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Stratification and mixing regimes in biological thin layers over the Mid-Atlantic Bight

E. L. Shroyer,* K. J. Benoit-Bird, J. D. Nash, and J. N. Moum

College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, Oregon

Abstract

We use density and microstructure data to characterize the properties and physical setting of optical thin layers
observed over the New Jersey shelf in the summer of 2006. Layers were differentiated into two types by their
vertical position in the water column, fluorescence intensity, and possibly community composition or cell
condition as indicated by the measured differences in the ratio of fluorescence to optical backscatter. Both layer
types were associated with gradients in stratification; but, the turbulent mixing environment for the two layer
types differed significantly. Shallow layers were located within the pycnocline near the maximum stratification
and were exposed to strong turbulence within the surface mixed layer. Consequently, turbulent mixing of
buoyancy may have been a key factor in maintaining shallow layers. In contrast, relatively weak density gradients
and mixing indicate that turbulent processes may have been less critical for deep layers, which were located at the
base of the pycnocline. More generally, both shallow and deep layers were geographically located in regions of
low median and high mean turbulent kinetic energy dissipation, i.e., regions of rare yet intense mixing events. This
work highlights the need to understand the detailed statistics of mixing at time and vertical scales relevant to thin
layers, and more specifically, the need to discern the time history of mixing of the fluid that composes layers.

Spatial heterogeneity, or patchiness, is a key character-
istic of organisms in the ocean, affecting sampling of data
as well as ecosystem processes (Haury et al. 1978; Steele
1978). Biological patches with small vertical scale (order
1 m) have been observed in a variety of pelagic habitats
(Benoit-Bird et al. 2013), and the most intense and
horizontally extensive patches at this scale, referred to as
‘‘thin layers,’’ have attracted significant attention (for
recent reviews see Sullivan et al. [2010]; Durham and
Stocker [2012]). Since thin layers can contain the great
majority of the water column’s biomass, these features are
often associated with high biological activity thereby
influencing ecosystem structure (Benoit-Bird 2009; Benoit-
Bird and McManus 2012).

Although setting a quantitative definition for thin layers
using global metrics (e.g., a constant concentration
amplitude and vertical scale) is difficult, if not impossible,
the character of thin layers is obvious in a qualitative sense.
Thin layers are marked by an increase in population over
small vertical scale (order 1 m); they are temporally
coherent, last hours to days, and may span distances as
great as order 10 km in the horizontal (Cowles et al. 1998;
McManus et al. 2008; Moline et al. 2010). Bacteria,
phytoplankton, and zooplankton have all been observed
to form thin layers (McManus et al. 2003; Bochdansky and
Bollens 2004; Benoit-Bird 2009). This range of scale in
organism size is suggestive of the large range in processes
that may be a factor in layer formation (from primarily
physical or biological controls to complex bio-physical
interactions). Accordingly, significant effort has been
placed on detailing thin-layer characteristics and elucidat-
ing mechanisms of layer formation (Alldredge et al. 2002;
Cheriton et al. 2007; Johnston et al. 2009).

The net effect from the competition between convergent
processes (e.g., straining by shear combined with in-layer

growth, convergent swimming, etc.) and divergent processes
(e.g., turbulent diffusion of plankton at boundaries of
intense layers, death of plankton, etc.) determines thin-layer
development (Stacey et al. 2007; Durham and Stocker 2012).
These processes may be physical (e.g., straining by shear or
passive settling on density interfaces), biological (e.g.,
directed swimming or in-layer growth), or an interplay
between the two. Gyrotactic trapping (Durham et al. 2009;
Hoecker-Martı́nez and Smyth 2012) is an elegant example
that illustrates the complex nature of the interaction between
physical processes and biology, whereby the vorticity
gradient acts upon the center of mass of organisms to
influence swimming (Kessler 1986), producing vertical
heterogeneity in biological distributions.

Many thin-layer studies have attempted to diagnose the
physical state, since the physics sets the local environment
for the formation, maintenance, and decay of thin layers.
Commonly measured parameters have included the strat-
ification (N2~{gr{1

0 Lr=Lz, where r is the density, r0 the
depth-averaged mean density, and g the gravitational

acceleration) and shear (hu/hzı̂ + hv/hzĵ, where u and v are
the horizontal components of velocity). Thin layers have
regularly been observed in regions of enhanced stratifica-
tion, which can provide a ‘‘shelf’’ upon which organisms
can passively settle at their neutral density and may also act
to counter shear-driven instability (Dekshenieks et al. 2001;
Rines et al. 2002; Steinbuck et al. 2009). Previous studies
have indicated a more ambiguous relationship with shear in
that thin layers have been observed in regions of both weak
(Dekshenieks et al. 2001; McManus et al. 2005) and strong
shear (Ryan et al. 2008; Johnston et al. 2009; Steinbuck
et al. 2009). Shear not only acts as a divergent mechanism
by providing an energy source for turbulence (Stacey et al.
2007; Birch et al. 2008), but can also cause thinning
through straining of preexisting patches (Franks 1995;
Stacey et al. 2007; Birch et al. 2008). When considered
together, a stratified shear flow provides an extremely* Corresponding author: eshroyer@coas.oregonstate.edu
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complex system for the development of instability and
turbulence. At one level, stratification and shear act in
competition to each other, with stratification playing a
stabilizing role to shear-driven instability. And yet, under
energetic forcing, stratification can effectively trap momen-
tum resulting in elevated shear and increased potential for
shear instability (e.g., by concentrating energy from the
wind in near-inertial motions at the stratified base of the
surface mixed layer; D’Asaro 1985). An indicator of shear-
driven instability is the gradient Richardson number,
defined as the squared ratio of stratification to shear (Ri
; N2S22). The critical Richardson number (Ric 5 0.25)
delineates the boundary between stable conditions (Ri .
Ric) and potentially unstable conditions (Ri , Ric).
Strongly stratified regions can exhibit a persistent critical
state (Ri = Ric) over long periods of time (Smyth and
Moum 2013), a state that has been referred to as marginal
instability (Thorpe and Liu 2009).

