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Observing and Modelling Suspended
Sediment Transport Over Ripples in
Combined Wave-Current Flow
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Paul S Bell1 (++441516538633; psb@pol.ac.uk)

1Proudman Oceanographic Laboratory, Bidston Ob-
servatory, Bidston Hill, Prenton CH43 7RA, United
Kingdom

Detailed measurements of hydrodynamic conditions,
bedforms and suspended sediments have been obtained
using the multi-sensor PIP (POL Instrument Package)
deployed from a small jack-up barge in a small tidal
inlet in Portugal. Detailed measurements of bed mor-
phology, turbulence and suspended sediment obtained
over highly mobile bedforms are used to investigate ver-
tical flow structure and the processes of sediment en-
trainment and bedform migration in combined wave-
current flows. Comparisons are made between mea-
sured rates of sediment transport and a number of ex-
isting sediment transport expressions frequently used
in marine applications. Based upon the present data,
a new semi-empirical model of has been developed that
simulates the measured instantaneous re-suspension
events and time-average suspended sediment concen-
tration profiles. Together the field observations and
the numerical model contribute to the understanding
of the physical mechanisms driving sediment transport
in the marine environment.
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A statistical average of the continuity equation for
suspended sediments leads to a simple balance between
upward turbulent diffusion and gravitational settling.
This result has formed the basis of sediment transport
studies for nearly a century and, with an appropri-
ate turbulent closure scheme, it is routinely used to
model vertical distributions. Despite its widespread
use, it is almost never evaluated, unlike the momen-
tum equation, to determine the conditions for which
the simple balance holds. The present study focuses
on a depth-integrated form of the mass-balance equa-
tion in the context of predicting suspended sand con-
centrations over ripples in a wave-dominated continen-
tal shelf environment. The results indicate that for
two widely used eddy diffusivity closures the depth-
integrated sediment concentration is strongly corre-
lated with the turbulent sediment flux. The results
show further that the balance holds for heights above
the predicted wave boundary layer thickness only when
the closure scheme is formulated in terms of the com-
bined stress. This has implications for modeling sed-
iment transport in wave-dominated environments over
ripples, in which the present state-of-the-art bottom
boundary layer models may be significantly under pre-
dicting the spatially averaged thickness of the wave
boundary layer.
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The present contribution is motivated by the desire
to elucidate the processes that contributed to the evo-
lution of observed thermal structure and resuspension
of particulate matter during and after the passages of
two hurricanes, Edouard and Hortense, within a two
week period in late-summer 1996. A unique set of high
temporal frequency measurements of the vertical struc-
tures of physical and optical properties was obtained
at a mooring site near the Middle Atlantic Bight con-
tinental shelf-break (70 m water depth). These data
provided insight and initial conditions for the physi-
cal model used for this study. The model accounted
for wind and bottom current generated turbulence, sur-
face waves, wave-current interactions, tides, and depth-
dependent density driven circulation. We find that
the most important process controlling the thermal wa-
ter column structure during and following the passage
of Hurricane Edouard was the wind stirring. Differ-
ences between the model results and the observations of
thermal structure may have been caused by advection,
which is not included in this one-dimensional model.
There is also clear evidence of internal tides in the ob-
servations, whereas the model could not reproduce this
effect. A suspended particulate matter (SPM) model
is included as a module of the physical model to ex-
amine sediment resuspension processes. It is concluded
that wave-current bottom shear stress was clearly the
most important process for sediment resuspension dur-
ing and following both hurricanes. Discrepancies be-
tween modelled and observed SPM are attributed to
