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Abstract. Earthquakes occur in regions with intense seismic
activities and cause life and property losses. Predicting earth-
quakes, identifying deformations and decreasing earthquake
effects have been major subjects for scientists, engineers, and
authorities. One of the theories used for identifying loca-
tion changes during an earthquake is the elastic half-space
model. Recently, the Global Navigation Satellite System has
also been used for the same purpose.

In this work, the deformations caused by the earthquake
across the Marmara Region on 17 August 1999 are deter-
mined by theoretical and empirical methods. The data re-
trieved from the half elastic-space model and GPS measure-
ments were filtered with the Kalman filter technique. The dif-
ference between the half elastic-space model and GPS mea-
surements increases in the area close to the fault zone. The
study results showed that the fault line is actually not a line
but an area within the earthquake region which can be called
a deformation zone. To increase the efficiency of the Kalman
filter, differences between the theoretical and empirical mod-
els were modeled using the Kriging technique. Using the
theoretical model which was calibrated by the Kriging grid-
ing, forecast values were retrieved for deformations occurred
across the earthquake region after the earthquake.

1 Introduction

The North Anatolia Fault Zone (NAFZ), which borders the
Anatolia/Eurasia tectonic plate originating from Karlıova
and ending in the Aegean Sea with approximately 1500 km
length, is defined as a right lateral strike slip fault zone
(Fig. 1).

Scientific researches reveal that NAFZ have a major im-
pact on earthquakes in Turkey. Under the GPS Observa-
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tion Network Project (MAGNET), which was funded by a
number of public organizations and foundations, a network
of observation stations was installed in the Marmara region
to be operated permanently. After the Izmit earthquake,
GPS observations were obtained at about 50 point locations
across the region. To determine the seismic risk in the re-
gion, various studies were carried out using GPS observa-
tions (Bürgmann et al., 2002; Feigl et al., 2002; Reilinger
et al., 2000; Ergintav et al., 2002). Reilinger et al. (2000)
calculated the post-earthquake linear position change ratios
with 75 days point coordinates and their covariance by us-
ing the weighted least square adjustment method. Ergintav
et al. (2002) determined post-earthquake deformation ratios
as a function of time using GPS observations obtained from
the available stations for 298 days.

Using the retrieved information, the position changes dur-
ing and after earthquake, and the distribution of changes
along the fault were determined. It was observed that the
changes caused by the Izmit earthquake had a maximum ef-
fect on the G̈olcük province and the western and eastern parts
of Sapanca. The slip values were found as 5.7 m and 4.7 m
at the west and east of the earthquake center, respectively
(Reilinger et al., 2000; Ergintav et al., 2002).

2 Empirical approach (geodetic GPS measurements)

GPS measurement technique is commonly used in engineer-
ing surveying. Milimeter level accuracy can be achieved by
GPS measurement method depending on measurement and
process strategies. GPS is also used in many areas of geol-
ogist (Bürgmann et al., 2002; Feigl et al., 2002; Reilinger et
al., 2000; Ergintav et al., 2002).

This study presents an examination of position displace-
ments of 6 points within the city of Sakarya shown in Figs. 1–
2. The city was one of the most affected regions dur-
ing the Izmit and D̈uzce earthquakes. Additionally, 6 local
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Fig. 1. The North Anatolia Fault Zone in the Marmara region.

 24

 

Figure 1. The North Anatolia Fault Zone in the Marmara region.▲ IGS and EUREF GPS 

stations, ● Local GPS stations (NAF : North Anatolia Fault) 

 

  

Figure 2. Horizontal position movements obtained from GPS baseline processing.  (NAFZ 
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Fault).

Table 1. Point displacements obtained from GPS observations.

Points dxGPS(m) dyGPS(m) dzGPS(m)

Ankr 0.039 −0.008 −0.020
Tubi 0.067 −0.080 −0.030
0087 0.429 −0.488 −0.127
0068 0.999 0.052 −0.344
0060 −0.273 0.247 0.089
0050 0.578 −0.576 −0.120
0031 0.276 −0.250 −0.120
0016 0.344 −0.264 −0.081

points were selected from the measurement values which are
suitable for crustal deformation work. When choosing the
points, long time GPS observations (for example; 4–10 h)
in both epoch conditions were taken into consideration. In
the evaluation of GPS data the selected global stations were
utilized. These stations are near to the region and their ve-
locity rates are low. (BAHR, GRAZ, KIT3, MATE, NICO,
BUCU, SOFI, TUBI and ANKR). Some of these points were
not shown in Fig. 1 due to the scale problem.

