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Abstract Regional sediment resuspension and transport are examined as Hurricane Sandy made landfall
on the Mid-Atlantic Bight (MAB) in October 2012. A Teledyne-Webb Slocum glider, equipped with a Nortek
Aquadopp current profiler, was deployed on the continental shelf ahead of the storm, and is used to vali-
date sediment transport routines coupled to the Regional Ocean Modeling System (ROMS). The glider was
deployed on 25 October, 5 days before Sandy made landfall in southern New Jersey (NJ) and flew along the
40 m isobath south of the Hudson Shelf Valley. We used optical and acoustic backscatter to compare with
two modeled size classes along the glider track, 0.1 and 0.4 mm sand, respectively. Observations and mod-
eling revealed full water column resuspension for both size classes for over 24 h during peak waves and cur-
rents, with transport oriented along-shelf toward the southwest. Regional model predictions showed over
3 cm of sediment eroded on the northern portion of the NJ shelf where waves and currents were the high-
est. As the storm passed and winds reversed from onshore to offshore on the southern portion of the
domain waves and subsequently orbital velocities necessary for resuspension were reduced leading to over
3 cm of deposition across the entire shelf, just north of Delaware Bay. This study highlights the utility of
gliders as a new asset in support of the development and verification of regional sediment resuspension
and transport models, particularly during large tropical and extratropical cyclones when in situ data sets are
not readily available.

1. Introduction

At midnight on 29 October, Hurricane Sandy made landfall near Brigantine, NJ devastating New York and
New Jersey coastal communities through a combination of high winds and historic storm surge [Blake et al.,
2013]. This storm caused significant coastal erosion [Hapke et al., 2013], and showed a distinct seabed signa-
ture at an inner-shelf site [Trembanis et al., 2013] but little is understood about broader regional sediment
resuspension and transport on the continental shelf. A unique data set from a Teledyne-Webb Slocum glider
equipped with a Nortek Aquadopp Current profiler deployed ahead of the storm in combination with the
Regional Ocean Modeling System (ROMS) allow us to assess regional patterns of sediment resuspension
and transport throughout Hurricane Sandy.

Storms are important episodic events that redistribute sediment on continental shelves [Cacchione and
Grant, 1987; Drake and Cacchione, 1992; Sherwood et al., 1994; Ogston et al., 2000; Keen and Glenn, 2002;
Styles and Glenn, 2005; Teague et al., 2006; Warner et al., 2008a]. Many of the field programs over the past
two decades used benthic landers and tripods equipped with a suite of optical and acoustic sensors at a sin-
gle location to understand sediment resuspension and transport dynamics [Trowbridge and Nowell, 1994;
Agrawal and Pottsmith, 2000; Harris et al., 2003; Styles and Glenn, 2005]. These sensor platforms have pro-
vided a wealth of information that have aided in the development of one-dimensional bottom boundary
layer models (BBLMs) that take into account combined wave and current interactions [Grant and Madsen,
1979, 1986; Glenn and Grant, 1987; Madsen and Wikramanayake, 1991; Madsen, 1994; Styles and Glenn, 2000,
2002; Warner et al., 2008b]. These one-dimensional models generally require input of wave and current data
and a significant amount of tuning in order to accurately predict sediment resuspension and transport at a
specific location.

In the past decade, these one-dimensional BBLMs have been coupled to three-dimensional hydrographic
models to understand broader scale erosion and deposition at regional scales [Blaas et al., 2007;
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Papanicolaou and Elhakeem, 2008; Warner et al., 2008b; Hu et al., 2009]. With the development of these
regional scale sediment resuspension and transport studies new technologies are necessary to supplement
single point measurements of sediment resuspension and transport on continental shelves. Many of the
sensors included on tripods and benthic landers have now been developed for autonomous platforms such
as Teledyne-Webb Slocum gliders [Davis et al., 2003; Schofield et al., 2007; Glenn et al., 2008]. A study by
Glenn et al. [2008] presented data from two gliders deployed on the New Jersey shelf during storm condi-
tions, one during stratified summer months and the other after the fall transition to well-mixed winter con-
ditions. The stratified summer deployment showed sediment resuspension throughout the bottom layer,
restricted by thermal stratification, during a summer hurricane, while the deployment after the fall transition
identified full water column sediment resuspension that followed a Rousian distribution [McLean, 1991],
where suspended sediment concentration decreased logarithmically with height above the bed. A follow
up study [Miles et al., 2013] used two simultaneously deployed gliders during a northeaster in fall of 2009 to
identify spatial variability in sediment resuspension and transport.

The present work builds on previous sediment resuspension and transport work by using a combination of
model predictions and glider observations to identify idealized broad spatial patterns of sediment resuspen-
sion, transport, and deposition on the New Jersey (NJ) continental shelf during Hurricane Sandy in October
of 2012.

A detailed description of observational and model setup is given in section 2. The synoptic atmospheric
and oceanic conditions, as well as the observed and modeled sediment resuspension and transport
response along the glider track are detailed in section 3. Section 4 provides a broader regional look at sedi-
ment transport throughout the storm and highlights the atmospheric and wave forcing that lead to shelf
wide patterns of erosion and deposition. A final summary and conclusions are provided in section 5.

