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Abstract

The hybrid hurricane and storm event dubbed “SuperStorm Sandy” of October 2012 was the
most costly natural disaster to hit the US Atlantic coast, and the second most costly to affect
the United States. This extreme weather event presented an excellent opportunity to assess
the effectiveness of tidal salt marshes and maritime forests in buffering adjacent
development from storm-related damage. To address this question of how well did or under
what conditions did coastal ecosystems buffer adjacent human development, we undertook
to quantify the incremental monetary value that a hectare or linear extent of fronting salt
marsh and/or maritime forest had on protecting the built environment of the back-bay
communities in the Barnegat Bay region of New Jersey, USA. Statistical modelling was

used to estimate the relationship between the spatial extent and characteristics of fronting
coastal wetlands with the various damage metrics derived from the Federal Emergency
Management Agency National Flood Insurance Program payout and Preliminary Property
Modeling Task Force damage data at the scale of the individual housing unit. While salt
marshes may be effective in diminishing wave energies and buffering adjacent development
under normal conditions, in the case of SuperStorm Sandy, we find no evidence that New
Jersey’s extensive coastal marshes significantly buffered and thereby reduced NFIP payouts
on the majority of back-bay residential properties. The extreme conditions of this storm
event with storm surges upwards of 2 meters, effectively flooded these marshes diminishing
their protective capacity. The bulk of the residential properties damaged in our study area
were located in lagoonal communities that are built directly adjacent to tidal water and are
thereby highly vulnerable to storm surge-related flooding whether or not they are buffered

by adjacent marshes. The results of this study should not be misconstrued in concluding that
salt marshes do not have a positive value in protecting coastal properties; rather, their
protective buffering capacity for extreme storm events is limited and that lagoonal-style
developments remain highly vulnerable to sea level rise and future storms.

1. Introduction

Coastal ecosystems have been identified as serving a critical role in reducing the
vulnerability of coastal communities to sea level rise and storm hazards (Duarte et al., 2013;
Spalding et al, 2013). Thiegulatingservice often goes under the term, natural or green
infrastructure. Tidal salt marshes are a characteristic landscape feature of Mid-Atlantic
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coastal bays, fringing both the back side of theiéaislands, as well as the mainland.
Several reviews (Gedan et al., 2011; Shepard,e2Gil1) have found that salt marshes have
a moderating influence on attenuating storm surgkeveaves and a moderately positive role
in shoreline stabilization. The potential of salinshes to reduce storm surge has been
typically expressed by empirically-determined atieion rates, though this can be
misleading because it does not account for the aynamics of individual storm events
as well as the local bathymetry/topography (Resib Westerink, 2008). For example, a
surge attenuation rate of approximately 3 inchestigal) for every linear mile of marsh

was measured in the Louisiana Gulf Coast (Louis@oastal Wetlands Task Force, 1998).
In comparison to mangrove wetlands, the attenuaifegt of temperate maritime forests
has not been extensively studied.

Complementing the physical studies, there havelasn limited monetary accounting of
the disturbance regulating services that coastasmsystems potentially provide. Based on
a limited meta-analysis, Liu et al. (2011) assigNeav Jersey’s coastal marshes a value of
only $1 acré yr'for the ecosystem service of disturbance regulaBsveral studies have
directly attempted to directly quantify the buffegieffect of coastal wetlands to the built
environment. Farber (1987) estimated the valuea$tal wetlands as protection of property
against hurricane wind damage. Costanza et al8jA@$ing a coarse scale regression model
approach, found that a loss of 1 hectare of wettamesponded to an average of USD
33,000 increase in hurricane damage. Barbier (28dtployed amexpected damage

function (EDF) method, which requires modeling pineduction of this protection service

of estuarine and coastal ecosystems and estinthtmgvalue in terms of reducing the
expected damages or deaths avoided by coastal cotiesuAt a comparatively coarse
1kn? scale, Arkema et al. (201#)odelled the number of people and total value operty
highly exposed to hazards with and without nataoastal habitatfor the entire US
coastline. They evaluatede reduction in risk of damages provided by nattwastal

habitats to current storm intensities and five aces of current and future sea level.
Landry and Hindsley (2011) using a hedonic propertgel note the influence of ocean
beaches and dunes on coastal property value bey88@ m buffer was insignificant.

