
Introduction to special section: Coastal Advances in Shelf Transport

J. A. Barth and P. A. Wheeler
College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, Oregon, USA

Received 24 June 2005; accepted 25 July 2005; published 25 October 2005.

[1] The Coastal Ocean Advances in Shelf Transport (COAST) program conducted an
interdisciplinary study of coastal upwelling off central Oregon during summer 2001.
Two intensive field efforts during May–June and August 2001 were coordinated with
ocean circulation, ecosystem, and atmospheric modeling of the region. A primary
goal was to contrast the coastal ocean response to wind forcing in a region of relatively
simple alongshore bottom topography versus that associated with a substantial submarine
bank. In this overview we provide background motivation for the COAST project
and summarize the major research findings.
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1. Introduction and Background

[2] Wind-driven coastal upwelling in regions with rela-
tively uniform alongshore bottom topography and a straight
coastline has been extensively studied. For example, off
central Oregon the mean wind forcing is southward during
summer (upwelling favorable), becoming so after a spring
transition [Huyer et al., 1979]. The southward wind drives
an offshore surface Ekman layer flux which is balanced by
upwelling of subsurface water near the coast. Isopycnals
rise to the ocean surface and form a front between recently
upwelled, cold, nutrient-rich water inshore and oceanic
water offshore [Halpern, 1976; Mooers et al., 1976]. The
upwelling front moves offshore with continued wind forc-
ing and is often found near the midshelf. Accompanying the
strong cross-shelf density gradient across the front is a
vertically sheared, southward upwelling jet [Mooers et al.,
1976]. Off central Oregon, the core of the upwelling jet is
found at mid shelf (80–100 m water depth) with summer-
time average near-surface speed of 0.35 m s�1 and veloc-
ities in individual events in excess of 0.8 m s�1 [Huyer et
al., 1978]. Variations in the alongshelf flow are correlated
for long distances (�80 km) in the alongshore direction
[Kundu and Allen, 1976]. The observed offshore surface
transport is roughly equal to the theoretical wind-driven
Ekman transport if account is taken for the wind-driven
momentum penetrating below the surface mixed layer
[Lentz, 1992]. For a typical 20 knot southward alongshore
wind, the offshore Ekman transport distributed over a 30-m-
deep layer results in a 0.06 m s�1 flow. The compensatory
onshore flow off Oregon is found primarily in the interior of
the water column [Smith, 1981] as can be inferred because
large Burger number flows (i.e., strong stratification) tend to
suppress transport in the bottom boundary layer [Lentz and
Chapman, 2004].

[3] The coastal ocean off Oregon is strongly wind driven,
so any investigation of the coastal ecosystem in that region
must start with a fundamental understanding of the wind
forcing. Perlin et al. [2004] use measurements from the
SeaWinds scatterometer on NASA’s Quick Scatterometer
(QuikSCAT) and meteorological buoys, and output from
several atmospheric models to characterize the surface wind
stress field off Oregon and northern California during the
summers (June–September) of 2000 and 2001. For the
Heceta Bank region in central Oregon they find mean
southward wind stress of 0.05 N m�2 (�10 knot wind
speed), consistent with previous studies in this region [e.g.,
Samelson et al., 2002]. Both Perlin et al. [2004] and
Samelson et al. [2002] find a southward increase of the
southward mean wind stress along central Oregon, but little
mean wind stress curl in the offshore region, relative to that
associated with the orographically modified flow south of
Cape Blanco, OR (43�N). These studies also demonstrated
that the summer mean diurnal cycle of wind stress at NDBC
buoy 46050 off Newport (Figure 1) has an amplitude of
about 0.02 N m�2, with maximum southward alongshore
wind stress in the evening.
[4] In most of the COAST study region, tidal currents

from individual tidal constituents (e.g., M2, K1) are
expected to be about 0.05 m s�1, smaller than the subtidal,
wind-driven alongshelf flows. Using an array of current
meters extending across the Oregon continental slope and
shelf, Torgrimson and Hickey [1979] reported M2
(K1) semimajor axis amplitudes of 0.02–0.06 (0.02–
0.04) m s�1. Using a data-assimilating model together with
high-frequency coastal radar and moored acoustic Doppler
profiler velocities, Erofeeva et al. [2003] find similar
magnitudes for the M2 and K1 currents except in a region
directly over Heceta Bank where K1 velocities reach
0.10 m s�1 through a resonance of the tide with a first-
mode barotropic shelf wave. The baroclinic tide is
challenging to estimate and highly variable in time and
space, as it depends upon the density structure in the water
column. Semidiurnal (M2) baroclinic tidal currents at the
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surface off Oregon can be as large as 0.10 m s�1

