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Abstract

The potential of differential SAR interferometry for land sub-
sidence monitoring is reported on. The principle of the tech-
nique and the approach to be used on a specific case are first
presented. Then significant results using SAR data from the
ERS satellites for various sites in Germany, Mexico, and Italy,
representing fast (m/year) to slow (mm/year] deformation
velocities, are discussed. The SAR interferometric displacement
maps are validated with available leveling data. The accuracy
of the subsidence maps produced, the huge SAR data archive
starting in 1991, the expected continued availability of SAR
data, and the maturity of the required processing techniques
lead to the conclusion that differential SAR interferometry is
suitable for operational monitoring of land subsidence.

Introduction

Land subsidence (land surface sinking) occurs in many parts of
the world, particularly in densely populated regions on deltas
(Poland, 1984; Barends et al., 1995). Subsidence is the result of
the natural compaction of sediments; of extraction of ground
water, geothermal fluids, oil, gas, coal, and other solids through
mining; and of underground construction. Most of the major
subsidence areas around the world have developed in the past
half-century at accelerated rates due to the rapidly increasing
use of ground water, oil, and gas. Even if the hazards associated
with subsidence are different from those caused by sudden and
catastrophic natural events like floods and earthquakes, be-
cause surface sinking is a slow event, expansive damage can
occur. In particular, many areas of known subsidence are along
coasts where the phenomenon becomes obvious when the
ocean or lake waters start coming further up on the shore. In
addition, spatially heterogeneous subsidence produces dam-
age in buildings and in other man-made structures such as brid-
ges, highways, electric power lines, railroads, and under-
ground pipes. Spatially heterogeneous subsidence is also the
cause of changes in the drainage patterns, with canals that no
longer carry their original design flows. For all these reasons,
there is an increasing demand for accurate monitoring of land
subsidence in order to improve the understanding of the phe-
nomena and to give recommendations for a sustainable use of
the underground resources.
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The problems of land subsidence are a known environ-
mental aspect in many cites and were among those included in
the list of research projects recommended by UNESCO'’s Interna-
tional Hydrological Decade, which began in 1965, and the
International Hydrological Program, a continuing UNESCO pro-
gram beginning in 1975 (Barends ef al., 1995). Traditionally,
land subsidence is determined with precision leveling surveys.
Wide networks of benchmarks were set up in most of the sub-
siding cities, and measurements are periodically repeated
(Figueroa Vega, 1976; Poland, 1984; Balestra and Villani, 1991;
Brighenti, 1991; Capra ef al., 1991; Bertoni et al., 1995; Carbog-
nin et al., 1995; Gottardi et al., 1995). Leveling allows the mon-
itoring of land subsidence in selected locations with high
precision but is, for large areas, time consuming and expen-
sive. Recently, GPS stations were implemented in few signifi-
cant points of large subsiding areas in order to have a fast,
cheap, and global measurement of subsidence (Bitelli et al.,
2000). In the context of traditional surveying techniques, dif-
ferential SAR interferometry has the potential to provide very
important subsidence information over urban areas because of
its two-dimensional spatial coverage, its high vertical accuracy,
the SAR data availability, and its competitive cost.

The potential of differential synthetic aperture radar (SAR)
interferometry to map coherent displacements at centimeter to
millimeter resolutions resulted in recent years in spectacular
new results for the geophysical sciences. Earthquake displace-
ment (Massonet et al., 1993), volcano deformation (Massonet et
al., 1995), glacier dynamics (Goldstein et al., 1993; Joughin,
1996, Mohr et al., 1998), and land subsidence (Strozzi and Weg-
miiller, 1999; Strozzi et al., 1999; Fruneau et al., 1999; Ferretti
et al., 1999; Strozzi et al., 2000b) were mapped. In the SAR inter-
ferometric approach, two SAR images are combined to exploit
the phase difference of the signals. The interferometric phase is
sensitive to both surface topography and coherent displace-
ment along the look vector occurring between the acquisitions
of the interferometric image pair. The basic idea of differential
SAR interferometry is to subtract the topography related phase
from the interferogram to derive a displacement map. For a
specific case, different approaches can be applied depending
on the availability of a digital elevation model (DEM), on the
characteristics of the SAR data with respect to spatial baseline,
on acquisition time difference and coherence, on the displace-
ment rates and shapes, on the land cover, and on the topogra-
phy. In this contribution we review the principles of the differ-
ential interferometric SAR technique for subsidence monitor-
ing, discuss how the approach is adapted to a specific case, and
present significant results for sites in Germany, Mexico, and
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Italy. Because the results are based on SAR data from the Euro-
pean Remote Sensing Satellites ERS-1 and ERS-2, emphasis is
given to the characteristics of these sensors. Taking into
account the limitations of SAR interferometry in non-urban
environments, we also propose a strategy for the integration of
leveling, GPS, and SAR data in order to achieve an accurate,
rational, and cost-effective monitoring.

