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Abstract

Space geodesy is a practice in which we perform geophysical studies based on
geodetic data observed using space techniques. It has been providing large advances to
various disciplines in earth and environmental sciences. Some of them comes from
satellite gravimetry. For example, the earth’s static global gravity field has been a target
of space geodetic studies since its early age, and first space geodetic determination of
the flattering of the earth dates back to 1950s.

The GRACE (Gravity Recovery And Climate Experiment) satellite system,
launched in 2002, has enabled us to track the time-variable gravity field with spatial
resolution of ~300 km and the temporal resolution of ~30 days. There are numbers of
geophysical phenomena accompanying mass redistribution and consequent changes in
the gravity field. Tracking such changes help us investigate physical processes
governing the phenomena.

An earthquake also causes mass redistribution, and has been a scientific target of
time-variable gravity studies. The present study aims at finding new insights into
physical processes associated with earthquakes through the analysis of gravity changes
and providing an overview on earthquake-origin gravity changes. This thesis is
separated into seven chapters. In Chapters 1 — 6, | give detailed seismological studies
made by analyzing GRACE data. In Chapter 7, | conclude the thesis. Summaries of

Chapters 1 — 6 are given below.



[Chapter 1] Introduction
Space-geodesy includes seismology based on the satellite gravimetry. This aims
to reveal physical processes of earthquakes from mass redistribution through observing

gravity changes. | also briefly review the history of satellite gravimetry.

[Chapter 2] Data processing

The GRACE data are provided by several data analysis centers. In this study,
those by UTCSR (Level-2, RLO5) are mainly used, and | apply several kinds of noise
reduction filters to them. The contributions of terrestrial water storage are often reduced
by the GLDAS model, one of the land hydrological models. Gravity time series at grid
points with 1 degree separation in longitude and latitude are individually fit to
appropriate functions by using the least-squares method. Other approaches are also

reviewed in this chapter.

[Chapter 3] Phenomena responsible for gravity changes

In order to distinguish gravity changes related to earthquakes, we need knowledge
about other phenomena that may change gravity fields. Such phenomena include
seasonal movements of soil moisture, melting of mountain glaciers and continental ice

sheets, anthropogenic groundwater depletion, and glacial isostatic adjustment.

[Chapter 4] Coseismic gravity changes
Theoretical models for coseismic gravity changes have been established decades
ago, and the validity of such models have been tested repeatedly by GRACE

observations coseismic gravity changes. This thesis also includes the study on the
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mechanism of gravity changes associated with the 2013 Okhotsk deep-focus earthquake.
Now, we could compare earthquake fault parameters derived from gravity change
observations with those derived by seismological observations. One of the merits of
satellite gravimetry is that we can observe gravity changes both on land and ocean with

uniform accuracies.

[Chapter 5] Postseismic gravity changes

Two major processes responsible for postseismic gravity changes are considered
to be afterslips and viscoelastic relaxation from both observational and theoretical
points of view. However, it is often difficult to separate signals from the two processes
espatially by surface displacement observations using GNSS stations on land. On the
other hand, gravity changes by the two processes might emerge in opposite polarities,

and this let us separate the two processes easily.

[Chapter 6] Coseismic and long-term postseismic gravity changes of the 2004
Sumatra-Andaman earthquake revisited with the latest GRACE data

The 2004 Sumatra-Andaman earthquake is the first very large earthquake after
the launch of the GRACE satellites in 2002. In this study, | analyze the time series of
various components of the gravity, i.e., (1) vertical component, (2) north component,
and (3) up component of the gradient of the vertical component of the gravity changes
using the GRACE data sets from two analysis centers (UTCSR and CNES/GRGS). All
these time series suggest that the postseismic gravity changes of the 2004
Sumatra-Andaman earthquake have almost ended. These observation data help us

determine time scales of the postseismic gravity changes and to constrain viscosity
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structure of the upper mantle. Moreover, it may allow us to research interseismic gravity
changes because the static gravity anomaly is formed by the repeat of inter-, co-, and
postseismic gravity changes and the static anomaly and co- and postseismic gravity

changes are being revealed.
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Chapter 1
Introduction

1.1 Purpose and outline of this thesis

Through this study, | try to understand physical processes in earthquake cycles of
subduction zones based on satellite gravimetry. In this thesis | provide a comprehensive
review about what has already been revealed, and detailed description of my own
results.

Chapter 1 describes several important points in the background of the study.
Chapter 2 explains data mainly used in this study and standard procedures of time series
analysis. Chapter 3 introduces several geophysical phenomena giving rise to gravity
changes that we need to understand to isolate gravity changes due to earthquakes. Then,
Chapter 4 gives brief reviews related to the theories, observation results, discussions,
about coseismic gravity changes. Those of postseismic gravity changes are given in
Chapter 5. Chapter 6 compares several examples of analyses based on latest GRACE
data sets about the gravity changes associated with the 2004 Sumatra-Andaman
earthquake. At last, Chapter 7 concludes this thesis.

Our review article about satellite gravimetry for earthquake studies has already

been in press (Tanaka and Heki, 2016), and some parts of this thesis overlap with that



paper.

1.2 Space-geodesy in geophysics

Geophysics is the discipline in which we study phenomena in the solar system
with physical approaches. Space geodesy serves this purpose using space techniques as
represented by artificial satellites orbiting the earth, and other celestial bodies. It
originates from 1957, when the first artificial satellite “Sputnik-1" was launched by the
Soviet Union, and then it has been applied to many disciplines in earth science,
contributing to their advances. For instance, Global Navigation Satellite System
(GNSS) and Synthetic Aperture Radar (SAR) became important tools for seismology,
volcanology, meteorology, solar terrestrial physics, and so on. VLBI (Very Long
Baseline Interferometry) and SLR (Satellite Laser Ranging) proved the plate tectonics
by the observation of the surface movement of the earth in 1980s.

The observations using artificial satellites are often superior to ground-based
observations in various aspects. As for satellite gravity data, satellites keep providing
observation data until they stop functioning and huge amount of data are available to
researchers, offering scientists chances to use them. One more aspect for gravity
satellites is that they provide two-dimensional observation data with uniform and very
high quality. Today, for example, you can get information of the ground deformation or
sea level with the accuracy of several mm, ionosphere with several TECU (Total
Electron Content Unit), gravity field with several uGal (1 Gal = 1 cm/s?). This cannot
be achieved by simply deploying many sensors on the ground. These aspects make

space-geodesy indispensable tool for geophysics.



1.3 Observation of the earth’s gravity field
Gravity measurements in general have played and will keep playing important
roles in geosciences because they provide various information on the mass
(re-)distribution on and beneath the surface. The gravity field of the earth can be
measured by the ground-based and the space-based observations. Here, | explain some

basic facts about each type of observations.

1.3.1 Ground-based gravity observation

In ground-based observations, we use absolute and relative gravimeters. The
absolute gravimeter measures the gravity acceleration directly from the velocity change
of a falling object in vacuum with the accuracy of puGal. On the other hand, typical
relative gravimeters use a spring (e.g. Lacoste-Romberg gravimeter) or a magnetic ball
floating by superconductivity (Superconducting gravimeter) to measure the change of
the gravitational force from the extension of the spring or the electric current to keep the
position of the floating ball. Ground-based gravity observations have been performed
over a long time perioid [e.g. lida et al., 1951], and they revealed static mass

distribution and mass movements under the ground.

1.3.2 Space-based gravity observation (Satellite gravimetry)
[A] Beginning of satellite gravimetry
Satellite gravimetry started in 1957, when Soviet Union launched the first
artificial satellite named “Sputnik”. Tracking of this satellite enabled us to estimate low
degree/order gravity field of the earth for the first time. By this satellite, the flattening of

the earth, which is expressed as the value of the spherical harmonics of J, term



(equivalent to —C,, ) was first determined by the observation. After that, the J; term
was determined by Kozai (1959). This clarified that the gravity field of the earth is
asymmetric in north-south, i.e. more mass exists in the Northern Hemisphere and the

shape of the equipotential surface of the earth looks like a pear.

[B] SLR technique

In 1970s, the Satellite Laser Ranging (SLR), one of the space geodetic techniques,
started to observe the global gravity field of the earth. Satellites for SLR observations
have many corner-cube-reflectors (CCR) on their surfaces, and laser pulses transmitted
from ground stations bounce back at these reflectors (Figure 1.1). By dividing the
two-way travel time of the laser pulses between the stations and the satellites by the
speed-of-light, the satellite-station distances are calculated. Small perturbations in the
Kepler’s orbital elements stem from the deviation of the gravity field from spherical
symmetry, and one could recover the global gravity field by analyzing such
perturbations. SLR satellites have the long life time because all they need to do is to
reflect laser pulses with CCRs.

SLR has provided many important discoveries. Here | quote line 5 — 13 in the
page 4 of the 2013 Doctoral Thesis of Dr. Koji Matsuo, Geospatial Information
Authority of Japan, submitted to the Graduate School of Science, Hokkaido University

(http://www.ep.sci.hokudai.ac.jp/~geodesy/pdf/Matsuo Dsc Thesis.pdf).

Yoder et al. (1983) found the decreasing trend of the J, term due to the viscous
rebound of the solid Earth by Glacial Isostatic Adjustment (GIA) and the Earths
secular spin-down by the friction of external tidal forces (tidal breaking). Nerem et al.,
(1993) estimated monthly values of the J, and J; term and detected seasonal changes
of them caused by the change in water storage on land by precipitation. Cox and Chao


http://www.ep.sci.hokudai.ac.jp/~geodesy/pdf/Matsuo_Dsc_Thesis.pdf

(2002) found a sudden shift in the J, trend from decrease to increase around 1998. The
cause of this sudden change still remains unclear even today. Cheng and Tapley
(1999) confirmed secular and annual changes in higher degrees of spherical

harmonics from J, to Js.

Here, | would like to add that Matsuo et al. (2013) estimated the change of the ice
mass on Greenland from 1991 to 2011. This was the first result of two-dimensional
gravity change observations over Greenland over the period spanning 20 years or more.

Although SLR provides such important information, its spatial resolution is
limited to a few thousands of kilometers due to three reasons. At first, most SLR
satellites orbit at altitudes of 6000 km or more. Secondly, there are only ~50 SLR
ground stations around the world and most of them are only in the northern hemisphere
(Figure 1.2). At last, SLR observations are impossible only at a station with fair weather.
For these reasons, SLR are inferior to other gravity satellites, such as CHAMP, GRACE,

and GOCE, described below in terms of the spatial resolution.

[C] CHAMP satellite
In 2000, Challenging Mini-satellite Payload (CHAMP) was launched by
GeoForschungsZentrum (GFZ) in Potsdam, German, which flies at the altitude of
~500 km along near-polar orbit and has a Global Positioning System (GPS) receiver in
it (Figure 1.3). This technique is called High-Low Satellite-to-Satellite Tracking (H-L
SST) because the GPS satellites at ~20,000 km height track and the CHAMP at ~500
km height. This satellite provided the data of the gravity field with better spatial and

temporal resolutions than those by SLR.



[D] GRACE satellites

In 2002, the “twin” satellites named Gravity Recovery And Climate Experiment
(GRACE) was launched by NASA (National Aeronautics and Space Administration)
and DLR (Deutsches Zentrum fur Luft- und Raumfahrt). GRACE consists of two
satellites (GRACE-A and GRACE-B, about 200 km apart) flying at the altitude of
approximately 500 km with the orbital inclination of 89 degrees (near-polar orbit). The
gravity irregularities change their along-orbit velocities and they change inter-satellite
distance. The GRACE satellite observes the gravity by measuring the distance between
the two satellites and their temporal changes (Figure 1.4 and Figure 1.5). The spatial
resolution of the GRACE observation is ~100 km for the static global gravity field data,
300-500 km for monthly data, and ~700 km for weekly data. Monthly data are usually
used to study gravity changes by earthquakes. Further information and details about the
data, analysis processes, examples of contributions to geosciences, and so on are shown

in Chapters 2 and 3.

[E] GOCE satellite

In 2009, the Gravity field and steady-state Ocean Circulation Explorer (GOCE)
satellite was launched (Figure 1.6) by European Space Agency (ESA) into the
near-polar orbit at altitude slightly lower than 300 km. This is the lowest orbit for
artificial satellites, and GOCE is consequently the fastest satellite ever launched. This
makes the GOCE satellite called “Ferrari of satellites”. The GOCE satellite was
equipped with a highly-sensitive gravity gradiometer, an equipment to measure spatial
derivative of the gravity, as well as a GNSS receiver and 3-axis accelerometers. This

Satellite Gravity Gradiometry (SGG) technique provided gravity gradient data with a



high spatial resolution, which led to improve the model of the static global gravity field
(Figure 1.7).

The data used to draw the Figure 1.7 was provided by ESA, and can be
downloaded through the GOCE Virtual Online Archive from ESA’s website

http://earth.esa.int.

The GOCE satellite is launched to improve the spatial resolution of static gravity
fields, and its data are not suitable for time series analyses. The GOCE satellite has

already ended its mission in 2013.

