
manuscript submitted to JGR: Solid Earth

An Adjoint-state Full Waveform Tsunami Source1

Inversion Method and Its Application to the 20142

Chile-Iquique Tsunami Event3

Tong Zhou1, Lingsen Meng2, Yuqing Xie2and Jiayuan Han3
4

1Department of Computational Mathematics, Science and Engineering, College of Engineering, Michigan5

State University6

2School of Earth, Planetary and Space Sciences, University of California, Los Angeles7

3Department of Earth, Environmental and Planetary Sciences, Rice University8

Key Points:9

• A new adjoint-state full waveform tsunami source inversion method is developed.10

The method is more computationally efficient than the traditional Greens-function-11

based inversions.12

• The method does not rely on prescribed fault geometry to image earthquake-generated13

tsunamis, and has potential to resolve secondary tsunami sources such as seafloor14

landslide.15

Corresponding author: Lingsen Meng, meng@epss.ucla.edu

–1–©2018 American Geophysical Union. All rights reserved.

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1029/2018JB016678

http://dx.doi.org/10.1029/2018JB016678


manuscript submitted to JGR: Solid Earth

Abstract16

We develop an adjoint-state full waveform inversion procedure to recover the initial wa-17

ter elevation of a tsunami event. Traditional finite-fault tsunami source inversion meth-18

ods suffer from the uncertainty of fault parameters or crustal rigidity. Moreover, the heavy19

computational burden of calculating Greens functions results in limited spatial resolu-20

tion and hinders the real-time applicability of the traditional methods to tsunami early21

warning. In this work, we apply the adjoint-state full waveform inversion method to the22

tsunami source inversion. The benefits of the adjoint inversion are two folds: 1) inde-23

pendence of fault parameters, and 2) high computational efficiency, especially for dense24

tsunami arrays and high-resolution grids. We valid this approach with synthetic tsunami25

sources, and apply it to the 2014 Chile-Iquique tsunami event. Both synthetic and real-26

data results show that the adjoint-state method is of high efficiency and high resolution,27

outperforming the traditional tsunami source inversions.28

1 Introduction29

Tsunamis are oceanic gravity waves excited by the displacement of a large volume30

of water in the ocean, typically resulting from shallow megathrust earthquakes in sub-31

duction zones. Earthquake-generated tsunamis start as long-wavelength waves with rel-32

atively small amplitude in the open ocean, and become shorter and larger (> 10 m) when33

shoaling near the coastlines, causing severe damage to coastal regions, home of over a34

third of the worlds population. Advances in the new tsunami monitoring instrumenta-35

tion, including global Deep-ocean Assessment and Reporting of Tsunamis (DART, Sa-36

take (2014)) and coastal tide gauges provides an unprecedented volume of tsunami record-37

ings. These observations enable numerous efforts to understand tsunami wave propaga-38

tion and near-coast behaviors (Adriano et al., 2018; Fujii, Satake, Sakai, Shinohara, &39

Kanazawa, 2011; Maeda, Furumura, Sakai, & Shinohara, 2011; Satake, Fujii, Harada, &40

Namegaya, 2013), allowing tsunami warning systems and provide new opportunities to41

improve tsunami source imaging and probe the underlying physical mechanisms of tsunami-42

genic earthquakes.43

Elevating the understanding of tsunami sources is crucial for both the tsunami early44

warning and the earthquake source studies. In 2011, the failure of accurate wave-height45

predictions of the M 9.0 Tohoku-Oki earthquake tsunami event caused large casualties46

because the tsunami run-up height was estimated less than 10 m but actually exceed-47
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ing 30 m (Fujii et al., 2011). This failure was primarily caused by the underestimation48

of earthquake magnitude due to the satuation of magnitude estimation from early ar-49

rivals (Hoshiba & Ozaki, 2014). It is therefore important to explore the benefit of direct50

tsunami observations without relying on earthquake source models, which is crucial for51

constructing a better tsunami warning system.52

Imaging the seafloor co-seismic deformation through tsunami source inversion pro-53

vides crucial information on earthquake fault slip pattern, especially for shallow and near-54

trench slip distributions that are difficult to be well constrained by finite-fault inversions55

using teleseismic recordings and on-shore geodetic data. Instead, tsunami wave data are56

particularly sensitive to offshore ruptures and provide high spatial resolution for near-57

trench deformation (Satake et al., 2013). Recently, tsunami wave data have been directly58

adopted in the finite-fault slip models. An, Sepúlveda, and Liu (2014) inverted the tsunami59

data for the 2014 Chile-Iquique event; Yue et al. (2014) performed joint-inversion of seis-60

mic data, geodetic data and tsunami data for the 2011 Tohoku event. Both of these stud-61

ies provide better constraints on the finite-fault model.62

The two major applications of tsunami source imaging, call for different approaches63

to utilize the tsunami data, to solve for the initial water elevation for tsunami warning64

and to invert for the fault slip distribution for earthquake source studies, respectively.65

Initial water elevation inversion retrieves the tsunami water source directly, while the finite-66

fault model inversion requires the knowledge of the fault geometry and crustal rigidity.67

For many tsunami events without well-defined fault zone parameters, the finite-fault in-68

version is highly ill-posed and suffers from large model uncertainties. In contrast, ini-69

tial water elevation inversion does not rely on the assumption of fault parameters and70

fault geometries (Hossen, Cummins, Roberts, & Allgeyer, 2015) and can potentially of-71

fer a stable and reliable constraint on the fault rupture processes. In addition to earth-72

quakes, there are also other source mechanisms that cause seafloor deformations and gen-73

erate tsunamis. Seafloor volcano eruptions and seafloor landslides are two common al-74

ternative tsunami sources. Seafloor landslides are sometimes triggered by submarine earth-75

quakes, acting as secondary tsunami sources and increasing the amplitude of tsunami76

waves. Such second sources are suggested to explain the excessively large runup and in-77

undation in Sanriku during the Tohoku earthquake (Grilli et al., 2013; MacInnes, Gus-78

man, LeVeque, & Tanioka, 2013; Tappin et al., 2014). The initial water elevation inver-79

sion is also important for tsunami warning, because it takes into account all the tsunami80
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sources, including seafloor landslides that cannot be well represented in the finite-fault81

modeling. It can also circumvents the issue of underestimating earthquake magnitude,82

and produces more accurate on-shore wave height estimation than seismic-based tsunami83

warning methods.84

Several numerical methods have been applied to image the initial water source and85

associated seafloor deformation. The traditional linear inversion method divides the source86

region into small grids, and requires the calculation of the Greens functions between each87

pair of sources and receivers. This calculation is rather time-consuming because sepa-88

rate forward tsunami-wave simulations must be repeated many times. Time reversal imag-89

ing (TRI) is another popular method to image tsunami sources. According to acoustic90

theory, if the recorded data are dense and cover all azimuths, the reverse-propagated wave-91

fronts focus at the source region at the occurrence time based on reciprocity principle.92

