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[1] In September 1999, a moderate (M,, = 5.9) earthquake struck the Attica plain, causing
unexpected and extensive damage to Athens and its population. In this work, we exploit
the potential of multitemporal Differential Interferometry by Synthetic Aperture Radar
(DInSAR) analysis, using about a hundred European Remote Sensing (ERS) 1/2 images
to calculate the displacement time series from 1992 to 2002. This analysis allows us to
clearly separate a strictly coseismic signal from a postseismic gradual subsidence,
reaching a maximum value of about 3 cm in the following 2.5 years. We model this signal
in terms of afterslip on the seismogenic fault. The afterslip distribution, retrieved by linear

inversion, reflects the coseismic slip distribution and occurs mainly downdip of the area
that ruptured during the main shock. The analysis of the static stress transfer suggests
that the afterslip was triggered by the main shock, then it propagated aseismically through
the fault plane. A partial overlap between the coseismic and aseismic slip area

at the hypocentral region indicates that the 1999 rupture surface was not “healed”

at least until the date of the last postseismic image (April 2002). The results obtained
with a time series approach for this moderate magnitude earthquake suggest that
multitemporal DInSAR analysis should become an important methodology for the study

of large earthquake ruptures.

Citation: Atzori, S., M. Manunta, G. Fornaro, A. Ganas, and S. Salvi (2008), Postseismic displacement of the 1999 Athens
earthquake retrieved by the Differential Interferometry by Synthetic Aperture Radar time series, J. Geophys. Res., 113, B09309,

doi:10.1029/2007JB005504.

1. Introduction

[2] In this work we investigate the full displacement field
retrieved by multitemporal Differential Interferometry by
Synthetic Aperture Radar (DInSAR) related to the moderate
magnitude (M, = 5.9) 7 September 1999 Athens earth-
quake. In particular, we exploit the capabilities of time
series algorithms to infer the coseismic and postseismic
displacement fields. Modeling of the displacement fields
gives new insights into the seismotectonic setting and the
seismic hazard for the Attica plain and the Athens basin.

[3] Reliability of the standard DInSAR technique in
imaging coseismic displacements is well known since the
June 1992, M = 7.3 Landers earthquake [Massonnet et al.,
1993]. Since 1992, the European Space Agency ERS
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satellites have provided more than ten years of SAR images,
widely used to estimate the coseismic displacement field for
almost every large earthquake.

[4] However, DInSAR interferograms are always affected
by atmospheric artifacts [Goldstein, 1995], usually referred
to as Atmospheric Phase Screen (APS), that cannot be
easily removed. Intensity and extent of these artifacts can
be very variable and the use of analytical models for their
compensation is not straightforward, because the needed
ancillary data are rarely available [Li et al., 2005]. In the last
decade, the abundance of archived ERS images encouraged
the development of multitemporal, or “time series”, analysis
techniques, that combine together dozens of images to
retrieve the displacement evolution through time [Ferretti
et al., 2000; Berardino et al., 2002; Mora et al., 2003; Usai,
2003; Werner et al., 2003; Hooper et al., 2004; Crosetto et
al., 2005]. Such approaches allow for mitigation of the APS,
assuming that its effect has a statistical correlation in space
and decorrelation in time [Ferretti et al., 2000; Berardino et
al., 2002]. Moreover, the time series approach allows the
calculation of the displacement between two arbitrary
acquisitions by a simple difference, overcoming the base-
line constraints posed by the standard DInSAR technique
[Gabriel et al., 1989]. Multitemporal DInSAR analysis has
already shown its potential in retrieving the interseismic
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Figure 1. Geographic framework for the 7 September 1999 Athens earthquake. Focal mechanism of the
earthquake, aftershock location, known faults, and relevant geographic places are reported.

strain accumulation and postseismic surface motions when
high displacement rates are present [Casu et al., 2006;
Fialko, 2006; Ryder et al., 2007, Fielding et al., 2007].

[5] In this paper we analyze the moderate magnitude
Athens earthquake by processing ascending and descending
acquisitions from ERS 1 and 2 satellites. We process data
using two time series techniques developed at IREA-CNR
and we present the results of the inverse modeling of the
coseismic and the postseismic signals. The postseismic
signal has a very low intensity (about 3 cm in more than
2 years) and can be singled out only by time series
techniques, which have shown to be very reliable in the
retrieval of low-intensity signals [Lanari et al., 2007].

[6] While many studies exist concerning the modeling of
postseismic displacement consequent to a strike slip event
[Biirgmann et al., 2002; Murray and Langbein, 2006; Shen
et al., 1994; Ryder et al., 2007], little literature exists about
such modeling on normal faults. Different mechanisms have
been proposed to explain postseismic displacement. A first
rough approximation [Marone et al., 1991; Pollitz et al.,
1998] distinguishes between a short-term afterslip in the
upper crust and a long-term viscoelastic relaxation in the
lower crust/upper mantle, while poroelastic rebound as a
mechanism can be considered also [Jonsson et al., 2003].

