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A B S T R A C T

The intensity of major tropical cyclones has increased during the past decade. Their effect is particularly acute
in coastal areas where they cause extensive damage leading to an influx of debris, sediments and waste to the
sea. However, most operational coastal ocean models do not represent heavy-wind transport processes correctly
if the hydrodynamics is not coupled with the wind-generated waves. This may lead to significant errors in
ocean simulations under tropical cyclone conditions. Here, we investigate current–wave interactions during a
major hurricane and assess their impact on transport processes. We do that by coupling the unstructured-mesh
coastal ocean model SLIM with the spectral wave model SWAN, and applying it to the Florida Reef Tract during
Hurricane Irma (September 2017). We show that the coupled model successfully reproduces the wave behavior,
the storm surge and the ocean currents during the passage of the hurricane. We then use the coupled and
uncoupled wave–current model to simulate the transport of passive drifters. We show that the wave radiation
stress gradient alone can lead to changes of up to 1 m/s in the modeled currents, which in turn leads to
differences of up to 5 km in the position of drifting material over the duration of the hurricane. The Stokes
drift however appears to cause deflections up to 4 times larger and hence dominates wave-induced transport.
Wave–current interactions therefore strongly impact the transport of drifting material such as sediments and
debris in the aftermath of a hurricane. They should thus be taken into account in order to correctly assess its
overall impact.
. Introduction

Major hurricanes are becoming more intense under the effect of
lobal warming (Bhatia et al., 2019; Knutson et al., 2020). Better
nderstanding their repercussions on coastal areas becomes therefore
ritical. However, estimating the impact of hurricanes on the coastal
cean circulation remains a challenge. Understanding wave–current
nteractions and representing their impact on coastal ocean transport
rocesses is central to many coastal activities such as dredging, erosion
anagement, oil and gas activities, search and rescue, and insur-

nce (Bever and MacWilliams, 2013; Li and Johns, 1998; Breivik et al.,
013). All these activities require wave–current models to predict the
mpact of tropical cyclones on the coastal circulation and on the sea
urface elevation.

Wave–current interactions during a cyclone are highly nonlinear
nd vary significantly in space and time (Wu et al., 2011). Wave-
nduced currents are generated by wave radiation stress gradients
Longuet-Higgins, 1970), affecting water levels near shorelines and
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wave breaking points (Longuet-Higgins and Stewart, 1964). Changes
in water levels and currents, in turn, affect the motion and evolution
of the waves (Sikirić et al., 2013). Coupled wave–current models hence
require the calculation of the full directional wave spectrum in order to
correctly reproduce the dynamics of wind-driven surface waves. This is
usually achieved by spectral wave models, which describe the evolution
of the wave energy spectrum. As of today, the most popular spectral
wave models are the WAve Model (WAM) (WAMDI Group, 1988),
Simulating WAve Nearshore (SWAN) (Booij et al., 1999), and WAVE-
WATCH III (Tolman et al., 2009). Among these models, SWAN has been
specifically developed for coastal applications, as it represents depth-
induced wave breaking and triad wave–wave interactions using numer-
ical techniques adapted to small-scale, shallow water regions (Booij
et al., 1999). WAVEWATCH III has also recently been equipped with
new parallelization algorithm, domain decomposition and numerical
schemes for high resolution coastal applications (WW3DG, 2019; Ab-
dolali et al., 2020).
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Coastal oceans are characterized by the complex topography of the
oastline and the presence of islands, reefs and artificial structures.
raditional structured-grid models lack the flexibility to simulate near-
hore processes at a sufficiently small scale. Although the use of nested
tructured grids allows local grid refinement (Warner et al., 2010),
taircase-like representation of complex coastal topographies cannot
e avoided. Instead, unstructured-mesh models easily adapt to the
opography and are hence better suited to coastal processes (Fringer
t al., 2019). Capturing the impact of the topography on wave interac-
ions becomes even more important in the case of tropical cyclones.
eavy winds generate large wind–waves and disturb ocean condi-

ions (Liu et al., 2020) by causing coastal upwellings on continental
helves (Smith, 1982) and inducing strong currents, waves and storm
urges in nearshore and coastal regions (Dietrich et al., 2010; Weisberg
nd Zheng, 2006).

Ocean waves act as the dynamical interface between the atmosphere
nd the ocean. Through this interface, tropical cyclones cause a cooling
f the upper ocean layer by vertical mixing and heat transfer (Aijaz
t al., 2017; Varlas et al., 2020). By altering the structure of the upper-
cean, hurricane can cause the disruption of major ocean currents such
s the Florida Current and Gulf Stream (Oey et al., 2007). Interaction
ith hurricanes alters the thermal structure of these currents and can

ause a significant decline of their flow, resulting in delayed increased
oastal levels along their path, even in locations out of reach of the
urricane itself (Ezer et al., 2017; Ezer, 2018, 2020).