TRI has been applied in both exploration seismology (Nakata & Beroza, 2016; Sun, Xue,93

Zhu, Fomel, & Nakata, 2016), global seismology (Larmat et al., 2006), and tsunami re-94

search (Hossen, Cummins, Roberts, & Allgeyer, 2015). TRI excludes the smoothing reg-95

ularization required by the finite-fault inversions and initial water elevation inversions96

(An et al., 2014; Fujii et al., 2011; Gusman et al., 2015; Heidarzadeh, Harada, Satake,97

Ishibe, & Gusman, 2016; Lay, Yue, Brodsky, & An, 2014; Satake, 2014; Wei, Chamber-98

lin, Titov, Tang, & Bernard, 2013; Yagi et al., 2014), and also saves significant compu-99

tational cost because the wave propagation simulation only needs to be conducted once.100

However, TRI only maps the region of the tsunami source but does not obtain the true101

initial water elevation. It also tends to introduce artifacts when the receivers are sparse102

or have poor azimuthal coverage. To mitigate the artifacts caused by the sparse data cov-103

erage and retrieve the true amplitude information, researchers have developed various104

techniques. In Hossen, Cummins, Dettmer, and Baba (2015), the TRI amplitude at a105

single source grid was corrected by the Greens functions from the source grid to receivers,106

known as GFTRI (Green’s function-based time reverse imaging). Hossen, Gusman, Sa-107

take, and Cummins (2018) also derived a new adjoint-sensitivity analysis method, which108

removes the highly sensitive stations from the GFTRI imaging, and improves the robust-109

ness of the tsunami source inversion. These approaches make the TRI image feasible for110

further tsunami numerical modeling and fault slip inversions, although the calculation111

of the Greens Function weighting is still time consuming. In our previous work, An and112

Meng (2017) derived a much simpler and faster TRI approach with a unique station weight-113
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ing method, which accounts for both 2D geometric spreading and azimuthal incomplete-114

ness. However, weighted TRI images still suffer from the incorrect amplitude and the115

artifacts due to the unevenly distributed stations, which limits the further usage of TRI116

images, for example, serving as an input of tsunami simulations. Using similar reciprocity117

principle of Green’s function explored in TRI imaging, recently a two-step adaptive tsunami118

source inversion method (Mulia, Gusman, Jakir Hossen, & Satake, 2018) reduces the com-119

putational cost of high-resolution inversions.120

In this project, we introduce a new adjoint-state method for tsunami source imag-121

ing. The adjoint method was used in oceanic and atmospheric data assimilation (Moore,122

1991). We adopt the idea of adjoint full waveform inversion (FWI) in exploration seis-123

mology, and solve for the initial water elevation of tsunami events utilizing the adjoint124

wavefield. According to the Born approximation, the adjoint wavefield calculated by back-125

propagating the residue between data and model prediction is the gradient of the mis-126

fit function (Plessix, 2006). The least-square problem of waveform fitting is solved with127

a conjugate gradient method. Extensive synthetic tests conducted in exploration geo-128

physics show that the adjoint-state method improves the resolution and balances the spa-129

tially unevenly distributed recordings (Feng & Schuster, 2017; Sun et al., 2016; Virieux130

& Operto, 2009) by taking advantage of the rich information embedded in the full wave131

field. This method is widely used in subsurface structure tomography, and is recently132

applied to earthquake source imaging (Somala, Ampuero, & Lapusta, 2018).133

To our best knowledge, our work is the first attempt of directly applying the adjoint-134

state method for tsunami source inversion. While keeping most of the advantages of the135

time-reversal imaging, the adjoint approach also recovers the correct tsunami source am-136

plitude. Compared to conventional Greens-function-based inversion (Hossen, Cummins,137

Dettmer, & Baba, 2015), the adjoint method reproduces the tsunami initial water ele-138

vation typically through only a few iterations, which significantly reduces the compu-139

tational cost.140

2 Method141

The adjoint-state tsunami source inversion method is designed to resolve the ini-142

tial water elevation of the tsunami source. The inversion architecture is basically a least-143

squares problem (Schuster, 2017; Tarantola, 1986; Tromp, Tape, & Liu, 2005) minimiz-144
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ing the error between observation and synthetics due to the variation of the tsunami source.145

For the forward modelling of the tsunami wave propagation, we use the linear form of146

the shallow water equation:147

∂h

∂t
+H

(
∂u

∂x
+
∂v

∂y

)
= 0,

∂u

∂t
− fv = −g ∂h

∂x
− bu,

∂v

∂t
+ fu = −g ∂v

∂y
− bv

(1)148

where h is the tsunami wave height (the length from the free water surface to the149

mean sea level), which is the main variable of the tsunami waves. b is the bathymetry150

(the length from the mean sea level to the seafloor), H is the total height of the water151

volume (the height from the free water surface to the seafloor), f is the Coriolis force152

term, g is the gravtional acceleration, and u, v are the depth-averaged velocities at x and153

y direction, respectively. The shallow water equation is valid under the approximation154

that the tsunami wavelength is far greater than that of the bathymetry. The original form155

of the shallow water equation is non-linear (Vallis, 2017). For tsunami modelling, it is156

common to neglect the viscosity of the sea water, which allows us to neglect the non-linear157

term and obtain the linear form of the shallow water equation (An et al., 2014). Our nu-158

merical test also show that the linear shallow water equation is able to reproduce tsunami159

waveforms almost identical to those generated by the non-linear shallow water equation160