Differential SAR Interferometry for Land Subsidence Monitoring

SAR Interferometry

In the interferometric approach, two SAR images acquired from
slightly different orbit configurations and/or at different times
are combined to exploit the phase difference of the signals
(Zebker et al., 1994; Bamler and Hartl, 1998; Wegmiiller et al.,
1998; Mohr and Madsen, 1999). By assuming that the scattering
phase is the same in both images, the interferometric phase ¢
is a very sensitive measure of the range difference R, — Ry:i.e.,
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Here, ¢, and ¢, are the phases of the first and second SAR
images, respectively; R, is the distance from the SAR to the scat-
terer by the first acquisition; R, is the distance by the second
acquisition; and A is the wavelength. The interferometric
phase is determined as the argument of the normalized interfer-
ogram 7y, defined as the normalized complex correlation coeffi-
cient of the complex electromagnetic fields s, and s, backscat-
tered by the illuminated elements at positions R, and R.: i.e.,
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Here, the brackets (s) stand for the ensemble averaging of s, and
* is the complex conjugate of s. Coherent averaging over statis-
tically independent samples reduces the variance of the inter-
ferometric phase. The coherence ||, a measure of the phase
noise, is the magnitude of the normalized interferogram. The
coherence is limited to values in the interval from 0to 1.

The interferometric phase is sensitive to both surface
topography and coherent movement of the scatterer in the line-
of-sight direction between the two observations, with inhomo-
geneous propagation delay (so-called atmospheric artifacts)
and phase noise introducing the main error sources. For the
purpose of this analysis, the interferometric phase is linearized
as (Mohr and Madsen, 1999)
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where B denotes the component of the baseline, i.e., of the sep-
aration of the two antennas in space, parallel with the line-of-
sight direction, ryy, is the displacement of the scatterer in the
line-of-sight direction, and ry,, represents path length
changes caused by different atmospheric conditions during the
acquisitions of the two SAR images. The interferometric phase
¢ is still ambiguous to within integer multiples of 2 7. The prob-
lem of overcoming this ambiguity through phase unwrapping
is addressed in the next section.

Differentiation of the first term of Equation 3 with respect
to the surface height yields the relationship between a change
in the topographic height z and the corresponding change in the
interferometric phase ¢ (Bamler and Hartl, 1998): i.e.,
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Here, R is the distance from the SAR to the scatterer, #is the inci-
dence angle, and B, is the component of the baseline perpen-
dicular to the line-of-sight direction. The baseline is small
enough that R and #can be assumed to be the same for both sen-
sor positions. For the ERS SAR configurations, with a wave-
length of 5.66 cm, a nominal incidence angle of 23° and a
nominal slant range of 853 km, Equation 4 reduces to
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For a perpendicular baseline component of 50 m, the topo-
graphic height change associated with a 27 cycle is 188 m. On
the other hand, an error of 10 m in the estimation of the topo-
graphic height (e.g., as a consequence of an inaccurate DEM)
results, for a perpendicular baseline component of 50 m, in a
phase error of 0.11 7. For interferograms with small perpendicu-
lar baseline components, the effect of the topographic related
phase is very small but not negligible for extremely slow subsi-
dence rates.

Differentiation of the first term of Equation 3 with respect
to the slant-range distance y yields the fringe frequency in
slant-range for a flat surface (Bamler and Hartl, 1998): i.e.,
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Differentiation of the first term of Equation 3 with respect to the
azimuth distance x yields the fringe frequency in azimuth fora
flat surface

¢ _4m By . 7)
ax A ax
Here, dBy/dx represents the change of By along the line of flight
as a result of non-parallel orbits.

