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Abstract
Nof, R.N., Baer, G., Eyal, Y., and Novali, F. 2007. current surface displacement
along the carmel fault system in israel from InSAR stacking and PSInSAR. Isr.
J. Earth Sci. 57: 71–86.
A long-standing dilemma in the geology of Israel is whether the Carmel Fault (CF),
which splays off the Dead Sea Fault (DSF), is currently active. Unsolved issues
include, among others, what is the slip rate along the fault, and to what extent does
it contribute to the seismic hazard of the city of Haifa and the nearby petrochemical
industry. While previous geologic and geomorphologic studies suggest vertical and/or
left-lateral movements along the fault, paleoseismic studies along the fault did not find
any evidence for surface rupturing during the last few 10K years. Recent GPS and
precise-leveling campaigns showed somewhat controversial indications for vertical
movements of the Carmel Mountain, with no clear implication to the CF. In this study
we use Interferometric Synthetic Aperture Radar (InSAR) stacking and Permanent
Scatterers in InSAR (PSInSAR) to measure the surface movements on both sides
of the CF in an attempt to relate these movements to a possible slip along the fault.
We processed a total of 45 ERS–1 and ERS–2 SAR images acquired between the
years 1992 and 2001. Interferograms showed low signal-to-noise ratio (SNR), and no
consistent (in places, even opposite) sense of apparent displacement in different interferograms. Positive and negative correlations with topography suggest that the major
source of error is due to atmospheric stratification. Stacking interferograms improved
the SNR, but uncertainties still remained high in the order of the signals. To further
improve the results and remove the atmospheric contribution, PSInSAR analysis of
47 images was carried out. This analysis shows high sensitivity to local deformation
features such as ground subsidence and compaction of soil, but no direct correlation
was found between the PSInSAR results and seismicity or water level changes. PSInSAR analysis shows no evidence for relative slip along the CF. Using elastic dislocation modeling, we find that the lower detection limits on the NW–SE segments of
the fault are 1 mm/year for vertical movement and 4 mm/year for horizontal sinistral
movement. Thus, although unlikely, we cannot exclude creep along the Carmel Fault
at rates lower than these limits.
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© 2008 Science From Israel/ LPPLtd.

0021-2164/09 $4.00

72

Israel Journal of Earth Sciences Vol. 57, 2008

Introduction
The Carmel Fault (CF) is the northern part of the
Carmel–Fari’a Fault system (CFFS) that splays off
the Dead Sea Fault and continues northwestwards
into the Mediterranean Sea (Picard and Kashai, 1958;
Arad, 1965; Freund, 1965; Ben-Avraham and Hall,
1977; Garfunkel et al., 1981). The CF is composed of
a short central N–S-striking segment between southern
and northern NW–SE-striking segments (Fig. 1). The
surface exposure of the CFFS is discontinuous along
its course (Picard and Kashai, 1958; Rotstein et al.,
2003). Recent studies by Segev (2006) and Segev et
al. (2006) suggest that the CF continues to the Gilboa

Fig. 1. Location map of the research area and satellite image
coverage of frame 2943 track 350 (insert), superimposed on
an orthorectified aerial photograph (orthophoto). The white
line marks the Carmel fault described as a potentially active
fault (after Bartov et al., 2002). Black lines are tracks of
surface-mapped faults (from GSI database). The circled x
(7 ) shows the location of the 24 August 1984 5.3 magnitude
earthquake (GII, 2006).

