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Abstract: A remote sensing survey was conducted in the Ngada District for geothermal explo-
ration using JERS-1 SAR and OPS, and ASTER VNIR and TIR data. As a result, many small
volcanic cones, which have diameters less than 5 km, are seen near the Bajawa in the SAR
image. Some volcanic cones are aligned along the north-south direction. Since the SAR has all-
weather observation capability, it provides us with details of the volcanic features in the study
area, where it 1s difficult to obtain cloud-free images using optical sensors. Volcanic features are
not as obvious in the OPS image compared with the SAR image because of the high sun eleva-
tion angle in tropical areas. A small high temperature anomaly 1s found at the Nage geother-
mal area using ASTER TIR, which is a new spaceborne sensor having a high spatial resolution.
These results demonstrate the advantages and limitations of satellite remote sensing survey for

geothermal applications.

1.

Remote sensing can contribute to geothermal
studies and exploration by detecting surface thermal
anomalies by using of thermal infrared imagery,
mapping lineaments that are conduits for geother-
mal fluids, depicting the regional volcanic frame-
work, and delineating hydrothermal altered area by
the use of short-wave infrared regions (Yamaguchi

et al., 1992a).

Indonesia comprises more than 17,000 islands
stretching along the equator from the Malaysian
mainland to New Guinea. Indonesia has the fifth
largest population in the world. About 60 % of Indo-
nesians live on Java Island, which has less than 7 %
of the country's total area. The Indonesian govern-
ment plans to construct roads, communication lines,
city water systems and electric power plants in re-
mote islands for economic growth and educational
promotion. As a part of this plan, Indonesian gov-
ernment 1s promoting the Regional Electrification
Plan using hydropower, geothermal energy and
other sources.

Nusa Tenggara Timur consists of Flores, Alor,
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Lembata, Komodo, West Timor and other islands.
Many active volcanoes and abundant geothermal re-
sources are expected in this region. The Directorate
General of Geology and Mineral Resources of Indo-
nesia, New Energy and Industrial Technology Devel-
opment Organization and Geological Survey of
Japan started a joint research study entitled "Re-
search Cooperation Project on the Exploration of
Small-scale Geothermal Resources in the Eastern
Part of Indonesia" in 1997 (Muraoka and Uchida,
1999). As the first step of the project, a remote
sensing survey has been conducted for regional geo-
logical studies in five promising geothermal fields
(Urai et al., 1999). The next step, Urai et al. (2000)
1s concentrated on the remote sensing survey in the
Ngada District. In this paper, we present JERS-1
SAR and OPS, and ASTER VNIR TIR imagery of
the Ngada District and their interpretations.

2. Outline of the study area

The study area, shown in Fig. 1, is located on
central Flores Island. Bajawa, the capital of the
Ngada District, is surrounded by active volcanoes,
which are associated with subduction or collision
tectonics between the Australian plate and Lesser
Sunda-Banda arc (Muraoka et al, 1999). A few
areas of steaming ground and many hot springs are
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Fig. 1 Location of the study area.
Hatched area indicates the study area.

found in the southern part of the study area
(Muraoka et al., 1999; Takahashi et al., 1999).

The largest hot spring is found in the Nage geo-
thermal area, which i1s 8 km southwest of Bajawa.
The steaming field's area is 200 m by 500 m along
the Wae Bana River and geothermal waters more
than 75 C gush out from the springs (Takahashi et
al., 2000). The total flow rate is more than 30 tons/
min.

3. Satellite image interpretations

3.1 JERS-1 SAR image

The JERS-1 (Japanese Earth Resources Satellite 1)
was launched into a sun synchronous orbit on Feb-
ruary 11, 1992, and ended its mission on October 12,
1998. The JERS-1 was equipped with the Synthetic
Aperture Rader (SAR) and the Optical Sensors
(OPS) instruments (Yamaguchi et al, 1992b). Table
1 shows the major characteristics of JERS-1 sen-
sors. The SAR has all-weather observation capabil-

Table 1 The major characteristic of JERS-1 sensors
(Yamaguchi et al, 1992Db).
* Transmitting power was reduced to 3250 W due to
the problem of electric discharge in the antenna
cable (Takata, 1995).
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ity, and it provides valuable images for tropical re-
gions, where 1t 1s difficult to obtain cloud-free im-
ages with optical sensors.

