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Abstract

In recent yeas sgnificant progresswas achieved in SAR interferometry. In
this paper we report on the potential of differential SAR interferometry to map
land subsidence After a presentation d the methoddogy the focus will be on
feasbility demonstration and acaracy assesgnent. The theoreticd
considerations are verified with the seleded cases Ruhrgebiet, Mexico City,
Bologna, and Euganean Geothermal Basin, representing fast (m/year) to slow
(mm/yeay deformation velocities.

The acarragy of the generated deformation maps, the huge SAR data achive
starting in 1991, the expeded continued availability of new data, and the
maturity of the required processng tedhniques, lead to the anclusion that
differential SAR interferometry has a very high pdential for operationa
mapping of land subsidence.

Keywords. subsidence SAR interferometry, interferogram stadking, acarracy
assessment.

1. Introduction

The potential of differential Synthetic Aperture Radar (SAR) interferometry
to map coherent displacanent at cm to mm resolution resulted in spedaaular
new results for geophysicd sciences. Earthquake displacanent (Massonret et
a., 1993, volcano deformation (Masonret et al., 1995, glader dynamics
(Goldstein et a., 1993, and land subsidence (Strozzi et al., 199%, 1999b,
Wegmilller et a., 1999 were mapped. The required data ae provided by the
spaceborne SAR sensors on the ERS-1, ERS-2, Radarsat, and JERS satellit es.
The planned follow-on sensors on ENVISAT and ALOS will guarantee the
availability of appropriate data into the future.
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The objedives of this contribution are the presentation d the SAR
interferometric methoddogy and the assesgnent of its performance A spedal
focus will be on the interferogram stacking technique, a @mbination d
multiple interferograms which alows to reduce the eror introduced by
atmospheric distortions, the main error source in SAR interferometry.

2. Differential SAR interferometry

Until recently, the phase in SAR imagery was not considered since it is
uniformly distributed in the interval [-T;1] for rough surfaces. However, two
images aqquired from almost the identica asped angle have dmost the same
identica spedkle. Under such condtions the phase difference @ is related to the
imaging path length difference

0=~ (J|-In), @

where A is the radar signa wavelength. The phase is determined as the
argument of the normalized interferogram, y, defined as the normalized
complex correlation coefficient of the complex badkscatter intensities s; and s,
at positiong; andr,

y=— A28 @
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with the bradkets (x) standing for the ensemble average of x. The variance of
the estimate of the interferometric phase ¢ is reduced by coherent averaging
over statisticdly independent samples. The degree of coherence, a measure of
the phase naise, is defined as the magnitude of the normalized interferogram
y =1l

'Il'hle interferometric imaging geometry formed by two passes of a radar
sensor separated by the baseline B is shown in Fig. 1. The interferometric phase
is $nsitive to bah surface topagraphy and coherent displacanent along the
look vedor occurring between the aqyuisition d the interferometric image pair.
Inhamogeneous propagation delay and phase noise ae the main error sources.
The unwrapped interferometric phase @,,, Cah be epressed as a sum of a
topagraphic term ¢, adisplacement term ¢y, , apath delay term @, , and a
phase noise (or decorrelation) tegme. :

Qurw = Qopo + (pdisp + (ppath + Bhoise - (3)
The phase to height sensitivity,
41T BD
== o, 4
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with the wavelength, A, the baseline mmporent perpendicular to the look
vedor, Bg, the incidence angle, 6, and the slant range, r, charaderizes the
topagraphic term. Knowing the baseline geometry and q,,, alows to
cdculated the exad look angle and together with the orbit information the
position of the scatter elements allowing to derive the surface topography.
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Fig. 1: Interferometric imaging geometry showing the two passes with
range vectors; andr, to the resolution element. The look angle of the radar is
8. The baseline B is tilted at an an§leneasured relative to horizontal.

