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Abstract: Numericalsimulationsof the storm tide thafloodedthe USAtlantic coastline
during Hurricane Sandy (2012) are carried out using\onal Weather Servicd{VS)

Sea Lakes and Overland Surges from HurricaBe®GH storm surge prediction model to
qguantify its ability to replicate the height, timing, evolution and extent of the water that was
driven ashore by tis large, destructivetorm Recent upgrades to the numerical model,
including the incorporation of astromical tides, are described and simulations with and
without these upgrades are contrasted d4eess their contributions to the increase in
forecast accuracy. It is shown, through comprehensviéicationsof SLOSH simulation
results againspeak water suface elevations measured #ite National Oceanic and
Atmospheric AdministrationNOAA) tide gauge station®y storm surge sensors deployed
and hundreds of high water marks collectedi®U.S. Geological SurveyJSGS, that the
SLOSHsimulated water leals at71% (89%) of the data measurement locations have less
than 20% (30%jelativeerror. The RMS error betweenobserved and modeled peak water
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run large, automated ensembles of predictions in-tie&l to account for the high
variability thatcan occuiin tropical cyclone forecastthusfurnishinga rangeof valuesfor
the predictedstorm surgeind inundatiorthreat

Keywords: storm surge hurricane; Sandy; inundatiotigles; high; water; marksensors

1. Introduction

The purpose of this study is to quantify the ability of tational Oceanic and Atmospheric
Administration NOAA)/National Weather Service (NWS) Sea Lakes and Overland Sudrgm
Hurricanes (SLOSH) storm surge prediction mdd¢lto replicatethe height, timing evolution and
extentof the storm tide that occurredong the USAtlanticc oast | i ne during Hurri
Sandy R012).It will also provide an assessment of #term surge forecast skill during the storm
compared to the model improvements incorporated in the model since. This analysis will serve as a
baseline for the evaluation of further enhancements to SLOSH and fpadeans against the results
from other modeling systems as NWS moves toward a-maltiel ensemble

HurricaneSandy[2] began as a tropical wave off the west coast of Africd b@ctober 2012It
formed in the western Caribbeaouth ofthe island ofJanaica in a region of low wind shear, warm
water anda broad area of low pressure @2 October 2012The stormmadeits first landfall near
Kingston,Jamaica as a categonhfirricaneon the SaffirSimpsonhurricanewind scale It reached its
peak intensity ofLt85 kph (15 mph 100 kts)and nadeits secondandfall in Cuba at 05:28JTC
on 25 Octoberas acategory 3 hurricanelhe destruction was seveti’,000 homes were damaged by
extensivecoastalflooding and high winds.Gusts topped.77 kph (10 mpl) in Santago de Cuba
before the anemometstopped measuringind speedand 265 kph (65 mph at Gran Piedrajust
west of Guantanamdiurricane Sandy then weakened and began expanding jmesaaz@ing a radius
of maximum wirds (RMW) larger tha 185 km (00 nm) over the Bahamas. It4iatensified over the
warm Gulf Stream waters as it turnedrthwesttowards the midAtlantic states.An anomalous
blocking highover the North Atlantigprevented Sandy from moving out to sednile a baroclinic
trough associated with an early winter storm deepened ovesotitbeastUS. This accelerated the
s t o fomv@rd speed t87 kph @0 ktg and steered morthwestwhere it encountered cold water and
transitioned to an extratropical dgne 83 km (45 nm) southeasof Atlantic City, NJ[2], 2.5h prior to
its final landfall. It approached the coast asategory 1 hurriane andnade landfall at 23:30 UTC
Monday 29 October 2012, near Brigantine, Nib(theasbf Atlantic City) as goosttropical cyclone,
with maximum sustained winds @80 kph (80 mph, 70 ktgnd a central pressure of 945 nilhe
GOES13 natural color satellite image Figure I shows the cold front interacting with Hurricane
Sandy approximatelpne day before landfallThe lowest pressure found was 940 mb (dropsonde
esti mat e) a few hours before | andfal/l in NJ [
guadrant, as seen in the NOAA surface weather ah&igure b.
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Figure 1. (8) GOES13 natural color satellite image at 17:45 UTC on 28 October 2012
(courtesy of NASA Earth Observatory); ar surface weather chart at 21 UTC 29 October
2012,approximately two and a half hours before landfadurtesy othe National Oceanic

and Atmosperic Administration NOAA)). Note the interaction of the hurricane with the
approaching winter storm, the subsequent drop in mean sea level pressure to 940 mb, and
the development of cold and warm fronts during the hybridization process off the coast of

New Jersey.

One of the most dangerous aspects of Hurricane Sandy was its large size, approkitbatetyles
(1850 km) in diameter, based on the extent of the last closed isobag witid field that created a
significant storm tide threat to vast areas along the Atlantic coastline and inland. Hurricane Sandy
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retained its large wind field, large radius of maximum winds, and hybrid characteristics through
landfall [2]. After HurricaneSandy made landfall in NJ, its sustained winds increased as an effect of
the winter storm approaching from the west. The combination of both Hurricane Sandy and the winter
storm, timed with the fulmoon high tide on the night of 29 October, worsenedttirengide flooding

along the NJ, NY and CT coastlines and caused significant flooding far inland along the Delaware and
Hudson Rivers [3]. Hurricane Sandy caused 147 direct deaths (286 total) and damage of $68 billion
dollars. It is the secondostliest Atantic hurricane on record.

Thestorm surgeabove astronomical tide produced by Hurricane Sandy reached its highest observed
levels of 3.86 m (12.65 ft) at Kings Point at the western end of Long Island Sound. A storm surge of
2.91 m (9.56 ft) was recorded along the northern side of Staten Is|Bedgain Point West Reach. At
The Battery, on the southern tip of Manhattan, values of 2.87 m (9.40 ft) were measured and at Sand
Hook, NJ the gauge failed when the surge crested to 2.61 m (8.57 ft). In Montauk, at the east tip of
Long Island, Atlantic Cit, NJ and Cape May, NJ storm surge values peaked at 1.80 m (5.89 ft), 1.77 m
(5.82) and 1.57 m (5.16 ft), respectively.

