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Abstract Fine-scalespatial structuring of phytoplankton patches has significant consequences for
the marine food web, from altering phytoplankton exposure to surface light and limiting nutrients, to
influencing the foraging of zooplankton, modifying carbon export, and impacting patterns of diversity.
Hence, it is important to identify these fine-scale features and determine what generates their variability.
Herewepresentevidence offine-scale, tilted, interleaved layersinsalinity and chlorophyll-a fluorescence
observed in free-fall Moving Vessel Profiler surveysacross a frontal system west of Point Conception,
California. The observed covariability ofhydrographicand biological properties allows for decomposition
of'the features into different water histories. Our analyses suggest that recently upwelled coastal

water subsequently advected and intermingled with surrounding water masses from farther offshore.
Orientations of the fine layers found in the filament are consistent with restratification and downwelling
due to an ageostrophic secondary circulation brought on by frontogenesis. Finitesize Lyapunov exponents,
a Lagrangian diagnostic calculated from remote sensing data, provide positive evidence for frontogenetic
convergence occurring upstream of the feature and allowfor direct comparisons with in situ data to gauge
their general utility in defining dynamical boundaries. These results highlight how frontalsystems not only
horizontallycompress the biological niches represented by formerly disparate water masses but also create
vertical structure and patchiness that can rapidly change over submesoscales.

Plain Language Summary Like weather in the atmosphere, frontalsystems form in the ocean
at the boundary of twodifferent bodies of water. Phytoplankton, the organisms at the base of the marine
food web, can find themselves brought into fronts bysurface currents. When this happens, patches of
phytoplankton are stretched along the front. Thecirculationat thesefronts also causes the patches to tilt
across the front, leading to stacked layers which we observed froma shipin thewaters off California. When
this happens, it changes how much light they receive for photosynthesis and how much ofa target they
are for the zooplankton that eat them. Besides taking up the greenhouse gas CO,, phytoplankton growth
ultimately determines how much food is available for commercial fish to eat. Therefore, the layering
process we describe shows how frontal currents can impact the functioning of the marine food web.

. ____________________________________________________________________________________________________________________________|
1. Introduction

Phytoplankton in the surface ocean are often found in patchy distributions. Plankton patches can becharac-
terized by their vertical or horizontal extent and can be expressed on multiple spatial scales. In the present
study, we focus on patches of 1- to 10-m vertical and 10-m to 10-km horizontal extent, respectively The
mechanisms generating the formation of these patches include cell buoyancy, behavioral patterns, grazing,
or advection (see Guasto et al., 2012, for a review ofvertical patch formation, and Martin, 2003, for horizon-
tal patches). Patchiness in plankton can reflectgradients of both biomass and diversity. The location of these
gradients in the water column can profoundly affect not only the phytoplankton themselves, through access
to surface light for photosynthesis and limiting nutrients found at depth (orsupplied horizontally), but the
foraging efficiency of their grazers (Cowles et al., 1998; Powell & Ohman, 2015). Therefore, the localization
of patches, and the mechanisms generating theirstructure, hasdirectimpacts upon local trophicexchanges.

Surface ocean fronts are regions of enhanced physical gradients that often coincide with biological transi-
tions.Studiesof phytoplankton at frontsoften focuson ecosystem responses to bottom-up control byvertical
nutrient and biomass fluxes at fronts (Levyet al., 2001; Liet al., 2012; Nagai et al., 2008; Oguz et al., 2014;
Spall & Richards, 2000; Strass, 1992; Zakardjian & Prieur, 1998). In addition to the vertical movement of
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water , the currents at fronts also structure horizontal patchiness. For example, a strong horizontal density
gradient and its associated geostrophic current can act as a barrier to cross-front dispersal, maintaining
diversity at mesoscales (10-100 km) within enclosed eddy vortices (d'Ovidio et al., 2010). Additionally , the
along-front vertical shear of a geostrophic frontal current has been shown to create thin layers inside and
oriented along the front (Johnston et al., 2009). Thus, within a frontal feature there are many mechanisms
that can affect the placement , structure, and dynamics of plankton patches.

Plankton patches observed in frontscan also reflect processes thatoccurred upstream of the front. The phys-
icalflowsat a front are governed by the front's density structure and forcing. Whilesalinityand temperature
both contribute to density, they can do so in a compensatory fashion, resulting in a uniform density with
different hydrographic characteristics. Essentially, these density-compensatedgradients in salinityand tem-
perature are negligible for most dynamical considerations at a front (though also see Similar comment as
above re: semicolon. Hosegoodet al., 2006). Density compensation has been widely observed in the ocean
(Arhan, 1990; Roden,1977;Yuan& Talley, 1992),and compensated gradientsin salinityand temperature can
persist for longer timescales than equivalent gradients in density before diffusing (Chin & Young, 1995). For
example, compensated gradientswillpersist beyond the timescalesofbaroclinicinstability (weeks- months;
Tulloch et al., 2011) or days toweeksforsubmesoscale motions (Boccaletti et al., 2007). Because phytoplank-
ton gradients do not impact physical flows in a significant way, large-scale gradients can be deformed into
smaller-scale patches along isopycnals, including the submesoscale (Ferrari & Rudnick, 2000; Klein et al.,
1998). The mechanism for generating compensated gradients is mesoscale stirring (Smith & Ferrari, 2009);
fine-scale density-compensatedlayers in salinity have been observed byshipboard surveysin the northeast-
ern Pacific(Shcherbina etal., 2010)and glidersurveys in the Peru-Chile Upwelling region (Pietri et al., 2013)
in association with mesoscale features.