In the study, the long time observations by the General Di-
rectorate of Land Registry and Cadastre of Turkey (TKGM)
within the study region and contours were utilized. The data

cover 1998 pre-earthquake and 2000 post-earthquake obser-
vations. Using GAMIT GPS processing software, the data
were processed as 2 epochs: year 1998 days 240–254 and
year 2002 days 140–207. The ITRF 2000 coordinate sys-
tem was used in the study. The point numbers were la-
beled with 4 digit numbers as required by the IGS station
standards. The strategy in GAMIT GPS processing soft-
ware was adapted from Herring (1997), and King and Bock
(1997) with consideration of the most appropriate model to
the type of data. Table 1 shows the values of point displace-
ments (dxGPS, dyGPS, anddzGPS) between pre-earthquake
and post-earthquake times obtained from the process of GPS
observations. The vector forms of the point displacements
are displayed in Fig. 2.

3 Theoretical approach (elastic half-space model)

A number of studies were performed till today about apply-
ing the elastic dislocation theory to earth’s crust (Aki and
Richards, 1980; Cohen, 1999; Okada, 1985; Press, 1965;
Stekeete, 1958). For simplifying the problem, earth’s crust
is assumed as half-space instead of whole-space both in ana-
lytic and in numeric methods. Half-space can be considered
as a block that normal stress and traction is zero in one of
the whole-space surfaces. Assuming the earth’s surface as a
half-space that normal stress and traction is zero, is decreased
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Fig. 2. Horizontal position movements obtained from GPS baseline
processing (NAFZ was shown with red line).

the calculation problem 3 times. Although whole-space is al-
most never used in geology, earth mechanics and modeling
the deep structures are the samples of the application areas
of the approach.

We follow Okada’s notation, as listed in Table 2. The
dislocation formulation is given in closed analytic form
by Okada (1985). Accordingly, the displacement field
ui(x1, x2, x3) due to a dislocation1uj (ξ1, ξ2, ξ3) across a
surface6 in an isotropic medium is given by:

ui=
1

F
∫ ∫∑1uj

[
λδjk

∂un
i

∂ξn

+µ

(
∂un

i

∂ξk

+
∂uk

i

∂ξj

)]
vkd

∑
(1)

whereδjk Kronecker delta,λ andµ are Laḿe’s coeffients,vk

is the direction cosine of the normal to surface elementd
∑

,
and the summation convention applies. The termu

j
i is the

ith component of the displacement at(x1, x2, x3) due to the
j th direction point force of magnitudeF at (ξ1, ξ2, ξ3).

For obtaining the displacement area which is caused by
quadrangle area, from the displacement area which was
caused by point source, analytical equations derived from
Eq. (1) must be solved by integration depending on length
(L) and width (W ) of the fault plane (Press, 1965).

Integral (
x−L

∫
x

dξ
p−W

∫
p

dη) can be expressed in Eq. (2) be-

low. Here,x and p represent the coordinates of the fault
plane anddξ anddη stand for the displacement functions of
the point source according the elastic half-space model de-
pending on coordinates on the fault plane.

f (ξ, η)

=f (x, p)−f (x, p−W)−f (x−L, p)+f (x−L, p−W) (2)

Analytical equations which were derived from Eq. (1) for
fault plane are given Eqs. (3)–(13). It is possible to express
the plane displacements(ux, uy, uz) caused by the compo-
nents of the slip vector (U1, U2) by calculating the integral
of Eq. (2). Thus, the derived lateral and vertical pulse equa-
tion is given below (Okada, 1985).

Table 2. Notations for the formulas which were used for defining
the Elastic Half-Space model (formulas for 1–15).

Symbol Quantity Units

δ Dip of fault (from horizontal) degrees
λ, µ Elastic (Laḿe) coefficients Pa s
y′, d ′ Coordinates of the fault plane km
ξ, η, q Coordinates of the first point of the fault

plane
km

R Distance between first point of the fault
plane and the origin

km

X Coordinate of the point on the fault direc-
tion

km

U i Slip vector on fault (left-lateral, up-dip,
tensile)

mm

ui Displacement vector at surface mm
M0 Seismic moment N m
M Seismic Moment Magnitude –
L Length of fault patch along strike km
W Width of fault patch along dip km
α Strike of fault (azimuth taken clockwise

from North)
degrees

D Locking depth km

The reader is referred to Okada (1985) for the complete set
of equations, including a discussion of previous derivations.
Lateral Pulse

ux = −
U1

2π

[
ξq

R(R + η)
+ tan−1 ξη

qR
+ I1 sinδ

]
(3)

uy = −
U1

2π

[
y′q

R(R + η)
+

q cosδ

R + η
+ I2 sinδ

]
(4)

uz = −
U1

2π

[
d ′q

R(R + η)
+

q sinδ

R + η
+ I4 sinδ

]
(5)