Fault at the sub-surface of the Yizre’el Valley, rather
than to the Fari’a Fault (Fig. 1) along the NE margins
of the Menashe Hills (e.g., Picard and Kashai, 1958;
Freund, 1965).
The northwestern segment of the fault crosses the
city of Haifa and its suburbs, and passes a few km
away from the petrochemical industry in the Haifa
Bay. Based on geological, geophysical, and geomorphological data, the CF has been considered to be
potentially active along the majority of its course
(Bartov et al., 2002). Yet, defining the CF as active is
not unequivocal. The earthquake catalog (GII, 2006)
and a recent earthquake relocation study (Shamir, pers.
comm. 2007) show a lack of seismic energy production along the northern fault segments during the last
20 years. The largest earthquake in northern Israel,
outside the DSF, in the past 50 years, with a magnitude of ML = 5.3, occurred on August 24, 1984 about
8 km east of the central segment of the fault (Fig. 1).
Paleoseismic studies (Gluck, 2002; Zilberman, pers.
comm. 2007) did not detect any fault activity younger
than a few 10 K years, or evidence for liquefaction in
the Holocene sediments of the Haifa Bay (Heimann
et al., 2001). Furthermore, a seismic profile across the
northern segment of the CF has failed to reveal any
disturbance in late Pleistocene sediments overlying the
fault trace (Medvedev et al., 2006). These observations
apparently suggest that earthquakes large enough to
cause liquefaction or surface rupturing (M > 6) did not
occur along the CF in the last few tens of thousands of
years. Thus, there is a growing need for precise mapping and reliable data of the Carmel Fault segments to
determine a possible recent activity along the CF.
The objective of this study is to find evidence for
possible differential movements between both sides of
the CF that may indicate recent activity. To this end we
use advanced tools and applications of the Interferometric Synthetic Aperture Radar (InSAR) technique
and geodetic data. We also use elastic modeling to
constrain the detection limits of the technique and
evaluate the possible deformation mechanisms.
Recent crustal movements along
the Carmel Fault
Previous studies
Geological evidence suggests a predominant sinistral
movement along the CF. De-Sitter (1962) and Freund
(1965) suggested about 10 km horizontal displacement, assuming that the Devora and Umm-el-Fahem
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anticlines were originally continuous. A Plio-Pleistocene sinistral slip component on the central segment
of the CF associated with uplift and tilting to the
southwest of the area SW of the main fault lines was
suggested by Achmon (1986). A sinistral movement of
more than 4 km with no vertical component along the
SE–NW segments and a dominant component of compression at the N–S central segment was revealed by
Rotstein et al. (1993) based on high-resolution seismic
profiles. These motions resulted in uplift of the central
region and perhaps westward tilting of Mt. Carmel.
Focal plane solutions of the larger earthquakes in this
region show sinistral components along NW–SE faults
with a compression component in the ESE–WNW direction (Hofstetter et al., 1996) in agreement with the
geological and geomorphologic observations.
The CF is characterized by both dip-slip and strikeslip components (e.g., Picard and Kashai, 1958; DeSitter, 1962; Freund, 1965; Achmon, 1986; Rotstein et
al., 1993; Ben-Gai and Ben-Avraham, 1995; Hofstetter
et al., 1996; Gluck, 2002), and by a younger horizontal
movement (e.g., Achmon, 1997; Rotstein et al., 2003).
The sense of recent motion is, however, still ambiguous. In contrast to the suggested sinistral displacement,
which was based on geomorphologic and tectonic
considerations (Achmon, 1986; Gluck, 2002; Rotstein
et al., 1993), a recent GPS study suggests a dextral
displacement (Agmon, 2001).
Slip rate estimates
Previous estimates of the slip rate along the CF relied
on displacements of dated markers, such as sedimentary units or stream channels, and geodetic measurements. As summarized by Achmon (1986), most studies show a sinistral displacement along the CF. A vertical displacement of 2 cm per 1000 years (0.02 mm/y)
along the N–S segment of the CF has been suggested
by Rotstein et al. (1993), based on seismic profiles. A
vertical displacement rate of 0.2 mm/y is estimated
from luminescence dating of 55,000-y-old layers,
which were found in shallow seismic profiles on the
NW segment of the CF and are displaced by 10 m
(Salamon et al., 2001). A left-lateral displacement of
500–1500 m during the Pleistocene has been estimated
from geomorphologic evidence (Achmon, 1986), implying a horizontal slip rate of less than 1 mm/y. Recent GPS and precise leveling measurements suggest
a relative uplift of Mt. Carmel (or subsidence of the
surrounding areas) at a rate of 5 mm/y during the years
1990 to 1999 (Even-Tzur and Agmon, 2005). Later
leveling results show that, compared to the Carmel
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slopes, the deformation of the center of Mt. Carmel
can be divided into a period of uplift (1987 to 1992)
and a period of subsidence (1992 to 2003) (Shahar and
Even-Tzur, 2005). As for the horizontal component,
the GPS results are somewhat controversial, ranging
from 3.5 mm/y dextral slip (Agmon, 2001), through
0.9 ± 1.1 mm/y sinistral slip (Ostrovsky, 2005), to
about 4 mm/y sinistral slip (Shahar and Even-Tzur,
2005).
Seismic constraints on the current slip rate along
the CF
To constrain and evaluate the rate-estimates mentioned
above, we examine the seismic implications of these
rates; namely, which slip rates agree with the assumed
earthquake history along the CF. Due to the lack of
information on magnitudes and recurrence intervals of
previous large earthquakes along the CF, we use empirical relations between earthquake magnitude, fault
size, and the slip along the fault. First, we estimate the
maximum magnitude of a potential earthquake along
the northern segment of the CF, between Yoqne’am
and the Mediterranean Sea (Fig. 1). The length of this
segment (including its extent to the sea) is about 30 km,
and its assumed width is 15 km. Following the empirical relation between fault area and magnitude of Wells
and Coppersmith (1994), the maximum available magnitude along this segment is M ~ 6.5 (with deviation
of less than 0.1 magnitude unit). Next, we estimate the
expected recurrence interval of an M = 6.5 earthquake
along the CF. Assuming conservatively, that the fault
is totally locked between major earthquakes and all the
accumulated strain is released by these earthquake, the
recurrence interval (T) may be obtained from the ratio
between the displacement during the last earthquake
and the geological loading rate.
The amount of displacement along the CF during the last earthquake is unknown, but can also be
estimated using empirical relations (Wells and Coppersmith, 1994). For earthquakes of magnitudes 6 and
6.5, the average coseismic slip would be 0.1 m and
0.5 m, respectively. The maximum horizontal slip rate
suggested for the CF is 4 mm/y (Shahar and EvenTzur, 2005) and the minimum is less than 1 mm/y
(Achmon, 1986). The vertical slip rate estimates vary
from a maximum of 5 mm/y (Even-Tzur and Agmon,
2005), through 0.2 mm/y (Salamon et al., 2001) to
a minimum of 0.02 mm/y (Rotstein et al., 1993).
Figure 2 shows the expected recurrence interval of
earthquakes of magnitudes 6 and 6.5 for the three
different slip rates, assuming that the fault is locked
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Fig. 2. Calculated recurrence intervals of large earthquakes
at different slip rates along the CF assuming that the entire
accumulated stress is released in those earthquakes. The
calculations use empiric relations between magnitude, fault
size and the slip along the fault (Wells and Coppersmith,
1994), for slip rates of 0.2 mm/year (Salamon et al., 2001),
1 mm/year (Ostrovsky, 2005), and 5 mm/year (Even-Tzur
and Agmon, 2005).

