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ABSTRACT: During an 8.5 h overnight study in Monterey Bay in 2005, continuous, high-resolution
vertical profiles of a thin layer of phytoplankton as well as physical properties of the water were measured. The thin layer was populated by strong-swimming, vertically migrating dinoflagellates. This
dataset provided a unique opportunity to apply an existing mathematical model that describes how
competing convergence and divergence mechanisms contribute to the formation and structure of
thin plankton layers. Compared to straining by shear, cell settling velocities, and plankton motility,
vertical displacements caused by the passage of internal waves had the greatest influence on
changes in layer thickness. Thus, for a model to accurately describe thin-layer dynamics in an environment with internal waves, the convergent and divergent effects of the vertical oscillations caused
by internal waves must be considered.
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INTRODUCTION
Advances in sampling methods and in optical and
acoustic technology over the past 2 decades have
enabled observations of subsurface plankton patches
with a vertical extent that is less than the 5 m sampling
resolution usually achieved using traditional bottles
and nets (Cowles et al. 1990, Donaghay et al. 1992,
Holliday et al. 1998, Osborn 1998). These ‘thin layers’
are ubiquitous features in the coastal ocean and are
found in a variety of environments (McManus et al.
2003, Cheriton et al. 2007). They can extend horizontally for several kilometers and persist in the environment for days (Rines et al. 2002). Thin layers may be
composed of a wide variety of organisms such as
phytoplankton, zooplankton, bacteria, viruses, larvae
and marine snow; however, they may also be composed of a single species that is distinct from the populations in the surrounding water column or other thin

layers (Alldredge et al. 2002, McManus et al. 2003).
The concentrations of organisms within thin layers are
often orders of magnitude greater than those above
and below, indicating that thin layers may be regions
of concentrated biological and chemical processes and
interactions (McManus et al. 2008).
Over the past decade, several important findings on
the relationship between thin plankton layers and the
physical structure of the water column have been
reported. Dekshenieks et al. (2001) found that thin
phytoplankton layers in a North Pacific fjord were
often associated with the pycnocline, and reported that
no thin phytoplankton layers were observed in regions
of the water column where the Richardson number (Ri )
was < 0.23. McManus et al. (2003) reported that thin
layers can persist in regions where turbulence is moderate but insufficient to cause vertical mixing. During a
2002 study in Monterey Bay, California, thin layers of
zooplankton were associated with regions of reduced
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ematical framework devised by Stacey et al. (2007) to
current velocity, or in the layer of no motion, indicating
evaluate which of the considered convergence mechathat organisms within the thin layer may have a
nisms had the potential to be the primary process
decreased transport rate (McManus et al. 2005). Coninvolved in the creation and maintenance of an
sequently, thin layers may be important mechanisms
observed thin layer of phytoplankton over an 8.5 h
for the retention of larvae and harmful algal bloom
period.
phytoplankton species in the coastal environment
(Donaghay & Osborn 1997, McManus et al. 2008).
Several mechanisms have been proposed to result in
MATERIALS AND METHODS
the formation of thin layers. First, buoyancy may cause
organisms and biological material such as marine snow
Sampling and instrumentation. From 21:30 h on
to settle based on density gradients (Derenbach et al.
26 Aug to 06:00 h on 27 Aug 2005, we conducted a
1979, Franks 1992, Alldredge et al. 2002). Second,
study of thin phytoplankton layers in the northeastern
broad patches may be thinned by vertical shear due to
region of Monterey Bay (Fig. 1). From a small research
current jets, internal waves, or horizontal intrusions
vessel anchored at this site (36.9356° N, 121.9191° W),
(Kullenberg 1974, Franks 1995, Stacey et al. 2007,
we collected high-resolution vertical profiles of physiRyan et al. 2008). In addition, other biological procal and optical properties of the water column using a
cesses may play a role in thin layer formation either
custom-built, slow-drop profiler. This profiler was outthrough in situ growth of phytoplankton, active swimfitted with a SeaBird SBE-25 CTD, which collected
ming by phytoplankton and zooplankton, or differenmeasurements of temperature, salinity, and pressure at
tial grazing (Donaghay et al. 1992, Cowles et al. 1998,
a frequency of 8 Hz. Also included on the profiler was
Osborn 1998, Alldredge et al. 2002, Holliday et al.
a Wet Labs ac-9, which measured spectral absorption
2003, McManus et al. 2003, 2005).
and attenuation at 9 wavelengths between 412 and
Franks (1995) presented a numerical model whereby
715 nm. Particulate absorption at 440 nm (ap440) is
along-isopycnal patches of phytoplankton can be
generally dominated by phytoplankton chlorophyll a
thinned by the shear created by vertically propagating,
(chl a) absorption. Unlike measurements of chl a
low-frequency, near-inertial internal waves. In this
fluorescence, ap440 is an inherent optical property
model, a vertical column of passive phytoplankton unthat remains stable under different oceanographic and
dergoes horizontal velocities created by near-inertial
phytoplankton concentrations (Twardowski et al.
internal waves. The shear created by these horizontal
1999). Thus, we used ap440 to identify fine-scale opticurrents acts to stretch the column horizontally and
cal structure in our profiles. Buoyancy floats at the top
thin the vertical dimension of the patch. The layers
produced by this model had vertical
thicknesses that were less than that of
the near-inertial wave and were directly related to the vertical shear and
the horizontal scale of the original
phytoplankton patch.
Recently, Stacey et al. (2007) presented a mathematical framework describing how the thickness of a phytoplankton layer is affected by processes
acting to thin the layer (i.e. convergence) and those acting to broaden it
(i.e. divergence). In this framework, the
net rate of change of layer thickness is
expressed as the sum of the rate of
change due to convergence processes
and the rate of change due to divergence caused by turbulent diffusion
(Stacey et al. 2007). The convergence
processes considered include straining
by shear, passive settling of phytoFig. 1. Monterey Bay region with close-up view of study area (inset) showing
plankton on a density surface (i.e.
Stn E (s), Stn W (h), and the overnight survey site (q). (m) Location of National
buoyancy), and active swimming by
Data Buoy Center (NDBC) 46042 mooring. Numbers on the bathymetric contour
phytoplankton. Here, we use the mathlines denote depth in m
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of the profiler cage enabled the profiler to descend
through the water column at an average rate of ~8 cm
s–1 and ensured that the profiler’s downward motion
was decoupled from the ship’s movement. One vertical
profile was completed roughly every 4 min for the 8.5 h
period. Occasionally, the profiler was held at the surface for instrument checks, maintenance, and water
sample collection. During this overnight survey, we
collected a total of 99 profiles.
A low-pass filter was applied to the salinity data to
remove anomalous spiking at the top of the pycnocline.
Density was computed with the raw temperature and
the smoothed salinity data using the equation of state
(Pickard & Emery 1990). Using the resulting density
values, we calculated the squared Brunt-Väisälä frequency (N 2 ) as:
g ∂σ
(1)
N 2 = − ⎛⎜ t ⎞⎟
ρo ⎝ ∂ z ⎠
where g is gravitational acceleration, ρo is the mean
density, z is depth and σt = (ρ(s, t0) – 1000) kg m– 3. In
the latter equation ρ is density calculated from salinity
(s) and temperature (t) values, with pressure = 0 dbar
(Pond & Pickard 1983).
The Thorpe scale, Lt, which provides an estimation of
the overturning scale, was calculated as the root mean
square displacement of each density measurement,
based on the reordering of the density profile to make
it gravitationally stable (see Fig. 2; Thorpe 1977).
Assuming that L t is equal to the largest overturning
scale in the stratified flow (i.e. the Ozmidov scale, after
Itsweire et al. 1993), we calculated the turbulent dissipation rate using:
ε = L t2 N 3
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Fig. 2. Example of (a) an original σt profile, (b) the same σt
profile sorted into a stable configuration, and (c) the resulting
Thorpe scale (Lt) profile, using a 20 cm bin average

