INT. J. REMOTE SENSING, 1994, voL. 15, No. 11, 2175-2192

Potential observations with EURECA/VEXUVIO imaging
spectrometer

S. MATTEI

Consortium for Research on Advanced Remote Sensing Systems (CORISTA),
P. le Tecchio 80, 80125, Naples, Italy

S. VETRELLA, A. MOCCIA

University of Naples, Faculty of Engineering, P. le Tecchio 80, 80125, Naples
Italy

s

A. L. LANE, D. C. PIERI, M. J. ABRAMS

Jet Propulsion Laboratory (JPL), California Institute of Technology, Earth
and Space Sciences Division, 4800 Oak Grove Drive, Pasadena, CA, 91109-
8099, US.A.

and R. BIANCHI

National Research Council of Italy (CNR), Via G. Galilei CP 27, 00044,
Frascati (Roma), Italy

(Received 12 February 1993, in final form 30 November 1993)

Abstract. Despite its geological importance, the Earth’s volcanic activity has
only recently been studied as a global system, with the advent of sophisticated
airborne and spaceborne remote sensing systems that safely and economically
provide global access at will. Particularly relevant to this approach are global
studies of the effects on weather and climate caused by volcanic solid/gaseous
products and thermal flux into the environment. To study such time-varying
phenomena, observations of volcanic emissions spectral response, acquired
simultaneously at a variety of wavelengths from ultra-violet to infra-red, could
yield relevant information on the compositions and concentrations of environ-
mentally important components, such as volcanically generated sulphur com-
pounds (e.g., SO,, H,SO,), and on volcanoes thermal behaviour. For this
purpose, a multi-band imaging spectrometer, dedicated to volcanological obser-
vations (VEXUVIO, Visible EXplorer Ultra Violet Infra-red Observer) has been
designed to be flown on-board EURECA (EUropean REtrievable CArrier)
spacecraft, to be launched by the European Space Agency on the NASA Space
Shuttle in 1996. In order to analyse potential observation scenarios with this
sensor, volcanoes active during 1991 were studied using a computer code to
simulate VEXUVIO capabilities on-board EURECA. Some parameters, repre-
sentative of the sensor viewing geometry and of the volcanoes observation
conditions, are exploited, and several plots are reported, shown their values
during the six-months nominal EURECA mission. Despite the limited science
objectives of EURECA program and a tightly constrained operational environ-
ment, our simulation demonstrates that a reasonable program of volcanologically
interesting time-series observations can be carried out during the planned six-
months lifetime of the EURECA mission.
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1. Introduction

In the last few years, the international volcanology community has identified
several new scientific initiatives related to the applications of remote sensing of
active volcanoes (Mouginis-Mark er al. 1989, Bianchi et al. 1990). One of the most
ambitious recommendations is the development of an Earth-probe class mission
dedicated to global observations of areas where volcanological phenomena take
place. The consensus within the scientific community is that such a dedicated
mission would provide a unique opportunity to acquire systematic time-series data
on the eruptive behaviour of many active volcanoes world-wide, and in particular,
systematic measurements on quantity and nature of gas and thermal behaviour of
volcanoes in a variety of geological and tectonic settings.

As a first step in response to that recommendation, the consortium CORISTA
(Consortium for the Research on Advanced Remote Sensing Systems), in collabo-
ration with scientists of JPL (Jet Propulsion Laboratory, Pasadena) Geology and
Planetology Section, and of CNR-Frascati (National Research Council) Geology
Section, submitted a proposal to ASI (Italian Space Agency), which has been
accepted, for studying and developing a new multi-spectral sensor dedicated to
volcanic observations. This sensor has been proposed to be flown on-board
EURECA, an ESA free-flying satellite.

This paper describes the scientific rationale, the instrument concept and the
orbital coverage offered by EURECA.

