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A Multi-fault Model Estimation from Tsunami Data: An Application to the 2018 M7.9 Kodiak
Earthquake

M. JAKIR HOSSEN,1

Abstract—In this study, we developed a new search algorithm
to find a multi-fault model of a complex earthquake using tsunami
data, and applied it to the January 23, 2018 M7.9 Kodiak earth-
quake. Our method includes a Green’s function based time reverse
imaging (GFTRI) approach to invert for sea surface displacement
using tsunami waveforms, followed by inversion of the sea surface
displacement for the earthquake slip distribution. The global CMT
focal mechanism for this event indicates that faulting occurred on a
steeply dipping fault striking either N—S (right lateral) or E-W (left
lateral), while subsequent work reveals a more complex pattern of
strike-slip faulting. We carried out a number of source inversions
using different combinations of faults to find the model based on an
extremum for residual errors. Our results suggest that the rupture
occurred on at least three faults oriented in approximately N-S and
E-W directions. We further explored the fault-geometry parame-
ters by perturbing them within a range suggested by previous work.
We found that the sea surface displacement model is best fit by our
preferred three fault-model with the set of parameters (strike, dip,
rake): (165°, 60°, 154°) and (265°, 60°, 10°) for N-S and E-W
directions, respectively.

Keywords: Tsunami source inversion, multi-fault model, time
reverse imaging.

1. Introduction

A large tsunami is usually generated by a
megathrust earthquake, for example, the 1964 M 9.2
Great Alaska Earthquake, the 2011 M 9.1 Tohoku-
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Oki earthquake, or the 2004 M 9.1 Sumatra earth-
quake. Such earthquakes occur in subduction zones at
the boundary of the continental plate over the oceanic
plate, and displace a huge amount of water due to
vertical movement of the sea-floor. However, intra-
plate events at outer-rise regions of the incoming
plate can also generate destructive tsunamis. These
earthquakes are typically strike-slip and are less
likely to cause vertical deformation of the sea-floor
and displace a large amount of water. A few outer-
rise events have caused tsunamis in the past, for
example, the 11 April 2012 M 8.2 Sumatra earth-
quake (Yue et al. 2012).

On January 23, 2018 at 9:31:42 UTC, an earth-
quake of M,, 7.9 occurred at 56.046° N, 149.073° W,
300 km southeast of Kodiak Island, Alaska. The event
was on the incoming Pacific plate in the outer rise
region of the Alaska-Aleutian subduction zone. The
focal mechanism solutions indicate that faulting
occurred on a steeply dipping fault either N-S striking
(right lateral) or E-W striking (left lateral). According
to the centroid moment tensor (CMT) solution of US
Geological Survey (USGS), the seismic moment is
1.01 x 102 Nm, Magnitude is M,, = 7.9 and the cen-
troid depth is 32.0 km; the nodal planes have strike
Y, =261°, dip ¢; = 69°, rake r; = 18° and strike
W, = 164°, dip ¢, = 74°, rake r, = 158°. This single
fault-model for the event provides a reasonable fit to
teleseismic body and surface waves but the aftershock
seismicity shows a broad and complex spatial distri-
bution. Recent studies suggest that the rupture might
have occurred on several fault planes instead of a
single fault (e.g, Ruppert et al. 2018; Lay et al. 2018;
Zhao et al. 2018). Ruppert et al. (2018) used tele-
seismic P wave back-projection and GPS modeling to
find their proposed model consisting of five ruptured
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subfaults, among which a NE-SW trending left-lateral
strike slip segment released the most energy. Lay
et al. (2018) suggested a four-fault model, dominated
by right lateral slip on a westward-dipping fault, is
most compatible with most seismic, GPS and tsunami
data. Using onshore GPS data, Zhao et al. (2018) also
proposed a four-fault model where the seismic
moment is mainly released on two WSW oriented
fault planes.

There are several ways to estimate tsunami source
models using tsunami data, including least-squares
(LSQ) (Satake 1987; Wei et al. 2003; Satake et al.
2013; Baba and Cummins 2005; Gusman et al. 2016;
Mulia and Asano 2016; Hossen et al. 2015b; Ho et al.
2017), genetic algorithms (Mulia and Asano 2016),
time reverse imaging (TRI) (Hossen et al. 2015¢; An
et al. 2014) and Green’s function based time reverse
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imaging (GFTRI) methods (Hossen et al. 2015a). The
GFTRI method involves convolution of a set of
Green’s functions (GFs) with the time-reversed
observed tsunami waveforms. The method was
applied successfully to the 2011 Tohoku-Oki
megathrust earthquake tsunami and the 2009 Samoa
earthquake tsunami (Hossen et al. 2018).

