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[1] Physical and optical measurements taken over the mud belt on the southern continental
shelf of Monterey Bay, California documented the frequent occurrence of suspended
particulate matter features, the majority of which were detached from the seafloor, centered
9–33 m above the bed. In fall 2011, an automated profiling mooring and fixed
instrumentation, including a thermistor chain and upward-looking acoustic Doppler current
profiler, were deployed at 70 m depth for 5 weeks, and from 12 to 16 October a long-range
autonomous underwater vehicle performed across-shelf transects. Individual SPM events
were uncorrelated with local bed shear stress caused by surface waves and bottom currents.
Nearly half of all observed SPM layers occurred during 1 week of the study, 9–16 October
2011, and were advected past the fixed profiling mooring by the onshore phase of
semidiurnal internal tide bottom currents. At the start of the 9–16 October period, we
observed intense near-bed vertical velocities capable of lifting particulates into the middle
of the water column. This ‘‘updraft’’ event appears to have been associated with nonlinear
adjustment of high-amplitude internal tides over the mid and outer shelf. These findings
suggest that nonlinear internal tidal motions can erode material over the outer shelf and that,
once suspended, this SPM can then be transported shoreward to the middle and shallow
sections of the mud belt. This represents a fundamental broadening of our understanding of
how shelf mud belts may be built up and sustained.

Citation: Cheriton, O. M., E. E. McPhee-Shaw, W. J. Shaw, T. P. Stanton, J. G. Bellingham, and C. D. Storlazzi (2014), Suspended
particulate layers and internal waves over the southern Monterey Bay continental shelf : An important control on shelf mud belts?,
J. Geophys. Res. Oceans, 119, 428–444, doi:10.1002/2013JC009360.

1. Introduction

[2] Continental shelves are known to be important
regions for the recycling of carbon and nutrients. On conti-
nental shelves, particularly those of eastern boundary
upwelling coasts, benthic exchange and the delivery of sea-
floor material into the water column play a crucial role in
ecosystem functioning [e.g., Bruland et al., 2001; Puig
et al., 2001]. Intermediate nepheloid layers (INLs) contain-
ing elevated concentrations of suspended particulate matter

(SPM) have been observed at continental margins world-
wide and are important for the transfer of energy and mate-
rial such as sediment [McCave et al., 2001], nutrients
[N�ed�elec et al., 2007], and organic material [Inthorn et al.,
2006] from the shelf to the open ocean and deep-sea envi-
ronment. INLs have been observed in and around submar-
ine canyons [Gardner, 1989; Durrieu de Madron, 1994;
Ryan et al., 2010; Johnston et al., 2011], over continental
slopes, shelves, and near shelf breaks [Pak et al., 1980;
Dickson and McCave, 1986; Walsh and Nittrouer, 1999;
McCave et al., 2001; McPhee-Shaw et al., 2004; Puig
et al., 2004; Ribo et al., 2013]. The SPM within INLs can
be dispersed across large horizontal scales, delivering sedi-
ment far from its original source, and the lateral sediment
flux within these detached SPM features has been estimated
to exceed vertical settling fluxes of surface particulates,
making them an important means of transporting sediment
from shelves to continental slopes and deeper [Walsh and
Nittrouer, 1999; van Weering et al., 2001; McPhee-Shaw
et al., 2004]. However, these studies tracked INLs in only
the offshore direction from their detachment sites. It
remains unclear whether shelf-depth INLs also play a role
in the overall transport and distribution of material upslope
or onshore from the detachment site. Previous studies also
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did not address temporal or event-scale variability of
benthic-exchange features.

[3] INLs form when the SPM within a bottom nepheloid
layer (BNL) becomes detached from immediate contact
with the seafloor or bottom boundary layer and disperses
laterally along isopycnals. There is increasing evidence that
internal wave interaction with seafloor topography is an
important mechanism for the formation of INLs; this has
been documented by both field [Cacchione and Drake,
1986; Bogucki et al., 1997; Johnson et al., 2001; McPhee-
Shaw et al., 2004; Puig et al., 2004; Moum et al., 2007]
and laboratory studies [Ivey and Nokes, 1989; Taylor,
1993; McPhee-Shaw and Kunze, 2002]. Cacchione and
Drake [1986] were one of the first to describe how the
reflection of internal waves with critical slope regions of
continental margins could result in intensified bottom
velocities that could resuspend surficial seafloor particu-
lates. In addition, both laboratory and field studies have
found evidence that the internal tide may not only cause the
initial detachment of SPM from the seafloor, but also its
subsequent lateral dispersal and along-isopycnal transport
[McPhee-Shaw and Kunze, 2002; Johnston et al., 2011].

[4] Surface wave-induced bed shear stresses are thought
to control the majority of seabed material resuspension on
the shallow shelf [Sternberg and Larsen, 1975]; indeed this
mechanism has been identified as the primary control on
the inshore boundary of fine-grained silts and clays com-
prising midshelf mud belts [George and Hill, 2008].
Enhanced currents near the shelf break and at critical
regions of the shelf may also drive resuspension and trans-
port of these fine particulates [Cacchione and Southard,

1974; Noble and Xu, 2003]. In addition to current-induced
bed shear stress, the vertical velocities associated with the
passage of energetic internal waves may also resuspend
materials near the seabed [Bogucki et al., 1997]. Acoustic
scattering particles on the outer Monterey Bay shelf were
suggested to be associated with the passage of nonlinear
internal waves [Carter et al., 2005]. It remains unknown
whether boundary layer detachment and eventual SPM dis-
persal is primarily controlled by erosion and resuspension
or whether, instead, convergent and advective dynamics in
the water column well above the seafloor are more impor-
tant in generating these features (see review by McPhee-
Shaw [2006]).

[5] Here we present long-term, high-resolution observa-
tions of SPM over the southern Monterey Bay shelf. Obser-
vational objectives were to measure current velocities and
the physical structure of the water column, including high-
frequency internal waves, while simultaneously detecting
and resolving near-bottom SPM features. Our goals were to
(1) observe SPM patterns over the mid to outer shelf, (2)
determine how SPM features vary in space and time, and
(3) evaluate whether these layers are associated with partic-
ular processes such as erosion due to large surface waves or
mixing or advection by internal waves.

2. Study Site

[6] Located on the central California coast, Monterey
Bay is a large, open embayment bisected by the Monterey
Submarine Canyon, which runs east to west through the
middle of the Bay (Figure 1). Local hydrography is
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Figure 1. Map of study site in southern Monterey Bay. The thick black line is the path of the long-
range autonomous underwater vehicle (LRAUV) transects, and the black circle is the site where the
mooring instrument platforms (autonomous profiler, acoustic Doppler current profiler, and thermistor
chain) were deployed. Locations of the NOAA 46042 (square) and CDIP-156 (triangle) buoys are also
shown. Bathymetric contours are in 10 m steps from 0 to 120 m (black contours), and 100 m steps from
200 to 2000 m (gray contours). Also shown is the distribution seafloor sediment of diameter <34 lm
(data originally published in Edwards [2002]), indicating the location of the midshelf mud belt in rela-
tion to our sampling platforms. The inset map shows the location of Monterey Bay along the coast of
California, USA.
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strongly controlled by offshore winds [Breaker and Broen-
kow, 1994]. The predominant northwesterly winds are
strongest after the spring transition and drive the upwelling
of cold, nutrient-rich waters from depth as deep as 300 m
[Rosenfeld et al., 1994]. The relaxation or reversal of this
wind pattern allows warm surface waters to move back in
over the shelf. This study took place between late Septem-
ber and the end of October, a season considered a transition
between the warm, well stratified late summer and fall and
the more energetic winter period of storms and intense but
variable winds [Skogsberg, 1936; Largier et al., 1993;
Pennington and Chavez, 2000].