[7] Several authors [Rundle and Jackson, 1977; Savage
and Prescott, 1978; Savage, 1990] observed how the
separation of the afterslip and viscoelastic relaxation mech-
anisms can be difficult since they predict very similar
surface deformation. The analysis gets more complicated
when both phenomena act together [Donnellan and
Lyzenga, 1998]. The static afterslip has been modeled by

inversion of elastic solutions [Donnellan and Lyzenga,
1998; Shen et al., 1994; Murray and Langbein, 2006; Ryder
et al., 2007] to infer the slip distribution over some fault
plane, but more realistic models are required (e.g., layered
earth) when modeling time evolution of the displacement
[Ma and Kusznir, 1995; Nostro et al., 2001; Hearn et al.,
2002; Hu et al., 2004; Melini et al., 2006], invoking viscous
or viscoelastic rheologies.

2. Athens Earthquake and DInSAR Data
Analysis

[s] The Athens earthquake struck the Attica region of
central Greece (Figure 1) on 7 September 1999, with a
magnitude M,, = 5.9 (Global CMT catalogue, available at
http://www.globalemt.org/CMTsearch.html; SED, Swiss
Seismological Service catalogue, available at http:/www.
seismo.ethz.ch/; Louvari and Kiratzi [2001]). The main shock
occurred in a region where no active faults had been mapped
[Papadopoulos et al., 2000, 2002]. Despite the moderate size
of the earthquake, the macroseismic intensity reached IX in
the north-western suburbs of Athens [Baumont et al., 2002].
Because of the soil characteristics and the topographic
relief, together with the high density of the population,
145 people died in the collapse of 30 buildings while more
than 2000 were injured [Gazetas et al., 2002].

[9] The coseismic displacement field induced by the earth-
quake was investigated by several authors using a standard
DInSAR approach [Kontoes et al., 2000; Papadopoulos et
al., 2004; Baumont et al., 2004]. In these studies, several
differential interferograms were calculated and the resulting
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Figure 2. Time distribution of the 26 ascending (track 372, frame 762, gray diamonds) and 47
descending (track 236, frame 2835, black diamonds) acquisitions used for the time series. The dotted line

represents the Athens earthquake.

displacement pattern was modeled using various
approaches.

[10] For our purposes, we applied two different techni-
ques to obtain the temporal evolution of ground deforma-
tion: Small Baseline Subset (SBAS, Berardino et al. [2002])
and Enhanced Spatial Difference (ESD, Fornaro et al.
[2007a, 2007b]), both developed at IREA-CNR, which
use different approaches to derive the displacement time
series.

[11] SBAS and ESD techniques work on a data set of
multilook interferograms in order to detect the spatial
low-resolution deformation affecting the area of interest.
Moreover, these two approaches estimate and remove the
atmospheric artifacts as final step of the DInSAR processing
by exploiting the different correlation in space and time of
atmosphere and displacement signals [Ferretti et al., 2000;
Berardino et al., 2002].

[12] A short summary of the rationale supporting the two
techniques is presented in Appendix A; more detailed
descriptions can be found in the cited papers.

[13] After the time series generation, we modeled the
coseismic and postseismic displacement field; for this
purpose, we developed an algorithm to perform linear/
nonlinear inversion using input data in slant range geometry
and providing the output (fault geometries and slip distri-
bution) in geocoded geometry. We first modeled the fault
geometries via nonlinear inversion, then retrieved the slip
distribution via linear inversion for the same fault geome-
tries. Finally, we modeled the postseismic signal showing
how it can be justified in terms of the afterslip induced by
the stress increase which follows the main shock.

[14] We started our processing using 33 ascending images
(track 372, frame762) and 66 descending images (track 236,
frame 2835) acquired by ERS 1-2 satellites. In the early
stage of the processing, some of them were discarded for the
excess of missing lines, wrong Doppler centroids or
orbital problems. The time distribution of the remaining
26 ascending and 47 descending residual images is shown
in Figure 2. Using the constraints of 400 meters of spatial
baseline and 1500 days of temporal baseline, we were able
to calculate 78 and 170 differential interferograms for the
ascending and descending track, respectively. 48 of these
interferograms (20 ascending and 28 descending) encom-
pass the September 1999 earthquake and they can thought
as “coseismic” (Figure 3).

[15] All the coseismic interferograms of Figure 3 show
considerable differences in the fringe patterns, which arise
mainly from two causes: the presence of atmospheric
artifacts, and/or the existence of some pre- or postseismic
displacements. Because of the spatial correlation of the

atmospheric signal and the low intensity of the possible
pre- or postseismic signal, the mere analysis of the single
interferograms does not allow a distinction between these
two sources. Time series analysis is the most effective way
to combine together the interferograms allowing the filter-
ing, in time, of the atmospheric signal [Ferretti et al., 2000].