between the earthquakes. For a slip rate of 0.2 mm/y,
the minimum recurrence intervals for M = 6 and M =
6.5 earthquakes are 500 y and 2,500 y, respectively;
for a slip rate of 1 mm/y, the minimum recurrence
intervals for M = 6 and M = 6.5 earthquakes are 100 y
and 500 y, respectively; and for a slip rate of 5 mm/y,
the minimum recurrence intervals for M = 6 and M =
6.5 earthquakes are 20 y and 100 y, respectively. The
geological, paleoseismological, and historical data
as described in the previous sections do not support
the short recurrence intervals that correspond to slip
rates of 1 mm/y or higher, therefore the slip rate is
constrained to less than 1 mm/y. It should be noted,
however, that in the case where the fault is not locked
and a certain amount of interseismic strain is released
by aseismic creep, the expected recurrence intervals
may increase (USGS-WG02, 2003).
Interferometric Synthetic
Aperture Radar (InSAR)
Method
The Interferometric Synthetic Aperture Radar (InSAR)
technique (e.g., Gabriel et al., 1989; Massonnet and
Feigl, 1998) measures the phase differences between
synthetic aperture radar (SAR) images, acquired at
different times with slightly different looking angles.
InSAR can resolve target displacements along the
satellite’s line of sight (LOS) at a sub-centimeter resolution. The main limitations of the technique are due to

