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Thin phytoplankton layers are common features in the coastal environment; however sampling these

fine-scale optical features across broad horizontal scales remains a challenge. To investigate the

horizontal spatial structure of thin phytoplankton layers, we performed an overnight survey in northern

Monterey Bay, CA, USA using a SeaSciences Acrobat towed-vehicle. Physical and optical measurements

were collected between the surface and near-bottom-depths along four parallel, across-shore transects.

Three coherent chlorophyll features were observed: (1) a broad, sub-surface patch at the offshore end,

(2) a near-surface patch at the nearshore end, and (3) a deep patch located between the nearshore and

offshore patches. The offshore and nearshore patch were separated by a change in seafloor slope and a

region of compressed, shoaling isopycnals. Both the offshore and nearshore features were located at the

pycnocline, had similar optical properties, and were co-located with a low-salinity intrusion. The deep

chlorophyll patch had associated physical and optical properties that were distinct from the patches at

the pycnocline. The results from this study further underscore the heterogeneous horizontal spatial

structure of thin layers and also add to the growing evidence suggesting that low-salinity intrusions

may be strongly linked to the formation of thin phytoplankton layers over the northern shelf of

Monterey Bay.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The distribution of organisms in the ocean is patchy, and often
these patches exist on spatial and temporal scales that traditional
sampling techniques (e.g., bottles and nets) cannot resolve (Cassie,
1963; Mullin and Brooks, 1976; Haury et al., 1978; Donaghay et al.,
1992; Holliday et al., 2003). One example of such a feature is a
‘‘thin layer’’. Biological thin layers are structures of a very limited
vertical extent that contain high concentrations of planktonic
organisms and persist in time and space (Dekshenieks et al., 2001;
Sullivan et al., this issue-a, this issue-b). While of small vertical
extent, thin layers can extend kilometers in the horizontal (Rines
et al., 2002; Churnside and Donaghay, 2009; Moline et al., this
issue; Ryan et al., this issue) and can contain densities of
organisms several orders of magnitude greater than background
levels (Donaghay et al., 1992; Cowles et al., 1998; McManus et al.,
2003). Generally, thin layers appear in the water column
ll rights reserved.
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periodically and can persist for hours to days (Cowles et al.,
1998; McManus et al., 2003; Cheriton et al., 2007; Ryan et al.,
2008). They have been observed in a variety of coastal environ-
ments, and seem to be widespread features in the coastal ocean
(Bjornsen and Nielsen, 1991; Donaghay et al., 1992; Cowles and
Desiderio 1993; Gentien et al., 1995; Widder, 1997; Dekshenieks
et al., 2001; McManus et al., 2003, 2005; Cheriton et al., 2007;
Churnside and Donaghay, 2009).

To date, the majority of thin layers research has relied on time
series measurements of fine-scale vertical structure at single
locations. These studies have been vital in documenting the
occurrence of thin layers and understanding how the physical and
chemical structure of the water column affects the depth and
thickness of layers. Analytical models have also provided insights
into thin layer dynamics, including the interplay of convergent
and divergent mechanisms in the formation, maintenance, and
dissipation of layers (Franks, 1995; Stacey et al., 2007; Steinbuck
et al., 2009).

Despite these many advances, the relationship between thin
biological layers and physical properties across horizontal space
remains poorly understood. This is due in part to sampling
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dx.doi.org/10.1016/j.csr.2009.09.005
mailto:cheriton@biology.ucsc.edu


ARTICLE IN PRESS

O.M. Cheriton et al. / Continental Shelf Research 30 (2010) 39–4940
technology limitations and the difficulties associated with
expanding high-resolution vertical measurements of both physi-
cal and biological properties in horizontal space (see Moline et al.,
this issue). Several studies have used data collected by multiple
autonomous or shipboard profilers to estimate the horizontal
scales of thin layers (Rines et al., 2002; McManus et al., 2003;
Velo-Su�arez et al., 2008). This method can be used to observe the
vertical distributions of phytoplankton at numerous sites span-
ning a wide area, but often the horizontal resolution of these
datasets is too coarse to definitively resolve the spatial relation-
ship between structures. During a large-scale study in 2003,
Johnston et al. (2009) found thin layers of phytoplankton in
regions of sheared flow on the flanks of eddies, filaments and
fronts. The authors hypothesize that these layers were sheared
portions of broad chlorophyll maxima associated with recently
upwelled waters; however, the profiles were too widely spaced to
truly resolve whether this connection existed.