Figure 1.1 An SLR satellite (LAGEOS) and an SLR ground observation station. This
picture was downloaded from the website of “l'information grandeur nature”
(http://recherche.ign.fr/labos/lareg/page.php?menu=En%20savoir%20plus) on 18
October, 2016.
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Figure 1.2 The distribution of the worldwide SLR observation stations. Downloaded
from the website of ILRS (International Laser Ranging Service) on 18 October, 2016.
(http://ilrs.gsfc.nasa.gov/network/stations/)
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Figure 1.3 An image of the CHAMP satellite downloaded from the NASA website on
18 October, 2016. (https://science.nasa.gov/missions/champ)
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Figure 1.4 An image of the GRACE satellite downloaded from the website of NASA

on 18 October, 2016. (http://podaac.jpl.nasa.gov/GRACE)

The distance between the twin satellites ( A & B ) becomes

short

Ai--1B

Mass excess

long
<

A B
/ \

mass deficit

Figure 1.5 The GRACE satellite system is composed of two identical satellites,
GRACE-A and GRACE-B. This figure shows how local mass anomalies (excess
mass and mass deficit) change the inter-satellite distance. The gravity irregularities
make the two satellites in the same orbit accelerate or decelerate with a certain time
lag, which is responsible for the distance changes between the two satellites.


http://podaac.jpl.nasa.gov/GRACE

Figure 1.6 An image of the GOCE satellite downloaded from the website of Delft

University of Technology on 18 October, 2016.
(http://www.tudelft.nl/en/current/latest-news/article/detail/lancering-esas-zwaartekra

chtmissie-goce/)
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Figure 1.7 A map showing the static global free-air gravity anomaly provided by the
GRACE and GOCE satellites. The gravity model is GO_EGM_GOC2 (based on the
observation from 1% November 2009 to 21% October 2013) with degrees and orders
up to 240, available at GOCE Virtual Online Archive in ESA’s website.

1.4 Gravity observations for earthquake researches

In an earthquake, rocks on the two sides of the fault move with respect to one
another. It naturally involves movements of mass, and is consequently associated with
the change of the local gravity field. However, the research of earthquakes based on
two-dimensional mapping of gravity changes became possible only after the launch of
the GRACE satellites in 2002.

The most important sensor of earthquakes is seismometers that observe elastic
(seismic) waves. The second most important sensor would be GNSS (Global Navigation

Satellite System) and SAR (Synthetic Aperture Radar) that observe static displacements
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of the ground surface. Gravity observation might be considered the third sensor of
earthquakes. Gravimetry observes the mass transportation on and beneath the ground

surface (Figure 1.8), and may provide new and unique insights into earthquakes.

Gravity measurements as the third sensor to observe earthquakes

GNSS SAR .
' : : : gravimeter
selsmometel (earthquake deformation) =
(ground motion) (mass moving under the ground)
(#)

Figure 1.8 A schematic image of three different sensors to observe earthquakes.
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Chapter 2
Data and processing

2.1 GRACE data

The GRACE data can be downloaded from http://podaac.jpl.nasa.gov/

(PO.DAAC: Physical Oceanography Distributed Active Archive Center) or

http://isdc.gfz-potsdam.de/ (ISDC: Information Systems and Data Center). These data

are provided by the three official analysis centers, i.e., Center for Space Research,
University of Texas (UTCSR), Jet Propulsion Laboratory, Caltech (JPL), and GFZ
Potsdam, Germany. UTCSR and JPL are in USA. These three institutions analyze the
GRACE data taking somewhat different approaches, so the data sets differ slightly from
center to center. In addition, many other unofficial institutions provide data analyzed
with  their own data analysis methods. They are available at

http://icgem.gfz-potsdam.de/ICGEM/.

There are three levels of the GRACE data available to users: Level-1B, Level-2,
and Level-3. Level-1B data consist of the ranges (distances) between the twin satellites
with their changing rates and accelerations (relative velocities and accelerations). It

demands expertise in the technical details to use such Level-1B data sets. Level-2 data
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are provided as monthly sets of spherical harmonic (Stokes”) coefficients. To use them,
we need only certain mathematical knowledge of the spherical harmonics. Analysis
centers routinely improve the data processing methods by introducing better
geophysical models of atmosphere, ocean, and so on, to produce Level-2 data. Today
RLO5 (Release-05) data are the latest. Level-3 data are composed of spatial domain
gravity data. These data have already been filtered to reduce noises in several ways. The
Level-3 data are the most user-friendly, and we do not need spatial technical or
mathematical knowledge to analyze them. However, we need to be aware that the filters
may have reduced useful information as well as noises.

Level-2 data are composed of spherical harmonic coefficients (Stokes’
coefficients), which can be converted to various components of the static gravity field,
i.e., vertical components G, (h, 8, ), northward components Gy (h, 8, ¢), and upward
spatial derivative of the downward component G,..(h, 8, ), by using the equations
(2.1), (2.2), and (2.3), respectively [Kaula, 1966; Heiskanen and Moritz, 1967; Wang L.

et al., 2012a].

nmax

GM R
GT'(hr 9} (P) = _? Z (n + 1)(—
n=2

n+2
o h) 2( Cpm €COSMQ + S, SinMP) P (sin 6) 2.1

m=0

nmax

GM R
Go(h,6,90) = “ R Z (—
n=2

R+h

dP}}(sin 6)

i (2.2)

n+1
) Z( Cpm cOSM@ + S, Sinme)
m=0

nmax

GM n+3 n
Gr(h,0,p) = = Z (n+ D+ 2)(m) Z (Cpm coOsme + Sy, sSinm@) Py (sin ) (2.3)
n=2

m=0

where 6 and ¢ are colatitudes and longitudes, respectively, G is the universal gravity
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constant, M is the mass of the earth, R is the equatorial radius, h is the height of the
observation point from the earth’s surface, P;*(cos 8) is the n-th degree and m-th order
fully-normalized associated Legendre function. The h should be zero when we analyze
the gravity on the surface of the earth. The terms of Cio, Ci1, and Sy reflects the
geocenter position. It may move seasonally and secularly relative to the figure center of
the earth due to, for example, water redistribution between the Southern and the
Northern Hemispheres. However, the gravity field is always expressed in geocentric
coordinates, so these terms should be fixed to zero for the satellite gravimetry data
analysis. An example of the static gravity field of the earth is shown in the Figure 2.1.
(In this thesis, unless noted otherwise, RL05 Level-2 data with degrees and orders up to
60 analyzed by UTCSR are used, and the downward components of the gravity field are
discussed).

In addition to the conventional expression using spherical harmonics, the mascon
solutions (“mascon” is a shortened word of “mass concentration™) are also available.
These solutions show mass distributions calculated with an assumption that gravity
anomalies come from mass on the earth’s surface [Chao, 2016]. This approach is
inappropriate to study gravity changes related to earthquakes because such gravity
changes may reflect mass redistributions at depth (details are given in the Chapters 4

and 5).
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Figure 2.1 The map of the global static downward gravity field in August 2015
calculated from Level-2 GRACE data composed of Stokes’ coefficients with degrees
and orders complete to 60. Degree 2 components are predominant.

This figure shows the mean of the gravity is ~9.8 m/s? and the gravity in low
latitude region is stronger than those at higher latitudes. It is well known that the gravity
field is weaker in the low latitude region because of the centrifugal force due to the spin
of the earth weakens the gravity field. This inconsistency comes from the fact that the
gravity fields measured by satellites from space do not include centrifugal forces and
excess gravitational pull by the equatorial bulge emerges.

The contribution of the Cy term predominates in the global gravity field. In
Figure 2.2, I show only the contributions of coefficients other than Cy.

Such a long-wavelength component as C,o can be measured more accurately by
high-altitude SLR satellites rather than low-altitude satellites like GRACE. Hence, Cy
terms in the GRACE gravity models are usually replaced with those measured by SLR

when we discuss time-variable gravity fields.
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Figure 2.2 The same as Figure 2.1 but the C,, component is removed.

Figure 2.2 shows that the gravity anomalies are so small that the gravity
acceleration is almost uniformly 9.8 m/s® throughout the surface when the contributions
of the equatorial bulge (C component) are removed. In order to highlight the static
gravity anomalies, the unit (m/s?) has to be changed into mGal (1 Gal = 1 cm/s?) and the
Coo term has been set to zero (Coo provides the mean value of the global gravity field).

The anomalies are shown in Figures 2.3 and 2.4.
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Figure 2.3 The global gravity anomaly map in August 2015 calculated from Level-2
GRACE data. The Cy and Coy components are removed.
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Figure 2.4 The same as Figure 2.3 except the epoch (February 2016).
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Figures 2.3 and 2.4 show the global gravity fields in August 2015 and in February
2016, respectively. They represent different time epochs but they look alike because the
temporal changes of the gravity fields are very small compared to the static spatial
differences. In order to study time-variable gravity, the unit has to be changed to pGal.

The difference of the gravity fields between the two epochs is shown in Figure 2.5.
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Gravity Change
Figure 2.5 The difference of the gravity fields in August 2015 from those in
February 2016.

Figure 2.5 shows strong longitudinal (north-south) stripes. These stripes stem
from the north-south movements of the GRACE satellites. The GRACE satellites

employ a near-polar circular orbit, taking ~90 minutes per one cycle (they experience
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about 550 revolutions every month), so spatial gravity changes in north-south direction
are measured continuously by the GRACE satellites. However, those in the east-west
direction are measured at different times; for example, the difference in gravity between
(@ (E), b (N)) and (a (E), b+1 (N)) is measured using data from one continuous orbit, but
those at (a, b) and (a+1, b) are measured in different arcs of polar orbits. Thus, the
spatial gravity changes in east-west direction are calculated separately from different
arcs of their orbits. Hence, they include more systematic errors in the direction
orthogonal to the orbit (east) than in parallel with the orbit (north). This anisotropic
structure of systematic noises appears as the longitudinal stripes.

Moreover, the GRACE data include other random noises in short-wavelength
components because of its limited spatial resolution of ~300 km coming from its orbital
altitude of ~500 km. These problems suggest that certain means (e.g. applying spatial

filters) are necessary to analyze time variable gravity with the GRACE data.

2.2 Methods to reduce noises
There are several methods to reduce noises [Munekane, 2013]. In this thesis, |

used four of such methods to study gravity changes related to earthquakes.

2.2.1 Two filters to reduce noises of the GRACE data
The stripe noises and the short-wavelength noises are reduced to a large extent by
using two filters, i.e., the fan filter and the de-striping filter. Details of the two filters are

described in following paragraphs, and their demonstrations are shown in Figure 2.6.
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Figure 2.6 The demonstration of the two filters widely used in the GRACE data processing.
The four panels show: (a) no filters (same as Figure 2.5), (b) only the fan filter (anisotropic
Gaussian filter, averaging radius is 250 km), (c) only the de-striping filter (cubic function is
fitted on degrees and orders of 15 and more), (d) both the fan filter and the de-striping
filter.

[A] Fan filter
The best filter for the smoothing of the spatial distribution of gravity changes is
the two-dimensional spatial Gaussian filter [Wahr et al., 1998], and its anisotropic
version “fan filter” [Zhang et al., 2009]. The definition of this filter and the way to
apply it to the coefficients are shown with equations (2.4)-(2.8). Here, the h,

representing the height of the observation point in the equation (2.1), is set at zero.

GM nmax n
AG(O,p) = — =z z (n—1DW, Z Wi (ACy, cos m + ASy,, sinm@) B (sin8)  (2.4)
n=2 m=0
W, =1 (2.5)
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where W, is the weighting function with Gaussian distribution for coefficients with
degree n, and r is the averaging radius. Weights, with different values of r, are shown in
Figure 2.7. This filter gives smaller weights to coefficients of higher degrees and orders,
which reduces the short-wavelength noises. We apply the Gaussian filter to the order
(m) as well as the degree (n) in order to reduce short-wavelength noises more efficiently.
This anisotropic filter is called Fan filter. The contribution of this filter is shown in

Figure 2.6 (a) and (b).

10 1 1 1 1 1
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Degrees (n)
Figure 2.7 The values of W, as a function of degree n for the different values of r,
i.e., 100 km, 250 km, 500 km, and 1000 km. The weight becomes smaller for larger
degrees and for larger r.
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[B] De-striping filter

The fan filter reduces shortwave noises, but stripe noises still remain in Figure 2.6
(b). Hence, another filter (“de-striping filter”) is necessary to reduce such longitudinal
stripes as proposed by Sweson and Wahr [2006]. They found the stripes stem from the
highly systematic behavior of the Stokes’ coefficients in the GRACE data. The Stokes’
coefficients of ACps (Chos in August 2015 — Cps in February 2016), are shown in
Figure 2.8 as an example. There the red points (the evens of coefficients) are always
bigger than blue points (odds) except for the degrees 25 and 27, and the black line
connecting them goes zigzag strongly. Swenson and Wahr [2006] considered that this is
responsible for the stripes, and proposed to suppress them by getting rid of such
systematic behaviors. For this purpose, two polynomial functions were fitted with the
least-square method to evens and odds of coefficients separately, and residuals from the
fitted polynomials were taken as the new “de-striped” coefficients. Another example is
given in Figure 2.9, where the polynomial of degree 7 is used. In this case, the values of
de-striped coefficients become almost zero. Although the stripes are almost removed
completely, this also means that valuable information might be removed together with
stripe noises. Thus, the filter has to be used carefully.

