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Monitoring Duration and Extent of Storm-Surge and
Flooding in Western Coastal Louisiana Marshes With

Envisat ASAR Data

Elijah Ramsey III, Zhong Lu, Yukihiro Suzuoki, Amina Rangoonwala, and Dirk Werle, Member, IEEE

Abstract—Inundation maps of coastal marshes in western
Louisiana were created with multitemporal Envisat Advanced
Synthetic Aperture (ASAR) scenes collected before and during the
three months after Hurricane Rita landfall in September 2005.
Corroborated by inland water-levels, 7 days after landfall, 48 %
of coastal estuarine and palustrine marshes remained inundated
by storm-surge waters. Forty-five days after landfall, storm-surge
inundated 20% of those marshes. The end of the storm-surge
flooding was marked by an abrupt decrease in water levels fol-
lowing the passage of a storm front and persistent offshore winds.
A complementary dramatic decrease in flood extent was confirmed
by an ASAR-derived inundation map. In nonimpounded marshes
at elevations < 80 cm, storm-surge waters rapidly receded while
slower recession was dominantly associated with impounded
marshes at elevations > 80 cm during the first month after Rita
landfall. After this initial period, drainage from marshes—espe-
cially impounded marshes—was hastened by the onset of offshore
winds. Following the abrupt drops in inland water levels and flood
extent, rainfall events coinciding with increased water levels were
recorded as inundation re-expansion. This postsurge flooding
decreased until only isolated impounded and palustrine marshes
remained inundated. Changing flood extents were correlated to
inland water levels and largely occurred within the same marsh
regions. Trends related to incremental threshold increases used
in the ASAR change-detection analyses seemed related to the
preceding hydraulic and hydrologic events, and VV and HH
threshold differences supported their relationship to the overall
wetland hydraulic condition.

Index Terms—Coastal marshes, flooding, hurricanes, radar,
storm surge, topography.

I. INTRODUCTION

ETLANDS are diverse arrays of biophysical systems
W that exhibit large variations in areal extent, temporal du-
ration, and spatial complexity. Coastal wetlands are linked to the
productivity of the ocean and provide critical nursery areas for
multitudes of coastal and oceanic life.
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The coastal zone of Louisiana located in the central-northern
Gulf of Mexico (GOM) accounts for about 40% of the coastal
tidal wetland in the continental United States [1]. The zone is
depicted by a gradual increase of elevation that starts at sea
level at the coast and reaches 1 m to 1.5 m at the southern ex-
tent of upland prairie and forests (Fig. 1). In addition to flood
events [2], [3], the seasonal and interannual marsh phenology
[4] and the ephemeral nature of many small water bodies [2]
in these marshes produce a highly dynamic landscape. These
rapid changes must be accounted for in order to precisely iden-
tify the threshold duration of saturation required for wetland vi-
ability [5]. Our paper provides information on flood extent and
distribution during a singular episodic storm event, and while
approach and results do not allow immediate inference on health
or trend of the marsh system, there is evidence that such storm
events may cause severe stress on marsh vegetation in the region
[3]. Produced systematically, maps portraying wetland vegeta-
tion condition and spatially distributed inundation could pro-
vide crucial information for linking wetland health and flood
frequency and duration [6]-[9].

Passive optical remote sensing can adequately address many
coastal resource management issues [ 10]-[13]; however, optical
systems are critically limited by their dependence on sunlight
and favorable weather conditions when time-constrained col-
lections are needed [5]-[7], [9], [12], [14], [15]. Even when
reliance on time-constrained collections is minimized, the re-
stricted penetration of visible and near-infrared radiation into
full cover canopies limits detection of subcanopy flooding with
optical systems [6], [16], [17].

Conventional contour mapping of point measurements of
water level is hampered by the high spatial variability of
flood occurrences, difficulties in timing field data collections
with highly dynamic flood events, and inherent problems in
predicting marsh flood stage from off-site gauges [8], [18].
Hydraulic flow models can be used to predict inundation pat-
terns [12], alleviating many difficulties inherent in conventional
contouring. Lack of the necessary spatial density of stage
measurements and the prevalent disconnect between marsh and
off-site measured flows, however, diminish the capability to
provide hydraulic model calibration and validation [9], [19]. To
help overcome these difficulties in monitoring and simulating
the spatially distributed and rapidly changing nature of coastal
inundation, remote sensing synthetic aperture radar (SAR)
systems are used.
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Fig. 1. Study area and Hurricane Rita. The subset image shows paths of other major hurricanes in the Gulf of Mexico during the study period. Track numbers
denote hurricane category at each location. A partially opaque box indicates the study region and hatched area represents the Louisiana Coastal Zone. The hydro-
graphic data show the storm-surge hydrograph at Sabine Pass North from 15 July to 15 October 2005 (Gauge was not functioning at the surge peak) [38]. The
coastal hydrologic station captured the elevated water levels related to each hurricane (http://tidesandcurrents.noaa.gov/gmap3/). (See the subset image for each

hurricane path.).

Microwave remote sensing systems offer a viable alternative
data source when timely and consistent collections are domi-
nant concerns [19]-[22]. SAR sensors operating at centimeter
wavelengths can collect information day and night and in most
weather conditions and provide increased canopy penetration
[6], [7], [14], [16], [23]. Satellite-based radar sensors, such
as the C-band advanced SAR (ASAR) aboard the European
Space Agency’s (ESA) Envisat, the C-band SAR aboard the
Canadian Space Agency’s Radarsat sensors, the X-band SAR
aboard the German TerraSAR-X, and the Phased Array type
L-band SAR (PALSAR) aboard the Japanese Advanced Land
Observing Satellite (ALOS), have proven to be valuable tools
for surveying land and water surfaces during weather-related
emergencies [24].

