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ing earthquake-induced signals in the medium-to-
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Abstract: Mw 9.0 Tohoku-Oki earthquake occurred in the sedi-

mentary area between the Pacific and North American tectonic 

plates on March 11, 2011. There is no record of a magnitude 9.0 

earthquake along Japan Trench except the Jogan earthquake on 

July 13, AD 869, which may be the only documented incident of 

similar magnitude and location to the Tohoku-Oki earthquake. 

Since large crustal deformations indicate mass redistribution 

within the solid Earth, an earthquake also affects the gravita-

tional field that has the temporal variations reflecting the mass 

redistribution inside the solid Earth processes. In general, it is 

difficult to isolate the earthquake anomalies from other signals in 

the frequency domain since frequencies change spatially due to 

the contribution of a certain combination of frequencies and this 

spatial rise of the frequencies is not reflected in the spherical 

harmonics. In this study, the researchers use monthly GRACE 

gravity data and apply the multiscale wavelet analysis, based on 

the Abel-Poisson scale and its corresponding wavelet functions to 

monthly GRACE gravity data in order to extract the Tohoku-Oki 

earthquake-induced signals in the medium-to-short-wavelength 

part. As a result of this largest earthquake, there was some 

coseismic mass redistribution producing local geoid changes. In 

March 2011, the coseismic geoid decrease was detected at the 

northwestern part of Yamagata Prefecture, which increased con-

sistently until February 2011. With regard to the postseismic 

geoid recovery, changes at the eastern part of northern Honshu 

near the Miyagi segment and the southern part of the Sanriku 

segment near the Japan Trench were predominant in August 

2011. It is concluded that the geological relationship among these 

locations played a very important role in the Tohoku-Oki earth-

quake occurrence. Furthermore, the tectonic plate motion 

around the Japanese islands may reach a period of geological 

stability after August 2011. 

Keywords: Abel-Poisson wavelet function; GRACE observation; 

Multiscale wavelet analysis; Seismic geoid variation; Tohoku-Oki 
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I. INTRODUCTION 

The Japanese is located at the intersection of the Pacific 

Ocean, North American, Philippine Sea and Eurasian plates. 

On March 11, 2011 the Tohoku-Oki earthquake, with a 

magnitude of 9.0, occurred in the sedimentary area between 
the Pacific and North American tectonic plates. And the 

Pacific Plate goes westward underneath the North American 

Plate at a rate of ~80 mm·yr-1 relative to the Eurasian [1]. 

The earthquake is recorded as the fourth-largest one in the 

world during the last century.Most major earthquakes occur 

along oceanic trenches where the oceanic plate sinks below 

the continental plate. Historically, many Mw 7 to Mw 8 

earthquakes such as Tokachi, Sanriku, Miyagi, and Fuku-

shima have occurred in Japan Trench [2]. However, there is 

no record of a magnitude 9.0 earthquake along Japan Trench 

except the Jogan earthquake on July 13,  
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AD 869, which may be the only documented incident of 

similar magnitude and location to the Tohoku-Oki earth-
quake [3]. Earth gravity field modeling that always gov-

erned by the classical Newtonian law has the temporal varia-

tions reflecting the mass redistribution inside the solid Earth 

at different spatial and time-scales. Besides the primary con-

tribution by solid Earth tides, mass redistribution occurs at 

daily, semi-annual and annual, inter-annual, secular, etc. 

They largely mirror water redistribution between various 

sources such as the atmosphere, land hydrological systems, 

oceans and arctic ice caps. This phenomenon leads to signif-

icant seasonal changes of up to several millimeters above 

the geoid height on a global scale [4].Earthquakes can result 

in large crustal deformations in the order of a few meters of 
uplift or subsidence. Since these deformations imply mass 

redistribution within the solid Earth, an earthquake also af-

fects the gravitational field that has the temporal variations 

reflecting the mass redistribution inside the solid Earth pro-

cesses [5]. On shorter time and spatial scales, redistribution 

of masses by largest earthquake causes local variations of 

the geoid to few [4].In the past, Satellite Laser Ranging 

(SLR) has been used to determine the very long wavelength 

seasonal gravity changes due to the interchange of mass 

between the atmosphere, ocean, and continental water. And 

measurements obtained from SLR have been limited in reso-
lution because of the geographic distribution of the tracking 

data and the high altitude of the satellites.However, this sit-

uation has changed after the launch of the Gravity Recovery 

And Climate Experiment (GRACE) satellite in 2002. 

