INTERFEROMETRIC MAPPING OF GROUND DEFORMATION IN NISSYROS VOLCANO, AEGEAN SEA,
DURING 1995-1996.
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ABSTRACT

Nissyros 1is an active volcano in the south Aegean Sea, Greece. Deformation
maps were produced using ERS C-band SAR image pairs acquired in 1995/96, over a
time period of 279 days. This is the earlier deformation signal ever mapped on
Nissyros. Results of the investigation clearly indicate significant off-caldera
ground deformation. Surface uplift occurred in Mandraki area (NW Nissyros), and
the affected area coincides with a particular geologic discontinuity, a normal
fault that moved during the August 1997 5.5 Ms earthquake. Derived uplift rates
are supported by the results of geodetic measurements (GPS).

NEPINHYH

H vAhocog Nioupog elval £éva evepyd nooioctelo o10 VOTLO-avVAaTOoALkS Alvalo
méAayog. I1a mAaiola evdc eUupwnoikoU €peuvnT LKOU THPOYPHAUUATOC KATHAOKEUXOHUE
X&pTeQ avnyuévng TOopauopedcewg ylia 1tn Nioupo XPNOoLUPOHmOoLOVING TNV TeEXVLIKA 1INC
dopupop LkAC oupRolouctpiagc. O dopupoplkdg x&ptng Tng mepLlddou 1995-1996 amoteAel
NV np®dtn anddelin aAAaynC oxHuaTtog Tou noeatoteiou €&’ oittliog avdédou ubdypoTocg
OTOV aVvRTEPO QAoLS. Ol petphoelc emifefatdvovial amd yedeT LKA dedouéva €mOouévev
ETOV.
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INTRODUCTION

The Nissyros volcano is located at the southeastern end of the South Aegean
Volcanic Arc at about 36.5 degrees North and 27.1 degrees East (Georgalas, 1962;
Figure 1). Although the last volcanic activity on Nissyros dates back at least
25000 years, the present geodynamic activity encompasses high seismic unrest,
widespread fumarolic activity, and recent gas and hydrothermal explosions
(Papadopoulos et al., 1998; Dietrich et al., 1998). Earthquakes and steam blasts
accompanied the most recent hydrothermal eruptions in 1871-1873 and 1887.
Mudflows and hydrothermal vapors rich in CO, and H,S were emitted from fracture
zones that cut the caldera of the volcano and extend towards NNW through the
vicinity of the village of Mandraki. The seismic unrest of the years 1995-1997
prompted us to initiate an interferometric study of the ground deformation using
spaceborne data from the European satellites ERS1 and ERS2. Differential
Interferometry has been an effective tool in mapping ground deformation of
active volcanoes (e.g. Massonnet et al., 1995, Lanari et al., 1998; Lu et al.,
2000) .

The ERS data were originated in the I-PAF facility in CEOS-SLCi format with
dimensions 4900 pixels (range) by approximately 26500 rows (azimuth) resulting
in ground resolution 7.9 metres in range - 3.98 metres in azimuth. The Pulse
Repetition Frequency (PRF), a critical factor in data processing (Gens, 2000)
for both satellites is 1679.902 Hz. The radar wavelength is 5.65 cm (frequency
5.3 GHz) and the antenna depression angle 1is 67 degrees during data
acquisitions. The radar data were processed by EVInSAR, (1.2.1 version) produced
by ATLANTIS (van der Kooij, et al., 1997) on a Pentium III computer with 392 Mb
RAM.
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Figure 1. Location map of the Nissyros volcano, Aegean Sea. The image to the
right is a black-and-white space photograph of the Space Shuttle. The image
shows in 2D the circular geometry of Nissyros and the caldera in the middle.
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METHODOLOGY

The ODISSEO web Server of ESA (http://jupiter.esrin.esa.it/) was searched
for the selection of suitable pairs for InSAR. Ten (10) images were selected and
were delivered as Single Look Complex (SLCi) products. Two optimal scenes were
selected for further analysis, namely orbits 5973 (11 June 1996) and 1965 (5
September 1995) of the ERS 2 satellite (Table 1). These scenes had temporal
separation of 279 days which span the time period of increased seismicity rates
while preserving adequate phase coherence. Locally there is a high level of
correlation between the two ERS scenes; however, over most of the island the
coherence remains at relatively low levels.