Several approaches have been used to monetizeffieeimg effects of salt marsh. Boutwell and
Westra (2015) estimated an ordinary least squamesgde function at the county/parish level for
24 storms occurring over a 13-year period along\bethern Gulf of Mexico in the U.S.
Controlling for population (as an indicator of fjisknd storm severity (wind), they estimated a
net present value of between $2,600 and $3,578quare of wetland. Similarly, Costanza et al.
(2008) used regression analysis to estimate theetapnvalue of the damage protection
provided by wetlands during 34 hurricanes in th8.Wleginning in 1980, with controls for
economic risk (gross domestic product) and wina&edp&hey found a mean estimate of $8,240
per hectare per year ($3,230 median) for the ar&l,an average value of $1,084 per hectare per
year for New Jersey. Barbier et al. (2013) ustslcastep approach to estimate the value of
storm protection for the Gulf Coast in Louisian&ey derived measures of wetland continuity
(wetland-to-water ratio) and roughness (amountegietation) and used simulated storms to
measure the surge attenuation effects associatbdheise variables. These variables were then
used in an expected damage function across 315gm@ug units (“sub-planning units” of
approximately 1,780 households) to determine matgialues of increasing roughness and
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continuity. Their findings suggest that marginaremses in wetland continuity could lower
residential damages by between $592,000 and $7@2)d marginal increases in vegetation
roughness could lower damages by between $141/808268,000 per sub-planning unit,
respectively.

The hybrid hurricane and storm event dubbed “SupersSandy” of October 2012 was the
most costly natural disaster to hit the Atlantiastp and the second most costly to affect the
United States. Sandy produced higher peak staenefievations and caused more damage
along the northern coast of New Jersey than arsr atbastal storm in the $@entury

(Suro et al., 2016). Sandy revealed serious chgéeto the resilience and sustainability of
coastal systems in a densely populated regioreraitand inundating major cities and the
string of a few large towns and many small, oceant bay-front communities along what

is fondly known as the New Jersey Shore, the loédlis study. This extreme weather
event presented an excellent opportunity to ashessffectiveness of salt marshes and
maritime forests in buffering adjacent developnfemin storm-related damage. How well
did or under what conditions did these ecosystanfifeibadjacent human development (i.e.,
serve as green infrastructure)? To address thEstigun, we undertook to quantify the
incremental monetary value that a linear exterftafting salt marsh and/or maritime forest
had on protecting the built environment. What isel@bout this study is that the analysis
was conducted using National Flood Insurance Prognanetary payout data and the linear
marsh/forest buffer distance acquired at the sufatlee individual housing unit, rather than
aggregated over census tracts or municipalitidge sfudy focused on the mainland
communities that fronted Barnegat and Great Bayddean County, New Jersey, USA
(Figure 1).
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Figure 1. Map showing location of Barnegat-Greay Baidy area, New Jersey, USA.
Background base map source credit: ESRI.

1.1 Background

SuperStorm Sandy hit the New Jersey coast on Oci$bmto October 30, 2012.
Meteorological and hydrological data collectednat ¥Waretown, NJ station (midway down
Barnegat Bay on the mainland side) of the Davidsavoratory’s Urban Ocean
Observatory provided insight into the physical adods during the event (Figure 2). The
wind direction was approximately 3@s the storm approached, then switched t3 aér
the eye crossed inland around 6 pm on tH& 2@ave heights were highest as the storm
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approached, then calmed as the eye crossed angithkexd up again briefly. The following
reconstruction is based on Blumberg et al. (20A#d)he oceanfront, Sandy’s peak surge
occurs at 20:00 EDT on October 29th, coincidinghwiite astronomical spring high tide
there. Water levels reached an elevation of 8]14B# D88 on the oceanfront and 1.75ft
NAVDS88 in the upper Bay. Peak water levels in thper Bay occur 7 hours after the peak
surge on the oceanfront, and reach an elevati@26ft NAVD88 with widespread

flooding along the entire Barnegat Bay shorelili¢ater levels in the Bay slowly receded
over the day on October 30th but were still abdwed level by midnight on October 31st.

Iy e Urban Qcean Observatory at Davidson Laboratory ‘{“" STEVENS

Warstown, N (USGS): Oct 30, 2012

Nz Tuaun2— jours tocal

Figure 2.Meteorological and hydrological data collectedhat Waretown, NJ station of the
Davidson Laboratory’s Urban Ocean Observatory

2. Methods:

2.1 Individual parcel database

Individual housing unit parcels were used as thegggphic unit of analysis. Data from
nine municipalities that were on the mainland (rather than on the barrier island) and
fronted either Barnegat or Great Bays was usedmumr@cipalities included: Barnegat,
Berkeley, Brick, Toms River, Eagleswood, LaceytleiEgg Harbor, Ocean, and Stafford
Townships. A parcel Geographic information syst&tf) database was developed that
matched property value data from the New Jersey-Mqgaroperty tax database to Sandy-
related flood and payout data from the NationabBlthsurance Program (NFIP)
administered by the Federal Emergency Managemeenéyg(FEMA) for each individual
parcel. TheNFIP offers flood insurance coverage for residémstiaictures of up to
$250,000 (or in some cases up to $500,000 for Hatgectures) and up to $100,000 in
coverage for damage to contents in communitiesatdapt floodplain management
ordinances and practices outlined by FEMA. Distedpremiums are available in
communities that undertake measures that excesd thmimum requirements. In total,
over 144,000 NFIP claims for over $8.1 billion ladd damage were paid for properties
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affected by Hurricane Sandy in October 261 New Jersey, of 75,000 claims filed, NFIP
had paid a total of $3.9 billion to 58,055 poliaylders as of January 203 he researchers
on the project were given access to the FEMA NRjoBt data for SuperStorm Sandy for
research purposes with certain restrictions togatahdividual homeowner confidentiality.
In addition, we also examined the FEMA PreliminBrgperty Modeling Task Force
(MOTF) damage assessment data (FEMA, 2012). Tteesd#s were address-matched and
quality checked for locational accuracy to tie tlanage records to the parcels.

