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Abstract Tropical storms and hurricanes frequently pass over the Straits of Florida, energizing the
near-inertial wave (NIW) field in the strait. Two ship-based surveys, which were launched shortly after
storms, observed velocity shear bands over the western slope of the strait—clear signatures of NIWs. Also,
the hydrographic measurements demonstrate the formation of a slantwise critical layer (where isopycnals
are parallel with bathymetry) over the western slope, which is known to be a trapping zone for NIWs.

A realistic simulation of the Straits confirms the emergence of NIWs under a tropical storm, which is
accompanied by inertially modulated bottom-enhanced mixing over the western slope. The mechanism
driving the mixing is that the storm-generated NIWs radiate downward from the core of the Florida
Current, reflect off the eastern slope, and enter the slantwise critical layer over the western slope; upon
entering, wave trapping, and amplification lead to the enhanced mixing.

Plain Language Summary Strong winds blowing over the ocean inject a significant amount
of energy into the ocean. Some of this energy goes into near-inertial waves, internal waves radiating

from the surface that transmit energy into the ocean interior. Near-inertial waves (NITWs) are thought to
play a role in mixing deep waters and sustaining the global overturning circulation. However, they have
not been considered as a key driver of mixing near the seafloor. In this study, we present observations of
storm-generated NIWs over the seafloor of the Straits of Florida by two research cruises launched shortly
after tropical storms. Supported by theories, our numerical simulations show supportive evidence that

the seafloor mixing in the Straits of Florida can be enhanced by these storm-generated NIWs. The benthic
deep-water coral ecosystems and the properties of intermediate water masses are potentially influenced by
this mixing enhancement.

1. Introduction

Enhanced mixing over sloping bathymetry plays an important role in closing global ocean energy budgets
and influences deep-water mass transformation and diapycnal upwelling, yielding significant implications
for salinity, heat, and nutrient budgets in the abyssal ocean (Callies & Ferrari, 2018; Ferrari et al., 2016;
McDougall & Ferrari, 2017; Wunsch & Ferrari, 2004). The bottom-enhanced mixing is highly localized, and
one important process driving it is critical reflection of internal waves (Kunze & Smith, 2004), which occurs
when the wave's ray slope is close to the bottom slope. Under such circumstances, the focusing of the wave
energy would lead to wave amplification and hence wave breaking and enhanced mixing (Cacchione &
Wunsch, 1974; Chalamalla et al., 2013). Observations over continental slopes have indicated that internal
tides are the major agents undergoing critical reflection and inducing bottom-enhanced mixing as many
continental slopes are nearly critical for semidiurnal tidal periods (Gregg et al., 2012; Moum et al., 2002;
Nash et al., 2007).

Near-inertial waves (NIWs)—inertia-gravity waves with a frequency near the inertial frequency—carry a
significant fraction of the kinetic energy in the internal wave field and are thought to contribute to ocean
interior mixing. However, they have not received much attention in terms of critical reflection off sloping
bathymetry (Alford et al., 2016). The lack of attention is mainly due to the conception that NIWs propagate
nearly horizontally and that, when such waves encounter a steep slope, the waves would be reflected off-
shore rather than experiencing critical reflection (Cacchione et al., 2002; Kunze & Smith, 2004). However,
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theories suggest that the baroclinicity of an oceanic front can significantly steepen the propagation path-
ways of NIWs, opening the possibility of the critical reflection of NIWs on sloping bottom (Mooers, 1975;
Thomas, 2017; Whitt & Thomas, 2013). Qu et al. (2021) demonstrate such a scenario—the so-called slant-
wise critical layer which can form when isopycnals run parallel to sloping bathymetry. Upon entering this
stratified layer, the wave's ray slope approaches the bottom slope with the alignment between the velocity
shear bands and the sloping bathymetry, and, more importantly, the group velocity of the waves decreases
to zero. Consequently, the wave amplification through trapping leads to turbulence and mixing in this strat-
ified layer over the sloping bottom.

An example of a flow that satisfies the conditions for a slantwise critical layer is the benthic front that blan-
kets the western slope of the Straits of Florida. A turbulent stratified boundary layer is observed within the
benthic front with an averaged diffusivity of 4.2 x 10™* m*/s, which is one order of magnitude larger than
the ambient water (Winkel et al., 2002). Using the scalings of Gregg (1989) and Polzin et al. (1995), Gregg
et al. (1999) and Winkel et al. (2002) attributed the elevated mixing to turbulence associated with the mean
shear of the Florida Current and internal wave-wave interaction but they did not consider the trapping of
NIWs in slantwise critical layers.