(Figure S1). Equation (1) is also based on the approximation that h << H. Thus un-161

der the linear shallow water equation approximation, the tsunami propagation is very162

similar to the acoustic wave propagation. The initial condition of the equation (1) is:163

h(x, y, t = 0) = m(x, y)

u(x, y, t = 0) = 0,

v(x, y, t = 0) = 0

(2)164

where the m(x, y) is the initial water elevation, which is the vertical water displace-165

ment excited by the earthquake, volcano eruption, landslide, etc. regarding as the tsunami166

source. Using the linear shallow water wave equation, the tsunami source can be mapped167

to synthetic data with a linear propagation operator:168

d = Lm (3)169
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where L is the wave propagation matrix, m is the source model of initial water dis-170

placement, d is the synthetic tsunami wave field. In tsunami inversion, we compute the171

linear operator L using the shallow water wave equations. Let m0 be the starting model172

of the initial water elevation. Under the Born approximation, the perturbed wavefield173

δd is linearly related to the source perturbation δm:174

δd = Lδm (4)175

We use the least-square waveform misfit functional to measure how well the syn-176

thetics fits the observations. The misfit functional is:177

J =
1

2
‖dobs − Lm‖22 (5)178

where dobs is the observed tsunami waveform. Following the adjoint-state method179

(Plessix et al., 2006; Tromp et al., 2004), the gradient of the misfit function g at the kth180

iteration is:181

gk = L∗(dobs − Lmk) (6)182

where dk = dobs−Lmk is the residue between the observed waveform and model183

prediction. L∗ is the adjoint operator of the wave propagation operator L. Because the184

equations (1) are acoustic wave equations, the adjoint wavefield of tsunami waves can185

be defined similarly to the acoustic adjoint wavefield. Thus the adjoint wavefield L∗dk186

can be calculated by back-propagating the time-reversed data residue at each of the sta-187

tions to the source region. The gradient of the misfit function gk is the adjoint wavefield188

itself (Plessix, 2006; Tarantola, 1986; Tromp et al., 2005). To minimize the misfit func-189

tion, a conjugate gradient method is used to iteratively update the model. The model190

perturbations at the kth iteration is calculated by:191

δmk = Cgk + βδmk−1 (7)192

where C is the pre-conditioning matrix, and β is given by193

β =
g∗kCgk

g∗k−1Cgk−1
(8)194

Finally, the model is updated by195

mk+1 = mk − αδmk (9)196
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Where the step length α is given by197

α =
(δmk)∗gk

(Lδmk)∗(Lδmk)
(10)198

The sparse and uneven distribution of the tsunami stations may influence the con-199

vergence and cause artifacts in the inversion. For example, for the Chilean subduction200

zone, the tsunami observations are dominated by the IOC coastal gauges along the coast,201

while DART stations are relatively sparse in the open ocean (Fig. 5). To mitigate the202

artifacts caused by unevenly distributed tsunami stations, we introduce a weighting func-203

tion inversely proportional to the azimuth interval between stations. The weighted mis-204

fit function J ′ is given by:205

J ′ =
1

2

N∑
i=1

w(i)‖d(i)obs − d
(i)
pred‖

2
2 (11)206

where w(i) is the weighting function for the ith station, and d
(i)
pred is the predicted207

waveform for the ith station. In exploration seismology, the adjoint-state method is sen-208

sitive to the starting velocity model (Schuster, 2017). Similarly, in tsunami source in-209

version, it is sensitive to bathymetry. The starting model is another important factor for210

the adjont-state inversion. A well-chosen initial model can speed up the convergence and211

is less prone to the local minima. We generate the starting model based on the initial212

water source constrained by the time-reversal imaging method (An & Meng, 2017). Al-213

though the source amplitude in time-reversal imaging is less reliable than the source lo-214

cation, it provides a reasonable initial guess, which is critical for the adjoint-state inver-215

sion. The workflow of this method is summarized in Fig. 1.216

Figure 1. The workflow of the adjoint-state tsunami source inversion method

3 Synthetic Tests217

We conduct two numerical synthetic tests to validate this new method for our ma-218

jor concerns: 1) constraining the source mechanisms of tsunamigentic earthquakes with-219

out the knowledge of fault geometry and parameters; and 2) improving the tsunami source220

inversion resolution to detect possible secondary sources, such as co-seismic landslides.221

The first synthetic test demonstrates the effect of the fault-geometry uncertainty. Since222

performing a finite-fault slip inversion requires a priori information such as the fault ge-223

ometry and rigidity. However, many large intraplate earthquakes occur in fault zones of224
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complicated and previously unknown geometry. These unknown fault parameters im-225

pose additional uncertainties to the model space of an already ill-posed problem. In com-226

parison, Adjoint-state inversion of tsunami initial water elevation does not rely on the227

fault geometry, which potentially produces more accurate and realistic result especially228

for earthquakes without well-defined fault structures. We solve for the initial water el-229

evation and slip distribution of a hypothetical rupture using the fault and receiver set-230

up of the 2014 M8.1 Chile-Iquique tsunami event (Fig. 2). The synthetic tsunami wave-231

forms are recorded at Intergovernmental Oceanographic Commission (IOC) sea level sta-232

tions along the Chilean coast, and a few DART stations in southeastern Pacific. Two233

gauge stations and two DART stations are in red for further waveform comparison (Fig.234

2). We place a thrust earthquake (strike: 350◦, dip: 15◦, rake: 90◦) centered at the epi-235

center of the Iquique earthquake, marked with a yellow parallelogram in Fig. 2, and the236

detailed slip distribution is shown in the inner panel of Fig. 2. We simulate the tsunami237

wave with the Cornell Multi-grid Coupled Tsunami solver (COMCOT, Liu, Woo, and238

Cho (1998); Wang and Liu (2006, 2007)). The numeical package COMCOT can perform239

the forward and the back-propagation simulation using the linear shallow water equa-240

tion. The tsunami source can be given by either the initial water elevation or the fault241

slip model. If the tsunami source is given by the fault slip model, the fault slip will be242

first converted to the seafloor deformation using Okada’s equation for the half-space (Okada,243

1985), and then the initial water elevation is set as the seafloor deformation. The tsunami244

waveform is simulated by solving the linear shallow water equation with a staggered-grid245

finite-difference numerical scheme.246

Figure 2. Synthetic model of the comparison of the adjoint-state method and the traditional

finite-faule inversion method. Outer panel: study region, bathymetry and stations. Inner panel:

input finite-fault slip model. The triangles are the tsunami stations while the red ones D1, D2,

G1 and G2 are selected DART and gauge stations for plotting the data misfit.