the presence of biological material in the surface wa-
ters and changes in sediment properties (flocculation
and de-flocculation) during and following the passages
of the hurricanes.
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Distribution and Zooplankton
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During summer of 1997 and 1998 we measured sta-
bility in the upper water column (rate of change in
sigma -t in upper 20 m), fluorescence profiles, and
abundance of herbivorous and carnivorous zooplankton
in four study areas of Prince William Sound (PWS).
In 1998 the upper water column was more stable than
in 1997. Stability also differed among areas, with the
same pattern both years, probably due to consistent
sources of fresh water around PWS. Mean depth of the
chlorophyll maximum (DCM) was shallower in 1998,
and areas with higher stability had shallower DCM.
Herbivorous zooplankton were more abundant in 1998,
and occurred in higher numbers where DCM was shal-
lower. Abundance of carnivorous zooplankton was un-
related to numbers of herbivores. These relationships
suggest that increased stability during summer in the
northern Gulf of Alaska leads to higher production
of zooplankton, as proposed in the Optimal Stabil-
ity Hypothesis. There are indications that variation
in the planktonic ecosystem propagated through the
food web, affecting planktivorous fishes and piscivorous
seabirds.
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We present a synoptic summary of chlorophyll vari-
ability on seasonal and interannual timescales for the
Gulf of Alaska (GOA) as observed in four years (1997-
2001) of SeaWiFS ocean color data. Low light levels
and/or cloud during November January prevent exam-
ination of winter patterns. EOF analysis of the clima-
tological annual cycle shows a dominant pattern (88%)
of shelf-intensified chlorophyll (a factor of 3 or more)
around the entire basin with peaks in May and again
(but more weakly) in August and September. The sec-
ond and third modes (4 and 2%) capture April-June
chlorophyll peaks on the shelf and most importantly,
patterns strongly related to bathymetry (the 500m iso-
bath) west of Kayak Island (144W). Interannual vari-
ability is examined using an EOF decomposition of the
48 month time series. A gulf-wide amplification (mode
1, 77%) of the annual cycle occurred during 1999 and
2000. The second and third modes (4 and 3%) show
chlorophyll peaks obviously linked to bathymetry in
the western GOA and a more diffuse enhancement on
and off the shelf in the eastern GOA during April-May
of 1999-2000. Cross-shelf chlorophyll variability (0-400
km offshore) is more closely examined in five locations
relevant to ongoing GLOBEC research. Chlorophyll is
typically shelf-intensified and decays offshore, but be-
comes strongly enhanced over the shelf break in the
western GOA (off Seward and Kodiak Island). During
1999 and 2000 the spring blooms extended farther off-
shelf in all locations and were enhanced by a factor of 3
over spring 1998. A portion of the observed variability
results from recurring eddies (100-300 km scales) evi-
dent in the imagery immediately seaward of the 500m
isobath west of 144W. Results are examined in relation
to the annual cycle of wind forcing, gyre-scale circula-
tion and larger scale signals emanating from the North-
east Pacific and ENSO.
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The results from four years of sampling under the
Long-Term Observation Program (LTOP) in Gulf of
Alaska GLOBEC, combined with measurements from
a biophysical mooring in the North Pacific Marine Re-
search (NPMR) program show a complex and highly
variable water circulation pattern that greatly affects
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the chemical and biological patterns of this highly pro-
ductive down-welling coastal ecosystem. Six or seven
sampling cruises each year at approximately monthly
intervals plus data from biophysical moorings indicate
that mesoscale variability dominates the distribution
of properties and organisms. Seasonal and interan-
nual variations have also been observed in the water
properties and organisms that could be related to large
scale processes such climate variability, precipitation
patterns and unusual weather patterns.
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Observations of a new Circulation Feature on the
Gulf of Alaska Shelf: The Seward Eddy