Some previous thin-layer studies have relied on the Ri as a
metric for diagnosing the turbulent environment, in general
finding that Ri . Ric in the vicinity of thin layers (McManus
et al. 2005; Cheriton et al. 2009). Unfortunately, oceanic
velocity measurements rarely have the vertical resolution
necessary to resolve Ri at the appropriate scale. More
generally, the use of Ri as a metric for diagnosing turbulence
has several limitations. First, Ri , Ric is a necessary but not
sufficient requirement for the development of shear insta-
bility. Second, the criterion Ri , Ric only applies to the
development of the instability, and does not reveal the
energy available for mixing and hence the energy dissipated
via turbulence (quantified by the turbulent kinetic energy
[TKE] dissipation rate, e). Estimating mixing is particularly
important, as it may play a prominent role in both the
diffusion of layers (i.e., controlling decay time scales and
characteristic widths of thin layers) as well as their growth
through enhanced diffusion of nutrients. Finally, regions
where Ri . 0.25 may contain high e because the value of Ri
at the point of observation does not represent the value at
some previous time when the initial instability occurred. A
telling example is given in observations presented by Moum
et al. (2003, fig. 14) that clearly show billows reminiscent of
Kelvin–Helmholtz instability with elevated turbulence de-
spite Ri . 0.25. A time lag between low Richardson number,
initiation of the instability, and subsequent decay into
turbulence should be anticipated, as shown through direct
numerical simulations of shear instability (Smyth et al.
2001).

Direct observations of turbulence and thin layers have
indicated a link between turbulence and the strength of
vertical gradients in layer intensity (Steinbuck et al. 2009;
Prairie et al. 2011) and decay times (Wang and Goodman
2010). Recent work by Durham et al. (2013) emphasizes
that even this most basic premise, i.e., that high turbulence
results in diffuse gradients and layers, has its limits and
complexities at certain time and space scales, because the
response of active biota in a turbulent field results in
increased patchiness as well. Although the mechanism cited
by Durham et al. (2013) relates to the response of plankton
to turbulent motions, it is well recognized that stratified
turbulence may result in patches with large horizontal to

vertical aspect ratio independently of any interaction with
living organisms (Ruddick et al. 1989; Fernando 1991).

The goal of this work is to complement previous efforts
by providing statistical information relating fluorescent
thin layers to turbulent mixing and stratification in the
Mid-Atlantic Bight. The data presented here are unique
from the previous efforts described above primarily due to
the quantity of data, . 4500 vertical profiles of density,
TKE dissipation, optical backscatter, and fluorescence
made over a period of 20 d. We relax the constraints
previously used to identify thin layers, by not imposing a
maximum vertical scale other than that of the filter used to
define the background and using a relatively weak
amplitude threshold for selection of layers. Our objectives
are to quantify optical characteristics of layers, including
their spatial and temporal distribution, and to determine
the relationship between layer characteristics, stratification,
and turbulence.

Methods

Data were collected onboard the R/V Oceanus during
August 2006 as part of the Office of Naval Research’s
NonLinear Internal Wave Initiative (NLIWI) over the New
Jersey slope and shelf (Tang et al. 2007; Fig. 1a). The
primary purpose of the study was the tracking of nonlinear
internal waves (Shroyer et al. 2011). Though the sampling
strategy is not useful for documenting the evolution of
individual thin layers, the quantity of data gathered (4700
vertical profiles of physical and optical data spanning from
the slope to inshore of the 30 m isobath) allow for a
statistical evaluation of some of the physical pressures on
the observed optical layers in this region.

Physical setting—The New Jersey shelf is a gently
sloping, 100 km wide expanse, connected to the abyssal
ocean by a very steep continental slope (Fig. 2). A shelf-
break front, characterized by mid–water column horizontal
density gradients and order 10 cm s21 southward currents
(Gong et al. 2010; Fig. 2d), often coincides with the
topographic shelf break at 15 km (Fig. 2c). In summer
months, the shelf is strongly stratified with warm, relatively
fresh surface water overlying cooler, saltier deep water
(Fig. 2e–g). During the observational period presented
here, winds were relatively weak and generally along
isobath, but became stronger and more variable after 11
August (Fig. 2b), when they induced low-mode near-
inertial currents of 20 cm s21 and less (Shroyer et al.
2011). A shift in the temperature–salinity structure across
the shelf was observed at this time (see Fig. 2e,f as well as
Shroyer et al. [2011]). Throughout the observational
period, current variability is dominated by the tides and
tidally generated internal waves, which provide at least half
the energy for vertical mixing (Shroyer et al. 2010).

Like many continental shelves around the world, the
internal tides on the New Jersey shelf are not strongly
coupled to the local barotropic tides (Nash et al. 2012b),
but are influenced by both local currents, stratification
variability, and the shoaling of remotely generated internal
tides. As a result, the occurrence of large-amplitude internal
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waves, which have speeds of 0.5 m s21, are highly
nonlinear, and are responsible for the majority of
summertime mixing on the shelf, is linked to the internal
tides offshore of the shelf break, which were found to be
largely unpredictable (Nash et al. 2012a) and peaked during
the period of neap barotropic forcing after 16 August. The
thin-layer observations presented here come largely from
the period of weak nonlinear internal wave forcing prior to
16 August. Nevertheless, mixing during this period was
driven by instabilities associated with nonlinear internal
wave passage (Shroyer et al. 2010).