3. Data Postprocessing and Modeling

[16] The two time series techniques (SBAS and EDS)
allowed for the retrieval of the displacement time evolution
for a very high number of points in the Attica plain. Both
techniques show the presence of the coseismic displacement
and reveal, as will be emphasized later on this paper, the
presence of a postseismic trend (Figure 6).

[17] The main difference between the two time series
techniques arises from the way the atmospheric artifacts are
assessed and removed (see Appendix A), thus affecting the
data modeling. We refer, from now on, to the SBAS results,
anticipating that the same results were obtained via the ESD
technique, indirectly confirming that most of the atmospheric
artifacts were correctly removed.

[18] A high degree of spatial correlation is expected in the
displacement values retrieved by InSAR and before pro-
ceeding to the data inversion, a subsampling of the data sets
with a specific algorithm (e.g., the Quadtree algorithm
proposed by Jonsson et al. [2002]) is advisable.

[19] In our case, for practical reasons due to the slant
range geometries of the input data, the number of data
points used for the inversion has been reduced using a
threshold on the temporal coherence, defined as:

e[ i) =) |
N+1

’y(x,}’): (1)

where x and r are the azimuth and range coordinates,
respectively, N + I the number of interferograms, ¢(e) and
¢(e) the original wrapped and the estimated unwrapped
interferometric phases, respectively. Note that the temporal
coherence as defined in (1) is always within the [0,1]
interval.

[20] We eventually selected ascending and descending
data with temporal coherence greater than 0.97 and 0.93,
respectively, resulting in about 13000 points for each data
set.

[21] Since the temporal coherence decreases with the
increase in the number of images, we selected a higher
threshold for the ascending data to maintain the data set
reliability. Furthermore, a spatial mask in slant range is
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Figure 3. Coseismic DInSAR maps created before the time series generation. In this figure, we show
only 9 of the 48 interferograms encompassing the Athens earthquake calculated during the processing.
The first two rows are from the descending track, and the last row is from the ascending track. The
differences in the fringe pattern are due, basically, to the atmospheric artifacts or to the presence of a
preseismic or postseismic signal.

applied to avoid the inclusion of points too far from the
earthquake area, potentially affected by a nonseismic signal.

[22] The displacement time series are then referred to the
same reference point, chosen in a stable area not affected by
any co- or postseismic deformation.

3.1. Coseismic Nonlinear Inversion

[23] Nonlinear inversion is performed to infer the fault
geometry from the observed displacement. We use a dislo-
cation model in an elastic half space [Okada, 1985] to find
the geometries of a fault with uniform slip. The inversion
algorithm follows two steps: the cost function is first
minimized via Simulated Annealing [Kirkpatrick et al.,
1983]; the solution is then refined by a Simplex downhill
algorithm [Nelder and Mead, 1965].

[24] From the time series we extracted the displacement
occurred in the interval 24/07/99-01/10/99 and 19/08/99-22/
09/99, for ascending and descending track, respectively
(Figures 5a and 5b). Note that classical DInSAR interfero-
grams generated using the same image pairs would be
affected by strong spatial decorrelation and unwrapping
problems, since their perpendicular baselines are about
600 meters [Gabriel et al., 1989].

[25] We must observe that, although these image pairs
isolate at best the coseismic effect, they encompass at least

2 weeks after the earthquake, during which part of the
postseismic deformation might have occurred.

[26] We fixed the dip and rake angles using the results by
Baumont et al. [2004] obtained by joint inversion of SAR
and seismological data, applying a correction on the strike
angle resulting from the use of the UTM projection. The
results of the nonlinear inversion are reported in Table 1; the
rms of the residuals is 1.23 cm. Given the uniform slip
approximation, length, width and depth of the fault are only
indicative; only the fault plane position is retained for the
subsequent linear inversion.

3.2. Coseismic Linear Modeling

[27] The linear inversion is performed to retrieve the
coseismic slip distribution over the fault with fixed geom-

Table 1. Geometries of the Fault Coming From the Nonlinear
Inversion

Top Mean
Length® Width® depth® Strike Dip Rake slip East®  North®
(m) (m) m A O & (m m (m)
7500 3500 11500 110 60 —80 130 732450 4225120

“Length, width, and depth of the fault are only indicative since they are
kept much larger in the subsequent linear inversion, allowing the slip value
to extinguish far from the hypocenter (see Figure 4).

PUTM-WGS84, zone 34.

4 of 14



B09309

ATZORI ET AL.: POSTSEISMIC DISPLACEMENT OF 1999 ATHENS EARTHQUAKE

B09309

Coseismic slip | | 30-40
(cm)

0
I 010
[ ]10-20
[ ]20-30

Figure 4. Coseismic slip distribution coming from the linear inversion of the ascending and descending
displacement maps of Figure 5. The main fault geometries are retrieved by a nonlinear inversion, with the
exception of the length and the width, kept larger than the uniform slip solution of Table 1. For the linear
inversion, the fault has been split into 20 x 20 regular patches (1.75 km along strike, 1.25 km along dip).
In this geocoded image, the fault is projected on the ground surface.

etries. We first performed a separate inversion for the
ascending and descending data set, in order to cross validate
the results with independent data set. Then we inverted
them jointly to find the best fit slip distribution.