GRACE satellite gravity mission accomplishes global 

measurements of the gravity field and its time change with a 

high precision and uniform coverage. Monthly time-series 

of the gravity field from the GRACE data, in the form of 

spherical harmonic coefficients, have been producing indis-

pensable implications and insights about large scale terres-

trial water, ocean, ice sheet, fast and slow deformations of 

the solid Earth such as earthquake and postglacial rebound. 
Also GRACE data sets include coseismic deformation re-

flecting the redistribution of mass because geophysical ef-

fects have already been eliminated by modeling [6], [7], [8], 

[9].The expansion of spherical harmonics is fundamental to 

studying the various components of the gravity field that can 

be determined by the derivatives of the geopotential func-

tion every month, and the time-variable changes for the sat-

ellite gravity can be examined based on these data. The ac-

curacy relies on that of the spherical harmonic coefficients 

(Clm and Slm) and the spatial resolution, where l and m are 

the degree and order of the spherical harmonic coefficients 
respectively, whereas the spatial resolution is determined by 

the maximum degree lmax, the larger the lmax, the higher the 

spatial resolution.  
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At present, noise, as proven by longitudinal stripes on gravi-

ty field, dominates the high degree and order spherical har-

monics of the GRACE gravity data. Due to the attenuation 

of signals, the GRACE satellite become known to measure 

only low-frequency gravity. In practical applications of sat-

ellite gravity data, a filter is usually used for reducing the 
error in the high-frequency part of the signal. In recent years, 

many researchers studying in satellite gravity techniques and 

applications have developed different filtering methods such 

as non-isotropic Gaussian filtering [10], optimized filtering 

[11], Gaussian filtering and decorrelation [12], Wienner 

optimal filtering [13], fan filtering [14] and wavelet analysis 

methods [15] in order to obtain better spatial resolutions and 

identify signals of localized deformations [16].  

Several studies have been investigated the earthquake-

induced signals in the GRACE-derived gravity data. For 

example, the coseismic gravity changes associated with the 

Tokachi-Oki earthquake in 2003 were identified by using 
gravimetry [17]. Furthermore, according to Sun and Okubo 

[18], the GRACE mission theoretically is able to decide the 

coseismic gravity changes arisen from an earthquake with 

magnitude of 8 or greater. Subsequently, the coseismic and 

postseismic gravity changes caused by 2004 Sumatra-

Andaman earthquake with magnitude 9.3 were dented by the 

GRACE [8], [16], [19], [20]. Recently, the coseismic gravity 

changed due to the Chile earthquake in 2010 with magnitude 

8.8 were investigated by the GRACE gravity data [21], [22]. 

In this study, the researchers use 25 GRACE L2 Release 04 

monthly gravity data from GeoForschungsZentrum (GFZ) 
covering the period from January 2010 to March 2012 with 

the exception of January 2011 as well as June 2011 and ap-

ply the multiscale wavelet analysis using the Abel-Poisson 

scale and its corresponding wavelet functions as described 

in [15], [23], [24], [25], to GRACE Level 2 Release 04 grav-

itational data for individual point of a 0.10.2 grid space 
in order to extract the Tohoku-Oki earthquake-related sig-

nals in the medium-to-short-wavelength part. Any post-

processing is not applied to eliminate the high frequency 

‘longitudinal-stripe’ errors in GRACE gravitational solu-

tions, since de-striping or decorrelation not only removes 

errors but also eliminates seismic gravity change signals that 

occur near the longitudinal patterns or stripes before recon-
structing our multiscale geoid models. Also, we replaced the 

zonal harmonic terms such as C20, C40 and C60 with those 

from GRS80 in order to obtain more accurate geoid models 

when calculating coefficients. Then, the Tohoku-Oki earth-

quake-induced signals are detected and investigated. Finally, 

the coseismic and postseismic changes in the geoid anoma-

lies, as evidenced by the wavelet analysis, are analyzed and 

discussed. 

II. Data processing 

2.1. GRACE mission 

Lately combined gravity models of mean gravity values, 

information from satellite radar altimetry, and orbit analysis 

of satellites have been used. However, these three data 

sources cannot be satisfied with the requirements from Earth 

physics, oceanography, physical geodesy, etc. The tradition-
al techniques of Earth’s gravitational field determination are 

faced with intrinsic limitations in their accuracy and resolu-

tion since an orbit is somewhat less sensitive to the local 

characteristics of the gravitational field in order to detect 

short-wave phenomena. Therefore, space techniques are 

needed to provide global, regular, and dense datasets of high 

and homogeneous quality 
 The GRACE mission is a joint project between the U.S. 

National Aeronautics and Space Administration (NASA) 

and the Deutsches Zentrum für Luft und Raumfahrt (DLR). 
The main objectives are the global high-resolution gravity 

field determination of the earth. Two satellites of this mis-

sion were launched on March 17, 2002 with (eccentricity e < 

0.005) and near-polar orbit (inclination angle = 89). The 
altitude of the GRACE satellites between 485 km and 500 

km decreases in the course of their lifetime because of at-

mospheric drag. The range between the two satellites must 

be determined accurately since variations in the gravity field 

cause variations in the range between the two satellites. Its 

range rate is measured by intersatellite microwave meas-

urements. 

