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ABSTRACT 

 As Hurricane Matthew of 2016 passed by the South Atlantic Bight (SAB), a storm tide 

reaching 1 – 2 m, an elevated post-hurricane abnormal water level (PHAWL), and a pro-longed 

Gulf Stream (GS) slowdown were recorded. In contrast to the short burst of storm surge by the 

hurricane, PHAWL produces a more gradual coastal sea level rise ranging between 0.5 – 0.8 

meters, which lasts for 7 – 20 days SAB-wide and corresponds to a 15-25% reduction in the GS 

transport. A 3D unstructured grid, baroclinic model SCHISM was applied to the Western 

Atlantic Ocean where the open boundary condition was specified at longitude 60 degrees west 

based on HYCOM, and the atmospheric forcing and pressure were specified at the sea surface 

based on ECMWF. The 3D model results compared excellently with the 6 tidal gauge records in 

the SAB (R2 from 0.94 – 0.98). The simulation included an extra-tropical cyclone atmospheric 

forcing that arrived at the mid-Atlantic region shortly after Matthew downgraded to a tropical 

storm offshore of North Carolina, which generated a coastally trapped wave (CTW) propagating 

southward along the SAB. It is noted that the simulation was capable of modeling both 

phenomena: PHAWL and the GS slowdown. By parsing through model results before and after 

the event, we found that the dynamic height tilted upwards on the coastal side (downwards on 

the open ocean side), the thickness of the surface mixed layer deepened to around 60 m, the 

slope of the cross-shelf density gradient decreased, and strong vertical velocities ranging from 

0.5 to 1.0 mm/s in both upwelling and downwelling were found in the interior of the ocean. By 

ageostrophic analysis, we identified a window that overlaps with the period of the hurricane and 

CTW when active ageostrophic activities were identified, which includes the frontogenesis of the 

density field, increased cross-shelf velocity with reversal at depth, and large alternations of the 

vertical shear, all of which are hallmarks of submesoscale processes. After the active period, 

most of the state variables return to quiescence (i.e., in geostrophic balance) with the exception 

of ageostrophic shear which stays negative to bring down the modeled vertical shear. The 

negative vertical shear indicates the GS has slowed down, consistent with the thermal wind 

equation. Further analysis of the flow field of the fine-grid model result during the ageostrophic 

peak reveals different sized eddies emerged spontaneously. These eddies are part of the 

ageostrophic motions with a horizontal scale of 20 – 50 km and a vertical extent of 500 m deep, 

and have signatures in temperature, salinity, and vorticity as well. They facilitated intense 

vertical velocities and lateral stirring resulting in horizontal mixing and dispersion of the density 

field. Based on the analyses, the evidence indicates that the hurricane and CTW disturbances 

served as triggers setting off a chain reaction of sub-mesoscale instability which created 

ageostrophic motions and lateral mixing causing the cross-shelf horizontal density gradient to 

slump, eventually leading to the slowdown of the GS. 
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I. INTRODUCTION 

When a hurricane strikes the coast, it can cause severe damage to the coastal community 

due to the storm surge, high waves, heavy precipitation, and the violent wind. Storm surge and 

wind waves have been successfully modeled by two-dimensional, barotropic models such as 

SLOSH (Jelesnianski et al.,1992; Phan et al., 2010) and ADCIRC-2DDI (Luettich et al. 1992); 

however, they cannot represent more intricate phenomena associated with three-dimensional, 

baroclinic conditions of the true state of the ocean. The 3D large-scale unstructured-grid model 

SCHISM (Semi-implicit Cross-scale Hydroscience Integrated System Model) has the capability 

to simulate the baroclinic effects provided by the Gulf Stream (GS) during a hurricane event (Ye 

et al., 2020). Hurricanes and tropical storms frequently originate in the Caribbean and head 

northward interacting with the GS along the U.S. East Coast (Ezer, Atkinson, Tuleya, 2016; 

Todd et al., 2018; Ezer, 2018; Park et al., 2024). An example of this is Hurricane Matthew, 

which made landfall as a category 2 hurricane (on the Saffir-Simpson Hurricane wind scale) 

along the U.S. Southeast coast and traveled northward in early October 2016. Since this 

hurricane’s path was parallel to the GS, it is of great interest as to how the two interacted.   

I-1 Gulf Stream, coastal sea level, and dynamics of cross-shore mixing 

 The coastal ocean naturally is stratified water and not vertically homogeneous like a 

barotropic model assumes. This is especially true for the South Atlantic Bight (SAB) region 

which includes the continental shelf, slope, and rise along the southeast coast of the United 

States between North Carolina and Florida. In this region, numerous rivers discharge water from 

the coast and due to the relative narrowness of the continental shelf the GS’s warm salty water is 

present 100 miles offshore serving as a major source of stratification both vertically and 

horizontally. The GS itself is a dynamic boundary current that is responsible for the transfer of 
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heat poleward across the Northern Atlantic Ocean (Stommel, 1948). This influential current is 

responsible for maintaining the cross-shore Coastal Sea Level (CSL) where the GS sea level is 

about 1-1.5 meters higher than sea level at the U.S. East Coast as shown in Figure 1. As a result, 

the GS northward current velocity and CSL are in geostrophic balance where the Coriolis force 

balances the pressure gradient force (Simpson and Sharples, 2012). Therefore, a weaker GS flow 

would be related to an increase in CSL near the coast of the SAB region (Ezer, 2019). Given the 

path of Hurricane Matthew is parallel to the coast of SAB as well as the GS, it begs the 

interesting questions: (1) does the hurricane interact with the GS? (2) if it does, what will happen 

regarding CSL and the GS when it is interrupted by a hurricane? Of these subjects, Ezer (2018) 

and Park et al. (2023) have found that the hurricane and the GS indeed interacted with each 

other, resulting in the slowdown of the GS and elevated Post-Hurricane Abnormal Water Levels 

(PHAWL). The relationship between the GS slowdown and elevated PHAWL along the coast 

confirms that CSL and the GS went through a geostrophic adjustment fairly quickly after the 

passing of the hurricane and an extra-tropical cyclone atmospheric forcing that arrived at the 

mid-Atlantic region soon after Matthew downgraded to a tropical storm offshore of North 

Carolina, which generated a coastally trapped wave (CTW) propagating southward along the 

SAB. Ezer (2018) found that even a slightly elevated water level from short-term variations in 

the GS can cause unexpected nuisance flooding along coastal cities. Therefore, the contribution 

of remote ocean forcing to coastal flooding can prolong the inundation and delay disaster 

recovery even after a hurricane has left the region. Better understanding of the interaction of a 

hurricane with the GS and the mechanisms causing the GS to slow down following the passage 

of a hurricane is of great interest in terms of short-term mitigation for hurricane-induced risk. 
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Figure 1. (left) Sea surface temperatures (warm to cold temperatures represented by red to blue colors) 

with the South Atlantic Bight (SAB) region along the GS circled in red. (Ezer, 2019). (right) Idealized 
schematic of water surface elevation in the Atlantic Ocean off the US East Coast. Circled in red is the GS 
(Ezer, 2018). 

 

 Mixing is the product of the turbulent processes causing dispersion and diffusion of 

salinity, temperature, and momentum fields (Thorpe, 2007). By nature, turbulent motions are 

chaotic, irregular, highly nonlinear, and dissipative (Kundu, 1990). In the atmosphere and ocean, 

however, turbulent mixing is influenced by earth’s rotation and density stratification. Riley, 

Metcalfe & Weissman (1981) have suggested that, in the limit of a small Froude number (strong 

stratification), stably stratified turbulence could split into multiple layers with pancake eddies, 

obeying two-dimensional dynamics. When turbulent mixing is subjected to rotation alone, the 

rotating turbulence is associated with the emergence of persistent columnar vorticies (eddies) 

aligned with the rotation axis. The energy transfer toward the small scales is severely reduced, so 

that inertial waves and two-dimensional eddies coexist without being quickly dissipated. While 

rotation alone produces columnar eddies aligned with the rotation axis, stratification produces 

layered eddies of short vertical extent. Both effects tend to produce highly anisotropic flow 

structures with quasi-horizontal velocity fields. Energy-wise, Ekman friction and shear are 

limited to regions near the surface and bottom boundaries and hence turbulence has weak 

influence within the interior of the ocean under the combined effects of rotation and 



5 
 

stratification. This protected energy from dissipation, as the direct energy cascade to small 

scales, is reduced. A review on the effect of stratification and rotation on turbulence mixing 

flows can be found in Cambon (2001), but turbulence dynamics under joint rotation and 

stratification effects remains poorly understood.  

 To deal with steady state motion of the GS away from the boundary under the combined 

effects of earth’s rotation and stratification, the approximation for the horizontal equilibrium is a 

balance between the Coriolis force and the pressure gradient, called geostrophic approximation:  

Ὢὺ  
ρ

”

‬ὴ

‬ὼ
 

Ὢό  
ρ

”

‬ὴ

‬ώ
 

where Ὢ ςɱίὭὲ‰ is the Coriolis parameter, ό and ὺ the horizontal velocity, and ὴ the pressure. 

Here the nonlinear acceleration terms are neglected, as well as the unsteady friction and 

turbulence which are considered small in the interior of the ocean. Upon the impact of the 

hurricane and CTW, the ocean state was constantly under adjustment (not steady) with which the 

geostrophic approximation is no longer adequate for describing the processes. To explore the 

dynamics beyond the simple geostrophic balance description, an ageostrophic (non-geostrophic) 

correction was added to the geostrophic component and introduced to the full momentum and 

continuity equations. The ageostrophic component of motions can provide descriptions of Kelvin 

and inertial waves, as the result of the non-steady process; wave-eddy interactions, as the result 

of non-linear adjustment to the geostrophic state; and the emergence of eddies and ageostrophic 

secondary circulation as the result of submesoscale instability.  

 In an attempt to elucidate the relationship among sea level anomaly, GS slow down, and 
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cross-shelf mixing, the present paper implemented a 3D, unstructured grid, baroclinic SCHISM 

model on a large-scale domain with local refinement over the GS region. The simulation period 

includes the Hurricane Matthew event from 9/8/2016 – 11/2/2016. The model output data were 

compared with the observation data for verification and validation and used further for analysis. 

Specifically, ageostrophic thermal wind shear analyses were conducted which identified active 

cross-shelf ageostrophic motions during the peak of the storm and the persistent negative 

ageostrophic shear afterwards. The flow field of the associated ageostrophic motions marked 

with fronts, submesoscale eddies, vortices, and strong vertical velocities were interacting in 

different space and time scales. Specifically, the eddies’ contribution to horizontal dispersion and 

lateral stirring on temperature and salinity fields were captured in the numerical computations 

and the animation in both horizontal and vertical directions.  

I-2 Research Objective 

 There are several mechanisms with which a hurricane could potentially disrupt the GS 

flow. One of these mechanisms being the intense counterclockwise winds associated with the 

hurricane opposing the flow of the GS (Todd et al., 2018). Another being vertical mixing caused 

directly by the intense winds and waves associated with the hurricane which can decrease density 

gradients across the GS. However, the GS does not typically decelerate after every storm event. 