2. Methods

2.1. Gliders
Teledyne-Webb Slocum gliders have become robust tools for sampling storm conditions [Glenn et al., 2008;
Ruiz et al., 2012; Miles et al., 2013]. These instruments are mobile sensor platforms that profile through the
water column using a combination of buoyancy and a set pitch angle to move vertically and horizontally in
a sawtooth pattern. Data are logged every 2 s on downcast and upcast with vertical speeds of �20 cm/s
resulting in high data density relative to traditional shipboard techniques. A single hour long sampling seg-
ment may include approximately 5–10 profiles depending on water column depth. After each segment is
complete the glider surfaces and relays its position and data back to Rutgers using an Iridium satellite
phone in the aft section of the glider. Further details of Rutgers glider operations can be found in Schofield
et al. [2007].

The glider used in this study was RU23, a first generation shallow (100 m rated) glider equipped with a suite
of oceanographic sensors. RU23 included three science sensors, a Seabird unpumped conductivity tempera-
ture and depth (CTD) sensor, two Wetlabs triplet sensors and an externally mounted Nortek Aquadopp cur-
rent profiler. One Wetlabs triplet was an optical backscatter puck (bb3) that measured the volume
scattering function (VSF) at three wavelengths 470, 532, and 660 nm in the 117� back direction. We con-
verted from the VSF to estimated backscatter coefficients following Boss and Pegau [2001]. For our analysis,
we use the 660 nm channel as it is less impacted by absorption effects than the shorter wavelength chan-
nels (E. Boss, personal communication, 2014). These instruments respond linearly to increased suspended
particulate matter concentrations [Boss et al., 2009], but are also sensitive to variability in particle size, shape,
and composition; similar sensors were used onboard previous glider observations of storm driven sediment
resuspension and transport [Glenn et al., 2008; Miles et al., 2013]. The second Wetlabs triplet was an ecopuck
that we used primarily to measure chlorophyll fluorescence.

The Nortek Aquadopp was a three-beam 2 MHz system with a 0.2 m blanking distance that collected data
in 10 1 m bins in beam coordinates. The Aquadopp was externally mounted in an upward looking position,
with a custom glider head that measured 0� pitch at a nominal glider pitch angle of 26.5� . Data were logged
internally and downloaded postdeployment. This instrument served two purposes: the first was to estimate
realistic water column velocities following a shear least squares method originally developed for lowered
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acoustic Doppler current profilers [Visbeck, 2002] and recently adapted to use on glider platforms [Todd
et al., 2011a, 2011b]. The shear least squared method is used to solve the following equation:

ðu; vÞr5ðu; vÞw2 ðu; vÞg (1)

where ðu; vÞr is the measured water velocity relative to the glider, ðu; vÞw is the real ocean velocity, and
ðu; vÞg is the velocity of the glider. The measured water velocity relative to the glider is taken directly from
the vertical profile of the horizontal shear of the velocity profiles above the glider. Glider velocity is dead-
reckoned [Davis et al., 2003] using a combination of pre and postsegment GPS fixes, pitch angle, heading,
and depth. These two measurements are then used to solve for the real ocean velocities using least squares,
which are described in detail in Appendix B of Todd et al. [2011a].

The second purpose was to provide acoustic backscatter observations coincident with optical measure-
ments. Acoustic return (Amp) strength along each beam was converted to echo level (EL), with units of deci-
bels (dB) following Lohrmann [2001]:

EL5Amp30:43120 log 10ðRÞ12aw R120R
ð
ap3dr (2)

where R is the range along each beam, aw is the water absorption in db m21, and ap is the particle attenua-
tion in db m21. Previous studies [e.g., Lynch et al., 1997] have used colocated optical and acoustic backscat-
ter sensors on bottom tripods to assess the relative contribution of small and large sediment particles. The
difference in acoustic and optical response to different size classes is most clearly illustrated in Lynch et al.
[1997, Figure 4], with an optical backscatter sensor and a 1 and 5 MHz acoustic backscatter sensor. An Aqua-
dopp is most sensitive to particles with a k*a 5 1, where k is the acoustic wave number and a is the particle
radius [Lohrmann, 2001; Thorne and Hanes, 2002]. For a 2 MHz system, a k*a value is most sensitive to par-
ticles with a 0.25 mm diameter with a reduction in sensitivity raised to the fourth power for particles smaller
than a and inversely proportional for particles with a diameter larger than a. Optical backscatter sensors
generally respond to the cross-sectional area [Bunt et al., 1999] and have been shown to have large
increases in observed optical backscatter for similar concentrations of small versus large particles, thus in
the presence of significant concentrations of small suspended particles these sensors are largely unrespon-
sive to additional concentrations of large particles (C. Sherwood, personal communication, 2014).

As the glider was deployed over a broad spatial region with varying bottom types, sediment types and opti-
cal properties we did not attempt to calibrate either optical or acoustic backscatter sensors using in situ
sediment, but rather focus on intercomparison of the suite of sensors to estimate sediment resuspension
and transport throughout the deployment.