Instrumentation—The Chameleon microstructure profiler
measures temperature, conductivity, pressure, optical
backscatter, fluorescence, microstructure shear, and tem-
perature variance. Chameleon falls at a speed of slightly less
than 1 m s21; conductivity–temperature–depth (CTD) data
were sampled at 50 Hz and averaged into 10 cm bins for
this analysis. Temperature and conductivity were calibrated
to the ship’s Seabird 911 CTD. Optical backscatter and
fluorometer data were also sampled at 50 Hz but were not
calibrated; amplitudes presented here were normalized by
the background magnitude. Microstructure shear and

Fig. 1. (a) Bathymetry and ship survey region (shading) over the New Jersey shelf and slope;
the 50 and 200 m isobaths are contoured. Black line within shading shows distance axes plotted in
Fig. 2; white square marks 0 km. (b) Location-time of individual profiles. Note that each cluster
contains order 10–100 profiles. Percentage of layers found within 0u0.59 bins for (c) all detected
layers and (d) layers with amplitudes . 2. Depth contours range from the 25 to 150 m isobath
(bold contour) at 25 m intervals, and from the 500 to 2500 m isobath at intervals of 500 m. White
contours indicate the number of profiles within a 0u2.59 bin. The 150, 300, and 450 levels
are shown.
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temperature gradient were acquired at four times the rate of
other sensors. Shear data were used to compute the TKE

dissipation rate, e~7:5 n Lu=Lzð Þ2, where n is the molecular

viscosity of seawater and Lu=Lzð Þ2 the shear variance. We
followed the procedure outlined by Moum et al. (1995), and
computed e in 0.5 m running bins centered every 0.1 m. The
turbulent diffusivity is Kr 5 Ce/N2, where C is assumed to

be equal to 0.2. A 120 kHz Biosonics echosounder was
operated throughout the experiment.

Layer detection—Sullivan et al. (2010) advocate the use
of three measures in identifying thin layers: a threshold for
maximum thin-layer width, a threshold for minimum thin-
layer amplitude, and some measure of thin-layer persis-
tence. While we generally adopt these three criteria, we also

Fig. 2. (a) Across- and along-shore wind stress from the National Data Buoy Center (NDBC), (b) barotropic tidal height, (c) mean
across-shelf temperature structure, and (d) barotropic velocity as measured during the experimental period. Time averages of (e)
temperature, (f ) salinity, and (g) density are computed from data acquired by the mooring located at 0 km (see white square in Fig. 1).
Observations are compiled from water column moorings; locations at 22, 20, 19, 17, 0, 21, 29 km are indicated by vertical dashed lines in
panel (c). The white contour highlights the 12.5uC isotherm. Velocity data shown in panel (d) include data acquired with bottom landers.
Details of mooring design and setup can be found in Shroyer et al. (2011).
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attempt to relax the first two criteria as much as reasonably
possible for the data set presented here in order to evaluate
properties of optical layers more generally.

Data records were first broken into time segments based
on internal wave profiling periods, typically on the order of
one to several hours. The wave tracking experiment utilized
a leapfrog approach in which individual wave packets were
sampled at multiple locations as the packets propagated
onshore. The position and time of profiling periods is given
in Fig. 1b; due to the density of profiling observations,
clusters of order 10 to 100 profiles appear as individual
markers. A representative profiling period is shown in
Fig. 3. Individual profiling periods were used to define
background conditions and thin-layer persistence. Back-
ground conditions were defined using a one-dimensional
median filter with a 15 m vertical run length (Fig. 3b).
Residual fields (Fig. 3c), which were used to identify thin
layers, were then calculated by removing the background
and applying a two-dimensional hybrid median filter (span
1.5 m by three profiles) to remove solitary spikes. The 15 m
median filter was the only constraint placed on layer width.

Peaks, defined as local maxima in the residual fluores-
cence data, were identified using a series of criteria. (1)
Peaks were required to fall between 10 and 45 m depth,
effectively limiting detection to the portion of the water
column that was regularly sampled below the ship’s wake.
Due to the design of the wave tracking experiment, the
majority of profiles were stopped at 45 m depth regardless
of bottom depth. (2) We required that the minimum
separation distance between peaks be 2 m. (3) The
amplitudes of peaks were required to meet two relatively
weak thresholds: exceed 1.1 times the 10% trimmed mean
(i.e., mean after discarding 10% of the smallest and largest
values) of the residual profiles and exceed 2.5 times the
local (within a 5 m segment) standard deviation of the
residual fields. (4) Layers were required to be persistent,
i.e., layers needed to be detected in more than one
consecutive profiles. Since the observed nonlinear internal
waves were associated with large amplitudes (in some cases
. 15 m over roughly 5–10 min) that displace isopycnals
and presumably thin layers, a large vertical range tolerance
(3 m) was allowed for comparison of consecutive profiles
when evaluating persistence. Due to the sampling method,
which was designed to track waves and not layers, we did
not attempt to quantify true layer persistence in time or
horizontal extent in distance. All data were then visually
screened to eliminate obvious false detections.

