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Abstract Multiple-aperture SAR interferometry (MAI)
has demonstrated outstanding measurement accuracy of
along-track displacement when compared to pixel-offset-
tracking methods; however, measuring slow-moving
(cm/year) surface displacement remains a challenge. Stack-
ing of multi-temporal observations is a potential approach
to reducing noise and increasing measurement accuracy,
but it is difficult to achieve a significant improvement by
applying traditional stacking methods to multi-temporal MAI
interferograms. This paper proposes an efficient MAI stack-
ing method, where multi-temporal forward- and backward-
looking residual interferograms are individually stacked
before the MAl interferogram is generated. We tested the per-
formance of this method using ENVISAT data from Kilauea
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Volcano, Hawai ‘i, where displacement on the order of several
centimeters per year is common. By comparing results from
the proposed stacking methods with displacements from GPS
data, we documented measurement accuracies of about 1.03
and 1.07 cm/year for the descending and ascending tracks,
respectively—an improvement of about a factor of two when
compared with that from the conventional stacking approach.
Three-dimensional surface-displacement maps can be con-
structed by combining stacked InSAR and MAI observations,
which will contribute to a better understanding of a variety
of geological phenomena.

Keywords Along-track displacement -
SAR interferometry - MAI - Stacking - Kilauea Volcano

1 Introduction

Interferometric synthetic aperture radar (InSAR) is a power-
ful technique for measuring surface displacement (Masson-
net et al. 1993; Amelung et al. 2007; Sandwell et al. 2008;
Lu et al. 2010; Zhang et al. 2012), but its ability is limited
to the radar line-of-sight (LOS) direction. Multiple aperture
SAR interferometry (MAI), which can measure displace-
ment in the along-track direction (perpendicular to the LOS
direction), was proposed by Bechor and Zebker (2006) and
improved by Jung et al. (2009) to overcome the limitations of
conventional InSAR and can even be used to retrieve three-
dimensional surface motion (Jung etal. 2011; Huetal. 2012).
The MAI method, which uses split-beam InSAR processing
to create one forward- and one backward-looking interfero-
gram and then constructs a multiple-aperture interferogram
(designated an MAI interferogram within this paper) by sub-
tracting the backward-looking interferogram from forward-
looking interferogram, has achieved an improvement in mea-
surement accuracy compared to other methods for measur-
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ing along-track displacement, such as pixel offset tracking
(Fialko et al. 2001; Jonsson et al. 2002).

The original MAI method had an along-track measure-
ment accuracy of about 6.4 cm for ERS data (Bechor
and Zebker 2006), which is about an order-of-magnitude
coarser than the sub-centimeter accuracy of conventional
LOS InSAR. For that reason, MAI has been used primarily
for measuring large-scale displacement, such as that due to
earthquakes, volcanic eruptions, or glacier movement (Jung
et al. 2011, 2013b; Mcmillan et al. 2012). More recently,
Jung et al. (2011) achieved an MAI accuracy of approxi-
mately 3.6 cm while using ALOS PALSAR imagery to mea-
sure along-track displacement during a dike emplacement
event at Kilauea Volcano, Hawai ‘i, in June 2007. Despite the
enhancement in MAI performance, it is still challenging to
measure surface displacements that are on the order of a few
centimeters per year.

Multi-temporal InNSAR (MTInSAR) approaches, which
can be divided into stacking and time-series approaches,
enable us to reduce noise in measuring surface displace-
ments. Stacking is a simple and often-used method to
improve the measurement accuracy of LOS displacements
(Wright et al. 2001; Lyons and Sandwell 2003) because
the procedure suppresses randomly distributed noise (due to
atmospheric effects, for instance) and enables the identifica-
tion of relatively small displacements. Time-series analysis
has been widely used for the precise measurement of LOS
displacements because it allows for a better separation of sig-
nal and noise compared to the stacking method (Ferretti et al.
2001; Berardino et al. 2002). In the case of non-random sea-
sonal variations of the atmospheric signal, however, MTIn-
SAR time-series methods can be biased due to uneven data
sampling (Doin et al. 2009; Jo et al. 2010). Like the stacking
approach for conventional interferograms, stacking of multi-
temporal MAI observations can improve the resolution of
along-track surface motion, which makes it possible to iden-
tify relatively small displacements. But what is the optimal
approach for MAI stacking, and what levels of accuracy can
be achieved?

We propose an efficient stacking method for multi-
temporal MAI (MtMAI) observations that aims to improve
measurement of slow-moving along-track surface displace-
ments (on the order of a few centimeters per year). This
stacking method is designed to maximize the coherence
of sub-aperture interferograms. We demonstrate the perfor-
mance of the proposed method using ascending and descend-
ing ENVISAT ASAR data from Kilauea Volcano, Hawai i,
acquired during 2007-2010—a time period that includes
along-track displacement rates on the order of several
cm/year. Comparison of displacement velocities from our
stacked MAI data with those from GPS confirms the high per-
formance of the proposed stacking method. These data can
be used to construct 3-D surface-displacement maps, thereby
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providing information to support a better understanding of
a wide variety of geological phenomena. In addition, this
stacking method can be extended to derive displacement time
series for along-track surface motion—another key piece of
information useful for interpretations of geologic processes.

This paper is organized as follows: Section 2 introduces
the principles of MAI and explains the proposed MAI stack-
ing algorithm in detail. Section 3 describes performance
results of the proposed method from ENVISAT descending
and ascending pairs. Discussion and Conclusions follow in
Sect. 4.

