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Abstract—We exploit the amplitude information of a sequence
of synthetic aperture radar (SAR) images, acquired at different
times, in order to generate displacement time-series in areas char-
acterized by large and/or rapid deformation, the size of which is
on the order of the image’s pixel dimensions. We follow the same
rationale of the Small BAseline Subset (SBAS) differential SAR in-
terferometry (DInSAR) approach, by coupling the available SAR
images into pairs characterized by a small separation between
the acquisition orbits. We exploit the amplitudes of the selected
image pairs in order to calculate the relative across-track (range)
and along-track (azimuth) pixel-offsets (PO). Finally, we apply
the SBAS inversion strategy to retrieve the range and azimuth
displacement time-series. This approach, referred to as pixel-offset
(PO-) SBAS technique, has been applied to a set of 25 ENVISAT
SAR observations of the Sierra Negra caldera, Galapagos Islands,
spanning the 2003-2007 time interval. The retrieved deformation
time-series show the capability of the technique to detect and
measure the large displacements affecting the inner part of the
caldera that, in correspondence to the October 2005 eruption,
reached several meters. Moreover, by comparing the PO-SBAS
results to continuous GPS measurements, we estimate that the
accuracy of the PO-SBAS time-series is on the order of 1/30th of a
pixel for both range and azimuth directions.

Index Terms—Differential SAR interferometry (DInSAR),
Galapagos islands, SAR image pixel-offset, Small BAseline Subset
(SBAS), synthetic aperture radar (SAR).

I. INTRODUCTION

URFACE deformation is a key information for understand-

ing a number of natural phenomena and anthropogenic
processes (seismic events, volcanic unrests, landslides, fluid
exploitation, mining, etc.). Differential synthetic aperture radar
(SAR) interferometry (DInSAR) [1], which exploits the phase
difference between SAR image pairs acquired over the same
area before and after a deformation event, allows the retrieval
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of spatially dense maps of ground deformation projected along
the sensor line of sight (LOS) [2]-[4].

Originally applied to investigate single deformation events
[5]-[9], the DInSAR technique has further been extended
through the development of advanced algorithms that allow
analyzing the temporal evolution of the detected displacements
via the generation of deformation time-series. This result is
achieved by considering a sequence of SAR images acquired
at different times and properly combined in a set of dif-
ferential interferograms. In this case, the deformation time-
series can be computed through the inversion of the available
interferograms [10]-[18] in areas where the phase signal is
not significantly affected by noise (coherent areas) [19], [20].
Among several approaches, a well-established one is the Small
BAseline Subset (SBAS) advanced DInSAR technique [11],
which relies on an appropriate selection of the SAR image
pairs involved in the generation of the exploited interferograms.
These interferograms are characterized by a small spatial and
temporal separation (baseline) between the acquisition orbits
that reduces some of the more problematic noise sources in
interferometry, particularly temporal and spatial decorrelation.
The spatial baseline we consider is the component of the
baseline vector perpendicular to the sensor illumination di-
rection, often referred to as the perpendicular or orthogonal
baseline. The generated set of small baseline interferograms
is subsequently inverted via the singular value decomposition
(SVD) technique, in order to obtain deformation time-series
over coherent pixels [11]. The capability of the SBAS-DInSAR
technique to accurately measure displacements in different case
studies has already been well documented [21]-[27].

In areas where deformation is on the order of the SAR image
pixel size, the differential interferograms begin to exhibit un-
favorable characteristics that impact their usability in displace-
ment time-series. Interferograms computed over these areas are
affected by high fringe rates, leading to difficulties in the phase
unwrapping step, and/or coherence losses due to significant
misregistration errors [3], [4]. A pictorial representation of how
the interferometric phase degrades as the displacement amount
increases is given in Fig. 1.

In addition to the interferometric phase, the coherence and
the SAR image amplitude information may also be used to
investigate the effects of phenomena inducing surface displace-
ments [28]. Moreover, if the deformation introduces geomet-
ric distortions without significantly affecting the SAR image
reflectivity, displacements can still be retrieved by measuring
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Fig. 1.

