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Effects of water domains on seismic wavefields: A simulation case study
at Taal volcano, Philippines
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We examined the effects of water domains on seismic wave elds at the Taal volcano, Philippines, where there is
a summit crater lake on an active volcanic island surrounded by a caldera lake. We conducted forward waveform
simulation and synthetic waveform inversion using the 3D nite-difference method for various models with and
without the water lakes. Our study demonstrated the existence of both near- and far- eld effects of the water
domains. The near- eld effect is related to source excitation affected by a water domain, and the far- eld effect
is caused by dispersion of Rayleigh waves propagating through a water domain. Our study also showed that the
replacement of water by a vacuum rather than by a solid medium provides a better approximation of a water
domain. A water domain has considerable effect on seismic waveforms and must be properly treated when the
waveform period is shorter than 2 s, even if recording stations lie in the near eld. If the waveform period is
longer than 5 s, a water domain has a minor effect on seismic waveforms and may be replaced by a vacuum.
Key words: Volcano seismology, moment tensor inversion, nite-difference method, Taal volcano.

1. Introduction

Long-period (LP: 0.2-2 s) and very-long-period (VLP:
2-100 s) seismic signals are commonly observed at vol-
canoes worldwide. They are thought to be generated by
volumetric changes and movements of volcanic uids, and
are thus important for understanding pre-eruptive uid pro-
cesses in volcanoes. To quantify LP and VLP sources,
waveform inversion techniques developed by Ohminato et
al. (1998), Nakano and Kumagai (2005), and Auger ef al.
(2006) have been commonly used. In waveform inversion
analyses, accurate estimations of Green’s functions are crit-
ically important.

Waveform inversion studies have been conducted at vol-
canoes with crater lakes and volcanic islands surrounded
by sea water, such as Kilauea (Ohminato et al., 1998),
Aso (Legrand et al., 2000), Miyake (Kumagai et al., 2001;
Kobayashi et al., 2009), Kusatsu-Shirane (Nakano et al.,
2003), Usu (Yamamoto et al., 2002), Stromboli (Chouet et
al., 2003), Hachijo (Kumagai et al., 2003), and Satsuma-
Iwojima (Ohminato, 2006). In these studies, water domains
were usually ignored and represented either by solid or vac-
uum domains in calculations of Green’s functions, but with-
out stated justi cation except for the study of Chouet et al.
(2003), who concluded that the effect of sea water was neg-
ligible within a VLP band at Stromboli.

The in uence of water domains on synthetic seismo-
grams has been more extensively studied in strong ground
motion seismology. Using a 2D boundary element method,
Hatayama (2004) synthesized Rayleigh waves at an epicen-
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tral distance of 60 km from a seismic source at a depth of
5 km with, and without, including a sea layer. He con-
cluded that the sea has an important effect on the Rayleigh
wave if the source duration is shorter than 3 s and the wa-
ter depth is greater than 800 m. He also concluded that the
replacement of sea water by a vacuum provides a better ap-
proximation for the sea layer than does the substitution of
a solid medium for sea water. Petukhin ef al. (2010) used
a3D nite-difference method to calculate synthetic seismo-
grams of large interplate earthquakes by using a 3D velocity
and density structure with, and without, an oceanic layer.
They concluded that the oceanic layer has a large in uence
on the Rayleigh waves for a shallow (~5-km depth) earth-
quake, whereas it has negligible in uence on synthetic seis-
mograms for a deep (>10-km depth) source.

Although these strong-motion studies considered earth-
quake sources at depths greater than 5 km, LP and VLP
events at volcanoes often occur at depths of 1 km or shal-
lower. Seismic stations at volcanoes are located at source
distances from a few hundred meters to several kilometers.
Volcanoes exhibit steep and complex topographies. The ef-
fects of water domains on seismograms at volcanoes in such
complex situations may depend on station con gurations
and the periods, or wavelengths, of LP and VLP signals, and
should be evaluated by numerical simulation approaches.

Taal volcano, Philippines, is 60 km south of metropolitan
Manila (Fig. 1(a)). Since 1572, 33 known phreatic and
phreatomagmatic explosions at Taal have killed a total of
more than 1500 people (Zlotnicki et al., 2009). Most of the
Taal eruptions have taken place after quiescent periods of
less than 30 years, but more than 30 years have passed since
the last eruption in 1977. This implies a high risk of near-
future eruptions at Taal. To improve the monitoring and
understanding of the volcano, a joint Japan-Philippine team
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Fig. 1.