According to a recemilational Hurricane CenteNHC) technical memorandum [4], inundation is
defined aghe total water level that oecs on normally dry ground as a result of the storm tide. It is
expressed in terms of height of water, in feet, above ground (A@&ll). NHC& official forecasts
provide storm surgenduced flooding information in terms of inundation (feet of water above ground
level). The tidal datum MHHW(Mean Higher High Water)is consideredthe best possible
approximation of the threshold at which inundat@an begin to occur since at the coast, areas higher
than MHHW are typically dry most of the time.

The highestrecordedtotal water levelswhich occurredwithin half an hour ofhigh tidein the
Staten Island and Manhattan agaacheda record4.28 m (14.06ft) aboveMean Lower Low Water
(MLLW), 2.74 m(8.99 ft) above MHHW at The Battery, NY; a record4.36 m (14.31 ftjabove
MLLW, 1.98 m(6.51 ft)aboveMHHW at Kingd Point and 4.44 m (14.58) above MLLW, 2.76 m
(9.06 f) above MHHWat Bergen PointWest ReachAt The Battery, he storm tide(the combination
of storm surge and astronomical ti@g) crestedl.39 m @.55 f)) higherthanthe water that occurred
during Hurrcare Irene (2011]2]. Storm tide records were broken in Sandy Hook with 4.03 m
(13.23 ft) MLLW, 2.44 m (8.01 ft) MHHW and at Philadelphia, PA with 3.24 m (10.62 ft) MLLW, 1.2 m
(3.93 f) MHHW 8 h after landfall The tidegauge at Sandy Hodkiled before the pealwater levels
were reached

Table 1summarizes thenaximumtotal, tide (referenced to variousertical datum3 and surge
water levelgeachedat threeNOAA stationsat the coast: The BatterBergen PoinandKings Point
At The Battery total water levelgestedat the same time as the surgeen though théighesttides
arrived half an hour earlierAt Bergen Pointhe maximum surge arrived halh hour after the highest
total water levelwhile atKings Pointthe maximumsurgearrivedtwo hours before thhighesttotal
water level.

A buoy at the entrance of New York Harbor (Station 44065), 15 nm southeast of Breezy Point, NY,
measured a record significant wave height (SWH, the highesthodeof all wave heights measured
during a 26min sampling period) of 9.86 m (32.5 ft) at 00180C on 30 October and an atmospheric
pressure of 958 hPa, while buoys in Central (44039) and Western (44040) Long Island Sound recordec
SWHs of 2.2 m and 2.1 m, respectively. Buoy (44009) at Delaware Bay, 48 km (26 nm) SE of Cape
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May, NJ,USA, reached a WH of 7.38 m. At more than 300 km (190 miles) avilayn the point of
landfall at Block Island, RI (44097), SWHs reached 9.48 m. Even as far away as 450 km (280 miles) at
Buoy 44008, located 54 nm SE of Nantucket Shoals, a SWH of 10.97 m was registered.

Table 1. Maximum total, tide (referenced to various vertical datums) and surge water
levels reached at three NOAA tide gauge stations at the coast: The Batteygn Boint
and Kings Point, NY(seeFigure2 for station locations)

Maximum

Station Time/Vertical Maximum Tide  Maximum Surge Above
(ID) Datum Total Water m (ft) Astronomical Tide m (ft)
Level m (ft)
Time 300ctober2012 30 October 2012 30 October 2012
01:24 UTC 00:54 UTC 01:24 UTC
MHHW 2.74(8.999 10.10(1 0.315
Th;iig‘;;yé)w NAVDSS 3.44(11.280 0.60(1.965 &7
MSL 3.50(11.489 0.66(2.172 (.40
MLW 4.22(13.849 1.38(4.539
MLLW 4.28(14.055 1.44(4.74))
Time 30 October 2012 30 October 2012 30 October 2012
01:24 UTC 00:54 UTC 02:00UTC
. MHHW 2.76(9.069 10.80(1 0.259
Bergen Point, NY \ Avpss * 3.54(11.623 0.70(2.299
(8519483) MSL 3.60(11.80)) 0.75(2.477) (;:22)
MLW 4.38(14.367 1.54(5.042
MLLW 4.44 (14.577 1.60(5.252
Time 30 October 2012 300ctober 2012 30 October 2012
02:06 UTC 04:24 UTC 23:06 UTC
. . MHHW 1.98(6.509 10.07(10.229
K'”(%ngézté)w NAVD88»  3.11(10.20) 1.06(3.469
MSL 3.18(10.423 1.12(3.690 3.86(12.69
MLW 4.28(14.035 2.22(7.302
MLLW 4.36(14.31) 2.31(7.579

MHHW = MeanHigher High WaterMSL = Mean Sea LeveMLW = Mean Low Water MLLW = Mean
Lower Low Water NAVD88 = North American Vertical Datum of 1988 NAVD88-MSL = 0.0542 m
(0.178 ft)[5]; ANAVD88-MSL = 0.0676 m (0.222 fip].