[7] Energetic internal tides are known to be ubiquitous
features of the shelves of Monterey Bay and the California
coast. Internal tides in the wider Central California region
are often dominated by the semidiurnal M2 constituent
[Petruncio, 1993] but diurnal baroclinic motions dominate
at some times and locations [Woodson et al., 2011]. The
intensity of internal tidal motions is controlled, in part, by
the degree of stratification [Petruncio et al., 1998; Rose-
nfeld et al., 2009; Wang et al., 2009]. Offshore in deep
waters, energetic low-mode internal tides are generated at
the nearby Sur Ridge [Jachec et al., 2006] and propagate
along the continental margin and into Monterey Canyon.
Additional generation, as well as reflection and refraction,
may occur both within the canyon and over the Monterey
Bay shelf. Within the canyon, internal tides are known to
be 10 times more energetic than the open ocean internal
wave field [Kunze et al., 2002], with amplitudes of 50–120
m and associated flows of 0.2–0.6 m s21 [Petruncio et al.,
1998; Rosenfeld et al., 1999; Xu et al., 2002; Kunze et al.,
2012]. The internal wave field over the shelf can include
both onshore and offshore propagation [Carter et al., 2005;
Cazenave et al., 2011] and is characterized by long-
wavelength, low-mode semidiurnal waves, as well as high-
frequency oscillations characteristic of nonlinear internal
bores [Stanton and Ostrovsky, 1998; Key, 1999; Storlazzi
et al., 2003; Cazenave et al., 2011; Woodson et al., 2011;
Walter et al., 2012].

[8] Over the continental shelf, including the Monterey
Bay shelf running northward from the narrow Big Sur
coast, sits a band of fine-grained (diameter <63 mm) sedi-
ment, predominantly made up of silt and clay-sized par-
ticles [Edwards, 2002]. This mud belt is composed of
material delivered into the coastal ocean from rivers during
episodic winter storm events. The Salinas River (Figure 1)
has been identified as the source of the mud-belt sediment
on the southern Monterey Bay shelf, with highly episodic
input driven by winter storms [Edwards, 2002]. On aver-
age, 90% of the annual precipitation for the Salinas River
basin occurs between November and April, during which
time discharge rates can exceed 30 m3 s21, with corre-
sponding sediment loads greater than 1000 metric tons
[Watson, 2003]. However, the Salinas River forms a lagoon
at the coast, and under nonflooding conditions, the lagoon
outflow to the bay is naturally blocked by sand dunes. Only
under occasional flood conditions are these dunes removed
by the local municipalities, so direct sediment flux to the
ocean is rare. Salinas River discharge rates are lowest dur-
ing late summer and fall months, with a negligible mean
discharge rate of <0.2 m3 s21 for September and October
over the years 2000–2013 (U.S. Geological Survey Water

Data for California, http://waterdata.usgs.gov/ca/nwis) and
zero sediment flux to the ocean. A model of near-bed
wave-induced shear stresses for the Monterey Bay shelf
region found that under mean conditions southern shelf
muds are stable from June through September and start to
be mobilized in October [Storlazzi et al., 2007]. Despite
likely seasonal variations in resuspension, gridded grain
size data from two studies conducted in different years
show a seemingly consistent quasicircular patch of mud on
the southern Monterey Bay shelf [Edwards, 2002; Storlazzi
and Reid, 2010]. This patch appears to be approximately
10–15 km in diameter, centered on the 70–80 m isobaths
(Figure 1).

3. Field Experiment and Methods

[9] From 24 September to 27 October 2011, we
deployed a wave-driven autonomous vertical profiler, a
bottom-mounted, upward-looking acoustic Doppler current
profiler (ADCP), and a thermistor chain mooring. All
instrument packages were located within 700 m of each
other near the 70 m isobath on southern Monterey Bay
shelf (Figure 1). The experiment also included a continuous
5 day long series of long-range autonomous underwater
vehicle (LRAUV) transects back and forth across the shelf
between 12 and 17 October.

3.1. Profiling Mooring

[10] An ODIM Brooke Ocean SeaHorse autonomous
profiler was deployed at 70 m depth at 36.7049�N,
121.8700�W (Figure 1). The profiler is wave-powered and
uses a ratchet system controlled by an onboard microproc-
essor to move through the water column. The profiler was
instrumented with a SeaBird SBE-19plus CTD, and a Wet
Labs WetStar fluorometer and CSTAR transmissometer.
These instruments measured, respectively, temperature,
salinity, pressure, chlorophyll-a fluorescence, and 650 nm
wavelength light beam transmittance (beam attenuation
coefficient), all at a rate of 4 Hz. The intake for the flow-
through system was located at the top of the profiling pack-
age and was controlled by a SeaBird SBE-5T pump. The
resting position for the profiler was at the bottom of the
cable, 9 m above bottom (mab; at 60 m depth). At the top
of every hour, the gripper mechanism released and the pro-
filer floated (�0.6 m s21) to the top of the cable 1.5 m
below the surface. Upon reaching the top, the gripper
mechanism reengaged and winched the profiler back down
the line using surface wave energy. Data were collected
during the up-casts. The ascent speed of the profiler and
instrument sampling rate resulted in a vertical resolution of
approximately 15 cm. Over the 5 week deployment period,
the profiler collected 847 profiles. In 21 of these the profiler
did not winch all the way to bottom of the line before start-
ing a new profile. These were the following: 18:00–21:00
on 1 October, 14:00 and 18:00 on 3 October, 7:00 and
8:00 on 15 October, 11:00–15:00 and 19:00–24:00 on 16
October, 19:00 and 20:00 on 18 October. These incom-
plete profiles occurred at times when significant wave
heights were 1 m or less. The mean starting depth for these
shortened profiles was 33.6 m.

[11] Over the 5 week study period, the transmissometer
signal became increasingly fouled due to accumulation of
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material on the optical windows, and the fouling trend was
not linear. We derived corrected beam attenuation values
(c�) by taking each beam attenuation profile and subtracting
the minimum c value of that profile from the other profile
values. The corrected c� is thus the degree of beam attenua-
tion above background. Information lost by this correction
is the relative difference in background attenuation from
profile to profile, and consequently, information about pos-
sible whole-shelf and water-column scale changes in back-
ground light attenuation. However, since we focus on
spatially constrained features and their variability, this was
considered an acceptable trade off. The detrending method
is similar to that used by McPhee-Shaw et al. [2004], where
it was applied to cross-margin transects on a per transect
basis. In that case, corrected values of c were found to have
a good linear fit to measured SPM concentrations (filtered
and weighed from water-column samples), giving confi-
dence in this approach. At the SPM levels found in the
open and coastal ocean, transmissometer beam attenuation
coefficient, c, has been found to be linearly proportional to
SPM concentration [Pak and Zaneveld, 1977]. This has
been determined in studies within the nearby Monterey
Canyon [Xu et al., 2002; Morrice, 2011] and also from
shelf and slope studies on the northern California margin
[Sherwood and Hibler, 1994; McPhee-Shaw et al., 2004].
We thus assume that c� and the mass concentration of SPM
are proportional and use the two terms interchangeably.

