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ABSTRACT

The Global Tepography Mission (GTM) is a proposed space
mission for obtaining high resolution digital elevation
models of the Earth surface by SAR (Synthetic Aperture
Radar) interferometry and laser altimetry. This paper ana-
lyses the potential of GTM for natural disaster management.
Since for most major types of disasters which are short-
lived, the frequency of observation of normal satellite sys-
tems is a severe limitation, the authors propose the use of a
SAR with a range steerable antenna. In this case, a signifi-
cant increase in the observation frequency can be accom-
plished. In particular, the authors identify an orbit which
points out the effectiveness of such a system for natural
disaster relief. Moreover, an experimental application of
GTM for natural disaster prevention and preparedness,
based on differential interferometry techniques, is analysed
in details. Two orbits which guarantee the observation of
Vesuvius volcano every day for about two months are
computed and a height difference error budget is derived.
The measurement accuracy is of about 1 cm.

INTRODUCTION

Topographic information is vital for the land sciences, such
as geology, geophysics, ecology, soil sciences, hydrology,
botany, and glaciology (Topographic Science Working
Group, 1988). Currently, topographic data are limited by
coverage and accuracy, particularly at the more precise
scales.

Interferometric SAR (INSAR) has been proposed and dem-
onstrated as a successful topographic mapping technique
(Zebker and Goldstein, 1986; Gabriel and Goldstein, 1988;
Prati and Rocca, 1990) and many authors have analysed
INSAR height accuracy (Li and Goldstein, 1990; Prati and
Rocca, 1990; Moccia and Vetrella, 1992; Rodriguez and
Martin, 1992; Zebker and Villasenor, 1992). INSAR offers
high resolution DEMs (Digital Elevation Model) and is not

atfected by clouds, precipitation, and local time (radio fre-
quencies allow night observations).

In order to achicve global, high resolution topographic
coverage JPL (Jet Propulsion Laboratory) and NASA GSFC
(Goddard Space Flight Center), Alenia Spazio and Univer-
sity of Naples (under NASA and ASI contract respectively)
have been studying a new space mission: the Global Topo-
graphy Mission (GTM). GTM configuration consists of two
twin satellites orbiting on nearly parallel orbits and each
carrying a laser altimeter (Bufton, 1989; Gardner, 1992;
Harding ez al., 1993) and a SAR (Synthetic Aperture Radar).
The SAR interferometry is achieved by one transmitting and
two receiving antennae. An accurate estimate of antenna
phase centre positions is achieved by differential GPS (Glo-
bal Positioning System) and attitude control system. The
possibility of using two laser sensors for real-time determi-
nation of the baseline between the two satellites is presently
under study. Morcover, GTM will allow comparison be-
tween INSAR DEM and laser DEM.

The main goal of GTM, i.e. global topographic mapping,
would be achieved in about three months, but additional
scientific experiments are planned during the extended
phase of the mission. In this context, it is worth studying
INSAR applications to natural disaster management. In this
area three main goals can be identified: preparedness.
prevention, and relief. Preparedness consists of the minimis-
ation of losses when a disaster strikes, in prevention one tries
to avoid or control hazards, and in relief aid is provided after
a disaster occurrence. As shown by Walter (1989), space-
borne remote sensing applications to disaster management
are strongly limited by a trade-off between spatial and
temporal resolution. Existing satellites achieve high tempo-
ral resolution by decreasing spatial resolution (e.g. meteor-
ological satellites). On the other hand, due to orbital and data
rate constraints, remote sensing satellites can accomplish
high geometric resolution only at the expense of swath width
and repetitivity.

INSAR offers a high resolution image and a DEM with an
accuracy adequate for natural disaster mapping, while
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prevention and preparedness can be carried out by a dif-
ferential INSAR, which can measure altimetric changes at
centimetric level (Gabriel ez al., 1989). Finally, the temporal
resolution constraints could be overcome by the capability
of antenna range beam steering.

This paper demonstrates that an INSAR with range steerable
antennae can achieve both high temporal and high spatial
resolution. Consequently, it is the only space instrument
candidate for natural disaster management.

1. ANALYSIS OF TEMPORAL RESOLUTION
1.1 GTM main characteristics

The GTM will be on a nearly circular repetitive orbit, with
a repetition factor of about 15 and a repetition period of
about three months but less than 90 days. In order to guar-
antee global coverage in the repetition period, the distance
between tracks must be smaller then the radar swath, which
1s about 35 Km at an altitude of about 560 Km (Kakuda,
1993).

