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Abstract Assessments of coupled barrier island-estuary
storm response are rare. Hurricane Sandy made landfall dur-
ing an investigation in Barnegat Bay-Little Egg Harbor estu-
ary that included water quality monitoring, geomorphologic
characterization, and numerical modeling; this provided an
opportunity to characterize the storm response of the barrier
island-estuary system. Barrier island morphologic response
was characterized by significant changes in shoreline position,
dune elevation, and beach volume; morphologic changes
within the estuary were less dramatic with a net gain of only
200,000 m? of sediment. When observed, estuarine deposition
was adjacent to the back-barrier shoreline or collocated with
maximum estuary depths. Estuarine sedimentologic changes
correlated well with bed shear stresses derived from numeri-
cally simulated storm conditions, suggesting that change is
linked to winnowing from elevated storm-related wave-cur-
rent interactions rather than deposition. Rapid storm-related
changes in estuarine water level, turbidity, and salinity were
coincident with minima in island and estuarine widths, which
may have influenced the location of two barrier island
breaches. Barrier-estuary connectivity, or the transport of sed-
iment from barrier island to estuary, was influenced by barrier
island land use and width. Coupled assessments like this one
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provide critical information about storm-related coastal and
estuarine sediment transport that may not be evident from
investigations that consider only one component of the coastal
system.
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Introduction

Given the likelihood of increases in the rates of sea level rise
(Church and White 2011; Gregory et al. 2013; Vermeer and
Rahmstorf 2009) and the possibility of future increases in the
intensity of tropical cyclones and associated rainfall in some
coastal areas (Knutson et al. 2010), identifying the controls
on and magnitude of storm-induced sediment transport is
critical for understanding future coastal evolution. Barrier
islands, globally distributed but more common along passive
margins (McBride et al. 2013; Stutz and Pilkey 2001), are
especially vulnerable to sea level rise and storms due to their
relatively low elevations and their position between the ocean
and the mainland. It is widely accepted that barrier island
rollover, the process in which sediment is transported from
the littoral zone and deposited landward, is the primary mech-
anism by which barrier islands keep up with sea level rise
(Dolan and Godfrey 1973; Donnelly et al. 2006; McBride
et al. 2013). Recent morphologic behavior modeling demon-
strates the importance of estuary morphology and over-barrier
sediment fluxes for barrier island response to sea level rise
(Lorenzo-Trueba and Ashton 2014; Moore et al. 2010;
Wolinsky and Murray 2009), highlighting feedbacks between
barrier-estuary systems. Storms are the primary driver for
landward transport of littoral sediment through inlet/flood
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tidal delta formation and over-wash deposition (Carruthers
et al. 2013; Dillon 1970; Donnelly et al. 2006; Fitzgerald
et al. 1984; Godfrey and Godfrey 1973; Leatherman 1979;
Pierce 1970), but often changes to the ocean shoreline are the
primary focus of storm response characterizations (Houser
et al. 2007; Lentz et al. 2013; Sopkin et al. 2014; Stockdon
etal. 2007). Since the magnitude of storm-related over-barrier
deposition can influence future barrier island storm response
(Houser et al. 2007, 2008) and can be used to predict barrier
island retreat in response to sea level rise (Lorenzo-Trueba
and Ashton 2014), it is important to understand spatial con-
trols on coupled ocean shoreline losses and estuarine gains.

However, system-wide approaches to assessing storm im-
pacts are rarely used, instead favoring approaches that sepa-
rate the response of the barrier island from that of the estuary.
Most assessments of the effects of hurricanes on estuaries
have occurred where long-term water quality monitoring and
biological data have been collected (Mallin and Corbett 2006).
Therefore, the focus is often on changes to estuarine mixing
(Brasseur et al. 2005; Li et al. 2007; Wilson et al. 2006) or the
interaction of water column changes with estuarine biota
(Mallin and Corbett 2006; Mallin et al. 1999; Peierls et al.
2003; Stevens et al. 2006; Williams et al. 2008) and not on
morphological or sedimentologic changes that could influence
the future behavior of the estuary and the ecosystems within it.

Of the studies identified that have addressed estuarine geo-
morphologic and/or sedimentologic change in response to
storms, none have applied a coupled barrier-estuary approach
regionally. A few studies from the Gulf of Mexico investigat-
ed the stratigraphy of existing estuarine deposits (e.g., flood
tidal delta formation and over-wash deposition) and described
their sedimentology (Davis et al. 1989; Israel and Ethridge
1987). However, the studies neither explored possible spatial
controls on deposit location nor addressed possible connec-
tions between magnitudes of estuarine deposition and barrier
island loss. Another study addressed coupled barrier-estuary
geomorphologic changes in Apalachicola Bay, Florida,
resulting from storms using ocean and bay shoreline profiles
(Edmiston et al. 2008). However, profiles are spatially limited
and may not be representative of the entire system. Another
study, also in Apalachicola Bay, monitored changes to the
bathymetry, sedimentology, and heavy mineral chemistry
within the estuary after the passage of three hurricanes
(Isphording et al. 1987). The authors concluded that the es-
tuary experienced widespread erosion and that the sediment
was deposited offshore, outside of the estuary (Isphording
et al. 1987). However, there are several limitations of the
study, such as coarse bathymetric resolution (>3000 m x
3000 m), lack of hydrodynamic measurements, and no mea-
surement of sediment accumulation outside of the estuary. In
order to understand spatial controls on the relationship be-
tween ocean shoreline and estuarine change, more modemn
observations are required.
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In 2011, we began an investigation of the physical factors
that influence water quality in Barnegat Bay-Little Egg
Harbor estuary (referred to as Barnegat Bay throughout the
text for simplicity; Fig. 1). The project intended to integrate
standard techniques, such as those associated with an existing
water quality monitoring network, with newer techniques,
such as boat- and aircraft-based geomorphologic characteriza-
tion and numerical modeling in order to develop a regional
understanding of the interactions of bay geomorphology and
hydrology. The project was already underway when, on 29
October 2012, Hurricane Sandy made landfall as an
extratropical cyclone just south of Atlantic City, New Jersey,
approximately 10 km south of the study area (Fig. 2). Updated
data were collected after the storm passed, and thus, an
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Fig. 1 Map of Barnegat Bay-Little Egg Harbor estuary with eastings and
northings in UTM, zone 18N, WGS84, meters; area in green shows the
extent of Island Beach State Park, which is relatively undeveloped in
comparison to the rest of the New Jersey coast; estuarine depths from
http://estuarinebathymetry.noaa.gov/finddata.html
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Fig. 2 Inset shows track of extratropical cyclone Sandy (black line with
arrows) and wind field at landfall (colors); blue box indicates area of the
larger map, which shows the locations of USGS water quality monitoring
stations within Barnegat Bay and the location of the NOAA tide station
near Atlantic City, New Jersey

