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Thermal Imaging of Nisyros Volcano (Aegean Sea)
using ASTER data

ATHANASIOS GANAS™, SPYRIDOULA VASSILOPOULOU? EVANGELOS LAGIOS?
and VASSILIOS SAKKAS?

ABSTRACT

Three ASTER Level 1B scenes of the Nisyros Volcano (Aegean Sea, Greece) were processed for
land surface temperature extraction. The scenes were acquired on April 26, 2002 (Day-time), June 13,
2002 {night-time}), and October 26, 2002 {night-time). Band 13 (10.25-10.95 mm; 90 m spatial resolu-
tion) was processed using scene-specific standard atmospheres from the ATCOR atmospheric librar-
ies that matched surface meteorological data collected at Rhodes and Kos islands for the first two
scenes, and Nisyros during the third scene acquisition. The results show a good comparison with
previously processed LANOSAT7 ETM+ thermal data during October 2000. The crater region was
clearly located and it was mapped warmer than the surroundings within the range of temperatures
measured over previous campaigns (22-24°C). The 2002 images show a temperature increase of 2 °C
inside the Stefanos crater refative to previous work, which indicates thermal instability of this region

over this two-year period.

1. Introduction

1.1 The Nisyraos Setting

The Nisyros Volcano in the Aegean Sea has
recently gained aftention from the geosciences
community because of its renewed activity dur-
ing 1995-1997 (Figure 1; Papadopoulos et al.,
1998; Lagios, 2000). Nisyros is a Quaternary
strato-volcano of mainly andesitic-rhyolitic com-
position and about 7 km diameter in size. It is
situated in the middle of an E-W graben between
the Dodecanese islands of Kos and Tilos
(Papanikolaou & Nomikou, 2001). The volcano
mainly presents a 'hydrothermal’ hazard (Marini
et al., 1993). Today, it shows slow chemical
changes of its fumaroles, which is accompanied
by micro-earthquake activity and ground defor-
mations (Lagios etal., 2001; Chiodini et al., 2002;
Sachpazietal,, 2002).

1.2 The ASTER Sensor

ASTER isthe acronym for Advanced Spaceborne
Thermal Emission and Reflection Radiometer. Itis a
Japanese multispectral sensor carried on the TERRA
satellite, which was launched on December 18, 1999.
TERRA orbits the Earth with a period of 98.1 min-
utes at a height of 720 km. Data formats and appli-
cations are discussed in Abrams et al. (2001). AS-
TER is a narrow-field of view sensor (the swath
angle of the sensoris +2.4°), which scans a swath
of 60 km on the ground every 16 days. The sensor
has nine (9) reflective bands and five (5) bands in
the thermal infrared (TiR), providing thus a wealth of
spectral information to map geological surfaces. In
the TIR region, ASTER has 12 bit quantization, a
radiometric precision (NEAT} of 0.3 °K, and one
standard deviation calibration uncertainty of 1 °K
between 270 and 340 K.
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Figure 1. Elevation map of Nisyros Island showing ground data localities (black circles) during the October 2002
campaign. Inset box shows extent of Figure 2. Coordinate system is Greek 1987 (Transverse Mercator). inset at
upper right corner shows location of the area within Greece.

1.3 The ATCOR software

The Atmospheric Correction (ATCOR) program
developed by DLR (Richter, 1996) and distributed
by GEQSYSTEMS Gmbh (Geosystems, 2002) was
used to process the ASTER data. The surface tem-
perature image is calculated from the radiance
registered at thermal band 13 (10.25-10.95 mm)
of ASTER. Band 13 is the less affected by both
water vapor and ozone absorptions (Thome ef al.,
1998). The software assumes that radiance is re-
lated to the grey value recorded at the sensor with
alinear function, while its relationship to the bright-
ness temperature (equivalent blackbody tempera-
ture) is given by Plank’s law. The atmospheric
transmission and path radiance are both estimated
by the use of proper atmospheric models. In this
work the atmospheric correction was done using
areference model from the software’s atmospheric
library, assuming a uniform surface emissivity of

0.98. The constant emissivity assumption was
found to hold for most surfaces of the LANDSAT?
ETM+ night scene of Nisyros during October 2000
overpass (Ganas and Lagios, 2003). However, the
bare surfaces of the Stefanos and Palivotis cra-
ters (Figure 2), where lithology is mainly composed
by rhyolitic lavas, are expected to have an emis-
sivity ranging between 0.94 — 0.96 {e.g. Kahle,
1987, Harris & Stevenson, 1997). The craters are
located within an area of increased surface tem-
peratures, because of the existence of low-tem-
perature fumaroles (Brombach etal., 2001).

