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ABSTRACT

Differential SAR tomography is a means to resolve layover of tem-
porally coherent scatterers while simultaneously estimating their el-
evation and average deformation. In alpine regions, drastic height
variations result in frequent layovers which are rejected during typ-
ical persistent scatterer interferometric (PSI) analyses. In this pa-
per, we explore the potential of tomographic techniques to improve
deformation sampling in an alpine region of interest relative to a
PSI-based deformation assessment. The mitigation of the atmo-
spheric phase contributions, as required for both tomography and
PSI, is often more involved in alpine regions due to strong spatial
variations of the local atmospheric conditions and propagation paths
through the troposphere. We assume a linear multivariate depen-
dence of atmospheric phase on the spatial location and height of the
scatterers, estimate it using universal/regression kriging and subse-
quently incorporate it within the tomographic focusing. Experiments
are performed on an interferometric stack comprising of 32 Cosmo-
SkyMed strimap images acquired in the summers of 2008-2013 over
Mattervalley in the Swiss Alps.

Index Terms— SAR tomography, persistent scatterer interfer-
ometry, multi-baseline interferometry, Cosmo-SkyMed

1. INTRODUCTION

Persistent scatterer interferometry (PSI) [1, 2] is an operational SAR-
based method to measure surface deformation in the wake of human
activity or prior to natural mass movements. The observed scene
should have a sufficient number of targets that exhibit temporally co-
herent and point-like backscattering, which are the defining features
of a persistent scatterer (PS). Since PSI conventionally builds upon
a single scatterer phase model, any multiplicity of PS in the same
resolution cell, as for the case of a layover, is rejected. In general,
there is a low prevalence of PS candidates in suburban or natural ter-
rains such as the alps and the adjoining valleys. At the same time,
layovers are more often owing to drastic height variations across the
scene. Provided the fact that often mass movements of interest occur
in mountainous areas, it may happen that a given region of interest
(Rol) for the measurements falls in a layover. The aforementioned
limitations motivate us to explore methods to address layovers in
alpine terrain and measure deformation for any stable scatterers in
layover. In this context, we look forward to the use of differential
SAR tomography [3].

This research project has been funded by the Swiss Space Office,
State Secretariat for Education and Research of the Swiss Confederation
(SER/SSO), via the MdP2012 initiative. The DEM used in this work is
©swisstopo. T. Strozzi from GAMMA Remote Sensing is acknowledged
for providing a PSI solution of the region.
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Differential SAR tomography has thus far been applied for de-
formation monitoring in urban regions or specific infrastructure [4,
5, 6]. Prior to tomographic inversion, the interferometric stack needs
to be phase calibrated by compensating for the atmosphere-induced
phase delays. The relatively wider prevalence of PS candidates in
urban scenes facilitates estimation of the atmospheric phase screen
(APS). Contrarily, the estimation in alpine regions is more involved.
Firstly, there may be a lack of sufficient PS candidates close to the
Rol to allow for a reasonable estimation and subsequent extrapola-
tion over the Rol. Secondly, due to the extremely rugged topography
which can change by as much as a few kilometers between the valley
floor and the mountain top, the local atmospheric conditions and the
propagation paths through the troposphere may strongly vary spa-
tially. Keeping in consideration the aforementioned challenges, we
conduct a case study to investigate the applicability and usefulness of
differential SAR tomography for improving deformation sampling in
alpine terrain relative to a PSI-based assessment.

2. METHODS

2.1. Persistent scatterer interferometry (PSI)

The Interferometric Point Target Analysis [2, 7] toolbox is used to
perform a PSI analysis. An iterative regression-based strategy is im-
plemented to identify a set of persistent scatterers (PS) exhibiting
good quality (in terms of low residual phase variance). The PSI solu-
tion obtained after several iterations comprises the estimated residual
topography, the average deformation velocity and the atmosphere-
induced phase delays for each PS. A linear model of the atmospheric
phases with respect to height was used to model possible vertical
stratification in the atmosphere [8].

