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ABSTRACT

Discovery and analysis of submesoscale variabilityO(0.3–30) km on the continental shelf is made possible

by a high-resolution (Dx 5 75m) Regional Oceanic Modeling System (ROMS) simulation of the Southern

California Bight (SCB). This variability is manifest in ubiquitous yet ephemeral coherent structures: fronts,

filaments, and vortices. Similar to their open-ocean counterparts, fronts and filaments on the shelf are

identified by their strong vertical velocity, surface convergence, cyclonic vorticity, and horizontal density

gradient. Life cycles of these features typically last 3–5 days, with the formation dominated by a horizontal

advective tendency that increases density and velocity gradients (i.e., frontogenesis). The shape of the

coastline and depth of the water column both influence the abundance and spatial orientation of shallow-

water fronts and filaments. Closer to shore, fronts and filaments often align themselves parallel to isobaths,

and headlands often act as sites of intense vorticity generation through bottom stress. A quasi-steady,

approximatemomentumbalance among rotation, pressure gradient, and verticalmixing—known as turbulent

thermal wind (TTW)—often is valid in the strong secondary circulations local to fronts and filaments.

However, front and filament circulations subject to strong diurnal variation in surface heating and vertical

mixing are inconsistent with steady-state TTW balance. The secondary circulations can induce ephemeral

material trapping and substantial vertical heat fluxes on the shelf.

1. Introduction

Paradigms for continental shelf dynamics have been

developed from observational networks [Dx ; O(1)

km); (Hickey et al. 2003; Cudaback andWashburn 2005;

Lentz and Winant 1986; Dever 1997; Kirincich et al.

2009; Bassin andWashburn 2005; Feddersen et al. 1998],

numerical simulations {Ganju et al. 2011; Romero et al.

2013; Uchiyama et al. 2014; Kumar et al. 2015, 2016;

Dx ; [O(10) m – O(1) km]}, and idealized models

(Chapman 1986, 1987; Chapman and Lentz 2005; Lentz

and Fewings 2012; Austin and Lentz 2002; Tilburg 2003).

Recently, downscaling techniques (Mason et al. 2010)

applied to coastal regions have led to numerical

simulations of the shelf with horizontal resolutions of

O(10–100) m embedded in the regional circulation

(Romero et al. 2013; Uchiyama et al. 2014; Kumar et al.

2015, 2016; Romero et al. 2016). These high-resolution

simulations of coastal waters have revealed a dynami-

cally more diverse and heterogeneous shelf than pre-

viously known, although the full variability present in

these solutions remains incompletely explored. That is,

there is more to shelf currents than tides, wind, internal

waves, and buoyant coastal currents as well as wave-

driven currents (section 2). The newly exposed shelf

dynamics are primarily manifested in submesoscale

coherent structures [repeatedly arising, preferred

O(0.1–10) km spatial patterns that are immune to swift

advective deformation]: fronts, filaments, and vortices

(Gula et al. 2014; Capet et al. 2008c; Mahadevan and

Tandon 2006a; Nagai et al. 2006; Bracco et al. 2016;

Capet et al. 2008a). These motions are a hybrid of geo-

strophic and ageostrophic dynamics and are defined by

O(1) Rossby (Ro 5 V/fL) and Froude (Fr 5 V/NH)

numbers, where V represents a horizontal velocity;
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f is the Coriolis parameter; L and H are horizontal

and vertical length scales, respectively; and

N5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2g/r)(›r/›z)

p
is the stratification, where g is the

acceleration due to gravity and r is the density. The

occurrence of these phenomena in numerical solutions

is a direct consequence of increasing grid resolution to

finer than O(1) km (Capet et al. 2008b). Observational

platforms (e.g., boats, planes, gliders) are currently in-

capable of adequately sampling the three-dimensional

evolution of short-lived and seemingly spontaneously

formed submesoscale structures over multiple-day life

cycles. At present, high-resolution numerical models

provide the richest realizations and the most feasible

route for discovery and explanation of submesoscale

dynamics in a variety of oceanographic settings.

Analysis and interpretation of submesoscale currents

(reviewed in section 3) has primarily been approached in

an open-ocean context where submesoscale currents most

commonly reside in the surface boundary layer of relatively

deep-water columns O(100–5000) m. Some evidence of

submesoscale phenomena in the nearshore waters on the

shelf is the subject of previous work. DiGiacomo and Holt

(2001), Bassin and Washburn (2005), and Kirincich (2016)

provide observational evidence of submesoscale eddies in

the Southern California Bight (SCB) and Martha’s Vine-

yard shelf, respectively. Romero et al. (2013), Uchiyama

et al. (2014), andRomero et al. (2016) show the occurrence

of submesoscale activity on the SCB shelf through nu-

merical simulations, andCapet et al. (2008a) does so for the

Argentinian shelf. These modeling studies are primarily

concerned with metrics of material lateral dispersion.

This study investigates the phenomenology of sub-

mesoscale variability on the continental shelf with a nu-

merical simulation of the SCB with a resolution of Dx 5
75m (section 4) that resolves coastal ocean physics deep

within the submesoscale range. The numerical realization

motivates the following questions: 1) Do submesoscale

currents exist on the shelf? 2)What are the similarities and

differences between open-ocean and shelf submesoscale

dynamics? 3) How does the coastal submesoscale regime

phenomenologically compare with other shelf dynamics?

The existence of submesoscale currents on the shelf is not

necessarily surprising given the numerous, recent studies

uncovering processes that drive submesoscale motions

(ambient lateral buoyancy gradients, surface mixed layers,

and mesoscale straining flows), which exist in some form

on the shelf. Thus, a portion of the analysis is analogous to

previous work relative to the offshore submesoscale re-

gime (e.g., Gula et al. 2014) that investigates formation

mechanisms and dynamical balances of cold filaments as

well as the ability of individual submesoscale structures

to laterally organize dissolved materials. In addition,

however, we analyze the unique features of coastal

submesoscale variability: howdo the shapeof the coastline,

vertically overlapping boundary layers, and contact of flow

with the bottom influence the distribution, formation, local

circulation, and evolution of submesoscale structures on

the shelf? Furthermore, we contextualize certain aspects of

submesoscale phenomenology with other shelf currents:

for example, how do the vertical heat fluxes induced by an

individual submesoscale front or filament compare with

vertical heat fluxes caused by an internal wave? How

do the density gradients on the shelf associated with

submesoscale currents differ fromdensity gradients caused

by shelfbreak or tidal mixing fronts? Because sub-

mesoscale currents preferentially are manifested in co-

herent structures, much of the analysis focuses on isolated

structures (a single front, filament, or vortex). We supple-

ment the analysis of individual submesoscale structures

with statistical metrics to contextualize and strengthen

interpretations.

This study is an intersection of two scientific com-

munities: shelf circulation and submesoscale variability

(reviewed in sections 2 and 3, respectively). The purpose

of the study is twofold: to introduce submesoscale vari-

ability to the coastal community and to investigate the

degree of control by unique aspects of the shelf (e.g., its

shallow depth) on submesoscale currents not previously

explored in open-ocean studies (Gula et al. 2014; Capet

et al. 2008b; Shcherbina et al. 2013). Our goals are to

provide evidence for and to characterize the shallow-

water submesoscale regime and highlight its potential

importance in contributing horizontal and vertical ma-

terial fluxes near the coast in the context of the more

familiar dynamics of open-ocean submesoscale currents

and other types of currents on the continental shelf.

2. Background: Types of shelf circulation

To provide context for submesoscale processes on the

shelf, we give an overview of the common dynamical

paradigms for shelf circulation.We restrict our attention

to paradigms relevant to the Regional Oceanic Model-

ing System (ROMS) solutions for the SCB (section 4);

these solutions contain no surface gravity waves and lack

significant freshwater input from the shoreline.

a. Coastal geography: Defining the shelf partitions

Before we overview the types of shelf circulation ger-

mane to the SCB shelf, we present a cross-shore parti-

tioning of the coastal ocean to define terms, partly

because the terminology varies in previous literature.Our

partition of the coastal ocean regions along a cross-shore

axis is in Fig. 1 and its caption.Wehighlight two regions in

Fig. 1: the surf–shelf transition zone (SSTZ) and the

continental shelf. The SSTZ (commonly referred to as
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the inner-shelf1) is defined as the region seaward of the

surfzone where surface and bottom boundary layers

(SBL and BBL) overlap. The continental shelf intersects

the SSTZ where SBL and BBL separate, inshore of the

shelf break and continental slope. This study describes

submesoscale variability mainly inshore of the shelf

break; boundary layer overlap is thus spatiotemporally

variable in the domain of interest.

b. Tidal circulation

The interaction of tidal flows with nonuniform topog-

raphy can generate residual tidal flow patterns (e.g., tidal

eddies) that are quasi-permanent dynamical features on a

shelf (Maddock and Pingree 1978; Robinson 1981; Geyer

and Signell 1990; Ganju et al. 2011). We note the presence

of such tidal eddies in our simulations (briefly discussed

in section 5a relative to Fig. 4); however, analysis of their

dynamics is not necessarily pertinent to this study. Buijsman

et al. (2012) investigate the internal tide (section 2d)

variability of the SCB with a similar ROMS simulation.

Tides can also be responsible for setting up long-lived

lateral density gradients on the shelf, known as tidal

mixing fronts (Simpson and Hunter 1974; Loder et al.

1993; Hill et al. 1993). These fronts represent a persistent

transition zone from vertically mixed to stratified waters

on the shelf and result from a competition between

vertical mixing induced by the tide and stratification

induced by surface heat flux (Simpson and Hunter 1974)

or river discharge. They have been observed, for exam-

ple, on the northwest European shelf (Simpson and

Hunter 1974; Simpson 1981) and more recently in the

Middle Atlantic Bight (Loder et al. 1993; Dale et al. 2003;

Ullman et al. 2003; Chen et al. 2003). The density gradi-

ents associated with these fronts have alongshore geo-

strophic jets as well as cross-shore secondary circulations

across the density gradient that exhibit surface conver-

gence along the geostrophic jet (Chen et al. 2003).

c. Wind-driven circulation

Taking the viewpoint of a relatively unstratified shelf,

depth-averaged momentum balances (Lentz and

Winant 1986; Lentz and Fewings 2012; Feddersen et al.

1998) are frequently used to interpret along-shelf vari-

ability. A common yet simple reduction of the along-

shore, depth-averaged momentum balance assumes a

balance among acceleration, the alongshore pressure

gradient, and surface and bottom stresses (Lentz and

Fewings 2012); this reduced momentum balance has

been used to describe alongshore current variability in

the SCB (Lentz and Winant 1986; Hickey et al. 2003;

Kumar et al. 2015). Hickey et al. (2003) in an analysis of

an observational network in the SCB draw the conclu-

sion that wind stress (local or remote) drives half of the

subtidal velocity variance on the SCB shelf with local

winds driving more variance in the spring than summer.

Remote wind forcing is primarily thought to locally

manifest as poleward-propagating coastal trapped

waves (CTWs; Chapman 1987; Kim et al. 2013).

The vertical structure of shelf flows (along and cross

shelf) has mainly been understood through wind-forced

models (Lentz and Chapman 2004; Tilburg 2003; Austin

and Lentz 2002; Federiuk and Allen 1996) with stratifi-

cation playing a large role in dictating the dynamics.