[28] Since we fixed, as previously described, a common
reference point, we avoid the inversion for possible map
offsets; moreover, the estimate of orbital ramps is not
needed, since they are for the most part removed in the
time series processing.

[29] The fault plane is split into 20 x 20 patches (Figure 4).
The algorithm we use is similar to that described by Wright et
al. [2003] and Funning et al. [2005] and is based on the
inversion of the matrix linking the observed data to the model
parameter according the following set of equations in a

matrix form:
d
“ G
FIRASEN

where d, and dq are the ascending and descending observed
data; m is the vector of the source parameters (the slip
values); G is the matrix with the Green’s functions,
expanded to include the Laplacian operator V2, opportunely
weighted by the coefficient £, to avoid unrealistic fluctuat-

ing solutions. The solution of this equation system is carried
out with a Non Negative Least Squares algorithm [Lawson
and Hanson, 1974], preventing change of direction of the
slip across the fault. Projection in the LOS (the Line Of
Sight vector of SAR satellites) is carried out taking into
account its variability across the scene.

[30] Figure 4 shows the slip distribution retrieved by
linear inversion of the coseismic displacement field, while
in Figure 5 observed and predicted displacement fields for
the ascending and descending tracks are reported. The rms
for this solution is 0.51 c¢cm, with a corresponding geodetic
moment of 0.78-10"® N-m, equal to that estimated by USGS
and slightly lower than that estimated by other institutes
(Table 2). Furthermore the slip distribution has a general
agreement with that retrieved by other authors [Baumont et
al., 2002, 2004; Roumelioti et al., 2003], confirming that
only a fault is needed to explain the coseismic deformation.

[31] A peak of about 80 cm is visible in the central part,
while the eastward asymmetric extension reflects the
presence of an elongation in the slip distribution toward
the shallower eastern part of the fault (Figure 4). In this part,
the dislocation has a mean value of 20 cm. The maximum
slip has a depth of 8.5 km, which is the expected depth of
the hypocenter (Table 2).
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Figure 5. Observed and modeled coseismic displacement maps for the (a and c) ascending and (b and d)
descending tracks. The observed displacements are calculated by subtracting the last preseismic to the first
postseismic acquisition (pairs 24 July 1999 to 1 October 1999 and 19 August 1999 to 22 September 1999
for the ascending and the descending tracks, respectively). Such pairing would be impossible with a
standard DInSAR approach because of the excessively large perpendicular baseline. The modeled
displacement fields (¢ and d) are calculated with the elastic solution of Okada [1985] applied to the
coseismic slip distribution of Figure 4. The yellow squares P1, P2, and P3 represent the locations

associated with the time series shown in Figure 6.

[32] For a detailed description of the approach and the
results of the uncertainty assessment on the slip distribution,
see the Appendix B.

3.3. Postseismic Linear Modeling

[33] After the linear modeling, we subtracted the pre-
dicted coseismic displacement from the time series (e.g.,
from each acquisition after the earthquake). We then carried
out the APS filtering (essentially low-pass in time, see
Appendix A) on the time series, thus overcoming the

problems of a temporal smoothing of the coseismic step.
As a consequence of the filtering we were able to emphasize
the presence a postseismic signal.

[34] In Figure 6 we report, for three points representative
of the entire area, the raw time series, before the removal of
the coseismic step and the APS filtering, and those in which
the signal has been cleaned from the coseismic contribution
and filtered in time. The subsidence trend, starting after the
September 1999 earthquake, is evident. As we move away
from the epicenter (from point P1 to P3 in Figures 5a and 5b),

Table 2. Focal Mechanism for the Athens Earthquake From Several Institutes and Authors

Longitude Latitude Depth Strike Dip Rake M, Institute
(deg) (deg) (km) (deg) (deg) (deg) 10" N-m or author
23.55 38.02 9.0 123 55 —84 0.78 USGS-NEIC
23.64 37.87 15.0 116 39 —81 1.14 Global CMT catalog
23.55 38.13 12.0 102 47 -79 1.18 SED
23.54 38.06 10.0 115 57 —80 0.92 Louvari and Kiratzi [2001]
23.58 38.08 0.57 Stavrakakis et al. [2002]

10.0 115 60 —80 0.60 Sargeant et al. [2002]

23.58 38.08 16.8 113 39 -90 Papadopoulos et al. [2000]
23.58 38.12 9.5 112 60 —84 1.6 Baumont et al. [2004]
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Figure 6. (right) Descending and (left) ascending time series for three points at different distances from
the epicenter (see the location of P1, P2, and P3 in Figures 5a and 5b). White circles represent the raw
time series before the filtering of atmospheric artifacts and the removal of the coseismic “step.”” Black
triangles represent the time series after the modeling of the atmospheric artifacts and the removal of the
modeled displacement. The dotted line indicates the September 1999 seismic event. Note that
the availability of a larger descending data set allows for the retrieval of a more evident signal; however,
the earthquake discontinuity and the postseismic trend are visible with both orbits.

the intensity (slope) of this subsidence gets lower, tending to
gradually disappear.