On October 9, 2016, when Hurricane Matthew was two-thirds of its way through the SAB 

region, a large-scale, extra-tropical cyclone arrived at the same time in North Carolina from the 

west. The large-scale extra-tropical weather system is a phenomenon frequently observed on the 

US East Coast and was cited as the source for generating Coastally Trapped Waves (CTW) (Gill 

and Schumann 1974; Huthnance, 1975; Wang and Mooers, 1976; LeBlond and Mysak, 1978). 

The October 9th extra-tropical cyclone generated a distinct PHAWL peak of about 0.6 meters 
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recorded at NOAA’s Oregon Inlet station (see Figures 13-14 in III-2). Subsequently, the CTW 

propagated from NC to FL with the peak reduced and diffused as it moved southward, consistent 

with that described by Brunner et al. (2019).  

 Since not all hurricanes or CTWs alone can cause the GS to decelerate, the event during 

Hurricane Matthew must be unique in nature. We noticed that the SAB received a one-two punch 

of two major mixing events back-to-back, first from the hurricane followed by the extra-tropical 

cyclone induced CTW. An overarching question left to be answered is: could the combined 

actions of the hurricane and CTW provide substantial mixing across the SAB to drive the GS 

slowdown? Anchored on the thermal wind relationship, the aim of this thesis is thus to 

demonstrate that the horizontal density variation is affected by the cross-shelf mixing from the 

combined action of the hurricane and CTW, and eventually lead to the GS slowdown. Chapter 2 

describes the methodology and the use of a three-dimensional baroclinic model SCHISM for 

representing the response to the Hurricane Matthew event. Chapter 3 provides the modeled and 

observed results, examines the observational evidence of GS slowdown and PHAWLs, and 

presents hypotheses for investigating the role played by ageostrophic motions in causing cross-

shelf mixing. Chapter 4 elucidates the role of sub-mesoscale instability in creating ageostrophic 

motions and lateral mixing causing the reduction of the cross-shelf horizontal density gradient, 

which eventually led to the GS slowdown. Chapter 5 discusses the present findings and 

compares them with those of other submesoscale researchers and concludes the thesis.  

II. METHODOLOGY 

II-1 Description of 3D baroclinic SCHISM model 

The model used to conduct this research is known as SCHISM, an acronym for Semi-

implicit Cross-scale Hydroscience Integrated System Model. It is a cross-scale hydrodynamic 
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model grounded on unstructured hybrid finite-element, triangular-quadrangular grids in the 

horizontal and hybrid Localized Sigma Coordinates with Shaved Cells (LSC2) grid in the 

vertical. The SCHISM model solves the Navier-Stokes equations, with hydrostatic and 

Boussinesq approximations, along with the transport equations for salinity and temperature. The 

primary variables the governing equations are solved for include free-surface elevation, as well 

as 3D velocity, temperature, and salinity of the water (Zhang and Baptista, 2008; Zhang et al., 

2016). The equations included are:  

Momentum equation:  

 
(1) 

 

Continuity equation in 3D and 2D depth-integrated forms: 

 
(2) 

 
(3) 

 

Transport equations: 

 
(4) 

where, 

 ɳ ‬

‬ὼ
ȟ
‬

‬ώ
 

ὈȾὈὸ material derivative 

ὼȟώ horizontal Cartesian coordinates 

ᾀ vertical coordinate, positive upward 

ὸ time 

–ὼȟώȟὸ free-surface elevation 

Ὤὼȟώ bathymetric depth 

◊ὼȟώȟᾀȟὸ horizontal velocity, with Cartesian components όȟὺ 

ύ vertical velocity 
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╕ other forcing terms in momentum (baroclinic gradient ᷿ ”ɳὨ‒, 

horizontal viscosity, Coriolis, earth tidal potential, atmospheric pressure, 

radiation stress) 

Ὣ acceleration of gravity, in [ms-2] 

ὅ tracer concentration (e.g., salinity, temperature, sediment, etc.)  

ὺ vertical eddy viscosity, in [m2s-1] 

‖ vertical eddy diffusivity, for tracers, in [m2s-1] 

Ὂ horizontal diffusion and mass sources/sinks 

 

 The differential system (1-4) is closed with turbulence closure of the generic length scale 

model of Umlauf and Burchard (2003), and proper initial and boundary conditions for each 

differential equation. To complete the baroclinic model, SCHISM solves two more sets of 

equations: transport and turbulence closure equations. The transport, production, and dissipation 

of the turbulent kinetic energy (K) and of a generic length-scale variable (‪) are governed by:  

 
(5) 

 

(6) 

where 

’ȟ’ vertical turbulent diffusivities  

ὧ ȟὧ ȟὧ  model-specific constants (Umlauf and Burchard, 2003; Zhang et al., 2014) 

Ὂ wall proximity function 

ὓȟὔ shear and buoyancy frequencies 

‐ dissipation rate 

 

The generic length-scale is defined as  

 

(7) 

where ὧ  ЍπȢσ , Љ is the turbulent mixing length, p, m, and n are constants to choose the 

different closure models (Ὧ ‐ (Rodi, 1984); Ὧ .(Mellor and Yamada, 1982 ;(Wilcox, 1998) ‫ 
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Then, vertical viscosities and diffusivities can be expressed by ὑ, Љ, and stability functions that 

are defined as: ’ ЍςίɣȾЉ , ‖ ЍςίɣȾЉ, ’  , ’  , where the Schmidt 

numbers „  and „  are constants and the stability functions, sm and sh , are given by an 

Algebraic Stress Model (Kantha and Clayson, 1994; Canuto et al., 2001; Galperin et al., 1988). 

Dirichlet-type boundary conditions at the free surface and bottom are used for specifying 

turbulent kinetic energy (ὑ) and mixing length (Љ) as follows: ὑ ὄ
Ⱦȿ†ȿ,  Љ ‖Ὠ at z = 

-h, and Љ ‖Ὠ at z = –, where † is a bottom frictional stress, ‖= 0.4 is the von Karman’s 

constant, ὄ is a constant, and Ὠ and Ὠ are the distances to the bottom and free surface, 

respectively. Further description of the turbulence closure model in SCHISM is detailed in 

Zhang and Baptista (2008).  

The 3D domain is discretized into triangular elements in the horizontal and a series of 

vertical layers. The unknown variables are staggered on triangular prisms as shown in Figure 2.  

 
Figure 2. Staggering of variables in SCHISM. The elevation is defined at node (vertex) of a triangular 

element, horizontal velocity at side center and whole levels, vertical velocity at element centroid and 
whole level, and tracers at the prism center. The variable arrangement on a quad prism in SCHISM is 
similar. The top and bottom faces of the prism may not be horizontal, but the other 3 faces are always 
vertical.   
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The core of the SCHISM model is the barotropic module which first solves the barotropic 

equations (Eqs. (1)-(3)). The elevations are solved by eliminating unknown velocities and using 

a parallel solver (Jacobian Conjugate Gradient) method (Zhang and Baptista, 2008; Zhang et al., 

2016). The time stepping is done using a 2nd-order Crank-Nicolson method, i.e., with the 

implicitness factor being around 0.5 (in practice a value slightly larger is used for robustness). 

Then after the elevations are found, SCHISM solves Eq (3) along each vertical column at side 

centers using a semi-implicit Galerkin finite-element method to find horizontal velocity. This is 

followed by solving for vertical velocity from Eq. (1) with the hydrostatic approximation. After 

finding velocity at every element side, the velocity at each node is computed for each element 

using a linear shape function as an averaging technique. Because this method can cause parasitic 

oscillations, a Shapiro filter is built into the model as a smoothing function (Shapiro, 1970). To 

solve for vertical velocity, a finite-volume approach is applied to the continuity equation where 

vertical velocity is solved from the bottom to the surface along with the bottom boundary 

condition. 

This modelling system uses efficient semi-implicit finite-element and finite-volume 

formulation with Eulerian-Lagrangian algorithm to solve Navier-Stokes equations (in hydrostatic 

form). The SCHISM includes higher-order schemes for advection in momentum and transport 

processes and is fully parallelized with domain decomposition and MPI (Message Passing 

Interface). It has a well-benchmarked inundation scheme for wetting and drying, which has been 

extensively tested and proven. The key features of SCHISM include:  

¶ Finite element/volume formulation  

¶ Unstructured triangular grid in the horizontal and hybrid SZ or LSC2 coordinates 

in the vertical dimension. 

¶ Polymorphism: a single grid can mimic 1D/2DV/2DH/3D configurations 



12 
 

¶ Semi-implicit finite-element Eulerian-Lagrangian algorithm to solve the Navier-

Stokes equations not constrained by CFL stability → numerical efficiency. 

¶ It naturally incorporates the simulation of the wetting-and-drying process. 

¶ Mass conservative, monotone, higher-order transport solver: TVD2 

¶ No bathymetry smoothing necessary 

 

SCHISM is an open-source community-supported modeling system designed for 

seamless simulation of 3D baroclinic circulation across creek-lake-river-estuary-shelf-ocean 

scales (Zhang et al., 2016). This model has been widely tested against standard ocean/coastal 

benchmarks and applied to many regions around the globe in the context of general circulation, 

tsunami and storm-surge inundation, water quality, sediment transport, coastal ecology, and 

wave current interaction as summarized in Figure 3 where the hydrodynamic core of this model 

is in the center, and the available modules are shown in blue (Zhang et al., 2016).  

 
Figure 3. Schematic of SCHISM modeling system and its modules. The hydrodynamic core is 
highlighted in yellow, with the modules in blue. These arrows depict the exchange of internal data. 
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II-2 Initial and boundary conditions 

The SCHISM model’s governing equations need an initial condition (t=0) to be specified 

for unknown variables. For this research, the initial elevation, velocity, salinity, and temperature 

were specified by Hybrid Coordinate Ocean Model (HYCOM: https://www.hycom.org/). The 

open ocean boundary condition was assigned at 60-degree West meridian of longitude where the 

TPXO global tide model (https://www.tpxo.net/global) was used to specify the tidal boundary 

condition and HYCOM was used to specify the subtidal signal, salinity, and temperature. At the 

land boundary where the watershed streams flow into the domain, The National Water Model 

(https://water.noaa.gov/about/nwm) was incorporated as point sources of freshwater and was 

used to provide information about the coastline up to 10 m above mean sea level to simulate 

fluvial processes.  

Surface boundary condition was applied mainly by surface wind stress over the water at 

the air-sea interface. A variety of methods are used to parameterize surface wind fields (Pond 

and Pickard, 1998; Zeng et al., 1998). SCHISM uses output wind velocities from atmospheric 

models to drive storm surge simulations. Surface stress is evaluated by: 

† ȟ†  ”ὅ ὡᴆὡȟὡ  

Where 

”: air density (kg/m3);  

ὅ : wind drag coefficient;  

ὡȟὡ : x/y-direction wind velocity at 10m above the mean sea surface;  

ὡᴆ: wind magnitude (m/s). 

The drag coefficient is usually set via the formula of Garrat (1977) which is a linear function of 

wind magnitude and has upper/lower limits. The European Centre for Medium-Range Weather 
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Forecasts (ECMWF) model was used to specify the atmospheric forcing at 10 m above the sea 

surface at a spatial resolution of 30 km, supplemented by NOAA’s High-Resolution Rapid 

Refresh (HRRR) atmospheric model with a spatial resolution of 3 km. NOAA’s Wave Watch 3 

model was also incorporated using the Wind Wave Module (WWM) in which the waves can 

impact surface roughness to calculate 2D and 3D surface wind stress.  