Other strategies for investigating the 3-dimensional spatial
scales of thin layers include the use of autonomous instrument
platforms with both vertical and horizontal propulsion capabil-
ities such as gliders (Sutor et al., 2008; Fratantoni et al., 2008) and
autonomous underwater vehicles (AUVs; Wang and Goodman,
2009; Moline et al., this issue; Ryan et al., this issue). Table 1
presents a summary of reported horizontal spatial scales of thin
phytoplankton layers. These scales range from 10’s of meters to
412 km. Seemingly as the horizontal range of sampling
technology improves, the maximum length scale of thin layers
increases in kind.

In July 2006, we used a SeaSciences Acrobat towed vehicle
platform to observe thin phytoplankton layers and map their
across-shelf distribution in northern Monterey Bay, CA. Our
objectives were as follows: (1) to capture the vertical structure
and horizontal extent of thin layers over the northern Monterey
Bay shelf using a small towed vehicle sampling platform and (2) to
investigate the spatial relationships between thin layers and
broad sub-surface chlorophyll maxima and/or offshore layers.
2. Methods

2.1. Study site

The Monterey Bay National Marine Sanctuary spans more than
400 km along the coast of central California and encompasses an
area of nearly 14,000 km2 (www.mbnms.nos.noaa.gov). This
federally protected sanctuary is home to a diversity of marine
life, including many mammals, birds, fishes, invertebrates, plants
and plankton (Cailliet, 1998). The focal point of the sanctuary is
Monterey Bay, a semi-enclosed bay located between 36.51N and
371N (Fig. 1). It is 37 km across at the mouth and has an area of
550 km2 (Breaker and Broenkow, 1994). In summer of 2005 and
2006, northern Monterey Bay was the site of the Layered
Table 1
Summary of previous observations of the horizontal scales of phytoplankton thin layer

Site Horiz. scale (km)

East Sound, WA 0.6–412

Ria de Pontevedra estuary 44

NE Pacific, NW Atlantic 1–12

Norwegian Sea

Monterey Bay, CA 41.5 x 44

Monterey Bay, CA 41.5

Monterey Bay, CA 0.08–11.22

Monterey Bay, CA o0.1–410,000

Monterey Bay, CA 42
Organization in the Coastal Ocean (LOCO) project, a large,
interdisciplinary field study funded by the Office of Naval
Research to investigate thin layers of plankton (Sullivan et al.,
this issue-b).

2.2. Towed vehicle survey

As part of the LOCO 2006 study, on the evening spanning 27–
28 July 2006 we performed an overnight survey in northern
Monterey Bay using a SeaSciences LTV-50X Acrobat towed-
vehicle. Between 2100 on 27 July and 0300 on 28 July (all times
given in Pacific Daylight Time) we performed 4 parallel, across-
shore transects (T1–T4, Fig. 1). Table 2 lists the start and stop
times, the depth range and horizontal distances covered, the
number of profiles collected, and the orientation for each of the
transects. T3 and T4 were replicates of the inshore portion of T1
and T2, respectively, and the separation between the T1/T3 and
T2/T4 transect lines was 600–760 m (Fig. 1). The towed-vehicle
undulated between the surface and 15–32 m, depending on the
water depth, while being towed behind a small (10 m) research
vessel traveling between 0.7 and 1.3 kt. The Acrobat vehicle was
outfitted with a Sea-Bird FastCAT CTD and WET Labs ECO-triplet
sensor, providing measurements of temperature, salinity,
pressure, chlorophyll-a (chl) fluorescence, and total backscatter
(bb) at 660 nm at a rate of 6 Hz. The ECO-triplet optical sensor
was calibrated before the cruise by the manufacturer. However,
because we were not able to calibrate the fluorescence
measurements to in situ absolute chl concentrations, we term
the data collected with the ECO-triplet ‘‘chl fluorescence’’ and
present those values as a relative measure of phytoplankton
abundance (relative fluorescence units, RFU). The chl fluorescence
values were normalized to a range of 0–1.

Total backscattering coefficients bb, with units of m�1, were
computed with the WET Labs Archiving Program (WAP) using

bb ¼ bbpþbbw ð1Þ

where bbp is the estimated particulate backscattering coefficient
and bbw the backscattering from pure water. The bbp values are
calculated with

bbp ¼ 2pðwbpÞ ð2Þ

where w is 1.1, a constant that relates scattering angle in the back
direction to the backscattering coefficient (Boss and Pegau, 2001),
and bp is the volume scattering due to particles only (m�1 sr�1).
bp was calculated using the method outlined by Sullivan et al.
(2005), where the volume scattering of water, bsw, is subtracted
from the measured volume scattering, b.

The towed-vehicle traveled at a speed of 1–2 m s�1, resulting in
a vertical descent rate of 10–15 cm s�1 and a mean vertical
resolution of 0.02 m. One downcast and up-cast covered �300–
350 m horizontal distance. We measured bottom-depths under
the ship using a Garmin GPSMAP 178/178C depth finder, which
s.