(a) Location of Taal volcano, Philippines. (b) Map showing source and station locations. Red circle represents the epicenter. Red triangles

indicate real station locations, and green diamonds indicate the locations of virtual stations (at 1-km intervals from the epicenter) used in the forward
waveform simulation. The dotted rectangle shows the extent of the horizontal computational domain. Contours indicate the topography of the Taal
volcano and bathymetries of Taal Lake (TL) and Main Crater Lake (MCL). The contour interval is 40 m. (c) Enlargement of map (b) around the

Volcano Island. The contour interval is 20 m.

installed five broadband seismometers at Taal in November
2010, as well as infrasonic and geomagnetic sensors and
GPS receivers.

Taal holds a caldera filled with water (Taal Lake: TL),
which has EW and NS dimensions of 15 and 25 km, re-
spectively, and a maximum depth of 200 m (Fig. 1(b)). The
currently-active crater is the Volcano Island (elevation 311
m) surrounded by TL. The active crater forms the Main
Crater Lake (MCL) with a diameter of 1.2 km and a maxi-
mum water depth of 80 m (Fig. 1(c)). Taal thus provides a
good test field to evaluate the effects of water domains on
seismic waveforms. Such evaluations are important for the
correct calculations of Green’s functions, which are used in
broadband seismic monitoring at Taal based on the wave-
form inversion approach.

In this study, we evaluated the effects of the two water
domains on seismic wavefields at Taal volcano through for-
ward waveform simulation and synthetic waveform inver-
sion. We calculated synthetic seismograms using the finite-
difference method, assuming the following three models:
the water domains treated as water (water model), the wa-
ter replaced by a vacuum (vacuum model), and a solid
medium (solid model). In Section 2, we describe the finite-
difference method used to calculate synthetic seismograms.
In Section 3, we compare forward synthetic seismograms
calculated for the three models at various epicentral dis-
tances to evaluate the effects of the water domains on the
seismic wavefields. Then, in Section 4, using synthetic ob-

served seismograms and Green’s functions at real seismic
station locations, we examine the effects of the water do-
mains on waveform inversion. We discuss our results in
Section 5, and present our conclusions in Section 6.

2. Calculation of Synthetic Seismograms

We used a second-order finite-difference method (FDM)
to calculate synthetic seismograms. In the FDM code,
we used algorithms proposed by Maeda et al. (2011), and
Okamoto and Takenaka (2005). The algorithm of Maeda
et al. (2011) uses the staggered grid cell proposed by
Ohminato and Chouet (1997) to calculate the synthetic seis-
mograms for models with arbitrary 3D topography and
structure. An efficient absorbing boundary, known as a per-
fectly matched layer (PML; Chew and Liu, 1996; Festa and
Nielsen, 2003), is used to efficiently calculate long synthetic
seismograms. The algorithm of Okamoto and Takenaka
(2005) allows the inclusion of a water domain, which is re-
alized by setting Lame’s coefficient u to zero for the cells
representing the water domain. The solid-water boundary
is placed at the interfaces of the grid cells, where u is set
to zero, so that the tangential stress is zero and the normal
velocity is continuous at the boundary. An average of the
solid and water densities is used as the density at the solid-
water boundary. Okamoto and Takenaka (2005) theoreti-
cally showed that the normal stress component is continu-
ous through the boundary when the averaged density is used
in the second-order finite-difference equations. Okamoto
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Fig. 2. Vertical velocity waveforms on water surfaces calculated with a structure composed of a flat water layer overlying a homogeneous half space.
Solid and dotted lines indicate the waveforms calculated using FDM and DWM codes, respectively. Waveforms calculated with a water depth of 40
m (1 grid cell) at epicentral distances of 1 km (a) and 10 km (b) and a water depth of 160 m (4 grid cells) at epicentral distances of 1 km (c) and 10

km (d) are shown.

and Takenaka (2005), and Nakamura et al. (2011), used
numerical tests to justify their use of these boundary con-
ditions. We used Cartesian coordinates x, y, and z corre-
sponding to E, N, and upward, respectively, throughout this
study.