In this paper, we adopted a two-step inversion
(TSI) for the 2018 Kodiak earthquake. In the first
step, the GFTRI method is used to determine a sea
surface displacement (SSD) model. In the second
step, we determine the slip distribution of the earth-
quake from the sea surface displacement, inverting
for slip distribution on the fault planes. The estima-
tion of slip distribution from the SSD model is
computationally efficient and does not require the
user to recompute waveforms (tsunami and seismic)

Figure 1
Map of study area, seismicity, and tsunami observing stations. Redgstar shows hypocenter of the January 23, 2018 M 7.9 offshore Kodiak
earthquake. Inset map corresponds to dashed black box and shows aftershock distribution (orange circles) of the offshore Kodiak event. Focal
mechanism for the 2018 Kodiak earthquake and two other outer rise earthquakes are also shown. Yellow circles show past earthquakes with
M,, > 5. Tsunami observation stations are depicted by red circles and diamonds, with red circles used in the tsunami source estimation and all
stations used in comparison of model to observations. For the tsunami modeling we used three nested domains with grid-spacing of 60 arc sec
(for entire map area), 20 arc sec (blue box) and 20/3 arc sec (red boxes)
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Figure 2
a The initial sea surface displacement model (SSD) for the 2018 offshore Kodiak tsunami obtained from Green’s function based time reverse
imaging (GFTRI) of tsunami waveform data from DART buoys 46402, 46403, 46407, 46408, 46410, 46411, and 46419. b Agreement
between observed (dashed black) and computed tsunami waveforms (red) at DART buoys 46402, 46403, 46407, 46408, 46410, 46411, and
46419
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as GFs, instead the sea-floor deformation computed
by the Okada (1985) model for each sub-fault are
used as GFs in the inversion. The TSI approach has
been applied to several earthquake events, such as the
2017 Tehuantepec (Mexico) earthquake (Gusman
et al. 2018) and the 2009 Samoa earthquake (Hossen
et al. 2018) to characterize the earthquake faults.

2. Data

Thirteen DART and tide gauge stations in the NE
Pacific with high quality recordings of the 2018
Kodiak earthquake and tsunami were utilized in our
analysis (Figure 1, Table T1 in Supplement). DART
sea-floor absolute pressure records for the 2018
Kodiak earthquake and tsunami were obtained from
the National Oceanic and Atmospheric Administra-
tion-National Data Buoy Center (http://www.ndbc.
noaa.gov/dart.shtml) (Mungov et al. 2013). Coastal
tide gauge records were obtained from the Intergov-
ernmental ~ Oceanographic ~ Commission-United
Nations Educational, Scientific and Cultural Organi-
zation monitoring  (http://www.ioc-
sealevelmonitoring.org/index.php).  The
waveforms are prepared by resampling, detiding and
filtering. The sampling interval of the tide gauge is 60
s, while that of the DART is 15-60 s (event mode vs.
continuous). For waveform data processing and
inversion purposes, we resampled all of the tsunami
time series data to 30 s time interval. For removing
tides, we used a low sample rate of 15 min and
removed the tidal component by estimating a poly-
nomial fit and removing it from the records. After
removing the tidal signal the data were bandpass
filtered using a Butterworth filter with cutoff periods
from 1.5 h (0.000185185 Hz) to 4 min (0.004166667
Hz).

sea level

tsunami

3. Methodology

In the first step of our inversion, we estimate the
SSD model by implementing the Green’s function
based time reverse imaging (GFTRI) method as
described in Hossen et al. (2015a). The GFTRI
method uses precomputed Green’s functions (GFs)

M. J. Hossen et al.

Pure Appl. Geophys.