Near the storm, heavy wind conditions also affect material transport
t the ocean surface. The transport of drifting objects or substances
hat are locally released is often best represented by a Lagrangian
ndividual-based model. Such an approach is routinely used to model
he dispersal of larvae, pollutants, sediments and many other trac-
rs (e.g. Le Hénaff et al., 2012; Liubartseva et al., 2018; Figueiredo
t al., 2013; Frys et al., 2020). Although some transport model might
ake wave-induced currents into account, most of them neglect wave–
urrent interactions, which can lead to significant errors in storm
onditions (Röhrs et al., 2012; Curcic et al., 2016). Niu and Xia (2017)
nd Mao and Xia (2018, 2020) investigated the impact of wave–
urrent interactions during storm event in lakes and inlets. However,
o our knowledge, there have been no similar studies on the impact of
urricane-induced wave–current interactions in coastal environments
uch as the Florida Reef Tract (FRT), where changes in transport
rocesses might significantly impact the biological connectivity.

The main questions we want to answer in this study are the fol-
owing: (1) How important are wave–current interactions during a
ropical cyclone? (2) What effect do they have on the transport of
rifting material? We tackle these issues by investigating the transport
f drifting particles on the Florida shelf during Hurricane Irma, one of
he strongest and costliest tropical cyclones on record in the Atlantic
asin (Xian et al., 2018), which made landfall in Florida in September
017. To do that, we developed an unstructured-mesh coupled wave–
urrent model of the whole FRT to simulate the ocean circulation under
urricane conditions. Both modeled currents and waves were validated
gainst field measurements and then used to simulate the transport of
rifting material in the Florida Keys and over the Florida inner shelf.
odel outputs were then compared with uncoupled simulation results

n order to assess the impact of the radiation stress gradient and Stokes
rift on the modeled currents and transport.

. Methods

.1. Study area and observational data

We study the ocean circulation in an area that covers the whole FRT
nd includes the northwestern end of the Gulf of Mexico and the Straits
f Florida (Fig. 1). The large-scale ocean circulation around South
lorida is dominated by the Florida Current (FC), which originates

rom the Loop Current (LC) where it enters the Florida Straits from

2

the Gulf of Mexico, and, downstream, forms the Gulf Stream. The FC is
a major western boundary current characterized by spatial variability
and meandering, associated with the presence of cyclonic eddies be-
tween the core of the current and the complex reef topography of the
FRT (Lee et al., 1995; Kourafalou and Kang, 2012). The variability of
the FC extends over a large range of spatial and temporal scales, with
periods of 30–70 days in the Lower Keys (Lee et al., 1995) and shorter
periods of 2–21 days in the Upper Keys (Lee and Mayer, 1977), and
exhibits significant seasonal and interannual cycles (Johns and Schott,
1987; Lee and Williams, 1988; Schott et al., 1988). Circulation on the
West Florida Shelf (WFS), on the other hand, is forced by local winds
and tidal fluctuations (Lee and Smith, 2002; Liu and Weisberg, 2012).
Furthermore, due to its location relative to the warm waters of the
North Atlantic, Florida is particularly vulnerable to tropical cyclones.
On average, the state is hit by a hurricane every two years and strong
hurricanes, some of which are among the most destructive on record,
strike Florida on average once every four years (Malmstadt et al.,
2009).

The state of the ocean around Florida is monitored by an extensive
array of tide gauges, current meters and buoys. In this study, we used
sea surface elevation measurements from the National Oceanic and At-
mospheric Administration’s (NOAA) Tides and Currents dataset. These
measurements were taken at four locations: two in the Florida Keys
(Key West and Vaca Key); one on the East coast of Florida (Virginia
Key); and one on the West coast (Naples). For the currents, we used
ADCP measurements from the University of South Florida’s College of
Marine Science’s (USF/CMS) Coastal Ocean Monitoring and Prediction
System (COMPS) for the WFS (Weisberg et al., 2009). More specifically,
we used measurements from moorings C10, C12 and C13, respectively
located at the 25, 50, and 50 m isobaths of the WFS (Liu et al., 2020).
Finally, for the waves, we used measurements from four buoys of the
NOAA’s National Data Buoy Center (NDBC); two on Florida’s eastern
shelf and two on the WFS. The locations of all measurement stations
are shown in Fig. 1.