Although increased canopy transmittance of longer wave-
lengths implies superior subcanopy inundation mapping with
SAR systems operating at L-band [6], [14], [20], the C-band
ASAR flood mapping has performed well in Louisiana marshes
as it has in other marshes occupying the northern GOM coasts
[2], [3], [8], [20] and elsewhere [7]. Using SIR-C SAR C-band
and L-band HH and VV data, Pope et al. [25] demonstrated that
herbaceous (marsh) subsurface flooding can be exhibited as an
increase or decrease in SAR backscatter. In effect, the nature of
the change and the ability to differentiate between flooded and
nonflooded marshes depend on the marsh type, height, density,

stem orientation and size, soil moisture, inundation depth and
history, as well as the SAR sensor parameters [20], [25], [26].
In coastal marshes occupying the northern and eastern GOM,
the interrelation between these biophysical variables and in-
cident SAR C-band signals dominantly produce a backscatter
decrease in flooded versus nonflooded marshes. For example,
in the northeastern GOM, field validated [8] and modeled [27]
ERS SAR C-band VV backscatter were lower from flooded
than from nonflooded marsh. In a variety of southeastern GOM
marshes, Kasischke et al. [20] substantiated the progressive
decrease in ERS C-band VV backscatter with increasing flood
level and a positive relationship between soil moisture and
SAR backscatter. In the north-central GOM, Kiage et al. [2]
documented decreased Radarsat SAR C-band HH backscatter
from hurricane surge-flooded saline, brackish, and fresh coastal
marshes compared to presurge scattering conditions and SAR
signatures. Even the TerraSAR X-band system was used to
successfully estimate water-level changes in south Florida
marshes [28]. In addition, any polarization influence on the
flood mapping effectiveness (e.g., [25], [26]) was expected
to favor the copolarization (VV and HH) ASAR data applied
in this study as compared to cross-polarization (HV and VH)
SAR data (e.g., [12]). Trends observed and modeled in northern
GOM fresh to saline coastal marshes have consistently docu-
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Fig. 2. Hydrographic and weather station locations [34], [38], [39]. The white stippled area designates estuarine marsh and the hatched lines palustrine marsh
within the Louisiana coastal zone [36]. The triple line shows the Intracoastal Waterway that runs through the entire southern Louisiana coast. The dark opaque box

with dotted lines shows the location of Lacassine National Wildlife Refuge.

mented decreased C-band HH and VV SAR backscatter from
flooded versus nonflooded marshes.

The goal of this study is to demonstrate the ability of SAR
satellite imagery to monitor the distribution and prolonged oc-
currence of storm-related flooding in an inland coastal wetland.
Our demonstration is based on monitoring the extent and dura-
tion of storm-surge flooding of coastal Louisiana related to cat-
egory 3 Hurricane Rita that made landfall on 07:40 AM UTC 24
September 2005 [29] (Fig. 1). The 3.8 m storm surge flooded the
entire coastal region and pushed elevated salinity waters north
beyond the ICW (Intracoastal Waterway) [1] (Fig. 2). Based on
storm-surge flooding of southwest Louisiana, the objectives as
part of our study goal were as follows:

1) to derive postsurge inundation distributions from available

SAR scenes;
2) to combine the inundation distributions into a history of
storm-surge recession;
3) to document controls that modified the postsurge recession
history;
4) to spatially associate the postsurge inundation history with
the occurrences of palustrine and estuarine marshes.
We provide this information based upon routine measurements
that are cost-effective and easily implemented into operational
resource management and verified and calibrated with current
operational ground-based measurements [30].

II. STUDY AREA

The study area for Hurricane Rita impact included coastal
wetlands occurring in the central to western Louisiana coastal
zone located in the north-central Gulf of Mexico (Fig. 1).
Stretching along the gulf shore is a nearly continuous band of
highly permeable sand and shell (cheniers) protecting exten-
sive back barrier marshes that extend inland 6 km to 24 km,
commonly at less than 1.5 m above mean sea level with slopes
of less than 0.2 m per km [31] (Fig. 2).

The central-western Louisiana coastal marsh zone is domi-
nantly underlain by frequently saturated soils. In this zone, sub-
surface faulting can produce surface subsidence that results in
marsh submergence and fragmentation, and ultimately the for-
mation of permanent water bodies [2], [32]. In addition, hur-
ricanes scour the marsh creating small water bodies [1], and
push elevated salinity waters into fresher marshes causing salt
burn [1], [3]. Aggravating these detrimental impacts are chan-
nels and levies, as well as impoundments constructed to pro-
vide transport conduits and waterfowl sanctuaries that impede
overland flow. These impediments can lengthen the marsh expo-
sure to elevated salinity water and, in the case of intense rainfall
accompanying storm events, prolong inundation and promote
water logging that can advance marsh alteration and deteriora-
tion. The combination of low topographic relief, poorly drained
soils, tectonic activity, and flow impedance creates a spatially
complex hydrological landscape.