Method Reference

Vertical profilers Rines et al. (2002), McManus et al. (2003)

Vertical profilers Velo-Su�arez et al. (2008)

Airborne LIDAR Churnside and Donaghay (2009)

Towed vehicle This contribution

AUV Wang and Goodman (2009)

AUV Moline et al. (this issue)

AUV Ryan et al. (this issue)

Vertical profilers Sullivan et al. (this issue-a, this issue-b)

www.mbnms.nos.noaa.gov
www.mbnms.nos.noaa.gov
www.mbnms.nos.noaa.gov
www.mbnms.nos.noaa.gov
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Fig. 1. Schematic of Monterey Bay region with close-up of study area (right box) showing the transect pattern and locations of stations K1 and K2. Numbers on the

bathymetric contour lines denote depth in meters. Also shown are the locations of the National Data Buoy Center (NDBC) Monterey Bay Buoy #46062 (black square),

locations of M1 and M0 moorings (large black circles), and the NOAA Monterey tide gauge (black diamond).

Table 2
Attributes of each of the Acrobat transects, T1–T4: start and end times (in Pacific Daylight Time, with the month and day are given as well), the minimum (Isobath-1) and

maximum (Isobath-2) isobaths reached, total horizontal distance covered, number of profiles collected, and the direction of the transect (defined as the heading of the ship

while underway).

Transect Start time (h, m/d) End time (h, m/d) Isobath-1 (m) Isobath-2 (m) Distance (km) Profiles (#) Direction

T1 2130, 7/27 2225, 7/27 16 57 8.9 28 Offshore

T2 2235, 7/27 0030, 7/28 17 50 7.9 25 Inshore

T3 0045, 7/28 0130, 7/28 17 30 5.6 17 Offshore

T4 0145, 7/28 0240, 7/28 17 30 5.2 16 Inshore
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was attached to the side of the boat. The bottom-depth readings
were matched with the Acrobat vehicle’s position using a lag
algorithm in the SeaSciences Acrobat control software.

The data collected by the Acrobat towed-vehicle were
processed in several steps. First, each up-cast and downcast was
extracted from the continuous time series. Next, depth reversals
within the profiles were removed and the remaining data were
averaged into 5-pt bins. These data were mapped onto a
2-dimensional grid by averaging the data from each cast in
10-cm vertical bins and performing a linear interpolation of this
averaged data in the horizontal across 300-m ensembles. In order
to remove any anomalous spiking at the pycnocline, two
additional steps were used in the processing of the salinity data:
only up-casts were used, and a low-pass filter was applied to each
profile. Only up-casts were used because the speed of the Acrobat
vehicle varied depending on whether it was near the end of a cast
or beginning a new one (e.g., vehicle speed was greater at the start
of a downcast than at the end of a downcast); on the downcasts,
we found that the increased speed of the Acrobat as it descended
through the upper water column resulted in salinity spikes near
the pycnocline. These spikes were generally made up of just one
anomalous measurement, whereas the low-salinity layer
described in later sections contained 44 data points. Using the
temperature and salinity values, density, st (st=r(s, t, 0)–
1000 kg m�3; Pond and Pickard, 1983), was computed with the
equation of state (Millero and Poisson, 1981).
2.3. Thin layer selection criteria

We developed a MATLABs algorithm to objectively identify
peaks in the interpolated chl fluorescence profiles. We defined
‘‘peaks’’ as chl fluorescence maxima at least 100% greater than
background levels, and containing at least 6 (5-pt averaged)
measurements (after Dekshenieks et al., 2001). The background
level for each profile was set to the minimum RFU value of that
profile. With this definition, peaks can be either broad or thin in
vertical extent. The upper and lower bounds of each peak were
identified as the depths at the full-width, half-maximum of the
peak with the background value subtracted (after Dekshenieks
et al., 2001). In cases where the profile did not capture the upper
part of the peak, the upper bound was assumed to be the surface.
This approach resulted in a conservative estimation of peak
thinness. A thin layer was defined as a peak with a thickness
r5 m. An example of this selection criteria applied to 6 profiles
from T2 is shown in Fig. 2. For each profile, the dotted line denotes
the background value, the star is the maximum of the peak or thin
layer (if one was detected), and the circles denote the upper and
lower bound of that peak or layer. Profile A gives an example of a
peak whose upper bound was defaulted to the surface (Fig. 2).
Profiles B and E were identified as thin layers, and no peak was
detected in profile D.

