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Generation of Near-Inertial Currents on the Mid-Atlantic Bight
by Hurricane Arthur (2014)

Fan Zhang' (), Ming Li1, and Travis Miles2

"Horn Point Lab, University of Maryland Center for Environmental Science, Cambridge, Maryland, USA, 2Department of
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Abstract Near-inertial currents (NICs) were observed on the Mid-Atlantic Bight (MAB) during the passage
of Hurricane Arthur (2014). High-frequency radars showed that the surface currents were weak near the
coast but increased in the offshore direction. The NICs were damped out in 3-4 days in the southern MAB
but persisted for up to 10 days in the northern MAB. A Slocum glider deployed on the shelf recorded
two-layer baroclinic currents oscillating at the inertial frequency. A numerical model was developed to
interpret the observed spatial and temporal variabilities of the NICs and their vertical modal structure.
Energy budget analysis showed that most of the differences in the NICs between the shelf and the deep
ocean were determined by the spatial variations in wind energy input. In the southern MAB, energy
dissipation quickly balanced the wind energy input, causing a rapid damping of the NICs. In the northern
MAB, however, the dissipation lagged the wind energy input such that the NICs persisted. The model
further showed that mode-1 waves dominated throughout the MAB shelf and accounted for over 70% of
the current variability in the NICs. Rotary spectrum analyses revealed that the NICs were the largest
component of the total kinetic energy except in the southern MAB and the inner shelf regions with strong
tides. The NICs were also a major contributor to the shear spectrum over an extensive area of the MAB shelf
and thus may play an important role in producing turbulent mixing and cooling of the surface mixed layer.

1. Introduction

When a tropical or an extratropical storm moves over the deep ocean, wind stress fluctuations at frequen-
cies in the near-inertial band can resonantly force inertial currents in the surface mixed layer. Pollard and
Millard (1970) and Pollard (1980) found that up to two-thirds of the kinetic energy in the mixed layer is con-
tained within the near-inertial band during storms. The ocean response to a hurricane can be separated
into two stages. The “forced” stage response during the storm passage includes strong mixed-layer currents
and rapid cooling of the sea surface temperature (Cuypers et al.,, 2013; D'Asaro et al.,, 2007; Sanford et al.,
2007, 2011). Price et al. (1994) used a three-dimensional model to simulate the forced stage response to
three hurricanes and found that the near-inertial currents (NICs) have a rightward bias due to the coupling
between the clockwise-rotating wind stress and mixed-layer currents on the right side of the track. The
“relaxation stage” response after the storm passage involves the dispersion of near-inertial frequency inter-
nal waves into the stratified interior of the ocean (Gill, 1984; Price, 1983). Gill (1984) developed a modal
model to describe the excitation of submixed-layer motions by a passing storm and found that the energy
projects predominantly on the lowest modes. The horizontal scale of the near-inertial waves is initially set
by the scales of wind stress in the storm (Gill, 1984; Price, 1983). Several processes act to decrease the hori-
zontal scales of the mixed-layer motions, generating shorter waves that can propagate into the stratified
interior (Alford et al., 2016). In particular, D'Asaro et al. (1995) and D’'Asaro (1995a, 1995b) demonstrated the
role of the latitude-dependent Coriolis parameter or the f effect in reducing the horizontal scales of the
near-inertial waves.

When a storm moves over the continental shelf, however, its wind stress and wind stress curl may excite
several different modes of oceanic variability besides the near-inertial waves. Longshore winds could gener-
ate upwelling or downwelling along the coast. Onshore winds may drive onshore surface currents and off-
shore bottom currents, and the resulting shear-induced mixing could lead to rapid ahead-of-eye center
cooling of the surface mixed layer (Glenn et al., 2016; Seroka et al.,, 2016, 2017). Nevertheless, Chen et al.
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(1996) and Chant (2001) reported observations of low-mode near-inertial internal waves that are consistent with
local wind forcing. Shearman (2005) analyzed 1 year long observations from the Coastal Mixing and Optics
moored array on the New England shelf, and found that a mode-1 baroclinic structure was coherent across the
entire shelf, with a magnitude that decreased onshore. This onshore decrease of NICs is consistent with the the-
oretical prediction of a two-dimensional, linear, flat-bottom, two-layer, coastal wall model by Pettigrew (1981).
The presence of a coastal boundary causes divergence in the surface mixed layer, generating NICs below it and
leading to low modal wave structure. Shearman (2005) also observed that the near-inertial waves were stronger
in the summer and weaker in the winter, following the seasonal cycle in vertical stratification but opposite to
the seasonal change in wind stress. MacKinnon and Gregg (2005) analyzed the mooring data collected during
the spring stratification period and tracked the generation, evolution and decay of the near-inertial waves. They
found that the wave evolution was controlled by the balance among wind stress, bottom drag, and turbulent
dissipation. Moreover, they observed a switch from mode-1 to mode-2 waves as the stratification evolved, and
attributed the switch to nonlinear coupling of the waves through bottom stress.

Although these previous studies have yielded important insights into the structure and dynamics of near-
inertial waves on the continental shelf, the coastal ocean response to a passing storm is not completely
understood. The mooring observations described above provided detailed time series at a few sites but
could not provide a synoptic picture of the shelf-wide response to a storm. It is not clear if the NICs, which
dominate the ocean response to storms in the deep ocean, remain to be an important part of the storm-
induced currents on the shelf. Neither is it clear if the shear associated with NICs contributes to turbulent
mixing and the cooling of the surface mixed layer that may reduce the storm intensity.

