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ABSTRACT

SEAFLOOR PRESSURE CHANGE AND ANALYS IS OF ITS
EFFECT IN MAJOR EARTHQUAKES OVER JAPAN
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Master of Science, Geomatics Engineering
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Co-Supervisor. Prof. Dr.Cetin MEK KK ( BE | )

January 2022, 84 pages

Pressure changes on the ocean floor may have a relationship with earthquakes that occur
around the world. New satellite missions such as the GRACE satellite are able to provide
invaluable information about ocean circulations and pressure changes on Iber.seaf
This study aims to investigate potential relationships between seafloor pressure changes
and major earthquakes in Japan. Japan is selected due to its high tectonic activity. The
seafloor pressure change time series are obtained from the GRACEesatddompared

with a time series of major earthquakes over Japan during 2002 and 2019. In the analysis,
continuous wavelet transforms and waveleherence methods are used. The eross
wavelet transform and phase coherence analysis are applied to detdrenaorrelation
between them. The results show that there may be a relationship beteaftyor
pressure change time series obtained by GRACE satalitemajor earthquakes
especially between 2011 and 2012. This indicates that seafloor pressureodata fr
GRACE may be used as additional data to study the relationship between major

earthquakes and seafloor pressure changes.
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1 INTRODUCTION

This studyaims to analyzéhe effect of seaflor pressure on the data of GRAG&ellite
changes by large earthquakes. Sudtthe-art methods such as contous wavelet
transform and croswavelet transform are explored for analyzing the time sdoes
seafloor pressure changes and earthquakes. This chapter provides a pxpitde@tion
with a review ofthelateststudies on seafloor pressure changes and the use of teketvav
transform. The motivation of the study and its objectives are also listed, aldngrwit
outline of the dissertation

1.1 Motivation

Earthquakes are among the geological hazards in terms of human and financial losses.
The main reason for the high humasdes is due to earthquakes, where the problem is
the lack of knowledge about the time of their occurrence. Therefore, earthquake
prediction has attracted the attention of the scientific community in recent decades. Any
parameter that changes prior to thecurrence of an earthquake can be a candidate
predictor if carefully studied. These may include distortion of the earth's crust, changes
in sea level, magnetic and geoelectric earth foreshocks, fluctuations in the earth's gravity
field, frequent aftershdss, radon emissions, changes in groundwater levels, animal

behavior, and gravimetry.

A lot of research has been done on how earthquakes occur, and the main goal is to reach
a point where they can be predicted. In the study of earthquakes, the study of the
gravitational field may reveal the deformation of the earth or the ocean floor. While
geodetic methods such as (GPS, INSAR) can only detect deformation on the ground and
land. By studying variations in the gravitational field, the interactions triggereahby

1



earthquake can be observed on the ground, so that the mechanism of the earthquake can

be better understood.

In 1791, the Chinese were able to predict the Cheng earthquake due to the seismicity
rising of aftershocks and animal restlessness and eealcadarge area. Earth's gravity
reflects Earth's internal and external mass balance, which includes redistribution of mass
owning to ocean currents, tectonics, earthquakes, and ice melt. Therefore, Earth's gravity
is a significant parameter in understarglithe Earth's dynamics. Geoid, the potential
levels in the Earth's gravity field, which is used in the middle of the deep ocean as a
mentioned area for all topographic features. Accurate modeling of the Earth's
gravitational field is a goal of geodesy. ®to the uniform coverage of the entire world,

the Earth's gravitational field is modeled using gravimetric satellites. The Global
Positioning System (GPS) provides continuous tracking of satellite orbits, and satellite
accelerometers measure ngnavitatonal forces, including air currents and solar
radiation pressure. The CHAMP, GRACE, and GOCE missions opened a new horizon
for the study of Earth and its liquid envelope in the areas of ocean dynamics and heat

flow, ice sheet equilibrium, crust, hydrologyeodesy, and geophysics [1].

One of the main goals is to explain the principles of specific satellite missions in order to
measure the Earth's gravity. GRACE satellite mission monitors gravity changes each
month and on a global scale with great and umigpecision by pursuing and chasing the
variations in the distance between two satellites and combining these dimensions by
receiving datasets from onboard accelerometers and GPS measurements. This means that
seafloor pressure changes that can be obtdiyethe GRACE satellites could have

epochal implications for earthquakes through the use of the wavelet transform.
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The SumatréAndaman earthquake with a magnitude of 9.3 Mw occurred on 26
December 2004 at 00:00:53, was one of the toughest earthquakiesi\verfO years [2].

The event on the west coast of North Sumatra occurred after two continental plates shifted
along a massive fault beneath the seafloor. The seismic activity triggered tsunami waves
that killed an enormous number of people and changedebgraphy of the Sumatra
Andaman area where islands rose about 20 meters. After that, several researchers and
scientists began to explore the probability of utilizing data from GRACE to perceive
seismic effects and discover the impact of geodynamic phena during an earthquake.
Using the numerical model of the tsunami, Bao in 2005 found that the tsunami triggered
by the Sumatrndaman earthquake could be detected within the measurement range of
two GRACE satellites [3]. And the seafloor pressure vagann the Mediterranean
Ridge accretionary derived from the GRACE and GRAKE satellite missions are
investigated which variances appear to link to a rising trend and periods in earthquakes'
power time series [55]. The seismically effects of the Dece2@@4 and March 2005
Sumatra earthquakes in the GRACE satellite gravity were used as a wavelet transform. A
wavelet analysis helps to find earthquake signatures on the satellite GRACE. A wavelet
analysis of the GRACE satellite can be used to detect thd dewviations triggered by

the December 2004 (Mw = 9.2) and March 2005 (Mw = 8.7) Sumatra earthquakes. Two
characteristics of time scales for the reduction were found, with a rapid change happening
near the central Andaman Ridge. Seismic observationededtatrustal and upper mantle

density variations and perpendicular movements were discussed in the Andaman Sea [4].

Previous studies of the Suma#kadaman earthquake have established the potential of
data from GRACE for detecting seismic gravity vadasi associated with the February

27, 2010, 8.8 magnitude earthquake in Maule, Chile. The earthquakes that happened in
3



Chile were studied where the variation of sunspot numbers was compared with
earthquakes. The studies of solar activity and most signifeathquakes in Chile were
performed using the crosgavelet transform and phase coherence for the sequences of
sunspots and earthquake movement, detecting theo 8l12year modulation of
earthquakes [5]. The possible relationship between sunspot nuSBH) @nd mean
annual precipitation (MAP) in Iran was inspected. Giwaselet transform was used to
explore the timéased association between the cycles of SSN and MAP. The outcomes
of this study indicated that there might be a remarkable correlationgatiherwatime

series of SSN and MAP [6].

1.2 Objective

The main goalof this workis to study therelationshipof seafloor presse changes
observedy the GRACEsatellite during large earthquakes by investigating stathe-
art methods such as the conbns and croswavelet transformslo reachthis goal, the

following objectives areset:

1 We require time series of seafloor mee changes obtained from GRACE
satellites from 2002 to 2019.

1 Models to verify the time series of seafloor pressure chang@svastigated.
The earthquakerone region is selected.
Time series of earthquakes occurring in the selected region from 2002 tar2019
required.

1 Analysis of individual time series and highlight relationships between time.series



1.3 Methodology

The methdologycan be summarized:as

Downloading data from the GRAC#atellites from 2002 to 2019.

Downloading the earthquakiatain Japarbetweer?002and2019.

Extracting time series on seafloor e changes from GRACHtellite.

Extracting time series oparthquakebetweer2002and2019.

Applying thecontinuous wavelet to the time series of seafloor pressure changes.

Applying thecontinuous wavelet to the time series of earthquakes.

= =4 4 A4 -4 A -

Applying the crossvavelet transform taighlight therelationship bet@entwo-
time series.

Analyzing the crossvavelet transform using the phas#herence

=

Statingconclusions andecommendatiosfor future work.

1.4 Outline

Chapter 1 sets out the motivation, aims, methodology, and outline. Chapter 2 provides
theoretical information on satellite missions, their objectives, and their relationships
to hydrography, sé@mor pressure, earth structurand earthquakg and finally
provides an introduction to thiene series analysis witlvavelet transform. Chapter

3, Methodology, dasibes thegeneral workflowof the datgprocessingthe extraction

of the time series, the application of the continuous wavelet transform, the application
of the crossvavelet transform, the analysis of the crossselet transform, and the
validation of he data. Chapter Results represents the results of the studynd

finally, Chapter 5, Conclusiomevealshe summary of the study.



2 THORETICAL INFORMATI ON

Prediction of large earthquakes has become one of the main concerns for current days and
it needs a necessity to deal with more effective methods than the traditional ones. Based
on the grounds that the pressure changes in the seafloor might provide information about
the occurrence of earthquakes and the data could be obtained from the sassiiiiesn

it can provide more comprehensive information about the position of the earthquake, the
amount of damage, and its consequences in crowded centers. This information is relayed
on the set of operational guidelines from the National Earthquake lafiormCenter to

make the best decisions about search and rescue operations.

As aresult, satellite imagery revealing new information from each earthquake and putting
that information together could provide a possibility to find the impact of the eartiaquak

on the target area. This information, in turn, helps for the estimation of financial facilities
and damages, which are critical in the days and weeks following an earthquake.
Earthquake effects are currently estimated using seismometers installedgrauthe

that measure the activity of all vibrations around the earth, but these instruments cannot
be placed everywhere on the earth. For this reason, precise data cannot be obtained
immediately after an earthquake, and some earthquakes are even more emaholzuld

not be measured with a seismometer alone.