In this study, we present observational evidence of small-scale vertical and horizontal variability in two
tracers across a front in the California Current: salinity and chlorophyll-a (Chl-a) fluorescence. While the
observation of small-scale variability in itself is not novel, this dataset provides a unique opportunity. The
data are located in a front that underwent recent frontogenesis, or strengthening of a frontal gradient.
Beyond creating horizontal gradients by bringing distant water masses together, the data set demonstrates
how frontogenesis alsocreatesvertical gradients through restratification. The featureswe analyze here have
been shown to be sites of enhanced vertical carbon export (Stukel et al., 2017) and a region of strong gra-
dients of shell dissolution of shell-bearing pteropods (Bednarsek & Ohman, 2015). The rest of the paper
is structured as follows: section 2 describes the observational context, collection procedure, and treatment
methodology for the data used in this study. Section 3 presents our results, including the spatial distribu-
tion of the tracers and the identification of pertinent features for later discussion of the relevant dynamics
in section 4. We conclude this study in section 5 with speculation regarding the general role the observed
physical circulation may have upon phytoplankton patchiness at fronts.

2. Materials and Methods

2.1. Cruise Sampling and Context

Thedatausedinthisstudycomefromthe2012processcruise (P1208),dubbed"E-Front," ofthe NSF-funded
California Current Ecosystem Long-Term Ecological Research program conducted from late July to late
Augustaboard the RN Melville. The cruise's main objectives were to identify regions ofenhanced horizon-
tal physical and biological gradients (i.e., fronts) and quantify theirrolein structuring the pelagic ecosystem
and modifying carbon export. The study areawas centered around a frontalstructure observed offthe coast
of California, positioned roughly at 123°W and spanning 35.75° to 33°N(Figure 1). AVISOsatellite sea sur-
face height (SSH) data indicate the frontal region was roughlygeostationary 1 month prior and subsequent
to sampling (4 July and 4 September), existing at the boundary of an anticyclonic eddy to the west and a
cyclonic eddy to the east. The SSH gradient resulted in geostrophic currents that flowed from north tosouth
(Figurel). Asurveygoingnorth tosouthwith the geostrophicjet wasconducted with a free-fall Moving Ves-
sel Profiler(MVP; Ohman etal.,2012). This survey produced four conductivity-temperature-depth (CTD)
and Chi-a crossings of the frontal region over the course of 15 hr (Figures Ib and le). TheM VP transects
werefollowed bybiologicalsamplingand hydrographicsurveys for the restof the cruise, includingovernight
transects and multiday experimental cycles,similar to Landryetal.(2009).
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Figure 1. (a) Absolute dynamic topography (sea surface height) off the coast of California for 3 August 2012. Black
contours are of sea surface height plotted every Scm, land shaded gray. Red box indicates area shown in (b).(b)
Zoomed-in plot of topography, with similar color and shading to(a). White arrows show geostrophic currents
associated with topography. Red linesshowship track during Moving Vessel Profiler transects. (¢) Three-dimensional
surface plot of absolute salinity SA- Red line is the ship track, with green and red stars marking the starting and ending
positions, respectively.

2.2. MVP CTD Data

The majority of the data presented here derive from the MVP CTD surveys. Casts are on average 1.3 km
apart, leading to four cross-front transects approximately 50 km in length and spaced 3.5 km apart. The
MVP sam ples vertically by freewheeling the synthetic cable attached to the MVP fish, allowing for a
near-vertical descent at - 4 m/s. At a prescribed depth (here set to 200 dBar), the brake is applied to the
computer-controlledwinch and the fish is automatically brought back to the surface. Only down-casts are
used in this dataset. On board the fishis a rapid-responseAML Oceanographic pu conductivitysensor, ther-
mistor, Chi-a fluorometer, and laser optical particle counter. The conductivity and temperature data were
lag-corrected to reduce salinity spiking (supporting information Figure S1) before conversion to absolute
salinity, SA, conservative temperature, Cr, and potential density, Pe, in accordance with the TEOS-10stan-
dard (McDougall & Barker, 2011). A previous study utilizing MVP data found an operational threshold
binning of -1 min the vertical (Lietal.,2012), buthere we have chosen 3-m bins.