Pictorial representation of the effects due to different amounts of deformation on the interferometric phase for three selected interferograms relevant to

the Sierra Negra caldera (Galdpagos Islands), which have been computed from the ENVISAT data analyzed in the experiments presented in Section III. (a) Plot
of the deformation time-series showing the temporal evolution of the range displacements affecting the caldera center, induced by magma accumulation beneath
the volcano followed by an eruptive event. (b)—(d) Differential interferograms relevant to different deformation regimes and epochs: when the deformation signal
is on the order of few tens of centimeters, the interferometric phase information is fully preserved (b) and the corresponding deformation pattern can be easily
retrieved; as the displacement rate increases, the corresponding fringe rate of the interferograms also increases (c), potentially leading to severe phase unwrapping
errors when retrieving the corresponding deformation signal. Finally, the interferometric phase signal is completely corrupted (d) when the amount of deformation
is large enough to induce misregistration errors within the investigated SAR data pair.

the distortion of the scene, as observed in the amplitudes of
SAR image pairs acquired before and after the event. Indeed,
amplitude-based analyses, often referred to as feature-tracking,
pixel-tracking, or pixel-offset (PO) techniques, have already
been successfully carried out to directly estimate the deforma-
tion field related to single deformation episodes [29]-[35].

In this work, we propose an extension of the SAR amplitude
PO techniques in order to move from the investigation of
single deformation events to temporally varying phenomena.
Our approach follows the same rationale as the SBAS-DInSAR
technique; indeed, we start by properly selecting a sequence
of small baseline SAR image data pairs which have been
previously co-registered with respect to a common master
image [36]. Subsequently, instead of the phase difference of the
selected SAR image pairs, we analyze their amplitudes in order
to calculate the PO estimates for both the across-track (range)
and along-track (azimuth) directions. We then apply the SVD-
based inversion strategy of SBAS-DInSAR to the estimated
relative range and azimuth offsets to generate the corresponding
offset-based deformation time-series.

In this paper, we first describe the pixel-offset (PO-) SBAS
approach. We then present results for a test case based on
an ENVISAT SAR data sequence (Track: 61, Frames: 7173-
7191, Swath: 12) over the Galdpagos Islands. In particular, we

focus our analysis on Sierra Negra caldera, an active volcanic
area often characterized by large and/or rapid deformation
events [37]. We investigate the performance of the PO-SBAS
approach by comparing our computed deformation estimates to
continuous GPS measurements acquired within the caldera. The
last section of the manuscript has some concluding remarks.

II. RATIONALE OF THE PIXEL-OFFSET SBAS TECHNIQUE

Let us first briefly summarize the most relevant analytical
aspects of the SBAS-DInSAR technique whose rationale is
followed in the subsequently presented approach. As stated
before, the SBAS technique is a DInSAR algorithm that allows
detecting Earth’s surface deformation and analyzing their tem-
poral evolution by exploiting a properly selected sequence of
co-registered small baseline SAR image pairs, leading to a re-
dundant set of DInSAR interferograms. To retrieve the displace-
ment time-series, the unwrapped phases of the interferograms
are properly combined by considering the following relation-
ship (expressed in matrix form) for each coherent pixel [11]:

6]

where d¢ represents the estimated unwrapped phase vector
(known terms), B is the coefficients’ matrix related to

Bu, = 0p
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the selected interferogram data set (see [11]), and v, is
the unknown vector representing the mean phase velocity
between time adjacent SAR acquisitions. The system (1) is
overdetermined and, due to the small baseline constraint, B
might have rank deficiency if the overall data are separated into
different subsets [11]. Therefore, the solution of (1) in the least
square sense is obtained by applying the SVD decomposition
method. This approach also provides a minimum norm
constraint on the retrieved 7, vector, guaranteeing a physically
sound solution without large discontinuities in the final
result [14]. Finally, to obtain the radar LOS projection of
displacement time-series, an additional (but trivial) integration
step of the retrieved U, vector is necessary, followed by an
appropriate filtering of possible atmospheric artifacts [11].