The phase term related to the coherent displacement of the
scattering center along the radar look vector, ry;;,, may be trans-
formed to a vertical displacement, r,.;, if deformation in verti-
cal direction can be assumed: i.e.,

_ Tdisp
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Here, coherent means that the same displacement of adjacent
scatters is observed. In the case of ERS SAR data, a phase change
of 27 corresponds to a vertical displacement of 3.07 cm. In gen-
eral, however, surface deformations may also occur in direc-
tions other than the vertical. Strictly speaking, a single SAR
interferometric observation does not allow the full determina-
tion of the magnitude and direction of a surface deformation,
but allows only an observation of the deformation component
along the radar look direction.

Changes in the effective path length between the SAR and
the surface elements as a result of changing permittivity of the
atmosphere lead to a non-zero atmospheric delay, ryyy,. The rel-
evant changes in the atmospheric permittivity conditions are
mainly associated with water vapor content. Heterogeneity of
the water vapor content in the atmosphere can cause heteroge-
neity of the propagation delay. Currently, it does not seem to be
possible to completely avoid these limitations. We address the
minimization of errors introduced by atmospheric effects with
the interferogram stacking technique (in a later section of this
paper).
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Finally, the standard deviation of the phase noise g;isa,
reached asymptotically for a large number of looks N, is a func-
tion of the coherence |y (Rodriguez et al., 1992): i.e.,

1 o
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The coherence can be divided into three dominant contribu-
tions (Bamler and Hartl): the influence of the signal-to-noise
ratio Yuermar, spatial decorrelation y,,qq related to the imaging
geometry (interferometric baseline, local incidence angle), and
temporal decorrelation ¥mporar The thermal decorrelation is
usually not a problem for the ERS SAR. Geometric decorrelation
isrelated to the different look angles of the two SAR acquisitions
and leads to a critical baseline over which the interferometric
phase is pure noise. In the ERS case, the critical baseline for
horizontal terrain is about 1150 m. The geometrical decorrela-
tion effect related to surface scattering can be avoided using
processing filters tuned to different center frequencies, a pro-
cedure known as spectral shift filtering, at the cost of a reduced
range resolution (Gatelli ef al., 1994). However, effects of the
terrain slope and of volume scattering are usually not consid-
ered in the spectral shift filtering and reduce the range of base-
lines useful for subsidence studies to values smaller than a few
hundred of meters. Temporal decorrelation is the result of the
changed geometrical configuration of the scatterers between
the acquisitions of the interferometric pair (Strozzi et al.,
2000a). For example, water and forest show very low coherence
even for acquisition time intervals of one day. Agricultural
fields show intermediate coherence, still useful for phase inter-
pretation after one or two months in temperate regions during
the winter. Urban and arid areas, finally, show high coherence
also for acquisition time intervals larger than one year. The
main problems of high phase noise are the lack of spatial infor-
mation for certain land-use classes and the difficulties in the
phase unwrapping.

Differential SAR Interferometry
The basic idea of differential SAR interferometry is to separate
the topography and displacement related phase terms to allow
the mapping of displacement (Wegmiiller et al., 1998). In the so-
called two-pass differential interferometry approach, the
topography-related phase term is calculated from a DEM. Alter-
natively, in the so-called three-pass and four-pass approaches,
the topographic-related phase term is estimated from an inde-
pendent interferometric pair with a short acquisition time
interval, such as an ERS-1/2 Tandem pair (one-day acquisition
time interval). It is referred to as the three-pass approach if one
SAR image is common to both interferometric pairs. In many

‘ cases, the use of a DEM turns out to be more robust and opera-
tionally practicable. The phase unwrapping required in the

multi-pass approach is often difficult to resolve and far from
operational for low coherence areas, especially in rugged ter-

‘ rain. In addition, gaps in the unwrapped topographic phase for

| areas of too low coherence may be present, depending on the

| phase unwrapping method used. Previous to subtraction from
the complex interferogram, the topography-related phase term
has to be scaled according to the perpendicular baseline com-
ponent (Equation 4). The exact knowledge of the baseline is
therefore very important. At present, we use various estimation
methods based on the orbit data, the image-to-image registration
offsets, and the fringe rate of the interferograms. For two-pass
differential SAR interferometry, but also in order to combine the

| information retrieved by the SAR system with other information

| in map coordinates, geocoding (i.e., the transformation between

| the range-Doppler coordinates of the SAR and orthonormal map
coordinates) is required. For automatic terrain corrected SAR
geocoding with a DEM in orthonormal coordinates, we use the
approach presented by Wegmiiller (1999).
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Once the differential interferogram is computed, the phase
has to be unwrapped. From the interferogram, the interfero-
metric phase is only known to Modulo 2 7and the correct multi-
ple of 27 has to be added. Phase unwrapping is a problematic
step due to discontinuities and inconsistencies as a result of
high phase noise. In a first step, filtering and multi-looking are
used to reduce the phase noise (Goldstein and Werner, 1997).
Then, phase unwrapping is done by applying a region-growing
algorithm to the filtered interferogram (Rosen et al., 1994). Crit-
ical areas with very low coherence and inconsistencies are iden-
tified and avoided in the phase unwrapping.