Hurricane Arthur (2014) provides a unique opportunity to document and analyze the coastal ocean
response to a tropical storm. Arthur moved over the Mid-Atlantic Bight (MAB) on 4 July 2014, after making
landfall in North Carolina and re-entering the North Atlantic (Figure 1). Arthur attained a maximum
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Figure 1. (@) Map and bathymetry of the MAB. Water depth drops sharply beyond the 200 m isobath. (b) Time series of the WRF-predicted (solid) and observed
(dashed) maximum sustained winds (MSW) at 10 m height during the passage of Hurricane Arthur. The shaded area indicates the time period of Arthur’s passage
over the MAB. (c) Predicted surface winds at 13:00 LST 4 July. Wind speeds lower than 10 m s~ " are not shown. The black solid line with timestamps (red dots
spaced at the interval of 1 h) represents the predicted storm track, and the black dashed line represents the observed track. The magenta triangle marks Buoy
44066, the magenta star marks the approximate location of the glider, and magenta dot and square mark the third and fourth locations used for the rotary

spectrum analysis in Figure 3, respectively.
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sustained wind (MSW) of over 40 m s~ ' at 10 m above the sea surface just before its reentry to MAB (Figure
1b). Strong cyclonic winds blew across the entire MAB and the adjacent deep ocean (Figure 1c). MSW
decreased to about 32 m/s when the center of the storm reached the New England shelf. A network of
High-frequency (HF) radars recorded the surface currents generated by Arthur as it propagated northeast-
ward from the Outer Banks of North Carolina to the New England Shelf. A Slocum glider was deployed off
the New Jersey Coast prior to the arrival of Hurricane Arthur. It obtained vertical profiles of temperature,
salinity, and currents in the water column during Arthur’s passage over the MAB. These observations, along
with hindcast simulations from a three-dimensional numerical model, can be pieced together to produce a
detailed three-dimensional view of the MAB's response to Hurricane Arthur. The numerical model, once vali-
dated against the observations, can be used to probe mechanisms driving the spatial and temporal variabil-
ities of the NICs on the shelf.

This paper is organized as follows. Section 2 reports observations of the NICs generated by Hurricane Arthur.
Section 3 describes the numerical model. Section 4 shows the model results and the analysis of the near-
inertial wave dynamics. Finally, conclusions are made in section 5.

2. Observations of Near-Inertial Currents

2.1. Surface Currents From High-Frequency Radars
HF radar surface currents were mapped using a network of CODAR SeaSonde stations distributed across the
MAB. HF radar measures the radial component of ocean surface currents using the Doppler shift of back-
scattered radio frequencies from surface waves (Barrick, 1971a, 1971b; Teague, 1971). Total surface current
vectors are determined by combining overlapping radials using an optimal interpolation method to pro-
duce hourly surface current maps. Kohut et al. (2012) conducted a detailed analysis on the uncertainty of
HF radar velocity measurements. They compared the HF radar velocities against the velocities measured by
Acoustic Doppler Current Profilers (ADCPs). The root-mean-square differences between the two measure-
ment techniques were typically below 10 cm/s, on the same order of magnitude as the differences between
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Figure 2. Surface subtidal currents observed by HF radar at (a) 07:00 LST 4 July, (b) 11:00 LST 4 July, (c) 15:00 LST 4 July, and (d) 19:00 LST 4 July. (e)-(h) Surface
NICs at the same times as Figures 2a-2d. The red circle marks the storm center in each snapshot.
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the spatially separated ADCPs themselves. The measurement discrepancies were attributed to differences
in the spatial sampling resolution (~6 km resolution in the 5 MHz HF radar versus point measurements in
ADCP) as well as possible mismatches in the measurement depth for the ocean surface layer (~2.4 m for HF
radar versus the upper bin width of the ADCP). The HF radar network used in this study sampled across the
continental shelf from the shore out to the shelf-break in ideal wave conditions (Roarty et al., 2010). This sys-
tem is operated by the Mid-Atlantic Regional Association Coastal Ocean Observing System (MARACOOS,
https://maracoos.org/) and was recently repaired and hardened for tropical cyclone impacts based on dam-
ages sustained during Hurricane Sandy.

The HF radars produced a sequence of maps of the surface currents as Hurricane Arthur made its way
northeastward from Outer Banks of North Carolina to New England Shelf (Figures 2a-2d). To focus on the
currents generated by the storm, harmonic analysis was applied to extract and remove tidal signals from
the HF radar data. At 07:00 LST 4 July (Figure 2a), Arthur's center was off the mouth of Chesapeake Bay. A
cyclonic current pattern developed in the southern MAB, mirroring the wind stress curl generated by the
storm (Figure 6a). The currents were much stronger (over 1 m s~ ') on the right-hand side of the storm track
than those on the left-hand side (~0.5 m s™"). Farther north, the surface currents were weak (~0.2 m s~ ")
and mostly directed onshore, likely driven by the easterly winds in the front quadrants of the storm. As
Arthur moved northward and further offshore (Figure 2b), southward currents occupied the southern and
middle parts of the MAB shelf (New Jersey Coast to Outer Banks of North Carolina) while the currents off
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Figure 3. (3, ¢, e, g) Rotary spectra and (b, d, f, h) variance-preserving spectra for the surface currents at three locations in
a northern MAB section and one location in southern MAB (their locations marked by large magenta symbols in Figure
1¢). The spectra are calculated from the HF radar time series between 2 and 12 July.
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Cape Hatteras were offshore. At 15:00 LST 4 July when the storm center was located off the New Jersey
Coast (Figure 2c), the southward currents spread across the entire MAB shelf. Noticeably, the surface cur-
rents in the middle part of MAB (off New Jersey Coast and Long Island Coast) increased from ~0.2 to
~0.7 m s, while the currents on the southern MAB decreased slightly. At 19:00 LST 4 July (Figure 2d),
Arthur was located over the shelf-break south of Cape Cod. Cyclonic currents developed there, with south-
ward currents on the rest of the MAB shelf.