High Water Marks measured by USG&nsors recorded the highest water level inland, a value of
2.71 m (8.9 ft) AGL, at the US Coast Guard Station in Sandy Hook, NJ, followed by 2.44 m (8.0 ft)
AGL at the South Street Seaport near the Brooklyn Bridge and 2.41 m (7.9 ft) AGL in the Oakwood
neighborhood of Staten Island and on the south side of Raritan Bay. Values between 1 and 2 m
occurred at Maspeth, Fire Island, Battery Park, Oak B&agiree, Rockaways, Lower Manhattan,
Freeport, Hempstead, Long Island, Nassau County, Brooklyn, Wading iRivi@ewn of Riverhead,
Inwood, near dhnF. KennedyAirport (JFK), Bronx, Throgs Neck area. Runways and tarmacs at JFK
and La Guardia were inundated as well.
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Figure 2. Map of NOAA tide gauge station locations
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These various measurements depict the difficulty in assessing the storm surge threatwsdeause
level values might be referenced to differes@irtical datums or the quoted water surface elevations
might represenbnly partial components of the total watevel (e.g.tide or surge). It is easy to see
how the public could become confused by thisthora of informationand why itis crucial to
communicate the storm surge threat clearly to the publioitemize the loss of life. Therefore, in
addition toproducing operational storm surge forecasts and issuing public advisories, the National
Hurricane Center (NHC) has workedtensively with social scientists to craft graphics and text that
convey thepotential dangers of storsurge effectively6].

Operational storm surge forecasts during the storm andspmst hindcast simulations of
Hurricane Sandy were run by forecas BearLake,iamd NH
Overland Surges from Hurricanes (SLOSHhYdel. This manuscript describthe operational forecasts
of Hurricane Sandy run in the SLOSH ny3 basin (Fi@)rehe improvements to the surge forecasting
system implemented during 2013, and how the storm would have been predicted had the enhance
system been available in 2012.

Hindcast simulations of Hurricane Sandy were run for analysis and verification. Comparisons of
observed water levels at NOAA tide gauge stations, by USGS temporary storm surge sensors (SSS
and high water marks (HWM) were compared with the numerically sisuilatter levels to assess
model performance.
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Figure 3. Hurricane Sandy track and the storm tide (m) simulated byéae Lake, and
Overland Surges from HurricaneSLLOSH numerical storm surge prediction model in the
ny3basin.
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2. Model

SLOSH [1] is a numerical coastal ocean model used by the National Weather Sevwvioe:
(1) reattime operational (2) hypothetical(for evacuation planning)(3) historical (for validation
purpose} (4) probabilisti 7]; and(5) extratropical storm surgeedictionsimulations

It is an extremely computationally efficier8-D explicit, finite-difference model, formulated on a
semistaggered Arakawa -Brid [8]. The horizontal transport equations are solved through the
application of the NavieBtokes momentum equations for incompressible and turbulent Tibe.
SLOSH model transport equations were derived by Platzf@gnin which the dissipations
determinedsdely by an eddy viscosity coefficient. A bottom slip coefficient was included by
Jelesnianski[10]. Thegoverningequations are integrated over the entire depth of the water coldmn.
every time stepthe horizontal transports are solved from the pres€tweolis and frictional forces.
These transportgeneratean updated level oburge at everynodel grid point SLOSH includesa
wetting-and-drying algorithm topredictinland inundation

A simplified parametric wind modéd embedded in the SLOSH mod€he input parameters of the
wind model consi st of the storm track (latit
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maximum winds and the difference between the environmental and the central pressures (pressure drof
of the storm. The windiriven forcing is incorporated into SLOSH as wind stress.

SLOSH gridshave different shapes (hyperbolic, elliptical or polar) that can be customized for
specific coastline geometriesith higher resolution near the coast ayrdl cells thatelescopeoutward
concentrically to lower resolution offshore. There are 37 operational SLOSH basins that cover the east
coast of the US, the Gulf of Mexico, the Bahamas, Puerto Rico and the Virgin Islands. The bathymetry
and topography in the model grid cells are derifretn National Elevation Dataset (NED) digital
elevation models (DEMs) from the U.S. Geological Survey (USGS), the NOAA National Geophysical
Data Center (NGDC) Tsunami inundation DEMs, and Light Detection and Ranging (LIDAR) data
from the US Army Corps of #gineers (USACE) or from state and local sources, if available, and the
bathymetry from NGDC 3 arsecond Coastal Relief Model. All the bathymetric/topographic data
must be referenced to a single vertical datum and averaged to obtain the depth/elevation of
individual SLOSH cell. The land cover classifications are derived from the USG& 8patial
resolution National Land Cover Database (NLCD). SLOSH basins include sisogtafeatures that
allow simulation of the flow through barriers, gaps, passesitopping of barriers, roads, and levees.

An automagd eventtriggered,storm surge prediction system, AutoSufgé], was developed at
NHC in 2010to acceleratéorecastemworkflows by eliminaing laborintensive tasks, compuat storm
parameters wittgreater accuracy and previeigt human input error. The system runs the SLOSH
model the input is determined objectively and consistently for all operational simulafiotaSurge
automatically generates a vast array ofducts fromthe SLOSH modeloutputto provide internal
guidance to the Storm Surge Specialists

3. Forecasts

As soon as aropical disturbancewith the potential ofdeveloping into daropical cyclonein the
subsequent 48 is identifiedin the Atlantic OceanCaribbean Sear the Gif of Mexico, AutoSurge
beginsgeneratingstorm surgeforecast simulationsisingthe SLOSH modelThe systemalertsthe
Storm Surge Specialists at NHCsending guidance products @anail, and the results are available on
an internal web site, botin tabular and graphical formaForecasts are run usingiorm track
information that includesthe latitude and longitude of the stornds center intensity (maximum
sustained 4min wind speed) pressure drop and radius of maximum winds from &H&est Track
operationaldata and parameters fromall of the model information available to the Hurricane
Specialists at NHCThe SLOSH parametric wind model is used to ensure that the parameters in the
SLOSH wind formulationare consistent with those in the model guick i.e., the resulting wind
speed in the SLOSH wind model is in accordance to the &lB@st Track anthe model guidance
intensity, in amannersimilar to otherstorm surgdorecast system4d.2,13].