2 Methodology
2.1 Brief introduction to the MAI technique

As defined by Bechor and Zebker (2006) and Jung et
al. (2009), MALI utilizes sub-aperture single-look-complex
(SLC) images (forward- and backward-looking) to measure
along-track surface displacement. Four SLC images are con-
structed from two raw SAR scenes by modification of the
Doppler Centroid, and then two pairs of interferograms are
generated. Along-track surface displacements measured by
MALI can be defined as Bechor and Zebker (2006)

4

PMAL = ¢f — Pp = - (D

where ¢ and ¢y are the forward- and backward-looking
interferometric phases, respectively, / is the effective antenna
length, x is the along-track surface displacement, and 7 is the
fraction of the full-aperture beam width that is a normalized
squint. From Eq. (1), the measurement sensitivity of MAI is
primarily a function of the antenna length. In the case of half-
aperture processing (n = 0.5), a phase change of 2w would
be equivalent to 8.9 and 10 m of along-track displacement
for ALOS and ERS/ENVISAT, respectively. The forward-
and backward-looking interferometric phases are indepen-
dent variables; therefore, the standard deviation of the MAI
phase, o, MmAlL as given by Jung et al. (2009) [based on the
previous definition by Rodriguez and Martin (1992)] is

1 1 —p2
Op,MAI ~ _—
Y ~NL P

where Ny, is the number of looks to be averaged and p is the
interferometric coherence (Zebker and Villasenor 1992). The
standard deviation of the interferometric phase, in contrast,
is a function of coherence, which is heavily influenced by
the signal-to-noise ratio (SNR), spatial decorrelation due to
the imaging geometry of the SAR, temporal decorrelation,
and other effects (Zebker and Villasenor 1992). The standard
deviation of the MAI phase can thus be represented in terms
of uncertainties on the along-track displacement based on
Eq. (1), which is
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l
4 - n
where o, Mma1 is the uncertainty in the along-track displace-
ment.

Ox,MAI = Oy, MAILs 3)

2.2 A proposed MALI stacking algorithm

The accuracy of MAI displacement is a function of phase
noise as well as phase distortions induced by differences
in the perpendicular baseline between the forward- and
backward-looking interferograms. Phase distortions induced
by heterogeneous atmospheric conditions reduce the mea-
surement accuracy of interferograms (Jo et al. 2010; Liu
et al. 2014). In the case of MAI, atmospheric phase delays
related to water vapor are removed by cancelation between
the forward- and backward-looking interferograms (Bechor
and Zebker 2006). The ionospheric effect, however, remains
problematic. Stacking of multi-temporal MAI observations
is one solution, along with other methods (Jung et al. 2013a;
Liu et al. 2014), for minimizing noise in MAI-derived dis-
placement measurements.

Like conventional InSAR stacking, conventional MAI
stacking averages all available MAI interferograms.

N N
DAL (x) = ﬁ > a0/ DAL, @
i=1

i=1

where vpap(x) is the along-track velocity, N is the number
of MAI interferograms, and ¢ and Ar'are the phase value
and time duration, respectively, of the ith MAI interfero-
gram. A more rigorous approach can be carried out using the
weighted least-squares solution (Simons and Rosen 2007).
This method, however, did not show a significant improve-
ment in resolution for along-track slow-moving surface dis-
placement over individual MAI interferograms. In particu-
lar, conventional MAI stacking does not improve measure-
ment ability in low-coherence regions. The accuracy of MAI
depends largely on the phase noise of the forward- and
backward-looking interferograms. This means that enhanc-
ing coherence of the forward- and backward-looking interfer-
ograms will lead to improvement of MAI measurement accu-
racy. Jung et al. (2009) found that filtering and multilooking
of the individual forward- and backward-looking interfero-
grams achieved better results than applying the same filtering
and multilooking to the derived MAI interferogram because
the coherence of the derived MALI interferogram is worse
than that of the sub-aperture interferograms. Figure 1 shows
a comparison between coherence values of MAI interfero-
grams and those of forward- and backward-looking interfer-
ograms from a descending ENVISAT track over Kilauea Vol-
cano. The slope of dashed line between two values is 1, and
itis clear that the coherence values of all measured points are
higher for the forward- and backward-looking interferograms
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Fig. 1 Comparison of coherence values between MAI and sub-
aperture (forward- and backward-looking) interferograms from
descending-orbit data (track 429)

than for the derived MAI interferogram, especially at low
levels of coherence. In addition, the MAI coherence level is
improved when the sub-aperture interferograms that are used
to make the MAI image have higher coherence values. A few
points showing similar coherence from sub-aperture interfer-
ograms and MAI interferograms result from the boundaries
between low and high coherence regions. These points are
distributed mostly between coherence levels of 0.6 and 0.7,
as seen in Fig. 1.

From this result, we presumed that the coherence level of
MAL interferograms is closely related to the coherence lev-
els of sub-aperture interferograms. It would be expected that
the higher level of coherence for sub-aperture interferograms
should lead to an improvement in the resolution of along-
track displacements because the coherence value is crucial
for determining the measurement accuracy of the MAI inter-
ferogram; thus, it is important to maximize the coherence of
sub-aperture interferograms.

The core of the proposed stacking method for improving
the resolution of MtMALI observations is to use the residual
forward- and backward-looking interferograms for creating
the MAI interferogram. Residual forward- and backward-
looking interferograms are generated by removing low-
frequency signals using the full-aperture interferogram, and
they only contain the noise and signal due to the modified
squint angle. Using residual interferograms enables us to
avoid the unwrapping errors in areas that have a large phase
gradient (Sandwell and Price 1998). More details on the use
of residual sub-aperture interferograms are given in Sect. 2.3.

