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InSAR Phase Unwrapping Error Correction for
Rapid Repeat Measurements of Water Level
Change in Wetlands

Talib Oliver-Cabrera™, Cathleen E. Jones

Abstract—Here, we present an enhanced algorithm to cor-
rect interferometric synthetic aperture radar (InSAR) phase
unwrapping errors by incorporating iterative spatial bridging
between islands and phase closure among interferograms. We use
rapid repeat airborne synthetic aperture radar acquisitions from
NASA’s airborne uninhabited aerial vehicle synthetic aperture
radar (UAVSAR) instrument to estimate short-term changes in
water level within coastal wetlands from a stack of consecutive
interferograms acquired with very short temporal separation
(~30 min). The algorithm is applied to six consecutive UAVSAR
images collected in tidal wetlands of the Wax Lake Delta,
Louisiana, USA. Validation of our water level change retrievals
with in situ field observations was conclusive with high correlation
and an RMSE generally smaller than 3 cm. Comparison of
our algorithm with other phase unwrapping error correction
methods shows significant improvement (30%-35% increase in
the number of correctly unwrapped pixels) when applied to rapid
changes in water level. The set of corrections presented in this
work enables measurement of water level change in deltas and
other areas where tides drive highly dynamic flooding of inland
vegetated areas. Although demonstrated for water level change,
the method is applicable to other InSAR datasets with large
spatial gradients or observed discontinuities between coherent
but spatially isolated areas.

Index Terms— Interferometric synthetic aperture radar
(InSAR), phase unwrapping correction, uninhabited aerial vehi-
cle synthetic aperture radar (UAVSAR), water level change,
wetlands.

I. INTRODUCTION

ETLAND environments are very dynamic ecosystems

for which hydrological monitoring is essential to better
understand the complex interactions between vegetation, water
flow, nutrients, and sediment transport. Tide gauge measure-
ments are commonly used for this purpose, providing data
at a very high temporal sampling [1]. However, the cover-
age is sparse, usually located at the edges of wetlands to
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simplify logistics, making it difficult to observe water-flow
patterns throughout the wetlands. Interferometric synthetic
aperture radar (InSAR) is a powerful remote sensing and
geodetic technique used to measure surface deformation with
high precision. It is widely used to observe geophysical and
environmental phenomena [2]-[4]. In wetland environments,
InSAR can provide spatially extensive water level change mea-
surements through the double-bounce scattering of the radar
pulses with the water surface and emergent vegetation [5]-[7].
The InSAR technique has been used as a monitoring tool
to observe and characterize water level change and patterns
across wetlands [8]-[10], spatially complementing tide gauge
information.

Even though wetland InSAR has shown promising results,
it is still limited. The technique is dependent on the
double-bounce scattering provided by wetland emergent veg-
etation [11]. Thus, the approach is highly sensitive to sur-
face changes in water or vegetation that lead to loss of
interferometric coherence. As a result, most wetland InSAR
application is limited to short temporal baseline interfer-
ograms, typically less than a few weeks, and to regions
away from the coast where the tide induces rapid (~hourly)
changes in water level. Perhaps, the most important step in
the process of retrieving water level change using InSAR
is phase unwrapping. In an interferogram, the component of
surface displacement in the line-of-sight direction is related
to the interferometric phase, A¢, which has values in the
range [0, 27), where 2z corresponds to displacement equal
to half the radar wavelength, A, due to the two-way travel
of the microwaves from the antenna to the surface and back.
Displacements of greater magnitude “wrap” back onto this
range, so it is necessary to quantify the phase ambiguity,
i.e., the number of 27z cycles, to be able to accurately
derive the total displacement. This process is known as phase
unwrapping. The number of cycles, 7, is determined for every
pixel in an interferogram from the observed spatial patterns
of phase (A¢) and assuming a spatially continuous InSAR
unwrapped phase, n2z + A¢, map. A continuous map of
the unwrapped phase can only be obtained if adjacent pixels
are coherent (i.e., InNSAR coherence is high). InNSAR phase
unwrapping in coastal wetlands is challenging because: 1) the
landscape is naturally separated into islands, so there may
not be a continuous coherent path between islands that would
enable relating the phase wrap on one island to that on adjacent
islands; 2) tidal dynamics often drive rapid and different
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changes in water levels across the landscape components,
resulting in high phase gradients; and 3) riverine flooding can
overtop vegetation, thereby replacing double-bounce scattering
with scattering from open water, which does not maintain
coherence. These phenomena cause temporal decorrelation and
high phase gradients, resulting in incorrect determination of
the numbers of phase cycles (27) during phase unwrapping.

Different methods to mitigate this problem have been devel-
oped. Biggs et al. [12], Yunjun et al. [13], Pepe et al. [14],
Benoit et al. [15], and Ma et al. [16] exploit the inter-
ferometric triplet inconsistencies to evaluate errors among
unwrapped interferograms. Ma et al. [16] and Manunta and
Muhammad [17] take advantage of compressed sensing (CS)
theory to solve for redundant networks of interferograms,
while Yunjun ef al. [13] and Benoit et al. [15] use a com-
bined approach of corrections in the space and time domains.
Alternatively, other methods exploit redundant measurements,
as well as spatial and time relationships, among interferograms
to improve the unwrapping task directly, thus minimizing the
presence of unwrapping errors [18].