Figure 2 shows the SAR mosaic image of western
Flores Island, which i1s combined with five SAR
scenes acquired from adjacent satellite paths from
January 1996 to September 1998. Many volcanic fea-
tures such as calderas, craters and crater lakes are

Fig. 2 SAR image of the western Flores Island (Copyright METI/NASDA).
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(a): JERS-1 SAR image taken on February 3, 1996 (Copyright METI/NASDA).
(b): volcanic terrain analyzed from a SAR image.

seen in the SAR image, especially in the southern
coast. Figure 3 shows the SAR image of the study
area taken on February 3, 1996. Many small vol-
canic cones, which have diameters less than 5 km,
are seen near Bajawa in the SAR image. Some vol-
canic cones are aligned along the north-south direc-
tion. Mt. Inerie is an active volcano located 13 km
west of Mataloko. The smooth texture of the SAR
image distinguishes younger volcanic sediments near
Bajawa and Mataloko from older parts.

3.2 JERS-1 OPS image

Figure 4 is the mosaic of two OPS images for the
study area taken on October 13, 1994 and July 9,
1998. The high elevation areas are red in the OPS
image indicating dense vegetation. Soil and rice
fields are observed as bright and dark colors, re-
spectively. It suggests that there is much rain in
the mountain areas on Flores Island. Volcanic fea-
tures are not as obvious in the OPS image com-
pared with the SAR image. Topographic analysis is
difficult using OPS images with high sun elevation
angles of 69 degrees for the eastern part and 53

degrees for the western. Vegetation anomalies are
observed as a bright color in the OPS image. Some-
times geothermal activities cause vegetation anoma-
lies. The field surveys are necessary to determine if
the vegetation anomaly is caused by geothermal ac-
tivities.

3.3 ASTER VNIR image and digital terrain
model generation

The Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER), which was launched
on the Terra platform on December 18, 1999, is a
high spatial resolution imaging spectro-radiometer
consisting of Visible to Near-infrared Radiometer
(VNIR), ShortWave-Infrared Radiometer (SWIR) and
Thermal Infrared Radiometer (TIR). The ground
resolution of VNIR, SWIR and TIR are 15 m, 30 m
and 90 m, respectively. The baseline performance re-
quirements of ASTER are shown in Table 2.
Yamaguchi et al (1998) and Fujisada et al. (1998) de-
scribe about ASTER in detail.

Figure 5a shows an ASTER VNIR image of the
study area acquired on July 16, 2001. This image is
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Fig. 4 OPS image analysis.
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(a): the mosaic of two JERS-1 OPS images taken on October 13, 1994 (east) and July 9, 1998 (west) (Copyright
METI/NASDA). The bands 3, 2 and 1 are assigned to red, green and blue, respectively.

(b): volcanic terrain analyzed from an OPS image.

covered by many small clouds and not adequate for
geological interpretations. However, ASTER ob-
serves this area several times from August 2000 to
the present (September 2001), this is the image of
minimum cloud cover. Areas covered by vegetation
are red. Soil and rice fields are seen as bright and
dark colors, respectively, in the image, the same as
JERS-1 OPS images.

The ASTER has one backward-viewing telescope
for stereoscopic observation in the along-track direc-
tion to generate digital terrain models. Figure 5b
shows the digital terrain model generated from
ASTER. In the middle of the study area, terrain
data was not generated because of clouds and their
shadows. Figure 6a shows the details of the digital
terrain model around Mt. Inerie. The topography is
quite similar to the existing topographic map (Fig.
6b) except for a false peak in the shadow area on
the southern flank of Mt. Inerie. Height and geo-
location accuracy of the digital terrain model gener-
ated from ASTER are approximately 10 m and 50
m, respectively, without ground control point

correction (Fijisada et al, 2001).