Figure 3
Residual errors obtained using different fault parameterizations in
the earthquake slip inversion. a Case 1a, residual error for inversion
with a single fault (F; to Fy) oriented in the N-S direction. b Case
1b, residual error for inversion with a single fault (S; to Sg) in the
E-W direction. For Case 1 (single fault), fault F, provides the
smallest residual error. ¢ Case 2, fault F4 plus one fault from the N—
S direction is used in the inversion; d Case 3a, faults (F4 & Ss) and
an additional fault in the E-W direction; e Case 3b, faults (F4 & Ss)
and an additional fault in the N-S direction. The smallest error
(d) is obtained with the set {F4, Fs, S5} . f Case 4, faults
(F4, F3 & Ss) with one additional fault in the N-S direction. In this
case (case 4), the improvement in fit (reduction of error) is very
slight. In a similar fashion, we considered five and six faults in
cases 5 & 6 and find that the error reduction (g, h) is very slight

from a unit source to each observation station, con-
volves the GFs with the time reversed observed
waveforms and then scales the reverse wave-field by
the GFs to estimate amplitude over each source patch.
The source patches are obtained by dividing the
source domain; over each source patch a unit source
is created by using a box function with cosine
tapering. The dimension of each source patch is 25 x
25 km?, which makes in total 60 source grid points
(Supplementary Figure S1) for the 250 x 150 km?
source area of the 2018 Kodiak Alaska tsunami. The
GFTRI has the advantage that it does not require the
use of the LSQ method to solve the evolved linear
system and additionally does not need regularization
constraints (Hossen et al. 2015a). However, the
GFTRI method requires a tsunami propagation model
to satisfy the reciprocity principle (Korolev 2011).
To compute the GFs, we use the JAGURS tsunami
propagation model that satisfies the reciprocity prin-
ciple (see for details, Hossen et al. 2015¢; Mulia
et al. 2018). JAGURS solves the two dimensional
nonlinear shallow water equations with Boussinesq
dispersion in a finite difference scheme (Baba et al.
2017). This code is parallelized, hence reducing the
computational time significantly.

We set our computational domain to latitude 38°
N-61° N and longitude 172° W-124° W in order to
cover the epicenter and the locations of the obser-
vation stations considered in this work (Fig. 1). We
considered three nested grids in our simulation: the
coarsest grid resolution (60 arc-sec) bathymetry
derived from the General Bathymetry Chart of the
Ocean global database (Weatherall et al. 2015) over
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the entire domain, intermediate grid resolution (20
arc-sec) derived from the bathymetry provided by
NOAA for the domain ( 54° N-60.5° N, 156° W-
132° W) and the finest grid resolution (20/3 arc sec)
derived from the same bathymetry for the domain
shown in Fig. 1 (red boxes). The time step for this
computation is set as 0.5 s.

In the second step of our inversion, we estimate
the earthquake slip distribution by inverting the SSD
model. From the earthquake slip distribution, we then
compute a co-seismic water surface displacement
(WSD) model which can be compared to the input
SSD. We determine the slip distribution by solving a
linear system Gm = d using a least squares method
with constraints  (damping and
smoothing). The matrix G contains the sea-floor
deformation from each sub-fault calculated by
Okada (1985) elastic dislocation model and the vec-
tor d contains the SSD model as grid points
(explained in detail in Sect. 5).

regularization

4. Sea Surface Displacement Model

The initial sea surface displacement (SSD) model
that we determine using GFTRI is shown in Fig. 2a.
In this source analysis, we use seven DART buoys
(46402, 46403, 46407, 46408, 46410, 46411, 46419)
located in the deep ocean surrounding the earthquake
source. These stations are selected because the
quality of recordings is excellent, the bathymetry data
surrounding these stations is more accurate than at
shallow sites and grid resolution near these stations
does not have a significant impact on GFs. We con-
sider only 1 h of data after the first arrival of tsunami
in order to avoid coastal reflection or local resonance.
We do not use DART 46409 because it is too close to
the source for reciprocity to hold (Hossen et al.
2015a).

In GFTRI method, the amplitude of each unit
source is calculated by

1 1
aj=-> ——TR;(s;,T — t;), (1)
P |Gyl

where 0t; is the time adjustment (for details, see
Hossen et al. (2015a)), p is the number of stations,
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Figure 4
a A schematic diagram of the fault planes considered in the
earthquake slip distribution estimation. Fault planes in the N-S
direction (purple) have strike 164° and planes in the E-W direction
(yellow) have strike 261°. b, ¢ The fault models for case 1 (one
fault in each direction is identified as the ruptured fault); d slip
distribution for case 2, which has two faults (F4 and Ss) and e slip
distribution for case 3, with 3 faults (F4, Fg and Ss). Case 3 is our
preferred fault model for the 2018 Kodiak earthquake