The distance between the two satellites varies from 2 Km at
the equator to 800 m at latitudes of = 65°. Because of the
baseline reduction with latitude, the INSAR works only in
the range of latitude = 65°. Topographic mapping of lati-
tudes between 65° and 79° is obtained by modifying the
orbit to obtain adequate baselines. Morecover, due to data
rate restrictions, the INSAR and the laser altimeter operate
during the ascending and descending phase respectively for
the first three months of the mission. During the next three
months, a second global topo data set is gathered by chang-
ing the operating phases of the two sensors. The acquisition
of both ascending and descending INSAR data allows to
overcome, or at least to reduce, geometrical distortion due
to terrain morphology.

GTM antennae transmit in L-band (wavelength of 24 cm)
with a bandwidth of 20 MHz, using a nominal off-nadir
pointing angle of 3G°. INSAR resolutions are 7.5 m (slant
range) and 5.9 m (azimuth, 1 look).

1.2 Temporal resolution simulation

In order to study the temporal resolution of a steerable
sensor, a model of the sensor-Earth relative motion was
developed (D Errico et al., 1992). This model accounts for
a varying off-nadir pointing angle, first order orbital pertur-
bations, and target latitude.

The simulation was carried out for the orbits the parameters
of which are listed in table 1. We analysed a set of sun-syn-
chronous orbits with altitudes of about 560 Km, as selected

in preliminary GTM studies (Kakuda, 1993). Of course we
neglected the orbit 1245/83 because it corresponds to an
integer repetition factor (15) which makes impossible high
resolution global coverage. The repetition factor (Q=R/N)
is expressed as the integer number of orbits (R) divided by
the integer number of days (N) in the repetition period. The
Earth surface was modelled by 100.000 randomly dis-
tributed points in the range of latitude + 70°. We supposed
the antenna beam steerable between 15° and 45° with re-
spect to the nominal off-nadir angle (30°). The possibility
of having off-nadir viewing angle on both sides of the
spacecraft was neglected because of mechanical and elec-
tronical complexity. The temporal resolution was studied
taking into account the following aspects: the time required
for the first observation and the time interval between suc-
cessive observations of each point. In the simulation we
considered either cases of only ascending nodes or both
ascending and descending nodes.

In order to study the former aspect, we determined the
probability distribution of observation time. We present
mean values and standard deviations of first observation
time and the time required for the first observation of 95%
points. This last parameter is necessary since standard devi-
ations are quite large. The three parameters are plotted in
figures | and 2, which put in evidence that the best orbit has
arepetition factor of 1240/83 in both cases of either ascend-
ing nodes only or both ascending and descending nodes. In
the tigures, the x-axis time interval is equal to five days.
With reference to the latter aspect, we computed the prob-
ability distributions of the time interval between successive
observations of the same point. Then, the mean values and
the standard deviations of the time interval between obser-
vation { and i-/, and the mean values and the standard
deviations of the time interval required to re-observe 95%

Table 1 - Main parameters of considered orbits.

Orbit Repetition Orbit Orbit Nodal Equatorial
Factor Altitude Inclination Period Adjacent Track
Q h i 1 Distance

(Km) ® (s) (Km)
1240/83 579.67 97.714 5783.2 32319
1241/83 575.93 97.699 5778.6 32.293
1242/83 572.18 97.684 5773.9 32.267
1243/83 568.45 97.670 57693 32.241
1244/83 564.72 97.655 5764.6 32215
1246/83 55727 97.627 5755.4 32.163
1247/83 553.55 97.612 5750.8 32,137
1248/83 549 .84 97.598 5746.2 2111 ]
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Fig. I - Mean value and standard deviation for the first observation of the target, and time required for the observation of 95%
targets, for each selected orbit and considering ascending nodes only.
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Fig. 2 - Mean value and standard deviation for the first observation of the target, and time required for the observation of 95%
targets, for each selected orbit and considering both ascending and descending nodes.
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points were computed. Again, the latter two values are
necessary because of large values of standard deviations.
Statistics were computed considering all the 100,000 points
on the Earth surface and only the observations that cover
100% points in the repetition period, i.e. we considered the
i-th observation only if all the randomly distributed points
have been observed i-times. The number of considered
observations is listed in table 2. The above four parameters
are plotted in figures 3 and 4. These figures show a different
trend with respect to the first aspect: now the best orbit is
1244/83, which performs the observation every 25.6 hours
for 95% points in the case of ascending nodes only.

