectra of pressure variations at ocean bottom (green line) and of the contributions of vertical (violet line) and horizontal (orange line)
components of acceleration to variations in the near-bottom pressure. The name of a station and the ocean depth at its location point is indicated
above each one of the spectra. The vertical lines correspond to theoretical values of the critical frequencies f; and fy(, restricting the range of “forced
oscillations”. The 95% confidence interval is shown in the left upper corner of each plot
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difference in the values of P and of pHg is seen not to
exceed fractions of a percent. This points to a good pre-
cision in the determination of ocean depths and to the
assumption concerning the water density to be correct.

Contribution of horizontal movements of the
ocean bottom to near-bottom pressure variations
For theoretical analysis of the properties of a pressure
field induced in the ocean by the ocean bottom undergo-
ing seismic movements of small amplitude, we shall con-
sider a layer of ideal homogeneous compressible liquid of
variable depth in the field of gravity. We shall place the
origin of the rectangular coordinate system at the unper-
turbed water surface. The 0Oz-axis is directed vertically
upward, while the Ox- and Oy-axes are horizontal (east-
ward and northward, respectively). Taking into account
of the assumptions made, the equations of hydrodynam-
ics reduce to the classical wave equation supplemented
with boundary conditions at the free surface and on the
ocean bottom (Levin and Nosov 2016; Landau and Lif-
shitz 1987).

1 9%F

——— _AF=0, 2
c2 912 @)
9%F N oF 0 f 0 3)
—_— _——= or =0,

a2 8%z z

oF . .

P (Vp,n)  forz = —H(x,y), 4)

where F is the velocity potential of the flow, v, is
the velocity vector of the ocean bottom motion,
n= (ny, ny, nz) is the normal to the bottom surface with
components determined by the following formulas:

Page 8 of 13

oH

0x
Ny = ’

P 2 P 2
V) + (2)? 41
oH

Ay
ny = ,

VE )+ ®

oy
1

VO + (P 1

The field of dynamic pressure is related to the potential
by the following formula:

oF

p=-p5.- ©)
The response of a layer of liquid to movements of the
ocean bottom, described by Eqgs. (2)—(4), involves grav-
ity surface waves, acoustic waves and forced oscillations.
In the general case, all three physical phenomena coex-
ist in time and space, and they all induce pressure vari-
ations at the ocean bottom. Gravity and acoustic waves
are capable of propagating both along their source and
outside it. Therefore, the contribution of waves to pres-
sure at the ocean bottom depends, besides the properties
of their source, also on the properties of the propagation
path of the waves. Contrary to waves, forced oscillations
are directly connected with the site of the source and the
time of its activity. Consequently, the contribution of
forced oscillations to pressure variations depends exclu-

sively on the properties of the source.
The equations for describing forced oscillations can
be derived from the set of Egs. (2)—(4), if the compress-
ibility of water and the force of gravity are neglected

Table 1 Average values of the total pressure P versus the values of pHg (0 = 1030 kg/m3, g = 9.8 m/s?), op is the stand-

ard deviation of the total pressure P

Observatory Ocean depth P+ op pHg (oHg — F)/(pHg)
(m) (kPa) (kPa) %

KMAO2 2011 203742 + 34 20319.7 —0.2678
KMAO3 2063 20886.0 + 3.6 20845.2 —0.1959
KMAO4 2054 20804.6 + 2.9 20754.2 —0.2428
KMBO5 1998 202066 + 2.6 201884 —0.0902
KMB06 2499 252558 + 3.1 25250.6 —0.0204
KMBO08 1924 19466.5 + 2.6 19440.7 —0.1329
KMC09 3511 354474 + 3.8 35476.2 0.0812
KMD16 1970 19967.0 + 2.8 19905.5 —0.3090
KME17 2054 208116+ 3.0 20754.2 —0.2767
KME18 2052 207571 £ 2.7 20734.0 —011M
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(¢ = 00,g = 0). Transforming, with the aid of formula
(6), potential to pressure in the equations we obtain

Ap =0, (N
p=0 forz=0, ¢))
ap 5 5

= —p(ap,n) forz=—H(x,Y), ©))

where @, = (ay, ay, a;) is the vector of the ocean bottom
acceleration.