opportunity to understand the geomorphologic and hydrologic
response of a barrier island-estuary to hurricane forcing was
presented.

In this paper, we use an interdisciplinary approach to un-
derstand storm-related sediment transport within the estuary
and across the barrier island. We integrate geomorphic obser-
vations with numerical modeling results to understand storm-
related estuarine sedimentologic changes. Hydrologic and

coastal topography observations are used to provide insight
into the formation of barrier island breaches that occurred
during the storm. We also compare barrier island and estuary
geomorphic change data to evaluate spatial controls on over-
barrier sediment transport. The integration of datasets pro-
vides important insights into (1) the processes driving storm-
related geomorphologic and sedimentologic changes within
the coupled coastal system and (2) the spatial controls on
barrier-estuary sediment exchange and may have important
implications for future barrier island-estuary behavior in re-
sponse to storms and sea level rise.

Study Area and Storm Characteristics

Barnegat Bay is a back-barrier estuary along the central coast
of New Jersey that includes Barnegat Bay itself and Little Egg
Harbor (Fig. 1). The western side of the bay is bounded by the
Barnegat Bay watershed, which discharges into the estuary via
two major drainages: the Metedeconk River in the north of the
study area and the Toms River in the north-central portion of
the estuary (Fig. 1). However, the largest source of freshwater
into the northern portion of the study area is through ground-
water discharge (Nicholson and Watt 1997). The eastern
boundary of the estuary is comprised of a barrier spit north
of Barnegat Inlet (e.g., Island Beach) and a barrier island south
of the inlet (e.g., Long Beach Island). The estuary is 71 km in
length and a maximum of ~7 km wide. The exchange of water
between the ocean and estuary occurs only at three locations
(from north to south): the Manasquan River via the man-made
Point Pleasant Canal, Barnegat Inlet, and Little Egg Inlet
(Fig. 1). The estuary has a mean depth of ~1 m with a network
of very shallow shoals around its perimeter; shoals on the
eastern side of the bay are often associated with relict or active
flood tide deltas. Tides are semidiurnal, and the tidal range at
Barnegat Inlet is ~1 m (Defne and Ganju 2014; Seabergh et al.
1998). However, the flood tidal shoals rapidly attenuate tidal
amplitudes from 1 to 0.2 m and less north of Barnegat Inlet
and from 1 to 0.2 m northward from Little Egg Inlet (Defne
and Ganju 2014). Subtidal circulation is a primary driver of
the spatial variability in estuarine flushing and water residence
times within Barnegat Bay, with tidal rectification resulting
from estuarine morphology (~75 %) and wind (~20 %) being
the primary and secondary forcing mechanisms, respectively
(Defne and Ganju 2014). Salinities vary widely within the bay
depending on proximity to freshwater sources and inlets, but
in general, mean salinities in the northern and southern por-
tions of the study area are 18 and 25 ppt, respectively (Moser
1997).

Hurricane Sandy, an extratropical cyclone, made landfall
on 29 October 2012 just north of Atlantic City, New Jersey,
and approximately 10 km south of the southernmost portion of
the study area (Fig. 2). This resulted in the entirety of our
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survey area being in the northeast quadrant of the storm,
where magnitudes of wind speed and storm surge are higher
relative to other quadrants. Maximum sustained winds at land-
fall were 130 km/h (70 kt), but across the study area, wind
speeds were predominantly ~95 km/h (50 kt) (Fig. 2, inset).
Because of the large size of the storm, water levels increased
along the entire east coast of the USA but the highest storm
surges and most extreme inundation occurred along the coasts
of New Jersey, New York, and Connecticut (Blake et al.
2013). Storm surge of 1.77 m (5.82 ft) above normal tide
levels was recorded at a tide gage in Atlantic City; water levels
of 1.2-1.5 m (4-5 ft) above normally dry ground level were
measured along the barrier islands in the study area (Blake
et al. 2013), indicating almost complete inundation of the
eastern boundary of the estuary. The combination of storm
surge and large storm-generated waves caused significant
damage to coastal communities in the study area.

Methods
Hydrologic and Water Quality Measurements

The US Geological Survey (USGS) New Jersey Water
Science Center maintains tide-level and velocity-gaging sta-
tions in Barnegat Bay that are part of state-wide networks
operated in cooperation with the New Jersey Office of
Emergency Management and the New Jersey Department of
Environmental Protection. For this study, estuarine water
levels were measured at six stations within Barnegat Bay
(gages 1-4, 7, and 9); ocean water levels were derived from
a National Oceanic and Atmospheric Administration (NOAA)
station near Atlantic City (gage 10; Fig. 2, Table 1). Water
levels at each estuarine station were measured using an
Aquatrak 5000 acoustic liquid-level sensor installed on a
sounding tube attached to a rigid structure over the water
surface. Water levels were measured at 1-s intervals, and 3-
min-average water levels were computed. Three-minute aver-
age water levels were recorded at 6-min intervals, stored using
a data collection platform, and transmitted using NOAA’s
Geostationary Operational Environmental Satellite (GOES)
to a network of computer-based stations and the Internet.
Details of the New Jersey Tide Telemetry Network are de-
scribed by Hoppe (2007). Meteorological information was
also collected at the tidal gaging station near Barnegat Inlet
(gage 5; Fig. 2).