[35] The postseismic trend is more evident for the
descending track, since the longer period of observation
after the earthquake (2.5 years in descending mode, 1 year
for the ascending). Furthermore, the higher number of images
compared with the ascending track (47 images vs. 26) allows
for a better filtering of the APS and the retrieval of a more
stable solution. From the same plots we observe the absence
of a significant preseismic signal.

[36] This led us to calculate and model, only for the
descending track, the displacement that occurred between
the first postseismic image (22/09/99) and the last image of
the time series (04/04/02). This map shows that the subsi-
dence in the Thriassion basin doesn’t exceed 3 cm in about
2.5 years after the earthquake (Figure 8a).

[37] As discussed in the introduction, we modeled this
data in terms of afterslip, triggered by the dislocation of the
September 1999 main shock. We considered also the
possibility of other nontectonic causes, like water pumping
and/or groundwater flow, as well as the presence of fluid
migration induced by the earthquake itself. In both cases the
temporal behavior of the displacement is not supporting
these hypotheses. In fact, water table fluctuations are often
periodic, while the effect of fluid migration as a conse-
quence of the earthquake should vanish a few weeks after
the event [Husen and Kissling, 2001]. The analysis of the
temporal behavior led us to further reduce the number of
observed points in the eastern part of the plain.

[38] We used the algorithm described in the previous
section to retrieve the slip distribution shown in Figure 7.
The total seismic moment calculated in terms of afterslip is
0,38-10"® N-m, that is 49% of the seismic moment released
by the main shock, according to the USGS. The rms between
the predicted and observed displacement is 0.23 cm.

4. Coulomb Stress Increase as Origin of the
Afterslip

[39] Our work shows that the 1999 earthquake triggered
afterslip along the fault plane with a major fraction in the
downdip direction from the main rupture (Figure 7). The
remaining fraction occurred along strike (i.e., bilateral): no
up-dip afterslip was observed. This is in agreement with the
absence of seismicity at shallow depths (<2 km) reported
from the portable seismological networks. We calculated a
ruptured area of 102.8 km? and an afterslip area of 146.5 km?
or about 42% greater. In total, there is a 44% overlap
between seismogenic and aseismic regions of the fault
mainly in the hypocentral area (6—10 km depth). 20% of
that overlap (about 11 km?) refers to areas where afterslip
exceeded co-seismic slip, while maximum afterslip occurs
immediately downdip from the maximum slip. The amount
of overlap suggests that nearly half of the coseismic slip
area has not “healed” for at least 2.5 years after the main
shock. At the depth of 9—10 km afterslip magnitude is the
highest (30 cm) implying that the mean afterslip rate was
about 0.3 mm/day (AT = 925 days for the descending track)
although this displacement may have accumulated faster
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Figure 7. Slip distribution retrieved by linear inversion of the postseismic displacement field calculated
from the descending time series. The fault geometries and its subdivision in patches are the same as those
of Table 1 and Figure 4. The afterslip represents the distributed dislocation cumulated in the 2.5 years
after the Athens earthquake; our analysis shows the strong correlation with the coseismic slip distribution

of Figure 4 through the stress transfer modeling.

during the first few months after the earthquake, as can be
inferred by inspecting the time evolution of the displace-
ment for some points (Figure 6).

[40] We suggest that the afterslip occurred because of
static (Coulomb) stress increase downdip of the rupture
patch. To show this correlation we calculated Coulomb

stress changes using the coseismic slip distribution resulting
from the linear inversion (Figure 4). The coseismic slip
patches were modeled as rectangular dislocation elements
on an inclined slip surface. We used the DLC code [Simpson
and Reasenberg, 1994], based on the dislocation modeling
for a homogeneous, elastic half space [Okada, 1985]. Table 3

Postseismic displacement (cm)

® 9s-7 @ T-5

® 5-3

® 21 1-1 @ 1-3

Figure 8. Postseismic displacement (a) observed and (b) modeled retrieved from the descending time
series in the interval 22 September 1999 to 4 April 2002. The modeled displacement field corresponds to
the afterslip distribution of Figure 7. We discarded points affected by a long-term displacement not
correlated with the postseismic trend (shaded area). These points can be easily detected by visual

inspection of the relative time series.
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Table 3. Input Parameters for Stress Transfer Modeling

0.25
30 GPa
Lat 23.624°, Lon 38.087°

Poisson ratio

Shear modulus

Coordinates of centre of
ACFF grid

Depth of centre of ACFF grid

Patch size (km)

10 km
1.75 km (along strike),
1.25 km (along dip)
Friction coefficient 0.4
Slip Model Linear inversion
(47 coseismic patches, see Figure 4)

summarizes our modeling parameters. The stress changes are
applied to a “fixed” receiver plane using the same geometry
and kinematics as the coseismic case: strike is N110°E, dip is
60 degrees to the south and the rake angle is —80° (Table 3).
The Coulomb failure criterion used is [Harris, 1998]:

ACFF = A7+ - Ao, (3)

where ACFF is the Coulomb stress (positive for encoura-
ging failure), A7 is the change in shear stress on the
receiver fault (positive in the slip direction), 1’ the effective
(or apparent) coefficient of friction incorporating fluid pore
pressure changes and Ao, is the change in normal stress
acting on the receiver fault (with extension positive). p’ is
treated as constant in this study with a value of 0.4 which is
considered as appropriate for mature faults [Harris and
Simpson, 1996; Harris, 1998]. First we compute the stress
tensor along a 60-degree inclined grid due to the coseismic
dislocations (slip distribution shown in Figure 4). We obtain
6 grids, one for each tensor component. After that, we
compute ACFF on the “receiver” fault, that is a plane of
fixed orientation which is likely to provide the plane of
failure. All calculations assumed a Poisson’s ratio of 0.25
and a shear modulus of 3 *10° bar for the elastic upper
crust.

[41] Our results are shown in Figure 10 where the centers
of slip patches are superimposed on the map of Coulomb
stress. The map shows areas where slip is promoted because
of large increase in ACFF approaching 7 bar; areas where
slip is suppressed are shown with negative values. To
further support this conclusion we overlay the 47 center-
points of the coseismic slip elements on the ACFF grid
(shown as yellow triangles) as well as the earthquake
hypocenter of Baumont et al. [2004]. Both items correlate
well with ACFF-relaxed areas. We infer that our modeling
was able to satisfactorily reproduce the stress field follow-
ing the 7 September 1999 earthquake. In addition, the
loaded areas (shown with reddish color in Figure 10) extend
to a distance approximately 6—8 km away from the coseis-
mic slip boundary. Less increased stress occurs on the
eastern (right) area of the rupture. The asymmetry in the
loaded area pattern reflects the amount of coseismic slip
resolved along each dislocation element. We then overlay
the centre-points of the 67 postseismic patches (Figure 7)
shown here as green boxes. Spatial correlations between the
changes in Coulomb stress and location of postseismic
patches are evident.

[42] Moreover, the distribution of the 1000 + aftershocks
recorded by the NOA portable network (Figure 9) clearly
match the stress-loaded area surrounding the fault plane
(Figure 10), however noting, that the seismological data
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were collected early in the postseismic cycle (first two
months after 7 September 1999).

5. Seismotectonics Setting and Implication for the
Seismic Hazard

[43] A seismotectonic analysis of this earthquake shows
that the surface projection of the modeled fault plane
(Figure 4) intersects the Thriassion normal fault (Figure 1)
and crosses the surface near the outcropping Fili Fault in
agreement with seismological data [Papadopoulos et al.,
2000; Tselentis and Zahradnik, 2000; Sargeant et al., 2002],
geological data [Paviides et al., 2002; Ganas et al., 2004]
and numerical simulations [Papadopoulos et al., 2004]. In
fact the limestone ridges comprising the footwall of
Thriassion fault have subsided by an amount of 5 to 7 cm
(descending pair; Figure 5b). However, our results also
suggest that the SE segment of the Fili fault (segment 4;
Ganas et al., 2004) did not rupture during the 1999
earthquake, as the surface subsidence field extends in the
footwall area of this segment. This observation indicates
that only the NW segments of the Fili fault have been
activated during the 1999 earthquake. Those segments have
a more casterly strike and they join at depth onto a
seismogenic plane with a strike direction between 110—
120 degrees (clockwise from North).

[44] Our modeling also shows that a few cm of coseismic
slip nearly reached the surface toward the SE termination of
the rupture (depth to top patch 860 m). In the same area we
observe coseismic subsidence of the Earth surface on the
order of 1 to 5 cm (municipalities of Ano Liossia and
Acharnai; Figure 5). This effect is due to fault rupture
becoming shallower as it dies out inside the Athens basin
(Figure 4). The tip of the rupture is located about 2 km to
the west of the Kifissos river banks where much damage
was recorded [Gazetas et al., 2002; Assimaki et al., 2005].
In addition, it is unlikely that the 3 km long shallow patch of
the slip plane retrieved from inversion (Figure 4) represents
a newly formed rupture. The most likely scenario is that this
narrow patch was created (on a pre-existing plane) by a
combination of two factors: (1) the strong SE directivity
effect of the rupture [Roumelioti et al., 2003] which relates

Figure 9. 3D view of the aftershock distribution recorded
between 8 September 1999 and 29 October 1999, compared
with the afterslip inferred from the linear inversion of the
postseismic displacement.
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Figure 10. Map of coseismic Coulomb stress changes on the fault plane; red indicates positive stress
change, blue the opposite. The coefficient of friction is 0.4. ACFF calculation on Athens-type receiver
normal fault plane assuming the linear inversion rupture model. Coseismic slip patches and afterslip
patches are indicated by yellow triangles and green boxes, respectively. For modeling parameters, see

Table 3.

to the dynamics of the rupture and (2) the existence of an
asperity at deeper levels. This would imply that the seismo-
genic structure ruptured in 1999 continues at depth inside
the Athens basin beneath Ano Liossia and Acharnai, cross-
ing at ~right angle the bedrock ridges of both Parnitha and
Egaleo mountains. Such issue has obviously serious impli-
cations for the seismic hazard assessment of the strongly
populated urban area of Athens, and needs to be investi-
gated in greater detail.