The displacanent term, Bisp » is related to the coherent displacanent of the

scattering centers along the radar look vectg,
Diisp = 2Krgisp » )
where k is the wavenumber. In this context coherent means that the same
displacement is observed for adjacent scater elements. Under the assumption
of exclusively vertical displacement Equation 5 can be converted to
_ 2kl’sub
' cos ©)
where rgy, is the verticd displacement. The sensitivity of ¢yg, to surface
deformation is very high. In the cae of ERS, for example, 2mt displacament
phase @rrespondsto orly 2.7 cm displacenent along the look vedor or 3 cm of
verticd subsidence Verticd subsidence can usualy be asumed in the cae of
groundwater extradion. In the cae of mining induced subsidence, onthe other
hand, the observed geometry of the ground movement is more complicated.
Even a combination d SAR data aquired in ascending and descending mode
does naot alow to resolve the complete three dimensional displacement vedor
field, without use of additional information.

The path delay term @, is the result of spatial inhamogeneity in the
atmospheric conditions (mainly water vapor contgste Section 3)

The deoorrelation term @4 IS caused by randam (or incoherent)
displacement of the scatering centers and by SAR signal naise. Multi-looking
and filtering of the interferogram allow to reduce the phase noise. The main
difficulty with high phese naiseis not so much the statisticd error introduced in
the estimation d ¢,,, and @4y but resulting phase unwrapping problems.
Idedly, the phase noise and the phase difference between adjacent pixels are
both much smaller than 1t In redity this is often na the cae, espedally for
areas with a low coherence and rugged topagraphy. The cherence of ERS
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Tandem pairs (1 day aaquisition time interval) is very low for open water and
forest and hgher for most other classs. For a 35 day time interva the
coherence is gill quite high over sparsely vegetated terrain. For aajuisition
intervals longer than ore yea the aeas with higher coherencelevels are further
reduced mainly to urban and sub-urban areas.

The basic ideaof the differential interferometric goproad is to separate the
effeds of surfacetopography and coherent displacement, allowing to retrieve
differential displacement maps (Wegmiiller and Sroz4, 1998a,Wegmiiller and
SrozZ, 19981. This goa is achieved by subtrading the topography related
phase, ¢,,,, Which is either caculated based ona available Digital Elevation
Model (DEM) or estimated from an independent interferogram with a short
aqquisition interval, such as an ERS Tandem pair. In many cases the use of a
DEM turns out to be more robust and operational. The phase unwrapping
required in the multi-pass approac is often dfficult to resolve and far from
operational for low coherence aess, espedally in rugged terrain. In addition,
gaps in the unwrapped topagraphic phase for areas of too low coherence may
be present, depending on the phase unwrapping method wsed. Because of the
scding of the topographic phase with the perpendicular baseline comporent
(Equation 4 the acarragy of baseline estimation is very important. At present
we use various estimation methods based on the orbits data, the registration
offsets, and the fringe rate of the interferogram. The eror in a displacanent
measurement resulting from inacairate baseline increases with the size of the
area investigated.

Data processng related aspeds which influence the robustness and
operationality of the gplication as well as the acaracy of the result include
phase filtering, phase unwrapping, geocoding, and the averaging scheme for
multi ple results. More detail s on the processng chain used for the generation o

the results presented in this paper are found in Wegmidiller and Strozzi, 1998b.

3. Accuracy considerations and interferogram stacking technique

The path delay term ¢4, Of Equation 3is the result of spatial heterogeneity
of the amospheric (mainly water vapor content) and ionaspheric condtions.
These so-cdled 'atmospheric distortions' are the main error source of SAR
interferometry. As a relatively strong atmospheric distortion we wnsider a
phase eror of /2. This relatively high error value is nat just motivated by a
rather conservative assessment of the acoracy, bu also to achieve a more
robust and operational technique. High atmospheric erors can dten be
identified by its gpedfic shape, by crosscomparison d multi ple interferograms,
or possbly based on meteorologicd data. It is nat clea, though, hav to best
integrate such tests in an operational processing chain.