3.2. Acoustic Doppler Current Profiler

[12] A Teledyne RD Instruments 300 kHz WorkHorse
Sentinel acoustic Doppler current profiler (ADCP) was
deployed in upward-looking mode approximately 670 m
north of the profiler (36.7108�N, 121.8688�W; Figure 1)
and collected current profiles with 2 m vertical bins every
minute. Each ensemble contained 25 pings, with 2.4 s
between each ping, and a resulting error (from WinSC
planning software) of 61.39 cm s21. The profiles were
averaged into 10 min ensembles, reducing the estimated
error to 6 0.44 cm s21. The ADCP was clamped to a modi-
fied structure also used as the base of a vertical thermistor
chain. This setup resulted in some data loss due to beam
fouling. Of the 34 time gaps due to beam fouling, 21 gaps
were <2 h in duration, 9 were <4 h, 3 were <6 h, and 1
gap was 11 h 16 min (on 12 October). In order to preserve
the tidal-scale components of the flow, all gaps except the
longest one were filled using a spectral method called
Joseph’s scheme [Xu et al., 2002]. A second postprocessing
step involved rotating the ADCP’s x–y–z components into
directional earth coordinates (east-north-up), which was
necessary to correct for compass failure. A Nortek acoustic
Doppler velocimeter (ADV) was attached to the same
frame, so we used the ADV compass readings and the rela-
tive orientations of the two instruments’ x beams to trans-
form the ADCP data from beam to earth coordinates. The
resulting U and V velocity records were also compared to a
4 day long record from an upward-looking RDI 1200 kHz
ADCP (W. Shaw and T. Stanton, 2011 unpublished data)
located approximately 800 m farther inshore. The bottom 6
bins of 300 kHz ADCP velocities correlated well with
those of the 1200 kHz ADCP (mean r was 0.76 and 0.92
for U and V, respectively, with corresponding p values
<<0.005 for U and V, n 5 468 for each depth bin). The U

and V velocity components were rotated to principle axes,
using a <5� rotation. ‘‘Along-shore’’ velocity is essentially
north-south, and ‘‘across-shore’’ velocity is east-west, with
northward and eastward positive, respectively.

3.3. Thermistor Chain

[13] A vertical chain of 14 SeaBird SBE-39 thermistors
measuring temperature every 30 s was attached above the
ADCP frame. Thermistors were spaced 5 m apart from 1.5
to 61.5 mab. The bottom, top, and middle (at 1.5, 31.5, and
61.5 mab, respectively) loggers also measured pressure. An
Onset HOBO U22-001 temperature logger was also
attached to the line at 64.5 mab, and measured temperature
every 2 min.

3.4. Long-Range Autonomous Underwater Vehicle
Surveys

[14] From 9:30 on 12 October to 20:00 on 17 October
the Monterey Bay Aquarium Research Institute’s (MBARI)
‘‘Tethys’’ long-range autonomous underwater vehicle
(LRAUV) performed continuous 17 km across-shelf trans-
ects along a line just to the north of the moorings (Figure 1).
The LRAUV profiled in a ‘‘yo-yo’’ pattern from the surface
to within 3–5 m above the seafloor, collecting measure-
ments of temperature, salinity, and pressure using a Neil
Brown G-CTD, as well as chlorophyll-a concentration and
optical volume scattering at 470 and 650 nm using a WET-
Labs ECO Puck triplet sensor. The vehicle navigated under-
water using a magnetic compass for heading and a
Linkquest Doppler Velocity Log for bottom-relative veloc-
ity, updated by periodic surface GPS fixes. Each transect
was approximately 17 km in horizontal extent and took
5–6 h to complete. The number of profiles completed per
km varied with water depth, but on average the LRAUV
performed 5 profiles km21. The profiling pattern was inter-
rupted periodically when the LRAUV surfaced to telemeter
data and obtain a GPS position update. Due to uncertainties
about the quality of the LRAUV salinity measurements,
temperature was used as the basis for comparisons between
the physical structure resolved by the profiler and LRAUV
data sets. The salinity data from the profiler showed a sim-
ple T-S relationship during the LRAUV surveys and no
large shifts in salinity, so temperature is considered an
adequate representation of the water column physical struc-
ture for the purposes of this study.

3.5. Wind, Waves, Tides, and River Discharge

[15] Hourly wind velocity data were obtained from the
National Oceanic and Atmospheric Administration’s
(NOAA) Monterey buoy (Station 46042; www.ndbc.noaa.
gov), located 27 nautical miles northwest of Monterey
(36.785�N, 122.469�W; Figure 1). Water level height
above the mean was determined by applying a band-pass
filter (10 h< period, T< 28 h) to pressure measurements
from the 300 kHz ADCP. Surface wave parameters were
taken from the Coastal Data Information Program (CDIP)
Monterey Canyon Outer buoy (Buoy 156; cdip.ucsd.edu),
located about 9 km offshore from the study site in 170 m of
water (36.7608�N, 121.9469�W; Figure 1). The daily-
averaged Salinas River discharge rates described in the text
were obtained from the U.S. Geological Survey stream
gauge located approximately 20 km inland from the coast
(Site 11152500, http://waterdata.usgs.gov/nwis).
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3.6. Near-Bed Wave Orbital Velocity and Shear Stress

[16] Maximum wave orbital velocity values, ub, were
estimated using the parametric spectral method described
by Wiberg and Sherwood [2008]. This utilizes standard
wave parameters and the Donelan spectral formulation
method [Donelan et al., 1985] which helps account for
times when the wave parameters are inconsistent with a
simple, unimodal spectral form. Near-bed shear stresses
were estimated from nearest-bed ADCP current velocities
and CDIP buoy directional wave measurements using the
Grant-Madsen model [Madsen, 1994]. In October 2012, a
surface sample of seafloor sediment taken at our study site
was found to be composed of 95.8% fine-grained sediment
with D50 and D25 of 34 and 14 mm, respectively (C. Stor-
lazzi and K. Rosenberger, 2012 unpublished data). Based
on this sample, we used a grain diameter of 34 mm. The
model also requires input of an inner hydraulic roughness
of the bed, zo, a parameter which is controlled by several
factors including the seafloor material, the degree of small-
scale bottom topography (e.g., ripples and biogenic pertur-
bations), as well as flow conditions. Consequently, this
roughness parameter is seldom known precisely [e.g.,
Cheng et al., 1999]. We did not directly measure zo, so we
used a hydraulic roughness value of zo 5 9 3 1025 m,
which was a model-tuned estimate used for the soft, muddy
portion of the Palos Verdes shelf in southern California
[Ferr�e et al., 2010]. Ferr�e et al. [2010] note that this rough-
ness value is lower than those measured for other shelf
environments, but is consistent with a seafloor character-
ized by soft, smooth mud. The critical shear stress thresh-
old, scr, for mobilizing noncohesive sediment was
calculated using the formulation described by Soulsby
[1997]. This gave scr 5 0.08 N m22 for the silt (D 5 34
mm) sediment at our study site, which matches the critical
value used by Dunbar and Barrett [2005] to determine the
threshold for the resuspension of shelf muds.