6. Conclusions

[45] Our results showed how DInSAR time series techni-
ques improve the quality and reliability of the coseismic
displacement retrieval. Our solution for the coseismic slip
distribution confirms the results presented in previous
works [Kontoes et al., 2000; Papadopoulos et al., 2004;
Papadimitriou et al., 2002; Baumont et al., 2002; Rou-
melioti et al., 2003], although a joint inversion of SAR
and broadband data [Baumont et al., 2004] is needed to
improve its spatial resolution.

[46] The DInSAR time series analysis has the major
advantage of detecting and discriminating between subtle
pre- or postseismic signal. For the 1999 Athens earthquake
we were able to extract from the descending track, a
postseismic displacement of about 3 c¢cm in 2.5 years. In
such analysis, a large image data set improves the filtering
out of the APS contribution.

[47] We interpreted and modeled the observed postseis-
mic displacement field in terms of afterslip, rejecting other

possible causes. We mapped an afterslip equivalent to a M, =
5.68 event in the period 22 September 1999 to 4 April 2002.
The dislocation occurred mainly downdip of the area that
slipped during the main shock. The overall pattern of afterslip
reflects the coseismic slip distribution along the fault plane.
The correlation between positive Coulomb stress increase
and location of afterslip suggests that afterslip occurred
because of the sudden stress load imposed coseismically on
the lower part of the fault plane.

Appendix A: Time Series Algorithms

Al. The SBAS technique

[48] The SBAS technique [Berardino et al., 2002] is a
DInSAR approach that relies on the use of a large number
of SAR acquisitions and implements an easy combination of
a properly chosen set of multilook DInSAR interferograms
computed from these data, finally leading to the generation
of mean deformation velocity maps and displacement time
series. In this section, we highlight what are the key issues
of the algorithm and refer to Berardino et al. [2002] for a
more detailed analysis.

[49] First of all, the data pairs used to generate the
multilook interferograms are characterized by a small sep-
aration (baseline), both in time and space, between the
orbits of the SAR acquisitions in order to limit the noise
effects usually referred to as decorrelation phenomena. This
pairs selection leads to preserve the temporal and spatial
coherence characteristics of the interferograms improving
the spatial density of the reliable points.
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[s0] The original phase signal of each interferogram is
retrieved by an unwrapping operation based on the mini-
mum cost flow algorithm [Pepe and Lanari, 2006], inte-
grated with a region growing procedure to get better
performances in areas with low signal to noise ratio.

[51] In order to increase the number of the available SAR
acquisitions, i.e., to better follow the temporal trend of the
displacement phenomena, data set separated by large spatial
and/or temporal baselines are “linked” by applying the
Singular Value Decomposition (SVD) method.

[s2] Finally, by exploiting the space—time information,
atmospheric artifacts are filtered and removed from the
displacement information. In particular, this filter step is
implemented by exploiting the high correlation in space but
poor in time of the atmospheric phase signal. Accordingly,
these undesired signals are identified via the cascade of a
low-pass filtering, carried out in the two-dimensional spatial
domain, followed by a temporal high-pass filtering. This
operation also allows us to detect possible orbital ramps
caused by inaccuracies in the SAR sensors orbit informa-
tion. Following their identification, the atmospheric artifacts
and the orbital ramps are finally removed.

[53] As a result of the SBAS algorithm, we can generate
spatially dense deformation maps and produce deformation
time series for each coherent pixel identified in the imaged
scene.

A2. ESD Technique

[s4] The Enhanced Spatial Differences (ESD) works out
multilook differential interferogram stacks to achieve a large
coverage, similarly to the SBAS technique; however it
extensively exploits spatial differences, i.e., pixel to pixel
variations during the processing. More specifically, the
algorithm is characterized by the presence of a processing
step that carries out a multibaseline/multitemporal unwrap-
ping by assuming a linear model for the deformation signal.
This step is implemented by considering pixel to pixel
variations of the phase signal to efficiently tackle the
atmospheric contribution during the multipass analysis.
The result of this step is an estimate of the pixel to pixel
variation of the residual topography and mean deformation
velocity, which are subsequently spatially integrated in a
weighted Least Square sense. The output of the integration
step provides a pre-estimate of the mean deformation
velocity and residual topography for each pixel. Such
signals are used to improve the subsequent unwrapping of
each differential interferogram that, after a regularized
inversion in the time direction similar to the original SBAS
approach, leads to the determination of the time series of the
coherent targets.