2.2. Differential SAR tomography

Considering a given range-azimuth pixel (r,a), a mathematical
model for differential SAR tomography [3, 9, 10, 5] is as follows:

y = / a (p) exp [~jen (p)] dp M
P

where yﬁf’a) is the single-look complex (SLC) pixel value in n'™ layer

of the coregistered stack, n = 0, 1,...N — 1 and a (p) is the target
reflectivity profile as a function of the parameter vector p = [s, v],
where s is the unknown scatterer elevation along the perpendicular
to the line of sight (LOS) axis, and v is the average deformation
velocity in the LOS. Assuming the stack is phase calibrated, the in-
terferometric phase, ¢, (p) is modeled as

on (P) = 2k [Ars (8) + vin] )
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Fig. 1. Left: Cosmo-SkyMed SAR intensity image of the Mattervalley in Swiss Alps. The colored dots represent the persistent scatterers
identified in the scene with an iterative PSI approach. Right top: The region of interest (Rol) for tomographic inversion, highlighted in white
colored rectangle in the full scene. Layover of the alp (in far range) on the valley floor is clearly visible. Right bottom: Google Earth image

of the Rol i.e., Zermatt valley, dated August 30, 2009.

where t,, is the temporal baseline for the n™ layer, and Ar, (s) is
the geometrical sensor-to-target path-length difference [10, 5]. P
represents the parameter space.

2.3. Regression kriging of atmospheric phases

Differential SAR tomography has thus far been applied for local in-
frastructure in urban areas where the underlying topography is gen-
erally flat. It is assumed that the atmosphere is exhibiting spatially
low-frequency behavior and any topography-dependent variation is
negligible. Within this context, the unwrapped atmospheric phases
computed for the PS during the prior PSI processing can be spatially
filtered in local neighborhood and extrapolated over the scene to es-
timate an APS for each layer in the stack (as in our earlier works
[5, 11, 12]). However, in the case of alpine regions, the drastic vari-
ations in topography incur two critical implications for tomography.
Firstly, a height-dependent phase delay variation owing to vertical
stratification of the atmosphere cannot be ignored. Secondly, de-
pending on the acquisition geometry, the possibly large height differ-
ence among the scatterers in layover implies that the spatial location
of the individual scatterers in map coordinates (after geocoding) can
also be very different. Therefore, the atmospheric correction needed
for one scatterer may be very different from the other, notwithstand-
ing that they are in the same range-azimuth pixel. Hence, a single
correction for a range-azimuth pixel would likely not suffice. In-
stead, the atmospheric phases have to be estimated and compensated
for within the tomographic focusing at each point of interest along
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the elevation axis. With these concerns, we model the unwrapped
atmospheric phases .A,, for the n™ layer, with a multivariate linear
regression as follows:

An (2) = By + Bute + Bozn + Bazn + £ (z) 3)
=x'B, +e(@) @

where © = {x., xn, T } represents a general 3D location in terms of
easting (x.), northing (z,) and height (z), z = T {r, a, s} where
T is the geocoding transformation operator, and 3 terms are the re-
gression coefficients. The residue € (x) is assumed to be a zero-
mean, spatially correlated second-order stationary random process.
It implies that its spatial correlation depends on the lag, [ between
two locations. Further assuming isotropy (direction independence of
the semivariance of €), we consider that the spatial correlation de-
pends only on the magnitude of the lag itself, which corresponds to
Euclidean distance between two locations in map geometry in our
case. Using the atmospheric phases of the PS estimated in the prior
PSI processing, and their map coordinates as spatial regressors, we
obtain sample variogram for each interferometric layer as follows:

N,
I
An (1) = QNPSE (En (@) = &n (i + 1)) ®)

where N refers to the number of the PS used in the computation.
The PS exhibiting significant deformation are ignored [13]. The
sample variogram for each layer is then ‘best’ fit with a non-negative
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Fig. 2. Scatter plot of the unwrapped atmospheric phases against to-
pography for the PS identified over the entire scene shown in Fig. 1
(left), for an example interferometric layer from the stack. The dot-
ted line represents a univariate linear regression fit.

definite model (among a family of variogram models) to avoid sin-
gularity in kriging equations. The universal/regression kriging-based
best linear unbiased predictor of the atmospheric phase at a location
Zo is then computed as follows:

An (w0) = x5 B, +w (A0 = X, ®)

where A, = [An (21), An (22) ..., An (prs)}T, X is the de-
sign matrix comprising of the spatial regressors (map coordinates of
the PS) and w is the vector of simple kriging weights [14]. The re-
gression coefficients can be estimated with generalized least squares:
B, = (XTVX) “"XV~'A,,, where V is the covariance ma-
trix of the atmospheric phases A, [14].

2.4. Tomographic inversion
The 2D reflectivity profile for a range-azimuth pixel (r, a) with SLC
vector y is retrieved with beamforming (BF) as follows:

1 .
A ¥ [6 Jﬂo(s,v)’

a(s,v) = —itlsy)

e

’ e*j'&N—l(S’v)] *

Yy

) @)
where ¥, (s,v) = n (s,v) + An (T {r, a, s}). For the estimation
of the unknown scatterer elevation and deformation, and single and
double scatterer detection, we apply BF-based maximizations un-

der the sequential generalized likelihood ratio test with cancellation
(SGLRTC) scheme [9, 5].

