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below the stratified transition layer at the mixed layer base and in regions of sheared flow on the flanks

of eddies, filaments, and fronts near Monterey Bay, California. On an earlier cruise in August (cruise 1),

no thin layers were found after a prolonged wind relaxation. Chlorophyll concentrations and shear were

both an order of magnitude less than on cruises 2 and 3. Our vertical profiles were made using a

fluorometer mounted on a conductivity–temperature–depth package, which was lowered from the ship

as slowly as 0:25 m s�1 every 10 km on five �80-km cross-shore transects. Remotely sensed sea-surface

temperature, chlorophyll, and currents are required to understand the temporal and spatial evolution of

the circulation and to interpret the quasi-synoptic in situ data. Decorrelation scales are �20 km from

lagged temperature and salinity covariances. Objectively mapped sections of the in situ data indicate the

waters containing thin layers were recently upwelled at either the Point Sur or Point Año Nuevo

upwelling centers. Spatially limited distributions of phytoplankton at the coastal upwelling centers

(�40 km alongshore, 20 km cross-shore, and 30 m thick) were transformed into thin layers by current

shear and isolated from wind-driven vertical mixing by the stratification maximum of the transition

layer. Vertically sheared horizontal currents on the flanks of the eddies, filaments, and fronts

horizontally stretched and vertically thinned phytoplankton distributions. These thin, elongated

structures were then observed as thin layers of phytoplankton in vertical fluorescence profiles at four

stations on cruise 2 and eight stations on cruise 3. Light winds during relaxations did not mix away

these thin layers. On cruise 2, thin layers were found at eddies at the inshore and offshore ends of a 100-

km-long filament, while broader subsurface chlorophyll maxima were found along the filament. This

result suggests that higher-resolution sampling along and across a filament may find thin layers forming

and dissipating along its length. On cruise 3, thin layers were found at three adjacent stations across an

upwelling front and may have extended continuously for 420 km, but neither species composition nor

bio-optical data are available to confirm this conjecture. The thin layers were 1–5 m thick in the vertical

at full width half maximum and had peak fluorescence values from 7230 mg m�3. (Bottle chlorophyll

samples showed fluorometer chlorophyll readings may have been 1:321:5� too large, but the scatter in

this relation was considerable especially at the larger fluorescence values detected in thin layers.) While

sheared currents thinned an initially thick subsurface chlorophyll maximum into thin layers, the peak

values in these thin layers exceeded concentrations in the upwelled source waters and were

unexplained by our data.

& 2008 Elsevier Ltd. All rights reserved.
ll rights reserved.
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1. Introduction

1.1. Autonomous Ocean Sampling Network II

The Autonomous Ocean Sampling Network II (AOSN II)
experiment combined ocean models with observations from
autonomous platforms (gliders, autonomous underwater vehicles,
drifters, profiling floats), in situ instruments (on ships, moorings,
and towed bodies), and remote sensors (coastal radar, aircraft, and
on layer formation at eddies, filaments, and fronts in a coastal
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satellites) to observe and predict the physics and biology of a
coastal upwelling zone (Ramp et al., 2008). We contributed broad
surveys of currents, hydrography, and chlorophyll-related fluor-
escence on three cruises (2–6 August, 21–25 August, and 3–6
September 2003) in the Monterey Bay region (Fig. 1). Our ship-
based vertical profiles provided a relatively rapid, quasi-synoptic
assessment of the subsurface oceanic mesoscale within which
spatially limited measurements were made by other slowly
moving platforms.

1.2. Observations of thin layers

During cruises 2 and 3, we observed thin layers ðo5-m thick in
the vertical) of phytoplankton, which are difficult to resolve with
typical shipboard measurements and are far below the vertical
resolution of regional models. The physical and biological
mechanisms forming and maintaining these thin layers in
different locations and under different physical conditions is an
active area of research. Here, we document thin layers associated
with mesoscale flows in a coastal upwelling zone.

Within the last decade, novel optical, acoustical, and water
sampling instrumentation have produced centimeter- or meter-
scale descriptions of plankton distributions (Cowles et al., 1993;
Franks and Jaffe, 2001; Wolk et al., 2002; Holliday et al., 2003;
Maar et al., 2003; Lunven et al., 2005; Sutor et al., 2005).
Planktonic thin layers may extend horizontally for kilometers and
persist for days (Dekshenieks et al., 2001; Rines et al., 2002;
Holliday et al., 2003; McManus et al., 2003, 2005; Churnside,
2007). A thin layer is defined operationally as o5 m in vertical
extent at full width half maximum, with a peak concentration
43� the ambient background, and reproducible in subsequent
profiles (Dekshenieks et al., 2001). However, in the observations
presented here, we usually have only single casts at each station.
In-layer planktonic densities can be orders of magnitude greater
than those just above or below the structure (e.g., Donaghay et al.,
1992). Frequently, multiple thin layers occur in a single vertical
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Fig. 1. The cruise track for all three cruises. Cross-shore transects are labeled A–E

from north to south and the alongshore transect is F. Transect C is along CalCOFI

line 67. Hydrographic stations are numbered in order of occupation and have a

spacing of 10 and 20 km on the cross-shore and alongshore transects. Stations 1, 3,

and 6 are located near MBARI moorings C1, M1, and M2. Stations 11, 12, and 42

were omitted on cruise 3 in the interest of time. Bathymetry is contoured at 1000,

2000, 3000, and 4000 m.
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profile, each with a distinct plankton assemblage (Rines et al.,
2002; Lunven et al., 2005). Traditional sampling methods, usually
performed with bottles mounted on conductivity–temperature–
depth (CTD) profilers may not detect features with vertical spatial
scales less than several meters. Careful data interpretation is
needed because fluorescence patchiness may also be due to
species variability and physiological variability within a single
species caused by historical light exposure and nutrient avail-
ability (Eisner and Cowles, 2005; Sutor et al., 2005).