Let us now move from the interferometric phase to the SAR
image amplitude analysis. Accordingly, we assume to have a
sequence of co-registered full resolution small baseline SAR
data pairs as the ones used in the conventional SBAS-DInSAR
approach, and to calculate the deformation time-series from
the amplitude of the available image pairs. For this purpose,
we start by computing the relative displacements for each
small baseline image pair. This step is carried out by applying
the normalized cross-correlation (NCC) [29], [38] technique,’
which is widely used for SAR analyses (see [30], [31], [38], and
[40]). This approach calculates a matching correlation surface
(MCS) as the inner product between two oversampled SAR
scenes, displaced by lags over a predefined search range in
the across-track (range) and along-track (azimuth) directions
[38] identified, hereafter, by the x and y variables, respectively.
By carrying this step out, we compute (for each investigated
pixel) an estimation of the range and azimuth shifts, finally
leading to offset maps for each data pair with accuracies that are
commonly on the order of 1/10th—1/20th of a pixel [30], [31].
At this stage, it is very important to provide some information
on the “quality” of the retrieved offsets. In our case, since we
exploit the AMPCOR Fortran routine provided in the ROI_PAC
software [38], we can benefit from the computed variance
values, say o2 and O‘Z, of the two dimensional MCS maps
(more analytical details on the AMPCOR routine are provided
in Appendix). Note that to lower o2 and 05 values correspond
to higher quality matches, and by imposing a proper threshold,
it is possible to identify areas where the PO estimations are
reliable for each data pair, i.e., a mask of “good” pixels. In
this context, it is also important to reconsider the impact that
the baseline constraints we imposed on the selected pairs may
have on the retrieved PO quality. To clarify this issue, we
have considered the SAR data set analyzed in the experiments
provided in Section III. In particular, we computed the POs for
each acquisition with respect to the same master image, thus
neglecting any baseline constraint. As shown in Fig. 2(a), it is
evident that the number of the reliable pixels decreases when
the perpendicular baseline increases, interestingly, by following
a quasi-quadratic relationship. This effect further enforces the
benefit of considering the small baseline constraint in the data

'We could also consider the technique based on the Fourier shift theorem
[39] but we preferred the NCC algorithm family due to its consolidated
exploitation in the SAR context.
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Fig. 2. Dependence of the number of reliable pixels with respect to the spatial
(perpendicular) and temporal baselines for the ENVISAT data set analyzed in
the experiments presented in Section III. (a) Total number of reliable pixels
(triangles) with respect to the perpendicular baselines; the quadratic curve (solid
line), fitting the retrieved values of the number of pixels, is also shown. (b) Total
number of the reliable pixels (triangles) with respect to the temporal baselines;
the best-fit linear and exponential curves, represented by the solid and dashed
lines, respectively, are also shown.

pairs’ selection, which is implicit in the SBAS strategy, because
it is also relevant for the amplitude-based SAR applications in
order to maximize the number of reliable pixels. Note also that
we do not consider in this case any spectral shift compensation
[41] because since we focus on the amplitude information of the
SAR data pairs, we do not want to degrade the spatial resolution
of the exploited SAR amplitude images.

Following these considerations on the spatial baseline, we
also investigated the impact of the temporal one on the retrieved
offsets. In particular, we computed the PO for the selected SAR
data pairs analyzed in Section III by focusing on those with
a perpendicular baseline not exceeding 400 m, thus mitigating
the baseline-induced effects on the retrieved offset quality, see
Fig. 2(a). In Fig. 2(b), we plot the computed number of reliable
pixels versus the temporal baseline of exploited SAR data pairs;
moreover, we also plot the best-fit linear and exponential curves
[42] that are represented in Fig. 2(b) by the solid and dashed
lines, respectively. Except for some data pairs with a very short
time span (less than three months), the impact of the temporal
baseline on the PO quality estimate is limited.

Let us now move to the analysis of the PO estimates achieved
for the selected SAR data pairs. In this case, by identifying
those pixels that appear reliable in a significant percentage
of the investigated SAR data pairs relevant to the analyzed
sequence, it is possible to select a “common mask” for the
overall data set. This step is essential to identify pixels that
can be investigated for the whole time period. Moreover, since
the range- and azimuth-offset maps show a peculiar cross-hair
artifact pattern, a spatial smoothing filtering is also applied to
suppress the high-frequency noise [32].
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Fig. 3. Flowchart of the PO-SBAS algorithm.

At this stage, the application of the SBAS inversion strategy
to the available sequence of smoothed range and azimuth PO
maps is straightforward. In particular, equivalently to (1), we
consider

Bv, =0z (2)
Bu, =dy 3)

where for each investigated pixel, = and dy represent the
computed PO vectors, and v, and v, are the mean offset
velocities between time adjacent SAR acquisitions for the range
and azimuth directions, respectively. Also in this case, a final in-
tegration step is necessary to obtain the PO-SBAS time-series,
for which we may generally assume the effects of possible
atmospheric artifacts are negligible. The block diagram of the
proposed PO-SBAS approach is sketched in Fig. 3.