Vertical Pulse

ux = −
U2

2π

[ q

R
+ I3 sinδ cosδ

]
(6)

uy = −
U2

2π

[
y′q

R(R + x′)
+ cosδ tan−1 x′η

R + η
− I1 sinδ cosδ

]
(7)

uz = −
U2

2π

[
y′q

R(R + ξ)
+ sinδ tan−1 ξη

qR
− I5 sinδ cosδ

]
(8)

Equations between Eq. (9)–(13) are the auxiliary formulas
which were used for calculating the strike-slip ans dip-slip.

I1 =
µ

λ + µ

[
−1

cosδ

ξ

R + d ′

]
−

sinδ

cosδ
I5 (9)

I2 =
µ

λ + µ
[− ln(R + η)] − I5 (10)
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Table 3. Fault model parameters used in the elastic half-space model.

λ (◦) ϕ (◦) α (◦) D (km) δ (◦) L (km) W (km) SS( m) DS (m)

Izmit (#1) 29.41 40.68 86.29 −0.08 −90.12 97.34 16.03 2.80 0.28
Izmit (#2) 30.67 40.69 71.36 −0.10 −63.80 24.50 18.74 1.64 0.54
Düzce 31.08 40.76 88.14 0.00−51.35 28.45 17.20 3.76 0.76

Fig. 3. Centers of the Izmit (40.70◦ N, 29.98◦ E) and D̈uzce (40.77◦ N, 31.15◦ E) Earthquakes and 3 parts faults (Izmit #1, Izmit #2 and
Düzce) which were used in elastic half-space model in this study.

I3 =
µ

λ + µ

[
1

cosδ

y′

R + d ′
− ln(R + η)

]
+

sinδ

cosδ
I4 (11)

I4 =
µ

λ + µ

1

cosδ

[
ln(R + d ′) − sinδ ln(R + η)

]
(12)

I5 =
µ

λ + µ

2

cosδ
tan−1 η(X + q cosδ) + X(R + X) sinδ

x′(R + X) cosδ
(13)

Using the elastic half-space model, displacement vectors dur-
ing the earthquake can be obtained very close to the actual
displacements (Okada, 1985). If the fault plane geometry,
which causes differences in geodetic point coordinates and
displacements are known, surface displacements can be cal-
culated using the elastic half-space model. The forward and
inverse models can be employed to calculate the fault param-
eters.

The elastic model parameters are used to determine the
co-seismic displacements at any point caused by the earth-
quake (i.e., forward modeling). The estimated parameters
are optimized by comparing with the measured values using
a trial and error procedure. The Izmit and Düzce earthquakes
were studied by national and international organizations such
as MAGNET, a joint project by the General Command of
Mapping-Turkey and the German Federal Agency for Car-
tography and Geodesy (IFAG) to determine the characteris-

tics of the fault formed by the earthquakes. Using the mea-
surements, displacements occurred on the earth surface were
calculated determined partly.

In this study, the NAFZ data obtained during the previ-
ous earthquakes were also utilized for building-up the fault
parameters. Using the old and new values, inverse mod-
eling was applied and different solutions about the type of
the fault were reached (B̈urgmann et al., 2002; Reilinger et
al., 2000). It was observed that displacements obtained from
the forward modeling, which was developed with the fault
plane geometry solutions, are different from each other. The
study results indicate that the fault geometry solutions given
by Reilinger et al. (2000) better represent the displacements
determined by GPS observations. In the elastic half-space
model application, a fault with 3 parts named as Izmit (#1),
Izmit (#2) and D̈uzce was selected (Table 3). The co-seismic
displacements were determined utilizing the fault parame-
ters at these locations obtained from the GPS and InSAR
database of the Turkish General Commandership of Map-
ping (Ayhan et al., 2001, and Reilinger et al., 2000). In
this study, 3 pieced fault was used with elastic half-space
model. These parts were named as Izmit (#1), Izmit (#2)
and D̈uzce fault parts in this section (Fig. 3). Co-seismic
displacements were calculated by using the fault parameters
in these 3 parts. These fault parameters were gathered from
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Fig. 4. Fault geometry and symbols. The strike (α) and dip (δ)
angles are shown. The slip vectorU=[U1, U2, U3] represents the
movement of the hanging wall with respect to the foot wall oriented
such that positiveU1 is left-lateral strike slip, positiveU2 is thrust-
ing dip slip, andU3 is tensile slip.