temporal and geometrical decorrelation, atmospheric
artifacts, and topographic contribution to the received
radar signal. Temporal decorrelation occurs when the
positions of the scatterers change with time within the
resolution cell. Agricultural areas, vegetation covers,
or water bodies are most vulnerable to this sort of
change, which reduces the coherence of the pixel and
the feasibility of interferometric measurements. Atmospheric heterogeneity (e.g., water vapor) creates a
phase delay pattern superimposed on each SAR image
that contributes to the measured signal. For areas with
very little deformation it is difficult in many cases to
distinguish between the real deformation and the effect
of atmospheric signal, when using individual interferograms (for more details on conventional InSAR,
see Baer et al., 1999, and references therein).
Topography contributes to the received signal in
two ways. The first is by generating false range differences to the non-flat ground when the satellite does
not return precisely to the position it held in previous
orbits. This effect can be resolved and/or minimized
by using a Digital Elevation Model (DEM) and images with small baselines (separation vectors between
satellite positions at each SAR acquisition). The
second, more problematic effect of topography is in
causing atmospheric stratification and different phase
delay for each acquisition (Hanssen, 2001). Removing
this effect requires external atmospheric information
such as GPS, MODIS (Moderate Resolution Imaging
Spectroradiometer, available from 18 December 1999
and 4 May 2002 on NASA’s Terra and Aqua satellites,
respectively) or MERIS ( Medium Resolution Imaging
Spectrometer, available on ESA’s Envisat satellite) (Li
et al., 2005, 2006), or statistical data analysis. Until
recently, only conventional InSAR methods were used
for high-resolution deformation studies in Israel (e.g.,
Baer et al., 1999). We present here the first use in Israel
of two new forms of InSAR data analysis: stacking and
the Permanent Scatterers (PS) InSAR.
Stacking
The basic assumption of the stacking technique is that
the deformation rate along a fault is constant during
the analyzed period, while atmospheric errors or other
noise (e.g., thermal) are random. The stacking method
enables minimizing the random noise (Zebker et al.,
1997). Our stacking procedure follows in part that of
Schmidt et al. (2005). We first create chains of interferograms with short baselines (see below) along the
analyzed time period. We then sum the phase changes
from all the available interferometric pairs in each
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chain, and divide the sum by the total time span of
the measurements. By using interferometric chains,
almost all images are used both as “slaves” (second
in a pair) and as “masters” (first in the next pair), thus
eliminating the atmospheric signals embedded in each
image and minimizing the atmospheric errors to those
of the first and last images in the chain. Averaging N
chains will reduce the atmospheric signal by N. This
procedure creates in fact a few interferograms with
a long temporal baseline, which contain potentially
higher deformation signals than the short time span
interferograms. In the case of this research area, it also
enables us to use more images than when using stacking attitude, which uses only independent interferograms (e.g., Schmidt et al., 2005). Finally, we mark
the chains in which the deformation rates of more than
5% of the pixels in a specific region (e.g., Mt. Carmel)
are greater than 2σ of the total stack, and remove the
first or last interferogram of the chain. We repeat this
process until no chain has more than 5% pixels in the
chosen region with deformation rates greater than 2σ
of the total stack.
Permanent Scattering
Interferometric Synthetic
Aperture Radar (PSInSAR)
The PSInSAR approach (Ferreti et al., 2001; Colesanti
et al., 2003) involves processing of a large number of
interferograms (usually more than 25) with a common
Master image. PSInSAR measures only highly coherent pixels (Permanent Scatterers), which are picked
on the basis of the stability of their amplitude returns
in the entire set of images. In this way the selected
pixels are free of any temporal decorrelation. The
method is based on the observation that atmospheric
artifacts show a strong spatial correlation within every
single SAR acquisition, but they are uncorrelated in
time. Conversely, target motion is usually strongly
correlated in time, but can exhibit different degrees
of spatial correlation depending on the phenomenon
at hand (e.g., subsidence due to water pumping, fault
displacements, localized sliding areas, collapsing
buildings, etc.).
PSInSAR enables estimation and removal of atmospheric effects by combining and analyzing data from
long time series of SAR images. Thanks to the long
time interval, relative target LOS velocity can then be
estimated with accuracy often better than 1 mm/y. The
final result of this multi-interferogram approach is a
list of the permanent scatterers identified in the image,
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their coordinates, and their average LOS velocity. The
detection limit of the technique is ±1 mm/y, depending, among other factors, on the number of scenes and
the atmospheric conditions during the different SAR
acquisitions. For some of the points, a time series
of their estimated motion can also be obtained. The
results are computed with respect to a ground control
point (GCP) of known elevation and are relative to its
motion.
Data and processing
Data for this study include 53 SAR images from the
European Space Agency’s ERS-1 and ERS-2 satellites
of descending track 350, frame 2943 (Fig. 1) acquired
during the years 1992–2001. For the stacking method,
the data were processed using NASA’s JPL/Caltech
ROI-PAC (Repeat Orbit Interferometry Package;
Rosen et al., 2004), at an 8 looks resolution (~160 ´
160 m/pixel). This resolution increases the detectable
signal coverage, but reduces the sensitivity to smallscale features. In order to increase the SNR, a filter that
takes into account the coherence value of the pixel was
used. Following the study of Holley (2004), double filtering was performed enabling increasing the available
area for analysis (Fig. 3).
Of the available 53 raw images, 45 were processed
to single look complex (SLC) images. Of 105 possible pairs with low baselines, 27 pairs with an average baseline of 38 m (and maximum of 102 m) were
selected according to the signal coverage area (Fig. 4,
Table 1). The topographic signal was removed using a
DEM combined from the 50 m Survey of Israel DEM,
the 25 m Israel DEM (Hall, 1993), and the 3 arc sec
(~90 m) DEM provided by NASA’s SRTM—Shuttle
Radar Topography Mission (Farr and Kobrick, 2000)
(Fig. 5). We used satellite orbits provided by the Delft
Institute for Earth-Oriented Space research (DEOS) in
the Netherlands (Scharro and Visser, 1998).
The PSInSAR Processing was carried out by
T.R.E. Milan within the framework of the Terrafirma
Pan-European service for ground motion hazards
under the European Space Agency GMES (Global
Monitoring for Environment and Security) project,
using 47 images. All interferograms used one Master
scene from September 26, 1997. The data consist of
35,000 permanent scatterers (PS) that were measured
for their average velocity, of which 16,000 were also
analyzed for their time-series behavior. The area of
study covers Mt. Carmel between the city of Haifa
and Zevulun plain in the north and Menashe Hills in
the south (Fig. 6).
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Fig. 3. Comparison of filtering effects: (A) Interferogram with no filtering; (B) Interferogram with double filtering. Note the
improvement in the area with continuous signal.