Cross-shelf flow is primarily viewed as a two-layer

structure with an onshore (offshore) flow at the sur-

face and compensating offshore(onshore) return flow in

the bottom (because of the coastal boundary condition

of no flow through the boundary). The wind orientation

(along or cross shelf) responsible for this cross-shelf flow

is dictated by the depth of the SBL (partially a function

of stratification) relative to the full depth. Along-shelf

winds will drive a cross-shelf Ekman flow with the cross-

shore extent of the location of maximum cross-shelf

convergence dictated by the stratification and wind di-

rection (Austin and Lentz 2002; Lentz and Chapman

2004). If the SBL intersects the bottom, and surface

gravity wave forcing is weak, cross-shelf winds can drive

cross-shelf flow (Tilburg 2003; Lentz and Fewings 2012;

Cudaback andWashburn 2005) caused by a reduction of

the alongshore transport by the bottom stress with a

FIG. 1. An illustration of the cross-shore partitioning of the

stratified coastal ocean: surface waves break and drive littoral

currents in the surfzone that extends seaward to the edge of the

SSTZ. The SSTZ is characterized by overlapping surface and

bottom boundary layers and extends to the offshore point where

surface and bottom boundary layers separate (continental shelf).

The continental shelf has surface and bottom boundary layers

separated by a stratified interior and extends to the shelf break.

Strong along-slope currents and mesoscale variability are common

on the continental slope.

1 The name inner-shelf lacks dynamical specificity; hence, we

choose the name surf–shelf transition zone because it is more dy-

namically relevant.
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cross-shelf pressure gradient forming to balance the

cross-shelf wind stress.

In theSCB,diurnal bandbaroclinicmotions (T2 [18, 33] h)

can be directly forced by the diurnal sea–land breeze

despite being above the critical latitude (;308) neces-

sary for a resonant response to the diurnal wind because

of modulation of the ‘‘effective’’ Coriolis parameter by

subtidal vorticity (Federiuk and Allen 1996; Lerczak

et al. 2001; Nam and Send 2013; Kumar et al. 2016). The

resonant response, characterized by an upward propa-

gation of cross-shelf flow, has been observed (Nam and

Send 2013; Lerczak et al. 2001), reproduced in a linear

model (Lerczak et al. 2001; Federiuk and Allen 1996),

and diagnosed in ROMS (Kumar et al. 2016). We also

see these motions in our ROMS solutions (section 4) but

do not show them here.

d. Internal waves

The propagation of internal waves across the shelf

(Lerczak et al. 2003) can be responsible for lateral cross-

shelf transport (Noble et al. 2009) and substantial vertical

heat flux across the pycnocline (Shroyer et al. 2010) that

acts to mix the water column. From a geographical

standpoint, internal wave generation sites in the SCB are

mainly a function of the magnitude of the slope j=hhj
[Fig. 6 in Buijsman et al. (2012)] and the barotropic tide.

Internal waves are seen in our ROMS solutions, specifi-

cally near the Santa Monica Bay shelf break as isotherm

undulations coincident with cross-shore velocity signals

emanating from the shelf break. However, because of the

hydrostatic approximation and limited grid resolution,

the nearshore ROMS solutions do not contain a full re-

alization of the internal wave regime, specifically with

respect to bore formation and wave breaking.

e. Shelfbreak fronts

Analogous to submesoscale fronts and filaments,

shelfbreak fronts are characterized by large horizontal

density gradients. However, unlike the ephemeral sub-

mesoscale shallow-water fronts and filaments shown in

this study, shelfbreak fronts exist on long time scales

(seasonal/yearly), despite being subject to external per-

turbations (Chapman 2000). These cross-shore density

gradients are generally thought to form and exist over

gently sloped continental shelves. They have mainly been

studied on theMiddleAtlantic Bight shelf (Chapman and

Beardsley 1989; Linder and Gawarkiewicz 1998; Chen

and He 2010) but are known to exist on other shelves in

east Greenland, the east Bering Sea, and the Celtic Sea

(Zhang and Gawarkiewicz 2015) and are not expected to

be prevalent on the steep SCB shelf.

Chapman and Lentz (1994; and later Chapman 2000)

suggest a ‘‘frontal trapping’’ mechanism to explain the

formation and maintenance of shelfbreak fronts. An

alongshore, coastal current generates offshore transport

in the BBL that leads to the formation of a full-depth

density gradient caused by advection of the fresher

water offshore. The front becomes trapped at the depth

where the near-bottom geostrophic along-shelf flow

changes sign with the result that the BBL Ekman

transport converges.2

f. Ephemeral submesoscale currents

The submesoscale shelf fronts and filaments analyzed in

the remainder of this paper are ephemeral (i.e., with life

cycles that span several days), are characterized by very

high Rossby number Ro (equal to the peak vertical vor-

ticity z divided by the Coriolis frequency f ), and can be

created by ambient mesoscale straining flows and/or

interaction with the coastline. In this regard, they repre-

sent a different type of lateral density gradient on the shelf

relative to the spatially confined, long-lived, lower Ro

shelfbreak and tidal mixing fronts discussed above. Fur-

ther, they are consistently straddling the intersection of

the SSTZ and continental shelf (i.e., the transverse axis of

the features spans regions of boundary layer overlap and

boundary layer separation) and often extend even farther

into deep water. Strong vertical mixing is central to their

maintenance and gives rise to substantial vertical structure

in their circulation. The local circulation associated with

these structures (section 5e) does not fit any of the dy-

namical paradigms discussed in this section. Our view is

that shallow-water submesoscale currents should be rec-

ognized as an important type of shelf variability.

3. Background: Submesoscale dynamics

The submesoscale regime (McWilliams 2016) has re-

cently drawn much attention from the perspective of its

role in the turbulent cascade of energy (Capet et al.

2008b; Barkan et al. 2015), characterization of its co-

herent structures (Munk et al. 2000; Mahadevan and

Tandon 2006a; Nagai et al. 2006; Gula et al. 2014;

McWilliams et al. 2015) and influence on density strat-

ification in the surface layer (Boccaletti et al. 2007), and

its potential ecosystem controls (Mahadevan 2016; Levy

et al. 2012). Submesoscale motions fill the spectral gap

between the inverse energy cascading quasigeostrophic

2 Chapman (2000) shows that the frontal trapping depth is ac-

tually independent of the shelfbreak depth in an idealized setting.

Benthuysen et al. (2015) investigate the dynamical importance of

the shelf break in light of Chapman (2000) results and show that,

for an upwelling front, the shelfbreak slope induces a weaker cross-

shelf transport (relative to the shelf) and can move BBL conver-

gence offshore of the shelf break.
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mesoscale and forward energy cascading microscale by

providing a forward route to energy dissipation through

loss of balance (D’Asaro et al. 2011; Capet et al. 2008d;

Barkan et al. 2015).

Submesoscale currents consistently reside in the

weakly stratified SBL and have the form of ‘‘coherent

structures’’ with preferred spatial patterns of fronts, fil-

aments, and vortices on spatial scales of L ; 0.1–10km

and H ; 0.01–1km. Previous studies (Nagai et al. 2006;

Mahadevan and Tandon 2006a; Gula et al. 2014; Capet

et al. 2008c) show that the individual structures (e.g.,

fronts and filaments) manifested on the submesoscale

consist of a mixture of geostrophic and ageostrophic

dynamics characterized by high Rossby number (Ro 5
z/f � 1), strong vertical velocity [w ; O(1023) m s21],

and large horizontal buoyancy gradients. A dynamical

signature of submesoscale structures in the surface layer

are lines and curves of strong, cyclonic surface vorticity

[indicative of longitudinal (alongfront) geostrophic flow

set up by a transverse (cross front) buoyancy gradient]

and surface convergence (indicative of an ageostrophic

transverse secondary circulation that produces large,

downwelling vertical velocity).

Three mechanisms are commonly invoked to describe

the formation of submesoscale coherent structures: gener-

ation of ‘‘mixed layer eddies’’ by a form of baroclinic in-

stability in the surface mixed layer that can exhibit an

unstable linear mode with a horizontal length scale of the

mixed layer deformation radius l ; NhSBL/f ; O(1) km

because of the weak stratification (N ; 1023 s21) and

shallowdepth (hSBL; 100m) (Boccaletti et al. 2007;Callies

et al. 2016); frontogenesis (rapid sharpening of buoyancy or

velocity gradients) by a favorably aligned deformation flow

that elongates a buoyancy gradient by strain (Hoskins 1982;

McWilliams et al. 2009a,c; Shakespeare and Taylor 2013);

and frontogenesis in a turbulent boundary layer by a

mixing-induced transverse secondary circulation that rap-

idly sharpens existing gradients by advection (McWilliams

et al. 2015).Acoherent structure can rapidly form,maintain

its shape for hours to days while being advected by larger-

scale flows fields, and ultimately be destroyed by its own

instabilities (or parameterized diffusion) or by shredding

from other strong flows (Gula et al. 2014; McWilliams

2016). Submesoscale fronts, filaments, and vortices are

dynamically distinct (Ro; 1) and relatively ephemeral

[O(hours–days)] compared to geostrophically balanced

(Ro� 1) mesoscale eddies that often exist forO(weeks).

A steady-state approximate momentum balance

combining geostrophic, Ekman, and hydrostatic dy-

namics has been used to diagnose and describe front and

filament circulation (Gula et al. 2014; McWilliams et al.

2015; Wenegrat and McPhaden 2016). The balance, re-

ferred to as turbulent thermal wind (TTW), is applied

under the assumption that the spatial configurations are

quasi steady (i.e., fronts and filaments after generation

and precluding destruction) and thus lacks time tendency

and advection terms. The TTW balance in horizontal

momentum is given by

f ẑ3 u
h
52=

h
f1

›

›z

�
k
y

›u
h

›z

�
, (1)

where the x axis is the longitudinal (alongfront/filament)

axis and the y axis is the transverse (cross front/filament)

axis. The horizontal velocity vector is uh 5 ûi1 yĵ, f is the

pressure (p) normalized by a reference density (f5 p/r0),

and ky is the vertical eddy viscosity coefficient (usually

associated with boundary layer turbulence and modeled

by a vertical mixing parameterization in ROMS discussed

in section 4).With hydrostatic vertical momentum balance

(›f/›z52gr/r0), knowledge of the density structure and

turbulence in the boundary layer [ky(y, z)] can be used to

obtain a diagnostic estimate of the submesoscale coherent

structure circulation by (1).

The TTW diagnostic balance when applied to ROMS

solutions in Gula et al. (2014) has proven the more

successful (relative to other diagnostics; Garrett and

Loder 1981; Nagai et al. 2006) in diagnosing the ageo-

strophic secondary circulations associated with sub-

mesoscale fronts and filaments. Equation (1) gives a

scaling estimate for the strength of the transverse

overturning streamfunction (McWilliams 2017):

F;
k
y
=

h
b

f 2
, (2)

where the buoyancy b52gr/r0. Equation (2) states that

the presence of a strong buoyancy gradient and a turbu-

lent boundary layer are necessary to produce an ageo-

strophic overturning cell in the transverse plane. The

neglect of an acceleration term in (1) is made with the

assumption that mid–life cycle submesoscale fronts or

filaments will undergo relatively slow changes in ky or =h

b and that acceleration and advection are relatively small.

We investigate the validity of the TTW balance for shelf

fronts and filaments in section 5e.