Figure 2.6 (c) shows the gravity change calculated using the ‘“de-striped”
coefficients. This de-striping filter is called as P3M15, which means that polynomials of
degree 3 (cubic function) were fitted to the coefficients of degrees and orders 15 or
more. Figure 2.6 (d), the result after applying both of the two filters, demonstrates that
both of the fan and de-striping filters need to be used to reduce noises in the downward

gravity components from the GRACE data.
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Figure 2.8 A conceptual explanation of the de-striping filter. (left) The solid black
line indicates the Stokes’ coefficients of degrees 25-60 and of order 25, i.e., ACys
(Crzs in August 2015 — C,25 in February 2016) as a function of degree n. The red and
blue points denote the values of coefficients with even and odd n, respectively. The
red and blue broken curves are polynomials with the degree 3 fitted to the two groups
of the data. (right) The broken black line is the same as the solid black line in the left
figure. The solid black line indicates the “de-striped” Stokes’ coefficients, whose
values are shown as the red and blue points. The red/blue points are differences
between the red/blue points and the red/blue curves in the left figure. The orange
horizontal straight line means zero.
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Figure 2.9 The same figure as Figure 2.8, except that polynomials with the degree 7
are used.

2.2.2 Northward components of the GRACE data
To weaken the stripes, northward gravity components from the GRACE data are
useful. The northward components are free from the stripes because the GRACE
satellites move in the north-south direction. These components are calculated by
differentiating the gravity potential with respect to the latitude [Wang et al., 2012a]. The
differences of the northward gravity components in August 2015 from those in February
2016 are shown in Figure 2.10. We still need to apply the fan filter, but the de-striping

filter is not necessary.
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Figure 2.10 The map showing the deviation of the northward gravity components
in August 2015 relative to those in February 2016. (A) No filters are applied.
Strong north-south stripes do not appear but shortwave noises are present. (B)
Only fan filter (averaging radius = 250 km) is applied to reduce short-wavelength
noises.

2.2.3 The Slepian functions
The third method to analyze downward components without relying to
noise-reduction filters is to localize the GRACE data by mathematical techniques. A
localization technique for signals of gravity changes by earthquakes is achieved by
using the “Slepian functions” [Simons et al., 2006], a set of functions for wavelet

analyses of characteristic spatial distributions of data on a sphere. In particular, local
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components of gravity changes are extracted by the principal component analysis with
several basis functions consisting of simple spatial patterns. The signals of coseismic
gravity changes are often extracted in this way because of their simple spatial patterns

[e.g. Han et al., 2013; 2015].

2.2.4 Stochastic filter
In order to remove the noises, Wang et al. [2016] presented “Stochastic filter”,
which removes the striping noises by using a covariance matrices on the assumption of
the randomness of the appearance of the stripes. This filter is based on statistical
principles, and will become one of major numerical techniques to analyze the GRACE
data in the future. However, any studies based on this method are not introduced in this

thesis, and its details are mentioned here.

2.3 Land water models

As “C” of “GRACE” indicates “Climate”, study of climate signals, especially
those from land hydrology, was one of the most important targets of the GRACE
mission. However, these signals are treated as noises for the study of signals related to
earthquakes. Contributions of land water such as ice, snow pack, canopy water,
groundwater, or soil moisture have to be treated carefully (details are provided in
Chapter 3). To correct them, we often use models such as Global Land Data
Assimilation System (GLDAS) [Rodell et al., 2004] or Water-Global Assessment
Prognois (WaterGAP) [Doll et al., 1999; Aus der Beek et al., 2011]. They are forced by
many analysis results and observation data. However, because all of them are based on

meteorological observations, these models often include significant errors especially
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where insufficient amount of data are available to make the model. Thus, “land
hydrology correction” with these models often results in increasing the hydrological
noises, and these models have to be used carefully.

In this study, | use GLDAS-NOAH model. This model provides data of the land
water (soil moisture, canopy, and snhow). According to GRACE Tellus

(https://grace.jpl.nasa.gov/data/get-data/land-water-content/) in a website of NASA, the

total water content by this model can directly be compared to those by GEACE and they
are well matched to a certain extent. However, this does not include groundwater, rivers,
lakes, and so on. Also, ice sheet of Antarctica and Greenland is not contained because

hydrological models and meteorological data are not available.

2.4 Time series analysis of the GRACE data

Time series of the GRACE monthly gravity data are often modeled as follows.

G(t) = ay + ayt + asin(2nt + 6;) + B sin(4nt + 6,) + f(t) (2.9)

where a3, a;, a, B, 6, and 8, are constants, the third and forth terms are annual and
semi-annual seasonal changes, respectively, and f(t) is used for transient components
when necessary.

The third and fourth terms can be reformed by a trigonometric addition formula

as following.

asin(2nt + 6,) = acos 6, sin(2wt) + asin 6, cos(2mt)

as sin(2mt) + a, cos(2mt) (2.10)
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B sin(4nt + 6,) = B cos B, sin(4nt) + B sin O, cos(4mt)

as sin(4mt) + ag cos(4mt) (2.11)

where az = ac0sf;, a4 = asinf,, as = [cosf,, and ag = [sinb,.
Pre-, co-, and post-seismic terms have to be separated to research gravity changes

by earthquakes. Thus, f(t) in equation (2.7) should be:

(&) = H(t — tog) X {C+P(t —toq)} (2.12)

0, t<t
H(t_teq):{L tZtZZ

where H is the Heaviside step function, te is the time of the occurrence of a target
earthquake, C is the constant term representing the coseismic gravity steps, and P(t —
teq) IS @ function representing postseismic gravity changes. Coseismic gravity changes
observed by the GRACE satellites appear as steps, whereas postseismic gravity changes
show slowly decaying changes, so C and P have to be a constant and a function of time
from the target earthquake, respectively.

Putting (2.10) — (2.12) into (2.9) makes (2.13).

G(t) =ay +ayt
+ a3 sin(2mt) + a, cos(2mt) + as sin(4nt) + ag cos(4mt)

+H(t = tog) X {C + P(t — tog)} (2.13)

The first line of (2.13) represents the offset and the secular trend, the second line

represents seasonal changes, and the third line represents co- and post-seismic changes.
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Time series of gravity changes associated with earthquakes are analyzed by fitting
the function (2.13) to the GRACE data with the least-squares method. For example,
coseismic gravity changes can be mapped by plotting values of estimated at each grid
point in this way.

We often perform time series analysis of the coefficients of functions used to
express gravity changes, such as the Slepian functions and the spherical harmonics

using similar models for temporal changes [e.g. Han et al., 2015].
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Chapter 3

Non-earthquake gravity changes

The GRACE satellites observe very small gravity changes. Gravity changes of ~1
pGal can be measured as described in Chapter 2. This means that the GRACE data are
useful to study various kinds of geophysical phenomena accompanying mass
redistribution. We also need to have enough background knowledges on such
phenomena in order to distinguish earthquake-origin gravity changes from them. There
are four main phenomena whose gravity changes have amplitudes comparable to those
of earthquakes. They include (1) changes of the soil moisture [e.g. Tapley et al., 2004],
and (2) changes in groundwater, often caused by human activities such as irrigation [e.g.
Rodell et al., 2009]. Other important factors are, (3) long-term ice mass changes by
climate changes [e.g. Jacob et al., 2012], and (4) glacial isostatic adjustment (GIA), also
called post glacial rebound [e.g. Tamisiea et al., 2007].

Changes of the soil moisture are the main factor responsible for the seasonal
gravity changes (Figures 3.1 - 3.3), and short-term changes, including seasonal
variations, appear more in the time series of the GRACE data than those in the GNSS
site coordinate data. Tracking these changes provides valuable information on global

water budget. They stem from water stored in the ground, so they emerge clearly around
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tropical monsoon climate area and subarctic humid climate area. They are, however,
unclear around desert climate area and on the ocean.

Long-term ice mass changes, due possibly to the recent global warming, can be
seen around Greenland, the Antarctic Peninsula, Southern Alaska, Patagonia, and Asian
High Mountain region (Figures 3.4 - 3.6). The amount of ice mass loss per year can be
inferred from the GRACE time-variable gravity data [e.g. Matsuo and Heki, 2014,
Harig and Simons, 2012; 2015], but it is difficult to distinguish their signals from those
of groundwater depletion in the Northern India [e.g. Rodell et al., 2009] because of the
insufficient spatial resolution of the GRACE data. In addition, the ice becomes water
getting into the ocean, slightly increasing the gravity over the world-wide oceanic area.

Certain high-latitude regions have been uplifting since ice sheets disappeared at the
end of the last glacial age. This phenomenon is called glacial isostatic adjustment (GIA)
or postglacial rebound (PGR). GIA increases the gravity because the GRACE satellites
feel the ground mass increasing beneath them (Figure 3.4). This appears as the secular
increase of gravity. The maximum rates of the uplift around the north-east Canada and
Scandinavia exceed 1 cm/year according to recent GNSS observations [Milne et al.,

2012].
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Figure 3.1 The gravity changes from August 2015 to February 2016 around the
world (Figure 2.6 showed the gravity distribution in August 2015 relative to
February 2016). The gravity changes mainly come from seasonal variabilities. A
clear gravity contrast appears around the Amazon River, i.e., dry season on the
north side and rainy season on the south side. The larger gravity in rainy seasons
reflects water stored in the ground until dry seasons. Similar signals are seen in
equatorial Africa, southern Asia, and northern Australia. The positive signals along
the coastline of Alaska and Canada perhaps reflects the snow mass in winter.
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Figure 3.2 (a) The same as Figure 3.1 apart from symbols A, B, and C showing
points where gravity time series are shown in (b) and (c). (b, ¢) The time series of
gravity at A, B, and C in (a). A (3S, 61W), located at the north side of the Amazon
Basin, shows the strongest seasonal changes, and B (43N, 141E), in Hokkaido, Japan,
shows mild seasonal changes. C (20N, 10E), in the Sahara desert, shows little
seasonal changes. Model curves are derived to fit the GRACE data (black dots) with
the least-squares method using a function composed of terms such as constant offset,
secular trend, and annual and semiannual changes. The error bars are scaled using the
post-fit residuals between the GRACE data and the model curves. These examples
demonstrate that land hydrology governs the seasonal gravity changes.
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Figure 3.3 The gravity changes from August 2015 to February 2016 around the
Japanese Islands. Please note that the color scale is different from Figure 3.1. The
contour interval is 1 pGal. The winter snow let the gravity increase around Tohoku
and Hokkaido area, and small precipitation may have decreased the soil moisture and
gravity around Kyushu.
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Figure 3.4 The gravity changes from January 2003 to January 2016 around the world.
The negative signals in the Antarctic, southern Alaska, and Greenland indicate the
decreasing of snow/ice mass. The positive signals in northern Canada and
Scandinavia come from GIA.

36



Gravity Change

Figure 3.5 The gravity changes from January 2003 to January 2016 in the southern
South America. The color scale is different from Figure 3.4. The contour interval is 3
pGal. The negative signal indicates the shrinking of mountain glaciers in Patagonia.
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Figure 3.6 The gravity changes from January 2003 to January 2016 in the central and
southern Asia. The color scale is different from the previous figures. The contour
interval is 2 pGal. The negative signal indicates the decreasing of ice mass in Asian
High Mountain region and partly the groundwater in northern India.
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Chapter 4
Coseismic gravity changes

4.1 Mechanisms

Coseismic gravity changes are caused by the following two processes, i.e., (1)
movements of the boundaries with density contrasts (e.g. the surface and the Moho),
and (2) density changes in crust and mantle (Figure 4.1). Additionally, for submarine
earthquakes, movement of sea water by ocean floor uplift/subsidence also plays a
secondary role to change the gravity. Also, horizontal movements of slant surfaces bring
similar effects to surfaces uplift/subsidence (Figure 4.2). However, these topographic
contributions are often much smaller than the other mechanisms [Li et al., 2016], and |

do not consider this in my thesis.
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Figure 4.1 The major mechanisms responsible for coseismic gravity changes.

Horizontal displacement

Equivalent to this vertical displacement

Figure 4.2 A schematic image showing that the horizontal displacements of slant
surfaces (1) leave similar gravity change signatures to the vertical displacements (2).

Algorithms to calculate coseismic gravity changes by fault dislocations have been

developed for an elastic half space [Okubo, 1992] and the realistic earth [Sun et al.,
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2009]. However, neither of them includes contributions of sea water movements, so that
part of the calculation need to be done by ourselves using the equation (4.1) similar to
the equation used to derive the Bouguer gravity anomaly.

(4.1
Ag = —2nGApAh,

where G is the universal gravity constant, Ap = 1,700 (kg/m?) is the difference
between the density of water (1,000 kg/m®) and that of averaging crustal rock at ocean
bottom (2,700 kg/m®), and Ah(m) is the amount of vertical movements of the ocean
bottom. The negative sign represents the difference between the polarities of Ag and Ah,
i.e., gravity changes derived from the above programs must be reduced if the ocean

floor experienced coseismic uplifts.

4.2 Previous studies
4.2.1 Ground-based observation

The attempts to observe coseismic gravity changes have been done for a long
time. Barnes [1966] observed coseismic gravity change by the 1964 Alaska earthquake
(My9.2) using a relative gravimeter and compared the value of the gravity change to
vertical crustal deformation measured by leveling. In Japan, Tanaka et al., [2001]
caught a signal of coseismic gravity change of an earthquake with M,,6.1 using an
absolute gravimeter. Imanishi et al. [2004] first observed coseismic gravity changes on
multiple observation points over Japan for the 2003 Tokachi-oki earthquake (M,,8.0)

using an array of superconducting gravimeters.
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4.2.2 Space-based observation (Satellite gravimetry)
[A] The 2004 Sumatra-Andaman earthquake

The GRACE satellites enabled us to study two-dimensional coseismic gravity
changes. The first such report was published by Han et al. [2006]. They detected
coseismic gravity changes of the 2004 Sumatra-Andaman earthquake (M,9.2) by
calculating the change of gravity distributions over a large area (80E-110E, 10S-20N),
using the GRACE data in the same months to cancel contributions of seasonal
hydrological gravity changes. They also compared the observation to the gravity
changes calculated assuming a fault model and an elastic half space, and concluded that
the observed coseismic gravity change was dominated by gravity decrease at the back
arc side caused by crustal dilatation. Because the GRACE satellites is more sensitive to
longer wavelength components of gravity changes, the crustal dilatation contributed
more to the coseismic gravity changes than surface vertical movements.