(Ayhan et al., 2001; Reilinger et al., 2000), GPS and INSAR
data of General Command of Mapping.

The dislocation may be either a point source or a rectangu-
lar fault patch of finite dimensionL by W km. In either case,
the slip on the fault plane is a vector with three components,
U1, U2, U3 in mm (Fig. 4).

The origin of the fault patch lies at its lower left-hand cor-
ner when viewed from the hanging wall. The coordinates of
the origin areE, N , andd, taken positive East, North, and
down. To transform the (x, y) coordinate system given by
Okada (1985) we rotate by the strike (azimuth) of the fault,
in degrees clockwise from North. To avoid ambiguity, an
observer facing along the strike should see the fault dip at d
degrees to his right. This set of 10 parameters comprises one
line of the input “faults” file described below.

λ and ϕ are the longitude and latitude of the first point
respectively,α is the strike angle,D is the depth of fault
plane,δ is the dip angle,L is the length of the fault plane,
W is the width of fault plane,SS (U1) is the strike slip,DS

(U1) is the dip slip in Table 3.
Fault parameters were recalculated with “trial and error”,

and thus the ideal parameter values were obtained. The dis-
placement values retrieved from fault parameters were com-
pared against the displacements calculated from GPS obser-
vations in order to obtain the ideal parameter values. When
calculating these parameters, as a second criterion, fault pa-

Table 4. Earthquake intensity and standard deviation values.

Mw Std. Deviation (m) M0 (Nm)

Izmit (#1) 7.41 0.04 13.03×1019

Izmit (#2) 6.91 0.03 2.31×1019

Düzce 7.16 0.02 5.49×1019

Table 5. Point movements obtained from the elastic half-space
model.

Points dxTheoric (m) dyTheoric (m) dzTheoric (m)

Ankr −0.019 0.014 0.008
Tubi 0.520 −0.377 −0.052
0087 0.410 0.165 −0.006
0068 0.647 0.246 −0.265
0060 −0.319 −0.164 0.032
0050 0.682 0.250 −0.067
0031 0.226 0.097 −0.015
0016 0.251 0.063 −0.014

rameters of seismic moment values were obtained and they
were compared with those by the Kandilli Observatory of
Bogazici University for correction purposes.

If Eq. (14) is investigated, it can be seen that area of the
fault plane is calculated by multiplying the slip distance and
shear module. Area of the fault plane is simply the multipli-
cation of the fault lengthL by the fault widthW . Slip dis-
tance is the square root of the sum ofU1 (Strike Slip) andU2
(Dip Slip) squares. Typical values forµ in the Earth’s crust
range from 30–36 GPa. Since the shear modulusµ generally
varies with area properties, it is taken 30 GPa as calculated
by Bürgmann et al. (2002), Aktŭg (2003) and Çakır (2003)
for this particular area.

The seismic moment and its magnitude are calculated us-
ing the formulas by Kanomari (1977) given below:
Seismic moment;

Mo = LW

√
U2

1 + U2
2µ (14)

Seismic Moment Magnitude;

Mw =
2

3
log(M0) − 6.0 (15)

Earthquake intensity can be estimated by calculating the seis-
mic moment which is chosen as input for deformation analy-
sis and estimation of the intensity distributions. Fault param-
eters are used to calculate the seismic moment value. Fault
parameters were calculated by using trial and error to obtain
the best fitting parameters. The seismic moment can be cal-
culated more accurately if the fault parameters (Table 3) ex-
ist in more measurement group (like GPS measurements, In-
SAR values). Best fitting parameter values were investigated
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by comparing the movement values derived from these fault
parameters and movement values derived from GPS mea-
surements. Also seismic moment value was compared with
the results of the Eqs. (14) and (15), and Izmit (Mw=7.4)
and D̈uzce (Mw=7.2) values. Best fitting fault parameters
were calculated iteratively. Seismic moment, amplitude of
the seismic moment and the standard deviations were tabu-
lated in Table 4.

The displacements of 8 points used in this study were de-
termined using Dislocater software program (Aktuğ, 2003).
The program calculates a single component of the displace-
ment field resulting from a finite or point-source dislocation
buried in an elastic half space. The input parameters are fault
position, depth, length, width, strike, dip, and three compo-
nents of slip. The outputs are displacement components in
the form of an ASCII list or a rectangular array of binary
integers. The program also provides partial derivatives of
the displacement component with respect to all 10 input pa-
rameters. Point movement values retrieved using the elastic
half-space model is given in Table 3.

Table 5 shows the point movements which were obtained
using the fault parameters in Table 3 as input values.