NICs were a major component of the storm-driven currents and were extracted from the detided currents using
a sixth-order bandpass Butterworth filter set at (0.8-1.2) f (local inertial frequency). HF radar data with less than
90% temporal coverage were excluded from the analysis, and other smaller data gaps were patched using linear
interpolation. At 07:00 LST 4 July, the surface NICs showed strong cyclonic currents (>0.5 m s~ ') on the right
side of the storm’s center but weak currents (<0.2 m s~ ') on the inner shelf (Figure 2e). As Arthur continued its
path northward and off to the deep ocean, the HF radar could only provide a partial view of the surface currents
up to the shelf-break (Figures 2f-2h). Nonetheless, NICs, rotating clockwise in time with a velocity magnitude of
0.1-0.3 m s~ ', were observed throughout the MAB shelf. At 19:00 LST 4 July, strongest NICs were still seen in
southern MAB even though the storm’s center had already moved to the New England Shelf (Figure 2h).

When a hurricane moves over the deep ocean, the dominant oceanic response is the NICs (Price, 1983; Price
et al.,, 1994; Sanford et al., 2007, 2011). When a hurricane moves over the continental shelf, however, other
types of currents could be generated (Glenn et al., 2016). To discern the role of NICs on the shelf, we calcu-
lated the rotary spectra using the HF radar total velocity time series between 2 and 12 July at four locations:
an inshore location (~30 m isobath, near the glider track), a midshore location (~50 m isobath, midpoint
between the glider and buoy) and an offshore location (~80 m isobath, Buoy 44066) along a cross-shelf sec-
tion off New Jersey Coast; a location off the Virginia Coast (Figure 3). At the inshore location with strong
semidiurnal tides, the NICs only had less than one-half of the M, tidal energy, although it was still higher
than K; tide (Figures 3a and 3b). At the midshore and offshore locations (Figures 3c-3f), however, NICs had
much higher energy content than the tidal components and dominated the energy spectrum. At the south-
ern station off the Outer Banks, the spectrum had a peak at 1 d”" frequency, but diurnal tides are weak
there (Lentz et al,, 2001). The peak probably represented the wind-driven longshore currents in this region
(see Figures 2a-2d). Figure 2 clearly shows large differences between the total subtidal currents and the
NICs in the southern MAB (compare the top and bottom plots). Overall, NICs were a major component of
the shelf currents on the MAB during the passage of Hurricane Arthur.

2.2. Glider Observations

Autonomous underwater gliders have become reliable storm sampling platforms (Glenn et al., 2016; Miles
et al., 2013, 2015, 2017) capable of obtaining high vertical resolution data at ~2 Hz with fall speeds on the
order of 0.1 m s~ ". The glider uses a combination of adjustable buoyancy and a set pitch angle to achieve
forward motion at nearly 20 km d ™. The data used in this study were collected by a Slocum glider, RU30,
operated by Rutgers University. This system was equipped with a suite of oceanographic sensors, including
(1) a Seabird Scientific pumped conductivity-temperature-depth (CTD) sensor, (2) a Wetlabs Inc. eco-triplet
measuring chlorophyll fluorescence (chl), colored dissolved organic matter (CDOM), and optical backscatter
at 700 nm wavelength (bb700), (3) an Aandera oxygen optode in the aft section measuring oxygen concen-
tration and saturation, and (4) an externally mounted upward looking Nortek T MHz Aquadopp current pro-
filer. The Aquadopp was designed to collect data on downcasts at a nominal pitch angle of 26.5°, which
oriented the three-beam transducers vertically upward. The Aquadopp was configured to collect data at 1
Hz with 10 bins. Compass calibration was performed prior to deployment, including a 24 point check with a
hand compass to provide postdeployment corrections for known elliptical biases exaggerated in the east-
ward and westward directions. Absolute current velocities were calculated following standard LADCP proce-
dures that had been adapted to use on shallow Slocum glider platforms (Miles et al., 2017).