The vertical distribution of plankton in layers with large
vertical gradients has potentially significant ecological conse-
quences, including increased nutrient fluxes, unique species
composition, increased predator/prey encounter, increased export
from the upper ocean due to increased aggregation and sinking,
and enhanced water column productivity (Cowles et al., 1993;
McManus et al., 2003; Ryan et al., 2005; Sutor et al., 2005). Thin
phytoplankton layer depth was closely associated with the depth
and strength of the pycnocline (Dekshenieks et al., 2001; Rines
et al., 2002; Sutor et al., 2005). Thin layers can be composed of
taxa whose distribution is restricted to these single layers (Rines
et al., 2002) or are present throughout the water column in
weaker concentrations (McManus et al., 2003). At present there is
an operational distinction between a thin layer and subsurface
chlorophyll maximum, but it is uncertain whether the high
plankton concentration in a thin layer is a result of successful
occupation of an ecological niche or simply a consequence of the
physics.
1.3. Current shear, stratification, and thin layers

The transition layer between the surface mixed layer and the
weakly stratified interior is typically a 10–30-m thick, moderately
turbulent region defined by maxima below the mixed layer in
thermohaline variance, stratification, current shear, and potential
vorticity (Johnston and Rudnick, 2008). Mixed-layer depth is a
proxy for energy recently input to vertical mixing. Thinner
phytoplankton and transition layers were found at the base of
shallower mixed layers, where vertical mixing was weaker and
stratification was stronger (Dekshenieks et al., 2001; Johnston and
Rudnick, 2008). This suggests that the thickness and depth of thin
layers are related to the thickness and depth of the transition
layer.

The stratification maximum and moderate turbulence in the
transition layer can increase phytoplankton concentrations in two
ways. Firstly, sinking of large aggregations of phytoplankton may
be slowed by changes in stratification at density steps and this
convergence may lead to elevated concentrations (Derenbach
et al., 1979; MacIntyre et al., 1995). Secondly, moderate turbulence
in the transition layer can increase plankton concentrations there
by preventing sinking through the pycnocline by mixing aggrega-
tions upward (MacIntyre et al., 1995). In a one-dimensional
model, sinking organic matter of any type will lead to a deep
biomass maximum (Hodges and Rudnick, 2004). The magnitude
of the deep biomass maximum depends mostly on sinking rate
and diffusivity, while its depth depends mostly on phytoplankton
growth rate (Hodges and Rudnick, 2004). These intriguing results
further suggest the effects of the stratified and moderately
turbulent transition layer on the magnitude of chlorophyll
maxima is of first order. However, realistic values of vertical
convergence due to different sinking rates in the mixed layer,
transition layer, and the interior cannot produce thin layers in the
Hodges and Rudnick (2004) model (B. Hodges, personal commu-
nications).

Another process contributing to thin layer formation is the
vertical shear of horizontal currents (Franks, 1995; Osborn, 1998;
ton layer formation at eddies, filaments, and fronts in a coastal
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Birch et al., 2008). A thick patch (i.e. a vertically broad distribution
of limited lateral extent) of phytoplankton with weak horizontal
gradients can be stretched by current shear into vertically thin
and horizontally elongated layers, which are then observed as thin
layers in vertical profiles. Indeed, any finite patch of tracer will
form thin layers due to vertical current shear and such layers in
biological and chemical properties should be ubiquitous in the
ocean (Birch et al., 2008). However, if stratification is weak, shear
instability will cause turbulent mixing and broaden these layers.
While biological processes likely contribute to thin layer forma-
tion and intensification, thin layers will likely be found in the
transition layer, where stratification and current shear are
strongest.

Birch et al. (2008) provide a theoretical basis for thin layer
formation by current shear and a numerical evaluation in an
advection–diffusion model. For example, steady current shear ðs ¼
10�2 s�1Þ can transform a thick patch with an initial horizontal
extent L0 ¼ 1 km into a thin layer with minimum thickness
Hmin�ðs

�1kL0Þ
1=3
¼ 2 m on a timescale of tmin�ðs

�2k�1 L2
Þ
1=3
¼

12 h assuming a vertical diffusivity of k ¼ 10�4 m2 s�1. The initial
thickness, H0, is 10 m, but Hmin does not depend on H0. During
shear thinning, the thickness changes by an order of magnitude,
but the peak intensity decreases by a smaller factor to Imin ¼ 0:6I0

at tmin, where I0 is the initial intensity. Also at tmin, the thin layer
spreads over a horizontal distance of Lmin�H2

0 ð3sk�1L2
0Þ

1=3
¼

70 km. After reaching minimum thickness, vertical diffusion
becomes important, the layer broadens, and its intensity decays.
The lifetime of the thin layer is estimated as the time from when
H ¼ 2Hmin to the time when I ¼ 0:5Imin, which is 1:5tmin or 18 h.
Shear acting on a finite nutrient patch (i.e. a coastal upwelling
zone) and subsequent phytoplankton growth also produces thin
layers of similar thickness, extent, and lifetime. Our observations
resolve these spatial and temporal scales.

Also internal waves can strain and shear the water column and
have been proposed as a reversible mechanism which produces
periodic thin features in a passive tracer (Franks, 1995). For typical
near-inertial internal wave shears, 2-m thick layers could be
expected to extend horizontally �1 km (Franks, 1995). Dekshe-
nieks et al. (2001) found a bimodal thin layer distribution with
one mode at low shear ð020:025 s�1Þ and another at moderate
shear ð0:02520:05 s�1Þ. Only 5% of thin layers occurred at shears
greater than 0:05 s�1. Fluorescence layers were found at a front
and a o1-km diameter eddy in Monterey Bay, supporting the idea
that thinning occurs via current shear (Ryan et al., 2005).