This study presents an enhanced phase unwrapping cor-
rection algorithm to improve water level change retrieval.
The algorithm incorporates spatial bridging between islands
and imposes phase closure among interferograms (e.g., [13]).
An iterative strategy is implemented to correct interferograms
with the shortest temporal baseline first and then adding
interferograms with longer temporal baselines, increasing the
redundancy of the interferometric estimates through each
iteration. To test the algorithm, we take advantage of the highly
coherent rapid repeat-pass SAR acquisitions from uninhabited
aerial vehicle synthetic aperture radar (UAVSAR), using data
acquired in 2016 over coastal wetlands of Louisiana, USA,
encompassing the coastal stretch of the Atchafalaya Basin.
While spaceborne sensors can acquire a wider overview of
coastal Louisiana, their long temporal baselines provide coher-
ent InSAR in swamp regions but not in herbaceous marshes
(e.g., [10], [19], and [20]). The Mississippi River Delta (MRD)
region is generally known for rapid land loss [21], and the
Atchafalaya basin is the only part of the MRD floodplain
gaining land [22], [23]. Two small deltas can be found within
the Atchafalaya Basin, the Wax Lake Delta to the west, and
the Atchafalaya River Delta to the east (see Fig. 1). Both deltas
are comprised of many wetland islands, most under 5-km long.
We focus our analysis on the deltaic region (red rectangle
in Fig. 1) because it is within those regions that most of the
wetland islands and phase gradients are observed, and thus,
where phase unwrapping is more difficult.

II. DATASET

The dataset consists of a coregistered stack of six single-
look complex (SLC) UAVSAR images for flight line ID
gulfco_12011, covering the Wax Lake and Atchafalaya River
deltas (see Fig. 1). The acquisitions were taken approximately
30 min apart on October 17, 2016, during the rising-to-high
tide. UAVSAR is an L-band (23.8-cm wavelength) instrument
deployed on a NASA Gulfstream III aircraft. It acquires
quad polarization images, with a resolution of 0.6 m in
azimuth (along track direction) by 1.7 m in slant range.
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UAVSAR data are publicly available and can be found at
http://uavsar.jpl.nasa.gov. For this work, we used only the
HH-polarization acquisitions since that mode is more sensitive
to double-bounce backscattering and, hence, better for measur-
ing water level changes [19]. The UAVSAR data product is
calibrated and, therefore, provides a set of six HH-polarization
elements of the complex scattering matrix, S, i.e.,

Si, i:O,...,m—l

ey

where m = 6. A multilooking factor of 12 pixels in azimuth
and 3 in slant range was applied to the interferograms gen-
erated from S;. Phase unwrapping was performed on these
products without additional spatial filtering. Hourly water
level measurements from the Coastwide Reference Moni-
toring System (CRMS) stations were used to validate the
InSAR observations. CRMS data are freely available from
https://www.lacoast.gov/CRMS.

III. METHODOLOGY

We use pairs of rapid-repeat pass SAR acquisitions
acquired by UAVSAR to form sets of interferograms employ-
ing the InSAR Scientific Computing Environment (ISCE)
(Rosen et al. [24]). The interferogram, calculated as

* —i(pj—9i) _ —1Ap; ;
SiSj :Aije 7 "’)—Aije i

(2
provides the interferometric phase, Ag; ;, for the pair of
acquisitions i and j. The interferometric phase obtained from
the interferogram, A¢", has the 2z ambiguity mentioned
above, and the superscript “w” is added to make that clear.
The interferometric phase is related to the change in distance
to the surface in the line-of-sight direction, A/, and the radar
wavelength, 4, through the equation

p p
Al= (A" +n(m)) = —(Ag") 3)

where a phase unwrapping algorithm is applied to determine
the number of cycles, 7, to obtain the unwrapped phase, Ap“.
Phase changes can be used to measure water level changes,
Aw, within flooded wetlands where emergent vegetation is
present through the relationship

“)

where 6 is the incidence angle of the radar pulses. The negative
sign is added to make explicit the UAVSAR convention that a
positive change in phase corresponds to an increase in distance
between the antenna and the ground. This relationship is used
to convert the observed change in line-of-sight distance to the
vertical change in water level.

For this work, three sets of interferograms are generated to
obtain the phase changes, Ag;?, between different acquisitions.
The first set is formed between the nearest neighbor (NN)
interferograms with phases

Apin = { Mgl Vie(0,...,m — 1)} 5)

This is the set of interferograms with the shortest temporal
baselines, ~30 min in the case of our study. Similarly, NN + 1
interferograms with phases

Apini = {80 ,Vie,...,m —2)} (6)
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results in the two deltas.