[Torgrimson and Hickey, 1979; Kurapov et al., 2003].
[5] Cross-shelf distributions of nutrients, phytoplankton

and zooplankton during summer upwelling off central
Oregon have been previously studied by Wroblewski
[1977], Peterson et al. [1979], and Small and Menzies
[1981]. More recent results show similar patterns and are
described here. Mean surface nitrate concentrations during
the upwelling season range from 2 to 30 mM over the inner
and midshelf [Corwith and Wheeler, 2002]. Offshore sur-
face nitrate concentrations are depleted to less than 0.1 mM
within about 50 km of the coast, but with some extension of
higher nitrate concentrations beyond Heceta Bank [Hill and
Wheeler, 2002]. Usually nitrate goes to depletion in surface
water when significant levels of phosphate and silicate are
still present [Corwith and Wheeler, 2002]. In the region
around Cape Blanco in August, surface concentrations of
pCO2, phosphate and silicate vary between 150 and 690
matm, 0.1 and 1.8, and 1 and 33 mM, respectively [van Geen
et al., 2000].
[6] In general, chlorophyll is very low (<0.1 mg m�3) in

oceanic waters, and high to moderate (1–10 mg m�3) in
shelf and slope waters. Highest surface chlorophyll concen-
trations are found in the inshore zone out to the 100 m
isobath [Small and Menzies, 1981]. Prior to 1999, the

distribution of trace metals, including iron, had not been
directly studied off Oregon, but has been of renewed interest
given the suggestion of Hutchins and Bruland [1998] that
coastal phytoplankton may be limited by micronutrient
inputs, especially iron. Chase et al. [2002] show that surface
water iron and nitrogen concentrations were highly variable
and uncoupled, and that the primary sources of iron to
Oregon coastal waters were from shelf or slope sediments
and the Columbia River. From their measurements, they
conclude that the distribution of phytoplankton appeared to
be driven primarily by physical dynamics and was not
linked to the distribution of iron. Nevertheless, Chase et
al. [2002] did find evidence that cross-shelf nutrient dis-
tributions and phytoplankton fluorescence characteristics
were consistent with iron regulation of phytoplankton
physiology in some areas. An important unanswered ques-
tion from these studies is the relative degree to which the
availability of macro- and micronutrients or the effects of
the physical flow field contribute to produce the observed
cross-shelf distributions and cross-shelf transport of
nutrients and chlorophyll.
[7] Off the coast of Newport the zooplankton are domi-

nated by subarctic species including Calanus marshallae,
Pseudocalanus mimus, Acartia hudsonica and A. longiremis
with highest standing stocks on the shelf. Copepod biomass

Figure 1. (a) Oregon coastal region with bottom topography in meters showing the location of Heceta
and Stonewall Banks. Isobaths in meters. (b) Satellite sea surface temperature image from 13 August
1995.
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in shelf waters is higher by a factor of 3–5 than that
observed in slope waters [Morgan et al., 2003; Keister
and Peterson, 2003]. Cross-shelf zonation is observed in
their distributions as well as with Acartia hudsonica almost
completely restricted to waters within 5 km of the coast,
whereas Pseudocalanus mimus and A. longiremis are found
primarily in mid- to outer-shelf regions. Calanus marshallae
eggs and larvae are found chiefly in inner- to midshelf
waters whereas older juveniles and adults are found in
outer-shelf waters [Peterson et al., 1979]. The unique
cross-shelf distribution of copepod biomass, and of the
species A. hudsonica and C. marshalle were modeled by
Wroblewski [1977, 1980, 1982]. Euphausiids are also impor-
tant and the two dominant species exhibit distinct onshore-
offshore distribution patterns. Thysanoessa spinifera is
almost always restricted to the shelf while Euphausia
pacifica resides chiefly in slope waters [Smiles and
Pearcy, 1970; Feinberg and Peterson, 2003]. It is clear
from these studies that there are distinct upwelling zones
versus offshore communities of phytoplankton and zoo-
plankton. What remains to be determined are the physi-
cal, chemical and biological features that regulate the
community composition and distributions in these coastal
waters.
[8] The presence of alongshore topographic variations on