Water velocity, a proxy for discharge, is measured at sta-
tions near the three inlets (gages 1, 5, and 8) and at stations on
four bridges that cross the estuary (gages 2, 3, 6, and 7) (Fig. 2,
Table 1). From these sites, discharge is calculated using a
calibrated index velocity approach. Index velocity and water
surface elevation were measured in a selected channel section
at each station using a SonTek SL 500 Doppler flow meter
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side mounted on a bracket attached to a bridge support, bulk-
head, or other rigid structures. Measured velocity and water
surface elevation data were used with the index velocity meth-
od (Ruhl and Simpson 2005) to compute continuous records
of flow through the bay section. The measured flow was re-
corded at 6-min intervals. The application of the method to
estuarine environments by the USGS is described by Gotvald
and Oberg (2009).

Turbidity and salinity measurements were also measured
during the storm at a continuous water quality monitoring
station located on the bridge that crosses the estuary near the
town of Mantoloking, in the northern part of the study area
(gage 2; Fig. 2). Measurements were made by pumping water
from the bay into an instrument shelter situated on the bridge.
Water was pumped from the bay at a depth of 2.14 m (7 ft)
below mean water (or ~40 cm above the bed) through a 2.54-
cm (1-in.) PVC pipe into a 3.79-L (10-gal.) polyethylene tank
every 30 min. Stagnant water in the intake pipe was flushed
for 3 min and discharged prior to filling the tank. Specific
conductance of unfiltered water was then measured using a
YSI 6920 data logger and a YSI 6560 sensor and recoded as
microsiemens per centimeter at 25 °C. Turbidity of unfiltered
water was measured using a YSI 6136 sensor using mono-
chrome near-infrared LED light (780-900 nm, detection angle
90°+-2.5°) and recorded as formazin nephelometric units
(FNU). Salinity was calculated from specific conductance
and temperature measurements.

Geophysical and Sedimentologic Measurements

Boat-based geophysical and sedimentological data were col-
lected in water depths greater than 1.5 m during four cruises:
November 2011, March 2012, March 2013, and September
2013; the first two surveys occurred before Hurricane Sandy
made landfall, and the last two occurred after the storm
(Fig. 3). All of these data are published with metadata in
Andrews et al. (2015), and thorough descriptions of data ac-
quisition and processing methodologies are described therein.
Techniques specific to the analysis are summarized here.
Swath bathymetry, side scan sonar, and high-resolution seis-
mic reflection data were collected simultaneously and spatial-
ly referenced in real time using RTK-GPS, though only the
bathymetry is pertinent to this analysis. More than 2000 line-
km of data was collected, covering approximately 30 % of the
area of the bay or ~100 km?>. Because of the shallow nature of
the bay, track lines had a spacing of 50 m to ensure 100 %
coverage with side scan sonar, except within the Mantoloking
embayment where 100 % bathymetric coverage was achieved
and in the inlet channels where line spacing varied depending
on the width of the channel. Only the Mantoloking embay-
ment was surveyed before and after the storm in November
2011 and March 2013, respectively. Bathymetry was collected
using a SwathPlus-H interferometric sonar using a frequency
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Table 1 ~ Water level gage information

Gageno.  Geographic location Station ID Longitude Latitude Measurements

1 Point Pleasant Canal at Point 1408043 74° 03" 34" 40° 04’ 15"  Water level and discharge
Pleasant, NJ

2 Barnegat Bay at Mantoloking 1408167 74°03' 08"  40°02'24”"  Water level and discharge

3 Barnegat Bay at Rt 37 bridge near Bay Shore, NJ 1408205 74°06' 09"  39°56'46"  Water level and discharge

4 Barnegat Bay at Waretown, NJ 1409110 74°10' 55" 39°47'28”  Water level

5 Barnegat Inlet at Barnegat Light, NJ 1409147 74° 06" 15" 39°45'49"  Water level and discharge

6 Manahawkin Bay at Rt 72 bridge near Ship Bottom, NJ 140914550 74°12'25"  39°39'48"  Water level and discharge

7 East Thorofare at Ship Bottom, NJ 1409146 74°11' 09" 39°39' 14"  Water level and discharge

8 Little Egg Inlet near Beach Haven Heights, NJ 1409334 74° 18" 05"  39°30'42"  Water level and discharge

9 Little Egg Inlet near Tuckerton, NJ 1409335 74°19'29"  39°30'32"  Water level

10 Atlantic City, NJ (Atlantic Ocean) NOAA 8534720  74°25'5" 39°21'24"  Ocean water level

0f'468 kHz, and soundings were corrected for vessel motion in
real time using a Coda Octopus F-190 motion reference unit
mounted directly above the transducers. Sound velocity pro-
files were collected as needed or every 2 h to reduce depth
errors associated with signal refraction.

Geophysical data were validated using the USGS SEABed
Observing and Sampling System (SEABOSS), which collects
bottom photographs, bottom video, and sediment samples
(Valentine et al. 2000). Sediment sampling surveys followed
the last three geophysical surveys, and sampling locations
were chosen based on the backscatter, bathymetry, and seis-
mic data. During the post-storm cruise in March 2013, 26 sites
that had been sampled prior to Hurricane Sandy in March
2012 were revisited (Fig. 3). A Van Veen sediment grab col-
lected 0.1-m? samples of undisturbed seafloor, the surface of
which was sampled with a 2-cm scoop. Samples were wet
sieved through a 0.62-mm sieve to separate fine and coarse
fractions. Coarse fractions (sand and gravel) were oven-dried,
weighed, and dry sieved, while the fine fractions (silt and clay)
were analyzed using a Coulter Counter Multisizer 3; this
allowed for determination of grain sizes from —5 to 11 phi.
Sediment classification and frequency percentages were cal-
culated using GSSTAT software (Poppe et al. 2004), which is
based on methods of Folk (1974) and Collias et al. (1963).