Fig. 4. Frame 2943 track 350 acquisitions dates and
perpendicular baselines. Baseline is calculated with respect to
the September 26, 1997 Image. Solid lines represent pairs of
interferograms used for this research. Dashed line represents
interferometric pair that failed to spatially synchronize and
therefore was not included in the calculations.

Fig. 5. Digital Elevation Models (DEMs) of Israel. (A)
Survey of Israel DEM; (B) DEM of Hall (1993); (C) SRTM
DEM. The models were combined as layers to create one
complete DEM where missing data of upper layers is filled
by the lower layers with spatial resolution of 50 m/pixel.

R.N. Nof et al. InSAR measurements along the Carmel Fault

77

Table 1
Interferometric pairs detials for frame 2943 track 350. Where B⊥—perpendicular baseline; —B|| parallel baseline; Ha—height
of ambiguity; eDEM—phase contributed by DEM errors
Master

18/02/2000
21/04/1992
17/11/1992
15/06/1993
28/09/1993
08/06/1995
09/06/1995
13/07/1995
13/07/1995
14/07/1995
21/09/1995
22/09/1995
26/10/1995
04/01/1996
15/03/1996
24/05/1996
09/05/1997
26/09/1997
09/01/1998
11/09/1998
16/10/1998
25/12/1998
29/01/1999
09/04/1999
23/07/1999
01/10/1999
10/12/1999

Slave

29/12/2000
26/10/1995
24/08/1993
09/06/1995
04/01/1996
22/09/1995
24/05/1996
14/07/1995
16/10/1998
21/09/1995
05/11/1999
26/09/1997
24/11/2000
15/03/1996
24/04/1998
09/05/1997
09/01/1998
29/01/1999
11/09/1998
25/12/1998
18/02/2000
10/12/1999
20/10/2000
23/07/1999
11/08/2000
28/04/2000
07/07/2000

B⊥ (m)
23
–15
–43
–55
45
14
–52
–32
7
–46
52
–44
65
43
–23
–14
21
30
–24
99
29
81
–29
1
–31
–11
–102

B|| (m)
60
–23
–120
0
37
48
–35
13
–9
3
4
4
26
–24
–31
48
42
15
–61
82
24
93
–26
–37
13
–74
–181

Time span (Days)
315
1283
082
724
828
106
350
1
1911
69
6051
735
1856
71
770
350
245
490
245
105
490
350
630
105
385
210
210

Ha (m)
435
667
233
182
222
714
192
313
1429
217
192
227
154
233
435
714
476
333
417
101
345
123
345
10000
323
909
98

eDEM (mm)
120.0
0.014
†
0.05
‡
0.013
0.047
☼
0.006
☼
‡
0.04
0.059
0.039
0.021
0.013
0.019
0.027
†
†
0.026
0.073
0.026
†
☼
☼
☼

† Interferograms that have not been used for stacking due to unwrapping errors.
‡ Interferograms that have not been used for stacking due to decorreletion/spatial synchronization errors.
☼ Interferograms that have not been used for stacking due to deviations of more then 2 standard deviations of the stack.