The orbital baselines (B) were: perpendicular B = -79.9 m, parallel B = -
27.7 m. The orbital parameters of the two scenes were refined by more accurate
estimations of the state vector positions as calculated by the DEOS (Scharroo et
al., 1998). We used the 2-pass method by eliminating topographic phase using an
external DEM with a resolution of 2 metres. The DEM was produced by digitizing
of the 1:5000 topographic maps of Nissyros provided by HMGS (Hellenic Military

Geographical Service). The DEM was edited and corrected with field measurements
by the Institute of Cartography, ETHZ at a final resolution of two (2) metres
(Vassilopoulou and Hurni, 2001). This good quality had two implications: a) it

provided ground control for the co-registration between master SAR scene-slant
range projected DEM between 1-4 m and b) brought down the magnitude of the
topographic artifact to 4m / 117 m (altitude of ambiguity ha) or 0.034 of a
cycle or 1lmm using Pair 1. All datasets were reprojected to the WGS84 datum, UTM
zone 35.

Data processing starts with image co-registration analysis. This includes:
a) Resampling of DEM to master SAR image b) Processing to distort the re-sampled
DEM into the master SAR space creating foreshortening and layover distortions c)
Fine coregistration of DEM to master SAR image using ground control points and
d) Calculation and subtraction of topographic phase from the interferogram prior
to interferogram enhancement. In step c¢) an advanced SAR image backscatter
simulator is used to generate a simulated SAR image for wuse in fine
coregistration of DEM to master. For example, the fine coregistration for the
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Pair was done using 23 ground control points with root mean square errors along
x=0.54 and along y=0.66 pixels. The phase difference is unwrapped using an
iterative disk masking algorithm with controlled error propagation and error
correction. The algorithm uses multiple tiling and seeding techniques,
providing automatic masking of low coherence areas and automatic connection of
residues. An unwrapping editor was also used to correct remaining errors. Data
resampling 1is applied to reduce the amount of data to be phase unwrapped and
give square dimensioned pixels in ground range.

Table 1. Interferometric Pair Validation results. The first stage of SAR image
processing after data input. Spectral overlap between two SAR scenes indicates
amount of noise introduced to the phase difference of the two interferograms
because of their bandwidths centered at different frequencies.

SAR Image Sensor-Orbit Date Spatial Range Azimuth

Overlap Spectral Spectral
Pair 1 - Master |ERS 2 - 5973 11-6-1996 96.91 % 92.71% 98.99%
Pair 1 - Slave ERS 2 - 1965 5-9-1995

Figure 2. The interferogram of Nissyros volcano spanning the period between
orbits 5973 (11 June 1996) and 1965 (5 September 1995) of the ERS 2 satellite.
Note the E-W strike of the first fringe (black arrow - blue to red colour
change), that is across topography.

RESULTS

The interferometric phase is shown in Figure 2. Due to the cyclical nature
of phase, colour is used to represent it. A zero value is represented by red and
as the phase increases it 1is represented by smooth transition from red to green

to blue and then back to red as it reaches 2m (i.e. one cycle). Independent
phase effects, which may be present in such an interferogram, are due to
topography, surface change and atmospheric anomalies. Because the baseline of
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Pair 1 is relatively small (80 m) for ERS the phase is not highly sensitive to
the topography (one cycle of phase corresponds to about 117 m in height
variation) . Despite that the maximum height variation in the region is about 700
m the contribution to the phase due to topography was considered negligible
relative to other effects, such as deformation, in the interferogram. This 1is
because topography follows a conic pattern whereas the main fringe trends
approximately east-west. There 1s a significant indication of surface
deformation at the study area. A nearly circular phase pattern can be seen in
the top near the middle of the scene. Considering the baseline for this InSAR
pair this pattern cannot be accounted for by the topography known to be present.

Figure 3. Field photograph of the Nissyros caldera showing the Stefanos crater
and the steep slopes of the Profitis Ilias where layover occurs 1in ERS SAR
images during descending orbits. View to the west.

By unwrapping the phase and applying a straightforward conversion a height
change map is produced. Note that this conversion assumes that the phase effect
measured is due to height change only (no lateral movement). It is important to
recognize that the SAR measures only the component of surface motion along the
viewing direction of the antenna. The actual surface motion must be inferred
from additional knowledge about the area of interest. In the case of the
Nissyros volcano, given the relatively conic topography (Figure 3) and the
nature of the hydrothermal activities, it is assumed that the surface motion is
height change.