4. Results

4.1. Hydrographic and Meteorological Conditions

[17] The full record of meteorological and hydrographic
variables is shown in Figure 2. The 5 week study period was
characterized by several periods of sustained upwelling-
favorable (southwestward) winds, interrupted by weakening
or full reversals to downwelling-favorable winds sometimes
lasting up to a few days at a time. The two longest duration
sustained upwelling-favorable wind events were from 5 to
15 October (with a short 18 h wind relaxation on 11 Octo-
ber) and from 19 to 23 October (Figure 2a). The study period
also encompassed several spring-neap tidal cycles (Figure
2b). The first upwelling period coincided with several large
surface swell events, while the second was marked by low
waves (Figure 2c). During each of the two sustained
upwelling-favorable wind events, isotherms and isohalines
over the shelf started shoaling about 1 day after wind onset
and shoaled progressively, rebounding back to full upwelling
and gradually filling the water column from below with
cold, high-salinity water (Figures 2d and 2e) throughout the
remainder of the event. This, combined with warming sur-
face waters, caused an increase in near-surface stratification,
shown (Figure 2f) with the squared Brunt-V€ais€al€a frequency,

N252g=qoðDq=DzÞ, where g is the gravitational accelera-
tion, qo is the mean water density of a given profile, q is the
density at a given depth, z. Under sustained upwelling-
favorable winds, subtidal flow was generally alongshore to
the south (figure not shown). Within about 36 h of a wind
reversal or weakening (such as the wind reversal event seen
on 30 September to 1 October and the event of 15–16 Octo-
ber), warmer, lower-salinity water filled the water column
from above and stratification over the shelf decreased (Fig-
ures 2d–2f). The subtidal flow during these wind shifts was
northwestward. These two significant wind reversal events
were also associated with an intensification of surface
chlorophyll-a extending down to 10–20 m depth at the study
site (Figure 2i).

[18] The mean Salinas River discharge rate during our
study period was �0.9 m3 s21, with the largest river dis-
charges (>1.4 m3 s21) occurring on 13 October and 26–29
October. While these rates are higher than typical monthly
averaged values for September and October (0.2 and
0.1 m3 s21, respectively, for years 2000–2010), these rates
are still low enough that it is unlikely the lagoon outflow
was breached (historically, the sand dunes that block the
river outflow are bulldozed by local municipalities only
under winter flood conditions). For comparison, the mean
discharge for January–May 2011 was �34.0 m3 s21. Thus,
the Salinas River was not a major source of sediment to the
bay during the study period.

4.2. Suspended Particulate Features

[19] Numerous SPM features were observed throughout
the 5 week study period (Figure 2j). These were found pri-
marily in the bottom portion of the water column, typically
at depths >35 m, and were usually not closely associated
or colocated with elevated chlorophyll-a fluorescence. An
intriguing characteristic of the beam attenuation (SPM)
profiles was that, for the majority of profiles, SPM did not
increase with depth, as would be expected from a Rouse-
like profile, where suspended sediment concentration
decreases exponentially with height above the seafloor
[Rouse, 1937; Lynch et al., 1994; Trowbridge and Nowell,
1994]. A more typical Rouse profile may exist within a
boundary layer closer to the seafloor than we could capture
with the profiler’s maximum extent of 9 mab. Nevertheless,
it is counterintuitive and surprising that many of the strong-
est SPM signals had maxima centered well above the sea-
floor (Figure 2j). To identify the location of the SPM
maximum in each profile, as well as the vertical extents of
near-bottom SPM layers, we first smoothed the c� profiles
vertically using a low-pass filter (Figure 3). Then the mini-
mum profile value was identified, and the algorithm
searched for a maximum value below (deeper than) the
minimum and with a value of at least 0.5 m21 (c�). Some-
times maxima were found at the deepest part of the cast
(�20% of all SPM maxima), and we note that in these
cases the actual depth of the layer maximum could have
been beneath the profiler. The upper extent of the SPM
layer was defined as the depth at which the profile inter-
sected a line half way between the minimum and maximum
values (Figure 3). When the profiler captured the lower
extent of the SPM layer, that bottom limit was found in the
same way. Of the 814 hourly profiles, 265 contained identi-
fiable SPM maxima. On average, SPM layers were present
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at the profiler site for 4 h at a time. The profiler collected
casts down to 9 mab; nevertheless, over 75% of the near-
bottom SPM layers had maxima above the bottom of the
profile, indicating that, over the measured depth range,
the majority of the material was concentrated well above the
seafloor. The average height of the c� maxima was 15.8 mab
(51.8 m depth), with the greatest height reaching 33.4 mab.
The vertical extent of the SPM layers above the c� peaks
(i.e., the vertical height of the SPM layer) ranged from <3 to
35 m, with an average upward vertical extent of 9 m. To
emphasize the midwater column nature of these layers,
wherein elevated SPM overlies clear water instead of being
found immediately above the seafloor, we will henceforth
refer to these features as ‘‘detached SPM layers.’’

4.3. Processes Associated With SPM Features

[20] The detached SPM layers exhibited a great deal of
temporal variability. Within the 5 week study period, there

were periods of time when SPM features were absent (e.g.,
30 September to 2 October and 23–26 October; Figure 2j),
followed by periods with numerous SPM events (e.g., 24–
26 September and 9–16 October). Some SPM layers
appeared as stand-alone events, such as the ones on 6 and
20 October, while others appeared as a series of sequential
events separated by mere hours, such as the numerous
layers observed between 9 and 16 October. While the
detached SPM layers occurred under a wide range of condi-
tions, the majority were observed when winds were upwell-
ing favorable, cold, dense bottom waters were present, and
wave heights were >2 m (Figure 2). Why did the SPM
layers appear when they did? Were they associated with
bottom shear stress and resuspension of sediment from the
local seafloor, or were other processes responsible? Which
direction was SPM transported during these events? Here
we address several mechanisms potentially associated with
detached SPM layer formation by contributing either to
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sediment resuspension and injection of suspended particu-
lates up into the water column above the seafloor, or to the
subsequent transport and dispersal of the suspended
particulates.

4.3.1. Bottom Shear Stress From Currents and Waves
[21] First, we examined the relationship between the

detached SPM layer events and frictional bottom shear
stress due to horizontal near-bed currents and orbital
velocities from surface waves (Figure 4) to determine
whether the timing of SPM layers was directly related to
local sediment resuspension events. Current-driven bottom
stress was dominated by tidal-scale variability, likely asso-
ciated with energetic baroclinic tidal velocities, which are
further discussed below. However, current-driven bottom
stress alone almost never exceeded resuspension thresh-
olds. Instead, bottom stress associated with surface wave
orbital velocities dominated, particularly during several
2–3 day long swell events with significant wave heights
over 2 m (28–30 September, 4–7 October, and 13–15 Octo-
ber). Overall, during this 5 week period, combined wave-
current shear stresses were above the critical threshold
(Figure 4) 30% of the time for grain sizes of D 5 34 mm.
This is consistent with previous descriptions of October as
the transition period between the quiescent summer and the
energetic winter season, a time when bed shear stresses
begin to mobilize seafloor sediment [Storlazzi et al., 2007].
High surface waves resulted in stronger bed shear stresses
during the first upwelling period of 6–15 October than
during the second persistent upwelling period of 19–23