This research is epoch-making as the first report of a two-dimensional
observation of coseismic gravity changes, but has several drawbacks. For example,
removal of land hydrology contributions by comparing data from the same month in
different years may not work if seasonal changes varied from year to year. In fact, the
seasonal gravity changes revealed by the GRACE data are quite irregular (Figure 3.2 c).
Moreover, they do not consider postseismic gravity changes, which were not discovered
yet in 2006. Another problem is that the coseismic gravity changes by the 2005 Nias
earthquake (M,8.6) are not taken into account. Considering these points, we adopted
the methods for time series analysis as explained in Chapter 3. In addition to that, we
reanalyzed the co- and postseismic gravity changes of the 2004 Sumatra-Andaman

earthquake using the latest GRACE data, and they are explained in detail in Chapter 6.
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[B] The 2010 Maule earthquake and The 2011 Tohoku-Oki earthquake

In the early reports about the coseismic gravity changes of the 2010 Maule
(Chilean) earthquake (M,8.8) and the 2011 Tohoku-oki earthquake (M,9.0), they
leveraged the method explained in Chapter 2 (2.2.1 and 2.4) [Heki and Matsuo, 2010;
Matsuo and Heki, 2011]. Heki and Matsuo [2010] detected coseismic gravity changes of
the 2010 Maule earthquake by using the GLDAS model to remove land water
contributions and fitting the function (2.12) with P(t - t,;) = 0 for the GRACE data from
July 2006 to May 2010. The earthquake occurred on 28 February 2010, the period after
the earthquake is even shorter than before, and the temporal resolution of the GRACE
data is approximately one month, so the results of analysis do not include postseismic
processes. Thus, the P(t — teq) can be ignored. They mapped the value C in the function
(2.12) estimated with the least-squares method, and this value corresponds to the
coseismic gravity changes. Matsuo and Heki [2011] also took the same method to detect
the coseismic gravity changes of the 2011 Tohoku-Oki earthquake. Heki and Matsuo
[2010] and Matsuo and Heki [2011] also showed that the results of the observation are
explained sufficiently by the theory described earlier (the section 4.1), through the
calculation using the software package developed by Sun et al. [2009] (Figure 4.3).

Han et al. [2010; 2011] detected the coseismic gravity changes of the 2010 Maule
earthquake and the 2011 Tohoku-Oki earthquake directly from Leve-1B data, and
Cambiotti and Sabadini [2013] leveraged the Slepian function for the time series
analysis of the coseismic gravity changes. Sun and Zhou [2012] analyzed both
northward (+ Fan filter) and downward (+ Fan and de-striping filters) gravity
components from the GRACE data to study gravity changes by the 2011 Tohoku-OKki

earthquake. In every case, they do not report significant differences from Heki and
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Matsuo [2010] and Matsuo and Heki [2011].

The coseismic gravity change of the 2011 Tohoku-Oki earthquake was also
caught by the GOCE satellite [Fuchs et al., 2013]. However, the original purpose of the
GOCE satellite was to map the static global gravity (and gravity gradient) fields with a
high spatial resolution and accuracy as shown in Figure 1.7, and GOCE observed
gravity gradients at same points repeatedly for this purpose. Thus, only low-accuracy
data with fewer numbers of observations are available for the time series analysis, so the
GOCE data should be used carefully only when it is necessary [Fuchs et al., 2015].

Apart from the gravity, there is an interesting report of the observation of the 2011
Tohoku-Oki earthquake using the GOCE satellites. It flew at altitudes lower than 300
km, and was equipped with very sensitive accelerometers. The atmospheric waves
excited by the 2011 Tohoku-Oki earthquake propagated up to the sky and the GOCE
satellite detected the passage of the wave at 30 and 55 minutes after the earthquake

occurrence above the Pacific Ocean and Europe, respectively [Garcia et al., 2013].

[C] The 2012 Indian-Ocean earthquake

By using Slepian function, Han et al. [2015] detected coseismic gravity changes
of the 2012 Indian-Ocean earthquake (M,8.6), which is the biggest strike-slip
earthquake observed by modern sensors. The spatial pattern of the coseismic gravity
changes was different from those of thrust fault earthquakes such as the 2004
Sumatra-Andaman, the 2010 Maule, and the 2011 Tohoku-Oki earthquakes. The
coseismic gravity changes of thrust fault earthquakes are characterized by the gravity
decrease on the back-arc side of the arc while this earthquake showed two symmetric

pairs of positive and negative anomalies. Although they appear different, it merely
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stems from the difference of geometries of the faults and dislocations. Both of them are
well explained by the same mechanisms, i.e., change in rock density and vertical

deformation of boundaries with density contrasts (Figure 4.3).
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Figure 4.3 Coseismic gravity changes for the 2012 Indian-Ocean earthquake (a, b)
and the 2011 Tohoku-Oki earthquake (c, d). The contour intervals are 1 pGal in (a)
and (b), and 2 pGal in (¢) and (d). (a) and (c) are derived from the GRACE
observation data by estimating coseismic steps in the gravity time series at grid
points from January 2003 to December 2015. In (a) and (c), contributions of
postseismic gravity changes were estimated together with the coseismic steps (see
Tanaka and Heki [2014] for the function) to avoid their leakage into the coseismic
steps. (b) and (d) are calculated by the program developed by Sun et al. [2009] using
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the fault parameters given in Table 1. Focal mechanisms of the earthquakes are
shown at the epicenters of the earthquakes. The black rectangles under beach balls
show the surface projections of the faults given in Table 1.

Table 4.1 Fault parameters used to calculate coseismic gravity changes in Figure 4.3. These
parameters (rectangular faults with uniform dislocations) were selected so that they well
explain the GRACE observation results. Latitudes, longitudes and depths indicate those of
the centers of the faults.

Lat. Lon. Disl. Rake Depth | Strike Dip | Length Width

Indian-Ocean | 2.35° 92.82° 350m | 185° | 20km | 106° 80° | 200 km | 40 km

Tohoku-Oki | 28.00° | 142.00° 7.5m 80° 24km | 205° 9° 450 km | 180 km

4.3 The coseismic gravity change of the 2013 Okhotsk deep-focus earthquake

The contents of this section has been published as Tanaka Y.-S., K. Heki, K.
Matsuo, and N. V. Shestakov (2015), Crustal subsidence observed by GRACE
after the 2013 Okhotsk deep-focus earthquake, Geophysical Research Letters, 42,

Issue 9, 3204-3209, doi:10.1002/2015GL063838).

4.3.1 Summary

As explained in Section 4.1, coseismic gravity changes stem from (1) vertical
deformation of layer boundaries with density contrast (i.e., surface and Moho) and (2)
density (volume) changes of rocks at depth. Such changes have been observed only in

large earthquakes with M,, exceeding ~8.5 by the GRACE satellites. On the other hand,
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those of M8 class earthquakes have never been detected clearly. Here, | report the
coseismic gravity change of the 24 May 2013 Okhotsk deep earthquake (M,8.3),
smaller than the possible detection threshold of M,8.5. In shallow thrust faulting, the
second factor (density change) is dominant, with the first factor (vertical deformation)
remaining secondary due to poor spatial resolution of GRACE (i.e., uplift and
subsidence occur close by). In the 2013 Okhotsk earthquake, however, the second factor
was insignificant because they occur at depth exceeding 600 km. On the other hand, the
first factor becomes stronger because the centers of uplift and subsidence are well
separated so that GRACE can resolve them. This enables GRACE to map vertical

ground movements of deep earthquakes over both land and ocean.

4.3.2 Introduction

Since the launch in 2002, coseismic gravity changes have been observed by the
GRACE satellites for several megathrust events as explained in the section 4.2. They
are all M,8.6 or bigger class shallow-depth interplate earthquakes. The detection
threshold with GRACE seems to lie around M,,8.5, and coseismic gravity changes have
never been detected for M,8 class earthquakes. It is also important to note that
coseismic gravity changes have been detected only for shallow earthquakes.

Earthquakes occurring within subducting slabs with hypocenters deeper than a
few hundreds of kilometers seldom exceed M8. Indeed, we know only three recorded
My8.0 or bigger class earthquakes deeper than 600 km, i.e., the 1970 Colombia
earthquake (M,,8.0, depth 645 km) [Rusakoff et al., 1997], the 1994 Bolivian earthquake
(My8.2, depth 637 km) [Kikuchi and Kanamori, 1994], and the 2013 Okhotsk

earthquake (M,,8.3, depth 609 km) [Ye et al., 2013; Zhan et al., 2014]. Only the Okhotsk
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earthquake occurred after the GRACE launch and provides a unique chance to study
coseismic gravity changes induced by a deep-focus earthquake. GNSS stations in
Russia have also detected coseismic displacements for this earthquake [Shestakov et al.,
2014; Steblov et al., 2014], and they will help us interpret the observed coseismic

gravity disturbances.

4.3.3 Gravity data analysis and estimation of coseismic gravity steps

The Stokes' coefficients with degrees and orders complete to 60 in the RLO5
monthly GRACE Level 2 data from February 2011 to June 2014 at the Center for Space
Research, University of Texas are analyzed. The coefficients of the C,, were replaced
with those of SLR data [Cheng and Ries, 2014]. In order to reduce short-wavelength
and striping noises, the Fan filter with the averaging radius of 400km and the
de-striping filter with polynomials of degree 3 for coefficients of orders 15 and higher
are applied. Also, the Global Land Data Assimilation System (GLDAS)-NOAH model
is leveraged to remove land hydrological signals.

For the time series analysis of gravity changes Ag at a point as the sum of a linear
component, average seasonal (annual and semiannual) variation, and a step at May 2013.
In other words, the function (2.13) is used with te; = May 2015 and P(t — teg) = 0 with
the least squares at each grid. In addition, their 1o errors are inferred a posteriori from
the post-fit residuals. The linear trend may partly reflect the interannual change of ice
volume in the studied region [Jacob et al., 2012].

The least squares estimation is repeated at grid points with 1° separation in order
to map the coseismic gravity step C in the function (2.13). Furthermore, two sets of C,

i.e.,, from Ag time series before and after the removal of hydrological signals using
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GLDAS are obtained. They are plotted in Figures 4.4 (a) and (b), respectively.
Figures 4.4 (c) and (d) show time series of Ag at points where the most significant
coseismic steps were seen in (a) and (b), respectively. The point was selected in the
oceanic area to show time series with relatively small land hydrological noises. In (d),
average seasonal changes are removed, and a negative step associated with the
earthquake is recognized. Standard deviations of the post-fit residuals at all grid points
at which the time series were calculated ranged only from 0.5 to 1.2 uGal (Figure 4.5),

so the signals are significantly larger than the errors.

(a) GRACE (b) GRACE-GLDAS
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Figure 4.4 (a) The distribution of the coseismic gravity change, C in the function
(2.13), of the 2013 Okhotsk deep earthquake observed by GRACE. The star shows the
epicenter of the earthquake, and the contour interval is 0.3 pGal. (b) Same as (a) but
the land hydrological signals have been corrected using the GLDAS model. (c, d) The
time series at a grid point (55°N, 166°E) shown as red dots in (a) and (b). In (d),
average seasonal changes and the secular trend are removed. There the black circles
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show monthly gravity data, whose means are set to zero, and the orange curves and
lines are the estimated models (the dashed gray curve and line are the extrapolations of
the pre-earthquake model). Error bars represent the root-mean-square error inferred
from post-fit residuals. The vertical red lines show the earthquake occurrence.

(a) GRACE (b) GRACE-GLDAS
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Figure 4.5 The spatial distribution of 1o formal errors of coseismic gravity step C
before (a) and after (b) the hydrological correction using the GLDAS model. The
error at each grid point was scaled by the post-fit residuals of Ag time series. The
red circle is the same as one in Figures 4.3 (a) and (b). Comparison of (a) and (b)
suggests that the hydrological correction improves the fit. However, in the region to
the north of the Kamchatka Peninsula, uncertainties of C still remain large.

In Figure 4.4 (a), a negative anomaly with peak decrease of ~1.5 uGal is seen in
the eastern part of the Kamchatka Peninsula. Two positive anomalies appear in the

basins of the Amur River (around 130°E, 50°N) and the Lena River (around 130°E,
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65°N) in Siberia. These two positive anomalies mostly disappear after the GLDAS
corrections and are considered to be of hydrological origin. The GLDAS models often
tend to give smaller hydrological changes than GRACE [see Syed et al., 2008, Figure 4],
but most of such signals seem to have been removed successfully. On the other hand,
the negative anomaly in Kamchatka still remains in Figure 4.4 (b) and is obviously
related to the coseismic gravity change of the 2013 deep earthquake. Figure 4.5 shows
the standard deviation of the estimated value of C, at each grid. Notable error reduction
can be seen after the GLDAS model application because it reduces scatter of gravity
data in time series and Ag post-fit residuals (see also Figures 4.4 (c) and (d)). In the next
section, | address things that these coseismic gravity changes indicate and the reason

why GRACE could detect coseismic gravity changes for an M,,8 class earthquake.