Graphics ofthe ensemble maximum envelope of watemdel track spreadndividual ensemble
member maximum water levels, wind intensityeradius of maximum windsndforecast trends are
generated to depidhe expectedrange of the storm surge forecagisaccount forvariability in the
atmospheridorcing.

AutoSurge was run in surgely mode during the 2012 hurricane season. More than 1000 AutoSurge
numerical simulationsvere run during Hurricane Sandging theBest Trackand the internal NHC
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model guidanceised to create the official track (OFCDhe ensembkearederivedfrom the suite of
statistica] dynamicaland consensusack and intensitynodels that NHG Hurricane Specialists use
to create their forecasts (National Weather Service Global Forecast System and Global Ensemble
Forecast Systenturricane Weather Research and Forecasting Model, Statistical Hurricane Intensity
Prediction Scheme, Climatology and Persistence model, Logistic Growth Equation Model, Limited
Area Barotropic Model, Navy Operational Global Prediction System, Canadiaal@&obironmental
Multiscale Model, United Kingdom Met Office model, University of Wisconsin -hgdrostatic
modeling system, European Center for Mediamge Weatheforecasting global model, Florida State
University Supefensemble, Geophysical Fluid Dynas Laboratory model)This meteorological
forcing was used to drive tIf&.OSHstorm surge predictiomodelover multiple SLOSHbasins from
Puerto Ricdo theBahamas and along the 8. East CoasResults for theny3 basin will be described
andthe model output graphics will lown in this manuscripthese ensemble simulations are run in
conjunction with the probabilisticP-Surge modeling systenii7] developed at NOAA/Mteorological
Developmentaloratory (MDL), which runs an ensemble sformsurge simulationsising historical
errorstatisticsof the wind parameters to generate the forecast tracks.

Enhancements made to AutoSurge in 20tBide

(1) Smulations witha new version othetides (V. 2);

(2) Model resultgelative toboth the NAVD88 (North American Vertical Datum of 198&atum
and above ground level

(3) Mini-MEOW (Maximum Envelope Of Wateimulatiors (@ handfulof ensemblesreated by
permutations of th®FCL track;

(4) Ensemble maximunwater level ranges and trenasd

(5) Calculatons of inundation area

The new version of SLOSH + Tides (V. 2) incorporates the tides dynamically at every time step and
at every SLOSH model grid point [14]. The locatdependent amplitudes and phases of 37 tidal
constituents (selectetd be consistent with NOAA/NOS station data) at all locations in the SLOSH
grid [15] used are: M2, S2, N2, K1, M4, O1, M6, MK3, S4, MN4, NU2, S6, MU2, 2N2, O01, LAM2,
S1, M1, J1, MM, SSA, SA, MSF, MF, RHO, Q1, T2, R2, 2Q1, P1, 2SM2, M3, L2, 2MK3, K2, M8,
MS4 (for definitions of the harmonic constituents see Table 2 and the glossary at [16]).

The harmonic constituents used in the SLOSH + Tides code had recently been extracted from the
new, updated experimental EC2013 ADCIRC tidal database. This database emplenesdiigion
NOAA VDatum meshes (coastal resolution down to 14 m) along the ti&stland Gulf Coasts of the
United States, Puerto Rico and US Virgin Islands, an updated offshore bathymetry using the latest
global sources, namely, Space Shuttle Radar Topography Mission SRTM30_PLUS V8.0 from the
Scripps Institution of Oceanography and@HO1 global relief model from NOAA [17] and open
boundary forcing with the latest global tidal models (TPXO 7.2 OSU Tidal Inversion Software, and
later on from the FES 2004 Global Tidal Atlas and the newly released FES2012 model) [18].
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Table 2. Harmonic tidal constituents used in SLOSH. Each constituent represents a
periodic variation in the relative positions of the earth, moon and sun.

Harmonic Constituent Number Name

Speed DegPer Hour)

Description

1 M2 28.9841042 Principal lunar semidiurnaonstituent

2 S2 30.0 Principal solar semidiurnal constituent

3 N2 28.4397295 Larger lunar elliptic semidiurnal constituent

4 K1 15.0410686 Lunar diurnal constituent

5 M4 57.9682084 Shallow water overtides of principal lunar constituer
6 o1 13.9430356 Lunar diurnal constituent

7 M6 86.9523127 Shallow water overtides of principal lunar constituer
8 MK3 44.0251729 Shallow water terdiurnal

9 S4 60.0 Shallow water overtides of principal solar constituen
10 MN4 57.4238337 Shallow watequarter diurnal constituent

11 NU2 28.5125831 Larger lunar evectional constituent

12 S6 90.0 Shallow water overtides of principal solar constituen
13 MU2 27.9682084 Variational constituent

14 2N2 27.8953548 Lunar elliptical semidiurnal secoratderconstituent
15 001 16.1391017 Lunar diurnal