III. METHODS

A. Image Data Collection, Calibration, and Registration

A total of eight Envisat ASAR scenes, including seven Wide
Swath Mode scenes at a nominal spatial resolution of 150 m and
one Image Mode scene at a nominal spatial resolution of 30 m
were used in the present study (Fig. 3). The eight scenes in-
cluded all available and pertinent Wide Swath and Image Mode
data collections that took place within the previous summer
months and three months after the landfall of Hurricane Rita.
Incidence angles ranged from 16° in the near-range to 36° in the
far-range of the imaged swath (Table I, Fig. 3). The 1 October
2005 Image Mode ASAR scene did not cover the entire east to
west extent of the study area. To allow scene-to-scene compara-
bility, the four vertical transmit and receive (VV) and four hori-
zontal transmit and receive (HH) polarized ASAR scenes were
transformed to sigma naught backscattering coefficient (o,,) es-
timates using Next ESA SAR Toolbox (NEST) software and cal-
ibration coefficients provided by the ESA [33].
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TABLE I
ENVISAT ASAR PARAMETERS AND ACQUISITION DATES
Sensor Polarization Date Incident Range Track
covering Study Area
ASAR/WSM HH 23 July 2005 16.3 - 26.5 162
ASAR/WSM VvV 29 July 2005 34.2-42.6 248
ASAR/IMP wW 1 October 2005 18.6 - 26.1 162
ASAR/WSM W 20 October 2005 20.7-31.5 434
ASAR/WSM A% 8 November 2005 25.5-35.9 205
ASAR/WSM HH 24 November 2005 20.3-31.3 434
ASAR/WSM HH 13 December 2005 25.2-35.9 205
ASAR/WSM HH 29 December 2005 20.3-31.7 434
IMP: Image Mode Precision Image, WSM: Wide Swath Mode Image
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Fig.3. Envisat ASAR Louisiana Coastal Coverage. All images are in ascending
mode and incidence angles increase from left to right. (See Table I for track
information.)

All satellite data were registered to a Landsat Thematic
Mapper (TM) Lambert Conformal Conic (LCC) base image.
The LCC projection eliminated problems of multiple Universal
Transverse Mercator (UTM) zones. The LCC projection used
the WGS84 geoid and the projection parameters defined by the
Louisiana State Plane Coordinate System. Areal distortion for
the studied area was measured as <0.01%.

The base TM LCC projection accuracy was assessed by
comparison to U.S. Geological Survey Digital Ortho Quarter
Quads (DOQQs). Rectification errors of the LCC base TM
to the DOQQs were generally less than 0.5 pixels. TM and
ASAR registration errors ranged between 0.2 and 0.5 pixels.
All registered ASAR scenes were created at a 75 m spatial
resolution to promote compatibility with other satellite data
sources. The eight calibrated and georeferenced ASAR scenes
are depicted for the study area in Fig. 4(a)—(h).

B. Inland Surge Hydrographs

Water-level data for calibrating and validating the inunda-
tion maps were obtained from the Strategic Online Natural Re-
sources Information System (SONRIS) from the Louisiana De-
partment of Natural Resources [34]. For most sites, the hydro-
graphic records for the period before, during, and after Hur-
ricane Rita turned out to be incomplete. Avoiding incomplete

-
0 20 40 60k

Fig. 4. The calibrated and georeferenced ASAR scenes with VV polarization
collected on (a) 29 July 2005, (b) 1 October, (c) 20 October, and (d) 8 November,
and ASAR scenes with HH Polarization collected on (e) 23 July 2005, (f) 24
November, (g) 13 December, and (h) 29 December. Grey levels are comparable
in all ASAR scenes; brighter denotes higher backscatter. White areas depict the
lack of ASAR coverage. Areas lacking coverage were removed from all scenes
before storm-surge analyses.

hydrograph records, we gathered four water-level hydrographs
from the western coastal region (shown in Fig. 2). Water levels
were corrected for biofouling, instrumental drift, and erroneous
data but could not be adjusted to the local vertical datum. The
lack of absolute vertical reference limited the direct compara-
bility of the hydrographic data from site to site.

In addition, inspection of DOQQs found that the placement
of the four hydrograph stations did not allow direct comparison
between the observed water levels and surface inundation cal-
culated with ASAR data. Sites ME04, CS27, and ME11 were
located in water channels that exhibit different flow dynamics
than those of the marsh platform and were separated from the
marsh platform by varying distances and partial obstructions,
such as levies. In addition, all three of the above hydrographic
sites were in a mixed marsh and forest stand landscape, and site
CS20 was located in degrading marsh containing a high pro-
portion of open water. The decoupling of measured water levels
from those occurring within the marsh platform and the con-
tamination of the ASAR pixel by mixed nonmarsh land covers
prevented the direct determination of marsh flooding from the
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available hydrograph data. Even though unsuitable for absolute
validation, the occurrence or absence of elevated water levels
at the hydrographic stations provided an indication of flooding
in the surrounding marshes, and thus, an additional measure of
flood detection performance.

1) Permanent Water Body Delineation: In order to minimize
confusion between wind-roughened water surfaces, flooded
marsh, and nonflooded marsh, permanent water bodies were
defined within the study area. The location and extent of per-
manent inland coastal waters were obtained from the Louisiana
Oil Spill Coordinator’s Office (LOSCO) [35] and updated
with five TM images collected from 2004 to 2005 before
Hurricane Rita (27 April 2004, 17 August 2004, 5 November
2004, 16 May 2005, 21 September 2005). These TM images
were registered to the same LCC projected TM-base image
used for the ASAR scene registrations. LOSCO permanent
water polygon coverage was superimposed on the suite of
TM images, and differences between the vector coverage and
the TM images were determined. Differences were minor. Of
the LOSCO permanent water coverage, 70 km? exhibited the
spatial and temporal consistency of marsh throughout the 2004
and pre-hurricane 2005 suite of TM images. This area was clas-
sified as semipermanent water and removed from the original
LOSCO permanent water coverage. The remaining permanent
water coverage was excluded in the ASAR change-detection
products.