In a final step, the unwrapped phase is converted to a dis-
placement value. A geocoded map of displacement values per
pixel is the final product of differential SAR interferometry.

Interferogram Stacking Technique

Phase distortions caused by spatially heterogeneous atmo-
spheric (in particular, water vapor) and ionospheric condi-
tions limit the accuracy of differential SAR interferometry. Large
atmospheric distortions can often be identified by their specific
shape, by cross-comparison of interferograms, or possibly
based on meteorological data. It is not clear, though, how to
best integrate such tests in an operational processing chain.

The goal of our analysis is to achieve an operational and
robust technique. For this reason, we take a conservative
assumption on the atmospheric distortions in single interfero-
grams. As a typical atmospheric distortion, we consider a rela-
tive high phase error of #/2, which corresponds for the ERS SAR
configurations to an error of approximately 0.7 cm in the esti-
mation of the displacement. In order to obtain reliable displace-
ment estimates, the displacement signal should dominate over
the error term. In order to keep the expected error on the order
of 5 percent, the displacement phase term has to be 20 times
the assumed atmospheric distortion, i.e., 107 or 5 fringes, cor-
responding to around 14 cm of displacement for the ERS SAR
configurations. Because the displacement increases with
increasing acquisition time interval, interferometric pairs with
long acquisition time intervals are preferred to reduce the effect
of the atmospheric distortions. For instance, we preferably
select an interferogram with three or more years acquisition
time interval to map the displacement of an area with veloci-
ties up to 5 cm/year. In order to map faster displacement veloci-
ties, shorter intervals are preferred to study the temporal
dynamic of the displacement. For slower displacement veloci-
ties, even longer intervals would be required. The time interval
cannot be extended much beyond a few years because of data
availability and because the use of very long time intervals
introduces excessive temporal decorrelation that precludes
interpretation of the data. A welcome approach to improve the
ratio between the displacement signal and the atmospheric
phase errors is the stacking of interferograms. Under the
assumption of a stationary process (i.e., assuming that the dis-
placement velocity is constant in time), the displacement
terms add up linearly, whereas the atmospheric errors (for
which we can assume statistical independence for indepen-
dent interferograms) increase only with the square root of the
number of pairs considered.

The mathematical framework of the stacking technique is
simple. Let us consider n independent interferograms with dif-
ferent acquisition time intervals t; and unwrapped phase ¢;.
The sum of all t;results in a total acquisition time interval ..,
and the sum of all ¢;results in a cumulative unwrapped phase
¢eum- The average displacement velocity along the look direc-
tion v 45, is computed as

A eum

(10)
4 loym

Vidisp =

and the displacement velocity estimation error as
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Here, E is the assumed phase error of a single interferograms
(e.g., 7/2) and A is the wavelength. Equations 10 and 11 can be
used to determine the cumulative time {,,, required to map a
certain displacement velocity vy;,, with a predefined expected
relative estimation error. The potential of the stacking tech-
nique is demonstrated by the fact that the stacking of more than
ten independent interferograms with atmospheric distortions
up to #/2 allows a cumulative time interval of more than 20
years to be reached and results in an expected displacement
velocity estimation error of around 1 mm/year. Such interfero-
gram stacking is made possible by the immense ERS SAR data
archive.

In a real case, not all interferograms may be statistically
independent because a SAR image may be used for various
pairs. In this case, the expected relative error is larger than the
one computed with Equation 11. In addition, due to different
ground conditions and spatial baselines, the coherence of the
interferograms may be different, resulting in a different cover-
age with unwrapped-phase information. In our methodology, a
displacement value is only determined for points with more
than a certain number of valid values. Finally, because interfer-
ogram stacking is based on the assumption of stationary dis-
placement velocities, information on the temporal dynamic of
the displacement is lost.

