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E N V I R O N M E N TA L  S T U D I E S

Vertical land motion in Greater New Orleans: Insights 
into underlying drivers and impact to flood 
protection infrastructure
Simone Fiaschi1,2*, Mead A. Allison2, Cathleen E. Jones3

Vertical land motion is one of the main factors contributing to increased flood risk in coastal communities. Here, 
we use satellite interferometric synthetic aperture radar (InSAR) data to detect and measure previously undocu-
mented land motions in Greater New Orleans (GNO), Louisiana. Although most of New Orleans is generally stable, 
rapid elevation loss occurs in parts of the city (up to −20 millimeters per year) and on flood protection walls con-
structed following Hurricane Katrina (up to −28 millimeters per year). This work provides unprecedented spatial 
coverage of land motion rates in GNO, including wetlands and the flood protection system previously lacking 
data, which allows a more detailed examination of ground deformation patterns and insight into underlying driv-
ers. In the broader context, this work shows the potential of InSAR for measuring localized land motion in New 
Orleans and similar communities, particularly where the presence of wetlands complicates its application.

INTRODUCTION
As with a substantial number of other coastal cities around the globe 
(1), the City of New Orleans in the Mississippi Delta (MD) in south-
ern Louisiana, USA (Fig. 1) is at risk of catastrophic flooding, both 
from the Mississippi River and from ocean flooding, as was ob-
served in Hurricane Katrina in 2005 (2). The vulnerability of New 
Orleans and other similar global population centers is due to its 
presence in the low-elevation coastal zone (<10 m) and to subsur-
face geologic controls. Accelerating sea level rise exposes coastal-
river cities to increased flood risk due to storm surges. This risk is 
magnified in coastal cities by the presence of vertical motion of land 
that is caused by a multitude of natural and anthropogenic factors 
(3, 4). The most important natural factor is land subsidence, a set-
tling of the Earth’s surface chiefly driven by sediment compaction in 
the deltaic-coastal geomorphic setting of New Orleans (5). Howev-
er, anthropogenic factors, such as groundwater pumping for in-
creased drinking water supply, oil and gas withdrawals, or land-use 
changes, are contributing causes to the exacerbated sea level rise 
rates occurring in densely populated coastal areas (4). Groundwater 
extraction is practiced in Greater New Orleans (GNO) for a variety 
of purposes (6, 7), which has left portions of the metropolitan area 
at or below sea level. Vertical land motion (defined by negative rates 
for elevation loss and by positive rates for elevation gain) in low-
elevation coastal regions not only compounds urban resilience in 
the face of relative (absolute plus vertical land motion) sea level rise 
but also degrades drainage and sewage systems and rainfall runoff, 
which contributes to nuisance flooding that causes damage to prop-
erty and infrastructure (8). The river-side location of New Orleans 
also presents a preferential pathway of storm surges moving inland 
from the ocean (9). Relative sea level rise progressively degrades the 
level of storm surge protection offered by the Hurricane and Storm 
Damage Risk Reduction System (HSDRRS) of floodwalls and levees, 
gated structures, and pump stations surrounding GNO that was 

constructed after Hurricane Katrina at a cost of approximately US 
$15 billion (see www.mvn.usace.army.mil/Missions/HSDRRS/). This 
progressive increase in risk is particularly acute because of recent 
observed acceleration in the rate of Gulf of Mexico sea level rise 
(10). Reductions in ground elevation relative to sea level due to his-
toric and recent subsidence likely not only played a part in levee 
failure in Hurricane Katrina but also accounted for the extreme 
post-storm flooding depths (>2.5 m) in parts of the city (11). Un-
derstanding ongoing factors such as subsidence and fluid withdraw-
al that affect elevation of river-coastal cities is a key prerequisite to 
developing viable and long-term sustainability measures and resil-
ient design criteria.

Interferometric synthetic aperture radar (InSAR) is a remote 
sensing technique for mapping changes in the shape or position of 
the ground surface, also referred to as ground deformation, using 
microwave radar images of the Earth’s surface (12) obtained from 
airborne, ground-based or satellite systems. Because of its high tem-
poral (days to weeks) and spatial (~0.5 to 50 m) resolution, and large 
area coverage (~25- to 353-km2 image footprint), satellite-based In-
SAR is a valuable tool for tracking and measuring subsidence in ur-
ban areas and in deltas around the world, both to quantify the rising 
threat for low elevation coastal areas and to examine natural and 
anthropogenic drivers (13, 14). The objectives of the present study 
are as follows: (i) to use InSAR time-series analysis to obtain addi-
tional constraints on negative vertical land motion rates in the GNO 
metropolitan area and to identify possible drivers; this objective 
builds upon two earlier InSAR studies of GNO (15, 16) that we de-
scribe in detail below; (ii) to examine the applicability of freely avail-
able InSAR data collected by the Sentinel-1A (S1A) satellite to 
examine natural wetland areas surrounding urbanized GNO and in 
the MD at large; and (iii) to examine potential rates and causality of 
HSDRRS elevation loss as part of an effort to recertify the system’s 
level of storm surge protection (17).

Background
Since Hurricane Katrina, acquisition and study of various types of 
geological data and ground-borne, air-borne, and space-borne geo-
detic data have provided valuable insights into the rates and patterns 
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of vertical land motion in the MD and in GNO, defined here as the 
city and surrounding urban portions of Jefferson, St. Bernard, and 
Plaquemines parishes encompassed by the HSDRRS (Fig. 1). How-
ever, the markedly different vertical motion rate estimates in the 
various studies have been hard to reconcile and can seldom be un-
equivocally linked to underlying causative processes [e.g., natural 
and anthropogenic drivers; (18)]. Relative sea level change recon-
structions using age-dating of Holocene basal peat overlying the 
Pleistocene strata in several parts of the MD indicate that Pleisto-
cene and deeper units have been virtually stable over most of the 
Holocene (19), showing subsidence less than −1 mm/year over tim-
escales of millennia. Dokka et al. (20, 21), in contrast, reported sub-
sidence rates up to tens of millimeters per year from the 1970s to 
1995 for several benchmarks on long pile foundations extending 
into Pleistocene and deeper strata in the surroundings of Michoud in 
GNO (location in Fig. 1B). They proposed a role for (neo)tectonic 
activity associated with the Michoud fault or industrial groundwater 
extraction in that area (locations in Fig. 2A). Global Positioning Sys-
tem (GPS) station ENG1/ENG5 (locations in Fig. 1), some 15 km 

south of Michoud, showed much less vertical motion of about −2 mm/
year since the 1990s (22). For a more recent period (2014–2020), 
Karegar et al. (23) used a combination of conventional GPS and 
GPS Interferometric Reflectometry (GPS-IR) to estimate uplift of 
+2.2 ± 0.7 mm/year occurring at a depth > 2000 m at GPS station 
MARY at the NASA Michoud facility, while subsurface layers shal-
lower than 2000 m contribute −2.5 ± 1.3 mm/year of motion. They 
suggested that the deep uplift is due to cessation of nearby ground-
water withdrawal for industrial cooling in 2016. The logic of this 
interpretation is unclear, however, because groundwater pumping 
occurs at depths of a few hundreds of meters. South of GNO and 
toward the birdfoot of the MD, other studies (24–26) inferred subsid-
ence rates between −5 and −10 mm/year during the late 20th century 
from geodetic leveling data and tide gauge records and linked to the 
impacts of hydrocarbon production, further suggesting that the up-
per Pleistocene section may not be stable at present. At the same 
time, however, this remains a matter of interpretation as the depth 
to the Pleistocene interface increases rapidly toward the SE and a 
considerable thickness of Holocene strata occurs even below deeply 