Meanwhile, seismologists have turned to the geodesy to study earthquakes. This science
is a branch of applied mathematics that measures and plots the shape and dimensions of
the Earth. This method ussatellites and other instruments to complete the information
sent by a seismometer. After studying each of the satellites CHAMP, GRACE, and GOCE
individually, their characteristics and consumption were analyzed and conclusions were
drawn. It is analyzed #t the GRACE satellites are suitable for logically detecting ocean
pressure changes. This is because their data have great value in deeper areas such as the
oceans. To achieve a better understanding of the relationships between the satellites and

6



hydrogragy, all the cases and their characteristics and their measurement are studied,
through which the changes in pressure on the seabed may well be a precursor for the
earthquakes. The movement of tectonic plates causes earthquakes. In addition, to move
tectonc plates and alter the mass distribution within the Earth, the effects of earthquakes
can cause other mass changes on the Earth's surface, including mass changes in the
oceans. The GRACE satellite will be capable of defining the Earth's gravitational field
(EGF) at specific time intervals. With the GRACE satellite in orbit, many attempts have
been made to determine the deformations caused by large earthquakes using satellite data.
Accordingly, the wavelet is a practical tool for filtering local signals @ant be used to

study the effects of local and temporal changes in the gravity field. Wavelet analysis was
applied to gravity signals as well as obtained from gravimetric GRACE satellite
observations. In addition to the time series analysis, the gravint®A&CE satellite
observations are utilized to evaluate the time series of data associated with the earthquake.
It is worth remarking that both time series are -stationary, which requires the
implementation of the continuous wavelet transform. The emas®let transform

(XWT) is then used to study the relationship between thetitwe series.

This chapter provides the necessary information to form the theoretical background of the

study. Information about different satellite missions provides invaluafilemation on

the gravity field of Earth, ocean currents, and hydrological parameters. Hydrology, ocean

bottom pressure, the structure of Earth, and their relationships with earthquakes are also
discussed. Finally, background information on frequencyailortime series analysis

with wavelet transform is given.



2.1 Satellite Missions

Precise determination of thEGF is a necessity for sciences such as geodesy and
geophysics. Better information about tE€F leads to more accurate boundary data for
studies 6the Earth's internal structure. In geodesy, it is vital to have an accurate geoid as
a base surface for height determinatiwhichnecessitatesiodeling of theeGF. Ground

based and airborne gravimetric methods for determinind=@E do not have global
coverage. In contrast, satellitased methods have global coverage, although they have
lower resolution thanground and airbased methods. Because of the continuous
measurements of spatial methods, they can be used to study variai@is in

With the lainch of newer gravimetric satellitesch as CHAMP, GRACE, and GOCE
gravimetry has changed greatly. Currentlylot of research is being done to use and
process the information from these satellites to reconstrudE@fe These satellites
collect a larg number of observations during their missions, which must be processed to
eventually determine tieGFon a local or global scale. Therefore, in all space missions,
the determination of the satellite orbit is one of the most crucial components. Forexampl
determining the position of the system's satellites in space is the basic requirement for the

usageof global navigatiorsatellitesystems.

Also, for altimetry satellites, it is significant to know the exact position. As the last
example, gravity satélés can also be considered. To studyBEiBF, it is significantto
determine the exact position of the satellite. Early space missionthesddrce models

to find outthe satellite's orbit and then used astronomical observations to examine the
satellte's deviation from its nominal orbit. However, with the advent of the GNSS, the

orbit issue has changed dramatically.

Due to the advantages of using GNSS receivers to determine the position of satellites that
are at a lower altitude than GNSS satellitdse orbit determination issue has

fundamentally changed. Despite the increasing use of GPS receivers in low altitude
8



satellites, the turning poimg the useand installation of the GPS receiver on the TOPEX
/| POSEIDONSsatellite in 1992. Specifying radus below are some of the major projects
for low altitude satellites [7].

2.1.1 TOPEX/POSEIDON

It was a joint FrenciAmerican mission, designed and carried out specifically for
oceanography. The satellite's system was launched on August 10, 1992, and had an
opemtional life of at least three years, gradually increasing to more than ten years. The
mission was to measure the topography of the oceans using an altimeter.

This type of sensor, the first duiaéquency altimeter, was designed to reduce the error
causeddy the action of free electrons (known as the ionospheric effect) and provided an
altitude measurement with an accuracy e23. (cm). In addition to the altimeter, the
missionis also used s areflector of the SLR system, a DORIS receiver, and a GPS
receiver shown at its location [8].
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Figure2.1 TOPEX/POSEIDONsatellite[9].

2.1.2 CHAMP

It was a German mission launched on July 15, 2000. ThHlitees mission was scheduled

for thelast five years, with informatioavailableuntil the e of 2008.0ne of the main
tasks of CHAMP is to determine tliF with exceptional precision. To do this, it uses
the observations of the GPS receivarsd the accelerometers for the rgiabk forces
attached to its bodyn addition to these sensors, segellite carrieshe reflector of the

SLR systemnto definethe position and attitude of the satellite, more precisely the position
of the satellite coordinate system, which was relative to the inertial system, and

magnetometers to study the magnetospHayiet

10
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Figure2.2 Both sidesof The CHAMP[10].

The CHAMP was launched from the Russian station Plesetsk on a nearly circular and

polar orbit with an initial altitude of 454 km ab®the Earth's surface and an inclination

of 87 degrees. The initial altitude was chosen to best meet tloeivanibjectives of the

mission.It also guarantees that the system will remain operational for several years, as

the altitude is constantly decreagidue to atmospheric friction. On th#her hand, this

altitude offers a good opportunity to detect H@F, and the effectahich can be seen in

11



the orbital perturbations of this satellite, asahtrastingly it is suitable for studying the
Earth's magrte field [11].

2.1.3 GRACE

This is acombinedmission of Germany and the United States that can be considered a
continuation of the CHAMP mission. It was launched on March 17, 2002, at a preliminary
altitude of 220 kilometers above Earth orl@he of itsmostsignificantgoals is to earn
thetime-basedchanges in thEGF with the help of a KBR length measurement system,
GPS receiver measuremeng)d continuous accelerometeBoth satellites are also

equipped with SLR and Star Cameras system reflectors.

Figure 2.3 The GRACE SatelliteMission (Imagecredit: NASA)

GRACE was launched from the Russian station Plesetsk in a nearly circular and polar
orbit with a primary altitude of 500 km andlasire of 89 degrees. This mission, like its
counterpart (CHAMP), has common characteristics and global coverage. The distance

between the satellites of this system is always under control, which constantly fluctuates

12



in the range of 17270 Km, and thisis done with the help of propulsion, almost all 50
times per day [12].

2.1.4 GOCE

This mission can be consideresiammplement to the CHAMP and GRACE missions.
The satellite was launched &march 17, 2009. The main object this mission is to
determine the stat part of theEGF and determine the high precision geoid using
continuous gravimeter observations and the GPS receiver installed on this satellite. The

satellite is also equipped with SLR and Star Camera System reflectors.

Figure2.4 GOCE satellite missio[iL3]

GOCE performs its mission in two parts, with an almost circular orbit of 96.5 degrees
and an initial altitude of 250 kilometers, according to the plan. It decreases to 250 km in

13



the first half and240 km in the secongart The satellite's very low altitude makes it
possible tadeterminghe EGFto the nearest @al (on average) and to determine a 2 cm
precision geoid. (Both of these quantities cause changes in related scigiscgsljie to

the low height of this satellite, it is equipped with a unigue and modern electronic
propulsion system to deal with the effect of atmospheric friction. The propulsion system
continuously adjusts to the effect of atmospheric friction. In otleeds, this propulsion
creates a situation free of frictighd].

2.1.5 AchievementsObtained

With thepresentationf the GOCE satellite in 2009, all three satellite missions, CHAMP,
GRACE, and GOCE, have reached operational readifrdesmationon EGF and its
time-basedvariations havamproved dramatically since these missions. At the lower
degrees of thEGF, the accuracy of the GRACE satellite model is higher than that of the
other models, and in the mftequency range from 80 to 140 degrees, the GRAGE
GOCE models have the same accuracy. The GOCE model shows its superiority over the

GRACE model at short wavelengths of gravity.

Finally, these models are compared with a combined geopotential model in the locating
domain, and the accuracy and spategotution of each model are measunedhis
direction Resolvingthe EGFand hencgthe geoid is one of the fundamental goals of

geodesy, but knowledge this area wamadequate before the use of spatial data.

One of the first achievements in this figlds the determination of the degredaitening
of the Earth from the orbital observations of the first satellites. After estimating the
flatteningof the Earth, limited spherical harmonic coefficients were calculayasing
satellite orbit observatits. Before the launch of the world's first higlitude satellite

models, the Earth's geopotentrabdels were determined using gravimetric data and

14



satellite tracking data from ground stations. Geometric grounding and low frequencies of

theEGFwere detemined from satellite tracking observations [15].

It should beprominentthat only low degree coefficients of up to 20 could be estimated
from satellite observations since there is no uniform and global coverage by terrestrial
measuring stations. Determation of theEGF with high precision and dimensional
resolution is possible with these observations. These limitations and problems led to the
exploration of new observational techniques in addition to satblised tracking

methods from ground stations.