Error Estimations for a Successful Application of the Technique

The successful application of differential SAR interferometry
for surface displacement mapping depends on factors related
to the phenomenon itself (displacement velocity field, tempo-
ral and spatial gradients), scene parameters (topography, land
use), sensor parameters (data availability, acquisition time
interval, baseline), the availability and accuracy of a DEM, and
data processing related factors (baseline estimation, phase
unwrapping, geocoding, stacking of interferograms).

The assumption of a known displacement direction is usu-
ally appropriate in the case of subsidence caused by ground
water extraction where the displacement is nearly vertical. In
the case of mining-induced ground movement, on the other
hand, the deformation geometry is more complicated and even
a combination of SAR data acquired in ascending and descend-
ing modes does not allow the resolution of the complete three-
dimensional displacement field without the use of additional
information.

Information on the displacement velocity field and, in par-
ticular, on its temporal and spatial gradients is, if available,
very important for the selection of the most appropriate SAR
data with respect to the acquisition time interval. In order to
transform the displacement phase term to an absolute displace-
ment velocity, a reference point is required. Often the scene
content does permit the specification of stable points. In other
cases, leveling surveys or GPS measurements may provide the
reference point.

Scene topography and land use also have an influence on
the accuracy and robustness of the interferometric technique.
The estimation of the displacement phase term requires the
prior estimation of the topographic phase term. Inaccuracies in
the DEM directly translate into errors in the displacement meas-
urement (see Equation 4). In addition, in areas of very rugged
topography, the successful application of SAR data is strongly
reduced by the particular imaging geometry of the sensor. The
land use affects the coherence. For acquisition time intervals
longer than one year, high coherence is mainly found in urban
and suburban areas.

Sensor parameters such as the wavelength, the spatial reso-
lution, and the incidence angle have a strong influence on the
feasibility of the SAR interferometric displacement mapping.
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Such factors are not discussed here, because the examples
shown are based only on SAR data from the ERS satellites. Data
availability is another factor that affects the possibility of gen-
erating subsidence maps. While for most of the European sites
a large number of ERS acquisitions are available, allowing the
optimization of the data selection with respect to acquisition
dates and interferometric baselines, for some regions in devel-
oping countries only a small amount of ERS SAR data was
acquired.

Data processing related aspects, which influence the
robustness and operationality of the application, include base-
line estimation, phase unwrapping, geocoding, and the stack-
ing of interferograms. Not so much the optimization of the
processing for a specific example, but a robust processing
scheme that works under most circumstances is the major
objective. In our processing chain, we identified phase
unwrapping and baseline estimation as the most critical
points. The geocoding scheme, on the other hand, turns out to
be operational and robust when an external DEM is used (Weg-
miiller, 1999).

Phase unwrapping is a difficult task because the coherence
in long time-delay interferograms tends to be very low for large
parts of the image. In some cases, patches of coherence suffi-
ciently high to reliably interpret the interferometric phase are
disconnected in space and separated by areas with high phase
noise. The unwrapping of sparse data may be successfully
achieved if accurate subsidence models are available or if the
subsidence geometry is simple and the displacement rate slow
(Costantini and Rosen, 1999).

Errors in the estimation of the baseline affect the scaling of
the topography-related phase and the flattening of the interfer-
ogram (i.e., the removal of the fringe frequency corresponding
to a flat surface) in range and azimuth directions. We first con-
sider the relationship between a change in the topographic
height 9z and the corresponding change in the interferometric
phase d¢ (Equation 4). An error 8B, in the estimation of the per-
pendicular baseline affects the scaling of the topographic
height, resulting in a phase difference error (3 ¢). By trans-
forming 8(d¢) to a displacement error 8(ry;sp), Equation 5 for
the ERS configuration can be rewritten as

8(rgisp) = 3.0 - 10753268 [m]. (12)
A typical estimation error of the perpendicular baseline of 0.1
m for a height change of 100 m results in a displacement error
of 0.03 mm. Forrelatively flat terrain, the scaling of the interfer-
ogram is therefore not a significant problem.