Fig. 1. Overview of the study area. (A) Location of the state of Louisiana (LA), USA, and the city of New Orleans (white star); base map is derived from ESRI Satellite World 
Imagery. (B) Satellite optical image of GNO; the blue line is the course of the Mississippi River; the yellow dashed line is the extent of the HSDRRS; base map is derived from 
Bing Maps Satellite Imagery. (C) Elevation map of GNO in m above mean sea level (m.s.l.), based on the 2023 US Geological Survey (USGS) 1/3–arc-sec digital elevation 
model (DEM), WGS84 coordinate system; the black lines mark the Parishes subdivisions of the metropolitan area; the white polygons and four-letter station code names 
are the location of the available continuous Global Positioning System (GPS) stations.
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founded benchmarks, which implies that it cannot be ruled out that 
most of this subsidence originates from compaction of the Holocene 
interval of soft sediments (27).

Several studies have shown that subsidence rates in the MD gen-
erally correlate with the thickness of Holocene sediments (Fig. 2) 
(22, 28–31). Using rod surface-elevation table (RSET)–marker hori-
zon stations, Jankowski et al. (31) inferred compaction-driven sub-
sidence within the top ~20 m of Holocene strata to be between −5 
and −15 mm/year over periods of 8 to 10 years. This demonstrates 
the potentially large contribution of natural compaction to surficial 
land subsidence and land loss in the MD. More recent geotechnical 
modeling has suggested that the vast majority of this compactional 
subsidence is associated with the near-surface (1 to 3 m thick) com-
paction of recent organic-rich wetland layers (Fig. 2) (32). Only lim-
ited areas of remnant wetland are present today within the HSDRRS, 
and, in the urban setting of MD beneath GNO, land subsidence 
tends to be compounded by loading and drainage-induced compac-
tion and mass-loss associated with oxidation of organic-rich soils 
(33). Neighborhoods bordering Lake Pontchartrain (Fig. 1) that were 
formerly cypress swamps and freshwater marshes have subsided up 

to 3 m in about two centuries at rates up to −30 mm/year (8). At 
present, these rates are more subdued but, nevertheless, represent an 
ongoing potential source of subsidence where compaction- and 
oxidation-sensitive strata (7) remain in locations where the ground-
water table has been deflated by extraction (8).

Satellite-based InSAR provides the most comprehensive infor-
mation about land surface deformation in GNO due to the afore-
mentioned unprecedented spatial coverage and potentially high 
temporal resolution. To date, only few InSAR studies (15, 16, 34–36) 
have been conducted over GNO. Dixon et al. (15) used 33 C-band 
RADARSAT-1 (RSAT) SAR images to derive linear deformation 
rate estimates covering 2002–2005 processed using the permanent 
scatterer interferometry (PSI) technique (37). Their map revealed 
spatial patterns of vertical land motion in the urban area between 
Lake Pontchartrain and the Mississippi River: Rates varied from low 
elevation loss values between 0 and −2 mm/year in downtown New 
Orleans to relatively high values between −8 and −13 mm/year in 
Lakeshore and at the eastern half of the East New Orleans district 
and at Michoud (fig. S1A). Although their results represent an unprec-
edented view of the movements affecting the GNO, high uncertainty 

Fig. 2. Geological map of the study area. (A) Schematic distribution of the Holocene deposits in GNO (59, 60); the transparent red areas show the distribution and thick-
ness of the surficial peat deposits (61); the dashed black line is the approximate location of the Michoud fault (21); the colored points are the active water wells as of May 2025 
(data available from the Louisiana Department of Natural Resources, www.sonris.com/); base map is derived from Bing Maps Satellite Imagery. (B) Vertical cross section of 
the Holocene deposits along the a-a′ white line shown in part (A) [from (59)].
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levels of the obtained rates (mean and SD of rate for all the points 
was −5.6 ± 2.5 mm/year) make it difficult to interpret the results at 
the local scale.

Jones et al. (16) derived a deformation velocity map from two 
L-band SAR images obtained with NASA’s Uninhabited Aerial Ve-
hicle SAR (UAVSAR) covering the period from June 2009 to July 2012. 
Their results showed markedly different deformation patterns from 
the earlier study, including uplift in the New Orleans East district, 
very high vertical motion rates of <−30 mm/year at Michoud, and 
rather high rates between −10 and −20 mm/year along the banks of 
the Mississippi River (fig. S1B). However, the uncertainty of these 
results is generally high as the ratio of measured rate to the esti-
mated uncertainty is close to or exceeds one. Their data did, none-
theless, convincingly reveal local impacts of industrial groundwater 
pumping (Norco refinery) and of recent housing development con-
struction (Westwego, Louisiana) that likely reflects surface loading. 
These impacts are better resolved in the airborne data because un-
certainty of differential movement over relatively short distances in 
areas of stronger deformation rates is relatively small.

Qu et al. (34) monitored vertical ground motion over the Gulf 
coast of the USA, including GNO, using ALOS-1 PALSAR L-band 
SAR imagery between 2007 and 2011. Their results show average 
vertical motion rates over the populated areas of GNO between −5 
and −25 mm/year, and maximum rates of −52 mm/year recorded at 
sections of the canal located East of the city. According to the au-
thors, the measured rates are generally in good agreement with the 
previous works of both (15) and (16), while the only discrepancy 
reported is the absence of subsidence detected in the Norco area 
measured, instead, by Jones et al. (16) between 2009 and 2012. They 
detected localized subsidence at the south shore of lake Pontchar-
train and at several communities such as Kenner, Michoud, and 
Metairie. They found higher subsidence signals in both urban and 
industrial areas of Estelle, Harvey, and Belle Chasse (locations 
in Fig. 1B), as well as areas of minor uplift of unknown origin south 
of Kenner and in the central part of Michoud. These results, none-
theless, present some limitations due to the absence of data coverage 
in critical areas of GNO such as the wetlands surrounding the city 
and to the adopted L-band dataset, which is not sensitive to rates up 
to a few millimeters per year. These make it impossible to distin-
guish between real signal and noise in areas of subtle ground motion.