In vivoChi-a fluorescence was calibrated to Chi-a extractions but notcorrected for light-dependent nonpho-
tochemical quenching (Miiller et al., 2001). In the California Current Ecosystemregion, light attenuation
constants can be around 0.1 m- ! (Aksnes & Ohman, 2009), leading to light intensities at 30 m, where the
Chl-a features highlighted in thisstudy begin thatare 3 of the surfacevalue. Additionally, the 15 hr of the
MVPsurvey began at 2:30 p.m. local time, with the high Chi-a features in the middle of the front beingsam-
pled aftersunset(7:07 p.m.) for transects 2, 3, and 4. Therefore,Chl-a measurements were mostly taken after
dark and wefocuson depths farawayfrom the surface to minimize the effect of nonphotochemical quench-
ing. Notwithstanding the likely small effect of nonphotochemical quenching, this and other limitations
prevent us from making quantitative comparisons among fluorescence patches in terms of phytoplankton
biomass or population dynamics, a challenging problem (Kruskopf & Flynn, 2006). Consequently, for the
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remainder of thisstudy, fluorescence is used qualitatively to identify structure in thewater column; we will
focussolely on relative values.

Each transect is assumed to be synoptic. Averaging at 3.5 hr apiece, it is less than the inertial period of
21 hr, but higher-frequency phenomena such as internal waves are aliased. Density data are horizontally
smoothed in order to remove thesesignals using a "locallyweighted scatter plotsmooth," or "lowess," poly-
nomial fitspanning10 observations, close to the observed along-transectdecorrelation scale. Because tracer
patchiness is the main focus of this study, the Chi-a and SA data are not similarly smoothed. Instead, pro-
files are constructed by linearly interpolating density-tracer relationships from each initial profile onto the
smoothed density profile to preserve density-tracerstructure (FigureS2).

Satellite Chi-a and SST observations, which might serve as useful comparison to the in situ data, were not
available during and the weeks before and during the sampling period due to cloud cover, though partial
coverage is available for 12- 19 August (Figure S3).

2.3. FiniteSize Lyapunov Exponents

The mesoscale context for E-Front is evaluated using remote sensing data. Altimetry-derived geostrophic
currents are provided by the delayed-time AVISO global gridded product with 0.25° resolution. The
AVISO product has a daily resolution and can be downloaded at the Copernicus Marine Environment
Monitoring Service website under dataset "SEALB/EL GLO PHY L4 REP 0 BSERVATIONS 008 047"
(marine.copernicus.eu). These currents are used to compute finite size Lyapunov exponents (FSLEs) using
the algorithm of d'Ovidio et al. (2004). FSLEs are calculated by time-integrating particle trajectories with a
fourth-order Runge-Kutta method with a 6-hr time step. Particlesare initiallyseparated by 0.01° and reach
a finalseparation of 0.2°. Velocityfields are linearlyinterpolated in timeand space. The integration is back-
ward in time over a 30-day duration. As a result, the final separation represents the initial locations of
particles that weresubsequently brought together through convergent flows. A threshold value of O.1 day- !
was imposed on the exponents. FSLEvalues often formcontinuouslines, or ridges, whichareused toidentify
regionsof enhanced strain that are to beexpected near frontal zones or eddy edges. The ridgesalso indicate
boundaries across which water exchange should be minimized and along which advection is maximized.
By tracing ridges of FSLE backward from the survey region, they can be used to identify potential source
regionsfor the water sampled during E-Front.FSLEs have been found in practice toserve as a useful heuris-
tic for identifying flow manifolds in two-dimensional data, and the calculations are robust to small-scale
errors in the velocity field (Cotte et al., 2011).

The relevance of FSLEs derived from 0.25° data to kilometer-scale in situ data derives from the theory of
frontogenesis. During frontogenesis, an exponential compression of horizontal gradients occurs, leading to
frontal dynamics. Idealized models of frontogenesis require a large-scale strain rate driven by mesoscale
forcing(Hoskins, 1982).The FSLEscalculated bythesatellite-derivedadvection field provide the localityand
relative strength of the mesoscale forcing required to drive frontogenesis, which by its nature will produce
gradients at smallscales.

3. Results

As shown below, the MVP surveys crossed a strong density front in the survey region. The axis of the
front was oriented north-south, with the surveys occurring about 200 km due west of Point Conception.
Geostrophic currentsat the frontflowed south in astrongjet (Figure 1 b). Cross-front transects (in thisstudy
figures of transects are oriented looking north) showed that the density front was characterized by distinct
tongues of high-Chi-a and high-salinitywater extending from the surface near thefrontdown to SO- to 70-m
depth, angling downward and westward (offshore) toward the lessdensesideof the front. The tongues were
- 5-10 km in cross-front extent and appeared in all four transects. Herewe explore the hydrographic and bio-
logical properties of these fine-scale featuresand use FSLEanalysis to indicate potential geographic origins
of their parent water masses.