It should be noted that there is no set criteria for thin layer
identification. Sullivan et al. (this issue-a, this issue-b) note that
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peak is identified. Triangles at the top of profiles indicate that the peak was identified as a thin layer.
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different mathematical definitions of thin layers can arise
depending on the sampling methods used, as well as the local
environment and biological communities present therein. We
chose to use a thickness maximum of 5 m for our identification
criteria based primarily on the mean, sub-5 m layer thickness
observed in our profiles (3.670.9 m), and the fact that, for cases
where the peaks were close to the surface, the Acrobat profiles
often did not extend close enough to the surface for the true upper
bound of the layer to be resolved, which would tend to result in an
overestimation of peak thickness. The original study to set a
criterion used the 5-m limit (Dekshenieks et al., 2001), which was
selected based on the typical maximum vertical resolution
achieved by bottle samples. Since then, many studies have found
that the majority of thin phytoplankton layers are o3 m, setting a
clear distinction between these features and broad chl maxima
(Cowles et al., 1998; Dekshenieks et al., 2001; McManus et al.,
2008; Ryan et al., 2008; Sullivan et al., this issue-a, this issue-b).

For each transect, we visually identified patches of elevated chl
fluorescence. A second set of criteria was used to identify the
Acrobat data associated with these patches. Whereas ‘‘peak’’ and
‘‘thin layer’’ are terms we use to describe the broad and thin regions
of elevated RFU using the conservative criteria outlined above, we
use the term ‘‘chl maximum’’ to refer to any chl fluorescence value
4 0.75 RFU. Chl maxima may include peaks, thin layers, as well as
maxima not identified as either a peak or thin layer (e.g., if a peak
value is 40.75 RFU, but not Z1� background level). Patch
boundaries were defined with upper and lower depth limits, as
well as maximum and minimum isobath limits.
2.4. Mooring data

A 1200 kHz RD Instruments ADCP was deployed at station K1,
located �0.8 km (along-isobath) from T1 at 18.5 m depth, and
measured current velocity with 0.25-m vertical resolution at a
rate of 1 Hz (Fig. 1). A correlation threshold of 60% was used to
remove spurious data, and horizontal velocities 40.5 m s�1 were
removed, as flow magnitudes in this area are not observed to
exceed this speed (Storlazzi et al., 2003). Current velocity
measurements were then averaged over 2-min windows.

A vertical chain of Star-Oddi Starmon Mini temperature loggers
was deployed at K1, within 300 m of the ADCP. These loggers were
located at 14 depths above the seafloor, including one at the
surface, and measured temperature at 30-s intervals. In addition,
Ocean Response Coastal Analysis System (ORCAS) profilers were
deployed at both K1 and K2 (Fig. 1). Sullivan et al. (this issue-a, this
issue-b) describe the ORCAS profiler in detail, but, briefly, these
autonomous, winch-controlled profilers collect hourly profiles of
fine-scale optical, chemical, and physical properties of the water
column at cm-scale vertical resolution. The K2 ORCAS profiler
operated throughout the entire Acrobat survey, while the K1 ORCAS
profiler stopped profiling after the 0100 profile on 28 July.

Hourly wind speed and direction data were obtained from the
National Data Buoy Center’s (NDBC) buoy #46042 (http://www.
ndbc.noaa.gov), and 6-min tidal height data were obtained from
the NOAA Monterey tide gauge (http://tidesandcurrents.noaa.gov;
Fig. 1). The autonomous MBARI Monterey Ocean Observing
System moorings M1 and M0 provided hourly measurements of
temperature and salinity at multiple depths throughout the upper
water column using Sea-Bird MicroCAT CTD sensors (http://www.
mbari.org/data/). The M1 mooring is located �22 km west of
Moss Landing in 1000 m water depth, while the M0 mooring is
located just north of the Monterey Bay Submarine Canyon, in
100 m depth, and �9 km from shore (Fig. 1).
2.5. Remote sensing data

From the NOAA CoastWatch West Coast regional node
(http://coastwatch.pfel.noaa.gov), we obtained high-resolution

http://www.ndbc.noaa.gov
http://www.ndbc.noaa.gov
http://tidesandcurrents.noaa.gov
http://www.mbari.org/data/
http://www.mbari.org/data/
http://coastwatch.pfel.noaa.gov
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(�1.5 km) sea surface temperature (SST) and surface chl concen-
tration measurements made by the NASA Aqua MODIS NPP
satellite on 25 July, the closest clear day to the Acrobat survey
times. We used the satellite chl values only as indicators of
relative surface chl abundance (i.e., not as absolute concentration
values). High frequency radar (HFR) measurements of hourly
surface current velocities in Monterey Bay were obtained from
Coastal Ocean Current Monitoring Program’s website (http://
cencalcurrents.org). The HFR measurements were collected using
a network of shore-based stations around Monterey Bay, which
map surface currents by measuring the Doppler shift of radio
wave backscatter at frequencies between 12 and 25 MHz (Paduan
and Rosenfeld, 1996). The hourly HFR velocity measurements have
an associated error that ranges from �3 cm s�1 inside the bay to
�10 cm s�1 outside the bay. The hourly velocity fields were
averaged over a 24-h window (midnight to midnight).
2.6. A note on terminology

