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Abstract: Most of the hazardous volcanoes, especially those in developing countries, have not
been studied or regularly monitored. Moderate-to-high spatial resolution and 3D satellite
remote sensing offers a low-cost route to mapping and assessing hazards at volcanoes worldwide.
The capabilities of remote sensing techniques are reviewed and an update of recent developments
is provided, with emphasis on low-cost data, including optical (Landsat, ASTER, SPOT,
CORONA), topographic (3D ASTER, SRTM) and synthetic aperture radar data. Applications
developed here illustrate capabilities of relevant remote sensing data to map hazardous volcanic
terrain and derive quantitative data, focusing on mapping and monitoring of volcanic morphology.
Limitations of the methods, assessment of errors and planned new sensors are also discussed.

The volcanology community has long recognized the
advantages of multispectral and synthetic aperture
radar (SAR) remote sensing (RS) techniques. The
multispectral nature of the data and the repeated
coverage of extensive volcanic terrains are major
advantages. For over two decades, satellite data
have been used to study volcanic activity and map
volcanic terrains (e.g. Francis & Baker 1978;
Mouginis-Mark et al. 2000; Ramsey & Dean 2004;
Ramsey & Flynn 2004). Spaceborne sensors permit
observation of volcanoes that are remote or difficult
to access for political reasons. Sensors allow infor-
mation retrieval from ongoing eruptive activity for
which field data collection is too hazardous.
Satellite data allow study of diverse volcanic
phenomena (e.g. Francis et al. 1996), including to:

(1) detect hot areas, their temporal and spatial
patterns (e.g. Harris et al. 2000);

(2) monitor volcanic clouds (e.g. Rose et al.
2000);

(3) map recently erupted volcanic (e.g. Patrick
et al. 2003; Rowland et al. 2003) or volcano-related
deposits (e.g. lahars, debris avalanches; Kerle et al.
2003);

(4) discriminate fresh volcanic rock surfaces in
terms of mineralogical, textural and compositional

differences (e.g. Gaddis 1992; Ramsey & Fink
1999; Byrnes et al. 2004);

(5) distinguish weathered volcanic surfaces and
assess the terrains’ relative age (e.g. Kahle et al.
1988), or identify mechanically weak sectors in a
volcanic edifice (Crowley & Zimbelman 1997);

(6) characterize volcano morphology and study
its changes (e.g. Amelung et al. 2000; Rowland &
Garbeil 2000; Lu et al. 2003);

(7) assess ground deformation using interfero-
metric synthetic aperture radar (InSAR; e.g.
Zebker et al. 2000).

The potential of high temporal resolution satel-
lite imagery for monitoring volcanic activity
and mitigating hazards has been reviewed by
Oppenheimer (1998) and Harris et al. (2000).
Thanks to increased RS data accessibility and
reduced time between data acquisition and avail-
ability to users (Ramsey & Flynn 2004), low-to-
medium spatial resolution (.1 km to 250 m pixel)
satellite data are now routinely used to monitor vol-
canoes; for example, to detect thermal anomalies
(Wright et al. 2004), or to detect and track
ash- and gas-rich volcanic clouds (e.g. Rose et al.
2000; Ramsey & Dean 2004). It is not the purpose
of this paper to review RS capabilities to monitor
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eruptive events (for that, see Mouginis-Mark et al.
2000), but instead to focus on assessing future
hazards by mapping the distribution of existing
eruption-related features.

Until recently, research focused on monitoring
active volcanoes or on studying a posteriori volcanic
events and their deposits. Repose periods between
eruptions can be decades to thousands of years
long. Some of the largest and most devastating his-
torical eruptions occurred at volcanoes that had
been considered as dormant or inactive (e.g. 1991
Mt Pinatubo; Newhall & Punongbayan 1996). The
majority of the c. 560 on-land historically active vol-
canoes are poorly known (Simkin & Siebert 1994).
Fewer than a quarter of them have detailed hazards
maps, and fewer still are regularly monitored.
Many of these potentially hazardous volcanoes are
located in developing countries, where local
systems struggle to assess and mitigate volcanic
hazards.

For hazard assessment and risk modelling, there
is an obvious need to map and characterize the
range of deposit types at poorly known or remote
volcanoes, to infer the range of activity that they
might exhibit. Prior to geological mapping, one
needs a good topographic map, also essential for
modelling volcanic processes and risks, such as
pyroclastic, lava and mud flows (e.g. Iverson et al.
1998; Stevens et al. 2002; Sheridan et al. 2004).
Sources of spatial data, such as aerial photography
and good quality topographic maps (e.g. 1:25 000
or better), either do not exist or are very difficult
to obtain for many volcanically active regions.
The goal of this paper is to illustrate how
medium-to-high spatial resolution (c. 10 to 100 m
pixel) satellite imagery provided by multispectral
(e.g. Landsat, ASTER, SPOT, CORONA) and
SAR sensors (e.g. ERS-1, ERS-2, SRTM) is
helpful both for deriving accurate topographic
and geological maps and for assessing volcanic
hazards.

A key development is that the availability of
medium-resolution (c. 30 m pixel) satellite images
over the Internet has increased dramatically,
together with a rapid decrease in cost (Table 1).
Satellite RS techniques (InSAR, digital stereo-
photogrammetry) now provide some of the best
digital topographic datasets. These improvements
will help the systematic assessment of geohazards
at poorly studied volcanoes. However, there is a
need to assess the accuracy of the quantitative
data retrieved from satellite imagery.

In this paper, we assess the capabilities of satel-
lite data to map and quantitatively study the struc-
ture, morphology and texture of volcanic terrains
at different scales, to gain insights into processes
and assess hazards. We review previous studies,
provide an update on advances and present new

case studies to illustrate satellite data use for
mapping volcanoes. We review the ability of multi-
spectral and SAR sensors to map volcanic deposits,
as well as InSAR’s capability to generate digital
elevation data, aiding morphological studies. A
first case study illustrates the potential of ASTER
and CORONA data to provide high-resolution and
up-to-date topographic maps. The approach, illus-
trated for a non-volcanic region of Morocco, can
be readily applied to volcanic regions. The second
case study (Mauna Kea, Hawai‘i) illustrates use of
multispectral imagery and SRTM DEM data to
map small-scale volcanic features. The goal is to
examine the advantages and limitations of RS data
types available for developing countries, using a
volcanic test area where data cross-validation
allows accuracy assessments. With the third case
study, we then explore to what extent the RS data
can be used for the rapid mapping of geohazards
and terrain types, including the monitoring of
ground deformation, at the Rungwe Volcanic Pro-
vince (RVP), SW Tanzania. Finally, we highlight
some future perspectives for systematic risk assess-
ment at volcanoes, especially in less developed
countries, through integrated RS studies and
through the increased capabilities that planned
new sensors will provide.

Multispectral and digital elevation

model data

An ever-increasing number of spaceborne sensors
continue to provide a wealth of high-quality multi-
spectral data. This study focuses on the
moderate-to-high spatial resolution (c. 10 to 100 m
pixel) sensors needed to study volcanoes and that
are easily accessible at low cost (Table 1). Very
high spatial resolution (c. 1 m pixel) data provided
by commercial sensors (e.g. Ikonos, Quickbird) are
not yet a low-cost alternative to assess volcanic
hazards (Table 1), even though such sensors prove
helpful to produce up-to-date orthomaps for some
active volcanoes (e.g. Nisyros caldera, Greece;
Vassilopoulou et al. 2002). Airborne RS, although
very useful, is not discussed here because it is
comparatively expensive, with coverage restricted
to relatively few volcanoes.

Multispectral images are a record of reflected or
emitted electromagnetic energy. The data range
from visible (VIS), near-infrared (NIR), and mid-
infrared (MIR) wavelengths (solar energy reflected
by the surface) to thermal-infrared (TIR; solar
energy absorbed and then re-emitted by the
surface). Multispectral data are considered here
from Landsat, SPOT, ASTER and CORONA
sensors (properties summarized in Table 1). Digital
Elevation Model’s (DEM) of volcanic terrains
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Table 1. Characteristics and sources of RS data discussed in the text

Sensor Number of bands and spatial
resolution

Scene size Cost Data distributor Distributor website

Medium- to high-resolution optical sensors
Landsat

ETMþ
PAN: 1 band 15 m
VNIR þ SWIR: 6 bands

30 m
TIR: 1 band 60 m

180 � 180 km2 Free Global Land Cover Facility,
University of Maryland

http://glcfapp.umiacs.umd.edu/index.
shtml

ASTER VNIR: 3 bands 15 m
SWIR: 6 bands 30 m
TIR: 5 bands 90 m

61.5 � 63 km2 Free Land Processes Distributed Active
Archive Center (LPDAAC)

http://edcdaac.usgs.gov/datapool/
datapool.asp

US$ 55 NASA Earth Observing System
Data Gateway

http://redhook.gsfc.nasa.gov/
~imswww/pub/imswelcome/

Free Global Land Cover Facility,
University of Maryland

http://glcfapp.umiacs.umd.edu/index.
shtml

SPOT 5 PAN: 1 band 5 m
VNIR: 3 bands 10 m
SWIR: 1 band 20 m

60 � 60 km2
E100–800*
E1200–6200

Spotimage www.spotimage.fr

CORONA PAN: 2–30 ft (c. 0.6–9 m) c. 14 � 200 km2

(KH 1–4)
US$ 24–45 USGS Earth Explorer http://edcsns17.cr.usgs.gov/

EarthExplorer/
Very high-resolution optical sensors
IKONOS PAN: 1 band 1 m

VNIR: 4 bands 4 m
.49 km2

11 km swath width
US$ 7–56 km22 Space Imaging www.spaceimaging.com

Quickbird PAN: 1 band 0.6 m
VNIR: 4 bands 2.4 m

.25 km2

16.5 km swath width
E18–42 km22 DigitalGlobe www.digitalglobe.com

Synthetic aperture radar
ERS-1 &-2 C-band 25 m 100 � 110 km2

E400–1400 Eurimage www.eurimage.com
RADARSAT C-band 30 m 100 � 100 km2 US$2750–4250 Radarsat International www.rsi.ca
JERS SAR L-band 18 m 75 � 75 km2

