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Abstract Superstorm Sandy was a massive storm that impacted the U.S. East Coast on 22-31 October 2012,
generating large waves, record storm surges, and major damage. The Coupled Ocean-Atmosphere-Wave-Sediment
Transport modeling system was applied to hindcast this storm. Sensitivity experiments with increasing
complexity of air-sea-wave coupling were used to depict characteristics of this immense storm as it underwent
tropical to extratropical transition. Regardless of coupling complexity, model-simulated tracks were all similar to
the observations, suggesting the storm track was largely determined by large-scale synoptic atmospheric
circulation, rather than by local processes resolved through model coupling. Analyses of the sea surface
temperature, ocean heat content, and upper atmospheric shear parameters showed that as a result of the
extratropical transition and despite the storm encountering much cooler shelf water, its intensity and strength
were not significantly impacted. Ocean coupling was not as important as originally thought for Sandy.

1. Introduction

Tropical cyclones (TCs) and extratropical cyclones represent large, discrete events that have dramatic effects
on the marine environment. As considerably more people and property have aggregated to the shoreline in
recent decades, the damage caused by these intense storms will continue to increase [Emanuel, 2005].
These impacts are not only dependent upon strength (represented by maximum 10 m wind) and intensity
(represented by minimum sea level pressure) of the storm but also storm size [Merrill, 1984; Hill and
Lackmann, 2009]. On 22-31 October 2012, the U.S. East Coast was under the direct impact of a massive storm.
Record storm surges were observed in highly populated areas of New Jersey, New York, and Connecticut.
Combining devastating flooding with hurricane-force winds, the massive hurricane and extratropical storm
that became known as Superstorm Sandy (hereafter, Sandy) was the second-costliest cyclone on record to
impact the United States [Blake et al., 2013]. Sandy made landfall in New Jersey, U.S., approximately 2 h after
becoming an extratropical system [Blake et al., 2013]. The distinction between tropical and extratropical
storm proved to be extremely important for claims made to insurance companies. Thousands of families
found their insured homes not covered as they were victims of a “flood” and not a “hurricane” [Smith, 2012].

Sandy has an interesting synoptic history. National Hurricane Center (NHC) forecasts issued at 03Z on 27
October described Sandy as having characteristics of hybrid cyclone, with the appearance of an occluded low
but with a deep warm core and no significant surface temperature gradient [Beven, 2012]. Galarneau et al.
[2013] perform an investigation into the extratropical transition of this storm, which begins at 00Z 29 October
as Sandy interacted with a polar trough and completed near 21 Z on 29 October. In this study, we

utilized the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modeling system [Warner

et al., 2010] to simulate Sandy and its impact on the ocean and wave environments as it made landfall in the
northeast U.S. The COAWST modeling system has been utilized in the past to examine intense hurricanes
[Warner et al., 2010; Olabarrieta et al., 2012], strong Nor'easters [Nelson and He, 2012]. The purpose of this case
study is to utilize the COAWST model to examine the effects the atmosphere, ocean, and wave environments
had on Sandy as it completed tropical to extratropical transition.

2. Model Configuration

COAWST couples three state-of-the-art numerical models representing the ocean, atmosphere, and wave
environments. These models are the Regional Ocean Modeling System (ROMS) [Haidvogel et al., 2008], the
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Weather Research and Forecasting (WRF) model [Skamarock et al., 2005], and the Simulating Waves
Nearshore (SWAN) model [Booij et al., 1999], respectively. For the WRF model, we utilized a TC-following
nested atmospheric grid to resolve the inner eyewall processes of Sandy [Hill and Lackmann, 2009;
Gopalakrishnan et al., 2012]. The outer grid encompassed the entire U.S. East Coast with a grid spacing of
9km, while the inner grid was scaled down to 3 km. The WRF model time step was defined as 24 s on the
outer grid and 8 s on the inner grid. Grid-resolved precipitation on both grids was computed using the
WRF Single-Moment six-class microphysics scheme (WSM-6) from Hong and Lim [2006]. This first-order
microphysics scheme features water vapor, cloud water, cloud ice, rain, snow, and graupel. On the 9 km
outer grid, the Kain-Fritsch CP scheme [Kain, 2004] was used to parameterize precipitation processes on a
subgrid scale. For the inner grid, the 3 km mesh was able to resolve precipitation adequately and no
cumulus parameterization was necessary. Longwave and shortwave radiation physics were computed using
the Rapid Radiative Transfer Model [Mlawer et al., 1997] and the [Dudhia, 1989] scheme, respectively. The Eta
surface layer scheme [Janji¢, 1996, 2002] based on similarity theory [Monin and Obukhov, 1954] physics
option was used along with the Noah land surface model [Chen and Dudhia, 2001] for both grids. The
Mellor-Yamada-Janji¢ turbulent kinetic energy planetary boundary layer model [Mellor and Yamada, 1982;
Janji¢, 1990, 1996, 2002] was called every time step on both WRF domains. The initial and boundary
conditions for the WRF model are derived from the 1° National Centers for Environmental Prediction (NCEP)
Final (FNL) Operational Model Global Tropospheric Analyses [National Centers for Environmental Prediction,
National Weather Service, NOAA, U.S. Department of Commerce, 2000]. The product was used to initialize WRF
approximately 35 h before landfall (12Z 28 October) with boundary conditions updated every 6 h.