 At the bottom boundary, the 3-D SCHISM model is balanced between bottom friction 

stress and internal stress. Bottom stress is usually defined as:  

† ȟ†  ”ὅ Ὗᴆόȟὺ  

Where 

”: water density (kg/m3);  

ὅ : bottom drag coefficient;  

όȟὺ : όȾὺ – direction near bottom velocity;  

Ὗᴆ: bottom velocity magnitude (m/s). 

For the bottom stress, the Manning coefficient specified for the 2D simulation ranges from 0.02 

in the open ocean to 0.05 in shallower regions, while the roughness height specified for the 3D 

simulation was set to 0.001 m. Both simulations used a time step of 150 seconds with a 5-day 

spin-up period and a simulation period of 55 days. The 2D vertically averaged barotropic 

simulation ran with 225 cores and a runtime of 30 hours. The 3D baroclinic simulation ran with 

400 cores and a runtime of 60 hours. These simulations were run on the Bora sub-cluster of the 

SciClone high-performance computing platform at William & Mary.  

The operational facility for the SCHISM model is the William & Mary’s High 

Performance Computing (HPC) cluster. The facilities include three main clusters of computers, 

named SciClone, Storm, and JAMES, providing over 9600 computing cores. The SciClone 
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cluster is the main staple of HPC computing on campus. It provides about 1200 computing cores 

and over 120 terabytes of storage. Storm and JAMES are recent additions to the fleet. The 

parallel computing capability was supported by MPI (Message Passing Interface) software 

MVAPICH2 version 1.9, which is available in the SciClone for use under RHEL 6/Opteron 

environment.   

II-3 Application in the South Atlantic Bight (SAB) 

The South Atlantic Bight extends along the eastern United States coastline from the 

Upper Florida Keys in the south, through the coasts of Florida, Georgia, and South Carolina to 

Cape Hatteras, North Carolina. The Bight forms the western boundary of the Sargasso Sea in 

which the Florida Currents and the GS are the prominent hydrodynamic features. As the GS 

flows along the outer edge of the southeastern United States' continental shelf, it meanders on 

and offshore creating frontal eddies which influence the exchange of water between the shelf and 

the adjacent Atlantic Ocean (Brink, 2016). Although the along-isobath flow is predominantly in 

geostrophic balance, the momentum terms for temporal variation, nonlinear advection, and 

vertical and horizontal mixing terms play important roles in the space-time development of the 

flow particularly during hurricane conditions.  

For this study, the SCHISM model utilized a high-resolution large-scale unstructured 

horizontal grid containing 2,897,340 elements and 1,482,028 nodes with an open ocean boundary 

located at the 60-degree west longitude from Nova Scotia to South America as shown in Figure 

4. This domain has been utilized in previous studies (Park, 2022; Liu et al., 2020) and includes 

the entire U.S. east coastal ocean, the west Atlantic Ocean, the Gulf of Mexico, and the 

Caribbean Sea. The large-scale grid was necessary to capture the landfall of Hurricane Matthew. 

Even with such a large domain, this model still has great efficiency and relatively fine resolution 
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ranging from a few meters in the coastal ocean to a few km in the open ocean. In the South 

Atlantic Bight region, the resolution ranges from approximately 7 km in the Atlantic Ocean near 

the GS, and near 100 m along the coast. The ocean open boundary contains 748 nodes where 

salinity, temperature, and tides were imposed. The open ocean bathymetry is interpolated from 

NOAA’s ETOPO1 1 arc-minute Global Relief Model (NOAA National Geophysical Data 

Center, 2009) and for coastal bathymetry the depth is interpolated from either NOAA’s 

Continuously Updated Digital Elevation Model (CUDEM) with 3 m horizontal resolution 

(Cooperative Institute for Research in Environmental Sciences at the University of Colorado, 

Boulder, 2014), or the USGS Coastal National Elevation Database (CoNED) with 1-3 m 

horizontal resolution (U.S. Geological Survey, 2022). The vertical grid is an LSC2 grid (Zhang et 

al., 2015) with a maximum of 49 layers in the deep ocean and a minimum of 2 layers in the 

shallow coastal regions, as shown in Figure 5.  

 
Figure 4. (left) Demonstration of the extent of the SCHISM unstructured grid model domain. This model 
covers the entire US east coast, Gulf of Mexico, and the Caribbean Sea. The open boundary is set at 60 
degrees longitude west from Nova Scotia to South America. The reference datum is NAVD88. (right) 

Demonstration of model bathymetry in the blue outlined region known as the South Atlantic Bight.  
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Figure 5. Demonstration of the number of vertical layers across the large-scale grid domain.     
 

The simulation period specified for the model was September 8th, 2016, to November 1st, 

2016, to capture the Hurricane Matthew period. Hurricane Matthew was a category 5 hurricane 

when it is at the lower latitude in the Atlantic Basin in early October 2016. On October 7, 2016, 

Matthew weakened to a category 3 hurricane passing 50 nautical miles east-northeast of 

Jacksonville Beach, Florida. On October 8, Matthew moved through Georgia as a category 2 

hurricane and landed on the south of McClellanville, South Carolina. Late October 8 and early 

October 9, the center moved back offshore of the SC coast and went north to reach North 

Carolina. This hurricane track stayed mostly parallel to the coast along the SAB region as shown 

in Figure 6. Matthew obtained a peak wind speed of 145 kt and a minimum recorded central 

pressure of 934 mb. The maximum wind field as Matthew approached the SAB region is shown 

in Figure 7(b). The precipitation between September and October in Savannah, GA reached over 

10 inches as shown in Figure 7(b). The wind and water damage caused by Matthew was 

estimated to total approximately $10 billion making it the 10 th most destructive hurricane to 

affect the U.S. (Stewart, 2017). 
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Figure 6. Hurricane Matthew track showing formation by the Caribbean Islands, and its hurricane status 
on the Saffir-Simpson hurricane wind scale along its traverse. (National Weather Service) 
 

 
Figure 7. (a) Hurricane Weather Research and Forecast (HWRF) forecast of Hurricane Matthew 
maximum wind field in knots (NCEP). (b) Recorded precipitation (in inches) at the Savannah, GA 
weather station for September and October 2016. Dark green bars indicate the measured precipitation, 
light green indicates the normal amount of precipitation, while red indicates the daily maximum recorded 
since 1870. 
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III. MODELING RESULTS, OBSERVATIONS, AND HYPOTHESES 

III-1 Coastal Sea Level Comparison – 2D vs. 3D 

 In the analysis of hurricane storm surge, numerical modelling is often employed to 

simulate the response of coastal oceans to hurricane forcing under the influence of wind, 

pressure, tide potential, density, precipitation, turbulent mixing, and the surface and bottom 

friction. When applying above forcing associated with storm surge evolution, the different results 

may arise when using two-dimensional (2-D) barotropic models versus three-dimensional (3-D) 

baroclinic models. The importance of distinguishing the difference stems from the fact that 

government agencies and many peer scientists employ 2-D models applied on an intrinsically 

stratified ocean where the baroclinic effect is neglected. In the 2D vertical approach, the density 

of the ocean is assumed to be constant, and the friction is a function of the mean averaged 

velocity whereas in the 3D approach, the density varies with depth, the turbulent eddy viscosity 

varies with depth, and the bottom friction is a function of the velocity at the bottom layer. The 

3D baroclinic approach does make a difference on the response of the coastal ocean to hurricane 

forcing due to inclusion of the density effects on the friction at both the surface and bottom 

boundary layer, the distribution of the wind induced momentum in the interior of the ocean, and 

energy conversion from the barotropic to baroclinic tides on the water level.  

 The SAB study area is a concave shelf with a width of about 5 km off of Palm Beach, FL, 

120 km off of Georgia and South Carolina, and 30 km off of Cape Hatteras, NC, shown in Figure 

8. According to physical processes that control the water properties, the SAB can be divided into 

3 different zones: inner, middle, and outer shelves. The inner shelf, bounding at about the 20-m 

isobath, is characterized mainly by a low-salinity front, which results from the interaction 

between freshwater discharge, tidal mixing, and wind forcing. The mid-shelf, located in the 20- 
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to 40-m isobaths, is a region controlled by the combined processes on inner and outer shelves. 

The outer shelf (≥ 40 m depth) is dominated by the shelf break front between the GS and coastal 

waters.  

 
Figure 8. The locations of the stations plotted in Figure 9 as well as the bathymetry of the region. The 
Savannah River is indicated to show the location of the inset map in Figure 10. The grey contours signify 
20- and 40-meter isobaths. 
 

 Accurate simulations of 3D, baroclinic, coastal processes require that the dominant 

physical features, such as intricate coastlines, shallow straits, salinity/temperature gradients, and 

bathymetry, be mapped onto a high-resolution computational grid, often on the order of tens of 

meters to a few kilometers. Even with the most advanced computing power, the computational 

demands for this type of modeling limits the domain size. Moreover, baroclinic simulations are 

prone to instabilities and inaccuracies if the initial and boundary conditions are not realistic, yet 

salinity and temperature data are frequently not available at the desired scales. One solution is to 

“nest”, or couple, a coarser grid ocean basin-wide model to a fine-scale, coastal model and 

downscale initial and boundary condition information from the coarser to the finer grid (Gula et 

al., 2014). To implement salinity and temperature fields in the coastal ocean, the SCHISM model 
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requires an initial salinity and temperature condition for the entire domain. Given its prominence 

as a global baroclinic model in depicting the ocean state in real time, HYCOM outputs were 

adopted and downscaled to the SCHISM coastal model. Specifically, HYCOM salinity and 

temperature data were extracted and combined with observed nearshore coastal climatologic data 

from the USGS and Chesapeake Bay Program together to provide the initial conditions. For the 

temporal varying open boundary condition aligned with the 60-degree West longitude of the 

SCHISM model domain, the salinity, temperature, and velocity profile were extracted from 

HYCOM and imposed during the simulation period.  

 The results of the 2D barotropic and 3D baroclinic simulations compared to the coastal  

observation along the US southeast coast are shown in Figure 9. The 2D and 3D model R2 values 

are all above 0.9, with the 3D results on average above 0.98, which is superior to the 2D’s 

average value of 0.94. Although the 2D result can be considered reasonable, the 3D results are 

more accurate uniformly across the entire simulation period, particularly over the post-hurricane 

period, which will be discussed later. Further comparison of the 3D simulated water level for the 

inland stations in the lower Savannah River basin observed by the USGS are shown in Figure 10. 

Figure 11 shows the skill of the 3D model results compared to the observation displayed in a 

Taylor diagram, where the correlation coefficient (R2), standard deviation (SD), and root mean 

squared error (RMSE) are combined for all nine stations from the coast to the inland stations 

(Taylor, 2001). The R2 is used as a measure of how well the model estimates the observation, 

while the SD is a measure of the differences from the mean, and the RMSE is a measure of 

average error, or deviation from the observation. Therefore, the observation has a SD of 0, R2 of 

1, and a RMSE of 0, and a perfect model of the observation would be the same.  