More recent large-scale InSAR studies provided maps of rate of 
motion of the contiguous USA coastline (35) and the Gulf coast 
(36) that have comparative value for GNO. Using a combination of 
ALOS-1 PALSAR and S1A images acquired between 2007 and 2020, 
Ohenhen et  al. (35) show that only minor subsidence is affecting 
GNO, with rates ranging from −1 to −2 mm/year, which is within 
the uncertainty levels of the proposed approach. On the other hand, 
Wang et al. (36) analyzed 103 S1A images from 2017 to 2020 and 
obtained vertical land motion that is mainly positive over the city of 
New Orleans, showing rates between +2 and  +4 mm/year Their 
map depicts also three main areas of elevation loss located at the 
international airport (rates up to −17 mm/year), at Harvey (rates up 
to −21 mm/year), and in vegetated areas East of the city (rates up 
to −34 mm/year). Due to limited computational capabilities, time 
availability, and resources, the results obtained through large-sale 
InSAR approaches, which often rely on semi or fully automated pro-
cessing chains, generally lack the level of precision and detail re-
quired to fully capture the surface dynamics occurring at much 
smaller scale. For this reason, such studies, even if their scientific 

contribution to support coastal resilience at the regional scale is un-
questionable, have been unable to resolve total ground motion and its 
underlying mechanisms to the degree necessary for future sustain-
ability planning for coastal urban areas such as GNO. Furthermore, 
ascertaining to what extent the differences between these four stud-
ies reflect true differences in deformation rates is not trivial because 
of differences in datasets (radar band used, acquisition method, and 
number of images), time intervals, and processing methods adopted 
that yield large variations in data coverage, ground resolution, and 
uncertainties in rates.

This study introduces two key advancements in InSAR analysis 
over GNO. First, it leverages a S1A dataset from 2016 to 2020, pro-
viding unprecedented spatial coverage of ground deformation across 
both urban and natural environments, including areas previously 
lacking data, such as wetlands, which allowed for a more detailed 
examination of ground motion patterns. Furthermore, the S1A data 
permitted an analysis of motion rates along the HSDRRS, for which, 
to our knowledge, comprehensive elevation monitoring surveys are 
not routinely conducted. Second, we reprocessed RSAT data previ-
ously analyzed by Dixon et al. (15) and extended to 2007 using an 
advanced technique, enabling a more detailed and accurate assess-
ment of ground motion over a longer time period than possible with 
the S1A data alone.

RESULTS
Results for GNO in 2002–2007 (RSAT)
The average vertical velocity map (Fig.  3A) illustrates the current 
RSAT InSAR results over GNO. For each point, representing a pixel 
of around 15 m by 6 m, negative values mean movement farther 
from the satellite (potentially representing loss of surface elevation), 
the positive values mean movement toward the satellite (potentially 
representing increase of surface elevation). The points with veloci-
ties in the range of ±2 mm/year (in green) are the ones considered 
as “stable” (e.g., movement within the error range). In addition to 
the average velocity rate from beginning (2002) to end (2007) of the 
image record, each measured point has a displacement value associ-
ated with it in each of the 52 image dates, which provide the accu-
mulated displacement in time starting from the first date.

In total, we obtained 791,377 measured points, with an average 
vertical velocity of −1.3 ± 0.9 mm/year and a density of ~591 points/
km2. The point distribution is mainly controlled by the temporal 
coherence of the targets at the surface, an indicator (from 0 to 1) of 
the level of noise in the phase domain of the InSAR pixels. We ob-
tained most of the points over the urbanized area of the GNO, where 
linear infrastructure such as bridges, roads, and the pre–Katrina 
flood control system appears as valid InSAR targets. While most 
of the vegetated areas outside the city limits do not provide mea-
sure points because they have coherence below the used coherence 
threshold of 0.60, some portions of the wetlands located in the east-
ern side of the city fell above this cutoff (Fig. 3). Averaging the full 
measured point population, GNO is stable in the 2002–2007 period, 
with 66% of points showing motion in the range of ±2 mm/year. We 
found areas of higher elevation loss from −4 to −8 mm/year (in yel-
low,  Fig.  3) in Jefferson Parish in the residential areas of Kenner, 
north of the Louis Armstrong International Airport, and in the vi-
cinity of Harvey in the south. Similar rates are also present in the 
Michoud area in the northeast of the study area. Localized areas of 
greater elevation loss (<−15 mm/year) are present at the Louis 
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Fig. 3. InSAR-derived average relative vertical velocity maps. (A) The 2002–2007 RSAT results. (B) The 2016–2020 S1A results. The red circles are the location of 
the reference point used for the InSAR processing. The white lines in (A) are the HSDRRS floodwalls and levees enclosing the city and surrounding areas of Jefferson 
and St. Bernard Parish constructed after 2007. In (B), the black and white lines marked with letters from “a” to “h” are the profiles used to extract the velocity rates along 
the flood protection system and presented in Fig. 8. In (B), the labeled white squares are the locations of the available continuous GPS stations, reported with the 
corresponding average vertical velocity rates (in millimeters per year). The underlying base map is provided by Esri, HERE, OpenStreetMap.
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Armstrong International Airport, at some industrial and newly con-
structed residential buildings in Harvey, at a few industrial sites in 
Michoud, and along the small strip of land crossing the Bayou Bien-
venue Central Wetland Unit (CWU). The flood walls east of the 
CWU presents maximum rates of elevation loss up to −47 mm/year 
Here, the rates are not uniform along the entire concrete floodwall 
but generally decrease moving away from the central portion of the 
wall in the area close to Lake Borgne. Localized areas with rates up 
to +6 mm/year are present in downtown New Orleans and in the 
Gentilly Terrace district.

Results for GNO in 2016–2020 (S1A)
Analysis of the S1A dataset provided a total of 163,204 points in the 
GNO image scene. Average velocity is −2.8  ±  0.7 mm/year and 
point density is ~134 points/km2. Reflecting the different approach 
adopted and the lower coherence cutoff (see Materials and Methods 
for details), we obtained points over most of GNO, improving 
upon the 2002–2007 RSAT coverage, and including some vege-
tated areas (wetlands) inside and outside of the urban areas of the 
City of New Orleans. The few areas inside the HSDRRS without 
coverage are those (presumably) characterized by surficial water, 
both permanent (e.g., bayous and lakes) and temporary (e.g., tidally 
or seasonally flooded wetlands) that do not provide reliable InSAR 
phase information.