A general association between mesoscale current shear and
finescale phytoplankton layers was found in the coastal upwelling
zone off Oregon (Sutor et al., 2005). They surmise that with
adequate spatial and temporal resolution, finescale plankton
distributions will be found commonly in upwelling areas. Indeed
optical measurements from aircraft show thin layers cover 19% of
the area surveyed by an 8000-km aircraft survey during wind
relaxations in coastal upwelling zones off of California and Oregon
(Churnside, 2007). The thin-layer depths were correlated with
CTD measurements of vertical density gradients (the variance
explained is r2 ¼ 0:5), were 2.2 m thick in the mean, and had a
lateral decorrelation scale of 179 m. The observed layers can be
continuous for 1–10 km. Given their spatial extent and persistence
during relaxations, our ship-based CTD measurements have
sufficient spatial and temporal resolution to detect thin layers.
Although upwelling brings nutrient-rich water to the surface and
increases current shear that transforms thick patches into thin
layers, the strong winds rapidly erase thin layers through vertical
mixing (Donaghay and Osborn, 1997; Churnside, 2007). However,
increased stratification due to fresh water input or lighter winds
during wind relaxations promotes thin layer formation (Churn-
side, 2007).
Please cite this article as: Johnston, T.M.S., et al., Thin phytoplankt
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.200
In this contribution, we infer an initially broad distribution of
phytoplankton produced in a coastal upwelling zone was
transformed by current shear at eddies, filaments, and fronts into
vertically thin and horizontally elongated layers, which were then
found in the transition layer as thin layers of phytoplankton in
vertical fluorescence profiles.

1.4. Circulation patterns near Monterey Bay

On the central California shelf, coastal upwelling and the
California Current system are the main mesoscale and large-scale
flow features. In the spring and summer, the coastal upwelling
system on the central California shelf switches between two main
states: upwelling and relaxation (Rosenfeld et al., 1994). Transitions
occur in 1–2 days. During relaxations, southward wind speeds are
o3 m s�1 or winds are northward (Fig. 2; Roughan et al., 2005).
During upwelling, a band of cold water upwells at Año Nuevo and
flows southward across the mouth of Monterey Bay (Fig. 1). Another
upwelling center is found south of Monterey Bay at Point Sur.
Intense submesoscale activity is modeled and observed at upwelling
fronts and decays offshore (Capet et al., 2008).

Within Monterey Bay, a cyclonic (counter-clockwise) eddy is
found during upwelling. An anticyclonic (clockwise) circulation,
typified by warm surface water temperatures, is often observed to
the west of the band of cold water flowing across the mouth of
Monterey Bay and is a semi-permanent feature, which may be a
meander of the California Current (Ramp et al., 2005; Rosenfeld
et al., 1994) or California Current jet (Collins et al., 2003). During
wind relaxations, these circulation features decay, sometimes
reverse, and the anticyclonic eddy translates shoreward.

Spatially and temporally variable upwelling produces cold,
saline, and nutrient-rich surface water at the coast, which is
transported offshore in squirts, eddies, and meanders (Strub et al.,
1991). Topography, such as headlands, can produce local wind
relaxations leading to flow convergence and export of coastal
waters offshore in narrow filaments, known as squirts. Pairs of
counter-rotating eddies produce convergent flow and similar
patterns to squirts. The California Current system often meanders
onshore, entrains water from the coastal zone, and transports it
further offshore.
2. Methods

2.1. Data

On three cruises on R/V Point Sur from 2–6 August, 21–25
August, and 3–6 September 2003 (hereafter cruises 1, 2, and 3),
on layer formation at eddies, filaments, and fronts in a coastal
8.08.006
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five cross-shore transects (�80-km long, oriented 61� to true
north) and one alongshore, 100-km long transect were completed
in Monterey Bay and adjacent waters (Fig. 1). Along these
transects, 49 hydrographic stations were occupied at a spacing
of 10 km nearshore and 20 km offshore. On cruise 3, three stations
were omitted due to time constraints.

Two rosettes were each equipped with a Sea-Bird 911þ CTD
measuring conductivity, temperature, and pressure; a WET Labs
C-Star transmissometer measuring beam attenuation at 660 nm
wavelength; and a WET Labs ECO-FL fluorometer to provide
chlorophyll a fluorescence as an indicator of chlorophyll or
phytoplankton concentration. The fluorometer had a sampling
rate of 8 Hz, while the CTD sampled at 24 Hz. The intakes for the
fluorometer and the CTD were on the bottom of each rosette with
intakes on the same level. From these measurements, depth (z)
and profiles of salinity (S), temperature (T), and potential density
ðsyÞ were calculated from downcasts at a vertical resolution of
0.3 m, which was possible due to exceptionally calm seas and
descent rates as low as 0:25 m s�1. Ship roll was small enough that
typically 48 samples of CTD data were averaged into each 0.3-m
bin.

A standard fluorometer calibration from WET Labs was used to
obtain chlorophyll. Fluorometer chlorophyll readings on upcasts
were 1:321:5� bottle chlorophyll from a linear regression against
bottle chlorophyll (in the range of 0–2 or 024 mg m�3 depending
on the cruise and CTD package used). There was considerable
scatter in this relation (the variance fraction explained by a linear
regression: r2 ¼ 0:3320:83) especially at high fluorescence values
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perhaps due to the uncertainty in the exact depth at which bottles
were triggered and difficulty sampling thin layers with bottles.
Fluorometer data were not adjusted because: (1) there were few
comparisons between bottle data and high fluorescence values at
thin layers, (2) scatter at high chlorophyll values was considerable,
and (3) the value of the fluorescence peak would have been
affected, but any adjustment would not have affected layer
thicknesses or conclusions made in this paper. The peak
fluorescence values found in the thin layers are much larger than
found in ordinary subsurface chlorophyll maxima despite the
scatter at high values. Data presented hereafter are from down-
casts with the exception of bottle chlorophyll samples which are
from upcasts. Niskin bottles were triggered on the upcasts at 0, 5,
10, 20, 30, 40, 60, 80, and 100 m. These samples were assayed for
chlorophyll a (Pennington and Chavez, 2000).