3. DATA & REGION OF INTEREST (ROI)

The data used in this work is an interferometric stack comprising of
32 Cosmo-SkyMed stripmap images acquired over the Mattervalley
in Swiss Alps in the summers between 2008-2013. The region is
known to have many active landslides, rockslides and rockfalls, as
highlighted in an earlier work [7]. The Rol selected for tomographic
analysis is the Zermatt valley, as shown in Fig. 1 (right). The SAR
image clearly shows the layover cast over the valley floor. The op-
tical image from Google Earth shows a 3D perspective of the area.
The height difference between the valley floor and the mountain top
is on the order of a kilometer. We can see vegetation stretched over
the slopes in near range. As to the one in far range, which casts
the layover, we can observe some bare rocks on the mountainside
which may exhibit coherent scattering over long term. It is the lay-
over of scatterers with point-like characteristics that we look for-
ward to resolving with differential tomography, within the valley
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Fig. 3. Top-left: Geocoded unwrapped atmospheric phases for the
PS identified over the entire scene, for an example layer from the
interferometric stack. Top-right: Residue of multivariate linear re-
gression of the atmospheric phases against spatial coordinates and
height. Botfom: Sample variogram and model fit (circular).

(between man-made infrastructure) as well as between the valley and
the mountainside (if any).

4. RESULTS

Fig. 1 shows the PS identified in an IPTA-based PSI analysis. A
scatter plot of the unwrapped atmospheric phases of the PS is shown
against their heights in Fig. 2 for an example interferometric layer
from the stack. In Fig. 3, these atmospheric phases and the residue
after a multivariate regression against height and spatial coordinates
are shown in map geometry. Fig. 4 shows the single and double scat-
terers obtained using a BF-based differential tomographic inversion
with detection thresholds set at 0.48 (referred to [5, 9] for details).

5. DISCUSSION & OUTLOOK

The distribution of the PS identified over the full scene with a PSI
analysis is shown in Fig. 1 (left). The PS are color-coded with the
retrieved heights, which span roughly between 1200 - 4000 m a.s.l.,
corresponding mostly to bare rocks in layover-free areas. These
phases are shown in a scatter plot against the heights in Fig. 2 for an
example interferometric layer from the stack. A regression fit against
the heights is also plotted; it shows a significant linear dependence
indicating possible vertical stratification of the atmospheric phase
delay differences between the example and the reference layer in
the stack. In Fig. 3 (top right), the residue after a multivariate re-
gression fit of the phases against height and spatial map coordinates
(easting, northing) is shown. The spatial trends are statistically sig-
nificant, and the residue shows a smooth behavior indicating spatial
correlation. The sample variogram in Fig. 3 (bottom) shows the de-
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Fig. 4. Single and double scatterers obtained with differential SAR tomographic inversion, under the SGLRTC detection strategy with
detection thresholds set at 0.48 (referred to [5, 9] for details). Single scatterers are marked with *-’. The first and the second in case of a
double scatterer are marked with ‘[J° and “x’, respectively. The size of the markers for double scatterers is exaggerated for better readability.
Left: Estimated height a.s.l. in m. Right: Estimated average deformation velocity in mm/yr.

cline in spatial correlation as the lag increases. Multivariate regres-
sion fitting and variogram modeling is performed for all the layers
in the stack. The spatial and height-dependent trends are more pro-
nounced in some layers than in the others. In each case, a regression
kriging-based estimate of the atmosphere at any 3D location in map
geometry (where we intend to retrieve target reflectivity with tomo-
graphic inversion) exploits the estimated trends and the statistics of
the residue. Fig. 4 shows the distribution of the single and double
scatterers obtained in the Rol with BF-based tomographic inversion.
Although we observe more single scatterers compared to the PS so-
lution, the apparent gain in deformation sampling remains to be as-
sessed vis-a-vis quality of the scatterers [11]. A few single scatterers
are detected on the mountainside around 230 m above the valley floor
where no PS were found with the PSI processing. It substantiates the
usefulness of the kriging-based atmospheric estimations introduced
in the paper. However, the applicability of tomographic inversion
for this Rol remains limited as only 274 double scatterers have been
detected, and nearly all of them belong to the layovers occurring in
the built-up area in the valley floor.
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