otherwise relatively straight continental shelves has a pro-
found influence on coastal circulation and hence the local
ecosystem. Examples of alongshore topographic features
include changes in bottom topography with or without
changes in coastline orientation, e.g., submarine canyons
[Hickey, 1997] and banks [Butman et al., 1982], and coastal
promontories with or without changes in the bathymetry
directly offshore [e.g., Barth et al., 2000]. Topographic
features may disrupt or redirect strong alongshore coastal
jets, create regions of weaker flow in their ‘‘shadow’’ and
lead to enhanced mixing.
[9] In this overview, we report the results of recent field

work off central Oregon to determine the influence of
Heceta and Stonewall Banks on the coastal upwelling
system. The Heceta Bank complex (we will refer to the
Heceta and Stonewall Banks region as the bank ‘‘complex’’
or simply the ‘‘Bank’’) rises to over 50% of the surrounding
water column depth on the continental shelf off central
Oregon (44�200N) (Figure 1). The Banks extend about
100 km in the alongshelf direction and widen the shelf to
60 km from the relatively narrow 25-km-wide shelves both
to the north and south of the Bank. Stonewall Bank rises to
within 7 m of the ocean surface and the offshore pinnacles
of Heceta Bank are 46 m deep at their shallowest. A
commercially important fishery is associated with Heceta
Bank [Pearcy et al., 1989] and cold, chlorophyll-rich
upwelled water has been observed well seaward of the
continental shelf break south of the Bank [Barth et al.,
2000, 2005b; Hill and Wheeler, 2002].
[10] Recent renewed interest in the Heceta Bank region

has been motivated by its role in influencing the distribu-
tions of juvenile salmonids, sea birds and cetaceans relative
to physical oceanographic fields (temperature, salinity,
velocity) and distributions of phyto- and zooplankton
[Batchelder et al., 2002]. The appearance of hypoxic
bottom waters over the inshore side of the Heceta Bank
complex in 2002 and the subsequent die-offs of fish and

invertebrates has also drawn attention to this region
[Grantham et al., 2004].

2. Coastal Ocean Advances in Shelf Transport
(COAST) Program

[11] Two intensive field efforts were conducted as part of
the Coastal Ocean Advances in Shelf Transport (COAST)
project in summer 2001 together with coordinated ocean
circulation, ecosystem and atmospheric modeling. A
primary goal was to contrast the coastal ocean response to
wind forcing in a region of relatively simple alongshore
bottom topography versus that associated with a substantial
submarine bank. A second objective was to determine how
the hydrographic and velocity structure influences the
magnitude and distribution of primary and secondary pro-
duction in this region.
[12] During May–June and August 2001, two vessels

conducted interdisciplinary research off central Oregon
(Figure 2). One ship conducted rapid, high-spatial-resolu-
tion surveys of the three-dimensional thermohaline, velocity
and bio-optical fields using a towed, undulating vehicle and
shipboard ADCP (region bounded by thick solid line in
Figure 2). Surface maps of nutrients and iron were also
made. A second ship collected high-vertical-resolution
cross-shelf profiles along 44.25 and 45�N (dashed E-W
lines in Figure 2) of water properties: temperature, salinity
and turbulence parameters from a loosely tethered micro-
structure profiler; nutrients, carbonate species, phytoplank-
ton photosynthetic parameters, and particulate and dissolved
organic material from a pumped profiling system. An
instrumented aircraft measured properties of the lower
atmosphere and upper ocean during and between the
month-long intensive field experiments. A set of moorings
measured physical. bio-optical and meteorological
parameters from May to August 2001 [Boyd et al., 2002],
and a land-based radio system continuously measured
surface currents hourly over a region encompassing much
of the COAST study region (Figure 2). A high-resolution,
three-dimensional shelf circulation and coupled ecosystem
ocean model, and a mesoscale atmospheric model were
used to investigate the dynamics of the system.