The measuring principle for GRACE is satellite-to-satellite 

tracking (SST) in low-low mode shown in Fig. 1. Two LEO 
satellites are in the same orbit but separated by about 220 

km. Ranges and range rates between the satellites are 

achieved to maximum accuracy. In addition, GPS satellites 

determine the position of the LEOs. The effect of non-

gravitational forces on the satellite due to air drag must be 

calibrated with an accelerometer. In 2004, the GRACE team 

released a first version of an earth gravity model up to de-

gree and order 150.  

 

 
Fig. 1: GRACE satellite and its measuring principle 

2.2. Geopotential model 

The knowledge based on potential theory is important to any 

science that contribute to the study of a planetary system 

like the Earth. Starting from simple ellipsoidal normal gravi-

ty models to complex high degree spherical harmonics, a 

geopotential model representing the Earth’s gravity or gravi-

tational potential and/or gravity values has been developed 

and estimated in this century. Once it was conceptualized 

that the Earth’s gravitational field could be determined by 

methods of classical potential theory as a solution to the 

outer boundary value problem. Until now unrealistic as-
sumption of boundary data that the Earth’s actual surface 

does not match an equipotential surface of the gravity field 

was required in geodetic and geophysical applications. 
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According to Heiskanen and Moritz [26], the potential of 

gravitational attraction between a unit mass and the Earth 

system is represented by using an infinite spherical har-

monic series as pointed in (1). The point is specified by its 

geocentric radius r, geographic latitude , and longitude . 
If GM and ae represent the gravitational constant of the 

Earth and mean equatorial radius, respectively, then the 

Earth’s outer potential can be represented as 
 

 

 
  

 
  

    
  

 
            

 

   

 

   

                                                  

 

where            are the fully-normalized Associated Le-

gendre Polynomials of degree n and order m,      and      
are the spherical harmonic coefficients of the geopotential. 

The geopotential at a fixed location is variable in time due to 
mass distribution and exchange between the Earth system 

components.  Through an infinite series of harmonics is ac-

tually required, the summation on the right-hand side of 

equation (1) can be practically limited to a maximum degree 

    . In satellite geodetic convention, the origin of the ref-

erence coordinate frame is chosen to be matched with the 

mass center of the entire Earth system, including its solid 

component and fluid envelopes. Therefore the potential does 

not have terms of degree n=1 on the right-hand side of equa-

tion (1).In the past, the determination of the earth’s 

geopotential model is restricted to the spherical harmonic 
expansion to low degree because the terrestrial data cover-

age remained poor. However, many types of observation are 

nowadays available, including terrestrial gravimetry, air-

borne gravimetry, satellite-to-satellite tracking, satellite 

gradiometry, etc. So all updated global geopotential models 

include orthogonal coefficients up to the      . 

These days the use of spherical harmonics is a well-

established technique in physical geodesy for representing 

globally geopotentials on the earth surface given by tables of 

coefficients for the spherical harmonic expansion such as 
GRIM4-S4, EGM84, EGM96, EGM08, EIGEN-

GRACE01S, GGM01S, etc. [23], [24], [42]. 

2.3. Multiscale wavelet analysis 

Generally, global long-wavelength approximation can be 
adequately performed by Fourier expansions in terms of 

spherical harmonics. However, it cannot provide more in-

formation for the part of medium- and short-wavelength 

approximation equivalent to the high degree of spherical 

harmonic expansion, associated with geophysical signals 

such as tides, atmosphere and earthquakes, etc., because it 

includes the total amplitude of the frequency instead of dis-

tribution of the harmonic modes at each individual location. 

For over two centuries spherical approximation by Fourier 

expansions has been used for analyzing geophysical quanti-

ties. But this approach is not applied efficiently and eco-
nomically to the excessive regional change of the density in 

data points and the enormous amount of satellite observa-

tions requiring trial functions with the spherical harmonics. 

In consequence, local variations of a geophysical signal 

caused by movement of the earth’s crust ask an entirely new 

calculation in a Fourier expansion with the help of trial 

functions with the spherical harmonics. Also, Fourier trans-

form can only reflect the frequency property of signal. So 

kernel functions localizing sufficiently well in space domain 
as well as in frequency domain is needed. The trade-off be-

tween space localization on the sphere and frequency local-

ization in terms of kernel functions is described in form of 

an uncertainty principle based on the variance that is the 

chief measure for a function defined on Euclidean space. In 

order to overcome these restrictions, spherical wavelets are 

introduced by which the gravitational part of the gravity 

field can be approximated progressively better and better 

[27], [29], [30], [31]. 