Table 5 and Fig. 1 display that the differences between the
measured and predicted values are relatively large near the
fault zone but they get relatively small away from the fault
zone. This is due mainly to the fact that the fault in the
earthquake region is actually not a line but a zone. This is
a deformation zone and, therefore, different effects such as
liquefaction, local subsidence and heterogeneous crust geol-
ogy should be taken into account when using elastic models
for surface displacements near a fault zone (Aktuğ, 2003).
Since the GPS measurements were performed 3 years af-
ter the Marmara earthquake of 1999, during this period ad-
ditional post-seismic and inter-seismic deformations (up to
2.5 cm per year), which elastic half- space models are not
able to capture, should be considered when evaluating these
differences. In this study, the Kalman filtering and Kriging
method instead of the elastic half-space models were applied
to predict deformations caused by post-seismic and other ac-
tivities.

4 Integration of theoretical and the empirical approach
by KALMAN-Filtering

The Kalman filtering method, which is used in different ar-
eas of engineering science (Cannon et al., 1986; Schwarz et
al., 1989; Donellan et al., 1993; Lu and Lachapelle, 1994) ,
is one of the methods used in deformation analysis Pelzer
(1986). Developments in measurement techniques caused
new evaluation models and different new software usages in
deformation analysis as well. Today, most important pur-
poses of engineering measurements have become to analyze
the behaviors of bridges, dams, towers and other objects
which are exposed to landslides and earthquakes. To describe

the relation between deformation and its cause, mathematical
and statistical analysis methods are employed. The Kalman
filtering technique can be called as one of the deformation
analysis techniques.

Deformations occur due to differences in forces and gen-
erally can change depending on time. Mathematical mod-
els developed to determine the deformations are simplified
physical facts and they usually depend on forces or time
(Kuhlmann and Pelzer, 1997). Deformations are analyzed
by kinematic, static or dynamic models depending whether
a deformation is defined by time and velocity (kinematic),
force (static), or time and force (dynamic). If there is no
movement on points, quasi-static models are used for this
puprpose (Welsch and Heunecke, 1999).

System and measurement equations are combined in a
well-known algorithm for estimating an optimal state vector
x, containing parameters to describe deformation behavior
(Welsch et al., 2000). Due to recursive algorithm – work-
ing from epochk to k+1 – the Kalman filter is applicable in
real time. The mathematical model of a linear system in dis-
continuous time is given below (Kalman, 1960; Gelb, 1974;
Salzmann, 1993):

x(k + 1) = T(k)x(k) + B(k)u(k) + C(k)w(k) (16)

x(k): State vector
T(k): Transition matrix
u(k): Control input, regulating variable
B(k): Input coupling matrix
w(k): System noise
C(k): System noise coupling
Also, state vectorx is related linearly to measurementsl with
design matrixA. ε is the measurement noise:

l(k + 1) = A(k + 1)x(k + 1) + ε(k + 1) (17)

System Eq. (16) is derived from the dynamic system. There-
fore, it corresponds to the dynamic model. It does not ex-
ist in the kinematic modelB(k)u(k), because no reasons for
deformation are considered in the model. It is also miss-
ing in the static modelT(k)x(k), because the object immedi-
ately responds to changes of input. There is no memory. In
the identity model there are no causes for deformations, and
transition matrix simplifies to identity matrixI (Pelzer, 1988;
Kuhlmann, 2003).

In this study, a static deformation model was used. In the
model, object movements are expressed with only forces af-
fected by the object. Since the time component is not con-
sidered the transition matrix isT=I (Pelzer, 1988).

The equations used in the Kalman filtering during predic-
tion (Eqs. 18–19) and filtering phases (Eqs. 20–23) are as
follows

x̄k = x̂k−1 + Bk,k−1 uk−1 + Ck,k−1 wk (18)

Qx̄x̄,k = Qx̂x̂,k−1 + Bk,k−1Quu,k−1BT
k,k−1 + Qww,k−1 (19)
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Fig. 5. Integration by Kalman-Filtering.

Qdd,k = Dk = Qll,k + Ax,k Qx̄x̄,k AT
x,k (20)

K k = Qx̄x̄,k AT
x,k D−1

k (21)

x̂k = x̄k + K k (lk − Ax,k x̄k)

x̂k = x̄k + K k dk
(22)

Qx̂x̂,k = Qx̄x̄,k − K k Dk KT
k (23)

Before starting the deformation analysis, all possible errors
have to be determined. In the Kalman Filtering the most im-
portant equation is the one to retrieve the innovation vector
(Eq. 24) (Salzmann, 1990)

dk = lk − Ax,kx̄k (24)

In the Kalman filtering technique, with the help of global test,
it is determined whether the state vector predicted fortk time
is correct or not. Measurement and system equations should
be compatible both mathematically and statistically. If the
predicted state vector and measurements are compatible, the
zero hypotheses are constructed to identify whether this in-
novation is significant. If the constructedH0 is invalid, an
investigation should be done about the discrepancy between
predicted state vector and measurements. The reason of the
discrepancy can be the predicted state vector and/or the mea-
surements. Outlier detection process is first applied. If no
outlier is detected an error is searched in the system equation
and localization process for model errors is applied.