Further, we consider baseline estimation errors affecting
the flattening of the interferogram in the slant-range direction
v(Equation 6). An error 6B, in the estimation of the perpendic-
ular baseline results in an error 8(d¢) in the phase difference in
the range direction. In the case of the ERS configuration, this
corresponds to a displacement error 8(ry,) of

8(rgisp) = 2.8 - 1075aydB , [m]. (13)

A typical estimation error for the perpendicular baseline of 0.1
m results in a displacement error of 2.8 mm in a 10-km dis-
tance. Therefore, flattening is a critical step in subsidence
measurements of large areas, and the required baseline-estima-
tion accuracy is high. Stacking of interferograms may reduce
the errors caused by flattening because the baseline estimation
error can be assumed to be statistically independent for the
different interferograms.

Finally, we consider baseline estimation errors affecting
the flattening of the interferogram in the azimuth direction x
(Equation 7). An error 6(dBy/dx) in the estimation of the change
of Bjalong the line of flight results in an error §(3¢) in the phase

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING




TaBLE 1.

ESTIMATED SUBSIDENCE VELOCITIES FOR THE SELECTED SITES. IN ALL CAsEs ERS SAR Data ARe Usep. THE EXPECTED Accuracy IS COMPUTED

ASSUMING AN ATMOSPHERIC DISTORTION OF 77/2. No oTHER ERRORS ARE CONSIDERED

Velocities

Monitoring

Number of Cumulative Expected accuracy

Site [em/year| interval interferograms time interval [cm/year]
Ruhrgebiet (Germany) 0-200 1 month 1 1 month 9.0
Mexico City (Mexico) 040 3 months 2 6 months 2.0
Bologna (Italy) 0-6 1 vear 6 4 vears 0.5
Euganean Geothermal Basin (Italy) 0-0.4 5 years 10 20 years 0.1

difference in the azimuth direction. Transforming the phase-
difference error into a displacement error 8(r;,) results, for
the ERS configuration, in

6“}}1’:‘;:) = [14]

avé(aBy/ax) [m].
A typical estimation error for the parallel baseline change of 5
cm per 100 km results in a displacement error of 5 mm fora 10-
km distance in azimuth. The flattening of the interferogram in
the azimuth direction is again a critical step for the monitoring
of large areas.

Results of Land Subsidence Maps

The ERS satellites carry SAR instruments suitable for interfero-
metric data analysis. Their 35-day repeal-orbit cycle is appro-
priate for subsidence monitoring in most of the cases. The large
archive of ERS SAR data available since 1991 allows subsidence
studies with SAR interferometry in many regions around the
world. For this analysis, we selected four sites characterized by

different land use, topography, and temporal and spatial depen-
dence of the movement (see Table 1): the Ruhrgebiet (Ger-
many), Mexico City (Mexico), the Euganean Geothermal Basin
(Italy), and Bologna (Italy). While a single successful example
is sufficient to demonstrate the potential of a technique, the
analysis of several cases allows us to assess its maturity and
operational readiness. A more detailed description of these
studies can be found in Wegmiiller et al. (2000), Strozzi and
Wegmiiller (1999), Strozzi et al. (1999), and Strozzi et al.
(2000b).

In all cases, SAR processing was performed to the same
Doppler centroid in order o maximize the fringe visibility
(Werner et al., 2000). All the complex SAR images were then reg-
istered with sub-pixel accuracy to the same reference geome-
try. The interferograms were calculated with five looks in
azimuth and one look in range (ten looks in azimuth and two
looks in range for Mexico City) using spectral shift filtering.
Based on the orbit parameters and the average interferogram
fringe frequency, the baseline was estimated. For the two Italian

Figure 1. Ruhrgebiet: Deformation maps for an active coal excavation site. The
image width is 4 km. The isocinetics indicate the deformation along the SAR
observation direction with intervals of 0.5 cm in 35 days. For the image bright-
ness a backscattering intensity image is used. The time period is (a) 20 Septem-
ber 1995-30 November 1995, (b) 30 November 1995-04 January 1996, (c)
05 September 1996-10 October 19986, (d) 02 February 1997-13 April 1997,
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ness. The image width is about 30 km.

Plate 1. Mexico City: SAR interferometric subsidence map (in m/year) derived from two ERS pairs
between December 1995 and May 1996. The backscattering coefficient is used as image bright-

sites, a precision DEM was used to subtract the topographic
phase; in the other two cases, an ERS-1/2 Tandem pair was
employed. The phase was unwrapped after filtering but only
for areas of sufficiently high coherence. The interferogram
stacking technique was used with the SAR data of Bologna and
of the Euganean Geothermal Basin where the subsidence rates
are low and nearly uniform in time. In a final step, terrain cor-
rected geocoding to a pixel size of 25 m (50 m for Mexico City)
was performed. For the validation of the subsidence maps with
leveling data, a geocoding refinement step using ground-con-
trol points extracted from topographic maps was necessary.