E950 Eurimage www.eurimage.com

Digital elevation models
SRTM

C-band
C-band: 30 m 18 lat–long Free; US only Seamless Data Distribution

System
http://seamless.usgs.gov

C-band: 90 m 18 lat–long Free Seamless Data Distribution
System

http://seamless.usgs.gov

SRTM
X-band

X-band: 25 m 0.258 lat–long E400 EOWEB, German Aerospace
Agency

www.eoweb.dlr.de

SPOT HRS PAN: 10 m .3000 km2; 120 km
swath width

E2.3 km22 Spotimage www.spotimage.fr

*Only for European scientific users.
Range of price is indicative, varying with processing level, data type (archived or newly acquired data), and delivery time. Data distributors are given as examples of where those data can be acquired.
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can be obtained by: (i) digital photogrammetry
based on stereoscopic pair of aircraft of satellite
images; (ii) digitalization and interpolation of topo-
graphic maps; (iii) radar interferometry; (iv) laser
scanning or (v) field survey. Advantages and limit-
ations of the different DEM-generation techniques
have been received by Baldi et al. (2002) and
Stevens et al. (e.g. 2002, 2004).

Landsat

The Enhanced Thematic Mapperþ (ETMþ )
instrument onboard the Landsat 7 satellite acquires
data in six bands at VIS to MIR wavelengths
at 30 m spatial resolution. It also provides a
panchromatic band (i.e. black and white) spanning
the visible spectrum at 15 m spatial resolution,
and two TIR bands (at the same wavelength
but with different gain settings) at 60 m spatial
resolution (Williams 2003). An ETMþ scene
(180 � 180 km2) covers a much larger area than
that of an airphoto; it does not suffer from radial dis-
tortion (after systematic data pre-processing), and it
is cheaper than airphoto coverage for the same area.
The ETM þ image discussed here was down-
loaded, for free, from the Global Land Cover Facili-
ties website (GLCF 2005; Table 1). Similar archive
images are now freely available for most regions.
The Landsat generation of satellites has acquired
data since 1972, resulting in a large volume of avail-
able archived data. On request, a new image can be
acquired, over any given region, every 16 days.
However, the cost of on-request data remains high
(up to E600; Eurimage website 2005). Regions
for which no specific data acquisition requests
have been made might not be covered by cloud-free
data for several years.

Data acquired by the Thematic Mapper (TM)
and ETMþ instruments onboard the Landsat 5
and 7 satellites, respectively, have been used to
monitor volcanic activity as these were the first
sensors to provide sufficiently fine spatial resolution
to map the extent, and characterize the spatial evol-
ution, of hot volcanic areas (e.g. lava flows or
domes; e.g. Harris et al. 2004). The fine spatial res-
olution of TM data was also exploited to identify
potentially active volcanoes in the Andes (Francis
& De Silva 1989) based on crater morphology,
lava flow texture and evidence of post-glacial erup-
tive activity. TM’s spectral capability also proved
useful for identifying and mapping the distribution
of distinct lithologies within volcanic debris ava-
lanches (e.g. Francis & Wells 1988; Wadge et al.
1995), and for identifying basaltic scoria cones
with specific iron oxidation features in dry environ-
ments (e.g. Chagarlamudi & Moufti 1991). Landsat
data are now often used in morphological studies of
volcanoes or a posteriori descriptions of a volcanic

event because they easily provide a synoptic view
of a volcano across multiple wavelengths (e.g.
Patrick et al. 2003). On the other hand, the temporal
resolution (16 days at best), time lag between image
acquisition and availability to users (1–14 days),
and high cost of on-request data over specific
targets prevent true real-time monitoring of eruptive
activity with Landsat. The small number of spectral
bands, as well as their broad width in the shortwave
IR (SWIR) and TIR also limit capabilities to
discriminate volcanic lithologies.

ASTER

The Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) is a medium-to-high
spatial resolution, multispectral imaging system
flying aboard TERRA, a satellite launched in Decem-
ber 1999. Volcano hazards monitoring, geology and
soil mapping are specific applications for which
ASTER was developed (e.g. Pieri & Abrams 2004).
An ASTER scene, covering 61.5 km � 63 km, con-
tains data from 14 spectral bands ranging from the
VIS and NIR (VNIR; three bands at 15 m resolution),
SWIR (six bands at 30 m resolution), to TIR (five
bands at 90 m resolution; Abrams & Hook 2003).

A key advantage for volcanic hazard assessment
is that ASTER acquires stereoscopic images at
15 m spatial resolution for deriving digital elevation
models (DEMs). Specifically, in the VNIR, one
nadir-looking (band 3 N) and one backward-
looking telescope (band 3B, 27.78 off-nadir with an
effective viewing angle at the Earth’s surface of
308) provide the stereo-pair images (Hirano et al.
2003). The advantage of this along-track mode of
stereo-image acquisition is that the stereo-images
are acquired only a few minutes apart, under
uniform environmental and lighting conditions,
whereas scenes from across-track data acquisition
(e.g. SPOT) are several days apart (Hirano et al.
2003; Stevens et al. 2004). DEM accuracy depends
on the availability, spatial distribution and accuracy
of high-quality ground control points (GCPs) and
on the contrast within the image (see Mauna Kea
test case). Hirano et al. (2003) suggested that the
root mean square error (RMSE) in ASTER DEM
elevations ranges from+7 m to +15 m, depending
on GCPs and image quality.

Processed ASTER DEMs can be acquired at
the same cost as an ASTER scene (Land Processes
Distributed Active Archive Center website
(LPDAAC 2005); Table 1). The routine procedure
utilizes the ephemeris and attitude data derived
from both the ASTER instrument and the TERRA
spacecraft platform to compute a relative DEM.
Absolute DEMs are based on GCPs specified by
the user. ASTER DEMs are derived at 30 m
resolution, in an attempt to minimize errors in the
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matching process. The RMSE of the relative DEM
in x, y and z is expected to range between 10 m
and 30 m. An RMSE of 7–50 m is expected for
absolute DEMs if at least four GCPs are provided
(LPDAAC 2005). The capability of retrieving accu-
rate relative DEMs without having to collect GCPs
in the field is of great interest, especially for remote
volcanoes. The exact accuracy of these DEMs still
needs to be assessed, especially for high-relief ter-
rains such as volcanoes.

The easy availability, low cost and unique com-
bination of multispectral and 3D capabilities at
15 m resolution are the main advantages of
ASTER for volcano studies. Although Stevens
et al. (2004) demonstrated that 3D ASTER allows
for accurate topographic mapping of volcanoes
and highlighted the potential for volcano terrain
deformation analysis by repeat DEM generation
combined with spectral change analyses, the full
capability of these data has not yet been fully
explored. Ramsey & Fink (1999) highlighted capa-
bilities of ASTER multispectral data in the TIR for
estimating surface vesicularity contrast in volcanic
rocks. ASTER multispectral data were used by
Byrnes et al. (2004) to discriminate between differ-
ent lava flow morphologies based on the spectral
reflectance in the VNIR, and on the emissivity in
the TIR. The main limitation of ASTER data, as
with other optical RS data, for regular monitoring
is their sensitivity to cloud cover, a frequent
problem with high-relief subtropical volcanoes.

SPOT

The SPOT satellites (Satellites Pour l’Observation
de la Terre) combine high-resolution multispectral
bands with stereoscopic capabilities. SPOT
acquires data in three bands in the VNIR at 20 m
spatial resolution (10 m for the most recent satellite,
SPOT 5), and one panchromatic band at 10 m
spatial resolution (5 or 2.5 m for SPOT 5). SPOT
4 and 5 also provide one SWIR band (20 m resol-
ution). Despite having fewer spectral bands than
Landsat or ASTER, SPOT has the advantages of
higher spatial resolutions and variable viewing
angles. This increases the potential temporal resol-
ution and the chances of acquiring cloud-free
images. With three SPOT satellites currently oper-
ational, it is possible to observe almost the entire
planet in a single day.

SPOT can acquire stereo-images pairs, but in
cross-track rather than along-track orientation
(compared with ASTER). The two stereoscopic
scenes can be acquired in tandem mode on the
same day by using two of the three satellites.
However, the stereo-pair images are not acquired
under identical illumination or atmospheric con-
ditions. This can affect the accuracy of the resulting

DEM (e.g. vertical accuracy between +5 and
+20 m; Hirano et al. 2003). SPOT 5, launched in
May 2002, carries the High Resolution Stereoscopic
(HRS) instrument, which can acquire simultaneous
stereo images with 10 m spatial resolution.
The simultaneity of acquisition for the stereo-pair
images increases the quality of the derived DEMs
(Kormus et al. 2004). A current problem is that
the two images used to produce the DEM are not
made available to users. Only the processed
DEMs can be acquired. The cost of these DEMs
has so far limited their applicability (Table 1).