The Straits of Florida is heavily influenced by tropical storms, which input a significant amount of energy
into the NIW field. In this article, we will demonstrate, using a combination of numerical simulations and
analyses of observations, that the trapping of storm-generated NIWs in slantwise critical layers can elevate
mixing in the turbulent stratified boundary layer in the Straits.

2. Observations

A routine survey has been conducted at 27°N in the Straits of Florida to monitor the Florida Current trans-
port since 2001 (Figure 1a) as part of the Western Boundary Time Series project (Meinen et al., 2010; Szuts
& Meinen, 2013). The data collected during the surveys include hydrography from conductivity-temper-
ature-depth (CTD) casts, and velocity measurements made using lowered acoustic Doppler current pro-
filers (ADCPs) and shipboard ADCPs (Garcia & Meinen, 2014). The CTD measurements were made at a
resolution of 1 m at nine discrete stations (see Figure 1). During the CTD casts, the velocity measurements
were made with a 300 kHz lowered ADCP at a resolution of 10 m. More continuous velocity fields across
the strait were mapped at a resolution of 10 m in the vertical using a 75 kHz shipboard ADCP which has a
maximum profiling range up to 700 m. In this article, we use data collected by 75 cruises from 2001 to 2019,
with 3-4 cruises per year.

Two out of the 75 cruises were conducted shortly (2-3 days) after large tropical storms passed the strait—
one following Tropical Storm Gordon in September 2018, and the other following Tropical Storm Julia in
September 2016 (Figures 1la-1c). Table S1 in the supporting information provides detailed information on
the cruises and storms. These timely launches offer a unique opportunity for us to observe storm-generated
NIWSs. Both cruises observed the slantwise critical layer over the western slope of the strait, where the iso-
pycnals run nearly parallel with the sloping bathymetry (Figures 1d and 1g). Moreover, tilted shear bands
were observed over the western slope during both cruises, suggestive of the presence of NIWs (Figures 1f
and 1i). The shear bands can be classified into two groups representing two different pathways of NIWs,
with one group located at shallower depths (above ~200 m) and the other at deeper depths (below ~300 m).
The deeper group of NIWs enters the slantwise critical layer, and the subsequent trapping and amplification
of the NIWs should elevate mixing over the western slope according to the theory in Qu et al. (2021).

To identify the pathways of the two groups of NIWs, ray tracing is conducted based on the climatology fields
in the strait (see the supporting information for the theory behind the ray-tracing calculation). The clima-
tology includes the potential density and meridional velocity, which are calculated based on the 19-years of
cruise data. The climatological potential density suggests that the slantwise critical layer over the western
slope is a persistent feature (Figure 1j). The climatological meridional velocity indicates that the vorticity at
the surface changes sign in the core of the Florida Current (Figure 1k), where the vorticity gradient is likely
maximum and hence a location for the downward radiation of NIWs (see Section 4.1). Another radiation
location is at the eastern edge of the strait, where the vorticity gradient is also large (see Figure S1 in the sup-
porting information). Wave rays are initiated at these locations and traced until they reach the separatrix,
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Figure 1. (a) Storm tracks and the cruise path in the Straits of Florida. The storm tracks are from the International Best Track Archive for Climate Stewardship
(IBTrACS, Knapp et al., 2010). (b and ¢) MODIS-AQUA visible images of Storms Gordon and Julia over the strait. The cruise path is marked by the red lines. (d-
i) Potential density, meridional velocity, and vertical shear of zonal velocity from the cruises during Storms Gordon and Julia. The triangles denote the sampling
stations. (j and k) Climatological averages of potential density and meridional velocity based on the cruises from 2001 to 2019. (1) Ray-tracing solutions. The
black stars denote the initial locations of the waves, and the red rays are the pathways of the wave packets. The wave frequency is set to 1.1f I, ,_,7. (equivalent
to a period of 24 h). The blue contours mark the separatrix where @,,,, = 1.1f. The rays and the propagation time are estimated using the extrapolated field of
the climatological potential density (contoured) and based on the ray-tracing theory (see the supporting information for details). Isopycnals in (d, g, j, and 1) are
contoured in gray every 0.2 kg/m®.
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beyond which the waves become evanescent. As illustrated in Figure 1, we envision that the shallower
NIWs originate from the eastern side of the strait, while the deeper NIWs radiate from the Florida Current,
reflect off the eastern slope, enter the slantwise critical layer, and enhance mixing over the western slope.