Since the majority of Barnegat Bay is comprised of
shallows less than 1.5 m in depth, mapping of the bay
could not rely on boat-based acoustics alone. Instead,
the shoals and flood tidal deltas in the estuary were
mapped using the USGS Experimental Advanced
Airborne Research Lidar (EAARL-B), a new generation
of the EAARL system that acquires topographic and
bathymetric data using an aircraft-mounted laser (Wright
et al. 2014a). Fortuitously, a survey of the bay was al-
ready underway well before Hurricane Sandy was predict-
ed to affect New Jersey and took place over 4 days be-
tween 18 and 26 October 2012. Just prior to landfall, the

EAARL-B system was redirected to respond to pre-storm
assessments of the Atlantic Coast as Sandy developed. All
of the bay, with the exception of the western portions of
Little Egg Harbor and Barnegat Bay, was mapped using
EAARL-B prior to Sandy (Fig. 4, left panel). Details of
processing and acquisition for these surveys can be found
in Wright et al. (2014a). After the storm, the bay was very
turbid, limiting the penetration of the laser. Windows of
improved water clarity were targeted, and therefore, nine
post-storm EAARL-B surveys occurred between 1
November 2012 and 10 January 2013. Unfortunately,
post-storm coverage of the bay was significantly limited
by water clarity (Fig. 4, right panel). Details of the acqui-
sition and processing methods can be found in Wright
et al. (2014b). EAARL-B was also used to map the New
Jersey coastline 3 days prior to landfall on 26 October and
covered the region from Cape May Point to Sandy Hook.
The post-storm response of the coastline was surveyed
between 1 and 5 November using the same EAARL-B
system. Methods for calculating coastal change for the
entire Atlantic Coast resulting from Hurricane Sandy are
reported in Sopkin et al. (2014).

Further spatial analysis was conducted for the study area
north of Barnegat Inlet because of the distinct difference in
land use that occurs along that portion of the coast (Fig. 1). A
quasi-shore-parallel baseline was established seaward of the
ocean shoreline. Baseline-perpendicular transects were cast
from the baseline to just beyond the mainland shoreline so
that they crossed both the barrier island and the estuary.
Transects were spaced every 50 m in the alongshore direction
and were used to characterize the cross-estuary and island
geomorphology (e.g., width, cross-sectional area, and maxi-
mum depth). Transects were also used to establish alongshore
bins, which were used to summarize and compare coastal and
estuarine changes (e.g., beach and dune volume changes, and
estuarine volume changes).
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Hydrodynamic and Sediment Transport Modeling
Hydrodynamics and sediment transport were simulated with a

modified version of the Barnegat Bay model described by
Defne and Ganju (2014); in this case, we activated the wave
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(SWAN) and sediment transport (CSTM) components of the
COAWST modeling system (Warmner et al. 2010) for the peri-
od 1 October 2012-25 November 2012. The bathymetry and
topography within the model domain were derived from a
terrain model that integrated acoustic bathymetry and lidar
bathymetry from this study and lidar topography from the
state of New Jersey (see Andrews et al. 2015). The sediment
bed was initialized with an equal distribution of three clas-
ses of sediment representing silt (50 pum), fine sand
(100 um), and medium sand (250 pwm). The time series of
maximum combined wind-current shear stress, using the
formulation of Madsen (1994), was extracted from the pe-
riod representing the influence of the storm (28 October
2012-2 November 2012), and time-averaged to yield a
spatial map of mean combined stress over the entire model
domain; vertical changes in bed elevation from the same
period were extracted as well.

Results

Characterizing the Estuarine and Coastal Impact
of Hurricane Sandy

Changes in Estuarine Hydrology

Hydrologic data demonstrate a strong relationship between
estuarine water levels and storm-related wind direction.
During the approach of the storm, a northerly wind direction
predominated over Barnegat Bay resulting from counterclock-
wise storm rotation (Fig. 5(a)). The wind shifted to a southerly
direction after the storm made landfall (Fig. 5(a)). Because
Barnegat Bay is very shallow and is oriented in a north-to-
south direction, these changes in wind direction drove signif-
icant water level changes. Water levels at the three southern
stations (4, 7, and 9) all started to rise ahead of the storm, with
a tidal signature similar to the ocean tides measured near
Atlantic City (gage 10; Fig. 5(b)). The three northern stations
(1-3) had relatively normal water levels until landfall when
the wind shifted from north to south; at that time, water levels
increased rapidly in a matter of hours (Fig. 5(b)). The most
significant increase was measured at gage 2 near
Mantoloking, where water levels rose 2.48 m (—0.38 to
2.11 m, NAVDS88) in 8.2 h. This is a significant departure from
normal tidal conditions, where water levels in the interior part
of the estuary range from —0.30 to 0.3 m (NAVDSS).

The wind-driven ebbing and rapid flooding described
above are also evident in the discharge data from gage 1,
which shows ocean-to-bay (negative) flow directions prior to
landfall followed by persistent bay-to-ocean (positive) flow
directions shortly after landfall (Fig. 5(c)). Bridge station data
also support storm-driven ebbing and rapid flooding, with two
of the gages (3 and 7) recording rapid northerly discharges
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Fig. 4 Maps of EAARL-B
bathymetric lidar data collected
before (left panel) and after (right
panel) Hurricane Sandy; post-
storm data acquisition was limited
by poor water clarity

(negative) coincident with the shift in wind direction and rapid
flooding of the northern parts of the bay (Fig. 5(c)). It is inter-
esting to note that the magnitude of post-landfall southerly
discharge (positive) is much smaller than the magnitude of
northerly discharge (negative) during the height of the storm;
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this suggests that elevated water levels persisted in the north-
ern part of the bay beyond 31 October.