The glider was deployed off the New Jersey Coast prior to the arrival of Hurricane Arthur. The glider moved
around (73.6°W, 39.7°N) between 4 and 8 July and trespassed an area no larger than 60 km? (Figure 4a). Figure
4b showed the time series of the wind speed vector measured at a buoy further offshore (Buoy 44066 of the
National Data Buoy Center). The winds there rotated counter-clockwise during Arthur's passage, switching
from northeasterly on 4 July to southwesterly on 7 July. The peak wind speed reached over 20 m s~ ' on 4
July. The glider observed strong stratification on the shelf, with a sharp thermocline separating the warm
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Figure 4. (a) Zoomed-in view of the glider track (red line). (b) Time series of the wind speed vector measured at the Buoy
44066. Time-depth distributions of (c, d) temperature, (e, f) zonal, and (g, h) meridional baroclinic velocity components
obtained (left column) from the glider measurements and (right column) from the FVCOM model.

surface water from the cold bottom water as shown in Figure 4c (the density field displays essentially the
same vertical structure). On the MAB, a band of cold bottom water occupies the shelf from spring to fall (Cas-
telao et al,, 2010; Houghton et al., 1982; Lentz, 2017). Prior to the arrival of Arthur, temperature in the surface
layer was nearly uniform and at 24°C whereas temperature in the bottom Cold Pool was around 11°C. These
compare with the long-term averaged surface layer temperature of ~22°C and bottom water temperature of
~11°C in July (Castelao et al., 2010; Fleming, 2016), indicating that the stratification on the MAB prior to
Arthur’s arrival was slightly stronger than the average. In addition, the thermocline depth was at ~13 m, shal-
lower than the ~17 m found in the monthly climatology for July. Wind-induced mixing caused the surface
mixed layer to deepen from ~13 to ~18 m. In the mean time, temperature in the surface mixed layer
decreased from 24 to 20°C. After Arthur’s departure surface layer, temperature bounced back to 22°C.

The glider made repeated profiling of currents in the water column over the 4 day deployment period. After
the depth-averaged current was removed, both the zonal and meridional velocities displayed a mode-1 bar-
oclinic structure, reminiscent of the mode-1 near-inertial waves as observed by MacKinnon and Gregg
(2005) and Shearman (2005) on the New England shelf (Figures 4e and 4qg). These baroclinic currents oscil-
lated at a period of about 18 h and were essentially the NICs. The surface and bottom NICs had a similar
velocity magnitude (~02ms™").

3. Model Description

To interpret the observed spatial and temporal variabilities of NICs, a three-dimensional hydrodynamic
model based on the unstructured-grid Finite Volume Coastal Ocean Model (FVCOM) (Chen et al., 2003) was
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Figure 5. (a) FVCOM model grids over MAB. (b) Five representative cross-shelf sections (marked as A-E, red lines) used to
investigate the spatial variability of NICs over MAB. In each section, six points (numbered 1-6) are selected for detailed
analysis in Figures 7 and 11. The blue line with solid dots marks the storm’s track and the bathymetry is shown as gray
contour lines.

configured for the MAB and adjacent estuaries including Chesapeake Bay, Delaware Bay, and Long Island
Sound (Figure 5a). The eastern boundary is placed about 300 km from the coast while the southern and
northern boundaries are roughly perpendicular to the coast, located at 34°N and 42°N, respectively. The
model domain covers the entire MAB shelf from Cape Hatteras, North Carolina, to Cape Cod, Massachusetts
with a horizontal resolution of ~5 km. The bathymetry data were extracted from the 1 arc min ETOPO1
Global Relief Model (Amante & Eakins, 2009). In the vertical direction, a hybrid coordinate system is used.
The water column is evenly divided into 30 levels when water depth is less than 150 m. When water depth
exceeds 150 m, however, both the surface mixed layer and bottom boundary layer are discretized into 5
layers with a thickness of 5 m in each layer while the rest of the water column is evenly divided into 20 lev-
els. The horizontal eddy viscosity and diffusivity are set to 0.1 and 1 m? s, respectively. The vertical eddy
viscosity and diffusivity are computed using the k — & turbulence closure scheme incorporated into the
General Ocean Turbulent Model (Burchard, 2002; Warner et al., 2005), and the background diffusivity and
viscosity are 10 > and 5 X 10 ® m? s~ ', respectively. A quadratic stress is applied at the sea bed, assuming
that the bottom boundary layer is logarithmic with a roughness height of 2 cm (Churchill et al., 1994), same
as that used in Experimental System for Predicting Shelf and Slope Optics (ESPreSSO, http://www.myroms.
org/espresso/). A barotropic version of this model was used to study tides and storm surge in Lee et al.
(2017) and Zhang et al. (2017).

For the baroclinic version used in this study, the FVCOM model is initialized on 1 January 2014 with fine-
resolution predictions of temperature, salinity, and sea level from the ESPreSSO. At the offshore open
boundary, the tidal variation of sea level is prescribed using five tidal constitutes (M,, S,, N,, K;, and O;)
from the Oregon State University global tidal model TPXO 7.1 (Egbert & Erofeeva, 2002). In order to simulate
the effects of the Gulf Stream and large-scale currents on the MAB shelf, the regional FVCOM model is
nested into Hybrid Coordinate Ocean Model and Navy Coupled Ocean Data Assimilation systems (HYCOM-
NCODA, http://hycom.org) using one-way nesting, for which the inner model receives its boundary values
from the outer model at the inner model open boundaries. This is consistent with the configuration of the
initial condition since ESPreSSO is also forced by HYCOM-NCODA at its open boundaries. The daily data of
sea surface height, salinity, temperature, and current velocities are extracted from the HYCOM-NCODA data-
base and interpolated to the open boundary nodes of the regional FVCOM model. They provide the subti-
dal component of the open boundary conditions while the tidal component is obtained by running the
regional model with tidal forcing only. The two components are then added together to prescribe the open
boundary conditions for the regional FVCOM model. The surface momentum and heat fluxes are prescribed
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using hourly outputs from the Weather Research and Forecasting (WRF) model that was developed to pre-
dict Hurricane Arthur between 2 and 6 July (Zhang et al.,, 2017), and using the outputs from the North Amer-
ican Regional Reanalysis (NARR, https://www.esrl.noaa.gov/psd/data/gridded/data.narr.html) at 3 h intervals
during other times of the model integration. The freshwater flows from Susquehanna River, Delaware River,
Hudson River, and other small tributaries are prescribed according to measurements at the U.S. Geological
Survey water gauge stations.