To evaluate the accuracy of the FDM code, we performed
a simulation using a flat water layer overlying a homoge-
neous solid half space. For the water layer, we assumed
a P-wave velocity V,, = 1450 m/s, an S-wave velocity
Vy = 0 m/s, and a density p = 1020 kg/m>. For the solid
half space, we assumed V), = 3500 m/s, V, = V,,/«/g, and
p = 2400 kg/m>. We used the following Ricker wavelet as
the input source time function,

F@&y = (/7 2) [b@®)? = 172]exp[-b()?], (1)

b(t)=n(t—T5)/Tp, 2
where ¢ is time, and T, and T are constants related to the
duration and peak time of the wavelet, respectively. We
used an isotropic source with 7, = 1 sand 7y = 2sata
depth of 220 m below the water surface. Figure 2 compares
the vertical velocities on the water surface calculated by the
FDM code (solid lines), using a uniform 40 m grid and a
time step of 0.004 s, with those calculated by the discrete
wavenumber method (DWM) code of Takeo (1985) (dotted
lines). In the DWM calculation, we used a small value of an
S-wave velocity for the water layer (V; = 0.01 m/s) because
the DWM code could not treat V; = 0 m/s. We used water-
layer thicknesses of 40 m (Figs. 2(a) and 2(b)) and 160 m
(Figs. 2(c) and 2(d)), which are the representative depths
of MCL and TL, respectively. Note that the 40-m-thick
water-layer is expressed by only one grid cell in the FDM
calculation. In Fig. 2, we also indicate misfits among the

waveforms, defined as

oo [VIPM(kAr) — VDWM(kAL) |2

8 =
v S VP (kAN

3)

where VIPM and VPWM denote vertical velocity waveforms
calculated by the FDM and DWM codes, respectively, N
denotes the number of data samples in each trace, and At
denotes a time step (0.004 s). We obtained the misfit value
of 0.03 for an epicentral distance of 1 km and a water-layer
thickness of 40 m (Fig. 2(a)), and 0.36 for an epicentral
distance of 10 km and a water-layer thickness of 160 m
(Fig. 2(d)). These misfit values will be used to evaluate our
synthetic results later.

3. Forward Synthetic Tests

In our forward waveform simulation tests, we assumed an
isotropic Ricker wavelet (Egs. (1) and (2)) source beneath
the MCL (Fig. 1(c)). We calculated synthetic seismograms
at real and virtual station locations (Figs. 1(b) and 1(c)). We
used a 10-m mesh digital elevation model (DEM) contain-
ing bathymetries of TL and MCL. Delmelle et al. (1998)
estimated the water surfaces of TL and MCL to be 2 and
4 m above sea level, respectively; we therefore set them at
sea level. We used the computational domain down to a
depth of 4 km below sea level, surrounded by 800-m-thick
PML domains. We used the same grid size, time step, P-
and S-wave velocities, and densities of the water and solid
medium as those in the previous section.

Figure 3 displays velocity snapshots just beneath the land
and water surfaces calculated for the water model. To ob-
tain the snapshots covering TL, we used the entire domain
of Fig. 1(b) as the horizontal range of the computational
domain. The TL shorelines are clearly visible in the snap-
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Fig. 3. Snapshots of synthetic velocities V', (upper panels) and V. (lower panels) at half grids below the land and water surfaces atr = 3,5,7,and 9 s
calculated with the water model using 7, = 2 s and a source at 220 m below sea level.

shots of the y-component velocity V), (upper panels), indi-
cating that the wave amplitudes are highly weakened near
the water surfaces. In TL, there is a ring-like pattern corre-
sponding to wave packets, indicating that the wave energies
are partly transmitted to the water domains. When we look
at the snapshots of the vertical velocity V. (lower panels),
the wave amplitudes in the lake regions are not weakened.
This difference among the components may be attributed
to the boundary conditions. For the normal component,
the velocity is continuous on the solid-water interfaces and
is not zero on the water surfaces. On the other hand, the
tangential velocity components are not continuous on the
solid-water interfaces and become zero on the water sur-
faces. The latter condition arises from the equation of mo-
tion pdV,/dt = —dp/dy with the pressure p = 0 on the
water surfaces. We note that the snapshots of V, in Fig. 3,
in the lake region, are not zero because they are at half grids
below the water surfaces in the staggered grid scheme.