In this study, system equation was formed by the elastic
half-space model and the observation equation was formed
by the geodetic GPS measurements. Thus, theoretical and
empirical approach integration was applied with the Kalman
filtering technique (Fig. 5).

The cause of the deformationuk has an effect on object
points. The effect on object points which describes the object
geometry is expressed withBk,k−1uk−1 terms of the system
equation. In Eq. (18), the input value inBk,k−1uk−1 which is
to be modeled will be retrieved from co-seismic point move-
ments retrieved from elastic half-space model. For this pur-
pose, the following equation is employed

x̄1 = T0,1x̂0 + dTheoric+ w0 (25)

As the system discrepancy can not be predicted it is assumed
that E{w}=0. In Eq. (25), the transition matrix (T=I ) is a

Table 6. Point movements determined from the Kalman Filtering
application.

Points dx (m) σx (mm) dy (m) σy (mm) dz (m) σz (mm)

Ankr −0.019 4.7 0.014 3.2 0.008 4.4
Tubi 0.150 4.9 −0.011 3.5 0.034 4.7
0087 0.370 6.8 −0.467 4.9 −0.099 6.6
0068 0.940 12.6 0.074 8.3 −0.316 12.7
0060 −0.331 7.9 0.268 5.3 0.117 7.8
0050 0.519 6.9 −0.555 5.3 −0.092 6.7
0031 0.216 6.1 −0.228 4.4 −0.093 5.8
0016 0.285 6.7 −0.242 4.6 −0.052 6.4

unit matrix anddTheoric is the point movement retrieved from
elastic half-space model as shown in Table 5. After adding
the values retrieved from the elastic half space modelx̂0 (the
state vector for year 1998 – before the earthquake), the cur-
rent state vector̄x1 was retrieved.

Equation (19) is used for determining the stochastic part
of the system equation. in this equationQx̂x̂,k−1 was derived
from standard deviations of the pre-earthquake GPS results
which were formed by free network adjustment.Qww,k−1
is defined as failure matrix which contains the unmodeled
errors.Bk,k−1Quu,k−1BT

k,k−1 is the variance-covariance ma-
trix of displacements which were derived with elastic half-
space model. This term is calculated from Eq. (26) by vari-
ance propagation theory. For calculating the variance matrix
(6uu,k−1), which defines the earthquake intensity, standard
deviations of the seismic moment amplitude were used. By
dividing the displacement values, which were derived from
elastic half-space model, to seismic moment valuesF matrix
was obtained. Thus, the effect of the earthquake intensity on
the point displacements was calculated with variance propa-
gation theory.

6uu,k−1 = F6mmFT (26)

Variance matrix has been calculated using Eq. (26) which
also affects the system. The summation of pre-earthquake
variance matrix of points, system disorder variance matrix
and values retrieved from Eq. (26) is equal to predicted status
vector variance matrix in Eq. (19). The variance matrix of
system equalization is retrieved in this way.

Observation equality of the filter process was built with
the GPS measurements performed in the study area. Equa-
tion (20) was retrieved using reform vector variance matrix,
post-earthquake GPS values variance matrix and predicted
status variance matrix. Position changes retrieved from inte-
gration of theoretical and the empirical approach by Kalman
filtering are given in Table 6.

The filtered values obtained from the half space model
seemed to be very close the actual values. Especially, the
movements at the Tubi point are so close to the movements
retrieved from GPS measurements. The values obtained from
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Fig. 6. Comparing the coordinates in x, y and z directions retrieved
from the elastic half-space model (EHSM), Kalman filtering and
GPS processing.

the elastic half-space model, the Kalman filtering and GPS
processing are shown in Fig. 6.

In Sect. 3, it was shown that co-seismic effects due to point
displacement can be modeled by elastic half-space models.
The evaluation of GPS data showed (see Fig. 6) that post-
seismic and other tectonic effects can exist in addition to co-
seismic effects. The Kalman filtering can roughly detect such
effects using innovation vectord. As shown in Eq. (24) ma-
trix Ax̄k is computed by multiplying prediction state vector
with design matrixA. These values are subtracted from ob-
servedlk values to determine post-earthquake effects. Dur-
ing global test and localization process post-seismic effects
are determined at points with relatively large effects, espe-
cially near the fault zone. The differences between GPS data
and the elastic half-space model outputs were decreased by
the Kalman filtering technique as shown in Fig. 6.