For the ERS SAR configuration an atmospheric distortion o /2 results in
an error of approximately 0.75cm in the estimation o a verticd displacenent.
To oltain reliable displacament values with SAR interferometry the subsidence
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signal shoud daminate over the aror terms. To kee the expeded error in the
order of 5% of the maximum displacenent the displacement phase term shoud
be 20 times the asumed atmospheric distortion, i.e. 10, or abou 15 cm of
verticd subsidence With this in mind, we preferably seled an interferogram
with 3 @ more yeas aayuisition interval to map a subsidence velocity of
5 cmiyear. To map higher subsidence velocities dhorter intervals are preferred,
alowing a better temparal resolution d the subsidence history. In addition, the
coherence s higher for shorter time intervals allowing a more complete spatial
coverage. To map slow subsidence, longer intervals are required. The intervals
canna be fredy extended because of the limited misdon duation. In addition,
the use of very long intervals introduces excessve temporal decorrelation,
which predudes interpretation d data except for urban aress. Furthermore, the
temporal resolution of the monitoring is reduced.

An approach to improve the ratio between the subsidence signal and the
atmospheric phase eror is the stadking of multiple interferograms. Under the
asumption d a stationary processthe subsidenceterm adds up linealy, i.e. the
addition d the unwrapped phases of two interferograms with ore and two yeas
aqquisition intervals results in an unwrapped phese @vering an effedive time
interval of 3 yeas. For the eror term, on the other hand, we car asuume
statisticd independence between independent interferograms resulting in an
increase with the square root of the number of pairs. The relative subsidence
velocity estimation error is calculated as

Arwb - \/HEE . (7)

l'sub VDZti
with n the number of independent interferograms used, E the @solute aror
estimate for a single interferogram, v the subsidence velocity, and y't; the
cumulative time interval. Equation 7 can be used to determine the aumulative
time required to map a cetain subsidence velocity with a predefined expeded
relative estimation error (seeFigure 2 for ERS SAR data). The potential of the
interferogram stacking technique is demonstrated by the fad that the stacing
of more than 10 independent interferograms alowing to read a amulative
time interval of more than 20yeas results in an expeded subsidence velocity
estimation error below 1 mniyear. Such stacking is indeed pcssble thanks to
the immense ERS data achive. The condtion, that the estimation acairacy can
be expeded to improve if an additional interferogram is added to a stadk of n
interferograms,

tn_+1 \/n+1_
Ztiz—\/ﬁ 1, 8
n

depends only on the relative increase of the awmulative time and the number of
independent interferograms in the stack.
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Figure 2: Quality assurance plot used in ERS data selection for interferogram
stacking as calculated for an atmospheric distortian2xfFor the selected
subsidence velocities, OcAn/year 1.0cm/year 4.0cm/year 10.0cm/year
40.0cm/year and 10@cm/yearthe lines indicate the cumulative time required
to achieve with the indicated number of independent interferograms a relative
estimation error of 5%.

4. Examples

Four sites charaderized by different displacement velocities were seleded
to investigate the performance of differential SAR interferometry for land
subsidence monitoring: the Ruhrgebiet (Germany), Mexico City (Mexico),
Bologna (Italy), and the Euganean Geothermal Basin (Italy). In the cae of
Bologna the subsidence was first estimated using single interferograms with
aqquisition time intervals of more than three yeas. In a second plase the
feasibility of an annual subsidence monitoring was investigated using the
interferogram stadking technique. The gproximate subsidence velocities, the
monitoring interval seleded, the number of interferograms used and the
expeded estimation error are summarized in Table 1. In the following the
results achieved for the four sites will be summarized.

Table 1: Subsidence velocities for the selected sites. In all cases SAR data of
the European Remote Sensing Satellites ERS-1 and ERS-2 were used.

Velocities | Monitoring | Interferograms| Expected
[cm/year] interval / Cumulative | accuracy
time [cm/year]
Ruhrgebiet (Germany) 0 - 200 1 month 1/1 month 9.0
Mexico City (Mexico) 0-40 3 months | 1/3 months 3.0
Bologna (ltaly) 0-4 4 years 3 /9 years 0.15
Bologna (ltaly) 0-4 1 year 6/ 4 years 0.5
Euganean Geothermal 0-04 5 years 10/ 20 years 0.1
Basin (Italy)

!as calculated for an atmospheric distortiomi@ No other errors considered.
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4.1 Ruhrgebiet