4.3.4 Discussions
[A] Gravity changes caused by vertical crustal movements

Figure 4.6 (a) compares vertical movements observed at 16 GNSS sites and those
calculated from the fault parameters by Shestakov et al. [2014]. The alternative model
by Steblov et al. [2014] produces similar displacement pattern. They show relatively
large subsidence in Kamchatka and smaller uplift around the Sakhalin Island. The
observed displacements show reasonable agreements with the calculated values
(Figure 4.6b). The negative gravity changes in Kamchatka from GRACE (Figure 4.4)
show similar distribution to the coseismic subsidence (Figure 4.6a).

The contributions of surface vertical movements to gravity changes can be
derived by multiplying the vertical displacement by 2zpG, where p (= 2,700 kg/m3) §

the average crustal density and G is the universal gravitational constant. Then, the
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contributions of sea water to the gravity changes are removed (the method is explained
in the section 4.1). The sea water correction reduces the gravity changes due to vertical
movements of the ocean floor. Results are shown in Figure 4.7 (a). Next, the spatial
resolution was adjusted to the same level as GRACE by (1) expanding the calculated
distribution into coefficients of spherical harmonics with degrees and orders up to 60,
(2) applying the same spatial filters used to process the GRACE data, and (3) converting
them back to the space domain. The results are shown in Figure 4.7b. Negative
anomalies are expected to appear in Kamchatka, but the signals caused by the uplift
near Sakhalin mostly disappear due to the sea water correction and the spatial filtering.
Figure 4.7b resembles to Figure 4.4, suggesting that the gravity decreases observed in

Kamchatka originate mainly from crustal subsidence.
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Figure 4.6 (a) Distribution of the observed (circles) and calculated (contours)
coseismic vertical displacements after Shestakov et al. [2014] and (b) comparison
between them. In (a), the contour interval is 5 mm and the black rectangle shows the
ruptured fault. The red and blue circles indicate uplift and subsidence, respectively,
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and their diameters represent the sizes of displacements. The numbers 1-16 in (a)
correspond to those in (b). If the observed and calculated vertical movements are
identical, they will align on the dashed line in (b).
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Figure 4.7 (a) The distribution of the gravity change calculated from the vertical
displacement and the sea water correction. (b) The same spatial filters as for the

GRACE data are applied. The contour intervals are 0.3 pGal. This earthquake also
caused horizontal displacements [Shestakov et al., 2014], but they are not considered
in the calculation of gravity changes.

[B] Density changes versus vertical crustal movements

Coseismic gravity changes occur by the two mechanisms, ie., (1)
uplift/subsidence of layer boundaries with density contrast, such as surface and Moho,
and (2) density changes around the fault edges. In the cases of shallow earthquakes,

regions of uplift and subsidence in (1) are close by and the poor spatial resolution of
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GRACE often makes it difficult to resolve them. On the other hand, (2) can be detected
even from the orbit of GRACE because mass moves downward at the down-dip edge of
the fault (in case of shallow thrust faulting).

This can be understood by representing the mass movements with hypothetical
mass dipoles using the concept popular in electromagnetics (Figures 4.8a,b). In this
analogy, we could compare the positive (excess mass) and the negative (mass
deficiency) poles to, e.g., the positive and negative charges of an electric dipole. Then,
the perturbing gravity fields would be similar to the electric fields made by the dipole.
The mass movement in (1) is equivalent to a horizontal dipole on the ground (although
the positive/negative mass anomalies get larger for shallow-angle reverse/normal
faulting), while that in (2) is equivalent to a dipole at depth which is nearly vertical for a
shallow thrust faulting [see Figure 4a of Ogawa and Heki, 2007]. A vertical dipole
makes nearly vertical field, while a horizontal dipole makes nearly horizontal field
above it (Figure 4.8b). Hence, as long as the vertical components are concerned, a
vertical dipole makes larger gravity change signals. The tilt of the vertical dipole may be
partly responsible for the shift of the centers of coseismic gravity decrease toward the
back-arc side (Figure 4.3c).

In the case of the 2013 Okhotsk deep-focus earthquake, the contributions of the
two factor reverse. Two pairs of the density changes occur at the up-dip and down-dip
ends of the fault more than 500 km below the surface (Figure 4.9, left). This is
equivalent to a gravity quadrupole (Figure 4.8c,d). The gravity field of a quadrupole
decays with the fourth power of distance and becomes almost undetectable at the orbital
height of GRACE. On the other hand, centers of surface uplift and subsidence go apart

as the fault goes downward. The distance becomes comparable to the spatial resolution
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of GRACE when the fault is as deep as ~600km (Figure 4.9, right). They are
represented by two monopoles, i.e., positive and negative mass anomalies at the centers
of the uplift and subsidence regions, respectively (Figure 4.8c,d). The gravity field of a
monopole decays only with the square of the distance and may keep strong enough to be
detected at the GRACE orbital height.

This is shown schematically in Figure 4.8 and quantitatively in Figure 4.10. There
the contributions of (1) and (2) are composed by assuming an elastic half space [Okubo,
1992] by changing the depth of the fault of the 2013 Okhotsk earthquake. Figure 4.10
shows that the factors (1) and (2) are comparable for an earthquake at depth ~10 km.
For a fault as deep as ~100 km, (1) becomes 4 times as large as (2). Then, (1) exceeds
(2) by an order of magnitude for a fault at ~600 km depth. This simulation study
justifies our interpretation that the observed coseismic gravity changes (Figure 4.4)
came mostly from vertical crustal movements (Figures 4.6 and 4.7).

The observed changes (Figure 4.4b) are approximately 1 pGal larger than
calculated changes (Figure 4.7b). The contribution of Moho uplift/subsidence, not taken
into account in this study, may partly account for the underestimation in Figure 4.7b.
Although the density contrast of Moho (~500 kg/m®) is less than that of the Earth's
surface (2,700 kg/m®), the Moho contribution would enhance the gravity change signals
because the amplitude of its uplift/subsidence would be greater than that of surface due
to its shorter distance to the source of the earthquake. Another complication in this case
arises from the non-flat boundaries of density contrast. The cold and dense Pacific Plate
slab extends from the trench down to the epicenter of the Okhotsk earthquake, which
may slightly modify the coseismic gravity changes. Anyway, these differences do not

significantly exceed the errors of the gravity step C (Figure 4.5), and quantitative
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identification of the error sources might not be easy.
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Figure 4.8 The schematic illustration to understand the mechanisms of coseismic
gravity changes in shallow (a, b) and deep (c, d) earthquakes with the combination of
hypothetical mass dipoles. There are two main mechanisms of the coseismic gravity
changes, i.e., (1) surface (and Moho) uplift/subsidence, and (2)
dilatation/compression under the ground. In the cases of shallow earthquakes,
subsidence and uplift occur close by and GRACE cannot resolve them (a). On the
other hand, density changes can be caught because the mass movement is vertical.
This can be intuitively understood by considering two hypothetical sets of mass
dipoles representing mass movements (strengths of the positive and negative poles
do not coincide in real cases), a horizontal dipole for (1) and an upright dipole for (2)
(b). Only (2) makes vertical field (i.e., changes the gravity strength) at the GRACE
altitude. Solid and dashed arrow lines indicate the gravity perturbing field due to
mass movements made by the mechanisms (1) and (2), respectively. In the cases of
the deep earthquakes, surface/Moho uplift/subsidence are well separated that
GRACE can resolve them (c). At the same time, the contribution of density changes
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becomes too small to be detected. This situation could be understood intuitively by
considering two mass monopoles for (1) and a deep quadrupole for (2) (d). These
situations are quantitatively shown in Figure 4.10.
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Figure 4.9 The depth of the fault of the 2013 Okhotsk earthquake has been changed
to 20 km, 100 km, 300 km, and 500 km (left), and surface vertical crustal movements
are compared (right). Density changes due to the faulting are shown with color for
the faulting at 20 km and 500 km depths. Although the density change patterns are
similar, the centers of surface uplift and subsidence (marked with gray dots) go apart
for larger fault depths, exceeding the radius of spatial averaging of the GRACE data
(400 km in this study). An elastic half space was assumed in calculating coseismic
displacements and strain changes [Okada, 1992].
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Figure 4.10. Coseismic gravity changes calculated assuming an elastic half space
[Okubo et al., 1992] without sea water correction. The same spatial filters as the
GRACE data have been applied. The fault parameters are the same as those shown in
Figure 4.6 but the fault depth has been changed to 10 km (a-c), 100 km (d-f), and 600
km (g-i). These figures show that deeper earthquakes reduce the importance of the
density changes (right) relative to surface vertical movements (left) in the total
changes (center). In fact, (a-c) shows that the contribution of the density changes of
an earthquake at the depth of 10 km is about 0.2 pGal, similar to that of the vertical
deformations (-0.3 pGal). When the fault depth is 100 km, as shown in (d-f), surface
vertical movement decreases the gravity by 0.8 pGal. This is much larger than 0.2
puGal by the density changes. The density change contribution diminishes to 0.05
pGal when the fault depth is 600 km (g-i).
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4.3.5 Conclusions of the section 4.3

For the first time, the GRACE satellites detected coseismic gravity changes
invoked by the deep-focus seismic event—the M,,8.3 2013 Okhotsk earthquake. Its
extraordinary focal depth was the key factor to make them visible. Although part of the
gravity changes may originate from the deformation of Moho and other subsurface
structures, they mainly reflect vertical surface deformation, and this makes GRACE a
tool with new perspective to map coseismic vertical ground deformations. Although its
spatial resolution is limited, satellite gravimetry is useful in both land and sea and could
complement interferometric synthetic aperture radar (INSAR) satellites and terrestrial

GNSS networks in mapping vertical crustal movements of deep earthquakes.

4.4 Other related studies

The results and conclusions of Tanaka Y.-S. et al. [2015] about the coseismic
gravity changes of the 2013 Okhotsk deep-focus earthquake was supported by Zhang et
al. [2016]. They calculated coseismic gravity changes of the 2013 Okhotsk deep-focus
earthquake based on a spherical earth model and reached the same conclusion: the
GRACE satellite can map two-dimensional vertical crustal deformation by deep-focus
earthquakes. They also indicate that the contribution of the vertical displacements to
coseismic gravity changes of this earthquake was four times as large as that of
impression and dilatation in mantle.

Wang et al. [2012b] estimated fault parameters of the 2010 Maule earthquake
from the spatial distribution of the coseismic gravity changes derived by the time series
analysis of coefficients of the Slepian functions. Fuchs et al. [2015] reported that joint

inversion method of the GRACE and GOCE gravity data, and the GNSS displacement
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data can improve fault slip inversion results because satellite gravimetry provides the
data over the ocean and the land with the same accuracy.

Han et al. [2013] estimated fault parameters using the Slepian functions for five
large earthquakes, i.e., the 2004 Sumatra-Andaman, the 2007 Bengkulu, the 2010 Maule,
the 2011 Tohoku-OkKi, and the 2012 Indian-Ocean earthquakes. Recently, Dai et al.
[2016] also estimated fault parameters of these five earthquakes and the 2005 Nias
earthquake, using the north components of coseismic gravity and gravity gradient
changes following the method proposed by Han et al. [2013]. However, the estimated
fault parameters are not consistent with those derived in other reports based on GNSS,
seismometer, or so on. According to Dai et al. [2016], the difference comes from the
ability of GRACE to measure the gravity over the land and ocean with the same
accuracy, but it is still unclear that the parameters can explain observation results from
other sensors. Cambiotti and Sabadini [2012] also analyzed the time series of the
GRACE data with the Slepian functions to detect the coseismic gravity changes of the
2011 Tohoku-Oki earthquake, and estimated the fault parameters.

Montagner et al. [2009] reported that they detected gravity signal of the on-going
fault rupture during the main shock of the 2011 Tohoku-Oki earthquake. This was the
first observation of a phenomenon predicted by the theory connecting the gravity
perturbation and fault dislocation by Harms [2006]. The signal of gravity changes
expands at the speed of light, so the gravity observation would allow us to detect

occurrences of earthquakes with less time delay in the future.

4.5 Conclusions of the Chapter 4

The validity of the theory on the mechanisms of coseismic gravity changes has
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already been repeatedly tested. The GRACE observations of coseismic gravity changes
are now leveraged together with other data such as GNSS or seismometers to study
physical processes of earthquakes.

