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Radar and optical mapping of surge persistence and marsh
dieback along the New Jersey Mid-Atlantic coast after
Hurricane Sandy
Amina Rangoonwalaa, Nicholas M. Enwrighta, Elijah Ramsey IIIa

and Joseph P. Spruceb

aUS Geological Survey, Wetland and Aquatic Research Center, Lafayette, LA, USA; bComputer Sciences
Corporation, John C. Stennis Space Center, MS, USA

ABSTRACT
This study combined a radar-based time series of Hurricane Sandy
surge and estimated persistence with optical sensor-based marsh
condition change to assess potential causal linkages of surge
persistence and marsh condition change along the New Jersey
Atlantic Ocean coast. Results based on processed TerraSAR-X and
COSMO-SkyMed synthetic aperture radar (SAR) images indicated
that surge flooding persisted for 12 h past landfall in marshes from
Great Bay to Great Egg Harbor Bay and up to 59 h after landfall in
many back-barrier lagoon marshes. Marsh condition change (i.e.
loss of green marsh vegetation) was assessed from optical satellite
images (Satellite Pour l’Observation de la Terre and Moderate
Resolution Imaging Spectroradiometer) collected before and
after Hurricane Sandy. High change in condition often showed
spatial correspondence, with high surge persistence in marsh
surrounding the lagoon portion of Great Bay, while in contrast,
low change and high persistence spatial correspondence domi-
nated the interior marshes of the Great Bay and Great Egg Harbor
Bay estuaries. Salinity measurements suggest that these areas
were influenced by freshwater discharges after landfall possibly
mitigating damage. Back-barrier marshes outside these regions
exhibited mixed correspondences. In some cases, topographic
features supporting longer surge persistence suggested that
non-correspondence between radar and optical data-based results
may be due to differential resilience; however, in many cases,
reference information was lacking to determine a reason for
non-correspondence.
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1. Introduction

Hurricane Sandy was a late-season hurricane in October 2012; it made landfall on 29
October 2012 (2400 Coordinated Universal Time) as a post-tropical cyclone near
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Brigantine, New Jersey (NJ), with 70 knot maximum sustained winds. Because of its
extraordinary large extent, Hurricane Sandy drove a catastrophic storm surge into the NJ
coastlines (Blake et al. 2013). National Oceanic and Atmospheric Administration (NOAA)
Center for Operational Oceanographic Products & Services (NOAA CO-OPS 2012)
recorded at Atlantic City, NJ, landfall storm surge water levels of 1.87 m.

In response to flood events, imaging capabilities are used to provide timely flood
monitoring in order to assist emergency responders, and increasingly, to document
environmental damage (National Research Council 2009; Donlon 2010; Klemas 2014;
ÆRDE Environmental Research 2015). While emergency response applications have
come to rely on the all-weather imaging capabilities of synthetic aperture radar (SAR)
satellite sensors (e.g. Leconte and Pultz 1991; Töyra and Pietroniro 2005; Ajmar et al. 2008;
Lang, Townsend, and Kasischke 2008; Rami’rez-Herrera and Navarrete-Pacheco 2012), the
timeliness of SAR flood mapping may be improved by adding the Moderate Resolution
Imaging Spectroradiometer (MODIS) as a quick-response flood detector (Martinis et al.
2013). Environmental impact assessment also relies on the capabilities of SAR flood
mapping (e.g. Hess et al. 1995; Ramsey 1995; Waring et al. 1995; Kasischke et al. 2003;
Wang 2004; Kiage et al. 2005; Ramsey et al. 2011a); however, in addition, it depends on an
optical assessment of the vegetation condition. For example, Ramsey et al. (2009) and
(2012) showed that hurricane surge caused widespread dieback of coastal marsh. The
causal link was determined by the close alignment of surge and dieback extents. Satellite
radar data were used to map surge flooding above and below the marsh canopy, and
optical data to map latent abnormal change in wetland condition.

In effect, emergency response and environmental management require similar geos-
patial products for monitoring coastal flooding and ecosystem status and trends. While
both require image capabilities that capture the surge extent and duration, effective
management uses the surge and optical mapping to identify possible impending latent
impacts to the coastal resiliency. Accomplishment of SAR and optical satellite structure
for mapping response of the marsh to surge persistence would provide the basis for
assessing Hurricane Sandy impacts to the NJ coastal wetlands. In addition, that accom-
plishment would provide a framework for protecting floodplain ecosystems, mitigating
flood hazards, and sustaining biodiversity and resiliency through planning land use
(Bayley 1995; Marti-Cardona, Dolz-Ripolles, and Lopez-Martinez 2013).

TerraSAR-X (TSX) and COSMO-SkyMed (COSMO) X-band horizontal transmit and receive
(HH) SAR data were used to map surge extent and persistence in the NJ coastal marshes
(Figure 1). TSX and COSMOS X-band data have been used to successfully map coastal
flooding (Martinis, Twele, and Voigt 2009, 2013; Pulvirenti, Pierdicca, and Chini 2010) and
water-level changes (Hong, Wdowinski, and Kim 2010). Optical data used for mapping
marsh condition were from Satellite Pour l’Observation de la Terre (SPOT) 5 (10 m ground
resolution) and MODIS (about 232 m ground resolution) multispectral satellite sensors.