Coa mining causes sgnificant surfacemovement in the German Ruhrgebiet.
Due to legal requirements the mining companies are obliged to assess the
environmental impad of the excavations. Surface deformation caused by
mining is avery dynamic processwith high spatial and temporal variability. For
mining areas with high subsidence velocities, interferometric pairs with
aqquisition intervals of only one or a few 35 day repea cycles are preferred.
Subsidence maps of different time intervals clealy indicae the progressin the
sub-surface ©a excavation. Figure 3 shows an example of a typicd
deformation cone observed for aress of adive excavation. The wlors indicae
the deformation along the SAR observation dredion. One mlor cycle
corresponds to a displacenent of 2.7 cm during the 35 days time interval.
Verticd subsidence caana be asaumed in this case of mining induced
deformation. The white @lor indicates areas of low coherence where the
phase coud na be unwrapped. Detailed studies and a vaidation with
excavation plans are ongoing.

4.2 Mexico City

Mexico City is built on highly compressble days and by reason d strong
groundvater extradion a total subsidence of more than nine meters has been
observed over the last century. The seledion d ERS data to map subsidence &
Mexico City is drongly restricted by the relatively few aaquisitions foundin
the achive. From the avail able data aquisitions, threeindependent diff erential
interferograms, ore in ascending and two in descending mode, were seleded.
The subsidence maps derived from the three independent interferograms are
consistent. For the period January 1996 —May 1996 (Figure 4) the observed
maximum subsidencevel ocities are ebou 40cm/yea, in general agreement with
those reported in the literature and derived form levelling surveys and
theoreticd models. For a more detail ed description d this case see Strozz and
Wegmdiiller, 1999a.

4.3 Bologna

At Bologna, Italy, the subsiding areais large with maximum subsidence
velocities of 6 to 8 cmlyear and charaderistic spatial gradients of the verticd
movement. Levelli ng surveys are being conducted at intervals of several yeas.
We dedded to use this case to investigate the potential of differential SAR
interferometry becaise of the large science mmmunity involved in this case
and the avail able reference data which can be used for validation pupaoses. A
more detailed discusson d the interferometric investigationis given by Strozz
et a. (2000. Here, the focus is on the evaluation d the performance of the
technique.
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Figure 3. Ruhrgebiet: deformation Fig. 4. Mexico City: interferometric
map for active coal excavation site. subsidence map derived from the ERS
The image width is 2.em The color pair 29-Dec-1995 / 16-May-1996.
scale is defined in the text. For the Subsidence velocity per color cycle:
image brightness the backscattering 5cm/year For the image brightness
coefficient is used. the backscattering coefficient is used.

Figure 5. Vertical ground movements fmm/year)rom levelling surveys in
1991 and 1995 in the urban areas of Abano and Montegrotto Terme (data from
Comune di Abano Terme and Regione del Veneto) superposed to the
interferometric displacement velocity map for the interval 1992 to 1996. Also
shown are the position of the levelling lines and benchmarks.
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In a first step three long-time ERS interferometric pairs were seleded
(Wegmdller at a., 1999. Crosscomparison d the three resulting subsidence
maps was used as an immediate quality ched, confirming good consistency
between the results. In a next step interferogram stadking was applied. The
resulting interferometry based subsidence map was then validated with
levelling data. For the urban areaof Bologna the ésolute values and the shapes
of the contour lines of the interferometric subsidence map are in good
agreement with those derived from levelling surveys. The quantitative
validation, revertheless indicaed a systematic off set between the subsidence
velocity values determined from levelli ng surveys (period 19871992 and SAR
interferometry (period 19921996. This difference ca be explained by the
different observation time period, indicaing a deaease of the subsidence
velocity. To confirm this interpretation more recent levelling data with a better
corresponcence to the time interval covered with SAR interferometry will be
used for the validation as soon as such data will become available.

The hypathesis of the temporal dearease of the subsidence vel ocity at Bologna
raised ou interest in a better temporal resolution d the subsidence monitoring.
To investigate the feasbility of an annual monitoring with dfferentia SAR
interferometry we produced subsidence maps for the time periods 19921993and
19971998 applying the interferogram stadking tedhnique with 6 and 7
interferograms, respedively, and cumulative time intervals of more than four
yeas. The comparison d the two subsidence maps confirmed the deaease of the
subsidence adivity in Bologha during the last decale. The 19921993 map was
validated with the 19871992levelling surveys (Strozz et a., 2000Q, confirming
the expeded feasibility of an annual subsidence monitoring. Up to present the
19971998result could na be validated.