With the launch of the first altimeter satellite in 1973, the accuracy of gravity field
determination increased dramatically in oceanic regions, but in continental regions, the
desired and ideal accuracy has not yet been achieved using terrestrial graviata

and satellite tracking observations from ground stations. Therefore, the development and
application of new spatial observation techniques in continental regions have been more
focused on and studied. The results of these studies have beeregroptse form of

two general techniques for implementation in specific missions te@te

71 Satellite Tracking System (SST)

1 Satellite Gradiometer

In a short time, great progress has been made in detectiBGhesing these techniques.
These techniquesexe used in the three satellite missions CHAMP, GRACE, and GOCE.
The main features of these three missions are the low polar orbit, the continuous tracking
of these satellites in three dimensions using3R& and the ability of these satellites to
separte the norgravitational part of the signal from the gravitational signal using
accelerometerg-or further improvenentof the gravity signal, two low altitude satellite
tracking techniques were used in the GRACE mission and the gradiometric technique was
used in the GOCE missiqh6].
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2.1.6 Evaluation of the Missions

In order b compare the geopotential nedsl of these satellitethe difference between
these modelss usedand the global models of tl&GFin the two domains of frequency

and location. For thipurpose, three specific models of satelldes utilized

1 AIUB-CHAMPO3S
1 ITG-GRACE2010S
1 GO_CONS_GCF 2 TIM_R3

AIUB-CHAMPO03S model from CHAMP satellite to 100 degrees has been calculated
using 8 years of observations of this sateliif@ celestial mecharmtmethod. The spatial
clarity of this model is 200 kif17]. The ITGGRACEZ2010S model is available from the
GRACE satellite up to 180, corresponding ttheeedimensionakesolution of 100 km

and wusing 7 years of data from this satellitfl8]. The special

GO _CONS_GCF_2 TIM_R3 satellite model is based on GOCE satellite observations
from November 2009 to April 2011 up to 250 with a spa#&ablutionof 80 km by Time

Wise. In this model, the long wavelengths of BBF are beingobtainedby using the
observéions of the kinematic orbit of the satellite, and the short wavelengths are obtained
using the Gradiometric observatidid®]. Any initial information or geopotentiahodels

are available. The EGM2008 model, which is used as a reference to compareehe thr
models isa complete geopotential modgh to 2160 degrees with a resolution of 9 km.
Satellite altimeter and GRACE satellite getggdialmodel have been used. It shows the
characteristics of each of the missions and the sensitivity of the techngpmuhem

to a specific frequency range.

It could havepointedto theconsideratiorof the SSTHL technique to long wavelengths
and the sensitivity of the SHIL technique to the average wavelengths off&= One
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of the most prominent differences Wween the models is their low degree of behavior.
For grades less than 80, GRACE satellite accuracy is higher than the other two models,
indicating that GOCE satellite models are in no way able to compete with GRACE

mission models in this frequency range.

The CHAMP satellite is less accurate than the other two models, but the rnedaieal
modelshave beelncreased the accuracy and power ofttireedimensionalesolution,

as well as misaligning thgeopotentiaimodels that were offered before the daéel
gravitational era. In the intermediate frequency range (between 80 and 140), the GRACE
and GOCE models exhibit the same behavior. The sudden increase in the difference
between the RACE and GOCE models with the EGM2008 model in this frequency
range isdue to the use of loyprecision ground data in some areas in this hybrid model.

Therefore, it can be specified that tiecuracyof GRACE and GOCE models is higher
than the EGM2008 model in the middtequency range. At short wavelengths of gravity
(From 150 degrees and above), the error of the GRACE model gradually increases, while

the GOCE model carefully accepts the coefficients associated with this frequency range.

This feature of the GOCE model results from the sensitivity of the Gradiometriacjeehn

to the short wavelengths of tl&GF and makes the modelghich arerelated to this
satellite reveal their superiority in this frequency racgetrastedo the GRACE mission
models. One of the mosttal features of special GOCE satelliteodels is tkir higher
dimensional resolution than the previous CHAMP and GRACE mission models.
Comparing the GOCE satellite model with the GRACE model, it should be noted that
GOCE is calculated using approximately 1.5 years of data, but th&sRACE2010S

model is alculated using 7 years of GRACE satellite data.

In addition to the two assessments made above, comparing GRACE and GOCE satellite

models with recent combined geopotential models in the field of space shows interesting
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results especially about the GOCE ssionindicatingthe potential of these missions
which is GOCE and EGM2008 are highly compatible in the oceareasof Europe,
North America, and North Asia. It should be noted that GOCE providesrésgitution

geolocation in these areas, which is inetggt of satellite altimeter data.

In South America, Africa, and the Himalayas, the difference between geoids is at its
highest, indicating the low quality and accura¢yhe ground data used in theseas in

the EGM2008 modelThe effect of lowquality Earth data on the altitude geoid is also
observed between the latest satellite model,-GRACE2010S, and the EGM 2008
model. However, this effect is much more pronounced with the GOCE satellite model
because the short wavelengths of the GRACE modelwsaalsemiconductor fringes

and aliasing errors which have lower accuracy. The effect of this inaccurate ground data
on the difference in geoid height between the GRACE and GOCE models is not visible.
Today, with the launch of the proprietary gravity daesd CHAMP, GRACE, and GOCE,

high-accuracy geopolitical models have been created [20].

First, the space features and techniques used in each of these satellites are briefly
discussed; then, based on the latest models of specific satellites, geopstpresgnted

that uses the observations of these satellites to evaluate and compare these missions. The
spectral evaluation shows that the satellite model GRACE has higher accuracy at long
wavelengths of gravity than the models of the satellites CHAMP GOCE. At
intermediate wavelengths (80 to 140 degrees), the models of the latter two satellites have
the same performance and accuracy, and finally, GOCE performs much better than
GRACE at short wavelengths.

Thus, by combining the observations frahe (RACE and GOCE missionst is
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plausibleto obtain geopotential models that have high accuracy in all frequency ranges.
Comparison of the quantities computed from these models shows that the GOCE model
has a highedimensionalresolution than other models addition, one of the most
significant results of comparing the models from these satellites with the existing
combined geopotential models is the discovery ofémality observations in some areas

in these combined models. This careaningfully causeidentifying weaknesses and
improve the existing geopolitical models.

In summary,nformationon the EGF hasbeenimprovedexpressivelyafter these three
satellite missions. The use of monthly GRACE geopotential models is always limited, so
their direct usgespecially in smaller areas and in applications such as hydrological cycle
monitoring, which requires more accurate estimation of the desired signals, poses

problems.

Due to the height of the satellite, the potential coefficients of the degree andhafuer
GRACE geopotential model have low accuracy. Sometimes hydrological models are used
to determine the frequency boundary that separates signals from noise. In addition to the
absorption target pursued by GRAGRHtellites, there have been other +adaorption
targets. ThilGRACE satellite mission demonstrates the various modes of mass transfer
around the Earth, specifying how much mass is ngpeind how it changes over time

[21].

2.1.7 Rateof Changein Water Storage

Accurate measurements of meteorologipallameters such as air pressure, ocean
temperature, changes in land water (including soil moisture and groundwater), glaciers,
and polar plates, as one of the geophysical componentieofiuid, have been

challenging. Following changes in meteorologatameters, changes in tB&Fdue to
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changes in mass distribution occur at different time and space scales.

Changes in mass distribution owing to the return of the Earth's solid crust to the pre
glacial period and geophysical processge responsiblan the Earth's core are
responsible for producing gravitational field changes in the long run and gravitational
field changes at shorter tinszales as a result atmospheric pressures, ocean floor
pressures, and surface water storage rates. Thesegshaatchanges can be measured
by gravitatonal satellites, including GRACE

GRACE satellites providehe estimatiorof the EGFon a regular and monthly basis in

the form of geopotential of up to 120 degrees of spherical harmonic coefficients at scales
of several hundred kilometers. Compared to terrestrial field measurements such as well
drilling, the GRACE satellite mission can be a much more efficient and less costly
alternative to examining changes in water storage that have alwayddiicult on a

global scale.The rate of change of water storage is a key parameter fyyod
comprehensiorof the hydrologicalseriesat local and global scales, amdonitoring
environmental and climate change. Water storage as a hydrological parameter consists of
total pecipitation, water evaporation, water runoff from rivers, and infiltration into
groundwater. Their accurate measurement can be a valuable constraint for meteorological
models and a great helgowever, it should be noted that thass distribution senseg b
GRACEsatellites includes the sum of all these geophysical sources, and in practice, it is
almost impossible to isolate the impact of each of these parameters using its observations.
Of course,the results obtained from GRACE&an provide a suitable conaint for
modeling each of theseammeters. In other words; GRAGHnain goal is to obtain local

information on global water storage changes by recovering changes in the gravitational
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field.

Before2002, there was no global network of observations vhréquired spatial and
temporal resolutiorso asto show the extent of water storage changes on a continental
scale, RACE's ability to monitor this parameter was very significant. The survival

equation related to the amount of water storage variations is

Increased rainfall Water evaporationRiver water output penetration into groundwater

= Changes in soil moisture + snow cover available at ground level

Measuring and even modeling fofactorson the left side of theabove equatiors
consideredvery difficult. Therefore, in practice, theght side of theabove equatign
namely soil moisture changes, along with water in snow cover, are used in calculating
water storage changes that can be extracted from hydrological models. It is also used to
evalwate the output fronthe GRACE On the other hand, it has been proven that the
overall variation of water storage frothe GRACE is from a total ofthree moisture
parameters in the root layer of soil, the water in the snow cover, which can be extracted
through global hydrology models, and changes in théase of the groundwatersing

measurements of observational wells in the f28h

2.1.8 Monitoring the Movementof Water

One of the most interesting reasons for the variation of land gravity is the moverments
water onthe seabedwhich has been less interested. By circulating a huge amount of
water flow in solid forms, liquid and cavity, inside and above the surface of the earth,
with a rapid rate compared to other factors that lead to the place of tred thedyround
level, change inthe EGF will be createdTherefore, it can be concluddxy considering
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the changes made in the gravity field, it can be achieved by the amount of mass that
changed with the displacement of waterRATE satellites measure ése changes
monthly from 2002.