Following Graham and Largier (1997), we will use the terms
‘‘nearshore’’ and ‘‘offshore’’ to denote different regions of the
across-shore transects, where nearshore refers to the portion of
each transect where the local water depth was �15–29 m and the
bathymetric slope was gradual and offshore refers to the portion
of each transect at depths 429 m and over steeper bathymetry. In
short, here the use of offshore is not meant to refer to the
California Current, or waters beyond the shelf break.
3. Results

3.1. Monterey Bay conditions

The period of 23–25 July 2006 was characterized by strong (6–
7 m s�1) northwesterly winds and spring tides (Fig. 3a and b). On
25 July, surface circulation within the bay was cyclonic, with
elevated SST and surface chl concentrations in the northern bight
region (Fig. 3c and d). A large region of warm SST and very low chl
was present to the west of M1 (Fig. 3c and d). Between 25 and 28
July, there were 3 occurrences of brief wind relaxation (wind
velocity o3 m s�1, Fig. 3a). The towed vehicle survey took place
on the evening of 27–28 July, from 2130 to 0240. This period was
characterized by weak and variable winds, and it spanned the end
of flood tide and the beginning of slack tide (Figs. 3a, b and 4a).
HFR measurements indicate that bay surface currents were very
weak during this period, and the limited satellite data available for
28 July suggest that surface chl concentrations in the northern,
nearshore environment were reduced relative to 25 July (43-fold
reduction; 28 July satellite data not shown). Current velocity
measurements taken at station K1 during flood tide (�1900–
0000) indicate a predominantly northwestward (along-isobath)
flow in the upper water column and a reduced, westward bottom
flow (Fig. 4b and c). During ebb tide, the northwesterly current in
the upper water column intensified and bottom currents became
more southwesterly (offshore-directed). The water column at K1
and across the Acrobat sampling region was thermally stratified,
with stratification increasing as the tide transitioned from flood to
ebb (Figs. 4e and 5a–d). Also during the flood-ebb transition, a
high-frequency internal wave was observed at K1 from �0030 to
0200 (Fig. 4e). Salinity profiles from both the Acrobat and the
ORCAS profiler at K1 reveal that a low-salinity intrusion was
present at the pycnocline (Figs. 4g–i and 5e–h). This low salinity
feature was not detected by the K2 ORCAS profiler at any time
during the survey period (Fig. 6).
3.2. Along- and across-shelf chlorophyll distribution

All 4 Acrobat transects captured a similar across-shelf chl
pattern (Fig. 5i–l). The offshore ends of T1 and T2 captured the
edge of a subsurface chl patch. This offshore patch was located at
�10 m depth and bounded by the 24.90 and 25.20st isopycnals.
The horizontal extent of this patch was at least �650 m along-
isobath and �1.5 km across-isobath. However, because T1 and T2
only captured the inshore edge of this patch, the horizontal
dimensions may be considerably larger. Taking T1 and T2
together, a total of 11 peaks associated with this patch were
identified as thin layers. T3 and T4 did not extend far enough to
capture the offshore patch.

At the nearshore end of T1–T4, a coherent patch of elevated chl
fluorescence was located just below the surface (Fig. 5i–l). This
nearshore patch was also located at the pycnocline and was
bounded by the 24.20 and 25.00st isopycnals, in slightly less-
dense water than the offshore patch. The observed horizontal
extent of this patch was �700 m along-isobath and �4 km
across-isobath, though, again, the full horizontal extent of the
layer may have been greater. Indeed, a near-surface chl peak was
also observed by the ORCAS profiler at K1 during the survey
period, suggesting that the along-isobath extent of this patch may
have been 41.5 km (Fig. 6). Between T1 and T2, 9 peaks within
the nearshore patch were identified as thin layers. Another 9
peaks from T3 and T4 were also identified as thin layers associated
with this patch. Both the offshore and nearshore patches
contained elevated optical backscatter signals (Fig. 5m–p).