T is the time length and TR;(s;, -) is the reverse wave-
field obtained by convolving GFs from the ith source
with the jth observation in reverse time order. In this
study, we find that time adjustment does not provide a
reliable SSD model that fits observed waveforms
well. Instead, it is important to include an attenuation
factor 7y to account for decrease in tsunami height
with propagation away from the source. Thus, the
equation for calculating the amplitude becomes

a; :l ; ;TR'(S' T) . (2)

l P V|Gij|2 J”

We find that an attenuation factor of 2 determined by
trial and error basis provides a more accurate SSD
model than a model with time adjustment. The
resulting agreement between observed and simulated
waveforms is very good at most of the stations, the
period of the waveforms matches very well, and the
peak amplitude is close to that observed (Fig. 2b).
The resulting displaced surface water model is mostly
concentrated between the trench line and the epi-
center, with maximum water height of approximately
30 cm (Fig. 2a).

5. Fault Slip Distribution

In the second step of the inversion, we estimate
the earthquake slip distribution from the SSD model.
The aftershock distribution of the Kodiak event
suggests that the rupture likely occurred on both N-S
and E-W trending faults, and subsequent studies
indicate that the rupture likely took place on a com-
plex distribution of multiple fault planes oriented in
the N-S and E-W directions (e.g, Lay et al. 2018;
Ruppert et al. 2018; Krabbenhoeft et al. 2018; Zhao
et al. 2018). We use the SSD model to find the
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Focal mechanisms determined by USGS (red), GCMT (blue), and

Lay et al. (2018) (orange). TSI (green) is our proposed focal

mechanism, using the best fitting orientations of N-S and E-W
planes

appropriate fault planes associated with the rupture
process by searching over a grid of 18 faults with
nine parallel fault planes spaced 10 km apart in each
direction (N-S and E-W striking). The faults are
denoted as {Fy,...,Fo} for faults with E-W strike
and northward dip and {Si, ..., S} for faults striking
N-S with westward dip (Fig. 4a). Among them, we
chose the faults based on the smallest “residual
error”, defined as the I, norm of the difference
between the SSD model (determined by inverting
tsunami data) and the WSD model (calculated from
the earthquake slip distribution) (Fig. 3).

NE

SW NE
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Figure 7
a Sea-floor deformation calculated from the slip distribution of our
preferred three-fault model; b (dashed black) observed tsunami
waveforms, (red) modeled waveforms from the tsunami SSD
model (Fig. 2a), (green) modeled waveforms from the earthquake
slip distribution (a). The first seven DART buoys are used in the
inversion, other DART and tide gauge stations shown are for
comparison

Initially, we use fault orientations from the USGS
CMT solution (N-S and E-W oriented faults: strike
W, = 164°, dip ¢, = 74°, rake r; = 158° and strike
WV, =261°, dip ¢, =69°, rake r, =18°). We
approximate each fault using a 7 x 4 grid of sub-
faults of dimension of 20 x 20km?. Using these fault
parameters with unit slip, we compute synthetic GFs
of sea-floor deformation (different from tsunami GFs
of section 4) for each sub-fault using the Okada
(1985) model over the same domain as the SSD
model. The domain extends from 54° N-58° N and
152° W-146° W (Fig. 2a) with grid spacing of 1 arc
min, giving a total number of grid points of 87001
(=361 x 241). The sea-floor deformation is assumed
to be identical to the sea-surface displacement. We
store the GFs associated with each sub-fault in each
column of the matrix G and the sea-surface dis-
placement as the vector d that yields the system
Gm = d. The length of each column of G is 87,001
and the number of columns depends on how many
fault planes are considered in the source inversion.

NW SE
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Figure 6
Slip distribution for the preferred model, which has three faults: Fyy (left), Fg (middle), S5 (right). Color represents amount of slip in each sub-