22 
 

 
Figure 9. 2D (left) and 3D (right) modeled water elevation (blue) compared to observation (red) at six coastal stations located in the SAB region. 
The skills (R2, Mean Absolute Error, Root Mean Squared Error) are shown in the upper left corner for each station. 
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Figure 10. (left) Locations of the four stations plotted in the figure on the right. (right) 3D model result (blue) compared to observation (red) 
along four coastal stations located in the lower Savannah River. The skills (R2, Mean Absolute Error, Root Mean Squared Error) are shown in the 
upper left corner for each station.
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Figure 11. Taylor diagram showing the skill at all 9 stations for the 2D result (blue) and the 3D result 
(red) in comparison to the observation (black). The blue axis is for the R2 correlation coefficient, the 
black axis is for standard deviation, and the green axis is for centered root mean squared error. (Taylor, 
2001). 

 

III-2 Gulf Stream slows down and the presence of PHAWLS – post Matthew 

 The GS is a western-intensified current, driven largely by wind stress, as the trade winds 

blow westward in the tropics, and the westerlies blow eastward at mid-latitudes, resulting in a 

northward accelerating current off the Florida coast. Because of the conservation of mass and of 

potential vorticity, the transport is balanced by a narrow, intense poleward current, which flows 

along the western ocean boundary, allowing the vorticity introduced by coastal friction to 

balance the vorticity input of the wind. (The reverse effect applies to the polar gyres – the sign 

of the wind stress curl and the direction of the resulting currents are reversed). The principal 

west-side currents (such as the Gulf Stream of the North Atlantic Ocean) are stronger than those 

opposite (such as the California Current of the North Pacific Ocean), a mechanism made clear 

by Henry Stommel (1965). The GS transports water at an average rate of 30 million cubic 

meters per second (30 Sv) through the Florida Straits going northward. As it  passes through the 

U.S. East Coast and reaches south of Newfoundland, this rate increases to 150 Sv (Knauss, 
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1969). The transport of the GS dwarfs the total discharge of all rivers that empty into the 

Atlantic combined, which total 0.6 Sv. The GS is typically 100 km (62 mi) wide and 800 to 

1,200 m (2,600 to 3,900 ft) deep and the current velocity is fastest near the surface, with the 

maximum speed typically about 2.0 m/s (4.5 mph) (Stommel, 1965).  

 On long timescales, studies have suggested that recent sea level acceleration on the U.S. 

East Coast may be partly driven by climate-related slowdown of Atlantic Meridional 

Overturning Circulation (AMOC) (McCarthy et al., 2012; Smeed et al., 2013) and a weakening 

GS (Boon, 2012; Ezer and Corlett, 2012; Sallenger et al., 2012; Ezer et al., 2013). However, 

these long-term driven variations of the GS are relatively small on the order of 1.5 – 2 Sv or 4% 

over the last 40 years (Piecuch and Beal, 2023). On the other hand, large short-term fluctuations 

in the GS transport (on the order of ~5 – 10 Sv within a few days) are quite common and can be 

detected in coastal sea level records (Ezer, 2016). The GS along the U.S. East Coast is routinely 

interacting with tropical cyclones and caused GS volume transport reduction as much as 40% 

for about 2 weeks following Hurricanes Jose and Maria (of 2017) reported by Todd et al. 

(2018). Ezer et al. (2017) also reported a dramatic decline in the Florida Current (FC) following 

Hurricane Matthew (of 2016) passing the SAB from a maximum transport of ~ 40 Sv before the 

storm to ~ 20 Sv after the storm based on the cable measurement of the Florida Current 

transport between Miami and the Bahamas, as shown in Figure 12. Analyzing the observed FC 

transport since 1982 indicates that such a large FC reduction, comparable to the magnitude of 

the weakening in October 2016, rarely occurred in the past as a result of the striking by a 

hurricane. The slowdown of transport for a western boundary current, such as the GS in the U.S. 

East Coast, will have the effect of decreasing the seaward sea level across the current while 

increasing the shoreward coastal sea level (Blaha, 1984). This exacerbates coastal flooding. 
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Figure 12. Volume transport time series measured by the Western Boundary Time Series submarine 
cable in the Florida Straits. The mean (31.5 Sv) and standard deviation (3.4 Sv) since 2000 are indicated 
by the horizontal line and shading (Todd et al., 2018). (top) 2013-2015 data with the times of closest 
approach of Dorian, Arthur, and Ana indicated by vertical lines. (bottom) 2016-2017 data with the times 
of closest approach of Matthew, Irma, Jose, and Ana indicated by vertical lines.  

 

 In Hurricane Matthew’s case, it is worth noting that the SAB was hit by the hurricane 

first and followed by an extratropical cyclone that arrived at the U.S. East Coast from the west, 

as shown in Figure 13, resulting in a prolonged slowdown period of the GS. This extra-tropical 

cyclone extended from Nova Scotia to Florida and was a powerful driver for generating sea level 

anomalies, which is frequently cited as the source of coastally trapped waves (CTW) propagating 

from the north of the U.S. East Coast toward the south (LeBlond and Mysak, 1978, p551). The 

surface wind stress from this large-scale weather system can generate CTWs by piling up water 

near the center of the storm which then initiates a topographic planetary wave governed by the 

conservation of potential vorticity (Gill and Schumann, 1974; Kundu, 1990). Figure 14 shows 

the observed tidally filtered water elevations of six NOAA tidal gauge stations along the U.S. 

southeast coast. The orange arrow highlights the high water level propagating northward 

associated with the storm surge by Hurricane Matthew,  
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Figure 13. NOAA daily weather map on October 9th, 2016, showing Hurricane Matthew off the coast of 
North Carolina and the extratropical cyclone expanding the entire east coast to the west of the hurricane.  

 

 
Figure 14. Observed tidally filtered water elevations of six NOAA tidal stations along the US southeast 
coast. The orange arrow highlights the storm surge from Hurricane Matthew. The red arrow highlights the 
CTW moving southward.  
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while the red arrow highlights the CTW generated by the extratropical cyclone moving 

southward. The PHAWL, Post Hurricane Abnormal Water Level, is the post hurricane water 

level marked by red which is up to 50 cm higher than the normal water levels (~ 0 m relative to 

NAVD88) and lasted for several weeks. Park et al. (2023) has studied the PHAWL extensively 

and found that while atmospheric forcing can modulate the coastal PHAWLs, it is the ocean 

dynamics, primarily driven by the GS, which is the main cause for the elevated shelf-scale 

PHAWLs. Since the CTW is highly rotational, the motion consists of a sequence of horizontal 

eddies of alternating signs propagating along and confined to the shelf/slope region. In the 

coastal ocean, CTWs typically have a period of one week and a wavelength of 1000 km; thus, it 

is a long wave with low frequency, small amplitude, and in the northern hemisphere, the coast 

should lie to the right of the direction of the phase propagation (LeBlond and Mysak, 1978). It is 

generally accepted that a CTW is generated by a large-scale weather system that moves across or 

along the shelf (LeBlond and Mysak, 1978). In the stratified coastal ocean, CTWs can be 

baroclinic and their generation by the alongshore component of the wind stress has been reported 

by Wang and Moors (1976) and Clark (1977).  

One of the major milestones of the 3D SCHISM model is its capability to simulate the 

GS and the associated features authentically during Hurricane Matthew. Figure 15 shows the 

western intensified boundary current of the Florida Current (and continuation into the GS) 

depicted as a broad current system with a velocity near 1.9 m/s over the Florida coast. As 

Hurricane Matthew moved across the Florida Strait and progressed along the SAB, the velocity 

field of the GS was shown to be disturbed and interact with the tropical cyclone. Specifically, on 

the 7th of October, the model results show the hurricane passed across the Florida Current from 

the east to the west of the GS. The hurricane then proceeds to travel northward along the inner 
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shelf of the SAB reaching the Georgia and South Carolina coastline on the 8th of October where 

the GS actually strengthened due to the enhancement by the northward wind component of the 

hurricane. On October 9, 2016, the hurricane left Cape Hatteras North Carolina, stalled, and 

downgraded. Figure 16 shows the striking phenomena occurred, that is the total transport of the 

GS was observed to reduce sharply by more than 20% during and after the hurricane impacted 

each of the sub-regions and the low transport persisted for almost 2 months. The modeled GS 

transport across 4 transects in the SAB confirmed that the slowdown of the GS was not just 

limited to the Florida Current but was a South Atlantic Bight-wide phenomena and persisted 

until or beyond the end of the simulation period on October 28, 2016. Consistent with the 

observation using NAVD88 as the datum in Figure 14, Figure 17 shows the SCHISM modeled 

tidally filtered low frequency PHAWLs were simulated and compared with the observation. 

Reasonable 3D skills (R2, Mean Absolute Error, Root Mean Squared Error) were obtained for 

each of the coastal stations. Another benchmark that SCHISM was able to simulate is the 

generation and propagation of the CTW southward. Figure 18 (top) shows the CTW exhibited as 

a positive sea level anomaly generated north of the SAB which then traveled through North 

Carolina southward to Florida over time right after Hurricane Matthew (Park, 2022). The fact that 

the SAB was struck by Hurricane Matthew and followed immediately by a CTW in a one-two 

punch fashion was somewhat unique. Figure 18 (bottom) shows another CTW event generated 

by a separate extratropical cyclone arriving from the west to the U.S. East Coast on October 13-

15, this time without a hurricane as a pre-cursor. The response of the GS transport (see Figure 

16) was much milder, and the dip of the GS transport was only slightly felt at the northern three 

stations. The differences of the effect of a single CTW event compared to that of the combined 

Hurricane Matthew/CTW event were indeed distinct, inspiring, and worth pondering.  
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Figure 15. Modeled daily tidally averaged surface current velocity fields for October 6-9, 2016. Arrows show surface current direction and  
color ramp corresponds to surface current speed. The approximate location of the hurricane eye is marked in white.
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Figure 16. (left) The location of 4 transects across GS used to calculate GS transport are shown in red. Hurricane Matthew’s track is plotted in 
green with date and time in black. The speed on a pre-hurricane date of September 27, 2016, is plotted in blue. (right) The calculated GS transport 
during Hurricane Matthew across 4 stations in the South Atlantic Bight.  
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Figure 17. Tidally filtered water levels at four coastal stations with NOAA observation in green, 3D 
baroclinic model result in black, and 2D barotropic model result in blue. The NAVD88 datum is shown in 

the dashed line. The 3D skill (R2, Mean Absolute Error, Root Mean Squared Error) is shown in the top 
right for each station. The approximate timing of the passage of Hurricane Matthew at each station is 
shown in orange. 
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Figure 18. (top) Modeled CTW in the period of 10/10/2016 17:00 – 10/11/2016 17:00. The black contours represent water levels at 34, 36, and 38 
cm (Park, 2022). (bottom) Modeled CTW in the period of 10/13/2016 6:00 – 10/15/2016 0:00.  
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III -3 Theoretical Consideration and Hypotheses 

 Geostrophic balance is an excellent approximation for describing steady state motion of 

the GS (away from the boundary) in the interior of the ocean (Stommel, 1965). In the core of the 

momentum equation is a horizontal balance between the Coriolis force and the pressure gradient 

force under the combined influence of earth’s rotation and stratification. Following Cushman-

Roisin and Beckers (2009), the horizontal equation of motion governing the large-scale oceanic 

features exhibits the first order balance between Coriolis and pressure gradient forces, compared 

to which most of the other terms in the equation of motion are 2nd order based on scale analysis 

of small Rossby number. This balance is known as the geostrophic equations, where the sea level 

slope across the SAB is offset by the Coriolis force corresponding to the velocity of the GS up to 

10-2 dynes/cm. The scale analysis reveals that other forces are smaller than this magnitude and 

thus, correct to the first order of approximation, these two forces are the dominant balance for 

large-scale oceanic motion.  