16 LAM2 29.4556253 Smaller lunar evectional constituent

17 S1 15.0 Solar diurnal constituent

18 M1 14.4966939 Smaller lunar elliptic diurnal constituent

19 Jl 15.5854433 Smaller lunar elliptic diurnatonstituent

20 MM 0.5443747 Lunar monthly constituent

21 SSA 0.0821373 Solar semiannual constituent

22 SA 0.0410686 Solar annual constituent

23 MSF 1.0158958 Lunisolar synodic fortnightly constituent

24 MF 1.0980331 Lunisolar fortnightly constituent

25 RHO 13.4715145 Larger lunar evectional diurnal constituent

26 Q1 13.3986609 Larger lunar elliptic diurnal constituent

27 T2 29.9589333 Larger solar elliptic constituent

28 R2 30.0410667 Smaller solar elliptic constituent

29 201 12.8542862 Largerelliptic diurnal

30 P1 14.9589314 Solar diurnal constituent

31 25M2 31.0158958 Shallow water semidiurnal constituent

32 M3 43.4761563 Lunar terdiurnal constituent

33 L2 29.5284789 Smaller lunar elliptic semidiurnal constituent

34 2MK3 42.9271398 Shallow water terdiurnal constituent

35 K2 30.0821373 Lunisolar semidiurnal constituent

36 M8 115.9364166 Shallow water eighth diurnal constituent

37 MS4 58.9841042 Shallow water quarter diurnal constituent

AutoSurge incorporated V. 2 of SLOSHTidesin the forecast system workflow for the 2013 hurricane
seasonAutoSurge used V. 2.1 of SLOSHTides for the ny3 basin, which has a tidecing threshold
(bathymetric depth of influence) from the deep ocean up to a specified depth. Testing and &nalysis o
various threshold depths for the ny3 basin determined that the optimum setting ita Q0GB m).
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Due to the limited amount of tineevailableto completethe numericalforecass, the model runtime
has to be short to be abledonstructthe storm surg prediction ensemble$he runtime performance
for a typical SLOSH model simulationrun overthe ny3 basinon a typical desktop P©r Linux
workstationis shown in Tabl.

Table 3. AutoSurge runtime performance for the SLOSH ny3 basin.

SLOSH Basin  SLOSH Surge-Only SLOSH Tides+ Surge SLOSH Tides+ Surge+ Graphics
ny3 1min49s 3minl4s 4 min

In the past two years, directed by research, testing and recommendations from social scientists [6]
NHC6s public advisories were modified to incl.
of high tide so the public would better understandstbem surge threat. An exampRyblic Advisory
26A, issued for 8:00 PM EDT (00:00 UTC) Sunday 28 October 2012, one day before Hurricane Sandy
made landfall in New Jersey, is shown Hkigure 4. Note that the water levels are referenced
iabove ¢ rauoonsiléredaalidionly if the peak surge occurs at the time of high tide.

Figure 4. TheNat i onal Hu r NHC} Rublie Ad@serg 264, vaidat §:00 PM
EDT (00:00 UTC) on Sunday8 October 2012one day before Hurricane Sandy made
landfall. Nde that the inundation depths are given in feet above ground lelelthe
caveat that these values would be read@d if the peak of astronomical tides coinaide
with the peak of the storm surge.
STORM SURGE...THE COMBINATION OF AN EXTREMELY DANGEROUS STORM SURGE AND THE TID
WILL CAUSE NORMALLY DRY AREAS NEAR THE COAST TO BE FLOODEDBY RISING WATERS. THE

WATER COULD REACH THE FOLLOWING DEPTHSBOVE GROUNDF THE PEAK SURGE OCCURS AT
THE TIME OF HIGH TIDE

NC NORTH OF SURF CITY INCLUDING PAMLICO/ALBEMARLE SOUNDS...4 TO 6 FT
SE VA AND DELMARVA INCLUDING LOWER CHESAPEAKE BAY..2 TO4F T
UPPER AND MIDDLE CHESAPEAKE BAY...1 TO 3 FT

LONG ISLAND SOUND...RARITAN BAY...AND NEW YORK HARBOR...6 TO 11 FT
ELSEWHERE FROM OCEAN CITY MD TO THE CT/RI BORDER...4 TO 8 FT

CT/RI BORDER TO THE SOUTH SHORE OF CAPE COD INCLUDING BUZZARDS
BAY AND NARRAGANSEITBAY...3 TO 6 FT

CAPE COD TO THE MA/NH BORDER INCLUDING CAPE COD BAY...2 TO 4 FT
MA/NH BORDER TO THE U. S./CANADA BORDER...1 TO 3 FT

3.1. Surge Forecast Simulations

SLOSH surgeonly sinulations (without tides) were run operationally in 2012 for Hurricane Sandy,
as described above. Figues hows an exampl e of t he model t
Specialists as guidance to determine the OFCL track for Hurricane SaindyiBprior tdandfall. It
depicts a large spread in the model tracks with various intensities, sizes and storm center locations
This guidance is used to run the ensemble SLOSH simulations. Fegdigplays the ensemble
maximum envelope of water 4&urs prior to ladfall with a maximum total water level of 4.94 m
(16.2 ft) NAVDS88. A summary plot of the ensemble results for the simulations, valid 48 h prior to
landfall, is shown in Figur@.
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Figure 5. Example of the model tracks used by the Hurricane Specialists at NHC to
develop the OFCL forecast track for Hurricane Sandy. It depicts the large spread in the
model tracks with various wind intensities, sizes and track locations. This meteorological
guidance is used as forcing to rtire SLOSH ensemble storm surge simulations. The label
inside the white box at the end of each track indicates the ensemble member number that
corresponds to the number in the horizontal axis in Figure

SLOSH Basin ny3
Time of Forecast Advisory 2012102800

-85’ -80° 75" —70° 65" -60°
50° 50°
45 45°
40° 40°
35° 35°
30° -
25° -
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Figure 6. Ensemble maximum envelope of water (m) H8prior to landfall with a
maximum total water level of 4.94 m (16.2 ft) relative to the NAVDS88 vertical datum.

Ensemble Maximum Envelope of Water

The bottom (blue) panel provides the maximum predicted water levels relative to both NAVD88
(dark Hue dots) and AGL (black triangles) for each ensemble member. The solid (dashed) red lines
show the maximum water levels in NAVD88 (AGL) and the solid (dashed) purple lines show the
average water levels in NAVD88 (AGL) for each ensemble member. The siogmtbreat 48 h prior
to the storm was 4.94 m (16.2 ft) relative to the NAVD88 datum, a maximum inundation of 4.30 m
(14.1 ft, AGL). The NHC OFCL track (last ensemble member) produced a 3 m (10.0 ft(&23rge
(7.6 ft) of inundatiol, about 1 m higher than the average of all the ensemble members but lower than
the ensemble maximum. The middle (yellow) panel shows the maximum wind speeds (red dots) and wind
speeds at the closest point of approach (CPA, blue dots) of each model gerdanckle member.