For an ocean of constant depth (H(x,y) = const) the
normal vector is of the form # = (0,0,1). In this case,
the contribution to pressure variations is evidently given
only by the vertical component 4. If the a, component is
independent of horizontal coordinates, then the pressure
does also not depend on horizontal coordinates, and the
only possible solution of the Laplace equation (7) is a lin-
ear function: p(x,y,z) = C1z + Cy, where C; and C; are
constants of integration. Upon satisfying boundary con-
ditions (8) and (9), we obtain

p = —pa,z. (10)

The pressure at the ocean bottom (at z = —H), calculated
by formula (10), corresponds precisely to the value deter-
mined by formula (1).

Let us further consider an ocean of variable depth. If
the slopes are small, then the change in dynamic pressure
in the liquid along the normal 7 to the ocean bottom is
determined by the linear function p = C1£ + Cy, where
& is the coordinate counted down from the water surface
along the normal to the ocean bottom. Determining the
constants of integration from boundary conditions (8)
and (9), we obtain

p = —p(ay k. an
H

For the pressure at the ocean bottom (at & = _Z) for-
mula (11) gives

- L H - =
p= ,o(a;,, l’l); = ,OH(((lh, VhH) + a),

L - oH  oH (12)
(ap, VyH) = ay o +ay oy ,
where a;, = (ax, ay) is the horizontal acceleration vector,
and the operator Vj, operates in the horizontal plane.
From expression (12), it follows that, if there exists a
depth gradient, then the horizontal components of accel-
eration are capable of providing an additional contribu-
tion to pressure at the ocean bottom. The contribution of
horizontal components is proportional to the inclination
of the bottom, which actually rarely exceeds 0.1. Conse-
quently, in spite of horizontal components of acceleration
in seismic waves usually being greater than the vertical
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components (Fig. 2), the contribution of horizontal accel-
erations to pressure variations is not to be expected to be
dominant.

The orange curves in Fig. 4 show the power spec-
tra of the contribution of the horizontal components
of acceleration to variations in the near-bottom pres-
sure estimated as pH (ay, %hH ). From the figure, it can
be seen that within the “forced oscillations” band the
contribution of horizontal acceleration components is
always inferior to the contribution of the vertical com-
ponent (violet curves). Here, in many cases the orange
and violet curves are at distances differing by over 3—-4
orders of magnitude, which is evidence of the negligibly
small role of horizontal accelerations in the formation of
near-bottom pressure variations. The smallest distance
between the orange and violet curves (less than 0.5 an
order of magnitude) is observed for the observatory B06.
It is remarkable that, here, the maximum of the spectrum
of the orange curve coincides with a local minimum of
the violet curve. From our point of view, precisely this
peculiarity explains the localized in frequency devia-
tion, observed in Fig. 3, of MSC from unity. In the case of
observatories B08 and C09, the orange and violet curves
approach each other at a distance inferior to one order of
magnitude, in the case BO5—less than 1.5 orders of mag-
nitude. The “defects” of cross-spectra are quite noticeable
in Fig. 3 in the case of these observatories.

In accordance with formula (12), the horizontal com-
ponents of acceleration for all points, lying on a hori-
zontal bottom, should provide a zero contribution to the
variations of pressure. But, if an area of the horizontal
bottom is situated close to an underwater slope, this con-
tribution may turn out to differ from zero. Let us estimate
the long-range action of a localized source of pressure
variations. To this end, we consider harmonic oscillations
of an axial-symmetric segment of the ocean bottom in a
basin of constant depth.

az(r,t) = ap(r)e™”, (13)

where r = \/x2 + y2 is the distance from the center of
the oscillating segment, ao(r) is a function describing the
distribution of accelerations in space, w is the cyclic fre-
quency of oscillations.