 We consider the coastal ocean as stratified with low density of water on top of the high 

density (or warm water above cold water). The stratification has both vertical and horizontal 

components similar to the density profile across the GS. Mathematically, the density is a function 

of both height z and distance x (from the coast towards the ocean). Now assume that the flow is 

steady, geostrophic balance, and hydrostatic, that is:  
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Cross-differentiating (1) and combining with the hydrostatic relation to yield: 
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Thus,  

 

This is called the inviscid thermal wind relationship which relates  
v

z

µ

µ
  of the ocean current 

flowing towards the north (positive y-direction), to the decrease of density toward the east (in the 

northern hemisphere) assuming there is no appreciable horizontal density gradient in the 

direction of the stream, namely, 0
u

y z

µr µ
= =

µ µ
. The thermal wind equation (3) reflects how the 

GS has higher surface velocity when Atlantic ocean waters are warmer than the shelf water (or 

lower density water in Atlantic Ocean and higher density water along the shelf). This gives 

                      < 0        and       generally,                  > 0          where     < 0 .     

 

In the case of the deceleration of the GS, we intend to compare     

before and after the hurricane and CTW events. This means:  
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In terms of absolute value of the slope of the density gradient, it is expected to “slump” or 

“collapse” (to have a flatter slope) after the event. The magnitude of the GS slowdown shown be 

related to    by a 105 factor of     .  Qualitatively speaking, the larger the GS slowdown, the 

larger the slump angle to the horizon of the density field (conversely, an acceleration of the GS 

will cause density slope to rise). In the case of pronounced density contrast, such as across cold 

and warm fronts, a layered system may be applicable. In this case, the system can be represented 

by two constant densities ( ” and ”,  ”  <   ”  where subscripts 1 and 2 refer to upper 

and lower layers, respectively) and two velocities (  ὺ  and  ὺ  ). Relation (3) can then be 

discretized into:  
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(4) 

 

The ratio of     is the slope of the interface. The equation is called Margules relation (Knauss 

and Garfield, 2016).  

Equation (4) is used in Chapter 4 to relate the GS slowdown to the slump of the density slope 

after the hurricane and CTW event.  

 Although the thermal wind relationship is convenient, namely linear and does not require 

integration over time, it should however, be kept in mind that the geostrophic balance is obtained 

based on a number of assumptions, approximations, and neglect of some terms from the full 

Navier-Stokes governing equations. Some of these include: a) neglecting the non-linear 
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advection terms b) neglecting the time dependence c) neglecting the friction d) neglecting the 

turbulent mixing e) replacing the Coriolis f with the beta plane approximation. In order words, 

(3) and (4) are rooted in the assumption of strict geostrophic balance. Therefore, it will only be 

applied for comparing the GS velocity prior to and post the hurricane, after it has sufficient time 

to reach an equilibrium state.  

 In the SAB, studies have found that meanders and eddies induced by ageostrophic motion 

are ubiquitous in the GS along the US seaboard (Gula et al., 2014). The sub-mesoscale 

ageostrophic motions are particularly energetic associated with storm activities (Whitt and 

Taylor, 2019; Fox-Kamp et al, 2008). Ageostrophic currents are defined as the component of the 

actual current that is not geostrophic. Based on the definition, the ageostrophic current can be 

written as:  

  ὺ  ὺ ὺ 

To describe the ageostrophic motion, we now rewrite the current velocity on the left side of (3) 

as   ὺ   to denote that this is a geostrophic velocity whose vertical shear is balanced with the 

horizontal density gradient:  

 

 

The      will be referred to here as the thermal wind shear (TWS). The TWS was calculated 

by applying central differences to the low-passed filtered modeled density data across the GS 

with   ”  of 1.025 kg/m3 used for reference density. The procedure is applied repeatedly to each 

depth based on equation (5)  (Mazzini et al., 2019). Following Yankovsky (2006), the 

ageostrophic shear      (AGEOS) can be defined as:  

‬ὺ

‬ᾀ
 
Ὣ

”Ὢ
 
‬”

‬ὼ
  

 

 
(5) 



38 
 

 

 

 

The physical meaning of the AGEOS can be explained by taking the vertical derivative of the 

cross-shelf momentum balance, combined with the hydrostatic equation, resulting in 
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Where y is the along-shelf coordinate, u and w are the cross-shelf and vertical velocity 

components respectively, and † is the stress in the cross-shelf direction.  

 

From the above equation, combining the last term on the left-hand side with the first term on the 

right-hand side composes the thermal wind balance. Further isolating the ageostrophic velocity 

from the geostrophic part of the equation leads to: 

 

From (7), it can be seen that the vertical derivative of the ageostrophic current represents the 

vertical variation of the very essential processes that were neglected such as the nonlinear 

interaction, turbulent mixing, and time-varying motions. In Chapter 4, the time series of the 

AGEOS is used for ageostrophic analysis to characterize the period and intensity of the GS 

adjustment process after the hurricane and CTW struck. It was found that the AGEOS was 

associated with the formation of the front, cross-shelf transport, ageostrophic secondary 

circulation, and vertical velocity. Furthermore, the instability triggered by the hurricane and 

CTW also generated sub-mesoscale eddies, which was the main driver of the horizontal 

dispersion and cross-shelf mixing.  
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Before proceeding to the next chapter on “Dynamics of coastal sea level, Gulf Stream 

slow down and cross-shelf mixing”, the hypotheses were deduced for the research framework as 

follows:  

(1) Three-dimensional, baroclinic, unstructured grid SCHISM model possesses the capability to 

simulate GS interactions with Hurricane Matthew and CTW by utilizing a nested fine grid 

coupled with the coarse structure grid global HYCOM ocean model 

(2) Among various potential mechanisms, the reduction of the horizontal density gradient across 

the GS is hypothesized as the main cause for the slowdown of the GS according to the thermal 

wind relationship. 

(3) The primary mechanism for driving the reduction of the horizontal density was the instability 

of sub-mesoscale ageostrophic processes which were triggered by the hurricane and CTW’s 

disturbances. Consequently, as the sub-mesoscale process evolved, the ageostrophic secondary 

circulation and eddies shed from the GS played an important role in cross-shelf transport and 

upwelling of the cold water to the surface resulting in stirring and dispersion of the density field. 

 
IV. DYNAMICS OF COASTAL SEA LEVEL, GULF STREAM SLOW DOWN, AND CROSS-

SHELF MIXING 

IV-1 The triggers and submesoscale processes for cross-shelf mixing 

 As previously noted, a dramatic reduction in the GS volume transport was reported 

following Hurricane Matthew as shown in the submarine cable measurement in the Florida 

Straits (see Figure 12; Todd et al., 2018; Ezer et al., 2017). There are various potential 

mechanisms behind the transient reduction in transport. One mechanism that was investigated by 

Todd et al. (2018) is how hurricane-induced cyclonic wind field blowing against the GS flow 

may drive Ekman transport away from the coast, causing a cross-stream pressure gradient that 
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slows down the GS. However, it was highlighted by Todd et al. (2018) that further investigation 

using numerical models is necessary to clarify the underlying dynamics behind the GS’s 

transient response to storm events. Based on the theoretical consideration outlined in Chapter 3, 

we proposed the driving mechanism behind the GS slowdown was the horizontal density 

reduction resulting from the instability of sub-mesoscale ageostrophic processes triggered by the 

hurricane and CTW disturbance. Since Hurricane Matthew traveled along the SAB at the 

continental margin where the depth is generally less than 800 m, the ideal model of coastal ocean 

response to a hurricane by O’Brien and Reid, (1967) and Lu and Huang (2010) was adopted.  As 

shown in Figure 19, the hurricane’s cyclonic wind stress around a low pressure system at the 

ocean surface causes the net transport of water to be away from the center due to Ekman 

dynamics (Kundu, 1990). However, at the bottom boundary layer where viscous forces are 

important, the velocity is decreased and deflected towards the pressure gradient force. Therefore, 

the net Ekman transport is to the left of velocity and in the direction of the pressure gradient 

force. This causes surface divergence and bottom convergence in the water column creating a 

vorticity tube with strong vertical velocity. The hurricane surface wind forcing causes the warm 

surface layer to move outward from the center, cooling it and causing downwelling at a distance 

from the hurricane’s path. Cold water then upwells from below to replace the surface layer as it 

moves away from the hurricane path, as observed by Leipper, (1966). 

Immediately following Hurricane Matthew, a powerful extra-tropical cyclone arrived at 

the SAB region from the west which generated a CTW which propagated southward along the 

coastline. These coastal trapped waves including continental shelf waves contribute significantly 

to low frequency sea level variations along the coast since their motion is governed by potential 
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Figure 19. Sketch of ocean processes during a hurricane where L is low pressure and w is vertical 
velocity (Lu and Huang, 2010). 
 

vorticity conservation. When a particle is released along an inclined plane, the particle path is 

dictated by the mechanisms of gravity and the Coriolis force. The particle moves downslope and 

picks up speed while deflecting to the right in the Northern Hemisphere due to the Coriolis effect 

which causes the path to follow a cycloid path as shown in Figure 20 (a). When accounting for 

friction along the sloping bottom, the particle never returns to the top of the inclined plan and the 

path becomes sinuous and dampens eventually reaching steady state moving nearly parallel to 

the incline as shown in Figure 20 (b). CTWs generally follow this pattern of motion consisting of 

horizontal eddies along the continental shelf.  

 These two atmospheric-induced mixing events together (hurricane and CTW) act as 

triggers that set off both horizontal and vertical mixing that created turbulences in a stratified, 

rotational fluid. Turbulence within a stratified water column mixes the water and creates a patch 

of uniform density that then collapses under the gravitational pressure of stratification, as shown 
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Figure 20. (a) By adding a Coriolis acceleration to the equation governing a particle sliding down an 
incline plan, the particle follows the path of a cycloid. (b) Path of a ball that rolls down an inclined plan 

under the influence of both the Coriolis force and friction. Unlike the frictionless case (a) each succeeding 
scallop is more damped than the previous, until, in the limit, the ball rolls nearly parallel to the incline, 
but slightly down hill (Knauss and Garfield, 2016).  

 

in Figure 21(b) and (c) (Thorpe, 2007). This mixed region then disperses into the surrounding 

ambient water, and under a rotating fluid after a time of Ὢ , the effect of the Earth’s rotation 

will cause the mixed patch to rotate in producing counter-rotating vorticies (or eddies) and 

Ageostrophic Secondary Circulation (ASC). Applying this concept to the stratified coastal ocean 

after the water column has been impacted by the hurricane and CTW, we propose that ASC and 

rotating vorticies (or eddies) were the dominant mixing mechanisms that caused the turbulence 

generated by the atmospheric disturbance to cascade, decay, and down-scale. In the process, sub-

mesoscale currents re-distribute water properties, including buoyancy, momentum, heat, and 
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freshwater while sub-mesoscale instabilities enhance the vertical exchange. They are the 

intermediator in providing the mixing causing the horizontal density gradient to slump, and thus 

through the thermal wind relationship cause a decrease in the vertical shear of the GS current 

velocity.  