1.4 Raw Data Characteristics

The ASTER level 1B scenes of Nisyros are reg-
istered radiance at sensor products; produced by
the Japanese Ground Segment and delivered by
ERQS Data Centre in HDF format. The thermal infra-
red telescope operates in nadir-viewing, “whisk-
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Figure 2. IKONOS-2 image of the Stefanos crater area {nadir view). The Stefanos Crater is the circular feature
pointed at by the black arrow. The image has been orthorectified using a 2m DTM and GPS measurements
(Vassilopoulou et al., 2002). The black features inside the crater show ground data sampling areas. Thin black box
shows location of geothermal well A, drilled in 1982, Double-headed arrow points to NE-SW scarps on the eastern
slope of the caldera. Letter F shows the fumarole region in the eastern part of the crater where degassing

temperatures reach 100 degrees C.

broom” mode and callects emittance infive (5) chan-
nels having a 90 m spatial resolution. Figure 3 shows
overviews of the ASTER scenes, daytime and night-
time, respectively. The images show dark tones of
grey over cool areas and bright tones over warm
areas. There are notable differences between the
two passes that in turn are associated with pat-
tems of thermal structure, both ephemeral (sea)
and permanent (land). A preliminary investigation
of the thermal structure was made by observing
emittance patterns in Figures 3 and 4. First, sunlit
slopes (facing south, south-east) are warmer
{brighter) on both images due to solar heating. This
observation suggests an exposure effect (Kahle,
1887), which needs fo be taken into account when
retrieving surface temperatures. in addition, in the
night image, there are sunlit slopes that show both
warm and cold areas (see Figure 4 bottom). It is
suggested that this is probably due to vegetation

cover and rock type of those areas and needs fur-
ther investigation, because it is related to emissiv-
ity variations. Secondly, the shape of the histograms
is different: bimodal in the top image (day}, unimodal
in the bottom (night). This picture however may be
coincidental due fo the seasonal difference {April
versus June). The top image has a wider range of
radiance values (Table 2) than the bottom image.
This is partly due to the fact that the left {cold) tail of
the top histogram represents clouds. The mean value
is higher in the bottom image, because the sea
body is warmer. The sea is colder during daytime,
but warmer than larger part of land areas during
night-time.

2. Data Processing

2.1 ATCORZ (Flat Surface Model)

The ASTER data were imported into
GeomaticaT v8.2.1 as 16-bit unsigned integers.
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Figure 3. Monochrome overviews of the ASTER scenes of April 26 and June 13, 2002. Band 13 (thermal Infrared)
is shown on both cases. Bright pixels indicate warm areas. Note the different orientation of the features due to the
scanning mode of the sensor (descending-top, ascending-bottorn). Box indicates extent of Figure 4.
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Table 1. Detailed statistics of thermal images over

Nisyros shown in Figure 4. Values reported are grey levels or

~ WAGE T [ WEAW | SO MW A%
~April 26, 2002 day* 1436 5 69.2 1155 1962
June 13, 2002 might | 1500.30 9.2 1451 1584
Oct. 26, 2002 night 153475 30.9 1309 7562

*The extreme values for this day are due to the presence of clouds and their shadows.

All scenes were subsetted to smaller files (256
pixels x 256 lines or 128 x 128) thus inciuding only
Nisyros and surrounding sea. The files were ex-
ported to IMG format (16-bits), for ATCOR to be
able to read them. No data scaling was done to 8-
bit range, however, the computed temperature
range is 8bit. The data were first processed using
ATCOR2 {no 3-D correction) assuming a constant
emissivity value of 0.98. A new calibration file was
set up to establish the correct gain parameter ¢1.
This was done using the band 13 conversion coef-
ficient that can be found on the HOF metadata file:

¢1 = inel,,* 107

where [x] = 0.005693 W/m?e sre mm. This
coefficient was the same for all images. We as-
sumed a visibility of 15 km for all passes based on
the meteorological data supplied to us by the Hel-
lenic Meteorological Service (EMY). These data
(Air Temperature, Dew Point, Relative Humidity,
and Atmospheric Pressure) were collected at the
Kos and Rhodes airports, every hour, at distances

25 and 80 km, respectively. Table 2 reports spe-
cific values at ground level for the time of each
pass. TERRA passed over Nisyros at 09:11:55 GMT
on April 26, 2002 (local time 12:11:55) and at
20:15:08 GMT on June 13, 2002 (iocal time
23:15:08). During October 2002 scene acquisi-
tion, a ground campaign took place with point tem-
perature sampling from sites shown in figures 1
and 2. In addition, in situ meteorological data were
collected from the local station established within
the framework of the GEOWARN
(www.geowarn.org) project inside Nisyros
Caldera.

The ATCOR2 processing results are the fol-
lowing. The day scene (April 26, 2002; Fig. 4) was
processed using the US standard-atmosphere
model that matched better the meteorological
ground data. The maximum value (44°C) was lo-
cated on a sunlit stope of the volcano on the north-
gastern side, outside the caldera. The minimum
values (3°C) were computed for the cloud pixels
as expected. The sea surtace temperature was 17
°C. The Stefanos crater surface temperatures
were 32-33 °C, however, no thermal anomaly could

Table 2. Surface meteorological Data during TERRA passes over Nisyros. R is Rhodes Airport, K is Kos Airport.

=

pril 26, 19 “52 259
April 26, 2002 K 18 56 1010 539
June 13, 2002 R 24 19 73 1006 148
Jane 13, 2002 K 73 78 73 1610 171
Oct. 26, 2002 N 16 N/A 7 1015 N/A
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Figure 4. Monochrome overviews of the ASTER scenes of the Nissyros volcano of April 26 and June 13. Band 13
{thermal infrared} is shown on both cases. Bright pixels indicate warm areas. Note the different orientation of the
island due to the scanning mode of the sensor {descending-top, ascending-bottorn). The histogram of pixel values

{16-bil range) is also shown.

be detected because of solar heating. The first
night scene (June 13, 2002; Fig. 4) was processed
using the Mid-latitude summer atmospheric model.
The maximum value (26 °C) was recorded inside
Stefanos Crater. Minimum values (17 °C) were
recorded on the northwestern flanks of the caldera.
The sea-surface had temperatures ranging from
21-22 °C. The detailed temperature statistics of
both images are shown in Tabie 4. Finally the tem-
perature images were georeferenced to the UTM
{zone 35) projection using a combination of two
(2) reference vector files with RMS-X=0.38,0.53
and RMS-Y=0.57,0.39 pixels, respectively. First-

order polynomials and Nearest Neighbor
resampling were used.

The second night scene {October 26, 2002;
Fig. 5) was processed using the Sub-arctic sum-
mer atmospheric model, which matched better our
meteorological data on the ground. The maximum
value (24 °C) over land was recorded inside
Stefanos Crater. Minimum values (12 °C) were
recorded on the western top of the caldera. It 1s
noted that a similar range of values was also cal-
culated on the October 2000 LANDSAT7 ETM +
scene of Nisyros (Ganas and Lagios, 2003) using
adifferent atmospheric model. However, the 2002
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Table 3. Detailed statistics of processed thermal im-

OR: IXE MEA
- April 26, 2002 | 65536 17.9 33 3 42|
(Day}
June 13, 2002 65536 21.0 06 18 26
(Night)
October 26, 2002 | 22052 222 3.9 12 25
(Night)

images show a temperature increase of 2 °C in-
side the Stefanos crater relative to previous work,
which indicates thermal instability of this region
over this two-year period. This is because the

same processing software and emissivity value
{0.98) on both epochs was used. On the other hand,
the sea surface had temperatures ranging between
23 °C (near shore) 25 °C (open sea). Our ground
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Figure 5. Colour overview of the processed ASTER scene of the Nissyros volcano acquired on 26 Dctober 2002, A
smooth colour pattern blue-green-red-purple corresponding to cold-medium-hot temperatures is shown. White line
indicates the coastfine and broken black line indicates the caldera rim. The Stetanos crater rim is indicated by the small
black circle in the south of the caldera. Note the thermal anomaly (22-23 degrees C) inside the crater. Grid is UTM35.
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Figure 6. Temperature map of the Stefanos crater re-
gion calculated from the 26-10-2002 night scene after
ATCOR2 processing. Increasing brightness indicates
warmer surface temperatures. Green line with ticks shows
the crater rim. Triangles indicate point sampling locali-
ties (A to H). Numbers represent average pixel tem-
perature. Pixel size is 90 m.

measurements at points FARQ and Palloi (Fig. 1)
range between 23.1°C and 23.4°C. This compari-
son validates our results over those areas.