Even though SPOT satellites have been acquir-
ing data since 1986, applications for volcanic
studies have been less frequent than those using
Landsat data. The lower number of spectral bands
and higher cost (e.g. a minimum of E100 per
scene for European scientists, and much higher
price for non-Europeans) in comparison with
Landsat are the main factors limiting its current
applicability. SPOT images were used to map lava
flows and monitor eruptive activity at Sabancaya
volcano (Chile; e.g. Legeley-Padovani et al.
1997), to map and assess structure and morphology
of lahar deposits (see Kerle et al. 2003, for a review)
and to map volcanic vents and lava flows, in combi-
nation with other RS and field data, at Galápagos
volcanoes (e.g. Rowland 1996; Rowland et al.
2003). At Galápagos volcanoes, panchromatic and
multispectral SPOT images allow identification of
flow boundaries based on contrast in surface
albedo and on surface colour change associated
with flow ageing. All volcanic cones higher than a
few metres were also readily identified (Fig. 1a;
Rowland 1996).

Declassified satellite images

The CORONA programme was conceived by the
US Air Force and Central Intelligence Agency, to
take pictures from space of the Soviet Bloc
countries and other parts of the world. In 1995, a
first set of images, acquired by the CORONA and
ARGON systems, was declassified and made avail-
able to the public at low cost via the US Geological
Survey (USGS Earth Explorer website 2005;
Table 1). Between 1960 and 1972, in the oper-
ational phase, panchromatic images were recorded
by a panoramic camera at flight height of
c. 150 km. Depending on the sensor used, the best
ground resolution varied from c. 7.3 m to 1.8 m.
Satellites used on CORONA missions (sensors
KH-1 to KH-4B) carried two cameras, which
recorded stereo images of the Earth’s surface
(McDonald 1995). The principal coverage areas
are Asia, Eastern Europe and Northern Africa.
The filmstrips suffer from typical panoramic distor-
tion. Time-consuming processing allows derivation
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of a DEM and ortho-image from the original image
(see Altaimer & Christoph 2002).

A second dataset from systems GAMBIT (KH-7
surveillance system; 1963–1967) and HEXAGON
(KH-9 mapping system; 1973–1980) was declassi-
fied in 2002. The KH-7 system does not offer stereo-
capabilities but acquired very high resolution data
(0.6–1.3 m pixel) for many specific regions includ-
ing volcanic terrains of Kamchatka and Indonesia.
KH-9 acquired panchromatic images over much
more extensive areas with a spatial resolution of
6.1–9.2 m. When acquired in stereo-mode, succes-
sively acquired images overlap by 60%, allowing
DEM derivation with standard photogrammetry
techniques. In contrast to CORONA, HEXAGON
images do not suffer from panoramic distortions.
Because of their recent release, the capabilities of
the HEXAGON data for DEM generation remain
to be assessed. Although cloud cover is a limitation,
a rapid search for declassified images returned poten-
tially useful imagery for tens of active or dormant
volcanoes in subtropical LDCs especially from
KH4 (A and B) and KH-9 missions (USGS Earth
Explorer website 2005).

The declassified satellite images provide a wealth
of panchromatic, very high resolution data for many
regions, including some lacking airphoto coverage.
These images may offer a low-cost route to high-
resolution DEM generation; for example, this
option is about 3000 times cheaper than that using
IKONOS data (,1 cent km22 for CORONA v. c.
$25km22 for IKONOS; Altaimer & Christoph
2002). As with airphotos, CORONA data require
intensive processing to correct for geometric distor-
tions. Good quality GCPs are needed to obtain absol-
ute elevations. Images acquired several decades ago
might be of interest for assessing a volcano’s mor-
phology prior to its most recent eruptions or for
studying its morphological changes.

Satellite radar systems

Synthetic aperture radar (SAR)

Radar sensors provide terrain information by
recording the amplitude and phase of the backscat-
tered signal. Amplitude and phase are influenced by
radar system parameters (wavelength, incidence
angle, polarization) and by terrain properties such

as surface roughness on the scale of the radar wave-
length, ground slopes, and dielectrical properties of
the surface (e.g. McKay & Mouginis-Mark 1997).
Different radar wavelength can be used: X-band
(2.8 cm), C-band (5.6 cm; ERS, ENVISAT,
RADARSAT sensors) and L-band (23.5 cm;
JERS sensor). The SAR sensors (ERS-1 until
2000, ERS-2, JERS until 1998, ENVISAT,
RADARSAT) differ in wavelength, looking angle
and other acquisition parameters.

Radar penetrates clouds, a major advantage for
the study of volcanic regions, especially in the sub-
tropics. SAR sensors are ‘active’: they record their
own backscattered signal, are not dependent on
sun illumination, and so can work day and night;
they combine ascending and descending orbit data
(i.e. halving the return period from 35 days to
17.5 days in the case of ERS and ENVISAT).
Radar image use for mapping is limited by the geo-
metric distortion and shadowing effect caused by
oblique viewing and topography.

Backscatter intensity has been used to map dis-
tinct pahoehoe and aa lava flow surfaces (Gaddis
1992; see below), and surface textures of lava
flows generally (Byrnes et al. 2004). Different
polarizations were also used for mapping lava
flows (McKay & Mouginis-Mark 1997). When
combined with cross-validation field data, this pro-
vides insights into lava flow emplacement and con-
straints for lava flow modelling. Radar was also
used on remote volcanoes to map new lava, debris
or pyroclastic flows (Rowland et al. 1994; Carn
1999). Figures 1b and 2 illustrate the great capabili-
ties of SAR datasets for volcano mapping. An
SIR-C radar image of Volcán Fernandina shows
how backscatter intensity varies with contrasted
lava flow texture. Pahoehoe flows, which have a
‘smooth’ texture relative to the radar wavelength
(c. 6 cm), returns a low backscatter intensity. The
rougher texture of aa flows produces higher back-
scatter and appears much brighter. This roughness
contrast is not observed on the SPOT image
(Fig. 1a). SPOT and SAR data served as comp-
lementary datasets to map and characterize lava
flows (e.g. Fig. 1; Rowland 1996). An ERS-1
scene acquired on Aniakchak volcano in 1992 illus-
trates the advantages of using SAR for assessing
eruptive activity at remote volcanoes that have
chronic cloud coverage limiting the applicability
of optical RS (e.g. Fig. 2; Rowland et al. 1994).

Fig. 1. (a) Panchromatic SPOT image of Fernandina Island, Galápagos, collected in 1988 (10 m resolution).
Representative aa (A) and pahoehoe (P) flows are indicated. It should be noted that albedos of aa and pahoehoe flows
are similar, making these surfaces difficult to discriminate even on high-resolution satellite images such as this one.
(b) Shuttle Imaging Radar-C (SIR-C) image of Fernandina Island, Galápagos, collected in 1994. The smooth texture of
pahoehoe lava flows (P) produces a low backscatter intensity (dark pixels). Aa (A) flows have a rougher surface, with a
roughness scale of same order as the radar wavelength (bright pixels). The caldera structure, intra-caldera and flank
cones are visible (see Rowland 1996, for more details).
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Careful analysis of backscatter intensity allows for
recognition of post-glacial emplacement of low-
mobility pyroclastic flow on the north and west
flanks of the volcano. The break in slope that
marks the outer limit of the flow deposit, about
10 km from the caldera rim, is highlighted by the
low incidence angle of the radar beam (238).

SAR interferometry and SRTM

InSAR has emerged as a powerful technique to derive
high-resolution DEMs and study ground deformation.
InSAR involves comparing the phase of the

backscatter signal for each corresponding pixel of
two radar images acquired from different positions
(Zebker et al. 2000), either at the same time by two
antennas separated by a fixed baseline (e.g. SRTM
or airborne), or during successive passes of a single
antenna (e.g. ERS, JERS, RADARSAT,
ENVISAT). InSAR gives exceptional results,
although it has limitations. Preservation of the phase
coherence (i.e. the level of correlation between the
images of an interferometric couple) is the most limit-
ing factor. Coherence is controlled by the system geo-
metry (Zebker & Villasenor 1992) and by changes in
surface conditions at the scale of the radar wavelength
(c. 1–20 cm) during the time interval separating

Fig. 2. European Remote-Sensing Satellite-1 (ERS-1) image of Aniakchak volcano, Alaska, collected in 1991. The
nearly circular caldera formed c. 3400 years ago, and truncated a volcanic cone that had been glacially eroded.
Post-glacial and pre-caldera(?) volcanic deposits have presumably buried glacial valleys on the north and west flanks.
Vent Mountain (V) is the tallest of c. 10 intra-caldera vents. It should be noted that topographic features all appear to be
steeper on their SE-facing sides. This is the effect of radar foreshortening, whereby summits and ridges are displaced
toward the radar, which in this case was looking from SE to NW. (See Rowland et al. (1994) for additional discussion of
this image.)

M. KERVYN ET AL.12



acquisition of the two images. Dense vegetation
causes rapid coherence loss for data acquired in
C-band (Kervyn 2001) but not L-band (Stevens &
Wadge 2004). Decorrelation (i.e. loss of coherence)
can also be used positively to map new lava flow
areas in regions with an overall good coherence con-
servation (Lu et al. 2003).