C. Storm Surge Residual Flooding

The calibrated ASAR scenes were entered into a change-
detection algorithm that incorporated an internal SAR speckle
filter to dampen noise while preserving edges and shape. The
5 by 5 pixel Kuan filter best preserved edges and retained inun-
dation spatial continuity. Each post-hurricane ASAR scene was
paired with the same HH or VV pre-hurricane scene in order
to eliminate change artifacts associated with SAR polarization
differences. A logarithmic ratio of the before and after scenes
resulting in a positive decibel difference indicated lower post-
ASAR versus pre-ASAR intensities, and in these marshes, pos-
sible inundation. In addition, to help limit noise and better dis-
criminate flooded from nonflooded marsh, a minimum change
detection threshold was applied.

The ASAR image processing procedure to determine the
minimum change detection threshold is not an automated one,
and it relies on operator intervention and judgment to determine
the threshold. In principle, this required consideration of radar
parameters for imaging flooded and nonflooded terrains as well
as background knowledge of flood condition and behaviour
within a specific geographic setting; both aspects are brought
to bear in an informed trial-and-error procedure to determine
the extent and configuration of flooded versus non-flooded
boundary lines. In this specific case, we also checked threshold
flood extents for consistency by comparing results with the
original ASAR data, by comparing them with the closest date
of TM and inland water levels, and categorized the terrain over
a wide area by either over- or under-“saturating” it in such a
way that known high ground was definitively excluded from
contiguous 'flooded’ pixels and known low-lying flood-prone

areas were included. Added to this more visual threshold selec-
tion method, we tested a more automated method of threshold
section.

1) Storm-Related Residual Inundation Duration: Once the
series of inundation maps were produced, the storm-surge inun-
dation duration at each location within the 1 October coverage
was calculated. The spatial distribution and extents of each of
the separate inundations were overlain and their intersections
were used to define areas of constant flooding from 1 October.
Each intersection depicted the duration between ASAR scene
collection times. For instance, 6 days and 21 hrs had elapsed
between the storm landfall on 24 September and the first ASAR
image collection (1 October). There was a difference of 19 days
between the first and second (20 October) ASAR data-acquisi-
tion date, 19 days between the second and third (8§ November),
and 16 days between the third and fourth (24 November) date.
This ASAR data-acquisition schedule established a scenario of
four surge-associated flood durations that varied in length by ap-
proximately 7 days, 26 days, 45 days and 61 days, respectively.

D. Wetland Class and Flood Duration

The spatial distribution of marsh classes throughout the
Louisiana coastal zone was obtained from the 2007 Louisiana
Coastal Marsh Vegetation Type Map [36]. Herbaceous wetland
classes included palustrine marsh, intermediate marsh, brackish
marsh, and saline marsh. The intermediate, brackish, and saline
marshes were combined into the estuarine marsh class to gener-
alize the comparisons and to better align with national wetland
classification systems [10] (Fig. 2). The ASAR Image Mode
scene included 1,654 km? of estuarine and 797 km? of palus-
trine marshes and ASAR Wide Swath Mode scenes included
3,212 km? of estuarine and 979 km? of palustrine marshes. The
calculated maps of flood duration were superimposed on the
coastal wetland classification to establish categories of flood
duration and marsh type.

E. Topography and Flood Duration

A topographic LIDAR survey performed in 2002 was used to
calculate the covariance between inundation extent and duration
and elevation [37]. The digital elevation model (DEM) coverage
was created at a posting interval of 5 m, and the DEMs used in
this study exhibited elevation accuracies better than 15 cm. The
DEM coverage aggregated at 20- cm intervals and superimposed
on the derived inundation maps produced associations of inun-
dation and coastal topography.

IV. RESULTS

A. Change-Detection Base Scenes and Thresholds

1) Prehurricane ASAR Scenes: Sea level was elevated from
mid-August onward as a result of the approaches and landfalls
of Hurricanes Katrina and Rita. Previous to this run-up period,
two ASAR scenes were available as candidate pre-hurricane
scenes for the change-detection analyses. An overlay of the two
summer season ASAR scene-collection times onto a coastal hy-
drograph obtained from the National Ocean Service showed that
the 23 July ASAR HH scene was collected near the end of an
abnormally high sea level (Fig. 1, [38]). The higher sea level
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Fig. 5. Inland storm-surge hydrographs. (a) CS27, (b) CS20, (c) ME11, and (d) MEO4 hydrographs were recorded relative to each instrument sensor and corrected
for biofouling and instrument drift. Data were obtained from SONRIS [34]. Water levels were not comparable from station to station.

was most likely associated with the occurrences of Hurricanes
Dennis and Emily in the gulf on 10 and 20 July 2005 (Fig. 1).
Inland hydrographs showed an elevated water surface remained
on 23 July 2005 (Fig. 5). Even though pre-hurricane scenes col-
lected during normal sea levels were preferred, the lack of better
alternate scenes and the near consistency in seasonality resulted
in the use of the pre-hurricane ASAR Wide Swath Mode HH
and V'V scenes collected on 23 and 29 July. The reasonableness
of using the non-ideal pre-hurricane ASAR HH scene was de-
termined in the post-Hurricane Rita inundation analyses.
Although elevated water levels were not expected to be
problematic in the pre-hurricane ASAR scenes, the 23 July
2005 ASAR HH scene exhibited relatively high SAR returns in
the near-range of the scene (Fig. 4(e)). These elevated returns
could lower change analysis performance in the extreme south-
western edge of the study area by abnormally increasing the
contrast between before and after hurricane ASAR scene data.