where N is the Brunt-Väisälä frequency. Because we do
not have direct measurements of turbulence during this
sampling period, these values for ε are approximate and
based on the assumption that the Thorpe scale is equal to
the Ozmidov scale (Gibson 1980, Dillon 1982).
Current velocity was measured by a vessel-mounted
600 kHz RD Instruments Workhorse acoustic Doppler
current profiler (ADCP) attached to the side of the vessel in a downward-looking mode. The current velocity
data were processed by first removing all false data
(measurements ‘below the seafloor’) and all values
with an average correlation < 60% (after Storlazzi et al.
2003). We also removed velocity data that exceeded
expected maximum horizontal and vertical current
speeds (0.5 and 0.25 m s–1, respectively). Then, to
reduce the effects of wave-induced motions of the vessel on the data, we averaged values into 2 min ensembles and twice-fit them to a 5th order polynomial.
Shear was calculated after Itsweire et al. (1989) as:
2

S =

⎛ ∂U ⎞ + ⎛ ∂V ⎞
⎝ ∂z ⎠ ⎝ ∂z ⎠

2

(3)

where U and V are the along- and across-shore current
velocity components.
The N 2 and S values were used to calculate the gradient Richardson number (Ri ) with the formula:
2
Ri = N

(4)
S2
Ri defines the relative importance of stabilization by
vertical density stratification versus destabilization by
vertical shear in horizontal velocity. A threshold value
of Ri = 0.25 is generally assumed to be the transition
between regions of active mixing (Pinkel & Anderson
1997a,b) and regions where the effects of buoyancy act
to inhibit mixing (Pond & Pickard 1983).
A thermistor chain composed of Onset temperature
loggers was deployed in the northeastern part of Monterey Bay at Stn E (36.9364° N, 121.9192° W), ~90 m from
the shipboard sampling site (Fig. 1). The loggers were
located at 1, 10, and 13.7 m above the seafloor in a 20 m
water column and collected measurements every 30 s.
Mean water level was computed using the pressure
readings from a seafloor-mounted, upward-looking
600 kHz RDI Workhorse that was also deployed at Stn E.
At Stn W (36.9277° N, 121.9310° W), ~1.5 km from our
sampling site, we deployed a Brooke Ocean Technology
autonomous SeaHorse profiler. The SeaHorse was outfitted with a Sea-Bird Electronics SBE-25 CTD and a Wet
Labs WETStar fluorometer and collected hourly highresolution vertical profiles of temperature, salinity, density, pressure, and chl a fluorescence.
Hourly-averaged wind velocity data were computed
using wind measurements from the National Data
Buoy Center (NDBC) 46042 mooring, located ~42 km
west of Moss Landing (Fig. 1).
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Thin layer identification. Thin layers of phytoplankton were identified using an algorithm based on the
4 criteria set forth by Dekshenieks et al. (2001). In
order for an ap440 peak to be considered a thin layer,
the feature must be < 5 m thick at full-width, halfmaximum, must contain at least 7 data points, and
have an optical signal 3× greater than the background
levels (Fig. 3). In addition, the feature must be present
in at least 2 subsequent profiles. These are conservative criteria shown to accurately define the presence/
absence of thin layers in coastal environments.
The mean in-layer values of N 2, shear, and Ri were
calculated by first defining the upper and lower depth
boundaries of the thin layer in each profile. These
boundaries were identified as the depths at the fullwidth, half-maximum of the ap440 profile peak (Fig. 3).
The data within the boundaries were then averaged
for each profile.
Settling of cells. The settling velocity of the cells,
vsettle, was calculated using the cell-specific density
and a modified version of Stokes Law (after McNown &
Malaika 1950) as:
v settle =