In addition, we propose to simplify the processing
of MtMALI stacks by creating two independent stacks of
forward- and backward-looking interferograms before sub-
traction of two stacks to form a final MAI interferogram.
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This robust time-saving procedure implements the MAI-
generation step only once.

We, therefore, propose an approach for stacking multi-
temporal MAI interferograms in which the residual forward-
and backward-looking interferograms are stacked indepen-
dently before being combined to create an MAI interfero-
gram:

! Al
VMAI(X) = AT on [[Z‘b}.res(x)]
i=1
N . N )
S D F)
i=1 i=1

where d);_res and qb;;.res are the interferometric phase of
ith residual forward- and backward-looking interferograms,
respectively.

The theoretical errors in multi-stacked MAI observations
are represented using Eq. (5). Assuming that individual MAI
interferograms are statistically independent, stacking inter-
ferograms should theoretically reduce the noise by a factor of
1/+/N for independent interferograms relative to one another
(Strozzi et al. 2001). As a result, the predicted estimation
error o, Mal introduced by MAI stacking can be represented
by Bechor and Zebker (2006) and Strozzi et al. (2001):

l \/N'U¢,MAI
dw - n ZlNzl NL

Oy, MAI = (6)
where o, Ma1 is the phase standard deviation of a single MAI
interferogram that is defined in Eq. (2). If the time dura-
tions of all interferograms are exactly identical, the term
\/N/ ZlNzl At! can be rewritten as 1/(\/N - At), which
indicates that the estimation error is reduced by a factor of
1/ V/N.In practical terms, o, M1 can be calculated from the
mean coherence value of all MAI interferograms because the
coherence values of all interferograms may be different with
respect to one another.

2.3 Data processing for the proposed MAI stacking

We introduce the processing procedure for the proposed
MtMALI stacking method in this section. The method aims
to maximize the coherence of MAI by reducing the forward-
and backward-looking InSAR phase noise, thereby improv-
ing MAI measurement accuracy. The main steps of MtMAI
are summarized as follows:

1. Generation of stacked residual forward- and backward-
looking interferograms.

2. Generation of the stacked MAI interferogram from the
stacked forward- and backward-looking interferograms.

3. Correction of residual phase distortion induced by base-
line differences between forward- and backward-looking
interferograms (Jung et al. 2009).

The detailed processing procedure of MtMAI from SLC
images to final MAI interferogram is the following as shown
in Fig. 2. In the first step, a total of four sub-aperture images
(two forward- and two backward-looking SLC images from
tworaw SAR scenes) are generated from the SAR raw signals
by modifying the Doppler Centroid on the azimuth spectra
of the master and slave acquisitions. Full-aperture master
and slave images with average Doppler Centroid are also
generated for constructing residual forward- and backward-
looking interferograms. This step is an azimuth common-
band filtering for improving coherence as well as compu-
tation efficiency (Jung et al. 2009). The sizes of sub- and
full-aperture SLC images from the same raw data are iden-
tical. The details of the Doppler Centroid and bandwidth of
sub- and full-aperture SLC images are described in Jung et
al. (2009). After preparing the SLC images, forward- and
backward-looking interferograms are generated from those
data. During this step, multilooking of the sub-aperture inter-
ferograms is carried out in the range and azimuth directions to
reduce the phase noise of each interferogram. To remove the

T SLC images
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Fig. 2 Diagram for the processing procedure of the proposed MAI stacking method
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topographic phase, a digital elevation model derived from
3-second Shuttle Radar Topography Mission (SRTM) data
was used to simulate the topographic phase contribution in
the InSAR geometry and was subtracted from the interfero-
grams. A full-aperture interferogram is generated in the same
way. In this study, single-look-complex images and interfer-
ograms were generated using the GAMMA Modular SAR
Processor from Gamma Remote Sensing in Switzerland. All
processing steps from raw data to MATl interferogram are per-
formed in the radar coordinate system using complex-format
data. After generating a final MAI interferogram, that image
is unwrapped using a minimum cost flow (MCF) algorithm
by Costantini (1998) and transformed to a geographic coor-
dinate system.

The key steps of the MtMAI procedure are genera-
tion of residual forward- and backward-looking interfero-
grams, which are formed by removing the phase of the
full-aperture interferogram from the phases of the sub-
aperture interferograms, and individual stacking of forward-
and backward-looking interferograms by multiplication of
the complex-formatted residual interferograms. The sub-
aperture interferograms and full aperture interferogram have
similar phase patterns due to the overlapping signals, espe-
cially the topographic phase. In the residual forward- and
backward-looking interferograms, therefore, remaining sig-
nals represent important surface motion data since the other
phase components have been removed. For generation of the
residual sub-aperture interferograms, phase filtering of the
full-aperture interferogram by Goldstein and Werner (1998)
is performed three times with a progressively decreasing
window size (from 128 to 64 to 32 pixels). The filtered
full-aperture interferogram contains only low-frequency sig-
nal with minimal noise and was used to create residual
forward- and backward-looking interferograms. A second
multilooking was then performed on the residual forward-
and backward-looking interferograms.

Individual stacking of forward- and backward-looking
interferograms is a noteworthy step of the processing proce-
dure. This step will not only emphasize the surface displace-
ment by reducing unwanted noise, but will also simplify the
stacking procedure by implementing the unwrapping process
only once.

In the final step, a stacked MAI interferogram is obtained
by complex conjugate multiplication of stacked forward- and
backward-looking interferograms. This MAI interferogram,
however, contains phase distortions due to flat-Earth and
topographic effects that are induced by baseline differences
between the forward- and backward-looking interferograms.
The baselines of the forward- or backward-looking interfero-
grams in stacked states are average values of all the forward-
or backward-looking interferograms used for the stacking
process. Correction of residual phase distortion was carried
out by using the method in Jung et al. (2009).