In T1 and T2, the 24.80, 25.00, and 25.20 isopycnals were
vertically compressed in the region between the offshore and
nearshore patch, over the 35–50-m isobaths (Fig. 5i–j). This
compression was �10 m above the crest of a shoaling isopycnal
at depth (st=25.4; 6.6 m vertical change over 40 m horizontal).
Further inshore, this same isopycnal exhibited a deep trough and,
over the course of the survey period, was found increasingly
inshore (from the 24.6-m isobath in T1 to the 23.9-m isobath in T3).
This trough feature was associated with elevated salinity and, at the
deepest part of the trough, moved from 9.3 (T1) to within 5.8 m
(T4) of the seafloor. The Acrobat transects resolved a deep patch of
elevated chl, which was co-located with the offshore portion of this
trough (Fig. 5i–l). While the deep patch appeared thin in T1 (most
likely because the Acrobat profiles did not resolve its full vertical
extent), the measurements collected at deeper depths along T2
show a fairly broad (�10 m) vertical extent for this deep patch
(Fig. 5b). The horizontal scale of this patch was �1 km across-
isobath and at least 670 km along-isobath. This deep patch had
highly variable levels of chl fluorescence and was not associated
with any significant levels of backscatter (Fig. 5m–p).

Of the 28 profiles collected along T1 and the 25 profiles
collected along T2, 37 (70%) contained peaks in chl. Over 35% of
these peaks had a thicknesso5 m. Of the 33 profiles collected
along the shorter transects (T3 and T4), 19 (57%) contained peaks
in chl, 11 of which were identified as thin layers. Similar to
observations by AUVs during LOCO 2005 and 2006, the majority of
thin layers we observed in the Acrobat profiles were found inshore
of the 25-m isobath (Ryan et al., this issue; Wang and Goodman,
2009). In general, across all transects the thickness and mean depth

of peaks at the pycnocline decreased with distance inshore (Fig. 7).
Notably, the magnitude of the peak chl fluorescence maxima
remained relatively constant, regardless of depth or water column
depth (Fig. 7). For the nearshore patch, there was a significant
negative correlation (r=�0.82; p=0.002) between stratification
and the peak thickness – as stratification increased, peak
thickness decreased. No such correlation existed for the offshore
or deep patches. Similarly, while there was a significant positive
correlation (r=0.55; p=0.02) between the mean salinity and peak

http://cencalcurrents.org
http://cencalcurrents.org
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thickness of the nearshore patch – as mean salinity decreased,
peak thickness decreased, there was no clear relationship between
salinity and thickness for the offshore or deep patches.
3.3. Hydrography

A temperature–salinity (T–S) plot provides insights into the
origins of the water associated with each of these chl patches
(Figs. 6 and 8). The thin nearshore patch properties span a wide
range of temperatures (�15.0–17.5 1C) and salinities (33.65–
33.74) and generally match the T–S properties of M0 surface
waters on 25 and 26 July. The broad offshore patch exhibited a
cooler and more limited temperature range (�14.0–15.0 1C), but a
roughly comparable salinity range (33.68–33.72). The T–S

characteristics of the offshore patch lie between the M1 and M0
profiles from 25 July. The deep chl patch has T–S characteristics
distinct from the nearshore and offshore patches, with colder
temperatures (12.3–13.2 1C) and relatively high salinity values
(33.74–33.77). These T–S attributes are associated with those from
the near-bottom waters at M0 on 25 and 26 July. Both the M1 and
M0 profiles show higher salinity values at mid-depth on 25 and 26
July, while the profiles from 27 July show a low salinity water
mass at mid-depth at M1 and a low-salinity intrusion at depth at
M0. By 28 July, this low salinity feature was reduced at M1, though
still present at M0 (Fig. 8). The T–S properties of both the
nearshore and offshore patches more closely match those
measured by the K1 ORCAS profiler than those at K2, which
were generally more saline, and showed no significant influence
by the low-salinity intrusion (Fig. 6).
4. Discussion

4.1. Horizontal scales of thin layers

Our observations further underscore two previously reported
aspects about the horizontal dimensions of thin layers: (1) thin



ARTICLE IN PRESS

1

1.5

5

10

15

20

−0.2

0

0.2

5

10

15

20

−0.2

0

0.2

1900 2000 2100 2200 2300 0000 0100 0200 0300

5

10

15

20

12

14

16

18

33. 6 33.75

5

10

15

20
33. 6 33.75 33. 6 33.75 33. 6 33.75 33. 6 33.75 33. 6 33.75 33. 6 33.75

(m s-1)

(m s-1)

(T°C)

e) f) g) h) i) j) k)

Fig. 4. Time series from 1900 27 July to 0300 28 July of (a) tidal height (m), as well as K1 mooring data: (b) eastward current velocity; (c) northward current velocity; (d)

temperature, with y axes for these panels indicating height above bottom (m). Hourly ORCAS salinity profiles are shown in (e)–(k), with y axes denoting depth below surface

(m). Note the ORCAS profiles only go through 0100 on 28 July. ORCAS data courtesy of the Donaghay/Sullivan group.