The ROMS/SWAN domain is spatially collocated with the WRF outer domain, with the exception of small
lateral boundaries placed on all sides to ensure WRF forcing exists for the entire ROMS/SWAN domain. This
domain features grid spacing of 7 to 10 km, small enough to resolve atmospheric forcing from tropical
cyclones [Halliwell et al., 2011]. The ROMS domain has 36 stretched, terrain-following vertical coordinates,
with finer grid spacing used closer to the ocean surface. A 25 s baroclinic time step was used. We followed the
scheme of Marchesiello et al. [2001], whereby Orlanski-type radiation conditions were used in conjunction
with relaxation (with time scale of 0.5 days on inflow and 10 days on outflow) to downscale daily tracer
(salinity and temperature) and 3-D velocity fields of global HYbrid Coordinate Ocean Model with Naval
Research Lab Coupled Ocean Data Assimilation (HYCOM/NCODA) [Chassignet et al., 2007] solutions, which
also provided the initial ocean conditions. For the free surface and depth-averaged velocity boundary
conditions, we adopted the method of Flather [1976] with the external values also defined by daily
HYCOM/NCODA. Our ROMS setup used a [Mellor and Yamada, 1982] method to compute vertical turbulent
mixing, as well as the quadratic drag formulation for the bottom friction specification.

In the SWAN setup, we use the same spatial grid as the ROMS model where directional space was utilized
with 36 directional bins and 24 frequency bins between 1's and 25 s. Nonlinear quadruplet wave interactions
were activated in the model. Wave bottom dissipation was parameterized using the Madsen et al. [1988]
formulation, with an equivalent roughness length scale of 0.05 m. The depth-induced breaking constant, i.e.,
the wave height to water depth ratio for breaking waves, was set to 0.73. Wind-wave growth was generated
using the Komen formulation [Komen et al., 1984]. A backward-in-space, backward-in-time advection scheme
was used for iteration. SWAN was initialized in stationary mode with surface forcing provided by WRF.
Boundary conditions were updated every 3 h from solutions of the global WaveWatch 3 (WW3) model
(http://polar.ncep.noaa.gov/waves/index2.shtml).

We found that with the wave coupling, treatment of the surface roughness length had a definite effect on
the maximum wind speed derived in the simulations and is clearly an area needing more research and
refinement. Here we chose to use the Taylor and Yelland [2001] parameterization to calculate surface

roughness length:
By
2 _, (H
H; L,

where H is the significant wave height (in m) and L, the wave length (in m). A; and B, are constants
calculated in Taylor and Yelland [2001] to be 1200 and 4.5 (both are dimensionless values), respectively. The
COAWST system provides two other parameterizations for surface roughness: that in Oost et al. [2002] and in
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Drennan et al. [2005]. Our sensitivity experiments show that the [Taylor and Yelland, 2001] parameterization
provided the best simulation overall among the three, based on comparisons to NHC track, intensity,
strength, and in situ buoy comparisons of SST and wave heights (not shown).

Our COAWST hindcast for Sandy initialized at 12Z 28 October 2012 and ran through 00Z 3 November 2012 to
cover the relaxation period after storm passage, and for in situ data comparisons.