As far as the surface ‘stability’ is concerned, the
shorter the period between the two acquisitions, the
higher the coherence will be. This is the main
motivation for single-pass interferometry, such as
in the recent SRTM mission (Rabus et al. 2003).
On the other hand, a repeat-pass configuration
offers more flexibility, particularly regarding the
geometry of the acquired data. Depending on the
application, one can look for a pair of images offer-
ing the optimum geometric baseline (i.e. spatial
distance between the two points in space from
which the two images were obtained, projected per-
pendicularly to the line of sight), incidence angle,
orbit mode and revisiting rate. If the goal is to
derive topography, a long geometric baseline is pre-
ferable; the phase difference will be associated with
a smaller difference in elevation (e.g. Zebker et al.
1994). A shorter geometric baseline is more suitable
for ground deformation studies. In this case, a phase
difference is also produced by the displacement of
the surface; deformation studies require that the
‘topographic phase’ is filtered out.

Although radar can penetrate clouds, a phase
delay can still occur that must be taken into
account for data interpretation. Differential inter-
ferometry (DifSAR) has to discriminate between
the various phase difference origins, such as geo-
morphology, atmospheric conditions and ground
deformation (Massonnet & Feigl 1995).

InSAR monitoring

The contribution of InSAR to monitor volcanic
activity is particularly important in areas where
cloud coverage is common and where deformations
are recorded (e.g Zebker et al. 2000; Stevens &
Wadge 2004). However, monitoring is inherently
time-related and coherence loss can prevent the
use of ‘conventional’ DifSAR in the long term or
for areas with dense vegetation. Recent develop-
ments make use of the persistent scatterers (PS)
technique. Isolated targets in a highly decorrelated
pair may still preserve phase coherence and be
used to retrieve ground deformation, provided the
PS density is high enough (Ferretti et al. 2001).
The PS method, which requires a large number of
scenes (.15, ideally .30), has proved highly suc-
cessful and accurate in urban areas where hundreds
PS km22 can be identified (Ferretti et al. 2004).
Hooper et al. (2004) proposed an adaptation of

the method for natural areas devoid of such urban-
type permanent scatterers.

Airborne InSAR (e.g. AirSAR; AirSAR Jet Pro-
pulsion Laboratory website 2005) has been used to
produce repeated high-resolution DEMs over volca-
nic terrains, to study volcano morphology, assess
morphological changes or to constrain the volume
of newly erupted material (Rowland et al. 1999,
2003; Lu et al. 2003). So far, these applications
have, however, been limited to volcanoes in
Hawai’i, Alaska, the Aleutians and New Zealand
(Stevens et al. 2002).

SRTM and InSAR topography

The Shuttle Radar Topography Mission (SRTM)
flew on the Space Shuttle Endeavour in February
2000. Using two radar antennas separated by a
60 m long mast, it collected single-pass DEM data
over nearly 80% of Earth’s land surfaces (i.e.
between 608N and 568S), using both a C- and
X-band radar. The 11 day mission generated the
most complete high-resolution digital topographic
database for Earth. For the USA, the processed
C-band DEM data have been released at 30 m
spatial resolution (1 arc second). For the rest of
the world, SRTM C-band DEMs are available
only at 90 m spatial resolution (3 arc second). The
nominal absolute horizontal and vertical accuracies
are +20 m and +16 m, respectively (SRTM
mission, JPL website 2005), although within a
single scene the relative accuracies are considerably
higher (Rabus et al. 2003). Table 2 shows the pro-
portion of historically active and Holocene volca-
noes for which SRTM DEMs at 30 or 90 m
resolution are now available.

Table 2. Illustration of how different fractional areas
of the Earth with historically active and Holocene
volcanoes are best covered by near-global digital
elevation models

Historical Holocene Total

SRTM 30 m (%) 7.8 10.4 9.4
SRTM 90 m (%) 76.6 82.6 80.2
GTOPO30 1 km (%) 5.3 4.2 4.6
No data (%) 10.2 2.9 5.8
Number of volcanoes 561 840 1401

C-band SRTM 30 m data are available for the USA (including
Hawaii and Alaska). SRTM 90 m data are available for all land
surfaces between 608N and 568S. The 1 km resolution GTOPO
data are available for all land surfaces (Global Topographic Data).
No data: submarine and subglacial volcanoes for which there is no
global coverage data at high resolution. Data on volcano location
and activity are from Simkin & Siebert (1994; updated list
available from Global Volcanism Program—Smithsonian
Institution 2005).
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The potential of gaining understanding about
how volcanoes work, hazards or what controls
volcano morphology and growth with SRTM data
is tremendous. What controls the diversity, variabil-
ity and complexity of volcano morphology has not
been studied systematically. The only textbook on
the subject dates from the 1940s (Cotton 1944). A
considerable amount of novel work is now
expected, exploring what can be learned from the
shape, size and vent distributions of volcanoes.

Because of their shorter wavelength, the X-band
DEMs have a higher relative height accuracy (i.e.
within a scene) by almost a factor of two. The
X-band dataset has been processed and is available
at a 25 m spatial resolution. The X-band DEMs do
not cover the entire globe (i.e. c. 25% of C-band
SRTM data coverage is not covered by the
X-band SRTM; the areas not covered are evenly
distributed worldwide). Another limitation is the
E400 per scene cost of the X-band DEMs
(X-SAR SRTM website 2005).

Mapping topography with ASTER

Topographic maps at 1:50 000 scale or larger
are not available for many regions, especially in
developing countries. In the framework of a large
mapping project of the Drâa valley (Morocco;
Drey et al. 2004), Goossens et al. (2003) took
advantage of the high-resolution and 3D capability
of ASTER and CORONA data to derive a topo-
graphic map for a region where the best available
maps were at 1:100 000 scale. This case study,
albeit in a non-volcanic terrain, is summarized
here to illustrate the capabilities of the method.

Using a limited number of high-quality GCPs
(10 and 7, respectively, for the two scenes used)
collected with a differential GPS (TRIMBLE
Pathfinder Pro XRS), ortho-photomaps were
produced for two areas based on two ASTER
scenes. The RMSE on the GCPs in the x, y direc-
tions was c. 1 pixel (c. 15 m), whereas the vertical
RMSE was 5 m and 10 m, respectively, for the
two scenes. The field campaign illustrated that high-
quality GCPs that can be accurately located on the
satellite image are difficult to find in regions with
little human infrastructure and a monotonous land-
scape (e.g. most volcano landscapes). Comparison
between the new DEM and existing topographic
map shows that the ASTER-derived contour lines
closely match available information on the
1:100 000 topographic map. More detailed
contour lines with a smaller elevation interval
were generated (20 m instead of 50 m intervals;
Fig. 3a and b). The ortho-photomap (Fig. 3a and
b) has a 15 m resolution and provides more infor-
mation than the existing map. ASTER has the

advantage that, with a limited number of GCPs, a
DEM covering a zone of 60 � 60 km2 can be
readily generated.

Figure 3c and d illustrates the orthomap with con-
tours obtained by processing a pair of CORONA
stereo-images for the same region at a spatial resol-
ution of 4 m. Based on 15 GCPs collected with a
Leica 300 Differential global positioning system
(accuracy of 5 cm) the resulting topographic map
has a 1:10 000 scale. The DEM vertical accuracy is
c. 20 m (Schmidt et al. 2002). These products are of
much higher resolution than the 1:100 000 scale topo-
graphic maps that were the only ones available in this
area. These two methods are thus especially suitable
for mapping purposes in areas where no accurate
topographic maps exist. This is the case for many vol-
canic regions. Collection of high-quality GCPs with a
homogeneous spatial distribution on the satellite
image is a key factor for the systematic production
of orthophotomaps over hazardous volcanic terrains.

Case study: Mauna Kea, Hawai‘i

To assess and compare capabilities of the above-
mentioned RS data types, data were collected for
Mauna Kea volcano, Hawai‘i. The goal was to
compare information retrieved from satellite data-
sets with analyses of airphotos and topographic
maps. We focus on the fine-scale capabilities of
the different datasets to provide quantitative mor-
phological data on the scoria cones on Mauna
Kea’s flanks.

Pyroclastic constructs are the most common
on-land volcanic landforms on Earth (Riedel et al.
2003). They range in size from spatter mounds
only a few tens of metres wide, formed by low-
energy eruption, to scoria cones several kilometres
in diameter and hundreds of metres high. Cone-
building eruptions (Riedel et al. 2003) are explo-
sive, can be associated with high-rising ash clouds
and widely dispersed ash, and pose a threat where
cities are built on cone fields (e.g. Mexico City).
Recent cone-building eruptions led to evacuations
of settlements, building collapses (e.g. Heimaey,
Iceland, 1973), or airport closures (e.g. Catania,
July 2001 Etna eruption).

The morphology of small-scale pyroclastic con-
structs can be described by average values of crater
width Wcr and construct height Hco relative to basal
cone diameter Wco. Previous studies, based on a
limited number of cone fields, found typical Wcr/
Wco ratios of 0.40 and Hco/Wco ratios of 0.18 for
pristine cones. However, published datasets (e.g.
Wood 1980a) and preliminary results of the
present study suggest a wide variability in these
ratios. Riedel et al. (2003) gained insights into
cone-forming eruptions and hazards by developing
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a capability of inverting volcanic construct shape
and size data to derive key eruption parameters.