3 Application and results
3.1 Measurement of along-track displacement

The proposed MAI stacking algorithm was applied to mea-
sure surface displacements at Kilauea Volcano, on the Island
of Hawai’i (Fig. 3). Kilauea is one of the most active volca-
noes in the world, with a fluctuating supply of magma from
a mantle plume feeding two eruptions—one along the vol-
cano’s East Rift Zone (active since 1983) and another at the
summit (ongoing since 2008) (Poland et al. 2012). Moni-
toring surface displacement at Kilauea is critical for infer-
ring characteristics of magma supply, storage, and transport.
As shown in Fig. 3, surface motion at Kilauea occurs at the
summit, along the East and Southwest Rift Zones (ERZ and
SWRZ, respectively), and on the south flank. While transient
displacement of the summit and rift zones is often related
to magmatic intrusions and eruptions, displacement of the
south flank is due to creep along a basal décollement fault
and is punctuated by discrete, quasi-regular slow-slip events
(Montgomery-Brown et al. 2009, 2010).

To test the performance of the proposed MAI stacking
method, we used two tracks of ENVISAT ASAR data, includ-
ing 11 acquisitions from a descending orbit (track 429) and 10
acquisitions from an ascending orbit (track 93). Both tracks
cover almost the same time period, from July 2007 to Octo-
ber 2010. During this period, displacement of Kilauea was
characterized by gradual subsidence of the summit and rift
zones, as well as steady seaward motion of the south flank
[including a slow slip event in 2010 (Poland et al. 2010)].
MALI stacking made use of the raw data from the SAR acqui-
sitions, and topographic effects were removed using SRTM
elevation data (Farr et al. 2007). The pixel spacing of the
ENVISAT SLC images is approximately 8§ m in range and
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Mauna Loa
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Fig. 3 Shaded relief map of Kilauea and Mauna Loa volcanoes,
Hawai‘i. Small open circles indicate the positions of continuous GPS
stations, and black arrows represent the magnitudes and directions of
horizontal displacements during 2007-2010. ERZ East Rift Zone, SWRZ
Southwest Rift Zone
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Table 1 Interferometric pairs of ascending and descending orbit data
with perpendicular baselines used in this study

Ascending (path 93) Descending (path 429)

Acquisition date B; (m) Acquisition date B; (m)
20070723_20100329 —85 20070711_20100317 127
20070723_20100607 —124  20070711_20100526 10
20071001_20100503 —155 20070711_20100630 139
20071001_20100607 —17  20070711_20100804 —78
20080324_20100329 —117  20080312_20100526 63
20080324_20100607 —156  20080312_20100630 192
20080428_20100329 —54  20080416_20100210 215
20080428_20100607 -93 20080416_20100526 —119
20080811_20100329 —54  20080625_20100210 138
20080811_20100503 —230  20080625_20100526 —197
20080915_20100503 —80  20080730_20100210 134
20090413_20100503 —83 20090225_20100210 58

4 m in azimuth. Multilooking factors of MAI interferograms
are 4 and 20 in the range and azimuth directions, respec-
tively. A total of 12 interferograms, chosen to minimize per-
pendicular baselines, were generated for each track. All the
interferometric pairs used for this study are listed in Table 1.
Most of the perpendicular baselines are less than 100 m, and
the maximum value was limited to 230 m for both ascend-
ing and descending tracks. Temporal baselines reach up to
3 years to amplify the surface displacements. An along-track
displacement-rate map generated by conventional stacking of
separate MAI interferograms was also completed for com-
parison against the new stacking method.

GPS time-series for 36 stations on Kilauea (Fig. 3) dur-
ing 2007-2010 were collected to evaluate the performance
of proposed MALI stacking method. The GPS data were cor-
rected for Pacific Plate motion by subtracting the horizontal
displacements from a site on Mauna Kea, where no volcanic
deformation is occurring, and the along-track component of
surface motion was calculated from the east and north com-
ponents of the GPS displacements. Only GPS stations located
in areas where coherence in the MAI interferogram was 0.7
or greater were used for the comparison.

Figure 4a, b shows the along-track displacement-rate maps
generated from descending orbit data using both the con-
ventional (Fig. 4b) and proposed (Fig. 4a) MAI stacking
methods. Regions with coherence less than 0.7, including
most of the north area of Kilauea’s ERZ, were masked
out because low-coherence areas do not provide reliable
measurements of surface displacements. Results from the
two MALI stacking methods show similar displacement pat-
terns, but noise is noticeably reduced by the proposed stack-
ing method (Fig. 4a), particularly near the low-coherence
areas. Unlike the conventional method, clear displacements
in opposing directions can be seen at the summit and ERZ of
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Kilauea in the results of the proposed method. The displace-
ment patterns are consistent with GPS measurements shown
in Fig. 3, as well. At the summit of Kilauea, along-track
surface displacement rates suggest deflation due to negative
volume change at depth, while southeast-directed displace-
ments are observed on the south flank of the volcano. Sim-
ilar to the descending results, along-track displacement-rate
maps from ascending data show the improvement from the
proposed stacking method (Fig. 4c, d)—noise is noticeably
reduced and displacements are clear from the results of the
proposed stacking method.