Thin layers were identified in upcasts and downcasts. Some-
times the passage of the rosette mixed the water on the downcast
making the fluorescence maximum thicker on the upcast than the
downcast (Lunven et al., 2005). While we did not usually perform
multiple casts at a single station, either broader maxima or
thin layers on upcasts provided confidence in the detection of
thin layers on downcasts. We emphasize that 3–16 data points
define these thin layers at full width half maximum. Thus we
cannot define persistence based on multiple casts at one location,
but we gain further confidence in these measurements by
multiple observations of thin layers at the flanks of mesoscale
features. Transmissometer data also support the fluorescence
data.
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Over the entire survey, eastward and northward currents were
obtained with a 150 kHz RD Instruments shipboard acoustic
Doppler current profiler (ADCP) from z ¼ 192467 m. Unfortu-
nately, the middle of the first bin was at 19 m and the 8-m depth
bins were too coarse for observing finescale shear around thin
layers. Therefore, we calculated geostrophic current shear from
horizontal density gradients via the thermal wind balance:

qzvr ¼ �gqxsy=ðfrÞ, (1)

where ðx; yÞ are the horizontal coordinates parallel and perpendi-
cular to the cross-shore transects (a rotation of 61� from north
with positive to the northeast and northwest, roughly), vr is the
alongshore current, r is the in situ density, g is the gravitational
acceleration, and f is the Coriolis frequency (Gill, 1982). The
Monterey Bay area is a generation site of strong internal tides
(Petruncio et al., 1998; Kunze et al., 2002; Jachec et al., 2006;
Wang et al., 2008) and near-inertial internal waves are always
present. Their temporal and spatial variability were likely the
main contaminants in our calculations of density and geostrophic
current shear. We measured neither the ageostrophic shear nor
any alongshore density gradients (i.e. cross-shore shear). There-
fore, shears presented here are underestimates.

Sea-surface temperature (SST) from the Advanced Very High
Resolution Radiometer (AVHRR) and chlorophyll from the Sea-
viewing Wide Field-of-view Sensor (SeaWIFS) were used to
provide synoptic images. The satellite data were critical to
interpreting our ship-based measurements because the SST and
surface chlorophyll patterns translated by 420 km in 24 h and
their structures evolved. Additional high resolution surface
current data near Monterey Bay were obtained from high-
frequency coastal radar (Paduan and Lipphardt, 2003). Daily
means of surface currents were calculated from hourly data. Daily
mean wind data were calculated from the Monterey Bay
Aquarium Research Institute’s (MBARI) M2 mooring located near
78
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Please cite this article as: Johnston, T.M.S., et al., Thin phytoplankt
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.200
station 6. All dates and times are Coordinated Universal Time
(UTC).
2.2. Objective mapping

From laterally sparse CTD casts, we produced vertical objective
maps of the data along each transect and horizontal maps at 0.3-
m depth intervals. With a known data spatial covariance and
signal-to-noise ratio, objective mapping reduces sampling noise,
preserves spatial resolution, and provides a mapping error (Le
Traon, 1990; Lavender, 2001). The error depends on the sampling
1234
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grid, data covariance, and signal-to-noise ratio, but not the
discrete data values themselves. For example, during cruise 2,
we were concerned with a filament (F in Fig. 3) sampled by
transects B and C. While the region in the vicinity of transects B
and C was sampled relatively well with objectively mapped errors
of o0:2 of the covariance, the regions between transects A and B
displayed a much larger error of 40:7 of the covariance.

Rather than performing computationally costly calculations to
make a fully three-dimensional map, we made two sets of two-
dimensional maps: vertical planes along the cross-shore transects
and horizontal planes at constant depth. Horizontal maps were
constructed for T, S, sy, and fluorescence at 0.3-m intervals from 0
to 100 m from which data are interpolated onto isopycnal
surfaces. For horizontal and vertical sections, we used different
decorrelation scales of 20 and 10 km in the horizontal and noise
levels of 5% and 0.5% of the data–data covariance. A 20-km scale
was used for the horizontal sections allowing stations on adjacent
transects to influence results. The weighting on vertical sections
was limited to adjacent stations on the same transect. The vertical
sections had a vertical decorrelation scale of 10 m. The decorrela-
tion scales used here were not large enough to smooth over
unresolved processes, such as internal waves and internal tides.
The noise levels were assumed to be small for the vertical sections
because we do not want to permit excessive smoothing of the data
and noise levels are larger for the horizontal sections because of
the time needed to sample the larger area.

These sections were quasi-synoptic, as the satellite data will
show. While our station resolution was too coarse to replicate the
sharp features observed by satellite, the in situ sampling revealed
intriguing subsurface structures and broadly captured the hor-
izontal spatial structure. We took more than 16 h to complete the
middle transect and four days for the whole survey. A typical
decorrelation scale for the coastal ocean can be estimated as the
diameter of an eddy originating from baroclinic instability, which
is pLR450 km in the deeper waters of our survey region, where
the internal Rossby radius of deformation (LR) is 415 km
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(Rosenfeld et al., 1994). This eddy diameter is similar to observed
decorrelation scales further south on the California coast of 58 km
in the alongshore direction during wind relaxations (Dever, 2004).
However, a 20-km cross-shore scale is obtained from lagged
correlation of our T–S data in agreement with decorrelation
e-folding scales of 1.5 days and 15 km calculated from gliders
during AOSN II (Davis et al., 2008). Other more reactive tracers
such as phytoplankton may have smaller decorrelation scales
(Mahadevan and Campbell, 2002), but given the resolution of our
sampling array we use a single scale for all variables. Adjacent
transects (except for transects C and D, which were sampled three
days apart) were roughly synoptic, while our entire four-day
survey pattern sampled flow features evolving in space and time.
3. Results from cruise 2 (21–25 August 2003)

3.1. Overview

Thin layers were found on the flanks of three mesoscale
features of recently upwelled water: a filament of cold, chlor-
ophyll-rich coastal water extending offshore from Monterey Bay (F

in Figs. 3A, B and 4); an offshore eddy (OE) at the tip of the
filament (OE in Figs. 3C, D); and an inshore eddy (IE) at the base of
the filament in Monterey Bay (IE in Fig. 4). In the following
subsections, we describe the mesoscale circulation, the character-
istics of the thin layers, and how the thin layers are formed on the
flanks of mesoscale flows.
3.2. Mesoscale patterns

First, we describe mesoscale circulation, SST, and sea-surface
chlorophyll patterns. After upwelling-favorable (southward)
winds from 7 to 19 August 2003, the winds relaxed two days
prior to the cruise and for cruise days 1–3 with wind speeds
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o3 m s�1 (Fig. 2, 19–23 August 2003). Upwelling-favorable winds
resumed on cruise day 4 (24 August 2003). At the surface near the
coastal upwelling centers of Points Año Nuevo and Sur, the
upwelled water was cool (T�12215:5 �C, Fig. 3) and salty
ðS�33:5 psuÞ. Phytoplankton concentrations were also high
(�5 mg m�3, Figs. 3 and 5). Surface waters away from the
upwelling centers were mostly warmer (T�20 �C), fresher
ðS�33 psuÞ, and phytoplankton concentrations were lower
ðo1 mg m�3Þ.