3.4 ASTER TIR image

Four partly clouded ASTER TIR scenes, from
which we can detect a surface temperature anomaly,
were acquired in the study area during the day and
night. Figure 7a, 7b, 7c and 7d show the brightness
temperature distributions observed at 14:41UT (22:41
local time) on June 23, 14:35UT (22:35 local time) on
July 2, 2001, 2:30UT (10:35 local time) on July 16,
2001 and 14:35UT (22:35 local time) on July 18, 2001,
respectively. The brightness temperature, which is
calculated by the inverse of Plank's function without
surface emissivity and atmospheric effects, 1s differ-
ent form absolute surface temperature. However we
can detect a surface temperature anomaly form the
brightness temperature distribution. In the day time
mmage (Fig. 7c), sun illumination effects are domi-
nant. On the other hand, night time images are
more suitable to detect surface temperature anoma-
lies caused by geothermal activities because there
are no sun illumination effects during the night
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Table 2 ASTER baseline performance requirements (modi-
fied from Yamaguchi et al 1998).
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time. Generally, the sea surface temperature is higher
than land surface temperature during the night
time, sea areas are red color that indicates a rela-
tively high temperature in Figs. 7a, 7Tb and 7d. The
surface temperature of the land area depends on the
elevation, and then we can found low temperature
areas at high elevation. Clouds cause time-dependent
low temperature anomalies, therefore low tempera-
ture anomalies that appeared only on one scene may
be caused by the cloud effect. Low temperatures
anomalies located in the southern part of Fig. 7b
are not seen on other scenes, they are probably
anomalies caused by clouds.

A small high temperature anomaly i1s found at
the Nage geothermal area approximately 6 km east
of Mt. Inerie in all temperature distribution images
(Fig. 7). It's more obvious in the close-up view (Fig.
8). The anomaly extends 500 m west-east and 180 m
north-south, which is same size as the Nage steam-
ing field (Takahashi et al., 2000), and 1s up to 2.5
°C higher than the surrounding area. The tempera-
ture anomalies related to Mataloko and other geo-
thermal areas are not found. Temperature differences
between Bajawa and Nage area outside of the geo-
thermal area were 3 - 8 C.

4. In-situ surface temperature monitoring

at the Nage geothermal area

In-situ surface temperature monitoring was con-
ducted from July 15 - 21, 2001 at the Nage geother-
mal area to validate the thermal anomaly detected
by ASTER. During this period, which is the dry
season, 1t was fine with some clouds and little rain.
Four thermometers (Model TR-52 manufactured by
T&D Corporation) were set in the Nage geothermal
area as shown in Fig. 9. However, one thermometer
(Nage-4) was lost. One thermometer (Nage-1) was
set at a farm approximately 100 m from the Nage
geothermal area. Another thermometer was set in
the backyard of the Ariesta Hotel in Bajawa. The
location of the thermometers is in Table 3. These
thermometers recorded surface or river water tem-
peratures every minute.

Figure 10 shows the temperature changes from
July 15 - 21, 2001. The water temperature of the
Wae Bana River (Nage-3) was almost constant 73.4
°C. Temperature just outside of the Nage geother-
mal area (Nage-1) was lower than the temperature
in the Nage geothermal area (Nage-2 and Nage-b)
except for the nights of July 15th and 16th. The
temperature in Bajawa was 8 - 14 °C lower than the
Nage area at 21:00 during this period.