Today, scientists use numerical models to simulate atmospheric parameters such as
rainfall, soil humidity, air temperature, air pressued so onThe information provided

by GRACEgives us the more realistic output oiclumodels, and by improving these
models, it can be promoted correctly to predict weather conditiahgl@anges in the

water reservesmanagingwater resources for domains of agriculture, urban and
industrial. Also, under the supervision of water resergasglobal scales increases the
ability of scientists to predict, plan and respond to unexpected events such as floods and
droughtq23].

2.1.9 Icebergsand Global Water Levels

This satellite missiocan providenformation on the movements of solid water sash
polar ice. Once the ice sheat®beingmelted, the waters absoallarge amount oheat

and gaerate temperaturgjving way toreasonghe polar icemeltingandconsequently
resultingin a rise in the water level. The fundart@muestion for the ohate iswhether

the ice sheets are small or larged whether the water that enters the oceans as the ice
sheets melt is constantly raising #eslevel. GRACE data has answered these questions

and can estimate the number of mass changes that resulinietiing ice sheets.

A phenomenon called PGRost Glacial Rebounddr the slow return of the Earth's crust,
to its pre-glacial, where the vertical position of the Earth's crusilieredareasof the
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world, including coastlines, creates an error infecming observations. By combining
GRACEdata with other satellite data, the contribution of this phenomenon is determined.
Altimeter satellites such aBOPEX/POSEIDONand ASON only measure th general
changes in sea lev&o, by combining the GRAC#aa with the altimetry satellite data,

the issue is the extent to which sea level rise as a result of ice sheet melting is due to the
PGR phenmenon or ocean water warmirig.other wordsGRACEs mass estimate with
sealevel rise results from altimetry m&aements to separate the estimate of steric and
nonsteric effects on selavel change. The volume change indicative of steric changes
does not affect gravityhanges.Therefore,measurements frorthe satellite can only

detect norsteric effects. Stericfiects can be achieved by reducing the observations of
variable results at the time of satellite graetry. Variable steric signals in time can be

used to calculate changes in the amount of heat in the region, and since variable heat
storage in the ocearsitself a large source of thermal enevglyich can predict weather

patterns for a long pericahdoccurrence of tornadoes and storms inftitere[24].

2.2 Hydrography

Hydrography is defined as "the study, interpretation, and role of oceans, seasrdkes,
rivers." Hydrographyhasparticular importance in dredging operations where there are
time and space constraints. Hydrography is used to determine the amount of dredging and
to monitor it after dredging. Before, after, and during dredging operatidesg)écessary

to perform hydrography of the desired area.

Hydrographic maps need to be prepared to assess the amount of layering performed.
Performing a hydrographic procedure before and during dredging helps determine the

effects of dredging on the mae environment. Hydrography of the discharge area of the
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dredged material takes place before the start of the discharge of the mateatdoand
regularly and in cyclesHydrography before dredging is necessary to examine the
achievement of the designedadmand its repetition will show the study of shallow levels.
Repeated hydrographs and periods help to model the region's sedimentation regime, as

well as the economic use of dredgers.

Accuracy and speed are two esgal factors in hydrographylhe useof modern
electronic devices and mubmputer technology has provided new methods for
collecting and processing information, the exact position of points where they are
measured idepth, and the level of water at the exact moment automatically with fast
distances, with the help of precision devices. Installed on a special hydrographic boat,
these devices identify and work on a predetermined area. This information can then be
implemented on a map for dredging purposes (planning, reviewing, monitoring) usin
high-speed printerg25].

2.2.1 Rolein Protecting the Environment

Hydrographic data are not limited tioe depth and other collected information such as
surface position, sound velocity, temperature, sea level (tide), ocean currents, coastal
features, sh@line, and seabed material (by sampling or analyzing return signals from the
seabed) are measured during hydrographic operations that these dbta uwsed for
various purposesdydrography plays an essential role in determining marine boundaries
and martiime boundaries; because the sea area is defined based on the shoreline (highest
mode) and the coastal baselines are generally defined based on the lowest tide, and
accordingly, inland watersgcal sea, andnainlandshelf (up to 200 meterdepth) are

defined.On the groundthat most of the marine activities take place in these areiaf
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need hydrography and accurate charts. Also, from the environmental point pfihvaser
areas are very vitahs a result of the importance of hydrography and the pagipa of
marine charts, the World Hydrographic Organization was established inab@2bw

has 93 member countries [26

This organization, while explaining the necessary standards for hydrography and
preparation of marine charts, is responsible fer riecessary coordination in order to
ensure the process of standard hydrography, preparation, and updating of marine charts.
Above 70% of the earth&urface ishelteredvith water.Today, there is greattalk about
mapping other celestial spheres, apdce missions are mapping Mars, the moon, etc.,
while many sea and ocean areas have not yet been hydroghgphegped This
becoms all the more important when itégsnsideedthat human life and all living things

are dependent on water and that mbant50% of the world'shabitantdive near the

coast (up to 50 km). The seas are full of food resources without which life would not be
possible; noHiving resources, including minerals and oil and gas, provide the energy
needed for the industry todaly.could beknown that climate change on Eartian be
affected by the seas and oceanggen small changes in the temperature of seas and
ocean currents can lead to widespread environmental changes while disrupting the lives
of humans and other living thgs In this regard, itanbe mentiored global warming,

due to the increase in greenhouse gases such as methane and carbon dioxide.

Even though, life is not possible without greenhouse gases (because the earth is so cold
and uninhabitable), increasinfpese gases also raises the earth's temperature and
endangers the lives of living tigs. The seas and oceans playtal role in absorbing

temperature and greenhouse gases and help control the phenomenon of global warming,
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but it should be noted that rigjthe absorption of greenhouse gases by the oceans helps
to acidify the water and threatetise life of marine organismsAn example is the
destruction of calcium carbonate structures such as coral reefs, which are home to many
marine organisms. The infmation collected by hydrography can help identify the most
valuable ecological structures in the seabed while studying the extent of ocean water
levels caused by global warming, and provide marine life expettisthe extent of its

changes [2¢
2.2.2 Rolein Climate Change

Monitoring sea leved in coastal and offshore areas using coastal alignment stations and
satellite data, sea current observations, flow, and tidal modeling is another part of the
activitieswhich arecarried out by hydrographic organizatiomsd institutions. In this
regard, theUnited Nation'ssurveying organization has started the development of a
permanent network of sdavel monitoring since the 1960s, and now 20 permanent
stations are operating on the south and north coasts@htteziNation This information

is used directly in the calculation of datum charts, depth data correction, and preparation

of offshore charts.

This information helps seafarers to know the instantaneous depth of water and to sail
more confidently on shallow ubes such as waterways, access canals, and ponds, so
knowing tidal patterns and sea currents can redlieenaritime risk while reducing
accidents. In addition, marine current modetsch is including constant currents and
tidal currents, cause marine fution, such as oil pollutiorfor movingand spreadg in

the sea after it has formedn be used to monitor the spread of marine pollution.
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Knowing how these pollutants are spread (direction and speed) can be used to deal with
them so that they can aatore appropriately and more quickly to eliminate these
contaminants. The movement of oil slicks to the shores, especially offshore facilities such
as desalination plants, can be very risky and disr@pd the flow of life in the towns and
villages of tke region while imposing high costs on offshore facilities. In such cases,
facilities can be identified using current flow models to take the necessary measures to
prevent or reduce potential damage. Measuring sea currents using flowmeter equipment
is partof hydrographic activities. Hydrography in combination with geodetic sciences can

also be used to calculate and study marine geostrophic flows.

For this purpose, today, the mean sea level (MSS) has been calculated using altimeter
satellite data such a§QPEX/POSEIDONJASON1 & 2 & 3) and then in combination

with the geoid model (obtained lswtellite gravimetry The mean dynamic topography
(MDT) is transformed and eventually leads to the speed and direction of sea currents. Sea
currents, due to heatamsfer (energy), play a vesygnificantrole in creating a suitable
environment for humans and other living things on the planet, and therefore its changes
can cause fareaching climate change. A look at the numerous projects undertaken

worldwide in thestudy of marine currents contfiis the importance of this iss[2§].

2.2.3 Rolein Tsunami Management

Coastline zones have always been influenced by storms, and tsunamis are possible in
seismic areas. Earthquakeluced seismic tsunamis occur on the seabed, taad
resulting waves travel rapidly across the sea to the shore. The speed of tsunami waves in
deep water is high (up to 800 km per hour), its wavelength is long (up to 200 km) and the

wave height is small (up to one meter), which makes it difficult teaiésunamis in deep

27



water[29].