A biophysical mooring was deployed for one year
beginning March 2000 at 200 m depth, 60 km from
shore along the Seward Line on the shelf in the Gulf of
Alaska. The mooring included measurements of full wa-
ter column velocities from ADCPs, temperature, salin-
ity, nitrate, fluorescence, transmissivity, and PAR. The
results show that abrupt changes in upper water col-
umn salinity, temperature, fluorescence and nitrate are
due to advection of two kinds of water masses within
the Alaska Coastal Current (ACC): one that has passed
through Prince William Sound (PWSCC) and one that
has bypassed Prince William Sound by flowing seaward
of Montague Island (MICC). The PWSCC water has
low salinity and nitrate and high fluorescence and the
MICC has the opposite characteristics. The ACC near
Seward organizes into the cyclonic Seward Eddy due to
interaction with a bathymetric ridge just west of Se-
ward. Satellite images of chlorophyll support the high
fluorescence in the ACC and its recirculation in the Se-
ward Eddy. The mean barotropic current over the year
was 1.6 cm/s, 306, which is orthogonal to the coastline,
but parallel to the bottom topography.

URL: http://blackburn.ims.uaf.edu:8000/˜musgrave/
SewardEddy
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Haida Eddies are anti-cyclonic features that form
in winter along the eastern continental margin of the
Gulf of Alaska, west of the Canadian Queen Charlotte
Islands. Their number and size vary with winter sea
levels, currents and temperatures along the coast. Ex-
treme El Nino winters, with warmer waters and higher
sea levels, generally set up bigger eddies that carry
more coastal water into the Gulf of Alaska. We describe
physical processes that set up eddies and examine their
offshore transport of heat, nutrients and larvae.

The largest eddy observed to date, Haida-1998, car-
ried offshore about 5,000 cubic kilometers of coastal
water, a volume comparable to that of Queen Charlotte
Sound and Hecate Strait combined. These two seas are
the main source basins for eddies. The offshore heat
flux by this eddy may be one-quarter to one-half the
northward heat transported along the Canadian conti-
nental margin west of Vancouver Island during the win-
ter of 1997/98. Offshore eddy heat flux in other years
may be a similar fraction of northward flux. Through
its natal summer, Haida-1998 lost nitrate from core wa-
ters at 3 times the rate we have historically observed
in the Gulf of Alaska (at stations P16 or Papa.) Ni-
trate supports new production, which is the portion of
primary production that results in biomass increases.

Eddies may also carry Pacific cod larvae offshore
in winter, away from spawning and rearing grounds in
Hecate Strait. We investigate this hypothesis by using
winter, pressure-adjusted sea level at Prince Rupert,
in northern British Columbia, as a proxy for offshore
transport of Hecate Strait waters in winter. Pacific cod