3.1. Salinity and Chi-a Fluorescence FineStructure

Adensity frontwasfound in each of the four MVP transects (Figure 2). The 1,025-kg/ m® isopycnal outcrops
or nearlyoutcrops at the surface in the center of the transects, extending upward from-70-mdepth offshore
in the west, up toward the surface over -25 km horizontally. This isopycnal then descends again to the

DEVERNEIL ETAL.
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Figure 2. Absolute salinity, $4 (left column )and Chi-a (right column ) for transects (a, b) 1, (c, d) 2,(e, f) 3, and (g, h)
4. . Distance measured fromwesternmost position increasing eastward. lIsopycnals shown in white, with contours
drawn at every 0.25kg/m3-

east, reaching-30-m depth over -20-km horizontal distance. The region where the 1,025kg/ m® isopycnal
appears closest to the surface is taken to be the center of the frontal zone. The doming of the 1,025-kgm?®
isopycnal in the center of the survey region is reminiscent of a cold-core filament; however, the deeper
isopycnals rise in amostly monotonic manner fromwest toeast, indicatinga "normal" front. Asa result, the
filament-like structure with a midtransect density maximum appears tobeconfined above the1,025.S-kgm?®
isopycnal.

The salinity and Chi-a distributions for the four transects show similar patterns around the density front
(Figure 2). Overall, low-salinity, low-Chi-a water is found to the west of the front, and high-salintiy,
high-Chi-a waters occur to the east. A low-salinity layer around the 1,024.75- and 1,025kg/m? isopycnals
on the west side of the front coincides with a weak, deep Chi-a maximum, while to the east of the front
Chi-a maximal valuesare found insurface waters.

DE VERNEIL ET AL.
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Figure 3. Transect 3 (a) SA and (b) Chi -a in isopycnal coordinates.

At the frontal center CW-a is cons iderablyenhanced in two(transects 1 and 2; Figures 2b and 2d) or three
(transects 3 and 4; Figures 2f and 2h) prominent tongues thatextend from the surface at the frontdownward
toward the west These high-Chi-a tongues are about 5 km wide (across front), extending to 70 m below
the surface, and are associated withsimilar tongues of relatively highsalinity. The tongues of highsalinity,
high-CW-a water are separated by layers of relatively low-salinity, low-Chl-a water with approximately the
same dimensions as the high-salinity, high-Chi-a tongues. All tongues cross isopycnals, with the western-
most tongues (e.g., transects 3 and 4, Figures 2e- 2h) crossing the 1024.75 and 1025 isopycnals, whereas the
two easternmost tongues cross the 1025.25,1025.5, and 1025.75 isopycnals.

The alterna ting layersfound inside the frontare sloped in the same direction as the isopycnals theyare found
in (downward toward the west). However, the layers' boundaries slope more sharply than the isopycnals,
which can be confirmed by the residual slopes seen after transforming to isopycnal coordinates (Figure 3).
Since the westernmost tongue traverses fewer isopycnals, its slope is less pronounced as the other tongues,
indicating greater isopycnal alignment.

3.2. Salinity-Chi-a Fluorescence Distributions and T-S Context

On a salinity-Chi-a plot, SA an d CW -a data produce a triangular distribution (Figure 4). At the salinity of
33.8 g/kg, a range of Chl-a values can be found, forming the right side of the triangle. Salinities as low as
33 g/kg are associated with low-Chl-a waters of the California Current. Low-CW-a values can be found
between the highest and lowest salinities, forming the bottom of the triangle. Joining the high-salinity,
high-CW-a waters and low-salinity, low-Chl-a waters is a side of the triangle representing covarying
gradients in both salinity and CW-a, presumably formed through mixing of the twoend members.

Three salinity-Chi-a end members can be identified: 33.8 g/kg and 700 counts of SA and Chl-a, respectivel,
represent waters from the middle of the front; 33.8 g/kg and 100 counts represent waters from the inshore
side of the front;and 33.1 g/kgand 100 counts indicate offshore California Current waters. Asa result, three
water types have beendemarcated, as follows:

1. High-Chi-a, high-salinity water (hereafter, HCHS-G; green), defined as observations with CW-a> 375
counts, resulting in SA > 33.4 g/kg.

2. Low-Chl-a, low-salinity water (LCLS-Bblue), with 75 < Chl-a < 375 counts, and SA < line defined by
the points (33.4,75)and (33.6,375)in SA-C W-a space.

3. Low-Chl-a, high-salinitywater(LCHS-R;red), with75<CW-a<375,and SA> linedefined bythe points
(33.6,75)and (33.65,375).

A temperature-salinity (T-S) plot reveals the relationships among these three water types (Figure 5). The
HCHS-G and LCHS-R water, byvirtueof theirenhanced salinities and similar densities, cannot beseparated
from one another in their hydrographic properties. However, observations of LCHS-R water can be found
at warmer temperatures than HCHS-G water, indicating surface heating. The HCHS-G and LCHS-R obser-
vations are embedded within the saltier, denser arm of the T-S plot representing the dense, inshore part of
the front. LCLS-B water is found within the less salty arm of the T-S plots, forming the offshore part of the
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front. The waters found with characteristicsin between the twoend-member armsofeithersideof the front
are the HCHS-G and LCLS-Btypes.