Figure 5 shows the coherence maps of the stacked MAI
interferograms estimated by the proposed and conventional
stacking methods from boxes A and B of Fig. 4. The coher-
ence maps for the ascending acquisitions are seen in Fig. Sa,
c, e, g, and those of the descending acquisitions are shown
in Fig. 5b, d, f, h. Since the coherence is a crucial fac-
tor controlling the measurement accuracy, the coherence
analysis provides valuable information concerning the per-
formance of the proposed method. Box A is the summit of
Kilauea volcano (Fig. 5a—d) and box B is the lava flow field
extending south from Pu‘u ‘O‘6 Crater (Fig. Se-h). These
areas were selected to show the large difference between
the two stacking methods. The coherence maps from the
proposed method preserve high coherence values around
Kilauea Caldera (Fig. 5a, b) and the lava flow field (Fig. Se, f),
while those from the conventional method have lower coher-
ence values (Fig. 5c, d, g, h). These results demonstrate the
remarkable improvement in measurement accuracy of the
MALI velocities at those areas compared to the conventional
method (see the boxes A and B of Fig. 4).

Figure 6 shows the coherence histograms of MAI inter-
ferograms generated by four types of the different stack-
ing approaches, allowing for a more quantitative identifica-
tion of coherence improvement. As shown in Fig. 6, simi-
lar results were obtained from both the ascending (Fig. 6a)
and descending (Fig. 6b) interferometric pairs. Most his-
tograms show a bi-modal distribution, except for the results
that were not filtered or multi-looked. The peaks of the coher-
ence histograms close to 1 come from the SWRZ and south
flank region because those areas showed the coherent sig-
nals from both the conventional and proposed methods. The
large differences among the histograms are due to secondary
peaks, which are derived from low-coherence regions. The
second peak in the proposed stacking method is close to
about 0.7—much higher than those of other methods (see
Fig. 6). The higher coherence indicates that the proposed
method improves the measurement accuracy of the along-
track displacements. In addition, if the residual images are
not used in the proposed MALI stacking, the coherence his-
togram is very similar to the conventional stacking method
as shown in Fig. 6a, b. The two methods have secondary
peaks with coherence values of about 0.3. If the phase fil-
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= GPS Station

Fig. 4 Comparison between the results of the proposed and conven-
tional MAI stacking methods using ENVISAT ASAR data obtained
from descending track 429 and ascending track 93, both beam mode 2
and spanning July 2007—-August 2010. a, ¢ Along-track displacement-
rate maps at Kilauea were generated using the proposed stacking method
from tracks 429 and 93, and b, d the conventional method from tracks
429 and 93. Regions with coherence less than 0.7 were masked (gray

tering and multi-looking approaches are not applied to the
conventional stacking at all, the coherence histograms show
normal distributions with a mean of about 0.2 (see Fig. 6).
The results demonstrate the effectiveness and importance of
the use of residual phase, phase filtering, and multi-looking
in the proposed method.

To quantify the measurement accuracy of the proposed
stacking method, we compared results with GPS measure-
ments (Fig. 7a). A total of 20 GPS stations were located in
areas where coherence was greater than 0.7 in the descending
InSAR pair. The result of the proposed MAI stacking method
(Fig. 7a) is clearly more consistent with GPS-derived dis-
placements, compared to the displacements calculated from
the conventional stacking method (Fig. 7b). The RMS error
by the difference between GPS velocities and along-track
velocities are 1.03 and 2.08 cm/year for the proposed and con-
ventional methods, respectively (for measurements within
20). Remarkably, the estimated accuracy of the proposed
method is an improvement of about a factor of two compared

areas). The arrows in the corners of the maps indicate the flight and
line-of-sight (LOS) direction of the satellite. Colors indicate movements
toward (positive values) or away from (negative values) the flight direc-
tion. GPS stations used in this study are displayed as small points. The
dashed areas, A and B, indicate the sub-region showing coherence map
in Fig. 5

to the conventional stacking approach. The accuracy of the
conventional stacking method was improved as well when
compared to previous studies using a single MAI pair, but
substantial variance in along-track velocities makes the mea-
surements unreliable. The error bars for MAI velocities were
calculated from the standard deviation of MAI velocities
using a window size of 3 x 3. In Fig. 7a, b, a large decrease of
standard deviation is noticeable when comparing the results
of the two stacking methods. The mean standard deviations of
the measurements by the proposed and conventional methods
are 0.17 and 0.66 cm/year, respectively, for descending data,
as summarized in Table 2. The proposed method reduced the
noise by 25.7 % from the conventional method. Similar to the
result of the descending data, the standard deviations of the
measurements by the proposed and conventional methods are
0.18 and 0.74 cm/year, respectively, for ascending data. Com-
parison with data from 20 GPS stations located in regions
with coherence greater than 0.7 quantifies the improvement in
measurement accuracy (Fig. 8)—RMS error is 1.07 cm/year
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Fig. 5 Coherence maps of stacked MAI interferograms calculated by
the proposed and conventional stacking from boxes A and B of Fig. 4:

a, b the proposed and ¢, d conventional methods for the ascending and

Fig. 6 Comparison between
coherence histograms of four
types of stacked MAI
interferograms for a ascending
and b descending
interferometric pairs

Fig. 7 a, b Comparison of
along-track displacement rates
measured from GPS and MAI
for the descending track using
the proposed method and the
conventional method. Twenty
GPS sites located in areas with
coherence greater than 0.7 were
used in the comparison
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for the proposed method and 2.13 cm/year for the conven-
tional method (Fig. 8a, b). The accuracies achieved by the
proposed and normal stacking method correspond to about
0.2 and 0.41 % of the azimuth resolution of the ENVISAT
data, similar to the levels of improvement of the descending
data.