2. Objectives

In this study, multiple SAR images collected over a short time period following Hurricane
Sandy landfall were used to extend the single surge extent to surge persistence as an
indicator of possible surge impact to coastal marshes. Our objectives for this study
were to:
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● create surge extent maps with a progression of SAR images;
● create surge persistence maps from time-lapse SAR flood extents;
● create marsh condition change maps with optical image data; and
● determine whether a causal link exists between surge persistence and marsh

condition change.

Figure 1. Study area is the New Jersey coastal wetland marshes indicated in red. The northern,
central, and southern zones are based on the extent and overlap of synthetic aperture radar (SAR)
coverage dates. The National Oceanic and Atmospheric Administration (NOAA) hydrograph and
NOAA Jacques Cousteau-National Estuarine Research Reserve System (NERRS) sampling stations are
denoted by green and yellow dots, respectively. The background is the COSMO-SkyMed (COSMO)
image of 30 August 2011. The white rectangle shows the location of Figure 4.

1694 A. RANGOONWALA ET AL.



3. Study area

The study area for mapping Hurricane Sandy surge extended from Sandy Hook, NJ, in
the north to Wildwood Crest, NJ, in the south, encompassing nearly the entire 127 mile
(204 km) Atlantic Ocean coastline of the state (Figure 1). SAR and optical data analyses
were limited to coastal marsh extracted from the NJ Department of Environmental
Protection (NJDEP) Agency 2007 Land Cover data set (NJDEP 2010) lying within a 5 m
elevation contour created from the US Geological Survey, National Elevation Dataset
(Gesch et al. 2002; Gesch 2007) (Figure 1). Although products were created for the entire
study area, research leading to the development of those products was focused on the
extensive marshes of the central and southern zones (Figure 1).

3.1. The coastal wetlands of NJ

The coastal wetlands of NJ contain a mix of intertidal flats, aquatic beds, and emergent
marshes (Tiner 1985). Most extensive, and the focus of this study, are the emergent marshes
that are exposed to differences in salinity, as well as flood duration and frequency.

Saline marshes (approximately 18–30 practical salinity units (PSU)) dominate the
coastal lagoon (water between barrier islands and mainland) back-barrier marshes.
Daily tidal flushing of the low marsh lying along the shorelines produces a tall form
(approximately 1 m or greater) of smooth cordgrass (Spartina alterniflora). High (plat-
form) marsh, situated above the low marsh, is flooded less often, promoting a change
that is most often exhibited as the short-form smooth cordgrass (approximately 0.5 m or
less) (Tiner 1985; Ornes and Kaplan 1989). While Spartina patens and Distichlis spicata
marsh grasses can occur as scattered stands (Tiner 1985), short-form smooth cordgrass
dominates the high marsh.

Brackish marshes (5–18 PSU) occur landward of saline marshes likely dominating the
middle reach of Great Bay and most of Great Egg Harbor Bay estuaries. Fresh estuarine
marshes (0.5 and 5 PSU) primarily occur at the extreme upper reaches of the Great Bay
and Great Egg Harbor Bay estuaries (Tiner 1985).

4. Data and methods

4.1. Coastal water levels

We used data from two NOAA hydrograph stations along the NJ coast, Atlantic City in
central NJ, and Sandy Hook in northern NJ. The coastal water-level records were
obtained from the NOAA Centre for Operational Oceanographic Products & Services
(NOAA CO-OPS 2012). The Atlantic City (AC) station was used as our primary water-level
reference (Table 1; Figure S1(a), S refers to supplemental; and Figure 1 for station
location) because of its location near to Sandy landfall.

In addition to the NOAA coastal tide stations, we used water-level and salinity data
from two hydrologic stations operated by the NOAA Jacques Cousteau National
Estuarine Research Reserve System (NERRS) positioned about 9 km upstream
(Chestnut Neck (CN)) and about 21 km upstream (Lower Bank (LB)) from the mouth of
Mullica River (Figure 1; Table 2) (NERRS, 2013). Although inter-calibrated, the NERRS
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water-level recordings are not tied to a vertical datum, thereby preventing direct
comparison to the AC station; however, changes in water levels at the stations are
comparable. For example, the AC, CN and LB hydrographs recorded the highest water
levels within the study period at landfall (Table 2, Figures S1(a) and S1(b)).

4.2. Image data

4.2.1. TSX and COSMO SAR image collections
TSX and COSMO X-band collection modes and times before and after Hurricane Sandy
landfall are listed in Table 1. We used available pre-hurricane reference SAR images with
a near consistency in seasonality with Hurricane Sandy. The single COSMOS reference
image collected on 27 August 2011 had a higher incident range (10º) than the post-
hurricane target COSMOS images. Additionally, the reference COSMOS image and the
TSX reference image on 30 August 2011 were collected during elevated sea levels
associated with Hurricane Irene that made landfall in North Carolina on 27 August
2011 (Table 1). Even though reference images collected with the same incident range
and during low sea levels are preferred (Ramsey, Rangoonwala, and Bannister 2013), lack
of better alternative reference images resulted in the use of the pre-hurricane August
images.