3.3. FSLEs

Three separate FSLE ridges converge into the frontal zone sampled by the four MVP transects (Figure 6).
All three ridges can be traced upstream nearly parallel to each other until 35.5°N. At this point, the two
westernmost ridges veer west, into what we here identify as the offshore-source water mass. The eastern
ridge, the strongest in magnitude, separates and continues farther north, making a final loop toward the
coast Given the strength and location of this FSLE ridge, this northern region appears to be the source of
the waters forming the coreof the front. Another FSLE ridge to the east does not enter the MVPsurvey area,
reflecting instead the recirculation of the cyclonic mesoscale feature seen in SSH (Figure 1 b). This region
will beconsidered inshore relative to the other areasdefined bythe FSLE ridges thatcross the survey region.

3.4. Water Type Distribution and FSLE Ridges

Thewater typesidentified throughsalinity-Chi-a relationships(Figure4)are mapped, alongwith theadvec-
tion pathways revealed by the FSLEs, onto their original spatial distributions in Figure 7. The strong,
easternmost FSLEridge is consistently foundat orjusttotheeastofwhere the 1,025-kg/m3isopycnal shoals,
demarcating the separation of frontal core water from inshore water. The middle FSLE ridge appears in the
first transect (Figure 7a) west of the frontal core, between the 1,024.5-and 1,024.75-kg/m? isopycnal out-
crops and over a subsurface high-Chi-a tongue. This pattern repeats for the second transect (Figure 7b),
while for the third and fourth transects this FSLE ridge is increasingly associated with theshoaling of the
1,025-kg/ m3 isopycnal and the central Chi-a maximum (HCHS-Gwater; Figures 7c and 7d). The western
FSLEridge appearssolidly in the offshore region, west of the salinity minimum layer for the first two tran-
sects(Figures 7aand 7b). Inthe thirdandfourth transects, however, the ridge is foundover the 1,024.S-kg/m?3
outcrop, associated with the westernmost Chi-a layer (LCLS-B water; Figures 2fand 2h). No 1,024.S-kg/m3
outcrops or surface-enhanced Chi-a valuesare found westofthis FSLE ridge.

Below the surface it is clear that the various water masses identified by the salinity-Chi-a relationship
(Figure 4) are associated with distinct parts of the frontal distribution, in particular, the tongues of high

(b)
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0
34.2 34.2
(d)
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200
0 0
u 33.0 33.4 33.8 34.2 33.0 33.4 33.8 34.2
Absolute Salinity Sig kg') Absolute Salinity SA(gkg )

Figure 4. Chl-a and SAdistributions for transects 1-4 (a-d). Black dotsindicate binned observations. Green box
designates "high-Chi-a, high-salinity" water, blue box designates "low-Chl-a, low-salinity" water, and red boxshows
"low-Chl-a, high-salinity" water.
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Chl-a. The westernmost high Chl-a tongue- most apparent in transects 3 and 4 (Figures 7c¢ and 7d) and
mostly LCLS-B water- has lower salinities and is associated with offshore, California Current waters. This
tongue lies under the western ridge of FSLE that can be traced back to the north of the survey area, turning
abruptly westward at - 35.5°N. Advection along this FSLE ridge would indicate source waters to the north
and west of the frontal system.

The easternmost high-Chl-a tongue is associated with saltier waters of HCHS-G and LCHS-R types
(33.8 g/kg) and the strong eastern ridge of FSLE. The highest Chl-a values are found at about 20-m depth,
although a distinct Chl-a tongue extends down to - 70 m, where observations begin to be classified as
LCHS-R. The FSLE ridge associated with thiseasternmost tongue of high-Chl-a water originates north and
slightly eastofthe frontal region, near the coastal upwelling region (Figure 6b).

The water-type categorization reveals that the middle high-Chl-a tongue is mostly HCHS-G water, both
salty and enhanced in Chl-a. This tongue extends down to 70 m, angling westward with depth. At the sur-
face, it lies to the east orslightly under the middle ridge of FSLE, which originates northward and offshore
(Figure 6b). Atdepthand in between the tongues, layersof fresher water with lowChl-a can befound. For all
transects, most of the observations between the central and eastern Chl-a tongues indicate LCHS-Rwaters.
However, thereareat least a fewobservations of LCLS-Bwater aswell. For transects 3 and 4, where the west-
ern Chl-a tongue is present, another layer is formed between this tongue and the HCHS-G central tongue.
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Figure 6. (a) FSLEs off the coast of California for 4 August 2012. Red box and shading similar to Figure 1. (b)
Zoomed-in view of FSLEs, withredlinesshowing ship track during Moving Vessel Profiler transects as in Figure 1b.

FSLE =finitesize Lyapunovexponent.

The majority of observations in this region are LCLS-B, with few observations of LCHS-R water found at
depth.