and NN + 2 interferograms with phases
Apini = { A0 3Vie,...,m —3)} @)

were formed. All interferograms are phase unwrapped using
the 2-D, statistical-cost, network-flow algorithm for phase
unwrapping (SNAPHU) [25] to obtain unwrapped phases for
each. SNAPHU generates a mask of connected components.
Each component is a collection of adjoined pixels considered
reliably unwrapped in the spatial domain that is separated
spatially from other connected components by decorrelated
areas, e.g., open water channels around an island or areas with
steep phase gradients that could not be unwrapped. Special
considerations are taken to obtain the best possible results from
the phase unwrapping algorithm. We provide to SNAPHU
a coherence-based water mask calculated independently for
each interferogram to aid the unwrapping process and improve
the connected component mask definition. An interferomet-
ric coherence threshold was determined by analyzing the
average spatial coherence of all generated interferograms,

with values of coherence <0.4 considered to be open water,
i.e., totally decorrelated [see Fig. 2(a)—(c)]. Because the data
are highly coherent within wetlands and there are many chan-
nels and small islands, we increase the maximum allowable
number of connected components and reduce the minimum
connected component size in SNAPHU to better define the
reliable groups of pixels within those small regions [26], [27]
(extended examples on the impact of the steps abovementioned
covering the full deltaic zone and an SNAPHU configuration
file sample can be found in Supplementary Materials S1,
S2, and S3). Connected components, while their unwrapped
phase values are internally consistent, can have phases that
differ by an arbitrary and unknown multiple of 2z, i.e., phase
cycles, from other connected components. Although SNAPHU
does not have an unwrapped phase error correction algorithm
that adjusts the phases of the connected components relative
to others, it is usually done manually or automatically, e.g.,
as implemented in the Miami InSAR Time-Series processing
algorithm (MintPy) [13].
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Fig. 2.
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Wax lake delta coherence-based water mask and connected components from SNAPHU. (a)-(c) Coherence histogram, coherence map, and

coherence-derived water mask, respectively. (d) Resulting connected components from SNAPHU after implementing the coherence water mask and changing
the default processing parameters to increase the number of connected components allowed and reduce their minimum size. (e) Example of the resulting

connected components from SNAPHU if no adjustments are implemented.

Three interferogram stacks are generated to have increasing
overlap and increasing temporal baselines. Each stack contains
a network of interferograms. The NN network consists only of
Agpyy, the NN + 1 network consists of Apyy, Apfy, . and
the NN + 2 network consists of Ap{y, Apinyi Apingo- The
three networks are used to perform unwrapped phase error
corrections iteratively within the algorithm presented in this
work. In addition, using the three networks when estimating
water-level change time series will aid in the reduction of
atmospheric contributions, which are present in the region and
vary at spatiotemporal scales that make correction infeasible.
Given the temporal and spatial resolutions of the UAVSAR
acquisitions used in this work, implementation of correction
models [28]-[32] does not reach the spatial or temporal res-
olution of the observations. Our correction algorithm consists
of an iterative process using bridging between islands (spa-
tial domain) and phase closure between interferograms (time
domain). The bridging algorithm uses the spatial relationship
of phase within a group of pixels to correct unwrapping errors.
Phase closure uses the phase relationship in time between
temporally overlapping interferograms for a single pixel to
find the correct phase cycle. Both steps are discussed in detail
in later sections. The correction steps are implemented prior to
the InSAR time-series retrieval and after the SNAPHU phase
unwrapping, as shown in the workflow schematic (see Fig. 3).
Water level change time-series estimations are retrieved using
the small baseline subset (SBAS) algorithm [33] as imple-
mented within MintPy [13]. We evaluate the performance of
our unwrapping algorithm by generating a temporal coherence
map [34]. Temporal coherence analysis provides a quantitative
assessment of the pixels that were correctly unwrapped versus
those that still have unwrapping errors and, thus, can be used

in quality assessment of the derived water level change time
series. Finally, a comparison of InSAR-derived water level
change and CRMS tide gauge water level change is performed
as ground validation.

The unwrapping correction process starts with the NN
network, which is expected to have the least number of
unwrapping errors of the three sets, since it involves the
smallest amount of water level change and the least temporal
decorrelation. First, a minimum spanning tree (MST)-based
bridging correction is applied to the NN interferometric net-
work to remove possible phase discontinuities present in the
space domain. MST bridging forms part of the standard
MintPy algorithm [13]. NN interferograms are considered
a reliable base to start the correction process, and for our
dataset, coherence is well maintained and phase gradients low
even along the coast. No phase closure is applied at this step
because no temporally overlapping acquisitions were included
in this network. Next, the algorithm is applied to the NN + 1
network, which now includes the corrected NN interferograms,
and the next iteration is applied to the NN + 2 networks,
which now included corrected NN and NN + 1 interferograms.
With temporally overlapping interferograms, we benefit from
the relationship in time between triplets of interferograms to
localize and isolate the regions of unwrapping error. At this
point, phase closure of interferogram triplets is estimated. The
phase closure of interferogram triplets, C*, is defined as the
cyclic product of unwrapped interferograms. For example, for

©(0:2), it can be expressed as
C" = Agg — Aggy + Mg ®)

From this relationship, it is possible to estimate the phase
closure integer ambiguity by comparing the wrapped triplet
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closure phase against the unwrapped one as follows:
cr—-cv

Co = o ©)
where C" is the wrapped [—z to x) triplet closure phase
and C, is the triplet closure phase integer ambiguity, which is
equal to zero if no unwrapping error is present. A C, map is
generated for each triplet and used as a guide throughout both
bridging and phase closure correction algorithms. Regions that
show |C,| > 1.0 values are defined as error regions and
separated for correction.