3. Overview of Findings

3.1. Wind Forcing

[13] Bane et al. [2005] use in situ and aircraft observa-
tions to analyze the meteorological conditions during the
summer 2001 COAST experiment and characterize wind
conditions during both southward and northward winds. In
summary, when both mean and diurnal components are
included, the greatest (least) alongshore stress occurs near
sunset for southward (northward) winds, and least (greatest)
alongshore stress in the morning for southward (northward)
winds. New results include the observation of semidiurnal
fluctuations in surface air temperature, apparently forced by
nonlinear internal ocean tides, and of a stable internal
boundary layer within the marine atmospheric boundary
layer. This internal boundary layer formed over cool upwelled
waters, had surface air temperatures 1�C lower near the coast
than offshore, and had somewhat reduced wind stress. An
additional new result is the recognition of the existence of
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alongshore wind stress oscillations with periods near 20 days,
which were found to correlate with north-south position
changes in the jet stream at the same periodicities. These
intraseasonal stress oscillations drove 20-day oscillations
in upper ocean temperature, which had amplitudes near
4�C.

3.2. Wind-Driven Circulation

[14] In a study using 17 deployments of bottom-mounted
acoustic Doppler current profilers during the summer up-
welling seasons of 1999 and 2001–2003 as part of the
Partnership for Interdisciplinary Studies of Coastal Oceans
(PISCO) program, Kirincich et al. [2005] demonstrate that
the measured surface and bottom cross-shelf Ekman trans-
ports in 15 m of water at 1–2 km offshore were 25% of full
theoretical Ekman transport based on the observed wind

stress. Measured transports reached full Ekman transport 5–
6 km offshore in 50 m of water. A weak linear relationship
was found between water column stratification and the
fraction of full Ekman transport, with reduced cross-shelf
transport during times of decreased stratification. Kirincich
et al. [2005] point out the potential for significant impacts
on the inner-shelf ecosystem from this ‘‘shutdown’’ of
cross-shelf circulation, e.g., sequestering production in the
nearshore and reducing larval cross-shelf transport.
[15] While much of the research off central Oregon

during summer has focused on upwelling conditions, Barth
et al. [2005a] and Kosro [2005] report the coastal ocean
response to a strong summertime downwelling event during
August 2001. Northward wind stress of up to 0.25 N m�2

(30 knot winds) lasting 3–4 days resulted in onshore
surface Ekman transport, northward near-surface currents

Figure 2. Coastal Ocean Advances in Shelf Transport (COAST) summer 2001 ocean and atmosphere
observation program. The large survey region was sampled by both an oceanographic vessel and an
aircraft. The east-west transect along 45.01�N has been moved 2.4 km north for clarity. Isobaths in
meters.
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of 0.2–0.3 m s�1 and the formation of a downwelling front
intersecting the bottom at about the 40 m isobath. Vigorous
wind-driven mixing, with vertical overturning scales of up
to 15 m estimated using a microstructure instrument on-
board a towed undulating vehicle [Ott et al., 2003, 2004],
leads to a nearshore region of low buoyancy frequency
above the downwelled pycnocline. The downwelling circu-
lation also transports organic matter from the euphotic zone
to the sea floor over the inner continental shelf [Barth et al.,
2005a].

3.3. Flow-Topography Interaction: Observations

[16] One of the main goals of the COAST program was to
investigate the coastal upwelling circulation and ecosystem
response in the Heceta Bank region where there is consid-
erable alongshore bottom bathymetry variation (Figure 1).
Indications that flow-topography interactions occur in this
region are apparent in satellite SST imagery [e.g., Barth et
al., 2000], but the region had not been studied in detail
before the Global Ocean Ecosystem Dynamics (GLOBEC)
2000 and COAST 2001 field experiments. Barth et al.
[2000], in a study of the coastal jet separation process near
Cape Blanco, suggested that an offshore excursion of
upwelled water occurred as the southward flowing upwell-
ing jet interacted with Heceta Bank. They estimated that
about half a Sverdrup (Sv) (106 m3 s�1) of water (estimated
from integrating the geostrophic current from 0 to 200 m)
flowed offshore off the southern end of Heceta Bank in
August. While the GLOBEC field effort documented the
influence of physical circulation on the distribution of
organisms over Heceta Bank, spatial and temporal resolu-
tion was limited because GLOBEC required observations
over a much larger region from Newport, Oregon, to
Crescent City, California [Batchelder et al., 2002].
[17] A detailed study covering a few square kilometers