The strong restratification flux (Boccaletti et al. 2007)

induced by submesoscale vertical velocities has been

invoked as a mechanism that can aid phytoplankton

growth by trapping nutrients in a newly stratified eu-

photic zone (Mahadevan 2016; Levy et al. 2012), and the

secondary circulations can scour nutrients from below

the boundary layer. Horizontal heterogeneity of sub-

mesoscale coherent structures at the surface can thus

impart structure onto signals of primary productivity

and partially control ecosystem functioning.
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Finite-depth influences on submesoscale currents are

unexplored because most of the literature is focused on

the open-ocean regime. Submesoscale currents on the

shelf are often influenced by local bathymetry. Contact

with the seafloor has the potential to influence front or

filament circulation because of bottom drag and vertical

mixing in theBBL. Themesoscale activity contributing to

the ambient straining fields commonly implicated in the

formation of open-ocean submesoscale coherent struc-

tures [e.g., the deformation flow mechanism of Hoskins

(1982)] may be dampened on shelves that are narrower

and shallower than a typical mesoscale eddy size; how-

ever, the instability and mixing-induced frontogenesis

formation mechanisms are still available there.

4. Simulation setup

The model used is ROMS (Shchepetkin and

McWilliams 2005). The model solves the hydrostatic

primitive equations and uses a K-profile parameterization

(KPP; Large et al. 1994) for vertical mixing. The 3D cir-

culation of Santa Monica and San Pedro Bays (SPB;

Fig. 2b) is simulated withDx5 75m horizontal resolution.

This fine resolution is achieved through a one-way grid

nesting technique (Mason et al. 2010). The details of the

computational time periods, grid resolution, boundary

conditions, and atmospheric and tidal forcings are sum-

marized in Table 1. The nesting hierarchy is as follows: an

outer domain of Dx5 5km (L0) for the entire U.S. West

Coast, Dx 5 1km for the SCB (L1), Dx 5 250m (L2) for

central area of the bight, and Dx 5 75m (L3) encom-

passing SantaMonica and San Pedro Bays. The L2 and L3

nests are shown in Fig. 2a, and the L3 domain is shown in

Fig. 2b. The L3 nest is atmospherically forced (winds,

surface heat, and freshwater fluxes) by a 6-km Weather

Research and Forecast (WRF) Model (Michalakes et al.

1998) simulation within the NCEP North American Re-

gional Reanalysis (32-km resolution). The TPXO7.1

global tidal prediction model (Egbert et al. 1994) provides

the tidal amplitude and phases for 10 tidal constituents

(M2, S2, N2, K2, K1, O1, P1, Mf, and Mm) that are used in

the forcing of the L1 solution at the side boundaries. The

tidal variability in L1 is passed onto L2 through the lateral

boundary condition, which serves as the boundary condi-

tion for theL3 solution.More specific details of the nesting

procedure for the L3 solutions can be found in Uchiyama

et al. (2014) and Romero et al. (2013).

Various regions within the L3 domain that are later re-

ferred to are labeled in Fig. 2b. Specifically, we refer to

Santa Monica Bay and San Pedro Bay as SMB and SPB,

respectively. The L3 hindcast spans 1 December 2007–

29 April 2008. The majority of the analysis presented is

based on 2-h-averaged output of theL3 solutions. There are

two analyses that utilize higher-frequency output. The first

is the analysis of Filament1 in section 5c based on 30-min-

averaged output of L3 solutions and the second is the

15-min snapshots for offlineLagrangian particle simulations

in section 5g.

FIG. 2. (a) L2 and L3ROMSnests with bathymetry contoured. (b) L3 domain. SMB and SPB

are indicated as well as various along-coast locations to orient the reader. The dashed, black

box in SMB is used for the analysis in section 5e(ii) (Fig. 12).
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Numerical simulations begin to resolve submesoscale

coherent structures (fronts, filaments, and vortices) with

horizontal grid resolutions of about 1 km (Capet et al.

2008b; Gula et al. 2014; Romero et al. 2013; Uchiyama

et al. 2014). Surface velocity data from high-frequency

radar have been used to hint at the existence of sub-

mesoscale eddies on the shelf (Bassin and Washburn

2005); however, the resolution provided by the radars

(Dx; 2 km) is not necessarily fine enough to capture the

full regime (nor sample the vertical structure). High-

resolution surface images [e.g., SST, color, and synthetic

aperture radar (SAR)] have provided the most exten-

sive validations of the simulated submesoscale patterns

(Munk et al. 2000; DiGiacomo and Holt 2001; D’Asaro

et al. 2011; McWilliams 2016).

TheBBLexerts a degree of control on the shallow-water

dynamics in the L3 solution. Submesoscale structures on

the shelf span the full ;10–100-m water column and may

be in contact with the bottom. The bottom stress in the L3

solution is computed as a bottom-layer quadratic drag law:

tb 5
r
0
k2ju

b
ju

b

ln(z
b
/z

0
)2
, (3)

where ub is the velocity vector of the lowest sigma level,

k5 0.41 is von Kármán’s constant, zb is the height above
the bottom (midpoint of the bottom grid cell), and z0 is a

roughness length (1022m).

The BBL thickness hBBL and its associated vertical

mixing in the L3 solution are parameterized with KPP.

The BBL KPP scheme is analogous to the SBL scheme

that determines the boundary layer depth, hSBL or hBBL,

based on turbulent shear, stratification, and rotation

(Durski et al. 2004; McWilliams et al. 2009b; Lemarie

et al. 2012); the vertical mixing is then determined from

the boundary layer depth, a nondimensional shape

function that matches the interior mixing to vertical

edges of the boundary layer, and a turbulent velocity

scale (Large et al. 1994). While open questions remain

on the skill KPP has relative to rapidly changing time

scales [O(minutes)] and its lack of dependency on

horizontal gradients, McWilliams et al. (2009b) and

Durski et al. (2004) find that KPP is suitable for diurnal

forcing and coastal application, respectively.

Submesoscale motions may potentially exhibit non-

hydrostatic effects in the real ocean. However, our so-

lutions are somewhat slowly evolving and scale

anisotropic (H/L � 1, where H and L are vertical and

horizontal length scales, respectively), and we do not

expect nonhydrostatic behaviors to be important.

Mahadevan and Tandon (2006b) provide a direct com-

parison of hydrostatic and nonhydrostatic submesoscale

realizations. The study was unable to find categorical

differences between the realizations, however, the

comparison is made up to a resolution of Dx 5 250m.

Important nonhydrostatic processes may arise at higher

resolution, though this remains an open question. While

nonhydrostatic effects may have some relevance in the

Dx 5 75mL3 domain, the scope of our study does not

include processes where nonhydrostatic effects cause

the largest differences (e.g., evolution of baroclinic in-

stability generating submesoscale features).

This study focuses on submesoscale structures that

arise on or near the continental shelf of the L3 domain.

The Dx5 75m grid in the L3 solution (Fig. 2b) resolves

the O(0.3–30) km spatial scales of submesoscale co-

herent structures as well as detailed features of the

coastline that influence nearshore circulation. In Kumar

et al. (2015), these L3 solutions are used as the boundary

conditions for a slightly finer grid (HB06L4 with Dx 5
50m), whose solutions are compared to mid- to inner-

shelf observations off Huntington Beach. That valida-

tion study shows that the nearshore ROMS solutions

well simulate subtidal dynamics on the shelf, so we do

not do further model validation in this paper.

5. Submesoscale coherent structures on the shelf

A portion of the analysis in this section will focus on

individual shelf fronts and filaments. We provide a sum-

mary of the names, locations, times, and relevant figures

pertaining to these features in Table 2 to orient the

TABLE 1. Configuration of ROMS nests for the SCB.

L0 L1 L2 L3

Computational period

January 2007–

December 2008

October 2007–

April 2008

November 2007–

April 2008

December 2007–

April 2008

Horizontal resolution 5 km 1 km 250m 75m

Vertical levels 40 40 40 32

Boundary conditions SODA (5 day) L0 (daily) L1 (2 hourly) L2 (2 hourly)

Barotropic tide — TPXO7.1 — —

Wind forcing WRF(18 km) WRF(6 km) WRF(6 km) WRF(6 km)
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reader. First, we present a realization of the submesoscale

regime on the shelf with a picture of an instantaneous 2-h

average to motivate the rest of the study. Figure 3 illus-

trates the abundance of ephemeral submesoscale co-

herent structures on the shelf in the ROMS simulation of

Santa Monica and San Pedro Bays.3 Spatially heteroge-

neous coherent structures are evident inshore of and ex-

tending past the shelf break (roughly coincident with the

110-m isobath) as straight lines, curves, and spirals of

strong cyclonic relative vorticity. The large, cyclonic z/f� 1

associated with these structures, their nonuniform

instantaneous spatial distribution, and corresponding

advective evolution (seen in the animation in the supple-

mental material) identify these currents as submesoscale

and differentiate them from lower Ro, spatially fixed

tidal mixing and shelfbreak fronts. Coincident with these

vorticity structures are surface convergence structures

(Fig. 3c) as well as large surface buoyancy gradients

(Figs. 3b,d). By continuity, the strong surface convergence

indicates strong downwelling. The surface convergence and

associated downwelling is a signature of the ageostrophic

secondary circulations of these features (section 5e). The

buoyancy gradients can be classified as fronts (transverse

steps in buoyancy) or filaments (transverse extrema in

buoyancy). Dense (cold) filaments are more prevalent than

light (warm) filaments because of the direction and effect of

the secondary circulation on maintaining the surface

buoyancy gradient: the secondary circulation of a cold fila-

ment acts to strengthen the surface buoyancy gradient with

convergence and downwelling at its center, whereas the

secondary circulation associated with a warm filament in-

hibits strengthening of the surface buoyancy gradient with

divergence and upwelling at its center (McWilliams

et al. 2009a).

We highlight three diverse types of structures in-

dicated by the boxed regions in Fig. 3b (from left to

right): dense-core vortices with cross-shore extending

filaments, a midshelf front that runs roughly parallel

to local bathymetry (referred to as Front2; Table 2),

and a cross-isobath-oriented dense filament connected

to a ‘‘fork’’ of two fronts intersecting the shoreline. All

of the isolated features (in Fig. 3 and in the rest of the

study) are identified as submesoscale structures by their

strong cyclonic vorticity, strong surface convergence,

and associated downwelling, extreme lateral buoyancy

gradients, and anO(hours–days) life cycle; the advective

evolution of the submesoscale coherent structures dis-

tinguishes them from inertia–gravity waves emitted in

the L3 solution that also exhibit large relative vorticity

and divergence values.

The particular 2-h-averaged realization inFig. 3 shows a

somewhat isotropic orientation of the fronts and filaments

whose longitudinal axis can be either parallel or perpen-

dicular to isobaths. In the subsequent section 5b, we show

that there is a preference of orientation of fronts and fil-

aments relative to isobaths, a preference that is more

strongly expressed closer to shore.

a. Regional heterogeneity

We investigate the regional distribution of submeso-

scale activity by analyzing metrics for submesoscale-

indicating fields at the surface: relative vorticity [z5
(›y/›x)2 (›u/›y)] anddivergence [d5 (›u/›x)1 (›y/›y)].

Strong signals in any of the latter variables are indicative

of submesoscale coherent structures (fronts, filaments,

and vortices; Fig. 3). Specifically, metrics that reveal

imprints of strong cyclonic surface vorticity and surface

convergence are indicative of the more persistent down-

welling fronts and filaments.