4.4 Euganean Geothermal Basin

Land subsidence of the Euganean Geothermal Basin, Italy, is related to the
geothermal groundvater withdrawal. Predsion levelling surveys conducted for
the Commune di Abano Terme and the Regione del Veneto indicate maximum
subsidence rates of 1cm/year for the period up to 1991. After 1991 the
subsidence velocity deaeased as a wnsequence of a regulation o the
groundvater withdrawal. In ou investigation this case is used to analyze the
feasibility of differential interferometric monitoring of slow subsidence
velocities.

To map the expeded low sub-cnVyear subsidencevelocity 10 interferograms
in the time span 1992to 1996were seleded. Interferogram stacking was used
to generate asingle subsidence map with a aumulative time interval of more
than 20yeas, alowing to reduce the expeded velocity estimation error caused
by atmospheric phase distortions to approximately 1 mmlyear, alevel which is
significantly below the expected subsidence level of sewardlyear
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The resulting interferometric deformation map shows a dea subsidence
over Abano Terme with a maximum velocity of 4 mmyear, in agreament with
the results of the last levelling surveys performed in 1991and 1995(Figure 5).
The oorrespondence of the results of the two dfferent surveying techniques is
high, as confirmed by a dired quantitative vaidation d the interferometry
based subsidence values along the levelling lines, an example of which is
shown in Figure 6. For 17 pants where we had values available from baoth
surveying tedniques the average difference of the verticd displacement
velocity values was 0.2 mm'yea with a standard deviation d 1.0 mmlyear. The
minimum and maximum differences were —1.5 mmlyear and +2.2 mniyear,
respedively. This result confirms the expeded high acaracy achieved with the
interferogram stadking technique. A more detailed description d this case was
given by Strozzi et al., 1999.
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Figure 6. Profiles of the vertical displacement velocity from SAR

interferometry (black line, period 1992-1996) and levelling surveys (gray line,
period 1991-1995, data from Comune di Abano Terme and Regione del
Veneto) along the levelling line Abano Terme — Montegrotto Terme (yellow

line in Figure 5).

5. Conclusions

The feasibility of surfacedeformation mapping with ERS differential SAR
interferometry was confirmed for a wide range of deformation velocities
ranging from m/year (Ruhrgebiet, Mexico City) to cm/year (Bologna) and
mm/year(Eugenean Geothermal Basin).

Data avail ability was foundto be alimiting fador in the cae of Mexico
City. For the investigated European sites, onthe other hand, a large number of
ERS aqyuisition are available, alowing to ogtimize the data seledion with
resped to aayuisition dates and interferometric baselines. For the planned
future missons with SAR sensors which can be operated in a variety of modes

1C
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(ENVISAT, ALOS) this means that the robustness and operationdlity of the
subsidence @plicaion relies very much on the seledion d a single
interferometric mode for most of the time.

As demonstrated for the Euganean Geothermal Basin the interferogram
stacking tedchnique dlows to reduce the arors caused by atmospheric
distortions to a low level making the measurement of slow deformation
velocities in the mniyear range feasible. The technique dso allows to increase
the temporal resolution d the monitoring, as demonstrated with the anual
monitoring of the subsidence for Bologna.

The main limitations of the interferometric technique ae the tempora
deoorrelation d the signal, which leads to an incomplete @verage with
deformation information, with gaps mainly in forested and agricultural aress,
and the well known problems of the SAR imaging geometry in areas of rugged
topography, such as layover and radar shadow.

The interferometric technique was foundto be fast, as demonstrated by the
faa that we ae still waiting for the levelli ng data to vali date the latest Bologna
results, and cost effective.

Considering the high quelity of the results achieved for the investigated
sites, the huge SAR data achive starting in 1991, the expeded continued
avail ability of new SAR data, and the maturity of the required data processng
tedhniques, we conclude that differential SAR interferometry has a very high
potential for operational mapping of land subsidence.

The complementarity of the interferometric technique with levelli ng surveys
and GPS measurements suggests that the most effedive monitoring strategy
will be an integration of the different techniques.
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