InSAR water level change time-series processing workflow. The steps in light blue represent inputs, while the dark blue squares are processes. The

A. Guided Bridging

When unwrapping errors occur in areas where contigu-
ous pixels are unwrapping error-free, one can take advan-
tage of the spatial relationship between pixels and use
the error-free regions to estimate the phase offset required
to correct the incorrectly unwrapped areas [13], [27]. For
the case of our study area, we assume that the different
observed islands are not hydrologically independent, so similar
changes in water level are expected across the entire land-
scape. This assumption is particularly true for the L-band,
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having a 23.8-cm wavelength, and for acquisitions with 30-min
separation. In our algorithm, we exploit the pixel spatial
relationship by connecting groups of pixels defined by the
connected components formed as part of the unwrapping
process [25]. The C, mask is used to define the regions
that require corrections. Three bridges are formed connecting
the component containing unwrapping errors with the nearest
error-free connected components. A standard deviation mask
based on the statistics of the spatial coherence calculated from
the NN + 1 or NN + 2 sets of interferograms, depending
upon the set currently being added to the network (see
Fig. 3), is used to select the bridged error-free component with
minimum standard deviation for each iteration. The selected
component is used to estimate the integer-cycle phase offset
between the two ends of the bridge. To avoid very steep
phase gradients found toward the edges of wetland islands,
we implemented an image edge-erosion algorithm proposed
by Yunjun et al. [13]. This ensures that the two ends of the
bridge do not fall in an area with a high phase gradient. Fixed
windows centered at the two ends of the bridge are used
to estimate the median phase value, which is then used to
calculate the integer 2z phase difference between the bridged
correct region and the region with the error. To facilitate
language throughout this article, we will use bridging to refer
to guided bridging. An example is shown in Fig. 4.

B. Guided Phase Closure

The phase closure error correction algorithm is performed
by taking samples from the areas that require corrections,
exploiting the relationship of interferometric phase in time.
These areas are defined by the C, mask. A set of random
samples proportional to the size of the region to be corrected
is used to estimate the integer-cycle phase offset. The median
value of the interferogram triplet is used to estimate the
phase jump. The estimated correction for each region is then
applied only to the newly added interferograms in this iteration
(NN + 1 phases for the NN + 1 network and NN + 2 phases
for the NN + 2 network). To facilitate language throughout
this article, we will use phase closure to refer to guided phase
closure. An example is shown in Fig. 4.

C. Iterative Phase Correction

Both the bridging and phase closure algorithms can be
applied independently or successively together as a com-
plement to each other (see Fig. 4). Corrections are only
applied to the new interferograms added in each network
increment. In each iteration, the previous set of interferograms
is assumed to be correct, starting from the bridge-corrected
NN interferograms, correcting for NN 4 1 and repeating
until NN + n interferograms have been corrected. The MintPy
SBAS time-series algorithm is then applied to the set of
corrected unwrapped phases to estimate the water level change
at each epoch (time of acquisition), starting from zero water
level at the time of the first acquisition. A temporal coherence
map is generated as a quality assessment within the time-series
estimation process. Temporal coherence, y, is generated by
constructing interferograms using the time-series estimation

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 60, 2022

results for the epochs to compare against the original interfer-
ograms and is defined as [34]
A
M
where Ag” is the interferometric phase reconstructed from the
estimated water level change time series and M is the number
of interferograms. Values of y close to 1 are unwrapped
correctly, while y values near zero correspond to poorly
unwrapped pixels. The temporal coherence map allows us
to evaluate the performance of the unwrapping correction
algorithm, and in addition, it can be used as a mask to remove
the remaining unreliable pixels from the final water level
change time-series estimation.

V= (10)

D. Tide Gauge Validation

Cross validation of the time-series results was performed by
comparing InSAR-derived water level change and water levels
measured at tide gauge stations within the study area. We use
a fixed pixel window (4 x 4) centered at the latitude and
longitude of the corresponding CRMS tide gauge to estimate
a mean InSAR-derived water level change. Special consider-
ations were taken for station CRMS0479, where a window
of 50 x 50 pixels was used due to the tide gauge location
(in the middle of a large channel, in open water). A linear
interpolation of the CRMS stations’ measurements (hourly)
was performed to match the acquisition time from UAVSAR
(~30-min rate) and obtain the corresponding water level.
Finally, we adjust the InSAR time series to match the water
level measured by the tide gauge (w,) at the time of the first
acquisition [w,(¢0)]

w(t) = Aw(t) + wg(10). (11)

IV. RESULTS

A set of six SAR acquisitions was processed to test the
presented unwrapping algorithm. Corrections were applied to
NN, NN + 1, and NN + 2 networks of interferograms using
one or both phase closure and bridging (e.g., Figs. 5 and 6)
to evaluate the performance of each correction. Water level
change time series was derived from the NN + 2 networks
corrected results (see Fig. 7).