To mimic the uncertainty of fault geometry, we conduct the finite-fault inversion247

with slightly different fault parameters (strike: 360◦, dip: 20◦, rake: 90◦). In this syn-248

thetic test, the finite-fault inversion is a linear inversion based on Green’s functions map-249

ping the unit slip at each finite-fault grids to the stations. We applied the finite-fault source250

inversion scheme combined with the COMCOT. The recovered slip pattern and corre-251
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sponding initial water elevation are shown in Fig. 3a and 3c, respectively. Although the252

fault geometry error is minor (10◦ in strike and 5◦ in dip), the reproduced slip pattern253

is substantially distorted and leads to 20 km eastward shift in the location of the initial254

seafloor deformation (Fig. 3c). In comparison, the adjoint-state method almost recov-255

ers identical amplitude and area of the input initial water elevation (Fig. 4a). Compared256

to the initial water elevation for our input model (Fig. 4c), the adjoint-state method ob-257

tains an initial water elevation method nearly identical to the original input source. The258

adjoint-state also produces a better waveform fitting than the finite fault model (Fig.259

3b and 4b) with the total least-square misfit of the data and the synthetics reduced by260

approximately 10%.261

Figure 3. a) inverted finite-fault slip model with unclear fault geometry; b) predicted (red)

and synthetic (blue) waveform for the finite-fault inversion; 3) initial water elevation calculated

from the inverted finite-fault slip model

Figure 4. a) initial water elevation obtained by the adjoint-state method; b) predicted (red)

and synthetic (blue) waveform for the adjoint-state method; 3) initial water elevation calculated

from the input finite-fault slip model (as a reference)

Another synthetic test is designed to demonstrate the ability of resolving possible262

secondary sources. The landslide often occurs far away from the fault zone and is small263

in scale. Here we design a synthetic source with a major and a minor regions of binary264

water elevation variations (Fig. 5, inner panel). For the adjoint-state inversion method,265

we can mesh the source region with a 2.5 arc-minute (≈ 4.6 km) spacing high resolu-266

tion grids, which contains 30 * 80 grid points. The adjoint-state inversion result is plot-267

ted in Fig. 6, with the sample data fitting figures for two gauge stations and one DART268

station marked in red shown in Fig. 5. The adjoint-state image is obtained after 20 it-269

erations. As a comparison, the conventional Greens-function-based inversion that has270

similar computation time can only take 6 * 16 grids with spacing of 10 arc-minute (≈ 18.4 km).271

The sparse grid may not resolve the secondary sources (Fig. S5).272

We observe that in the adjoint-state solution, both the major and the secondary273

sources are properly recovered. The data fitting is nearly perfect shown in Fig. 6a, and274
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Figure 5. Synthetic model of the demonstration of resolving secondary tsunami sources.

Outer panel: study region, bathymetry and stations. It is also the study region of the 2014

Chile-Iquique tsunami event. Inner panel: the input initial water elevation model. Triangles with

station names (except G1) are the tsunami stations used in the Chile-Iquique tsunami inversion.

All stations are used in the synthetic test.

Figure 6. a): predicted (red) and synthetic (blue) waveform for the adjoint-state inversion

in the selected 3 stations; b): initial water elevation obtained by adjoint-state inversion; c): the

convergence plot. The source grid spacing is 2.5 arc-minute (4.6 km).

the data misfit shows fast decrease in the first 5 iterations, and finally the misfit is re-275

duced by 99%. Under the same computational cost restriction, the linear inversion with276

Green’s functions may also fit the data well (Fig. S5), but the misfit of the coda wave277

and some high frequency part observed in station G2 and D1 is large, which suggests that278

the secondary sources only produce minor waveform variations. The overall misfit re-279

duction between the adjoint-state method with 30*80 grids and the linear inversion with280

6*16 grids is about 30%. The secondary source may also be resolved by the linear wave-281

form inversion method with the same 30 * 80 grids mesh, which requires to calculate the282

Greens function with shallow-water wave simulation 2,400 times, a huge computational283

cost compared to the adjoint-state method. Theoretically, the adjoint-state method only284

needs to compute the tsunami wave simulation twice the number of iterations. In our285

test example, one simulation takes about 7 minutes, and the adjoint-state method takes286

about 4.7 hours for 20 iterations. In the synthetic test of the Green’s-function-based method,287

it takes 11.2 hours for only 6*16 grids, and will take 280 hours to reach the same res-288

olution with 30*80 grids. With the high computation efficiency, we expect the adjoint-289

state inversion method to be effective in obtaining high-resolution tsunami source im-290

age, which is crucial for identifying possible seafloor activities associated with coseismic291

landslides and other secondary sources.292

Since the tsunami waves have long wavelength (about 100km), the half-wavelength293

resolution limit is around 50 km. But the full waveform information may help to resolve294

the initial water elevation pattern smaller than half wavelength. More synthetic tests are295

conducted to demonstrate the potential sub-wavelength resolution of the proposed adjoint-296

state method. The test with a 30*30 km secondary source (Figure S2a, the main source,297
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bathymetry and stations are the same as the secondary source test of Figure 5). The main298

pattern of the secondary source can still be clearly recognized, but it is dimmed and the299

amplitude cannot be fully recovered. A 20*20 km secondary source (Figure S2b) can-300

not be clearly imaged. For a very small sub-wavelength secondary tsunami source, the301

invertion result restores the location and basic pattern, but the recovered amplitude is302

significantly smaller, and the area of inverted source is getting larger than the input model.303

We interpret this feature as the smearing effect due to limited spatial resolution.304

The inaccuracy of bathymetry data induce artifacts and convergence issue to the305

adjoint-state inversion. According to our numerical test, if the bathymetry model is ac-306

curate, the inversion is quite stable with fast convergence rate. In such cases the start-307

ing model has less impact on the inversion result (Figure S3 a-d). We imposed 10% bathymetry308

perturbation that follows Von Karman distribution with 100 km correlation length. In309

that case, the inversion becomes less stable and the convergence rate slows down. The310

inversion results are containmated with artifacts due to the incorrect Green’s function311