One day prior to cruise 2, cold and chlorophyll-rich water was
found at the upwelling center at Point Sur. By cruise day 1, the
anticyclonic meander of warm, chlorophyll-poor, offshore water
reached the coast between Point Sur and Monterey Bay separating
the upwelling at Point Sur from the narrow filament of cold,
chlorophyll-rich water (Figs. 3C, D, 21 August 2003). The middle
transect C crossed the filament (F at stations 5–6, Fig. 3). A current
jet was observed with CODAR at the filament (F in Fig. 4). By cruise
day 3, the meander and filament had translated further north-
ward. Near Point Año Nuevo between the two northernmost
transects, currents converged at the base of the filament near the
coast and another anticyclonic meander of warm, chlorophyll-
poor offshore water was found just to the north of the survey
(Figs. 3C, D).

During upwelling conditions, cyclonic circulation is found
within Monterey Bay and the IE was located within the bay prior
to cruise 2. Under relaxed winds, the IE moved �20 km offshore by
one day prior to the cruise and was replaced by an anticyclonic
eddy on cruise day 1 (Fig. 4 on 21 August 2003). The middle
transect crossed the flanks of the filament and inshore cyclonic
eddy (F and IE at stations 3–7 in Fig. 4).

The cyclonic eddy at the offshore tip of the filament was
located between transects B and C and showed up clearly in the
ADCP currents (Fig. 3B). On cruise day 2, transect B intersected the
cyclonic OE at the tip of the filament at (stations 13–15, Fig. 3B on
22 August 2003). Between cruise days 2 and 3, the OE at the
filament’s tip passed near the offshore transect (stations 30–31,
Figs. 3C, D on 22–23 August 2003).
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22 Fluorescence
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3.3. Locations and characteristics of thin layers

Thin layers were found on the flanks of the IE (stations 3–4),
filament (F, station 18), and the OE (station 30, thin layers denoted
by stars in Figs. 3–5). The IE was located at the base of the
filament, while the OE was found at the tip of the filament (Figs. 3
Table 1
Subsurface fluorescence peaks are described at the filament and eddies for cruise

2, where zmax is its depth, Fmax is its peak value, zfwhm is its full width at half

maximum, and sy is the potential density at zmax

Stn. zmax (m) Fmax (mg m�3) zfwhm (m) sy (kg m�3) Thin layer

1 11.0 5.7 8.0 25.35

2 10.4 5.2 17.3 25.23

3 12.2 30.6 3.3 25.41 Yes

4 10.4 11.0 3.6 25.45 Yes

5 11.9 3.0 16.7 25.59

6 11.6 13.1 9.8 25.31

7 24.7 7.0 13.7 25.08

13 32.2 8.2 7.1 25.57

14 3.6 7.0 8.3 25.04

15 20.0 9.4 15.8 25.54

18 9.8 7.2 1.8 24.91 Yes

19 6.6 9.3 6.0 25.19

20 10.1 13.5 11.0 25.41

30 34.2 14.5 4.8 25.14 Yes

31 40.8 5.5 10.4 25.32

Stn. is the station number and if a subsurface maximum is a thin layer, it is noted.

Please cite this article as: Johnston, T.M.S., et al., Thin phytoplankt
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.200
and 4). Broader fluorescence features with vertical thicknesses
45 m at full width half maximum were observed adjacent to the
thin layers near the IE (stations 1, 2, 6, 7; Fig. 4), filament (F,
stations 19–20, Fig. 3), and the OE (stations 13–15, and 31; Fig. 3).

Bottle samples taken on upcasts were analyzed for chlorophyll
and showed subsurface maxima at these stations, but the vertical
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Fig. 7. a) Depths of the sy ¼ 25:5 kg m�3 isopycnal for cruise 2 are plotted here and

contoured below (black). b) Salinity and c) fluorescence are plotted on

sy ¼ 25:5 kg m�3. Gray dots indicate CTD stations, stars indicate thin layer

locations, and diamonds indicate nearby subsurface chlorophyll maxima. The

inshore eddy (IE) and offshore eddy (OE) are labeled (Section 3.3).
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resolution of the bottles did not resolve thin layers seen on
downcasts (Fig. 5). Beam attenuation was high at the thin layers
and decreased above them indicating the thin layers are subsur-
face particle maxima (Figs. 5 and 6). Along with upcasts at the
same stations with similar profiles (Section 2.1), the transmiss-
ometer measurements give us further confidence in the fluorom-
eter measurements of thin layers. The subsurface fluorescence
maxima were due to neither photoinhibition near the surface nor
spurious fluorometer readings. Near the IE and filament, the thin
layers at stations 3, 4 and 18 had vertical thicknesses of 1.8–3.6 m
at full width half maximum, peak fluorescence values of
7:2230:6 mg m�3, were in the upper 12 m of the water column,
and were bounded by sy ¼ 24:91225:45 kg m�3 (Table 1). The
thin layer near the OE at station 30 was thicker (4.8 m at full width
half maximum), deeper ðz ¼ 34:2 mÞ, and on sy ¼ 25:1 kg m�3 and
had a peak fluorescence value of 14:5 mg m�3 (Table 1).

The stratified transition layer is found below the mixed layer
and is identified as a peak in the stratification or buoyancy
frequency: N2

¼ �gqzsy=syo
, where g is the acceleration due to

gravity and syo
is a reference potential density. The thin layers are

found o5 m below the stratification peak (Fig. 6) and are
associated with elevated shear at station 18. At stations 3 and 4,
the cross-shore shear component in the filament cannot be
calculated by geostrophy from our section as noted in Section 2.1,
but shear is likely considerable in the strong current jet (Fig. 4).