over Stonewall Bank (44.5�N) (Figure 1) revealed intense
mixing as flow interacted with the submarine bank [Moum
and Nash, 2000]. Turbulent diffusivities over the bank were
100 times greater than estimates on the shelf away from
bottom topographic variations. The total drag exerted by the
bank on the flow was a combination of bottom friction and
form drag, and was of sufficient size to decelerate the flow
over the bank in a few hours.
[18] During the COAST summer 2001 experiment, re-

peated high-resolution hydrographic and velocity surveys
were conducted over Heceta Bank using a towed, undulat-
ing vehicle and shipboard ADCP [Castelao and Barth,
2005, hereinafter referred to as CB; Barth et al., 2005a,
hereinafter referred to as BPC]. Upwelling over simple
topography north of Heceta Bank (45�N) (Figure 1)
exhibited a classic response with a midshelf (80–100 m),
baroclinic coastal jet and upwelled isopycnals. The upper
water column was influenced by both upwelling and fresh
water from the Columbia River [Barnes et al., 1972]. The
coastal upwelling jet followed the midshelf isobaths to the
southwest around Heceta Bank. The equatorward jet is
located inshore of the pinnacles of the Bank (124.8�–
124.9�W, 44.0�–44.2�N) (Figure 1) during spring, but
moves over and seaward of the pinnacles late in the
upwelling season (August) (CB). The region influenced
by upwelling is much broader during summer, both north
of and over Heceta Bank (CB), a result also apparent in

surveys from summer 2000 [Barth et al., 2005b]. At the
southern end of the Bank, where the shelfbreak turns almost
90� back toward the coast, the coastal upwelling jet sepa-
rates from the continental shelf and transports about 0.7 and
0.4 Sv off the shelf during spring and summer, respectively
(CB).
[19] The region inshore on Heceta Bank, i.e., inshore of

the separating coastal upwelling jet, is characterized by low
velocities (CB; BPC) [Kosro, 2005]. Northward flow is
often observed on the inshore part of southern Heceta Bank
arising from cyclonic motion of the flow as it adjusts to a
deepening water column at the southern end of the Bank
(CB; BPC). Strong northward flow is also found inshore on
Heceta Bank in response to both wind relaxation and strong
downwelling favorable winds (BPC) [Kosro, 2005]. By
creating an east-west perturbation in the coastal upwelling
front, the flow-topography interaction introduces an along-
shore pressure gradient that can drive flow to the north
during wind relaxation. The combination of northward
flows inshore on the Bank and the southwestward flowing
coastal upwelling jet on the outer Bank, can lead to
complete recirculation of water parcels around the Bank
on a timescale of about 10 days (BPC).
[20] The low-velocity region inshore on the Bank was

also found to have high (> 15 mg m�3) near-surface values
of chlorophyll, presumably the result of favorable condi-
tions for phytoplankton growth outweighing advective loss
in this region (BPC). This high primary productivity forms
the basis for success at higher trophic levels [Batchelder et
al., 2002; Lamb and Peterson, 2005]. On the other hand,
increased primary productivity over the Bank, sinking of
that material to the bottom, and its subsequent respiration by
microbial activity can lead to the formation of hypoxic
bottom waters in that region [Grantham et al., 2004]. A
low-temperature, high-salinity bottom water pool was found
over the inshore side of the Bank. This bottom pool is up to
40 m thick and contains elevated levels of suspended
material. Dense water in this pool is influenced by water
from the north early in the upwelling season, but its primary
source is from the south (CB).
[21] More details of the time-varying surface circulation

in the COAST region were obtained using hourly surface
current maps made during April–September 2001 using
five land-based, high-frequency radar systems (Figure 2)
[Kosro, 2005]. This data set shows that the surface currents
responded rapidly to the changing winds and exhibited
spatial patterns strongly influenced by bottom topography.
The orientation, strength and offshore location of the wind-
driven coastal upwelling jet changed near Cape Foulweather
(44.8�N) (Figure 1), with the core of the equatorward jet
following the 80 m isobath between 45� and 44.4�N.
Currents inshore of the jet were generally weak, but a
second equatorward jet was observed on the southern,
inshore part of Heceta Bank (near Waldport, 44.4�N).
Downwelling winds produced strongest poleward flow near
the coast. Surface currents were correlated with the north-
south wind, responding within half a day, except far from
shore over Heceta Bank indicating the flow is less coupled
to the wind in that region. By using the unique radar-derived
spatial time series of surface currents, Kosro [2005] showed
that the wind-driven response varied spatially, i.e., was
intensified in the narrow, straight-shelf northern region,
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and that the equatorward jet persisted through periods of
zero wind forcing.