4.2.2. Optical imagery collections
Three SPOT 5 images (10 m ground resolution, near 18º off-nadir) covering most of the
study area were the only high- to moderate-spatial resolution (≤30 m) optical images
collected within a couple of months of landfall that had minimal cloud coverage
(Table 3). See Table 3 for water levels specific to SPOT collections. The post-landfall
SPOT images were collected on 30 December 2012 within the marsh senescent period.
Because the onset of senescence reduces the ability to link marsh dieback to surge, daily
MODIS Aqua and Terra imagery (about 232 m ground resolution) were acquired to
provide an additional assessment of marsh change before and after the hurricane.

Table 2. Salinity and water levels from the two National Oceanic and Atmospheric Administration
(NOAA)-National Estuarine Research Reserve System (NERRS) sampling stations.

SAR
†Date

acquired
Time
(UTC)

Length of
time

after landfall
(hours)

NOAA-NERRS station

Chestnut Neck Lower Bank

Salinity
(PSU)

Water level
(m)

Salinity
(PSU)

Water level
(m)

Reference:
Hurricane
Sandy landfall

29 October 24:00 0 28.20 3.41 22.6 3.63

COSMO 30 October 10:02 10 26.50 2.86 20.2 3.61
TSX 30 October 11:39 12 26.00 2.83 17.5 3.45
COSMO 31 October 10:44 35 12.70 2.05 3.9 2.02
TSX 1 November 11:04 59 9.60 1.82 1.3 1.78
TSX 8 November 22:51 239 14.70 2.54 6.7 2.56

SAR, synthetic aperture radar; COSMO, COSMO-SkyMed; TSX, TerraSAR-X; UTC, Coordinated Universal Time; PSU,
practical salinity units. †All dates were in 2012.
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MODIS images used in the marsh condition change analysis were collected at low water
levels as recorded at the AC station.

4.2.3. SAR data calibration
The COSMO data were Geocoded Ellipsoid Corrected (GEC) HDF5 level 1C products and
one 1C GeoTIFF product. The TSX data were acquired in Enhanced Ellipsoid Corrected
(EEC) level 1B format. All COSMO and TSX data were radiometrically calibrated to
backscattering coefficient sigma naught (σ°) to allow image-to-image comparability.
Two COSMO and all TSX images were processed using the Universal Transverse
Mercator (UTM) projection and calibrated to σ° by using the Next European Space
Agency (ESA) SAR Toolbox (NEST), which is an ESA open source toolbox for processing
SAR data. The COSMO image in the 1C GeoTIFF format was calibrated to σ° by using
equations given in e-GEOS (2015).

4.2.4. SPOT and MODIS data calibration and correction
The SPOT at-sensor radiance data were converted to marsh canopy reflectance with
the Atmospheric and Topographic Reduction (ATCOR) radiative transfer model
(Richter and Schläpfer 2011) applied within PCI Geomatica®. A maritime scattering
phase function was chosen to represent the atmospheric composition at the times of
the SPOT image collections. Horizontal visibility, also required for the atmospheric
correction, was obtained in two steps. First, the total atmospheric optical depth was
calculated as the sum of the optical depths related to Mie and aerosol scattering
obtained from Multi-sensor Aerosol Products Sampling System (NASA 2015) and
optical depth related to Rayleigh scattering estimated at standard atmospheric con-
ditions (Elterman 1970). Next, the total optical depth was transformed to horizontal
visibility estimates at 0.55 micrometre (µm) (Elterman 1970; Ramsey and Nelson
2005).

The Time Series Product Tool (TSPT) was used to temporally process daily MODIS
Terra MOD09 and Aqua MYD09 atmospherically corrected surface reflectance pro-
ducts (Vermote and Kotchenova 2008) into daily normalized difference vegetation
indices (NDVIs) (Rouse et al. 1973). Developed at the National Aeronautics and Space
Administration (NASA) John C. Stennis Space Centre, TSPT was used to remove
inferior MODIS surface reflectance data (e.g. from clouds and poor viewing geometry),
compute NDVIs, fuse Aqua and Terra data into composited daily NDVI products,

Table 3. Optical Satellite Pour l’Observation de la Terre (SPOT) 5 multispectral data characteristics
and acquisition times and water levels from two National Oceanic and Atmospheric Administration
(NOAA) hydrograph stations.
Period Coverage †Date acquired Time (UTC) Water level (NAVD88 (m)) NOAA station

Before
Hurricane
Sandy landfall

Northern 17 September 10:02 0.44 Sandy Hook
Central 13 October 15:30 −0.72 Atlantic City
Southern 13 October 15:30 −0.72 Atlantic City

After Hurricane
Sandy Landfall

Northern 30 December 15:27 0.31 Sandy Hook
Central 30 December 15:27 0.16 Atlantic City
Southern 30 December 15:27 0.16 Atlantic City

UTC, Coordinated Universal Time; spatial resolution, 10 m. †All dates were in 2012; NAVD88, North American Vertical
Datum of 1988.
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remove abnormal data spikes caused by residual noise, perform data void interpola-
tion for null data values, and smooth NDVI values in the time series by using a
Savitzky–Golay curve fitting algorithm. Refer to (Ramsey et al. 2011b) for additional
information.

4.2.5. Rectification, registration, and compositing of image data
COSMO, TSX, and SPOT images were registered to USGS digital orthophoto quarter
quadrangles (DOQQs) with a stated root mean square error of no more than 7 m. The
rectification errors to the DOQQs were most often less than 0.2 pixels.