Additional information was derived as to the phgsicharacteristics of each parcel. For
example, parcels with higher elevations might beeeted to suffer less physical damage as the
result of flooding, holding all else constant. \E&l#on mean and standard deviations were
derived from the USGS digital elevation model (ten®EM available through the National
Enhanced Elevation Assessment
https://nationalmap.gov/3DEP/documents/enhancedatte_data.pdf). FEMA Preliminary
Flood Insurance Rate (FIRM) maps include informato flood zones and base flood elevation
(BFE). FEMA defines BFE as “computed elevation tdal floodwater is anticipated to rise
during the base (100 year) flood.” It is “the reajoky requirement for the elevation or
floodproofing of structures’and is expected to be positively associated waiibdf damage. BFE
and Floodzone values were derived from the P-FIRMEthe majority value observed for each
parcel was determined and assigned to each p&vbde BFE is a numeric value, it is treated as
nominal in this analysis.

2.2 Quantify Disturbance Buffering Effect on binfrastructure

Based on the storm surge and wave/current modelitiguts from the New York Harbor
Observing and Prediction System (NYHOPS, Urban ©¢aaservatory;
http://hudson.dl.stevens-tech.edu/SSWS/)) for tite df SuperStorm Sandy landfall on
October 29, 2012 (described above and in Figurth®e separate buffer analyses were
conducted (Figure 3):
1) perpendicular distance (in feet) from the madyof Barnegat Bay-Little Egg
Harbor;

2) 30° from North (as the storm approached); and,
3) 165 from North (after the storm made landfall).

Spatial analysis technigues in ESRI ArcMap weralusegenerate directional distance
buffers to the closest coastal water along thestinagectories. High spatial resolution land
use/land cover data derived from the NJ Land Usell@over 2012 GIS data set (NJDEP,
2015) provided information on the spatial extensait marsh and maritime forest. The

! “The Flood Insurance Claims Process in Communitfesr Sandy: Lessons Learned and Potential Impnenés,”
Statement of FEMA Administrator Craig Fugate befihre U.S. Senate Committee on Banking, Housinglinhan
Affairs, July 30, 2014.

2 Gurian, Scott, “Explainer: Why Many Sandy Victinere Frustrated with their Insurance Companies,”
njspotlight.comJanuary 20, 2015.

? https://www.fema.gov/base-flood-elevation

3 http://www.state.nj.us/treasury/taxation/Ipt/TaxListSearchPublicWebpage.shtml
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separate and cumulative linear extent of marslestpand urban land separating the
property from the coastline was then determinede@t) for each parcel centroid (Figure 3).

The cross-bay wind fetch distances along the 30l&5ddegree trajectories (i.e., distance
across the bay at the specified angle to the gtadch distance buffer along the shoreline)
were also recorded for each parceélind fetch was determined using the "SPM" method as
listed in the USACE 'Shore Protection Manual.cémtrast to a single wind direction, the
SPM method produces a wind fetch that is the aetitimean of nine radial measurements
of 3-degree increments around the target wind time¢Rohweder et al., 2008).

In addition, perpendicular distance was measuiad &iny tidal water body (i.e., any tidal creek
or lagoon as well as the main body of the bay)gdomal communities (i.e., areas where the
marsh and upland had been dredged to create hmedsaio the main body of the bay via a
lagoon and the dredge spoil dumped to form longefia of land that were subsequently
developed into residential housing) were identifidrecent aerial photography and there
boundaries digitizedn many lagoonal communities, a parcel might batretly distant from

the main body of the bay but directly adjacenidaltwater.
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Figure 3. Graphic illustrating the three distanceffdr trajectories: 3) 165 and
perpendicular. Note that only the perpendiculafdrafare shown for the combined marsh-
forest-urban and urban-only examples.

2.3 Statistical Methodology

Statistical modelling was used to estimate theiceiahip between the spatial extent and
characteristics of fronting coastal wetlands witk various damage metrics (i.e., NFIP payout
and MOTF damage data) to the adjacent built enuient to quantify the level of ecosystem
services related to buffering storm-related distnde.