October. The 6–15 October period was also when the
majority of detached SPM layers were observed, suggesting
a possible relationship between these features and surface
wave-induced bed shear stress at time scales of several
days. However, when examined more directly at the event-
to-event scale of hours to a day, the relationship is far from
clear. SPM features were seen when bed shear stresses
were supercritical for the threshold of erosion, but detached
SPM layers were also observed when wave heights and bed
shear stresses were low, such as during 26–27 September,
14–16 October, and on 20 October (Figure 4b). Further-
more, there was one 2 day period when wave heights and
associated bottom shear stresses were high but no SPM fea-
tures were observed (28–29 September). Generally, since
bottom stress was dominated by wave orbital velocity
rather than lower-frequency currents, and waves do not
vary at the tidal time scales characterizing the primary var-
iance in detached SPM layers, we can infer only an indirect
relationship between the timing of sediment resuspension
and the timing of these features. The decoupling between
local bed shear stresses and detached SPM layers well
above the seafloor points to a dominant role of advection in
determining the timing of detached SPM layers at this site.
While the resuspension of sediment by surface wave action
may be a first-order requisite for supplying seafloor material
to the water column, once surface wave-induced resuspen-
sion occurs, other processes such as near-bottom currents
appear to then determine how and where this material is
transported.

4.3.2. Energetic Internal Tides
[22] The SPM and current patterns observed during the

week of 9–16 October suggest a strong relationship
between detached SPM layers and onshore transport at tidal
time scales. Near-bottom currents and isotherms both
exhibited strong fluctuations at the semidiurnal frequency
(Figures 5a and 5b). This periodicity was especially strong
in the across-shore (east-west) current component. To show
the temporal variability of the semidiurnal velocity var-
iance, we used the Morlet nonorthogonal wavelet function
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method outlined by Torrence and Compo [1998] to com-
pute the wavelet energy spectrum of the across-shore and
along-shore current velocities at 16 mab (53 m depth; Fig-
ures 5c and 5d). Energy at the semidiurnal frequency in
near-bottom temperature and currents peaked between the

period of 9–11 October (Figures 5c and 5d). This period of
elevated internal tidal kinetic and potential energy coin-
cided with the start of the week-long period (9–16 October)
of particularly intense and repetitive detached SPM layers
(Figures 2j and 6).
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[23] Detached SPM layers during this week-long event
(which also coincided with an upwelling period, as dis-
cussed above) were characterized by a clear relationship
between SPM and the onshore movement of water during
the onshore (at bottom) phase of the semidiurnal internal
tide. This is seen in Figure 6, where the depth and time
range of SPM layers are shaded in gray and can be seen to
be tied to the arrival of cold water and, for the most part,
closely match the time and depth span of the onshore com-
ponent of across-shore velocity.

[24] A series of sequential profiles show the development
of near-bottom onshore flow and the associated thermal
structure and SPM profiles during an example semidiurnal
period on 10 October (Figure 7). Currents were character-
ized by a two-layer, vertical mode-1 structured flow. The
upper water column flowed obliquely onshore and offshore
(southeastward and northwestward) with falling and rising
isopycnals, respectively, while the lower half of the water
column flowed weakly along-shore (southward) during fall-
ing isopycnals and strongly onshore (eastward) with rising
isopycnals. The SPM maxima were roughly associated
with the peak in near-bottom, onshore flow (Figures 6b
and 7). Again we call attention to the fact that SPM max-
ima were located well above the bottom of the profiler cast,
overriding clearer water closer to the seafloor.

4.3.3. A Vertical Updraft Event
[25] On 9 October from approximately 12:00 to 14:00, a

large-amplitude internal wave of depression passed the
study site and caused the pycnocline (�13�C isotherm) to
deepen 14 m in 30 min (Figure 8a). Below the descending
isotherms, offshore-directed bottom currents were vigor-
ous, at >0.3 m s21. This isopycnal depression was then
immediately followed by abrupt shoaling; the 11�C iso-
therm jumped from deeper than 70 up to 56 m depth in

<4 min. The vertical adjustment coincided with a sudden
reversal in bottom currents from offshore to onshore. The
Froude number, a dimensionless value used to characterize
a flow’s resistance to gravitational effects, was calculated
as Fr5ju=cj, where u is the current speed at a given depth
and c is the first baroclinic mode phase speed, approxi-

mated as c51=p
Ð 0
2H NðzÞdz [Chelton et al., 1998]. Fr cal-

culated using the combined thermistor mooring and ADCP
data (Figure 8b) demonstrate unstable conditions associated
with the strong bottom currents (supercritically surpassing
the baroclinic phase speed) compressed into a small space,
and increased stratification from isopycnal sinking and
compression. These results are suggestive of an internal
hydraulic jump or strongly nonlinear conditions. Isopycnal
ascent of over 14 m in 4 min implies vertical velocities of
>0.06 m s21, and such vertical velocities were confirmed
directly by the 2 min ensemble (nonaveraged) ADCP meas-
urements. Positive vertical velocities during the initial
jump reached 0.068 m s21, with a second peak in vertical
velocity of 0.048 m s21 approximately 10 min later, and a
downward velocity between these peaks of only 20.024 m
s21 (Figure 8c).

[26] Such vertical velocities are capable of lifting sus-
pended particulates substantial distances from the seafloor
up into the water column. The Stokes settling velocity
(ws5 gðqs2qf Þ=18l

� �
D2, where qs and qf are the respec-

tive sediment and fluid densities, m is the dynamic viscosity
of seawater, and D is the particle diameter) for the median
size class of observed sediments (D50 5 34 mm) is ws 5 7 3
1024 m s21. Given the flocculation ability of this sediment
size class [van Leussen, 1999], the true settling velocity of
these particles in aggregates could be up to an order of
magnitude larger, �4 3 1023 m s21 [Sternberg et al.,
1999]. Nonetheless, taking the aggregate and the Stokes
settling velocities as approximate upper and lower limits
still gives a range of settling velocities 1 to 2 orders of
magnitude weaker than the peak vertical velocity during
the 9 October event. An upsweep event with a net velocity
(w – ws) of 0.04–0.06 m s21 would lift aggregated fine-
grained sediment to a height of 21–34 mab within 10 min.
We note that in these calculations we assumed a vertical,
not diapycnal, reference frame. The vertical advection
observed during such events could very well be strongly
along-isopycnal, given the intense tilting seen at the same
time in the thermistor mooring record (Figure 8a). The
implication is that such updraft events could play an impor-
tant role in the formation of the detached SPM layers
whose center of mass was on average 16 mab but was
observed as far up as 33 mab. We will return to this in
section 5.