4.3. Mapping surge extent

Post-hurricane surge persistence mapping included tidal periodicities and amplitudes
that could have flushed back-barrier marshes (those lying behind the barrier islands and
within the lagoon). To assess the post-hurricane tidal flushing likelihood, we considered
water levels and salinities, the pattern of progressive flood maps, topographic controls,
and relative backscatter attenuation as an indication of marsh flooding (e.g. Dobson,
Pierce, and Ulaby 1996). Direct interpretation of backscatter decrease with flood depth
increase depends on X-band perceiving marsh flooding at all depths. Given the perva-
siveness of short-form marsh within the study area, we consider that shallow marsh
flooding was well mapped except possibly where taller marsh or marsh forming thick
mats tended to obscure X-band perception of shallow flooding.

4.3.1. Surge extent at Hurricane Sandy landfall
Methods documented by NOAA were used to produce a first-order approximation based
on water stage and coastal elevations to calculate surge extent at the time of Hurricane
Sandy landfall (Marcy et al. 2011). The calculation set the pixel as either flooded or non-
flooded by comparing the topographic elevation to the NOAA stage recording from AC
(Figure 2(a)).

Figure 2. Hurricane Sandy surge flooding extents as obtained from COSMO-SkyMed (COSMO) and
TerraSAR-X (TSX) radar images. (a) Surge extent using National Oceanic and Atmospheric
Administration (NOAA) model and Atlantic City water levels; (b)–(f) surge flood extents in green
on different dates of radar data. The extent of coverage of each radar collection is shown by the
dotted white line on the respective dates. The background is the COSMO image of 30 August 2011.
Coverage extent is the same as in Figure 1.
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4.3.2. SAR surge extent mapping
In order to maximize the detection of persistent surge flooding as time increased and
sub-canopy flood depth decreased after landfall, the backscatter of the reference image
(non-flooded) collected before landfall was compared to that of the target image
(possibly flooded) collected during and after the flood event (Klemas 2009; Rami’rez-
Herrera and Navarrete-Pacheco 2012). To perform the calculation, the σ0 data in decibels
(dB) were converted to amplitude and a change detection algorithm applied in PCI
Geomatica® (Ramsey et al. 2011b, 2012, 2013).

To help alleviate change artefacts not related to flooding, global minimum change
thresholds were applied to each SAR image. Threshold determination was isolated to the
marshes without open water to ensure the selected thresholds emphasized backscatter
attenuation caused by sub-canopy flooding with the X-band systems. Thresholds from
the 10 and 12 h SAR collections were associated with high flood versus non-flood marsh
amplitude contrasts. The relatively decreased depths of flooding present at the 35 and
59 h SAR collections resulted in lower and more spatially variable flood versus non-flood
contrasts. Added to this, possible flooding in the pre-hurricane reference images used in
the 35 and 59 h surge extent calculation and a higher relative incidence range of the
reference image used in the 35 h calculation could have degraded detection perfor-
mance. While reference image flooding could lower performance, the shallower incident
angle effect on flood detection performance is less clear. To help minimize possible
detection error, particularly related to the incidence angle difference, thresholds were
chosen in these two latter time periods that approximated the midpoints in the spatial
continuum of high to low contrast. In effect, marsh with the higher likelihood of sub-
canopy flooding was retained, whereas marsh with the lower likelihood of sub-canopy
flooding was eliminated.

4.4. Surge persistence

In order to interpret the intersection of calculated surge extent as persistence, the SAR
spatial extents were overlain and three separate zones defined such that each encom-
passed a unique, spatially uniform sequential coverage (Figures 1, 2(b)–2(f)). The time-
line of surge extents included the time-zero landfall extent calculated with the NOAA
method and SAR-based extents calculated at 10, 12, 35, and 59 h after landfall. The
northern zone included SAR collections at 10, 35, and 59 h, the central zone 10, 12, 35,
and 59 h, and the southern zone 10, 12, and 35 h after landfall.

4.4.1. Calculation of surge persistence per zone
In this study, ‘persistence’ refers to the number of consecutive times starting at landfall
through the 1 November SAR collection from which a marsh location or image pixel was
determined to be flooded. Calculation of the spatial correspondence of flooding through
time from landfall to 59 h after landfall used in-house scripts based on PCI Geomatica®
coding syntax to calculate the spatial juxtaposition of each subsequent flood extent to
the previous flood extent per zone.

1700 A. RANGOONWALA ET AL.



4.4.2. Assessment of surge persistence
Interpretation of the spatial correspondence in flooding state over time depends on
whether evidence indicates repeatedly observed flooding or persistence of surge flood-
ing from landfall. Interpretation was aided by overlaying the surge persistence calcula-
tion results on coastal topographic maps. For example, in regions of high persistence,
we looked for topographic controls such as barriers that restricted flow or highs and
lows of marsh topography that promoted or restricted pooling. The comparisons pro-
vided evidence for post-surge persistence through the observed 35 and 59 h periods.