gD 2 ( ρc − ρf )
18 μφ

(5)

where g is gravitational acceleration (9.8 m s–2), D is
the nominal cell diameter, ρc is the cell-specific density, ρf is the local density of the fluid, μ is the kinematic

viscosity of water (~10– 3 kg m–1 s–1), and φ is the form
resistance term associated with the shape of nonspherical cells. We used φ = 1.088 ± 0.010, the value
associated with Akashiwo sanguinea (syn. Gymnodinium sanguineum) cells (Kamykowski et al. 1992).
Mathematical framework. Following the model put
forth by Stacey et al. (2007), the net rate of change of
layer thickness l for the observed thin layer was calculated between subsequent profiles as:
Δl
⎛ ∂l ⎞
=
⎝ ∂ t ⎠ net
Δt

(6)

The thinning effects of shear can be analyzed for a
patch of a vertical extent l and at an angle with the
horizontal θ (see Stacey et al. 2007). If the velocity profile is described by a constant gradient α, then the rate
by which layer thickness l decreases is
⎛ ∂l ⎞
= − l αθ
⎝ ∂ t ⎠ strain

(7)

This relationship indicates that, as the patch gets
strained towards the horizontal (i.e. θ approaching 0),
the effectiveness of straining is diminished. Finally, for
very small angles (tanθ ~ θ), θ and α are related to the
total time over which the patch has been strained by
the relationship
l
αθ =
(8)
t
which can be substituted into Eq. (7) to give:

ap440 (m–1)
0

0
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l
⎛ ∂l ⎞
= −
⎝ ∂ t ⎠ strain
t

(9)

where t is the time, in s, since the start time or original
time of formation (t 0) of the layer (Stacey et al. 2007).
The rate of change of layer thickness due to the settling velocity of the cells can be expressed as:

Depth (m)
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Fig. 3. Thin-layer identification criteria (after Dekshenieks et
al. 2001), showing a vertical profile of ap 440 (circles) collected
by the slow-drop profiler at 23:45 h during the overnight
survey, with the peak (R), layer thickness at full-width, halfmaximum (black line), and background level (gray line)

⎛ ∂l ⎞
= − (v settle1 − v settle 2 )
⎝ ∂ t ⎠ settle

(10)

where vsettle1 is the settling velocity of cells at the upper
(shallower) boundary of the thin layer, and vsettle2 is
that at the bottom boundary. Both settling velocities
were determined using Eq. (5) and the density measurements collected by the profiler.
The rate of layer thinning due to the motility of the
organisms is given by the swimming speed of the
phytoplankton, –ws (Stacey et al. 2007). Here we
assume that, once the thin layer is established, any
swimming by phytoplankton will be directed towards
the center of the layer, giving a rate of layer thinning of
⎛ ∂l ⎞
= −2w s
⎝ ∂ t ⎠ motil

(11)