It is worth noting that, for effectively applying this approach,
a proper co-registration step is essential. Indeed, an incorrect
co-registration may lead to uncompensated image offsets that
can completely mask out the investigated displacements. In-
deed, in this case, the right-hand sides of (2) and (3) become

0x =0 + Ey )
0y — 6y + &, )

where €, and g, represent the co-registration error vectors
whose values may even exceed the displacement components
for some data pairs.
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Fig. 4. Range PO estimates for the 26 April 2004-13 November 2004
ENVISAT SAR data pair, acquired over Galdpagos Islands. (a) Estimated POs
by co-registering for a rigid offset only. (b) Estimated POs by applying the
geometric co-registration algorithm proposed in [36].

To clarify this issue, we show in Fig. 4(a) the POs com-
puted in the range direction for a selected SAR data pair
that is not affected by significant deformation but which has
been co-registered for a rigid offset only. In Fig. 4(a), it is
evident the impact of the coarse co-registration step, leading
to a ramp of residual POs. The importance of an appropriate
fine image co-registering for surface deformation analysis is
already known and the errors €, and g, in (4) and (5) can be
directly estimated from the SAR data pairs and subsequently
corrected. However, in order to simplify the processing and to
reduce the computational load, we follow a different approach
based on the geometric co-registration algorithm proposed in
[36], which exploits precise orbit information and an external
DEM of the investigated area to directly compute the €, and
gy factors. Accordingly, a co-registration step can be directly
achieved by using this information with no need for any further
estimation. The effectiveness of this kind of approach is evident
by considering the estimated residual POs for the same image
pair of Fig. 4(a) but after such a geometric co-registration step;
see Fig. 4(b). Accordingly, this technique is applied to process
all the SAR data pairs exploited in this paper.

In the following, we present the results achieved by applying
the described PO-SBAS approach to a data set of 25 fine
co-registered ENVISAT SAR images relevant to the Galdpagos
Islands, spanning the 2003-2007 time interval.
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TABLE 1
LIST OF THE AVAILABLE ENVISAT SAR ACQUISITIONS (TRACK: 61,
FRAMES: 7173-7191, SWATH: 12). NOTE THAT THE SYMBOL B
REPRESENTS THE PERPENDICULAR BASELINE

Day | Month | Year | B, [m]| Orbit
18 01 2003 552.56| 04624
12 07 2003 857.87| 07129
25 10 2003 -35.77 | 08632
29 11 2003 -39.74| 09133
03 01 2004 | -511.82| 09634
07 02 2004 | -206.78| 10135
17 04 2004 | -551.45| 11137
26 06 2004 695.21| 12139
31 07 2004 -25.70| 12640
13 11 2004 [1072.40| 14143
18 12 2004 819.21[ 14644
22 01 2005 0.00| 15145
26 02 2005 636.00 | 15646
07 05 2005 | -755.61| 16648
16 07 2005 | -621.20| 17650
20 08 2005 347.40( 18151
24 09 2005 | -287.98| 18652
29 10 2005 | -510.39| 19153
03 12 2005 893.91| 19654
18 03 2006 478.80| 21157
27 05 2006 74713 [ 22159
14 10 2006 235.09| 24163
18 11 2006 |1071.64| 24664
23 12 2006 252.57| 25165
27 01 2007 323.83| 25666

III. SIERRA NEGRA CALDERA: SAR DATA
AND TEST SITE DESCRIPTION

Sierra Negra caldera is the most active among the shield
volcanoes located in Isabela Island, Galdpagos Archipelago.
Sierra Negra caldera erupted in October 2005, interrupting a
period of quiescence that lasted almost 30 years [43]. The
investigation of geodetic signals, including GPS and DInSAR
analyses, revealed at Sierra Negra an almost-continuous uplift
phase, which apparently started in 1992, accelerated in the
2002-2005 period, and finally reached some meters of cumula-
tive ground displacement before the eruption [44]. On the other
hand, the October 2005 eruptive event induced an impressive
subsidence event of the inner caldera [32].

Due to the large deformation dynamics affecting Sierra
Negra, the retrieval of ground displacements within the inner
caldera by using DInSAR techniques is a challenging task.
To clarify this issue, we applied the standard SBAS-DInSAR
approach to a data set of 25 ENVISAT SAR acquisitions
relevant to the Galdpagos Islands and spanning the 2003-2007
time interval (see Table I) in order to retrieve the corresponding
deformation time-series. Note that in this study, we selected
74 data pairs (Fig. 5) with a maximum perpendicular and tem-
poral baselines of 400 m and 1500 days, respectively. Fig. 6(a)
shows the overall mean deformation velocity map retrieved via
the SBAS-DInSAR analysis relevant to the investigated period
and demonstrate that the DInSAR technique provides only a
partial “picture” of the deformation at Sierra Negra caldera,
see Fig. 6(b). Indeed, the behavior of the northern flanks of
the volcano is clearly imaged, being the displacements on the