Visual interpretation of the pre- and post-hurricane HH ASAR
scenes, however, did not suggest that subcanopy flooding
was incorrectly mapped in the southwestern extent of the
study region. Changing extents mimicked changes in inland
water-level trends. In essence, even though pre-hurricane HH
ASAR backscatter was elevated in the near-range of the study
area, results did not indicate that inundation was spatially
over-extended in the southwest region of the study area.

2) Inundation Threshold: The total area associated with pos-
itive change-detection results above each incremental increase
of threshold magnitude was calculated for each post-hurricane
ASAR date as compared to the original pre-hurricane ASAR
scene. Inflections in the plotted trends were sought to indicate an
abrupt change in the SAR response possibly related to a change
from flooded to nonflooded marsh. All six curves decreased
without an obvious inflection point throughout the threshold
ranges evaluated (Fig. 6). Lacking an inflection point indicating
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TABLE 11
WATER LEVELS AT INLAND COASTAL HYDROGRAPHIC STATIONS
Water Level (m)

aaie CS20 MEO4 cey ME11
23 July 2005 0.506 0.488 0.838 0.671
29 July 2005 0.463 0.384 0.576 0.686
1 October 2005 1.042 no data 0.924 1.524
20 October 2005 0.826 0.704 0.646 0.963
8 November 2005 0.713 0.640 0.567 0.890
24 November 2005 0.347 0.366 0.372 0.518
13 December 2005 0.512 0.384 0.433 0.579
29 December 2005 0.445 0.268 0.375 0.506

Station locations are shown on Fig. 2. Sites CS27 and ME0O4
were not included in the 1 October ASAR scene coverage.
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Fig. 6. Positive change-detection thresholds trends (the before backscatter in-
tensity is higher than the after hurricane intensity). Each trend line is normalized
by the ASAR scene coverage. Inundation distributions on Fig. 7 are related to
areas above the VV (at 1) and HH (at 3) thresholds.
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Fig. 7. Distribution maps of post-hurricane residual flood. ASAR flood detec-
tion denoted as black areas from change detection based on (a) 29 July to 1
October, (b) 29 July to 20 October, (c) 29 July to 8 November, (d) 23 July to
24 November, (e) 23 July to 13 December, and (f) 23 July to 29 December. All
permanent water bodies created from LOSCO [35], and 2004 and 2005 pre-hur-
ricane TM images were subtracted from results to avoid confusion with flooded
marsh. Table Il includes the estuarine and palustrine inundation associated with

(a) to ().

an abrupt change, choice of threshold values was guided by in-
land water levels and visual interpretation. Threshold magni-
tudes of 1.0 dB (VV) and 3.0 dB (HH) were found to retain

trends observed in the inland hydrographic measurements and
visual interpretation of inland inundation extents.

Even though not providing abrupt delimitation, the threshold
curves provided an overall snapshot of the current hydrologic
status of the marsh (Fig. 6). Parameterization of the threshold
and area relationships produced second order polynomials that
explained >99% of each trends’ variance. Each polynomial
equation provided an intercept (INT) indicating the percentage
of positive changes and a linear versus curvilinear trend indi-
cator (LI) as the first and second order coefficient ratio. The
parameterized threshold trends showed that the 1 October
relationship had the highest total magnitudes (INT = 0.68) and
most linear response (LI = 11.01) followed by 13 December
(INT =0.60, LI = 7.40). Both dates followed inundation events;
storm surge in the first case and rainfall events in the latter.
Outside of these two distinctive trends, intercepts are reduced
in parallel with reductions in water level. The 20 October and
8 November VV trends had an INT of 0.51 and LIs of 5.11
and 4.52, respectively. The 24 November and 29 December
HH trends had INTs of 0.40 and 0.42 and LIs of 5.14 and 5.41,
respectively.

B. Storm-Surge Hydrographs

Four inland hydrographs confirmed the occurrence of surge
flooding throughout the western coastal region (Figs. 2 and 5).
In comparison to pre-hurricane 23 and 29 July water levels,
all working hydrographs exhibited elevated water levels on
1 October and although abated, elevated water levels per-
sisted through 20 October at all hydrograph stations (Table II).
Water-level records indicated some shallower flooding persisted
through 8 November. Just prior to the 24 November collection,
all four hydrographs exhibited an abrupt decrease in water
levels and, shortly thereafter, a rapid increase preceded the 13
December ASAR collection. Subsequently, surface water levels
decreased through 29 December.

1) Inundation Extent and Water Level: The distribution
maps of post-hurricane residual floods prepared from the six
ASAR dates were in agreement with the temporal patterns of
water levels recorded at the operating hydrographic stations
(Figs. 5(a)—-(d) and 7(a)—(f)). Total flooded area observed at
each post-hurricane ASAR date was compared to the recorded
inland water levels (Table II). In each of the comparisons,
>95% of the variability in flood area was explained by water
level (Fig. 8).



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

8 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING

TABLE III
INUNDATION EXTENT RELATED TO MARSH TYPE

Change-Detection Inundation, Percentage of Area
Images All Marsh Estuarine Marsh | Palustrine Marsh
29 Jul to 1 Oct 48.0% 44.7% 54.8%
29 Jul to 20 Oct 23.4% 21.8% 28.5%
29 Jul to 8 Nov 20.2% 18.1% 271%
23 Jul to 24 Nov 4.8% 3.7% 8.4%
23 Jul to 13 Dec 14.1% 12.6% 19.3%
23 Jul to 29 Dec 7.3% 5.1% 14.6%

Change detection percentages are related to ASAR scene coverages indicated on Fig. 7.