4.5. Mapping marsh condition

Marsh condition change analyses excluded permanent open water and cloud and cloud
shadows. Following an approach similar to Ramsey et al. (2012), NDVI was used to
determine condition change in marsh greenness (i.e. condition) after the storm. The
natural variability of marsh greenness was taken into account by including both pre- and
pre- to post-NDVI changes in the k-means unsupervised classification (e.g. Ramsey et al.
2012) using ERDAS IMAGINE®. The pre-NDVI and change-NDVI ranges were approxi-
mately equalized before classification by multiplying the change-NDVI magnitudes by
10. To minimize the influence of sub-canopy marsh flooding on the classification, we
excluded pixels with NDVI less than 0.0, or a combined modified normalized water index
(MNDWI) (Xu 2006) less than 0.1 and NDVI less than 0.2. Of the 400.9 km2 of marsh
within the SPOT observed area, 322.1 km2 (85.2%) were assessed for condition change.
The classification produced four marsh condition change classes (i.e. low, moderate,
high, and severe).

A second comparison used the daily MODIS NDVI data collected on 22–26 October
2012, a few days before landfall, and on 9–13 November 2012, within two weeks after
landfall. To avoid issues associated with marsh–water and marsh–upland boundaries,
MODIS pixels containing less than 50% marsh were excluded from change analyses.
Marsh condition changes that were less than −0.011 (on a native NDVI scaling of −1.000
to +1.000) were eliminated from analyses.

4.6. Association of surge persistence and marsh condition

The spatial association between the surge persistence and marsh condition map used a
cross-correlation approach in PCI Geomatica®. Inputs to cross-correlation procedure were
five surge persistence durations ranging from landfall (i.e. 0 h) to 10, 12, 35, and 59 h after
landfall and marsh condition change with the four severity classes. Coincidence values
were aggregated based on the cross-correlation matrix, and a four-category map was
created that showed the relation of surge persistence to marsh condition change.

5. Results

5.1. Maps showing extent of storm surge and surge persistence

Figure 2(a)–2(f) are maps showing the extent of flooding during and post-Hurricane
Sandy. Landfall surge calculated with the NOAA elevation-driven model covered
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39,247 ha within coastal marsh (Table S1 and depicted in Figure 2(a)). By the time of the
first available SAR collections at 10 and 12 h after landfall, surge coverage of the marsh
had decreased by 14 and 21% in the central zone, respectively, and by 16 and 39% in
the southern zone, respectively (Table S1; Figure 2(b) and 2(c)). At 35 h after landfall,
marsh flooding had decreased up to 41% in the central zone and remained fairly
constant relative to the landfall surge extent in the southern zone (Table S1, Figure 2
(d)). At 10 and 35 h, the northern surge extent was 45% of the landfall extent. Flood
extent at 59 h after landfall had further decreased by another 20% in the central zone
and 26% in the northern zone since 35 h (Table S1; Figure 2(e)).

Surge extents were most clearly distinguished on the SAR images at 10 and 12 h after
landfall; however, the 12 h SAR image flood versus non-flood delineation was hampered
by wind-roughened water surfaces (Figure S2(c) and S2(d)). Although exclusion of
permanent open water minimized confusion among the wind-roughened water surfaces
(Ramsey et al. 1994), at flood heights approaching the top of the marsh, wind distur-
bance of the water surface could increase backscatter, thereby leading to misinterpreta-
tion of the flooded as non-flooded marsh (Ramsey et al. 2012).

The 10 and 12 h SAR-based flood extents occurred on the first rising tide following
landfall, as depicted in the AC hydrograph (Figure S1(a)). The Great Bay hydrographs,
however, show that both 10 and 12 h SAR collections remained at high water levels,
only slightly responding to the semi-diurnal tidal period (Table 2; Figure S1(b) and S1(c)).
The continuation of high water levels and surge salinities just inside Great Bay indicated
that elevated-salinity surge waters were retained within the bay and most likely within
the lagoon. Although salinity recordings suggest that lagoon surge waters had not yet
begun to mix widely with freshwater runoff or coastal waters, the 35 cm tidal rise from
10 to 12 h after landfall recorded at AC was expressed in the respective SAR image
collections (Figure S3).

At 35 and 59 h after landfall, water levels decreased to typical levels and salinities had
dropped to below pre-hurricane ranges. Although water-level heights at 35 h were
higher than at 10 h according to AC tide recordings, Great Bay water levels showed
the reverse. Marsh flooding at 10 h clearly was more extensive than at 35 h, and as
indicated by the SAR flood mapping, water levels at 59 h were lower at both AC and
Great Bay stations, aligning with the lowest calculated areal flooding used in the
persistence calculation (Table S1). SAR mapping showed only minor and scattered
pooling at 239 h past landfall when water levels were low, reinforcing the flood
mapping performance (Figure 2(f); Table 1).

5.2. Surge persistence

Surge persistence maps were created for all three zones by using a combination of surge
and flood extents (Figure 3(a), 3(b), and S4(a)). Modifications were made in the script
logic to calculate persistence based on inspection of the input extent maps and
products. For example, misclassification of flooded marsh as non-flooded caused by
wind roughening of the water surface (Figure S2(c) and S2(d)) was reinterpreted within
the script logic by taking into account previous and subsequent flood occurrences.
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5.2.1. Comparing persistence and topography
A comparison of topography and surge spatial alignment provided validation to persis-
tence maps in the northern end of the central zone (Figure 4(a)–(c)). The 31 October
2012 SAR image illustrated the continued low backscatter from marsh located at the
inland extent of the marsh platform (Figure 4(a)). The topographic surface identified this
marsh region as a depression, bounded by upland to the west and a ridge to the east

Figure 3. Surge persistence maps based on the commonality of synthetic aperture radar coverage
for the central (a) and southern (b) zones (see Figure 1). Note the different compositions of surge
persistence in each zone. The background is the COSMO image of 30 October 2012. See supple-
mental Figure S4 (a) for the northern zone.