3. Experiment Design

Four experiments were performed, with increasing complexity, to explore the ocean-wave-atmosphere
dynamics during Sandy. The first experiment (WRF-Static) utilized a WRF-only simulation with a sea surface
temperature (SST) condition that was unchanged after initialization. The second experiment (WRF-OML)
featured a one-dimensional Ocean Mixed Layer (OML) model [Pollard et al., 1972] integrated into WRF [Davis
et al., 2008]. For the WRF-OML experiments, we utilized a —0.14°C m™~! lapse rate and a 50 m mixed layer
throughout the entire ocean domain. The third experiment (two-way) featured coupling between the WRF
and ROMS models, such that the SST was passed from ROMS to WRF and sea surface stresses (z) and net heat
flux were passed from WRF to ROMS. The fourth experiment (three-way) included full coupling between the
WRF, ROMS, and SWAN models and allows WRF to pass winds at 10 m above the sea surface directly to SWAN,
which used them in the computation of significant wave height, average wavelength, and relative peak
period; these were then passed back to WRF and ROMS. Surface wave direction, bottom wave period, bottom
orbital velocity, percentage of breaking waves, and dissipation energy also were transferred from SWAN to
ROMS. Sea surface height (SSH) and east and north currents computed as a vertical distribution of the current
profile based on the method of Kirby and Chen [1989] were passed from ROMS to SWAN.

4. Results
4.1. Comparisons of Sandy’s Track, Intensity, and Strength

A comparison of numerical simulations of Sandy'’s track, intensity (minimum Sea Level Pressure; SLP), and
strength (maximum 10 m wind) to the National Hurricane Center’s (NHC) best track (Verification) [Blake et al.,
2013] shows that all experiment results are similar to Verification through landfall (approximately hour 34 of
the simulations; Figure 1). Sandy maintained a similar track in all simulations (Figure 1a) before its landfall.
Twelve hours after landfall, the simulated tracks began to diverge. This is in part a consequence of the
tracking algorithm, which follows the location of lowest central pressure whereas the best track locates the
center of storm. As Sandy moved inland, the storm became disorganized, and the center of circulation was
not consistent with the location of lowest central pressure.

The comparison of the simulated intensities (minimum central pressure, unit: hPa) against Verification
likewise shows similar values (Figure 1b). The correlation coefficient (r) and root-mean-square error (RMSE) of
minimum SLP (Table 1) indicate that the three-way coupled simulation had the best correlation (0.938)

and significantly reduced RMSE (6.9 hPa) among all cases. The worst performing simulation was WRF-OML,
with r of 0.91 and RMSE of 9.0 hPa.

Greater variance appeared between the simulated strength (maximum 10 m wind speed, unit: m s') of all
four experiments and Verification (Figure 1c). The wave-uncoupled models all yielded similar results with the
greatest differences occurring with the wave-coupled experiment, a consequence of the parameterization of
surface roughness in the three-way simulation. The three-way experiment showed the lowest correlation
coefficient (0.80; Table 1), the largest RMSE (9.6 m s~ ') and the greatest variability of all the experiments. As
we stated, model results are sensitive to parameterization of the surface roughness in wave-coupled models,
an important factor in coupled TC modeling that deserves more research.

4.2, In Situ Comparisons of SST and Wave Height

Comparisons between simulated and observed SST and wave height time series were also used to evaluate
model performance. The five buoys selected (shown in Figure 1a) featured data over the entire storm event
with minimal gaps. Three buoys were chosen to the south and two to the north of the storm track in order to
discern any along-shelf bias. Only the model experiments with time-dependent variables were considered for
these comparisons (i.e., the WRF-Static experiment was excluded from the SST comparison and the three-way
coupled experiment was the only simulation used for wave height comparison). Statistical analysis to
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Figure 1. Comparison of Sandy’s modeled track with (a) initial SST, (b) Sandy’s intensity (minimum SLP), and (c) strength
(maximum 10 m wind). Analysis completed from start of simulation (12Z 28 October) through dissipation (00Z 31 October).
Panels include NHC best track Verification (black) and model experiments: three-way (red), two-way (blue), WRF-OML (green),
and WRF-Static (magenta). Also shown are buoy locations (red dots, top panel) for time series analysis in Figure 2.

Table 1. Correlation Coefficient (r) and Root-Mean-Square Error (RMSE) of Four Experiments (Static, WRF-OML, Two Way,
and Three Way) Compared to NHC's Best Track for Simulated Intensity (Minimum SLP; hPa) and Strength (Maximum
10 m Wind; m 5_1) of Sandya

Static WRF-OML Two Way Three Way
r Intensity 0.92 0.91 0.92 0.94
Strength 0.94 0.90 0.90 0.80
RMSE Intensity (hPa) 8.0 9.0 75 6.9
Strength (m 5_1) 6.3 7.2 7.5 9.6

*The temporal bounds of this comparison are from initialization (12Z 28 October) through termination of NHC's best
track (00Z 31 October).
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Figure 2. Time series comparison of Verification and model predictions of (a) SST (a) and of significant (b) wave height
throughout the simulation (12Z 28 October through 00Z 3 November). Numbers are five near-shore buoys mapped in
Figure 1a. SST time series includes three-way (red), two-way (blue), and WRF-OML (green) experiments. Significant wave
height time series includes three-way case and modeled depth at buoy locations, along with associated correlation
coefficient (r) and RMSE values. RMSE and r are calculated hourly for a total of 133 temporal points at each buoy (where in
situ data are available). Verification for both time series is shown in black.

determine the correlation coefficient and RMSE were completed over the entire simulation (12Z 28
October through 00Z 3 November). This resulted in 133 temporal points of comparison at each buoy,
although some small gaps from missing in situ data are present.