2. Scientific rationale

Despite the large number of volcanoes, their ubiquity, their geological impor-
tance and their proximity and effects on population centres, the actual eruption
mechanism and how they (sometimes massively) transfer solid/gascous products and
energy. into the environment are only poorly understood. It is probably fair to say
that volcanoes, though they are the most active global geological system, have never
been adequately studied as such, not even in their subaerial manifestations, due to
the difficulty of carrying out ground volcanological observations economically and
safely on a global scale during eruptions.

A new approach is offered by aerospace remote sensing which allows, using multi-
spectral imaging systems, observations of various volcanic areas as discrete geologi-
cal entities, easily overcoming problems of extreme hazard and difficult terrain.
Systematic and frequent observations of volcanoes at adequate spatial and spectral
resolutions provide a unique opportunity to understand volcanism and to clarify the
role of volcanoes in influencing weather and climate. Nevertheless, even if airborne
observations seem to be preferable, systematic airborne observations on a global
scale are logistically and economically difficult, and sometimes dangerous. Orbital
platforms offer an efficient compromise among synoptic coverage, frequency of
observations, accessibility, resolution, spectral range and economy of effort for
gathering quantitative data on large-scale volcanic phenomena (Mouginis-Mark et
al. 1991, Rothery and Pieri 1993).

A dedicated orbital mission could carry out specific scientific tasks as follows:

(a) Monitoring of active volcanoes during periods of non-activity, and particu-
larly leading up to and following eruptions, will be useful in establishing a
capability to predict major eruptions. Keys to predicting eruptive patterns
which can be quantitatively measured remotely include changes in gas
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emissions (both changes in composition and in concentration) and energy
flux.

(b) Observing emissions of SO, one of the primary gases released at volcanic
vents. Changes in SO, at vent areas, either from vents, fumaroles, or lava
ponds, can indicate movement of magma beneath the surface. The ability to
monitor SO, and aerosol emissions consistently for a number of designated
active volcanoes, in active and passive emission stages, will play an important
role in developing our understanding of the relation between changes in SO,
flux and eruptive activity. Some of the gases released at volcanic sites (SO,,
HCI, CO,, H,0, HF, H,S), have accessible spectral signatures, and their
detection can yield information on the presence of subsurface magma.

(¢) A better understanding of the relation between changes in energy flux and
eruptive activity can be achieved by remote means. Changes in energy flux
have been shown to correspond to changes in the type of volcanic activity
(e.g., passive degassing to explosive eruption to lava dome growth) at
particular volcanoes.

(d) Developing physical models of volcanic activity.

3. Instrument concept

The recent applications of several airborne sensors (TIMS (Abbott 1990), AIS,
AVIRIS/TMS (Farrand and Singer 1991), COSPEC (Malinconico 1979, Haulet et
al. 1977, Casadevall et al. 1990) and spaceborne sensors (Landsat-TM (Rothery et
al. 1988, Pieri et al. 1990, Abrams et al., Oppenheimer 1991, Oppenheimer and
Rothery 1991, Rothery and Oppenheimer 1991, Oppenheimer er al. 1993), TOMS-
UV (Krueger 1983), UVIS) to volcanological observations have given a basis for
identifying the special requirements of a new sensor dedicated to monitor volcanoes.

The most important requirement is to integrate multiband (Near-IR, Visible,
Near-UV) high-resolution imaging and pointing capabilities, in order to simul-
taneously measure a wide range of physical processes related to volcanic pheno-
mena, such as changes in thermal flux, changes in gas concentrations and
compositions nearby volcanoes (IR and visible spectral range), and volcanic SO, and
aerosols ejected in stratosphere by explosive eruptions, like the Pinatubo’s one (near-
UV spectral range).