Spatial heterogeneity (primarily through topographic

control) is revealed in the variance maps for both fields

z/f, d/f in Figs. 4a and 4b. The strongest variance (most

strikingly for z/f ) is at the headlands and inside of Long

Beach Harbor because of vortical wakes generated

by flow through the breakwaters. On the shelf, there

is a clear tendency for submesoscale variance to trace

TABLE 2. Isolated submesoscale features analyzed in the study. Indicated in the table are the name, the type of buoyancy structure

(front or filament), the general location (see Fig. 2), the date(s), time(s) (PST) of feature analysis, and the figures corresponding to each

feature. For Filament1, Filament2, Filament4, and Front2, the analysis spans multiple days, so ‘‘multiple’’ is listed for the time(s) column,

with exact hours given in the text and figures as needed.

Name Structure Location Date(s) Time(s) Figure(s)

Filament1 Filament SPB 31 Dec 2007–1 Jan 2008 Multiple 6

Filament2 Filament SMB 3 Feb 2008–6 Feb 2008 Multiple 7

Filament3 Filament SMB 14 Dec 2007 0300 8, 9

Filament4 Filament SMB 3 Jan 2008–5 Jan 2008 Multiple 8, 11, 13

Front1 Front SPB 21 Mar 2008 0400, 1000 8, 10

Front2 Front SPB 13 Dec 2007–15 Dec 2007 Multiple 3, 13

3 The supplemental material contains an animation (https://

youtu.be/STJ4PMKUj5g) with visual evidence of the ubiquity of

these features.
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isobaths, with most of the activity occurring in between

the 20- and 100-m isobaths. The tendency of vorticity

variance to follow isobaths is broken in Redondo Canyon

in SMB (Fig. 2b), where a roughly cross-shore signal ex-

tends from the shelf all the way offshore; this is

potentially a pathway for strong vorticity structures to exit

the SMB shelf. Relative to offshore regions, the shelf

clearly has stronger variance and spatial heterogeneity.

However, a relatively quiet nearshore region does exist on

the broad SPB shelf, just southeast of LongBeachHarbor.

Skewness maps for vorticity and divergence (Figs. 4c,d)

show the spatial distribution of the asymmetry of the

PDFs for z/f or d/f calculated at each grid cell for all time

points (1812 samples). A positive z/f (d/f) skewness value

indicates a preference for cyclonic (divergent) motion

and vice versa. The spatial distribution of skewness in the

domain ismade up ofmany near-grid-scale bands of large

skewness magnitude. Our interpretation is that these

bands indicate the repeated passage of multiple like-

signed, high-magnitude vorticity (e.g., z/f � 1) and di-

vergence (e.g., d/f�21) structures over neighboring grid

cells. Offshore of the shelf break, these patterns are

rather isotropic in orientation, and nearshore there is

more evidence of topographic control. Overall, the maps

show a cyclonic (positive z/f skewness) and convergent

(negative d/f skewness) preference at the surface, as ex-

pected from the standard view of fronts and filaments

(McWilliams 2016).

Negative vorticity skewness is present on the north-

western side of each headland (Palos Verdes and Point

Dume). The anticyclonic vorticity generation at these

headlands is most likely due to the mean alongshore

current located offshore (counter to the equatorward

California Current) that generally advects warm water

to the north and west along the coast in the SCB. Also,

the harbors on the shoreline exhibit cyclonic and anti-

cyclonic vorticity generation (most strikingly at Long

Beach Harbor in the gaps of the breakwater), partly

because of tidal vorticity generation. The positive vor-

ticity skewness on the SPB shelf is diminished near the

shoreline (roughly shoreward of the 20-m isobath), and

there is nonnegligible anticyclonic skewness in that re-

gion potentially related to the generation of anticyclonic

structures in Long Beach and Newport Harbors. Apart

from the nearshore topographic influences on the

skewness maps of vorticity and divergence, the spatial

distribution of skewness in the regions offshore of the

shelf break exhibit a collage of near-grid-scale cyclonic

(Fig. 4c, red shading) or convergent (Fig. 4d, blue

shading) bands or zones. An exception to this offshore

isotropy is the Redondo Canyon streaks that extend

offshore from the shelf (Fig. 4c). Shcherbina et al. (2013)

gives observational evidence of the cyclonic, convergent

skewness in submesoscale-resolving measurements of

open-ocean surface currents, but the interpretations of

spatial distribution given in Figs. 4c and 4d have not

been applied to an open-ocean setting.

Buijsman et al. (2012) show that there is an active

internal wave field in the SCB, and we expect such ac-

tivity in the L3 solution. Internal waves can provide a

source of large vorticity and divergence in the L3 solu-

tion and may dilute the signals in Fig. 4 interpreted as

indicative of submesoscale dynamics. However, the SI

animation of the surface flow fields shows a dominance

of the largest vorticity and divergence signals under

advective evolution (i.e., submesoscale coherent

FIG. 3. Instantaneous 2-h average of surface fields in San Pedro Bay at 1300 PST 14Dec 2007 from the L3 ROMS

simulation. (a) Relative vorticity normalized by the Coriolis frequency (colors) and surface horizontal velocity

vectors (arrows). (b) Buoyancy (b 5 2gr/r0). (c) Divergence normalized by the Coriolis frequency (colors) and

surface horizontal velocity vectors (arrows). (d) Horizontal buoyancy gradient magnitude (squared; log color

scale). Solid black lines indicate bathymetry. Dashed boxes in (b) highlight certain features discussed in the text.

Specifically, the midshelf front running parallel to the shoreline is referred to as Front2 in section 5f.
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structures) while capturing tidal variability (a primary

driver of internal wave generation); the metrics of Fig. 4

are obtained from 2-h-averaged surface fields and will

predominantly capture these advectively dominated

surface dynamics with some, but not overwhelming, di-

lution by the internal wave field, which will be more

expressed in the interior.

b. Spatial orientation of fronts and filaments

The variance maps in Figs. 4a and 4b indicate a

shallow-water preference for high vorticity variance to

align parallel to isobaths (most strongly in SMB). We

investigate this cross-shelf preference of submesoscale

structures further by examining the angle of extreme

density gradients (uniquely associated with strong

fronts and filaments) relative to depth (indicating cross-

shore location). Probability density functions (PDFs)

of surface density gradient vector magnitude (j=hrj)
and angle (u=hr) are calculated for all 151 days of the

simulation (1812 temporal data points) and organized

relative to the bottom depth of the sampling location.

PDFs are obtained from 300 (x, y) sampling locations

along a specific isobath. The sampling locations are

chosen to span the longest alongshore contour of an

isobath; that is, sampling locations are not placed on

small closed contour areas (e.g., a seamount). We use

90 isobaths in our analysis spanning h 2 [10, 900] m at

10-m intervals.

The density gradient vectors are rotated into a local

coordinate frame relative to the bathymetric gradient

[analogous to the coordinate transformation in Romero

et al. (2013)]. The transformation is made such that the

cross-shelf axis x0 is parallel to the bathymetric gradient

and the along-shelf axis y0 is oriented 908 counterclockwise

to the cross-shelf axis. Using the bathymetric unit gradient

vector hg 5=h/j=hj5 hx 1 ihy, the density gradient vector

is decomposed into along- and cross-shelf components:

›r

›x0
5

›r

›x
h
x
1

›r

›y
h
y
, and

›r

›y0
5

›r

›y
h
x
2
›r

›x
h
y
, (4a)

where x and y represent the horizontal geographical axes

of themodel domain inFig. 2b. The direction of the density

gradient relative to bathymetric gradient is given by

u
=hr

5 tan21

�
›r=›y0

›r=›x0

�
. (5)

Here, u=hr52p, 0, p translates to a density gradient

pointing across isobaths, with u=hr5 0 implying a density

gradient pointing in the same direction as the bathy-

metric gradient (i.e., offshore).

Figure 5a shows the PDF of density gradient magni-

tude at each isobath. There is a clear difference in the

breadth of the PDFs for shallow and deep water. In

shallower water (10–100m), PDFs of j=hrj are broader

relative to the PDFs in deeper water (.100m). This de-

pendency in PDF shape as a function of depth implies

that there are stronger density gradients in the nearshore,

potentially because of the combination of the weaker

stratification and stronger velocity gradients (i.e., stron-

ger z/f, d/f variance in the nearshore in Figs. 4a,b).

Figure 5b shows the PDFs of the orientation angle

(u=hr) for each isobath. We isolate the front and filament

density gradients (i.e., strongest gradient magnitudes)

by conditionally sampling the gradient vectors that ex-

ceed 5 times the RMS of the density gradient magnitude

FIG. 4. (top) Variance and (bottom) skewness for surface (left) relative vorticity and (right) divergence nor-

malized by theCoriolis parameter f. Variance and skewness are calculated at each grid cell from 151 days of velocity

output averaged at 2-h intervals (1812 total time points). Solid black lines indicate bathymetry. The variance color

bar is oversaturated near the shoreline. Marina Del Rey (MDR), Long Beach Harbor (LBH), Newport Harbor

(NH), and the Point Dume (PD) and Palos Verdes (PV) headlands are denoted in (a) to orient the reader.
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relative to data points along each isobath; the curves in

Fig. 5b give a metric of preferred alignment of surface

fronts and filaments relative to depth. Analogous to the

strength of j=hrj, there is a clear dichotomy in preferred

horizontal orientation between the shallow and deep

regimes. Strong density gradients in shallow-water

preferentially point across isobaths directed toward

deeper water (u=hr5 0). This implies a front or filament

that has its longitudinal axis aligned parallel to isobaths.

This preference is diminished as depth increases (flat-

tening of the PDFs in darker colors). Analogously, there

is a clear inhibition of nearshore fronts and filaments

aligned across isobaths (u=hr52p/2, p/2).

These results corroborate the interpretations from the

variance maps in Figs. 4a and 4b; there is more extreme

submesoscale activity (velocity and density horizontal

gradients) closer to shore with the alignment and re-

gional distribution of structures closer to shore con-

trolled by regional bathymetry. Typically, the strongest

flows associated with fronts and filaments are a (mainly)

geostrophic longitudinal shear flow. On the shelf, this

flow can extend to or near the bottom because of the

weak stratification and strong verticalmixing (section 5e).

Shelf bathymetry can orient fronts and filaments by

steering the associated longitudinal flow along isobaths.

Another, perhaps secondary, degree of control lies in the

interaction of the shape of the coastline with mean flows.

The baywide regions of high vorticity and divergence

variance show even larger variance at the headlands

(Figs. 4a,b). Background alongshore flows associated

with vorticity generation at headlands could continually

favor along-isobath alignment of headland-rooted sub-

mesoscale coherent structures.

c. Frontogenetic tendencies

In the realistically complex situation in our simulation,

all of the submesoscale generation processes (section 3)

are likely to occur. Rather than attempt to untangle these

three different mechanisms, we investigate the processes

responsible for frontogenesis, that is, what causes j=hbj2
and j=huj2 in submesoscale structures on the shelf. Does

the formation of shelf coherent structures mirror the

formation of open-ocean analogs or does the topographic

control on spatial distribution and alignment exert itself

in the formation process as well?