O.M. Cheriton et al. / Continental Shelf Research 30 (2010) 39–49 45
layers exhibit a high degree of horizontal spatial heterogeneity
and (2) the degree of this spatial variability depends, in part, on
the physical forces acting on the layers (Churnside and Donaghay,
2009; Moline et al., this issue; Ryan et al., this issue).

The nearshore, offshore and deep chl patches resolved by the
Acrobat contained a mixture of thin and broad peaks, as well as
more diffuse regions with no clearly defined peaks. A several-km
gap was observed between the offshore and nearshore chl patches
(Fig. 5i and j); this gap was located between the 40- and 24-m
isobaths on T1 and the 36- and 26-m isobaths on T2 (Fig. 5i–j). The
gap also decreased between T1 and T2, from �3.5 to 2 km. Most of
the thin layers observed in 2005 by Ryan et al. (this issue) were
inshore of the 25-m isobath, or between the 50- and 75-m
isobaths. This apparent thin layer ‘‘dead zone’’ between the 25-
and 50-m isobaths may denote a demarcation between highly
stratified inner-shelf and mid-shelf waters. The topography of the
inner shelf has been shown to strongly affect physical–biological
coupling in northern Monterey Bay (Ryan et al., 2005a). Notably,
over the northern shelf of Monterey Bay, the 50-m isobath is the
approximate location of an inflection point in the across-isobath
seafloor slope steepness. From the 90- to 50-m isobath, the
offshore-to-nearshore seafloor slope increases by nearly an order
of magnitude (from �1.5 to 10.5 m km�1), but from 50- to �15-m
depth, this slope steadily decreases from �10.5 to 2.5 m km�1.
This change in seafloor steepness, while small compared to that
associated with the topography of the nearby submarine canyon,
may influence the location of frontal zones and affect spatial
distributions of phytoplankton (Ryan et al., 2005a).

The gap between the nearshore and offshore patches may have
also been influenced by the internal wave observed by the
thermistor chain at K1 (Fig. 4d). The region at the pycnocline
between the two patches was marked by compressed isopycnals
(Fig. 5i and j). Another gap was observed in the nearshore patch
during T4, and was coincident with the crest in the 24.8st

isopycnal (Fig. 5l). These wave-like perturbations in the isopycnals
may be the signature of an internal wave, however, because the
mean spacing between Acrobat profiles was �300–350 m, the
Acrobat data most likely aliased any internal wave signals.
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4.2. Thin layers and low salinity intrusions

Our results add to a growing body of evidence that phyto-
plankton distributions in Monterey Bay can be strongly coupled to
the presence of low-salinity, offshore waters. In particular, rapid
decreases in salinity have been observed to either precede or
follow large blooms of dinoflagellates (Ryan et al., 2005b, 2009;
Curtiss et al., 2008; Kudela et al., 2008). The reported change in
salinity values during these events ranges from 0.2 (Curtiss et al.,
2008) to 0.8 (Kudela et al., 2008). The presence of large, low-
salinity water masses inside the bay can be a proxy for the
onshore movement of waters associated with the California
Current System (Pennington and Chavez, 2000; Warn-Varnas
et al., 2007; Ryan et al., 2008). In addition, Pennington and Chavez
(2000) report that, over a 7-year time series, waters at the M1
mooring were, on average, warmer and fresher during the fall
months of August–October. This time of year is also when
the majority of large dinoflagellate blooms have been observed
in the bay (Kudela et al., 2005, 2008; Ryan et al., 2005b, 2009;
O’Halloran et al., 2006; Curtiss et al., 2008).

Vertically thin, subsurface intrusions of low-salinity water over
the northern Monterey Bay shelf may be linked to the formation
of thin layers of dinoflagellates. Both the offshore and nearshore
chl patches were associated with a low-salinity intrusion of water.
On 27 and 28 July, surface waters at M1 show a pronounced
decrease in salinity (Fig. 7). This low salinity signature was also
present as a deep intrusion at M0. The influx of fresher water into
the bay interior was most likely caused by the series of short wind
relaxations that occurred between 25 and 28 July (Fig. 3a). By the
time of the survey on 27 July, a low salinity intrusion was
observed at �6-m depth along the Acrobat transects. This low-
salinity feature was also observed in several ORCAS profiles from
K1 (Fig. 4g–j), but not at K2, suggesting that the low-salinity
intrusion was propagating northwestward (along-isobath). A
narrow (�5 m thick) region of northwesterly current flow was
also observed at the pycnocline during flood tide, roughly 3–8 m
below the surface, and may have been linked to the presence of
the low-salinity intrusion (Fig. 4b and c).