Some previous studies focused on identifying
pyroclastic constructs from airphotos or satellite
imagery to document volcanic vent spatial
distribution and assess tectonic controls (e.g.
Chagarlamudi & Moufti 1991; Connor & Conway
2000). Davis et al. (1987) used the specific
spectra of iron-oxidized scoria to discriminate
basaltic pyroclastics from lava flows. All the above-
mentioned studies concluded that RS data, usually
Landsat imagery, allow to identify 60–80% of
the pyroclastic constructs within a cone field.
Rowland (1996) identified most of the pyroclastic

cones on Volcán Fernandina (Galapagos Island)
by combining a TOPSAR-derived DEM and a pan-
chromatic SPOT image. The latter analysis failed
to identify only very small arcuate vent constructs
(1–3 m high).

Mauna Kea lies in the northern half of the Big
Island of Hawai‘i (Fig. 4). Activity in the last
130 ka or so has been marked by numerous small
gas-rich eruptions that formed c. 300 scoria cones
(Porter 1972). Mauna Kea most recently erupted
c. 4000 years ago (Wolfe et al. 1997). It was
chosen as a study site because of the high density
of pyroclastic constructs, the morphologies of
which had already been partially documented by

Fig. 3. (a) Topographic ortho-photomap derived from subset of ASTER scene of the Drâa valley (Morocco).
(b) Subset of 1:100 000 topographic map for same region (adapted from Goossens et al. 2003). (c) Topographic
ortho-photomap derived from CORONA data of the Drâa valley (Morocco). (d) Subset of 1:100 000 topographic map
for same region (adapted from Schmidt et al. 2002).
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Porter (1972). The cones have a wide size range
(Wco from c. 15 to 1450 m) and small average size
(median diameter 450 m) compared with other
cone fields (Wood 1980a), which makes them
ideal to evaluate the limitations arising from the
spatial resolution of the diverse RS data sources.
Traditional sources of spatial data (aerial photo-
graphs, topographic and geological maps) were
available to compare with our observations and to
cross-evaluate RS quantitative measurements. The
Mauna Kea cone field, extending from 750 to
4208 m above sea level (a.s.l)., a c. 3500 m
elevation range, spans a wide range of climatic con-
ditions and vegetation zones. The contrast in con-
ditions and construct ages (from 150 ka to 4 ka)
allows us to assess the general applicability of the
approach to volcanic fields and the limitations of
several recently developed RS mapping methods.

Data sources and visual interpretation

A Landsat ETMþ image, processed to level L1G
(radiometric and systematic geometric corrections
applied; Williams 2003) was freely downloaded
from the Global Land Cover Facilities website
(2005; Table 1). The data were acquired by the satel-
lite on 5 February 2000, and cover the NW part of the
Big Island of Hawai‘i (Fig. 4b). An ASTER-level 1B
image (i.e. registered radiance at sensor with auto-
matic radiometric and geometric correction applied,
similar to Landsat L1G; Abrams & Hook 2003)
acquired on 5 December 2000 was freely down-
loaded from the Land Processes Distributed Active
Archive Center website (LPDAAC 2005; Table 1).
Clouds in the ASTER scene required that we
exclude c. 50 cones of the c. 300 Mauna Kea cones
(i.e. to have a cloud-free sub-scene for digital photo-
grammetry processing). SWIR bands of the ASTER
scene contained significant ‘linear’ noise. This is
the commonly observed ASTER SWIR crosstalk
problem (see ASTERGDS website 2005). C-band
SRTM DEMs at both 30 m and 90 m resolution
were freely downloaded from the Seamless Data
Distribution System (2005, Table 1). The 90 m
resolution is used here to exemplify what is
achievable for volcanic regions outside the USA.

The ASTER scene (bands 3 N and 3B) was pro-
cessed using Virtuozo digital photogrammetry soft-
ware, producing a DEM with 11 GCPs extracted
from 1:24 000 scale topographic maps. The

processing provided georeferenced and orthorecti-
fied images in the three VNIR bands. Several
DEMs were produced by varying the DEM spatial
resolution and the level of details in the matching
process. The user needed to specify the spatial inter-
val (i.e. number of pixels) between two pixels that
are automatically matched by the software.
Elevations were estimated only for matched pixels
and extrapolated in the specified interval. Setting
a finer-matching resolution results in more match-
ing errors. In contrast, setting a coarser-matching
resolution produces a smoother DEM.

The vertical RMSE of the 11 GCPs was c. 4 m,
whereas the horizontal RMSE for these points was
c. 20 m. The few points for which exact elevations
were provided on the topographic maps typically
corresponded to points (e.g. summit of cones) that
could not be exactly located on RS images (error
of 1 pixel unavoidable). A trade-off had to be
found between the high resolution needed in the
matching process to render small topographic fea-
tures (e.g. scoria cone craters) and the increasing
editing work needed to correct for matching
errors. The ASTER DEM generation procedure
takes a few hours, but several days can be spent
on fine matching–editing (i.e. manually matching
pixels for areas where the automated process gener-
ated errors). Here, matching at too fine a level gen-
erated troughs or peaks (i.e. a cluster of pixels with
abnormally low or high elevations compared with
their surroundings) in regions with low contrast.
Optimal results were obtained for a matching inter-
val of 3 pixels (45 m) and 30 m spatial resolution.
No manual editing of the matching process was
undertaken. To reduce errors for regions where the
resulting DEM computed slope angles above 458
(i.e. the upper limit expected on Mauna Kea), the
pixel elevation was replaced by that from a DEM
processed with a matching interval of 7 pixels.

The accuracy of the SRTM and ASTER DEMs
was evaluated using a 10 m resolution DEM inter-
polated from digitized contour lines of the topo-
graphic maps. The preliminary comparison of the
ASTER and SRTM DEMs led to slope aspect-
controlled errors, later attributed to errors with
georeferencing of the SRTM DEM. This systematic
error was only identified and corrected thanks to the
DEM derived from the topographic map. Subtract-
ing the topographic map-derived DEM from the
ASTER one, we obtained a mean absolute

Fig. 4. (a) Shaded relief of Mauna Kea cone field derived from the 30 m resolution SRTM DEM (sun azimuth 3158;
sun elevation 808; elevation exaggerated by factor of three). Inset shows the Big Island of Hawai‘i and locations of
Mauna Kea (MK), Mauna Loa (ML) and Kilauea (KL). (b) True colour composite of the Mauna Kea cone field from the
Landsat ETMþ image (R: band 3, 0.63–0.69 mm; G: band 2, 0.53–0.61 mm; B: band 1, 0.45–0.52 mm). White patches
on the upper right are clouds, and a small snow patch covers the summit cones. Lava flows to the SW are recent Mauna
Loa flows. The arcuate fault-like volcano-scale feature extending from SSW to NNE and ‘passing through’ MK summit
should be noted.
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difference of 11 m (90% of the errors ranging
between 218 and þ29 m). Based on 218 control
points selected randomly within the study area
and taking the topographic map–DEM as a refer-
ence, we obtained a vertical RMSE of 13 m. This
error is in agreement with results from previous
studies (Hirano et al. 2003). Errors are attributed
to the large altitude range, low spectral contrast in
band 3 (near-IR) for the Mauna Kea summit
region, and especially to a lack of precise GCPs
there. It should be noted that a mean absolute differ-
ence of 17 m and an RMSE of 21 m were obtained
in a first attempt. Large errors were located in the
northern part of Mauna Kea. Significantly, the accu-
racy of the overall DEM was drastically improved
by adding two GCPs on the northern flank
(Table 3). Overall, the ASTER DEM tended to
underestimate elevations on the higher region of

Mauna Kea and to overestimate them in the vege-
tated lower region. This is consistent with the fact
that topographic maps are providing ground
elevation value, whereas the ASTER and SRTM
DEMs provide an average elevation for the veg-
etation canopy.

Based on a sample of 450 control points selected
randomly on the topographic map–DEM, we
obtained an RMSE of 9 m for the SRTM dataset.
The mean absolute difference over the entire cone
field is 6 m (90% of the errors ranging between
211 and þ18 m; Table 3). We cannot exclude that
part of this is error in co-referencing the two
DEMs. Most pixels for which the SRTM DEM over-
estimates elevation by more than 10 m are located in
the heavily forested regions east of the summit.

Shaded relief, oblique 3D views, and slope maps
were generated from the SRTM and ASTER DEMs

Table 3. Results of the error analysis of the ASTER and SRTM DEMs (30 m resolution) compared
with the DEM derived from topographic map for Mauna Kea volcano

DEMs

ASTER; 11 GCPs ASTER; 13 GCPs SRTM 30

Mean absolute difference (m) 17 11 6
Vertical RMSE (m) 21 13 9

The mean absolute difference is obtained by subtracting DEMs. The vertical RMSE is assessed using a large number of randomly selected
points. Original ASTER DEM processing was performed using 11 GCPs. The addition of two GCPs improved the accuracy of the DEM.