A comparison of the above rates of layer thinning
helped us to evaluate which convergence mechanism
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with values ~0.03 units below background levels was
located just below the pycnocline (Fig. 5f). Data collected by an autonomous underwater vehicle deployed
in Monterey Bay during this survey suggest that this
low-salinity layer was an intrusion of fresher offshore
waters (J. Ryan pers. comm.). The pycnocline gradually shoaled until slack tide at 00:00 h (Fig. 5g). Also
during this period, bottom shears were elevated
(~0.06 s–1) and there was a sharp boundary between
RESULTS
high Ri values (>1) in the upper water column (z < 8 m)
and low Ri values (< 0.25) at depth (Fig. 6b,c). The
Survey observations
deeper water column was also characterized by elevated overturning scales (Lt up to 0.5 m), while Lt valThe overnight survey was conducted between the
ues within the region of the thin layer were < 0.1 m
transition from neap to spring tide during a period of
(Fig. 6d). During slack tide, the N 2 values within the
–1
moderately strong (~7 m s ) northwesterly winds and
pycnocline region increased by an order of magnitude,
strong thermal stratification (Fig. 4). The survey period
and ap440 values within the thin layer increased by
began at the end of ebb tide and was concluded at the
> 60% (Figs. 5b & 6a).
end of flood tide (Fig. 5a). A thin layer of phytoplankHowever, as flood tide progressed, both N 2 and inton was observed at mid-depth from the start of samlayer ap440 values gradually decreased. The pycnopling at 21:30 h on 26 Aug until 05:41 h on 27 Aug,
cline also deepened and the layer of low salinity dewhen it broadened and decreased in intensity
creased and actually became a region of slightly
(Fig. 5b). The first few hours of sampling, from 21:30 to
above-background salinity (Fig. 5f,g). In addition, there
00:00 h, were characterized by strong bottom currents
was an increase in the overturning scales in the upper
and a relatively shallow thermocline (Fig. 5c–e). Durwater column as well as in the ε values just above the
ing this initial sampling period, a low-salinity layer
thin layer, in the region of the pycnocline (Fig. 6d,e).
The later part of the flood tide period
(~03:00 to 05:30 h) was characterized by
a)
a 2-layer flow, with a southwesterly (offNDBC-46042 wind velocity
10
shore-moving) bottom current, and a
5
northeasterly (onshore) flow in the upper part of the water column (Fig. 5c,d).
0
The thin layer was located within the
−5
strongest region of offshore-directed
−10
flow. While shear levels were low durb)
ing this period, a thin layer of moderate
Mean water level
shear developed between these 2 oppo1
sitely moving water masses, just above
the thin layer (Fig. 6b). The region of
0
slightly elevated Ri values was no
−1
longer confined to just the upper water
column, but expanded to almost the enc)
Isotherms
tire water column (Fig. 6c).
12
Two internal wave packets, separated
by ~2 h, were observed during
8
flood tide. Oscillations from the first
4
internal wave packet were detected by
the profiler from ~01:00 to 03:30 h
0
08/16
08/18
08/20
08/22
08/24
08/26
08/28
08/30 (Fig. 5). Data from the nearby thermistor chain indicate that both internal
Fig. 4. Time series of mooring data from August 16 to 30, 2005. (a) Hourly averwave packets had an average ampliaged wind velocity (m s–1) from the National Data Buoy Center (NDBC) 46042
tude of ~5.7 m; however, the average
mooring, (b) water level measurements (m) from the Stn W acoustic Doppler curperiod of the first packet was ~9 min,
rent profiler, (c) depth of 14°C (blue), 13.5°C (green), 13.25°C (yellow), and 13°C
while that of the second packet was
(red) isotherms from the thermistor chain at Stn E. Vertical lines through each
panel indicate the start and stop times of the profiling period
~13 min. After the passage of the first

Height above bottom (m)

— straining, settling, or motility — had the greatest influence on the formation and maintenance of the thin
layer. An analysis of layer divergence and comparison
of the predicted layer dynamics with the actual (net)
rate of change of layer thickness enabled us to evaluate the likely role of these convergences in the observed layer dynamics.
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Fig. 5. Time series of data from 21:30 h on Aug 26 to 06:00 h on Aug 27, 2005. (a) Water level (m) from the Stn W acoustic Doppler
current profiler (ADCP), (b) ap440 (m–1), (c) eastward (U ) and (d) northward (V ) current velocity (m s–1) measured by the vesselmounted ADCP, and profiler measurements of (e) temperature (°C), (f) salinity, and (g) σt (kg m– 3). Solid black lines indicate the
upper and lower boundaries of the ap440 layer. For (b) to (g), y-axis is depth (m)

internal wave packet from 04:00 to 05:00 h, the pycnocline gradually deepened from ~5.6 to 12.5 m and displayed no large vertical oscillations (Fig. 5g). Also during this period, the in-layer ap440 values decreased by
~30% (Fig. 5b). The second internal wave packet was
observed starting at ~05:25 h (Fig. 5). At the onset of
this second internal wave packet, the upper boundary
of the ap 440 layer jumped 4.8 m (from ~12.1 to 7.3 m
depth) and the pycnocline jumped 3.5 m (from ~12.5 to
9.0 m depth; Figs. 5b,g & 7a,b). This rapid shoaling
occurred over a 7 min period (3 profiles).

Conditions within the thin layer
Throughout the survey, the mean in-layer shear and
N 2 values remained fairly constant at ~0.06 s–1 and
0.0005 s–2, respectively (Fig. 8a,b). With the exception
of 2 profiles, mean in-layer Ri values were > 0.25 for the
entire survey (Fig. 8c). From 21:30 to 23:30 h, both layer
thickness and the change in σt over the vertical extent
of the layer (Δσt) gradually decreased (Fig. 8d,e). The
same parameters fluctuated over the period 01:00 to
03:30 h (Fig. 8e), with variance coefficients of ~31 and
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Fig. 6. Time series of data from 21:30 h on Aug 26 to 06:00 h on Aug 27, 2005. Log10 of (a) squared Brunt-Väisälä frequency (s–2)
and (b) shear (s–1), (c) Richardson number, log10 of (d) Thorpe scale (m) and (e) turbulent dissipation rate (W kg–1). Solid black
lines indicate the upper and lower boundaries of the ap440 layer
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Fig. 7. Three σt profiles collected from 05:23 to 05:31 h. (a) σt profiles with overlaid upper and lower boundaries of thin layer (m);
color scale is ap440 (m–1). (b) Depth and (c) σt at the upper and lower boundaries over the time period of the 3 profiles

41%, respectively. Beginning at 04:00 h, Δσt increased
by ~85%, while layer thickness increased by 62% over
the course of 16 min (6 profiles) (Fig. 8d,e). Over this

same time period, the bottom boundary of the thin layer
only deepened by ~0.02 m, while the upper boundary
shoaled by ~1.96 m. At the onset of the second internal
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Fig. 8. Time series of data from 21:30 h on Aug 26 to 06:00 h on Aug 27, 2005. Mean in-layer values of (a) log10 squared BruntVäisälä frequency, (b) shear and (c) Richardson number; also plotted are the changes in (d) layer thickness z and (e) σt over the
upper and lower boundaries of the thin layer

wave packet (05:25 h), layer thickness increased by
> 500% over the course of 21 min (7 profiles), while Δσt
increased by only 100% over the same period (Figs. 7 &
8d,e). From 05:41 to 05:48 h (3 profiles), the phytoplankton layer thickness exceeded 5 m and no longer
met our definition of a thin layer.