The maximum wind speed 61 ms$* (100 kt) shows in all the models, which occurred when Sandy
made landfall in Cuba on October 25. The winds at the closest point of approach (prior to or at
landfall) vary from 8&o 37ms * (17 to 72 kts)which indicates the uncertainty in the wind forcing and,
therefore, the variability in the storm surge potential. The top (purple) panel indicates the radius of
maximum winds at CPA for each model/aid ensemble, which varies from 8 to 218 km (5 to 36 mil
4 to 118 nm). This also contributes to the unpredictability of the storm surge hazard, even 48 h prior to
actual landfall.
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Figure 7. Summary plot of the ensemble results for the simulations of Hurricane Sandy
(2012) valid 48h prior to landfall. Thebottom plue) panel shows the maximum water
levels relative to both the NAVDS88 vertical datumialk blue dots) and AGL (black
triangles) for each ensemble member. The s@akhed red lines show the maximum
water levels in NAVD88 (AGL) and theolid (dashed) purplénes show the average water
levels in NAVD88 (AGL) for each ensemble memb&he middle yellow) panel shows

the maximum wind speeded dots) and wind speed at the closest point of approach
(CPA) (lue doty of each model guidancengemble member. The topurple) panel
indicates the radius of maximum winds at CPA for each model/aid ensemble member.
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As the storm evolves in time, the AutoSurge forecast system calculates the trend of maximum water
elevation above NAVD88 and the watszight above ground level for all the ensemble members at
each synoptic time, as shown in Fig@seb. The yellow box depicts the range of water levels issued
by NHC in the forecast advisories. The maximum water elevation levels predicted convergeto 3.8
(12.4 1t) relative to the NAVDS88 vertical datum or 2.9 m (9.5 ft) of inundation (AGL).
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Figure 8. Trend of(a) maximum water elevation in the entire SLOSH basin relative to the
NAVDS88 vertical datum, andb) the water height above ground level (AGL) for all
ensemble members in the SLOSH storm sungg simulations. The time in days
(horizontal axis) denotes the initial tinfeTC) of the model forecasts. The yellow box
depicts the range of water levels issuedeattime by NHC in the forecast advisories.
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3.2. SurgePlus-TidesForecastSimulations

If Hurricane Sandyvere to be forecagbday with the enhancementescribedearlier, thenthe
SLOSHmodel simulationsvould have tides includenh the hydrodynamiequationsand woulddepict
thetotal water levelsA comparison of surges. surgeplustidessimulation resultsin the formof an
ensemble summamlot, is shown in Figur®a,b, respectively.

Depending on the timing of the tides, the water levels of each ensemble member vary accordingly,
in some cases higher and other cases lower than the counterpart without tides. In the case of th
surgeplustides simulations, the water levels AGL are lovsarce the cells (areas) that would be
wetted by the tides alone at any time during the model simulation are not considered inundated in the
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results. The maximum water level simulated 48 h prior to landfall is 3.6 m (11.7 ft) AGL for
surgeplustides, whie it is 4.3 m (14.1 ft) for surgenly. The maximum water levels in NAVD88 are
higher for the surgelustides simulations, with a maximum of 5.46 m (17.9 ft) as opposed to 4.9 m
(16.1 ft) for the surgenly simulations.

The ensemble maximum envelope tigka to the NAVD88 vertical datum for both predicted
surgeonly and surgelustides at 00 UTC on 28 October 2012 are shown in Figare. Clearly,
higher values are predicted by the supyjiestides ensemble than the swg@y ensemble, as
highlightedby the eastvest gradient across the Long Island Sound.

Figure 9. Summary plot of the ensemble results for the simulations of Hurricane Sandy
(2012) valid 48h prior to landfall: (a) for surge andb) for surge + tides. Ensemble
maximum envelope oivater for(c) surge andd) surge + tides 48 prior to landfall with
maximum total water levels of 4.94 m and 5.46 m, respectively (relative to the NAVD88
vertical datum).
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The forecast trends of the surgleistides simulations are shown in Figut®. The water level
values converge to 3.9 m (12.9 ft) relative to NAVD88, or 2.6 m (8.5 ft) AGL. The light yellow polygon
delineates the range of water levels issued intmeal by NHC in its forecast advisories, which
encompasses the maximum inundaticia@ty recorded during this storm event of 2.71 m (8.9 ft) AGL.

Figure 10. Trend of &) maximum water elevation relative to the NAVD88 vertical datum
and p) the water height above ground level (AGI9r all the ensemble members for the
surge + tides simations The light yellow polygon delineates the range of water levels
issued in reatime by NHC in its forecast advisories, which encompasses the maximum
inundation actually recorded during this storm event.
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4. Hindcasts

Poststorm hindcast surge (S) and supestides (ST) simulations were run for the SLOSH ny3
basin to determine the accuracy of the results. The hindcast simulation that generatedlyguvgéer
levels was forced by wind parameters from the HurricamelysBest Track to drive the SLOSH model.
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A second hindcast simulation was run with surge plus tides. First, tides were spun up fior 720
After this 3@day spinup period with tides alone, a 1:0@ur SLOSH hindcast simulation was run with
both tides an®est Track wind forcing.

The results were then compared with the water surface elevations recorded at NOAA tide gauge
stations, measurements from temporary USGS storm surge sensors (SSS) and high water mark (HWM
estimates made by the USGS.

4.1. NOAA Stabnsvs.SLOSH Water Levels

The tide and total water levels were extracted from 13 NOAA staffigsire 2) located in New
York (NY), New Jersey (NJ), Rhode Island (RI), Connecticut (CT), and Massachusetts (MA) within the
ny3 basin area and compared to the SLOSH water levels from theosiygand surgelustide
hindcast simulations.