Figure 4. (a) 31 October 2012 synthetic aperture radar image, (b) topography in the depiction (the
approximate range is 0.9 m (high) to 0.3 m (low)), and (c) flood persistence map. The white
rectangle on Figure 1 shows the location of this area.
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generally aligned with the coast (Figure 4(b)). The calculated persistent well reflects the
contour of the depression (Figure 4(c)). A likely explanation is that surge waters high
enough to top the ridge were trapped and persisted. Observed flood persistence results
also confirm that tidal heights at 35 and 59 h following the surge-elevated period did
not flood the extensive marshes seaward of the ridge. Lack of flooding occurred even
though these seaward marshes were at relatively low elevations. Figures S5 and S6
provide similar graphical comparisons at locations south of those in Figure 4.

5.3. Marsh condition change

Good visual agreement is shown in the SPOT and MODIS spatial pattern of marsh
condition change in the central and southern zones (Figure 5(a)–5(d)). Within that
overall agreement, differences in spatial resolutions, most apparent in the back-barrier
marshes lying between Great Bay and Great Egg Harbor Bay, led to some local-scale
differences in calculated condition change. Outside of that spatially complex marsh
region, one contiguous area of marsh surrounding the north of Great Bay (Figure 5(a)–
5(c)) exhibited non-coincidence that was less likely related to differences in spatial
resolution. Lack of sufficient information, however, hindered speculation as to what
caused that difference.

Although difference in collection dates prevented direct comparison of magnitudes,
NDVI patterns in class magnitude and membership showed close alignment of SPOT-
based and MODIS-based marsh condition results. In both, NDVI means progressively
increased from the low to severe class and the low-change class dominated (Table 4). In
addition, the correspondence between SPOT and MODIS mean NDVI changes was high
(R2 = 0.99, n = 4 change classes) with a constant gain of 1.42 ± 0.11 (±standard error)
and offset of 0.156 ± 0.011 (SAS® Enterprise). Close similarity of the condition change
spatial distributions and the trends in pre- and post-surge SPOT and MODIS marsh
condition class means and changes provided substantial corroborative evidence that
the SPOT NDVI change map offers a useful local-scale representation of marsh condition
change due to Hurricane Sandy.

The highest condition changes occurred within the central zone to the north of the
Hurricane Sandy landfall track and just outside the mouth of Great Bay (Figure 5(a)).
Both the Great Bay and Great Egg Harbor Bay riverine estuaries dominantly showed the
lowest changes, particularly in the landward extremes (Figure 5(a) and 5(b)). Low change
also occurred in the furthest northern back-barrier marshes of the central zone (Figure 5
(a)). That trend of low marsh condition change also typified the scattered pocket
marshes extending northward along the NJ coast (Figure S4(b)). South of Great Bay,
the back-barrier marshes exhibited a mixture of marsh condition changes, with pockets
of high to severe change scattered within areas of low change (Figure 5(b)).

5.4. Linking marsh condition change to persistence

In the central zone, low persistence was nearly equally associated with low and high
marsh change, and high persistence was associated about 13% more often with high
than low change (Figure 6(a), Table 5). High persistence and marsh change were
concentrated with marshes extending outward from the mouth of Great Bay (Figure 6
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(a)). That high correspondence extended northward to a section of back-barrier marshes
exhibiting predominantly low persistence and low change (Figures 6(a) and S5(b)). In the
northernmost marshes of the central zone, the alignment was again high except in the
interior marshes, where high persistence had been documented (Figures 6(a) and 4(c)).
Further north, high surge persistence was dominantly associated with low change
(Figure S4(c); Table 5).

Figure 5. (a) and (b) show marsh condition change maps generated using optical Satellite Pour
l’Observation de la Terre (SPOT) data; (c) and (d) show marsh condition change maps generated
using optical satellite Moderate Resolution Imaging Spectroradiometer (MODIS) data. The arrow in
Figure 5(a) and 5(c) denotes a region of non-coincidence in SPOT and MODIS marsh condition
mapping. Zone locations are shown on Figure 1 and coverage extents are the same as in Figures 3
and 6. See supplemental Figure S4 (b) for northern zone SPOT marsh condition map.
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In the southern zone, low persistence was more than twice as likely to be associated
with low change, and high persistence (limited to 35 h) was about 1.75 times as likely to
correspond to low change (Figure 6(b), Table 5). South of Great Bay before reaching
Great Egg Harbor Bay, spatial distributions of flood persistence and condition change in
the back-barrier marshes, showed scattered correspondence within marshes calculated
to have undergone high surge persistence but little change in vegetation canopy
greenness. South of Great Egg Harbor Bay, back-barrier marshes exhibited fairly equal

Table 4. Optical data marsh condition change normalized difference vegetation index (NDVI) classes
and statistics.