(Figure S3 e-h).312

4 Application to the 2014 Chile-Iquique Tsunami Event313

To understand the performance of the adjoint-state method on real tsunami events,314

we inverted the initial water elevation of the 2014 Mw 8.1 Chile-Iquique tsunami event,315

and compare our results with the conventional methods including time-reversal imag-316

ing and finite fault inversions. We adopt the recordings of 4 DART stations and 17 IOC317

gauge stations (triangles labeled with station names in purple and black, respectively,318

in Fig. 5). The source region is marked with a yellow rectangle, with the red star mark-319

ing the epicenter of the earthquake. The calculation domain for the tsunami simulation320

is between 95◦W - 70◦W and latitude 35◦S - 5◦S using 3000 * 3600 grids with an inter-321

val of 30 arc-seconds. The source region is represented with a rectangle between 71.5◦W322

- 70.3◦W and 21◦S - 18.5◦S, meshed uniformly with 144 * 360 grid points of 30 arc-seconds323

spacing. The tsunami data are pre-processed such as removing the long-period tidal waves324

by a polynomial fitting technique, following (An et al., 2014). Then the first peak of the325

tsunami waveform is manually picked for setting up the time window to fit in the adjoint-326

state inversion.327
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Figure 7. Tsunami source inversion result for the 2014 Chile-Iquique event. Central panel:

adjoint-state inversion result after 20 iterations; Left panel: predicted (red) and observed (blue)

tsunami waveform data for 4 DART stations; Right panel: predicted (red) and observed (blue)

tsunami waveform data for 4 IOC gauge stations. The black dashed line separate the first wiggle

we used for inversion, and the coda waves.

We use the time-reversal image as our starting model followed by 20 iterations of328

adjoint-state inversions. We focus on fitting the first wiggle of the tsunami waveforms,329

because the following coda waves are dominated by multiple reflections along the coast,330

which introduces artifacts and destabilizes the model convergence since we lack the ac-331

curate bathymetry in coastal regions. The predictions generally match the observations332

well (Fig. 7), although there are minor time shifts in some of the IOC gauge stations.333

An et al. (2014) observed similar timing issues and concluded that bathymetry errors334

near the coast are responsible for the mismatch.335

In real tsunami event inversion, the inversion is more sensitive to the starting model336

due to the inaccuracy of bathymetry, the nonlinearity of the inversion problem, and the337

sparsity and irregularly distributed gauge and/or DART stations. We tested different338

starting models of zero initial water elevation, the USGS finite-fault model predicted ini-339

tial water elevation (https://earthquake.usgs.gov/ earthquakes/eventpage/usc000nzvd/finite-340

fault), and the amplitude-corrected time reversal imaging result (Figure S4a, c and e;341

corresponding inversion results: Figure S4b, d and f). All inversions have 20 iterations342

and perform gradient-smoothing. Although the inversion results inhert features of the343

starting models to some extent, the large-scale pattern of the inversion results are sim-344

ilar. The inversion with the TRI starting model has the minimum data misfit and the345

largest misfit reduction. Therefore we choose the amplitude-corrected time reversal im-346

age as the starting model.347

The final inversion of the initial tsunami source is shown in the central panel of Fig.348

7. It features positive water elevation to the southeast of the epicenter, and a southwest-349

ward extension. Some minor negative water elevation is seen around the coast, which350

is most likely artifacts related to the coastal reflections. Overall, we considered the pre-351

liminary result of the adjoint-state method provides a clear and high-resolution image.352

We notice that although we intend to fit only the first wiggle, the following coda waves353
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Figure 8. Comparisons of initial water elevation results obtained by different methods. a)-d):

finite-fault inversion by different groups; e) adjoint-state method; f) time-reversal method

are also reasonably matched. Compared with time-reversal imaging (Fig. 8f), our method354

naturally obtains true amplitude without any additional calibrations. The remaining am-355

plitude mismatch is again likely attributed to the errors of coastal bathymetry. The wave-356

form fitting can be potentially further improved by an empirical calibration method us-357

ing a large aftershock. In Fig. 8, we compare the tsunami source obtained by the adjoint-358

state method with those predicted by finite-fault models (An et al., 2014; Gusman et al.,359

2015; Hayes et al., 2014; Yagi et al., 2014) and by time reversal imaging (An & Meng,360

2017). Our preferred result shows similar position of the peak water elevation to Hayes361

et al. (2014). The southwestward extension resembles to that of Yagi et al. (2014). Over-362

all, the adjoint-state method results in similar image to that of the time-reversal image,363

with significantly less along-coast reflection artifacts (Fig. 8e and 8f). To conclude, the364

Iquique example demonstrates that compared with traditional methods, the new adjoint-365

state approach resolves more detailed source features with stable and fast convergence366

rate. Our method is also more efficient, less ad-hoc and has less along-coast artifacts.367

5 Discussion368

5.1 Limitations and further improvements of the adjoint-state tsunami369

inversion method370

In the synthetic test settings, the adjoint-state method has fast convergence rate,371

enhanced efficiency of resolving small-scale tsunami sources and recovering true source372

amplitudes. The synthetic tests are not sensitive to the starting model, assuming the sat-373

isfication of approximations of the linear shallow water equation and the accuracy of the374

bathymetry data. Randomized noise seems not influence the convergence too much. In375

the test case the convergence is not perturbed when 5% noise is added. Also, regardless376

of the starting model, the inversion converges to the global minimum which is nearly iden-377

tical to the ground truth. However, the inversion for real tsunami data becomes com-378

plicated. First, to apply a straightforward adjoint-state method requires a linear wave379

equation. The linear shallow water equation is good for small tsunami waves whose am-380

plitude is far smaller than the bathymetry. This approximation is satisfied in the open381
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oceans but may be invalid in the near-coast region where the bathymetry becomes shal-382

low. In our numerical test (Figure S1), the difference between the results of linear and383

nonlinear shallow water equations are small, even for the near-coast gauge stations es-384

pecially for the first wiggle of the waveform. So it would be safe to apply the linear shal-385

low water equation. This feature is also reported by An et al. (2014).386

Second, the bathymetry and the coastline data do not have enough accuracy. Cur-387

rently, we use the 30-arc-second bathymetry, which may not be accurate enough to per-388

form the source inversion. The inaccurate bathymetry introduces error to the wave prop-389

agation and the adjoint wavefield, which renders the adjoint wavefield no longer the gra-390

dient of the misfit functional. In this case, the convergence is less stable, resulting in a391

slow convergence rate and artifacts in the inversion results. The inversion also becomes392

depending on the starting model. Inaccurate coastline produces additional non-existing393

reflections contaminating the coda wave. Applying a higher resolution bathymetry data394

especially in the shallow along-coast region is critical to simulate reflections and provide395

a possibility to fit the coda waves. Kubota et al. (2018) reported that a 4 arc-second bathymetry396

could model the coastal reflection, which may be good for the adjoint inversion but more397

tests are needed. This issue may also be mitigated by only accounting the first wiggle398

of the tsunami wave in the inversion, and to apply a proper pre-conditioning method (Chen,399