Similar to Boutwell and Westra (2015b), the initi@seline model is an ordinary least squares
model, of the form

NFIP=a + f1X1+ foXo+ f3Xa + faXa + PsXs + PeXe + f7X7 + PeXe + €

whereNFIP; is monetary damage sustained by a parcel as medsyidational Flood Insurance
Program payouts; is the average elevation of the parcel in feets the base flood elevation
(BFE) for the majority of the parced; is the distance in linear feet of marsh buffer suead

from the shoreline adjacent to the pargeis the distance in linear feet of forested lantivieen
the shoreline and the parceljs the distance in linear feet of urban land cdedween the
shoreline and the parcekis the assessed value of the structure on theifeP@12 (the year of
the stormj, x;is a residualized form of the maximum flood dep#asured at the paréeandxs

is a count variable controlling for parcels conitagnmore than one property that may have
sustained damage. A set of binary variables femine municipalities was included to capture
variation across municipalities that is not capdurethe variables measuring individual property
characteristics. Inclusion of these binary variabtetigates effects of omitted variable bias that
may result in biased coefficients. Additional madatid a vector of binary variables for property
type, a squared marsh term, buffer distances (meosdst and urban) along the selected major
storm directions (i.e., 3Gnd 165), a measure of wind fetch distance in these sateeted

storm directions, and a comparison of inside v$sida lagoonal communities.

We tested a series of ordinary least squares momleigasure monetary damages for parcels
that received NFIP payouts as a function of matgfely other geographic features, property
value, storm severity and whether the parcel waartof a lagoonal development (i.e., where
the marsh or upland was dredged to create a sHriggyer canals/lagoons with the intervening
space developed with housing). We applied VIF @arare inflation factor) analysis to every
regression to reduce collinearity. Adjusted VIF éach variable was under 3 (target threshold <
5) with the vast majority being <2.

* Because land value is largely a function of pragirto the shoreline, this variable would be exgecto control
for much of the same variation as is already cagkun the urban and forest distance variables.uk$,sthe land
value was excluded from the analysis.

® Flood depth, calculated by the FEMA Modeling Ta&skce (MOTF) measures “the depth in feet of inuiotaat

each structure point relative to the ground surfackhis variable is included in order to capturgeyanfluence of
flood depth not detected by the other independariibles. Because this variable may also be aifimaf other
predictors in the model, a residualized form ofv¥h&able was used.
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3. Results

The resulting dataset contained 30,224 parcelshath 12,964 received NFIP payouts (some of
these were excluded from the modeling due to ngssata). The 30,224 parcels and the 12,964
with payouts are shown in Figure 4. Based on furtjulity control, plots that failed internal

logic tests (i.e., plots where the payout > papteperty value) were excluded, leaving a total of
9,706 parcels. There were 8015 lagoonal commuypaitgels vs. 1691 non-lagoonal community
parcels. Exploratory data analysis shows that wthi'emayjority of lagoonal community parcels
had less than 1000’ marsh buffer, a sizeable nuimemarsh buffer distances of 1000 to 7000’
(Figures 5a,b). The inclusion of Forest bufferaliste did not increase the overall buffer distance
substantially (Figure 5b)

Density of
NFIP Payouts
Near Barnegat
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Figure 4. Kernel density map of NFIP Payouts.
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268  Figure 5. Histogram of number of parcels vs. buffetth for parcels within vs. outside of
269 lagoonal communities: A) marsh only; b) marsh -‘efbr

270  Overall, there is a very weak relationshif (R 0.184) between NFIP Payout and the multiple
271 variables regression analysis (Table 1). NFIP Gouhich is a measure of the number of

272 buildings on a parcel, and Building Assessed Véhiseof 2012) were highly significant (Table
273 2). Parcel elevation, and BFE Depth were highlyisicant (with Pr(>|t|) of 2.25E-82 and

274  6.19E-15 respectively). As expected as elevatias lggher, NFIP Payouts decrease and vice
275  versa for BFE depth. Whether a parcel was witHegaonal community was highly significant
276 (with Pr(>|t]) of 1.52E-11). Distance to Tidal Whatvas significant (Pr(>|t|) < 0.05) 3.99E-05)
277  with the expected negative sign (i.e., as a payetd further from tidal water NFIP payouts

278 decrease). While Marsh and Urban Buffer Distaneeevgignificant (with Pr(>|t|) of 8.66E-33
279  and 0.00015, respectively), the coefficients wersitpve (i.e., NFIP payouts increased with
280 increasing Marsh Buffer distance). Forest BufféstBnce was not significant (i.e., Pr(>|t]) <
281  0.05) as were the Directional Fetch Distance végmFetchDistance30Degrees and

282  FetchDistancel65Degrees) and MOTF Flood Depth.
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Table 1. Results of Econometric Analysis

Sample Size F(19, 9686Prob > F R-Squared Adj-R2

9706 108.91 0 0.184 0.182

Table 2. Significance level of individual paramster

Variables Estimate Std. Error t value Pr(>|t|)
I ntercept -22516 8822.65 -2.55 0.011
NFIP count (#Buildings on parcel) 32715.92 1518.279 21.55 0.000
Elevation (Parcel mean) -28758.9 1482.63 -194 0.000
Forest buffer distance -1.79108 1.851617 -0.97 0.333
Mar sh buffer distance 4.054442 0.3333607 12.16 0.000
Urban buffer distance 3.557629 0.8117531 4.38 0.000
BFE (Parcel majority) 6038.491 885.856 6.82 0.000
Building_assessment_2012 0.022506 0.0023297 9.66 0.000
Fetch distance 30degrees 0.045846 0.0441911 1.04 0.300
Fetch distance 165degrees -0.01831 0.0548869 -0.33 0.739
Distanceto tidalwater -13.0167 2.673717 -4.87 0.000
L agoonal community** 6596.054 1499.236 4.4 0.000
MOTF flood depth -15.5969 454.7523 -0.03 0.973

*Bold variables have significant coefficients.
** Dummy variable for a location in a lagoonal comnity (1=Y, 0=N).