Organisms within the layer
Water samples taken during this experiment indicated that the predominant phytoplankton species
comprising the thin layer was the dinoflagellate species Akashiwo sanguinea (J. Rines pers. comm.).
These cells had a roughly ellipsoid shape, with

length, width and height axes of 75, 50, and ~12 μm
(J. Rines pers. comm.); we chose to use an average
cell diameter of 65 μm for Eq. (5). While these
dinoflagellates are generally considered to be negatively buoyant, having a reported cell-specific density ρc of 1073 ± 7 kg m– 3 (Kamykowski et al. 1992),
they are also capable vertical migrators (Park et al.
2002, Smayda 2002). We used the swimming velocity
ws = 298 μm s–1, based on the in vitro observations
made by Park et al. (2002). This value is in the upper
range of swimming speeds recorded for this dinoflagellate (Smayda 2002), but is similar to the vertical
migration speeds observed by other optical profilers
deployed at this time in our study region (J. Sullivan
pers. comm.).
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Convergence mechanisms
Hourly SeaHorse profiles from Stn W (Fig. 1) indicate
the timing of layer formation. On 26 Aug, the fluorescence profile completed at 17:00 h showed a broad surface fluorescence patch, while the next profile, completed at 18:00 h, showed that this patch had migrated
to deeper water. While the SeaHorse profiler was 2 km
away from our sampling site, the observations by other
researchers’ optical profilers deployed in the region
suggest that the chl a layer observed by the SeaHorse
profiler was the same layer observed by the shipboard
profiler, and that the diel migration pattern was coincident across the entire layer (J. Sullivan pers. comm.).
Although these observations indicate a motilitydominated formation mechanism, we will assume a
similar start time of 17:30 h in analyzing the effects of
straining.
The mean observed rate of change of layer thickness
( ∂ l ∂ t )net was on a scale of mm s–1 (Table 1). The mean
rates of change of layer thickness attributed to straining by shear, settling and motility were found to be 1 to
4 orders of magnitude less than ( ∂ l ∂ t )net (Table 1).
Only in the 9 profiles collected during slack tide was
the mean rate of change of layer thickness due to
motility of the same order of magnitude as ( ∂ l ∂ t )net
(7.95 × 10– 4 m s–1 and 5.96 × 10– 4 m s–1, respectively).
As indicated by the convergence rates in Table 1, the
motility mechanism is an order of magnitude stronger
than either straining or buoyancy, which is consistent
with the assumption of a layer formed by diel migrations.
The greatest rates of change in layer thickness
occurred during the 2 internal wave packets. However,
because each vertical profile took ~4 min to complete
and the thermistor data indicates that the period of
these internal wave packets was 9 to 13 min, it is likely
that the rate of change in layer thickness during this
period was under-sampled. To estimate the maximum
∂ l ∂ t due to internal waves, we can examine the rate
of spreading and narrowing between the isotherms
associated with the upper and lower boundaries of the
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thin layer (13.61 ± 0.09 and 13.24 ± 0.02°C, respectively). The depth of these isotherms was determined
by interpolating the thermistor chain temperature
data. The greatest spreading between these isotherms
occurred at the crests and troughs of the internal
waves, with the distance between the isotherms ranging between ~1.5 and 3.5 m (Fig. 9). The rate of change
of this distance ranged between 0 and 11 cm s–1 and
had a mean value of ~1 cm s–1, which is roughly equivalent to the maximum observed ∂1/∂t of the thin layer
(0.9 cm s–1).
Assuming that the changes in layer thickness due to
these internal wave fluctuations are somewhat constrained by isopycnals, we can remove most of the
effects of the internal wave expansions and contractions by moving the Stacey et al. (2007) mathematical
framework into σt space. First, we consider
∂ ( Δ σt ) ⎞
∂ ( Δ σt ) ⎞
⎛ ∂ ( Δ σt ) ⎞
= ⎛⎜
+⎛
⎜⎝
⎟
⎝ ∂ t ⎟⎠ conv ⎜⎝ ∂ t ⎟⎠ div
∂ t ⎠ net

(12)

where Δσt is the change in σt over the boundaries of the
layer. The first term in Eq. (12) was determined using
the observed change in σt across the layer (Fig. 8e).
The rates of change in layer thickness in σt space due
to the 3 convergent mechanisms, as determined using
Eqs. (6), (9), (10) & (11), can be converted into σt coordinates using the chain rule:
∂ ( Δ σt ) ⎞
⎛ ∂ ( Δ σt ) ⎞
⎛ ∂l ⎞
= ⎛⎜
⎝⎜ ∂ t ⎠⎟ conv
⎝ ∂ l ⎠⎟ conv ⎝ ∂ t ⎠ conv