As the tsunami approaches the shallow coastal areas, its speed is greatly reduced and the
wave height is increased. These high waves (up to several meters) can penetrate for miles
on land and destroy coastal industried human and animal habitats. Large tsunamis can
damage coastal facilities and industries and pollute the environment while threatening the
lives of humans and other living things in coastal areas. For example, the tsunami
triggeredby the earthquake on Dember 26, 2004, in Indonesia with a magnitude of 9.1,
killed more than 227,000 people and caugezhtdamage to the countries bordering the
Indian Ocean30].

An earthquake and tsunami in Japaith a magnitude of 9on March 11, 2011killed

more thanl8,000 peopland caused the world's largest pGsiernobyl nuclear disaster.
Although the Fukushima nuclear power plant was prepared to withstand waves of up to
7.5 meters and the devices were inevitably power cut by the earthquake, tsunami waves
enteredthe plant at a height of 14 meters (up to 15 meters in some reports) 15 minutes
after the earthquake. The plant site was completely flooded, and with the power outage
and cooling pumps off, the reactors melted and radioactive radiation was affected for

miles around the arg¢al].

The coasts of Iran, especially in the Makran region in southeastern Iran, due to the
seismicity of the region and the presence of subsidence, are prone to possible tsunami
damage that could endanger the lives of coastialeeisand coastal facilities he speed
of tsunamiwaves and their height depeon the topography of the seabed, and therefore,
complete tsunami modeling requires accurate information of the seabed, which is
obtained by hydrography. It is obvious that the depelent of Makran beaches,
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regardless of the tsunami risk, can impose many life and environmental effects on the

country[32].

Accurate tsunami models can provide suitable locations for the development of the coast
as well as the infrastructure of the ar@ protect the infrastructure of the area from
damage in the event of a tsunami. Coastal alignment stations can also record abnormal
sealevel changes in the event of a tsunamd send out tsunami warnings

2.3 Seafloor Pressure and Relations

With the aim of better comprehendingthe executionof the GRACE satellite in
hydrography, it is best to first point out the changes in seafloor pressure and its
relationship to major earthquakas well as the changes in sea pressure, earthquakes, and
tsunamis, and howhey occur.

2.3.1 SeafloorPressure

Atmospheric pressure is the weight applied &ibe atmosphere per unit area whoem

be meaured with a mercury barometér most cases, atmospheric pressure is calculated
with accurate estimation by hydrostatic pressumeplace ofthe altituderises the
atmospheric mass above the reference point decreases, and therefore, as the altitude
increases, thatmospheric pressure decreagesmnay be well knownpressure idistinct

in utilizing the force per unit area, anttetunit of pressure in Sl is Pase& mentioned,
atmospheric pressure can be measured with a barometer. This mercury barometer consists
of a long glass tube full of mercury that is placed upsaendn a container of mercury.

When the tube is placed uge down in the container, mercury is transferred from the top

of the tube into the containeks a result, a vacuum is createdrs top of the pipe.fiis
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is due to the pressure difference between the tube and the container, and when the pressure
reachesequilibrium, a leight equal td'h" is consideredAt this altitude, the pressure
exerted on the mercury is equal at two points "E" and "D". Point E pressure is the pressure

of the mercury column, while point D pressure is the atmospheric pressureitdi38y.e

Vacuum \ N

Glass tube

760 mm

Atmospheric

1 pressure
li—

Figure2.5 Barometeipressurg 34].

It could becalculatel the pressure of point E using the height h.

o) (2.1)

In the above relation, the density of mercury is equal to 13.6 g / cm3 and the acceleration
of gravity is equal t®.8 m / s squared. The average value of h at sed ikeabout 76
cm.Therefore, using the above numbers, the atmosphessyre will be 101,325 Pascal.

The pressure on ¢hground changes with altitudé.itl wants to be calculatel this value
accurately, itmustbe taken such factors into accourdbove ®a level, for every 100

meters, the pressure decreases byKIP2 Atmospheric pressure due to weathering
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shows daily cycles (or 2 times a day). This effect is greater in the tropics aadochaso

in the polar regionsA pressure of 1 atmosphere (1825 KPa) is also the pressure
exertedby a 3.3 m long water columtt.is better tadeclareabout tle ocean current and
wave powerThere isa stream of water in an oce&ireams are rivers whidemperature

is lower or higher than the temperature of theam. These currents are often in the form
of a circle or a complete cycl®ne of the mostignificantand famous sea currents is the
Gulf Stream, which transports hot air from quoént of the earth to anothérhe presence
of currents in the oceans hbsen discovered by sailors. In the early 18th century,
American merchant ship captains were aware of the existetice Gulf Stream and its
courseand used its @ver when traveling to Europ&he first draft of the Gulf Stream
was publisheah 1770 by Bejamin Franklinln it, the Gulf Stream is depicted as a wide

river flowing in the oceaf35].

2.3.2 Factors Causing Ocean Currents

There are several factors involved in creating currents, but theomais with prevailing
winds.In the realm of dominant wirsd the direction of surface currents is the same as the
direction ofthewind. The impact of currents on shores or underwater ridges changes their
course. In addition, ocean currents, like any other moving object on the Earth's surface,
areaffected by theCoriolis force.In the Arctic Basin, evaporation is extreméw due

to extremecold.

On the other hand, the great rivers of Asia and Europe enter it Watigeaamount of
water, so its level is slightly higher than the general level, and therefar itha
difference in the levebf currents lhat excess watatischarging into the Atlantic and
Pacific oceandn the Mediterranean, evaporation is greater than the amount of water that
entas it through rivers and raid\s a result, to compensate fordlshortage, the waters

of the Atlantic flow to the Mediterranean. The hot, salty waters of the Gulf Stream sink
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deeper into the colder polaraters as they become heavidfhere two ocean currents
meet, the water goes degpand conversely, where the twarrents move away, the deep
water rises to the surface of the ocgzs;).

2.3.3 The Structure of the Earth

The ground under our feet looks solid, however, it is in motion. The world consists of
threemain layers The crusivhich is only one percent of tlueiter layeris made of rock
Underthe crust is another layer, the Earth's mantle, which consists of softer, thicker, and
more viscous rock and makes up about 3 percent of the Earth's vélueneery hot core

of the Earth, which consists of an outer (liquadd an inner (solid) part, is made of iron
and nickel[37].
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Figure2.6 Earth's structurg38g].
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2.3.4 Fault

To get a better idea, consider that the surface of the earth is a plate of hdythgpok

a thick, sticky ocearThese planesiove, very slowly, over itlions of years. Sometimes
they get away from each other, somesntleey get close to each oth&here two or
more planesavecollided, it is called a faulf39].

2.3.5 Earthquake

When planes move horizontally in two contrary directions or one directioppatsite
speeds. Generally, collision happens and one goes below the opposite. Sometimes when
two plates collide, one (usually the oceanic crust) does not go under the other, but the
pressure of the collision of the two plates appears as a fold in thealiad a mountain.

This is the reason why, for example, théghe of Mount Everest increaséé/hile two

planes move vertically or horizontally in a relative manner, an oversized quantity of
energy is produced at the surface of the planet, which is neangajuake Once this

energy exceeds the carrying capacity of the crustal rock at the fault, the fault begins to
slide, and damaging energy is discharg4].

2.3.6 Aftershock

After each earthquake, energy is still released, but its size gradually dechidaesas.

weaker earthquakes are called aftershocks, which are usually smaller than the original
earthquake. The aftershocks themselves can be destructive and cause more damage to
structures damaged in the main earthquake. The aftershocks may continueoforaip t

years after the main earthqualkerery earthquake has a geographic point, that is, the

main location(epicenter)where the energy isde by an impact or landslidé the
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geographic point of the earthquake is below the ocean, it would cause vastcaded
tsunamisThe deeper the epicenter, the weaker the waves reach the surface. The area on
the ground above the epicenter is called the epicenter. Identifying the depth of an
earthquake is more difficult than identifying the epicenter. To deterinendepth of the

earthquake, seismic stations should be near it.

Earthquakes are now measured on a large or large scale (MW) worldwidlee &idhter

scale is obsoleteThe simple reason is that magnitude more accurately measures the
magnitude of an ethquake, especially in earthquakes above five, and has therefore
replaced Richter. The magnitude of an earthquakeisfied by another unit called the
Mercalli. This scale is twelve degrees, up to seven degrees of destruction is negligible. At
magnituek eight, weak buildings collapse and there is a lot of destruction from above.
Magnitude is not always directly related to the intensity (destructive power) of an
earthquake. Earthquake, vibration, and movement of the earth that occurs owing to the
releaseof energy discharged from rocks in faults in the earth's crust in a short time. The
place where the earthquake originates and the energy comesaueidhe hypocenter,

and the focal point above the earth's surface is named the epicenter. Beforégnthe ma
earthquake, relatively mild earthquakes usually occur in the region, known -as pre

earthquakes.

Subsequent earthquakes are also called aftershocks, which occur with less intensity and
with different time intervals between minutes and months. The grésstenumber of
aftershocks, the smaller the magnitude of the main earthg&akeéhquakes are the
outcomeof theunexpectedelease of energy from within the earth's crust that generates

vibration waves. Earthquakes aezifiedwith a seismometer or sei®graphThe deeper
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the epicenter, the less damage there is. The magnitude of a quake is relational to the
energy unconfined by the earthquake. Earthquakes smaller than 3 Richter magnitude
regularly cause imperceptible damage and magnitude greater thahtér Rnagnitude.
Numerous other distances (greater depth of impact less than 10 km to 700 km as well as
the greater horizontal distance from the center) to the direction of vibration (vertical or

impact) and the type of vibration wavelengs][

Earthquiake waves have three types, P and S (body waves) and surface waves. The first
type of P is known as compression or longitudinal waves because its waves are shocked
and vibrate in the direction of propagation (such as playing a rope) and in the easth's cru
with a velocity of 1. They travel at 5 to 8 kilometers per second, untikev@s or shear

waves, which are up to 1.7 times slower and vibrate perpendicular to the propagation line
(such as shaking a tablecloth) but cannot pass through liquids suctesmsowmolten

rock such as the outer core. A strong earthquake at a depth of 105 degrees shakes the
surface areas, and the areas beyond this angle are called the shadow region. The direction
of passage through the outer mantle or core of the earth sh@okaafar from the center.