Following the user requirements, a joint effort between CORISTA and JPL was
started to design and develop a prototype imaging spectrometer, named VEXUVIO
(Visible EXplorer and Ultra Violet Infrared Observer). VEXUVIO is mainly
composed of the following units:

(a) UV imaging spectrometer operating over 280-420 nm. The spectrometer is
coupled with a UV intensified CCD camera providing 700 channels with a
spectral resolution of 2-4 A;

(b) Visible CCD video-camera working typically from 400-950nm. A filter
wheel provides the imaging capability in selected spectral bands;

(¢) Near-infrared CCD camera working from 1-1 to 3-5um. A filter wheel
provides the imaging capability in different spectral bands;

(d) A purely reflective telescope assembly with a panchromatic response from
280 to more than 3500 nm. The telescope is designed for a FOV of about 3-4°
by 3-4°, corresponding to an image size of about 30 km by 30 km from an
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orbital altitude of =500 km. With a high resolution CCD detector (e.g., 1024
by 1024 pixels array), it is possible to obtain a geometric resolution of about
30 m;

(e) The instrument door supports a mirror in its inner side and can be held either
fully open for nadir observation, or at a 45° tilt with respect to the telescope
line of sight. In this case, it is possible to observe the Earth pre-dawn phase,
particularly useful for near-IR imaging without sunlight noise. The two axes
gimballed steering mirror will provide the point capabilities of the instru-
ment, within +307;

(f) Electro-mechanical sub-system which consists of: data interface (I/F), that
provides interface and data transfer to the satellite bus; logic and control
unit, that contains the micro-processor to perform management of all
instrument functions; motor controller, that provides the driver control for
the moving part of the instrument; power supply; mass memory, that is an
already space-qualified Solid State Recorder (SSR).

The sensor block diagram, the nadir and pre-dawn operating modes are shown in
figures 1, 2 and 3 respectively.

4. EURECA mission

EURECA, the EUropean REtrievable CArrier (Nellessen 1991, 1986), is a free-
flying retrievable platform, which is part of the Columbus precursor flights pro-
gramme. Although it is primarily devoted to research in the fields of material and life
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Figure 1. Sensor block diagram.
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Figure 2. Nadir viewing operating mode. The mirrored door is held fully open and the
steering mirror can be tilted within [—15°, +15°] angle range.

sciences and radiobiology, as well as space science and technology research, and
consequently, its orbit inclination and lifetime do not offer the appropriate coverage,
the authors consider the EURECA mission an important opportunity to test the
VEXUVIO sensor and a first step toward an operational free-flying mission.

EURECA has been designed to be launched and retrieved by the Space Shuttle.
It will be deployed at the non-standard altitude of about 400 km and is scheduled for
retrieval at an altitude of about 300 km. After deployment by the Orbiter, the
EURECA on-board propulsion system will transfer the spacecraft to its nominal
operational orbit of 515km altitude, and 28-5° inclination. EURECA will perform
flight missions of a typical duration from 6 to 9 months, during which it is always
Sun-facing with a geometrically invariant attitude. After retrieval, the ESA satellite
will return to its integration centre to be refurbished and re-equipped for another
mission.

Since EURECA is Sun-pointing, VEXUVIO must be mounted on the satellite
back-side, as shown in figure 4.

Taking into account the spacecraft orientation and VEXUVIO’s pointing
capability, the observational scenario is the following:

(a) During each orbit about } of the equator is available for suitable viewing;

() For targets for which there is no viewing time restriction, the nadir near
repeat cycle (NNRC) at about 515 km orbital altitude is 10 days. Because the
orbital across-track separation is about 150 km, there is a three-day pre-nadir
viewing period, one nadir day, and a three-day post-nadir viewing period.
Thus, the NNRC cycle window of accessibility is 7 days viewing, 3 days off;

(¢) For targets in the UV where the desired viewing window is + 1-5 hours from
local noon, the NNRC is 48 days. That is, 7 days of viewing followed by 41
days of inaccessibility;
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Figure 3. Pre-dawn operating mode. The mirrored door is held 45° tilted with respect to the
—z, axis of EURECA and the steering mirror can be tilted with [—5° +2-5°] angle
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Figure 4. VEXUVIO possible accommodation on-board EURECA spacecraft.
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(d) For targets where pre-dawn (up to — 1 hour) observations are desired in near
IR, the NNRC is much longer than 48 days, possibly a multiple of 2 or 3;

(e) 4050 stellar occultation opportunities (15 per day, 30 days per month, 6 to 9
months);

(f) In-flight calibration: stellar photometric calibrations.