Solution of the problem (7)—(9) for an axial-symmetric
source (13) can be found analytically with the aid of the
Fourier—Bessel transformation

o
: X (k) sinh(kz)Jy (kr)
, ,t — _ iwt /,
pr.z0) pe cosh(kH) dk

(14)
0

o]

X(k) = / rao(r)Jo(kr)dr,

0
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where Jj is the Bessel function of the first kind of zeroth
order.

Let us choose the most simple form for the oscillating
segment of the ocean bottom,

ao(r) = Ao (R —r), (16)

where R is the radius of the oscillation source, Ag is the
acceleration amplitude, 6 is the Heaviside function. In this
case, the integral (15) is readily calculated analytically,

AoRJ1 (kR)
—

The resultant formula for calculating pressure at the
ocean bottom has the following form:

X(k) = a7

00 A [N A A~
p(r,—H, £) = AgpHe'™! Rjo (k)1 (/;(R) tanh (k) ak

0
(18)

where the 1ntegrand involves the dimensionless variables
R= H, 7 = fand k = kH. From formula (18), the ampli-
tude of pressure variations is seen to be always propor-
tional to the quantity AgpH, while the character of the
decrease in pressure with distance is determined by the
integral.

The results of numerical calculation of the integral are
presented in Fig. 5. The decrease in the influence on slope
with pressure is seen, independently of the source radius,
to be exponentially rapid as the distance from the bound-
ary of the source increases. At a distance from the bound-
ary of the source, equal to one ocean depth, the pressure
amplitude is reduced by approximately one order of
magnitude. Consequently, a gauge at the ocean bottom
effectively registers pressure variations, due to bottom
oscillations, within a radius that does not exceed 1-2
ocean depths. It is remarkable that the size of the seg-
ment giving the most significant contribution to pressure
variations is significantly less than the lengths of seismic
waves. Indeed, in the case of a maximum frequency of
forced oscillations between 0.02 and 0.1 Hz and a velocity
of surface seismic waves of 2—4 km/s (An et al. 2017), the
wavelengths vary between 20 and 200 km. Consequently,
the region contributing to pressure variations can be
assumed to move as a single whole.

The circular marks of radii equal to 1, 2, and 3 ocean
depths are shown in Fig. 1 at the installation points of
each of the DONET observatories. Observatories B06
and CO09 are clearly seen to have steep slopes at a distance
of 1-2 ocean depths. In the case of other observatories,
the bottom slopes within a radius of 2 ocean depths are
insignificant.
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p
pHA,

r
H
Fig. 5 Dependence of amplitude of pressure variations at ocean
bottom, caused by a round source (vertical oscillations of a segment
of the ocean bottom), upon the distance from the source center. The
calculation is done for three different source sizes (indicated in the
figure). The size and shape of the sources are shown in the left bot-
tom corner as rectangles of the corresponding color

If our reasoning and, in particular, formula (12) is cor-
rect, there should exist a linear combination of time
series of acceleration components, Gyax + Gya, + d,
possessing a “perfect” cross-spectrum with pressure. An
“ideal” cross-spectrum implies MSC=1 within the fre-
quency band of “forced oscillations”. All deviations from
the “ideal case” evidently reduce the MSC value. For this
reason, we shall consider the following integral to be the
measure of a cross-spectrum being “ideal”:

fuc
I= / MSC(f, Gy, Gy)df,
fe

where MSC is the magnitude-squared coherence
of variations of the pressure p and of the quantity
axGy + ayGy + a,. If these values exhibit “ideal” propor-
tionality (p ~ axGx + a,G, + a;), the integral is equal
to its maximum value. The coefficients G, and G, were
determined from the condition that the integral I be
equal to its maximum value. In determining the coeffi-
cients Gy and G, use was made of the downhill simplex
method.