Spherical wavelets are used as mathematical tool for break-

ing up a complicated structure of a function into many sim-

ple pieces at different scales and positions. And a multiscale 
wavelet analysis based on Spherical wavelet functions ena-

bles a balanced amount of both frequency and space locali-

zation since spherical wavelets show well-adapted proper-

ties of space and frequency localization [24], [28], [32], [33], 

[34]. 
By virtue of the Bruns formula      , J-level representa-

tion of the geoid undulations on the sphere R can be writ-
ten in terms of a low-frequency band and wavelet. Also, it 

can be computed from the multiscale decomposition of the 

distribution potential. Therefore, the multiscale geoid height, 

N, are described in (2). 

 

           
         

              
  

     
  

 

                                               
  

     
  

   

    

 

                  

    
     

      
     

   

    
   

 

   

     
 
   

 
         

  

      
 

   

   

    

                          

where    
     

    and    
 
   

 
  are the locations on the 

sphere R and corresponding integration weights of the 
Driscoll-Healy integration scheme for the different parame-

ters    
 and    to integrate bandlimited functions,   

   and   
 
, 

as pointed in (3), are the scaling and wavelet coefficients 

obtained by numerical integration using an equiangular grid 

as presented by Driscoll and Healy [35],    is the kernel in 

terms of scaling function, and    and     are kernels of the 

corresponding j-th the primal and dual wavelets, as repre-
sented in (4), (5) and (6) respectively. 
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where     
      

    and     
 
    

   denote the points and weights 

of the integration formula that has to be chosen such that it 

integrates bandlimited functions exactly up to degree      or 

   , respectively. 

For the Abel-Poisson scaling function, the following is taken: 

 

  
                   

 

 

Then the Abel-Poisson scaling function can be represented 

by a sum over Legendre polynomials [36] 

 

 

  
         

    

    
  

        
 

   
 
 

   
 

 

   

 

 

                     

 
 

    

         

                   
 
 

                                 

 

where =1 and   
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By using M-scale wavelets, the primal and dual wavelets 

can be written as follow: 

 

  
         

    

    
  

        
 

   
 
 

   
 

 

   

 

 

                         
       

   
                                                        

 

 

   
         

    

    
   

        
 

   
 
 

   
 

 

   

 

 

                         
       

   
                                                         

 

 

Fig. 2: Space localization by Abel-Poisson scaling function 

at scale 2(left) and scale 7 (right) 

 

 

 
Fig. 3: Space localization by Abel-Poisson wavelet (top: the 

primal wavelet, bottom: the dual wavelet) at scale 2(left) 
and scale 7 (right) 

 

Since the Abel-Poisson scaling function and its correspond-

ing wavelets are non-bandlimited, an exact integration can 

be obtained via the numerical integration method, based on 

an equiangular grid. 

Figure 2 and Figure 3 present the property that shows space 

localization by Abel-Poisson scaling function, the primal 

and the dual wavelets, respectively. Reconstruction of 

GRACE gravity data using the multiscale wavelet analysis 

on the sphere is described more specifically in [23], [30]. 

III. Results 

3.1. Monthly geoid model vs multiscale geoid model  

Figure 4 presents the monthly geoid models observed by 

GRACE for February 2011, March 2011, and April 2011. 
Although the difference between February 2011 and March 

2011 shows range -0.30723~0.35266, the researchers cannot 

clearly identify that those differences among geoid models 

come from the Tohoku-Oki earthquake.  

 
Fig. 4: Monthly geoid models observed by GRACE on indi-

vidual points of a 0.10.2 grid space for (a) February 2011, 
(b) March 2011, and (c) April 2011. (unit: meter) 

 

 

 

Feb. March April

Minimum 10.451 10.230 10.194

Maximum 44.568 44.695 44.727

Mean 31.228 31.228 31.229

Standard

Deviation
8.190 8.206 8.203

(a) (b)

(c)
Low: 10.1 m High: 44.8 m
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Figure 5 shows the box plots in a series into the median, the 

upper and lower quartiles, and the minimum and maximum 

values showing center, spread, range, and any outliers with 

respect to monthly geoid models observed by GRACE and 

shows the same result as Fig. 4. 

 
Fig. 5: Time-series of box plot with respect to monthly ge-

oid models for the period from January 2010 to March 2012. 

Mean geoid value for the whole period is 31.23148 m with 

range 10.28595~44.61724 m and standard deviation 8.19931 

m. (unit: meter) 

 

 
Fig. 6: Time-series of box plot with respect to the differ-

ences between monthly geoid models from February 2010 to 

May 2011 and that of January 2010 selected as the reference. 