In the following, we used the black dotted rectangle in
Fig. 1(b) as the horizontal range of the computational do-
main to save computational time and memory. To check if
this domain was wide enough, we calculated waveforms us-
ing the entire domain of Fig. 1(b) for the water model with
T, = 2 s and a source depth of 220 m. Figure 4 compares
the waveforms obtained using these two domains. We can
see no distinct difference at the main portions of the wave-
forms and only a minor difference in the later portions. We
quantify the waveform differences obtained using the two
domains through misfits, defined as

Yy Do VY kAD) — VY (kAP
Pty Lo VY (kADP

G
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Time (s)
Fig. 4. Synthetic vertical velocities at station VITK calculated with

the water model using T, = 2 s and a source at 220 m below sea
level. Solid and dotted lines indicate the waveforms calculated using
the computational domains represented by the black dotted rectangle in
Fig. 1(b) and the entire domain of Fig. 1(b), respectively.

where V;* and V' denote synthetic velocity components in
the i-direction at a station calculated with the water model
using the small and entire domains, respectively. We cal-
culated the misfit value at each station shown in Fig. 1(b).
The largest misfit was 0.13 at the northernmost virtual sta-
tion (VSN) and the second largest was 0.082. Both of these
were small enough to have a negligible effect on the follow-
ing conclusions, which justify the use of the small domain
in the following calculations.

Figure 5 shows the synthetic seismograms at near- and
far-field stations, VTDK and VTTK (Fig. 1), calculated for
the three models for 7, = 1 s and a source depth of 220
m. At VITK (Fig. 5(b)), clear phase shifts among the three
models are evident in the Rayleigh wave portion, whereas
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Fig. 5. Synthetic seismograms at stations VTDK and VTTK calculated with the water (blue lines), vacuum (green dotted lines), and solid (brown lines)
models using 7), = 1 s and a source at 220 m below sea level. ‘P’ and ‘R’ denote P and Rayleigh waves, respectively.
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Fig. 6. Synthetic seismograms at stations VIDK and VTTK calculated with the water (blue lines), vacuum (green dotted lines), and solid (brown lines)
models using T, = 1 s and a source at 220 m below sea level. A layered structure was used for the solid domain.

the waveform differences among the three models are small
in the P-wave portion. At VIDK (Fig. 5(a)), differences
in amplitude among the three models appear for the entire
duration of the main wave packet, but the phase shifts are
not observed.

We further performed simulations, in which we used a
layered structure for the solid domain. The structure con-
tained three layers: layer 1 from the surface to 500 m be-

low sea level with V,, = 2000 m/s, layer 2 ranging from
500 to 2000 m below sea level with V,, = 3100 m/s, and
a half space below layer 2 with V, = 4300 m/s. We used
Vs = V,,/\/g and p = 1700+ 0.2V, (Gardner et al., 1974).
We used the same source as used in the previous test. Figure
6(b) compares synthetic waveforms at VTTK calculated for
the three models with the layered solid structure. A large
amplification, and a phase delay of the Rayleigh wave, is
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Fig. 7. Plots of waveform misfits for various models (8sw, dvw, and dww, Eqs. (5)—(7)), as functions of the epicentral distance for various source durations
T, and depths below sea level. We used T; = 27T, in Eq. (2). Arrows indicate the misfits at VTTK.

prominent in the water model. This result indicates that the From the individual waveform traces, we calculated the
water domains have a large effect on the Rayleigh wave por- waveform misfits among the three models, defined as
tion at far-field stations regardless of a homogeneous, or a

layered, solid structure. At VTDK (Fig. 6(a)), we can see S Z/f;)l[vis(kAf) — V¥ (kAD)]?
amplitude differences among the three models in the entire Ssw = —= Y p— 5
duration of the main wave packet but the phase shifts are N 2 =x.y,z 2o LV (KAD)]
small. These characteristics at near-field stations are consis-
tent with the simulation results obtained using the homoge- Zi:x, y.z Ziy:_ol [VY(kAt) — VY (kAD)]?
neous solid structure (Fig. 5(a)). Given these conclusions, Syw = N—lry, w 5

. . \ Zi:x ¥,z k=0 [Vl (kAl)]
we hereafter show the results obtained using the homoge- s

neous solid structure for simplicity. where V¥ and V? denote synthetic velocity components in
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the i-direction calculated with the vacuum and solid mod-
els, respectively. We calculated the mis ts between the
solid and water models (8y) and between the vacuum and
water models (8yy) for ten combinations of source duration
and depth, which we plotted as functions of epicentral dis-
tance (Fig. 7).