Bridging correction results alone were found to be insuf-
ficient to fully correct the interferogram [see Fig. 4(e)—(g)].
This is mainly due to the specific characteristics of the study
area, being a river delta with a high rate of water level change
during a tidal cycle and with many disconnected islands.
Nevertheless, for the example shown in Fig. 4, it was able
to compensate for many of the errors located toward the
edge of the Wax Lake Delta, observed as the differences
between C, maps (d) and (g). Phase closure alone had better
performance, correcting for most of the errors found in both
deltas [see Fig. 4(h)—(j)]. Nonetheless, some small areas are
left uncorrected with either bridging or phase closure alone
and can be corrected by combining phase closure and bridging
[see Fig. 4(k) and (1)]. An overview of the full workflow of
corrections (see Fig. 5) and performance comparisons (see
Fig. 6) for each iterative step for the full set of NN, NN + 1,
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interferogram with phase change Ag3, (b) is the interferogram to be corrected, in this case, NN + 1 interferogram with phase change Ag4, and (c) is the NN
interferogram with phase change Agsz4. The C, map from the triplet is shown in (d). The bridging correction (alone) for (b) interferogram is shown in (e)—(g),
where (e) shows the bridges on the connected component map for the areas with phase unwrapping errors, (f) shows the bridging-corrected interferogram,
and (g) shows the C, map after the bridging correction is applied. The phase closure correction (alone) is presented in (h)—(j) images. (h) Extracted regions
from (d) C,, which were sampled to perform the phase closure correction. (i) Interferogram shows the result of the phase closure correction algorithm. (j) C,
map after correction. (k) and (1) Result of applying phase closure first and bridging afterward (together): (k) shows the resulting corrected interferogram and

(1) shows the C, map after corrections.

and NN + 2 interferograms encompassing all five acquisitions
is presented. Fig. 6 shows the corrections using bridging
alone, phase closure alone, or both (similar examples for
the Atchafalaya River Delta can be found in Supplementary
Materials S4 and S5).

Results shown in Fig. 5 highlight the improvements
achieved by implementing the full sequence of the itera-
tive unwrapping correction algorithm on NN, NN + 1, and
NN -+ 2 interferograms. It also helps to identify the regions
that are most likely to have unwrapping errors, such as
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(f) NN+2 (Pc+B)

(g) Corrected

Full sequence of phase corrections for the network of NN, NN + 1, and NN + 2 unwrapped interferograms for the case pf six acquisitions. (a) All

NN + 2 interferograms without corrections (original). (b) Shortest temporal-baseline interferograms NN to which MST bridging is applied [NN (MST-B)].
(c) and (d) Add the uncorrected NN + 1 interferograms and show (c) phase closure (Pc) [NN + 1 (Pc)] and (d) phase closure + bridging (Pc + B) correction
steps [NN + 1 (Pc + B)], respectively. (e) and (f) Add the uncorrected NN + 2 interferograms and show (e) phase closure (Pc) [NN + 2 (Pc)] and (f) both
phase closure and bridging (Pc 4+ B) corrections|[NN + 2 (Pc + B)]. Shaded interferograms in rows (c)—(f) represent interferograms that were already corrected

in previous steps. (g) Fully corrected interferograms.

the edges and center of deltaic islands in the Wax Lake
Delta (see Fig. 5). A detailed view of the improvements
obtained in each correction step is shown in Fig. 5, where
C, maps of each triplet and temporal coherence plots are
presented.

Improvements from each correction can be hard to track
visually at the scale shown because, in many cases, the cor-
rected features are small and dispersed across the interfer-
ogram. However, it is possible to see the improvements in
temporal coherence, shown at the right hand end of each row
(see Fig. 6). The performance correction overview highlights
that, even though the bridging correction does a good job,
large errors remain in the Wax Lake delta. Conversely, phase
closure applied alone shows better results. However, the best
performance is obtained by the combination of both phase
closure and bridging, visible when looking at the temporal
coherence of bridging, phase closure, and phase closure +
bridging from examples in network NN + 2 [see Fig. 6(f)—(h)].
InSAR-derived results show relative water levels of higher than

20 cm (see Fig. 7). The largest rates of change can be observed
toward the edges of the deltaic islands (red/orange colors),
which happens to be the region with the most phase unwrap-
ping errors, as shown in previous figures. This is because the
vegetation type and location of these areas allow for more
exposed tidal interactions than inner wetlands, in which few
unwrapping errors were observed.

Scatterplots comparing measurements between tide-gauge
and calibrated InSAR-derived water level show a root mean
square error (RMSE) lower than 3 cm for all stations except
CRMSO0479, which has an RMSE of 4.14 cm. Tide gauge
CRMSO0479 is located in an area where the two adjacent
islands have high phase gradients. Moreover, the tide gauge is
located in the channel between the islands in an area without
emergent vegetation, making it difficult to properly capture
the same water level change measured by InSAR. The tide
gauges at all CRMS stations in the study area were in a channel
at the edge of the wetlands, which complicates a one-to-one
comparison between InSAR-retrieved water level change and
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Fig. 6. Correction performance overview. C, maps of each triplet and temporal coherence (Tc) maps (last square to the right of each row) used in each
correction. (a)—(d) NN + 1 C, and Tc maps, where (a) is the uncorrected network (NN + 1), (b) after bridging (B) [NN + 1 (b)], (c) after phase closure
(Pc) [NN + 1 (Pc)], and (d) after phase closure and bridging (Pc + B) corrections [NN + 1 (Pc + B)], respectively. (e)-(h) NN + 2 C, and Tc maps, where
(e) is the uncorrected network (NN + 2), (f) after bridging (B) [NN + 2 (B)], (g) after phase closure (Pc) [NN + 2 (Pc)], and (h) after phase closure and
bridging (Pc + B) corrections [NN + 2 (Pc + B)], respectively. Blue and red in the C, maps show negative and positive integers’ phase offsets from each
triplet, respectively. Red in the Tc maps show correctly unwrapped regions, while yellow green and light blue areas show poorly unwrapped regions. Values
near zero (dark blue) show totally uncorrelated areas, in this case water.

the tide gauges used for validation. This topic is discussed in  tide gauge measurements show good agreement, with RMSE

Section V.