4. Discussion

Closely spaced CTD-fluorescence transects across adensityfrontin the California Current System showed
isolated tonguesofrelatively highsalinityand high Chl-a extendingdownward from the surface ofthe front.
Analyses of the hydrographic and biological properties of these tongues, combined with FSLEs calculated
from remotely sensed SSH, suggest that the tongues had geographicallydistinct origins and were brought
together by the mesoscale convergence of disparate water masses at the front.

By their nature as lines indicating advective barriers, the FSLEs give a Lagrangian trail by which the water
masses observed in the MVPsurveyscan be traced back to their sources. Three notable ridgesof FSLEcould
be identified in the cross-front MVP survey region: two ridges with offshore (western) provenance and one
from a northerly coastal origin.These three ridges- and their associated water masses- convergedtogether
north of the MVPsurveys near 35.5°N (Figure 6). This convergence stretched water masses along the front
and narrowed them across the front as theywere brought into close (kilometer-scale) proximity. The FSLE
ridgesand the advective pathways they represent spanned the entire frontal region where isopycnals out-
cropped at the surface, suggesting thatfuturesampling campaigns might use FSLEs to identifyfrontal zones
and the water masses that compose them.

4.1. Formation of the Chl-a Tongues

The three tongues of high-Chl-a water observed at E-front were- 5-10 km wide across the front, separated
by - 5-km-wide tongues of low-Chl-a water. Our analyses suggest that the westernmost and easternmost
tongues had geographicallydistinct origins, coming from water masses>100 km apart: the western tongue
associatedwiththeoffshore FSLEconsistedof LCLS-BwaterwithsignaturesofCaliforniaCurrentwaters. In
contrast, the eastern tongueof HCHS-Gand LCHS-R inshorewaterwasassociated with the FSLE originating
from the coast. The central tongue, with a core of HCHS-G water, had inshore water properties but was
associated with a western-source FSLE.The presence of LCLS-B and LCHS-R waters at the margins ofthe
high Chl-a corefurthersuggests thatthe twowater masseswere brought togetheraround thiscentralfeature.
Mesoscale convergence upstream of the front thus has the consequence of bringing disparate water masses
initially separated by hundreds of kilometers together into a region only-20 kmwide(FiguresS3 and S4).

The biological communities in these different water masses presumably had different origins and histo-
ries, presenting different community structures at kilometer scales across the front. The high salinities and
colder temperatures of the eastern and central Chl-a tongues (HCHS-G water) indicate that it originated
from upwelled water near the coast. The high nutrient concentrations in these source waters likely fueled
enhanced new production, leading to the high Chl-a valuesin the HCHS-G waters. Further evidence of the
water's recently upwelled nature is reflected in the factthatsurface LCHS-Rwateris warmer than HCHS-G
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Figure 7. Water type distributions and FSLE values for transects 1--4 (a-d). Grayscale shading is Chl-a alongwith
isopycnal contours, similar to Figure 3. Green, blue, and red dots indicate observations that fallwithin the water type
designations shown in Figure 4. Topinset displays FSLE values along the transect. FSLE = finitesize Lyapunov
exponent.

water, because it has been exposed to surface heating for longer(Figure 5). The enhanced Chl-a in the west-
ernmost tongue, with itsoffshore FSLE origin, could havedeveloped in situ through nutrient fluxes(Li et al.,
2012) in conjunction with the shoaling of the deep Chl-a maximum's layer. Additionally, mixing between
LCLS-B and HCHS-G water may have played a role, further altering the biological communi ty. The central
tongue of high Chl-a at the frontal core and all three water types on its periphery represents a mixture of
the coastal upwelled waters and waters of offshore origin, likely creating a patchy and diverse planktonic
community there.

The verticalextentof the high Chl-a tongues at the frontcould come aboutviaseveraldifferent mechanisms,
all of which could be operating simultaneously: (1) advection of source water properties, (2) response to
local nutrient fluxes, and (3) intense upwelling/subduction of front waters.

First, the depth of the high Chl-a valuescould simply reflect the thickness of the layer in which thiscommu-
nitywasformed. The easternmost tongue, withits likely coastalupwelling origins, mayhave formed in a 30-
to 50-m-thicksurface layerat the coast(similar to the depths of enhanced Chl-a east of the front),which was
subsequently advectedand stretched along the front through mesoscale convergence. Second, the Chl-a in
the westernmost tongue could have become enhanced through a growth response to upward nutrient fluxes
at thelessdenseside of the front (Klein & Lapeyre, 2009), as mentioned previously. Third, the tongues may
have been deepened by subduction. In regions of frontogenesis with enhanced strain, intensified vertical
velocitiesareexpected (Mahadevan & Tandon, 2006). Discerningbetween mechanism 1 and mechanisms2
and 3 in the western and central/eastern tongues, respectively, would require upstream in situ data which
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are not available . The three mechanisms considered here all reference physical forcing on the tongues. Bio-
logical mechanisms, such as particlesinking, do not explain the covariability of Chl-a with SA which would
be unaffected bysuch processes.