(13)

where the second term is the local gradient of σt across
the layer. Similar to the analysis based on the 9 profiles
collected during slack tide, the results of these calculations in σt space further support the supposition that
this thin layer was formed and maintained by the
swimming behavior of phytoplankton. Looking at the
entire survey period in σt space, the mean rate of
change due to motility over the entire survey is still an
order of magnitude less than that of the net (observed)
∂(Δσt)/∂t (Table 1). We can parse this analysis into
4 time periods of continuous sampling:
(1) end of ebb tide (21:30 to 22:40 h, 15
profiles); (2) slack tide (23:20 to 00:10 h,
Table 1. Mean absolute value (± SD) of the rate of change of layer thickness for
9 profiles); (3) start of flood tide (00:40
the 3 convergence mechanisms and the net (i.e. measured) rate of change of
to 03:30 h, 42 profiles); and (4) end of
–1
– 3 –1
layer thickness in both vertical space (m s ) and σt space (kg m s )
flood tide (04:00 to 06:00 h, 33 profiles).
Closer examination of the mean
∂l
∂ ( Δ σt )
Mechanism
∂(Δσt)/∂t over these 4 separate periods
∂t
∂t
reveals that, for periods 1 to 3,
Net
2.10 × 10– 3 ± 2.20 × 10– 3
1.18 × 10– 4 ± 1.67 × 10– 4
(∂(Δσt)/∂t)motil was of the same order of
Motility
5.96 × 10– 4 ± 0.08 × 10– 4
6.06 × 10– 5 ± 1.35 × 10– 4
magnitude as (∂(Δσt)/∂t)net, and decliStraining
5.82 × 10– 5 ± 3.15 × 10– 5
6.83 × 10– 6 ± 1.82 × 10– 5
ned
only to 30% of the latter (Fig. 10).
–7
–7
–8
–8
Settling
2.60 × 10 ± 2.01 × 10
3.03 × 10 ± 7.00 × 10
However, during period 4, the mean
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Fig. 9. Data from the Stn E thermistor chain during the passage of the first internal wave packet. (a) Displacement of 13.24°C
(solid) and 13.62°C (dotted) isotherms, (b) vertical distance between the isotherms, and (c) rate of isotherm spreading
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Fig. 10. Log10-scale of mean rates of change in layer thickness
in σt space (kg m– 3 s–1) for the net (i.e. measured) rate of
change of layer thickness (solid) and the rates calculated (using the Stacey et al. 2007 model) for phytoplankton motility
(dotted), shear (medium dash), and settling (large dash) for
4 periods of continuous sampling

observed ∂(Δσt)/∂t was > 200% that of motility (Fig. 10),
suggesting that the swimming ability of the cells alone
could not account for the observed expansion of the
layer during this period.

During the summer of 2005, the phytoplankton community in Monterey Bay was dominated by the strongswimming dinoflagellate Akashiwo sanguinea (Rines
et al. 2006). At night, surface patches of A. sanguinea
migrated out of the nutrient-depleted surface waters to
form thin layers in the more nutrient-replete waters at
depth (Donaghay et al. 2006). Although the swimming
behavior of these dinoflagellates most likely caused
the formation of the thin layer we observed, the mechanism that had the greatest effect on changes in layer
thickness throughout its duration, once it was established at depth, was the passage of internal wave
packets.

Anomalous physical and biological conditions
When assessing the likelihood of thin layer formation
in a given environment, it is important to consider not
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only the present seed population, but also the largescale processes that govern these biological populations. In the summer of 2005, anomalous physical and
biological conditions within the California Current
System (CCS) likely resulted in the dinoflagellatedominated phytoplankton assemblage observed in
Monterey Bay during our study period.
From March to October, the subtropical high-pressure cell over the Pacific typically produces winds from
the northwest along the California coast. These winds
drive the upwelling of cold, high-nutrient water at
coastal points and headlands (Breaker & Broenkow
1994). At Pt. Año Nuevo, an upwelling center
~20 miles north of Monterey Bay, the upwelled water
bifurcates, with one tongue flowing equator-ward and
offshore and the other extending across the mouth of
Monterey Bay (Rosenfeld et al. 1994). The temperature
and nutrient characteristics of this upwelled water are
generally thought to be conducive to highly productive, diatom-dominated phytoplankton blooms (Hood
et al. 1990, Pennington & Chavez 2000, Wilkerson et al.
2000). However, a very different phytoplankton community was observed in Monterey Bay during the summer of 2005 (Rines et al. 2006, R. Jester pers. comm.).
This atypical phytoplankton assemblage was most
likely caused by changes in the predominant physical
regime along the west coast of the US during this
period (Barth et al. 2007).
In the spring of 2005, a nearly 2 mo delay in the onset
of upwelling-favorable winds resulted in anomalous
physical, chemical and biological conditions throughout the CCS, affecting regions from Vancouver Island
to Baja California (Hickey et al. 2006, Kudela et al.
2006, Barth et al. 2007). The effects of the delayed
onset of upwelling-favorable winds (higher nearshore
surface temperatures, lower nutrient concentrations,
and below-average primary production) were most
pronounced in shelf waters along the Oregon and
Washington coast (Hickey et al. 2006, Barth et al.
2007). However, although the central California
coast experienced relatively normal (i.e. upwellingfavorable) wind forcing throughout the summer of
2005, Schwing et al. (2006) emphasizes that the anomalous conditions observed in the CCS were more
strongly impacted by the delayed onset of these winds
than the cumulative amount of upwelling that followed. Also, Hickey et al. (2006) notes that the local
oceanographic conditions in different regions of the
CCS are not only strongly affected by local winds, but
also by remote forcing. As a result, the delayed onset of
upwelling coupled with the anomalous conditions off
the Oregon and Washington coasts may have significantly affected and altered the Central California
marine ecosystem. While the consequences of the delayed onset of upwelling were most strongly expressed
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in the biological communities in upper trophic levels
(Sydeman et al. 2006, Weise et al. 2006), we hypothesize that these conditions also resulted in the observed
dinoflagellate-dominated phytoplankton assemblage
observed in Monterey Bay during our study period.