3.4. Thin layers, shear, and stratification

While the satellite data provided a synoptic picture, our in situ

sampling broadly captured the recently upwelled, salty water of
the OE, IE, and the filament as shallow depths of an isopycnal
(sy ¼ 25:5 kg m�3, Figs. 7A, B). Due to the station spacing, it is
difficult to definitively distinguish the filament from either the OE

or IE in the in situ data. The thin layers were found within 12 m of
the surface at the filament and IE and within 34 m of the surface at
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the OE, which suggests the thin layers were subducted as they
were advected offshore by the filament (Figs. 7A, C). Most of the
thin layers and nearby broader subsurface chlorophyll maxima
were associated with a recently upwelled water mass with S

X33:5 psu (Fig. 7B). The thin layer at station 30 had a lower
salinity, but was located at a similar depth to the broad
chlorophyll maxima in the OE (stations 13–15, Fig. 5, Table 1).

A vertical section shows high fluorescence at the flanks of the
IE or filament (IE or F, stations 3–4 and 6–7, Fig. 8C), OE (stations
13–15, Fig. 8B), and filament (F, stations 18–20, Fig. 8B); in or just
below the stratified transition layer (Figs. 8H, I); and where
vertical shear of horizontal currents is higher (Figs. 8E, F) or
expected to be higher in the filament’s current jet (F, stations 3–4,
Fig. 4). The calculated component of shear perpendicular to the
middle transect at stations 3 and 4 was low (Figs. 8E, F) because
the currents in the filament were aligned almost parallel to the
transect (Fig. 4). Along the axis of the filament at station 5, no
subsurface chlorophyll maximum is found because the isopycnal
outcrops and exposes the water to wind-driven mixing. Shear
along the northern transect A was similar and isopycnals sloped
upward, but fluorescence values were low in this offshore water
(Figs. 7B and 8A).
4. Results from cruise 3 (3–6 September 2003)

4.1. Overview

From 3 to 6 September 2003, cruise 3 found thin layers
associated with mesoscale flow: the subducting offshore front of
an upwelling tongue (UT), an anticyclonic eddy (AE) in Monterey
Bay, another offshore eddy (OE) and another filament (F, Fig. 9). In
the following subsections, we describe the mesoscale circulation,
the characteristics of the thin layers, and how the thin layers are
formed on the flanks of mesoscale flows.
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4.2. Mesoscale patterns

First, we describe mesoscale circulation, SST, and sea-surface
chlorophyll patterns. The UT of cold, chlorophyll-rich water
extended southward from Point Año Nuevo reaching stations
6–8 on the middle transect C (Fig. 9A). The OE was found at the
southwest corner of the survey pattern (first sampled at stations
33–36 and later at station 43, Fig. 9C). The filament’s initial
growth was observed along the southern transect E (stations
37–41, Fig. 9C). The AE near the mouth of Monterey Bay is seen
most clearly in the CODAR surface currents (stations 48–49,
Fig. 10B).

Between cruises 2 and 3, there were 13 days of upwelling-
favorable winds followed by two days of relaxation. Cruise 3
captured the transition from relaxation to upwelling. Initially
winds were northward and then o3 m s�1 southward (Fig. 2).
Upwelling resumed on the day after the cruise (7 September
2003). Recently upwelled waters at Points Año Nuevo and Sur had
surface T�12216 �C (Fig. 9), S�33:5 psu, and chlorophyll in the
range of 1210 mg m�3 (Fig. 9). Surface waters away from the
Please cite this article as: Johnston, T.M.S., et al., Thin phytoplankt
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.200
upwelling centers were mostly warmer ðT�20 �CÞ and fresher
ðS�33 psuÞ with lower phytoplankton concentrations ðo1 mg m�3Þ

similar to cruise 2.
4.3. Locations and characteristics of thin layers

Thin layers were observed at the offshore front of the UT

(stations 6–8), the flanks of the OE (stations 33 and 36), the flank
of the developing filament (F, station 38), and at the AE (stations
48 and 49) inshore of an anticyclonic meander (M, Fig. 11 and
Table 1). Broader subsurface chlorophyll maxima were found
adjacent to the OE (stations 34, 35, and 43) and the filament
(station 37, Fig. 11 and Table 2). In the thin layers, peak
fluorescence values were 6:8216:7 mg m�3. They had thicknesses
from 0.9 to 4.8 m at full width half maximum and were found at
depths from 13.4 to 36.9 m and sy from 24:48 to 25:06 kg m�3.
Again there was general agreement of the fluorometer with the
transmissometer measurements and water samples (Figs. 11 and
12). Unfortunately, on cruise 3 some of the bottles on the rosette
on layer formation at eddies, filaments, and fronts in a coastal
8.08.006
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did not close properly and several data points at the subsurface
maxima were missing. Thin layers were found either 5–10 m
beneath the stratification maxima or at smaller density steps
within the transition layer (Fig. 12). At stations 6, 36, and 38,
geostrophic current shear (Figs. 12E, F) likely underestimated the
total shear in the UT, OE, and filament, where currents were nearly
parallel to the transect (Figs. 9B, D). Otherwise, geostrophic shear
is appreciable near the thin layers in Figs. 12A–D.
4.4. Thin layers, shear, and stratification