For all ten cases, the mis ts between the vacuum and wa-
ter models (8,y) are generally smaller than those between
the solid and water models (dsy), indicating that the vac-
uum model provides a better approximation of the water
domain than the solid model. The mis ts §g, and 8., for
the shallower source (Figs. 7(a)-7(e)) are larger than those
for the deeper source (Figs. 7(f)-7(j)). The maximum val-
ues of dg, for T, = 1 and 2 s and source depth of 220 m
are 1.41 and 0.68, respectively (Figs. 7(a) and 7(b)), indi-
cating that the water domains markedly affect the seismic
waveforms when the period is shorter than 2 s. The mis-

t 8w gradually decreases with increasing source duration
T, (Figs. 7(c) and 7(d)) and becomes smaller than 0.23 for
T, = 5 s (Fig. 7(e)). Similar characteristics are also visi-
ble for mis t 4,y (Figs. 7(a)-7(e)) and for a source depth of
700 m (Figs. 7(f)-7(j)). We also conducted calculations for
T, = 10 s, which resulted in similar mis t values to those
for T, = 5 s. These results consistently indicate that the
effects of the water domains are relatively small when the
period is longer than 5 s.

For T, = 1 and 2 s for stations not on the island (epicen-
tral distance >5 km), the waveform mis ts &, and &y in-
crease as the epicentral distance increases (Figs. 7(a), 7(b),
7(f), and 7(g)). These increasing trends suggest that the
waveform mis ts among the three models represent the ef-
fect of TL. Figure 7 also indicates that the mis ts at VITK
are larger than those at the virtual station VSN located at
a similar epicentral distance (10 km). The TL portion on
the ray path between the source and VI TK was longer than
that between the source and VSN (Fig. 1), which caused
the larger mis t values at VITK. On the other hand, for
T, = 1 s and a source depth of 220 m (Fig. 7(a)), the mis-

ts at the closest station are relatively large and decrease as
the epicentral distance increases within the island (epicen-
tral distance < 4 km), which we consider to be the effect of
MCL. These results indicate that the water domains have
both near- and far- eld effects.

In Section 2, we evaluated the waveform mis ts dgp
(Eq. (3)) between the FDM and DWM for water-layer thick-
nesses of 40 and 160 m (Fig. 2), which correspond to typical
depths of MCL and TL, respectively. In the evaluation, we
used a source with 7, = 1 s at 220 m depth, which were
the same as those used in Fig. 7(a). Hence, the mis ts §gp
may be used as rough estimations of the FDM calculation
errors in Fig. 7(a). At an epicentral distance of 1 km, Sgp
for a water-layer thickness of 40 m (0.03, Fig. 2(a)) may
be appropriate for the rough error estimation because the
waveforms are mainly affected by MCL. This error (0.03)
is small compared to the waveform mis ts Jg, and 8y, at
the same epicentral distance (0.15-0.38, Fig. 7(a)). At an
epicentral distance of 10 km, the waveforms are mainly af-
fected by TL so that §pp for a water-layer thickness of 160
m (0.36, Fig. 2(d)) may be appropriate for the error estima-
tion. This relatively large error (0.36) is mainly attributed

to the Rayleigh wave portion of the waveform propagating
through the water domain (Fig. 2(d)), which may be caused
by our use of only a few vertical grid cells in the water do-
main. However, the mis ts d,y and §,,, at the same epi-
central distance (0.81-1.42, Fig. 7(a)) are 2—4 times larger
than this error (0.36). Therefore, our interpretation of the
near- and far- eld effects may not be seriously affected by
the FDM calculation errors.