Beyond the mechanisms necessary for the generation of enhanced Chi-a patches and their vertical extent,
the coherentalternating patternofhigh and lowvalues alongmultipleisopycnals rulesout certain formation
mechanisms. First, the alternating patches could not be the result ofinternalwaves, as thesesignalswerefil-
tered out of our data a priori and gradients created bythemwould be the resultof heaving isopycnals, which
could not generate along-isopycnalgradients (Figure 3). Additionally, if diapycnal mixing was responsible
for creating the tongues of enhanced (depleted) Chi-a water from above (below), their signature would be
detectable by residual small-scaledensity gradients correlated with the alternating patches. While smooth-
ing of horizontal density was used in the present analysis, the original unsmoothed data do not show such
correlations (Figure S2). Therefore, the mechanism proposed by Nagaiand Clayton (2017), where intrusive
filaments of nitrate are attributed to near-inertial waves at a front coupled with mixing, is unlikely. Fur-
thermore, while the water mass analysis suggests some mixing of HCHS-G and LCLS-Bwaters (Figure 5),
along-isopycnalmixing would tend to erase gradients and patch structure, not create them. Instead, the fea-
tures remain contiguous across multiple isopycnals. The most plausible mechanism to create the gradients
observedinvolves the complicated merging of the multiple water masses at the front. Traditional models of
frontogenesis employing equations such as quasi-geostrophyor semigeostrophy(Hoskins, 1982) invoke a
single strain axis, whereas this front has multiple axes as suggested by the FSLEs. The dynamics resulting
from a full, three-dimensional treatment of thisfront's forcingcouldlead to the nonintuitiveintrusionsseen,
asin the results of Woods et al. (1986) using a primitive equation model for a meandering front (in particu-
lar, see their Figure 2). This mechanism becomes more plausible once the sharp tum of the offshore FSLEs,
aform of meander, is considered (Figure 6). Given the diverse origins and history of the water masses at the
front, in conjunction with the complicated frontogenetic forcing, itis unlikely that wewill be able to defini-
tively quantify the mechanisms leading to the precise origin and formation ofthese high Chl-a tongues at
the front.

4.2. Tilting of the Chl-aTongues

The tongues of high-Chl-a water observed at the front were consistently angled downward from east to
west (Figures 2 and 3). Similar angled tongues of high-salinity water were recorded by Shcherbina et al.
(2010)and Pietri et al. (2013) at fronts in the North and South Pacific, respectively. In both cases, the leading
cause in creating the tracer patches was geostrophic turbulence (i.e., mesoscale stirring), whether due to a
meandering front or local mesoscale eddies.

When fronts intensify during frontogenesis, meander, or are subject to certain wind and/or heating con-
ditions, a rearrangement of water is needed to maintain thermal wind balance and conserve vorticity. The
intensification of horizontal density gradients during frontogenesis accelerates geostrophic flow, with the
tendency to destroy thermal wind balance (Hoskins, 1982). Balance is restored by vertical and cross-front
velocities in what is called an ageostrophic secondary circulation (ASC) that has been known for decades
(Eliassen, 1962;Sawyer,1956). The immediate consequence is thatwater on the more(less) densesideof the
front is subducted (upwelled), and surface (deep) cross-front velocities move toward the more (less) dense
side of the front In thepresent scenario, this would create a clockwise circulation when looking upstream
of the front, resulting in vertical shear with surface currents moving east and deeper currents moving west.
Naturally, any gradients or patches of phytoplankton embedded in this water would start to move with this
flow and consequently deform to form layers (Franks, 1995).

The tracer slopes resulting from this and other forms of geostrophic turbulence has been predicted numer-
ically to be - JIN (J, Coriolis frequency and N, buoyancy frequency) and has been supported with
observations from gliders (Smith & Ferrari, 2009; Cole & Rudnick, 2012). Thef/N scaling largely reflects
the aspectratio between the vertical and horizontal velocities in the ASC. As aresult, the tilting of the three
Chl-a tongues was consistent with the direction ofshear generated by an ASC duringfrontogenesis.

4.3. Vertical FineStructure

Vertical profiles at the center of the front passed through several of the tongues of high and low Chi-a
and salinity, giving a layered aspect to the profiles (Figure 8, positioned at 25.9-km distance in transect 3).
Without the two-dimensional perspective provided by the MVP survey data, an individual profile would
bedifficult to interpret. Because patchiness is common in Chi-a profiles, it is not obvious that these layers
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Figu re 8. Vertical profiles of(a) SA, (b) Chi-a, and (c) Pe for cast 95during transect 3.

might not reflect complex ecological variability but rather, as our analyses suggest, far-flung water masses
vertically and horizontallyjuxtaposed during the course of mesoscale horizontal convergence and an ASC
induced during frontogenesis. Thus, in active regions such as fronts, what might normally appear as local
biological variability may actually reflect complicated flows combining different ecological communities .

4.4. A Conceptual Model for Layered Tongues at a Front

Though itis impossibleto definitively assign specific dynamics to the formation of the high-Chl-a tongues
seen in our cross-frontal surveys, our data suggest two dominant mechanisms: mesoscale stirring/forcing
and ageostrophic cross-frontal circulation. Curiously, neither of these processes is required (or likely) to
havescales ofvariability as smallas thescales ofhydrographic and biological variability that they create.