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 49, NO. 7, JULY 2011

......... ]
L N ]
‘I — —
E - 4
é - i
o L ]
£ —
< 4
wv
a L ]
o - 4
—
5 ]
S 0 —
St i
T L ]
c
s L ]
a t i
2
[] — —
a | o 4
B < SAR acquisition | ]
L — Data pair 4
| Ly [P I L
o m omsst < S T NN N WU O O OO O
(=] (= QOO © OO OO0 O OO0 =3 =1 o0 OO
(=3 (= OO0 O OO OO0 © O000OC o o o0 OO
~N o~ ONONANN N AN ANONANN o NN o N NN NN
- ~ O == < O = NN N OO N m Or—= N
(=3 o ——O00 O OO ——O00 O OO — o O —— =
s ~N NS N O — MONOY N VOTOmM 0 M~ <O e~
— — NNOO — ANmMm ——ONAN O —ANANNO — ™ —— NN
SAR acquisition dates
Fig. 5. Selected SBAS data pairs generated from the ENVISAT data

archive shown in Table I relevant to the Galdpagos Islands. Date format is
“ddmmyyyy”.

order of several centimeters, and is in agreement with previous
studies; see [44] and Fig. 6(c). On the contrary, displacements
around the crater and inner caldera cannot be reliably retrieved,
due to the lack of coherence caused by the large displacement
dynamics that are in the order of the pixel dimensions (about
4 and 8 m in azimuth and range direction, respectively); see
Fig. 1(d). Therefore, in order to image the spatial and temporal
evolution of the deformation also in these areas, we exploit
the SAR amplitude information by applying the previously
described PO-SBAS approach.

IV. PO-SBAS ANALYSIS: ALGORITHM IMPLEMENTATION,
RESULTS, AND VALIDATION

The starting point of the PO-SBAS analysis is the calcula-
tion, via the exploited AMPCOR routine (see Appendix), of
the POs and the corresponding variance values o2 and 03 for
all the selected small baseline SAR image pairs, which are
the same considered for the generation of the SBAS-DInSAR
time-series (Fig. 5). Subsequently, we select a common mask
of “good” pixels by considering those with values of o2 and
05 lower than 0.005 and present in a large percentage (we
assume not less than 70%) of the all data set. Finally, we apply
a spatial smoothing of 7 pixels in range and 15 in azimuth,
to take into account the different spatial resolutions, and for
mitigating possible noise effects [32]. At this stage, we generate
the pixel time-series by inverting the offsets, computed for each
data pairs, via the SBAS approach; see Fig. 3. Note that the
analyzed pixel grid is selected with a step of 16 samples on
both azimuth and range directions, because this is appropriate
for investigating phenomena at the spatial scale of 100 m, con-
sistently with what is already done through the SBAS-DInSAR
approach.

In order to perform the PO-SBAS analysis, two key pa-
rameters must be selected; they are represented by the size
of the matching window surrounding each investigated pixel,
and the oversampling factor of the matching correlation surface
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Fig. 6. SBAS-DInSAR results. (a) Mean deformation velocity map (in SAR coordinates) of the Galdpagos Islands (see the inset) retrieved via the SBAS-DInSAR
technique applied to the ENVISAT interferograms computed from the data pairs shown in Fig. 5. (b) Zoom of the study area, identified by the black square in (a),
relevant to the Sierra Negra caldera. Note that no SBAS-DInSAR measurements are present in the inner part of the caldera due to the large deformations (on the
order of several meters) caused by the October 2005 eruption. The white squares represent the station locations of the continuous GPS network deployed since
2002. (c) Comparison between the SBAS-DInSAR time-series (black triangles) and the LOS projected GPS measurements (red line) in correspondence to the

GPS station labeled as GVO01 [its location is shown in (b)].

retrieved by our estimation. In the following, we want to
investigate the impact on the final estimates of the POs of
different selections for these two parameters.