4.4. LRAUV Transects

[27] Although LRAUV transects did not span a long
enough period of time to allow a before-and-after look at
events surrounding the 9–16 October episode of repeated
detached SPM layers, they did overlap with the latter por-
tion of the week of interest, from 12 to 16 October. The fre-
quency of the LRAUV transects was too sparse for these
data to be useful for examining events occurring at subdiur-
nal time scales, such as the energetic internal tides and
updraft event described above that were strongly linked to
the detached SPM layers observed by the profiler.
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Nonetheless, the across-shelf LRAUV transects provide
unique spatial information about the hydrography and SPM
patterns over the shelf. During the 5 days of across-shelf
transects, the LRAUV performed 19 yo-yo profiling runs,
of which 11 are shown in Figure 9, and SPM features,
either near-bottom or detached, were found in all but one
of the transects. These features were observed at all shelf
depths covered by the LRAUV, and ranged in thickness
from several to 10s of m. Most of the SPM features
resolved in the across-shelf transects appeared to be BNLs,
or ‘‘bottom-attached SPM layers’’ (to distinguish them
from the detached SPM layers seen by the profiler). Some
of these features were quite thick, sometimes as thick as
20–30 m (e.g., Figures 9e–9i). SPM patterns across the
shelf could change dramatically over the course of one or
two transects. On the first 13 October transect, thin patches
of SPM were found at a few spots over the shelf (Figure
9c); 24 h later, during the first 14 October transect, a large
SPM layer that extended nearly 30 mab was present
between the 80 and 60 m isobath (Figure 9e). This occurred
roughly one day into a high wave event with intensely ele-
vated bottom shear stresses starting on 13 October (Figures
2c and 4a).

[28] Near-bottom SPM layers seemed to be more com-
mon than detached SPM layers in the LRAUV data. How-
ever, there were several observations of detached SPM
layers, in the form of intrusions suggestive of offshore-

spreading INLs (Figures 9g–9i), as well as detached layers
of SPM overlying clearer water, which may have been dis-
persing in both the offshore and onshore direction (Figure
9i). These detached features (some of which may have
been in the process of detaching) were all found between
the 10 and 11�C isotherms.

5. Discussion

[29] Although surface wave and current-induced bed
shear stresses surpassing erosion thresholds at 70 m depth
may have increased the general likelihood of suspended
particulates in the water column, bottom shear stress was
not a direct predictor of the detached SPM layers that domi-
nated suspended sediment and transport events above 9
mab during the 5 week long experiment. Elevated bed
shear stresses may ‘‘set the stage’’ for these SPM events by
providing sufficient energy to keep the bottom boundary
layer immediately above the seafloor filled with suspended
particulates. Assuming near-bed currents of similar magni-
tude to those we observed at 70 m, moderate surface waves
(significant wave heights >2 m, peak wave periods >10 s)
can produce combined wave-current bed shear stresses that
exceed critical (scr 5 0.08 N m22) at shelf depths as deep
as 100 m. This near-bottom water could then be a steady
source for the elevated particulates seen in the detached
layers higher up in the water column. This interpretation is
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consistent with the across-shelf snapshots provided by the
LRAUV, which show an increase in near-bottom SPM fea-
tures during the period of 13–15 October, when surface
wave heights and associated bottom shear stresses increased
(Figures 2c, 4, and 9d–9g). The detached SPM layers
observed by the profiler also show these features lengthening
in duration during this time period.

5.1. Vertical SPM Distribution

[30] Detached SPM layers centered well above the sea-
floor (16 mab on average) dominated suspended particulate

transport within the depth range measured with the auto-
mated profiling mooring (9 mab to 1.5 m below surface).
These layers were on average centered 16 mab, but maxima
were seen as high as 33 mab. The detached SPM layers were
on average 9 m thick in the vertical. This is thicker than
whatever bottom nepheloid layers may have existed, since
we did not usually see BNLs extending up into the bottom
portions of the profiler record, >9 mab. Elevated SPM con-
centrations over such extensive vertical scales suggest that a
significant contribution to shelf suspended sediment trans-
port may occur within these detached SPM layers.
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[31] There are several possible explanations for why
SPM profiles so often had peaks above the seafloor overly-
ing clearer water instead of SPM continuously increasing
with depth. One possibility is that particulates are lifted
into the 10–30 mab range by strong vertical updraft events
(e.g., Figure 8) as discussed above, but then the above-bed
SPM peaks are focused by sheared lateral advection. Baro-
clinic currents were weakest closer to the seafloor and gen-
erally peaked at the same depth where the SPM peaks were
observed (Figure 7). This interpretation is similar to that of
Inall [2009], who examined upslope movement of detached
boundary dye intrusions and noted that the maximum dye
concentration should be expected to be above the bottom in
the upslope direction since the upslope velocity must tend
to zero at the bed.

[32] Another possibility is that isopycnals associated with
an initial uplift event, and thus with elevated SPM, flatten
out as the leading face of the bore upsurge collapses (Figure
10). This could help distribute SPM along-isopycnal in both
the offshore and onshore directions. Near-bed SPM features
have been observed on the Oregon shelf [Klymak and
Moum, 2003] as well as near the shelf break in southern
Monterey Bay [Carter et al., 2005]; in both cases, the SPM
patterns were associated with nonlinear internal waves
(NLIWs) that appeared to have trapped cores, a wave feature
that arises when water velocities exceed NLIW propagation
speed, and also show above-bed maxima with clearer water
within the core. It is also possible that the observed SPM
profiles arose from vertical convergent fluxes within a profile
of depth-varying vertical diffusivity. Brun-Cottan et al.
[2000] demonstrated numerically how a ‘‘puff’’ of resus-
pended seafloor material originating from a vertical injection
of sediment into the water column would produce a concen-
tration profile with a peak well above the seafloor that
resulted not from baroclinic currents but from simple BBL
shear. Matching our suggestion that the majority of the
observed SPM layers were generated deeper on the shelf, in
Brun-Cottan et al. [2000] simulations, the above-bed SPM

peaks only appear some distance away from the injection
point.

[33] In contrast to the detached SPM layers observed at
the mooring site, the majority of SPM features captured in
the across-shelf LRAUV transects appear to have been
closer to seafloor (Figure 9). This likely reflects the differ-
ent spatial and temporal scales captured by the two instru-
ment platforms. As mentioned before, the majority of
LRAUV transects took approximately 12 h to complete,
thus not only spatially aliasing any patterns moving across-
shelf, but also temporally aliasing any dynamics happening
at, or below, semidiurnal time scales. The duration of each
layer at the profiler was, on average, 4 h, and these layers
were associated with processes such as internal tides and
nonlinear isotherm adjustments, which occurred at a semi-
diurnal period or less. That said, the LRAVU transects give
rise to many remaining questions about the relationship
between the detached and near-bottom SPM layers. Do the
BNLs seen in the across-shelf transects serve as a source
for the onshore-moving detached SPM layers seen by the
profiler? And is this near-bottom SPM controlled primarily
by surface wave stresses on the seafloor, or does injection
of seafloor material by nonlinear baroclinic motions also
contribute? This study provides guidance for future investi-
gations with autonomous underwater vehicles (AUVs). For
example, setting a higher flight angle but constraining the
yo-yo pattern to the bottom half of the water column might
achieve better horizontal resolution of, say, <100 m, to
capture the detached SPM features. AUV paths might be
designed to track the along-shelf extent of these features or
to follow them in a Lagrangian ‘‘feature-capture’’ mode. In
addition, the comparison of the data sets from the moored
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Figure 10. Conceptual schematic showing one possible
mechanism for producing the observed above-bed SPM
layers: (a) the upslope surge of a bottom internal bore with
sharp leading edge causes updraft of seafloor sediment
(stippled shading), and (b) the subsequent collapse and flat-
tening of this front holds the suspended material in a layer
above the seafloor as it disperses laterally along isopycnals.
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Figure 11. A 5 day time series from 13 to 18 October
2011 showing wind forcing and related changes in across-
shelf hydrography as measured by the long-range autono-
mous underwater vehicle (LRAUV). (a) NOAA-buoy wind
velocity showing magnitude and heading direction. (b)
Approximate isobath where 10.0, 10.5, and 11.0�C iso-
therms intersect the shelf. (c) Rate of across-shelf vertical
spreading between the isotherms shown in (b).
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and moving instrument platforms underscores the chal-
lenges of adequately resolving SPM transport across multi-
ple spatial and temporal scales. SPM observations will
need to achieve a repeat time of at least 6 h (the Nyquist
period) to capture these semidiurnal upslope transport
patterns.