50 —
® CS20 R?=0.95 + @ »
4 | + CS27 R=0.99 / ,”
& ME11R>=099| ' /
40 - /
4
7
- /
§ /’
530 -
(]
B
Ke]
w
20 ~
<
10 -
0 T T T |
0 0.4 0.8 12 16

Water Level (m)

Fig. 8. Flooded area percent observed on the six ASAR post-hurricane dates
and inland water level measured at hydrograph stations (locations shown on
Fig. 2). The lines represent linear regression predictions. MEO4 was not used
because of missing data.

C. Storm-Surge Flood Maps and Marsh Inundation

The residual inundations were generally spatially coincident
from 1 October to 29 December, and the post-hurricane residual
inundation extent generally decreased with time past hurricane
landfall (Fig. 7(a)—(d)). Although some inconsistencies oc-
curred at scattered pixels, surge inundation impacting 48% of
the marshes 7 days after landfall had progressively receded to
20% of the coastal marshes 45 days after landfall (Table III).
On 24 November, the progressive postlandfall reduction in
marsh flooding was interrupted by a sudden decline to 5%
and a subsequent increase to 14% of the coastal marshes on
13 December (Table III, Fig. 7(d) and (e)). This progressive
trend and dramatic drop in flood extent was documented in
hydrographic measurements (Fig. 5(a)-(d)). These measure-
ments also revealed a water level increase previous to the 13
December ASAR collection and the subsequent successive
decrease that was reflected as inland inundation recession on
29 December. The last two flood inundation distributions on
the 13 and 29 December did not appear directly related to the
storm surge (Fig. 7(e) and (f)). These dates were not included
in the surge inundation-duration calculations.

D. Storm-Surge Flood Duration

The post-hurricane storm-surge-related flood maps were
restricted to the 1 October flood coverage (Fig. 9(a)—(d),

b d o

Fig. 9. Hurricane-surge related inland flooding durations. The three separate
duration maps were created from the intersection of the flood extent maps dis-
played in Fig. 7(a)—(d). Surge flood maps correspond to durations of at least (a) 7
days, (b) 26 days, (c) 45 days, and (d) 61 days. As in Fig. 7, all permanent water
bodies are excluded. Table IV includes the estuarine and palustrine storm-surge
flooding associated with (a) to (d).

20 40

60 km

Table IV). For 7, 26, and 45 days, respectively, residual hur-
ricane storm-surge flooding continuously covered 45%, 20%,
and 12% of the estuarine and 55%, 27%, and 19% of the
palustrine marshes. The longest possible storm-surge duration
persisted until 24 November, more than two months after land-
fall, and impacted 1% and 7% of the estuarine and palustrine
marshes, respectively (Fig. 9(d), Table IV). The longest per-
sistent surge-related inundation durations were almost entirely
confined to inland pools located in the palustrine marshes.

The intersection-overlay technique used to calculate storm-
surge durations was also used to calculate the spatial juxtaposi-
tion of each subsequent flood extent on the previous flood extent
for the overlapping scene coverage. These calculations found
that 90% of the 20 October extent was contained in the 1 October
inundation extent. A drop to 73% alignment between 20 Oc-
tober and 8 November was primarily associated with expanded
flooding in a contiguous marsh area in the east. The increased
flooding may have been in response to persistent onshore winds
and higher tides preceding the 8 November ASAR collection
(Fig. 10). The flood distribution was well aligned at 82% from
8 to 24 November but decreased substantially to 33% between
24 November and 13 December. The latter nonalignment was
caused by the dramatic decrease in flood extent on 24 November
and re-expansion by 13 December. The 13 December inunda-
tion primarily expanded into the previous 8 November inunda-
tion extent (63% overlap). The 13 and 29 December inundation
distributions were highly aligned at 88%.
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STORM-SURGE FLOOD DURATION RELATED TO MARSH TYPE.

TABLE IV

Storm-Surge Duration

Flood Duration, Percentage of Area

All Marsh Estuarine Marsh | Palustrine Marsh
7 days 24 Sep until 1 Oct 48.0% 44.7% 54.8%
26 days until 20 Oct 22.3% 20.2% 26.7%
45 days until 8 Nov 14.2% 11.7% 19.3%
61 days until 24 Nov 2.8% 1.0% 6.5%

Flood durations are related to the 1 October coverage shown on Fig. 9.

Maximum WSPD 30 m/s

Wind Velocity (m/s)

Fig. 10. Wind velocity (Sabine Pass NCDC Station) — top [39], water level (Calcasieu Pass NOS Station) — middle [38], and air temperature (Sabine Pass NCDC
Station) and precipitation (bars) (Lake Charles NCDC Station) — bottom [39]. The hydrograph data was obtained from the NOAA coastal site located on Fig. 2.

Dashed lines indicate 8 November and later ASAR collections.