Separate models were run for lagoonal and non-tejammmunities. The overalPRor the
lagoonal model was still quite weaki(R 0.157). The variables of Elevation, BFEMajority,
Marsh distance (positive), and Urban distance wegaificant. For non-lagoonal communities,
the overall model had a strongeT (R? of 0.423). In addition to NFIP Count and Building
Assessed Value, Elevation and Marsh Buffer Distameee significant variables.

4. Discussion

Our study is the first to our knowledge that exasdithe NFIP payout data and coastal marsh
and maritime forest buffers for a real storm earihe scale of the individual parcel.
Examination of the Econometric analysis resultdb({@d) suggests that while the overall model
was weak (i.e., adjustedf Bf 0.187). some of the variables examined wertisstzlly

significant. Higher NFIP payouts were found to losipvely associated with #Buildings on
Parcel, Building Assessment $ Value, BFE, Insidgdaomal Community, and negatively
associated with Parcel Elevation and Distance ffasal Water. Counter to our original
hypothesis, higher NFIP payouts were positivelypeaisged with greater Marsh and Urban
Buffer distance (Forest Buffer Distance was nohsigant). Fetch Distance and MOTF Flood
Depth were not significant. Elevation, Lagoonah@aunities and BFE Majority had the biggest
effect on NFIP Payouts with: Elevation (-$28,79%goon ¢$6,596)and BFE (+$6,038) (based
on regression coefficient). The Elevation effeesvgtronger in Non-lagoonal communities.
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Distance from Tidal Water has an effect in the cosije and lagoonal-only models but no effect
in the non-lagoonal regression model.

A key limitation of our analysis was that damaggqua data were not available for
properties with flood damage that were not compieaslay NFIP payouts. It is not clear
how much non-NFIP-covered flood damage may havaroed and these damages are not
captured in the analysis. We did not have datdnerexistence of NFIP policies for
properties that did not receive payouts for floathdge; for this reason, all properties that
did not receive payouts — including possible NFtRered properties that did not suffer
damages — were thus excluded from the analysis. alko limited our ability to implement
models estimating or controlling for the probakilif flood damage as measured by the
presence of an NFIP claim or payout. On a differene, we did not have the actual
location of the building footprints with the pardmundaries. Thus we employed average
attributes of parcels rather than the specificding itself; for example, the average
elevation for the parcel rather than the elevattorithe building proper. While having finer
granular data would be useful, we don’t beliewgauld have substantively changed the
results.

Our expectation going into this study was that talasarshes would serve to reduce the
damage due to Superstorm Sandy related floodingieder, we found that Marsh and
Urban Buffer Distance had a weak effect ($4.05$885/per foot distance) but in the
wrong direction (i.e., in a counterintuitive pogéifashion with increasing marsh buffer
increasing the NFIP payouts). Taken at face valoe,might conclude coastal marshes had
no protective value; that increasing marsh buféetsially increase storm damage and NFIP
payouts. Other studies conducted in the same geloigribcation for the same storm as our
work found that marshes had a protective effecindg/gsk industry-based flood models,
Narayan et al. (2016) estimated that coastal wetlaaved more than US$ 625 million in
avoided flood damages from Superstorm Sandy atinessortheastern USA. For census
tracts with wetlands, there was on average a 1@uct®n in property damages across the
region. To examine the benefits of wetlands beyamdhdividual hurricane, they estimated
the effects of saltmarshes on annual flood lossesdperties in Ocean County, New Jersey
for 2000 storm events. Areas behind existing marstere predicted to have an average of
20% less property losses than areas where marahedben lost. However, it should be
noted that this study analyzed coarser resolutaonatje data aggregated to the census tract
or municipal level. Loerzel et al. (2017) combirexhstal hydrodynamic and wave models
(i.e., the Advanced Circulation (ADCIRC) and Sintirlg Waves Nearshore (SWAN)
models) to estimate flood depth for both a “mamsdspent” and “marsh absent” (i.e.,
replaced with open water) scenarios. The studytatied the avoided residential property
damages for individual structures under a givemstcenario based on the modeled
floodwater depth and by the structure’s propertuedas derived from the parcel’s tax
valuation data). They estimated a storm reductane of wetlands at approximately of
$8.34 million for a SuperStorm Sandy-like eventeTharsh was shown to be of highest
value in the simulated 50-year storm ($13.1 millionterms of absolute value and lower
value for a 25-year storm ($9.8 million) suggestinipreshold effect for storm damage
reduction benefits.
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Thus it would appear that these two studies coralylebntradict what we observed. Upon
further reflection, we explain our results this waywe analyzed fine scale resolution of
actual parcel-level monetary damage data; 2) weneyad marsh/forest buffer distances for
individual parcels; 3) while the intervening matsiffers may have diminished wave
energies and reduced damage, they were not sulfficieattenuate the storm-related surge;
and 4) most importantly, a vast majority of the mhamnd parcels within the Barnegat-Great
Bay study area that received NFIP payouts werdédda lagoonal communities. By their
very nature most lagoonal communities were buikatly atop coastal marshes and are
generally surrounded by marsh. As seen in Figutkedhotspots of NFIP payouts are
largely found in lagoonal communities either aldimg mainland shore or the back-side of
the barrier islands. As seen in Figure 5, the pamghin lagoonal communities show
higher marsh buffer distances then most developeckts outside lagoonal communities.
Because these lagoonal communities sit at compahatow elevation and are directly
adjacent to tidal water, they are consequentlylizighlnerable to storm surge damage.
While high winds and waves were responsible for algeralong the barrier island beaches,
storm-surge related flooding after the storm haderiandfall was responsible for most of
the damage in these back-bay communities (Surb, 04.6).