2.2. Additional Observational Assets
We use National Oceanographic and Atmospheric Association (NOAA) buoy 44025 and 44009 data to sup-
plement glider data and validate numerical model results. NOAA buoy 44025 is located at 40.250�N and
73.167�W off of Long Island, New York, and NOAA buoy 44009 is located at 38.461�N and 74.703�W offshore
of Delaware Bay (Figure 1). Buoy data included in this study are hourly wind speed and direction collected
at a height of 4 m, barometric pressure, significant wave height, dominant wave period, wave spectra, and
mean wave direction from buoy 44025 only.

2.3. Hydrodynamic Model
The Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005, 2009; Haidvogel et al.,
2008] version 3.6 was used to simulate the ocean response to storm forcing. ROMS is a free surface, sigma
coordinate primitive equation model that is widely used for coastal applications. The configuration here is a
modified version of the Experimental System for Predicting Shelf and Slope Optics (ESPreSSO) (http://www.
myroms.org/espresso/) with 5 km horizontal resolution and 36 vertical levels, which extends from Cape
Cod, MA, to Cape Hatteras, NC, and near shore to beyond the shelf-break (Figure 2). The ESPreSSO domain
has been used extensively on the MAB to study a diverse array of physical and biological processes [Cahill
et al., 2008; Haidvogel et al., 2008; Hofmann et al., 2008; Zhang et al., 2009; Wilkin and Hunter, 2013; Xu et al.,
2013]. We used the original assimilative ESPreSSO four-dimensional variational data assimilations (IS4DVAR)
output as an initial condition starting on 25 October and ran the model forward including boundary
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conditions from HYCOM-NCODA (http://hycom.org/), tidal boundary conditions from the ADCIRC tidal
model (http://adcirc.org/).

For this study, we modify the standard ESPreSSO setup in a number of ways: we replace the standard
ESPreSSO atmospheric forcing from the National Center for Environmental Prediction (NCEP) North Ameri-
can Mesoscale (NAM) model with our own Weather Research and Forecasting (WRF) model detailed in sec-
tion 2.4; by turning on the sediment features detailed in section 2.5; and the BBLM detailed in section 2.6;
and drive this BBLM with the wave information from NOAAs, WAVEWATCH III model detailed in section 2.7.
While numerous studies have used the Coupled Ocean Atmosphere Wave Sediment Transport (COAWST)
system [Warner et al., 2010; Olabarrieta et al., 2012] for sediment transport, which includes a coupled wave
and atmospheric model, for simplicity we use the Rutgers ROMS ESPreSSO domain as it has a robust history
of reproducing realistic circulation over our study region [Wilkin and Hunter, 2013] and required minimal
adjustment from the standard setup to run for the purposes of this study.

2.4. Atmospheric Model
Default atmospheric forcing for ROMS ESPreSSO is from the NCEP NAM model, which is an operational ver-
sion of the WRF Nonhydrostatic Mesoscale Model (WRF-NMM) run at 12 km horizontal resolution with
standard output every 3 h. In order to provide ROMS with higher spatial and temporal resolution atmos-
pheric forcing, we used our own implementation of the Advanced Research WRF (WRF-ARW), Version 3.4
[Skamarock et al., 2008]. WRF-ARW is a fully compressible, nonhydrostatic, terrain-following coordinate,
primitive equation atmospheric model that is used for many different weather and climate applications.

Our WRF-ARW simulations were run at 6 km horizontal resolution with 35 vertical levels, using the Global
Forecast System (GFS) 0.5� model for lateral boundary conditions. To provide continuous near-analysis
atmospheric forcing, we used hourly output from a series of six short 36 h WRF-ARW hindcasts. These hind-
casts were initialized at 00:00 GMT each day starting on 25 October 2012. For each run, excluding the first
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and last runs, only data from hours 7 to 30 were retained in an effort to minimize the impact of model reini-
tialization on wind forcing. The first run included hours 1 through 30 and the last run included hours 7 to
36 in an effort to maximize coverage.

For bottom boundary conditions over water, we used a high-resolution sea surface temperature (SST) com-
posite product. This daily SST product has a resolution of 2 km and is a 3 day coldest dark pixel composite
of regionally declouded daytime scans from the Advanced Very High Resolution Radiometer (AVHRR)
aboard the NOAA-18 and NOAA-19 satellites. Through these techniques, normally unresolved coastal
upwelling and tropical cyclone cold wake processes are preserved. For each simulation, we initialize SST
with the daily composite described above and leave it fixed until the next simulation’s initialization. Model
validations in section 3.3 indicate that this model setup adequately represents storm forcing for our pur-
poses, but future model runs may benefit from coupled ocean and atmospheric modeling.

ESPreSSO air-sea heat and momentum fluxes were calculated using the bulk formulae of Fairall and Bradley
[1996] and Fairall et al. [2003] using the ESPreSSO model sea surface temperature and WRF-ARW sea level
air temperature, precipitation, pressure, relative humidity, and 10 m winds.