Huang, Yao, Hilst, & Niu, 2014; Luo, Modrak, & Tromp, 2013), such as the gradient smooth-400

ing (Figure S3 and S4 for more information). Another strategy to mitigate the inaccu-401

racy of the propagation matrix is to account for the Green’s function uncertainty in the402

misfit functional (Yagi & Fukahata, 2011). This particular approach can be potentially403

incorporated into our inversion scheme if the gradient of the modified misfit functional404

can be derived from the adjoint wave-field. Applying a different misfit functional may405

be another solution. In earthquake seismology, various misfit functional has been explored,406

including the waveform similarity, cross-correlation, and envelop measuring (Bozdağ, Tram-407

pert, & Tromp, 2011). In our adjoint-state tsunami inversion, we need to obtain the ac-408

tual wave height and arrival time for the possible usage of the tsunami warning. Thus409

we still adopt the standard least-square misfit functional which accounts for both the am-410

plitude and phase information. In our future work, we will explore better misfit func-411

tionals with measurements that more sensitive to the tsunami source variations.412

The sparsely and irregularly distributed gauge and DART stations also pose chal-413

lenges to the adjoint inversion. The gauge stations are along the coastline, while the DART414
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stations are distributed very sparsely in the open ocean, so the inversion is inevitably415

biased. Thus, we need a proper station weighting function to mitigate this problem. In416

this work, an azimuth-based station weighting technique is applied to both the synthetic417

tests and the real data. But in some cases, certain isolated stations contribute too much418

to the image. A potential accurate station weighting technique is the adjoint sensitiv-419

ity weighting method given by Hossen et al. (2018). The idea is to first compute the sta-420

tion sensitivity kernels using the back-propagated data residue of each station, and then421

weight each station based on the station sensitivity kernels. If the imaging result is highly422

sensitive to a certain station, then this station should be downweighted. This weight-423

ing procedure can be combined with the adjoint inversion. The signal to noise ratio of424

stations may also need to be considered. Downweighting the noisy stations may reduce425

the artifacts due to noise. In addition, appropriate good pre-conditioning technique, such426

as the gradient smoothing, can also accelerate the convergence rate (Hou & Symes, 2017),427

which enhances the real-time applicability of the adjoint-state method for tsunami warn-428

ing and hazard mitigation.429

Despite these problems, the adjoint-state tsunami inversion method provides more430

efficient high-resolution tsunami source image without being affected by the unknown431

fault geometry. In future development, in addition to obtaining more accurate bathymetry432

models, the dependence of starting models could be reduced by a more suitable station433

weighting method, a better misfit functional or applying the multi-scale technique which434

first fits the low-frequency components of the tsunami waves, and then progresses to fit435

the higher frequencies. In the current stage, we compare the data misfit of multiple start-436

ing models to determine the optimal initial model. In the case of the Iquique earthquake,437

the time-reversal imaging model leads to the smallest data misfit and is our preferred438

initial model (Fig. S4).439

5.2 Efficient tsunami warning with faster and more accurate wave height440

prediction441

The key to tsunami warning is speed and accuracy. Currently, the common prac-442

tice for tsunami warning is to constrain the earthquake moment and centroid location443

using teleseismic W phases (Kanamori & Rivera, 2008) and estimate the tsunami arrival444

time and wave height using previously calculated tsunami scenarios. Real-time finite-445

fault modeling based on landward GPS and strong-motion stations generate more de-446

–16–©2018 American Geophysical Union. All rights reserved.



manuscript submitted to JGR: Solid Earth

tailed earthquake source information (Bock, Melgar, & Crowell, 2011), but still lack the447

constraint of the shallow near-trench slip that contributes most to the tsunami gener-448

ation. Moreover, shallow secondary tsunami sources of coseismic landslide or triggering449

on splay faults enlarge the tsunami height but are often missed by the finite-fault inver-450

sions. To consider all tsunamigenic sources and predict accurate wave heights, initial wa-451

ter elevation inversion is important. In light of the recent development of global DART452

and coastal tide gauge network, particularly in the Pacific and Indian Ocean, its promis-453

ing to explore real-time initial water elevation inversion for tsunami early warning pur-454

pose in major subduction zones (e.g. Alaska, Japan, Chile and Sumatra) Hossen, Cum-455

mins, Roberts, and Allgeyer (2015). Among available tsunami source imaging techniques,456

the time-reversal imaging method does not recover true amplitudes. The Greens-function-457

based inversion methods suffer from heavy computational burden and is limited to pre-458

calculated tsunami scenarios. For example, if we mesh the entire south American sub-459

duction zones with a 1 arc-minute spacing, the total number of grids will be about 800,000,460

which requires several months or even years to calculate the Greens functions with hun-461

dreds of CPU cores, and takes more than 100 TB storage space. On the other hand, the462

adjoint-state tsunami inversion is suitable for real-time application because it recovers463

accurate initial water elevation in only a few iterations. The tsunami source image can464

be then quickly and directly used in forward tsunami simulations, producing accurate465

forecast of tsunami height and arrival time. We expect that the adjoint-state will be par-466

ticularly useful to improve the far-field or transoceanic tsunami predictions since the near-467

field DART and coastal tide gauge can be used as the input.468

6 Conclusion469

Currently, we have developed the initial theoretical and numerical framework for470

the adjoint-state method for tsunami initial water elevation inversion. We validate the471

ability of our approach to resolve the primary and secondary tsunami sources through472

synthetic tests. The preliminary work above describes the basis of the adjoint-state full473

waveform tsunami source inversion, validates the effectiveness and feasibility of the method,474