3.4. Flow-Topography Interaction: Modeling

[22] Extensive modeling of the circulation in the central
Oregon region was conducted as part of the COAST project
and its predecessors, in particular the National Oceano-
graphic Partnership Program ‘‘Prediction of Wind-Driven
Coastal Circulation (1998–2000)’’ project. Using a periodic
channel model extending from 43� to 46�N forced by
observed winds and surface heat flux, Oke et al. [2002b,
2002c] found that the circulation north of Heceta Bank is
well described by classical upwelling theory. They also
found that the coastal upwelling jet is deflected around
Heceta Bank and the flow features they describe for
southern Heceta Bank (an equatorward jet offshore near
the Heceta Bank pinnacles and a second nearshore coastal
upwelling jet, between which is found weak or reversed
flow) compare well with those detailed by the COAST
observational program. Oke et al. [2002c] used the model to
show that the deep upwelled water inshore of the Heceta
Bank pinnacles is drawn from the south during mid-July
1999 and is sometimes not connected with deep water to the
north, in agreement with in situ observations presented in
CB. Lastly, they used the numerical model to demonstrate
that inshore of the coastal jet the acceleration of the
alongshore flow is small and is driven by the difference
between the surface stress and a negative alongshore pres-
sure gradient. During wind relaxation, negative pressure
gradients drive northward flow inshore on Heceta Bank.
[23] Gan and Allen [2005] extend the studies of Oke et al.

[2002b, 2002c] by modeling a larger domain (41.7�–
47.3�N) and using observed winds and surface heat fluxes
from the COAST summer 2001 meteorological buoy to
drive the model. Their results were similar to those of Oke et
al. [2002b, 2002c] including deflection of the coastal
upwelling jet around Heceta Bank, a cyclonic turning of
the jet as it transited the southern end of the Bank, and
negative pressure gradients driving northward flow inshore
of the coastal upwelling jet during wind relaxation, all of
which are seen in the COAST observational data. Gan and
Allen [2005] also use detailed momentum and heat budgets
as a function of depth and horizontal location to demon-
strate the different balances between north of and over
Heceta Bank, for example the added importance of along-
shore advection in the balancing heat inshore over the Bank.

3.5. Bottom Boundary Layer Processes

[24] Closely spaced vertical profiles through the entire
water column from the sea surface to the sea floor and
moored measurements were used by COAST investigators
to reveal details of the bottom boundary layer hydrographic,
velocity and turbulent structure. Most of these results are
from the region with relatively simple alongshore bathym-
etry (45�N) (Figure 1). Perlin et al. [2005a] show that well-
mixed and turbulent bottom boundary layers were typically
less than 10 m high, but exceeded 20 m during relaxation
from upwelling consistent with existing theories of stratified
flow over a sloping bottom [e.g., Trowbridge and Lentz,
1991]. Moum et al. [2004] show that the increased bottom
boundary layer thickness during relaxation from upwelling
is consistent with convectively driven mixing as a result of

lighter fluid forced beneath heavier fluid by downslope
bottom Ekman layer transport. The vertical structure of
properties near the bottom versus nondimensional depth is
similar to those near the ocean surface during convection.
Moum et al. [2004] found that the greater the buoyancy
anomaly is near the bottom, the greater the turbulent
dissipation rate in the neutral layer away from the bottom.
[25] The measured profiles of bottom boundary layer

properties motivated Perlin et al. [2005b] to propose a
modified law-of-the-wall velocity profile near the bottom
which accounts for stratification. While the velocity profile
right near the bottom (the lower 20% of the missed bottom
boundary layer) agrees well with classical law-of-the-wall
scaling, farther from the bottom horizontal velocities de-
crease faster with height than predicted using a single
turbulent mixing length. Perlin et al. [2005b] introduce a
new turbulent mixing length scale to account for suppres-
sion of velocity fluctuations by stratification in the upper
part of the boundary layer and their resulting predictions of
velocity profiles agree well with observations. The modified
law-of-the-wall gives a new scaling for turbulent dissipation
rate which diverges from classical predictions above the
lower 20% of the bottom boundary layer and agrees with
direct observations of dissipation rate and velocity profiles
up to 60% of the boundary layer height.
[26] Perlin et al. [2005a] track the intersection of near-