For the SST analysis (Figure 2a), the worst performing simulation was the WRF-OML, with an average
correlation coefficient at all four locations of 0.62 and RMSE of 1.70°C. The two-way and three-way cases
performed similarly to each other, with average correlation coefficients of 0.85 and 0.81 and RMSE of 0.98 and
0.96°C, respectively. At the buoy well to the south of the storm track (44,099), the two-way and three-way
simulations had correlation coefficients of 0.99 and 0.98, and RMSE values of 1.17 and 0.71°C, respectively. At
this location, the three-way simulation performed markedly better than the two-way experiment.
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Figure 3. Environmental conditions prior to Sandy’s landfall (12Z 28 October through approximately 00Z 30 October).
Figure includes (a) simulated intensity (minimum SLP, hPa) every 3 h, (b) simulated strength (maximum 10 m wind, m s
every 3 h, (c) hourly SST (°C), (d) hourly ocean heat content (OHC, 10° K cmfz), (e) hourly vertical shear (m 571) calculated
between 850/200 hPa (red) and 850/500 hPa (blue), and (f) translation speed (m 571) evaluated every 6 h. The three-way case
was analyzed with NHC best track Verification (black) every 6 h.

Significant wave height comparisons showed good agreement with buoy data at the three northern stations,
suggesting the three-way coupled simulation provided an excellent wavefield as Sandy moved onshore
(Figure 2b). The worst comparison was at buoy 44,099, located farthest south from the storm track. At this
location, the correlation coefficient was still good: 0.95. However, the model overestimated the waves with
the RMSE of 1.60 m. The resolution of the ocean grid (7 km), plus unresolved nearby shoreline and the
shallow depth (18.35 m), is likely culprits for the deficiency at this location. The best performing location
was at buoy 44,097, the farthest to the northeast and the deepest (50.83 m), where the correlation
coefficient was 0.96 and RMSE was 0.66 m.

4.3. Analysis of the Environmental Conditions Before Landfall

A number of marine environmental variables of potential importance to tropical and extratropical cyclones
were examined (Figure 3). Observations were not available consistently, as remote-sensed or in situ data
were missing during the storm (e.g., satellite SST data obscured by cloud cover). Our three-way coupling
experiment provided temporally and spatially continuous modeled data time series for analysis. This analysis
began at model initialization (12Z 28 October) and continued until just after landfall (00Z 30 October).

As we did to determine our simulated storm track, we used positions for the grid points of lowest sea level air
pressure to determine the locations of the storm center, then extracted SST, ocean heat content (OHC) and
vertical wind shear at these locations to examine how they changed as the storm center moved (Figure 3) from
open ocean to the coast. OHC was calculated using a formula similar to [Leipper and Volgenau, 1972]:

OHC =pc, | [T(2) - 16)0z
T=16°C
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where p =1025kgm >, ¢, = 3850 J kg~ ' °C”', and temperature anomaly (relative to 16°C) is integrated with
depth relative to the 16°C isotherm. The 26°C isotherm used in Leipper and Volgenau [1972] was too warm for
our analysis, as underlying SST during Sandy repeatedly fell below this value after Sandy crossed the Gulf
Stream. In addition, we followed the method of Rhome et al. [2006] to calculate the atmosphere shear values:
an annulus around the storm center was created, with an inner radius of 200 km and an outer radius of
800 km. The vertical vector differences of the annulus at two levels were then used to compute the shear. In
particular, we analyzed the shear between 850 and 500 hPa, i.e., ‘U)Sso_soo) = ‘Um — 7500} [Rhome et al.,

2006] as well as between 850 and 200 hPa, i.e., ‘U)gso,zoo‘ = ‘U)gso — Um‘ [Emanuel et al., 2004], as both have

been demonstrated to correlate well with time-dependent variations in storm intensity (minimum SLP) and
strength (maximum 10 m wind). The translation speeds were estimated using the model-simulated and
NHC-observed tracks until after Sandy made landfall, when the center of rotation became less well defined.