The above analysis points out a trade-off between the first
observation time and the time interval between two suc-
cessive observations: the orbit with the minimum delay of
the first observation (1240/83) is one of the worst from the
re-observation point of view, while the orbit with the best
time intervals (1244/83) does not offer a satistactory first
observation time.

In order to gain further insight into these contrasting aspects,
in figures 5, 6, 7, and 8 we plot the curves of relative

Table 2 - Maximum number of the observations of 100,000
targets, achieved in a repetition period, for the considered

orbits.

Repetition | Number of Observation of 100% Points in a Repetition Period
Factar Ascending Nodes Ascending and Descending Nodes
1240/83 14 7 28
1241/83 14 28
1242/83 14 28
1243/83 14 28
1244/83 13 26
1246/83 13 26
1247/83 13 26
1248/83 13 26

cumulative frequencies of observation time. They refer to
the observations listed in table 2 for the orbit 1240/83 and
1244/83. The orbit 1240/83 curves reach the 100% fre-
quency sooner than the 1244/83 curves, but the latter have
much more regular trend, in fact they are nearly parallel.

TIME BETWEEN SUCCESSIVE OBSERVATIONS
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Fig. 3 - Mean value and standard deviation of time intervals for re-observation of the target, and mean value and standard deviation

of time intervals for re-observation of 95% targets, for each selected orbit and considering ascending nodes only.
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Fig. 4 - Mean value and standard deviation of time intervals for re-observation of the target, and mean value and standard deviation

of time intervals for re-observation of 95% targets, for each selected orbit and considering both ascending and descending nodes.

ORBIT 1240/83 (Ascending Nodes)

100

Observation

Relative Cumulative Frequency

| 1 | | J

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 B85

Time (days)

Fig. 5 - Relative cumulative frequency of observation time for the orbit 1240/83 considering ascending nodes only.
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ORBIT 1240/83 (Ascending and Descending Nodes)

0
5 30 35 40 45 50 55 B0 65 70 75 80 B85

-

T

T

Relative Cumulative Frequency

Time (days)

Fig. 6 - Relative cumulative frequency of observation time for the orbit 1240/83 considering both ascending and descending nodes.
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Fig. 7 - Relative cumulative frequency of observation time for the orbit 1244/83 considering ascending nodes only.
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Fig. 8 - Relative cumulative frequency of observation time for the orbit 1244/83 considering both ascending and descending nodes.

In conclusion, we showed that it is possible to improve either
the time required for the first observation or the time interval
between successive observations. This result can be inter-
preted relating the repetition period to the swath pattern.
Since a nearly integer repetition factor (such as 1244/83)
gives adjacent ground tracks at successive times with a
minimum orbital drift (Duck and King, 1983), the sensor
swaths present large overlaps and, consequently, allow short
re-observation times. On the other hand. an orbit with a
larger drift (such as 1240/83) gives a shorter first observa-
tion time, because of the reduced swath overlaps.

As a quantitative result we identified two orbits which are
slightly different in altitude (about 15 Km) and inclination
(about .06°).

2. NATURAL DISASTER MANAGEMENT BY
GTM

2.1 Relief

By choosing the orbit 1240/83, GTM will access 95% of the
Earth surface in about 10 days by antenna range beam
steering between 15° and 45°.

In this way if a natural disaster occurs during the nominal

mission (first three months), GTM will produce both a DEM
and a high resolution SAR image of the involved area. These
data will allow a more effective intervention: identification
of evacuation routes, sites of temporary dwellings, sources
of water (Walter, 1989).

In this phase of the mission we will test the usefulness of
GTM for natural disaster relief.

2.2. Prevention and preparedness

Natural disaster prevention and preparedness can take ad-
vantage of elevation change measurements at centimetric
level in order to detect small crustal motions and volumetric
changes which are premonitory events of floods, landslides,
avalanches, volcanic eruptions, earthquakes, and so on.
INSAR error budgets were proposed by several authors (Li
and Goldstein, 1990; Rodriguez and Martin, 1992; Zebker
and Villasenor, 1992) who demonstrated that INSAR DEMs
can not achieve the required height accuracy. Whereas,
differential INSAR allows an extreme reduction of the phase
error impact on height difference measurements, as shown
by Gabriel er al. (1989).