are recruited into fisheries at age three. Correlation be-
tween fisheries catch and winter adjusted sea levels at
-3 years are consistently high over 40 years of data, and
provide good support for this hypothesis.
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Large numbers of wild and hatchery juvenile pink
salmon enter coastal waters of the northern Gulf of
Alaska every summer. To assess the effects of their
planktivory, we describe seasonal changes in juvenile
pink salmon diet in their first six months of ocean res-
idence in 1998, and estimate their consumption of zoo-
plankton in PWS using a bioenergetics model. There
was a trend of increasing prey sizes consumed over the
four sampling periods. Pink salmon in PWS (July)
generally consumed small prey items, such as gas-
tropods, cladocerans, small calanoid copepods, and bi-
valves along with some large prey items, large calanoid
copepods and larvaceans. In August, juvenile pink
salmon sampled in the GOA were consuming fewer
small prey items and most of their prey biomass con-
sisted of pteropods (Limacina sp.), larvaceans, hyper-
iid amphipods, and euphausiids. Prey items consumed
by fish sampled in October were larger. The prey
items that comprised the largest biomass were large
pteropods (Clio sp.), large hyperiid amphipods, eu-
phausiids, crab megalopae, and fish. During their res-
idence in PWS, the 1998 cohort of pink salmon was
estimated to consume less than 1% of the zooplankton
production, but potentially a large proportion of the
available standing stock of their prey.
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Growth and molting rates for copepodites of Neo-
calanus species were estimated monthly in coastal and
offshore waters of the northern Gulf of Alaska during
2001. Incubations of 4 or 5 days duration were exe-
cuted in waters from 5 to 10◦C employing both sin-
gle ‘picked’ stages and artificial cohorts. Both meth-
ods appeared to yield similar data on molting rates
and growth increment. For N. flemingeri, duration of
the first 4 copepodite stages appears similar, approx-
imately 10 days at 5-6◦C. Corresponding growth rate
appears to decline with stage, from approximately 0.13
to 0.07 per day. Animals that molted were often smaller
at stage than animals freshly collected, possibly due to
increased temperature during incubation, reduced food
concentration, or damage during collection/handling.
Ongoing research will quantify the relationship to, and
impact of, these factors on stage duration and growth
rate.
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Shelf circulation in the northern Coastal Gulf of
Alaska (CGOA) is driven by wind and runoff patterns
with pronounced seasonal and interannual variability.
Mean winds are downwelling-favorable, yet the shelf
is highly productive. New Eulerian and Lagrangian
datasets emerging from GLOBEC field work have clar-
ified several aspects of the spatial and temporal struc-
ture of the circulation. Complementing these efforts,
a new primitive-equation circulation model, spanning
the west coast of North America from Baja Califor-
nia through the Bering Sea at 10 km resolution, is
being used to investigate the covariance of circulation
and biology across a broad range of spatial scales for
GLOBEC. The new datasets include 13 moorings and
40 satellite-tracked drifters deployed in May-September
2001. Observed features from Eulerian data collected
thus far include: spatial decorrelation scales less than
10 km, episodic freshwater events nearshore, episodic
onshelf intrusions of warm saline water, and moder-
ate upwelling events in the summer. The drifter paths
were generally disorganized in the summer, becom-
ing more coherent after intensification of the Alaska
Coastal Current in September. Here we compare the
observed patterns and coherence scales of salinity, tem-
perature, and currents with corresponding model out-
put, and suggest possible sources of nutrients for this
highly productive, yet typically downwelling, continen-
tal shelf.
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It has been hypothesized that ocean survival of
salmon is determined primarily by survival of juve-
nile salmon in coastal regions, and is affected by in-
terannual and interdecadal changes in physical forc-
ing in the Gulf of Alaska (US GLOBEC, 1996). The
link between physical forcing and salmon survival is
through the lower trophic levels: nutrient supply, phy-
toplankton and zooplankton production. To assist in-
terpretation of the observational data gathered under
the GLOBEC program we have developed a ecosystem
model for the Coastal Gulf of Alaska. Through the-
oretical modeling studies this model has provided an
insight into bio-physical interactions. Due to the im-
portance of microzooplankton grazers in the Gulf of
Alaska, the model of the lower trophic levels includes
both small and large phytoplankton, macro and micro-
zooplankton, nitrate and ammonium. By forcing bio-
logical models with some prescribed physical data re-
searchers attempt to simulate ocean productivity. How-
ever, a formal analysis of the stability of the biological
model in the absence of physical forcing is an essential
prerequisite in order to gain a more complete under-
standing of the models fundamental dynamics. Such
analysis is seldom performed, but contributes greatly
to understanding the model dynamics that occur when
biological models are coupled to physical models. Here
we present the results of a formal stability analysis for
our six component biological model developed for the
Coastal Gulf of Alaska.
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Exchange of both intermediate (100-200m) and deep
(> 200m) water between the Gulf of Alaska (GOA) and
Prince William Sound (PWS) occurs annually at Hinch-
inbrook Entrance (HE) from late spring to early fall.
The Sound is considered to be a large fjord complex
with basin depths ranging from 300 to nearly 900m and
it is silled at HE due to the 180m depth of the Conti-
nental Shelf. Therefore, annual exchange of GOA wa-
ter may play a vital role in the influx of both nutrients
and large zooplankton species that provide a prey base
for pelagic fish and sea-birds. Some exchange between
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the GOA and PWS may also occur at Montague Strait.
However, due to the shallower depths over the Conti-
nental Shelf in this region it is less likely to occur there.
Although the frequency and magnitude of deep water
exchange vary from year to year, past measurements of
currents at HE indicate that a complete flushing of the
bottom water (> 250m) can occur within one months
time due to intrusions from the GOA. Broad-scale ad-
vection of GOA water around PWS has also been in-
ferred from stable isotope data (del 13C).