The parameters selected for identification of thin layers
were intended to identify coherent features with as lenient
an amplitude criteria as possible. As in previous work
encompassing additional field sites (Benoit-Bird et al.
2013), our detection approach resulted in an average of
1–2% of all data points being classified as peaks. To be
classified as a layer, peaks must have been identified in at
least two profiles with no more than 3 m depth separating
peaks; just under 1% of all data points were identified as
layers. We explored the effects of our selection criteria on
the identified vertical scale of detected layers by changing
the maximum intensity criteria (1.25, 1.5, 2, 33) and the
width of the standard deviation calculation (3, 5, 10 m) in

all possible combinations. Lowering the size of the window
for standard deviation or decreasing the peak detection
threshold increased the number of peaks detected by up to
an order of magnitude, but changed the number of layers
detected by no more than 3% as the consecutive peak rule
became increasingly critical. Doubling the size of the
window for the calculation of the standard deviation
measure used in peak detection affected the detection of
, 10% of all layers, leaving the distributions of layer
thickness unchanged (Wilcoxon sign ranks tests: all p
& 0.05, b . 0.68). Increasing the threshold values used in
peak detection decreased the fraction of data points
identified as layers roughly proportionately (doubling the
detection threshold reduced the number of identified layers
by about half). Increasing the peak detection threshold
significantly reduced the standard deviation layer thickness
(analysis of variance: F3,12 5 9.31, p , 0.05); however, the
median of each distribution remained unchanged (F3,12 5

Fig. 3. (a) Total fluorescence, (b) background defined as the
one-dimensional running median with a 15 m run length, and (c)
the residual (Signal–Background). Markers in the bottom panel
show results from the peak-finding algorithm. For plotting
purposes, the values in the upper panels have been normalized
so that maximum and minimum values are 1 and 0, respectively.
The residual was normalized by the background as described in
the methods. Panels at right show a single profile with position
indicated by the white dashed line.
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1.59, p 5 0.24). The selected parameters identified the most
features without detecting a large number of peaks outside
of layers (see Fig. 3).

Layer amplitude was defined as raw fluorescence
amplitude normalized by the local background, i.e., A ;
(Residual + Background)/Background. Note that we did not
attempt to quantify absolute chlorophyll or particle concen-
trations, since in situ calibrations were not carried out. The
depth of a thin layer was defined as the depth of amplitude

maxima. The full width at half maximum (FWHM) was
calculated using a nonlinear regression to m Gaussian peaks,
where m represents the number of peaks detected by the
above criteria within a given profile. Amplitude and widths of
the Gaussian peaks were allowed to vary, but vertical
positions were fixed at their originally detected locations.

Results

Layers were detected in 84.4% of the profiles, with a
single layer detected in a total of 61.5%, two layers detected
in 18.5%, and three layers detected in 3.8% of the profiles.
Four layers were detected in , 1% of the profiles. In total,
5279 layers were detected.

Layer properties—The FWHM values of fluorescent
layers grouped around 2.5 m, and , 2% of detected layers
exhibited FWHM . 5 m (Fig. 4a). For most layers A was
near the cutoff value (1.13 the background) with an
exponential falloff toward more intense features (Fig. 4b).
Only 35% of the layers had A . 1.5, and 11% of the layers
had A . 2. Roughly 3% of the layers were extremely
intense with values of more than five times that of the
background. Layers were found throughout 10–45 m
depth; however, the vertical distribution was bimodal with
increased likelihood near 16 and 28 m depths (Fig. 4c).
Insets in Fig. 4 show the same set of distributions limited to
layers with A . 2. In general, histogram shapes are similar,
with the notable exception that the shallower peak is largely
absent when examining only intense layers. This pattern
holds true even if the depth-integrated fluorescence, as
opposed to the local background, is used as a base for the
normalized amplitude.

The bimodal nature of the depth of thin layers changed
over time (Fig. 5), although note that due to the sampling
strategy temporal and spatial variability cannot be fully
decoupled. Shallow layers occurred throughout the exper-
iment period; however, deep layers were primarily found
prior to 11 August 2006 (Fig. 5a), which as noted above is
marked by a shift in wind forcing and temperature–salinity
structure (Fig. 2). Roughly 40% of intense layers (ampli-
tudes greater than twice the background) were observed
over a short 1 d window on 10 August 2006. This time
period appears as a midrange value on Fig. 5a. Many of the
deep layers that were observed prior to this period (yellow-
white shading in Fig. 5a) were not associated with large
amplitudes. In other words, while limiting histogram
calculation to intense layers effectively removes the shallow
peak (Fig. 4f), limiting calculations to layers with A , 2
retains the bimodal nature shown in Fig. 4c.

Comparison of the ratio of fluorescence to optical
backscatter (RFLR:OBS) within layers shows a clear group-
ing as a function of depth (Fig. 5b). Shallow fluorescent
layers were associated with stronger optical backscatter,
and deeper layers with weaker optical backscatter. The shift
in ratio of optical backscatter strength to fluorescent
amplitude suggests that shallow and deep layers may have
differed in species composition or plankton cell condition.

The spatial distribution of detected layers (compiled
from the time average) closely resembles that of the total

Fig. 4. Histograms of (a) the FWHM, (b) A, and (c) depth of
peaks for fluorescence data. (a–c) Show data for all detected
layers, (d–f ) show data for layers with A . 2. Solid black lines
represent the cumulative probability density function.
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number of profiles (Fig. 1c). That is, regions with a greater
number of profiles are associated with more detections.
However, this pattern is not strictly reproduced because
layers tended to be more numerous along the northeast side
of the ship transect path and offshore of the 50 m isobath.
The distribution of intense layers (amplitudes greater than
two times the background shown in Fig. 1d) is distinct
from the distribution of all layers. Intense layers tended to
be more tightly grouped with a range restricted between the
60 and 75 m isobaths. The 75 m isobath is located just
inshore of the shelf-break front and associated strong
across-shelf gradients. Note that although we cannot
decouple space and time, the profiling strategy provided
reasonable coverage across the shelf as a function of time
(Fig. 1b), so that spatial representations include data from
a range of times.