In Japan, we have dense observation networks of GNSS and seismometers. The
GRACE data are inferior to those of GNSS or seismometers in the spatial and temporal
resolutions (~300 km and ~30 days, respectively). Nevertheless, the GRACE data have
certain advantages over GNSS and seismometers because the GRACE satellites can
measure the world-wide gravity change with uniform accuracy over the ground and the
ocean. The coseismic gravity changes from GRACE observations have already begun to
be used to recover fault slip distributions by joint analyses with other kinds of data. The
GRACE data are also found useful to evaluate fault parameters estimated by other
observations by examining if they also can explain coseismic gravity changes. They will

certainly continue to contribute to earthquake studies in the future.
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Chapter 5
Postseismic qravity changes

5.1 Mechanisms

Following rapid ground movements by main shocks of earthquakes, slow
movements are often observed by GNSS. They can be caused by afterslip (slow fault
slip following the rapid rupture), poroelastic rebound (followed by water diffusion), and
viscoelastic relaxation (viscous flow of the mantle as Newtonian fluid). Mass
redistribution by those mechanisms can also cause postseismic gravity changes, which
would proceed slowly after coseismic gravity changes. Among others, viscoelastic
relaxation is considered to cause long-term postseismic gravity changes, continuing for
years to decades. Theoretical studies about postseismic gravity changes by viscoelastic
relaxation have been performed by Pollitz [1992; 1997; 2003] and Tanaka Y.-Y. et al.
[2006; 2007; 2009] using preexisting theoretical works to explain glacial isostatic
adjustment (GIA) based on normal-modes [Peltier, 1974]. The gravity changes
predicted by these theories have been compared with the GRACE observation results of
postseismic gravity changes, e.g. after the 2004 Sumatra-Andaman earthquake [Tanaka
Y.-Y. et al. 2015]. On the other hand, the contributions of afterslip and water diffusion

are not discussed in those reports.
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5.2 Long-term postseismic gravity changes of the 2004 Sumatra-Andaman
earthquake

Ogawa and Heki [2007] first detected postseismic gravity changes by satellite
gravimetry for the 2004 Sumatra-Andaman earthquake. At that time, they used the
Level-2, Release 1 GRACE data, which are noisier than the latest solutions because of
older geophysical models used for various corrections to the range-rate between
GRACE-A and GRACE-B. In order to reduce noise, Ogawa and Heki [2007] converted
the GRACE data into geoid heights which are more sensitive to lower degree
components. They analyzed the time series of the geoid height, changing the P(t - te) in

function (2.13) into

P(t — toq) = ay {1 — exp (%)} (5.1)
where ay is a constant to be estimated by the least-squares method, and 0.6 (year) is the
time constant for postseismic gravity changes.

By eliminating hypotheses with serious difficulties, Ogawa and Heki [2007]
considered that the water diffusion was the most probable mechanism responsible for
the observed postseismic gravity (geoid height) changes. First, they ruled out the
afterslip because it would change gravity with the same polarity as the coseismic gravity
changes. In fact, the co- and postseismic gravity changes had different polarities.
Second, they considered that viscous relaxation of the upper mantle unlikely. They
thought that the time constant of 0.6 year, observed for the postseismic change, is too
short for viscoelastic relaxation. The Maxwell time of the upper mantle beneath arcs
would be ~20 years if we assume the mantle viscosity of ~2.5 x 10° (Pa s) inferred
from the 1960 Chile earthquake [Hu et al., 2004].

However, after Ogawa and Heki [2007], several reports suggested that the
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viscosity of upper mantle might be lower than it had been thought and the long-term
postseismic gravity changes were dominated by viscoelastic relaxation. For example,
Tanaka Y.-Y. et al. [2015] and Han et al. [2014] reported that the observation results of
the postseismic gravity changes of the 2004 Sumatra-Andaman earthquake can be
explained sufficiently by viscoelastic relaxation with the viscosity of the order of 10

Pas.

5.3 Two components of postseismic gravity changes

The contents of this section except for the section 5.3.4 have already been
published as Tanaka Y.-S. and K. Heki (2014), Long- and short-term postseismic
gravity changes of megathrust earthquakes from satellite gravimetry,
Geophysical Research Letters, 41, Issue 15, 5451-5456,

d0i:10.1002/2014GL060559)

5.3.1 Summary

The time series analysis with monthly GRACE data revealed that postseismic
gravity changes are composed of short- and long-term components. The result of the
analysis about three M9 class earthquakes (the 2004 Sumatra-Andaman earthquake,
2010 Maule earthquake, and the 2011 Tohoku-Oki earthquake) showed that the gravity
typically (1) decreases coseismically, (2) continues to decrease for a few months, and
(3) increases over a longer period. Therefore, postseismic gravity changes have two
components with different time constants and polarities. The mechanisms of short- and

long-term postseismic gravity changes are not as clear as coseismic changes at the
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moment, but might be explained to some extent with afterslip and the Maxwell
viscoelasticity, respectively. These two components are difficult to discriminate with
surface velocity measurements because the forearc area moves trenchward at both
stages. They appear in different polarities in gravity, making satellite gravimetry a

unique tool to separate them.

5.3.2 Introduction

As explained above, the GRACE satellites observed co- and postseismic gravity
changes of the 2004 Sumatra-Andaman earthquake. Especially, postseismic gravity
changes were first found after this earthquake [Ogawa and Heki, 2007; Chen et al.,
2007]. Postseismic gravity changes of this earthquake are characterized by gravity
increases around the ruptured fault, while its coseismic gravity changes are
characterized by gravity decreases on the back arc side (Figure 5.1). Postseismic gravity
changes have been attributed to viscous relaxation of low-viscosity upper mantle rocks
[e.g. Han et al., 2008; Panet et al., 2010]. However, all of the reports were based on
GRACE data older than Release 5, which became available in 2012. Also, it is only for
the 2004 Sumatra-Andaman earthquake that postseismic gravity changes have been
investigated. Thus, here, | study all of the three M9 class earthquakes after the GRACE
launch in 2002, i.e., the 2004 Sumatra-Andaman earthquake, the 2010 Maule
earthquake, and the 2011 Tohoku-Oki earthquake, using the Release 5 data in order to

find common features in the three examples.
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Figure 5.1 Rough sketch of mass movements associated with faulting (white arrow)
and Maxwellian viscous relaxation (yellow arrows). Both of them cause trenchward
movements of GNSS stations on the arc, but GRACE can see the transition from the
former to the latter because gravity changes associated with these two stages occur in
opposite polarities.

5.3.3 Gravity data and time series analyses

Here | use the Stokes’ coefficients with degrees and orders up to 60 in the Release
5 monthly GRACE data from August 2002 to December 2013 analyzed at the Center for
Space Research, Univ. Texas. In the time series analyses, a time window of August 2002
- December 2008 is set for the 2004 Sumatra-Andaman earthquake, January 2006 -
December 2013 for the 2010 Maule earthquake, and January 2008 - December 2013 for
the 2011 Tohoku-Oki earthquake. For the 2004 earthquake, the GRACE data after

January 2009 is excluded to make its time window of similar length to the other two
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cases.

To reduce short-wavelength and striping noises, Fan filter with an averaging
radius of 250 km and de-striping filter with polynomials of degree 3 for coefficients of
orders 15 and higher are applied. About land water contributions, two cases are
examined, with and without the land hydrology correction by the GLDAS model. Here,
the data without the correction are employed, and only average seasonal hydrological
contributions are removed by modeling the average annual and semiannual variations in
the gravity time series. The Sumatra and Northeast Japan regions are dominated with
sea, and the GLDAS corrections do not yield significant differences. In the Chilean case,
fairly large hydrological signals were seen in the continental region to the east, but
GLDAS did not effectively reduce them. There was a severe drought in South America
in 2010 [e.g. Lewis et al., 2011], and this may not be well modeled in GLDAS.

Figure 5.2 shows the gravity time series at a point just above the fault of the 2004
Sumatra-Andaman earthquake (black circle in Figure 5.3a). Average seasonal changes
and linear trends were removed. Here, the time series was modeled with the function
(2.13). The postseismic gravity changes represented by P(t — te;) are modeled with the
combination of two exponential functions with different time constants of 7; and 7,

(11 < 1), I8,

_ _(t_te ) _(t_te )
P(t — toq) = a; {1 — exp (Tq)} + ag {1 —exp (Tq)} (5.2)

In Figure 5.2, the time series was modeled in two different ways. First (red curve),
the postseismic change is modeled with a single exponential decay function (i.e., a; is

fixed to zero). The time constant 7, is fixed to 1.5 years, and the eight parameters of a;
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— ag, ag and C in the function (2.13) with (5.2) are estimated with the least-squares
method. The data show slight misfit from the model at the early postseismic stage, i.e.,
gravity keeps decreasing for a few months immediately after the earthquake.

Second (blue curve), two exponential decay functions are considered, and ay is
added as a parameter to be estimated. Various values for the time constants z; and 7,
are verified and t; = 0.25 (yr) and 7, = 0.90 (yr) minimized the post-fit residuals of
the gravity data (Figure 5.2 right). The shorter time constant (z; = 0.25 yr) fits well (and
the longer time constant 7, does not) with the eastward movement of the GNSS station
at SAMP in North Sumatra (Figure 5.5a) for the three months postseismic period (the
2005 Nias earthquake occurred ~3 months after the Sumatra-Andaman event and

disrupted the time series).
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Figure 5.2 Time series of gravity changes before and after the 2004
Sumatra-Andaman earthquake (black vertical line) at (5N, 94E) fitted with two
different models. Average seasonal changes and the secular trend have been removed.
With the red and blue curves, the postseismic changes are modeled with one
(r, = 1.5 yr) and two exponential decay functions (r; = 0.25 yr and 7, = 0.90
yr), respectively. The right figure shows the sensitivity of the standard deviation of
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the gravity data residuals 2005.0 - 2005.5 to the changes of one of the time constants
(blue: 7,, yellow: t,) for the two-function model. The data and the blue curve
appear again and are compared with other events in Figure 5.3.

At each of the grid points with 1 degree separation, the time series of the GRACE
data are modeled using the function (2.13) and (5.2). The same values for 7; and 7,
are used and the same set of parameters is estimated. The average post-fit residual of the
gravity was ~0.5 puGal. The residuals tend to be larger/smaller at grid points within
land/sea, but remain within 0.4-0.7 pGal at most of the points. The geographical
distributions of the estimated parameters C, a; and ag are shown in Figure 5.3a-c (a7 and

ag are scaled so that they show 1 year cumulative changes).
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Figure 5.3 Coseismic (left), and short- (middle) and long-term (right) postseismic
gravity changes (expressed with 1 year cumulative changes) of the 2004
Sumatra-Andaman earthquake (high), the 2010 Maule earthquake (middle), and the
2011 Tohoku-Oki earthquake (low). Time constants for the postseismic changes are
shown on the middle and right columns. The yellow stars and black rectangles show
the epicenters and the ruptured faults. The black circles show points whose gravity
changes are shown in Figures 5.2 and 5.4, and red diamonds in the middle column
show GNSS stations shown in Figure 5.6. The contour intervals in high, middle, and

low rows are 5, 3, and 3.5 pGal, respectively.
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The time series for the 2010 Maule earthquake and the 2011 Tohoku-OKi
earthquake were also modeled using the functions (2.13) and (5.2), and shown in Figure
5.4. For these two earthquakes, it was difficult to constrain the shorter time constants in
this way (residuals did not show clear minima like in the 2004 Sumatra-Andaman
earthquake). Instead, based on an assumption that the short-term postseismic gravity
changes in these two earthquakes obey the same exponential decay as surface
displacements, the time constants of 0.15 and 0.14 yr are given because of their best-fits
to the GNSS data during the first four postseismic months (Figure 5.5b, c). In such a
short timescale, Maxwellian viscous relaxation would contribute little, and afterslips
would be mainly responsible for these changes. Figure 5.3d-h shows the distribution of
C, a7 and ag for these two events. The values of 7, and 7, are shown in the middle

and right columns of Figure 5.3.
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Figure 5.4 Time series of gravity changes before and after the three megathrusts
(colored vertical lines) at points close to the epicenters (black circles in Figure 5.3).
Errors are assumed uniform in time, and have been scaled using post-fit residuals (0.5
- 0.6 pGal in this figure). Land hydrology corrections are not performed, but the
average seasonal changes and secular trends are removed. All the three cases suggest
the existence of two postseismic gravity change components with distinct time
constants and polarities. The transition from decrease to increase is quicker in the 2011
Tohoku-OKki earthquake than the other two because the time constant of its long-term
component is relatively short (0.4 yr).
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Figure 5.5 East components of the movements of the GNSS stations (SAMP, ANTC,
and 0167 shown in Figure 5.3b, e, h) showing postseismic crustal movements over
3-4 months after the three megathrust events. The data are from
http://sideshow.jpl.nasa.gov/post/series.html (SAMP and ANTC) and
http://mekira.gsi.go.jp (0167). The solid (red) and dashed (blue) curves are the
best-fit exponential decay functions with the time constants of the short- and
long-term postseismic gravity changes (shown at the bottom), respectively.

5.3.4 \erification with AIC

In order to justify the selection of the function | employed (5.2) objectively, | use

the Akaike’s Information Criterion (AIC) [Akaike, 1974]. AIC helps us infer the
appropriateness of a given statistical model. In this case, the fitted function giving the
least AIC is considered to be the most appropriate model from a statistical point of view.

According to Nishimura et al. [2013], AIC can be calculated as follows:

N0, — )2
AIC =nIn(2m) + nlnzl_l( ;1 ) + n+ 2k

where n and k are the numbers of the observations and the model parameters,
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respectively, and O; and C; are the i-th observation and calculation, respectively.

I calculated AICs using the three gravity time series shown in Figure 5.4 over the
one-year period after the earthquake, changing the number of exponential functions of
P(t — teg) in the equation (5.2) from one to four. The time constants except for those used
above were estimated by the grid search from 0.1 to 40 years with the step of 0.1 year to
all the data used in Figure 5.4. The results are summarized in Table 5.1. For the 2004
Sumatra-Andaman earthquake and the 2010 Maule earthquake, the models with short-
and long-term exponentials give the least AICs. However, for the 2011 Tohoku-Oki
earthquake, the single exponential model gives the least AIC probably because this
earthquake occurred in the middle of March, and the data used to calculate AIC (April
2011 to March 2012) may not include the most significant part (March 12- March 31) of
the afterslip contribution. Moreover, the GRACE data for June 2011 is missing, which
also reduces the afterslip contribution to the gravity time series. Without afterslip, the
postseismic gravity changes come dominantly from viscoelastic relaxation of the mantle.
Hence, the statistical results may indicate that just a single exponential function is

enough to model the observed changes.
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Table 5.1 Comparison of the AIC for the gravity time series shown in Figure 5.4. The
AICs were calculated for the one-year data after the earthquakes. The number of
exponential functions of P(t - teq) in the equation (5.2) is changed from one to four to
find which model gives the least AIC.