The one day ground track of EURECA at 515km orbital altitude and 0° first
ascending node is shown in figure 5.

S. Simulation of VEXUVIO observation potential

In order to gain insight into the VEXUVIO observation potential, taking into
account the mission scenario, a simulation program was developed to verify for how
long and under what conditions volcanoes active during 1991 (table 1) are
observable within the instrument pointing angle capability (range of tilt +30°).
Taking into account the operational limits of the satellite, the following simulation
study is intended to verify the potentiality and the feasibility of EURECA/
VEXUVIO mission.

5.1. Analytical model
The EURECA right-handed body fixed reference frame (x,, y,, z,) is defined as
follows: origin coincident with the spacecraft’s centre of mass, z, axis pointed

.
]

Figure 5. EURECA I-day nadir track and geographic locations of the 59 volcanoes
considered in our simulation programme and listed in table 1.
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towards the Sun and y, axis in the orbital plane. Because the instrument is designed
to be mounted on the —z, axis of EURECA with its optical bench plane parallel to
the (x,, y,) spacecraft plane and the axis perpendicular to the optical bench parallel
to the spacecraft —z, axis, it is convenient to determine the pointing angles and all
the quantities of interest with respect to the satellite body frame.

In the simulation model, we assume a keplerian circular orbit with parameters
defined in a right-handed inertial reference frame (origin in the centre of the Earth,
X-axis directed towards the first point of Aries and Z-axis towards North Pole,
figure 6).

To calculate the transformation matrix, M, from the inertial reference frame to
the body reference frame, a right-handed orbiting reference frame is introduced,
with origin in the spacecraft centre of mass, x-axis directed towards the position
vector of the satellite and y-axis directed towards the satellite velocity vector. In this
case, the transformation matrix M is then given by:

M=M M, (h

where M is the transformation matrix from the orbiting frame to the body frame
and M, is the transformation matrix from the inertial frame to the orbiting frame.

The transformation matrix M, is computed by using Q, the right ascension of the
ascending node, ¢, the geocentric angle between the ascending node and the position
of the spacecraft, i.e., the anomaly with respect to the ascending node, and i, the
satellite orbit inclination angle (Space Systems Division 1963):

cospcosQ—sin¢psinQcosi  cos¢psinQ+sin ¢ cosQcosi sin ¢ sin i
M= | —singcosQ—cos¢psinQcosi —sin¢psinQ+cospcosQcosi  cosPsini )

sin Qsin i —cosQsini cos i

For determining the matrix M_, it is necessary to know the components of the
orbiting frame unit vectors in the body reference frame.

z
xsk Z y
K SATELLITE
X
zs
Rios SUN
EARTH Ry, .y
< *ys . -
<J &,
‘ o~ ORBIT PLANE
[

EQUATOR

LINE OF NODES

Figure 6. Geometry of the orbital mission.
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The Sun unit vector u, in an intertial reference frame is defined by its right
ascension o, and declination d., (H.M. Nautical Almanac Office 1961, Mugellesi
and Van der Ha 1986):

U, =C0sa, €os Ol +sinag, cos o) +sin 6, K 3)

where I, J, K are the unit vectors of the inertial frame axes.

Because of the Sun-pointing control and neglecting the Sun-pointing angle
errors, the unit vector u, is assumed to be coincident to the spacecraft z, axis unit
vector, k. The unit vector k; in the orbiting frame is given by (2).

k,= Ai+ Bj+ Ck (4)

where i, j and k- denote the unit vectors of the orbiting frame axes, and A, B, and C
are:

A=cos ¢ cosd, cos fi, +sin ¢ cosicosd, sin Bo +singsinisind,

B= —sin¢cos ., cos fi, +cos ¢ cosicos 0 8in B, +cos ¢ sinisin (5)

C= —sinicosd, sin f +cosisind,
where =0, —Q, i.e. it is the angle between the Sun and the spacecraft ascending
node in the equatorial plane.