Other researchers have reported the co-occurrences of low-
salinity intrusions and thin phytoplankton layers. During an
overnight survey in 2005, Cheriton et al. (2009) observed a thin
layer of chlorophyll at the pycnocline, co-located with a thin
region of low salinity present during ebb tide. Measurements from
a nearby bottom-mounted ADCP resolved the presence of a
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subsurface northwesterly current jet, at or slightly above the
depth of the low-salinity layer (M. Stacey, unpublished data). Also
from LOCO 2005, using data from repeated across-shelf AUV
surveys, Ryan et al. (this issue) found the highest frequency of
layers occurring in mid-shelf waters within a frontal zone
characterized by an intrusion of low-salinity offshore waters.
They consistently observed the most intense phytoplankton layers
in the regions that exhibited the greatest salinity variance. The
low salinity water mass associated with this frontal zone was first
present in the southern part of the bay and then observed to move
northward, with the deepest penetration of the low salinity
intrusion occurring at the northward-leading edge (Ryan et al.,
this issue). This is consistent with our hypothesis that the low-
salinity intrusion observed by the Acrobat and K1 profiler was
propagating northwestward along isobath lines. From the 2006
LOCO experiment, Moline et al. (this issue) collected across-shore
transects in the northern part of the bay using two REMUS AUVs.
The profiles from July 14 reveal the presence of a low-salinity
water mass at the offshore, southern edge of the sampling box,
shoaling from �9 m depth at the offshore end to the surface at the
inshore end (see Fig. 4, Moline et al., this issue). Subsurface,
intense thin chlorophyll layers were observed at the northern
edge of the front between the warm, saline nearshore waters and
the fresher, cooler offshore intrusion.

It is possible that the physical forces governing these low-
salinity intrusions also create conditions conducive to the forma-
tion of thin phytoplankton layers. Ryan et al. (this issue) suggest
that the high chlorophyll concentrations associated with the mid-
shelf frontal zone between nearshore waters and the low-salinity
water mass were most likely driven by in situ growth spurred by
locally enhanced nutrient delivery as well as cell aggregation.
During an 8-h overnight survey using a T-REMUS AUV, Wang and
Goodman (2009) observed a thin chlorophyll layer deepen, cross
isopycnals and settle on a strong turbulence layer. The thin,
northwesterly current feature associated with these low-salinity
intrusions over the northern bight of the bay may produce elevated
levels of current shear, which, in turn, increase nutrient diffusion
rates across density surfaces. These conditions would be favorable
to the in situ growth of phytoplankton and are consistent with
numerous observations of the conditions leading to the formation
of night-time, subsurface dinoflagellate thin layers (Cheriton et al.,
2009; Rines et al., this issue; Ryan et al., this issue; Sullivan et al.,
this issue-a, this issue-b).
4.3. Relationship between chlorophyll patches

Based on the physical and optical characteristics recorded by
the Acrobat, we hypothesize that both the nearshore and offshore
chl patches were comprised of a similar phytoplankton assem-
blage responding to a common set of physical and chemical cues.
Both patches were associated with low-salinity water located at
the pycnocline (Figs. 5e–l and 8). And while the nearshore patch
was in warmer, slightly less-dense water, observations by other
researchers (Moline et al., this issue; Ryan et al., this issue;
Sullivan et al., this issue-a, this issue-b; Wang and Goodman,
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2009) indicate that layers composed of dinoflagellates frequently
cross isopycnals. In addition, both the nearshore and offshore
patches contained similar chl fluorescence and optical back-
scattering signals. During our survey period, the phytoplankton
community in the northern bight of Monterey Bay was excep-
tionally diverse (Rines et al., this issue). Daytime layers in the
upper 5 m were mostly comprised of Alexandrium catanella

dinoflagellates, while deeper populations were dominated by
Chaetoceros spp. diatoms (Rines et al., this issue). While no water
samples could be collected during the Acrobat survey, the high
backscattering signal associated with the nearshore and offshore
patches suggest that these features may have been primarily
composed of smaller cells, such as dinoflagellates (Stramski and
Kiefer, 1991). The T–S properties of the deep patch suggest that it
originated from deep, higher-salinity waters near M0 (Fig. 7).
These distinct physical properties, combined with the low back-
scattering signal recorded within the deep chl patch suggest that
it may have been a separate chl patch associated with a different
water mass, unrelated to the nearshore and offshore patch.
5. Conclusions

A towed-vehicle was used to resolve thin optical layers over
the northern shelf of Monterey Bay. Both thin and broad peaks of
chlorophyll were found within 3 distinct patches: a near-surface
layer, a broad offshore patch, and a deep, near-bottom patch. The
chlorophyll distributions at the pycnocline were associated with a
low-salinity intrusion. Our observations further underscore the
heterogeneous horizontal spatial structure of thin layers and also
add to the increasing evidence that the intrusion of low-salinity,
offshore water may be strongly linked to the formation of thin
phytoplankton layers over the northern shelf of Monterey Bay.
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