Thin layer formation
At the time of our study in Monterey Bay, the
observed phytoplankton community was extremely
diverse, but the upper water column was dominated by
the dinoflagellate Akashiwo sanguinea (Rines et al.
2006). Water samples indicate that A. sanguinea was
the primary phytoplankton species comprising the thin
layer we observed (J. Rines pers. comm.). A myriad of
diatom species was also found in near-bottom waters,
but the majority were observed to be in poor structural
condition. While dinoflagellates are not typically effective competitors against diatoms in moderately energetic, high-nutrient upwelling regions (Walsh et al.
1974, Smayda 1997), the anomalous conditions along
the west coast of the USA in the spring and summer of
2005, and the distribution of available nutrients, may
have been particularly suited to dinoflagellate blooms.
Off the coast of Oregon, mean nutrient concentrations
in 2005 were 30% below average levels (Barth et al.
2007). Exceptionally low nutrient concentrations were
observed in the nearshore surface waters of Monterey
Bay, with a steep nutricline present at depth (Hanson
et al. 2006).
Because Akashiwo sanguinea are highly motile, with
reported in vitro swimming speeds of 32 to 410 μm s–1
(Park et al. 2002, Smayda 2002), it is likely that these
phytoplankton were able to reach the nutrients at
depth via diel migration. In August of 2005, Donaghay
et al. (2006) observed populations of A. sanguinea
migrating out of the nutrient-depleted surface water at
night to more nutrient-rich waters at depth where they
formed thin layers at the depth of the nutricline. Our
estimated rates of layer convergence in σt space support the hypothesis that these layers were formed by
diel migration patterns. How dinoflagellates exploit
their motility to take advantage of nutrient gradients
through vertical migrations, depth-keeping and subsurface layers is well documented by both laboratory
and in situ studies (Eppley & Harrison 1975, Holligan
1979, 1987, Smayda 1997). In addition, thin (< 5 m
thick), subsurface layers of dense dinoflagellate
blooms have been observed in a variety of habitats
(Kiefer & Lasker 1975, Lasker & Zeifel 1978, Bjørnsen
& Nielsen 1991). Throughout our survey, the thin layer
was consistently co-located with the narrow region of
near-zero overturning (L t) scales (Fig. 6d). During ebb
tide, the elevated L t scales below the layer may have
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been effective at transporting nutrients across the
nutricline and towards the layer (Fig. 6d). As the tide
began to flood, overturning scales below the layer
decreased and the thin layer deepened and lessened in
intensity. Also during flood tide, the upper boundary of
the layer was characterized by elevated turbulent dissipation (ε) rates (Fig. 6e). The higher ε values, combined with the narrow region of elevated shear located
just above the thin layer, may have contributed to the
thinning of the patch by eroding the top part of the
layer (Fig. 6b,d). Grazing by zooplankton on the edges
of this layer may have also contributed to the thinning
of the patch (V. Holliday pers. comm.).

Controls on layer thickness
With the data from this study, we had a unique
opportunity to apply the mathematical model put forth
by Stacey et al. (2007) in order to test the effectiveness
of different convergence mechanisms in thinning and
maintenance of a thin layer of phytoplankton. While
the average net rate of change in layer thickness was
small (~2 mm s–1), all of the considered convergence
mechanisms — straining by shear, settling, and cell
motility — had associated thinning rates that were
orders of magnitude less than this observed rate
(Table 1). Except during one 20 min period during
slack tide, these 3 mechanisms, even taken together,
could not account for the observed rates of change in
layer thickness. We hypothesize that this was due to
internal waves expanding and contracting the layer on
relatively short time scales. Internal waves are regular
features over the Monterey Bay shelf and occur most
frequently during the transition from spring to neap
tide and when the tidal range is between 1.5 and 1.7 m
(Storlazzi et al. 2003). While our overnight study took
place between neap and spring tide, the maximum
tidal range was just over 1.5 m (Figs. 4b & 5a). Storlazzi
et al. (2003) observed that during the transition from
ebb to flood tide, warm bore-like internal tide features
move onto the shelf, causing a sudden warming and
reversal of depth-averaged currents. In spring and
summer months, packets of 8 to 10 internal waves follow the heads of these bore-like features (Storlazzi et
al. 2003). Because these internal waves are associated
with internal tides and bore-like features generated at
the shelf-break, they can be extremely energetic (Ostrovsky & Stepanyants 1989). McManus et al. (2005)
observed a close relationship between internal wave
heights and the average vertical thickness of zooplankton layers; an increase in internal wave height
often corresponded to an increase in the thickness of
the layer, and ~40% of the variability in mean layer
thickness could be attributed to internal wave height.