Sensor

Marsh
condition
change

Area
(km2)

Coverage
(%)

Mean
Pre-

hurricane
NDVI

Standard
deviation

pre-hurricane
NDVI

Mean
post-

hurricane
NDVI

Standard
deviation
post-

hurricane
NDVI

†Mean
NDVI
change

Standard
deviation
NDVI
change

SPOT Low 124.30 38.60 0.32 0.06 0.11 0.07 0.21 0.05
Moderate 66.91 20.80 0.38 0.04 0.11 0.07 0.27 0.03
High 75.01 23.30 0.39 0.05 0.08 0.07 0.31 0.03
Severe 55.89 17.40 0.43 0.06 0.05 0.09 0.38 0.05

MODIS Low 150.10 45.90 0.47 0.07 0.43 0.07 0.04 0.02
Moderate 61.33 18.80 0.50 0.06 0.42 0.07 0.08 0.01
High 68.95 21.10 0.51 0.07 0.40 0.07 0.10 0.01
Severe 46.66 14.30 0.53 0.08 0.38 0.08 0.16 0.03

† Mean NDVI change is the mean difference between pre- and post-hurricane NDVI values; SPOT, Satellite Pour
l’Observation de la Terre; MODIS, Moderate Resolution Imaging Spectroradiometer.

Figure 6. Coincidence matrix showing spatial association between surge persistence and Satellite
Pour l’Observation de la Terre (SPOT) marsh condition change maps for (a) central zone and (b)
southern zone. Zones are shown on Figure 1. The background is the COSMO image of 31 October
2012. See supplemental Figure S4 (c) for northern zone coincidence matrix.
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proportions of high change and high persistence and low change and high persistence.
Marshes within Great Bay and Great Egg Harbor Bay exhibited high disagreement that
was dominated by low change associated with high persistence (Figure 6(a) and 6(b)).
Further upstream, however, both bays exhibited low change and low persistence.

6. Discussion

6.1. Surge persistence

Although qualitative, the spatial alignment of discernible features in the topographic
and calculated persistence maps is visually evident in marshes of the central zone
surrounding and to the north of Great Bay. Outside of clearly defined depressions and
surrounding ridges (Figures 4, S5, and S6), however, evidence for surge persistence is
not as visually apparent. Along-shore ridges, particularly noticeable in the central
zone, suggest impedance of tidal flow into the interior marshes at low tides (e.g.
Figure S6 (a)). One complication of this interpretation is the juxtaposition of low
persistence (Figure S6 (b)) and the documented occurrence of taller smooth cordgrass
marsh along shorelines in this area. Detection of shallow flooding 35 h after the surge
may have been hampered by attenuation of the radar signal by taller marsh. If
present but not detected, shallow flooding could have extended into the inner
platform marsh, accounting for the detected flooding, but not observed as flooding

Table 5. Coincidence matrix result for the surge persistence and marsh condition change maps. The
reference surge persistence (landfall), as well as persistence 10 and 12 h after landfall, were
categorized as low persistence, and 35 and 59 h after landfall were categorized as high persistence.
The low and moderate marsh condition changes were depicted as low, and the high and severe
marsh condition changes as high. to describe the matrix associations. The same colours are used in
Figure 6 to illustrate spatial distribution. The ‘Total’ row in each zone shows the total area in
hectares (ha) represented by each colour per zone.

Surge persistence (ha)

Coverage Reference

10 h 12 h 35 h 59 h

Marsh change Low/High

Northern zone Low Low 395.90 23.09 N/A 603.42 207.96
Moderate 180.62 6.32 N/A 135.65 31.49
High High 201.75 6.25 N/A 110.20 27.60
Severe 219.07 7.42 N/A 81.87 51.28
Total 605.98 978.52

434.39 270.95

Central zone Low Low 194.32 168.96 1284.53 1242.56 706.85
Moderate 134.14 116.04 947.67 890.50 548.19
High High 199.23 167.49 1184.65 1269.26 899.10
Severe 231.20 148.01 803.12 923.45 767.18
Total 2845.66 3388.10

2733.70 3858.99

Southern zone Low Low 1617.43 577.99 981.28 4131.49 N/A
Moderate 584.99 223.98 454.83 231952 N/A
High High 517.79 199.30 390.30 2186.82 N/A
Severe 386.27 115.57 221.33 1453.97 N/A
Total 4440.50 6451.01

1830.56 3640.79

N/A, no image coverage.
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along the shoreline. Observations related to the possibility of post-hurricane tidal
flushing, however, reduce that possibility. First, tides must overcome the shoreline
ridge to flush the platform marsh. Second, extensive low-lying marshes north of Great
Bay without impediments to coastal flushing were flooded by neither 35 nor 59 h
tides, as illustrated in Figure 4(c). Third, inspection of the 10 or 12 h SAR images
(Figure S3) indicates that marshes just to the south of Great Bay were less prone to
flushing than to the north. These observations suggest that the flood persistence
maps provide a good representation of surge persistence in back-barrier marsh
surrounding and to the north of Great Bay.

We also examined the possibility that sub-canopy flooding seen in the lagoon
back-barrier marshes on the 59 h collection was caused by tides after SAR collection
at 35 h. The 35 h collection occurred on rising tides of the major components of the
semi-diurnal tidal period (Figure S1(a)). From the Great Bay water levels and SAR-
based flood extents, we know that although AC tide levels suggested similar heights
at 10 and 35 h past landfall, water levels in the lower estuary and lagoon were in fact
lower at 35 h past landfall (Table 2; Figure S3). Also, the Great Bay hydrograph (CN)
shows that the SAR collection at 35 h was within 3 cm of peak flooding (Figure S1(b)).
It is possible that platform marshes were partially flooded after the 35 h SAR collec-
tion on what remained of the rising tide; however, the available information mini-
mizes that possibility.