Our conceptual model for the formation process begins with distinct water masses embedded in a conver-
gent mesoscale flow (Figure 9a). At this point, horizontal variability has been already created or is ongoing,
possibly by complex three-dimensional mesoscale stirring (Woods et al., 1986). As these water masses con-
verge toward the front, theyare compressed laterallyacross the front and stretched along it (Figures 9b and
9c). This process both brings previously separated water masses intoclose proximity and forms small-scale
(submesoscale) cross-frontal features through the strain of the ambient mesoscale velocity field.

The convergence at the front will similarly compress and steepen isopycnals at the front, enhancing the
cross-frontaldensity gradient, thatis,frontogenesis (Figures9d and 9¢). Toaccommodate the enhanced den-
sity gradient, an ASC develops that tends to relax the isopycnals across the frontand toward the horizontal
(Figure 9e). Thiscirculation eventually tilts the layers that were formed through convergence and horizon-
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Figur e 9. Idealized patchevolutionduring frontogenesis.(a-c)Top-down view oftracer patches(blue andred)ina
convergent front, streamlinesshowninblack. (d-f) Sideview of frontogenesis. Gray linesindicate isopycnals.
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tal stirring(Figure9f). Note that the ASCoccursat larger horizontal scales than the tonguesformed through
the horizontal convergence. Thus, the tongues were likely formed by the kinematics of horizontal stirring
and convergence and tilted by a dynamic response of the front toconvergence/frontogenesis.

Previous observations of layers, as well as the offshore export of near-shore material in the California Cur-
rent, show similar results but do not combine the frontogenesis mechanism with small-scale variability.
Shcherbina et al. (2010)showed thin layer variability resulting from forcing due to the meandering of'a
front in the North Pacific, and Pietri et al. (2013) found evidence of mesoscale stirring in the Peru-Chile
upwelling system; these observations stem from the activestrengthening ofa front. The Coastal Transition
Zoneexperiment(Brink& Cowles, 1991)conductedintensivesurveysofupwelled waterbeingexported off-
shorein a cold-core filament off'the California Coast. Their findings ofhigh phytoplankton activity (Hood
etal., 1991), subduction (Kadkoetal., 1991), and offshore transport in a filamental structure that can lasta
month (Chavez et al., 1991) are important findings that provide the context in which to interpret our data.
Though the dynamics considered in the Coastal Transition Zone were similar to frontogenesis considered
here, it is only with modem rapid sampling techniques that thin-layer vertical structures and their proper
context are available in the present dataset.

In sum, the combination of frontogenesis and its attendant ASC circulation cell not onlysharpens preex-
isting horizontal gradients by compressing 100-km-scale variability into 10-km scales but then takes the
structures at thissmaller scale and rotates them to create new vertical gradients. These new vertical gradi-
entscanhaveimportant biologicalconsequences for the growth of phytoplankton and the mesozooplankton
that feed upon them.

5. Conclusions

In this study, we present observational evidence of fine-scale structure in Chl-a and SA present inside a
surface ocean front sampled off the coast of California during the upwelling season. The front was created
between a cyclonic and anticyclonic circulation which induced frontogenesis. Inside the front, we find mul-
tiple tongues of water with enhanced Chl-a and salinity protruding from the surface and alternating with
layers of fresher water and lower Chl-a. These layers are inclined in the same direction as the isopycnals
sloping inside the front, but at steeper angles. FSLEs provide dynamical indicators showingwhere gradient
tilting has occurred.

The exactscenariothatinitiallycreated thesealternating layersis likelycomplicated (Woodsetal., 1986),and
the spatial limitationsofthe data, and the three-dimensional natureof coastal upwelling, indicate thata cou-
pled biological-physical modelingstudywould be useful to duplicate these observations. However, evidence
that the layers originated upstream fulfills a precondition for demonstrating the effects of the circulation
occurring within E-front. Wesuggestthatthe ASCcreated by frontogenesis,whichrestratifies densitygradi-
ents, isamechanism to tilt these layers through a vertical cross-frontal shear of horizontal velocities. While
the shear due to thermal wind presentinside fronts has been already implicated in creating thinlayers al.ong
front (Johnston et al., 2009), this process creates layers across front. Due to the nature of frontogenesis in
bringing different water masses into close proximity that then flow parallel along the front, strong horizon-
tal biological gradients tend toexist preferentiallyacrossfront rather than along front for frontal circulation
to actupon. The tilting of enhanced Chl-a layers effectively spreads the distribution over a larger horizon-
tal region while also thinning the layer, which can lead to enhanced light exposure due to the increased
cross-sectional area and reduced self-shading. The increased cross section in tum can modify prey avail-
ability for vertically migrating grazers, and so both primary and secondary production can be influenced.
These effects should be the focus offuturein situfield campaigns to quantify their impact on the biological
community in frontal regions.
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