To this end, we concentrate on the Sierra Negra caldera area
and we apply the PO-SBAS approach to our SAR data pairs
by varying the oversampling factor and the matching window
size. While the impact of the former factor does not seem
particularly relevant, this is not the case for the latter one; to
clearly show this effect, we present in Fig. 7 the impact of
the different matching window sizes on the PO-SBAS retrieved
masks of “good” pixels. Based on Fig. 7, it is clearly visible that
when using a matching window size of at least 32 x 32 pixels,
the PO-SBAS analysis is able to estimate deformation in the
inner part of the caldera where the SBAS-DInSAR approach
completely fails; see Fig. 6(b). Moreover, in the inner caldera
area, we note a clear increment of the mask pixel number while
increasing the matching window sizes. Despite this evident
impact on the investigated area coverage, we remark that at
this stage, no information are available with respect to the ac-

curacy of the retrieved PO-SBAS time-series, depending on the
oversampling factor and matching window size. Accordingly,
in order to solve this issue, we compare our PO-SBAS results
to the independent measurements of the deformation field at
Sierra Negra caldera, provided by the continuous GPS stations
running at Sierra Negra caldera since 2002; see Fig. 6(b). We
perform our validation analysis by comparing the PO-SBAS
measurements to the GPS displacement time-series reported
in [44], spanning the 2003-2005 time period only. Since the
PO-SBAS technique retrieves across- and along-track offsets,
we have to project the three GPS displacement components
(East, North, and Vertical) to make them comparable to the
SAR-based estimations. However, the available GPS time-
series are relevant to the North and Vertical components, while
for the East one, only its average value is provided over the
observed period [44]. In any case, since the ENVISAT flight
track is only about 10° off from North, the PO-SBAS azimuth
estimations can be effectively compared to the North GPS
displacement component. More critical is the analysis of the
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Fig. 7.
(a) 32 x 32, (b) 64 x 64 and (c) 128 x 128 pixels, respectively. Note that the GPS station locations (black squares) as well as the SBAS-DInSAR mean deformation
velocity (in colors) are also shown.

TABLE 1II
STANDARD DEVIATIONS (IN METERS) OF THE DIFFERENCE BETWEEN THE
PO-SBAS AND THE GPS TIME-SERIES IN CORRESPONDENCE TO THE GPS
STATIONS LABELED AS GV02, GV04, AND GVO05 IN FIG. 7(a)

GVv02 GVvo04 GV05
Over| Rg Az Rg Az Rg Az
16 [0.297 0.078|0.239 0.078|0.257 0.100
kS ‘;g) 32 |0.294 0.079|0.238 0.078|0.257 0.100
g 64 |0.295 0.079|0.238 0.078|0.257 0.100
TE 16 [0.239 0.096(0.230 0.114|0.257 0.117
2| & | 32 |0.238 0.099(0.231 0.117|0.262 0.119
2 64 |0.239 0.098|0.231 0.116|0.261 0.118
S 16 [0.241 0.113|0.265 0.127|0.275 0.144
g @ 32 |0.241 0.115|0.266 0.128|0.274 0.145
64 |0.242 0.114|0.266 0.128|0.274 0.144

Note that for the 32x32 matching window size we had to
select the pixels nearest to the considered GPS station.

PO-SBAS range measurements because they are sensitive to
both the Vertical and the East deformation components. How-
ever, we found that for three GPS stations, labeled as GV02,
GV04, and GVO5 in Fig. 7(a), the available average East
motions, projected along the satellite’s LOS, contributes for
less than 10% of the total displacements. Therefore, we may
reliably assume for these stations that the GPS East component
can be considered negligible, compared to the Vertical one, and
we can effectively compare the LOS projected GPS vertical
displacements to the PO-SBAS range time-series.

To provide a quantitative estimation of the obtained accu-
racies, we calculated the standard deviation of the difference
between the PO-SBAS and the GPS time-series, which are
summarized in Table II. Based on these results, a dependence
of the measurement accuracy from the matching window size
is noticed. Moreover, as already said, the oversampling factor
shows no significant impact on the PO-SBAS estimate accu-
racies for values greater than 16. In any case, from Table II,
the estimated POs always show standard deviation values lower
than 0.3 and 0.15 m for the range and azimuth directions,
respectively, which correspond to accuracies on the order of
1/30th of a pixel.

Impact of the different matching window sizes on the PO-SBAS retrieved masks of “good” pixels (in white). Selected matching window sizes are of

In the following, we consider the PO-SBAS time-series
obtained by imposing a 64 x 64 matching window size and
an oversampling factor of 64 that represents a good compro-
mise between spatial coverage, PO accuracy, and computing
time. Accordingly, we present in Fig. 8(a)—(f) the comparison
between the selected GPS time-series and the PO-SBAS mea-
surements obtained with the chosen matching window size and
oversampling factor; in this case, we also show the deforma-
tion patterns retrieved in correspondence to the October 2005
eruption; see Fig. 8(g) and (h).