Evidence including compiled topographic maps, water-level recordings, and the SAR
images suggests that most marshes along the NJ Atlantic coast were not tidally flushed
35 and 59 h after landfall. The persistence calculated from flood extent maps created
from a landfall NOAA-based estimate and subsequent SAR images provides a mean-
ingful representation of the duration of exposure of the marshes to elevated-salinity
surge waters. The persistence also infers the length of time the marshes were flooded as
related to the possibility of waterlogging.

6.2. Linking the change in marsh condition to persistence

Even though noticeable differences occurred, there was substantial agreement between
the SPOT and MODIS NDVI change products that provided justification for use of the
SPOT marsh condition change and TSX and COSMO surge persistence as an indication of
Hurricane Sandy marsh impact.

There was a distinct correspondence pattern to the marsh condition change and
surge persistence distributions. High change and persistence correspondence was dom-
inantly centred on marshes surrounding and somewhat to the north of Great Bay. Mixed
within these regions of high persistence and change correspondence were marshes
exhibiting high condition change and low flooding persistence. Their intertwined spatial
occurrence and common association with high change suggested an inconsistency in
persistence. Much of this seeming inconsistency can be explained as uncorrected wind
roughening of the water surface at high water (Figures S2(c) and (d)) and possible non-
penetration of the radar to the shallow sub-canopy flooding along shorelines occupied
by tall form smooth cordgrass marsh (Figure S6(b)).

On the other hand, marshes of high persistence and low change were found to
dominate interior Great Bay and Great Egg Harbor Bay marshes and to exhibit a near
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equal dominance in back-barrier marshes lying south of Great Bay. In one area of
disagreement between SPOT and MODIS condition mapping just to the north of Great
Bay (Figure 5), MODIS condition change would have aligned with high surge persistence.
Conversely, large patches in back-barrier marshes north of Great Bay showed good
MODIS and SPOT agreement. One patch of low change was located in platform marsh
of documented high-surge persistence (Figure 4(c)). In other words, both high persis-
tence and low change were fairly well established. Farther to the south of Great Bay, the
patchiness of persistence and change resulted in a highly irregular correspondence
landscape, suggesting heterogeneity of marsh structures and possibly types.

Even though persistence coincided with calculated change in the upper reaches of
Great Bay and Great Egg Harbor Bay, extensive and uniform non-correspondence existed
in the lower reaches of both bays. This non-correspondence suggests that either the
change or persistence calculation is incorrect, that the marshes are more resistant to
elevated-salinity waters, or that the documented flow of freshwater into these marshes
forestalled or mitigated detrimental impact. Both MODIS and SPOT change analyses
determined little change in these bays; however, MODIS change reflected more discon-
tinuity in the lower Great Bay marshes. Even unrealistically increasing the thresholds in
the SAR-based surge extent calculation would not have eliminated the high surge
persistence calculated in these bays. Although information is lacking to determine a
conclusive scenario, it is possible that the surge-associated elevated salinity was miti-
gated by freshwater input lessening or eliminating damage that occurred in the lower
Great Bay marshes.

7. Conclusion

Hurricane Sandy surge extent and persistence along the 204 km NJ Atlantic coast was
related to change in the condition of the back-barrier lagoon and estuarine marshes.
Analyses of SAR showed that extensive and nearly uniform surge flooding of the
coastal marshes occurred for the first 12 h after landfall. Flood extents calculated at
35 and 59 h after landfall were interpreted to primarily consist of the persistent early
surge flooding in the back-barrier lagoon marshes. The change in marsh condition
was calculated with SPOT and MODIS optical satellite data collected before and after
the hurricane. Widespread agreement between the two condition maps allowed
assessment of a possible link between surge persistence and marsh condition change
products.

Results showed that back-barrier marshes stretching about 20 km north of the
Hurricane Sandy landfall track experienced high surge persistence and suffered high
condition change. Stretching for another 20 km just north of that high-impact
region, back-barrier marsh exhibiting low condition change was largely aligned
with low surge persistence. A trend of low marsh condition change associated
with high and low surge persistence typified post-surge history and response in
the scattered pocket marshes extending further northward along the NJ coast.
South of the landfall track, back-barrier marsh became less contiguous and more
spatially complex and exhibited near equal amounts of high persistence associated
with low and high condition change. A different post-surge history was reflected by
estuarine marshes within Great Bay and Great Egg Harbor Bay. These marshes were
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associated with high persistent flooding but exhibited low change. It is possible that
the timely injection of high freshwater runoff between 12 and 35 h after landfall
averted the high impact suffered by many back-barrier lagoon marshes. Overall, the
independent calculation of SAR-based surge persistence and optical-based marsh
condition change revealed an extended region of high surge-related marsh impacts
north of the Hurricane Sandy landfall track. Outside of this high impact region,
distinct patterns in persistence and condition were possibly related to freshwater
mitigation, heterogeneity of marsh structure, and possible differential resilience. Our
approach and products provide resource management with a new and effective
strategy for identifying and responding to surge persistence latent impacts to
coastal resiliency.
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