5.2. Origin, Transport, and Fate of Detached SPM
Layers on the Shelf

[34] The association between SPM and onshore-moving
colder waters does not necessitate a direct relationship
between SPM and 10–12�C waters. Although not shown,
analyses of regression between temperature-salinity proper-
ties and SPM, both throughout the entire record as well as
within the shorter 9–16 October period, found no water-
mass-to-SPM relationship. In addition, if there had been a
close relationship we would have seen elevated SPM not
only during the upswing (shoaling isotherms and onshore
near-bottom flow) phase of the internal tide, but also during
the falling (deepening isotherms and offshore or downslope
near-bottom flow) phase of the internal tidal currents, after
the coldest waters started to turn around and move back
downslope. Instead, throughout 9–14 October, detached
SPM layers appeared at the mooring only during onshore
currents. Then, between 14 and 16 October, the relationship
between SPM layers and onshore transport became less
clear. This may be due to the increase in wave-induced bed
shear stresses during this period. Internal tides were
weaker, yet the detached SPM layers were present and
occurred over longer durations, possibly indicating that
these layers had a greater horizontal spatial extent during
this period, or that there was simply a greater amount of
SPM within the BBL due to surface wave resuspension.

[35] The updraft event on 9 October (Figure 8) occurred
just 17 min before the first in the 9–16 October series of
SPM layers, whose maximum was centered 17 mab, was
seen at the mooring site. For this SPM layer, we have
shown that the vertical velocities during the updraft event
could easily have lifted suspended particulates (both indi-
vidual and flocs) up to at least 17 mab within this time
frame. We tracked a theoretical particle at the depth of this
SPM peak backward in time using progressive vectors from
the three-dimensional ADCP velocities. We assigned this
‘‘particle’’ a range of sinking velocities, from the Stokes
sinking velocity for 34 lm particles (7 3 1024 m s21) to
the estimated sinking velocity for large flocs (4 3 1023 m
s21) [Sternberg et al., 1999]. These calculations put the ini-
tial generation site within 200 m of the profiler for disag-
gregated particles, and within 500 m of the profiler for
aggregates. This implies that such a vertical pulse, followed
by across-shelf transport in the bottom layer of the mode-1
internal tide, is a plausible conceptual model for the forma-
tion and transport of these features. The idea that intense
and coherent vertical velocity events, such as the ‘‘updraft’’
event described here, could cause convective transport of
SPM on a regular basis represents a new possible pathway
by which sediment and other seafloor material is trans-
ported over the shelf. Most observational studies have
focused on transport within the BBL. Here instead, we pro-
pose a mechanism that might routinely discharge BBL
fluid, along with its load of elevated SPM, up into the mid-
dle reaches of the shelf water column. This could be an

important factor in setting the circumstances leading both
to offshore SPM transport in intrusions (detached INLs)
and to onshore transport within detached SPM features
such as those described here.

[36] The updraft event itself appears to have been an
abrupt isopycnal adjustment, associated with either a
hydraulic jump or a nonlinear internal bore, characterized
by rapid deepening of the middle layers of the water col-
umn and compression of intense currents into a thin layer
above the bottom. NLIWs and hydraulic jumps have been
observed to occur on continental shelves immediately after
critical Froude conditions [Holloway, 1987; Xu et al.,
2011], and, indeed, on 9 October supercritical Fr values
were attained near the seafloor just before the observed ver-
tical updraft event (Figure 8). The larger scale isopycnal
descent before the abrupt transitional jump was itself set by
the longer wavelength semidiurnal internal tide, but
included straining and vertical divergences caused by the
11.0–12.0�C isotherms descending while the upper 12.5–
13.5�C isotherms simultaneously ascended (Figure 8a).
Alternatively, this updraft event may have been caused by
the sharp leading edge of NLIW or bore. In either interpre-
tation, the updraft event was associated with both linear
internal tides (the initial descending isotherms) and with
nonlinear features of internal waves (the abrupt vertical dis-
placement of isopycnals ; Figure 8).

[37] Others have reported similar upsweeps of fine-
grained seafloor particles along severely tilted isopycnals at
the abrupt edge of NLIWs on mid or outer continental
shelves [Bogucki et al., 1997; Johnson et al., 2001; Kly-
mak and Moum, 2003; Moum et al., 2007]. Of particular
relevance are observations from very near our study site,
on the southern Monterey Bay shelf in water depths of 70–
90 m, where Carter et al. [2005] noted acoustic backscatter
pulses extending upward from the seafloor to between 20
and 50 mab. The authors suggested that these features were
caused by steep nonlinear adjustments associated with off-
shore-propagating NLIWs. Although their 120 kHz acous-
tic scattering observations were of much larger particles
than those described here, the upsweep mechanism for par-
ticle injection would work for both categories of particles;
during time scales of 10 of min, neither large nor fine par-
ticles would have the chance to settle very far.

[38] While we cannot know the exact timing of the 9
October SPM layer in relation to the updraft event, since
the SPM profiles were taken hourly, the particle-tracking
model suggests that this first detached SPM layer of the 9–
16 October series was generated locally. Subsequent SPM
layers, however, appear to have been initiated further
upstream, somewhere deeper on the slope. We argue this
for several reasons. First, for the remainder of the 9–16
October period, no further updraft events were observed at
the site. Second, alternating onshore-offshore velocities in
the bottom portion of the water column, characterized by
mode-1 (or two-layered) semidiurnal internal tides, were
the dominant currents advecting the detached SPM layers.
Once in suspension, particles of D 5 34 mm would take
approximately 6–8 h to sink back down to the seafloor
from a height of 15–20 m, while aggregated flocs (D � 250
mm) would settle out within 1–2 h. Assuming the SPM was
not entirely composed of flocculated material, it is probable
that the detached SPM layers were often seen at the
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mooring at least several hours after their initial injection
into the water column. Given the near-bottom current
speeds and these settling time scales, we estimate that the
SPM in these subsequent layers originated from 0.5 to 1.5
km downslope from our study site. However, we note that
smaller particles, such as the 14 mm size category (D25)
that were also observed at our study site and to which trans-
missometers also respond well, could persist in suspension
over multiple back-and-forth tidal excursions.