Results
Stacking
Individual interferograms show strong effects of atmospheric stratification and turbulence (Fig. 7). Opposite
LOS range changes appear in different interferograms
that span the same time interval, and in places, the apparent deformation rate is unrealistically high. In some
cases, two interferograms that have a common image,
one as a master and the other as a slave, show opposite
phase changes with a similar spatial pattern.
Of the 27 low-baseline interferograms, 6 were
eliminated from the stacking analysis due to their poor
coherence (Table 1). The remaining 21 interferograms
were arranged in chains with low (<100 m) perpendicular baselines and a cumulative time span of about
30 years. The apparent deformation rates are between

12 and –12 mm/y with standard deviation of ±30 mm/y
(Fig. 8A). These values are unreasonably high for surface deformation, and probably result from atmospheric signal at the end members of each interferometric
chain. By eliminating 5 end interferograms from
chains that show high standard deviations (Table 1),
significant improvement is obtained. The new stack is
composed of 6 chains having a cumulative time span
of about 27 years, and the apparent deformation rate
has been reduced to values between 3 and –3 mm/y
with standard deviation of ±6 mm/y (Fig. 8B). This
improvement is demonstrated in the cross section A–
A¢, which shows average deformation rates, standard
deviations, and topography sampled in 10 ´ 10 pixel
bins (500 ´ 500 m) along the profile (Fig. 9A,B). The
high standard deviation values that still remain after
this procedure suggest that the apparent deformation
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Fig. 6. PSInSAR Results. PS Averaged annual LOS velocity, superimposed over orthorectified aerial photo (orthophoto).
Red colors indicate movement toward the satellite (e.g., uplift), blue colors indicate movement away from the satellite (e.g.,
subsidence). The insert is an enlargement of the red square area which shows locations of points of interest described in the
text.
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Fig. 7. (A–E) ROI-PAC processing results (individual interferograms, times marked in legend), superimposed over shaded
relief DEM, and profiles along Mt. Carmel (marked by green line on each interferogram) showing average LOS annual
velocity. Blue colors correspond to displacement away from the satellite and red colors correspond to displacement towards
the satellite. (F) Profiles of average LOS annual velocity (mm/year) for each of the interferograms A–E and the topography
(m) along the profile. Note that interferograms with similar time coverage show different and, in places, opposite LOS change.
See text for more explanations.
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Fig. 8. Stacking result, superimposed over shaded relief DEM. (A) Stacking of all 21 available interferograms with a total
time span of about 30 years; (B) Stacking of 16 interferograms with a total time span of about 27 years after eliminating 5
interferograms with high deviations from the stack. Profile A–A¢ (in red) for (A) and (B) is shown in Fig. 9A,B, respectively.

rates are statistically insignificant and no conclusion
regarding the tectonics can thus be made from these
results.
PSInSAR
The major part of Mt. Carmel is a national forest with a
relatively small number of permanent scatterers. Most
of the scatterers in the region are buildings within
the city of Haifa and its suburbs. Figure 9 shows the
PSInSAR average annual velocity map. Uplift rates of
1–2 mm/y are found in the areas of Tivon Hills and on
the eastern slopes of the Menashe Hills. In the northern
part of Mt. Carmel, where the city of Haifa is located,
there is no distinct deformation pattern. A profile across
the northern part of the Carmel Fault (Fig. 9C) shows
rates in the range of +0.1 to –0.6 mm/y, with no significant variation across the fault. The estimated standard
deviations are smaller than ±0.3 mm/y. The map shows
Fig. 9. Cross sections along profile A–A¢. (A) Profile of
all available stacked interferograms (Fig. 8A); (B) Profile
of interferograms after removing data with high deviation
(Fig. 8B); (C) Profile of PSInSAR results (Fig. 6); Note that
the LOS velocity scale of each profile is different. Vertical
black dashed lines show the location of the Carmel Fault
(CF) along the section. Gray thin dashed lines show the
standard deviation limits. Each point along the profile is an
average of a 10 ´ 10 pixel bins (500 ´ 500 m).
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Fig. 10. Cracks and deformations at Lev Hamifratz shopping mall (Haifa Bay area). (A) A crack at the eastern entrance to the
underground parking lot (looking north); (B) The southern parking area (looking NE). Note the subsidence of the parking area
located outside the shopping mall’s structure boundaries (marked in black line); (C) A section of the access road adjacent to
the southern side of the mall showing cracks and subsidence (looking NW).