The time evolution of the observed. modeled watelevels is shown in Figurelifor the surgeonly
(left panels)and surgeplustides (right panelsjuns

Figure 11. Hydrographs of surg@eft panelsg and surge + tidesight panels) at NOAA
stations fed) vs. SLOSH simulationsklue) with RMS error andcorrelation calculated
between the two time series. Time is in month/day and hours UTC (horizontal axis) and
water elevations are in meters (vertical axig)e station numberin the time series plots
correspond to the locatiostownin Figure 2
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The water levels for surge and total water levels (sphgetides) at the NY stations are in good
agreement with the observations, as evidenced by root mean square errors (RMSEQ@E® rh7or
surge and 0.19.51 for total water levels. SLOSH seemsihderestimate the surge, but not the total water
levels at CT stations. The RMSE ranges from 0.18 to 0.28 mt®0L95 m) for surge (surgaustides),
respectively, in that state. The modeled surge and total water levels are slightly underestiRbted a
and MA stations, with RMSEs of 0.16.19 m (0.220.26 m). The simulated water surface elevations
at NJstations are characterized by RMSEs between 8r220.24 m (0.32and 0.47 m) for surge
(surgeplustides), respectively. The Cape May, NJ station is located near a SLOSH boundary, thus the
phase is slightly accelerated (the simulated surge arrives too early) relative to the observations.
Preliminary experiments, in which the boundary coodiin the SLOSH grid was modified from deep
to shallow water (since it is so close to the coast) at that model boundary, seem to improve the result:
for this station. It is anticipated that this adjustment will be included when a new -haglodution
SLOSH New York grid is built. The highest resolution in the current ny3 basin is 213 m. Considering
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only those stations away from the basin boundary, the correlations between thesimotkked and
measured water surface elevations range from0.83®4 forthe surgeonly, and 0.8%o 0.95 for the
surgeplustides simulations.

Table 4 showsa summary of theNOAA stations and SLOSHurge(S) and surgeplustide (ST)
simulationresults. The observed peak of &rived earlier than theobservedpeak of ST except at
Bergen PointNY, Cape May, NJChaham MA and Nantucket, MAThe same timing wa®plicated
in the SLOSH simulationexceptat Bergen Poinand Cape Mayhere the peakof Sweresimulated
to arriveearlier thanthe peaks of STThe RMS errors range fro@.15to 0.41 m. The correlations
range from 0.8@0 0.95

Table 4. Summary of the NOAA stationgs. SLOSHsurge (S) and surgaustides (ST)
simulation resultsTimes are in elapsed hours from the start of the modél 8300 UTC,

27 October 2012. The numbers in column 1 correspond to the locations shown in2Figure
andthe time series plots iRigure1l.

Long Obs Peak Model Peak Obs Max Model Max ~ RMS Error
Stn ID Station Name Lat (deg) CORR
(deg) Time (h) Time (h) Elev (m) Elev (m) (m)
S ST S ST S ST S ST S ST S ST
1 8510560 Montauk, NY  171.9600 41.0483 67.2 69.2 6583 6950 179 169 111 157 0.17 0.19 0.93 0.91
2 8516945 Kings Pt., NY 173.7633 40.8100 68.1 71.1 68.16 7150 385 311 261 347 036 041 0.89 0.93
3 8518750 The Battery, NY 174.0133 40.7000 70.4 704 67.66 6833 286 344 250 3.05 0.21 0.33 094 092
4 8519483 Bergen Pt., NY 174.1417 40.6367 71.0 704 6883 69.16 291 354 269 324 031 051 0.89 0.81
5 8461490 New London CT 7172.0900 41.3600 67.9 69.2 6699 6966 198 188 123 180 0.18 0.19 093 0.92
6 8465705 New Haven, CT 1729083 41.2833 69.1 705 67.83 7133 278 265 178 273 0.26 031 091 0.93
7 8467150 Bridgeport, CT 173.1817 41.1733 693 71.1 6749 7116 3.00 283 195 292 0.28 035 091 0.93
8 8531680 Sandy Hook, NJ 174.0083 40.4667 68.6 686 67.33 67.99 261 318 265 320 NA NA NA NA
9 8534720 Atlantic City, NJ 174.4183 39.3550 65.7 69.4 6533 66.16 177 191 235 257 024 032 0.88 0.86
10 8536110 Cape May, NJ 174.9600 38.9683 63 58.7 65.16 66.16 157 180 186 202 0.22 047 0.80 0.64
11 8452660 Newport, RI 171.3267 415050 67.3 68 63.16 6799 162 187 067 125 0.15 025 091 0.91
12 8447435 Chatham, MA 169.9500 41.6883 67.7 61 61.83 61.33 127 179 0.27 104 0.19 0.26 0.89 0.95
13 8449130 Nantucketl. MA 170.0967 41.2850 67.7 61.1 6216 6166 1.19 118 0.37 0.67 0.15 0.22 0.83 0.89

Panels in Figure 2display the maximum water levels for (a) surge and (b) spiugetides and the
time-of-arrival of the peaks for (c) surge and (d) sypgestides, measured at NOAA statiovs those
simulated by SLOSH. Figure2&,b show the stations that fall withinhe 10% height error (dark
orange) cone, 20% error (orange) cone and 30% error (yellow) lcoRigure Pa the simulated surge
at station locations in NJ and at two station locations in NY show errors betwee(daf&orange)
and 20%(orange cone)yhile at station locations far from the point of landfall the modeled maximum
surge is underestimatet@ihe simulated surgplustides water surface elevation errors at most station
locationsin Figure b are within the 10%20% range. In Figure2t,dthe stations that fall in the3 h
error range for the timef-arrival of the peak are within the orange band andtéhk error range are
within the yellow band.