Applying the Kalman filtering to TUBI values (0068 in
x, 0087 in y, 006 in y directions) predicted by the elastic
half-space model decreased errors producing closer values to
post-earthquake coordinate data. Assuming that the predic-
tion equation is correct the results were obtained by increas-
ing variances in the system noise matrix of points near the
fault zone during the localization. This was actually accom-
plished by the use of GPS data during the filtering process.

Table 7. Calculated difference values for 8 points.

Points d̄xdiff (m) d̄ydiff (m) d̄zdiff (m)

Ankr 0.058 −0.022 −0.028
Tubi −0.453 0.297 0.022
0087 0.019 −0.653 −0.121
0068 0.352 −0.194 −0.079
0060 0.046 0.411 0.057
0050 −0.104 −0.826 −0.053
0031 0.050 −0.347 −0.105
0016 0.093 −0.327 −0.067

Table 8. Difference values retrieved after Kriging gridding.

Points d̂xdiff (m) d̂ydiff (m) d̂zdiff (m)

Ankr 0.047 −0.007 −0.029
Tubi −0.451 0.301 0.012
0087 0.027 −0.542 −0.110
0068 0.256 −0.190 −0.058
0060 0.035 0.235 0.034
0050 −0.015 −0.732 −0.042
0031 0.046 −0.342 −0.110
0016 0.070 −0.316 −0.060

5 Determining the displacement with measurement and
estimation values

In this section, some possible effects along with co-seismic
and post-seismic effects are removed by gridding the dif-
ferences between measurement and model prediction values.
For this purpose, the pre-earthquake and post-earthquake po-
sitions, and retrieved displacement valuesdGPS in the pre-
vious section are utilized to determine displacements at any
desired point via interpolation of co-seismic and post-seismic
displacements.

First, using Izmit and Duzce earthquake fault plane param-
eters given by Ayhan et al. (2001) and Reilinger et al. (2000)
and using the Dislocator software, co-seismic movements
were calculated via the elastic half-space model proposed by
Okada (1985) andd theoric at measurement points was com-
puted. During this, fault plane models, two for Izmit and one
piece for D̈uzce, were used as given in Ayhan et al. (2001)
and Reilinger et al. (2000). The relevant fault geometry and
dislocation values taken from these studies are shown in Ta-
ble 3.

In this section, post-earthquake effects which can not
be determined with EHSM were calculated with Eq. (27).
The differences between the measured and theoretical dis-
placements at the points (co-seismic + post-seismic) were
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Table 9. Point movements obtained from calibrated theoretical
model.

Points dxCalibre−Theoric dyCalibre−Theoric dzCalibre−Theoric
(m) (m) (m)

Ankr 0.028 0.007 −0.021
Tubi 0.069 −0.076 0.040
0087 0.437 −0.377 −0.116
0068 0.903 0.055 −0.323
0060 −0.284 0.071 0.065
0050 0.667 −0.482 −0.109
0031 0.272 −0.246 −0.125
0016 0.321 −0.253 −0.074

Table 10. Movement values resulting from adopted Kalman Filter-
ing.

Points dx σx dy σy dz σz

(m) (mm) (m) (mm) (m) (mm)

Ankr 0.035 3.4 0.002 2.3 −0.019 2.0
Tubi 0.011 3.6 −0.009 2.4 0.030 2.0
0087 0.427 5.4 −0.381 6.2 −0.125 4.1
0068 0.899 16.1 0.059 6.9 −0.336 8.8
0060 −0.278 6.1 0.073 8.1 0.086 5.0
0050 0.665 11.2 −0.479 6.8 −0.117 4.1
0031 0.271 4.7 −0.242 3.4 −0.121 3.6
0016 0.336 5.1 −0.256 3.3 −0.079 4.0

determined by Eq. (27) and the results are given in Table 7.

d̄diff = dGPS− dTheoric (27)

The Kriging gridding technique was applied using the cal-
culated differences. With this technique a continuous plane
is achieved between the measurement points using the trend
in measurements. Considering the characteristics of points,
some parameters can be changed (variogram model and
an-isotropy) to increase the plane accuracy in this method
(Cressie, 1990). This method identifies the grid edges con-
sidering structure of the data. The main difference of the
Kriging method from others is the variogram model. The
main point of variogram model is that two close points have
more common characteristics than two far points. By this
method, residuals were removed by placing the points to the
grid corners. The difference values (d̄xdiff , d̄ydiff , d̄zdiff ) in
Table 7 were employed in the Kriging method and the results
are shown (̂dxdiff , d̂ydiff , d̂zdiff ) in Table 8.