As a general overlook, the spatial distribution and rates of the 
motion resulting from the analysis of the S1A images are compara-
ble to the ones obtained with the RSAT images. The S1A results 
show a larger areal extent of the locations with relatively rapid eleva-
tion loss (up to −10 mm/year). These rates are present not only in 
the cities of Kenner and Harvey but also in the lakefront north of 
Metairie (Fig. 3). Our results reveal higher localized elevation loss 
rates at the Louis Armstrong International Airport, at industrial 
sites south of the English Turn and in the Michoud area. Maximum 
rates of elevation loss, between −30 and −47 mm/year, are affecting 
a large portion of the imaged wetlands, particularly the CWU and 
the marshes in the northeast of the study area, outside the New 
Orleans city limits. Sections of the HSDRRS flood protection system 

around GNO are experiencing different rates of movement, as dis-
cussed below. The S1A results also show areas of elevation gain with 
rates up to +8 mm/year in Michoud near the MARY GPS station 
and in Chalmette in the St Bernard Parish. We found further areas 
showing elevation gain in vegetated areas north of the ENG5 GPS 
station and in the southeastern portion of the study area, in proxim-
ity to a flood wall, where the rates reach +23 mm/year

DISCUSSION
Importance of satellite and processing methodologies
As outlined in earlier sections, we used two SAR satellites (RSAT 
and S1A) to examine land elevation change in GNO in the period 
from 2002 to 2020. In theory, the resurvey of a fixed area provides an 
opportunity to examine the impact of sensor characteristics and pro-
cessing methodology on the measured average velocities. However, 
several substantial natural and human changes marked the 18-year 
period of record in the GNO landscape. Hence, we must take into 
account the different time intervals over which the satellite process-
ing occurred for this and previous studies (Table 1 and table S2) 
when comparing results. Key specific changes include (i) the storm 
surge and extensive and long-lasting (weeks to several months) 
flooding inside the GNO flood protection system by Hurricane 
Katrina in August 2005, (ii) construction of the new HSDRRS flood 
protection system in 2011–2017, (iii) changing point-source ground-
water withdrawal, and (iv) ground elevation changes linked to con-
struction and excavation projects in this highly urbanized area.

As previously noted, the uncertainties associated with the mea-
sured displacement rates obtained by both Dixon et al. (15) covering 
2002–2007 using RSAT data and the PSI method and by Jones et al. 
(16) using the UAVSAR L-band system are too large to allow mean-
ingful direct comparison with their rate estimates. For this reason, 
we considered it necessary to reprocess the RSAT data with a more 
recent processing algorithm to obtain results that are more compa-
rable with the S1A data of this study. The RSAT and S1A results 
(Fig. 3) are mutually consistent in the central part of the study area 
where there is no evident ground motion (rates generally in the 

Table 1. Characteristics of the InSAR datasets used in this study. NA, not available; rg, range; az, azimuth; HH, horizontal horizontal; VV, vertical vertical; PS, 
permanent scatterer; DS, distributed scatterer.

SAR system RADARSAT-1 Sentinel-1A

 Sensing period (dd/mm/yyyy) 14/04/2002 24/02/2007 28/01/2016 31/03/2020

Track number 294 165

 Orbit Ascending Ascending

 Revisit time (days) 24 12

Look angle (°) 29.0 39.6

 Radar band/λ (cm) C/5.6 C/5.6

 Polarization HH VV

 # of scenes 52 107

 # of interferograms 1326 585

 Max temporal baseline (days) 1777 168

 Max perpendicular baseline (m) NA 233

 Ground resolution (m) (rg az) 14.7 × 5.4 2.3 × 14.1 (~60 × 60 with multilook)

 Scatterer type PS/DS DS
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range of ±2 mm/year), as displayed in the map of velocity difference 
between the two datasets (Fig. 4, in white). There is good agreement 
also in the low rates of vertical motion occurring in the Kenner and 
Harvey urban areas, as well as some of the industrial sites along the 
Mississippi River. In other areas of GNO there are notable differ-
ences. The areal extent of the 2016–2020 S1A-derived negative mo-
tion is larger than those of the 2002–2007 RSAT, although with 
similar rates. We interpret this as a result of the lower resolution 
approach adopted for the processing of the S1A data in respect to 
RSAT data, which produced better point coverage to the detriment 
of the sensitivity to detect small changes in the rates of motion oc-
curring over short distances. This is visible east of the Kenner area 
(Fig. 3) where the measured surface motion, even if similar in rate, 
appears averaged over a larger extent in the S1A results. Greater dif-
ferences in the detected rates between the two datasets occur in sev-
eral areas of the urban GNO. The areas with the most change are at 
and south of the Louis Armstrong International Airport, at Michoud, 
and at Chalmette (Fig. 4, respectively, A, B, and C). While, in the first 
two areas, we mainly attribute these differences to real changes in the 
underlying factors controlling ground motion during the two moni-
tored periods, the origin of the different motion in the latter area 
remains unclear. We can explain this by taking into account both 
technical and natural factors: The motion detected here is the results 
of the averaging of the phase contribution of both man-made struc-
tures and the adjacent marshlands that may dominate such signal. 
Anthropogenic factors in Chalmette, such as changes in operational 
activities of the industrial site on the banks of the Mississippi River 
or the construction of the flood protection system north of the area, 
may also add another degree of complexity to the detected motions 
during 2016–2020.

It is clear that the technical approach used to process InSAR data 
(i.e., processing algorithm and parameters) together with the choice 
of the satellite sensor (i.e., but not limited to, incidence angle, pixel 

resolution, temporal coverage, and radar wavelength) has a major 
impact on the type of information that can be extracted from any 
study area, and this is particularly true in complex environments 
such as river deltas. The choice of the reference point in an InSAR 
time-series analysis, when varied between studies, can introduce 
uncompensated biases in motion rates, adding complexity to com-
parisons. However, if we select the reference point correctly, assum-
ing that the selected pixel does not present relevant motion or trends 
while showing robust and consistent phase reflectivity, then we can 
consider the impact of such selection on the obtained results negli-
gible. The velocity difference of Fig. 4 shows that the locations se-
lected for the reference point of RSAT and S1A is also stable in each 
of the other satellite’s results, with differences below 0.5 mm/year for 
both areas.

The results of the current work and previous studies, despite 
their differences, all contribute in different ways to the understand-
ing of the dynamics of the ground deformations in GNO and pro-
vide further insights into the capabilities of InSAR instruments for 
precisely detecting and monitoring these land motions.

Sources of ground motion in urban GNO
The S1A results shown in Fig. 3B and in the sites highlighted in Fig. 5 
indicate that most of the urban area, and, in particular, its central 
part in the core of the City of New Orleans, is relatively stable (green 
in Fig. 5A). The stable area also includes developed portions of east-
ern Jefferson Parish on the east bank of the river, west bank Jefferson 
Parish in areas proximal to the river, and St. Bernard Parish near the 
river in the Chalmette-Arabi corridor (refer to  Fig.  3A for loca-
tions). This pattern broadly agrees with the older InSAR studies 
(15, 16, 33) and even more consistently with the RSAT results of this 
study (Fig. 3A). Other urbanized areas, particularly in western 
Jefferson Parish (Kenner) on the east bank of the river, along the 
Lake Pontchartrain frontages in New Orleans (Fig. 5A), and distal 