DISCUSSION-CONCLUSIONS

The nearly circular feature that can be clearly seen in the Interferogram
(Figure 2) is most likely due to uplift. Note that no height change measurements
were recovered for most of the bottom of the caldera. This was because the phase
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unwrapping failed due to a) prohibitively low coherence and b) geometrical
effects (layover of the N-S slopes, i.e. perpendicular to the radar beam). The
above results were compared to the pattern of deformation measured by local GPS
surveys from 1997 onwards. During the last four vyears, a series of GPS
measurements were made to determine the heights of 14 fixed points distributed
throughout Nissyros (Lagios et al., 1998; Lagios, 2000). Analysis of the results
provided a preliminary estimate of surface uplift with millimeter accuracy.
Comparison of the 1997-1999 survey results to those of the 1995/96 InSAR
deformation map is favourable, as the GPS data indicate up to 40mm of uplift.
Therefore, areas affected by uplift are clearly evident from the 1995-1996
interferogram.

Figure 4. Seismicity map of the Nissyros area (Data from the NOA National
Network) . Notice the 2 strong earthquakes of magnitude 5 near the west coast.
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The cause of the 1995-1996 uplift observed by differential InSAR is most
probably upward magma movement at the eastern edge of the south Aegean volcanic
arc. This movement was accompanied by extensive seismic activity (32 events -
Figure 4) which includes two (2) intermediate-depth earthquakes of magnitude 5.5
Ms on 30/11/1995 and 12/4/1996, respectively. This correlation between volcanic
and seismic activity has been recently established worldwide by Marzocchi
(2002) . In the Nissyros case, the triggering mechanism seems to be stress
transfer that increased the pressure on the magma chamber. However, most of the
earthquakes are shallow (see Appendix) and are concentrated along a NE-WS to E-W
general direction which suggests that they occurred within the Kos neotectonic
graben (Papanikolaou and Nomikou, 2001). It is worth pointing out that the area
of greatest uplift is the northwestern part of the island (which probably
includes a significant offshore part) where the destructive, August 1997
earthquake sequence occurred.

Our master SAR scene (11-6-1996) was also used by Parcharidis and Lagios
(2001) in their study of the surface deformation of Nissyros. The 3 cm vertical
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deformation mapped by our interferogram (Figure 2) was followed during the years
1996-1999 Dby mostly horizontal movements to the east and southwest,
respectively. This change in the mode of deformation could be due to the
activation of surface fault zones that cross-cut the volcano.
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APPENDIX. Earthquakes recorded by the National Observatory of Athens (NOA) near
Nissyros between 8/3/95 and 31/8/1996 (32 events).

YEAR M D HR MIN SEC LAT LON DEP
1995 MAR 8 08 28 9. 36.43 27.04 10
1995 AUG 22 14 26 38. 36.86 27.41 5
1995 SEP 11 08 12 59. 36.60 26.91 32
1995 NOV 3 20 21 18. 36.55 27.17 5
1995 NOV 25 09 04 13. 36.55 27.26 39
1995 NOV 25 09 16 39. 36.61 27.25 37
1995 NOV 27 13 26 5. 36.44 27.33 39
1995 NOV 30 11 49 35. 36.59 27.12 130
1995 DEC 14 20 53 24. 36.50 27.38 5
1995 DEC 18 07 49 8. 36.54 26.98 38
1996 JAN 2 14 54 28. 36.57 27.02 10
1996 JAN 2 15 14 36. 36.56 27.04 10
1996 JAN 2 20 51 23. 36.64 27.25 37
1996 FEB 18 20 03 6. 36.72 27.22 5
1996 FEB 29 06 13 21. 36.76 27.39 37
1996 APR 8 11 44 59. 36.65 27.15 33
1996 APR 12 15 39 12. 36.63 27.06 153
1996 APR 25 10 47 39. 36.85 27.44 1
1996 APR 25 15 53 3. 36.89 27.41 1
1996 APR 25 15 59 58. 36.89 27.45 10
1996 APR 27 21 41 51. 36.68 27.27 10
1996 APR 30 06 29 7. 36.73 27.34 10
1996 APR 30 15 07 23. 36.66 27.26 10
1996 MAY 15 06 02 24. 36.61 27.17 10
1996 JUN 2 23 52 49. 36.71 27.39 49
1996 JUN 26 20 28 37. 36.57 27.23 5
1996 AUG 4 18 57 50. 36.42 27.17 15
1996 AUG 10 15 23 55. 36.42 27.18 10
1996 AUG 19 23 01 35. 36.62 27.12 5
1996 AUG 20 15 44 18. 36.59 27.04
1996 AUG 26 14 01 28. 36.43 27.11
1996 AUG 31 11 08 37. 36.59 27.08
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