E. Linking Inundation Duration and Topography

Restricted to flooding spatially coincident with the 1 October
flooding, overlay of 20-cm elevation intervals and the 1 October
through 24 November surge-related flood period documented
the relationship between marsh surface elevation and inundation
extent at each date (Fig. 11). Exclusion of the permanent water
bodies primarily occupying the 0 cm to < 20 cm elevation in-
terval probably accounted for the relatively lower numbers in the
< 20 cm interval. The change in surge-related flooding between
dates exhibited similar trends for elevations 0 cm to <80 cm and
another for elevations>100 cm to 140 cm. The 0 cm to <80 cm
trends indicated a rapid 53+3% decrease in storm-surge cov-
erage from 1 to 20 October, a low decrease around 171+4% from
20 October to 8 November, and a slight rise in storm-surge re-
cession to 24+ 1% from 8 to 24 November. Elevations 100 cm to
<140 cm portrayed a moderate 30+3% decrease from 1 to 20
October, a moderately low 15+3% decrease from 20 October
to 8 November, and a high decrease of 44+5% from 8 to 24
November. The inundation decrease in the transition 80 cm to
<100 cm interval was moderately rapid initially at 38% and re-
mained comparatively constant after that at 26+2%.
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[ ]120-140cm
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Accumlative Inundated Area (km?)
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Fig. 11. The stacked-accumulative bar graphs represent the distribution of in-
undation by elevation aggregated at 20-cm intervals (e.g., on 1 October, 207 km?
of the 0 cm elevation, 232 km? of the 0—20 cm, 368 km? of the 2040 cm, 233
km? of the 4060 cm, etc. elevation ranges were inundated). Permanent water
bodies are excluded from the calculation. The calculation is restricted to the 1

October ASAR coverage.
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V. DISCUSSION

Flood detection by means of ASAR change-detection anal-
ysis relied on the well-documented and distinct signature of
attenuated SAR returns from inundated marsh. Even though
distinctive, the multiplicity of possible interactions related to
changing marsh flood depth with respect to canopy height
yielded complex SAR representations of the post-hurricane
marshes. Pairing before and after hurricane scenes by polariza-
tion and, as much as possible, choosing pre-hurricane scenes
with minimum flooding promoted post-hurricane flood-detec-
tion performance. Identifying and removing open water bodies
from the inundation detection eliminated confusion between
wind-roughened water surfaces and marsh [40]. Application of
change-detection thresholds further refined the discrimination
of flooded from nonflooded marsh.

As indicated in the threshold curves, intensity transitions
from flooded and nonflooded marshes were gradual, reducing
the potential for successful application of automated contouring
of flooded pixels without the use of an interpreted threshold.
Model simulations and field validations conducted in a variety
of eastern GOM marshes may explain the difficulties in auto-
matic determination of the flood to nonflood transition [20],
[27]. Both model and field results demonstrated a decrease in
C-band VV backscatter with increasing flood depth; however,
both also observed increasing backscatter with increasing
biomass when flooded, while conversely, decreasing SAR
backscatter with increasing biomass in nonflooded marshes.
Those results combined with the positive relationship between
soil moisture and SAR backscatter [20] and a complex wetland
landscape would coalesce competing interactions influencing
the SAR backscatter within the flood to nonflood transition
zone. Automated procedures would have to cope with these
competing factors in order to provide consistent delineation. In
conjunction with manually determined inundation thresholds,
however, the threshold curves could provide a simple indicator
of overall marsh hydraulic change, and help improve soil mois-
ture monitoring, especially at low and high moisture contents
underlying varying canopy densities and heights. Within these
threshold trend differences, the VV and HH threshold values
highly differed.

The VV and HH threshold difference could be related to the
relatively lower incidence angle of the pre-hurricane HH ASAR
scene and the enhanced backscatter from moist soils. In these
nearly flat coastal landscapes that dominantly support marshes
that exhibit an overall vertical orientation [41], increases in
incidence angle would tend to increase attenuation and decrease
backscatter [14]. The more vertical canopy orientation would
enhance the interaction and attenuation of VV polarizations
with the marsh canopy and in contrast enhance HH interaction
with the marsh subcanopy [14], [42], [43]. The higher incidence
angle of the pre-hurricane HH ASAR scene and the tendency
for higher penetration of the HH than VV polarizations in these
marshes would promote HH versus VV surface interaction.
This surface interaction preference related to HH polarization
may in part explain why HH tends to provide higher contrast
between flooded and nonflooded marsh and higher coherence
than associated with VV polarization [14], [26], [28].

The pre-hurricane HH scene was chosen to best represent
nonflood periods when the underlying soil would be more likely
to be unsaturated in contrast to the post-hurricane period. Al-
though at and above soil saturation the incident SAR is reflected
away from the sensor decreasing the response [14], [44], soil
moisture up to saturation enhances backscatter [20], [44]. In
this case, the higher canopy penetration tendency of HH versus
VV and the lower incidence angle lessening canopy interac-
tion would likely promote an overall higher pre-hurricane HH
versus VV marsh response. The higher potential penetration of
HH versus VV could also produce a larger number of dimin-
ished post-hurricane returns through increased specular reflec-
tion from oversaturated soils, especially when scattered pooling
is often prevalent as well [8]. A combination of higher HH pen-
etration and pre-hurricane unsaturated and post-hurricane sat-
urated soils may have produced the substantially higher HH
versus VV threshold.

Strong correlation was found between water level and flood
extent and flooding and recession mostly took place within
the same marsh regions. Even though these relationships ex-
isted, we found that changing rates of storm-surge recession
were not strongly related to incremental changes in marsh
elevation but more to broadly defined elevation ranges. For
elevations < 80 cm, flood recession was mainly associated with
nonimpounded marshes. These marshes exhibited a pattern of
rapid recession in storm-surge flooding followed by a slower
decrease and then a slight recession increase most likely related
to the offshore winds. Above 80 cm, the storm-surge recession
pattern was largely controlled by the drainage of impounded
marshes. Impounded elevations 80 cm to <100 cm initially
displayed a transition pattern of high recession followed by a
fairly steady and moderate discharge. Impounded marshes at
elevations from 100 cm to >140 cm had moderate drainage
initially that decreased to a low drainage rate by the mid
storm-surge recession period. Drainage in the final recession
period augmented by offshore winds was rapid.