A perfect illustration of the lagoonal communityest is the Mystic Island development
(Figure 6). Even though this community is separ&tech Barnegat and Great Bays by
extensive coastal marshes, the community was lyedathaged by SuperStorm Sandy with
many parcels receiving NFIP payouts (Figure 4}hincase of SuperStorm Sandy, the
storm surge of 2 meters completely submerged thgifig coastal marsh. Further, the
finger canals (lagoons) are tidal with a directroection to the estuary and thereby rise with
the storm surge. As most of the homes built onlyesd feet above MHHW and many not
elevated on pilings, this development was highlipetable to flooding by SuperStorm
Sandy’s surge.
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Figure 6. Natural color aerial image (acquired Eaby 2017) of Mystic Island
development, near Tuckerton, New Jersey.

In considering the protective value of coastal meass one must separate the effect of storm
surge related flooding with wave height and eneegluction. Post-storm reconstruction of
High Water Mark data, conclusively show that unitherextreme conditions of SuperStorm
Sandy these salt marshes flooded with water upwardsn in depth (Suro et al., 2016). No
data are available on the role that these marshgsave had in reducing wave heights or
dissipating wave energies. Modeling and empiritadiies suggests that this may have been
the case. Hydrodynamic modeling studies demondtnatevegetation can have a damping
effect on wave energies but that effect is lesseviktincreasing depth (Mendez et al.,
1999). One set of experimental flume studieskatted a 60% reduction in wave height due
to marsh vegetation even when flooded to a depgno{Moller et al., 2014). While related,
the role of coastal marshes in attenuating stomgesis also distinct. Based on prior work
on the Louisiana Gulf Coast, it would take 14.5d&hmarsh buffer to attenuate a storm
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surge of 1m (at a surge attenuation rate of apprataly 7.6 cm (vertical) for every linear
mile of marsh; Louisiana Coastal Wetlands Task &0t898). Wamsley et al. (2010)
updated this earlier work on the potential of Laanga’s wetlands to reduce storm surge
based on empirical data and modeling studies. Ttnayd the range of surge attenuation
rates was 1m per 60km to 1m per 4km. They concltitigdvetlands have the potential to
reduce surges but that it is dependent on landsagetorm characteristics. Lawler et al.
(2016) modeled a series of barrier island and lbagksystems on the Virginia coast that are
more similar to the Barnegat Bay situation thanltbeisiana wetland studies. They found
that strong storms like Sandy producing surgesmbf more, may overwhelm the
mitigating impact of other factors such as frictemmd attenuation effects contributed by
back bay wetlands. Thus while it is very likelythize Barnegat-Great Bay salt marshes
served to reduce Superstorm Sandy-related wavegiesgthey were of insufficient spatial
extent to attenuate the storm surge. We shouldthatehe greatest marsh buffer distance
we measured in our study areas was on the ordeddim (1.5 miles).