fault

>



Vol. 177, (2020) A Multi-fault Model Estimation From Tsunami Data 1343

(a) &N 0.35
0.30
57°N 0-25 —_
E
020 §
E
©
0.15 g
56°N S
010 o
o
o
=
0.05 o
55°N @
0.00
-0.05
152°W 150°W 148°W 146°W
(b)
1 46402 3 6403 2 1 46407
0 1 ‘O—JXW':» 0 A 0 - vvwvhdlw
/ Wy J
o T T T T =3 -2 45 T T T T
60 75 90 105 120 60 150 165 180 195 210
1- . 4641() ;- "1
46408
0w \camide  o- n 0- W
I
_ _1 T T T T T _4 T T T Al T _2 T T T '1 Al
g 90 105 120 135 150 0 15 30 45 60 180 195 210 225 240
Z . 46419 . 46404 46409
N\
o /‘ p g
v g : [T AN
f ° ° 0 b/%ﬁ-*—-r-—
8 =2 - T T l‘l T -3 -6 1‘ T T T
© 100 115 130 145 160 130 145 160 175 190 0 10 20 30 40
2 Alitak (101) Seward (201) vakutat (601)
34 \ l“\\ 91 12 A
0 - A\WAAY 0 A 0 4
1NV
—3 1 T T T \I T T _9 _12 i T T T T T
70 92 115 138 160 60 82 105 128 150 70 92 115 138 160
271 Kodiak (801) . - obs
0 ==t NP ! —— GFTRI
Jr v — TSI
—27 T T T T T
60 82 105 128 150 . .
Time (min)
The vector m that we solve for represents the slip smoothing constraints- (0.3 and 0.01, respectively)
over the subfaults. The system is solved by using a chosen by trial and error in order to obtain a

non-negative least squares method with damping and stable solution.
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We assume that the rupture is associated with
several fault planes oriented in N-S and E-W
directions, based on the aftershock locations and
previous studies. To find the optimal combination of
ruptured faults, we consider several scenarios: case 1)
a single fault in either N-S or E-W orientation; case
2) two faults, with a fixed fault from case 1 (the case
1 fault that provides the smallest residual error); case
3) three faults, with two fixed faults determined in
case 2; case 4) four faults, with three from case 3;
case 5) five faults, with four fixed faults determined
in case 4; and finally, case 6) six faults with five fixed
faults from case 5.

In case 1, we carried out 18 earthquake slip
inversions in total; nine for each direction (Fig. 3a,
b). The inversion using fault F4 in the E-W direction
produces the smallest residual error and is thus fixed
in the next case 2. In case 2, we fix fault F, in case 1
and search over the nine faults in the N-S direction
and find that the combination of faults F4 & S5 pro-
vides the smallest error (Fig. 3c). These two faults
(F4 & S5) are fixed for case 3, where we conducted 16
inversions with one of the remaining 8 faults in both
E-W and N-S directions in each inversion. The
residual error is presented in Fig. 3d, e; comparing
the errors in different fault combinations, we find that
the set of {F4, Fs,Ss} produces the smallest residual
error. In case 4, we consider these three faults
F,, Fg & S5 with one of the remaining 8 faults in the
N-S direction and find that the error varies very
slightly. In a similar way, we conducted inversion for
the case of 5 and 6 using five and six faults; the
resulting error variation is so subtle that it is difficult
to distinguish which fault should be considered for
improving the result. We concluded that the set of
three faults {Fy4, Fs, Ss} in case 3 is sufficient for
recovering the SSD model. The residual error is 0.396
and the slip distribution is displayed in Supplemen-
tary Figure S2. In our model the maximum slip
occurs on E-W fault F, at a depth of 20 km. In this
model, the total seismic moment is 9.37 x 10%° Nm,
M,, 7.9, which is very close to both the USGS and
global CMT (GCMT) solution.

Our initial fault plane orientations were based on
the USGS CMT solution. However, subsequent
studies have suggested a range of possible solutions
(Fig. 5 and references in caption). Thus, we perturbed

Pure Appl. Geophys.

the strike, dip, and rake of the 3 planes of our pre-
ferred model (case 3) within a range consistent with
the previous studies of Lay et al. (2018), USGS and
GCMT. We varied the strike in 5° increments from
150° to 175° for the N-S-striking planes and from
250° to 275° for the E-W striking planes; the dip was
varied in 5° increments from 60° to 85° for both
westward and northward dipping planes. We varied
the rake in 3° increments from 154° to 163° for the
N-S-striking and from 10° to 19° for the E-W
striking planes. With these variations, we inverted the
SSD model for earthquake slip model and found the
smallest residual error (misfit) between the SSD
model and the WSD model resulted from the
parameters (strike, dip, rake): (165°, 60°, 154°) and
(265°, 60°, 10°) for the N-S and E-W striking planes,
respectively (Fig. 5). We found that the smallest
value of the rake in the range was preferred for both
planes whereas strike and dip changed by a smaller
amount. The slip distribution over the faults with this
set of parameters is displayed in Fig. 6 and the WSD
model is presented in Fig. 7a.