2.5. Sediment Model
We used the Community Sediment Transport Model (CSTM) to simulate sediment resuspension and trans-
port. A detailed description of the CSTM can be found in Warner et al. [2008b]. The CSTM requires input of
user-defined sediment size classes, critical shear stress values, fall velocities, densities, and erodibility con-
stants. We initialized with an idealized spatially uniform single, 15 m deep, bed layer with two noncohesive
size classes of 0.1 mm and 0.4 mm to represent fine and medium grain size sands found in the glider sam-
ple region (Figure 1b). According to a map generated from data collected by the usSEABED project [Goff
et al., 2008] on 29 October 2012 during peak storm conditions, the glider was sampling over a region with
approximately 0.4 mm mean grain sizes. Additionally, a recent publication [Trembanis et al., 2013] collected
grab samples on the southern region, near buoy 44009 and identified mean grain sizes of approximately
0.3 mm prior to Sandy impacting the region. Based on the 0.1 and 0.4 mm diameters and 2650 kg m23 den-
sities, we use settling velocities and critical shear stresses of 5.7 mm s21 and 0.14 N m22, respectively, for
the 0.1 mm sediment and 52 mm s21 and 0.23 N m22 for the 0.4 mm sediment and erodibility constants of
5 3 1024 kg m22 s21 for both sediment types. This uniform bed setup is used to only generally represent
sediment resuspension and transport on the continental shelf, and is primarily used for simplification of
data interpretation and comparison of large and small grain size particles with glider data. This setup will
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not address the potential impact of realistic sediment distributions and bed armoring on sediment resus-
pension. For more detailed analysis, we recommend using a broader array of sediment types, higher spatial
resolution model grids, and coupled ocean-atmosphere-wave model routines.

At each time step, the model uses sediment bed properties to calculate bed roughness at each grid point
and passes this information to the bottom boundary layer model to calculate bottom stress (ssf ) from com-
bined waves and currents. If critical shear stresses (sce) are exceeded sediment is resuspended into the
water column and transported as a tracer similar to temperature and salinity, but with an additional source
and sink term, based on the erosional source and settling velocity, respectively. From Warner et al. [2008b]:

Csource;m5
@ws;mCm

@s
1Es;m (3)

where s is the vertical coordinate for the advection diffusion equation in ROMS, ws is the vertical settling
velocity prescribed by the user for each size class m, C is sediment concentration, and Es is the erosion
source, which follows[Ariathurai and Arulanandan, 1978]:

Es;m5 E0;m 12/ð Þ ssf 2sce;m

sce;m
ssf > sce;m (4)

where again, s is the vertical coordinate in ROMS, Es is the surface erosion mass flux, E0 is a bed erodibility
constant, / is the bed porosity of the uppermost bed layer and ssf sce are the defined above. For the pur-
poses of this study, we only consider suspended load transport for direct comparison with glider observed
suspended load transport, though for realistic studies of sediment transport bedload transport must be con-
sidered. Bedload transport routines are also available in ROMS [Meyer-Peter and M€uller, 1948; Soulsby and
Damgaard, 2005].

2.6. Bottom Boundary Layer Model
The standard ESPreSSO setup uses a quadratic drag law with a drag coefficient expression to represent bottom
stress. For sediment resuspension and transport, a more detailed calculation of bottom stress is needed as realisti-
cally, large gradients in velocity and sediment concentration occur near the bed. For this study, we use the
ssw_bbl model, which follows Madsen [1994] for combined waves and currents and the moveable bed routines
from Wiberg and Harris [1994] and Harris and Wiberg [2002]. The ssw_bbl routine used in this study is covered in
detail in Warner et al. [2008b]. Parameters required for the ssw_bbl model include sediment characteristics
described in the previous section to determine bed roughness, near-bottom reference velocities, u and v taken
as the velocity in the lowest model grid, wave orbital velocities ub, wave period T , and wave direction h.

2.7. Wave Model
The wave parameters used for this study are derived from the third generation NOAA WAVEWATCH III
(WWIII) (http://polar.ncep.noaa.gov/waves/index2.shtml) operational wave model. We specifically use data
from the hindcast reanalysis version 2.22, with 3 h output. We use two WWIII data sets for this study, with 4�

and 10� min resolutions that cover the study region. The 4 min resolution data does not cover the entire
ESPreSSO domain but provides higher resolution in near shore shallow water regions. Both the 4 and 10
min resolution data are interpolated to the standard ESPreSSO grid with a nominal 5 km horizontal resolu-
tion. While this may not be an ideal methodology for detailed analysis of coastal change or long-term stud-
ies on the continental shelf, interpolation of these readily available products were sufficient for a first-order
comparison of glider optical data to modeled suspended sediment at the midshelf. WWIII model hindcasts
do not include the full wave spectra as the operational and forward run products. To calculate bottom
orbital velocities from WWIII data without spectral information, we use linear wave theory and follow the
method of Wiberg and Sherwood [2008] using an assumed Joint North Sea Wave Project (JONSWAP) spec-
trum. MatlabVR codes for this calculation are included in the reference and validation of the calculated prod-
uct of both buoys is presented in section 3.3.