(unit: meter) 

In order to provide a more detailed investigation on the 

coseismic geoid changes, monthly geoid model for January 

2010 was selected as the reference for comparison, and 
those from February 2010 to March 2012 is differenced with 

this reference. 

As shown in Fig. 6, any significant geoid changes arisen 

from the Tohoku-Oki earthquake cannot be found in terms 

of the pattern just except showing the small differences in 

the order a few tenths of centimeters in terms of center, 

spread and range of each geoid model. 

 
Fig. 7.: Multiscale geoid models based on the GRACE grav-

ity data on individual points of a 0.10.2 grid space for (a) 

February 2011, (b) March 2011, and (c) April 2011. (unit: 

meter) 

In general, frequencies change spatially due to the contribu-

tion of a certain combination of frequencies that refer to the 

gravitational signal at each point on the Earth’s surface and 

this spatial rise of the frequencies is not reflected in the 
spherical harmonics. Consequently, any local change of the 

gravity affects the whole table of spherical harmonic coeffi-

cients, so that it is difficult to isolate the earthquake anoma-

lies from other signals in the frequency domain. 

Fig. 7 presents the multiscale geoid models using the Abel-

Poisson scale function and wavelets on individual points of 

a 0.10.2 grid space. 
 

 

 
Fig. 8: Time-series of box plot with respect to multiscale 

geoid models for the period from January 2010 to May 2011. 

Mean of the geoid height for the whole period is 31.23148 

m with range 10.28595~44.61724 m and standard deviation 

8.19931 m. (unit: meter) 

The researchers plot time-series box plots with respect to the 

multiscale geoid models and their changes from January 

2010 to May 2011 in order to investigate whether or not 
those phenomena shown in Fig. 7 (b) are temporary. Figure 

8 shows that the decrease of the multiscale geoid is an unex-

pected phenomenon that occurred in March 2011. 

When Fig 7. is compared with Fig. 4, it can be seen that the 

multiscale geoid models are relatively underestimated on 

land but overestimated in the ocean as shown in Fig. 9. Also, 

it can be distinguished that multiscale geoid heights have 

decreased simultaneously in the order a few meters in Fig. 8 

indicating that coseismic geoid changes associated with the 

Tohoku-Oki earthquake did occur. Note that the actual geoid 

changes the moment the earthquake occurred may be over-

estimated because monthly GRACE gravity data are pro-
duced by monthly average values before and after earth-

quake. 

Figure 9 presents the difference between monthly geoid 

models and multiscale geoid models. 

 

(a) (b)

(c)

Feb. March April

Minimum 19.467 14.900 19.440

Maximum 43.060 39.789 43.100

Mean 34.115 30.169 34.115

Standard

Deviation
6.279 6.161 6.285

Low: 10.1 m High: 44.8 m
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Fig. 9.: The difference between monthly geoid model and 

multiscale geoid model on individual points of a 0.10.2 
grid space for (a) February 2011, (b) March 2011, and (c) 

April 2011. (unit: meter) 

 

3.2. Classification of the signal contribution 

We divide up the long-wavelength and the medium-to-short-

wavelength part to classify the signal contribution. 

 

 
Fig. 10: Multiscale geoid models (at scale level 2) based on 
the GRACE gravity data in the long-wavelength part for (a) 

February 2011, (b), March 2011 and (c) April 2011. (unit: 

meter) 

 

 

Figure 10 presents multiscale geoid models in the long-

wavelength part. It can be seen that there is little geoid 

change in the long-wavelength part in February and April 

2011, but there is a change in March 2011 when the Toho-

ku-Oki earthquake did occur. More details can be seen in 

Fig. 11 and Fig. 12. 
 

 

 
Fig. 11: Time-series of box plot with respect to the differ-

ences between the multiscale geoid models in the long-

wavelength part for the period from February 2010 to May 

2011 and that of January 2010 selected as the reference. 

(unit: meter) 

 

 

 
Fig. 12: Time-series of box plot with respect to the differ-

ences between the multiscale geoid models in the long-

wavelength part for the period from February 2010 to May 

2011 (except March 2011) and that of January 2010 selected 

as the reference (unit: meter). For comparison in the long-

wavelength part, the multiscale geoid models from February 

2010 to May 2011 are differenced with that of January 2010 

selected as the reference. As shown in Fig.11, the multiscale 
geoid heights decreased with range -6.10127~-1.70579 m, 