and reveals some aspects for further developing this method. With this adjoint-state tsunami475

source inversion method, we are able to better resolve small-scale tsunami sources with476

high resolution and less computational time, especially for some fault zones without de-477

tailed structures. This method may also contribute to the tsunami warning systems.478
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(2006). Time-reversal imaging of seismic sources and application to the great555

sumatra earthquake. Geophysical Research Letters, 33 (19).556

Lay, T., Yue, H., Brodsky, E. E., & An, C. (2014). The 1 april 2014 iquique, chile,557

mw 8.1 earthquake rupture sequence. Geophysical Research Letters, 41 (11),558

3818–3825.559

Liu, P. L., Woo, S.-B., & Cho, Y.-S. (1998). Computer programs for tsunami propa-560

gation and inundation. Cornell University , 25 .561

Luo, Y., Modrak, R., & Tromp, J. (2013). Strategies in adjoint tomography. Hand-562

book of Geomathematics, 1–52.563

MacInnes, B. T., Gusman, A. R., LeVeque, R. J., & Tanioka, Y. (2013). Comparison564

of earthquake source models for the 2011 tohoku event using tsunami simu-565

lations and near-field observations. Bulletin of the Seismological Society of566

America, 103 (2B), 1256–1274.567

Maeda, T., Furumura, T., Sakai, S., & Shinohara, M. (2011). Significant tsunami568

observed at ocean-bottom pressure gauges during the 2011 off the pacific coast569

of tohoku earthquake. Earth, Planets and Space, 63 (7), 53.570

Moore, A. M. (1991). Data assimilation in a quasi-geostrophic open-ocean model of571

the gulf stream region using the adjoint method. Journal of Physical Oceanog-572

raphy , 21 (3), 398–427.573

Mulia, I. E., Gusman, A. R., Jakir Hossen, M., & Satake, K. (2018). Adaptive574

tsunami source inversion using optimizations and the reciprocity principle.575

Journal of Geophysical Research: Solid Earth, 123 (12), 10–749.576

–20–©2018 American Geophysical Union. All rights reserved.



manuscript submitted to JGR: Solid Earth

Nakata, N., & Beroza, G. C. (2016). Reverse time migration for microseismic sources577

using the geometric mean as an imaging condition. Geophysics, 81 (2), KS51–578

KS60.579

Okada, Y. (1985). Surface deformation due to shear and tensile faults in a half-580

space. Bulletin of the seismological society of America, 75 (4), 1135–1154.581

Plessix, R.-E. (2006). A review of the adjoint-state method for computing the gradi-582

ent of a functional with geophysical applications. Geophysical Journal Interna-583

tional , 167 (2), 495–503.584

Satake, K. (2014). Advances in earthquake and tsunami sciences and disaster risk585

reduction since the 2004 indian ocean tsunami. Geoscience Letters, 1 (1), 15.586

Satake, K., Fujii, Y., Harada, T., & Namegaya, Y. (2013). Time and space distribu-587

tion of coseismic slip of the 2011 tohoku earthquake as inferred from tsunami588

waveform data. Bulletin of the seismological society of America, 103 (2B),589

1473–1492.590

Schuster, G. T. (2017). Seismic inversion. Society of Exploration Geophysicists.591

Somala, S. N., Ampuero, J.-P., & Lapusta, N. (2018). Finite-fault source inversion592

using adjoint methods in 3-d heterogeneous media. Geophysical Journal Inter-593

national , 214 (1), 402–420.594

Sun, J., Xue, Z., Zhu, T., Fomel, S., & Nakata, N. (2016). Full-waveform inversion595

of passive seismic data for sources and velocities. In Seg technical program ex-596

panded abstracts 2016 (pp. 1405–1410). Society of Exploration Geophysicists.597

Tappin, D. R., Grilli, S. T., Harris, J. C., Geller, R. J., Masterlark, T., Kirby, J. T.,598

. . . Mai, P. M. (2014). Did a submarine landslide contribute to the 2011599

tohoku tsunami? Marine Geology , 357 , 344–361.600

Tarantola, A. (1986). A strategy for nonlinear elastic inversion of seismic reflection601

data. Geophysics, 51 (10), 1893–1903.602

Tromp, J., Tape, C., & Liu, Q. (2005). Seismic tomography, adjoint methods, time603

reversal and banana-doughnut kernels. Geophysical Journal International ,604

160 (1), 195–216.605

Vallis, G. K. (2017). Atmospheric and oceanic fluid dynamics. Cambridge University606

Press.607

Virieux, J., & Operto, S. (2009). An overview of full-waveform inversion in explo-608

ration geophysics. Geophysics, 74 (6), WCC1–WCC26.609

–21–©2018 American Geophysical Union. All rights reserved.



manuscript submitted to JGR: Solid Earth

Wang, X., & Liu, P. L.-F. (2006). An analysis of 2004 sumatra earthquake fault610

plane mechanisms and indian ocean tsunami. Journal of Hydraulic Research,611

44 (2), 147–154.612

Wang, X., & Liu, P. L.-F. (2007). Numerical simulations of the 2004 indian ocean613

tsunamiscoastal effects. Journal of Earthquake and Tsunami , 1 (03), 273–297.614

Wei, Y., Chamberlin, C., Titov, V. V., Tang, L., & Bernard, E. N. (2013). Mod-615

eling of the 2011 japan tsunami: Lessons for near-field forecast. Pure and Ap-616

plied Geophysics, 170 (6-8), 1309–1331.617

Yagi, Y., & Fukahata, Y. (2011). Introduction of uncertainty of green’s function into618

waveform inversion for seismic source processes. Geophysical Journal Interna-619

tional , 186 (2), 711-720.620

Yagi, Y., Okuwaki, R., Enescu, B., Hirano, S., Yamagami, Y., Endo, S., & Komoro,621

T. (2014). Rupture process of the 2014 iquique chile earthquake in relation622

with the foreshock activity. Geophysical Research Letters, 41 (12), 4201–4206.623

Yue, H., Lay, T., Rivera, L., An, C., Vigny, C., Tong, X., & Soto, J. C. B. (2014).624

Localized fault slip to the trench in the 2010 maule, chile mw= 8.8 earthquake625

from joint inversion of high-rate gps, teleseismic body waves, insar, campaign626

gps, and tsunami observations. Journal of Geophysical Research: Solid Earth,627

119 (10), 7786–7804.628

–22–©2018 American Geophysical Union. All rights reserved.