Fig. 4. Velocity difference between the RSAT (2002–2007) and S1A (2016–2020) InSAR results. The panels are the areas with high changes discussed in the text: 
(A) Luis Armstrong International Airport; (B) Michoud; (C) Chalmette. The values in the map are the modulus of the difference between the S1A and RSAT mean velocity 
rates after sampling the data to a common grid of 60 m (lowest resolution between the two datasets). Scale goes from 0 to 2 mm/year (in white, no substantial change) 
to 40 mm/year (in red, high change). The underlying base map is provided by Esri, HERE, OpenStreetMap.
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from the river on the west bank (Fig. 5B), appear to be experiencing 
substantial elevation loss (−2 to <−20 mm/year). The areas of east 
bank Jefferson Parish west of the Lake Pontchartrain Causeway bridge 
display increasing elevation loss from east to west, with maximum 
rates of −27 mm/year measured at the recently expanded Louis 
Armstrong International Airport. Substantial elevation loss also oc-
curs in New Orleans East (Fig. 5C) and in the west bank communi-
ties distal from the Mississippi River (Fig. 5D). We interpret these 
elevation loss trends as being caused by ground subsidence of mul-
tiple origins. Areas along Lake Pontchartrain from New Orleans 
East to the western edge the HSDRRS in Kenner distal from the 
Mississippi River are areas that were developed beginning in the 
mid-20th century and had been drained to convert low elevation 
swamp to build sites. This has resulted in elevations that are in plac-
es below mean sea level (Fig. 1C) due to a combination of compac-
tion and oxidation of peaty soils subjected to phreatic conditions 
(8). Recent urbanization and expansion of residential communities 
have occurred along the west bank of the Mississippi River (Fig. 5D) 
in the past two decades. Jones et al. (16) attributed these areas of 
high ground elevation loss to subsidence due to settling of soils post-
construction. We interpret a hot spot of elevation loss at rates of 
<−20 mm/year around New Orleans International Airport (Fig. 5A) 
as due to the soil disturbance associated with construction of a new 
terminal in 2016–2019.

The results show other circular areas of high elevation loss across 
GNO associated with industrial facilities (circled in  Fig.  5). Jones 
et  al. (16) identified several of these as industrial sites harvesting 
groundwater for cooling, resulting in a subsidence associated with 
groundwater cone of depression. High rates that we observed at other 
sites may be a byproduct of recent construction or deconstruction of 

decommissioned sites. A circular hot spot is also present west of the 
MARY GPS at the location of the Orleans Parish landfill (Fig. 5C).

The Michoud area, northeast of the city (Fig. 5C), shows appar-
ent elevation increase. High rates of subsidence, interpreted as a 
consequence of groundwater extraction for cooling by an Entergy 
Inc., power plant at the site (Fig. 6) (15), affected this area until 2016 
(Fig. 3A). After 2016, the closure of the power plant and the conse-
quent cessation of groundwater pumping for coolant water in the 
area has apparently resulted in recovery of the water table levels and 
uplift at the surface at rates up to +6 mm/year. This pumping and 
recovery are occurring below an impermeable clay layer that con-
fines the near surface aquifer (1, 35). As mentioned before, we 
observed a second area of apparent elevation gain, with no clear causa-
tory mechanism, near Belle Chasse, west of the river in the English 
Turn bend (e.g., near ENG5) (Fig. 5D). Last, scattered elevation gain 
is present in St. Bernard Parish along the Poydras to Reggio corridor 
in residential areas recently enclosed by the HSDRRS (Fig. 5D). 
In both areas, the measured ground motion could be a product of 
the land cover surrounding the residential areas, constituted by 
marshes and wetlands, which potentially dominate the detected 
InSAR signal, more than the one coming directly from the man-
made structures.

Recent deformation in wetland areas
The S1A results in the present study, unlike in earlier InSAR studies 
and when using RSAT imagery, show measurable elevation change 
in some remnant wetland areas within and immediately outside the 
HSDRRS in New Orleans East, over the CWU located opposite 
the Violet Canal, and on the upriver portion of the west bank of the 
Mississippi River adjacent to the newly constructed HSDRRS in the 

Fig. 5. Close-ups of the S1A results obtained over GNO. (A) New Orleans lake front and western Jefferson Parish. (B) West bank communities opposite the City of New Orleans. 
(C) New Orleans East. (D) West bank communities on the opposite Mississippi River bank from Belle Chasse. The white lines are the HSDRRS floodwalls and levees enclosing 
GNO. The labeled white squares are the locations of the available continuous GPS stations. The underlying optical image is provided by Esri, HERE, OpenStreetMap.
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Bayou Segnette region (Fig. 6). Rates of land elevation loss in these 
areas range from −2 to −37 mm/year and are generally higher than 
those observed in urbanized sections of GNO outside of hot spots 
around industrial facilities. Many of these were also encompassed 
by HSDRRS after the RSAT dataset was acquired (2005–2007) and, 
hence, are now experiencing restricted tidal exchange with adjacent 
wetlands and the Gulf.

In New Orleans East, a wetland area of high elevation loss (−6 to 
−30 mm/year; Fig. 6B) is present both inside and outside the HS-
DRRS. The results also show high elevation loss along Interstate-10 
where it crosses the northern portion of the wetland. An exception 
to these high rates is the developed area around the community of 

Venetian Isles which lies outside the HSDRRS. Most of the detected 
surface motion falls outside the HSDRRS, suggesting that, in this 
case, the rapid elevation loss is not due to restricted tidal exchange 
and starvation of nutrients and mineral sediment resulting from their 
hydrological isolation. Further, coastal land loss maps for this region 
from 1932 to 2016 (38) show that much of the wetland loss is marsh 
edge retreat due to wave attack rather than internal ponding attrib-
uted to subsidence at rates that lead to marsh drowning (39). While 
the complex mechanisms operating to create subsidence in coastal 
wetlands of Louisiana remain poorly constrained, the most recent at-
tempt to summarize the multiple mechanisms involved and to create 
a spatial map of rates, the 2023 Louisiana Coastal Master Plan (40), 

Fig. 6. Relative vertical velocity maps of the main wetland areas affected by substantial elevation change between 2016 and 2020. (A) Bayou Segnette region. 
(B) New Orleans East. (C) The Violet Canal area and adjacent parts of the Central Wetlands Unit. The white stars are the location of the surface-elevation table (SET) sites 
measured in (43) and referred to in Fig. 7. The white lines are the extent of the HSDRRS enclosing the city of New Orleans. The labeled white squares are the locations of 
the available continuous GPS stations. The underlying optical image is provided by Esri, HERE, OpenStreetMap.
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reported elevation loss values between −2 and −6 mm/year for the 
New Orleans East area, far less than the ones observed in this study.