local subsidence in the area of the Zevulun plain, particularly near the outlet of the Kishon stream. The highest subsidence, with constant rates of 3–7 mm/y, was
found in the Lev Hamifratz shopping center (Fig. 6)
where cracks were observed in buildings and at the
entrance to the parking lot (Fig. 10A,B). Significant
subsidence was also observed along the pavement and
the road leading to the main entrance (Fig. 10C). The
shopping center was opened to the public in 1991,
just before the onset of the ERS mission. The linear
rate of subsidence during the entire period of 9 years
(Fig. 11A) is not likely a result of ground settlement
following new construction, especially because of the
higher subsidence of the paved road around the build-

ing. It is more likely related to the subsidence due to
compaction of subsurface clay layers rich in organic
material (Kafri and Ecker, 1964).
Subsidence was also observed in the Rupin Bridge
(Fig. 6), which was built in 1990 and was repaired in
1991–1992 after cracks appeared. The time series of
two PS points situated on the bridge (Fig. 11B) show a
similar trend until the beginning of 2000, when a year
of higher subsidence is observed on one of the points.
Being a major connecting road for several neighborhoods in Haifa it has been suggested for further monitoring. Subsidence was also found along the access
road to the Haifa Bay fire station (Fig. 6), where heavy
fire trucks pass daily (Fig. 11C).
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Fig. 12. Comparison between Haifa Bay well logs and PS
time series. (A) Water levels at the outlet of the Kishon
stream. Note the good correlation between the different
wells. Well locations are shown in Fig. 6; (B) Comparison
between the most complete log of well 24515405 and
averaged time series of 5 adjacent PS points (for location of
points see Fig. 6).

Fig. 11. PS time series in Haifa Bay area. (A) Lev Hamifratz
shopping mall area; (B) Rupin Bridge; (C) Haifa Bay fire
station area. See Fig. 6 for locations. Note the negative trend
of all lines.

Discussion
Correlation with seismic activity or groundwater
levels
Only four earthquakes, all below ML = 3.5 and deeper
than 10 km, occurred in the vicinity of Haifa during the
years 1992–2001 (GII, 2006). The observed deformation shows no relation to that seismicity. The possibility of deformation due to aseismic creep along the fault
will be discussed in the following section.
Association between groundwater level changes
and local subsidence has been shown in many locations worldwide (e.g., Galloway et al., 1999). The area
of Haifa Bay, particularly near the outlet of the Kishon

stream, is suitable to examine a possible association
between ground subsidence and groundwater level
changes. In this area the shallow sequence consists of
clays and sand, a significant subsidence was observed,
and the groundwater level is high. The water level
changes among four water wells that are located close
to the subsiding area (Fig. 6) show a similar pattern
(Fig. 12A). On the other hand, comparison between
the most complete log of these wells and averaged
time series of 5 adjacent PS points (Fig. 12B) shows no
clear temporal correlation. During the entire research
period, the water level dropped by ~0.5 m, while the
PS shows subsidence of ~6.5 mm. This correlation
might indicate that some of the observed deformation
is in response to the water level drop.
Aseismic slip along the Carmel Fault?
Our PSInSAR results show no evidence for differential
surface displacement across the Carmel Fault in the
satellite to ground LOS. This does not necessarily deny
that slip occurs at a rate, depth, or rake that is undetectable in the current satellite geometry and resolution. To
examine the detection limits we use elastic dislocation
models (Okada, 1985, 1992) to calculate the expected
surface deformation with respect to the satellite for different fault parameters (location, strike, dip, rake, slip,
and dimensions) in a homogeneous half-space.
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Fig. 13. Four representative synthetic interferograms showing the expected surface LOS velocity change. The models were
defined by a slip rate of 5 mm/y; depth to bottom of fault—35 km, top of the fault was set at surface; dip–60° east; the arrows
show the satellite azimuth—A and range—R; red colors represent relative displacements toward the satellite and blue colors
represent relative displacements away from satellite; (A) fault with strike 325° and rake 40°; (B) fault with strike 325° and
rake 0°; (C) fault with strike 0° and rake 40°; (D) fault with strike 0° and rake 0°.