Ruhrgebiet

Coal mining in the German Ruhrgebiet causes significant sur-
face movement (Drecker et al., 1995; Fischer and Spreckels,
1999). Because of legal requirements, the mining companies are
obliged to assess the environmental impact of the excavations.
Surface movement caused by mining is a very dynamic process
with high spatial and temporal variability. For mining areas
with high subsidence velocities, interferometric pairs with
acquisition time intervals of only one or a few 35-day repeat
cycles are most appropriate. Subsidence maps of different time

1266 November 200/

intervals, as shown in Figures 1a to 1d, clearly indicate the pro-
gress in the sub-surface coal excavation. The displacement was
computed in the look direction of the satellites because the ver-
tical direction of the mining-induced subsidence cannot be
assumed. The maximum displacement in 35 days was on the
order of 4 cm.

Mexico City

Mexico City is built on highly compressible clays and, by reason
of strong groundwater extraction, a total subsidence of more
than nine meters has been observed over the last century (Figue-
roa Vega, 1976; Rivera, 1990). The selection of ERS data to map
subsidence is Mexico City is strongly restricted by the relatively
few acquisitions found in the archive. From the available data
acquisitions, two independent differential interferograms in
ascending and descending modes, both with an acquisition time
interval of 139 days, were selected (Strozzi and Wegmiiller,
1990). Consistent results were found with the two interfero-
grams, and their results were averaged. For the time period
December 1995 to May 1996 (Plate 1), the observed maximum
subsidence velocity was larger than 40 cm/year, in agreement
with the results of leveling surveys and theoretical models.
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Bologna

At Bologna, Italy, land subsidence is caused by ground-water
exploitation for industrial, domestic, and agricultural uses
(Barbarella et al., 1990; Balestra and Villani, 1991; Capra et al.,
1991; Bitelli ef al., 2000). Maximum subsidence velocities of 6
to 8 cm/year were observed with precision leveling surveys dur-
ing the time period 1987-1991. We produced two subsidence
maps for the time periods 1992—-1993 (Figure 2a) and 1997—
1998 (Figure 2b) using in both cases six ERS SAR data and the
interferogram stacking technique (Strozzi et al., 2000b). The
comparison of the two subsidence maps shows a decrease in
the subsidence velocity from 1992-1993 to 1997-1998. The lev-
eling surveys performed in 1987 and 1991 were used for valida-
tion of the subsidence map derived from ERS differential SAR
interferometry between 1992 and 1993. The time difference
between leveling and SAR data was not considered significant
for the validation because between 1983 and 1991 land subsi-
dence in Bologna has been relatively constant (Folloni et al.,
1996). For 215 points distributed over the urban area of Bolo-
gna, the average difference between the SAR interferometric sub-
sidence results of the time period 1992-1993 and the leveling

Figure 2. sAR interferometric subsidence maps (in cm/year)
in Bologna for the time periods 1992-1993 (a) and 1997
1998 (b). The backscattering coefficient is used as image
brightness.

Plate 2. Map of the vertical ground movements (in mm/
year) from two leveling surveys in 1991 and 1995 in the
urban areas of Abano and Montegrotto Terme (data from
Comune di Abano Terme and Regjone del Veneto) superim-
posed on the ERS interferometric displacement velocity map
for the time interval 1992 and 1996 (in mm/year). Also
shown is the position of the benchmarks (+). The image
width is about 4.5 km.
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data of 1987 and 1991 is 0.4 cm/year with a standard deviation
of 0.9 ecm/year. The minimum and maximum differences are
—3.7 and +2.6 cm/year, respectively. The small standard devia-
tion of 0.9 cm/year between the data from the two methods
indicates a good performance of ERS differential SAR interferom-
etry for subsidence mapping in urban areas. The systematic off-
set between the two data sets can be explained by the different
time period, indicating a decrease in the subsidence velocity.
This conclusion is confirmed by a more detailed comparison
performed along the three leveling lines shown in Figure 3. The
profiles of Figure 4 indicate similar behaviors of the two data
sets, with smaller subsidence velocities for the SAR data.