bottom isopycnals with the bottom through a sequence of
upwelling and relaxation events to estimate the cross-shelf
speed in the bottom boundary layer. The cross-shelf speed
(up to 7 km d�1 onshelf during upwelling, and up to
5 km d�1 offshelf during relaxation) agrees well with
estimates from bottom Ekman layer theory using an esti-
mate of the bottom friction velocity derived from bottom
stress measurements. These measurements confirm that
Ekman balance of alongshore momentum in the bottom
boundary layer holds across the full shelf width rather than
just at discrete locations as shown previously [e.g.,
Trowbridge and Lentz, 1998].
[27] Motivated by differences in bottom mixed layer

height at different locations within the COAST region
apparent in a numerical circulation model, Kurapov et al.
[2005c] show the importance of curl-driven upwelling near
the bottom driven by the overlying currents. At 45�N, the
bottom mixed layer grows in response to downwelling
favorable conditions, in agreement with existing theories
[e.g., Trowbridge and Lentz, 1991], but farther to the south
the bottom mixed layer increases following upwelling
events. Kurapov et al. [2005c] show that this increased
bottom mixed layer height (in excess of 20 m, comparable
to maximum values at 45�N during downwelling) may be
attributed to curl-driven upwelling caused by horizontal
gradients of alongshelf velocity on the inshore side of the
separated coastal upwelling jet. An indication of thicker
bottom mixed layers during upwelling over the Heceta Bank
region inshore of the separated coastal upwelling jet is
provided by near-bottom observations from a towed, undu-
lating vehicle presented by Barth et al. [2005a].

3.6. Data Assimilation

[28] Kurapov et al. [2005a, 2005b] use a numerical
circulation model that assimilates currents from moorings
deployed as part of COAST during summer 2001. The data
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assimilation technique is based on an optimal interpolation
sequential algorithm using a stationary estimate of the
forecast error covariance obtained from the error covariance
in the model solution not constrained by data assimilation.
The data assimilation techniques build on previous work of
Oke et al. [2002a] who assimilated surface velocities
obtained from land-based coastal radar arrays. Assimilation
of currents from one or two of the COAST 2001 moorings
located on the path of the upwelling jet helps to improve the
model-data error and correlation at locations up to 90 km
north or south from the assimilation sites [Kurapov et al.,
2005a]. Improvement to the south from assimilation in the
north occurs because the coastal jet is flowing southward,
and improvement in the north from assimilation in the south
presumably occurs because this is the direction for coastal
trapped wave propagation. Predictions are not improved if
mooring data from the shadow zone inshore of the separated
coastal upwelling jet are assimilated. In Kurapov et al.
[2005b], the analysis is extended to include comparisons
between model predictions and surface velocities from land-
based coastal radar; sea surface height at the coast; hydro-
graphic data from SeaSoar observations and near-bottom
turbulence parameters. They demonstrate that significant
improvement is achieved for the nearshore sea surface
height and for the slopes of the isopycnals (i.e., horizontal
density gradients) on the southern flank of Heceta Bank
when moored velocities from just a few current meter
moorings were assimilated. Kurapov et al. [2005b] further
demonstrate that assimilating both moored velocity and
salinity data improves the transport of buoyant surface
water as influenced by Columbia River in the COAST
region.

3.7. Biogeochemistry

[29] Wind driven upwelling of nutrients to the surface
water in coastal regions has often been depicted as a two-
dimensional ‘‘conveyor belt’’ system with transport of high-
nutrient water into the euphotic zone by advection [Dugdale
and Wilkerson, 1989]. Hales et al. [2005] update this
concept by using a unique combination of high-spatial-
resolution measurements of vertical nutrient gradients and
turbulent fluxes to compare the reversible exchange of
nutrients during upwelling and downwelling events with
the cross-isopycnal turbulent vertical fluxes. The wind-
driven upwelling circulation moves the bottom boundary
layer in the onshore direction while a reduction or reversal
of the alongshore winds leads to a downwelling circulation
that moves the bottom boundary layer back offshore [Lentz,
1992; Perlin et al., 2005a], i.e., a reversible upwelling/
downwelling advection along isopycnal surfaces. The other
main contribution to upwelled nutrients is an irreversible
turbulent mixing that transports nutrients upward across
isopycnal surfaces. Hales et al. [2005] estimate that this
irreversible flux of nitrate due to turbulent mixing, the
majority of which occurs shoreward of the 75 m isobath,
accounts for 25% of the total nutrient supply in the euphotic
zone.
[30] Hales et al. [2004] describe the first-ever high-

resolution, cross-shelf vertical sections of carbonate chem-
istry in the upper 200 m of the water column off the Oregon
coast. Surface values from these measurements agree well
with earlier high-resolution mapping near Cape Blanco [van