2.2. Wind and atmospheric pressure during Hurricane Irma

Hurricane Irma made landfall in Florida on 10 September 2017 as
a category 4 hurricane at Cudjoe Key (Florida Keys) and later as a
category 3 hurricane on Marco Island, south of Naples (see hurricane
track in Fig. 1). It then weakened to a category 2 hurricane as it moved
further inland (Cangialosi et al., 2018). The storm damaged up to 75%
of the buildings at its landfall point in the Florida Keys, making it
one of the strongest and costliest hurricanes on record in the Atlantic
basin (Xian et al., 2018; Zhang et al., 2019). The strongest reported sus-
tained winds on Marco Island were 50 m/s while the highest recorded
storm surge was 2.3 m, although larger wind speed likely occurred in
the Florida Keys (Pinelli et al., 2018). To reproduce the wind profile of
Irma in our model, we used high-resolution H∗Wind wind fields (Powell
et al., 1998). As these data represent 1-min averaged wind speeds,
we multiplied them by a factor 0.93 to obtain 10-min averaged wind
speeds (Harper et al., 2010). This operation reduces the erratic values
caused by the greater variance of mean winds measured over periods
shorter than 10 minutes. Furthermore, H*Wind wind profiles did not
cover the whole model extent during the passage of the hurricane
and were thus blended within a coarser wind field extracted from the
European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-
5 dataset (Fig. 2A). The pressure field during the passage of Hurricane
Irma was also reconstructed using ERA-5 data. However, the coarse
resolution of the dataset smoothes out the depression at the center of
the hurricane, leading to an underestimation of the pressure gradient
(Fig. 2B). To better capture the central depression of Irma, we therefore
built a hybrid pressure field using the position and the minimal pressure
of the core of the hurricane based on its track, as recorded in the
HURricane DATabases (HURDAT) 2 (Landsea and Franklin, 2013).

Based on this information, the hybrid pressure field was constructed by
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Fig. 1. (A) Mesh of the computational domain with the trajectory of Irma. The category of the hurricane is given by the Saffir–Simpson color scale. (B) Bathymetry of the domain
with the location of stations used for the validation of the model outputs. (C) Close up view of the Lower Keys area (red box in (A)), where the mesh resolution reaches 100 m
near reefs (shown in dark orange) and islands (shown in dark gray).
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combining an idealized Holland pressure profile (Lin and Chavas, 2012)
within the radius of maximum wind speed of Irma (Knaff et al., 2018)
with ERA-5 pressure field. The transition from the Holland profile
to ERA-5 data outside the radius of maximum wind speed data was
performed using a smooth step function (Fig. 2).

2.3. Hydrodynamic model

Ocean currents generated during Hurricane Irma around South
Florida were modeled using the 2D barotropic version of the unstruc-
tured-mesh Second-generation Louvain-la-neuve Ice-ocean Model1
(SLIM) (Lambrechts et al., 2008). The model mesh covers an area
similar to the model extent of Dobbelaere et al. (2020), that includes
the FRT but also the Florida Straits and part of the Gulf of Mexico
(Fig. 1). However, this area has been slightly extended northeastward
and westward in order to include the NOAA-NDBC buoys. Furthermore,
to withstand potential cell drying during the hurricane, we solved the
conservative shallow water equations with wetting–drying:

)H
)t

+ ∇ � (U) = 0 ;

)U
)t

+ ∇ �
�UU
H

�

+ fez × U = �gH∇(H − h) − 1
�
∇patm + 1

�
�s

+ ∇ � (�∇U) −
Cb
H2

ðUðU + 
(Uref − U) ;

(1)

1 https://www.slim-ocean.be
3

where H is the water column height and U is the depth-averaged
transport; f is the Coriolis coefficient; g is the gravitational acceler-
ation; h is the bathymetry; � is a coefficient indicating whether the
mesh element is wet (� = 1) or dry (� = 0) (Le et al., 2020); � is
he Smagorinsky viscosity; Cb is the bulk bottom drag coefficient; patm
s the atmospheric pressure; �s is the surface stress, usually due to
ind; and 
 is a relaxation coefficient towards a reference transport
ref. As this study focuses on transport processes and not coastal

looding, wetting–drying is only applied on wet grid cells that may
ecome dry under the influence of the hurricane. As in Frys et al.
2020) and Dobbelaere et al. (2020), SLIM currents were gradually
elaxed towards the operational Navy HYbrid Coordinate Ocean Model
HYCOM) product (GOMl0.04,2 Chassignet et al. (2007)) in regions
here the water depth exceeds 50 m. HYCOM’s 3D currents were
epth-integrated into 2D transports to be used as forcing in the model.
oreover, these transports as well as HYCOM’s sea surface elevation
ere used as boundary condition in the model.

We adapted the parameterization of the wind-induced surface stress
o storm conditions. At very high wind speeds, the white cap is blown
ff the crest of the waves. This phenomenon, also known as spume, has
een hypothesized to generate a layer of droplets that acts as a slip layer
or the winds at the ocean–atmosphere interface (Holthuijsen et al.,
012). It causes a saturation of the wind drag coefficient for strong
inds (Powell et al., 2003; Donelan et al., 2004; Curcic and Haus,
020). We take this saturation effect into account by using the wind

2 https://www.hycom.org/data/goml0pt04
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