Euganean Geothermal Basin

Land subsidence in the Euganean Geothermal Basin, Italy, is
related to the geothermal groundwater withdrawal (Brighenti,
1991; Gottardi, 1995). Up to 1991 the maximum rate of land
subsidence has been 1 cm/year as observed from precision lev-
eling surveys. After 1991 the subsidence velocity decreased as
a consequence of the regulation of groundwater exploitation.
In order to map the expected low sub-cm/year displacement
velocity, ten ERS SAR interferograms in the time span 1992 to
1996 were selected (Strozzi et al., 1999). Interferogram stacking
was applied to generate a single map with a cumulative time
interval of more than 20 years. The resulting interferometric
map shown in Plate 2 reveals a clear subsidence signal over
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Figure 3. Leveling lines selected for the comparison of the subsidence velocities derived
from ERS SAR interferometry and leveling surveys.
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Figure 4. Profiles of the subsidence velocities determined from ERS SAR interferometry (period 1992-1993, dotted lines) and
leveling surveys (period 1987-1992, normal lines) along the three leveling lines shown in Figure 3.

Distance (m) S-N Line #3

Abano Terme with a maximum vertical displacement velocity
of 3 mm/year, in agreement with the results of the last leveling
surveys performed in 1991 and 1995. The high correspondence
of the results of the two different surveying techniques is con-
firmed by a direct quantitative comparison along the leveling
lines, an example of which is shown in Figure 5. For the 17
points where we have values available from both SAR interfer-
ometry and leveling, the average difference of the vertical dis-
placement velocity values is 0.2 mm/year with a standard
deviation of 1.0 mm/year. The minimum and maximum differ-
ences are —1.5 mm/year and +2.2 mm/year, respectively. This
result confirms the expected high accuracy that can be
achieved with the interferogram stacking technique.

Conclusions

The high potential of differential SAR interferometry to monitor
a wide range of deformation velocities ranging from m/year to
mm/year was demonstrated by the generation of subsidence
maps for the Ruhrgebiet, Mexico City, Bologna, and the Euga-
nean Geothermal Basin. With our understanding of the influ-
ence of several important factors related to the subsidence
phenomenon, the sensor, the scene, and the data processing, we
are now in the position for new subsidence cases to evaluate
the strategy to use, to assess the expected processing effort, and
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Figure 5. Profiles of the vertical displacement velocity from
ERS SAR interferometry (continuous line, period 1992-96)
and leveling surveys (dotted line, period 1991-95, data
from Comune di Abano Terme and Regione del Veneto)
along the leveling line Abano Terme—Montegrotto Terme.
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to indicate the accuracy. In spite of this operational readiness,
itis important to keep in mind the limitations of the technique.
In most cases, it was not possible, for example, to generate a sub-
sidence map with complete coverage due to temporal decorre-
lation for certain land-cover types.

The service provided by differential SAR interferometry is
not intended to replace such conventional techniques as level-
ing surveys and GPS measurements. On the contrary, the com-
parison of the characteristics of SAR interferometry, leveling
surveys, and GPS measurements indicates advantages and dis-
advantages of these techniques, individually used, that should
be considered for an accurate, rational, and cost-effective moni-
toring of subsidence. SAR interferometry gives a two-dimen-
sional spatial coverage over urban areas but does not work over
vegetated zones. In addition, because ERS SAR data are regularly
acquired every 35 days, information can always be retrieved
without the need for planning new measurements. Other
advantages of differential SAR interferometry are the cost,
which is many times lower than that of leveling surveys (offer-
ing the opportunity to regularly repeat the measurements), and
its application in near real time. Leveling surveys, on the other
hand, are restricted to lines but can be used with high precision
over all land use classes. Furthermore, benchmarks can be pre-
cisely fixed over buildings exposed to damage. Finally, GPS
measurements can support differential SAR interferometry in
the identification of a reference point and for the monitoring of
very large areas.

The availability of ERS SAR data contributes to the use-
fulness of this remote-sensing application. A further stimulus
to the use of differential SAR interferometry for Earth surface
displacement studies will be provided by the launch of ESA’s
ENVISAT spacecraft carrying an Advanced SAR and of NASDA's
ALOS spacecraft with the PALSAR. Keeping in mind that the
valuable archive of ERS SAR data useful for the displacement
application is the result of the operation of the ERS satellites
in the single mode (35-day repeat orbits) for most of the time it
is essential that the SAR’s of the ENVISAT and ALOS missions be
operated in a single interferometric mode for most of the time.
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