4. Model Results

4.1. Spatial and Temporal Variabilities of NICs

Since its range was limited to the shelf-break, HF radars only provided a partial view of the surface currents
generated by Hurricane Arthur. On the other hand, the regional FVCOM model provided a complete view of
the current field (Figure 6). To help understand the storm-driven currents, surface winds from the WRF
model are shown in Figures 6a-6d. The FVCOM model did a good job in capturing the dominant current
patterns observed during Arthur’s passage over the MAB shelf (compare Figures 2a-2d and 6e-6h): cyclonic
currents around the storm’s center at 07:00 LST 4 July and strong southward currents over the entire shelf
over the next 12 h. The model also showed that strong cyclonic currents continued to develop underneath
the storm’s center as Arthur moved northeastward, and tracked the patterns of wind stress curl produced
by the storm (Figures 6a-6d). The currents had strong left-to-right asymmetry across the storm’s track: the
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subtidal currents and (i)-(l) surface NICs at the same times as (a)—(d).
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currents on the right side of the storm’s center were over twice stronger than those on the left side. The cur-
rents in the near-inertial frequency range (0.8 — 1.2f), namely NICs, also displayed the strong left-to-right
asymmetry (Figures 6i-6l). However, NICs did not show strong cyclonic currents underneath the storm’s
center. The NICs at any particular location were initially generated by the strong winds in the right front
guadrant and then rotated clockwise due to the action of the Coriolis force. One can clearly see the stronger
NICs in the deep ocean to the right of the shelf-break (Figures 6i-6l). On the MAB shelf, the NICs were con-
siderably weaker.

The above snapshots describe the spatial variations of NICs at four different times during Arthur’s transit
over MAB. To further investigate the temporal evolution of NICs, we plot 14 day time series of NICs at a
number of virtual sampling stations (Figure 7). Five cross-shelf sections are selected to represent the south-
ern, middle, and northern regions of MAB (Figure 5b): Section A extends offshore from the Outer Banks of
North Carolina where Arthur re-entered the North Atlantic; Section B extends offshore from the Delmarva
Peninsula (midpoint between the mouths of Chesapeake and Delaware Bays); Section C is placed off the
southern New Jersey Coast (north of Delaware Bay); Section D is located in the Hudson Shelf Valley which
has the deepest bathymetry on the MAB; and Section E is positioned east of Long Island Sound to cover the
New England Shelf. Along each cross-shelf section, five stations are evenly spaced out on the shelf and one
station is located offshore of the shelf-break. The time series of NICs were extracted from both the HF radar
observations and the FVCOM model outputs using harmonic analysis and bandpass filter described in sec-
tion 2. Velocities in the zonal and meridional directions were rotated to the cross-shelf and along-shelf
directions. Since the cross-shelf and along-channel velocities showed similar temporal variabilities and were
of similar magnitude, our analysis focuses on the cross-shelf velocity in Figure 7.

At each cross-shelf section, the NICs on the shelf were about one-fourth to one-third of those (about 1.2 m
s7") in the deep ocean and decreased from the shelf-break to the inner shelf (Figure 7). The NICs had a
peak magnitude of 0.3 m s~ in southern MAB (Section A) but decreased to 0.2 m s~ ' in the middle part of
MAB (Sections B and C). They rebounded to 0.3 m s~ ' in northern MAB (Sections D and E), even though the
maximum surface winds decreased from ~40 m s~ ' in the southern MAB to ~30 m s~ in the northern
MAB (Figure 1b). One also notices interesting differences in the temporal evolution of the NICs between the
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Figure 7. Time series of the cross-shelf component of the surface NICs at six virtual sampling stations (numbered 1-6) along the cross-shelf Sections A-E over
MARB: HF radar observations (black) and FVCOM model result (red). The dashed black lines in column 6 indicate the times when Arthur was closest to each section.
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southern and northern parts of MAB. The NICs in the southern MAB shelf attenuated quickly and lasted for
3-4 days (Figure 7a). In contrast, the NICs in the northern MAB shelf persisted for ~10 days. They are in gen-
eral good agreements on the spatial and temporal variabilities of NICs between the model predictions and
HF radar observations. Averaged over all stations, the correlation coefficient between the predicted and
observed NICs is 0.48 and the root-mean-square error is 0.09 m/s. One exception is E5 where the observed
NICs displayed a rapid decay after 11 July but the predicted NICs persisted. A possible cause for the discrep-
ancy is that E5 was the farthest station from the coast (at the shelf-break) and the HF radar measurements
there may be inaccurate. Observations at nearby stations such as E4, D5, and D4 showed sustained NICs
consistent with the model results. The observed and predicted NICs show phase differences at some loca-
tions such as C5 and D5. Given their close proximity to the storm track, a small difference between the pre-
dicted and observed tracks (about 50 km, see Figure 1c and Zhang et al., 2017) could cause these phase
differences.