The maximum negative rates for wetland areas imaged by S1A 
(<−40 mm/year) are over the CWU opposite the Violet Canal and 
extending on both sides of the HSDRRS barrier (Fig. 6C). Keogh 
et al. (32) recognized that subsidence in MD wetlands is primarily 
focused within the first 1- to 3-m-thick organic-rich surficial layer 
where young, water-rich sediments were highly compressible. Hence, 
these areas might be expected to be experiencing more rapid eleva-
tion loss due to subsidence than urbanized portions of the GNO 
study area where the wetland layer is not present. However, it should 
be noted that inferring that these velocity rates are solely related to 
subsidence in wetland areas is complicated by natural deposition/
erosion patterns. Jankowski et al. (31) used 274 RSET stations from 
across southern Louisiana wetlands to derive shallow [above the 
foundation rod of the surface-elevation table (SET)] subsidence 
rates (SS) from measured surface elevation change (SEC) and vertical 
accretion (VA) of organic and mineral matter at each station. For the 
185 stations in the MD, they find means of SEC = +5.7 mm/year 
(range, −41 to +46 mm/year), VA = +12.8 mm/year (range, +1.6 to 
+83.7 mm/year), and SS = +7.1 mm/year (range, −39 to +60.7 mm/
year). We can infer from these values that SEC and VA are highly site 
specific in MD wetlands. Five brackish and intermediate wetland 
sites in the SET network are located in the area of InSAR relative 
velocities shown in Fig. 6C, three in the Violet area and two in the 
areas immediately inside and outside HSDRRS in New Orleans East. 
While the dataset by Jankowski et al. (31) extends from station in-
stallation (earliest 2008) only to 2016 (updated data available from 
www.lacoast.gov/CRMS/), SEC measured at four of the five stations 

shows uplift (VA > SS) of +1.1 to +6.4 mm/year (one station in 
New Orleans East was −6.7 mm/year). Semiannual VA measure-
ments were also relatively high over the period of record (range 
from +2.8 to +37.4 mm/year) for these stations. However, the reli-
ability of the SET measurements is uncertain because the unsleeved 
and unanchored reference steel rods, despite being driven to refusal, 
potentially record the consolidation of the entire sediment sequence 
including tectonic processes (41). Given that it is unknown whether 
SET measures none, all, or part of the sediment sequence below its 
footing, this calls into question the quantitative comparison with 
InSAR. The InSAR-derived relative velocities, which are similar to 
the SET SEC measurement, show substantial elevation loss over the 
2016–2020 interval, while the SET records do not. Further, InSAR 
rates are high enough that, given the low elevation of this wetland 
(the five SET stations are between 0.3- and 25.9-cm NAVD88, Geoid 
12A), conversion to open water would be predicted within the next 
decade. In any case, the interpretation of the InSAR results obtained 
over vegetated and, in particular, wetlands areas must be done with 
caution considering the higher uncertainties levels and the high de-
gree of complexity of such areas. An alternative explanation, at least 
for the CWU region, if not for the New Orleans East and wetland 
areas on the west bank of the Mississippi River Gulf Outlet Canal 
adjacent to the HSDRRS (Fig.  6C), relates to previous studies by 
Lane et al. (42) and Hunter et al. (43). They used RSETs driven ~4 m 
into the substrate to monitor elevation change in the late 1990s and 
again in 2011 after Hurricane Katrina affected the Central Wetlands/
Violet area in 2005. The results by Hunter et al. (43) show rates of 
elevation change before Hurricane Katrina somewhat comparable 
to the 2016–2020 InSAR results (Fig. 7). Following Katrina, the 2011 

Fig. 7. Elevation change rates in CWU. Left: Elevation changes at the three SET stations measured by (43) between Q2 1996 and Q1 2011 in the Violet Canal area. Note 
the increased elevation in Q2 2011 due to the Katrina hurricane deposits. Right: Average displacement time-series (2016–2020) of all the InSAR points (n) in a 100 m 
radius around each SET station. The reported rates are the average rates for the entire period.
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SET results show a rebound of surface elevation that they attribute 
to organic debris and sediment brought in by the storm. However, 
the later RSET sites have foundations that are driven 20 to 26 m into 
the substrate, and three of the five sites reached the Pleistocene 
(see the Supplementary Materials) (31). Because the SEC results from 
the deeper foundations of these later stations do not support the 
high relative elevation losses observed in the 2016–2020 S1A results, 
we are left to conclude that rapid subsidence in the Pleistocene (be-
low the measurement interval of the SETs) is unlikely (27). However, 
our measured rates of elevation loss on the adjacent sections of the 
HSDRRS floodwalls (−10 to −20 mm/year) supports the high rates 
of elevation loss in the Bayou Dupre area (Fig. 6C), suggesting that 
both are responding to the same process and that surficial organic-
rich soil compression (not present under the floodwalls) is not the 
cause. We cannot resolve this apparent contradiction (high versus 
low rates of elevation loss) with the present data. However, a con-
tributing factor may be that most of the wetlands showing higher 
temporal coherence values (fig. S3) are in areas that, after construc-
tion of HSDRRS, have water level changes complicated by pumped 
removal of water causing shrink-swell of surficial sediments in addi-
tion to tidal exchange occurring when the gates in the floodwalls are 
open. Further, in the Violet Canal area, these privately owned marsh-
lands are regularly subjected to controlled burning to regenerate food 
crops for waterfowl that are hunted on the property. Likely those 
burns, which potentially could cause ground surface deflation as the 
organic soil component is consumed, were not extended into the 1-
km2 exclusion areas for the state of Louisiana operated SET sites in 
the area (Fig. 6). We also did not observe high rates of displacement 
in the final year of the InSAR time series at the SETFAR station be-
tween 2019 and 2020 (Fig.  7). Hence, anthropogenically affected 
inundation and marsh canopy heights may be a complicating factor 
in interpreting these InSAR results. Another point to consider when 
comparing the InSAR and the SET results is the different portion of 
wetland each of the two techniques measures. Our InSAR results 
have a pixel size of 60 m by 60 m, which averages the complex phase 
contribution of a much larger variety of wetland area. On the other 
end, the SET stations are point measurements centered over a centi-
metric area; hence, the rates are only very local.

Elevation loss of the HSDRRS since construction
The HSDRRS flood protection system installed around GNO post-
Katrina and completed in 2012–2017 is an enclosing system of 
350 miles (563 km) of levees and concrete floodwalls with 73 non-
federal pumping stations, three canal closure structures with pumps, 
and four gated outlets to control tidal exchange and floodwater re-
moval with the adjacent coastal system, lakes, and the Mississippi 
River. The structural elements of HSDRRS built by the US Army 
Corps of Engineers through 469 construction contract awards (from 
www.mvn.usace.army.mil/Missions/HSDRRS/) are at elevations de-
signed to reduce the risk associated with a storm surge that has a 1% 
chance of occurring in any given year or a 100-year storm surge. 
Any relative elevation loss due to either loading induced deforma-
tion caused by the weight of the more recent structures or to deeper, 
regional subsidence of a geological or groundwater removal causal-
ity could degrade the level of storm protection offered by HSDRRS 
by decreasing wall/levee heights relative to sea level. This is in addi-
tion to any changes caused by sea level rise. InSAR time-series anal-
ysis can successfully monitor surface deformations affecting linear 
infrastructure networks and can be integrated with conventional 

ground-based monitoring systems for geotechnical applications (44). 
An early study (45) demonstrated the effectiveness of using dis-
placement rates derived from the analysis of high-resolution X-band 
SAR data to evaluate and monitor the health of portions of levees in 
central New Orleans.