3. Results

3.1. Storm Conditions
On 28 October, when winds and waves began to steadily increase on the MAB (Figure 3) the center of Hurri-
cane Sandy was located nearly due east of the Georgia and South Carolina. On 29 October, the storm began
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a left hand turn toward the New Jersey coastline and made landfall near Brigantine, New Jersey at 23:30
GMT (Figure 1a) [Blake et al., 2013]. Buoy 44025 and 44009 were located to the north and south, respec-
tively, of the storm track as it crossed the shelf (Figure 1a). Minimum sea-level pressure at 44025 and 44009
was below 960 at both locations, and maximum wind speeds peaked over 20 m s21 (Figure 3). Winds were
initially downwelling favorable from the northwest at 44025 and north at 44009. Winds shifted counter-
clockwise to be more northeasterly at 44009 on 29 October as the storm center crossed the shelf. Winds at
44025 maintained a northwesterly direction until just prior to landfall when they shifted clockwise to be
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from the southwest as the eye passed between the two stations. Significant wave heights first peaked on
the southern MAB at 44009 near 7 m approximately 12 h before they peaked at 44025 near 10 m. Dominant
wave periods at both buoys reached 15 s near landfall. Wave periods dropped immediately following eye
passage at 44009, likely due to the rapid shift in wind direction. While no wave direction data were available
at 44009, mean wave direction at 44025 was generally in agreement with wind direction.

3.2. Glider Deployment
Glider RU23 was deployed on 25 October approximately 15 km off of northern New Jersey, on the southern
flank of the Hudson Shelf Valley (Figure 1a). RU23 progressed southeastward in an effort to exit a coastal ship-
ping lane prior to storm conditions. During the initial storm forcing period from 28 October at 00:00 GMT to
the 29 October at 06:00 GMT, the water column observed by the glider was highly thermally stratified with sur-
face temperatures of near 18�C and bottom temperatures as low as 10�C separated by a sharp thermocline
(Figure 4a). During the stratified phase currents measured by the Nortek Aquadopp showed two-layer cross-
shelf flow consistent with downwelling circulation on the shelf (Figures 4b and 4c), with offshore flow near the
bottom and onshore flow near the surface. On 29 October at 06:00 GMT, the system transitioned from two to
one-layer with a uniform water column temperature of�15�C and strong alongshore flow toward the south-
west. As glider horizontal speeds are on the order of 0.2–0.3 m s21, the glider was rapidly advected alongshore
with the mean current until after the eye passed on 29 October at 23:30 GMT.

3.3. Model Validation
To validate the meteorological and wave forcing parameters, we calculated correlation coefficients and
root-mean-square-error between modeled and observed winds, sea level pressure, wave height, and cal-
culated bottom orbital velocities at buoy 44025 and 44009. We focused the comparison on the storm
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forcing period between 28 October at 00:00 GMT and the 31 October at 00:00 GMT so as not to bias the
validation to fair-weather conditions. Quantitative comparisons are detailed in the captions for Figures 5
and 6.

Qualitatively, the WRF hindcast wind speed and pressure (Figure 5) were in good agreement with observa-
tions at buoy 44025 and 44009. Modeled wind speeds (Figures 5a and 5b) appear to be overpredicted, likely
due to WRF winds being instantaneous values extracted hourly while observed winds were hourly averages.
Despite the high values, WRF winds followed along closely with the observations except for a late drop in
winds at buoy 44009 on the 29 October at 12:00 GMT. Model predicted pressure was extremely close to the
observations with similar trends and minimums below 960 millibars, indicating that the storm track and
strength were well represented in the model.

WWIII simulated wave heights (Figures 6a and 6b) were underpredicted at both locations ahead of the
storm, particularly at 44009, with peak observed wave heights occurring nearly 12 h ahead of peak modeled
wave heights. Wave heights between 29 October at 12:00 GMT and 31 October at 00:00 GMT were well rep-
resented at both locations and peak modeled and observed wave heights occurred at approximately the
same time at buoy 44025. Simulated bottom orbital velocities at 44025 were similarly underpredicted but
generally in good agreement with the observations (Figures 6c and 6d). Differences between modeled and
observed waves are likely due to the lack of spectral information included with the archived WWIII model
data and coarse resolution. These properties would likely be improved by use of operational WWIII products
with full spectral information or by using a modeling system such as COAWST, which includes three-way
coupling between ROMS, the simulating waves near-shore (SWAN) model, and the weather research
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forecasting (WRF) model [Warner et al., 2010]. Comparisons between the model and observations were suffi-
cient for analysis of concurrent glider and model data north of the eye.

In order to assess modeled ESPreSSO currents, we compared depth-averaged values along the glider track
to depth and time-averaged glider currents calculated using dead-reckoning [Davis et al., 2003]. ESPreSSO
currents were extracted hourly from the nearest grid point to each hourly glider surfacing. Both glider and
ESPreSSO currents were rotated clockwise 30� from true north to align approximately alongshore and
cross-shore at the glider location. ESPreSSO currents were in good agreement with the observed dead reck-
oned glider currents for the majority of the deployment (Figures 7a and 7b). The complex correlation coeffi-
cient between the model and glider was 0.90 with ROMS velocities rotated 8.1� counterclockwise of glider
data. Cross-shore currents were generally well represented, though predicted velocities were slightly slower
during the main forcing period from 29 October to at 00:00 GMT to the 30 October at 06:00 GMT. Both
model predicted and observed alongshore velocities reached peak values near 1 m s21 at landfall. Glider
dead-reckoned currents are sensitive to accurate compass calibration. While, the compass was calibrated
prior to flight and offsets from true compass direction were accounted for in postprocessing this remains a
source of uncertainty in the model and observation comparisons and will require careful consideration in
future deployments.