4.2, Energy Budget Analysis

As a step toward understanding the spatial variability of the NICs generated by Hurricane Arthur, we
mapped out the spatial distribution of the depth-integrated kinetic energy (KE) of the near-inertial waves
and compared it with the wind energy input to the near-inertial frequency band. The depth-integrated KE is
given by

S IR
KE= —p|U| dz (1)

where H is the water depth, p is the density, and U' is the horizontal velocity vector in the near-inertial fre-
quency band. KE is averaged over the 10 day period (2-12 July) when the NICs were affected by Arthur. KE
was much larger in the deep ocean than on the shelf, and was low near the coast but increased in the off-
shore direction (Figure 8a). There was a band of relatively high KE in the midshelf region between the Nan-
tucket Shoals and Atlantic City, New Jersey. In contrast, KE was considerably lower in the midpart of MAB
(Sections B and C) between Ocean City, Maryland and Atlantic City, New Jersey (see Figure 1a for a map of
these geographic locations).

Much of the KE differences between the MAB shelf and the deep ocean may be explained by the asymme-
try in the wind energy input to the near-inertial waves,
W=7, - U, v)

where 7; is the surface wind stress vector and U; is the surface NICs velocity vector, following the approach
of D'Asaro (1985). W, s was averaged over the same 10 day period as for KE. The wind energy input showed
strong left-to-right asymmetry with respect to the storm’s track (Figure 8b). Therefore, a large part of the KE
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Figure 8. (a) Depth-integrated kinetic energy of the near-inertial waves and (b) wind energy input into the near-inertial waves. Both are averaged between 2 and
12 July. The five cross-shelf sections as well as the virtual sampling points used in Figure 7 are shown. The thick black line in Figure 8b represents the predicted
storm’s track. Color-bars are in logarithmic scale.
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differences between the shelf and the deep ocean was simply due to the left-to-right asymmetry in W,;. On
the MAB shelf itself, the band of relatively high KE in the midshelf region between the Nantucket Shoals
and Atlantic City was also associated with higher wind energy input into the near-inertial waves. However,
there was no one-to-one correspondence between KE and W.;. In the southern MAB (including the cross-
shelf Section A), the time-averaged KE was low but W,; was high there (compare Figures 8a and 8b).

Further insights into the wind generation of NICs can be obtained by comparing the time series of the wind
energy input at different locations. At station D6 in the deep ocean, which lay on the right side of the storm’s track,
the wind stress vector rotated clockwise and remained nearly parallel with the clockwise-rotating NICs (Figures 9a
and 9b). This resulted in a large flux (a maximum of ~3 W m™~?) of wind energy to the NICs (Figure 9¢) and rapid
increase of surface NICs from 0.3 m s~ " on early 4 July to 1.2 m s~ on 5 July (Figure 9b). At the shelf station D5 on
the left side of the track, the wind stress was 50% smaller and rotated counter-clockwise (Figure 9d) while the NICs
rotated clockwise (Figure 9e). Consequently, the coupling between the wind stress and inertial currents was much
less efficient and produced an energy flux (a maximum of ~0.3 W m~2) that was only 10% of that at station D6
(Figure 9f). The surface NICs at D5 only reached about 0.2-0.3 m s~ ', approximately one-fourth of the NICs speed
at D6. At the shelf station B5 further south, which was located closer to the storm’s center, the magnitude of the
wind stress was larger than that at D5 (compare Figures 9g and 9d). Initially the northwestward wind stress coin-
cided with the northwestward NICs, producing a pulse of wind energy to NICs. Later on, however, the wind direc-
tion shifted by 180° and became southwestward while the NICs were still directed in the northwest directions
(Figures 9g-9h). This resulted in negative wind work because the wind stress vector and the NICs vector varied out
of the phase (Figure 9i). When integrated over time, the net wind energy input to NICs was much lower at B5. This
explains the low KE level in the middle part of MAB (between Ocean City, Maryland and Atlantic City, New Jersey).

An understanding of the discrepancy between KE and W, in southern MAB requires us to examine other
terms in the energy budget for the near-inertial waves (e.g., Chant, 2001; Zhai et al., 2009):
0

0 0
=W157W1bfsfj PEC dsz V - KEqay dzfj V - F dz+others (3)
—H —H —H

ok
ot

where W, is the bottom friction work, € is the depth-integrated dissipation of KE associated with vertical
viscosity, PEC is the conversion rate of KE into potential energy of near-inertial waves, KE,4, is the advection
of KE, F is the near-inertial wave energy flux, and others include nonlinear energy transfer to other frequency
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Figure 9. (3, d, g) Surface wind stress, (b, e, h) surface NICs, and (c, f, i) wind energy input obtained from the WRF-FVCOM
models: D6 (left column), D5 (middle column), and B5 (right column). In the right column, the red-dashed lines indicate
the time of peak positive wind work, and the blue-dashed lines indicate the time for peak negative wind work.
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Figure 10. Wind energy input (red), the depth-integrated water-column dissipation of NIC kinetic energy (g, green),
bottom friction work (blue), and depth-integrated dKE/dt averaged over the inertial period for (a) A4 and (b) D4.
Zoomed-in view of dKE/dt for (c) A4 and (d) D4.

bands and the depth-integrated dissipation of KE associated with horizontal viscosity. The bottom friction
work can be written as

W=7 - U, (4)

where 73 is the bottom stress and U:’, is the bottom NICs velocity. The depth-integrated dissipation of KE
due to vertical viscosity is calculated by

0 Ozu/ 32‘//
e= K| ==+ =5 5
J_,.,p V(t?z2 822) ©®
where K, is the vertical eddy viscosity and u’ and V' are the zonal and meridional NICs velocity components,
respectively.