V. DISCUSSION

values of under 3 cm for three of four stations. However,
as mentioned previously, the tide gauges are installed in
channels, complicating the comparison. Station CRMS0479 is

We find that the proposed unwrapping error algorithm used as an example to illustrate this issue and to contrast

corrects most of the unwrapping errors in the

interferograms, the conditions at that station to those at the other three. The

as shown in Fig. 6. InSAR-derived time-series results and CRMS0479 gauge is located between two wetland islands
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Fig. 7. InSAR-derived water level time-series (upper row). Red stars a, b, ¢, and d correspond to the location of the CRMS tide gauges available for the

region. Below that are plotted the InSAR-derived mean w(;) water level change as a function of time (orange line) calculated by averaging over a 4 x 4 pixel
window centered at the tide gauge locations a, b, ¢, and d. The CRMS stations water levels (blue line) are shown in each plot. R? and RMSE estimations for
each InSAR-derived mean w(,) and CRMS water level are provided at the bottom right corner of each plot.

near the edge of the Wax Lake Delta (see Fig. 8). From the
reference location map in Fig. 8(b), the station appears to be
closer to the edge of the South Island. A detailed look into
the tide gauge information available on the CRMS website
revealed that the station is located roughly 8 m away from the
south island’s edge and approximately 88 m from the north
island [see Fig. 8(d)]. The InSAR-derived water level change
shows a marked difference between the two islands. Mean
w(; estimated using a 4 x 4 pixel window centered at the
tide gauge and two more at the same latitude but within the

north and south islands show a difference in water level change
between islands larger than 30 cm (see Fig. 8).

At CRMS0479, the observed water level change patterns
between both islands may correspond to a combination of
factors, such as differences in vegetation type, elevation, and
the presence of natural or man-made structures (e.g., levees).
As a result, water flow patterns through wetlands will vary
from what is registered by the gauges in the open water. While
CRMS0479 recorded a water level of ~20 cm in the last
timestamp, the samples taken at the south and north islands
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Fig. 8. InSAR-derived water level time-series comparison at CRMS0479 location. (a) Mean w(z) water level change using a 4 x 4 pixel window sample

from the center of the tide gauge and nearby on the north and south islands (gray lines). A regional sample of mean w(z) water level change centered on the
gauge and encompassing both islands was estimated using a 50 x 50 pixel window (black line). Corresponding CRMS0479 station water level is shown with
a blue line. InNSAR maps (b) and (c) provide an overview of InSAR-detected water levels within the wax lake delta and in both the north and south islands
near CRMS0479 (white diamond). Map (c) shows the pixels used to estimate mean w(z) using a 50 x 50 window. In this window, water pixels are masked
out and not considered in the estimation. Photograph (d) of tide gauge CRMS0479 was taken from the reports at https://www.lacoast.gov/CRMS.

reflect ~10 and ~35 cm, respectively (see Fig. 8), highlighting
the importance of locating tide gauges within the wetlands to
improve ground-truthing. To illustrate the ambiguity, we uti-
lized a larger sampling window (50 x 50 pixels centered at the
station location) that included segments of both islands near
the station [see Fig. 8(a)]. Results of this comparison yielded
a very close approximation to what the tide gauge registered,
with an RMSE of 0.67 cm, the lowest at all stations. Given
the low RMSE obtained from the 50 x 50 samples and the
fact that both north and south islands were corrected through
the implementation of the enhanced algorithm (as shown by
the temporal coherence in Fig. 6), we use this sample for the
examples further on.

In addition to testing the algorithm on challenging areas,
we tested its performance in areas where SNAPHU performed
well. A water level time-series comparison was performed
between uncorrected interferograms, interferograms corrected

implementing [13], and those corrected using the new algo-
rithm over two regions near tide gauge locations: one that
required phase unwrapping corrections [see Fig. 9(c) and (f)]
and one that did not [CRMS4808; see Fig. 9(b) and (d)].
Station CRMS4808 is located north of the Wax Lake Delta,
further inland from the coast, and did not present visible
unwrapping errors. Station CRMS0479, located between two
islands at the Wax Lake Delta, did require corrections. Both
algorithms, [13] and the one presented in this article, make
use of the bridging and phase closure approach. However,
the approach of Yunjun ef al. [13] corrects all interferograms
at once, unlike our proposed sequence, namely, iterations
with an increasing number of connections in the network.
Yunjun et al. [13] use all available interferograms and an
L1-norm regularized least-squares optimization to implement
phase closure. It also implements a single-bridge per com-
ponent approach based on a minimum spanning tree (MST)
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weighted graph that associates connected components by size
from larger to small using the shortest possible distance bridge.
Results from the comparison show the improvement achieved
by each algorithm throughout the correction steps presented
in this article (see Fig. 9).