An example layer—During the NLIWI experiment, the
maximum stratification was many times the mean, so that
the density structure is roughly approximated as a two-
layer fluid over much of the shelf (Fig. 6a,b). Thin layers
were often observed at multiple depths in single profiles as
seen in Fig. 6d, in which two fluorescence layers are
evident, one slightly shallower than 20 m (coincident with
the stratification maximum) and the other slightly deeper
(corresponding to the base of the pycnocline). This
relationship between layer location and peak stratification
(Fig. 6) was repeatedly observed for profiles with more
than one layer detected. Both layers are seen in the optical
backscatter data (Fig. 6e). In contrast, only one acoustic
scattering layer, likely a layer of zooplankton, is apparent,
sitting directly above the uppermost fluorescence layer
(Fig. 6f). Note that the acoustic layer is not associated with
high dissipation, which would be the case if spurious
microscale shear was caused by undetected zooplankton
spiking.

Qualitatively, there appears to be a correlation between e
and the location of fluorescent layers (Fig. 6c). Averaging
data along isopycnals confirms this observation (Fig. 7a).

However, the corresponding relationship to mixing (Kr) is
weaker, since Kr is inversely proportional to stratification,
which tends to be large near the layers. This is particularly
true of the lower layer (Fig. 7b), which coincides with a
maximum in e, but at the upper edge of a region of
uniformly elevated Kr. For both e and Kr, values in the
middle of these particular layers tend to be greater than the
values measured at the layers’ edges.

Vertical structure—In order to analyze the relationship
between stratification, turbulent dissipation and mixing
within all observed thin layers, the average value of N2, e,
and Kr within every individual layer (defined as the
distance between 6 FWHM from the peak) is compared
to that measured immediately above and below the layer
(defined as the average over another FWHM starting
above and below the half-maximum points of the peak).
Thus, we extract three values (one above, one within, and
one below) for each detected layer (Fig. 8). Note that these
values are averages taken over a small vertical extent of
order 1 m. We then calculate ratios of e within an individual
layer to e measured above and below that same layer. The
resulting distributions were all found to differ significantly
from a normal distribution (Kolmogorov–Smirnov statistic
. 2.9, p , 0.001 for all comparisons). Examination of
distributions and their medians suggests that e is slightly
larger above the layers than within (Fig. 8a) and e is
typically twice as large within the layers than immediately
below the layers (Fig. 8b). Stratification is comparable
above and within the layers (Fig. 8c); however, stratifica-
tion tends to be three times stronger within the layers than
below the layers (Fig. 8d). In other words, the layers tend
to sit near the base of stratified regions (Fig. 8b). These
competing effects compensate for one another in setting the
profile of turbulent mixing, so that the ratio of Kr within
the layers to that above and below is typically near unity
(Fig. 8e,f).

The same comparison is applied independently to
shallow and deep layers, i.e., we distinguish the bimodal

Fig. 5. Histograms showing the number of fluorescence peaks detected (a) as a function of time and depth (12 h by 2 m bins), and (b)
as a function of RFLR:OBS and depth (5 by 2 m bins).
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peaks shown in Fig. 4c as separate layer types. For layers
located above 22 m depth (‘‘shallow layers’’), TKE
dissipation is in most cases four times larger within the
layer than below it (Fig. 8b, upper panel); the gradient
above the layers is also increased slightly (Fig. 8a, upper
panel). Shallow layers are associated with stratification
peaks, i.e., stratification within a layer is typically almost
twice the stratification above it (Fig. 8c, upper panel) and
four times that below the layer (Fig. 8d, upper panel).
These competing effects in shallow layers are no longer
fully compensated in vertical mixing: Kr reduces by one-
half moving from above the layer to within the layer
(Fig. 8e, upper panel), and continues to reduce a similar

amount transitioning below the layer (Fig. 8f, upper panel).
In contrast, deep layers (located at depths . 22 m) suggest
little if any patterns in these ratios (Fig. 8a–f, lower panels),
with the exception that stratification below the layers tends
to be roughly one-half that within the layers (Fig. 8d, lower
panel). Layers tend to be sitting on stratification peaks or
shelves regardless of location within the water column.

The vertical structure within layers is summarized by
composite profiles constructed using the median values of
normalized data (Fig. 9). All variables were mapped onto a
vertical grid with an origin located at the peak depth and
spacing set by the FWHM. The normalization process
varied for the different data products. Fluorescence data
were normalized by the maximum value prior to taking the
median at each depth; the composite profile of fluorescence
was rescaled so that the mean outside the layer was
identically one. Median values of RFLR:OBS were taken
prior to normalizing the composite profile by the mean
RFLR:OBS of the combined shallow and deep layer
composites. Stratification, diffusivity, and buoyancy flux
were first normalized so that the mean within 6 1 FWHM
was equal to 1, and then the median at each depth was
taken. Resultant composite profiles were then rescaled so
that averages within layers were equal to 1. (Note that
stratification and diffusivity values given by dashed vertical
lines in Fig. 9 are directly comparable to median values
given in Fig. 8.) Hypothetical nutrient flux profiles are
included based on the assumption of relatively weak
concentration above the pycnocline and high concentration
below the pycnocline.