To aid our interpretation in ‘‘catching’’ the precise

moment of formation of a shelf filament, we use 30-min-

averaged output of L3 solutions over a period of 2 days

during a cold filament’s life cycle. The rapid growth and

elongation of this cold filament is shown as it forms near

Newport Harbor in Figs. 6a–d. We refer to this filament

as Filament1.We illustrate the formation of the filament

FIG. 5. PDFs (log10) of (a) surface density gradient vector magnitude and (b) angle relative to different isobaths

(colors). Each PDF of surface density gradient magnitude j=hrj is calculated from 300 points along each isobath for

all 151 days of simulation. The PDFs of the density gradient angles u=hr are obtained from density gradient vectors

in which the magnitude exceeds 5 times the RMS value of j=hrj (RMS is relative to data points along a specific

isobath). Angle conventions are such that u=hr52p, 0, p correspond to the density gradient vector pointing across

isobaths. Note that depth h is indicated as a positive value here (opposite to the convention in Fig. 2)
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in SST, noting that there is an analogous signal in sea

surface salinity (SSS). A cold, salty (relative to its sur-

roundings) cyclonic vortex exists on the very narrow

shelf off of Newport Harbor. In the sequence, there is a

clear stretching and elongation of the cold patch just off

of the shelf break, which is the result of the horizontal

strain field acting on the buoyancy gradient.

We quantitatively diagnose the specific processes re-

sponsible for front or filament formation through the

frontal tendency equations. The usual practice is to de-

compose the terms responsible for amplification of the

buoyancy gradient in time (1/2)[(Dj=hbj2)/Dt], as in

Hoskins (1982), Capet et al. (2008c), and Gula et al.

(2014). However, for filament frontogenesis it is in-

formative (and more striking visually) to look at the

evolution of the velocity gradient (1/2)[(Dj$h(u, y)j2)/Dt]

(following McWilliams et al. 2015):
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where Ti,u, Ti,y represent individual frontogenetic ten-

dency terms that account for a physical process in-

herent in the momentum equation (i 5 horizontal

advection, vertical advection, vertical mixing, etc.) that

can contribute to amplification (Ti. 0, frontogenetic) or

reduction (Ti , 0, frontolytic) of the velocity gradient

(j$huj2 or j$hyj2). For this analysis, we present the

frontogenetic tendency for the velocity gradient Ti as

the sum of the tendencies for the individual u and

y gradients (Ti 5 Ti,u 1 Ti,y), where individual pro-

cesses contributing to frontogenetic or frontolytic be-

havior are accounted for by theQi vector. These processes

are horizontal advection Qadv, vertical advection Qw,

FIG. 6. Frontogenesis of Filament1. (a)–(d) Instantaneous 30-min averages of SST beginning on 1645 PST 31 Dec 2007. (e) Total

velocity gradient frontogenetic tendency for the region in the red dashed box in (a) at z525m. (f)–(i) Separate frontogenetic terms for

the transverse cross section with end points denoted by the cyan hash marks in (e). Black vectors in (e) denote horizontal velocity at

z 5 25m and black contours in (f)–(i) denote density.
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Coriolis conversion Qf, pressure gradient Qf, vertical

mixing Qdv, and horizontal diffusion Qdh. They are de-

fined as follows [written as (u, y) components]:
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In Figs. 6e–i (and later Figs. 7h–l), the tendency term

for horizontal diffusion Tdh is not shown knowing that it

is always frontolytic in ROMS because of the implicit

hyperdiffusion Dh associated with the upstream advec-

tion operator (Gula et al. 2014). Similarly, we do not

show Tf, which represents an exchange between the u

and y components and will sum to zero except for a small

term } b5 df/dy. For a purely geostrophic flow, Tf and

Tadv are each zero. At higher order in Rossby number,

the pressure field is often closely related to horizontal

momentum advection, so we choose to show a combined

Tadv 1 Tf (as opposed to each individually) to interpret

horizontal advective effects; we note that Tf is similar in

structure and lesser in magnitude than Tadv for the cases

shown. Analysis of the terms controlling the buoyancy

gradient frontogenetic tendency (1/2)[(Dj=hbj2)/Dt]

(not shown) leads to similar conclusions about the rel-

evant processes.

The total frontogenetic tendency is shown at z525m

in Fig. 6e, corresponding to Filament1 at the time in

Fig. 6a. There is a clear positive frontogenetic tendency

indicative of a drastic increase in velocity gradient. The

separate terms that contribute to this tendency are

shown for a cross section at the same time in Figs. 6f–l.

Horizontal advection Tadv (1Tf) contributes the most

to the frontogenesis. The terms Tw, Tdv are frontolytic

around the center of the filament.

The strong frontogenetic horizontal advective ten-

dency, confined to a;10-m-thick surface layer (Fig. 6g),

indicates that the surface layer horizontal flow structures

surrounding the filament are responsible for its growth

(rapid amplification of j=huj2; Fig. 6e). Offshore of the

100-m isobath, a convergent flow pushes the nascent

filament into shallower water. Inshore of the 100-m

isobath, the large-scale flow strains the filament along

isobath to the southwest. The convergence by the off-

shore flow and strain by the inshore flow act to elongate

and amplify both the velocity and buoyancy gradient in a

mixture of the Hoskins (1982) deformation flow and

McWilliams et al. (2015) convergent secondary circula-

tion mechanisms of frontogenesis. The relatively large

submesoscale activity (Figs. 4a,b) and large horizontal

strain ½S5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ux 2 yy)

2 1 (yx 1 uy)
2

q � variance (not

shown) near Newport Harbor indicate that the for-

mation of submesoscale density gradients, driven by

the favorable alignment of flows off- and inshore of the

100-m isobath (Fig. 6e), is not an anomalous event in

this region. The orientation of the local bathymetry and

coastline surrounding Filament1 may topographically

steer large-scale flow fields in a way that favors repeated

generation of submesoscale structures in this area near

the shelf break.

The general picture from Fig. 6 is filament formation

driven mainly by frontogenetic horizontal advection

with simultaneous but weaker frontolytic vertical ad-

vection and vertical mixing; it generally agrees with the

Gulf Stream filament formation analyzed in Gula et al.

(2014). However, the orientation of the shelf bathyme-

try relative to the coastline exerts some control on the

frontogenetically favorable ambient flow configurations,

and the shallow depth can lead to nontrivial frontoge-

netic tendencies near the bottom. The surface-driven,

advectively dominated formation mechanism of this

submesoscale density gradient is distinct from the BBL-

associated formation mechanisms for shelfbreak and

tidal mixing fronts. It is distinct from both the frontal

trapping formation mechanism of shelfbreak fronts

(Chapman and Lentz 1994) and the formation of tidal

mixing fronts that fundamentally involves tidally in-

duced vertical mixing (Simpson and Hunter 1974).

d. Influence of the coastline: A headland wake event

The formation of Filament1 is essentially controlled

by the surface flow field and is somewhat analogous to

formation of open-ocean filaments (Gula et al. 2014).

However, the ambient flow frontogenesis for Filament1

seems to be controlled by the interaction of large-scale

flows and the orientation of the shelf bathymetry rela-

tive to the coastline. As revealed by themetrics in Figs. 4

and 5, the shape of the coastline and bathymetry are

important influences on the regional heterogeneity of

submesoscale processes on the shelf. Specific areas along

the coastline can act as formation sites for submesoscale

structures (e.g., headlands and breakwaters).

A striking illustration of the influence of the coastline is

shown in the simultaneous formation of a cold-core vortex
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and cold filament in Fig. 7 at the Point Dume headland

(referred to as Filament2). The sequence of events in this

figure is a combination of the following processes: shallow-

water wake formation caused by horizontally varying

bottom drag (Fig. 7g), upwelling caused by wind stress

curl, and filament frontogenesis mainly driven by hori-

zontal advection (Figs. 7i–l). The initial cyclonic vorticity

in Fig. 7a can primarily be explained by highly localized

vertical vorticity generation caused by bottom drag (= 3
tb . 0), which is due to strong mean flow past the head-

land (Fig. 7g). The upwelling of cold, salty water at the

headland is in part due to upwelling-favorable wind stress

curl. The wind stress is shown in green arrows in Fig. 7g,

and the upwelling is also indicated by the onshore bottom

flow (black arrows Fig. 7g) intersecting the coastal

boundary. The cyclonic vorticity created by the bottom

drag fits the mechanism invoked in shallow-water island

wake formation (Wolanski et al. 1984; Tomczak 1988;

Furukawa and Wolanski 1998) and in the flow along a

sloping bottom (Molemaker et al. 2015). The horizontal

shear created by the eastward flow in contact with the

headland, the upwelling of denser water in the lee of the

headland, and topographic steering within SMB gives rise

to the fully evolved coherent structures of a cold-core

vortex and a cold filament that roughly traces out baywide

bathymetry (Figs. 7c–f). Notice the detachment of the

vortex from the headland and the separation of the fila-

ment from the vortex in Figs. 7e and 7f.While Filament2 is

an example of a cyclonic coherent structure, the surface

vorticity skewness map in Fig. 4c shows small patches of

anticyclonic vorticity generation to the west of both

headlands, associated with episodes of westward flow.

FIG. 7. Headlandwake frontogenesis of Filament2. Instantaneous 2-h averages of (a),(c),(e) surface relative vorticity and (b),(d),(f) SST

are shown for three separate times (rows, beginning on 2100 PST 3 Feb 2008; note uneven times between second and third rows). (g) Curl

of the bottom stress (colors), surface wind stress (green vectors) and, bottom velocity (black vectors) of the green region in (a). (h) Total

velocity gradient frontogenetic tendency for the region in the red dashed box in (d) at z525m. (i)–(l) Separate frontogenetic terms for

the transverse cross section with end points denoted by the cyan hash marks in (h). Black vectors in (a), (c), and (e) denote surface

horizontal velocity and in (h) denote horizontal velocity at z 5 25m. Black contours in (i)–(l) denote density.
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The frontogenetic tendencies of Filament2 are ana-

lyzed in Figs. 7h–l. Analogous to the result for Fila-

ment1, horizontal advection Tadv (1Tf) is positive and

dominates the sum of the frontogenetic tendency. Cross

sections of the separate terms (Figs. 7i–l) show that Tdv

is mainly frontolytic, with a very weak frontogenetic

tendency on the inshore side of the filament nearest the

surface. The term Tw is sign symmetric around the

center of the filament. Overall, horizontal advection

takes over the frontogenetic sequence after the initial

cyclonic vorticity creation, which is fundamentally con-

trolled by the shape of the coastline. This sequence of

events is unique to coastal submesoscale density gradi-

ents and has no analog in the open-ocean surface layer.

e. Front and filament circulations

Here, we present both the success and limitation of

the TTW balance [(1)] in diagnosing the circulations

associated with fronts and filaments on the shelf. Moti-

vated by an example of the failure of the TTW di-

agnostic, we investigate the transient evolution of

secondary circulations and raise questions regarding the

steady-state assumption inherent in the TTWdiagnostic.

For the finite-depth shelf, we impose the following

boundary conditions on (1):

k
y

›u
h

›z
5
ts

r
0

at z5 0, k
y

›u
h

›z
5

tb

r
0

at z52h . (8)

The inclusion of a bottom stress tb is specific to shelf

fronts and filaments that are commonly in contact with

the bottom because of the combination of the shallow

depths [O(10) m] and low stratification induced by the

strong mixing that sets up and maintains the secondary

circulations. The stress tb is computed from the L3 so-

lution bottom sigma-level velocity using the bottom-

layer quadratic drag law given by (3).