The submesoscale motions lie between meso- and small-scale motion characterized by a 

horizontal length scale of 100 m - 10 km time scales of hours to weeks (Gula et al., 2021; Klein 

et al, 2015). The submesoscale is characterized by order one Rossby and Richardson numbers, 

suggesting that they are constrained by Earth’s rotation and oceanic stratification, so that both 

geostrophic and ageostrophic components coexist (Jing et al., 2021; Tomas, Tandon, and 

Mahadevan, 2007; Gula et al., 2021). The submesoscale contains much of the ocean’s turbulent 

energy and is characterized by intense vertical motion and vorticity which can influence the 

transfer of heat and energy dissipation. As an intermediary between balanced flows and small-

scale turbulence, submesoscales play an important role in ocean mixing. Particularly relevant to 

this study is the recognition that atmospheric-induced disturbances such as hurricanes and CTW 

serve as triggers to a persistent front: the GS, and that set off a chain of submesoscale 

instabilities (Gula et al, 2021). The first class of submesoscale instability occurred in the mixed-

layer, an upper-ocean equivalent of the classical interior baroclinic instability, which has two 

non-linear energy cascades: an inverse energy cascade towards larger scales – typical of 

geostrophic turbulence, and a forward energy cascade to the small-scale turbulence leading to the 

diapycnal mixing. The second class of submesoscale instability is the frontogenesis which 

appears only for finite Rossby number and hence is no analogy to the geostrophic balance. It 

involves the sharpening of aligned lateral density gradients (over a front) by straining flow, 

disruption of geostrophic balance for the along-front flow, and the generation of ASC (see figure 
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31 in IV-3). When the frontal shear becomes comparable with f, the frontal shear instability leads 

to the cross-frontal flow, accompanied by the development of the cyclonic eddy (see Figure 34 in 

Munk et al., 2000). The detail of submesoscale eddies will further be described in IV- 4. 

 

 

Figure 21. Collapse of a turbulent patch in stratified water. (a) On the left is shown the initial density 

profile with a locally uniform density gradient. Points are marked in a rectangular region where, in (b), 
turbulent mixing occurs. The effect of the mixing is to produce, in (c), a patch of relatively uniform 
density. The density profile through it at A-A is shown on the left. (d) The patch collapses under the 
gravitational pressure forces and spreads horizontally into the surrounding ambient water, forming an 

intrusion and dispersing the marked water particles (dots) horizontally. (e) After a time of about Ὢ , the 
effect of the Earth’s rotation (the Coriolis force) begins to produce a deflection of the flow, to the right in 

the northern hemisphere (as shown), resulting in the formation of counter-rotating vortices.  
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IV-2 Data Analyses 

 

To investigate the change in the density field corresponding to the deceleration of the GS, 

multiple transects were analyzed. There are 4 transects: Beaufort, NC, Myrtle Beach, SC, 

Savannah, GA, and Jacksonville, FL were chosen to represent four locations along the SAB. 

These transects range from 200 to 250 km in length, as shown in Figure 22. The entire transect 

extent is depicted in red, while the approximate extent of the GS at each transect is shown in 

yellow with the center of the GS used in the analyses in orange.  

 
Figure 22. The locations of the four transects extracted along the SAB plotted in red. Hurricane 
Matthew’s track is plotted in green. The GS extent used for the analyses is shown in yellow, with the GS 
center shown in orange. The speed on September 27th, 2016, is plotted to show the location of the GS pre-
hurricane.  
 

Several analyses were conducted of the 3D baroclinic model results across the shelf 

transects whose results are presented as follows:  
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A. Dynamic height  

Dynamic height is a height that arises due to the difference in the density of the seawater. 

The quantity has been defined to express the pressure difference in terms of the hydraulic head of 

the fluid flow. In oceanography, dynamic height is referred to as the steric height of the sea 

surface relative to the equilibrium position of the free sea surface. It was calculated at all four 

transects by low-pass filtering the elevation relative to mean sea level along the transect with a 

cutoff frequency of 0.6 days-1 to remove high-frequency variation. Figure 23 shows the dynamic 

height before both the hurricane and CTW (10/1) in blue and after (10/11-12) in red, dependent 

on the station location and timing of the events. Overall, the dynamic height increased on the 

coastal side of the transect and decreased on the eastern most side of the transect over the open 

ocean causing the cross-shelf sea level to decrease. This reinforces how after the hurricane and 

CTW passed the SAB region and the GS decelerated, the cross-shelf sea level slope underwent 

an adjustment increasing coastal sea level due to the change in the interior density field.   

  
Figure 23. Dynamic height before the hurricane and CTW (10/1) is shown in blue, and after both (10/11-
12) is shown in red at each transect along the SAB region. 
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B. Single density profiles 

Single density profile analyses were plotted for each transect at a date prior to and after 

both mixing events (hurricane and CTW) at the approximate center of the GS, and the difference 

between these two density profiles was calculated as shown in Figure 24. These profiles indicate 

that following the hurricane and CTW events, the water column was vertically mixed signified 

by the increase in surface density and the reduction of the bottom density up to 400 meters deep.  

 

Figure 24. Vertical profile of density at each transect taken within the GS extent before (green) and after 
(red) the two mixing events. The difference between the two density curves is shown to the right in blue.  
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C. Cross-shelf density patterns and gradient 

The cross-shelf density pattern at each transect was examined by analyzing the difference 

between pre-hurricane (10/6) and two periods: (1) just after the hurricane’s passage (10/8-9) and 

(2) after the GS slowdown (10/12) as shown in Figure 25. It was found that the characteristics of 

the mixing induced by the hurricane versus the CTW were different. The change in density 

induced by Hurricane Matthew is characterized by a narrower region (~20 km) of vertical mixing 

(see Figure 25 (top)). In contrast, after the CTW propagated southward and the GS slowed down, 

there was a broader horizontal dispersion across the continental shelf and slope (see Figure 25 

(bottom)). The horizontal dispersion is shown to be greater in magnitude than the vertical mixing 

which emphasizes the influence and extent of the CTW on the change in the density field.  

A horizontal density gradient profile was examined at each transect to determine whether 

the cross-shelf gradient changed after the passage of the hurricane and CTW. Figure 26 shows 

the pre-hurricane density contours depicted by dashed grey lines and post-hurricane/CTW 

density contours depicted by solid black lines. It can be clearly seen that the mixed layer has 

deepened presumably due to surface forcing and the slope of the density contours have slumped 

over time. To investigate the cross-shelf mixing that occurred due to the hurricane and CTW, the 

difference in density across a 10 km span through the GS center was plotted for before the 

hurricane and CTW (10/1) and after (10/12) as shown in Figure 27(a). Overall, the difference in 

density across the GS at each transect through depth decreased, indicating that the slope of the 

horizontal density gradient decreased as a result of both the hurricane and CTW. This trend is 

also consistent with depth, with the exception of the Myrtle Beach, SC transect which may be 

due to the effect of underlying bathymetry due to the nearby Charleston Bump. Occasionally a 

jagged pattern in the profile can be found, which could be associated with the density 
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microstructure (Phillips, 1966). A similar analysis was done to investigate the change in cross-

shelf density through depth across the entire GS extent for each transect as shown in Figure 

27(b). It should be noted that, in this case, the western side of the GS is near the boundary and 

may be affected by the underlying bathymetry. Again, there is an overall decrease in the 

magnitude of the cross-shelf density slope which can cause the GS to decelerate through the 

thermal wind relationship.  

D. Eddy diffusivity and vertical velocities 

The eddy diffusivity was plotted after both the hurricane and CTW to investigate the 

turbulence introduced into the region by the combination of both events. Figure 28 shows the 

eddy diffusivity at all four transects, indicating that the turbulent mixing due to these two events 

combined is confined to the top ~ 60 m of the water column, and extends to ~ 100 km in distance 

across the shelf. The vertical velocity distributions during the hurricane Matthew period were 

inspected at each transect to evaluate the upwelling and downwelling induced by the hurricane. 

Figure 29 shows the vertical velocity through the four timestamps within the hurricane period 

across the four transects. The approximate location of the center of the hurricane as it passes 

across each transect is marked by a dashed vertical line. It should be noted that the strongest 

vertical velocity at each transect corresponds to the timing of the hurricane passing through the 

transect. Also, the strongest vertical velocity is located in the north-east, or right-front quadrant 

of the hurricane, which is expected because this quadrant has the largest wind field and strongest 

winds. After the hurricane, there is still significant vertical velocity which is likely eddy induced 

and will be further described in IV- 4. 
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Figure 25. (top) The density difference between a pre-hurricane date of 10/6 and 10/8-9, 2016 during Hurricane Matthew and (bottom) The 
density difference between a pre-hurricane date of 10/6 and 10/11-16 (when the lowest GS transport occurred), including the effects of both 
Hurricane and CTW for four transects along the SAB dependent on station location and timing of hurricane arrival. The dashed vertical black line 
indicates the approximate location of the hurricane’s center as it passed over the transect. Red indicates the water density increased, while blue 
indicates the water density decreased from the pre-hurricane condition.
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Figure 26.  Pre-hurricane density contours depicted by the dashed grey lines and post-hurricane/CTW density contours depicted by the solid 
black lines. The bathymetry is shown in brown, and the yellow highlighted region is the approximate location of the GS. 
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Figure 27. The difference in density through depth (a) between two points 5 km on either side of the GS center and (b) between the western and 
eastern most extent of the GS, before the hurricane and CTW (10/1) is shown in blue, and after both (10/12) is shown in red at each transect. 
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Figure 28. Model calculated eddy diffusivity plotted at each transect after the passing of the hurricane and CTW. 
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Figure 29. Vertical velocity plotted along each transect at four progressing time stamps during Hurricane 
Matthew’s path northward. The dashed vertical line indicates the approximate hurricane center as it 
passed over the transect.  
 

IV-3 Ageostrophic Analysis 

 Up to now, the data analyses of model results provide evidence of vertical mixing and 

horizontal dispersion following the hurricane and CTW, as well as the subsequent slump of the 
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horizontal density gradient (see Figures 24-27). This decrease in horizontal density slope, based 

on the thermal wind relationship, corresponds to a GS slowdown. However, what is the mixing 

mechanism actually involved in making the slump of the horizontal density gradient? The 

driving mechanism is associated with sub-mesoscale ageostrophic processes triggered by the 

hurricane and CTW disturbances. Figure 30 shows the modeled temperature and velocity field 

pre-hurricane (10/3), during the hurricane (10/8-9), and just after (10/10). As the hurricane is off 

the coast of Georgia on 10/8, there is an increase in onshore transport evidenced by the velocity 

followed by an increase in offshore transport as the hurricane moves further north on 10/9. As 

the hurricane leaves the domain (10/10) more eddies begin to form, and a temperature front 

forms when compared to pre-hurricane condition (10/3). This pattern of motion is indicative of 

ageostrophic origin, or specifically, Ageostrophic Secondary Circulation (ASC), which is 

evidenced by horizontal eddies, upwelling, downwelling, cross-front surface and subsurface 

velocity, and fronts as summarized in Figure 31 (Jing et al., 2021; Gula et al., 2021).  