It is evident from Fig. 8 that the PO-SBAS results complete
quite nicely those obtained via the classical SBAS-DInSAR.
Moreover, in the common areas, we have computed the stan-
dard deviation of the difference between the SBAS-DInSAR
and the PO-SBAS deformation time-series. The histogram of
the standard deviation, plotted in Fig. 9, shows a mean value
of about 12 cm. By assuming a standard deviation of about
1 cm for the SBAS-DInSAR measurements [23], this further
confirms that a range PO accuracy on the order of 1/30th of a
pixel represents an appropriate estimate.

V. DISCUSSION AND CONCLUSION

We present in this paper a new approach to investigate
the temporal evolution of large and/or rapidly varying surface
deformation phenomena, from a sequence of SAR images
acquired at different times. In particular, we analyze the am-
plitude of the available images that are coupled into small
baseline pairs, similar to the SBAS-DInSAR approach. From
the amplitude of the selected pairs, we estimate the relative
range and azimuth amplitude POs through the NCC algorithm
implementation provided by the AMPCOR Fortran routine of
the ROI_PAC software. Subsequently, by following the same
strategy as the SBAS-DInSAR technique, we retrieve the de-
formation time-series via a SVD-based inversion of the PO
measurements computed for both range and azimuth directions.

We first remark that, at least in principle, the POs computed
through cross-correlation analysis carried out on the amplitude
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Fig. 8. PO-SBAS time-series obtained by imposing a 64 x 64 matching window size and an oversampling factor of 64. (a)—(f) comparison between the GPS
time-series (red line) and the PO-SBAS measurements (black triangles) along the range and azimuth directions, in correspondence to the three GPS station labeled
as GV02, GV04, and GVO05 [see Fig. 7(a)]. The standard deviations of the difference between the two measurements are also reported. (g) PO-SBAS range
deformation patterns retrieved in correspondence to the October 2005 eruption. (h) Same as (g) but for the azimuth direction.

component of the SAR image pairs could be replaced by alter-
native solutions, such as the multiple aperture interferometry
system [45]. In other words, the PO-SBAS approach needs
robust offset estimates at the scale of the pixel (or significant
fraction of it), but it is not necessarily “locked” to the exploita-
tion of the amplitude image information.

The PO-SBAS technique we present has been applied to
an ENVISAT data set relevant to the Sierra Negra caldera,
Galdpagos Islands. The retrieved deformation time-series show
the capability of this technique to detect and measure the large
displacements affecting the inner part of the caldera that, in

correspondence to the October 2005 eruption, reached several
meters. Moreover, through comparison with independent infor-
mation available through GPS data, the PO-SBAS measure-
ments have been validated, leading to an estimated accuracy
on the order of 1/30th of a pixel in both range and azimuth di-
rections. Although these values are larger with respect to those
achievable through conventional SBAS-DInSAR analyses, the
PO-SBAS technique allows us to measure the displacements in
areas where deformation is on the order of the pixel dimension,
which is extremely critical for DInSAR analyses (see Fig. 1).
Accordingly, the PO-SBAS approach can be very effective for
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Fig. 9. Histogram of the standard deviation of the difference between the
SBAS-DInSAR and the PO-SBAS range deformation time-series computed in
the areas common to the two measurements.

the investigation of deformation phenomena affecting volcanic
and seismogenic areas. Indeed, this approach allows retrieving
spatially dense measurements in the near field of the deforma-
tion pattern, as shown for the Sierra Negra caldera test case.
Another advantage of the PO-SBAS technique is its capability
to easily generate along-track displacement time-series (mostly
North—South), which are typically not retrieved with the cur-
rently available space-based DInSAR techniques.

The proposed approach can be trivially integrated with the
conventional SBAS-DInSAR procedure to fully exploit both the
phase and amplitude information available through the complex
SAR data, in order to deeply investigate the temporal evolution
and the spatial extent of the deformation process. Moreover,
the PO-SBAS estimates can be further exploited to properly co-
register the SAR data pairs, thus “restoring” the possibility of
generating interferogram sequences by following the rationale
proposed by [32] for a single interferogram.