Near the earth's surface, earthquakes appear as vibrations or sometimes earthquakes.
When the epicenter is in the sea, large and rapid deformation of the seabed causes a
tsunami, which usually occurs in earthquakes larger tltggmt magnitudes. Earthquakes

cause mountains to collapses well as volcanic activityOverall the word earthquake
includes any kind of naturar manmade human vibration which reasowvibration

waves. Earthquakes are often the result of faulting, &utatso be the result of volcanic

activity, landslides, mine exp$ions, and nuclear experime4s)].

35



2.3.7 The Magnitude of an Earthquake

The magnitude of an earthquake is M equal to the logarithm at the base of the ten
amplitude of maximum (in microns) mon, A, recorded by the standaktbod Anderson

seismometer 100 km from the epicenter.
0 1 TpCh (2.2)

Also, to determine the energy released by each earthquake, a relation was developed by
RichterGutenbergn 1956, which specifies the amount of energy released at the epicenter

in terms of the organ (ergyhich is the unit othe enegy and its magnitude "M".

11 tq pdd (2.3)

A simple calculation cabeshown that by increasing the magnitude of an earthquake by

one degree, the amount of energy released increases approximéftaty [32].

2.3.8 Typesof Earthquakes

Earthquakes are divided shorizontal and vertical types in terms of energy release.
Major and extensive damage is usuallyseiby horizontal earthquakes, for instance;
most buildings have sufficient resistance to vertical loads. According to the amount of

damage, earthquakesativided into twelve egrees based on MercdHi2].

Understandingthe causes that brirearthquakesnakes usachieveuseful information
about the relationship between the pressure changes that makes thisgianand

recognize how it coulde managed by finding itsrelation with GRACEsatellites.

36



2.4 Japan

The Japanese archipelago is an island nation in Eastsisidin the Pacific Northwest.

Japan is bordered by Russia to the north and the Sea of Japan, China, North Korea, and
South Korea to the vg& The 2011 Tohoku earthquake and tsunaith the magnitude

9.0 wasan earthquake that occurred at 2:46 p.m. local time on March 11, 2011, near
Sendai in northeastern Japan's MiyRgefecture for 173 secondBhe epicenter was

below the floor of the P#tc Ocean, but no tsunami alert wgisen out Tsunami alerts

were issued in at least 20ditionalseasidereas in South and North America. It caused
minor disasters in other countries. On April 1, the Japanese government officially named
the disasterte "Great East Japan Earthquake." Before the magnitude 9 earthquake, there
were 9 earthquakes in the region, the largest of which, with a magnitude of 7.1 on March

9, can be considered a devastating magnitude 9 earthquake.

More than 18,000 people the sunami were killed and the bodies of 2,531 were never
found. The quake quickly triggered tsunamis in Japan and 20 other countries along the
North and South Pacific, including North America and Chile. In Japan, the highest
tsunami alert was issued, and lspdakers, radio, and television were urged to evacuate
near the sea immediately and take refuge in the highlands. The height of the tsunami was
10 meters. The deadly and destreteffects of a tsunami are more countkbss those

of an earthquake. Thegttsunami images of the city of Miami show that even traces of
the city's existence remain. The destruction of the city indicates that the height of the

tsunami in this area was moreath10 meters4g].

2.5 Frequency Domain Time Series Analysis

Differentmethods for thetudyof thetime seriedhiave existedSinceFourier andvavelet
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transform analyzeareused in the time series in this study needely those methods

will be discussed her&@he wavelet transforms were utilized to better understandrbke t
series of earthquakes in Japan and the time series analysis we created on the GRACE
satellite. The wavelet transform(WT) is one of thegreatestsignificant scientific
transformations utilied innumerousdields of science. Thehiefimpressiorof theWT is

to overwhelmthe weaknesses ahnhits of the Fourier transforr(FT). Contrasting tdhe

FT, thistransformation can also be implementednonstationarysignals and dynamic
structuresMathematical transforms have many applications in processthglassifying

various data such as signafed time series:or example, the FT can be utilized to transfer

a signal from time to frequency. The peaks in the frequency spectrum of a signal after
applying the FT represent the frequencies at which thelsggdaminant which is being
worthwhile in the case of the sharp and large pelks.location of the peak (frequency
value) and its height (frequency range) in a frequency spectrum graph can be used as
input to classification algorithms such as Bam Foest or Gradient Boosting4]. The
following sections describe the Fourier and wavelet transforms to understand the time
series used in this study

2.5.1 Fourier Transform

Thegeneral rule about theT is that it performs well as long as the signalgtationay.
Stationaity means that the frequencies occurring in a signal arelep¢nding on the
time. Processing nostationarysignals are usually more difficult and other techniques
and preprocessing must be used to analyze them. Many of the real signalsiia are

not stationary

As it is known the FT executeduy proliferatingthe processed signal by a sequence of
sinusoidal signals with disparatequencieslf the point multiplication operator between

the desired signal and a sinusoidal signal witletnite frequency is equal to a number
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with a large amplitudesoit can be concluded that there is a large overlap between these
two signals and thus a certain frequency in the frequency range of the desired signal. This
Is certainly because the muligl is a standard point for measuring the degree of overlap

and similarity between two vectors or two signals.

It can be said about tHeT that it hasa greatresolution in the frequencyrea To put it
another waythe FT expressesvhat frequencies ar@ ia signal, but it cannot be used to
determine at what time the desired frequency occurs in the signal. Therefore, it is not
possible with thé-T to know exactly where the fregocy occurs in the main signdio
solve this problemthe Short Time Fourier iansform(STFT) methodwill be used. In
this technique the main signal is divided inttumeroussections of equal length. These
sectiongmightor mightnot overlapThe signal is divided into several sections before the
FTis performed. The basaiue ofthis method is very easkor instanceif the signal is
divided into5 sectionsand the-T identifiesa certain frequency in thhird part, it can be
said with a high degree of certainty that this frequency is bet@8&amd4/5 of the main
signal.

However, the biggest disadvantage of this method is thdThe subject to a physical
limitation called uncertainty. The smaller the window size, the more accurately it can
determine when a frequency occurs from the main signal, but on the other hatadng o

less information about the frequency value of the main signal. The larger the window
size, the more information about the frequency value and the less information about when
the frequency occur&n improvedway to analyze a signal with a dynamieduency
spectrum is to use th&/T which has a significant resolution in bothe time and
frequency domain. This transformation determines not only the number of frequencies in
the signal, but also when these frequencies occur from the signalVTmeaclesthis

capability by operating at different scales.
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The size and direction of the blockan be specifiethe degree of resolution in that
conversion, in other words, the blocks in each conversion determine how small the
features in that time and frequey domain can be identified with that conversion. The
main signal haa greatresolution in the time domainnlike the frequency domaiihe

STFT has a medium resolution in both the time and frequency domains. The resolution
of the WT change®n the groudsthat for low or highfrequency values, it has a direct
relation with the time and indirect relation with frequentierefore, in general, it can

be said that th&/T is a compromisen scales where timdependent pragties are more

attractive.

As merioned earlier, thé=T utilizes a series of sine waves at different frequencies to
evaluatethe signal. In this case, the signal is represented as a linear combination of
sinusoidal signals. Th&/T, on the other hand, uses several functiensiedwavelets

each of which has a different scale. As is known, the word wavelet means small wave,

and the wavelet functions are the same.

S~ S N ~ N N . .

Figure2.7 Differencebetweensine signal (first line) and wavelet éecondline)

Figure 27 is presentedhat the sinusoidal signal is not at a specific point in time. This
signal begins at infinity and continues to infinity while a wavelet is localized at a specific
point in time. This property allows th&T to acquiretime information in addition to

frequency information.
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Since the wavelet is located in time, the original signal can be multiplied by the wavelet
at different points in time. The first step is to start with the initial points of the signal and
transfer the wavelet step by step to the end of the signal. This process is called
convolution After convolution with the main wavelet signal (mother wavelet), it can be
scaled to a larger size, and the process is repeatetVTIeoftenexpressed in ters of
scaling. The most common method of studying the properties of signals that are not

unique in the time domain is to compare them with a set of basic funptigris].

2.5.2 Wavelet Transform

Wavelets are thgroups of mathematical functions that are contously utilized as proofs

in their frequency partwith the resolution of every part corresponding to its scale. The
WT is that the decomposition ahoperats supported moving ridge functions. Wavelets
area unit transmitted and scaled sampleanaipaate (mother wavelet) of finely arched

and extremely attenuated length.

Since thdime series data is nsifationaryit need to corroborate thaata with continuous
wavelet transformgCWT), which must be understood provisionallfhe CWT was
settledasanotherSTFT to solvethe resolution problem. Wavelet analysis is performed
like STFT. The signal iseproducedby a functionthat is analogousto the window
function in STFT, and the transformation is calculatestinctly for alternativeparts of

the sgnal over timeThough two vital differencedetweerCWT and STFThaveexisted

1 FTswindow signals are not calculated, and therefore the signal peaks are assumed

to be sinusoidal, which means that negative frequencies are not considered.