mean -3.94599 m, and standard deviation 0.96578 m be-

tween February and March 2011. It is also notable that the 

geoid changes between February 2010 and March 2011 with 

range -6.08092~-1.71930 m, mean -3.94977 m, and standard 

deviation 0.96879 m showed a decrease in the amount of 

similar decreases as the change between February and 

March 2011. According to Park and Hong [37], a multiscale 

geoid height in March 2011 decreased simultaneously in the 

order of a few meters on average throughout the studied area, 

indicating that a coseismic geoid change induced by the 
Tohoku-Oki earthquake did occur. They also argued that 

this phenomenon was mainly due to seawater redistribution 

or ocean currents caused by the earthquake-triggered tsuna-

mi since it could be clearly seen in the long-wavelength part, 

not in the medium-to-short-wavelength one. Figure 13 pre-

sents multiscale geoid models in the medium-to-short-

wavelength part. Unlike Fig. 10, it can be seen that there is 

not only little change in the geoid model over all periods but 

also no earthquake-induced signals associated with the 

Tohoku-Oki earthquake.For a more detailed comparison in 

the medium-to-short-wavelength part, the multiscale geoid 

models from February 2010 to May 2011 are compared with 
that of January 2010 select-

ed as the reference. 

 

Low: -6.3 m High: 9.8 m

Feb. March April

Minimum -2.780 -6.230 -2.865

Maximum 9.595 5.492 9.760

Mean 3.008 -0.930 3.006

Standard

Deviation
2.490 2.417 2.494

(a) (b)

(c)

Low: 3.6 m High: 11.1 m

Feb. March April

Minimum 9.901 3.756 9.901

Maximum 11.027 9.269 11.027

Mean 10.560 6.611 10.560

Standard

Deviation
0.256 1.218 0.257

(a) (b)

(c)
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 As shown in Fig.14, there are changes showing the small 

differences in the order of a few centimeters in terms of cen-

ter, spread and range of each geoid model., but it can be 

seen that these changes do not actually deviate significantly 

from January 2010. Note that these changes of the geoid 

models include both the temporal and the coseismic varia-
tions due to redistribution of masses at shorter time and spa-

tial scales. 

 

 
Fig. 13: Multiscale geoid models (adding up the scale levels 

from 2 to 7) based on the GRACE gravity data in the medi-

um-to-short-wavelength part for (a) February 2011, (b), 

March 2011 and (c) April 2011. (unit: meter) 

 

 
Fig. 14: Time-series of box plot with respect to the differ-

ences between the multiscale geoid models in the medium-

to-short-wavelength part for the period from February 2010 

to May 2011 and that of January 2010 selected as the refer-

ence (unit: meter). 

3.3. Identification of the earthquake-induced signals 

In order to find out more specific earthquake-related signals 

causing the decrease of the geoid height in the medium-to-

short-wavelength part, each multiscale geoid model exclud-

ing the signals in the long-wavelength part from February 

2010 to March 2012 is compared with that of January 2010 

selected as the reference. Then it is plotted in conjunction 
with spatial location to analyze where geoid changes in the 

long-wavelength part are most prominent as shown in Fig. 

15. 

As shown in Fig. 15 (a), geoid heights have consistently 

increased at both at the northwestern part of the Yamagata 

Prefecture (hereafter denoted by a letter A) and at the south-

ern part of the Sanriku segment near the Japan Trench 

(hereafter denoted by a letter C) until February 2011, while 

they have decreased consistently at the eastern part of north-

ern Honshu near the Miyagi segment (hereafter denoted by a 

letter B) until February 2011 as of January 2010. Thereafter, 

the geoid change at A is suddenly reversed in March 2011 

shown in Fig. 15 (b). With regard to the changes at both B 

and C, those decreasing and increasing tendencies are ongo-

ing until July 2011, and are finally switched in August 2011 
as shown in Fig. 15 (c). 

 

 
Fig. 15: Changes in the multiscale geoid models in the me-

dium-to-short-wavelength part (unit: meter). Each geoid 

model in the subplots is differenced with that of January 

2010 selected as the reference. (a) changes observed in Feb-

ruary 2011 (before the earthquake), (b) changes observed in 

March 2011 (after the earthquake), (c) changes observed in 

August 2011 and (d) changes observed in March 2012. 

No signals associated with the 2011 Tohoku-Oki earthquake 

were detected when the same analysis was performed on 

each geoid model with February 2010 to February 2011 as 
the reference instead of January 2010. Thus, it can be in-

ferred that not only is there a pattern where the increasing 

geoid height at A has been ongoing since at least January 

2010, but also that this phenomenon plays a very important 

role in the occurrence of the Tohoku-Oki earthquake. 