To analyze the atmospheric disturbance imposed by the hurricane and CTW, an 

ageostrophic analysis was conducted to characterize the non-geostrophic balance process, which 

is a non-steady, non-linear, and turbulent-related adjustment process. The ageostrophic analysis 

was conducted at the GS center of the Jacksonville, FL transect, as an example, with the density 

gradient calculated by utilizing two stations 5 km on either side of the center. The TWS (for 

definition see III-3 of Chapter III) was calculated by applying central differences to the low 

passed modeled density data across the GS through depth with a   ”   of 1.025 kg/m3 used for 

the reference density. The u and v components of velocities were rotated to the GS principal 

axis in order to obtain the along- and cross- GS components. The modeled vertical shear was 

calculated by taking the gradient of the low-passed along-GS velocity through depth. Finally, 
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the ageostrophic shear (AGEOS) was then calculated following equation 6 (III-3 of Chapter III) 

to address the effects of non-steady, non-linear interactions involving turbulence that are 

neglected by geostrophic balance. 

A. The mixed layer dynamics 

To represent the upper ocean mixed layer dynamics deviating from geostrophic balance, 

an ageostrophic analysis was conducted for the top 100 m of the water column as shown in 

Figure 33. The time series of surface wind stress during the simulation period (9/25 to 11/2) is 

shown in Figure 33(a) with the along-GS shown in red, against-GS shown in blue, and in grey is 

the offshore wind stress (positive) and onshore wind stress (negative). During the hurricane 

period around the 7th of October, there is a peak in surface wind stress. This strong wind forcing 

corresponds to highly active AGEOS shown in Figure 33(h). This period is identified and 

outlined in yellow as the occurrence of sub-mesoscale process. During this window, there is the 

occurrence of density fronts on either side of the GS center as shown in Figure 33(b) and (c), 

marked by the white vertical line, which also corresponds to high cross-GS velocity indicative 

of on- and off- shore velocity as shown in Figure 33(d). A spatial distribution of the density 

front phenomena during the sub-mesoscale process period was also shown in Figure 32. 

Following this period of submesoscale process, the along-GS velocity, modeled shear, and 

thermal wind shear, have all reduced as shown in Figure 33(e), (f), and (g), which clearly 

indicates the reduction of the vertical shear of the along-axis velocity and thus the slowdown of 

the GS.  
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Figure 30. Modeled surface temperature and velocity field in the SAB region pre-hurricane (10/3), during the hurricane (10/8-9), and shortly 

after (10/10). 
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Figure 31. Schematic diagram of a typical submesoscale density front and cross-front ageostrophic 
secondary circulation that tends to slump isopycnals and restratify the surface boundary layer by 

submesoscale instability (Jing et al., 2021).  

 

 

Figure 32. Vertical density profiles along the Jacksonville, FL transect through three timestamps 
signifying during the hurricane, after the GS slowdown, and during the GS recovery period. 
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Figure 33. Time series of (a) surface wind stress; density 5 km (b) west and (c) east of the GS center; 
(d) cross- and (e) along-GS velocity; (f) modeled along-GS vertical shear (MOD), (g) thermal wind 
shear (TWS), and (h) ageostrophic shear (AGEOS) for the surface 0-100 m depths where ageostrophic 
shear is calculated as the difference between modeled along-GS vertical shear (MOD) and thermal wind 

shear (TWS). Density is contoured in intervals of 0.7 „ , with the white contour denoting 22.9 „. 



60 
 

B. Thermal wind shear in the interior of the coastal ocean  

Unlike the surface mixed layer where turbulence is prevalent, the dynamics in the interior 

of the ocean are considered to be dominated by geostrophic balance. To represent the ocean 

interior dynamics which deviate from geostrophic balance, if there is any, the ageostrophic 

analysis was conducted for 100 to 500 m depths of the water column as shown in Figure 34. The 

time series of surface wind stress at the GS center remains consistent, as shown in Figure 34(a). 

During the highlighted period of submesoscale process, there is high ageostrophic motion up to 

500 m depth as shown in Figure 34(h). Also, during this period there is indication of cross-GS 

velocity reversal at depth as shown in Figure 34(d) which is further evidence of ageostrophic 

motion up to 500 meters. Before and after this period there is typically an inversion in the density 

profile as shown in Figure 34(b), however, during the submesoscale process window, this 

inversion has been smoothed out presumably due to eddy activities. This is also evidenced in the 

modeled and thermal wind shear shown in Figure 34(f) and (g) where there are disturbances in 

the profile which can be attributed to eddy activities. The Japan Agency for Marine-Earth 

Science and Technology (JAMSTEC, 2014) have also studied submesoscale eddies and found 

that these structures are more energetic following a deepening of the mixed layer in winter as 

shown in Figure 35. This is consistent with our finding of submesoscale eddy structure reaching 

500 m depth following the deepening of the mixed layer due to hurricane surface wind forcing.         
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Figure 34. Time series of (a) surface wind stress; density 5 km (b) west and (c) east of the GS center; 

(d) cross- and (e) along-GS velocity; (f) modeled along-GS vertical shear (MOD), (g) thermal wind 
shear (TWS), and (h) ageostrophic shear (AGEOS) for the surface 0-100 m depths where ageostrophic 
shear is calculated as the difference between modeled along-GS vertical shear (MOD) and thermal wind 

shear (TWS). Density is contoured in intervals of 1 „ , with the white contour denoting 27 „. 
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Figure 35. Sub-mesoscale process. In winter, the mixed layer becomes thicker because of cooling of the 
ocean surface (left). On the other hand, the mixed layer depth is shallow in summer due to calm winds 
and strong solar radiation (right). Sub-mesoscale structures become more active within the deeper mixed 
layer in winter (left), while becoming calmer in summer when the mixed layer is shallow (right) 
(JAMSTEC, 2014).  
 

IV-4 Eddies and sub-mesoscale process  

Ageostrophic motion involves non-steady, non-linear interactions and eddies. Eddies are 

circular, looping currents of water that are cut off from the main current. Ageostrophic 

instabilities triggered by strong wind forcing are associated with sub-mesoscale eddies. These 

eddies are the signature process that occurs after the hurricane and CTW strike the GS. Sub-

mesoscale analysis requires finer resolution to capture the associated eddies due to their lateral 

scale of O(10) km. Therefore, the model resolution was revised so that the offshore resolution 

was refined from approximately 6 km to 4 km and this higher resolution grid was used to 

analyze submesoscale eddies.  
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A. Eddy signature on flow, temperature, and salinity fields  

In analyzing the flow field of the fine grid model result during the ageostrophic peak on 

10/10/2016 4:00AM, many different sized eddies were identified for spontaneously emerging 

into the domain following the hurricane as shown in Figure 36. Also shown are the thin shear 

lines (Yoder et al. 1994) known as a filament, along the entire SAB region on either side of the 

GS and the smaller eddies from the shear line could presumably be further resolved if the model 

grid resolution were increased. Six eddies were isolated, with further detailed analyses 

conducted for eddy #1. The evolution of eddy #1 through time at 10 m depth is shown in Figure 

37. The left panel shows the speed and horizontal velocity vectors plotted at 1.5 km resolution. 

The center panel is for temperature, and right panel for vertical velocity, from 10/8/2016 12:00 

to 10/11/2016 00:00 with the time interval between rows being 12 hours. The GS speed is 

shown to decrease through time, while the cold core eddy progresses. The vertical velocity 

signal at this depth is contaminated by mixed layer turbulence, though as the eddy is growing 

through the first three time steps the upwelling pattern dominates, while downwelling 

dominates through the latter three timesteps where the eddy is shrinking. This similar evolution 

is still evident for eddy #1 at 200 m depth as shown in Figure 38 where even at depth the GS 

slowdown and progression of the cold core persist. The vertical velocity at depth is greater than 

the surface, and the pattern of upwelling and downwelling is more prominent.  

Submesoscale eddies are known to enhance vertical exchange of water properties, such 

as heat and tracers, through their associated strong vertical velocities as large as 10-100 m day-1 

(Zhu et al., 2024; Gula et al., 2021). This intense vertical flux associated with submesoscale 

processes is found to strengthen nutrient flux from the ocean interior to the surface euphotic 

zone, which enhances primary production and oceanic carbon uptake, a phenomenon of 
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paramount importance for the bio-geochemical process of the coastal ocean. The evolution of 

the vertical velocity field through time, starting at 10/8/2016 12:00 and ending 10/11/2016 0:00 

at depths of 10, 100, and 200 meters was plotted as shown in Figure 39. The temperature and 

salinity fields associated with eddy #1 were also plotted at the timestamp of 10/10/2016 

4:00AM through depths of 0, 60, 200, and 400 meters as shown in Figure 40. The temperature 

shows the cold core vertical structure penetrating to 400-meter depth, while the salinity shows 

saltier water entrained by the eddy at 0- and 60-meter depths and eddy entrained fresher water at 

200- and 400-meter depths due to the influence of fresher water from the continental shelf since 

this eddy is located on the western side of the GS.  

 
Figure 36. Modeled surface speed and velocity field in the SAB region shortly after the hurricane on 

10/10. The locations of six eddies are boxed in white.  
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Figure 37. The progression of eddy #1 at a depth of 10 m in snapshots of (left) speed with horizontal 
velocity vectors plotted at 1.5km resolution, (center) temperature, and (right) vertical velocity, beginning 
at 10/8/2016 12:00 and ending at 10/11/2016 00:00 with the time interval between rows being 12 hours. 
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Figure 38. The progression of eddy #1 at a depth of 200 m in snapshots of (left) speed with horizontal 
velocity vectors plotted at 1.5km resolution, (center) temperature, and (right) vertical velocity, beginning 
at 10/8/2016 12:00 with the time interval between rows being 12 hours. Bathymetry is shown in grey.  
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Figure 39. The progression of the vertical velocity field of eddy #1 through time, beginning at 10/8/2016 12:00 with the time interval between 
columns being 12 hours at depths of 10 m (top), 100 m (center), and 200 m (bottom). Bathymetry is shown in grey.  
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Figure 40. (left) Temperature and (right) salinity through 0, 60, 200, and 400 m depths for eddy #1 at 
10/10/2016 4:00AM with velocity vectors superposed. Bathymetry is shown in grey. 

 

To estimate the horizontal spatial scale of the six identified eddies, the temperature and 

velocity were plotted for the near field of each eddy as shown in Figure 41. The characteristics 

of all six eddies including their estimated spatial and temporal scales are shown in Table 1. 

These dimensions are consistent with the lateral scale (several km – 50 km) and temporal scale 

(few hours – few weeks) observed for sub-mesoscale processes (Wang et al., 2023; Sasaki et al, 

2014).  
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Figure 41. Surface temperature and velocity fields at each eddy identified in Figure 32.  

Table 1. Estimation of spatial and temporal scale of six identified eddies. 