Turbidity and salinity data recorded at the station near
Mantoloking show coincident increases in turbidity and salin-
ity as the storm approached (Fig. 6). Turbidity and salinity
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measurements from a water level and turbidity station in the
bay and west of Barnegat Inlet were compared to the results
from Mantoloking. Prior to landfall, peaks in turbidity and
salinity are lagged between the two stations, appearing first
at Barnegat Inlet and then at Mantoloking. Furthermore, the
magnitude of the turbidity increase is very similar between the
two stations. These observations suggest that the pre-landfall
peaks in salinity and turbidity measured at Mantoloking result
from semidiurnal tidal advection of sediment and slightly
more saline water from south to north. Shortly after landfall,
a large peak in turbidity (~440 FNU) is measured at

Changes in estuarine and ocean (gage 10, black) water levels during the
storm. ¢ Changes in estuarine discharge during the storm

Mantoloking (Fig. 6). Unlike previous increases, this one
was not preceded by an increase in turbidity at the station near
Barnegat Inlet. Also, this value marks a clear departure from
values observed regularly (<10 FNU), during the spring phy-
toplankton bloom (5-15 FNU), during seasonal wind or rain-
fall events (~100 FNU), and prior to landfall (~100—
150 FNU). Elevated turbidity and salinity just after landfall
are likely related to a breach in the barrier spit adjacent to the
bridge in Mantoloking that occurred during the storm (de-
scribed in the next section). The breach would have entrained
large volumes of sediment and allowed higher salinity ocean

Fig. 6 Changes and turbidity (eft 500
y-axis, black) and salinity (right y-
axis, blue) near Mantoloking
during the storm; red dashed line
indicates storm landfall and
beginning of change in wind
direction from north to south
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water to enter the bay. The marked decrease in salinity is
indicative of the rapid flooding of the northern part of
Barnegat bay with fresher water after the shift in wind direc-
tion, while the slow increase in salinity over 30 October sug-
gests mixing of ocean and fresher water near the breach.

Storm Effects on Coastal-Estuarine Geomorphology
and Sedimentology

Some of the most significant changes to the geomorphology of
the coast were observed on the barrier spit and barrier island east
of the bay. This is not surprising considering that estimated 10 %
exceedance total high water levels (surge +runup) were almost
always greater than the pre-Sandy elevation of the dune toe and
often greater than the elevation of the dune crest (Fig. 7).
Averaged across the study area, the barrier shoreline retreated
by 12 m during the storm. However, the response varied con-
siderably along the coast and approximately 46 % of the shore-
line experienced greater than average shoreline retreat
(Fig. 8(a)). Dune elevations and beach volumes almost always

decreased across the study area (Fig. 8(b, ¢)). The highest num-
ber of zero or near-zero changes in dune height was recorded in
the relatively undeveloped area of Island Beach State Park
(IBSP) which comprises the arca from Barnegat Inlet to
~15 km north (Fig. 8(b)). The largest decrease in dune height
was observed near Mantoloking and coincided with a large
breach in the barrier spit (Fig. 8(b); see aerial photos in Fig. 9).

Storm-related estuarine bathymetric changes, including
those associated with both breaches that occurred near
Mantoloking, were assessed using a combination of acoustic
and lidar bathymetry before and after the storm. Differencing
the pre- and post-storm bathymetry for the entire estuary
(where there was overlap) demonstrates that the storm resulted
in ~250 km® of deposition and ~50 km® of erosion within the
bay, amounting to ~200 km® net storm-related accretion (mea-
surable change+35 cm). Measurable change was not wide-
spread, but rather very localized. In the Mantoloking embay-
ment, the change almost exclusively resulted from breaches in
the barrier island (Fig. 9). The combined volume of deposited
sediment associated with the breaches was ~19,100 m>, ~80 %
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Fig. 7 Alongshore variability in the difference between estimated 10 %
exceedance total high water level (THWL) and the elevation of the dune
toe (Diow, @) and dune crest (Dyign, b) for the entire study area; solid
vertical lines indicate the location of geographic landmarks along the

coast; dashed vertical line indicates the northern boundary of Island
Beach State Park, south (left) of which is relatively undeveloped barrier
island
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of which was associated with the larger, southern breach.
Breach deposition accounts for 10 % of the net change mea-
sured for the entire estuary.

Spatial variability in estuarine changes was explored north
of Barnegat Inlet and showed very little net change (Fig. 10).
Large volumes deposited generally corresponded to large vol-
umes eroded. This suggests that in general, Sandy caused
local changes in estuary morphology (e.g., bedform migration
and channel migration) rather than significantly altering the
regional geomorphology of the estuary. Localized gains and
losses were observed around the perimeters of the bay, along
the back-barrier and mainland shorelines, and across the flood
tidal shoals of Barnegat Inlet.

A further look at the data shows that the location of storm-
related estuarine deposition is spatially related to two factors:
(1) estuarine depth and (2) barrier island land use. Figure 11a,
b shows the distribution of distances from the back-barrier
shoreline to the maximum estuarine depth for developed and
undeveloped portions of the barrier island, respectively. For
developed barrier island, 31 % of the deepest depths are within
0.5 km of the back-barrier shoreline whereas only 4 % of the
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coast; dashed vertical line indicates the northern boundary of Island
Beach State Park, south (leff) of which is relatively undeveloped barrier
island

deepest depths are within the same distance for undeveloped
barrier. These data demonstrate differences in back-barrier-
adjacent estuarine geomorphology between developed and
undeveloped coastlines. Figure 11c, d shows the distribution
of distances from the back-barrier shoreline to the location of
maximum measured estuarine deposition for developed and
undeveloped barrier islands, respectively. Almost 60 % of
storm-related estuarine deposition occurred within 0.5 km of
the developed back-barrier shoreline, while less than 20 %
occurred within 0.5 km of the undeveloped back-barrier
shoreline. These data suggest that storm-related estuarine de-
position is more likely to occur directly adjacent to developed
back-barrier shoreline. The combination of these data demon-
strates that for developed barriers, estuarine depth and its
proximity to the back-barrier shoreline may be a primary con-
trol on the location of storm-related deposition. For undevel-
oped barriers, maximum estuarine deposition is sometimes
found adjacent to the back-barrier shoreline but is largely in-
dependent of back-barrier depth.