Figure 16 shows the coseismic and postseismic geoid 

changes. As shown in Fig. 16 (b), the changes at A, B and C 

started to stand out in December 2010 when compared with 

those from the previous months. In March 2011, a signifi-

cant geoid decrease is found at A by changing its positive 

domain into a negative one (dashed circle in Fig. 16 (d)). 
This transition may result from the mass redistribution 

mainly due to the seafloor subsidence or crust dilatation 

caused by the Tohoku-Oki earthquake. Note that the chang-

es at both B and C keep up with their changing patterns and 

remain in each domain, although the geoid models come 

close to those of the reference, which reflects that the earth-

quake energy is not fully released until at least March 2011. 

As shown in Fig. 16 (e), the change in May 2011 shows the 

largest one throughout the study, which may be a result of 

releasing the earthquake energy that has remained after the 

Tohoku-Oki earthquake. In August 2011, significant geoid 

changes occur not only by changing their domains at B and 
C into positive and negative ones (solid circles in Fig.  
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16 (g)), respectively, but also by changing its positive do-

main into a negative one (dashed circle in Fig. 16 (g)) at the 

southeastern part of A that was restored again after the 

earthquake. 

Figure 17 shows the geoid changes at A, B and C in the 

time‐series box plots. As shown in Fig. 17 (a), the range of 
the change in December 2010 is expanded with a minimum 

of -0.119 m, a maximum of 0.108 m, a mean of 0.022 m and 

a standard deviation of 0.088 m. This data looks very similar 

to the data from June 2010, ranging from -0.129 to 0.112 m, 

with a mean of 0.014 m and a standard deviation of 0.088 m. 

If this is a common or periodic phenomenon, it is anticipated 

that the change for February 2011 will be similar or limited. 

However, it becomes more widespread, ranging from -0.138 

to 0.163 m, with a mean of 0.012 m and a standard deviation 

of 0.093 m. In March 2011, the spread distribution suddenly 

narrows with a minimum of -0.026 m, a maximum of 0 m, a 
mean of 0.014 m and a standard deviation of 0.008 m. Note 

that the values under the upper quartile correspond with 

those at both A and B as shown in Fig. 17 (b) and Fig. 17 (c). 

Meanwhile, the change at A shown in Fig. 17 (b) shows a 

slightly different pattern compared with that of C shown in 

Fig. 17 (d) although those are included in the same positive 

domain. For example, the changes between July and August 

2010 move in an opposite direction (dashed circles in Fig. 

17 (b) and Fig. 17 (d)). Also, the change at A begins to de-

crease in February 2011 and turns the positive domain into a 

negative one in March 2011, while the change at C still 
keeps the positive domain even though the changes at both 

A and C show the same pattern of decrease between Febru-

ary and March 2011 (solid circles in Fig. 17 (b) and Fig. 17 

(d)). Thus, it can be inferred that the geological relationship 

between A and B as well as those changing patterns may 

immediately affect the Tohoku-Oki earthquake occurrence. 

 

 

 
Fig. 16: Changes in the multiscale geoid models in units of 

meter at the northwestern part of the Yamagata Prefecture 

(denoted by a letter A), the southern part of the Sanriku 

segment near the Japan Trench (denoted by a letter C) and 

the eastern part of northern Honshu near the Miyagi segment 

(denoted by a letter B) in (a) February 2010, (b) December 

2010, (c) February 2011, (d) March 2011, (e) May 2011, (f) 

July 2011, (g) August 2011 and (h) March 2012. The geoid 

height at A has consistently increased until February 2011 as 
of January 2010, and became completely or partially extinct 

in March (dashed circle in Fig. 16 (d)) and August 2011 

(dashed circle in Fig. 16 (g)). The geoid anomalies at B and 

C have consistently decreased and increased until July 2011 

as of January 2010, respectively, and are completely re-

versed in August 2011 (solid circles in Fig. 16 (g)).The 

range of the changes in May 2011 is very wide, with a min-

imum of -0.235 m, a maximum of 0.239 m, a mean of 0.06 

m and a standard deviation of 0.158 m. Also, it is the largest 

one shown in Fig. 17 (a). Additionally, when comparing the 

maximum and minimum values throughout the studied area 

presented in Park and Hong [37] with those at A, B, and C, 
shown in Fig. 17 (a), it can be found that the changes at the-

se regions are in control of this phenomenon. Thus, it is as-

sumed that the mass redistribution caused by the Tohoku-

Oki earthquake has made more intense progress not just 

after the earthquake but in May 2011. 
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Fig. 17: Box plots in a time-series into the median, the up-

per and lower quartiles, and the minimum and maximum 

values showing center, spread, range, and any outliers in 

units of meter (a) Changes in the geoid anomalies for A, B 

and C (denoted in Fig. 16 (a)) between February 2010 and 

March 2012. (b) Same as Fig. 17 (a), but corresponding to 
those for A. (c) Same as Fig. 17 (a), but correspond to those 

for B. (d) Same as Fig. 17 (a), but corresponding to those for 

C. (unit: meter) 

When Fig. 17 (a) is seen in greater detail, it becomes clear 

that the change in July 2011 is very similar to that of Febru-

ary 2011. Actually, the changes in each following month (i.e. 