Fig. 5. Oblique view of shaded relief of the Mauna Kea summit displaying five cinder cones. (a, b) 30 m and 90 m
resolution SRTM; (c, d) 30 m resolution ASTER DEM, the stereo-pair of images being matched every 3 and 7 pixels,
respectively.
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in a geographical information system (GIS;
ArcMap 8.1) for visual interpretation (Figs 4–6).
The shaded relief view of the entire cone field
(Fig. 4a) shows the high cone density and clustering
in three main zones radiating away from the Mauna
Kea summit, described as ‘rift zones’ by Porter
(1972). The steep upper flanks are also clearly
visible. The ASTER-derived DEMs likewise gener-
ated an accurate overall picture of the volcano mor-
phology, although small-scale surface irregularities
(i.e. noise in the data) limit identification of small
topographic features, such as craters. Figure 5 com-
pares oblique, SRTM- and 3D ASTER-derived
views of the Mauna Kea summit cones. The 30 m
spatial resolution SRTM DEM allows identification
of individual cones and delineation of crater rims.
At 90 m resolution, SRTM provides a much

smoother representation of the topography. The
smaller cones cannot be identified as specific fea-
tures and craters can no longer be delineated or
are no longer apparent. The ASTER shaded-relief
DEM image, although at the same spatial resolution
(30 m), is visually less attractive than that of the
30 m SRTM because of small-scale irregularities
in the topography. From comparison with aerial
photographs, these irregularities can be attributed
to artefacts introduced through errors in the auto-
mated matching process. Nevertheless, small volca-
nic features and the largest craters can be
recognized. Landsat colour composites (e.g. true
colour, Fig. 4b) allow identification of volcanic fea-
tures, contrasting vegetation cover, and volcanic
and sedimentary surfaces such as glacial deposits
in the Mauna Kea summit area.

Fig. 6. (a) True colour composite of Landsat ETMþ bands draped over the 30 m SRTM DEM. (b) Colour composite
of the three VNIR ASTER bands draped over the 30 m ASTER DEM.
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Figure 6 illustrates the advantage of combining
spectral data of a colour composite image and topo-
graphic data. The Landsat true colour composite
draped over the SRTM DEM helps discriminate
between cones, ash deposits and glacial moraines.
To obtain a correctly draped image, georeferencing
of the Landsat image had to be manually corrected
using tie points, as it was offset by 200 m to the
west. ASTER has the advantage that its spectral
and topographic data are retrieved from the same
dataset (and are therefore co-registered). The finer
spatial resolution of the VNIR spectral bands
(15 m) and the 30 m resolution ASTER DEM
provide a combined high-quality volcano rendering.
The comparison with an airphoto of the Mauna Kea
summit with similar viewing conditions (Fig. 7)
illustrates the level of detail that can be obtained
through combination of multispectral (ASTER or
Landsat) and topographic data (SRTM DEM or
ASTER DEM).

Visual analysis of integrated optical and topo-
graphic data proved to be the best easily available
RS product to map small-scale volcanic features.
It also identified a major arcuate structural feature,
currently a focus of study, relating to volcano-scale
spreading. The arcuate feature is incised by deep

valleys extending in the NNE and SSW upper
flanks of Mauna Kea, and passing through the
summit where the valleys join and are widest
(Fig. 4). We interpret this as a superficial graben
from volcano-scale spreading in a preferential
WNW–ESE direction as a result of Mauna Kea’s
load over a mechanically weaker layer (Merle &
Borgia 1996). Other, less well-defined graben
structures, extending radially from the summit, are
consistent with a volcano spreading interpretation.
Directional spreading can be explained by the fact
that the volcano is not buttressed by other large edi-
fices in the WNW–ESE direction. This example
illustrates how integration of topographic and mul-
tispectral RS data allows identification of major
structural features that were not identified through
field work or airphoto interpretation.

Morphometry of small-scale volcanic

structures of Mauna Kea

Cone morphometry parameters were independently
collected from the Landsat scene, ASTER-derived
DEM draped with ASTER VNIR bands, SRTM
DEM and topographic maps. First we assessed the
capabilities of each of these datasets to identify

Fig. 7. Oblique view of Mauna Kea summit from north. (a) Colour airborne photography; (b) colour composite of the
VNIR ASTER bands draped over the 30 m ASTER DEM; (c) 15 m resolution Landsat ETMþ panchromatic band and
(d) colour composite of the three VIS Landsat ETMþ bands draped over the SRTM DEM at 30 m resolution. White
areas in the bottom part of (c and d) are summit cones covered by snow.
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pyroclastic constructs and vents, using the geologi-
cal maps as a validation source. Pyroclastic con-
structs of the Mauna Kea cone field were
identified by their common positive topographic
relief. Importantly, specific spectral features of oxi-
dized scoria also helped by allowing identification
of constructs with little or no topographic relief
and limited spatial extent (Davis et al. 1987). Quan-
titative parameters (e.g. namely the cone and crater
diameters, the construct height, and the mean and
maximum outer slope) were retrieved for all ident-
ified cones (c. 220) from the topographic maps and
from the Landsat scene (i.e. elevation and slope
estimates from topographic maps only). The same
parameters were retrieved for a subset of 50 cones
covering the entire range of cone sizes and shapes
from the ASTER dataset and from the SRTM
DEM. For the topographic maps, horizontal and
vertical error ranges of c. 24 and 12 m, respectively,
are expected as a result of small measurement errors
and ambiguity in cone base location between two
contour lines. For the RS datasets, an error range
of 1 pixel (c. 15–30 m) is expected. The detailed
volcanological interpretations will be the subject
of another paper. Here we focus on methodological
aspects and on comparison of the errors affecting
the estimated parameters.

The geological map used as the validation
dataset shows 310 vent constructs on Mauna Kea.
Constructs that are not systematically detected as
small volcanic features on the topographic and RS
datasets are invariably those with a very limited
spatial extent (,200 m), low height (,20 m) and
no distinctive spectral expression. Most are inter-
preted as spatter mounds and ramparts. Several of
these deposits are mapped as highly elongated fea-
tures, the result of fissure eruptions. These con-
structs are usually less than 15 m high (e.g. Riedel
et al. 2003). Several processes may conceal the
original ‘truncated cone’ construct morphology,
including intense weathering, compaction, mass
wasting, and subsequent coverage of the lower
slopes by lava flows or later pyroclastic products.
These types of deposits, lacking a topographic
expression, can only be identified by the combined
use of high-resolution aerial photography and field
work.

All the datasets allowed us to identify pyroclas-
tic constructs with near-equal success. Ninety-five
percent of the scoria cones (cone base .250 m)
less than 70 ka old were identified and mapped
for each dataset. Between 65 and 72% of all
vents (i.e. including not only cone vents but also
some small metre-scale vents along fissures) were
unambiguously identified. Although the average
vent construct size on Mauna Kea is small relative
to other cone fields in the world (Wood 1980a),
the above-mentioned results are similar to those
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Fig. 8. Comparison of cone diameter (a), crater
diameter (b), and cone height (c) estimations from
four different data sources. The boxes illustrate the
range of differences between estimates and the mean
estimated value from all the datasets (SRTM 90 m not
considered in (c) for average calculation). The vertical
line in each box is the median of the distribution. The
extent of each box includes 50% of the data around
this median value. Horizontal lines above and below
each box indicate the 90th and 10th percentiles.
Outliers are plotted as separate dots. Datasets: SRTM,
SRTM 30 m DEM; ASTER, combined DEM and
multispectral imagery; TOPO, estimate from paper
topographic maps; LANDSAT, estimate from Landsat
ETMþ multispectral imagery; SRTM90, SRTM 90 m
DEM.
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obtained by previous RS mapping of volcanic cones
(e.g. Davis et al. 1987; Chagarlamudi & Moufti
1991). The constructs that could not be mapped
were small spatter constructs (Wco , 250 m) and
a few larger cones (300–800 m diameter deposits
on the geological map) whose morphology has
been obliterated by erosion and by later lava
flows. Topographic maps and the Landsat image
allowed similar results to be derived: 230 and 220
pyroclastic constructs were identified, respectively,
from these data sources. However, only 199 of these
could be simultaneously identified and mapped on
both topographic maps and Landsat imagery.
Cloud and snow cover are important factors that
prevent cone mapping on the Landsat (or ASTER)
image. Another limitation is the moderate spatial
resolution of Landsat data, which hinders recog-
nition and/or delineation of constructs less than
150 m wide with no specific spectral expression.
Several pyroclastic features could not be recognized
on the topographic maps because of the lack of dis-
tinct positive topography, but could be mapped on
the satellite imagery by taking advantage of the
high MIR reflectance typical of near-vent oxidized
volcanic products (i.e. red scoria or spatter).

The SRTM DEM allowed unambiguous identifi-
cation of 218 of the 320 pyroclastic constructs. As
with the Landsat data, the 30 m spatial resolution
hindered recognition of the smallest constructs
(those with width ,200 m). The fact that the
SRTM elevations correspond to the average
height of the vegetation canopy also causes ambigu-
ities in cone identification in places with discontinu-
ous forest coverage. Small positive relief features
can indeed be created by locally higher vegetation
(e.g. a small forest in otherwise non-forested
area). Ambiguity can be resolved by combining
the SRTM DEM and multispectral data.

The ASTER DEM allowed recognition of 171
out of 260 mapped pyroclastic features within the
area covered by the ASTER scene (a success level
of 65%). This poorer result is explained by the
fact that the ASTER scene includes only the
summit region, which happens to contain most of
the small-size spatter mounds. We conclude that
the ASTER dataset (i.e. multispectral data and
ASTER DEM) has a capability similar to the three
other datasets for mapping Mauna Kea pyroclastic
constructs. The availability of good quality SWIR
bands combined with an ASTER-derived DEM
constrained by high-quality GCPs would further
improve the mapping capabilities of the ASTER
data.