5.3. Repeated SPM Injection Events and Net Onshore
Transport

[39] The above scaling arguments for particle settling
combined with advective transport suggest that individual
detached SPM layers during the 9–16 October series were
regenerated on each semidiurnal tidal cycle. An alternative
possibility for the 9–16 October series of SPM events is
that one initial event injected particles into the water col-
umn and that these particles then remained at their initial
isopycnal to be advected back and forth past the mooring
site within multiple internal tidal excursions until laterally
dispersed and diluted, or until shelf waters were replaced
by another water mass. The duration of individual detached
SPM layers increased from about 2 to 11 h over the course
of the 9–16 October period. Based on a mean onshore cur-
rent of 0.15 m s21 advecting an SPM layer patch past the
mooring each time it was seen, this expansion in time
would predict a horizontal patch size spreading from about
0.5 out to 7.0 km. A simple scaling for estimating lateral
diffusivity (KH � L2/T, with T 5 7 days and L 5 4000 m)
gives KH 5 20 m2 s21. However, this interpretation is
incompatible with observed net along-coast currents of
0.05–0.10 m s21, which would transport waters approxi-
mately 30–60 km over 7 days, demonstrating the unlikeli-
hood of a water mass occupying the shelf long enough to
undergo back-and-forth tidal advection around the study
site for an entire week. SPM maxima also changed position
slightly in isopycnal space from one event to the next,
which is also incompatible with model of advection of a
single patch.

[40] For these reasons, we argue that during the 9–16
October series of detached SPM layers, SPM injection
likely reoccurred on or before the upslope phase of every
semidiurnal tide. This would introduce new material to the
water column approximately every 12 h, as long as the
appropriate stratification and internal tidal energetics con-
ditions held favorable for both injection and transport, and
there was an ample supply of suspended material within the
bottom boundary layer. This latter condition likely necessi-
tates fairly energetic surface waves (approximately >2 m
significant wave height) within just a day or two of the
events.

5.4. Implications for Continental Shelf Mud Belts

[41] An important implication of the ‘‘repeated injection
events’’ model is that it would result in a substantial
onshore flux of sediment from outer to midshelf depths.
We suggest a conceptual model whereby approximately
every 12 h, during a period of favorable conditions, sea-
floor sediment on the outer shelf was rapidly kicked up into
the mid-depth water column well above the BBL, whence
it was then advected several kilometers onshore, and, sub-

sequently, settled back to the BBL or seafloor. This could
represent an important expansion of our understanding of
how midshelf mud belts are built up and sustained. The
more commonly understood pathway is for sediment to be
resuspended by surface waves at shallower depths, fol-
lowed by net migration offshore to the midshelf. Here we
suggest an additional pathway where erosion and resuspen-
sion occur deeper on the outer shelf and are followed by
shoreward transport toward the middle and shallow sec-
tions of the mud belt. Shoreward transport of SPM was
recently demonstrated in numerical simulations by Bour-
gault et al. [2013], whereby long internal solitary waves
breaking on a uniform shelf resuspended fine-grained sedi-
ment that was subsequently transported shoreward in the
form of boluses. Frequent onshore transport of what may
be ‘‘boluses’’ of suspended material within the cold, dense
water right near the front of an up-surging NLIW could
also lead to enhanced across-shelf flux of SPM due to an
intensification of lateral gradients. The intense lateral gra-
dients formed during upslope-surging nonlinear internal
tides have been shown to cause a net flux of heat away
from [Nam and Send, 2011] and nitrate toward [Lucas
et al., 2011] the inner shelf in the Southern California
Bight. Similar dynamics could apply here, where the push-
ing of sediment laden water upslope into clearer (less tur-
bid) water, and consequent intense SPM gradients across
the front, could cause net shoreward transport of fine
material.

[42] Revealing the pathways by which fine-grained mate-
rial is dispersed over the shelf is critical for understanding
how and to what degree midshelf mud belts drive biologi-
cal processes in the coastal environment. The problem is
complex because, as noted by Palanques and Biscay
[1992], the distribution of mud material on the shelf is
often decoupled from the patterns of SPM in the overlying
water column. The cross-shelf SPM patterns we observed
in the LRAUV transects are another example of this (Fig-
ure 9). In addition to delivery of nutrients, trace metals, and
organic material to the euphotic zone, there is evidence that
the shelf generation sites and transport patterns of SPM are
important determinants in the diversity and density of
benthic organisms on the shelf, possibly even more so than
the shelf substrate type [Puig et al., 2001; Oliver et al.,
2011].

5.5. Wind-Driven Upwelling, Internal Tides, and SPM
Events

[43] A final important finding of this study is that favor-
able conditions for detached SPM layers on the Monterey
midshelf appear to include not only large enough surface
waves for recent seafloor resuspension in the BBL but also,
and of equal importance, energetic internal tides. Under
mean summer hydrographic conditions, the southern Mon-
terey Bay shelf is critical to the M2 internal tide at the shelf
break, as well as directly upslope from the inshore mud belt
boundary (�30–50 m isobaths) [Jachec, 2012]; however,
the inshore critical slope region likely varies depending on
regional hydrography and stratification. It is important to
note that during our study the internal tide exhibited low-
frequency variability that was decoupled from the surface
barotropic tidal energy. Nash et al. [2012] note that internal
tides along continental margins are intractably intertwined
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with a complex interplay of multiple remote mesoscale and
submesoscale processes, making an explanation of the vari-
able strength of the observed internal tide on the shelf
extremely difficult, if not impossible. Though we cannot
predict the timing of strong internal tide forcing, the ability
of energetic internal tides to propagate into Monterey Bay
appears to also be set by wind-driven shifts in stratification
over the shelf. During our 5 week study, the influx of dense
water up onto the shelf provided the stratification necessary
to support energetic two-layered internal tides. Such
intense internal motions could not exist at the depth range
of the study site when the shelf water column was less
stratified and filled with warmer water, such as was seen
after a few days of downwelling-favorable winds (e.g., 2–4
October ; Figures 2d, 2e, 2g, and 2h). We suggest that at
this shelf depth, wind-driven variations in bulk hydro-
graphic conditions over the shelf may be just as important
for sediment transport events as the more commonly con-
sidered surface swell events that erode the seafloor.

[44] In addition, upwelling-relaxation dynamics may
also directly drive some of the SPM patterns over the shelf,
due to the unbalanced responses of the across-shelf density
structure to wind shifts. Using a numerical simulation, Aus-
tin and Lentz [2002] found an unbalanced response in
across-shelf transport under upwelling and relaxation con-
ditions, and they noted that the depth of the pycnocline
may determine the time scales of these responses. In the
across-shelf LRAUV transects, we observed evidence of
convergence and divergence in the shelf isotherms coincid-
ing with the development and detachment of an INL near
the 40 m isobath. The transect series from 15 to 16 October
show an SPM layer between the 10.0 and 11.0�C isotherms
detaching from the continental shelf and spreading seaward
(Figures 9g– 9j). A distinct lift-off of the layer was cap-
tured at approximately 2:20 on 15 October (Figure 9g) at a
depth of about 40 m. Clear water can be seen beneath the
feature. A strong convergence between the 10.0 and 10.5�C
isotherms occurred between this transect and the one prior
(Figure 11c); this convergence was caused by a run-up of
the 10.0�C isotherm from shelf depths deeper than 60 m to
nearly 30 m (Figures 9 and 11). By approximately 19:00
on 15 October, the INL had spread approximately 2.7 km
offshore (westward). The stretching and straining caused
by the down-slope movement of warmer, nearshore waters
in response to the wind reversal may have caused a flux
convergence of SPM, causing the material to spread along-
isopycnal, offshore from the shelf. This suggests that the
unbalanced water column response to wind relaxations
may drive compression and extension between isotherms
that, in turn, can cause suspended material near the seabed
to be ‘‘pinched off’’ into an INL that then dispersed later-
ally offshore. This would represent another possible trans-
port mechanism for SPM on the shelf.
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