The performance test of MAI stacks using two differ-
ent tracks of ENVISAT data compared to displacements
from GPS demonstrates that the proposed stacking method
is an effective means of measuring along-track displace-
ment. RMS error for the proposed method is approximately
1.0 cm/year, which is a remarkable improvement over other
along-track MAI or SAR pixel offset tracking displacement
measurements. We regard this accuracy as reasonable for
monitoring slow-moving surface motion in the along-track
direction. As with the proposed method, the conventional
stacking method shows an improvement when compared to
asingle observation, but it is difficult to observe slow-moving
surface motion due to the low accuracy and large standard
deviation of the MAI phase.

In Fig. 9a, b, we display the theoretical errors, estimated
using Eq. (6), for the regions with coherence greater than
0.7. The main factor controlling the uncertainty is coher-
ence. In other words, areas showing small uncertainty are
regions of high coherence—for instance, on Mauna Loa and
on the south flank of Kilauea. Areas around the ERZ and sum-

Table 2 Standard deviation and RMSE of along-track displacements
measured from the proposed and conventional MAI stacking methods

mit of Kilauea, on the other hand, show higher uncertainties
than other regions due to the loss of coherence induced by
the presence of vegetation and rapid, large-magnitude sur-
face displacements. We compared the theoretical uncertain-
ties and GPS-MALI residuals for both tracks of ENVISAT
data (see Fig. 9c, d). For the proposed stacking method, the
measured GPS-MALI residuals are smaller than the theoreti-
cal errors at most GPS sites. In addition, 40 % of the GPS
sites show GPS-MAI residuals of less than 1 cm/year in the
descending data, and about 70 % of the GPS sites meet this
criterion in the ascending data. The primary reason for the
smaller GPS-MALI residuals compared to theoretical uncer-
tainty is phase filtering of the interferograms, which is not
taken into account by the error calculation in Eq. (6).

3.2 Efficiency test for the proposed MAI stacking

To determine the effective number of MAI interferograms
needed for the proposed MAI stacking process, an assess-
ment test for the improvement of coherence and measure-
ment accuracy according to the number of MAI interfer-
ograms used for the stacking was completed. Results are
compared to those obtained from the conventional stacking
method. In this performance test, the number of MAI inter-
ferograms used for the stacking is increased from two to
eleven pairs. At each stacking step, MAI interferograms are
randomly sampled and stacked. This procedure is iterated
twelve times for the ascending and descending data, gen-
erating a total of twenty-four stacked MAI interferograms.
Twenty-four coherence maps are created from the stacked

Data set Proposed method Conventional method .
P MAl interferograms and used to calculate the mean and stan-
STD RMSE STD RMSE dard deviation of coherence values at each stacking step. The
(cm/year)  (cm/year)  (cm/year) —(cm/year) value and error bar in the graph of coherence versus number
Descending path  0.17 1.03 0.66 2.08 of stacked MAI interferograms (Figs. 10, 11) indicates the
Ascending path  0.18 1.07 0.74 213 mean and standard deviation calculated from the twenty-four
coherence maps in each stacking step.
Fig. 8 a, b Comparison of (a) (b)
along-track displacement rates 6 . — 6
measured from GPS and MAI 5 >
for the ascending track using the E o £ ,"‘
proposed method and the O 3 L 3 ) ‘
conventional method. Twenty - ; ¢+ ‘,"' g > ‘,o"
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coherence greater than 0.7 were = O 0 , o 9 o] . . e
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Theoretical Uncertainty Map

(c) ’;‘ 3 =
=~ p > 0 . 7 o"
(7)) E l/
§ 3 'l"
T <
S o 21
i
-t *
o © ‘ * " ""0
cE
< b '0' A *
=5 1 A
68| -
g 3
S - .
® 9
Q. "/ . R
L o0 * .
0 1 2 3

Theoretical Uncertainty (cm/yr)

Fig. 9 Comparison between theoretical uncertainties and measured
GPS-MALI residuals. a, b The first row gives theoretical uncertainty
maps calculated from multi-temporal MAI observations using Eq. (6)
for a descending and b ascending data sets. Smaller uncertainty val-
ues indicate regions of higher coherence. Graphs show comparison
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Fig. 10 Comparison of MAI coherence according to the number of
stacks between the proposed method (filled squares and diamonds) and

the conventional method (open squares and diamonds). The graphs
show a the mean coherence of the entire region and b the averaged
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coherence at GPS stations. In a, the coherence of the MAI reaches a
stable level (about 0.99) after a MAI stacking of 5 images by the pro-
posed method, while even a 12-image stack by the conventional method
do not improve coherence to this level
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Fig. 11 a Comparison of
measurement accuracy
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Figure 10a, b shows the improvement in coherence for the
stacked MAI interferogram using the conventional and pro-
posed methods. The squares in Fig. 10a represent the mean
coherence calculated from all pixels of the stacked MAl inter-
ferograms, while the diamonds in Fig. 10b show the mean
value calculated from the pixels at GPS stations. The coher-
ence value was calculated from MAI interferograms that had
been multi-looked (4 looks in range and 20 looks in azimuth)
and phase-filtered. As shown in the graphs (Fig. 10), the
coherence improvement by the two stacking methods shows
a substantial difference. The open squares corresponding
to the conventional stacking in Fig. 10a were not able to
reach a coherence value of 0.9 until five MAI interferograms
are stacked, although the coherence is steadily improved as
the number of MAI interferograms is increased. The filled
squares calculated from the proposed MAI stacking method,
on the contrary, reach high coherence much faster than those
of the conventional stacking method, presumably because
filtering and multi-looking to sub-aperture interferograms
before generating an MAI interferogram lead to significant
improvement in MAI coherence, as demonstrated by Jung et
al. (2009). The use of residual sub-aperture interferograms
also plays a role in this improvement.