3. Realistic Simulation

Unfortunately, the surveys did not make fine-scale measurements of turbulence, and hence accurate mixing
information cannot be directly acquired. Moreover, information on temporal variations was not provided
since each survey samples the whole strait only once each time. In lieu of such observations, we use a realis-
tic simulation that is capable of reproducing the responses of the NIWs and associated mixing enhancement
under tropical storms to explore the physics of NIWs in the Strait.

The realistic simulation is extracted from a submesoscale-permitting Atlantic wide simulation (GIGATL1)
performed with the Coastal and Regional Ocean COmmunity model (CROCO), which is built upon the
Regional Oceanic Modeling System (Shchepetkin & McWilliams, 2005, ROMS). It solves the free surface,
hydrostatic, and primitive equations using terrain-following vertical coordinates. The simulation domain
covers the full Atlantic Ocean with a horizontal resolution that varies between 700 m and 1 km and with 100
vertical levels. The simulation is run from June 2007 to June 2009. Boundary conditions are supplied by the
Simple Ocean Data Assimilation (Carton & Giese, 2008, SODA). Initial conditions are provided by a lower
resolution version (dx = 3 km) of an otherwise identical configuration initialized in January 2004 using
SODA as initial and boundary conditions. The simulation is forced by hourly atmospheric forcings from the
Climate Forecast System Reanalysis (Saha et al., 2010, CFSR) and includes barotropic tidal forcing at the
boundaries and tidal potential and self attraction that are taken, respectively, from TPXO7.2 and GOT99.2b.
The bathymetry is taken from the SRTM30plus data set (Becker et al., 2009). The k — ¢ turbulence closure
scheme is used to parameterize vertical mixing, and the Canuto A stability function formulation is applied
(Canuto et al., 2001; Umlauf & Burchard, 2003). There is no explicit lateral diffusivity in the simulation.
The effect of bottom friction is parameterized through a logarithmic law of the wall with a roughness length
Z, = 0.0l m.

Here, we present the responses of the NTWs and associated mixing enhancement during Tropical Storm Fay,
which moved over the strait in mid-August, 2008 (Figure 2a). At 27°N the winds start to increase at 19:00 on
August 17th and maintain a speed exceeding 10 m/s for about 3 days (Figure 2b). Noticing that the inertial

. . . —— 0 - 0
period at 27°N is 26.4 h, the turbulent shear production P = —u'w X yw'Z over the western slope ex-

hibits a near-inertial pulsing about 3 days after the wind burst (Figuré 2¢). The enhancement of P indicates
the enhancement of mixing, because P is the direct energy supply for the turbulent kinetic energy (TKE)
dissipation rate ¢ and the turbulent buoyancy flux B = b'w’ based on the k — ¢ model (Warner et al., 2005).
The near-inertial variability of P suggests that the enhanced mixing is related to NIWs. As illustrated in
Figures 2d and 2a slantwise critical layer is formed over the western slope, and the ray-tracing solution
suggests that the NIWs radiating from the Florida Current could enter the slantwise critical layer. This
pathway of NIWs is indeed reflected in the field of vertical shear with the shear bands largely paralleling
the wave rays (Figure 2f). Correspondingly, the mixing enhancement blankets the deep western strait (from
300 to 700 m roughly) over a thickness of about 30 m. This region with the enhanced mixing coincides with
the turbulent stratified boundary layers, that were identified by Winkel et al. (2002) using microstructure
measurements at 27°N in the strait. We explore the underlying mechanism driving the enhanced mixing
within the stratified boundary layers over the western slope in the next section. The mixing over the eastern
slope of the Straits is also near-inertially enhanced during the storm due to critical reflection of NIWs (see
the supporting information for the detail).