We do not expect that our approach should critically depend
on the deformation pattern peculiarities, if the investigated
phenomena preserve the SAR amplitude image characteristics
and are sufficiently spatially extended. On the other hand, we
are aware that the presented results are focused on a single
case study. Hence, it is certainly worthwhile for future analyses
the investigation of other test areas characterized by large
deformation dynamics, in order to assess for which kind of phe-
nomena the proposed technique is appropriate. In this context,
however, it is worth remarking that the deformation retrieval
capability of the PO measurements obviously improves when
the azimuth and range spatial resolution increases, which is the
case of the new high-resolution SAR systems, such as ALOS
PALSAR, TerraSAR-X, and COSMO-SkyMed. Therefore, the
application of techniques like the proposed PO-SBAS approach
may open new scenarios in the analysis of the Earth’s surface
displacements.
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APPENDIX

We provide in this section some analytical details of the
algorithm implemented by the AMPCOR routine, which is
available in the ROI_PAC software distribution [38].

Let us start by considering two SAR images, we refer to as
Reference (R) and Search (.S) respectively, that we assumed
are already co-registered (at least) for a rigid offset. On R, we
identify a grid of pixels for which the POs will be estimated.
Note that, at least in principle, it is possible to calculate the
PO for every image pixel, although for many applications it is
enough to consider a sparser grid, thus reducing the computing
time.

Subsequently, the matching windows surrounding each iden-
tified pixel are extracted from the two images to be exploited
in the PO computation, being X and Y the window dimensions
along the range and azimuth directions, respectively.

Once all the matching windows have been identified in the R
and S images, the normalized cross-correlation between their
amplitudes is computed. In particular, the inner product of the R
image with the S image is calculated, the latter being iteratively
shifted along range and azimuth; the applied shifts (offsets),
say 4 and j, respectively, belong to the intervals —N/2 < i <
N/2and —M /2 < j < M /2. Note that for each applied offset
a correlation value is computed, thus permitting calculation of
the corresponding matching correlation surface (M C'S), whose
ith and jth element for the generic pixel of range and azimuth
coordinates (z,y) is the following:

g o
MCS(i,j) = —25 (A1)
OROS, ;
where
XY )
> |R(z,y)]
op — z=1,y=1 9
R Xy KR
XY )
12 1|S<oc+z,y+y>|
r=1y=
05, = o - u%m (A2)

are the standard deviation values for the R and S amplitude
images, respectively, computed on the matching window pixels.
Moreover

XY
|R(z,y)
rz=1,,y=1
KR = XY
XY
2 ISyt
rx=1,y=1
L= A3
HS; v (A3)
are the corresponding mean values and
XY . .
> Ryl |S(@+iy + )
r=1,y=1
ORS;; = XY — HRHS;
(A4)
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Fig. 10. AMPCOR routine flowchart.

the covariance term. Note that the analyzed images are always
oversampled by a factor of two, allowing offset estimates to
half a pixel. Moreover, the matching algorithm is time-domain-
based, in order to analyze data also presenting some “holes”
(i.e., missing pixels).

After computing the M C'S, its peak position is identified,
providing a first estimate of the required PO; the obtained
MC'S is then oversampled (typically by a factor of 32 or 64)
and interpolated via a sinc function around its peak. Accord-
ingly, it is possible to search for the position of the correlation
peak on a subpixel basis, giving us the final PO estimates.

In addition to the offset measurements, an estimate of their
accuracy is also assessed; it depends on the noise level

n=1—max(MCS) (A5)
and on the curvature of the correlation surface around its peak,
with sharper peak shapes indicating more reliable offset esti-
mates. More formally, the accuracy of the offset measurements
is assessed by considering the covariance matrix, say V, which
in our case is a function of the local noise level and of the M C'S
Hessian matrix.

The covariance matrix is expressed as follows:

2
— Oz Oxy
yx Yy
where the main diagonal values represent the offset measure-
ment variances, providing an estimate of the retrieved offset

accuracy. Because no compact form for the expressions of the
V elements are available they have been omitted for brevity.

(AO6)
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Note also that in addition to V, the algorithm also provides
an estimate of the signal-to-noise ratio (SNR). It is represented
by the ratio of the correlation surface’s peak to the mean of the
surrounding values, i.e.,

2
SNR — max(MCS?)

N,M (A7)
[ >

MCS? (i,j):| —max(MCS?)
i=1,j=1

NM

Although the SNR is an indicator of matching accuracy, it
usually is not a robust metric and it is impossible to identify
absolute thresholds that work well, even for the same type of
imagery. Accordingly, this information is typically used only
to remove bad matches but it cannot be exploited to assess the
estimated offset accuracy.

The above discussed procedure, illustrated in the flowchart
of Fig. 10, is repeated for each pixel of the selected grid,
permitting us to retrieve a map of the residual POs with the
corresponding variances.
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