Observations from the inland station CRMS4808 show the
same phase as a function of time through all corrections and
methods [see Fig. 9(b)], showing little to no phase unwrapping
errors present in this region. Conversely, station CRMS0479 is
right at the river delta [see Fig. 9(f)], where higher phase gra-
dients and low coherence-driven disconnections are expected.
Phase unwrapping in this region required correction, and as
shown in Fig. 9(e), considerable differences can be observed
among the correction algorithms. Results from [13] show
small changes after applying only phase closure (RMSE
of 2.98 cm) and noticeable overcorrection when applying
bridging and phase closure (RMSE of 4.72 cm) (shown as
“B 4 PC”). Results from the presented algorithm show small
improvements after correcting the NN + 1 interferograms
(RMSE of 1.41 cm), which improves after the next iteration for
NN -+ 2, with almost no difference between phase closure and
phase closure + bridging corrections (shown as “PC + B”)
(RMSE of 0.67 cm in both cases). This comparison not
only helps to illustrate the differences between correction
algorithms but also highlights the performance of the phase
closure corrections implemented. Both C, mask and temporal
coherence are very useful resources for mapping unwrapping
errors. However, because they are both intrinsically linked to
the temporal relationship of the interferograms, they are not as
effective in assessing the quality of the phase closure algorithm
as it also exploits the InSAR temporal relationship. Thus, it is
important to also compare the InSAR observations against in
situ data, such as tide gauges, to further assess the correctness
of the InNSAR-derived measurements.

Performance comparison between corrections (see Table I)
reveals that, for the deltaic region (red rectangle in Fig. 1),
51% of the pixels have temporal coherence equal to or
higher than 0.7 from the uncorrected NN + 1 network. For
comparison, after performing all corrections, 86% of the pixels
display a temporal coherence value equal or higher than 0.7 for
the NN + 1 network and 81% for the NN + 2 network
(see Table I).

Comparisons shown in Table I(b) highlight the improve-
ments achieved by the proposed algorithm in comparison with
the ones of [13] for which 65.3% of pixels (3.103 cm RMSE)
had temporal coherence above 0.7 after all corrections. That is
16% lower than the results obtained by our iterative approach
(1.791-cm RMSE). Even though some interferograms may
only require the implementation of the bridging algorithm
or phase closure alone, the use of both corrections together
gave the best results for the water level change retrieval
presented in this work. Applying phase closure correction
first and bridging second yielded better correction performance
with the new algorithm, whereas the opposite is true for the
algorithm in [13], which has significantly poorer performance
[see Table I(b)]. For our algorithm, implementing bridging
alone showed an improvement of 10% in temporal coher-
ence (2.614-cm RMSE), whereas applying only phase closure
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TABLE I

PERFORMANCE COMPARISON TABLE DIVIDED BY (a) GUIDED
ITERATIONS AND (b) COMPARISONS. GUIDED ITERATIONS’
SECTION SHOWS THE PERFORMANCE OBTAINED THROUGHOUT
THE CORRECTION STEPS OF THE GUIDED ALGORITHM
PRESENTED IN THIS ARTICLE. COMPARISONS SECTION
SHOWS THE PERFORMANCE OBTAINED FROM DIFFERENT
COMBINATION OF CORRECTION STEPS PERFORMED USING
BOTH THE GUIDED PHASE UNWRAPPING ALGORITHM
AND [13]. PERFORMANCE IS MEASURED IN PIXEL NUMBER
OR PERCENTAGE ABOVE 0.7 AND ALSO IN RMSE FROM
COMPARING THE InSAR-DERIVED MEASUREMENTS
AGAINST CRMS TIDE GAUGE STATIONS WITHIN THE WAX
LAKE AND ATCHAFALAYA DELTAS (RED
RECTANGLE IN FIG. 1)

(2)

Dataset TC(pixels)>0.7 [ TC(pixel%)>0.7 [InSAR vs Gauge RMSE
NN+1 1020967 51.09% 3.077cm
NN+1(Pc) 1706035 85.36% 1.785cm
NN+1(Pc+B) 1723944 86.26% 1.785cm
NN+2 1068165 53.45% 2.062cm
NN+2(Pc) 1609538 80.54% 1.791cm
NN+2(Pc+B) 1628612 81.49% 1.791cm

(b)

Dataset TC(pixels)>0.7 | TC(pixel%)>0.7 |InSAR vs Gauge RMSE
NN+1(Guided B) 1220890 61.09% 2.614cm
NN+1(Guided Pc) 1706035 85.36% 1.785cm
NN+1( [12] MST) 903512 45.21% 2.381cm

NN+1( [12] Pc) 1162010 58.14% 3.077cm
NN+1(Guided B+Pc) 1697645 84.94% 3.077cm
NN+1(Guided Pc+B) 1723944 86.26% 1.785cm

NN+1( [12] B+Pc) 1014943 50.78% 3.103cm
NN+1( [12] Pc+B) 903512 45.21% 2.381cm
NN+2(Guided Pc) 1609538 80.54% 1.791cm
NN+2(Guided Pc+B) 1628612 81.49% 1.791cm