The ASTER observed the study area both day
time and night time during the surface temperature
monitoring period. Because night time images are
more suitable to detect surface temperature anoma-
lies caused by geothermal activities, we concentrated
our analysis on the night time image. Table 4
shows comparisons of brightness temperature de-
rived from ASTER TIR band 13 and surface tem-
perature measured by a thermometer on July 18th.
The temperature anomaly, the temperature differ-
ence between the inside and outside of the Nage
geothermal area, is 1.5 C. However, brightness tem-
perature difference between the two is 0.4 °C. The
in-situ and brightness temperature differences be-
tween Bajawa and Nage - 1 is 9.5 C and 2.1 C, re-
spectively. The atmosphere sometimes decreases the
surface temperature difference, so the actual ther-
mal anomaly may larger than the thermal anomaly
derived from the brightness temperature distribu-
tion.

5. Conclusions

A remote sensing survey was conducted in the
Ngada District for geothermal exploration using
JERS-1 SAR and OPS, and ASTER VNIR and TIR
data. As a result, many small volcanic cones, which
have diameters less than 5 km, are seen near
Bajawa in the SAR image. Some volcanic cones are
aligned along the north-south direction. Volcanic
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(a): ASTER VNIR image taken on July 16, 2001 (Copyright METI/NASA). The bands 3, 2
and 1 are assigned to red, green and blue, respectively.

(b): digital terrain model generated from an ASTER stereo pair image. Contour interval is
100 m. A rectangle indicates the area in Fig. 6.

features are not as obvious in the OPS image com-
pared with the SAR image because of the high sun
elevation angle in tropical areas. A small high tem-
perature anomaly, up to 2.5 °C, is found in the
Nage geothermal area that has large manifestations
on the ASTER TIR images. However it is difficult
to detect temperature anomalies related to geother-
mal areas that have small manifestations. Because
of atmospheric effects, temperature anomalies de-
rived from the brightness temperature distribution
may underestimate the actual temperature anoma-
lies. These results demonstrate the advantages and
limitations of satellite remote sensing survey for
geothermal applications.

Acknowledgements: The authors wish to thank
NASDA and METI/ERSDAC for providing JERS-1
and ASTER data. The authors are grateful to

ERSDAC for allowing the use of their computer fa-
cilities to generate digital terrain models for the
authors. The authors thank Mr. Isao Sato of the
Geological Survey of Japan, AIST for helpful com-
ments on the manuscript.

References

Fujisada, H., Iwasaki, A. and Hara, S. (2001)
ASTER stereo system performance. SPIE
Proceedings, 4540, in press.

Fujisada, H., Sakuma, F., Ono, A. and Kudoh,
M. (1998) Design and preflight performance
of ASTER instrument protoflight model.
IEEE Transactions on (Geoscience and Re-
mote Sensing, 36, 1152-1160.

Muraoka, H. and Uchida, T. (1999) Overview of
1998 investigations of the "Research Coope-

— 104 —



Satellite remote sensing on the Ngada District, Indonesia (URAI et al.)

Fig. 6 Digital terrain model near Mt. Inerie.
(a): digital terrain model generated from an ASTER stereo image pair on July 16, 2001. Contour interval is 25 m. An
arrow indicates the false peak.
(b): 25,000 : 1 topographic map. Keiji Tanaka, Hirofumi Muraoka and Masao Komazawa digitized from topographic maps
at a scale of 1:25,000 in this project. Contouring was done by Masao Komazawa.

o

E el LAY

= g8
T M
#i"T i_«.'—.
il o wry R e bl 1le (O P . T [ 1217 T Wl 1307 & Wri [P | 3" 57 Wl 1T un
fub ik i<l 1al3

g
——
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An arrow indicates the Nage geothermal area.
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Fig. 9 Thermometer locations in the Nage geothermal area.
Solid circles indicate the location of thermometers. The
hatched area is Wae Bana River. The position of Nage-4 is
8° 52.685'S and 120° 0.654'E measured by GPS.

Table 3 List of thermometer locations measured by GPS.
The coordinate system is WGS84.
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Table 4 Comparisons of brightness temperature derived from ASTER TIR band
13 and surface temperature measured by thermometers at 14:35UT (22:35 local

time) on July 18, 2001.
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