6. Discussion

After performing our two step inversions (TSI),
which first consists of Green’s function based time
reverse imaging (GFTRI) for the sea surface dis-
placement (SSD) model (Sect. 4), followed by
inversion of the SSD model for the fault model
(earthquake slip distribution) (Sect. 5), we find a
preferred fault model consisting of one N-S oriented
fault and two E-W oriented faults (Fig. 6). The co-
seismic water surface displacement (WSD) model
from our preferred earthquake fault model can
reproduce the peak of the observed waveform, but not
the trough in the leading wave, particularly at stations
46411 and 46419 in Fig. 7b. This misfit indicates that
the WSD model cannot recover subsidence of the sea
surface completely. On the other hand, our SSD
model can explain the observed tsunami waveforms
very well at most DART stations including DART
station 46404 which is not used in the source inver-
sion (Fig. 7b). DART 46409 is in close proximity to
the source and is not well fit. Lay et al. (2018) also
modeled lower water height than the observed at
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station 46409. We believe that the observed wave
height at station 46409 may be a combination of the
tsunami wave and the seismic wave, such as the
Rayleigh wave as it is located very near to the epi-
center. In addition, the fit at tide gauges (not used in
source inversion) is not as good as the fit at the
DART stations. This could be due to in part to the
insufficient grid resolution (20/3 arc sec) used in
coastal regions for the tsunami simulation.

From the SSD model we determine the multi-fault
earthquake slip distribution model by using the TSI
method (Sect. 5). In total, 18 faults were considered
in both approximately N-S and E-W directions. Our
preferred fault model consists of three faults with slip
distribution on the E-W oriented faults located in a
spatially compact region shallower than 40 km. On
the southernmost E-W fault F4, the major slip is
located within the depth range 18 km to 35 km and on
Fg, the major slip is shallower than 20 km. In con-
trast, the slip on the N-S oriented fault is distributed
over a wider range of depths, with the major slip at
20-60 km depth.

Our results, obtained from GFTRI of tsunami data,
are broadly consistent with the results obtained in
other studies which used seismic, GPS, and in some
cases tsunami data. The details between the previous
studies vary, including the number of faults, the ori-
entation of the segment which released the most
energy (NE-SW trending left-lateral strike-slip seg-
ments (Ruppert et al. 2018; Zhao et al. 2018), or
right-lateral slip on SSE-trending fault Lay et al.
(2018). Nevertheless, all studies require faulting on a
set of conjugate faults roughly oriented N-S and E-W.
(Krabbenhoeft et al. 2018) included analysis of grav-
ity, magnetics, and bathymetry data of the outer-rise of
the Alaska subduction zone in their study of the
Kodiak event. They find a N-S aligned crustal fabric
influenced by plate bending normal faults, N-S mag-
netic anomalies, and E-W oriented fracture zones.

7. Conclusion

We estimated the tsunami source model (sea
surface displacement model or SSD) of the 2018
offshore Kodiak earthquake tsunami by utilizing the
Green’s function based time reverse imaging
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(GFTRI) method. The SSD model determined using
tsunami data from the seven DART stations provides
good waveform fits between observed and simulated
waveforms, the period of the tsunami arrival matches
well, and the peak amplitudes are compatible with the
observed waveforms. We used DART stations loca-
ted around the source in the Gulf of Alaska and North
Pacific Ocean. The performance could possibly be
improved by adding far-field stations located in the
Pacific Ocean, which would improve the azimuthal
coverage though perhaps at the expense of signal to
noise ratio.

We inverted the SSD model for the earthquake
slip distribution over a range of fault combinations
chosen in a systematic manner. Our preferred fault
model consists of three faults. We perturbed the fault
parameters using bounds from previously published
work to further determine optimal fault orientations.
Our preferred earthquake slip model produces sea-
surface uplift (water surface displacement or WSD)
well-matched with the SSD model. Overall, the WSD
model from the three fault model is consistent with
the SSD model although it is unable to recover the
subsidence completely. While seismic and GPS data
are of enormous utility and provide important infor-
mation, we find that with the computationally
efficient two-step inversion (TSI) method, which only
needs tsunami data as input, we can recover the major
aspects of the tsunami source and earthquake source
associated with the 2018 offshore Kodiak earthquake.
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