The UT: On cruise day 1, the UT extended from its origin at the
coast north of Monterey Bay southward past the middle transect.
The origin of the thin phytoplankton layers in the UT (stations 6–8,
Fig. 9A) was a broad chlorophyll maximum found at the coast
(stations 19–20, Figs. 9D and 11). Cyclonic flow was found in the
tongue of cool upwelled water (Figs. 9A, B). By cruise day 3, the UT

had moved further southward, while the meander had moved
further northward (Fig. 9C, 5 September 2003). The UT was
identified by the shallow depth of the sy ¼ 24:8 kg m�3 isopycnal
and higher salinities (Figs. 13A, B). Thin layers were found on the
flanks of the UT (stations 6–8, Figs. 13C and 14A), several meters
below the region of highest geostrophic shear in the front
between the UT and offshore water (stations 7–8, Fig. 14D), and
in the stratified transition layer (stations 6–8, Fig. 14G). We
believe vertical shear at the thin layer at station 6 was low
(Fig. 14D) because currents were oriented parallel to the transect
(Fig. 9B).
Please cite this article as: Johnston, T.M.S., et al., Thin phytoplank
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.20
The Meander: On cruise day 1, there were no satellite data
available, but the image from cruise day 2 showed a northward-
and shoreward-migrating, anticyclonic meander of warm, chlor-
ophyll-poor, offshore water just south of the central transect (M,
Fig. 9A, 4 September 2003). The meander on the inshore side of
the UT was characterized by the deeper depth of the sy ¼

24:8 kg m�3 isopycnal and low salinities (Figs. 13A, B).
The AE: Surface currents from CODAR in Monterey Bay showed

a transition from relaxation to upwelling: on cruise day 2 a
cyclonic eddy was located entirely within the bay (figure on 4
September 2003 not shown), it weakened and migrated westward
by cruise day 3 (figure on 5 September not shown), and weakened
further by cruise day 4 (Fig. 10A, 6 September 2003). One day after
the cruise, upwelling conditions were developed with the AE at
the mouth of the bay and a cyclonic eddy in the bay (Fig. 10B, 7
September 2003). The thin layers were found at the shear
maximum on the inshore flank of the meander or at the AE

(stations 48–49, Figs. 14B and E) and in the stratified transition
layer (Fig. 14H).

The OE: On cruise day 3, the OE was also seen in temperature
and currents (stations 33–35, Figs. 9C, D). The eddy displayed
weak stratification (Fig. 14I), lower temperatures (Fig. 9C), and
higher salinities (Fig. 13B) typical of upwelled water. The weak
stratification and anticyclonic ADCP-measured currents (Fig. 9D)
are typical of intrathermocline eddies (Thomas, 2008). The highly
variable vertical fluorescence profile suggests thin layers were
actively forming (stations 33–36, Fig. 11) due to the shear in the
intrathermocline eddy (a strong geostrophic shear component is
found in Fig. 14F). Thin layers were found on the OE’s flanks
(stations 33 and 36, Figs. 13B, C). On cruise day 4, the OE’s flank
was sampled again, where a broader subsurface fluorescence
maximum was found (station 43, Table 2, satellite image from 8
September 2003 not shown).

The Filament: At Point Sur, the offshore flow associated with
the filament of cold, chlorophyll-rich, upwelled water was
observed early on cruise day 4 on the inshore end of the southern
transect (F, stations 37–41, Figs. 9C, D). The filament was sampled
during its initial growth. A thin layer was found at station 38,
while station 37 displayed a broader subsurface fluorescence
maximum on the same isopycnal (Fig. 14C). The ADCP-measured
currents at z ¼ 19 m indicated convergence north of the filament
and a jet of westward current at the thin layer and adjacent
subsurface chlorophyll maximum (stations 37–38, Fig. 9D). The
thin layer was located in sheared flow (F, station 38, Fig. 14F) and
in the stratified transition layer (Fig. 14I).
5. Discussion and summary

5.1. Thin layer characteristics

Thin layers of phytoplankton were observed during cruises 2
and 3 (21–25 August and 3–6 September 2003) in the coastal
upwelling zone near Monterey Bay, California. Some thin layers
may have extended at least 20 km. Peak fluorescence values were
7230 mg m�3 and layers were 1–5 m thick in the vertical at full
width half maximum. The thickness of the observed thin layers is
in rough agreement with numerical simulations of thin layer
formation by steady shear, which yield a thickness on the order of
1 m (Birch et al., 2008). Bottle chlorophyll samples show
fluorometer chlorophyll readings may have been 1:321:5� too
large, but the scatter in this relation was considerable especially at
the larger fluorescence values detected in thin layers. This affects
neither layer thicknesses nor conclusions made in this
paper. Cruises 2 and 3 took place during relaxations from
upwelling conditions which began 3–4 days before each cruise.
ton layer formation at eddies, filaments, and fronts in a coastal
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Table 2
Subsurface fluorescence peaks at the upwelling tongue, filament, and eddies for

cruise 3

Stn. zmax (m) Fmax (mg m�3) zfwhm (m) sy (kg m�3) Thin layer

6 13.4 12.1 4.8 25.05 Yes

7 24.4 16.3 3.9 25.02 Yes

8 33.4 11.8 4.2 25.06 Yes

33 36.9 14.0 0.9 24.68 Yes

34 31.0 7.9 11.3 24.58

35 22.6 13.6 34.8 24.74

36 34.5 16.7 3.3 24.75 Yes

37 24.7 1.7 12.8 24.59

38 21.1 7.8 3.6 24.59 Yes

43 33.4 9.1 8.0 24.42

48 26.8 11.5 1.5 24.62 Yes

49 17.6 6.8 4.5 24.48 Yes

Entries as in Table 1.
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Assuming the thin layers began forming during the onset of
relaxation (Churnside, 2007), our inferred persistence of 3–4 days
is in rough agreement with a model estimate of 1.5 days (Birch
et al., 2008).

On cruises 2 and 3, recently upwelled water was present at the
Points Año Nuevo and Sur upwelling centers. The phytoplankton
were entrained by eddies, fronts, and filaments. Thin layers were
found at sheared flow on the flanks of these eddies, fronts, and
filaments. These thin layers were located within the transition
layer, a region of maximum shear and stratification at the base of
the mixed layer. Elsewhere fluorescence was found as a broad
subsurface maximum. Thin layers were not present in water of
offshore origin.
Please cite this article as: Johnston, T.M.S., et al., Thin phytoplankt
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.200
5.2. Absence of thin layers on cruise 1

No thin layers were found on cruise 1 (2–6 August 2003)
perhaps because weak winds were seen for 13 days prior to and
during the entire cruise (Fig. 2). Weak upwelling was indicated by
surface temperatures that were warmer and chlorophyll values
that were only elevated within a few kilometers of the coast and
that were an order of magnitude lower than on subsequent
cruises. Mesoscale current shear from the thermal wind equation
was an order of magnitude lower than on subsequent cruises. If
thin layers are formed during relaxation events by mesoscale
shear acting on recently upwelled phytoplankton-rich water, the
13-day relaxation is an order of magnitude longer time than the
expected persistence of thin layers from the Birch et al. (2008)
model. Based on our experiences during cruises 2 and 3 and the
statistics of Churnside (2007) showing thin layers over 19% of
their surveyed area during relaxations, we would likely have
found thin layers had they been present at 4–9 stations out of the
total 49.