[55] In the filtering of the data used in this work ESD
uses, for the atmospheric filtering of time series, a solution
able to preserve temporal discontinuities associated to
coseismic signal; this is achieved via a median filter, widely
used in edge preserving image filtering. The filtering can be
applied to the time series provided by any multitemporal
algorithm, without invoking the modeling of the coseismic
displacement at this stage. The median filter is available in
many software environments, although it may be easily
implemented by evaluating the median value on a slicing
temporal widow via a simple sorting. It should be stressed
that, because of the irregular temporal sampling nature of
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the time series and because of the fact that the sorting
operation must be symmetrical in terms of samples around
the output filtered instant, the temporal length of the
filtering is inherently non stationary.

[s6] The ESD technique has been tested to monitor wide
areas: details of the algorithms are provided by Fornaro et
al. [2007a, 2007b].

Appendix B: Uncertainty Assessment of the Slip
Distribution

[57] The slip distribution retrieved by linear inversion,
both coseismic and postseismic, provides the best fit values
in a least square sense; observed data, however, are affected
by uncertainties that reflect in the precision of the estimated
parameters. We present the way we used to assess how
uncertainties are mapped from the observed data to the
predicted model, taking into account the high degree of
correlation affecting DInSAR data. Starting from the rela-
tion d = Gm, we find the inverse generalized G-2, via SVD,
through which we estimate the model parameters:

m,, = G ¢d (BI)
that represents the least square solution already described in
the section 3.2.

[s8] Since the linearity of the problem, and assuming that
the data covariance matrix [cov d] is known, we have
[Menke, 1984]

[covm] = G¢[covd]G 4T (B2)
where [cov m] is the N x N covariance matrix of the model
parameters (where N are the 400 slip values, in this study).

[s9] The M x M matrix [cov d] (where M is the number
of observed points) has the variance (assumed equal for all
the points) in the diagonal, and the covariance between
points in the off-diagonal. If we assume that the covariance
can be expressed as a 1-D function of the distance between
points [Hanssen, 2001], it can be modeled by analyzing the
autocorrelation function of an interferogram containing only
correlated noise and no displacement signal. Using an
approach similar to that described by Parsons et al.
[2006], we used a tandem pair (i.e., a pair of images with
1-day of temporal baseline) finding the covariance/distance
distribution of Figure BI. It is worth remembering that
the 1-day interferogram comes from the difference be-
tween the two displacement maps in the time series and
not from the standard DInSAR processing.

[60] Four tandem pairs were analyzed, allowing the
definition of the following function to describe the covari-
ance of correlated noise:

2
Os

fr) = m'cos(b -7) (B3)

where 03 is the variance (e.g., the covariance at zero
distance), r is the distance and a and b are two empirical
parameters. The parameter a describes how “fast” the
correlation decreases with the distance; the cos(b - r)

function allow the modeling of a negative correlation,
present in this area.
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Figure B1. Covariance (cm?) vs. distance (m) distribution derived from the autocorrelation analysis of
the pair 05 July 1995 to 6 July 1995. This pairing is obtained as a difference between the two acquisitions
in the time series and must not be confused with the corresponding DInSAR tandem pair. The gray curve
describes the “best fit” functions of equation (6). This analytical function is used to generate spatially
correlated noise as described by Parsons et al. [2006].

[61] The calculation of the [cov m] matrix starts from the
M x M matrix with the distances between the observed
points; then, we apply equation (6) to obtain the symmetric
matrix [cov d] for equation (5).

[62] The covariance matrix for the model parameters is a
N x N symmetric matrix of the type

2
Tl Oml,m2

[covm] = Uml,ml OmN—1 ,mN

OmN,mN—1 O, 3,,]\/

where o7, is the variance of the slip values for the i-th patch,
and o,,,,; are the covariance between the i-th and j-th
patches.

(cm)

Standard Deviation

[63] Strong correlation exists between the slip values and
neglecting these trade-offs lead to an overestimate of the
uncertainties of the m vector. To obtain a more realistic
value for the uncertainty of each [m;,. .. my] patch, we first
diagonalized the [cov m] matrix. In this way, we find a new
N-dimensional reference system of eigenvectors [py,. . ., py]
and their relative eigenvalues [\ Ay]. In the eigenvec-
tor reference system, eigenvalues describe the axis of an
N-dimensional ellipse error with independent values. Finally,
we project every ), eigenvalue in the [my,. . ., my] directions
and take, for each m; direction, the maximum projected
value. Although these values don’t provide an exhaustive
description of the variance/covariance of the m vector, they
offer a realistic scenario of the uncertainties, shown in
Figure B2. It can be seen how the removal of the APS

Figure B2. Standard deviation associated to the (a) coseismic and (b) postseismic slip distribution. The
increase in precision derives from the APS filtering leading to noise reduction in the observed data, as
shown in the time series before and after the filtering in Figure 6.
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between the co- and postseismic modeling, lead to an
improvement of the precision in the retrieved slip.
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