The minimum SLP simulated by the three-way coupled model and the Verification minimum SLP

(Figure 3a) both demonstrate a slow increase until 5.5 h before landfall (2330Z 29 October) [Blake et al.,
2013]. The three-way simulation resolved landfall about 1.5 h earlier. NHC best track wind speed gradually
increased, peaked at 12Z 29 October (11.5 h before landfall), and then declined as the storm exited the Gulf
Stream, made landfall, and headed inland (Figures 2b and 2c). SST at the storm center stayed relatively
constant (~25°C) as Sandy moved from the Sargasso Sea and crossed the Gulf Stream. This is shown
spatially at model initialization in Figure 1a and track following in Figure 3c. The sharp decline of SST
occurred as the storm center moved west of the Gulf Stream and encountered cooler shelf water
approximately 12 h before landfall. Correspondingly, the OHC (Figure 3d) at the storm center increased
steadily as Sandy moved over the Sargasso Sea and Gulf Stream waters, then decreases sharply as it
entered the shelf waters.

Concurrent with the gradual decrease in minimum SLP (Figure 3a) and increase in maximum wind speed
(Figure 3b), both shear parameters (Figure 3e) gradually decreased (more subtle for the 850-500 hPa shear
parameter) until just prior to landfall. As the storm moved across the coastal ocean, interaction with an upper
level trough approaching the East Coast of the U.S. [Blake et al., 2013; Galarneau et al., 2013; Shen et al., 2013;
Munsell and Zhang, 2014] resulted in the significant deep-layer shear present in our simulations. The presence
of this deep-layer shear with continued intensification confirms the assertions of Galarneau et al. [2013].
Increasing baroclinicity and frontogenesis were keys to the secondary intensity maximum shortly before
landfall. Before landfall, the storm was nontropical to the extent that the substantial vertical shear would not
be expected to cause weakening.

The translation speed (Figure 3f) almost doubled (from 5m s~ to 10m s~ ') until just prior to landfall,
resolved in both the three-way simulation and the NHC best track. As a result of increased translation speed
of Sandy, among the aforementioned uncoupled processes [Galarneau et al., 2013; Shen et al., 2013; Munsell
and Zhang, 2014], the effect of a cooler SST was negligible toward the minimum SLP and maximum winds
of the storm in the hours leading up to landfall.

5. Discussion and Conclusion

Superstorm Sandy made its way up the coast as a hurricane, interacting with ocean features in the Sargasso
Sea, Gulf Stream, and shelf waters of the western North Atlantic Ocean before transitioning into an
extratropical system. Utilizing the COAWST modeling system to quantify evolutions of marine environmental
changes during this transition, we found that, regardless of coupling complexity, model-simulated tracks
were all similar to the observations, suggesting the storm track was largely determined by large-scale
synoptic atmospheric circulation, rather than by local processes resolved through model coupling. The
translation speed also significantly increased (doubled) as Sandy moved across the shelf. As a result, ocean
coupling did not have a drastic effect on simulated intensity and strength.

Relatively speaking, including the wave coupling in the three-way (ocean-atmosphere-wave) coupled
configuration produced the most significant differences in the storm strength (maximum wind) comparisons.
These differences were attributed to the atmospheric boundary layer interactions with surface roughness,
calculated with consideration to wave heights. More research on wave-induced surface roughness
parameterizations is needed.
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Comparisons between simulated and observed SST and wave height time series at five buoys located on the
U.S. mid-Atlantic coastal shelf showed the simulation of WRF coupled to a simple 1-D ocean mixed layer
model had the largest errors. The three-way ocean-atmosphere-wave coupled model reproduced well the
observed wave heights at three of the four locations; the one outlier was located in the shallowest water and
closest to shore. A higher grid resolution ocean/wave model is needed to better resolve the wave
dynamics there.

Together, the environmental conditions of Sandy prior to its landfall demonstrate that decreasing SST and
OHC directly below the eye contributed to the storm losing its tropical characteristics several days prior to
landfall. Despite that, Sandy had slight increases in strength (maximum winds) and intensity (minimum SLP)
concurrent with reduced atmospheric shear as it accelerated toward the coastline while becoming a
powerful extratropical system. Such a tropical-to-extratropical transition is crucial for storm classification
during landfall, because the difference between naming a storm a hurricane or an extratropical cyclone has
great implication for insurance claims. More research and observations are needed to better characterize
the tropical to extratropical transition process of future storms similar to Sandy.
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