Here, we extracted the S1A-derived 2016–2020 vertical velocity 
rates from five sections of the HSDRRS spanning a total of 180 km. 
To isolate the deformations associated with HSDRRS elements, we 
obtained velocity rates by interpolating through an Inverse Dis-
tance Weighting method the InSAR points located in a 50-m buffer 
around the levee center line (provided by the National Levee Data-
base, https://levees.sec.usace.army.mil) selected to have a sufficient 
number (at least 3) of InSAR points within the buffer to be used in 
the interpolation. We extracted the displacement rates correspond-
ing to each pixel together with the corresponding height values 
along the levee center line and depicted as along-structure transects 
(segments A-to-H shown on Fig. 3) in Fig. 8. The highest rates of 
elevation loss (<−10 mm/year) are along the southern section of the 
A-to-B floodwalls constructed adjacent to New Orleans Interna-
tional Airport, in the central segment of earthen levees along B-
to-D in New Orleans East, in the St. Bernard Parish floodwall 
section (east bank of Mississippi River) opposite the areas of high 
apparent elevation loss in adjacent wetlands discussed in the previous 
section (central E-to-F), and along the west bank of the Mississippi 
River on western segment G-to-H. In general, these are in areas of 
newly constructed concrete floodwall protection, as opposed to ex-
isting earthen levees like those along the Mississippi River and Lake 
Pontchartrain that were raised in some areas to meet HSDRRS stan-
dards. This suggests that post-construction settling of the floodwalls 
and their foundational underpinnings may be a primary mecha-
nism for the observed areas of high velocity, with the exception of 
those areas adjacent to broader wetland areas of apparent high de-
formation discussed in the previous section. Diverse methods were 
used to construct the HSDRRS barrier including construction of 
new earthen levees, raising or armoring existing earthen levees, 
construction of concrete (T-wall) floodwalls, and modification of 
existing floodwalls by altering foundation depths or armoring. 
Foundation depths of newly constructed features were varied de-
pending on local, near surface soil/geological character, and a variety 
of armoring of the outward face of the barriers were used including 
rip-rap, concrete revetment, and full versus toe armoring (see www.
mvn.usace.army.mil/Missions/HSDRRS/ for details).

Following completion, HSDRRS was turned over for operation 
and maintenance to the state of Louisiana who manages it through 
parish-level levee boards with maintenance funding individualized 
by each of the four parishes (e.g., Orleans, Jefferson, St. Bernard, and 
Plaquemines) that sections pass through. This has meant that, since 
completion, monitoring of barrier elevation by real-time kinematic 
(RTK) GPS surveys has been incomplete and, in some cases, local 
efforts have been made to raise earthen sections by soil placement 
along short segments where elevation losses were identified by RTK 
GPS. The InSAR results in Fig. 8 are a compilation averaged over 
60-m grid cells of the earthen or concrete barrier, the armored and 
unarmored sloping faces of the constructed element, and immedi-
ately adjacent areas of diverse substrate. These factors together make 
it difficult to ascribe exact causality (loading versus underlying sub-
sidence) to the observed velocities in Fig. 8. They do indicate that 
certain segments of the barrier or elements of those segments (i.e., 
walls and reveted or rip-rapped slopes) are experiencing elevation 
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loss at rates up to an order of magnitude larger than those of abso-
lute sea level rise of around +3.6 mm/year (46), reaching rates com-
parable to the 2050 projected rates for the Gulf Coast of up to +15 mm/
year (47). Rising sea levels will increase not only the height of tides 
and storm surges, altering coastal flood patterns across the US, but 
also their frequency, with major (potentially destructive) high tide 
flooding events (about 1.20 m above mean higher high water) be-
coming four times more common, from 0.08 events/year in 2020 to 
0.3 events/year by 2050 (47). If the detected elevation loss in GNO 
continues at current trends, then it could locally exacerbate the im-
pact of accelerating sea level rise and, consequently, increase the 
magnitude and frequency of flooding during storms. This poses a 
long-term threat to the HSDRRS protection level, particularly for 
the lowest elevation levees/floodwalls and those experiencing the 
greatest local elevation loss due to subsidence. The local distribution 
of recent deposits could also considerably affect these trends, in par-
ticular where peat occurs close to the surface (Fig. 2A). In such loca-
tions, the peat deposits are vulnerable to compaction and oxidation 
when dried out by low groundwater table levels, leading to further 
elevation loss (8). Situated in a bowl-shaped area (Fig. 2B), New 
Orleans relies entirely on the operation of multiple pumping stations 
to discharge water into nearby lakes and waterways to maintain the 
correct groundwater level during both dry periods and storm events 
(7). If groundwater levels are depressed below peat boundaries, it 
could create vadose pore water conditions favorable for future peat 
oxidation. This could potentially reduce the effectiveness of the 
flood protection system and increase flood depths in the interior for 
sites overlying these deposits.

These considerations highlight the need for continuous monitor-
ing activities to obtain a comprehensive overview of the dynamics 
affecting ground motion in natural environments and built areas. 
Our results demonstrate that S1A presents a rapid and relatively 

low-cost way of monitoring elevation change along the HSDRRS 
and other coastal protection structures in Louisiana and elsewhere. 
If used as an element of a monitoring plan that included regular 
ground surveys of the entire length of the flood protection system, 
then it would allow for rapid identification of elevation deficits 
below certified protection limits for maintenance to maintain HS-
DRRS’s level of hurricane storm surge protection.

MATERIALS AND METHODS
In this study, we analyzed the RSAT images using the SqueeSAR 
(48) algorithm, derived from the PSI (37) methodology, while the 
S1A data using a processing technique derived from the Small Base-
line Subset (SBAS) (49). SAR satellites acquire images with an in-
clined angle from the zenith referred to as the line of sight (LOS). 
This acquisition angle implies that the resulting SAR signal contains 
both the vertical and horizontal components of any ground eleva-
tion change between acquired images. The decomposition of the 
measured movements in the two components (horizontal and verti-
cal) is only possible if both ascending and descending acquisition 
geometries are available over the same area. Unfortunately, only the 
S1A images acquired with ascending orbit are available for southeast 
Louisiana, hence deconvolving the horizontal movements from the 
desired vertical change is not directly possible using the available 
data. However, we assumed that the horizontal movements present 
in the reference system of the area are negligible in the framework of 
the study and converted the movements from LOS to vertical con-
sidering the incidence angle of each measured point. Even if this 
approach is consistent with previous studies to which the results are 
compared, it may introduce a bias in the estimated vertical rates 
given that the InSAR signal along the LOS could still detect horizon-
tal components of motion related to faulting activity in the area. 

Fig. 8. Vertical velocity rates along the HSDRRS. Average vertical velocities (black dotted lines) and elevations (gray lines) in m above mean sea level (m.s.l.) extracted 
along sections of the HSDRRS flood protection system. The location of segments A to H is shown on Fig. 3B. The reported distance (in kilometers) is relative to the begin-
ning of each section.
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With the anticipated launch of the NASA-ISRO SAR (NISAR) Mis-
sion in 2025, high-resolution (3 to 10 m depending on the acquisi-
tion mode) L-band SAR data in both ascending and descending 
orbits will be consistently acquired at 12-day intervals, enabling 
separation of vertical land motion from the east-west horizontal 
component with the necessary accuracy to potentially isolate local 
horizontal and vertical movements in GNO. The NISAR mission 
has substantial impact also for wetland monitoring due to its long 
wavelength (24 cm), which has been shown to be advantageous for 
preserving coherence and facilitating interferogram unwrapping in 
vegetated environments (50), potentially allowing a more robust es-
timation of trends of surface motions in such areas.