The body réference frame unit vector j, is defined by the conditions to be

perpendicular to the z, axis and to lie in the orbital plane. It can be readily shown
that j is given by:

ji,=Ai1+Bj+Ck (6)
where
[ B
A=
J JA*+ B
o A
RN ™
C'=0

-

The components of the body reference frame unit vector i, are computed
considering the cross product and, then, the transformation matrix M becomes:

( AC BC i hr
CJAHB A B VA

M-| B 4 0 (8)
JA*+B? JA*+B?
L A B C )

After evaluating the matrix M, we are able to determine the sensor pointing
angles with respect to the body reference frame.

If we know the geographical location of a volcano, and so its geodetic latitude (4)
and longitude (L), we can determine the components (X,, Y,, Z,) of the volcano
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Table 2. Orbital parameters used in the simulation programme are listed.

Semi-major axis: 6882:697km Ascending node local time: 21 June 1987
00:00:00
Orbit eccentricity: 0 Integration time: 1 sec
Orbit inclination: 28-5° Number of orbits: 2900
Initial argument of perigee: 0° Off-nadir pointing angle range: +30°
Initial longitude of
ascending node 0°

position vector R, in the inertial reference frame by using the following equations
(Brooks 1977):

X,=x,cos0,—y,sina,
Y,=x,sino,+y,cosa,
Zl) = Zl)
where a, is the right ascension of Greenwich and x,, y,, z, are given by:

dg

Xp= = cosdcosL
J1—edsinisin L

ag .
Vo= - ——cosAsin L (10)
J1—edsinisinL
1— 2
ag(l—eg) 0

Z,=
J1—eZsinAsin L
In these equations, ag denotes the Earth major semi-axis and e denotes the
Earth eccentricity computed considering the International Ellipsoid.
Hence, determining the satellite position vector components in the intertial
reference frame by using the following equations:

X =p(cos ¢ cos Q—sin ¢ sin Qcos i)
Y =p(cos ¢ sin Q +sin ¢ cos Q cos i) (11)
Z=p(sin ¢ sini)

where p is the satellite orbit semi-latus rectum, we can evaluate the line of sight
vector components in the intertial reference frame as follows (figure 6):

Xips=X, =X
Y=Y, =Y (12)
Lis=2,—Z
and, therefore, the line of sight vector components in the body reference frame:
Xs, los Xios
Vs, los =M;-M; Yios (13)
Zs, los Z s
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Figure 7 (a); (b), (¢), (d). Numbers of volcanoes observed within contiguous intervals of:
off-nadir pointing angle, observation distance, observation time duration per orbit,
observation frequency, for each spectral band.

Finally, as shown in figure 6, we compute the off-nadir pointing angle with

respect to the —z; axis:
-1 Zs,las
o =CoS (14)
<Rlos>

5.2. Computer simulation results

On the basis of the analytical model, the volcanoes listed in table 1 and the
mission parameters listed in table 2, a computer simulation programme has been
developed to analyse the observation potentiality of EURECA/VEXUVIO
experiment.

Three observation time intervals have been chosen to increase the signal-to-noise
ratio (S/N) for the different spectral ranges: + 1-Shours with respect to the local
noon (NUV); 10a.m. to 4p.m. (Vis); 3a.m. to 8a.m. (NIR).

Taking into account the EURECA orbit inclination, only 50 volcanoes, among
those considered in the simulation analysis (table 1) and located in the latitude range
of +40°, were observable within the instrument pointing capabilities.