As shown in Eq. (28), movement values retrieved from the
elastic- half space model (d theoretical) were added to the Krig-
ing model results (̂ddiff ). And thed difference values are
shown in Table 9.

dCalibre−Theoric = d̂diff + dTheoric (28)

Fig. 7. Comparing the results of the GPS, Calibre-Theoric Model
and Kalman Filter.

Horizontal and vertical movements given in Table 9 are
retrieved as the total of the displacements calculated with
the elastic half-space model and prediction result of the
measurement-model differences.

The calculated values using this model produced more ac-
curate results than the elastic half-space model. This is due
to the use of a second approach to predict the unmodeled
point movements close to the fault with the elastic half-space
model. This approach reduced errors. In the elastic half-
space model, co-seismic deformations during earthquakes
can be estimated. Additional movements occur at points as a
result of post-seismic deformations after earthquakes.

With the created grid web in the study area, a known value
of a coordinate before earthquake can be interpolated to find
the coordinate of the same value after the earthquake. These
coordinates during earthquake effect can be calculated using
elastic half-space model (theoretical model) and post-seismic
effects after earthquake can be calculated with griding theo-
retical model and GPS result differences. The closest results
of real movement values can be obtained with addition of
both method values. Total movement values can be added
with pre-earthquake coordinates to find the post-earthquake
coordinates sensitively.

6 Application of Kalman Filtering which was adopted
with calibrated theoretical model

The retrieved point movements using method described in
Sect. 4 were used in the prediction stage of the Kalman filter
as a second filtering to calculate the post-earthquake point
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coordinates. The difference between this method and the
method described above is that there is a change in the pre-
dicted state vector. The post-earthquake coordinates were
predicted by adding the gridding result and the results ob-
tained from the elastic half-space model to pre-earthquake
point coordinates substituting Eq. (28) into Eq. (18) as fol-
lows

x̄1 = T0,1x̂0 + dCalibre−Theoric+ w0 (29)

Post-earthquake coordinates are predicted by Eq. (29). Fol-
lowing the prediction stage, the filtering was applied with
Gauss Markov model using the post-earthquake GPS data.
Table 10 shows the displacements of points after the Kalman
filtering.

As shown in Fig. 7, the model predicted coordinates are
close the post-earthquake GPS measurements. The main rea-
son for poor estimates of the elastic half-space model at Izmit
and D̈uzce points is the continuing tectonic activities after the
1999 earthquake. The study results indicate that GPS and IN-
SAR measurements right after earthquake are insufficient for
parameter estimation of the elastic half-space model, and this
can be improved by repeating measurements and using back
modeling. Such measurements will apparently be costly and,
therefore, prediction models can be used instead as proposed
in this study.

7 Conclusions

In this work, deformation values were identified theoretically
and experimentally for the earthquake occurred in the Mar-
mara region of Turkey on 17 August 1999. Values retrieved
from the theoretical model (elastic half-space model) and the
experimental model (GPS measurements) were filtered with
the Kalman filtering technique.

Values retrieved from the theoretical model (elastic half-
space model) and the experimental model (GPS measure-
ments) indicate that position change differences get large in
the area close to the fault zone. The reason for this is that the
fault line is actually is not a line but a region and the elastic
half-space model includes co-seismic position changes dur-
ing the earthquake but not the post-seismic position changes
after an earthquake. On the other hand, GPS measurements
include co-seismic and post-seismic changes from 1998 to
2002.

To enhance the theoretical model thus increase the output
quality of Kalman Filter, differences between theoric and ex-
perimental models has been modelled using Kriging model.
As seen on Fig. 7, deformations occurred at the region after
the earthquake has been calibred using Kriging gridding thus
the Kalman Filter technique provided the best estimation val-
ues.

In applications where position changes, which is a result
of earthquakes, are going to identified, if the measurements
can be done within the smallest period after the earthquake

(Without the post-seismic effects) usage of Kalman Filter
would fit better. If the after earthquake measurements do in-
clude post-seismic effects, it’s suggested to model this with
theoretical model and calibre before doing the filter process.
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Herece, E., and Reilinger, R. E.: Kinematics of the Mw7.2,
12 November 1999, D̈uzce, Turkey Earthquake, Geophys. Res.
Lett., 28, 367–370, 2001.

Bürgmann, R., Ayhan, M. E., Fielding, E. J., Wright, T. J., Mc-
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