4. Mechanism Driving the Mixing Enhancement
4.1. Conceptual Model

A simple 2D conceptual model is developed to illustrate the mechanism driving the mixing enhancement
over the western slope of the strait (see the schematic in Figure 3). The model consists of three key ele-
ments: (a) radiation of NIWs out of the core of the Florida Current; (b) downward reflection of NIWs off
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Figure 2. Results of the realistic simulation. (a) Surface winds (vectors) of Tropical Storm Fay from Climate Forecast System Reanalysis/NOAA and the strait
bathymetry (color) from SRTM30plus. The snapshot of the winds is made at 03:00 on August 19, 2008, which is denoted in (b) by the dashed line. (b) Time
series of the zonal (blue), meridional (yellow) components, and speed of the winds during the storm. The properties are averaged across the strait along 27°N

——ou ——0
(along the green line in (a)). (c) Time series of the turbulent shear production, P = —u'w'a—u - v'w'a—v
Z Z

averaged within the control volume denoted in (g) by the dashed box. (d-g) Across-strait sections of the potential density, meridional velocity, vertical shear
of zonal velocity, and turbulent shear production along 27°N. The red lines in (d) are the wave rays calculated by setting the wave frequency of 1.1f 1, ,,_»7on
(equivalent to a period of 24 h). These sections are made at 21:00 on August 20, 2008, which is denoted in (c) by the dashed line. The potential density is
contoured every 0.2 kg/m® in (d, f, and g).

= v[(%)2 + (@)2], where v is the viscosity. P is
0z 0z

the eastern slope; (c) trapping of NIWs in the slantwise critical layer over the western slope. Each element
is elaborated in more detail below.

The storm inputs energy into near-inertial motions and energizes a NIW field with large horizontal scales
near the surface. However, to radiate downwards, NIWs need to reduce their wavelength to increase their
vertical group velocity. Via a mechanism known as ¢ -refraction, the lateral wavelength of NIWs can be
efficiently reduced at locations where gradients in vertical vorticity, , are large, and, as the wavelength
shrinks, the NIWs can radiate into the interior (Asselin & Young, 2020; Young & Jelloul, 1997). Based on the
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surface velocity profile (Figure S1 in the supporting information), the core of the Florida Current would be
such a location where NIWs are preferentially radiated downwards via ¢ -refraction.

In the presence of a background current, NIWs can propagate vertically in regions of anti-cyclonic vorticity
because of the modification of the effective minimum frequency (Kunze, 1985; Mooers, 1975). To the east of
the current core, the vorticity is anti-cyclonic, and hence allows for an eastward and downward propagation
pathway of the NIWs. As the NIWs approach and reflect off the eastern slope, not only the vorticity but also
the baroclinicity can modify the propagation of the waves, resulting in wave rays with slopes

2 2
" — O,
Spay = 8, & —zmm, (1)
N

where s, is the isopycnal slope, o is the wave frequency, and o

2 22
quency allowable for the waves, N? = %, Ro, = é, Ri, = NS

oz 7 v
h denotes the horizontal gradient (Thomas, 2017; Whitt & Thomas, 2013). According to Equation 1, the rays
of the incident and reflected waves have to be symmetric with respect to isopycnals. As a consequence, the
waves are reflected into the deeper strait and propagate westward toward the slantwise critical layer over
the western slope.

= f\/l + Ro, — Ri;' is the minimum fre-

b is the buoyancy, and the subscript of

In the slantwise critical layer, the alignment between the isopycnals and the sloping bottom ensures a back-
ground geostrophic flow with Ro, = Ri;', where Ro, is the Rossby number and Ri, is the balanced Rich-
ardson number (Qu et al., 2021). Consequently, the modifications from the vorticity (encompassed in Ro,)
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and the baroclinicity (encompassed in Ri,) cancel out with each other such that the minimum frequency
allowable for NIWs is precisely inertial, w,,;,, = f. According to Equation 1, @,,, = f ensures s,,, = s, for
NIWs with @ = f, and hence the associated wave rays are aligned with the sloping bottom in a slantwise
critical layer. Moreover, when o approaches ,,,,, the group velocity vanishes, leading to wave trapping. So,

upon entering the slantwise critical layer, the trapping of the NIWs induce wave amplification and hence
enhance the mixing over the western slope of the strait.