In order to get further insight into the potentiality of the system during the
EURECA overall mission (2900 orbits, almost 6 months), the histograms of the
following parameters have been plotted in figures 7 (a), 7(b), 7(c), and 7 (d) off-nadir
pointing angle, observation distance (i.e., the distance between satellite and observed
point), observation time duration per orbit and observation frequency (i.c., number
of orbits between two successive observations). For the sake of clarity, these
quantities have been quantized using an off-nadir angle of 10° as interval, 300 km as
slant range interval, 1 minute as time interval, and 100 orbits as observation
frequency interval. Consequently, figures 7(a), 7(b), 7(c), and 7(d) are bar charts
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Figure 8 (a), (b), (¢). Dependence of the mean observation distance on latitude for the three
spectral bands (NIR, Vis, NUV).
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which show how many volcanoes are observed within these contiguous intervals for
the three spectral bands (NIR, Vis, NUV). We selected these parameters to focus
both technological and application oriented aspects of the proposed mission. In fact,
the off-nadir pointing angle plot allows to evaluate the need and effectiveness of such
capability, whereas the observation distance must be known for performing further
studies connected to atmospheric absorption and scattering. Moreover, the observa-
tion time duration and the interval between two successive observations are
connected to the potentiality of monitoring high and low frequency time-varying
phenomena. Our results show that the pointing capability of the system is fully
exploited (figure 7(a)) and allows an observation time duration of several minutes
per orbit (figure 7(c)) with 4 days as maximum observation time interval between
two successive observations in most cases (figure 7(d)). The observation distance
(figure 7(b)) is mainly connected to the chosen observation time intervals for each
spectral band. It is worth noting that the differences in the total number of
volcanoes, among the three spectral bands within each parameter interval, are
mainly due to the three different operational time intervals during each orbit: three,
six, and five hours for NUV, Vis, and NIR, respectively.

The dependence of the mean observation distance as a function of the latitude is
shown in figures 8(a), (b), and (¢) where each point represents one of the 50
accessible volcanoes. The volcanoes near the equator are observed at an average
value of about 700 km in the NUV, which goes up to 1000 km in the Vis, and 1900 in
the NIR, without considering any limitation given by cloud coverage and atmos-
pheric transmittance. Since the y-axis scale has been chosen to put in evidence the
potentiality of the system to observe the equatorial belt, which is the most favourite
area because of the EURECA orbit inclination, some high-latitude volcanoes are
outside the mean distance range.

As a worst case, the total observation time duration of the Stromboli volcano is
plotted in figure 9. Since this volcano is located at 38-79° North latitude, it is the
farthest North active volcano visible by EURECA/VEXUVIO. Figure 9 has been
derived considering all the different slant ranges and spectral bands, during the
whole mission. Although the minimum observation distance is quite high (1664 km),
the total observation time still offers a good opportunity to acquire a time series of
data of scientific interest with respect to the volcanic behaviour.

Actually, the number of observable targets and the mean observation distances
can be reduced if problems related to cloud coverage and atmospheric transmittance
are considered. With reference to the cloud cover profile reported by Peixoto and
Oort (1991), the probability of penetrating through the atmosphere and of observing
volcanic areas at low altitude can be roughly reduced of 50 per cent in near-IR and
visible. Cloud coverage effects could be neglected in UV spectral band, since the low
altitude observations are prevented by the ozone strong absorption and the high-
power aerosols scattering. In fact, the UV measurements are referred to volcanic
gases and aerosols ejected in stratosphere where cloudiness is very low.

6. Conclusion

In order to analyse the range of potential observations of the EURECA/
VEXUVIO experiment, an analytical model has been developed. The simulation
programme has shown that, in the case of 50 volcanoes which have been active
during 1991, we get an observation frequency and time duration of scientific interest
for studying the volcanic behaviour on a global scale. Although EURECA is not
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primarily dedicated to Earth observations, the analysis conducted shows that the
cost benefit of the proposed mission is satisfactory from the point of view of the
expected scientific results.

Further activities, including deeper analysis on problems related to cloud
coverage, atmosphere properties, and satellite coverage, will be concerned with the
improvement of our computer program to simulate a dedicated volcanological
mission of a free-flying mini-satellite to conduct an in-depth study of an Orbiting
Volcano Observatory (OVO) (Penzo and Johnston 1992) that JPL has proposed
within the NASA programme Strategy for Earth Explorers in Global Earth Sciences
(National Research Council 1988).
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