5.Conclusions

While salt marshes may be effective in diminishiveye energies and buffering adjacent
development under normal conditions, in the caseuplerStorm Sandy, our study did not
demonstrate significant effect on reducing surdated flooding. We found no evidence
that increasing marsh buffer distance reduced tm&unt of NFIP payouts for those
properties that received NFIP payouts. Thesetesuh counter to our original hypothesis
that increasing marsh (and or forest) buffer distarould serve as a protective buffer
lowering NFIP damage payouts to storm-affecteddesgial properties. The factor that
appears to be critical in terms of explaining @sults is that the bulk of the residential
properties damaged in our study area were locatejponal communities. These lagoonal
communities are built directly adjacent to tidalteraand are thereby highly vulnerable to
storm surge-related flooding whether or not theytarffered by adjacent marshes. The
results of this study should not be misconstruecbimcluding that salt marshes do not have
a positive value as storm and flooding protectasyell as a host of other valuable
ecological services. Rather, their protective éurfig capacity for extreme storm events is
limited and that lagoonal-style developments renhaghly vulnerable to sea level rise and
future storms. Thankfully, New Jersey banned thesiding, filling and development of
coastal marshes in its pioneering Wetland Act af0l %s well as the Coastal Area Facility
Review Act of 1973 (CAFRA) (Fair, 2004). Unfortualy, the state is saddled with the
legacy of these ill-advised development decisionthé form of thousands of acres and
housing units located in lagoonal developmentdaeat all along its Atlantic coast. If these
highly vulnerable communities are to be protectedhffuture large storm events, then the
feasibility of employing a hybrid approach that glgments the existing natural
infrastructure with additional engineered strucsusach as removeable flood gates and/or
moveable flood walls (Sutton-Grier et al., 2015¢deto be explored.



447

448
449
450
451
452
453
454
455
456
457
458

459
460
461

462
463

464
465

466
467

468
469
470

471
472

473
474

475
476
477

478
479
480

481
482
483
484

Acknowledgments

We are grateful for the assistance of FEMA for jaling access to the NFIP payout data and to
Jennifer Whytlaw of the Bloustein School, Rutgersvdrsity who undertook the initial
processing of said data. We thank the Federal EBneyggManagement Agency with providing
the NFIP payout data used in this analysis. Thikkw@s supported by the National
Oceanographic and Atmospheric Administration’s @lienProgram Office under the Coastal
and Ocean Climate Applications program [Award Nunt$a140AR4310197], as well as
supported by the New Jersey Agricultural Experintation. We thank three anonymous
reviewers and the editor for their insights andgasgions which greatly strengthened the
manuscript.

References

Arkema, K. K., Guannel, G., Verutes, G., Wood, S.@uerry, A., Ruckelshaus, M., ... & Silver,
J. M. (2013). Coastal habitats shield people anggnty from sea-level rise and storiNgiture
Climate Changg3(10), 913.

Barbier, E. (2013). Valuing ecosystem services@mstal wetland protection and restoration:
Progress and challeng&&esources2(3), 213-230.

Barbier, E. B., Georgiou, I. Y., Enchelmeyer, B.R&ed, D. J. (2013). The value of wetlands in
protecting southeast Louisiana from hurricane staungesPloS one8(3), e58715.

Barbier, E. B. (2015). Valuing the storm protectgmrvice of estuarine and coastal ecosystems.
Ecosystem Servicekl, 32-38.

Blumberg, A. F., Herrington, T. O., Yin, L., & Gagas, N. (2014). Storm Surge Reduction
Alternatives for Barnegat Bagenter for Maritime Systems Technical Report TR42S2evens
Institute of Technology

Boutwell, L., & Westra, J. (2015a)he Economic Value of Wetlands as Storm Bu{féos
1375-2016-109439).

Boutwell, J. L., & Westra, J. V. (2015b). EviderafeDiminishing Marginal Product of Wetlands
for Damage MitigationNatural Resource$(01), 48.

Costanza, R., Pérez-Maqueo, O., Martinez, M. Lttd8uP., Anderson, S. J., & Mulder, K.
(2008). The value of coastal wetlands for hurricaraection AMBIO: A Journal of the Human
Environment37(4), 241-249.

Duarte, C. M., Losada, I. J., Hendriks, I. E., Maasa, |., & Marba, N. (2013). The role of
coastal plant communities for climate change mikigeand adaptatiomNature Climate Change
3(11), 961.

Fair, A. H. (2004)Freshwater Wetlands Protection in New Jersey: A iifor Local
Officials. Association of New Jersey Environmental CommissidMendham, NJ.
http://www.anjec.org/WaterFreshwaterWetlands. htmaumad




485
486

487
488

489
490
491

492
493

494
495
496

497
498
499

500
501
502

503
504
505
506
507
508

509
510
511

512
513
514
515

516
517
518

519
520

521
522

Farber, S. (1987). The value of coastal wetlandgifotection of property against hurricane
wind damageJournal of Environmental Economics and Managembi{®), 143-151.

FEMA. (2012). Sandy Imagery Based Preliminary Daenagsessments. http://fema-
services2.esri.com/arcqis/rest/services/2012_Sandy/

Gedan, K. B., Kirwan, M. L., Wolanski, E., Barbi&r, B., & Silliman, B. R. (2011). The present
and future role of coastal wetland vegetation tguting shorelines: answering recent
challenges to the paradig@limatic Changel06(1), 7-29.

Landry, C. E., & Hindsley, P. (2011). Valuing beagrality with hedonic property modelsand
Economics87(1), 92-108.