4.2. Idealized Simulation

A 2.5D idealized simulation is designed to test the conceptual model, in which the ROMS is employed. The
domain is based on the realistic bathymetry of the strait at 27°N in the across-strait direction and set to be
invariant in the along-strait direction. The Coriolis parameter is set to f = f |, ,_,,.- The simulation is
initialized using the climatological fields at 27°N (which are constructed based on the surveys from 2001 to
2019; see Figure S2). The model is forced by an oscillatory wind stress with an amplitude of 0.3 N/m” and a
frequency of 1.1 f. See the supporting information for details on the model configuration.

Consistent with the realistic simulation, the idealized simulation also shows that the mixing over the west-
ern slope is enhanced with an elevated TKE dissipation rate ¢ and diffusivity x (Figures 3a and 3b). The
pattern of the vertical shear indicates that the NIWs radiate out of the core of the Florida Current, reflect
off the eastern slope, and enter the slantwise critical layer over the western slope. The propagation pathway
is similar to that in the survey observations and the realistic simulation (Figures 3c and 3d). The averaged ¢
over the western slope exhibits near-inertial pulsing about 3 days after the wind forcing is turned on, which
is consistent with the realistic simulation (Figure 3e). The near-inertial pulsing of ¢ is suggestive of a causal
link with the NIWs.

Upon entering the slantwise critical layer, the NIWs get trapped, leading to accumulation of wave energy
and hence enhanced vertical shear. The idealized simulation shows that the vertical shear in the slantwise
critical layer is significantly elevated 2-3 days after the wind forcing is turned on (Figure 3f). Moreover,

noting that the background shear is positive (see the early stage in Figure 3f), ? reaches a maximum when
4

the wave shear aligns with the background shear. As a consequence, this shear alignment phases the mixing
enhancement. For instance, the evolution during the mixing enhancement from 90 to 102 Hr shows that,
as the total shear is elevated due to the shear alignment, the Richardson number is significantly reduced,
resulting in the enhanced mixing in the stratified layer that is evidenced by the elevated ¢ and x (Figure 3g).

In contrast to the coastal slantwise critical layers in the northern Gulf of Mexico (Qu et al., 2021), the slant-
wise critical layer in the Straits of Florida is deep, the vertical shear in the background flow is strong, and the
NIWs entering the layer are relatively weak with an amplitude one order of magnitude smaller. This leads to
a difference in the mechanisms controlling the near-inertial pulsing of mixing. In the case of the northern
Gulf of Mexico, the strong NIWs significantly modify the background density field and drive an asymmetric
oscillation in the across-shore pressure gradient force with stronger amplitudes at the phases with onshore
currents in the slantwise critical layer (Qu et al., 2021). Consequently, the convergence of the wave energy
flux pulses at certain phases of the NIWs (i.e., the phases with onshore currents), resulting in a near-inertial
pulsing in the bottom mixing. In the case of the Straits of Florida, the NIWs are in a weak and linear regime,
and the near-inertial pulsing of mixing is driven by the shear alignment that occurs near-inertially. Never-
theless, both mixing enhancements are due to wave trapping in the slantwise critical layers.

5. Discussion

Sixty tropical storms/hurricanes passed the Straits of Florida from 2001 to 2020 (see Figure 4a for the storm
tracks), indicating a significant amount of energy input into the NIW field. However, NIWs form not only
during tropical storms/hurricanes but also in other strong-wind events that are not induced by tropical
storms/hurricanes. Consequently, enhancement of mixing in the deep strait can also be driven during the
nonstorm wind events via NIW trapping. Here, we discuss the relative importance of tropical storms/hurri-
canes in generating NIWs in the Straits versus other strong-wind events. The wind events over the Straits are
recognized if the wind speed is over 10 m/s and are classified as either storm events or strong-wind events
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Figure 4. (a) The Storm tracks (gray lines) from 2001 to 2020 and the deep-water coral habitat areas of particular concern (HAPCs; green polygons). The storm
tracks are from International Best Track Archive for Climate Stewardship. (b and ¢) Wind work WORK ;¢ (blue) and WORK g, (yellow) as functions of month
and year. (d) Scatter plot of the wind events related to the tropical storms/hurricanes from 2001 to 2009. The color denotes the wind speed in units of m/s, and
the size denotes the duration in units of hours. Histograms of the duration are attached at the axes. () Same as (d) but for the nonstorm wind events. The winds
are averaged between —80°W and —79°W and along 27°N using the Climate Forecast System Reanalysis data set.

depending on whether a storm passed by the strait. Figures 4d and 4e show the statistics of these two groups
of wind events in terms of strength and persistence. The storm events tend to occur in summer and fall,
exhibiting short and intermittent characteristics combined with strong bursts, while the strong-wind events
often occur in winter, exhibiting long and regulated persistence with mildly strong winds.