NN+2( [12] Pc) 1199873 60.04% 3.225cm
NN+2( [12] B+Pc) 1305073 65.3% 3.103cm
NN+2( [12] Pc+B) 825603 41.31% 2.48cm

returned an improvement of 34% more pixels (1.785-cm
RMSE) than bridging. If we compare performance between
applying bridging or phase closure first, we observe that,
for implementing bridging first and phase closure second,
85% of the pixels are higher or equal than 0.7 temporal
coherence (3.077-cm RMSE). In contrast, if phase closure is
applied first and bridging second, 86% of pixels are reliably
corrected (1.785-cm RMSE). This difference is because the
phase closure algorithm does a good job correcting most
major unwrapping errors, and bridging then can correct the
small isolated islands remaining. Conversely, if bridging is
applied first, a mixture of small and large areas may be left
without being corrected due to the large volume of unwrapping
errors, and then, the phase closure algorithm may not be
able to correct all small isolated features. Corrections for
NN + 2 interferograms showed an improvement in temporal
coherence of 29% between interferograms without correction
and phase closure and bridging corrections. Phase closure
correction alone showed a good performance correcting for
28% of pixels. Estimated RMSE, in this case, shows no
difference due to the sparse location of the tide gauge stations,
not able to cover the full extent of the deltas like InSAR does.
The observed difference between the new iterative algorithm
and the algorithm of [13], currently implemented in MintPy,
arises from fundamental differences between how each of them
approaches phase unwrapping corrections. The bridging algo-
rithm in [13] creates single-bridge MST connections between
all connected components from large to small. A similar
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Fig. 9. (a) InSAR and CRMS reference location map. (b) and (c) Water level change comparison between InSAR-derived results and CRMS4808 and

CRMS0479 tide gauges, respectively. Time-series with “¢” marker was generated using the original interferograms without corrections. Time series with gray
crosses and red stars show the result of applying phase closure and bridging + phase closure corrections using the [13] algorithm. Gray downward-pointing
triangles show results with phase closure correction applied to NN + 2. The red upward-pointing triangles are the final estimations from the fully corrected
set of interferograms (phase closure and bridging). (d) and (f) Location of the CRMS4808 and CRMS0479 stations overlain on the InNSAR water level at
the final time step. (e) and (g) Photographs of both tide gauge stations taken from the reports at https://www.lacoast.gov/CRMS. CRMS4808 is located in an

area with emergent vegetation, and CRMS0479 is located in open water.

approach can be found in more recent algorithms, such as
CorPhU [15], where unwrapping error regions are associated
with the neighboring larger ones. While this strategy has
proven to be very effective for solid-earth applications (e.g.,
volcano monitoring), it is not sufficient for highly dynamic
regions with a mixture of large and small connected com-
ponents that may show drastic surface changes between them
and may also present unwrapping errors, such as in the deltaic
wetlands.

The correction [13] depends on accurately defined con-
nected components. However, deltaic wetlands are comprised
of numerous islands that often are separated by narrow vege-
tated channels that can be coherent in the interferograms and,
thus, mistakenly grouped into a single connected component
by the unwrapping algorithm. Bridging two or more islands
with different unwrapping errors may result in erroneous
estimations with a significant impact on the correction process.

In contrast, our algorithm ensures the best possible separation
between connected components by taking advantage of the
C, mask, correcting only for isolated components that require
correction to avoid error propagation, and separating the
connected components that may have been mistakenly grouped
together by the unwrapping algorithm. A similar situation
applies to corrections in the time domain (phase closure),
for which correct connected component delimitation is also
necessary to properly correct phase unwrapping errors. Added
to that, the phase closure correction method [13] uses all avail-
able interferograms in an L1-norm regularized least-squares
optimization to determine the correct number of phase cycles
needed to achieve consistency among the available interfero-
gram triplets. For the deltaic wetlands, the approach in [13] is
able to improve by 7% and 12% after bridging is applied (see
Table I). This is mainly due to the particular characteristics of
the dataset used for determining water level change during a
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tidal cycle, for which a few images are acquired very rapidly
and have very high rates of phase change between consecutive
acquisitions. In this case, an iterative approach starting with
the shortest temporal baseline interferograms and then growing
the interferometric network (NN, NN+1, NN+2, . ..) allowed
us to effectively correct persistent unwrapping errors among
interferograms. We anticipate this algorithm to work well in
other similar cases where there are high rates of phase change.

VI. CONCLUSION

We find that the enhanced algorithm to correct unwrapping
errors substantially improves correct retrieval of water level
change from rapid repeat pass SAR acquisitions. Results from
our correction algorithm show a 30% improvement in the
number of high temporal coherence pixels from the original
interferograms for a set of NN, NN 4+ 1, and NN + 2
interferometric pairs. InSAR-derived time-series results and
tide-gauge comparison showed good agreement with RMSE
values as low as 0.67 cm and up to 4 cm for the worst case.
Due to the highly coherent UAVSAR acquisitions, we were
able to capture water level change patterns throughout the
Wax Lake and Atchafalaya deltas at both high temporal
and spatial resolution. These unique observations provide a
relevant resource for modeling tidal water flow and sediment
transport and deposition in wetlands.

As a whole, the unwrapping correction algorithm proved
to be an essential tool to derive valid InSAR estimates of
water level change. We note that some intrinsic problems are
inherent to the proposed approach, e.g., if there are uncorrected
unwrapping errors in the NN interferograms, considered as
reliable, they may be passed to the next set of the interferogram
to be corrected. This suggests that, for future UAVSAR
acquisitions or similar rapid repeat imaging in these settings
with rapid water level change, a shorter time span between
repeated passes should be considered for periods of high water
level change to avoid steep phase gradients that can increase
the chances of uncorrected unwrapping errors in the NN pairs.
Furthermore, if water level gauges are used for validation or
for phase ramp corrections, then care should be taken with
their location so that they measure the same water level as
InSAR, which requires emergent flooded vegetation. Even
though the examples presented here are focused on wetland
applications, the algorithm can be used for many other InSAR
applications where high spatial gradients or spatially isolated
coherent areas are present.
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