The TTW longitudinal u and transverse y velocities

can be calculated fromROMSoutput with knowledge of

the density r, vertical mixing ky, surface wind stress ts,

and, on the shelf, the bottom velocity ub. Discretization

of (1) results in a tridiagonal system and can be solved

by a simple matrix inversion if the coefficient matrix is

diagonally dominant. The discretization is analogous to

that of McWilliams et al. (2015) with the inclusion here

of a bottom stress in the bottom boundary condition.

1) EXAMPLES OF TTW BALANCE

To investigate this mechanism for shallow-water

fronts and filaments in contact with the bottom, we

isolate three submesoscale features shown in Fig. 8:

Filament3, Filament4, and Front1. The input fields for

the calculation (ky, t
s, tb, r) are obtained by isolating the

submesoscale feature at the locations denoted by the

black hashmarks in Fig. 8. Front1 is shown in Fig. 8 at two

times (bottom two rows) to show an example of diurnal

evolution discussed in the next subsection. The TTW in-

put fields and solutions (Figs. 9, 10, 11) are shown as

longitudinal averages in the transverse-depth (y–z) plane.

The first case, Filament3, is a cold filament [isolated at

0300 Pacific standard time (PST)] located just offshore of

Manhattan Beach roughly between the 10- and 50-m

isobaths (top row, Fig. 8). In the nearshore, the filament

is oriented at roughly a 458 angle to the 10-m isobath and

bends to a more along-isobath parallel orientation farther

offshore and toward the south (to the right along the

horizontal axis). It has a sharp temperature gradient with

strong cyclonic vorticity and convergence at the surface.

Figures 9a and 9b show transverse-depth structure (lon-

gitudinally averaged) of density r(y, z) and parameterized

vertical mixing ky(y, z). The two main ingredients for the

TTW circulation are apparent: a strong horizontal density

gradient (not explicitly shown) across the transverse axis

(roughly uniform from the surface down to about 235-m

depth) and strongO(1022) ms22 vertical mixing. Of note

is the trend in ky to decrease in strength in shallower

water. This is a general, statistical cross-shore trend ex-

plained by the influence of the decreasing depth; the

magnitude of ky (produced by KPP) is primarily con-

trolled by boundary layer depth (here interpreted as depth

of the water column). We also note that this filament oc-

cupies both the continental shelf (separate SBL andBBL)

and the SSTZ (overlapping SBL and BBL) of Fig. 1.

Velocities for Filament3 are shown in Figs. 9c and 9d

after being rotated into a filament frame of reference. The

circulation is characterized by a cyclonically sheared lon-

gitudinal flow and a transverse circulation that is conver-

gent at the surface and divergent at depth (the secondary

circulation). Geostrophic balance (ug 5 2fy/f, yg 5 fx/f )

fails to reproduce the complete structure of this transverse

flow (Figs. 9e,f) and also does not fully capture the extent of

vertical mixing of the longitudinal flow. The ageostrophic

secondary circulation is better captured by the TTW bal-

ance (uTTW, yTTW; Figs. 9g,h). This result is analogous to

the TTW success for open-ocean filaments in Gula et al.

(2014) and provides a validation of the TTW balance in

shallow water with overlapping boundary layers.

Front1 is a shelf front located off of Long Beach

Harbor in SPB (isolated at 0400 PST; third row, Fig. 8).

The front is characterized by colder water offshore and

warmer water onshore, with very well-defined lines of cy-

clonic vorticity and surface convergence coincident with

the location of maximum temperature gradient. The TTW

diagnostic is moderately successful (relative to Filament3)

in recreating the longitudinal shear flow as well as the

ageostrophic secondary circulation (Fig. 10). There are
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some differences between the raw and TTW transverse

velocity profiles. Notably, there is a patch of negative

transverse velocity on the far side of the y axis in the TTW

profile. This coincides with (and is potentially the result of)

both an increase in stratification, a decrease in ky, and

decrease in ›f/›y (i.e., the ingredients for TTW).

Filament4 appears as a shelf front4 (isolated at 0900

PST) in SMB offshore of Malibu (second row, Fig. 8),

oriented roughly parallel to the local isobaths. There

are two notable aspects of this case to mention relative

to Filament3 and Front1. First, the vertical mixing

shape (Fig. 11b) is markedly different for this case (at

this point in time in the front’s life cycle) than the

previous two cases discussed (Filament3 and Front1).

Second, the TTW balance does not (as) convincingly

reproduce the very strong and apparent secondary cir-

culation (Fig. 11d) associated with this front. The ver-

tical mixing structure is weak at the surface because of

increased stratification (Fig. 11a) caused by a positive

solar heat flux associated with the daytime hour (0900

PST) of the feature isolation. BBL mixing is present on

the inshore side of the filament where it comes in con-

tact with the bottom with a reduced stratification on

this inshore side.

This case is of interest because the raw transverse flow

exhibits a clear and very strong secondary circulation

FIG. 8. Surface fields for the fronts and filaments (rows) used for TTW diagnostic calculation. (left) SST, (center) relative vorticity, and (right)

divergence. The features are isolated by fitting a polynomial curve to the shape of the cyclonic vorticity line indicating the front or filament.

Transverse cross sections 3 km in length are taken between the end points indicated by the black hash marks and centered on the fitted curve.

Velocities and stresses are then rotated into a frame of reference of the feature (x, y pertaining to longitudinal and transverse axes, respectively).

4 Filament4 exhibits a frontal structure at this time; however, its

time mean (Fig. 13) resembles a cold filament and thus we name it

Filament4.
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(Fig. 11d). However, the TTW diagnostic is not re-

producing the strength and complete geometry of this

secondary circulation (Fig. 11h). The presence of a

strong secondary circulation coincident with relatively

weak vertical mixing presents a conundrum for the di-

agnostic view of (1). Next, we investigate the transient

evolution of submesoscale-indicating fields to show that

the diurnal cycle in vertical mixing (presumably forced

by solar heat flux or wind) induces a transient response

of front and filament circulation that is apparently not

captured by the steady-state TTW balance.

2) DIURNAL EVOLUTION OF SECONDARY

CIRCULATION

We illustrate the diurnal evolution of secondary circula-

tion (as it relates to cycling of ky) with a 4-day time series of

multiple fields in Fig. 12. The time series in Fig. 12 are

spatial RMS values (normalized by their respective stan-

dard deviations in time) of fields at z 5 27m for a region

indicated by dashed black lines in Fig. 2b; surface heat flux

Qs is plotted as a spatial mean. The diurnal cycling of ky is

apparent in Fig. 12. It is representative of the surface layer

KPP response: KPP enhances vertical mixing at the surface

via both a surface cooling (Qs , 0) and/or a strong surface

stress (jtsj . 0). The term ky has a diurnal cycle charac-

terized by sustained mixing in the nighttime hours (1700–

0700 PST) followed by an abrupt transition to a lowmixing

regime during the day (0900–1500 PST). The stratification

(N2) diurnally evolves consistent with changes in ky: stron-

ger stratificationwithweakermixing and vice versa (Fig. 12,

gray curve).

The surface wind stress can certainly induce vertical

mixing and potentially control the diurnal signal of Qs

through a diurnal sea breeze, which is common in Southern

California (Nam and Send 2013). For SMB, the sea–land

breeze phasing is a daytime onshore wind (ocean to land)

and nighttime offshore wind. If the onshore breeze is strong

enough during the daytime, it can increase and dominate

FIG. 9. Longitudinally averaged of fields for Filament3 cross sections: (a) density and (b) vertical mixing.

Longitudinal velocity u and transverse velocity y are shown in 3 components: (c),(d) raw,(e),(f) geostrophic, and

(g),(h) TTW. Black contours denote density; dashed lines denote surface (black) and bottom (green) boundary

layer depths. Bottomboundary layer depth is plotted relative to the bottom (i.e., vertical extent of bottomboundary

layer). Sign conventions are such that positive u is out of the page and positive y is to the right along the horizontal

axis. For the TTW calculation itself, the pressure gradient in the longitudinal direction ›f/›x is modified to exclude

the effect of larger-scale processes. This is done by setting the free-surface height h gradient in that direction to zero

(›h/›x 5 0) and calculating pressure with this modified free surface. There is also some spatial smoothing done to

the transverse pressure gradient ›f/›y. TTW velocities are computed for each horizontal cross section with the

longitudinal composite of individual cross sections shown here; that is, we assume longitudinal uniformity of the

front or filament circulation.
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the vertical mixing (relative to stratifying effects of Qs .
0 that can weaken the mixing). However, the most notable

peaks in jtsjRMS (the large peak of the orange curve in

Fig. 12 at 2100PSTon14December) are due to a localwind

event in Malibu with strong off- and alongshore winds that

occur in the nighttime hours, coincident with strong surface

cooling. Despite this strong wind stress, the surface cooling

(Qs minima in green curve Fig. 12) appears to control the

maxima in verticalmixing (blue curve inFig. 12); that is, the

maxima of RMS ky are consistent across the 4 days of

the time series and show no discernible increase during

the distinct maximum in jtsjRMS, indicating that during this

period the diurnal cycle of ky is being primarily driven by

the solar heat flux Qs.

Time series of the RMS of submesoscale indicators

(w, d/f, z/f, j=hbj) relative to the temporal evolution of

vertical mixing show responses to large ›ky/›t (Fig. 12,

top panel). The main behavior apparent in these time

series is the increase in d/f and w RMS in response to

negative ›ky/›t. This peak in divergence RMS (i.e., peak

in the strength of the secondary circulation) occurs at

roughly 0900 PST each day in the time series, coincident

with a sharp drop-off in ky. The terms z/f and j=hbj are
phase aligned and lag d/f, w by ;2 h. The diurnal evo-

lution of these fields is not consistent with a sequence of

instantaneous TTW calculations (e.g., Figs. 11g,h).

Such a diagnostic [summarized by (2)] predicts a phase

alignment between ky and the secondary circulation

(d/f, w) for a given transverse buoyancy gradient.

Another aspect of transient evolution of fronts and

filaments is a diurnal ‘‘flashing’’ of surface vorticity, di-

vergence, and vertical velocity. The flashing is an increase

in transverse thickness (and strength) of the latter fields

illustrated with a comparison of Front1 at 0400 and 1000

PST (bottom two rows in Fig. 8). The front is (relatively)

thin at 0400 PST with well-defined temperature gradient,

vorticity, and divergence signals amid strong vertical

mixing throughout the water column (not shown). The

strength of the vertical mixing at the surface can be at-

tributed to a uniformly negative solar heat flux (Qs

; 2140Wm22) and a nonnegligible surface wind stress

(jtsj; 33 1022Nm22) oriented in a roughly cross-front

direction (not shown). At 1000 PST, strong solar heat flux

(Qs ; 750Wm22) and relative lack of wind lead to

stronger stratification and less vertical mixing in the sur-

face layer. The temperature gradient remains and is in

fact somewhat stronger at 1000 (not shown). The heat flux

imprint is clearly seen in the temperature map (which has

been kept at the same color scale for comparison with the

front at 0400 PST) with warmer temperature throughout.

The lines of vorticity and divergence remain well defined

and are notably wider than at 0400 PST.