A The width of thewindow varies with the calculation of each component of the

spectrum, which is probabliz¢ mostignificantpropertyof theWT.
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Althoughthe square of time and the frequency resolution measureawatsthe results

of a natural phenomenprvery signhis analyzed employing a completely different
approachwhich isknown as multresolution analysis (MRA). MRAnalyzes the signal

at totally different frequeries withvariousresolutiong45]. In this case, each component
of the spectrum does not decagwell as beinghe case with STFT. This approach is
particularly useful when the signal has short periods with-figfdiluency components and
longer periods with lowrequency components. The signals we encounter in practical

applications are often of thtype

The term wavelet means a small wave. Smallness in this context means that the function
(window) has a limited length (compact fuse). The wavelet also means that it is an
oscillating function. The term mother means that functions witlerdifit pogions and
backups utilizedn the conversiommethodare resultantfrom a mother function or a
mother wavelet. This formulation refers to temporal information in the conversion space.

Unlike the STFT, in this case, the scale parameter is implemented.

Thescale in wavelet analysisamalogouso the scale used in maps. As with the map, the
upper scales represent a general view without details and the lower scales represent a
more detailed view. The situation is similar ffrequencies: Low frequencie® ot
denotethe general information of a signal (which usually covers the entire range of a
signal), whereas high frequencids notsignify the detailed information of a hidden

pattern

In practical applications, low scales (high frequencies) do not dbeeentire signal
period and appear explosive over time, while high scales (low frequencies) usually persist
over thewhole signal periodScaling isa mathematical operatidhatcan compress or

open up a signal. Larger scales represent open signalsnall@rsscales represent

compressed signals. All signals are derived from a similar cosine or sine signal. In other
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words, the opened or compressed versions are cosine or sine.

If Y () is a mathematical function, th&(st) is a compresse¥(t) if s > 1 and an open
version if s < 1. Thoughin the explanationof the WT, the scale is utiliz in the
denominator, i.e., the inverse of the aboveresgion, s > 1 opens the sigrad s < 1
compresses the signédlssumey (t) is the signal to be decomposetieThother wavelet

Is selected as awriginal for all windows. All windows utilizedare opened and shifted
versions of the mother wavelet. Several functions are used for this purpose. After the
mother wavelet is selected, calculations begin with s = 1l@€WT is calculated for

all values of s greater than one and less thanTdreigh depending on the signal, a full
conversion is usually not required. For all practical purposes, the signal is limited.
Therefore, the conversion calculation is sufficiémt the limited time intervals of the

scales.

For simplicity, the process begins with a scale of s = 1 and continues with increasing
values of s, meaning that the decomposition begins at high frequencies and continues at
low frequencies. The initial valus s represents the most compact wavelet. As the value

of s increases, the wavelet opens Tipe wavelet igositionedat the beginning of the
signal, at the point where time is zero. The wavelet function is multiplied by a scale of
the signal and then suned over all products of the multiplications. Thesult is
multiplied by the constant number 1 drs This multiplication is utilizedor energy
normalization so that the converted signal has the same energy for all scales. The final

result is the convsion value,.e.,the CWT value at time zero of scale s drlother

words thisval ue corresponds to the point U = 0
at the scale s = 1 is then shifted to the
conversionvalueat t = U and s = 1 in the frequenc

This method continwsuntil the ripple reaches the tip of the sigrft this point, a row of
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time scale points is computed for s = 1. Then, s increases slightyninderthat this is

a continuous conversion and U and s must
to be performed by a computer, both of these parameters will increase to a suitable small
size. This means sampling on a time scale. The above pliscegetitivefor all s values

[45].

Accordingly,CWT is a transformation that takes a continuous funciiotime into the
space of timdrequency.The foundations of the new house square measure ripple

functions For example, the periodic properties of a signal are studied with an exponential
‘Q —¢ dunction. If the base function is scaled and shifted fo — , the resulting

display is then called a tirrgcale or wavelet transformation. The original ideaVior

was rootedn the Haar wavel€fd6], but it has ben developed today by researchers in
geophysics, theoreal physics, and mathematicScientists discovered a closed
relationship between wavelet and multivariate analysis, which led to a simple solution for

calculating the mother wavelet. If the centexguency of the base functipn 0 is] o,
then the center frequentcy - equalsto( ) =—. Consider the signal s(tthe CWT

is defined as follows:

P

O "I — =
Nw w

The basic function , is namedthe mother wavelet. The parameteis also the scale
index and the parametérindicates the time shift. Ifs concentrated at time zero anel

is as frequency. Theh o ") &) cause toeflectthe signal behavior in the neighborhood

(Qy —). InWT, temporal resolution and frequency are a funotibthescale coefficient.
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The quality facto Q for WT is independent of the scale facter
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The square of the size of the CWT is called a Scalogram.
Y6 6 G H oY <)

If it wants to reconstuct the signal from th&VT coefficients, the mother wavelet must

follow the following condition:

5p P %18
- §

= ¢
=
=

Hs &

In the above relabh, s 5 sis the mother wavelet iRT, andther (0) = 0 condition
means that the mother wavelet is intermediate. The signal s(t) can be calculated by
converting the inverted wavelet from CWT which is the above condition is the
admissibility conditionlt's better is brought the inves ofWT:

~
P

Oi P 4 @ "Yo bw'Q’Qd)
5T oz Qe &y
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In the above relation, %) is the mother waveletvhich is normally selectgd%[ (0.
Moreover the weighted energy of th&T on the timefrequency plane is equal to the

signal energy in the time domain:

a § 000 Oir 3'5(1)"Y<Inb$c'§2(§d)— &

46



3 METHODOLOGY

This sectiondescribes thenethodology applied to reach the objees of the study,
exanining the work steps according to the following process. First of all, by downloading
the data from the GRACE Satellite and the earthquakes larger than 6Mw then extracting
the times series besides applying the continuous wavelet Transform and\Grosg
Transform through analyzingnd finallythe validation of the results. The below flow

chart shows the work proceasd related subsectigria which each step is explained in
detail.

Download the seafloor
pressure data from
NASA from the Grace

Satellite (3.1)

Y

Extract time series and
study linear trends

(32

¥

Apply Continuous
Wavelet T ransform

(33)

Extract the time and
earthquakes greater
than ¥ Mw from the
carthquake catalog (3.1)

v

Extract time seties (3.2)

Y

Apply Continuous
Wavelet T ransform

33)

Apply Cross -Wavelet
Transform (3.4)

v

Analyze Cross-
Wavelet Transform

(33)

Validation of The
Results (3.6)

Figure3.1 Generalworkflow of the study
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3.1 Obtaining the Data

In the beginningthedata isdownloaacgdfrom NASA's site through the GRACGHtellite's
reports andGRACEFO (GRACEFollow-on). Tre data ae monthly reports from the
GRACE satellite from 2002 to 201%ach ofthe data includes a subset of latitude,
longitude, time, and equivalent water thickness (LWE). LWE is observed by monthly
changes in gravity or mass and is utilized as thesmafiressure datdhe data related

to the ocean bottom pressure by the GRACE satellite could be downloaded from the
NASA website [47]. A page of data with different formats could be seen in which the
NETCDF format is selected which the required items aglseafloor pressure, time,
latitude, and longitude are downloaded. It is worth mentioning that in downloading the
data, there is a section called Info, by clicking on which all the information related to any
data of GRACE satellite can be se&n betterunderstand the variables, it is possible to
read the variables of NETCDF format by using the "ncread" function for every detail that
needs to be analyzetio examne the changes in tliata compared to trearthquakes in
Japangarthquakes with a magnitief more than 6Mvare extractedor 2002 to 2019

years by the Earthquake Catalog in Japan. It is worth mentioning that from 2002 to 2019,
every year except 2017, earthquakes of more than 6Mw have occurred in Japan, and for
example, in 2005, two earthquakevith the magnitude of 7Mw and 7.2Mw have

occurred. In this case, tteverage of these earthquakesonsidered

3.1.1 Selectingthe Region

GRACE satellite data gives us seafloor pressure on a temporal basis, the data are also
based on latitude and longitud® monthly time intervaldy averaging the seafloor
pressure change3apan's range is specified by latitude and longitude from the extraction

of seafloor pressure changes. The seafloor pressure time series is averaged over several
latitudes and longitudearoundJapan An example is giverirom the left of the first

column latitude, second column longitude, and third column LWE at the time of the first
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month of 2010.
2113115
2113225
2113326
211332.2

The average of the third column is for thetfimonth of 2010.
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Figure3.2 Theaveragingareain Japan

Figure 3.2 illustrates the seafloor pressure distributions around flapagh 2011in
which the white areas are lands, anel $keafloor pressure changes are zero or near zero
in those areadt is better to express that the seafloor pressure has the same range of the

fault line, and in other ranges, the seafloor pressure is zero, there is no need to extract the
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seafloor pressurenly at the fault lines, and the fault lines are not complete, they are just

recorded based on the earthquakes that have been occurred and through the existing maps
[48].

Figure3.3 Earthquakeshat Happeadin Japarbetweer2002and2019 [49]

Japan's earthquakes occur mostly in the ocean because the oceanic plate goes under the
land surface. Figure 3.Bresentsthe earthquakes that occurred in Japan which are
significant inthe case of study and declatkat earthquakes generally happened on the
coastline and oceanic surfaces.