Trends in mixing within layers—The link between layer
properties and mixing within layers is not clear-cut. For
example, the magnitude of turbulent diffusivity typically
does not vary with layer amplitude, i.e., median values of

Fig. 6. Example time series showing (a) potential density, (b)
stratification (N2), (c) TKE dissipation rate, (d) fluorescence, (e)
optical backscatter, and (f ) acoustic backscatter. Fluorescent
layers are contoured in each panel for reference, and fluorescence
data have been normalized so that the maximum value is equal to
1 in this figure.

Fig. 7. (a) TKE dissipation rate and (b) diffusivity (shading)
and their relationship to normalized fluorescence (black line) for
data presented in Fig. 6 and averaged along isopycnals.
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Fig. 8. Histograms of the logarithmic ratio of (a,b) TKE dissipation, (c,d) N2, and (e,f) Kr within detected layers to that immediately
above (left panels) and below (right panels) the layers. Small upper inset panels show histograms for layers located above 22 m depth;
small lower inset panels show histograms for layers found below 22 m depth. Median values of the ratios are given in each panel. Edge
bins include data that fall outside the shown range.
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Kr within layers show no discernible trend as a function of
A (Fig. 10a). However, more intense layers do tend to show
less variability in the observed mixing diffusivity when
compared to weaker layers (length of whiskers and scatter
in outliers decreases as amplitude increases; Fig. 10a).
Fewer large mixing events (outliers) were observed in
intense layers. One explanation for this is that fewer
outliers were observed in groups with fewer measurements,
in this case, the intense layers. To test this, we partitioned
the data into 10 groups based on layer amplitude and
randomly subsampled so that each group had the same
number of data points, 150. An analysis of variance test on
these subsampled groups indicates a significant effect of A
on log-normalized Kr (F9,149 5 4.78, p 5 0.007). To further
explore the relationship between sample size and variance
in Kr, we randomly sampled the lowest amplitude group
into 10 separate groups of 165 measurements. The resultant
subsampled groups all had a considerably higher standard
deviation of log Kr (range from 0.88 to 1.18) than that of
the highest amplitude group (0.36), while mean values of Kr

were roughly equivalent (7.9 3 1026 m2 s21 and 3.2 3
1026 m2 s21 for lowest and highest amplitude groups,
respectively). The relation between A and Kr that we
observed in the analysis of variance test was primarily

related to the variance that cannot be attributed to
differences in sample size.

In contrast, there is a weak but steady increase in the
median value of Kr as the FWHM increases (Fig. 10b). The
median value within layers by width class changes from , 1
3 1026 m2 s21 for layers with FWHM , 1 m to 3 3
1026 m2 s21 for layers with FWHM , 5 m. The linear fit
(log10Kr 5 0.144 3 FWHM 2 5.85) is significant, with
R2 5 0.06, F5278,1 5 202.5, p , 0.001. Variability in Kr is in
general large and not dependent on the FWHM of layers,
i.e., the length of whiskers and range of outliers is roughly
consistent for each interval presented in Fig. 10b regardless
of the number of realizations within intervals.

Lateral distribution of stratification and mixing—Layers
were coincident with regions of relatively shallow pycno-
clines (compare Figs. 1c and 11a). The pycnocline was
deeper along the southwest portion of the transect path (in
excess of 20 m as compared to 12–15 m). Relatively few
layers were observed along this branch of the ship transect,
despite a high number of profiles. Deep, intense layers were
associated with shallow pycnoclines. The standard devia-
tion of the salinity gradient, SD(hS/hz), at depth (. 25 m) is
shown in Fig. 11b. Large SD(hS/hz) is found in the region

Fig. 9. Normalized profiles of the median (a,g) fluorescence, (b,h) RFLR:OBS, (c,i) stratification (N2), (d,j) diffusivity, and (e,k)
buoyancy flux in shallow (a–f ) and deep (g–l) layers. Dashed vertical lines show mean values in respective shaded regions; these values are
comparable to median values given in Fig. 8. Rightmost panels (f,l) present a hypothetical nutrient flux based on the assumption of a
roughly two-layer system with low concentration above the pycnocline and high concentration below.
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of deeper pycnoclines, where the standard deviation is
controlled by differences across the pycnocline. Large
values of SD(hS/hz) were also observed offshore of the
60 m isobath, coincident with the deep, intense thin layers
(black contour line in Fig. 11).

Maps of average and median TKE dissipation (calcu-
lated from 10–40 m depth) show spatial patterns that are
distinct from one another (Fig. 11c,d). Although excep-
tions exist (e.g., along the 50 m isobath), regions of high
mean e often correspond to regions of low median e. The
majority of all layers (weak and intense) were located
offshore of the 50 m isobath (Fig. 1c). Mixing conditions at
the 50 m isobath are marked by relatively high mean e
(Fig. 11c) and a significant increase (roughly an order of
magnitude) in median values of e (Fig. 11d). Layers were
not observed inshore of the 50 m isobath where frequent
(high median e, warm shades in Fig. 11d), large (high mean
e, warm shades in Fig. 11c) mixing events occurred.
Instead, the most intense layers were found offshore of
the 50 m isobath in regions of relatively high mean e (warm

shades in Fig. 11c) and low median e (cool shades in
Fig. 11d).