The synthetic waveforms may be affected by our treat-
ment of the solid-water boundary. To check this point, we
also calculated synthetic waveforms (Vi‘”d) using the density
of water as the density at the solid-water boundary, as a nat-
ural extension of the work of Ohminato and Chouet (1997).
We note that this treatment is different from that described
in Section 2 of this study. We compared the waveforms Vin
with V;¥ through mis ts

S _ Zi:x,y,z llc\[:_()l[Vin(kAt) - Viw(kAt)]z (7)
o Yoy D VP kA0

Crosses in Figs. 7(a) and 7(b) represent 8y, for T, =1
and 2 s, respectively. The maximum value of &y, is 0.49
for T, = 1 s, indicating that the synthetic seismograms are
affected by the treatment of the solid-water boundary.

4. Waveform Inversion of Synthetic Data
4.1 Inversion procedure

We conducted waveform inversion using synthetic wave-
forms to examine how the water domains affect inversion
solutions. Synthetic observed seismograms at the real sta-
tion locations were calculated using the water model, and
the three models (water, vacuum, and solid models) were
used for calculations of Green’s functions, in which we
used the homogeneous solid structure. We conducted a
least-squares inversion for six moment tensor time func-
tions based on the method of Auger et al. (2006), in which
waveform inversion is performed in the frequency domain
to reduce the computational time and computer memory re-
quirements.

We synthesized observed seismograms assuming a point
vertical tensile crack source with an N-S opening direction.
We set the crack source beneath MCL at 220 m below sea
level, under the red solid circle in Fig. 1. We used a Ricker
wavelet characterized by T, = 2 s and T, = 4 s as the
source time function. Source depths of 100-300 m have
been commonly estimated for LP and VLP events at various
volcanoes (e.g., Hidayat et al., 2002; Chouet et al., 2003;
Nakano et al., 2003; Maeda and Takeo, 2011). Because the
Eurasian plate subducts eastward (Galgana et al., 2007; Ku
et al., 2009), a tensile crack with an N-S opening direction
is a plausible source mechanism at Taal volcano.

Because the source location was xed to the input loca-
tion in our waveform inversion, we calculated Green’s func-
tions excited at the input source location only. We used the
same computational domain, grid interval, and time step as
those we used in the forward synthetic tests. For our calcu-
lation of Green’s functions, we used a pulsive source time
function of 1 s duration, which was deconvolved through
the frequency-domain inversion process. We calculated
synthetic observed seismograms and Green’s functions with
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Source time functions of six moment tensor components of the waveform inversion solutions, which were determined using synthetic

seismograms calculated with the water model and Green’s functions calculated with (a) water, (b) vacuum, and (c) solid models.

Table 1. List of station configurations for synthetic inversions conducted in this study. Stations used in inversions are indicated by asterisks ().

Station network

VTDK VTCT VTBM VTNP VTBC VTTK
A * * * * *
B * * * *
C * * * *

a total duration of 20 s, and decimated them to a sampling
interval of 0.02 s. We used three different station configu-
rations in our waveform inversion (see Table 1) to evaluate
the dependence of the inversion solutions on station config-
uration.
4.2 Inversion results

We first used station configuration A (Table 1) in our in-
version. Figure 8 shows source time functions of six mo-
ment tensor components estimated by our waveform in-
version using Green’s functions calculated with the three
models. Figures 9 and 10 describe the principal axes cor-
responding to these three inversion solutions. Here, M,
M,, and M3 indicate the largest, intermediate, and smallest

eigenvalues for the principal axes, respectively, and «; indi-
cates the angle between M and the y-axis. If the inversion
solution is perfect, Mo/M; = M3/M; = 1/3 and o) = 0
in Fig. 9, and the tensile directions shown in Fig. 10 are ori-
ented in the N-S direction. Since we defined the eigenval-
ues to satisfy |M;(¢)| > |M,(t)| > |M3(t)| at each time ¢,
jumps of the eigenvalues occurred at times when the order
of the eigenvalues changed (Fig. 9), although the moment
tensor solutions were continuous with time (Fig. 8). When
the water model was used to calculate Green’s functions,
the inversion solutions showed almost perfect recoveries, as
expected (Figs. 8(a), 9(a), and 10(a)). The inversion solu-
tions obtained using the vacuum and solid models show de-
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Fig. 9. Plots of the principal axes as functions of time, estimated from the source time functions of the six moment tensor components shown in Fig. 8.
M (t), M»(t), and M3(¢) indicate the largest, intermediate, and smallest eigenvalues for the principal axes, respectively, and « (¢) indicates the angle

between the y-axis and the principal axis corresponding to M;. Gray ho
My/M = M3/My =1/3.