Eddy 

# 

Spatial 

(km) 

Temporal 

(days) 

Location 

relative to GS 

Cold or 

Warm Core 

1 50 x 50 2.5 W C 

2 50 x 20 3.75 W C 

3 70 x 20 1 E C 

4 50 x 40 2.5 E W 

5 35 x 15 1.5 W C 

6 30 x 30 1.25 E C 
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B. Eddy kinetic energy and vorticity 

To quantify eddy activities, the eddy kinetic energy was calculated as a measure of the 

kinetic energy associated with the rotational motion of eddies, serving as a proxy for the strength 

of eddies. The eddy kinetic energy is defined as:  

ὉὑὉ πȢυộό Ớ ộὺ Ớ 

Where (όȟὺ) are the fluctuating components of horizontal velocity over time.  

EKE was calculated along each transect from 10/6 to 10/14 through the hurricane and CTW 

period as shown in Figure 42. The EKE peaks when the hurricane passes through the transect  

 
Figure 42. Vertical profiles of eddy kinetic energy on the four transects through the SAB region whose 

locations are shown in Figure 22. The contour lines represent the latitudinal velocities with 10 cm/s 
intervals from the maximum value. Each column indicates a timestamp from 2016-10-6 to 2016-10-14.  
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which can be seen on 10/8 for the two southern most transects and 10/9 for the northern 

transects. After the hurricane, the EKE stays elevated through 10/11, depending on the location 

of the transect, as the CTW propagates southwards, and sub-mesoscale eddies begin to form. The 

magnitude of EKE is consistent with the observed EKE from spray glider measurements over the 

period of July 2015 – June 2020 presented by Todd et al. (2021). 

To quantify the rotational property of the eddies, the relative vorticity was calculated 

through time for the SAB region at various depths, with 100- and 400-meter depths shown in 

Figure 43(top) and (bottom), respectively. The mean GS shear is evident with a high positive 

vorticity on the western side and a strong negative vorticity on the eastern side. As the hurricane 

passes (10/8-9), there is an increase in vortices and submesoscale instability along the GS at both 

100- and 400- meter depth that continues through time.   

 
V. DISCUSSION AND CONCLUSION 

 

In a seminal paper, Munk et al. (2000) pointed out that the eddy spiral circulation is 

ubiquitous in the ocean. In our study, several eddies were found to be generated spontaneously 

during the hurricane and CTW event. They were identified to have sizes ranging from 30 – 50 

km in diameter. The formal definition of the sub-mesoscale eddy of 100 m – 10 km by Gula et 

al. (2021) and 200 m – 20 km (Taylor and Thompson, 2023). Recent analysis of the observed 

image dataset derived from GOCI chlorophyll-a data, however, reported the sub-mesoscale eddy 

size up to 44 km are prevalent in the Sea of Japan (Wang, et al., 2023). Based on the AVISO 

(Archiving, Validation, and Interpolation of Satellite Oceanographic) data, Sasaki et al. (2014) 

also noted that sub-mesoscale eddies with size ranging from several km – 50 km occurred in the 

Kuroshio current of the Northwest Pacific and have a strong seasonal signal that involves small-

scale mixed layer instabilities set up by large-scale atmospheric forcing. Further, these 
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Figure 43. Relative vorticity normalized by Ὢ through time at (top) 100 m and (bottom) 400 m depths with horizontal velocity superposed. 
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submesoscale eddies and filamentary structures are found more frequently in winter when the 

mixed layer is deeper than in the summer, leading to the seasonal evolution of the eddy kinetic 

energy. This aspect is consistent with our observation of sub-mesoscale 30 – 50 km (of the size) 

found during the hurricane and CTW event when the atmospheric disturbance caused a strong 

deepening of the mixed layer. The cross-shelf circulation, as part of the ASC, are enabled by 

turbulent mixing, nonlinear, and time dependent processes (Brink, 2016). We have found in the 

model animation that the unusual occurrence of strong cross-shelf currents is the result of 

interactions between the GS and the hurricane when it traveled northward in the SAB. Strong on-

shore transport was seen generated at the leading edge of the hurricane which is followed by off-

shore transport at the tailing edge of the hurricane. A similar pattern was also found when the 

CTW traveled southward against the GS. This pattern of on- and off-shore oscillating transports, 

deviating from the concept of the steady pattern of classic ASC defined by Gula et al. (2021), 

results in moving water of different densities across the shelf and hence contributed to the 

horizontal mixing of the density gradient. In Figure 25, the density difference generated by the 

hurricane alone was displayed in (a), and the combined density differences by the hurricane and 

CTW were shown in (b). The latter showed a much wider expanse of the horizontal mixing, 

indicative of the contribution added from the CTW. However, we were not able to quantify the 

exact relative contribution of the hurricane versus that of the CTW, a topic which is beyond the 

scope of this study.  

 Given that the horizontal density gradient plays a pivotal role in the deceleration of the 

GS and increase in coastal sea level, it is prudent to compare the satellite measured sea surface 

height and temperature distribution to the modeled one. The satellite measured altimetry was 

available using E.U. Copernicus Marine Service Information which contains gridded (0.25o x 
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0.25o) satellite sea surface height (SSH) data. Figure 44 shows the comparison of the modeled 

versus satellite measured SSH before and after the Hurricane Matthew event. The top panel is 

modeled while the bottom is satellite measured SSH by Copernicus Marine Environment 

Monitoring Service (CMEMS). The first column shows temporal mean SSH in the period of 

2016-09-24 to 2016-09-28 (before Hurricane Matthew), the second column is in the period of 

2016-10-11 to 2016-10-15 (after Hurricane Matthew), and the third column is the difference of 

SSH before and after for model results (top) and satellite observation (bottom), respectively. The 

model compared excellently with the satellite measured SSH including the before-and-after 

difference map. Both modeled and satellite measured data show an increase in coastal sea level 

along the SAB after the hurricane. The difference map before and after the event clearly 

quantifies the extent and magnitude of the change. The satellite measured sea surface 

temperature (SST) was made possible through NASA Jet Propulsion Laboratory from Group for 

High Resolution SST (GHRSST). It provides global high-resolution (0.01o) data products daily 

to the operational oceanographic, meteorological, climate and general scientific community, in 

real time and delayed mode. Figure 45 shows the comparison of the modeled versus satellite 

measured SST before and after the Hurricane Matthew event, where the top panel is modeled, 

and the bottom is satellite measured SST by JPL – GHRSST. The model compared excellently 

with the satellite measured SST including the before-and-after difference map. Both modeled 

and satellite measured data show lower SST after the Hurricane compared to the one before in 

the Sargasso Sea and vicinity of the GS including the swath region adjacent to the US East and 

Gulf Coasts due to the mixing generated by the atmospheric disturbance which pumps lower 

temperatures up to the sea surface. The difference map before and after the event clearly  

quantifies the extent and magnitude of the change. 
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In conclusion, elevated Post-Hurricane Abnormal Water Levels (PHAWLs) were found 

along the SAB region following the passing of Hurricane Matthew and a CTW generated by an 

extra-tropical cyclone in 2016. This increased coastal sea level corresponded to a 15-25% 

reduction in the GS transport. The three-dimensional, baroclinic, unstructured grid SCHISM 

model was coupled with the global HYCOM ocean model and the National Water Model with 

open boundary conditions specified by the TPXO global tide model to simulate Hurricane 

Matthew and the subsequent CTW. This modeling framework was capable of successfully 

simulating the GS and its interactions with the hurricane and CTW. The 3D model results 

compared very well with the tidal gauge record in the SAB with R2 values ranging from 0.94 – 

0.98. During this Hurricane Matthew period, Park et al. (2023) found that while atmospheric 

disturbances modulate coastal PHAWLs, it is ocean dynamics, primarily driven by the GS, that 

is the main cause for shelf-scale PHAWLs. The question left to be answered is: what is the 

driving mechanism causing the GS to decelerate in the first place? Due to the thermal wind 

relationship, which correlates the GS velocity to the cross-shelf density gradient, the slump of the 

horizontal density gradient was proposed as the main cause for the slowdown of the GS. The 

numerical model result was then analyzed across four transects along the SAB region. Following 

the hurricane and CTW events, we found that the tilt of the coastal sea level decreased, and the 

slope of the horizontal density gradient decreased. The eddy diffusivity resulting from the 

hurricane and CTW shows evidence of turbulent mixing up to 60 m vertically and 100 km 

horizontally, and the vertical velocity shows strong upwelling and downwelling up to ~1 mm/s 

induced by the hurricane. Therefore, through the thermal wind relationship, the slump of the 

isopynals across the shelf caused the GS to decelerate, and the shallowing of the dynamic height 

across the shelf. However, to then explain the mechanism causing the slump of the isopycnals, 
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we found the research on the submesoscale process to be interesting and useful. Triggered by the 

hurricane and CTW disturbances, the instability of sub-mesoscale ageostrophic processes were 

proposed to drive the horizontal density slump. An ageostrophic analysis was conducted to 

highlight the important roles played by non-linear, non-steady, and turbulent dynamics. It was 

found that strong surface wind forcing due to the hurricane, and CTW’s disturbances deepened 

the surface mixed layer and triggered sub-mesoscale ageostrophic processes involving cross-

front transport, ageostrophic secondary circulation up to 500 m depth, and strong vertical 

velocities. As part of the ageostrophic secondary circulation, the instability generated sub-

mesoscale eddies which shed from the GS, six of which were identified and analyzed. These sub-

mesoscale eddies were found to be associated with strong vertical velocities causing upwelling 

of cold water to the surface resulting in the stirring and dispersion of the density field. This 

period of active sub-mesoscale ageostrophic process was followed by a reduction of the vertical 

shear of the GS velocity, and therefore was the primary mechanism in driving the slump of the 

horizontal density gradient eventually leading to slowdown of the GS.  

To summarize, the three main objectives successfully addressed in this study are:  

1. The 3D, baroclinic SCHISM model was successfully capable of simulating the Gulf 

Stream interacting with Hurricane Matthew and the CTW in 2016.  

2. According to the thermal wind relationship, the reduction of the cross-shelf horizontal 

density gradient is shown to be the main cause of the slowdown of the Gulf Stream.  

3. Submesoscale processes including ageostrophic circulation and submesoscale eddies 

were the primary mixing mechanisms found to drive the reduction of the cross-shelf 

horizontal density gradient as a result of the submesoscale instability triggered by the 

hurricane and CTW disturbances, leading to eventual slowdown of the Gulf Stream.  
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Figure 44. The mean sea surface height (SSH) distribution in the western Atlantic Ocean. The top panel is the modeled results while the bottom is 
the satellite measurement by CMEMS (Copernicus Marine Environment Monitoring Service). The left column is for the period 2016-09-24 to 
2016-09-28 before Hurricane Matthew and the middle column for the period 2016-10-11 to 2016-10-15 after the hurricane. The third column is 
the difference SST before and after for model results (top) and satellite observation (bottom), respectively. 
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Figure 45. The mean sea surface temperature distribution in the western Atlantic Ocean. The top panel is the modeled results while the bottom is 
the satellite measurement by the JPL – GHRSST (Group for High Resolution Sea Surface Temperature). The left column is for the period 2016-

09-24 to 2016-09-28 before Hurricane Matthew and the middle column for the period 2016-10-11 to 2016-10-15 after the hurricane. The third 
column is the difference SST before and after for model results (top) and satellite observation (bottom), respectively.
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