3.4. Glider and Modeled Sediment Resuspension and Transport
Typically validation of regional sediment resuspension and transport is done using poststorm surveys or
using single point locations but little in situ validation over broad spatial regions and throughout the full
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water column has previously been possible from a single set of profiling sensors. As our glider, RU23, was
equipped with optical and acoustic sensors we compare along-track sediment resuspension and transport
between the model and glider.

Cross sections of model suspended 0.4 and 0.1 mm sediment concentration along the glider track (Figures
8a and 8b) are compared with Aquadopp acoustic backscatter and bb3 optical backscatter (Figures 8c and
8d). Model cross sections of sediment resuspension along the glider track suggest 0.4 and 0.1 mm sediment
resuspension initiate in response to storm forcing after 28 October at 12:00 GMT, with concentrations limited
to within a few meters of the bed. Full water column resuspension is evident 24 h later, on the 29 October
after 12:00 GMT, with large concentrations evident in the lower 10–15 m for 0.4 mm sediment, and through-
out the entire water column to the surface for 0.1 mm sediment. Peak values for both grain sizes occur on
the 29 October at 19:00 GMT, a few hours prior to landfall, following peak model predicted and observed
wave heights and orbital velocities at buoy 44009 but prior to peak values at 44025 (Figures 5a and 5b). This
is likely the timing of peak wave heights and orbital velocities at the glider location, which is approximately
midway between the two buoys. Larger 0.4 mm particles fall out of suspension rapidly after the eye made
landfall on 29 October at 23:30 GMT, while smaller particles had persistent elevated concentrations through-
out the water column for 18 h following landfall. Acoustic backscatter (Figure 8c) was significantly different
from model predicted values in two distinct ways. First, during early stages of the deployment, between 28
October at 06:00 GMT and 29 October at 00:00 GMT, there is a clear acoustic backscatter signal that fills the
lower stratified (Figure 4a) region. Wave heights and orbital velocities were building during this period (Fig-
ures 6a and 6b) but were relatively weak compared to peak values. This feature was also present in optical
backscatter values (Figure 8d), which indicates that the Aquadopp was likely responding to smaller fine
grained sediment in the absence of a significant signal from larger grain sediments near the target 0.25 mm
grain size. Cross sections of chlorophyll concentration (Figure 8e) derived from the fluorometer also suggest
finer particles or biological material in this lower layer prior to transition from stratified to unstratified condi-
tions. The second deviation from the model predicted suspended sediment is a persistent near surface
acoustic backscatter signal, which peaks during peak wave and wind conditions on 29 October at 19:00 GMT.
This signal is likely due to bubble entrainment in the surface boundary layer. In the lower portion of the
water column acoustic backscatter qualitatively agrees with modeled 0.4 mm suspended sediment, with
peak acoustic backscatter near 75 dB just prior to landfall coincident with model predicted peak concentra-
tions. After the storm passed between 30 October at 00:00 GMT and the 31 October at 00:00 GMT, the persis-
tent full water column acoustic backscatter near 55 dB is again likely due to fine particles that remained
resuspended after coarse sand fell out of suspension. Cross sections of optical backscatter at 660 nm (Figure
8d) qualitatively agrees with concentrations of 0.1 mm sediment, which were elevated to the sea surface at
nearly the same time as observed optical backscatter just prior to 29 October at 18:00 GMT, the peak in
0.1 mm concentrations and optical backscatter occurred in the model and observations similar to the acous-
tic and model 0.4 mm sand just prior to landfall at 19:00 GMT on 29 October. The optical signal remained
high throughout the water column until 30 October near 18:00 GMT, persisting longer than modeled 0.1 mm
sand. This suggests that there were likely smaller particles present than those modeled, which remained in
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suspension well after the storm passed. Profiles extracted from each modeled, acoustic, and optical cross sec-
tion (Figure 9) provide a more detailed comparison of sediment resuspension at three time periods, prior to
the storm on 28 October at 06:00 GMT, just prior to landfall on 29 October at 21:00 GMT and 18 h after the
storm on 30 October at 18:00 GMT. Shallow slopes were evident in modeled 0.1 and 0.4 mm grain sizes as
well as acoustic and optical measurements prestorm, consistent with limited suspended sediment, though
there were two features of the optical and acoustic profiles of note. The optics did not have a linear slope on
a log-log scale. The subthermocline signal is likely related to organic material, detritus, chlorophyll, or other
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fine particulate matter rather than the larger cohesive sediment found on the bottom and was restricted by
stratification at 20 m above the bed. Acoustics (Figure 9g) showed a positive slope above the thermocline
likely due to bubbles as discussed above. During peak storm conditions model predicted and observed pro-
files were more vertical consistent with large concentrations of suspended sediment. Above 20 m off, the
bed acoustics continued to show a positive slope likely due to bubbles and breaking waves (Figure 9h). Post-
storm profiles were shallower than peak-storm but did not entirely return to prestorm conditions consistent
with particles continuing to fall out of suspension.