rizontal lines in the middle panels indicate the input crack source for which
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Fig. 10. Plots of eigenvectors for the principal axes in space, estimated from the source time functions of the six moment tensor components shown in
Fig. 8. Red, green, and blue lines indicate eigenvectors corresponding to My, M,, and M3, respectively. The length of each line is proportional to

the eigenvalue of the principal axis. Gray arrows in each panel indicate
M1 (D)].

viations from the input source. In particular, the deviations
of M., (Figs. 8(b) and 8(c)) and M, (Figs. 9(b) and 9(c))
are large for both of these models. In the inversion result
obtained using the solid model, the crack deviates from the
vertical (gray arrows in Fig. 10(c)). The deviations of the
solutions obtained using the solid model are clearly larger
than those obtained using the vacuum model.
‘We calculated errors of the inversion results, defined as

YR [M (kAL — M (kAD

Ei = k; input
i M (e An)?

®)

where i = 1, 2,3, and the superscripts ‘inv’ and ‘input’
indicate eigenvalues for the inversion results and the input
source, respectively. Here, k; At and kAt define the time

the direction of the principal axis corresponding to the maximum value of

window shown in Figs. 8 and 9 (i.e. kjAt = 2 s and
koAt = 6 s). We compared E; obtained from the three
models with various station configurations (Fig. 11). For
the water model, the errors are smaller than 0.04 for all
parameters and station configurations. The errors for the
solid model are generally larger than those for the vacuum
model. For example, the errors in M, (E) using station
configuration A are 0.30 and 0.77 for the vacuum and solid
models, respectively.

It may be expected that the errors decrease if we use data
closer to the source. This tendency generally holds for in-
version results obtained using the vacuum model (Fig. 11),
in which the inversion using station configuration A includ-
ing data at station VITDK (Table 1) provided the smallest er-
rors for individual parameters among the three station con-
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Fig. 11. Plots of the errors of the waveform inversion solutions defined by Eq. (8). Inversions were conducted using synthetic observed seismograms
calculated with the water model and Green’s functions calculated with the water (blue lines), vacuum (green lines), and solid (brown lines) models.
The range of the lines and the circle, square, and triangle symbols indicate the station configurations (Table 1) used in the inversions.
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Fig. 12. Plots of the errors of the waveform inversion solutions defined by Eq. (8). Inversions were conducted using synthetic observed seismograms
calculated with a composite model and Green’s functions calculated with the solid model, for various station configurations listed in Table 1. The
composite model consists of MCL and TL filled with solid and water, respectively.

figurations. However, in the inversion results obtained using
the solid model, the use of data at VTDK increased the er-
rors (Fig. 11). We speculate that this represents the effect
of MCL. To check this assumption, we performed an addi-
tional inversion test. We used a composite model, in which
MCL and TL were filled with solid and water, respectively,
for the calculation of synthetic observed seismograms. We
performed waveform inversion of these seismograms using
Green’s functions calculated with the solid model. In this
way, we eliminated the effect of the MCL structure. The er-
rors for this case (Fig. 12) indicate that station configuration
A provided the smallest errors in the individual parameters.
We can thus conclude that the large errors in the inversion
solutions for station configuration A, shown by the brown
lines in Fig. 11, are caused mainly by the replacement of
water by the solid medium at MCL.

5. Discussion

Our forward waveform simulation revealed that water
domains have a considerable effect on seismic waveforms
when the period is shorter than 2 s (Fig. 7), whereas their
effects on waveforms are small when the source duration is
longer than 5 s. Our simulation also showed that the water
model is better approximated by a vacuum model than a
solid model.

The seismograms at distant stations beyond the Volcano

Island are dominantly affected by the outer lake (TL). Syn-
thetic seismograms at station VITK (Fig. 5(b)) display rel-
atively large waveform differences among the three models
for the Rayleigh wave portions of the waveforms. At sta-
tion VITK, amplitude differences among the models are
minor, but a phase delay of the Rayleigh wave is promi-
nent in the water model (Fig. 5(b)). This phase delay may
be caused by dispersion of the Rayleigh wave propagat-
ing through the water domain in TL. Although Fig. 5(b)
was obtained using the homogeneous structure for the solid
domain, our simulation using the layered structure for the
solid domain (Fig. 6) also showed that the water domains
affect the Rayleigh wave portions of the waveforms at far-
field stations.