Quantitative morphological parameters

For all the Mauna Kea constructs identified on the
topographic maps and Landsat scene, the basal

diameter, Wco, was estimated (i.e. computed as the
diameter of a circle having an area equivalent to
that of the cone base). Results from the two datasets
were similar over the entire cone field. On average,
Wco estimates derived from the Landsat image are c.
40 m greater than those derived from topographic
maps. However, differences range from 280 m
(underestimation of Landsat-derived Wco relative
to the topographic map-derived estimate) to
280 m. For 66% of the features, this difference
ranges between 220 and þ80 m. A key result is
that the magnitude of the discrepancy is not depen-
dent on construct size, but rather on the degree of
irregularity of the cone outline. Using the geologi-
cal map as a validation reference, a comparison of
the spatial extent of each feature between the
Landsat and topographic map datasets was under-
taken for 75 features for which discrepancies in
Wco values were high. For 40 cones the Landsat-
derived Wco was found to be more accurate than
the topographic map-derived value. Importantly,
the results from the topographic map were usually
ambiguous because of the lack of a well-defined
basal break in slope for those cones. In only eight
cases were the cones less accurately delineated
with the Landsat data. This was due to misinterpre-
tation of the cones’ spatial extent, as a result of
vegetation cover or absence of topographic infor-
mation. The last 27 cones were very small features
(Wco , 200 m) and the estimate from the geologi-
cal map was halfway between those from the topo-
graphic map- and Landsat-derived estimates. The
average 40 m discrepancy between estimates from
the two data sources is to be expected. It falls
within the estimated error ranges for the two esti-
mates. Considering the 1:24 000 scale of the topo-
graphic map and the finite spatial resolution of the
image, errors of c. 30 m are not abnormal, and a
slightly larger error is likely to be related to limit-
ations associated with defining the cone extent in
those cases where the break in slope delimiting
the cone base is not sharply defined.

Figure 8a illustrates the differences in cone base
estimates from the four datasets for a subset of 50
cones. On average, all the datasets lead to similar
cone size estimation, even if major discrepancies
do sometimes occur as a result of misinterpretation
in the spatial extent of the cones. The box-plots
illustrate that for all the datasets, more than 50%
of the estimates are within 10% of the mean esti-
mate (i.e. average of the estimates from the four
datasets). The same observation holds for the
crater size estimation, although a larger relative
error range is observed. Figure 8a and b suggests
that topographic maps, with no spatially continuous
data coverage, tend to lead to underestimated
cone size values, whereas the opposite is true for
the Landsat image, which lacks topographic
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information. Both the ASTER and SRTM datasets
lead to estimates that are generally close to the
average value. The discrepancy range is the smal-
lest with ASTER, thanks to the combined use of
multispectral and topographic data, although some
large errors are obtained for a few cones for
which the spatial extent of the cone and/or crater
is ambiguous. These results suggest that reasonably
accurate quantitative morphology description
through Wcr/Wco ratios can be derived from any
one of the datasets assessed here.

The height of volcanic cones is of interest
because it is controlled both by the cone age
(Wood 1980b) and by cone particle characteristics
(Riedel et al. 2003). The height of 50 Mauna Kea
scoria cones was estimated by subtracting the
average cone base elevation from the average
crater rim elevation. Results were independently
extracted from the topographic maps, SRTM and
ASTER DEMs. Results (Fig. 8c) illustrate that
SRTM provides the smallest discrepancies (i.e.
difference from the average of the three results).
Elevations on topographic maps were recorded at
only four locations each for the base and crater
rims, and topographic map cone height estimates
tend to be higher than the average. For 70% of
the cones, the heights from the ASTER DEM are
between 80 and 110% of the average estimated
height. For constructs ,50 m high (25% of the
constructs), ASTER DEM height estimates are as
much as 50% less than the average estimate.
Although the ASTER-derived DEM has a lower
vertical accuracy than the SRTM DEM, it still pro-
vides reasonable cone height estimates for large
constructs (Hco . 60 m). Finally, it should be
noted that the capabilities of the SRTM dataset
would be greatly reduced if it were available
only at 90 m spatial resolution (as is the case for
non-USA locations; see Fig. 8c). The cone height
estimates are significantly lower with the 90 m
SRTM and the range of discrepancy compared
with the average value is larger.

Rungwe Volcanic Province case study

Many volcanoes in developing countries remain
poorly known and it is typically difficult to
acquire good-quality maps and airphotos for them.
Satellite RS allows us to rapidly explore volcano
morphology and identify evidence of recent activity
(e.g. Dubbi volcano, Ethiopia; Wiart et al. 2000).
The Rungwe Volcanic Province illustrates the type
of information that can be retrieved from different
RS datasets, including SRTM DEM, multispectral
datasets and SAR interferometry. The objective
here is to illustrate what can be done with RS,
including deriving hazard-relevant information

that can be evaluated in the field, as well as to high-
light some remaining challenges for RS.

The Rungwe Volcanic Province lies at the inter-
section of the west, east and south branches of the
East African Rift in SW Tanzania (Fig. 9). The
most recent eruption in the province was at Kiejo
volcano 200 years ago. Little is known about
other recent eruptions, either at Kiejo or at the
other centres (especially at Rungwe or Ngosi volca-
noes), although there are numerous Rungwe Volca-
nic Province ash layers in lakes within a few
hundreds of kilometres, indicating frequent explo-
sive eruptions in the province in the last 40 ka. In
2000–2001, a series of tectonic or volcanic earth-
quakes of moderate magnitude caused damage to
villages. Tectonic activity is inferred along the
Mbaka Fault (Fig. 9) but no surface rupture has
been observed since the 2000–2001 event.

The only geological mapping of the Rungwe
Volcanic Province was by Harkin (1960) in the
1950s at 1:250 000. A preliminary re-exploration
of this poorly studied volcanic region was con-
ducted using the 90 m SRTM DEM (Fig. 9) and a
Landsat TM image. Combined use of these two
datasets enhances our capability to understand the
geology of the province. The three main eruptive
centres are Ngozi volcano, directly south of
Mbeya city, Rungwe volcano and the Kiejo
volcano. The case of Rungwe volcano is here dis-
cussed for illustrative purposes. Rungwe culminates
at 2962 m a.s.l. and, like Ngozi, is densely vege-
tated on its flanks. The Rungwe crater is bordered
by a steep semi-circular wall on its NNW to SSE
flanks, breached to the SW. Aligned pit craters
and scarps, recognizable by their elevation and
lack of vegetation, extend along the volcano
flanks and are virtually uneroded. From the
amphitheatre crater rim, Rungwe is much steeper
and with a shorter slope to the NE compared with
the SW. These features are interpreted as evidence
for a large sector collapse (c. 2–3 km3) that pro-
duced a debris avalanche. This is corroborated
by Harkin’s (1960) observations of a striking
mound field including perfectly conical 10–20 m
diameter hills made up of very poorly sorted,
breccia-like material some c. 15-20 km SW from
the crater. The RS data spatial resolution, especially
that of the 90 m SRTM DEM, does not allow
mapping of individual hummocks in itself, but our
reinterpretation of Harkin’s work using the RS
data allowed the mapping of the debris avalanche
extent. RS also allows us to establish that several
large phonolite–trachyte domes were subsequently
emplaced in the Rungwe amphitheatre crater with
lava flowing down the breached flank. Lack of
vegetation on the most recent flows points to a
recent emplacement age, at most of the order of a
few centuries. A field campaign is now necessary

MAPPING VOLCANIC TERRAIN 23



to validate the hypothesis that this volcano went
through a dramatic and hazardous flank collapse
event. Sector collapse may have been triggered by
the major NW–SE-trending Mbaka Fault extending
SW of Kiejo volcano (Fig. 9). As suggested by van
Wyk de Vries et al. (2003), offset strike-slip faults
can trigger volcano-scale collapse. Examination of
the Landsat scene and the DEM revealed many
small phonolite domes and basaltic cones, which
were targeted for ‘ground truth’ field visits. Using
recent RS advances, poorly known terrains in the
Rungwe Volcanic Province can be rapidly

mapped, at both small and large scales, and hypoth-
eses can be formulated about geohazards in the
region.

Now let us consider the challenge of monitoring
and studying changes in volcano topography over
time, at poorly known and densely vegetated volca-
noes, such as Rungwe. Eleven ERS SAR datasets
acquired between December 1995 and February
2003 were processed to detect past movements
including the 2001 seismic swarm. Dense veg-
etation causes a rapid loss of coherence in most
part of the image and does not allow conventional

Fig. 9. Shaded relief of the 90 m SRTM DEM of Rungwe Volcanic Province, SW Tanzania, with elevation-scaled
colour range. Three main phonolite volcanoes and Mbaka Fault are indicated on the image, together with the cities
of Mbeya and Tukuyu. The Rift Valley trends NW–SE. Smaller-volume features include phonolite–trachyte domes
located in the north and inside Rungwe crater. Inset shows location of the Rungwe Volcanic Province (†) with the
East African Rift System.
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differential InSAR to be applied (Fig. 10). With the
view of using the persistent scatterers (PS) tech-
nique, the data were filtered in such a way that
c. 600 PS with coherence .0.5 were retained
(Table 4). Although the area is densely populated,
the only major urban centre is Mbeya, which is
also one of the few places where coherence is
preserved in the long term. The numerous villages
scattered in the image do not provide enough
phase stability. Hence, the selected PS distribution
is poor and non-uniform (Fig. 10f). A field cam-
paign was specifically dedicated to the PS identifi-
cation and characterization.