Discussion

Two layer types were present within the area sampled over
the New Jersey shelf in August 2006. Layer types were
primarily distinguished by their location in the water
column; histograms of layer depth show a clear bimodality
(Fig. 4c,f). The majority of intense fluorescent layers (A . 2)
tended to be found at depth. Shallow layers were observed
regularly throughout the experiment, but the occurrence
of deep layers was limited to the first half of the
experiment (Fig. 5a). Examination of fluorescence and
optical backscatter levels indicates that deep layers had
relatively high fluorescence and low optical backscatter,
resulting in a high RFLR:OBS in comparison to shallow
layers. This difference could be related to either species
composition or variable cell conditions influenced by
differing environmental conditions (e.g., light adaptation),
which is consistent with the division of layers by depth.

The detailed example presented in Fig. 6 provides a
useful visualization of the two layer types. Here, the upper
layer is located near the maximum in stratification and the
lower layer is located at the base of the pycnocline.
Although difficult to discern in the color image, weaker
optical backscatter levels were observed in the lower layer.
Fluorescence values were comparable between upper and
lower layers (Fig. 7). Figures 6 and 7 suggest a close
relationship between stratification, mixing, and optical
layers. While a similar pattern was observed in other
sampled layers, this example is not intended to represent
the character of all observed layers. In many cases, the
opposite trend was observed, i.e., fluorescent layers were
associated with minima in turbulent dissipation and
diffusivity. However, the temporal (scales of tens of
minutes) and vertical (scales of the width of layers)
variability in mixing apparent in this time series is
representative of scales observed throughout the experi-
ment duration.

Composite profiles (Fig. 9) allow for evaluation of layer
vertical structure more generally. The respective differences
in A and RFLR:OBS are visible in profiles of shallow and
deep layers (Fig. 9a,b and g,h). Fluorescence levels tended
to be relatively symmetric about the peak. Peaks were not
exactly coincident with stratification maxima, but instead
were located in parts of the water column where stratifica-
tion decreased with depth (Fig. 9c,i), i.e., layers were
positioned at the base of stratified ‘‘shelves.’’ This tendency
was true for both shallow and deep layers (Fig. 8). The
relationship between layer location and stratification was the
only observed feature that is consistent between shallow and
deep layers. Similar relationships between stratification and
the vertical location of layers have been noted in several
previous studies (Dekshenieks et al. 2001; Rines et al. 2002;
Steinbuck et al. 2009).

Data presented here also indicate that the geographical
location of both types of layers was related to water column
stratification. Regions with deep pycnoclines were associat-
ed with few layer detections (Fig. 11a). Intense fluorescence

Fig. 10. Box plots showing the relationship between (a)
diffusivity and layer amplitude and (b) diffusivity and width.
Boxes show the median, 25th, and 75th percentile levels. Whiskers
indicate extent of data not considered outliers, and outliers
(defined as values greater than or less than 1.5 times the
interquartile range) are plotted as individual markers (+).
Numbers of samples in each bin are indicated at top. Bold black
lines offset to the left of each category show the 90% bootstrap
limits of the mean value (indicated by cross mark).
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layers tended to be located in regions of shallow pycnoclines
with elevated salinity variance at depth. The latter may be
associated with salinity intrusions that are often observed in
the vicinity of the shelf-break front (Lentz 2003; Gong et al.
2010), consistent with thin-layer mechanisms proposed in
other regions (McPhee-Shaw 2006; Kasai et al. 2010;
Steinbuck et al. 2010). Such intrusions may also influence
the nutrient budget on the shelf with potential consequences
to thin layers.

In contrast to the strong link between layer location and
stratification for both layer types, the mixing environment
and consequent turbulent fluxes varied considerably for the
two layer types. Shallow layers were located at the base of
the mixed layer, above which an energetic environment and
low stratification generally favored large dissipation and

elevated diffusivity. Stratification within the upper portion
of the layer had a strong control on the calculated
diffusivity. The buoyancy flux, which is proportional to
Ce (Fig. 9e), is relatively constant above the peak in
stratification (Fig. 9d). Below this level, the downward
buoyancy flux reduced with depth, resulting in an
accumulation of buoyancy near the base of the layer,
perhaps acting to sustain its location in the water column.
If we assume that the nutricline has a shape similar to that
of temperature with cool (warm) water being equivalent to
nutrient-rich (-poor) water, we anticipate that there may be
a convergence of nutrients at the base and a divergence at
the upper edge of shallow layers (Fig. 9f ). True nutrient
fluxes would depend on the detailed shape of the nutrient
profile, which may diverge from that of density. This is

Fig. 11. (a) The average depth of the maximum in stratification, (b) the standard deviation (SD) of the salinity gradient below 25 m,
(c) the mean dissipation, and (d) the median dissipation within 0u2.59 bins. Depth contours (gray) range from the 25 to 150 m isobath
(bold contour) at 25 m intervals, and from the 500 to 2500 m isobath at intervals of 500 m. White contours indicate the number of profiles
within a 0u2.59 bin. The 150, 300, and 450 levels are shown. The region of intense layers shown in Fig. 1d is contoured in black.
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particularly true considering that the layers themselves may
be changing the nutrient profile on relevant vertical scales.

Deep layers were associated with a relatively low mixing
environment and weak stratification (Fig. 9i,j). These
factors combined to yield a weak downward buoyancy
flux throughout the layer. Although the gradient in
stratification is strong enough to produce a weak conver-
gence of buoyancy within the layer (Fig. 9k), it is an order
of magnitude smaller than that created by the active mixing
and strong gradients observed in shallow layers. In order
for the turbulent flux of nutrients to play a substantial role
in deep layer persistence, additional vertical variability
beyond a two-layer system is required, e.g., that established
by deep, nutrient-rich intrusions of slope water onto the
shelf or gradients imposed by biological activity within the
layer itself. The tendency for deep layers to have large A
(Fig. 4) and low mean Kr (see trend in Fig. 10a) is
consistent with the general premise that strong mixing
events are capable of rapidly diffusing thin layers. This
trend in mean Kr is a consequence of few extreme mixing
events occurring within the most intense layers. This theory
is also consistent with the observed trend between FWHM
and Kr (Fig. 10b). Strong mixing events are associated with
thicker layers, suggestive that mixing may in some cases be
acting to diffuse thin layers. Note, however, that since layer
evolution was not directly observed, such relationships are
inconclusive. The properties of a layer must depend on its
past mixing history rather than its current state.