Cross-spectra for the ideal combinations found are
presented in Fig. 3 by red curves. From the figure, it is
seen that the MSC and PL “defects” (blue curves) can
indeed by corrected by taking into account the horizontal
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components of acceleration. The values of quantities G,
and G, thus obtained can be interpreted as the weighted-
mean components of ocean depth gradient in the region

adjacent to the given observatory. The weighted-mean

bottom slopes calculated as /G; + G are shown in

Table 2. The values obtained of /G + G are in rea-
sonable agreement with the depth gradients within the
regions considered that were estimated on the basis of
J-EGG500 data (see Fig. 1).

Conclusions

Records provided by the pressure gauges and three-
component accelerograms of ten deep-water DONET
observatories in operation during the Great East Japan
Earthquake and tsunami of March 11, 2011, have been
analyzed. A cross-spectral analysis has shown that a
frequency range of “forced oscillations” exists for each
observatory, within which pressure variations and the
vertical component of acceleration happen to be propor-
tional to each other with a good accuracy. Comparison of
the power spectra of signals shows that the proportional-
ity coefficient is actually the mass of a water column of
unit area (the product of the water density and the ocean
depth) at the installation point of an observatory (Eq. 1).
The linear relationship between quantities p and a, is a
direct consequence of Newton’s second law applied in the
case of a column of liquid of unit cross section, which,
being directly connected to the ocean bottom, undergoes
vertical forced oscillations as a rigid body.

In the general case, when seismic motions of the bottom
take place in the real ocean, not only forced oscillations
are generated, but also gravity and acoustic waves, the
contribution of which to pressure variations at the ocean
bottom violates the linear relationship between quanti-
ties p and a. However, the manifestation of gravity waves
in pressure variations at the ocean bottom is limited by
a maximum limit frequency f; = 0.366 %. And, the
existence of hydroacoustic waves is restricted by a mini-
mum limit frequency fic = ;77. Therefore, forced oscil-
lations are realized in a pure form within the frequency
band f; < f < fac, while the linear relationship p = pHa,
is clearly observed in cross-spectra and in power spectra
of the signals. Theoretical values of the limit frequencies
feand fyc are quite consistent with the observed bounda-
ries of the forced oscillation band. The clear relationship
observed between pressure variations of the ocean bot-
tom and the vertical component of acceleration makes
possible its utilization as a convenient way for mutual
verification of pressure gauges and accelerometers in situ.

In the case of observatories installed in regions close
to submarine slopes, cross-spectra within the range of

Page 11 of 13

Table 2 Weighted-mean  bottom calculated

as,/G? + G}

slopes

Observatory \/G,%TG,%
KMAQ2 0.0178
KMAO3 0.0446
KMAO4 0.0276
KMBO5 0.0238
KMBO6 0.0619
KMB08 0.0555
KMC09 0.0710
KMD16 0.0089
KME17 0.0249
KME18 0.0543

“forced oscillations” exhibit insignificant deviations of
MSC from unity and of PL from zero. From our point
of view, such deviations can be caused by a sole source,
namely the horizontal movements of submarine slopes,
contributing to the pressure variations. For verification of
this hypothesis, we obtained a set of equations describing
the pressure field in forced oscillations of a water layer in
a basin of variable depth. On the basis of this set, a for-
mula was obtained that relates pressure variations at the
ocean bottom and acceleration components in the case of
a gently sloping ocean bottom (Eq. 12).

From the formula, it is seen that in the case of obser-
vatories, situated in nearly horizontal segments of the
ocean bottom, the dominant contribution to the pressure
is due to the vertical component of acceleration.

An analytical solution is obtained for the problem of a
pressure field, caused by harmonic oscillations of a segment
of the ocean bottom within the frequency band of “forced
oscillations” On the basis of this solution, the amplitude of
pressure variations is shown to undergo a rapid exponen-
tial drop with an increase in the distance from the source.
Therefore, in the case of observatories installed on a nearly
horizontal bottom a contribution to the pressure variations
can only be given by submarine slopes the distance from
which does not exceed 1-2 ocean depths. A cross-spectral
analysis of pressure variations and of three-component
accelerograms have confirmed the hypothesis concerning
the contribution of horizontal movements of nearby sub-
marine slopes to pressure variations.
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