The coherence values in Fig. 10b estimated at the GPS
station locations show higher levels than those of the entire
region from both conventional and the proposed MAI stack-
ing because GPS stations are generally located in areas of
low vegetative cover that tend to be very coherent. It can be
seen that the coherence by the conventional stacking reaches
the level of the proposed MAI stacking when a large num-
ber of images are stacked, while there is a notable difference
in coherence between two methods when a small number
of images are stacked. The difference in coherence between
the two stacking methods is less than 0.01 when 10 pairs
are stacked. This slight difference, however, corresponds to
a measurement error of about 1.0 cm based on Egs. (2) and
(3). The difference becomes larger when the number of avail-

8

10 12 2 4 6 8 10

Number of Stack

12

able stacks decreases. One can expect to obtain the mea-
surement accuracy about 2.0 and 1.0 cm/year by the con-
ventional stacking and proposed MAI stacking, respectively,
from the coherence values of GPS stations when stacking
over 10 pairs.

Figure 11a shows the variations in MAI displacement
errors by the conventional stacking (open squares) and pro-
posed MAI stacking (filled squares) according to the number
of stacks. Measurement errors were calculated using GPS
measurements at 36 stations. As a result of the evaluation, it
is clear that there is a substantial difference in the error level
between the two stacking methods. The errors from the pro-
posed MAI stacking are less by a factor of two compared with
those of the conventional stacking. In addition, the error level
of the proposed MAI stacking is below the theoretical calcu-
lation, and the difference in the error level is reduced accord-
ing to the number of stacked data. The proposed MAI stack-
ing method thus achieves efficient results for stacking even
with a small number of pairs. Figure 11b is an enlargement
of the measurement errors for the shaded part in Fig. 11a. As
shown in the plot, a decrease of displacement errors relative
to the GPS measurements is recognized until 6-7 pairs are
stacked by the proposed MALI stacking, but stacking more
than 8 pairs does not lead to further improvement in terms of
measurement accuracy. The standard deviation, on the other
hand, continuously improves with an increasing number of
stacks. The minimum error level by the proposed MAI stack-
ing is about 1.4 cm/year when stacking about 10 pairs.

The dashed line in Fig. 11a represents the theoretical error
of the stacked MALI interferogram calculated from Eq. (6).
The slope of the variation decreases with an increased the
number of stacks. The measurement errors from conventional
stacking generally follow the theoretical errors until only a
few MALI interferograms are stacked. However, similar to
the proposed MAI stacking, the errors are no longer reduced
by the conventional stacking process after reaching an error
level of about 3.5 cm/year.
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We presume that the stabilization of the error reduction
for the conventional and proposed MALI stacking methods
are mainly due to the dependence between interferometric
pairs that include the same master or slave images. In an
ideal case, there should be no dependence between individ-
ual images to suppress randomly distributed noise. The total
number of SAR data used for this performance test is, how-
ever, only 11 and 10 scenes from descending and ascend-
ing orbits, respectively; thus, measurement error may not be
minimized because SLC images are used repeatedly when
more than five or six interferograms are stacked. Despite
this restriction, the proposed MAI stacking shows an accept-
able level of accuracy about 1.5 cm/year or less even when
comparatively few interferograms are stacked. The proposed
MALI stacking method, therefore, is effective for measuring
slow-moving displacements in the along-track direction.

3.3 Determination of 3-D displacements

Following previous studies (Wright et al. 2004; Jung et al.
2011), we generated three-dimensional (3-D) displacement-
rate maps by combining multi-stacked InSAR and MAI dis-

Fig. 12 3-D surface-displacement maps derived from combining
multi-stacked InSAR and MAI displacements from ascending and
descending orbits: a east, b north, and ¢ up components of 3-D dis-
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placements from ascending and descending orbits (Fig. 12).
We have two multi-stacked InSAR and MAI observations
that we use to determine the east (ue), north (u,), and up
(uy) components of surface displacement velocities. The
measured LOS displacement djos can be decomposed to the
satellite look vector (Fialko et al. 2001):

[tn sin ¢ — ue cos @] sin O + uy cos 0 = dos, @)

where ¢ is the satellite’s track angle (measured from the
north) and 6 is the radar incidence angle at the scattering
point. The measured along-track displacement dyag is rep-
resented as

Uy COS @ + Ue SIN P = dpa]- ®)

Since we have only two observation values (from ascend-
ing and descending orbits) for Eq. (7), 3-D displacement
components cannot be obtained due to a rank deficiency.
We, therefore, first calculated the north component of 3-
D displacement using Eq. (8) with multi-stacked MAI dis-
placements. The solution we obtain for the north component
replaces the unknown in Eq. (7). This inversion method is
slightly different than the general method, but might produce

—> 5cmlyr
- 1cmlyr

placement. d 3-D surface displacement field, with arrows indicating
the horizontal displacements and colors representing the vertical dis-
placements
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the better results, particularly because the MAI measurement
does not contain atmospheric effects due to the cancellation
between forward- and backward-looking interferograms. On
the contrary, the LOS observation can retain atmospheric
phase contributions even when stacked. To retrieve the 3-D
components, therefore, we can expect better results by the
use of north component calculated from MAI observations
(by using Eq. 8). The east and up components, however, are
primarily dependent on traditional InSAR observations.