Earthquake The number of EXPs | Time constants (year) AIC

The 2004 1 2.7 44.5
Sumatra-Andaman 2 0.25,0.9 43.0
Earthquake 3 0.25,0.9,0.1 44.3
(5N, 94E) 4 0.25,0.9,0.1,5.6 45.6
The 2010 Maule 1 40 Sk
earthquake 2 0.15,1.0 31.0
(35S, 73W) 3 0.15,1.0,0.1 32.8
4 0.15,1.0,0.1,5.0 32.5

The 2011 1 1.2 39.0
Tohoku-OKi 2 0.14,04 41.2
Earthquake 3 0.14, 0.4, 40 425
(38N, 142E) 4 0.14,0.4, 40, 0.8 44 4

5.3.5 Results and discussion

[A] Coseismic gravity changes

Figure 5.3 compares the distribution of coseismic, and short- and long-term
postseismic gravity changes of the three megathrust events. Although their
signal-to-noise ratio is sometimes low, common gravity change signatures are seen.
Coseismic signatures of the three earthquakes (Figure 5.3a, d, g) are dominated by

gravity decreases on the upper-plate side of the fault, mainly in the back arc area, with
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smaller increases on the incoming-plate side. The latter are often attenuated by the
existence of seawater [Heki and Matsuo, 2010; Matsuo and Heki, 2011]. Such coseismic
changes are well explained as the elastic response of the realistic Earth to fault slip as

explained in Chapter 4.

[B] Short-term postseismic gravity changes

Figure 5.4 shows that the gravity decreases as the continuation of the coseismic
step for a few months, and increases over longer periods. The short-term postseismic
gravity changes (Figure 5.3b, e, h) are largely negative and similar to coseismic changes
(Figure 5.3a, d, g), although their maxima seem to shift somewhat trenchward. On the
other hand, the long-term postseismic gravity changes (Figure 5.3c, f, i) are mostly
positive with their maxima residing roughly above the ruptured faults. These features
are common in the three earthquakes.

The elastic response to the afterslip should occur as the continuation of the
coseismic gravity changes, and their spatial distribution should show some similarity.
The time constants (0.14 — 0.25 yr) in the displacement of GNSS stations over the first
few postseismic months are consistent with such short-term negative changes, and not
with the long-term positive changes (Figure 5.5). These similarities in temporal
signatures strongly indicate that the short-term gravity changes are due to afterslips
(delayed elasticity by the transient rheology [Wang K. et al., 2012] may contribute to
some extent). Afterslip occurs both up-dip and down-dip of the coseismic rupture zone.
The trenchward shifts of the centers of the short-term postseismic gravity decreases
might reflect the sensitivity contrast, i.e., shallower slips make larger gravity signals.

The short-term gravity change of the Maule earthquake is almost as large as the
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coseismic change, although the other two earthquakes do not show such peculiarity.
This might suggest the role of transient viscoelastic relaxation, but needs future studies.

It should be noted here that the short-term postseismic change of the 2004
Sumatra-Andaman earthquake (Figure 5.3b) might include the signal of the coseismic
gravity steps of the 2005 March 28 Nias earthquake (M,8.6), as shown by a small
negative anomaly around (99W, 6S).

Additionally, the existence of the short-term postseismic component in the gravity
time series is indicated statistically by AIC verification for the 2004 Sumatra-Andaman

earthquake and the 2010 Maule earthquake.

[C] Long-term postseismic gravity changes

The Maxwell viscoelasticity causes the slow convergent movements of
lithosphere in subduction zones over years to decades after megathrust earthquakes (see
Figure 2 of Wang L. et al., [2012b]). Such a movement would promote gravity increase
around the ruptured fault (Figure 5.1).

The “long-term” postseismic gravity change of the 2004 Sumatra-Andaman
earthquake has been often explained by such viscous relaxation of the upper mantle [e.g.
Han et al., 2008; Panet et al., 2010]. Indeed, the cumulative gravity changes over the
two postseismic years calculated assuming a spherically symmetric viscoelastic Earth
model (Figure 5.6) [Tanaka Y.-Y. et al., 2006; 2007, and Tanaka Y.-Y., 2013] show
striking similarity to Figure 5.3 (c), suggesting its strong potential to explain long-term
postseismic gravity changes. However, in order to match the calculation with the
observation, we have to assume the upper mantle viscosity (e.g. Figure 5.6 assumes

3x10"® Pa s) lower by two orders of magnitude than the global average of 10 — 10* Pa
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s [Moucha et al., 2007]. In this context, the upward diffusion of supercritical water
around the down-dip end of the ruptured fault, as suggested by Ogawa and Heki [2007],
could help explain some parts of the postseismic gravity recoveries that are too fast to
be due to the Maxwell viscoelasticity.

In the top two cases in Figure 5.4, the long-term gravity increases are more than
the short-term drops causing net gravity increase just above the faults. However, gravity
shows net decrease in the back arc side of trenches. A long-term balance of gravity
changes in a whole earthquake cycle is an interesting issue. However, quantitative
discussion is premature at the moment because satellite gravimetry has not succeeded in

detecting slow gravity changes associated with interseismic strain build-up yet.
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Figure 5.6 Postseismic gravity changes of the 2004 Sumatra-Andaman earthquake
due to the viscoelastic mantle relaxation. Figure 3 (middle) in Tanaka Y.-Y. [2013]
was re-drawn using the upper mantle viscosity of 3x10* Pa s.
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5.3.6 Supporting information

Before the conclusion, two pieces of supporting information are added. First, the
time series with GLDAS corrections for the three cases are provided in Figure 5.7.
Second, the sensitivity of the results to different values of z; in the function (5.2) is
shown in Figure 5.8. These two figures show that the overall story is not affected by
hydrological noises and little differences of the time constant of the short-term

component.
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Figure 5.7 Same as Figure 5.4, but the GLDAS/Noah model was used to correct for
land hydrological signals. Average seasonal changes and secular trends are removed.
There are slight increases of post-fit residuals, but the whole picture remains the
same as Figure 3.4.
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Figure 5.8 Same as Figure 5.3 (a), (b), and (c), but the time constants of the
short-term postseismic changes (tr;) were changed from 0.2 yr to 0.35 yr.
Distributions of the changes in the middle and right columns have some sensitivity to

71, but remain consistent with the nominal case (t1: 0.25 yr).
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5.3.7 Conclusions of the section 5.3

Postseismic gravity changes following three M9 class earthquakes had two
components, i.e., short- and long-term gravity changes. The coseismic gravity drop is
followed by continuing decrease in the first few months, and then gradual increase over
years. The physical mechanisms of the short- and long-term postseismic gravity changes
would be explained with afterslip (and partly by the transient rheology) and relaxation
of Maxwell viscoelastic material (and partly by the movement of supercritical water at
depth).

GNSS networks are deployed in many convergent plate boundaries. However,
they are on the island/continental arcs with a certain distance from trenches. As shown
in Wang K. et al. [2012], both afterslip and viscoelastic relaxation cause trenchward
movements there, and it is difficult for GNSS receivers to observe the transition from
the former to the latter. The satellite gravimetry offers a new sensor to investigate
deformation cycles of subduction earthquakes in a unique approach different from

conventional sensors (Figure 5.1).

5.4 Other related studies

Han et al. [2008] and Han et al. [2014] compared observed and calculated
postseismic gravity changes assuming afterslip and viscoelastic relaxation for the 2004
Sumatra-Andaman earthquake and the 2011 Tohoku-Oki earthquake, respectively. Han
et al. [2014] suggested that afterslip could cause postseismic gravity changes with the
same polarity as coseismic gravity changes, which is opposite to Tanaka and Heki
[2014]. However, the fault slip model for the calculations about afterslip is estimated

from GNSS observations for 1.5 years after the 2011 Tohoku-Oki earthquake and they
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include contributions of viscoelastic relaxation as well as afterslip. Both of afterslip and
viscoelastic relaxation move GNSS stations on the ground trenchward (Figure 5.1), so it
is difficult to separate these two mechanisms based on only GNSS observations.

Tobita [2016] analyzed the time series of GNSS station coordinates and reported
that they are composed of three components, i.e., (1) a very-short-term component
represented by a logarithm with a time constant of a few days, (2) a short-term
component represented by an exponential function with a short time constant, and (3) a
long-term component represented by another exponential function with a long time
constant. Tobita [2006] also suggested that the very-short-, short-, and long-term
components stem from afterslip, short-term viscoelastic relaxation, and long-term
viscoelastic relaxation, respectively. This follows Hoechner et al. [2011] and Sun et al.
[2014], who pointed out that short-term viscoelastic relaxation of Burgers rheology can
contribute to short-term postseismic surface movements. Provided that this theory is
correct, the short-term postseismic gravity changes observed by the GRACE satellites
may reflect both afterslip and short-term viscoelastic relaxation.

Han et al. [2016] discovered that ‘“2006-2007 earthquake doublet”, the
combination of the 2006 M,,8.3 thrust and 2007 M,,8.1 normal fault earthquakes on the
central Kuril Islands caused larger postseismic gravity changes than expected from their
magnitudes, fault mechanisms and depths. They considered that the large postseismic
gravity changes reflected a unique viscosity structure around the hypocenters and this
unique structure drove unexpected large viscoelastic relaxation. They also tried to
estimate the viscosity structure there using the gravity change data. This is one of the

first attempts to investigate subsurface structures from postseismic gravity changes.
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5.5 Conclusions of the Chapter 5

Long-term postseismic gravity changes are considered to stem mainly from
viscoelastic relaxation of the upper mantle by comparing the observations and the
calculations [e.g. Tanaka Y. —Y. et al., 2015]. However, in these reports, they assumed
that the postseismic gravity changes are caused by viscoelastic relaxation and estimated
upper mantle viscosity that can reproduce the observation results. Thus, the theory
would need to be verified in future by more observations using different approaches.

Postseismic gravity changes also have a short-term component, which governs the
gravity changes for a few months immediately after earthquakes. This can be caused by
afterslip and short-term viscoelastic relaxation. However, further physical
considerations need to be made to confirm they are the unique interpretation.

It is certain that postseismic gravity changes provide more chances to understand
physical mechanisms of earthquake cycles on subduction zone from a viewpoint of
mass redistribution. Hence, it is necessary to pursue quantitative researches of
earthquakes taking time-variable gravity observations into account, for future better

understandings of the Earth’s subsurface structures, physical properties, and so on.
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Chapter 6

Reanalysis of co- and long-term
postseismic _gravity changes of the
2004 Sumatra-Andaman earthquake
with the latest GRACE data

6.1 Introduction

The 2004 Sumatra-Andaman earthquake (M,9.2) is the first M,9 class
earthquake after the launch of the GRACE satellites in 2002, and is still the biggest
earthquake observed by the GRACE satellites. Here, | show results of time series
analysis about the co- and postseismic gravity changes of the 2004 Sumatra-Andaman

earthquake from Jan 2003 to July 2016 based on the latest GRACE data.

6.2 Latest GRACE data from UTCSR

| analyzed the time series with the latest GRACE data provided by UTCSR as the
spherical harmonics coefficients with degrees and orders up to 60 with the function
(2.13) with the term P(t — teq) expressed using double exponential functions with the

time constants of 0.25 and 2.8 years. The Fan filter of 250 km averaging radius and the
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de-striping filter with a cubic function to degrees and orders of 15 and more are applied
for the analysis of the downward components of the gravity field. For the analysis of the
northward component, however, only the Fan filter is applied (The details are provided
in the Chapter 2). The vertical and northward gravity changes related to the earthquake
are shown in Figures 6.1 and 6.2, respectively. In these figures, the distributions of co-
and short- and long-term postseismic gravity changes are indicated as (a), (b), and (c),
respectively. The total co- and postseismic gravity changes are shown in (d).

Figures 6.1a and 6.2a appear different but they reflect the same origin of mass
re-distribution. When the downward components of the gravity become strong (weak)
above one point, the “north-to-south” spatial pattern of the northward components
around the point becomes “weak-to-strong” (strong-to-weak). Thus, when the
north-to-south spatial pattern of the downward components is weak-to-strong, that of
the northward components should be “strong-weak-strong” (Figure 6.3). The difference
between Figures 6.1b-d and 6.2b-d can be explained as well. For example, the Figure
6.1c shows that the downward components of the gravity become stronger along the
fault and Figure 6.2c shows that the northward components become weaker and
stronger on the north and south sides of the fault, respectively. They are completely
matched to Figure 6.3 (left).