Towed-body measurements with much better spatial coverage
and vertical and horizontal resolution also revealed no thin layers,
when upwelling resumed between cruises 1 and 2. Fluorescence
measurements from the towed body showed subsurface maxima
at the mouth of Monterey Bay (J. Ryan, personal communications),
but thin layers were not found consistent with other observations
during upwelling conditions (Churnside, 2007).
5.3. Shear and stratification

Current shear and stratification supported the formation of
thin layers during the relaxation conditions on cruises 2 and 3.
Shear stretched broad chlorophyll maxima of limited lateral
on layer formation at eddies, filaments, and fronts in a coastal
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extent at the coast (�40 km alongshore, 20 km cross-shore, and
30 m thick) into elongated and vertically thin layers. This shearing
also increased vertical gradients. The stratified transition layer
inhibited the penetration of wind-driven vertical mixing enabling
these thin layers to persist in the environment. The light winds on
cruises 2 and 3 further reduced vertical mixing.

Geostrophic current shear in this paper was calculated from
horizontal density gradients via the thermal wind equation and
therefore underestimated shear for a variety of reasons. Ageos-
trophic processes (e.g., near-inertial motions, internal waves, and
accelerating flow at developing filaments) contributed to the total
shear. Shear of cross-shore currents at filaments, for example, was
Please cite this article as: Johnston, T.M.S., et al., Thin phytoplank
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.20
also either not detected or underestimated by our method. At
fronts and in the transition layer, shear is mostly not in
geostrophic balance due to near-inertial motions and thus our
calculations underestimated shear (Rudnick and Luyten, 1996;
Plueddemann and Farrar, 2006).
ton layer formation at eddies, filaments, and fronts in a coastal
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5.4. Extent of thin layers

During cruise 3, we found thin layers at the UT on the same
isopycnal at three adjacent stations (with 10-km station separa-
tion) over a distance of 20 km, which suggests the thin layer was
continuous over this distance. However, a finer-resolution survey
with additional bio-optical measurements and species composi-
tion data would be needed for confirmation. Continuous thin
layers extending from 1 to 10 km have been observed by optical
instruments mounted on aircraft (Churnside, 2007).

At the AE or meander on cruise 3, thin layers at two adjacent
stations were separated by 10 km. These layers were not on the
same isopycnal. Shear acting on a fluorescence patch of limited
vertical extent will produce a continuous thin layer at different
density levels (Birch et al., 2008). This scenario seems especially
likely at a coastal upwelling center.

On cruise 2, thin layers were found at the base and the offshore
tip of a 100-km long filament, while broader subsurface
chlorophyll maxima were found along the filament. These layers
were not continuous, but this result suggests that higher-
resolution sampling along a filament may find thin layers forming
and dissipating along much of its length and possibly extending
tens of kilometers.
5.5. High chlorophyll concentrations in thin layers

Higher chlorophyll concentrations were often found in thin
layers than in the subsurface chlorophyll maxima at the upwelling
centers. This result is unexplained by our data. We speculate
below on possible mechanisms for the increased concentrations.
Shear and stratification do explain the thinning of subsurface
chlorophyll maxima into thin layers and their persistence.
However, shear cannot produce higher concentrations. Conditions
were possibly conducive to in situ growth. The same shearing and
Please cite this article as: Johnston, T.M.S., et al., Thin phytoplankt
upwelling zone. Deep-Sea Research II (2008), doi:10.1016/j.dsr2.200
stirring processes, which increase gradients of phytoplankton, can
increase gradients and thus fluxes of other quantities, such as
nutrients. The phytoplankton may have benefited from their
location in the transition layer, a region of intermediate
turbulence compared to the mixed layer or the weakly stratified
oceanic interior. There are other possible explanations. Conver-
gent vertical fluxes due to a decrease in sinking at density
gradients could increase phytoplankton concentrations (Deren-
bach et al., 1979; MacIntyre et al., 1995), but based on the one-
dimensional model of Hodges and Rudnick (2004) this conver-
gence will not form thin layers (B. Hodges, personal communica-
tions). Turbulent mixing in the transition layer can resuspend
sinking phytoplankton aggregations (MacIntyre et al., 1995). Also
chlorophyll content within cells can change in response to light
and nutrient history (Eisner and Cowles, 2005; Sutor et al., 2005).
5.6. Summary

Previous work and our results indicate that thin layers are
commonly found (1) in coastal upwelling zones where recently
upwelled water encounters sheared flow on the flanks of eddies,
fronts, and filaments and (2) in the transition layer where
stratification and shear are the strongest and high vertical
gradients are found in other properties (McManus et al., 2005;
Ryan et al., 2005; Sutor et al., 2005; Churnside, 2007). A simple
advection–diffusion model of current shear acting on tracer
patches of limited extent show that thin layers should be
ubiquitous (Birch et al., 2008). The strongly stratified transition
layer also inhibits penetration of weak wind-driven vertical
mixing during relaxations. These results raise the question: Are
the high phytoplankton concentrations due to successful exploi-
tation of an ecological niche or simply a consequence of the
physics? Further progress requires three-dimensional surveys
with wide spatial coverage and fine spatial and temporal
on layer formation at eddies, filaments, and fronts in a coastal
8.08.006
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resolution of bio-optical data, current shear, stratification, and
turbulent mixing in the transition layer during relaxations and
upwellings at mesoscale features, such as eddies, filaments, and
fronts.
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