On a broader scale, most layers were geographically
located in regions of relatively high mean e but low median e
(Fig. 11c,d). We surmise that the strong mixing events
that contribute to patterns presented in geographic maps
are likely acting to diffuse intense layers, thus reducing A
in detected layers. Presumably at some point strong
mixing events may have even reduced layer A beyond
the detection threshold, i.e., essentially destroying the
layer and limiting detections to regions of low median e.
The apparent selection of a region with relatively high
mean e but low median e is suggestive of a balance
between quiescent conditions favorable for layer stability
and rare mixing events that act to replenish scalars (e.g.,
buoyancy and nutrients) in the vicinity of the layers.

Although composite profiles and generalities provide a
useful tool for assessing the general structure of layers and
one-dimensional mixing processes within the layers, such a
picture is limited because it masks the spatiotemporal
variability observed within the layers (Figs. 6, 7). Vertical
scales of variability in stratification and dissipation are
similar to those of the layers themselves. Temporal
variability in these physical properties is also clearly
indicated over time periods much shorter than the lifetime
of the layers. Such variability is common in many studies
that detail turbulent mixing at high resolution, e.g., the
previous thin-layer studies presented by Wang and
Goodman (2010) and Steinbuck et al. (2010). Resolving
both mixing and gradients at these scales is key to
interpreting the details of both ‘‘diffusing’’ plankton and
‘‘replenishing’’ nutrients in layers. This problem becomes
particularly challenging when considering that the layers
actively control the evolution of some gradients (e.g.,

through depletion of nutrients by growth of plankton). An
understanding of these controls may be especially impor-
tant in the case of deep layers, since background gradients
and turbulent fluxes are weaker than those observed in
shallow layers.

It is worth noting that although past studies, including
the one presented here, concentrate on thin layers, i.e.,
intense concentrations of plankton at fine vertical scale;
‘‘anti-layers’’ (regions of very low concentrations at small
vertical scales) are regularly observed as well (e.g., the
region between the two layers shown in Fig. 6). This is true
of both fluorescence data as well as acoustic backscatter
data. The existence of both features suggests that physical
conditions alone, presumably those controlling stratifica-
tion features, can act to set the vertical scale, whereas
biological forcing is necessary to increase the concentration
of organisms in the layer. Due to the nature of this
experiment, which was focused on tracking of internal
waves and not thin layers, we cannot conclusively address
the detailed forcing or persistence of layers. The strong tie
between stratification and layer location suggests that
passive settling at neutral-density surfaces could be
important. However, assuming that the nutrient distribu-
tion follows that of density, the link between layer depth
and density structures (or equivalently nutriclines) may
also be attributed to plankton growth spurred by nutrient
accessibility. Furthermore, the tendency for layers to be
located in regions of relatively quiescent mixing conditions
means that even a weak convergent process could
counteract turbulent diffusion most of the time. For
example, using the observed median diffusivity of , 2 3
1026 m2 s21 and a layer width of 2 m, swimming speeds
for plankton need only be on the order of 1 mm s21 to
sustain layers. Perhaps a more interesting, remaining
question is if and how thin layers are able to reorganize
after the few strong mixing events that they sporadically
experience. A future study focused on the detailed
evolution of a layer following a small patch of fluid (i.e.,
Lagrangian reference frame) would be useful in addressing
such a question.

There is a pervasive image of the coastal ocean as a two-
layered system, with a well-mixed surface layer containing
the majority of the biomass overlying a relatively barren
secondary layer. In broad terms, these generalities may
hold; however, a detailed look at the system reveals that
the planktonic systems of the coastal ocean are rich in
small-scale vertical structure. Plankton heterogeneity is
important in critical ecological processes, but the observed
persistence of thin planktonic layers is difficult to grasp
given that average turbulent mixing rates in the coastal
ocean (e.g., , 5 3 1024 m2 s21 for the data presented here)
are sufficient to diffuse away a passive patch of fluid in a
matter of hours. The work presented here suggests that
this conundrum may in part be resolved by considering the
detailed spatiotemporal distribution of turbulence—its
inherent patchiness—that is at the same vertical scale as
biological thin layers. In other words although mean
values of turbulent diffusivity are high, the vast majority
of mixing events elevate diffusivity only slightly above
molecular values. For example, the median diffusivity of
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these data is , 2 3 1026 m2 s21 within 10–40 m depth.
This value is equivalent to the mean diffusivity calculated
with the lower 80% of data. Layer persistence may
therefore depend on not only the magnitude, but also
the distribution of mixing events. Since mixing varies on
vertical scales roughly equal to those of the layer and
temporal scales much less than those of the layers, mixing
distributions should be resolved at fine-vertical and
temporal (horizontal) scales to understand layer persis-
tence. More critically, it is difficult to tie instantaneous
mixing to thin-layer characteristics, since the latter is an
integrated measure of both physical processes and their
effect on biological response. To truly understand the role
of mixing in layer dynamics, we need to resolve the time
history of mixing through the lifetime of a thin layer in a
Lagrangian reference frame.
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