Lawler, S., Haddad, J., & Ferreira, C. M. (201&nS§itivity considerations and the impact of
spatial scaling for storm surge modeling in wetlofithe Mid-Atlantic regionOcean &
coastal managemer34, 226-238.

Liu, S., Costanza, R., Troy, A., D’Aagostino, J.Mates, W. (2010). Valuing New Jersey’s
ecosystem services and natural capital: a spagaficit benefit transfer approach.
Environmental managemedty(6), 1271-1285.

Loerzel, J., Gorstein, M., Rezzai, A. M., Gonyq,Beming, C. S., & Orthmeyer, A. (2017).
Economic Valuation of Shoreline Protection Withie tJacques Cousteau National Estuarine
Research Reserve.

Louisiana Coastal Wetlands Conservation and Regiardask Force and the Wetlands
Conservation and Restoration Authority. (1998). €@950: Toward a Sustainable Coastal
Louisiana. Louisiana Department of Natural ResarBaton Rouge, LA.

Méndez, F. J., Losada, I. J., & Losada, M. A. ()988/drodynamics induced by wind waves in
a vegetation fieldJournal of Geophysical Research: Oceda34(C8), 18383-18396.

Modller, I., Kudella, M., Rupprecht, F., Spencer, Faul, M., Van Wesenbeeck, B. K., ... &
Schimmels, S. (2014). Wave attenuation over coaattmarshes under storm surge conditions.
Nature Geoscienc@(10), 727.

Narayan, S., Beck, M. W., Wilson, P., Thomas, Qiefeero, A., Shephard, C., ... &
Trespalacios, D. (2016). Coastal wetlands and flderdage reduction: using risk industry-based
models to assess natural defenses in the northe&s$\. Lloyd's Tercentenary Research
Foundation, London.

New Jersey Department of Environmental ProtectMiiDEP). (2015). New Jersey Land
Use/Land Cover (LU/LC). Trenton, NJ. Accessed Ap@il5. 2012 LULC, 2007 LULC
(updatedhttp://www.state.nj.us/dep/qgis/lulc12.html

National Flood Insurance Program (NFIP):
https://www.floodsmart.gov/floodsmart/pages/fags.js

Resio, D. T., & Westerink, J. J. (2008). Modelihg physics of storm surgd2hysics Today
(9), 33-38.



523
524
525

526
527

528
529
530

531
532

533
534
535

536
537
538

539
540

541

542

543

Rohweder, J. J., Rogala, J. T., Johnson, B. L.efsah, D., Clark, S., Chamberlin, F., &
Runyon, K. (2008)Application of wind fetch and wave models for hatiriehabilitation and
enhancement projec{dlo. 2008-1200, pp. 0-0). Geological Survey (US).

Shepard, C. C., Crain, C. M., & Beck, M. W. (201The protective role of coastal marshes: a
systematic review and meta-analy§itS one6(11), e27374.

Spalding, M. D., Ruffo, S., Lacambra, C., MeliahgHale, L. Z., Shepard, C. C., & Beck, M.
W. (2014). The role of ecosystems in coastal ptatecAdapting to climate change and coastal
hazards. Ocean & Coastal Management, 90, 50-57.

Suro, T. P., Deetz, A., & Hearn, P. (201Bhcumentation and hydrologic analysis of Hurricane
Sandy in New Jersey, October 29-30, 2(N@. 2016-5085). US Geological Survey.

Sutton-Grier, A. E., Wowk, K., & Bamford. H. (2013juture of our coasts: The potential for
natural and hybrid infrastructure to enhance tisdieace of our coastal communities, economies
and ecosystems. Environmental Science & Policy187;148.

Urban Ocean Observatory. (2012) [Forecast modebaaghic[NYHOPSHoboken, NJ: The
Center for Marine Systems, Stevens Institute ohhetogy. Accessed at:
http://hudson.dl.stevens-tech.edu/maritimeforenssticontrol.shtml.

Wamsley, T. V., Cialone, M. A., Smith, J. M., Atkion, J. H., & Rosati, J. D. (2010). The
potential of wetlands in reducing storm sur@eean Engineering37(1), 59-68.



544
545
546
547

548
549

550
551
552

553

554
555

556
557
558

Figure Captions

Figure 1. Map showing location of Barnegat-Greay Baudy area, New Jersey, USA.
Background base map source credit: ESRI.

Figure 2.Meteorological and hydrological data collectedhat Waretown, NJ station of the
Davidson Laboratory’s Urban Ocean Observatory

Figure 3. Graphic illustrating the three distancéfdr trajectories: 3) 165 and perpendicular.
Note that only the perpendicular buffers are shdamthe combined marsh-forest-urban and
urban-only examples.

Figure 4. Kernel density map of NFIP payouts.

Figure 5. Histogram of number of parcels vs. buffetth for parcels within vs. outside of
lagoonal communities: A) marsh only; b) marsh -‘efbr

Figure 6. Natural color aerial image of Mystic refladevelopment, near Tuckerton, New
Jersey.