3.2 Extracting Time Series

In this stepa series of times for the seafloor pressure gataeategdandthen because
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there are gapsa thedatasetthe interpolation in the MATLAB environmers performed
and all the steps such as linear, cubpline, nearest ad®ne to construct the new points
in a discrete set of data poinfEhe datasts that are being as gaps cos&kin the

following table which makethe time seriegterpolate datasetghich the gaps in datasets
are settled by the NASA \bsite.

! f

A ,«\\ / /“\ /1
\f

“ ‘ /. h/\\/\ ’ “\J\r,
A /»h\ A zﬁ’\x f\ f\ »“ \*/ \‘ Y \ R

Figure3.4 The global oceanbottom pressurevariability [51]

Figure 3.4explainsthe globaltime seres of seafloor pressure changésainedby the
GRACE satellie from 20020 2020 The gaps are shoviay grey colowhich stateshat
the time series need to be interpetiand in the following table are declaréthe \ertical

axis stateshe height of pressure that enters seawatedanldreghe thickness of liquid
water obtained from the GRACE satellite.
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Year Gaps Inthe Dataset Through Months

2002 May, June, July, August

2003 May, June

2010 December

2011 January, June

2013 March, August, September
2014 February, July, December
2015 June, October, November
2016 April, September, October
2017 February, July to December
2018 January to May, August, September

Table 31 Gaps in the GRACE and GRAGKED dataset

Thereforethe linear trend of the seafloor pressure by fitting a-@rderpolynomialto

evaluate the tendency of this linear tréndstimatedwhich increases by an annual ratio

of .0009.As it isknown, for time series, the confidence interval is considered, which the
consideration is the 95% confidence interval, that shows if the fluctuations are within and
inside this interval, it means that this linear trend is the answer to the work. Thiamgthe
series for the earthquakes that occurred in Japam 2002 to 2019 is extractedll the
earthquakes that happened could be shown from 2002 to 2019 and the major earthquakes
such as the one that happened in 2011 with the magnitude of 9.1Mw calidvioe at

this time series.

3.3 Apply Continuous Wavelet Transform

The CWTs are used tmalyzethe spectral content of the time serl@8VT is a redundant
representation. It is possible to retrieve the signal with sampled CWT.4f a and b=

n¢ then the MRA of the signal can be calculated by the following equations.
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3.4 Applying CrossWavelet Transform

TheCrosswavelet transforniXWT) is a data analysimethodfor geological timeseries
introduced by Hudginfs0]. The power and phaselaionship betweemwo continuous
wavelet transformscan beexamined simultaneouslylThe XWTs as defined inthe

following condition:

0w’y o W o w o og,

where he transforms of two signakgt) andl(t): Yk (c, d) andY; (c, d). There are simple
ratio andvariancemetricsthat could have beersupposedo scrutinize thecorrelation
amongthe transform components on the transform pland) for example theXWT of

two-time seriesa= {an} andb = {bn} is being by the above equatici]:

53



OnY d  x x Ax oR

3.5 Analyzing CrossWavelet Transform

To comprehendhe examination ofhe XWT needs to define theavelet coherency and

phase differencevhich is declaring the correlation in twimne series45].

3.5.1 Wavelet Coherency

Wavelet coherence describedas the ratio of the crospectrum to the product of the
spectra of the individual series and as the local correlation, in both time and frequency,
between twetime seriesa = {an} and b = {bn}.The S signifies a smoothing operator in

both time and scale [44].

sYi x O's
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3.5.2 PhaseCoherence

The intevals of the alternations among tMime series, x = {xn} and y = {yn}, as a
freqgquency and the phase, (x5 defcribashthe@lmaset h e

relations among the twibme series.
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x, y out of phase x, y in phase

+m/2 +m/2

+T

leading: y (—), lagging: = (—) leading: = (—), lagging: y (—)

leading: = (—), lagging: y (—) leading: y (—), lagging: = (—)
-
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Figure3.5 Definition of phasedifferences $2]

I f(x,¥N (0, /2) then the series moves in part, howeverxttseprior toy. If G(x,y) N
T "/2,0)therxi s ahedaph.( "I,f 10 ) de ofphasearelatianship.if o ut
ax,y)N ("/2,7) then x is prominent. The y is prominentifi,y) N (1 ;1 "/2).
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Figure3.6 An exampleof crosswavelettransform 52

Figure 36 presentsan example ophase differencevhich isdefined bythe Monte Carlo
simulations; the white contour denotes the 5% significant level against a wilsibenodi.

The Hack contour denotes the calculable 5% significant level. The cone of influence,
indicating the region full of the edge effectspresentedvith a dotted line. Inclusively,

the wavelet coherence and phase difference could be supposed of as the tooel, or
resolved relation betweetwo-time series which is enlightened by Monte Carlo
simulation which is worthwhile that the arrows in the cone of influence illustrate the
relationson the groundshat the arrowsrein theright direction inform the relatiothat
leading the results of the variables in phase f&3

3.6 Validation of the Results

Studying and evaluatinthe earthquakes in Japandapplying theCWT in both time

series, since these twione seriesare not stationarythe XWT is used, which cabe
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analyzed by observing the phase difference. It is mentioned thxitfiemethod was
used to prove the studies séismicdly effectsof the December 2004 and March 2005
Sumatra earthquakes in GRACE satellite gravity by usingMmg54]. And the XWT

was used to explordghe relationship between the sunspot activity cycle and rainfall
patternghrough 1lyears Iran. TheCWT is utilized for each time series and then the
correlation between them is determined by XWeT. The XWT analyzes the temporal

relatonship between the cycles of sunspot nunamel means annual precipitatifj.

The studies on solar activity and major earthquakes in Chile were also carried out using
the XWT for the sequences of sunspots and earthquake activity. The earthquakes that
occurred in Chile are studied, then the mean total sunspot number is considered to analyze
the influence of solar activity on large earthquakes. For both, the time series are extracted
and analyzed using tHeWT. Then, theXWT is used to find the correlath between

them, which identifies the-8o 12year intonation of the earthquakes [5]. Or studies to
analyze infrasound and seismic signals u{Wgr . Wavelet analysis helps to search for
earthquake signatures on tB&RACE sé&ellite, which couldbe utilized to idertify the

geoid variationgjivenby the December 2004 (Mw = 9.2) and March 2005 (Mw = 8.7)
Sumatra earthquakes. Two characteristic time scales for the relaxation were found, with
a rapid change occurring near the central Andaman Rjidgeln this study, the
confidence regions ithe XWT figure will be used to discuss the identified relationships

among the seafloor pressure and earthqoakarrence
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4 RESULTS

In this section application and results will be scheduled for the methodologyatkfin
before. First, the groundwork of the datasdised The results of extracting the time
series of both datasets are demonstrated with supplementary figures. The visual
evaluation of the continuous wavelet transform for each time series is listetl|amy

the crossvavelet transform is listed and analyzed with a phase difference. The results

reviewed from the study adkscussed

4.1 Utilization of Data

First, the time series of seafloor presswtech isobtained from GRACE and GRACE

FO measuremesitwere analyzed from 2@ to 2019, thedapanin the account oits
territory is selectedhatis significant to us and needs to be mentioned as earthquakes
prone areas and its four sides are covered with waierward, the same time series of

the eartiquakes that happen in Japan from 2002 to 2019 be analyzed that help in focusing
on the earthquake that happen in 2011.

4.2 Extracting the Time Series

Thedatasetsakenfrom the GRACEsatelliteare analyzedhe resultsare seern Figure

4.1. It shows thasome of thelatasets are missingrhich makes it difficult to intercept

in orderto get a uniforntime seriesit needs to be interpolateld is better to point out

that LWE is the density that measures from GRACE satellite to the density of the water
and it is a combination of the pressure of the weight of the seawatéhneatimosphere
above it thatonsider the seafloor pressuvhich the units of LWE is Kg/&  andif the

height of the water is considered the srgtbeing cm or mm.
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Figure4.1 ExtractedTime Serieof averages ovelapan

Theextractedime serie®verJapan is displayed in Figudel betweer2002 to 2020, and

the grey part illustrates the missing datatiygh the GRACE and GRAGEO between
October 2017 to Mag018 The gaps in the datasets neeti¢interpolata through the
averaged values in datasets. Thus, the interpolation through the averaged values obtained
from the GRACE satellite in the MATLAB emainment is done. The values averaged

over Japan are displayed in the time series in Figdre
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Figure4.2 Time seriesof seafloorpressurebetweer?002and2019

Figure 42. illustratesthe time series of seafloor pressure from 2002 to 2019. Seafloor
pressure has been a steady trend uilO2 after which there is a drop (minimum)

beween 2013 and 2014. There islghtly increasing trend after 2011 and the pattern
before 2011 does not continue.
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Figure4.3 Time seriesof earthquakesargerthan6Mw betweer2002and2019

Figure 43 illustratesthe earthquakes larger than 6 Mw from 2002 to 2019. According to

the time seriegnagnitudedluctuate between 6Mw and 8Mw.
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Figure4.4 Lineartrendin seafloorpressurewith 95% confidenceinterval

In the next step, the linear trend of seafloor pressure was estitodte@bout 0.0009
annually. The linear trend of the estimated seafloor pressure along wit@5%e
confidence level is shown in Figure 4.4 which is illustrated that there might be a
relationship between the fluctuations that increased after the earthquake that happen in

2011.
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