The PS retrieved after the 11 SAR scenes were
averaged to (1) produce a multi-look image with a
drastic decrease of the speckle and (2) refine image
quality. The enhanced geocoded image was then
georeferenced with GCPs collected on 1:50 000
scale topographic maps with accuracy better than 2
pixels, i.e. 40 m (RMS). All the PS were then intro-
duced within a hand-held GPS and tracked in the

field. The PS with the highest coherence was found
to correspond to a cement factory and nearby ware-
houses. Other PS correspond mainly to isolated
houses or houses with corrugated metal roofs,
grouped along two preferential directions (i.e. parallel
or perpendicular to the incident radar beam).

For ground deformation monitoring, systematic
measurements using the selected PS appear to be
noisy and unreliable because of their intrinsic phys-
ical properties. The corrugated roofs are made of an
assemblage of multiple metal panels fixed on a
wooden structure, which itself rests on poor-quality
brick walls. In addition to the poor PS density,
dilatation–contraction of the metal panels with
variations in diurnal insolation or the variable
humidity-induced swelling of the wooden structures
makes them unsuitable for accurate measurements
of crustal deformation.

An alternative way to ‘natural’ PS could be to
set up a network of specifically designed corner
reflectors in well-selected sites. The advantage is

Fig. 10. (a) ERS average intensity image (11 looks); white circle and point show locations of Rungwe and of
Mbeya, respectively. Bright area in top middle part corresponds to the city of Mbeya. This image was used in the
field to locate the PS. (b–e) Maps of coherence above a threshold of 0.35 (white). (b) Coherence after 24 h obtained
with the 26–27 September 1997 (dry season) tandem pair. Black patches correspond to densely vegetated areas.
The stripe is related to missing lines in one of the two scenes. (c) Coherence after one orbital cycle. High-coherence
level remains over urban areas and on bare surface at top of Rungwe (middle-right). (d) Coherence after 1 year.
Coherence remains high over Mbeya urban area; top of Rungwe still visible. (e) Coherence after 7 years. Some
coherence remains over Mbeya and the top of the Rungwe. (f) Persistent scatterers obtained from the series of
coherence maps with a threshold at 0.55. Most of them are located in Mbeya; others correspond to isolated houses with
a metal corrugated roof.
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the possibility of selecting the location of measure-
ment points, as well as positions of reflectors that
can be controlled to validate InSAR measurements.
An array of such reflectors can be compared to a
GPS array. Such an array of corner reflectors is,
however, not easy or cheap to set up. The avail-
ability of only sparse reflectors in a large region
also poses the problem of correcting for atmos-
pheric water vapour gradients. The attempt to use
InSAR to monitor or study ground deformation
has helped identify that using the PS or corner
reflector approaches does not offer practical sol-
utions. Together with Stevens & Wadge (2004),
we stress that the availability of an L-band radar
sensor dedicated to ground deformation monitoring
might be the only way to enhance the capability of
differential InSAR in vegetated terrain. The
Rungwe case study illustrates the capabilities of

RS to provide valuable information on the distri-
bution and morphology of eruptive centres, as
well as insights into associated hazards, before
embarking on field studies. Table 5 summarizes
the capabilities and limitations of RS for the study
of poorly known volcanoes in developing countries.

Concluding remarks and perspective

Eighty percent of historically active or dormant,
potentially hazardous volcanoes (c. 450 and over
1200 volcanoes, respectively) are located in
densely populated developing countries, where
populations are also more at risk from natural
hazards. The impact of natural disasters there is
20 times higher (as a percentage of GDP per
head) than in industrialized countries (World Bank,

Table 4. Number of pixels with coherence above given thresholds for all interferometric couples derived
from 11 ERS SAR scenes

Coherence threshold

0.5 0.55 0.6 0.65 0.7 0.75
Number of pixels 596 227 47 11 2 1

Very few PS points were found after dataset processing. PS number dramatically decreases with the coherence level. The highest
coherence target corresponds to a cement factory SW of Mbeya.

Data Type Multispectral Digital Elevation Model Synthetic Aperture Radar Differential InSAR

Datasets Landsat
ASTER – ASTER DEM

SPOT – SPOT DEM InSAR, e.g. SRTM DEM

ERS-1/2, JERS, 
RADARSAT, 
ENVISAT (single 
image)

ERS-1/2, JERS, 
RADARSAT 
(interferometric 
couple)

Topomap at 1:25,000 or better

Volcano-scale morphology

Elevation profiles

DEMs as baseline for risk models

Identification of most faults including large volcano-scale collapse scars
Derived 

products

Collection of quantitative morphometric data for hazard modelling*

Ground Deformation 
Time Series & 

Monitoring

Cloud cover Atmospheric effect † Atmospheric effect

Ground 
control point 

quality

Coherence loss in densely 
vegetated regions †

Coherence loss in 
densely vegetated 

regions

Shadow effect due to angle of viewing – Lack of
data in steep craters 

Density of 
permanent 

coherent scatterers

Limitations

Challenges

Spatial Resolution & Vegetation Cover: Disabling identification of small features 
(e.g. hummocks in distal zones of debris avalanches)

Contrasted terrain mapping (e.g. lava flows, pyroclastic flows)

Mapping small structures (e.g. domes, cones, vents, pit craters)

*Lack of theory and experiments useful to invert morphometry for hazard assessment.
†For multiple-pass InSAR techniques.

Table 5. Summary of possibilities and limitations for RS studies of poorly known volcanoes in tropical
developing countries
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Hazard Risk Management website 2005). For most of
these volcanoes, the detailed geology has not been
documented and there may be no or limited
geological, geohazard or risk maps. Most of these
volcanoes are not currently being monitored. In our
experience, sets of aerial photographs may be imposs-
ible to obtain, particularly in sub-Saharan Africa.
In this vacuum, low-cost satellite data offer the best
means of rapidly mapping and monitoring hazardous
terrain around volcanoes in developing countries.

We have illustrated that the combined
approaches exemplified in this paper allow us to
map the full diversity of volcanic terrains at
1:25 000 scale, such as volcanic cones, and pyroclas-
tic or lava flows with contrasting surface textures,
as well as structural features, indicating potential
volcano-scale instability and geohazards. The com-
bined approaches and individual datasets can be rig-
orously assessed against each other and are of high
quality. Huge volumes of quantitative data can be
generated quickly, providing new constraints on
volcano shapes, sizes and vent distributions; thus
opening up the possibility that these data could be
used to mitigate volcanic geohazards.

Landsat and ASTER multispectral archive data,
available at low cost, offer great capabilities for
exploratory studies of poorly known volcanic ter-
rains and quantitative morphological studies of
various volcanic features. ASTER has the advan-
tage over Landsat, in that high-resolution mapping
(topography and multispectral) can be derived
from the same imagery. However, the cost of near
real-time data acquisition continues to limit the
use of these data for rapid hazard assessment.
ASTER and Landsat ETMþ sensors have also
both already reached the end of their designed
mission life, and follow-up data acquisition with
similar sensors is not yet certain.

All the radar sensors penetrate cloud cover, a
major advantage over optical sensors. The fact
that only 90 m SRTM data are available worldwide
is currently a limitation to mapping hazardous ter-
rains and to mitigating geohazards. Multi-pass
InSAR (compared with SRTM single-pass InSAR)
looks set to become a powerful tool for deriving
3D topography, facilitating recognition of unstable
volcanoes. To recognize flanks prone to instability
would, however, require data at higher resolution
than provided by current sensors (see Kerle et al.
2003). Multi-pass InSAR requires development
before it can be effectively used in routine ground
deformation monitoring. At present, the main limit-
ations for multi-pass InSAR are changing atmos-
pheric conditions and vegetation cover. As argued
by Stevens & Wadge (2004), a dedicated L-band
radar might be the way toward operational InSAR
monitoring of densely vegetated active volcanoes.
In the absence of ground monitoring at most T
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volcanoes in less developed countries, spaceborne
monitoring of ground deformation is of crucial
importance.

Table 6 summarizes new and planned sensors that
should increase RS capabilities to assess hazards
at volcanoes. Constellations of small satellites are
currently launched to acquire daily multispectral
images (e.g. RapidEye and the Disaster Monitoring
Constellation, DMC). Sensors will provide data
with higher spatial and temporal resolution, but
with a limited number of spectral bands. RapidEye,
CartoSat and ALOS (PRISM) will provide data
with stereoscopic capabilities. High data costs from
satellites launched by commercial companies, will,
however, limit their usefulness for low-cost geoha-
zard assessment. SAR sensors, with different wave-
lengths (X, C and L bands; Table 6) should also
enhance the possibility of InSAR applications in
volcanic terrains. Of special interest is the L-band
sensor onboard ALOS, which will ensure enhanced
coherence preservation over vegetated terrains.

High spatial resolution topographic data are
crucial as a prerequisite to assist geological field
work, for morphometric analyses and for volcanic
hazard modelling. Satellite remote sensing provides
one of the best ways to produce DEMs over exten-
sive volcanic regions, especially in countries where
aerial photographs are unavailable.

This paper is dedicated to our colleagues in developing
countries who are facing geohazards, some of them in
desperate need of acquiring RS monitoring capability.
M.K and G.G.J.E are supported by the Belgian NSF
(FWO-Vlaanderen) and the ‘Fondation Belge de la Voca-
tion’. This effort would not have been possible without
the support of UGent colleagues, notably of P. Jacobs and
J.-P. Henriet, and without the long-term support of
S. Sparks and W. Rose. The Landsat, ASTER and SRTM
imagery was obtained from the Global Land Cover Facility
website, the Land Processes Distributed Active Archive
Center (LPDAAC) website interface, and the Seamless
Data Distribution System website.
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