We compared the energy budget balance at two locations on the MAB shelf: station A4 where NICs were
strong initially but damped out quickly (Figure 7a) such that the time-averaged KE was low (Figure 8a); station
D4 where NICs were strong and persisted for ~10 days (Figures 7d and 8a). Figure 10 shows that the primary
balance in the kinetic energy budget was between the wind energy input and energy dissipation. At station
A4 in the southern MAB, the wind energy input was high due to its closeness to the storm’s center and strong
winds. It was counter-balanced by strong energy dissipation. In contrast, both the wind energy input and dis-
sipation were much smaller at D4 in the northern MAB. Therefore, in the southern MAB, the strong energy dis-
sipation constrained the growth of NICs energy even though the wind work was larger there. The frictional
dissipation in the bottom log layer was less than 10% of €. The energy dissipation ramped up quickly at the
southern station A4 to balance the wind work such that dKE/dt switched from positive sign to negative sign in
early 5 July (Figure 10c). This explains the rapid damping of NICs seen in Figure 7 (first row). On the other
hand, there was a delay for the dissipation to catch up with the wind input at the northern station D4 such
that dKE/dt > 0 until 7 July (Figure 10d). Hence, the NICs at D4 persisted for up to 10 days.

4.3. Vertical Modal Structure
The glider deployed in the inner shelf off the New Jersey Coast observed two-layer baroclinic currents dur-
ing the passage of Hurricane Arthur (Figures 4e and 4g). The FVCOM model reproduced this two-layer
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current structure that oscillated at the local inertial frequency (~19 h) (Figures 4f and 4h). Both the ampli-
tude and phase of the observed current fluctuations were reasonably simulated. The model also captured
the observed two-layer stratification, with the warm surface water separated from the cold pool water by a
sharp thermocline (compare Figures 4c and 4d). However, there were model-data discrepancies. The pre-
dicted surface mixed-layer depth prior to Arthur's arrival was about ~8 m, and was shallower than the
observed depth of ~13 m. Turbulent closure schemes (such as the k — € model used in this study) do not
fully account for the mixing processes in the surface mixed layer such as Langmuir circulation and breaking
waves, and tend to underpredict the mixed-layer depth (e.g., Belcher et al., 2012; Burchard & Bolding, 2001;
Mellor, 2001). Our model was initialized using the outputs from ESPreSSO. While data assimilation in
ESPreSSO should significantly reduce the model-data misfit, it is possible that part of our model discrepan-
cies with the observations may have originated from possible misfit in the initial condition. Nevertheless,
the model and glider showed similar rates of the mixed-layer deepening and temperature decrease due to
the storm-induced entrainment: the mixed layer deepened by 6 m in the model and by 5 m in the glider
observations.

To investigate the vertical structure of NICs over the entire MAB shelf, we plot the time-depth distribution
of NICs at the stations spaced along the five cross-shelf sections (Figure 11) as indicated in Figure 5b. The
pycnocline, defined to be the location of maximum density gradient, is added, in order to highlight the con-
nection between the stratification and vertical modal structure of the NICs. A comparison of the current
structure between the deep ocean and shelf stations showed a marked difference. Strong NICs in the deep
ocean penetrated down to ~100 m and exhibited a vertical profile typical of the NICs observed in deep
Open
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Figure 11. Time-depth distributions of NICs (cross-shelf component) along the 5 cross-shelf sections. The black dashed lines in column 6 indicate the passage of
the storm’s center, and the thin gray lines indicate the depth of maximum density gradient (the pycnocline separating the surface and bottom boundary layers).
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water (e.g., Sanford et al., 2011). The currents were strongest near the ocean surface and decayed with
depth. In contrast, the NICs on the shelf displayed a two-layer baroclinic structure. The upper-layer and
lower-layer currents were separated at the pycnocline depth, indicating a mode-1 wave structure.

The NICs were weakest near the coast and got stronger in the offshore direction. This result is in agreement
with Pettigrew’s (1981) theoretical prediction based on a linear, two-layer, flat-bottom, cross-sectional
model with a coastal wall boundary. He showed that a mode-1 current structure developed on the shelf
and the current magnitude increased away from the coast. In addition to this strong cross-shelf variation,
the detailed vertical structure of NICs varied among the stations and appeared to be set mainly by the verti-
cal stratification profile. At the shallow sites such as C3-E3 and C4-D4, the surface and bottom layers were
of similar depths such that the currents in the two layers were of comparable magnitude even though they
always varied out of the phase. At the deeper shelf sites such as B5-E5 and E4, the surface mixed layer was
much thinner than the bottom layer. Consequently, the currents were much stronger in the surface layer.
Such differences are expected since the ratio of surface to bottom NICs was shown to be inversely propor-
tional to the ratio of the layer depths (Millot & Crépon, 1981).