To understand the relative importance of these two groups of winds on energizing NIWs, the wind work of
each group is estimated via a slab mixed layer model as follows:

Oupy oy = T,

2
o PoH L @

— Uy s
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where (u,,, ,v,, ) are the mixed layer velocities, f = f |,;. is the Coriolis parameter, (7,,7,) is the wind

stress, p, = 1025 kg/m’ is the reference density, H v = 50m is the mixed layer thickness, and r = % fis

the damping coefficient (Pollard & Millard, 1970). The solutions of the slab mixed layer model are not sen-
sitive to the magnitude of » and do not qualitatively change if the coefficient is in the range1/r = 0.1 -1
days (D'Asaro, 1985; Whitt & Thomas, 2015). The wind stress is calculated based on a quadratic equation,
T =Cyp, | Uy | Uy, where C; = 1.5 x 107 is the drag coefficient, p,;, = 1.225 kg/m” is the air density, and
U, is the wind velocity 10 m above the sea (Cushman-Roisin & Beckers, 2011). The wind velocity is extract-
ed from the CFSR/NOAA data set and averaged between —80°W and —79°W and along 27°N.

Forced by the wind stress, the slab mixed layer model is integrated to yield the mixed layer velocities so
that the wind work can be estimated. By definition, the wind work integrated through a certain period 7
as follows:

Tty + TV

WORK = '[T PoH

dt. (4)
The wind work represents the energy input into the NIW field by the winds and yields an upper bound on
the wave energy flux into the ocean interior. The wind work is attributed to the two groups by integrating
through two different periods. The period for the tropical storms/hurricanes 75 is defined by when the wind
speed is over 10 m/s and a storm passes over, while the period for the strong-wind events Ty, is when the
wind speed surpasses the same cutoff but the high speed is not driven by any tropical storms/hurricanes.
The wind work WORK ;¢ and WORK,, are then determined by integrating over T, and 7, respectively.
The statistics show WORK; and WORK ,, as functions of month and year (Figures 4b and 4c). If shown in
month (year), the wind work is calculated by integrating Equation 4 over the Ty / T, of a certain month
(year) over all years (months). It is suggested that WORK ;; and WORK g, take turns to dominate in different
seasons with similar magnitudes, and WORK g, maintains at a stable level with the magnitude comparable
to WORK ¢ of the years with intense storms. Consequently, it could be inferred that the long persistence
of the winds makes the strong-wind events an equivalently important contributor to energize the NIWs.
Overall, both the tropical storms/hurricanes and strong-wind events input a significant amount of energy
into the NIW field and could play equally important roles on driving the enhancement of bottom mixing,
yielding potential environmental implications in the deep strait.

The Straits of Florida is a habitat with extensive deep-sea coral ecosystems (Reed et al., 2013). Deep-sea
corals provide shelters and host deep-water ecosystems (Wilson et al., 2006). Two deep-water coral habitat
areas of particular concern (HAPCs; Figure 4a) are designated between Florida and the Bahamas in the
deep western strait (NOAA, 2010), where the mixing could be enhanced by NIWs. The mixing enhancement
could alter the levels of temperature, oxygen, and PH that the corals experience and may cause sediment re-
suspension that would provide particulate organic matter for the corals, suggesting important implications
for the benthic ecosystems.

Another potential impact of the enhanced mixing worth noting is related to Antarctic Intermediate Water
(AAIW). Induced by the upslope bottom Ekman transport, AAIW blankets over the western bottom of the
strait (Seim et al., 1999). AAIW is a cold, low salinity water mass that distinguishes from the upper warmer,
saltier water in the strait which is originated from the subtropical South Atlantic (Atkinson, 1983; Schmitz
& Richardson, 1991). The enhanced mixing by NIWs could affect the abyssal diapycnal transport and hence
potentially modify the properties of AAIW before it joins the North Atlantic, which could have significant
implications for the distribution of biogeochemical tracers downstream.
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