Additionally, the “upward gradient of the vertical component of the gravity field”
changes are analyzed by using the function (2.3) with the same Fan and de-striping
filters. The results are shown in the Figure 6.4. Wang L. et al. [2012a] suggests that the
gravity gradient changes have better sensitivity to short-wave components and they are
useful to get better spatial resolution of coseismic gravity changes. However, it is also

suggested in the same report that the GRACE observation cannot recover the
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amplitudes of gravity gradient changes as accurately as the gravity changes. Hence, the
gravity gradient changes from GRACE should be used to as the secondary observable to

support other information.
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Figure 6.1 The distributions of co- (a) and short-term (b) and long-term (c) postseismic
gravity (down component) changes of the 2004 Sumatra-Andaman earthquake, (d) the
map showing the total co- and postseismic gravity changes, and (e) the gravity time
series at three points indicated as blue, red, and purple circles in (a-d). The average
seasonal changes have been removed. The contour intervals are 2uGal. The focal
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mechanisms are shown at the epicenter of the earthquake. The black rectangles under
beach balls show the segments of the faults ruptured in this earthquake. The time
constants of double exponential functions for the time series after the 2004
Sumatra-Andaman earthquake and single exponential function after the 2012
Indian-Ocean earthquake are 0.25, 2.8, and 0.6 years, respectively. In (e), the black
circles show monthly gravity data, the blue, red, and purple curves are the estimated
models, and the orange curves represents the postseismic gravity changes after
removing the contributions of the 2012 Indian-Ocean earthquake. Error bars represent
the root-mean-square error inferred from post-fit residuals. The solid and dashed
vertical dark green lines indicate the 2004 Sumatra-Andaman earthquake and the 2012
Indian-Ocean earthquake occurrences, respectively.
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Figure 6.2 The same figure as Figure 6.1 except the following five points: (1) the
north components of the gravity field are shown, (2) The de-striping filter is not
applied (only the Fan filter with averaging radius 250 km is applied), (3) time series
represent two new points shown with blue and red circles in (a-d), (4) the beach balls
in (a) and (d) are removed to show the distribution clearly, and (5) contour intervals
are 1 puGal.
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The northward components become
stronger weaker
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Figure 6.3 The schematic image of the relationship between downward and
northward gravity changes. [Left] When the downward components of the gravity
become strong (weak) above a certain point, the north-to-south spatial pattern of the
northward components around the point becomes “weak-to-strong” (strong-to-weak).
[Right] Thus, when the north-to-south spatial pattern of downward components is

“weak-to-strong”, that of northward components is “strong-weak-strong”.
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Figure 6.4 The same figure as Figure 6.1 except the following five points: (1) the
changes in the upward gradient of the vertical component of the gravity field are
shown, (2) the unit is mE (mili-Eétvés; 1 E = 10° Gal/cm = 10%/5?), (3) time series
represent new points are shown (blue, red and purple circles in the maps), (4)
contour intervals are 0.1 mE, and (5) the color scale is different.
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6.3 Latest GRACE data from CNES/GRGS

The Centre National d’Etudes Spatiales/Groupe de Recherches de Géodésie
Spatiale (CNES/GRGS), one of unofficial analysis centers of the GRACE data, provides
Level-2 data, with degrees and orders complete to 80, after stripe and short-wavelength
noises are removed. The data can be downloaded through their website

(http://grgs.obs-mip.fr/en).

The results based on the data by CNES/GRGS are shown in the Figures 6.5, 6.6,
and 6.7. They are the same as those in the section 6.2 except the source of the data and
the highest degree/order of the coefficients (80). The amplitudes of the gravity (and the
gravity gradient) changes appear somewhat larger. The spatial resolution is higher than
those by UTCSR reflecting higher maximum degree and order used to plot the figures.

However, the basic spatial patterns are quite similar.
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Figure 6.5 The same figure as Figure 6.1 apart from the following four points: (1)
we used the coefficients with degrees and orders complete to 80 from
CNES/GRGS, (2) The de-striping and Fan filters are not applied by myself, (3)
time series reflect gravity changes at new points shown in the map as blue, red
and purple circles, and (4) contour intervals are 5 uGal.
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6.4 Discussions and conclusions of Chapter 6

Both of the time series analyses using the data from UTCSR and CNES/GRGS
gave almost same results except for the differences in the signal amplitudes and spatial
resolutions coming from the differences of maximum degree and order, 60 and 80,
respectively.

The coseismic gravity changes in the down and north components show
consistent spatial patterns (Figures 6.1 - 6.3 and 6.5 - 6.6). They are similar to those of
the 2011 Tohoku-Oki earthquake (Figure 4.3), which are explained sufficiently by the
numerically calculated coseismic gravity changes (Figures 4.1 and 4.8). Coseismic
gravity gradient changes look similar to coseismic downward gravity changes (Figures
6.1 and 6.4). The gradient changes have larger sensitivities to shortwave components,
but they are more difficult to recover using the GRACE data than gravity changes
[Wang L. et al.,, 2012a], so the gradient changes should be used as secondary
information to support results from the gravity changes.

Further studies about postseismic gravity changes are necessary to understand
various postseismic phenomena in order to reveal physical processes governing
earthquake cycles in subduction zones. The GNSS observations can also be used for this
purpose with even higher temporal and spatial resolutions. However, the GNSS stations
are located mainly on land, and afterslip and viscoelastic relaxation are often difficult to
distinguish from the surface velocity data with limited spatial coverage (i.e. island arcs
tend to move in the same direction). After all, the GRACE observations have two
advantages, i.e., the same sensitivity to both land and ocean areas, and the different
polarities of short- and long-term postseismic gravity changes.

The gravity time series shown in Figures 6.1 - 6.7c (except 6.4) indicate that the
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postseismic gravity trend is approaching zero. This suggests that the long-term
postseismic gravity changes of the 2004 Sumatra-Andaman earthquake is almost over
up to now. This would provide useful information on the upper mantle viscosity because
the dominant mechanism for the long-term postseismic gravity changes is viscoelastic
relaxation in the upper mantle.

The spatial patterns of the sum of the co- and postseismic gravity changes,
together with those of the static gravity anomalies (Figure 6.8), may give some insight
into the interseismic gravity changes. The static gravity anomaly is formed by the
repetition of the cycles of inter-, co-, and postseismic gravity changes. In the sum of co-
and postseismic gravity changes (Figure 6.5d), the gravity decreased in the Sumatra
Island, increased around the trench, and decreased on the outer rise side. This is roughly
opposite to the static gravity anomaly (Figure 6.8). This can mean that the interseismic
gravity changes would urge the static gravity anomaly grow while interplate thrust
earthquakes (sum of co- and postseismic gravity changes) would partly reduce it. Based
on this speculation, the static gravity anomaly could be the integration of the surplus of
interseismic gravity changes not cancelled by co- and postseismic gravity changes of
lots of different earthquakes.

In any case, the postseismic gravity changes of the 2004 Sumatra-Andaman
earthquake are almost over, and the present static gravity anomaly must have been
formed by the repetition of earthquake cycles over a geological timescale. Hence, this
earthquake presents, for the first time, a clue to understand the growth of the static
gravity anomalies through accumulations of co-, post- and interseismic gravity changes

over numerous earthquake cycles.
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Figure 6.8 The static gravity anomalies around the faults of the 2004
Sumatra-Andaman earthquake. For the detail of the figure, see the caption of

Figure 1.7.

98



Chapter 7
Summary

The GRACE satellites launched in 2002 enabled us to study earthquakes using
the two-dimensional and continuous observations of the Earth’s gravity fields.
Earthquakes change gravity field through mass redistributions associated with fault
dislocations. Time-variable gravity would provide unique information on earthquakes
from variety of viewpoints.

In this study, | try to reveal physical processes in the earthquakes cycles of
subduction zones through gravity changes. Here | discussed gravity changes caused by
several large earthquakes that occurred after the GRACE launch in 2002, i.e., the 2004
Sumatra-Andaman earthquake, the 2010 Maule earthquake, the 2011 Tohoku-OKki
earthquake, the 2012 Indian-Ocean earthquake, and the 2013 Okhotsk deep-focus
earthquake.

In this study, I used the Stokes’ coefficients with degrees and orders complete to
60 provided by the Level-2 RLO5 GRACE data by UTCSR. After applying the Fan and
de-striping filters, I calculated gravity fields at grid points over the Earth’s surface, and

analyzed the gravity time series at these points. The function for the least square
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analysis consists of an offset, a secular trend, annual and semiannual components
representing seasonal changes, a step function representing coseismic gravity changes,
and various functions to model postseismic gravity changes. The GLDAS models are
used to reduce land hydrological contributions in several cases.

| showed several examples of gravity changes of non-earthquake origins, and
compared them with the gravity changes by earthquakes. For example, land hydrology
is one of the fundamental targets of the GRACE satellites. The signals of seasonal
changes of soil moistures, secular decrease caused by ice loss and artificial depletion of
groundwater often appear clearly as gravity changes. Glacial Isostatic Adjustments are
also observed as secular gravity increase by the GRACE satellites.

Coseismic gravity changes are caused by the following three mechanisms: (1)
uplift/subsidence of the boundaries with density contrast (solid earth’s surface and
Moho), (2) density changes by dilatation and compression in the crust or mantle, and (3)
sea water movements by vertical deformation of the sea floor. The theoretical models
for coseismic gravity changes have been examined repeatedly by comparing with the
gravity changes observed by GRACE. In addition to them, horizontal movements of the
terrane with significant slopes are equivalent to vertical deformation, and may
contribute to coseismic gravity changes. However, its contribution to the gravity
changes are usually smaller than those by (1) — (3).

Three types of the spatial patterns of the downward components of coseismic
gravity (G,) changes have been found so far. First one comes from shallow megathrust
earthquakes such as the 2004 Sumatra-Andaman earthquake, the 2010 Maule
earthquake, and the 2011 Tohoku-Oki earthquake. They are characterized by dominant

gravity decrease at the back arc sides and smaller gravity increase at the trench side.
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Second one is caused by large shallow strike-slip earthquakes like the 2012
Indian-Ocean earthquake. The signals consist of symmetric four peaks (two negative
and two positive peaks) of gravity changes. The last one is found for deep-focus
earthquakes such as the 2013 Okhotsk earthquake (down-dip compression mechanism),
showing widely-separated two peaks of gravity changes with different polarities. The
differences among these three types simply reflect the difference in fault geometry and
depths, and remain within the framework of (1) — (3).

These three types are explained as follows. As for the first type, the shallow thrust
earthquakes cause vertical deformations of the surface. Because the distance between
the uplift peaks and the subsidence peaks are much shorter than the spatial resolutions
of GRACE, they do not contribute much to the gravity changes. However, compressions
and dilatations beneath the ground are distributed along near-vertical lines, and they
change the gravity field over regions large enough to be observed by GRACE. In the
second type, shallow-focus strike-slip fault earthquakes cause pairs of density changes
(dilatation and compression) and vertical deformations (subsidence and uplift) around
the two ends of the faults. They make gravity changes, so the spatial pattern of
coseismic gravity changes by such earthquakes have symmetric 2 x 2 peaks. The third
type emerges after deep-focus earthquakes. In these earthquakes, two pairs of
compressions and dilatations occur at the both ends of the fault buried at depth. Their
signals, made by two pairs of positive and negative mass anomalies, decay more rapidly
with distance and contribute little to the gravity changes at the altitude of the GRACE
satellites. At the same time, the two peaks of vertical deformations are separated
sufficiently so that the GRACE satellites can resolve them. Hence, all of the three types

of the spatial patterns of coseismic gravity changes just reflect the difference in the
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geometry and the depth of the fault.

Additionally, | found that the results of time series analysis for northward
components of the gravity changes (Gg) and upward components of downward gravity
gradient changes (G,,) are also well explained by the same models as the downward
components of coseismic gravity changes. The data provided by another data analysis
center (CNES/GRGS) were examined and found to give similar results to the CSR data
set.

The observations of coseismic gravity changes are moving up to the next stage
from just verifying the pre-existing theory to, for example, reinforcing the estimations
of coseismic fault slip models by combining with data from other sensors, such as
GNSS, seismometer, and SAR. A large benefit of GRACE, in comparison with such
conventional sensors, is that we can observe coseismic gravity changes over the land
and ocean with uniform accuracy.

On the other hand, physical processes responsible for “postseismic” gravity
changes have not been understood sufficiently. | found that postseismic gravity changes
after megathrust earthquakes have both short- and long-term components with different
polarities. |1 hypothesized that they stem from afterslip and viscoelastic relaxation,
respectively. The time constants of short-term postseismic gravity changes of the 2010
Maule earthquake and the 2011 Tohoku-Oki earthquake are very similar to those of
surface deformations observed by GNSS. This supports the hypothesis that the
short-term component represents afterslip, although there might be a certain
contribution from the delayed elasticity (the Burgers rheology). Long-term postseismic
gravity changes are often attributed to the viscoelastic relaxation of the upper mantle.

However, in these studies, viscosities of the upper mantle are tuned so that they
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reproduce the observed gravity changes. This means that the hypothesis is yet to be
verified by external evidences. In order to understand geophysical processes over entire
earthquake cycles, uniform accuracy of GRACE both on land and ocean is important.
Among others, different polarities of short- and long-term postseismic gravity changes
would provide a key in understanding them.

Last but not least, the postseismic gravity changes of the 2004 Sumatra-Andaman
earthquake seem to have almost ended by now. This will allow us to constrain the time
constant of the postseismic gravity changes, and it will provide a new insight into the
viscosity structures of the upper mantle. Moreover, this enables us to start discussions
on interseismic gravity changes that contribute to build-up of the static gravity anomaly
field by repeating the cycles of interseismic, coseismic, and postseismic gravity changes.
As the first approximation, the static gravity anomaly seems to be explained as the
accumulation of the excess interseismic gravity changes that failed to be cancelled by
co- and postseismic gravity changes.

In 2017, the GRACE-FO (Follow-On) satellites are going to be launched. In
addition to conventional inter-satellite ranging with microwaves, they plan to test the
measurement inter-satellite distances using laser techniques. Higher accuracy of the
GRACE-FO and extended observation periods would further improve our knowledge
on gravity changes associated with earthquakes, especially on the longer-term gravity

changes over subduction zone earthquake cycles.
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