J. Mar. Sci. Eng2014 2 458

Figure 12. NOAA stations vs. SLOSH maximum water levels fora)( surge and

(b) surgeplustides and the timef-arrival of the peak water levels foc)(surge and

(d) surgeplustides. In @) and p), the dark orange cone depicts 10% error, the orange
cone depicts 20% error and the yellow cone depicts 30% error. In paleé (simulated
surge at 3 NJ and at 2 NY station locations show ebetweenl(0% and20%, while at
station locations far from the point of landfall the modeled maximum surge is
underestimatedn panel p) the simulated surgplustides water surface @lation errors at
most station locations are within the%ai20% range. In panels)(and €) the stations that

fall in the £3 h error range for the timef-arrival of the peak are within the orange band
and thet6 h error range are within the yellow barthe simulated peak arrival times at
most sensor locations are withirh3f that which was observed, except at stations in RI
and MA far from the landfall location in pane)(and at Cape May (8536110) in paré (
which is close to the boundary of thedel grid.
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The simulated peak arrival times at most sensor locations are withof tBat which wa®bserved,
except at stations in Rl and MA far from the landfall location in panel (c), and at Cape May (station
8536110) in panel (d) becausenantioned above, the station is located too close to the model boundary.
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4.2. USGS Storm Surge SensessSLOSHWater Levels

The USGS deployed a temporary network of walevel and barometric pressure sensors at
224 locations along the Atlantic codsim Virginia (VA) to Maine (MN). This was the econdlargest
deployment of storatide sensorsexceeded onlpy the numberdistributed duringHurricane Irene
(2011) which malelandfall in the same area of thks [3]. 145waterlevel and9 waveheightsensors
were deployed at 147 locationsile 8 rapid deploymengauges(RDGs), and62 barometric pressure
sensors were deployed at additional locations. The water level sensors recorded water lesetsoad30
intervals, the wave sensors record#mta every 2s, the RDG sensors recorded water Isvahd
metorologicaldata every 18nin and the barometripressure sensors recorded ats8@ondntervals.
The water levels weneecorded in feet aboWdAVD88. Unfortunately, 7 water level sensors were lost
or the structureto whichthey were attachederedamaged, 4 watdevel sensors and 1 wave sensor
did notrecord (the water did not rise high enough tonteasurefland 2 RDG were destroyed by
flood. This temporarymonitoring network augmented tlexisting tidegauge networks and helped
characteriz¢he height, extent and timing of the storm tides.

Table 5 shows the USGS storm surge sensors (SSS) deployedchstatethat were used to
comparewaterlevel measurements agaimssults from th&SLOSHsurgeplustides simulation

Table 5. The numbers of USGS storm surge sensors (SSS) deployed in each state,
eliminated from the analysis, and used to verify the SLOSH model -plugétides
simulation results (* denotes that the sensor was both outside the SLOSH basin and
measured waves, nstirge or tides).

U.S.State Number Deployed Outside . W.aVG SubGr.id Features N.umber Uged
SLOSH Basin  Height Not in Model in Analysis

CT 27 4 1 22

DE 13 12 1*

ME 3 3

MD 4 4

MA 22 19 3

NH 2 2

NJ 14 4 4 2 4

NY 43 5 4 5 29

PA 6 6

RI 10 4 1 5

VA 10 10
Total 154(+8 RDG 73 9 12 60

Of the 154 sensors, only 81 were located in the ny3 basin. 9 sensors that recordezijhéagicy
wave heights could not be used for verification purposes because the coupled surge (SLOSH) plus
wave (SWAN, Simulating WAves Nearshore) modeling system lisustilergoing development and
testing. 12 sensors were close to the SLOSH basin boundary or were sited in locations that were
contaminated by local effects (some sensors were buried under the sand attached to an undergrour
piling, others were surrounded high marsh grass/weeds, some sensors were mounted on structures
that block flow in most directions, other sensors were located in narrow alleys between buildings
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where extreme, unrepresentative channeling can o@&taj, These sulgrid scale featuresnd
geomorphologies are not modeled or resolved by the SLOSH grid, so those sensors were not employe
in the verification process. Therefore, 60 SSS sensors (Figayevére compared with the model results
(Figure 13b)

Figure 13. (a) Map of USGS Storm Sge SensoSSS)locations (b) Hydrographs of
inundation recorded by USGS SSfed) vs. SLOSHsimulated surgelustides water
levels above ground level (AGLblue) with RMS error and correlation calculateetween
the two types of time series. Time is nmonth/day and hours UTC (horizontal ax#s)d
water elevations are in meters (vertical axi$)e sensomumbesin the time series plots in
(b) correspond to the locatioskownin panel ).
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A comparison between the SSS sensor measurements and SliOdbted water levels AGL,
displayed in Figure 3b, show the extent and degree of inundation and how well the model values
agree with the observed water levels. The hydrographs at the SSS stations show excellent agreement
both amplitude and phase with the SLOSH mesil@lulated surg@lustides results

Figure Ma shows the SSS sensor measurements that fall within the 10% error (dark orange) cone,
20% error (orange) cone and 30% error (yellow) cone. The Sk€h@Hlated surg@lustides values
at most station locations are within the 1@®% error rangeFigure #b shows the stations that fall in
the £3 h error range in the arrival time of the peak (orange)ifhtt error (yellow). Most of the
simulated peak arrival times are accurate within 3 h of the observed arrival times.

Table 6 compares th&l/SGS storm surge sensor (SS83%. SLOSH maximum water surface
elevations from the SLOSH surgdustides simulation, the timing of the peak water levels, and
calculations of the RMS errors and the correlations. Tables 7, 8 and 9 provide summary statistics for
the data in Table 6. The RMSE of the S&SSLOSHsimulated water levels show that 80% of the
values simulated at station locations are less than 0.5 m (1.6 ft) in error and have correlations greate
than 0.60. The SLOSHimulated relative errors are labhan 0.30 at 92% of the SSS sensor locations