At the summit of Kilauea, motion consistent with deflation
is observed in both the east (Fig. 12a) and north (Fig. 12b)
components. Similarly, deflation of the Pu‘u ‘O‘6 region on
the volcano’s ERZ is indicated from the 3-D component
maps. At the subsiding regions, horizontal displacements
approaching to the center of deflation from all directions are
common, and deflation of the summit and Pu‘u ‘O is clearly
indicated by downward vertical displacements (Fig. 12c).
From the patterns of 3-D surface-displacement-rate maps,
the locus of deflation is not located exactly in the center of
the caldera, but rather on its south side, consistent with previ-
ous results by Poland et al. (2012). Figure 12d shows the 3-D
displacement-rate field, with horizontal motion indicated by
arrows and vertical motion by colors. Surface displacement
velocities of specific points on the summit and south flank of
Kilauea estimated by GPS and SAR data are summarized in
Table 3.

Figure 13 shows a comparison between GPS measure-
ments and 3-D surface-displacement velocities derived from
combined MAI and InSAR observations. A total of 20 GPS
stations are used for calculating RMS errors. As demon-
strated in Fig. 13a, the east component shows excellent
agreement between the two measurement methods because
it is mostly dependent on LOS displacements, which have
better precision than along-track displacements measured
from MAI. However, the measurement from the CNPK
station which is located on the southwest limb of the
Kilauea’s summit showed abnormal measurement (open
symbol) from Fig. 13a. Excluding this outlier, estimated
RMS error between GPS and SAR measurements in the
east component is 0.69 cm/year (1.22 cm/year is obtained
when the outlier is included). The up component of displace-
ment is obtained mostly from LOS displacement as well. The
estimated RMS error of the up component is 1.40 cm/year
when three outliers (open symbols) located at the summit of
Kilauea were not included. The large difference in GPS and
3-D-derived east and up components at some stations is a

result of overestimation of LOS displacement at the summit
of Kilauea. We are not sure of the reason for the abnormal
phase delay of InSAR measurements at the summit area, but
we suspect that water vapor in the atmosphere plays a role
(Rosen et al. 1996). The relatively large RMS error of the up
component when compared to east component is due to the
poorer precision of the vertical GPS data (compared to the
horizontal). The RMS error of 0.88 cm/year in the north com-
ponent is smaller than that of the individual ascending and
descending data (Fig. 13b). The north component is mainly
determined from MAI observations; therefore, combining
ascending and descending data reduces the noise level and
improves the accuracy.

By generating a 3-D surface-displacement-rate map, we
confirmed that the accuracy range of east, north, and up com-
ponents derived from combined InSAR and MAI observa-
tions is sufficient to measure slow-moving surface displace-
ment. Compared with a previous study of 3-D displacement
by Jung et al. (2011), our results achieve an improvement of
more than factor of two. The accuracy of the north compo-
nent, in particular, shows remarkable improvement compared
with previous studies—more than four times. The improved
performance in surface-displacement monitoring using SAR
and combining InSAR and MAI methods should provide
important observations for modeling both high- and low-rate
surface displacements associated with a variety of geologic
processes.

4 Conclusions

We have proposed an efficient stacking method for measur-
ing surface displacements derived from MAI. The core of
the proposed stacking method is that multi-temporal forward-
and backward-looking interferograms are stacked as residual
phases, which are created by removing low-frequency signals
from sub-aperture interferograms. In addition, forward- and
backward-looking interferograms are individually stacked
before MAI creation to maximize the interferometric coher-
ence and emphasize the deformation signals. To evaluate the
performance of the proposed MAI stacking method, GPS-
and SAR-derived along-track displacements from Kilauea
Volcano, Hawai‘i, were compared. The accuracies of the
proposed method, estimated from descending and ascending
data, are, respectively, about 1.03 and 1.07 cm/year—about a
six-time decrease in root-mean-square error compared to pre-

Table 3 Surface displacement

velocities of the summit and the Displacement area

GPS velocity (cm/year)

SAR velocity (cm/year)

south flank region of Kilauea

. Uy Uy U Uy iy U

Volcano estimated from GPS

and SAR observations Summit of Kilauea 1.49 —2.18 —4.25 1.50 —2.63 —4.92
South flank 2.10 —3.48 0.35 2.06 —331 0.64
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vious studies—a noteworthy improvement in the respective
accuracies of about 2.08 and 2.13 cm/year for the conven-
tional MAI stacking method. This error range is appropriate
for monitoring slow-moving surface motion in the along-
track direction. We also estimated the theoretical uncertain-
ties of multi-temporal MAI observations and compared the
results with measured GPS-MAI residuals. For the proposed
method, errors determined from GPS-MAI residuals were
equal to or smaller than theoretical uncertainties at more than
75 % of the GPS sites.

We generated a 3-D displacement-rate map by combining
multi-stacked InSAR and MAI displacements from ascend-
ing and descending orbital tracks. A comparison between
GPS and 3-D components derived from MAI and InSAR indi-
cated measurement accuracy of 0.69, 0.88, and 1.40 cm/year
for the east, north, and up components, respectively—an
improvement of more than a factor of two compared with
previous studies that derive 3-D displacements from InSAR
data.

We conclude that the proposed MAI stacking method can
improve the measurement accuracy of along-track displace-
ments to ~1 cm/year. Combining such results with LOS
InSAR data enables the creation of 3-D displacement maps
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that can provide important constraints on modelling a variety
of geologic phenomena.

Further improvement of the MAI technique can be
achieved by time-series analysis, such as the permanent scat-
terer INSAR (PSInSAR) and small baseline subset (SBAS)
approaches, which are capable of characterizing nonlinear
deformation (stacking can only measure linear deformation
rates). Time-series methods can also mitigate ionospheric
distortions using spatial low-pass and temporal high-pass fil-
tering. Improved temporal resolution of deformation may be
achieved by incorporating Sentinel-1 data into MAI stacking
or MAI time-series analysis, given the 6-day repeat provided
by the two-satellite constellation, although the azimuth res-
olution is very low (about 20 m).
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