Surge flooding impacting 48% of the estuarine and inland
palustrine marshes 7 days after landfall progressively receded
to 20% of the coastal marshes 45 days after landfall. Only the
sudden decline in residual flood extent on 24 November and
subsequent increase on 13 December interrupted the progres-
sive decrease in extent. Based on the flood extent and water
level correspondence, we separated the inundation into two
parts. First, flooding up to 24 November represented persistent
storm-surge inundation. Second, the spatial expansion of inun-
dation after 24 November to 13 December represented nonsurge
related flooding. The nonsurge flooding persisted from 45 to
96 days of continuous flooding; it was mainly associated with
palustrine marshes.

The cause for the sudden drop and subsequent rise in flood
extent apart from the storm surge was not directly determined
in this study, but these contractions and expansions in inunda-
tion extent may likely be related to the local wind field and rain-
fall events. After mid-November, a cold front passage associ-
ated with increased offshore winds coincided with a period of
lowered water levels that persisted through the 24 November
ASAR collection (Fig. 10). The change from onshore to offshore
winds produced an abrupt drop in water levels that was recorded
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by the inland hydrographs and by a decrease in residual storm-
surge flood extent captured by sequential ASAR change-detec-
tion processing. The onset of these offshore winds was credited
with pushing out elevated saline waters that had been held in
the Lacassine NWR impounded fresh marsh (Fig. 2) since the
storm-surge impact [45].

Around the time of the 13 December ASAR collection, wind
speeds were some of the lowest recorded during the study pe-
riod (Fig. 10). Consequentially, the calmer water-surface would
appear relatively darker in the SAR image [9], [12], [13], partic-
ularly when combined with the lower sensitivity of HH as com-
pared to VV polarization to roughened water surfaces [13], [19].
These two contributing factors could have enhanced the dis-
crimination between open water bodies and nonflooded marsh
thereby contributing to the increased flood extent shown in early
December. On the other hand, although offshore winds per-
sisted in the first part of December, all site-specific recordings of
water level gauges documented a water-level rise following 24
November that continued through the 13 December ASAR col-
lection. In addition, fairly substantial rainfall events occurred on
25 November and 3 December, and were occurring around the
time of the 13 December ASAR collection (Fig. 10). As in the
sudden drop in inland water levels captured on the 24 November
inundation recession, the 13 December ASAR change detection
produced an expanded inundation complementing the water-
levels pattern recorded by the inland hydrographs. In this case,
the inundation distribution change seemed more traceable to
prerainfall events than wind forcing.

VI. CONCLUSION

This study used a time series of Envisat ASAR scenes to
demonstrate the utility of C-band SAR satellite data to map the
history of storm-related flooding in a coastal wetland. Validated
with inland hydrograph records, the co-occurrence of storm-
surge flooding and its duration with marsh type produced infor-
mation useful for determining the threshold of elevated salinity
exposure and of saturation duration. These could be important
parameters for assessing wetland status and predicting trends.
In addition, the ability to relate an abrupt decrease of flooding
to persistent offshore winds accompanying a storm front pas-
sage and a subsequent increase in nonsurge flooding to multiple
rainfall events further demonstrated the potential of SAR to cap-
ture rapidly changing hydrologic events. The availability of this
timely data source not only enhances the relevancy of inunda-
tion information to wetland status and trends, it alleviates many
difficulties in using site-specific stage data to calibrate and val-
idate hydraulic inundation models.

Similar to how a combination of SAR-derived flood ex-
tent and ancillary data sources, such as recorded water-levels
and wind velocities, helped explain hydrodynamic events,
LIDAR-based digital elevation model (DEM) data helped
categorize flood recession patterns observed with SAR data.
Even in this highly complex and dynamic coastal marsh land-
scape, drainage patterns were grouped into those associated
with elevations < 80 cm and those > 100 cm and a transition
drainage pattern representing the 80 cm to < 100 cm elevations.
Physically, marsh surface elevations < 80 cm were dominantly

aligned with non-impounded marshes and elevations > 100 cm
with impounded marshes. Further, the coupling of the DEM
and SAR-based flood extents showed that the abrupt drop in
storm-surge flood extent was principally associated with im-
pounded marshes. In both cases, the availability of timely flood
extents and ancillary data sources provided direct information
related to the hydraulic and hydrodynamic response of this
coastal landscape.

In addition to advancing information related to changes in
flood extent and distribution, polynomial trends relating incre-
mental increases in the threshold value to positive change-de-
tection outcomes exhibited correspondence to preceding storm
surge and rainfall events. When these trends were parameter-
ized for each pre- and post-ASAR change-detection date, the
two indicator variables similarly indicated a relationship to pre-
ceding hydraulic conditions. If these inferred correspondences
were verified and calibrated with ground-based measurements,
the easily derived indicators could offer resource management a
cost-effective and operational gauge of wetland hydraulic con-
dition.

Even though we standardized the threshold for the like-po-
larized C-HH and C-VV SAR data and found good correspon-
dence with hydrograph data and flood extent over time, we
found threshold selection to be a laborious and time-consuming
process. Proper selection required detailed examinations of in-
cremental changes in the thresholds for each date and repetitive
comparisons between flood extents created for separate dates.
In addition, the threshold increments versus inundation trends
indicated little ability to use automatic contouring to delineate
the flood extents in these complex coastal marshes. Although
the technique applied here for threshold selection was effective,
more exploratory work is needed on the automated selection of
thresholds used in the creation of SAR-based flood products of
highly variable hydrologic environments.
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