March and August 2011, respectively) show a similar pat-

tern as well. However, there is a feature that does not specif-

ically identify with the pattern shown in Fig. 17 (a). In other 

words, the change at A shown in Fig. 17 (b) is especially 

predominant in March 2011, but the changes at both B and 

C shown in Fig. 17 (c) and Fig. 17 (d) are especially pre-
dominant in August 2011. Also, it is obvious that the chang-

ing patterns in the geoid anomalies at both B and C look 

very similar, but are opposite in direction throughout the 

study, just like they were reflected into a mirror. Thus, it can 

be inferred that the geological relationship between B and C, 

as well as those changing patterns, may also play a very 

important role in the Tohoku-Oki earthquake occurrence. 

The range of the changes in August 2011 becomes narrow, 

showing a similar spread distribution with a minimum of -

0.023 m, a maximum of 0.03 m, a mean of 0.001 m and a 

standard deviation of 0.019 m compared to the data from 
March 2011. However, there is a significant difference be-

tween them. For example, the values in the spread are not 

only included in both the positive and negative domains in 

and around the reference, but they also mainly correspond 

with those at both B and C, as well as a portion of those at A 

shown in Fig. 17 (b), Fig. 17 (c) and Fig. 17 (d). Thus, it can 

be assumed that the geological relationship among A, B and 

C may affect the Tohoku-Oki earthquake occurrence by 

interacting with one another. 

IV. CONCLUSION  

In general, great subduction earthquakes such as the 2004 

Sumatra-Andaman islands and the 2010 Maule, Chile in-
duced larger, sustained negative gravity change on land and 

smaller positive gravity changes offshore [8], [20], [21], 

[22], [38], [39]. This is the characteristic spatial pattern of a 

coseismic gravity change after undersea thrust earthquakes 

accompanied by crustal dilatation. In the medium-to-short-

wavelength part, coseismic and postseismic geoid changes 

were detected at the northwestern part of the Yamagata Pre-

fecture, the southern part of the Sanriku segment near the 

Japan Trench and the eastern part of northern Honshu near 

the Miyagi segment. Geoid heights consistently increased at 

the first two regions and decreased at the last one until Feb-

ruary 2011. In March 2011, a significant decrease was found 

at the northwestern part of the Yamagata Prefecture. This is 

in agreement with the findings of [38], [39], [40] and [41]. 

This transition might be a result of the mass redistribution 

caused by the Tohoku-Oki earthquake. However, the chang-

es at the rest of the regions were still in existence and main-
tained their patterns of decreasing and increasing in each 

domain, respectively.With regard to the postseismic recov-

ery of the geoid, the changes in the eastern part of northern 

Honshu near the Miyagi segment and the southern part of 

the Sanriku segment near the Japan Trench were especially 

predominant in August 2011. The spatial pattern is in 

agreement with the results of Han et al. [39]. Eventually, the 

geological relationship among the northwestern part of the 

Yamagata Prefecture, the southern part of the Sanriku seg-

ment near the Japan Trench and the eastern part of northern 

Honshu near the Miyagi segment played a very important 

role in the Tohoku-Oki earthquake occurrence by interacting 
with one another.With the assumption that this feature is 

related to the earthquake energy release triggered by the 

Tohoku-Oki earthquake, it can be concluded that the balance 

of energy among the northwestern part of the Yamagata 

Prefecture, the southern part of the Sanriku segment near the 

Japan Trench and the eastern part of northern Honshu near 

the Miyagi segment, which had been maintained until Feb-

ruary 2011, was broken between the northwestern part of the 

Yamagata Prefecture and the eastern part of northern Hon-

shu near the Miyagi segment before the earthquake.The 

earthquake energy which still remained was released be-
tween the eastern part of northern Honshu near the Miyagi 

segment and the southern part of the Sanriku segment near 

the Japan Trench in August, 2011. Thus, it can be deduced 

that the tectonic plate motion around the Japanese islands 

may reach a period of geological stability after August 2011. 

However, any signal associated with the magnitude 7.7 af-

tershock that occurred at the southwestern part of the epi-

center could not be found in this analysis. Therefore, it can 

be inferred that this aftershock might be a result of other 

causes such as the imbalance of the energy between the 

North American plate and the Philippine Sea plate, triggered 

by the Tohoku-Oki earthquake. To better understand the 
geodynamic process between the Tohoku-Oki earthquake 

and its aftershocks, it is necessary to carry out further stud-

ies. 
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