Depth-integrated transport was calculated for modeled sediment concentrations and observed acoustic
and optical backscatter. Acoustic backscatter responds logarithmically to increased observed concentration
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[Lohrmann, 2001] so values were raised to the power of 10 and then normalized by dividing the maximum
observed value. Additionally, acoustic backscatter shallower than 10 m were neglected from the depth inte-
gration to reduce the impact of bubble entrainment on relative transport estimates. The timing and direc-
tion of peak transport (Figure 10) were consistent between modeled and observed transports, with
maximum values in the along-shelf direction on 29 October at 19:00 GMT. Inconsistency between the model
predicted and observed cross-shelf currents (Figure 7) during the peak resuspension event is responsible
for the limited modeled onshore transport relative to the observations on the 29 October at 19:00 GMT. The
model and observations both captured the offshore cross-shelf transport immediately following landfall on
30 October at 3:00 GMT.

3.5. Regional Sediment Resuspension and Transport
Spatial maps (Figure 11) of the model predicted storm conditions over the final 12 h prior to landfall show
snapshots of WRF winds (Figures 11a–11c) and WWIII waves (Figures 11d–11e) on 29 October at 12:00 GMT,
18:00 GMT and 30 October at 00:00 GMT. Winds were initially downwelling favorable and alongshore
toward the southwest on the NJ shelf. WWIII model predicted wave heights were between 9 and 10 m off-
shore and decreased with proximity to land. As the storm approached, the coast winds shifted to a more
onshore direction on the northern portion of the NJ shelf and offshore in the southern portion. Additionally,
waves were near 10 m at the coastline on the northern NJ shelf, and decreased significantly to between 4
and 5 m on the southern NJ shelf as winds shifted toward the offshore direction.

As bottom orbital velocities and ambient currents are primarily responsible for sediment resuspension and
transport, respectively, we present maps of the ROMS depth-averaged currents with tides retained (Figures
12a–12c) and WWIII bottom orbital velocities (Figures 12d–11f) on 29 October at 12:00 GMT, 18:00 GMT and
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30 October at 00:00 GMT. Early on 29 October, model predicted currents were highest south of the Hudson
Shelf Valley and nearly uniform across the entire shelf except for a region of weak currents outside of Delaware
Bay. As the storm crossed the shelf velocities were elevated to near 1 m s21 across the entire domain. Current
speeds were quickly reduced as the storm made landfall, likely due to the shift from alongshore winds to the
southwest to weaker alongshore winds to the northeast (Figures 13a–11c). Bottom orbital velocities through-
out the storm forcing duration were highest near shore south of the Hudson Shelf Valley with largest values,
over 1.5 m s21 near the glider deployment location on the northern side of the storm track.

Snapshots of depth-integrated suspended sediment concentration for the 0.4 mm (Figures 13a–13c) and
0.1 mm (Figures 13d–13f) are additionally mapped for the same time periods as in Figures 11 and 12 to
show regional model estimates of sediment resuspension throughout the storm. On 29 October at 12:00
GMT, model predicted depth-integrated concentrations on the NJ continental shelf south of the Hudson
Shelf Valley were near 1.2 and 10 kg m22 for 0.4 and 0.1 mm, respectively, with highest values in the near-
shore region for 0.4 mm and highest values on the central NJ shelf further offshore for the 0.1 mm

Figure 11. WRF wind on 29 October at (a) 12:00 GMT, (b) 18:00 GMT, and (c) 30 October at 00:00 GMT. WWII wave heights on 29 October at (d) 12:00 GMT, (e) 18:00 GMT, and
(f) 30 October at 00:00 GMT.
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sediment. On the 29 October at 18:00 GMT, 0.4 mm sand is resuspended along the entire inner shelf south
of the Hudson Shelf Valley, while 0.1 mm sand is mobilized over the entire inner, middle, and outer shelf
regions. As the storm made landfall near 30 October at 00:00 GMT, Figures 13c and 13f show that the
0.4 mm sand was resuspended coincident with peak orbital velocities (Figure 12f) and 0.1 mm sand was at
a maximum across the entire northern portion of the shelf. Values for both 0.4 and 0.1 mm on the southern
portion of the NJ shelf dropped significantly between 29 October at 18:00 GMT and 30 October at 00:00
GMT. This reduction was likely a result of the reduction in wave heights and orbital velocities associated
with a reversal of wind direction as Sandy crossed the shelf.

Bed thickness change from the initialization to the end of the model run on 31 October at 08:00 GMT
(Figure 14) predicts bed erosion of over 3 cm south of the Hudson Shelf Valley on the northern portion
of the NJ shelf. This region is north of the storm track, which had highest waves, orbital velocities, and
winds. Deposition of near 3 cm occurred toward the southwest in the direction of along-shelf transport
(Figures 12a–12d).