Although surface water from the GOA could poten-
tially reach many fjords in PWS, hydrographic data
collected from 1994 to 1997 indicate that deep water
intrusions potentially reach only basins that lack en-
trance sills. Deep advection into these fjords was ev-
ident from increases in both temperature and salin-
ity (hence density) at intermediate depths (100-300 m)
from late spring to early fall that were correlated with
similar temporal changes in the deep T/S properties
of +1 to 2 (C and psu) within nearby passes. The
changes in deep density within the smaller fjords indi-
cated that deep water exchange is potentially linked to
large scale circulation processes in PWS. In contrast,
fjords with intermediate to shallow depth sills exhib-
ited either very minor changes or none at all in deep
T/S properties during the same time period. Exchange
within these basins appears to occur in the late winter,
similar to renewal of the deep water within Unakwik
Inlet and other shallow silled fjords around the GOA.
This renewal process prevents stagnation and anoxic
conditions from developing within the inner basins of
all shallow-silled fjords in PWS. Also, the seasonal vari-
ation in the timing of deep advection among fjords in
conjunction with differences in freshwater content may
influence the species composition of zooplankton avail-
able to juvenile fish within these nursery habitats; in
particular Calenoid copepods and other oceanic holo-
plankton species.
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The distribution and abundance of zooplankton and
fish have been monitored for several years in Prince
William Sound, first through the efforts of the Sound
Ecosystem Assessment (SEA) program (1994-98), and
more recently as part of the Nowcast/Forecast In-
formation System (NFIS) program of the Oil Spill
Recovery Institute (OSRI). The SEA program doc-
umented the importance of large-bodied copepods,
mainly Neocalanus, as prey, and walleye pollock (Ther-
agra chalcogramma) and Pacific herring (Clupea pal-
lasi) as the numerically most abundant competitors and
predators of juvenile pink salmon in the early spring.
We conducted eight acoustical- net sampling surveys in
the Sound during the spring bloom periods of 2000-01
to document the physical and biological conditions in
the Sound that influence juvenile pink salmon growth
and survival. A five-fold difference in zooplankton
biomass was observed between the two years. Dense
schools of herring were observed to reduce nearby zoo-
plankton abundance, but in general fish abundance in
the zooplankton layer was low. It appears possible to
explain the spatial distributions from the deep-water
sources of Neocalanus combined with physical features.
However, more information is needed to understand the
substantial interannual differences.
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During 1995-99, the abundance and community
structure of zooplankton on the southeast Bering Sea
Shelf reflected interannual variability in climate con-
ditions. We examined the interactions of an inver-
tebrate predator, the chaetognath Sagitta elegans, and
its copepod prey, by comparing chaetognath and cope-
pod abundances during 1995-1999, and evaluating ef-
fects of chaetognath predation on copepods during

spring of 1995 and 1997. The percent of prey standing
stock consumed was estimated from ambient chaetog-
nath and prey concentrations, gut content analysis, and
experimentally-determined digestion rates. Chaetog-
naths consumed a range of prey sizes that encompassed
all local copepod species and stages. The mean feeding

rate was 0.7 prey chaetognath−1 day−1, and the cope-
pod standing stock removed daily was more than 0.4%.
The most frequently consumed prey types were the
copepods Calanus marshallae and Pseudocalanus spp. Pseu-
docalanus abundances were relatively low in cool years,
while spring C. marshallae abundances appeared to be re-
lated to the timing of the spring phytoplankton bloom,
which was influenced by ice cover. Chaetognath con-
centrations did not covary with climate indices, but in-
creased from 1995-99. C. marshallae generally produces
only one generation a year, and is more vulnerable to
cumulative predation effects than Pseudocalanus, which
has multiple generations within a year. In 1997, an
average spring in terms of temperature and ice, when
copepod abundances were low and chaetognath abun-
dances were high, predation effects were much greater
than in 1995, a cold year in which chaetognath abun-
dances were relatively low and copepod abundances
high. Low abundances of C. marshallae in 1997 may
have resulted in part from heavy predation by chaetog-
naths.
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Many studies have focused on interpreting the
record of biological productivity in the oceans using a
variety of chemical and sedimentological tracers pre-
served in marine sediments. Murray et al. (1993)
and Murray and Leinen (1996) showed that changes
in Al/Ti in bulk carbonate sediment from the equa-
torial Pacific coincide with changes in the bulk accu-
mulation rate, and proposed that the high ratios (∼3
times higher than average shale values) are caused by
scavenging of dissoloved Al. Because the excess Al com-
ponent accounts for up to 50% of the total sedimentary
Al, the Al/Ti may be a sensitive tracer of particle flux
and/or export production. As interest in this poten-
tial tracer evolved (i.e. Dymond et al., 1997; Banakar
et al., 1998; Timothy and Calvert, 1998), the question
progressed from Does it occur? to What is it record-
ing? To address this question, we performed sequen-
tial extractions targeting the chemical signatures of
the loosely-bound, carbonate, oxide, organic, opal, and
residual fraction of surface samples along the JGOFS
cross-Equator transect at 140W, and from downcore
samples at critical glacial/interglacial intervals. While
Al was detected in all extracts, Ti was only detected
in extracts of the oxide, organic, opal, and residual
phases. The greatest percent of Al (in samples with
>75% CaCO3) was tied to the oxide (∼30-70%) and
organic fractions (∼5-40%). Only 10% of the Al was
associated with the opal phase and 20% with the resid-
ual phase. The results for Ti indicate that between
30-70% of the Ti in high-carbonate samples is in the
organic phase, 2-8% is in the opal phase, and 20-30%
is in the residual phase. All of the Ti in low-carbonate,
high-terrigenous samples is associated with the resid-
ual fraction. Although the percentages of Al and Ti
in the opal phases are lower than in other phases, the
correlation between Al and Ti is strongest (r2=0.97) in
this phase. The Al/Ti of the total excess components
shows an equatorial maximum not only confirming the
importance of the excess phases, but also highlighting
the possible role of an excess Ti component in the sys-
tem.
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We present a new geochemical proxy for determi-
nation of past changes in organic carbon (C-org) oxi-
dation rates (C-ox) on the sea floor. The method em-