Figures 4 and 11 suggest that most of the NICs on the MAB shelf were mode-1 waves. To provide a quanti-
tative description of the modal structure of the near-inertial waves, empirical orthogonal analysis was per-
formed. The NICs were decomposed to five orthogonal vertical modes. The shape of each mode %Z(Z) (n=
1 to 5) is determined by the following equation:

0? N2 (z)
@lﬁn(z):_[ C,21 }l//n(z) (6)

where N(2) is buoyancy frequency, ¢, is the eigenvelocity of each mode, and /,,(z) =0 at both the ocean sur-
face and the sea floor (e.g., Alford & Zhao, 2007; MacKinnon & Gregg, 2005). N(z) was averaged between 2 and
12 July. The eigenvalue and eigenvector of equation (6) are ¢, and ¥,(z) for each vertical mode, respectively.
The NICs velocity of each vertical mode was then obtained by fitting NICs vertical profiles to % of the first 5
modes with the least squares method, assuming no NICs at higher vertical modes. To assess the energy con-
tent in each mode, we calculate the percentage of the NICs kinetic energy in each mode (Figure 12):

<[, KE,>

Po=—
< J"EH KE, >
n=1

X 100% 7)

where < > denotes the time-averaging between 2 and 12 July, the numerator denotes the kinetic energy in
mode n, and the denominator denotes the sum of the kinetic energy in all the five modes. Overall, mode-1
contained 76% of the total kinetic energy in the near-inertial waves on the MAB shelf, mode-2 accounted
for 12% (Figure 12), and the remainder was split among the three higher modes (not shown). In the cross-
shelf direction, P; increased from ~60% in the near-shore region to over 80% near the shelf-break. In the
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Figure 12. Percentage of the NICs kinetic energy in (a) mode-1 and (b) mode-2.
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Figure 13. Depth-averaged shear spectra/variance-preserving spectra at (a, c)
D4 and (b, d) A2.

shelf area between the mouths of Chesapeake and Delaware Bays
(between 37°N and 38.5°N), P, decreased to 50% and P, increased to
40%, consistent with previous vertical profiles at B3 and B4 (second
row in Figure 11).

5. Conclusion and Discussion

This paper presented a combined observational and modeling investi-
gation into the near-inertial waves generated by Hurricane Arthur dur-
ing its passage over the MAB. Both the HF radars and the numerical
model showed that the NICs decreased substantially from the deep
ocean to the MAB shelf. Due to the presence of a coastline as well as
weaker wind stress away from the storm center, the NICs on the MAB
shelf decreased onshore. The glider and the numerical model showed
that the NICs had a two-layer baroclinic structure. The mode-1 near-
inertial waves contained over 70% of the NICs kinetic energy over the
MAB shelf.

Our findings of the mode-1 wave structure and onshore decrease of
the NICs amplitude are consistent with previous observations (Mac-
Kinnon & Gregg, 2005; Shearman, 2005) and theoretical predictions
(Kundu et al., 1983; Millot & Crépon, 1981; Pettigrew, 1981). In the

mooring records collected in New England shelf, Shearman (2005) found that the mode-1 baroclinic struc-
ture was coherent across the entire shelf, with a magnitude that decreased onshore. Using a two-
dimensional linear model of a flat-bottomed shelf, Pettigrew (1981) obtained a solution for the near-inertial
currents and found that the mode-1 vertical structure was a result of a surface mixed layer response and
barotropic wave emanating from the coastline. He also predicted that the NICs were zero at the coast and

increased in the offshore direction.

Most of the NICs differences between the MAB shelf and the deep ocean appear to be related to the asym-
metry of the wind energy input between the left and right sides of the storm track. The wind energy input
was relatively high in the mid-to-outer shelf region between the New Jersey Coast and New England Shelf,
which corresponds to higher KE than other shelf areas. In the southern MAB, the time-averaged KE was
weak even though the wind energy input was large. The analysis of the energy budget showed that the
large wind work was quickly balanced by the energy dissipation, which led to the rapid damping of the
NICs there. In the northern MAB, however, the energy dissipation lagged the wind energy input such that
the NICs persisted. When analyzing the mooring data collected on the New England Shelf, MacKinnon and
Gregg (2005) also found that the wave evolution was controlled by the balance among wind stress, bottom
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Figure 14. Percentage of the depth-averaged NICs-induced shear.

drag, and turbulent dissipation.

With a predominant mode-1 vertical structure, the strongest shear in
the NICs usually coincides with the pycnocline (see Figure 11), thus
making NICs a potentially important mechanism for generating turbu-
lent mixing on the shelf. We computed the depth-averaged shear
spectra at two stations: station A2 in the inner shelf of southern MAB
and station D4 in the midshelf (Figure 13). At A2 where the storm cen-
ter was closest to the coast, the highest peak is found around 1 d!
frequency and is probably related to the strong wind-driven long-
shore currents. However, at D4, the NICs were the largest contributor
to the shear spectrum. Figure 14 shows the ratio of the NICs-induced
shear to the total current shear over the entire model domain. In the
deep ocean, the NICs-induced shear accounted for over 80% of
the total shear. On the MAB shelf, the NICs accounted for 60-80% of
the shear on the New England shelf and 30-50% farther south on the
MAB. The NICs only contributed to about 20% of the total shear in the
inner shelf region off the Outer Banks. Since turbulent mixing may
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cool the surface mixed layer and affect the storm intensity, it would be worthwhile to investigate the role of
the NICs in generating mixing in a future study.
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