Finally, comparisons of pre- and post-Sandy surface sedi-
ment samples show that the majority of sites became better
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from http://storms.ngs.noaa.gov/storms/sandy/

sorted and coarser as a result of the storm. Because of the lack
of post-storm lidar coverage at many of the sediment sampling
sites, it was difficult to determine if the improved sorting and
coarsening of the seabed were related to the deposition of
coarse material in the estuary or the erosion of finer material
from the seabed. To determine the cause for the changes, we
compared the sedimentologic data to model-simulated bed
shear stress. One site was removed from the regression since
it was associated with a deposit from one of the breaches and
breaching was not simulated in the model (Fig. 12). Sorting
change (more negative =more sorted) is negatively correlated
with shear stress, indicating that better sorting in post-storm
samples is associated with higher bed shear stress (Fig. 12a).
Skewness and bed shear stress were positively correlated
(Fig. 12b), indicating a coarsening of the post-storm sample
with increased bed shear stress. These results suggest
winnowing as the mechanism for surficial sediment changes
rather than deposition of coarser material.

Exploring Spatial Controls on Barrier Island-Estuary
Connectivity

Comparisons of the measured barrier island volume loss (e.g.,
the bin sum of beach and dune volume changes) and estuarine
volume gain (e.g., cumulative estuarine deposition divided by
the alongshore bin width, or 50 m, in m3/m) were used to
explore spatial controls on barrier-estuary connectivity, de-
fined as a sediment exchange between barrier island and es-
tuary. No linear relationship was found between barrier island
losses and estuarine volume gains for the study area (Fig. 13).
This is likely due to the spatially discrete nature of the estua-
rine deposits (Fig. 10c) relative to the somewhat more uniform
response of the beach and dunes (Fig. 8b, ¢). However, sum-
mary statistics do reveal some spatial differences in island-
estuary connectivity related to barrier island land use and
width (Table 2). On average for the developed shoreline,
~30 % more sediment accumulation was measured in the es-
tuary relative to undeveloped shoreline despite greater barrier
island losses in the undeveloped region (Table 2).
Furthermore, despite similar barrier island losses, ~30 % more
estuarine accumulation was observed in areas where island
width was less than the regional average (634 m) compared
to areas where width exceeded the regional average (Table 2).
These results demonstrate the role of barrier island land use
and width in barrier-estuary connectivity.
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Fig. 10 Alongshore variability in volume of estuarine deposition (a),
estuarine erosion (b), and net change (c) for the portion of coast north
of Barnegat Inlet; solid vertical lines indicate the location of geographic

Discussion

Sandy ocean shorelines have long been the focus of
storm response investigations. Back-barrier morphology
and sedimentology have only recently been recognized
as a significant influence on barrier evolution in re-
sponse to storms and sea level rise (Hawkes and
Horton 2012; Lorenzo-Trueba and Ashton 2014; Moore
et al. 2010; Shaw et al. 2015; Wolinsky and Murray
2009), and the mechanisms of estuarine storm response
are poorly understood. Below, we discuss our results in
the context of storm-related sediment transport in order
to improve understanding of mechanisms of and spatial
controls on storm-related estuarine geomorphic change
and sediment transport between barrier islands and
estuaries.
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landmarks; dashed vertical line indicates the distinct transition between
relatively undeveloped coastline associated with Island Beach State Park
to the south (leff) and heavily developed coastline to the north (right)

Estuarine Geomorphologic and Sedimentologic Storm
Response

Morphologic Changes

The scope of estuarine geomorphologic data collected and the
integration of those data with coastal change data and model
simulations allows for a coupled assessment of barrier island-
estuary geomorphic change resulting from an extreme storm.
As might be expected given conceptual models of barrier is-
land rollover (Leatherman 1979; McBride et al. 1995), there
was a net addition of sediment (~200,000 m*) into the estuary
resulting from Hurricane Sandy. However, estuarine gains
were not spread uniformly along the back-barrier shoreline,
but rather in spatially discrete deposits. This spatial variability
in estuarine deposition is important for two reasons. First, it
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Fig. 11 Comparisons between a
estuarine morphology (maximum

estuarine depth) and distance
from the back-barrier shoreline
relationship for developed (a) and
undeveloped (b) barrier island
locations; comparisons between
storm-related deposition
(maximum estuarine deposition)
and distance from the back-barrier
shoreline for developed (¢) and
undeveloped (d) barrier island
locations; note that the correlation
between morphology and storm-
related deposition is higher for
developed areas
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demonstrates that barrier-to-estuary fluxes are not alongshore
uniform and, therefore, approaches that consider barrier-
estuary change along profiles may be significantly under- or
over-estimating regional landward sediment flux. Second, the
alongshore variable landward sediment flux has implications
for future barrier island evolution. Increased estuarine deposi-
tion may allow the barrier to keep up with sea level rise, while
lower fluxes may result in drowning (Lorenzo-Trueba and
Ashton 2014). However, more information is needed about
how storm-related transport is integrated over long time scales
before model predictions of barrier island response to sea level
rise can be validated.