Figure 12. ROMS depth-averaged currents on 29 October at (a) 12:00 GMT, (b) 18:00 GMT, and (c) 30 October at 00:00 GMT. Bottom orbital velocities on 29 October at (d) 12:00 GMT,
(e) 18:00 GMT, and (f) 30 October at 00:00 GMT.
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4. Discussion

Previous studies have highlighted alongshore transport as the dominant feature of storm driven sedi-
ment transport on continental shelves [Keen and Glenn, 1995; Ogston and Sternberg, 1999; Styles and
Glenn, 2005; Miles et al., 2013], primarily during winter northeasters in the Mid-Atlantic. The typical off-
shore track of these storms leads to along-shelf wind stress toward the southwest and waves that
increase across the entire NJ shelf [Keim et al., 2004]. While Sandy initially had downwelling favorable
along-shelf winds (Figures 11a and 11b), the unique cross-shelf track of the storm [Hall and Sobel,
2013] lead to a rotation to offshore winds on the southern portion of the NJ shelf in the 6 h before
landfall. This shift on the southern NJ shelf reduced wave heights (Figures 3d and 11f), quickly
reduced wave periods (Figure 3e) and ultimately reduced bottom orbital velocities (Figures 6c and
11f), which reduced bottom stress and allowed sediment that was continuing to be transported south-
westward to fall out of suspension on the southern portion of the domain.

Figure 13. ROMS depth-integrated 0.4 mm sediment concentration on 29 October at (a) 12:00 GMT, (b) 18:00 GMT, and (c) 30 October at 00:00 GMT. ROMS depth-integrated 0.1 mm
sediment concentration on 29 October at (d) 12:00 GMT, (e) 18:00 GMT, and (f) 30 October at 00:00 GMT.
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The modeled change in bed thickness of over 1 and 2 3 cm on the northern and southern NJ shelf, respec-
tively, should be approached with caution as the idealized model setup did not account for processes such
as bed armoring [Wiberg et al., 1994], which may have reduced available fine grained sediment for resus-
pension, or bedload transport, which has been shown to be orders of magnitude larger than suspended
sediment transport on the continental shelf [Styles and Glenn, 2005]. Regardless, the in situ observations
from acoustic and optical sensors mounted on Slocum glider, RU23, support model predictions and suggest
that a significant portion of the bed was likely eroded from the northern NJ shelf north of the storm track
and deposited along the southern portion of the shelf. This modeled erosion and deposition pattern is likely
rare on the New Jersey shelf as the estimated return rate, defined as the occurrence of a sandy-like track
with a category 1 or greater under constant climate conditions, is 714 years with a 95% confidence range of
435–1429 years [Hall and Sobel, 2013].

Autonomous underwater vehicle and ship-based surveys showed partial recovery of the bed near
buoy 44009 five weeks after Hurricane Sandy made landfall [Trembanis et al., 2013]. While this sug-
gests that preservation of Sandy’s sedimentary signature in the bed is not likely in the active near-
shore region, the observed deposition toward the shelf break on the southern portion of the
domain may be present as reworking in deeper waters is driven by more episodic wave processes
[Wiberg, 2000].

While the onshore track, landfall, and resulting erosion and deposition patterns are likely atypical for
the Mid-Atlantic, land-falling storms with onshore tracks are typical in other regions. In the Gulf of Mex-
ico hurricanes Camille in 1969 [Keen et al., 2004], Hurricane Ivan in 2004 [Teague et al., 2006; Smith
et al., 2013; Zambon et al., 2014], and Hurricanes Katrina and Rita in 2005 [Horton et al., 2009]. Maximum
observed scours poststorm in Hurricane Ivan were as high as 36 cm at the 60 m isobath under the
region of maximum winds on the right side of the eye. Along the coast of China typhoons, such as
Typhoon Morakot [Li et al., 2012] also typically make landfall with an onshore track and resuspend and
transport sediment. The continued development of sediment resuspension and transport models is criti-
cal to understanding coastal changes driven by land-falling storms across the world. Future studies of
sediment resuspension and transport modeling and poststorm sediment analysis will benefit greatly

Figure 14. Change in bed thickness between the model initialization on 23 October 2012 at 00:00 GMT and 31 October at 11:00 GMT, with
positive values indicating net deposition and negative values net erosion.
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from a suite of observing platforms that include in situ glider data to interpret results over a broad
range continental shelves.

5. Summary and Conclusions

In this study, we successfully deployed a Teledyne-Webb Slocum glider in rapid response ahead of Hurri-
cane Sandy on the New Jersey Shelf. This mobile profiling sensor platform proved invaluable in providing in
situ sediment resuspension and transport model validation, as well as simultaneous validation of currents in
the hydrodynamic models. Predicted resuspension and transport suggested erosion of over 3 cm on the
northern portion of the New Jersey Shelf, north of the storm track where waves and currents were highest
and deposition of over 3 cm on the southern NJ shelf just north of Delaware Bay. This erosion and deposi-
tion pattern was the result of the onshore track of Hurricane Sandy, which is not typical. This study provides
a valuable assessment of suspended material in a major storm using coincident acoustic and optical sensors
on a glider platform, which builds confidence in the communities’ ability to model regional sediment resus-
pension and transport. Glider technologies now have the ability to compliment invaluable high-resolution
near bed measurements from moored and bottom mounted sensors. Future advances that may improve
sediment concentration estimates from glider platforms include downward facing acoustic sensors, which
will reduce the impact of bubble entrainment near the surface, provide data near the bed where concentra-
tions are highest, and allow for detailed estimates of bottom-stress in situ over a large spatial area.
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