The transient evolution of secondary circulations—

both phasing of the secondary circulation and the

FIG. 10. As in Fig. 9, but for Front1 in Fig. 8
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transverse thickening/thinning of vorticity and di-

vergence lines—is presented here as evidence of a diurnal

cycle in the local circulation of fronts and filaments that

has previously not been observed. Its dynamical mecha-

nisms are investigated separately (D. Dauhajre and

J. McWilliams 2017, manuscript submitted to J. Phys.

Oceanogr.).

f. Vertical heat flux

Strong downwelling induced by the ageostrophic

secondary circulations of fronts and filaments can induce

vertical heat fluxes in the 3D heat balance:

›T

›t
1=

h
� u

h
T1 ›

z
wT5 ›

z
(k›

z
T) . (9)

Here, we compare the terms in (9) responsible for ver-

tical fluxes in a shelf front or filament over 3-day periods.

The heat flux caused by vertical advection Jw and by

vertical mixing Jk for a front or filament are calculated as

J
w
5 r

0
C
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wT 0, J

k
5 r

0
C

p
k
y

›T 0

›z
, (10)

where Cp 5 3985 J kg21K21 is the specific heat capacity

and the temperature anomalyT 0 5T2T is defined as the

deviation from the transverse mean (T) over a distance

much larger than the submesoscale feature. The space–

time averaging of the isolated front or filament fields re-

sults inw; 0 andw;w0 for the heat flux calculations.We

calculate a temporal average of these terms by following

fronts and filaments over the course of 3 days with the

same feature isolation techniques used to diagnose the

secondary circulations in section 5e (cross sections rotated

into a frame of reference of the front or filament at each

time step). Time and longitudinal composites of fields for a

front on the SPB shelf (Front2) and a cold filament on the

SMB shelf (Filament4) are shown in Fig. 13 (instantaneous

2-h averages of surface fields for Front2 and Filament4 are

shown in Figs. 3 and 8, respectively) The vertical heat

fluxes (Jw, Jk) in Figs. 13e, 13f, 13k, and 13l represent the

net heat flux over the 3-day period. Filament45 and Front2

FIG. 11. As in Fig. 9, but for theFilament4 in Fig. 8.Wenote the nameof Filament4 in reference to the overall life cycle

of this density gradient structure that is analyzed inFig. 13.Despite its frontal structure in this instantaneous 2-h average, it

has a timemean over its life cyclemore resembling a cold filament. Note the failure of the TTWbalance to reproduce the

transverse circulation y vs yTTW. The failure of the TTWdiagnostic is attributed to its inability to capture the full diurnal

evolution of the secondary circulation as it responds to temporal changes in vertical mixing [which is weak and bottom

intense in this instantaneous 2-h average, (b)].

5We note that the density (and temperature anomaly) structure

of Filament4 (Fig. 13d) exhibits asymmetry in its warm tempera-

ture anomalies surrounding the cold center. We classify this

structure as a filament because it is more clearly a transverse ex-

trema in temperature than a transverse step, as in Front2 (Fig. 13j).
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reside on the shelf throughout their life cycle and are

chosen as the most compelling illustrative cases for this

analysis (relative to the other features in Table 2). Based

on similar analysis in previous work (Gula et al. 2014;

McWilliams et al. 2015;McWilliams 2017), we expect a net

restratifying vertical heat flux for any submesoscale sec-

ondary circulation (front or filament).

Both the front and filament are characterized by a

strong time-mean negative vertical velocity [O(1022)

m s21], which peaks at middepth (Figs. 13a,g); by a

nearly full mixed water column indicated by strong

vertical mixing (Figs. 13b,h); by overlapping boundary

layers in the time mean; and by negative temperature

anomalies at the center of the cross sections (cold

front and cold filament; Figs. 13d,j). The resulting

vertical heat flux profiles are dominated by the posi-

tive advective heat flux Jw, which is indicative of the

restratification effects of the secondary circulations.

The heat fluxes caused by vertical mixing are weaker

and negative. For Filament4, the advective heat flux

peaks at 198Wm22 at z 5 215m. Front2 has an even

stronger advective flux of 383Wm22, which peaks

around middepth at z5220m. These advective fluxes

are compared with vertical mixing fluxes Jk
of 276Wm22 and 273Wm22 for the front and fila-

ment, respectively.

The general picture these two cases present is that over

the course of a shelf front or filament life cycle the TTW

secondary circulations induce O(100) Wm22 fluxes that

act to restratify the water column and dominate over

weaker heat fluxes caused by vertical mixing that opposes

the restratification effects. In the context of (9), it is clear

from the unequal magnitudes of Jw and Jk that the hori-

zontal heat flux is playing a role in this time-mean local

front or filament view of the shelf. In this cross-sectional

plane, the horizontal fluxes associated with the front or

filament are approximately symmetric on either side of

zero in a depth profile because of the symmetry of a TTW

secondary circulation and because of the full-depth extent

of the circulations (i.e., the shape of the secondary circu-

lations presented in section 5e).

Breaking internal waves are usually attributed to

large vertical heat fluxes on the shelf. Observations on

the New Jersey shelf (Shroyer et al. 2010) show con-

siderable instantaneous vertical heat flux because of

nonlinear internal waves Jq 5 rCpKrTz, with observed

Jq values as large as 790Wm22. Here, r is an average

density, Kr 5 G«/N2 is an estimated diapycnal eddy

diffusivity, G ’ 0.2 is the turbulent mixing efficiency,

« is the local kinetic energy dissipation rate, and Tz is

the vertical temperature gradient. The vertical heat

flux caused by internal waves Jq acts to weaken

the stratification via transport of surface heat through

the pycnocline. The advective vertical heat fluxes of the

fronts and filaments on the shelf Jw act in the opposite

manner and restratify the water column (w, 0, T0 , 0)

(for a cold filament). Both processes can be responsible

for substantial vertical heat fluxes on the shelf: how-

ever, internal wave fluxes are dominant in subsurface

stratified conditions, while fronts and filaments typi-

cally are strongest in a more weakly stratified, near-

surface layer.

FIG. 12. A 4-day time series of spatial RMS values (starting at 1700 PST 13 Dec 2007) taken

from the black dashed box in SMB shown in Fig. 2b. (top) Vertical mixing ky, relative vorticity

z/f, divergence d/f, vertical velocity w, buoyancy gradient magnitude j=hbj, and Brunt–Väisälä
frequency squaredN2. All fields in the top panel are computed at z527m. (bottom) Vertical

mixing ky (at z 5 27m) and surface wind stress magnitude jtsj. Surface heat flux Qs (Wm22)

values are plotted corresponding to the vertical axis on the right. Dots represent 2-h-averaged

individual time points. Vertical black lines separate days. Each spatial RMS for a variable is

normalized by its standard deviation in time.
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g. Lagrangian material transport

The relative dispersion of Lagrangian particles depends

on the Eulerian velocity wavenumber spectrum, and for

flows with relatively flat spectra at the submesoscales, the

dispersion behavior is dominated by currents at the scale of

the particle separation (LaCasce 2008; Romero et al.

2013). Furthermore, the evolution of the spatial structure

of particle patches (i.e., relative dispersion) can thus be

heavily controlled by the strong surface convergence as-

sociatedwith front and filaments on these daily time scales.

The control of particle trajectories by submesoscale co-

herent structures has been shown for cold filaments in the

Gulf Stream (Gula et al. 2014) andnearshore regions in the

Santa Barbara Channel (Romero et al. 2016). The latter

study put forth the hypothesis that the nearshore anisot-

ropy in relative dispersion of particles can, in part, be

due to the anisotropic spatial orientation of fronts and fil-

aments closer to shore (i.e., the spatial geography of the

submesoscale presented in section 5b). Here, we present

further evidence of the ability of fronts and filaments to

decrease relative dispersion and drive ‘‘self-organization’’

of particle patches into shapes coincident with fronts and

filaments indicated by the surface convergence lines asso-

ciated with secondary circulations. We also show more

evidence of the diurnal cycle of secondary circulations

through Lagrangian sampling of front and filament

circulations.

Two types of initial particle distributions are used in

this analysis. The first (front case) initializes 20 000

particles centered about a front in a circle of diameter

10 km just offshore of the SPB shelf break (Fig. 14a).

The second (full domain case) initializes 93 874 particles

uniformly in between the 10- and 1000-m isobaths

throughout the entire domain (Fig. 14g). Both cases

advect particles over the same 3-day time period. Par-

ticles are placed at the surface, neutrally buoyant, and

advected only by the surface velocity field. To obtain the

most accurate Lagrangian sampling of the submesoscale

fields by the particles, we use 15-min snapshot ROMS

output. Sensitivity tests (not shown) indicate that model

output exceeding 30-min time intervals performs poorly

for Lagrangian calculations in a submesoscale flow field.

Figure 14 shows the evolution of the particle positions

for the front and full domain cases. In Figs. 14a–f, the

particles initially distributed surrounding a front near

the shelfbreak collapse onto the front 25 h after initial-

ization because of the extreme surface convergence of

the front. In Figs. 14c and 14e, the particle distribution

matches the frontal structure, and material that was

once near the shelf break is contained in a thin, elon-

gated line that spans the cross-shore extent of the entire

FIG. 13. Time- and longitudinal-averaged cross sections for the (left) Filament4 (0100 PST 3 Jan–2300 PST 5 Jan) and (right) Front2

(0100 PST Dec 13–2300 PSTDec 14). (a),(g) Vertical velocity, (b),(h) vertical mixing, (c),(i) temperature, (d),(j) temperature anomaly in

the cross front, (e),(k) advective vertical heat flux, and (g),(l) vertical heat flux caused by turbulent vertical mixing. Black contours denote

density; dashed lines denote surface (black) and bottom (green) boundary layer depths. Bottom boundary layer depth is plotted relative to

the bottom (i.e., vertical extent of bottom boundary layer).
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domain. Ultimately, the front dies and surface conver-

gence weakens, which leads to increased separation

between particles (Fig. 14f). An analogous particle

evolution is shown for the full domain release in

Figs. 14g–l. A uniform distribution of particles ulti-

mately ends up in surface convergence structures (lines,

curves, and vortices) with some particles exiting the

domain (mainly caused by a bulk advection of offshore

particles through the northwestern boundary by the

mean offshore current) or becoming trapped on the

shoreline. These snapshots indicate the daily time scale

of lateral organization of material that is induced by

the submesoscale flow fields. The ultimate spatial dis-

tribution of material on these daily time scales is pri-

marily controlled by the spatial distribution of the

fronts and filaments, the advection of the fronts and

filaments by larger-scale flow fields, and the location of

the front or filament destruction, which can cause par-

ticle separation.

Particles trapped in convergence lines of fronts or

filaments sample the temporal evolution of the front or

filament circulation. Figures 15a–d show the mean and

variance of particle-sampled surface divergence and

relative vorticity (i.e., mean and variance over all par-

ticles of particle-coincident d/f and z/f ) for both the front

(dark red curves) and full domain (teal curves) cases.

Particles that have exited the domain or are shoreward

of the 5-m isobath are not used to calculate this mean or

variance. The mean vorticity and divergence show, for

both cases, an initial adjustment to particles becoming

FIG. 14. Snapshots of surface divergence (colors) and Lagrangian particle evolution for particles (green circles) for two initial

particle distributions: (a)–(f) front and the (g)–(l) full domain cases. Particles are neutrally buoyant, placed at the surface, and

advected only by the horizontal surface velocity field. For the front case, 20 000 particles are initially distributed in a circle of

diameter 10 km in (a). For the full domain case, 93 874 particles are initially distributed at all points offshore of the 10-m isobath.