Relationships were found between barrier island land use
and estuarine morphology and the location and magnitude of
storm-related estuarine deposition. First, it was much more
common for maximum estuarine depth to be within 0.5 km
of the back-barrier shoreline for developed portions of the
barrier (~31 %) than for undeveloped areas (~4 %). This ob-
servation is likely related to extensive bulkheads that line the
eastern estuarine shoreline of Barnegat Bay (~45 %; Kennish
2001), which were put in place to maintain navigable (e.g.,

2 4 6 8
Distance to Max. Dep,g; (km)

deeper) water depths dredged adjacent to the back-barrier
shoreline. Differences in estuary storm response were also
noted for location of maximum storm-related deposition, with
60 % occurring within 0.5 km of developed back-barrier
shoreline compared to only 20 % for undeveloped barrier.
This may not be surprising, considering that streets and beach
access points along the barrier can serve to direct flow, thereby
increasing transport efficiency (Carruthers et al. 2013; Morton
2002). These results might appear to suggest that developed
barriers are better at moving sediment from barrier to estuary.
However, collocation of that deposition with dredged chan-
nels suggests that sediment is unlikely to remain in place to
support future barrier island evolution, effectively resulting in
zero over-barrier sediment flux. With no addition of sediment
to the back-barrier environment and with increased rates of sea
level rise, barrier islands cannot maintain their elevation and
width and drown (Lorenzo-Trueba and Ashton 2014).
Between alongshore variable estuarine deposition and coastal
sediment management practices, it is clear that storm-related
over-barrier transport is a highly complex process and that a
new conceptual model for barrier rollover that accounts for
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alongshore variability and coastal and estuarine land use is
needed.

Sedimentologic Changes
Comparison of the sediment changes to model-simulated bed
shear stress during Sandy shows a strong correlation between

increased shear stress and improved sorting and coarsening.
This indicates that winnowing was the process driving storm-
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Sandy-simulated average bed shear stress (Pa)

related sediment change in Barnegat Bay, which could influ-
ence the sedimentology of existing (pre-Sandy) estuarine
storm deposits and the stratigraphic interpretation of their or-
igin (Davis et al. 1989). Estuarine currents associated with the
passage of three hurricanes near Apalachicola Bay, Florida,
were identified as the mechanism for estuarine sedimentologic
change, similar to our results (Isphording et al. 1987).
However, that study concluded that the sediment changes
were the result of widespread estuarine erosion, resulting in



Estuaries and Coasts

Fig. 13 Comparison of measured
barrier island sediment loss to
volume of estuarine deposition
for undeveloped (blue diamonds)
and developed (red circles)
locations

Beach + Dune Volume Loss (m3/m)

the export of sediment out of the estuary and the exposure
of slightly older sediments within the estuary. Our data do
not show any evidence of sediment export out of the estu-
ary (net accumulation was observed), and because the sed-
iment changes were accompanied by little to no
measureable change in depth, we can also rule out wide-
spread estuarine erosion. It has been suggested that storm
characteristics, such as intensity, proximity to study sites,
and duration, can influence storm response (Mallin and
Corbett 2006; Morton 2002). This does not appear to be
true for the comparison between Apalachicola and
Barnegat bays. Though three storms impacted
Apalachicola Bay, the closest track was about 50 miles
west (Isphording et al. 1987). The proximity of Sandy’s
landfall to Barnegat Bay and the unique and almost per-
pendicular track of the storm (Hall and Sobel 2013) would
suggest that our study site experienced far more intense
conditions than Apalachicola Bay and yet little widespread
morphologic and sedimentologic change was observed.
The primary difference between this study and the
Apalachicola study is the resolution of the observational
datasets; in Apalachicola Bay, the change was measured
over an area greater than 3000 m x 3000 m whereas the
resolution of the estuarine bathymetric data from
Barnegat was 3 orders of magnitude less (~3 mx3 m).
Though more storm-related estuarine morphologic and
sedimentologic change data are needed to further under-
stand storm impact on estuaries, we believe that the results
from Apalachicola are the exception rather than the rule
and that future estuarine storm response investigations will
show results similar to those from Barnegat Bay.

[¢]
e}
[¢]
[e]
[e]
O Developed
¢  Undeveloped
1 1 1 1 1 1 1 1
60 80 100 120 140 160 180 200

Cumulative Estuarine Deposition (m3/m)

Barrier Island Breaching: Links Between Hydrologic
Response and Estuary-Island Geomorphology

One mechanism of getting sediment into back-barrier
environments during storms is through barrier island
breaches (Dillon 1970; Donnelly et al. 2006; Fitzgerald
et al. 1984; Pierce 1970). Therefore, we explored the
mechanisms responsible for Sandy-related breach forma-
tion and the magnitude of breach deposition at the study
site. Two breaches in the barrier spit occurred near
Mantoloking, New Jersey, despite Hurricane Sandy
landfall occurring approximately 80 km to the south.
The relationship between dune height and surge eleva-
tion is often cited as a primary control on barrier island
response to storms (Houser et al. 2008; Morton 2002;
Sallenger 2000; Thieler and Young 1991). However, es-
timated total high water levels (surge+runup; total high
water level (THWL)) above the dune crest were higher
along other parts of the coast than they were at the
southern breach location, indicating some other causes
behind breach formation.

Our data suggest that the hydrostatic head between the
estuary and ocean and island-estuary width may have also
influenced the breach formation near Mantoloking. Water
level data show negative estuarine water levels at the
Mantoloking station coupled with a peak in ocean water
levels at landfall. This resulted in an ocean-to-bay water
level difference of at least 2 m (note that ocean water
levels were recorded at Atlantic City, 80 km south of
the breach). It is right after this that peaks in turbidity
and salinity were recorded at Mantoloking, indicating that
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Table 2 Comparison of measured barrier island sediment losses and estuarine gains

Barrier island loss

Estuarine gain

Percent transported

Percent transported

(m*/m, mean (std)) (m*/m, mean (std)) to estuary elsewhere
All —383.78 (+£203.43) 6.53 (£16.78) 1.70 98.30
Developed shoreline —372.44 (+202.17) 6.82 (£17.67) 1.83 98.17
Undeveloped shoreline —442.67 (£203.03) 4.67 (£8.92) 1.06 98.94
Island width > average —380.92 (+216.53) 4.91 (£8.90) 1.29 98.71
Island width < average —385.69 (£195.12) 7.87 (£21.07) 2.04 97.96

the island had been breached. The direction of the cross-
island water level gradient suggests that this breach
formed from ocean to bay and the large estuarine deposits
associated with the breaches confirmed significant bayward
sediment transport. The association between water level
gradient direction (bayward or seaward) and storm deposi-
tion is consistent with findings from other barrier island
systems (Sherwood et al. 2014).