Differential interferometry measures elevation changes, in-
stead of absolute heights, and needs three SAR images of
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the same area. GTM achieves two contemporary SAR im-
ages during the first pass, whereas the third image is ob-
tained by only one of the two antennae during the second
pass. Consequently, it is not affected by ambiguity problem
(Gabriel et al., 1989). Moreover, if ascending and descend-
ing orbits are available for SAR interferometry, two compo-
nents of the crustal motion can be derived.

The electronic range steering of antenna beam allows a
frequent re-observation of selected test-sites and, then, a
large number of measurements. In this case the best orbit
must have a trend similar to that derived for the orbit
1244/83, i.e. with a short time delay between successive
observations. Of course, an orbit with an adequate inter-
track distance must be chosen to avoid images decorrelation
(Prati and Rocca, 1990).

Assuming a flat Earth, a 21 phase shift occurs at a slant-range
difference (Ar) which can be expressed as a function of the
satellite altitude (h), the baseline (B2), the wavelength (1) and
the off-nadir peinting angle (1) as follows (figure 9):

Ay — Ahsin® 0

2B>cos %

Assuming Ar equal to n, resolution elements, the maximum

baseline (B2 nay) is given by:

ABASSING

B2 max = 2
cny cos

where c is the light velocity and Af'is the chirp bandwidth.
The distance (s) between two satellite positions along ad-
jacent orbits can be approximately expressed as a function
of latitude (¢) as follows:

§= 2?“ (Re + h) cosd (3)

where Rg is the Earth radius and R is the integer number of
orbits in the repetition period.

Equations (2) and (3) allow to compute a repetitive orbit
which has an inter-track distance adequate for interferome-
tric applications. Of course, it is necessary to select an
altitude as close as possible to the nominal one.

2.2.1 Vesuvius volcano experiment

As an example, we studied the feasibility of a crustal motion
detection experiment considering an extended area on the
Vesuvius volcano (40.82° North latitude, 14.38° East lon-
gitude). We identified two orbits the parameters of which
are listed in table 3. These orbits allow one observation of
the Vesuvius test site every day for a period of about 2 and

4 months, respectively. In particular we chose a period of
ten days with 11 observations of the test site at a viewing
angle of about 40° (from 39.981° to 41.587° for the orbit
9494/633 and from 39.995° to 40.932° for the orbit
16501/1100). The baseline is 3.68 Km for the former orbit,
1.94 Km for the latter. Since at a looking angle of 40° and
assuming n,=2, equation (2) yields a maximum allowable
baseline of about 6.4 Km, the computed baselines are ade-
quate for differential interferometry. Moreover, the deploy-
ment of arrays of corner reflectors in range direction allows
an additional and significant improvement in the height
difference measurements accuracy (Monti Guarnieri et al.,
1992).

It is worth noting that the two proposed orbits have a long
repetition period which makes impossible their use during
the nominal phase of the mission. Consequently, this experi-
ment could be conducted for a limited number of selected
test sites during the extended phase of the mission.

Table 3 - Main parameters of the orbits proposed for the
differential interferometry experiment.

Orbit Repetition Orbit Orbit Baseline | Re-Observation | Observation
Factor Altitude Inclination Time Period
Q h i B,
(Km) () (Km) (Hour) (Months)
9494/633 561.48 97.643 3.675 24 2
16501/1100 560.71 97.640 1.941 24 4

3. GTM DIFFERENTIAL INTERFEROMETRY
ERROR BUDGET

In this section we present an error budget of GTM differen-
tial INSAR for point targets. The point target assumption
allows to obtain results which are useful for evaluating the
system impulse response and are appropriate to analyse the
performance of the radar when viewing man-made targets
(calibration). We will also assume that systematic errors
have been essentially removed by some small set of ground
control points, so we will consider only random errors
caused by noise and geometric uncertainties.