Time in between frames is uneven to highlight certain points in particle evolution. Note the extreme convergence and cross-shore

elongation (from the shoreline to ;40 km offshore) of the particle distribution in (c)–(e), a direct consequence of the extreme

surface convergence of the front.
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trapped in cyclonic, convergent structures followed by

two diurnal peaks in both convergence and cyclonic

vorticity. The variance of particle-sampled divergence

and vorticity shows a similar evolution, with appar-

ent diurnal peaks in d/f and z/f variance for both parti-

cle distribution cases. Lagrangian analysis of ROMS

solutions of the Gulf of Mexico shows a similar diurnal

evolution of particle-sampled divergence and vorticity

(A.Bracco andR.Barkan 2016, personal communication).

In both cases, the strongest diurnal peaks occur during

the first two cycles with a less pronounced peak in

particle-sampled mean convergence on the third full

day. For the front case (red curves), the mean di-

vergence shows a zero-crossing late in the day on

29 December (indicated by the second vertical dashed

black line of that day). This is due to the death of the

front itself; however, the particles still maintain their

convergent, elongated shape at this time (Fig. 14f). The

magnitude of the mean vorticity and divergence is

greater for the front case because the particles are iso-

lated over a single, very strong convergence line. The

diurnal peaks in these particle-sampled metrics for di-

vergence and vorticity indicate similar diurnal cycling of

secondary circulations shown in Fig. 12. However, the

specific timing of the d/f and z/f peaks (1200 and 1400

PST, respectively) is different than those in Fig. 12 (0900

and 1100 PST). Reasons for this difference in phasing

[e.g., variability in ky(t) temporal structure] will be

FIG. 15. Lagrangian-sampled metrics for the front (dark red) and a full domain (teal) particle distribution cases.

(a)–(d) Time series (beginning at 1637 PST 27 Dec 2007) of Lagrangian-sampled (left) divergence and (right)

relative vorticity; mean in (a) and (b), and variance in (c) and (d). Time series are obtained by interpolating surface

fields z/f, d/f to particle locations and taking themean and variance over all particles at each time (particles that have

exited the domain or are shoreward of the 5-m isobath are excluded from the mean and variance). Solid, vertical

black lines indicate the start of a day and dashed vertical black lines indicate the times of the snapshots in Fig. 14.

PDFs (log10) of Lagrangian-sampled (e) divergence and (f) vorticity. Solid curves in (e) and (f) are PDFs obtained

from fields at all time points in the 3-day period [with (Nparticles 3 288 time points) samples]. Dashed line PDFs

represent the late-morning hour sampling (0900–1300 PST) and dashed–dotted lines represent the nighttime hour

sampling (1700–2100 PST).
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investigated in D. Dauhajre and J. McWilliams (2017,

manuscript submitted to J. Phys. Oceanogr.).

PDFs of particle-sampled divergence and vorticity

(Figs. 15e,f) show that particles tend to be trapped by

submesoscale coherent structures on the whole. For

both releases, the PDFs are skewed toward negative

divergence and cyclonic vorticity (solid lines). This

skewness is more exaggerated when the sampling points

are taken to be only in the late morning (dashed lines),

defined as 0900–1300 PST, and less exaggerated when

sampling points are taken to be in the night (dashed–

dotted lines), defined as 1700–2100 PST. Again, this

metric indicates that surface material, on daily time

scales, is trapped in submesoscale structures of strong

surface convergence and strong cyclonic vorticity. The

strength of this convergence and vorticity exhibits a di-

urnal cycle that peaks in the late morning, signifying a

transient response of secondary circulation to ›ky/›t 6¼ 0.

This diurnal signal is captured in the full domain case

(Fig. 15, teal curves) where particles are sampling flow

fields on and off the shelf; the diurnal evolution of vor-

ticity and divergence is likely to be similar between shelf

and open-ocean submesoscale currents.

6. Summary, conclusions, and prospects

The existence of submesoscale variability (in the form

of fronts, filaments, and vortices) on the shelf is shown

through a numerical simulation of the Southern Cal-

ifornia Bight with horizontal resolution Dx 5 75m.

Fronts and filaments defined by large horizontal buoy-

ancy gradients coincident with strong surface conver-

gence and cyclonic vorticity are ubiquitous on the shelf

with lifetimes on the order of days. No paradigms pre-

viously used to describe shelf circulation predict the

existence of these phenomena. These spontaneously

formed and short-lived submesoscale density gradients

differ in dynamical classification (Ro� 1) and evolution

from the persistent and geographically constrained

shelfbreak and tidal mixing fronts that are commonly

found on some continental shelves. Submesoscale cur-

rents on the shelf are frequently in contact with the

seafloor; the shallow depth of the shelf is the primary

source for differences in the phenomenology of open-

ocean and shallow-water submesoscale dynamics. This

study attempts to characterize the submesoscale regime

on the shelf and, as such, raises a number of questions

for further investigation.

Colder atmospheric temperatures along with more

frequent storms lead to a less stratified shelf relative to

other times of year. On some shelves with very strong

storms or cooling the winter stratification disappears en-

tirely (e.g., off New England), unlike in the SCB where a

pycnocline is always present over most of the shelf.

Callies et al. (2015) observe a seasonal cycle in sub-

mesoscale turbulence in the Gulf Stream, with stronger

submesoscale activity in the winter months because of

decreased stratification and deeper surface mixed layers.

It is possible that the low stratification associated with the

winter–spring months of the L3 solution may lead to an

overrepresentation of the submesoscale activity relative

to summer months when stratification is higher. How-

ever, further investigation into the seasonality of shallow-

water submesoscale variability is warranted given the

BBL whose vertical mixing (and thus TTW secondary

circulations) can potentially induce frontogenesis in the

absence of surface cooling.

Generally, there is stronger submesoscale variance

(indicated by z/f, d/f variance) on the shelf relative to

offshore. The shelf submesoscale variance is diminished

inshore of ;10-m isobath in our simulation. However,

this result should be readdressed with submesoscale-

resolving simulations that include an active surfzone.

The coastal submesoscale geography is influenced by the

local bathymetry and shape of the coastline. Shallow-

water [h ; O(10) m] fronts and filaments show a pref-

erence for longitudinal alignment parallel to isobaths.

This preference is less pronounced as depth increases

with essentially isotropic orientations offshore. Head-

lands are sites of extreme vorticity variance and can act

as the source point for submesoscale structure genera-

tion in a bay.

The formation mechanisms responsible for creating

submesoscale gradients on the shelf are distinct from

the mechanisms responsible for creating tidal mixing

and shelfbreak fronts. Similar to their open-ocean ana-

logs, horizontal advection is the dominant process re-

sponsible for increasing and elongating submesoscale

density and velocity gradients on the shelf. However,

local bathymetry can greatly influence formation. We

present a case of a headlandwake as an example of these

two controls: coastline influenced cyclonic vorticity

generation combined with frontogenesis dominated by

horizontal advection. The fraction of coastal sub-

mesoscale activity caused by shelf-specific controls on

formation (creation of straining flows by topographic

steering and frontogenesis from headland wake forma-

tion) or more general mechanisms that are perennially

present in the open-ocean regime (frontogenesis by

mesoscale straining flows or secondary circulations in a

turbulent boundary layer and mixed layer instabilities)

remains to be quantified.

The transverse structure of shelf fronts and filaments

exhibit less transverse symmetry compared to their off-

shore counterparts. This asymmetry is manifested in iso-

pycnal and verticalmixing structures (e.g., Fig. 9). Themost
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likely control of the asymmetry is the interaction of full-

depth boundary layers on a slope, which generally causes a

decrease in vertical mixing strength closer to shore. Off-

shore SBLs have no such interaction with the bottom.

The quasi-steady TTW diagnostic balance matches

shelf front and filament secondary circulations at times

of strong vertical mixing in the SBL. However, some-

times there is a clear diurnal evolution of the secondary

circulation that is not consistent with a steady model.

This diurnal evolution is characterized by a transient

response of front and filament circulations to abrupt

changes in the vertical mixing. The response primarily

appears as a phase lag between peaks in mixing and

divergence. The mechanism(s) controlling the diurnal

evolution of secondary circulations is being investigated

separately (D. Dauhajre and J. McWilliams 2017, man-

uscript submitted to J. Phys. Oceanogr.).

Over a submesoscale life cycle, the strong down-

welling associated with the secondary circulation can be

responsible for vertical heat fluxes on the order of

100Wm22 over the area occupied by the feature. These

fluxes act to restratify the water column and are com-

parable in magnitude to observed vertical heat fluxes

associated with breaking internal waves on the New

Jersey shelf that act to mix in the pycnocline. The local

heat flux calculations presented in this study do not

constitute a full analysis of the statistically dominant

terms in the heat balance on the shelf. Rather, we have

presented the general question of vertical heat fluxes

and stratification on the shelf in relation to internal wave

and submesoscale TTW fluxes. To what degree do sub-

mesoscale TTW fluxes set the stratification on the shelf?

The prevalence of submesoscale coherent structures

on the shelf raises many obvious questions regarding

their role in controlling the fate of material in the

nearshore. On daily time scales, material on the shelf is

preferentially trapped into surface convergence lines

associated with fronts and filaments. Submesoscale

currents should certainly be added to the inventory of

shelf circulations responsible for lateral fluxes on the

shelf (e.g., internal waves, cross-shelf winds). Lagrang-

ian particles, used to sample the velocity gradients,

provide alternate evidence of the diurnal cycle of front

and filament secondary circulations; this evidence is

derived from particles on and off the shelf and suggests

this diurnal evolution is universal to fronts and filaments

regardless of total depth. The strong downwelling as-

sociated with the convergence can drive this material

into the interior once it is laterally advected into the

center of a front or filament.

Explicit diagnostics of submesoscale control on material

dispersion has applications in ecology (e.g., larval dis-

persal) as well as coastal management (e.g., urban runoff

and pollution). Using submesoscale-resolving ROMS so-

lutions of the SCB shelf, Uchiyama et al. (2014) and

Romero et al. (2013) show that the submesoscale regime is

more responsible for the dispersion ofmaterial on the shelf

than the mean currents and tides. What these studies do

not diagnose, however, is the role of submesoscale vari-

ability in controlling regional connectivity (Mitari et al.

2009). High-resolution simulations of the coastal ocean

provide an updated tool [relative to the Dx 5 1km solu-

tions of Mitari et al. (2009)] to inform ecological frame-

works (e.g., Castorani et al. 2015) that rely on physical

parameters such as oceanographic connectivity between

coastal sites. Further, the general role that the nearshore

submesoscale regime plays in controlling coastal connec-

tivity patterns remains unknown and needs to be explored.

Is submesoscale resolution needed to accurately assess

and/or predict the fate of material in the nearshore?

An obvious route of discovery (and validation) lies

in the development of coastal observational platforms

capable of better resolving submesoscale processes.

Nearshore observational platforms (fast, maneuverable

boats, gliders, and/or planes) seeking to ‘‘hunt’’ short-

lived shelf fronts and filaments canmaximize their strike

rate by looking for temperature gradient signals across

isobaths and potentially near headlands. Along with

general field campaigns aimed at gaining a bulk un-

derstanding of the submesoscale regime on the shelf, we

specifically encourage the pursuit for diurnal sampling

of secondary circulations. To our knowledge, themetrics

shown in sections 5e(ii) and 5g represent first re-

alizations (numerical or real world) of diurnal variability

of front and filament secondary circulation.
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