ploys the δ13C of two co-existing benthic foraminifers;
Bolivina argentea, a near-surface dwelling species and
Buliminella tenuata, a species that calcifies at between
4 and 6 mm below the sediment-water interface in sub-
oxic, laminated sediments in the North Pacific. The

δ13C values of their tests accurately record pore water

δ13C values at their respective habitat depths. Paired
analyses of these two species allows us to reconstruct

the magnitude of the pore water δ13C gradient from
sediment samples representing near annual resolution
for the past few hundred years. Because the pore water
isotopic gradient is directly proportional to the TCO2
pore water gradient, it is possible to relate the magni-

tude of the δ13C gradient to values of C-ox. On the
sea floor of Santa Monica Basin, C-ox has fluctuated

between 0.6 - 2.5 mmmolC m−2 d−1 and generally in-
creased from 1600 to 1980 AD. Between 1920-1970, C-

ox increased from 1 to 2 mmmolC m−2 d−1 and then
decreased into the 1980’s. By adding C-ox to a high
resolution record of C-org burial rate we have derived
the pattern of C-org rain to the sea floor; it fluctuated

between 3 and 4 mmolC m−2 d−1 over the last 80
years. Estimates of primary productivity at this loca-
tion for the past 80 years reconstructed from SST mea-
surements are compared to our estimates of C-org rain
derived from the isotopic proxy measurements. The ra-
tio of C-org rain at 900m to primary carbon produc-
tion has remained constant at 10±1% despite a 40%
change in mean annual primary productivity. Of the
10% of the carbon reaching the sea floor in Santa Mon-
ica Basin ∼50% accumulates as buried organic carbon.
However, there is a trend toward lower burial efficiency
with higher productivity and rain rate.
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The emerging mismatch between satellite-derived
surface water productivity and benthic fluxes high-
lights the current lack of understanding of the contri-
bution of sub-surface production to export flux. Al-
though oceanographic sampling with closing nets em-
ployed as early as the 1898-1899 Valdivia cruise led to
suggestions of the existence of a shade flora, very few
experiments have targeted subsurface phytoplankton.
Recent SEM-led research on laminated diatomaceous
sediments from a wide range of deep-sea and marginal
settings has focussed on a species-based interpretation
of the annual cycle of diatom production and export.
Reinforced by examination of selected sediment trap
data, these studies demonstrate that a number of di-
atom species, hitherto regarded as a typical sparse flora
of oligotrophic settings are capable of major carbon ex-
port forming organic-carbon rich sediments such as the
Mediterranean sapropels (1,2). The styles of produc-
tion and mechanisms of export undergone by these di-
atoms contrast with the received spring bloom or up-
welling scenario. Rather, these diatoms appear to have
a number of adaptations which allow them to exploit
a deep nutrient source including a) the adaptation to
grow rapidly in low light conditions; b) the ability