The first two SAR images are acquired contemporaneously
during the first passage on the test site, while the third SAR
image is obtained by one antenna during the second passage.
We refer to the slantranges as Ry, R, R3, and to the baselines
between the passages | and 2, and 1 and 3 as By and B>
respectively (figure 9). The off-nadir looking angle of the
first image is ¥. Let us suppose that the pixel height during
the first passage (images 1 and 2) is z and it increases until
a value z + Az before the second passage (image 3).
Considering that the first and the third antenna transmit and
receive the signal, while the second antenna receives the
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signal transmitted by the first antenna, the phases of the three
SAR images can be computed as follows:

7y

o :7“21%[ ()
2

¢z:%(kl +Ry) 5)
2

03 =7”2Rg ©6)

Assuming flat Earth and constant satellite altitude, the slant
ranges Rz and R3 can be expresses as function of Ry, 9, By,
Bo:

1 ) B3
=R - B sml‘)+i

(7

R> :[ (h—2)* + (R sin® — B;Y ]

5 172
R,;:[ (h— 7 Az)* + (R sinﬁ—Bg)z] =R — B, sin® +
B3

2R,

+ Az cosd (8)

Introducing a differential phase (P) as:
B
@ =55 A013 = Adr> ©

we obtain:

B> — BiB>
2R\ cosd

Az= b2 A
B1 21 cosd

(10)

Assuming incorrelated parameters (Li and Goldstein, 1990)
and differentiating equation (10) the height difference un-
certainties (G& , 1=1,2,3) are evaluated:

;i =— ——— 0o (11a
Bi 2mcosd . 112)

B3 OB,

(2) 2 2

o= Ag+—2— |22 11b

- [ 2R1cosﬂJBz (116)
2 4 X

off | S50 BB (11c)
2R cosd B

where Ga , 651, and Op; are the uncertainties in the differen-
tial phase and baselines. Assuming large Signal to Noise
Ratio (SNR) and Rician statistics on the received phasors
(Goodman, 1975), we get:

B Y
l+[2B2j

SNR

(12)

Since the GTM baseline will be known with centimetric
accuracy (op1 =0p2=3cm and assuming SNR=19.5dB
(using large corner reflectors this value could be easily
increased), equations (11a), (ilb), (11c), and (12) yield a
centimetric error in the height difference measurements,
which is shown in table 4 for the two selected orbits.

Table 4 - Differential interferometry error budget for the two
selected orbits.

Error Repetition Factor
9494/633 16501/1100
o, 6.196 6.514
6 (cm) 1.309 7.270x10"
o2 (cm) 1.00x10 5.563x103
6% (cm) 3.727x10° 6.182x10%
o, " (cm) 1.309 7.270x10"!

AR
NN
W\
NN
O\
\, \
N s\
: N\ | Az
vl TN N ™~

Fig. 9 - Geometry of GTM differential interferometry.
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CONCLUSIONS

In this paper the potentiality of GTM for natural disaster
management was analysed. We demonstrated that the exist-
ing main limitation of spaceborne high resolution sensors
(i.e. temporal resolution) can be largely overcome by using
a pointing antenna.

We then identified an orbit which can offer an adequate
temporal resolution for natural disaster mapping. This orbit
is very close to the nominal one and can be achieved by a
slight modification of satellite altitude and inclination.

We also analysed the application of GTM for natural disaster
prevention and preparedness, by using differential interfero-
metry techniques. In order to achievé an adequate interfe-
rometric baseline, small changes in orbit altitude and
inclination are required, but they imply a significant increase
of the repetition period, which also causes alarge average time
to obtain the first data set. To test the utility of this configura-
tion, we analysed the feasibility of a crustal motion detection
experiment on an extended test site at the latitude of the
Vesuvius volcano (40.82° North). It is worth noting that the
orbit adequate for the proposed experiment of differential
interferometry does not guarantee global coverage require-
ments of GTM, then the proposed experiment must be carried
out during the extended phase of the mission.

In conclusion, we proved that GTM can be an effective space
system for natural disaster relief. In fact, the antenna range
beam steering allows a remarkable and global improvement
in observation repetitivity. In addition, GTM differential in-
terferometry can allow natural disaster prevention and pre-
paredness experiments. GTM could become operational from
this point of view considering a third satellite flying behind
the proposed twin satellites with an adequate time delay and
with the same capability of antenna range beam steering. In
this case the third image required for differential interfero-
metry is obtained by the third satellite and the stringent
requirement on the orbital inter-track distance disappears.
Depending on the third satellite ascending node, it is possible
to select a baseline which improves significantly the height
difference measurements accuracy.
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