Similarly, the largest changes in layer thickness we
observed in the present study occurred during the passage of internal waves. During the surface flood tide
period of our study, we observed 2 internal wave packets that were 2 h apart (Fig. 5). The vertical fluctuations
due to these 2 internal wave packets, especially the
second one, strongly affected the vertical thickness of
the layer (Fig. 7d). During the first internal wave
packet (~01:00 to 03:30 h), the changes in layer thickness in both physical and σt space exhibited moderate
vertical fluctuations and rapid changes in thickness
(Fig. 8d). Although the frequency of the vertical profiles under-sampled this internal wave signal and subsequently underestimated the rate of change in layer
thickness during this period, the mean rate of spreading and divergence of thermistor-chain isotherms is of
the same order of magnitude as the maximum observed rate of change in layer thickness (~10–2 m s–1;
Fig. 9). After these vertical fluctuations ended, however, both the thickness and the intensity of the layer
remained relatively unchanged compared to the initial
(01:00 h) values.
In contrast, the second set of internal waves corresponded to large changes in both Δz and Δσt, and we
hypothesize that this caused the rapid broadening of
the layer. At the onset of the second internal wave
packet at 05:25 h, the upper boundary of the thin layer
shoaled rapidly (~8 mm s–1; Fig. 7). This rate of shoaling far exceeds the fastest observed swimming speeds
of Akashiwo sanguinea (Smayda 2002). While the
physical space between the upper and lower boundaries of the thin layer increased by > 220%, the Δσt
between these boundaries only changed by 50%
(Fig. 7), suggesting that the observed change in layer
thickness was caused by isopycnals spreading with the
onset of this internal wave packet. Previous observations of thin zooplankton layers in Monterey Bay have
noted that, while they were frequently modulated by
internal waves, the fluctuations did not cause the layers to dissipate (McManus et al. 2005, Cheriton et al.
2007). However, Sevadjian (2008) reported the temporary dispersion of a thin zooplankton layer in Mamala
Bay, Hawaii, during the passage of internal waves.
The rapid shoaling at 05:25 h is also evident in the
physical data (Figs. 5 & 6). The high-salinity layer, the
pycnocline, and the region of low L t associated with
the layer all exhibited similar shoaling. Current velocity also changed in vertical structure. The southwesterly (offshore) flow associated with the layer also
shoaled and expanded (Fig. 5d), while the 2-layer flow
structure lessened in strength (Fig. 5c). The abrupt
changes in both biological and physical metrics might
suggest the advection of a frontal feature across our
profiling site. Indeed, J. Ryan et al. (unpubl. data)
report locally enhanced fluorescence light height lev-
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ven by the vertical migration and depth-keeping of the
strong-swimming A. sanguinea, the physical forcing
by internal waves had the potential to exert greater
influence on the thickness of the layer and override the
depth-keeping ability of the phytoplankton. Thus, for a
model to accurately describe the convergence and
divergence processes governing the boundaries of a
thin layer in a region subject to internal waves, it must
take into account the effects of internal wave motion.

els at a frontal boundary associated with intrusions of
low-salinity offshore waters into the shelf waters of
Monterey Bay. However, while the advection of a
frontal feature across our profiling site could cause the
observed increase in layer thickness and decrease in
layer intensity, the temperature and salinity data do
not show evidence for such a feature.
It is also unlikely that phytoplankton motility led to
the observed layer broadening. The rate of layer
broadening from 05:25 to 05:31 h exceeded the swimming speeds of Akashiwo sanguinea by several orders
of magnitude. In addition, after temporarily broadening to > 5 m (05:41 to 05:48 h), the layer thickness decreased back to ~2 m (Fig. 8d). Furthermore, the observed broadening of the thin layer occurred 30 min
prior to the beginning of civil twilight (06:08 h; (http://
aa.usno.navy.mil) and 1 h before sunrise (06:35 h).
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CONCLUSIONS
In August 2005, we conducted an overnight survey
of thin layers in Monterey Bay using a high-resolution
profiler. Over an 8.5 h period, we collected 99 vertical
profiles and observed a dense thin layer of Akashiwo
sanguinea at the base of the pycnocline, co-located
with a thin region of salinity anomalies. The vertical
structure of the layer and the water column indicates
that motility was more effective than either straining or
buoyancy in forming and maintaining the observed
layer. However, the calculated rates of change in layer
thickness due to these 3 mechanisms alone could not
account for the observed changes in layer thickness.
This discrepancy is due to the displacement of the
layer by internal waves. The isotherms that bounded
the layer were found to be spreading and diverging at
a mean rate roughly equivalent to the maximum
observed rate of change in layer thickness (10–2 m s–1).
We conclude that greater rates of change in layer
thickness occurred with the passage of these internal
waves, but the slow frequency of the vertical profiles
smeared this signal. When accounting for the effects of
isopycnal expansion and contraction in the mathematical framework, phytoplankton motility emerges as a
plausible mechanism for layer convergence. In density
coordinates, the mean rate of convergence due to
motility is of the same order of magnitude as the
observed rates of change, except during the passage of
the second internal wave, during which the layer
broadened rapidly.
We hypothesize that the isopycnal spreading associated with the onset of an internal wave packet directly
caused the broadening of the observed thin phytoplankton layer. Consequently, although the formation
and maintenance of this thin layer may have been dri-
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