The ocean-to-bay water level gradient was significant
for much of the study area, and yet breaches were only
observed near Mantoloking, so some other factors, such
as island and estuary width, must be important. A min-
imum in island width (<400 m) is coincident with the
larger breach, while minima in estuarine width were
coincident with both breach locations (~300 and
<300 m for the southern and northern breach, respec-
tively). This coupled with our other results suggests that
the formation of the breaches at Mantoloking was con-
trolled by a combination of factors including differences
in dune and storm surge elevations, ocean-to-bay water
level gradient, and island-estuary morphology. This is
consistent with the findings of Morton (2002) and,
again, highlights the importance of analyzing storm-
related coastal changes in the context of both barrier
island and estuarine parameters.

Barrier-Estuary Connectivity: Contrasts
Between Developed and Undeveloped Shorelines

In this study, we integrate coastal topographic change data
with estuarine change data to explore spatial controls on bar-
rier island-estuary connectivity, defined herein as the transport
of sediment from barrier island to estuary. The juxtaposition of
undeveloped and developed barrier island regions within the
study area permitted an assessment of the influence of coastal
development on coupled coastal storm response. The lack of a
linear relationship between barrier island losses and estuarine
gains for the study area may be related to spatial controls on
over-barrier transport. For developed shorelines, water and
sediment can be forced around coastal infrastructure and along
roads (Morton 1976, 2002), whereas for undeveloped
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shorelines, the landward transport of sediment may be con-
fined to topographic lows, such as relict overwash fans or
dune blowouts (Carruthers et al. 2013; Fisher and Simpson
1979). In both cases, the beach may uniformly erode but sed-
iment may only be transported across the barrier via one or
two pathways leading to spatial inconsistencies between bar-
rier island loss and estuarine gain. This demonstrates that
storm-driven barrier-island rollover is not an alongshore-uni-
form process, which has implications for barrier evolution in
response to sea level rise.

Measures of connectivity differed between developed and
undeveloped portions of the barrier. Barrier island losses were
higher for undeveloped shoreline than for developed shore-
line. This response could be related to sediment availability.
The undeveloped barrier is characterized by some of the
highest dune heights recorded for the entire study area
(Sopkin et al. 2014), while the developed portion of the island
is characterized by narrow beaches and less well-developed
dunes (Nordstrom et al. 2000). However, despite smaller bar-
rier island losses, estuarine accumulation adjacent to devel-
oped regions was greater than estuarine accumulation for un-
developed regions, which suggests that undeveloped portions
of the barrier island may retain more sediment. The lack of
back-barrier marshes in the developed region likely contribute
to this difference. Though the influence of back-barrier vege-
tation on sediment fluxes to estuaries is not well known, coast-
al vegetation has been shown to reduce storm surge propaga-
tion through frictional dissipation (Wamsley et al. 2010).
Therefore, it seems possible that back-barrier marshes, com-
mon in the undeveloped region, slow storm-related flows,
reduce the amount of sediment entrained in the flow and there-
by reduce sediment flux to the estuary. Clearly, more research
is necessary in order to address the complexity of spatial con-
trols on the transport of sediment from barrier to estuary.

Finally, our results demonstrate that island width is a key
component of barrier island-estuary connectivity. Though this
is not necessarily a surprising result (Leatherman 1979), it
may be the first quantitative regional demonstration of this
relationship. Previous work has focused on the links between
back-barrier slope and landward sediment fluxes and barrier
resilience to sea level rise (Lorenzo-Trueba and Ashton 2014;
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Moore et al. 2010; Wolinsky and Murray 2009). However, our
results suggest that alongshore variation in island width also
needs to be considered, since landward fluxes are more likely
to contribute to estuarine deposition behind narrower islands.

Conclusions

The landfall of Hurricane Sandy on the coast of New
Jersey during a multidisciplinary study in Barnegat Bay-
Little Egg Harbor estuary allowed us to integrate hydro-
logic and geomorphologic observations with model simu-
lations to assess (1) storm-related morphologic and sedi-
mentologic changes within the estuary and (2) natural and
human-induced spatial controls on barrier island-estuary
connectivity. Overall, there was a little measurable mor-
phologic change within the estuary; when observed, mag-
nitudes of change were variable alongshore. Observed spa-
tial associations between storm-related estuarine deposition
and human modification of estuarine morphology demon-
strated that barrier island and estuarine land use influenced
storm-related sediment deposition. Integration of sedimen-
tologic change information with numerical modeling re-
sults allowed a rigorous assessment of estuarine process-
response relationships and showed that sediments became
better sorted and coarser as a result of storm-mediated
wave-current interactions. Breaches in the barrier island,
which accounted for 10 % of the total estuarine deposition
volume, resulted from a combination of dune-surge eleva-
tion differences, ocean-to-bay water level gradients, and
island and estuarine widths. In general, barrier-estuary con-
nectivity varied with land use and island width suggesting
both play important roles in storm-related over-barrier sed-
iment transport. This study represents one of the most
comprehensive assessments of estuarine and coastal ex-
treme storm response and highlights significant alongshore
variability in estuarine geomorphology, barrier island
width, and land use that influences barrier island-estuary
connectivity. In order to better predict not only future
coastal system storm response but also barrier island re-
sponse to sea level rise, accounting for alongshore vari-
ability in estuarine geomorphology, over-barrier sediment
fluxes (and their fate), and island width is essential.
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