The result of an InSAR processing is a set of points representing, 
as explained more in detail below, either a single or multiple objects 
on the ground, and containing information about the mean velocity 
and displacement time series of those objects. The ground motion 
measured through InSAR data is always relative to a local reference 
point, which should be located in a stable area and should present 
high and stable phase reflectivity with time. For this reason, valida-
tion of the obtained InSAR-detected movements, even if not strictly 
necessary, is generally achieved by comparing results with data ob-
tained through ground-based techniques (e.g., GPS and geodetic 
leveling). In the GNO area, eight Continuously Operating Reference 
Stations are available as part of the Nevada Geodetic Laboratory 
(NGL) GPS Network. Among these stations, only five have been op-
erative for a period of more than 5 years and can be used to obtain 
site-specific and reliable information of ground motion for valida-
tion of InSAR results (table S1). Table 1 and table S2, respectively, 
give the key characteristics of the InSAR datasets used in current 
and previous studies.

RADARSAT-1 processing
In this study, we processed the RSAT images to replicate and/or im-
prove the results that Dixon et al. (15) obtained almost two decades 
ago over the same area. We analyzed 52 RSAT images covering the 
period from 15 April 2002 to 24 February 2007 [versus 33 images 
between 14 April 2002 to 24 February 2005 of Dixon et  al. (15)] 
(Table  1 and table  S2) using SqueeSAR, an advanced processing 
method evolved from the PSI technique used in the original pro-
cessing of the data. The PSI technique quantifies motion of targets 
on the surface using phase differences between sequential SAR 
scenes at full resolution (single look). Optimal targets correspond to 
point-wise solid objects that maintain high and consistent signal 
backscattering for long periods, such as buildings, rock outcrops, 
and infrastructure, called permanent scatterers (PSs). The SqueeSAR 
approach extracts information not only from PS but also from ob-
jects characterized by similar high temporal variability (high tem-
poral decorrelation) and, hence, lower quality of the reflected signal 
(e.g., vegetated areas, debris areas, or uncultivated land) called dis-
tributed scatterers (DSs). The core of this approach consists of four 
main steps (48): (i) All pixels in the SAR scenes are analyzed using 
the DespecKS space adaptive filter to average the ones presenting 
homogeneous-phase behavior and categorize them as PS or DS. By 
definition, a pixel is defined as DS when it presents a number of 
statistically homogeneous “brothers” greater than 10. The adaptive 
filter also reduces the speckle noise of the DS without changing the 
intensity and amplitude values of the PS; (ii) the complex coherence 
matrix is calculated for every set of DS previously obtained; (iii) a 
phase triangulation algorithm is then applied to the coherence matrix 

of each DS before any phase unwrapping; and (iv) both PS and DS 
are analyzed together using the standard PSI processing chain.

We used all possible connections between the 52 RSAT scenes to 
generate the interferogram network (1326 interferograms in total) 
(Table 1). We removed the initial topographic phase residuals using 
the 1–arc-sec (~30 m–by–30 m resolution) Shuttle Radar Topogra-
phy Mission (SRTM) digital elevation model (DEM) (51). We carried 
out phase unwrapping with a three-dimensional phase unwrapping 
algorithm (52) and calculated and removed the atmospheric phase 
screen contributions by using spatiotemporal filtering considering 
the different frequency characteristics that the atmospheric phase 
has in space and time domains. Last, we generated the LOS displace-
ment time-series and average velocities (then projected to the verti-
cal direction) at full resolution (~15 m in range by 6 m in azimuth) 
for all the points presenting temporal coherence (from 0 to 1) above 
0.60, which we selected to both replicate the coverage obtained by 
Dixon et al. (15) and to obtain reliable information by minimizing 
the number of points affected by high uncertainties. The selected 
reference point is located in a stable area around 5 km northeast of 
New Orleans city center at 29.9817° latitude and −90.1185° longi-
tude (Fig. 3).

S1A processing
In the present study, we analyzed 114 S1A images covering the pe-
riod from 28 January 2016 to 31 March 2020 (Table  1) using the 
SBAS technique, a lower-resolution approach capable of extracting 
information from the DS by multilooking (i.e., increasing) the orig-
inal pixel size of the image to increase the signal-to-noise ratio in 
low coherence areas. We used the InSAR Scientific Computing En-
vironment (ISCE) (53) software (version 2.3.0) to generate the inter-
ferogram stack. For each image date, we created six nearest-neighbor 
interferograms (662 in total) within a maximum temporal baseline 
of 168 days and applied a multilook factor of 25 and 4, respectively, 
in range and azimuth directions, to obtain a ground pixel size of 
~60 m by 60 m. Then, we carried out the time-series analysis with 
the Miami INsar Time-series software in Python (MintPy) (54). To 
invert the interferograms network to LOS displacement time series 
(subsequently projected to the vertical direction), we used the inverse 
of covariance in a weighted least square estimator (55). We removed 
the residual phase due to topography with the 1–arc-sec SRTM 
DEM and corrected tropospheric delays with the ERA-5 Global 
Atmospheric Model as implemented in the Python-based Atmo-
spheric Phase Screen package (56). We then modified the con-
nection network by manually removing seven images (table S3) 
presenting strong atmospheric residuals and hence larger uncertain-
ties, leaving a total of 107 images and 585 interferograms. We un-
wrapped the phase with SNAPHU (57) and applied bridging and 
phase-closure corrections (54) to minimize unwrapping errors. 
Last, we calculated the relative LOS displacement rates and uncer-
tainties with a linear best fit to the time series. We masked out from 
the final results the points showing temporal coherence of below 
0.20. We selected this threshold to maximize data coverage even in 
the low coherence areas (i.e., wetlands and along the flood walls) 
while excluding points dominated by noise. The selected reference 
point is located at 29.8547° latitude and −89.9877° longitude, 
around 70 m southwest of the LABL GPS station (Fig. 1). In full-
resolution InSAR approaches, the pixel-by-pixel phase difference be-
tween triplets of interferograms must be zero (phase closure). When 
multilooking is carried out to reduce noise and increase coherence, 
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it can introduce a different term in each interferogram, which deter-
mines a nonzero phase closure mainly in the short temporal baseline 
interferograms (i.e., 12 days for S1A). This can cause non-negligible 
biases and phase inconsistencies in the final estimated velocities, 
particularly in areas where the land cover is characterized by changes 
of soil moisture and water content in vegetation (58). Using medium 
length interferometric pairs and applying phase closure corrections 
helped to lessen the impact of multilooking on the data, especially in 
CWU and other wetland areas within GNO.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Tables S1 to S3
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