Aithough the thermal anomaly inside the cra-
ter was located, the extracted land surface tem-
peratures showed mixed results when compared
to actual ground data (Fig. 6). Our ground mea-
surements were: point A 29.7 °C, pointB30.4 °C,
paint C 22.6 °C, point D 23.3 °C, pointE17.0 °C,
pointF21.9 °C, point G 24.4 °C, and pointH33.5
°C. In other words, good matching exists for pix-
els 22, 19 and 24 (Fig. 6), while not satisfactory
matching exists for pixel 23. The absolute devia-
tionis 1.3 °C for pixel 22, 2 °C for pixel 19, 0.4-2.1
°C for points F and G against pixel 24, and 0.4-6.6
°C for pixel 23. The deviation regarding pixels 22,
19 and 24 may be due to the spatially averaging
effect of the coarse ASTER pixel (30 m). The de-
viation for point H (pixel 24) and points A and B
{pixel 23) is probably due to a subsurface effect
that may increase surface temperature locally.

In general, it seems that the bottom half of the
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crater is warmer than the top half, in agreement
with the October 2000 LANDSATY results of Ganas
and Lagics (2003). This feature seems now per-
manent and is most likely due to the existence of
an E-W fracture that crosses the crater. The frac-
ture operates as a conduit for the ascent of fuma-
rolic gases, which heats up the crater's surface.
Near the Stefanos Crater, two shallow (Up to 300 m
depths) transitional conductivity zones having an
E-W orientation, which may correspond to frac-
ture zones, were deduced by Magneto-telluric
soundings (Lagios, 1991)

The second factor affecting temperature ac-
curacy is the spectral emissivity of the crater’s
surface, Because a unique value for the whole
scene (0.98) was applied, the emissivity for the
bare, volcanic surface of the crater, which is com-
posed of mostly clay and pyroclastic layers, may
be overestimated. ATCOR suggests this unique
value probably underestimates surface tempera-
tures by about 1.5 °C, although higher values (3-4
°C) are not unlikely. This constraint would increase
extracted surface temperatures in figure 6 by at
least 1.5 °C, which therefore would further reduce
the temperature deviations discussed above.

3. Discussion-Conclusions

ASTER band 13 (10.25-10.95 mm; 90 m spa-
tial resolution) was processed using scene-spe-
cific standard atmospheres from the ATCOR at-
maospheric Libraries. The results show a good
comparison with previously processed LANDSATY
ETM+ thermal data (Ganas & Lagios, 2003). The
area of the main fumarolic activity on the island
(Stefanos Crater; Chiodini et al., 2002) was clearly
located (Fig. 5) and it was mapped warmer than
the surroundings within the range of temperatures
(22-24 °C) measured over previous campaigns.
Despite the lack of ground data, it is suggested
that the land surface temperature is probably un-
derestimated inside Stefanos Crater (Fig. 2}, be-
cause of the constant emissivity assumption. How-
ever, because of the overalt agreement of these
results with previous campaigns in Nisyros (Ganas
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& Lagios, 2003), including the mapping of the “oro-
graphic effect” {Fig. 5), it is proposed that ASTER
data may be successfully used to monitor the ther-
mal status of the volcano.

In addition, the comparison of the ASTER ther-
mal map for October 2002 to the LANDSAT? ther-
mal map for October 2000 (Ganas & Lagios, 2003}
show that surface temperatures inside Stefanos
Crater (Fig. 2) have risen on average by 2 °C within
the period 2000-2002. This observation has to be
also evaluated with respect to the increases in H,
and CO contents of the fumaroles (Chiodini et al.,
2002) indicated by geochemistry data between
1997-2001. The combination of increasing trends
between geochemical and thermal data may indi-
cate the onset of a new, unstable phase of the
Nissyros volcano.
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