Since there are very few permanent scatterers to
compare with along the N–S segment of the CF, the
models are constructed only for the NW–SE segment.
The fault dip was set to 60° to the NE, based on the
focal plane solution of the 1984 ML = 5.3 earthquake
(Hofstetter et al., 1996). The width of the fault was set
to the depth of the continental crust, estimated to be
35 km in this area (Ginzburg et al., 1994). In order to
avoid effects of the fault tips, the length of the fault was
extended to be much longer than the research area.

Depth of
bottom of
Fault (km)

Depth of
top of
Fault (km)

We constructed models for the NW–SE segment, in
which the depth from the surface to the top of the fault,
the rake, and the slip rate were iteratively changed (Table 2). The maximum slip rate in our models is 5 mm/y,
corresponding to the GPS estimates (Agmon, 2001). We
check rakes of 0° (left-lateral displacement), 90° (normal), –90° (reverse), and 40° (oblique). Surface rupture
is represented by setting the depth to the top of the fault
to zero. Figure 13 shows synthetic interferograms of the
predicted LOS displacements in our models.

Table 2
Model parameters
Slip**

Rake

Dip

Strike*

			
0º
					
325º
0–5
1–5
40º
35
with 1 km
with 1 mm
–40º
60º		
intervals
intervals
90º		
0º
			
–90º

Track

Descending
350–2943

*For each one of the strikes, 150 models were built so that every possible combination of top of
fault, slip, and rake were examined.
**The maximum slip along the fault (5 mm) is equivalent to the maximal slip rate estimated by
GPS measurements (Agmon, 2001).
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Fig. 14. Possible slip rates vs. depth to top of fault due to the method limitations, for a fault with strike of 325°. The blue points
represent surface LOS deformations that are lower than 1 mm/y and therefore possible values of slip rate and depth to top of
fault, which are undetected by the InSAR methods described in this work. (A) Possible slip rate and depth of fault for left lateral
slip. For example a slip rate of 4 mm/y when the top of the fault is at surface will produce LOS displacements greater than 1
mm/y and therefore would be detected using PSInSAR.. Hence no blue point is found at (4,0). LOS displacements that are
lower than 1 mm/y may be produced by slower slip rates or deeper top of fault. But, these LOS cannot be detected by InSAR
and therefore cannot be excluded by this research; (B) Possible slip rates vs. top of fault for a normal/reverse fault.

As previously noted, the PSInSAR technique is
limited to detection LOS deformation higher than
1 mm/y. Thus, because no detection of displacement
was observed, fault model parameters that yield rates
less than 1 mm/y at surface cannot be excluded. Figure
14 shows all the combinations of slip, rake, and depth
to the top of the fault rupture, where the LOS displacement does not exceed 1 mm/y. These values place
upper limits on the possible displacement along the
fault. In the NW–SE segment the PSInSAR method
has a dip-slip rate detection limit of 1 mm/y. Higher
slip rates would create higher LOS deformations and
would be detected. Left lateral slip along this segment
is limited to 4 mm/y at a 1-km upper locking depth of
the fault.
Conclusions
The interferograms used in this study are characterized by a low signal-to-noise ratio. We used different
signal-enhancing methods and approaches, but did not
find any evidence for differential surface displacement
along the Carmel Fault.
The PSInSAR showed high sensitivity to local effects. Subsiding areas found in the Haifa Bay resulted

most likely from consolidation of clay-rich layers, and
possibly in response to groundwater level drop.
The stacking and PSInSAR techniques assume a
uniform slip rate with time. Despite the fact that no
surface displacement was found, one cannot rule out
the possibility of fault creep at depth which may be
released by a future earthquake. The models show that
a vertical slip of up to 1 mm/y, or horizontal slip of
up to 4 mm/y along the NW–SE segments of the CF,
although unlikely, cannot be totally rejected. These
estimates are higher than those inferred from geological observations (e.g., Achmon, 1986; Rotstein et
al., 1993; Salamon et al., 2001). The long recurrence
intervals of M > 6 earthquakes along the CF may also
suggest that some of the accumulating strain along the
fault might be released continuously by aseismic creep
or by small earthquakes.
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