Hatayama (2004) performed 2D waveform simulations to
examine the effect of an oceanic layer on waveforms with
periods of 0.18-6 s observed at an epicentral distance of 60
km using both homogeneous and layered solid structures.
Petukhin et al. (2010) performed 3D waveform simulations
for periods of a few seconds, and epicentral distances of
~20 km, to examine the effect of an oceanic layer using
a 3D layered solid structure of the Kinki region, Japan.
Both studies concluded that (1) the oceanic layer affects
the Rayleigh wave portion of the waveforms at far-field
stations, and (2) the effect of the oceanic layer becomes
minor with increasing source depth. Hatayama (2004) also
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concluded that the water layer is better approximated by
vacuum than solid. These conclusions are consistent with
our results for the far- eld waveforms (Figs. 5(b), 6(b), and
7).

On the other hand, we showed that seismograms at sta-
tions close to the source are affected by MCL (Fig. 7). At
these stations, body and surface waves arrive almost simul-
taneously because the hypocentral distances are small. The
waveform differences among the three models at station
VTDK (Fig. 5(a)) are visible for the entire duration of the
main wave packet. At station VIDK, the seismic ampli-
tudes are smallest for the solid model; those of the water and
vacuum models are almost the same. The waveform mis-

ts at stations on the island for T, = 1 s and source depth
220 m tend to be larger at nearer stations (Fig. 7(a)). On
the other hand, when the source is deeper (700 m), this ten-
dency is not observed (Fig. 7(f)). Thus, we consider that the
waveform mis ts at stations on the island re ect the near-

eld effect of MCL. Our simulations thus demonstrate that
water domains have both near- and far- eld effects.

Although the waveforms calculated by the FDM code
may have some errors (Fig. 2), the waveform mis ts among
the three models (Fig. 7) are larger than the estimated er-
rors at near- and far- eld stations (Section 3) so that our
interpretation of the near-and far- eld effects may not be
seriously affected by FDM calculation errors.

Our inversion tests support our interpretation of the sim-
ulations. The inversion solutions obtained using the solid
model were overestimated (Fig. 8(c)), which can be ex-
plained by the smallest near- eld seismic amplitudes in the
solid model. On the other hand, the inversion test using
the vacuum model provided solutions similar to the input
source (Fig. 8(b)). For the solid model, the use of data from
station VTDK worsened the errors in the inversion results
(Fig. 11), which is explained by the near- eld effect. When
we eliminated the structural effect of MCL, however, the
errors in the inversion results were generally smaller when
using data from stations closer to the source (Fig. 12). This
is explained by the far- eld effect at distant stations, where
the waveform differences increase due to the dispersion of
the Rayleigh wave.

Chouet et al. (2003) compared synthetic seismograms at
the Stromboli volcano, Italy, with and without a sea layer,
and concluded that the effect of the sea layer was minor.
Their results are consistent with ours, because (1) they used
water and vacuum models, not a solid model, for their com-
parison, (2) the dominant periods of the waveforms in their
study were around 5 s, and (3) all of the stations they used
were on an island surrounded by sea.

6. Conclusions
We examined the effects of water domains on seismic
wave elds at Taal volcano, Philippines, a volcano with both
crater and caldera lakes. We conducted forward waveform
simulation and synthetic waveform inversion using the 3D
nite-difference method with and without water lakes. Our
results suggest that the water domains have both near- and
far- eld effects on seismic wave elds. The near- eld effect
is related to source excitation affected by a water domain,
whereas the far- eld effect is caused by the dispersion of

Rayleigh waves propagating through a water domain. Our
study also showed that the replacement of water by a vac-
uum, rather than a solid medium, provides a better approx-
imation of a water domain. A water domain has a marked
effect on seismic waveforms and the results of waveform
inversion when the waveform period is shorter than 2 s. If
this is the case, a water domain must be properly accounted
for, even if the seismic stations lie in the near eld. We
also showed that the effect of a water domain is small for
waveform periods longer than 5 s.
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