Figure 1.

©2018 American Geophysical Union. All rights reserved.



 

©2018 American Geophysical Union. All rights reserved.



Figure 2.

©2018 American Geophysical Union. All rights reserved.



G1

D1

D2

G2

-95 -90 -85 -80 -75 -70

longitude

-35

-30

-25

-20

-15

-10

-5

la
tit

u
d
e

-8000

-6000

-4000

-2000

0

2000

4000

6000

8000

bathymetry
 (m)

-71.6 -71.2 -70.8

-20

-19.8

-19.6

-19.4

-19.2

Uniform slip 0m

10 m

©2018 American Geophysical Union. All rights reserved.



Figure 3.

©2018 American Geophysical Union. All rights reserved.



0

5

10

15

-71.2 -71 -70.8 -70.6
Longitude

-20

-19.9

-19.8

-19.7

-19.6

-19.5

-19.4

-19.3

-19.2

L
a

ti
tu

d
e

0 0.5 1 1.5 2

time (        s)104

-0.2

0

0.2

-0.2

-0.1

0

0.1

a
m

p
li
tu

d
e
 (

m
)

-0.4

-0.2

0

0.2

-0.1

0

0.1

-71.5 -71 -70.5

longitude

-21

-20.5

-20

-19.5

-19

-18.5

la
tit

u
d
e

-5

0

5

G2

D1

D2

0 0.5 1 1.5 2

0 0.5 1 1.5 2

0 0.5 1 1.5 2

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

s
li
p

 (
m

)

G1

a)

c)

b)

©2018 American Geophysical Union. All rights reserved.



Figure 4.

©2018 American Geophysical Union. All rights reserved.



-5

0

5

-71.5 -71 -70.5

longitude

-21

-20.5

-20

-19.5

-19

-18.5

la
tit

u
d
e

a)

-0.4

-0.2

0

0.2

-0.1

0

0.1

0 0.5 1 1.5 2

time (         s)104

-0.2

0

0.2

-0.2

-0.1

0

0.1

-71.5 -71 -70.5

longitude

-21

-20.5

-20

-19.5

-19

-18.5

la
tit

u
d
e

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

-5

0

5

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

a
m

p
li
tu

d
e
 (

m
)

0 0.5 1 1.5 2

0 0.5 1 1.5 2

0 0.5 1 1.5 2

b)

c)

G1

G2

D1

D2

©2018 American Geophysical Union. All rights reserved.



Figure 5.

©2018 American Geophysical Union. All rights reserved.



b)

-8000

-6000

-4000

-2000

0

2000

4000

6000

8000

bathymetry
 (m)

G2

D1

G1

-95 -90 -85 -80 -75 -70

longitude

-35

-30

-25

-20

-15

-10

-5

la
tit

u
d
e

-71.4 -71.2 -71 -70.8

-20.5

-20

-19.5

-19

-18.5

-18

-17.5

-17

1-1

Initial water elevation (m)

1 -1

32401

32402

32412

(32413)

mata

pich
valp
sano

coqu

cald

chnr
talt

papo
anto
meji
toco

(pata)

juan

aric

pisa
iqui

0

©2018 American Geophysical Union. All rights reserved.



Figure 6.

©2018 American Geophysical Union. All rights reserved.



w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

-71.4 -71.2 -71 -70.8

longitude

-20.5

-20

-19.5

-19

-18.5

-18

-17.5

-17

la
tit

u
d
e

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 500 1000 1500
-0.1

0

0.1

0.2

0 500 1000 1500
-0.02

0

0.02

0 500 1000 1500
-0.02

0

0.02

2 4 6 8 10 12 14 16 18 20

iterations

0

0.5

1

n
o
rm

a
liz

e
d

m
is

fi
t

b)

time (s)

G1

G2

D1

c)

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

a)

©2018 American Geophysical Union. All rights reserved.



Figure 7.

©2018 American Geophysical Union. All rights reserved.



1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
-0.05

0

0.05
DART 32413

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

-0.05

0

0.05
DART 32412

4
time (10  s)

-0.04

-0.02

0

0.02

0.04

0.06

DART 32402

-0.1

-0.05

0

0.05

0.1

0.15

0.2

DART 32401

-71.4-71.2 -71 -70.8-70.6-70.4
-21

-20.5

-20

-19.5

-19

-18.5

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

la
ti

tu
d

e

0 0.5 1.0 1.5
-1

-0.5

0

0.5

1
Gauge meji

0 0.5 1.0 1.5
-0.4

-0.2

0

0.2

0.4
Gauge papo

0 0.5 1.0 1.5
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Gauge talt

0.5 1 1.5 2
-0.2

-0.1

0

0.1

0.2

Gauge valp

longtitude

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

4
time (10  s)

a
m

p
li
tu

d
e

 (
m

)

0

a
m

p
li
tu

d
e

 (
m

)

©2018 American Geophysical Union. All rights reserved.



Figure 8.

©2018 American Geophysical Union. All rights reserved.



Gusman et al., 2015

-71.5 -71 -70.5
-21

-20.5

-20

-19.5

-19

-18.5

An et al., 2014

-71.5 -71 -70.5
-21

-20.5

-20

-19.5

-19

-18.5
Hayes et al., 2014

-71.5 -71 -70.5

-18.5

-19

-19.5

-20

-20.5

-21

Yagi et al., 2014

-71.5 -71 -70.5
-21

-20.5

-20

-19.5

-19

-18.5

-1.5

-1

-0.5

0

0.5

1

1.5

Adjoint-state

-71.5 -71 -70.5
-21

-20.5

-20

-19.5

-19

-18.5
Time-reversal

-71.5 -71 -70.5
-21

-20.5

-20

-19.5

-19

-18.5

-1.5

-1

-0.5

0

0.5

1

1.5

longitude

la
ti

tu
d

e

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

w
a

te
r 

e
le

v
a

ti
o

n
 (

m
)

la
ti

tu
d

e

longitude longitude

a) b) c)

d) e) f)

©2018 American Geophysical Union. All rights reserved.


	13: syntest2
	15: syntest2-3
	14: syntest2-2
	10: syntest1
	12: syntest1-3
	8: iqui-result
	9: iqui-comp
	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8