Geen et al., 2000]. The cross-shelf vertical sections show
the effects of strong upwelling of CO2-rich water followed
by rapid biological uptake [Hales et al., 2004]. As nitrate
and CO2 are taken up by phytoplankton, the PCO2 concen-
trations fall below atmospheric saturation and the surface
water off the coast becomes a strong sink for atmospheric
CO2 during the summer upwelling season. This phenome-
non makes the Oregon coast significantly different from
other upwelling regions (e.g., the equatorial Pacific or the
northern Indian Ocean) that are sources of CO2 to the
atmosphere. Hales et al. [2004] also showed a seasonal
(between May and August) increase in subsurface PCO2
(due to respiration of settling particles). This respiration at
depth and winter downwelling could mix this shelf derived
carbon into the deep ocean interior.
[31] Chase et al. [2005] expanded their previous studies

of iron distributions in Oregon coastal waters [Chase et al.,
2002] to study the seasonal progression of iron supply in
coastal regions with varying topography. Iron is supplied by
both fluvial inputs and upwelling of deep water with higher
concentrations in spring than in summer and higher con-
centrations in the northern sites (45�N with steep topogra-
phy) than in the south (44�N with less steep topography).
Chase et al. [2005] also used moored sensors to measure the
backscatter of particles and to evaluate the movement of
particles across the shelf. The optical backscatter data was
inconsistent with the notion of conveyor belt circulation of
iron-bearing particles, and provide evidence for the sinking
and down-slope transport of particles over the inner- and
midshelf regions. In contrast to evidence of iron limitation
and iron stress off the coast of California [Hutchins and
Bruland, 1998], in the COAST region off Oregon availabil-
ity of dissolved iron is sufficient to meet the demands of
phytoplankton as shown by the complete drawdown of
nitrate and silicate. Accumulation of dissolved iron in
bottom water does occur over the upwelling season pre-
sumably as a result of remineralization of sinking particles.
[32] Ruttenberg and Dyhrman [2005] show that differ-

ences in the spatial and temporal patterns of phosphate are
explained by patterns of upwelling and residence times as
controlled by the shelf topography. During May 2001 the
range in phosphate concentrations were similar along the
northern shelf and over Heceta Bank, however, phytoplank-
ton were only able to draw surface phosphate concentrations
to low levels over the Bank. The surface water inorganic
and organic phosphorus covary in opposing ways with
temperature and chlorophyll suggesting a phytoplankton
sink for inorganic P and a phytoplankton source for organic
P. Enzyme activity and dissolved organic phosphorus were
higher over the bank than along the northern shelf transect,
supporting the notion that the net activity of phytoplankton
was greater over the Bank. Results presented by Ruttenberg
and Dyhrman [2005] clearly illustrate the dynamic range of
nutrient distribution and phytoplankton activity in this
coastal upwelling region and the differences in phosphorus
utilization that appear to result from the different circulation
patterns along the coast.
[33] Coastal upwelling is associated with rapid produc-

tion and accumulation of organic material in both the
particulate and dissolved form. Karp-Boss et al. [2004]
examined the spatial and temporal variability of particulate
organic material (POM) using high-resolution vertical pro-
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filing of beam attenuation calibrated with discrete measure-
ments of particulate carbon. The magnitude of short-term
variations was the same order as that of seasonal variations
reported previously [Small et al., 1989]. High levels of
particulate organic carbon (POC) showed a restriction to the
inner shelf where the shelf is narrow and a much broader
cross-shelf distribution over the Bank. Elevated concentra-
tions of chlorophyll and POC were observed near the
bottom and this material may be transported across the
shelf via the benthic nepheloid layer.
[34] Wetz and Wheeler [2003] examined the production

and partitioning of phytoplankton–derived organic matter
in deck incubations. During exponential growth 80% of the
total accumulated organic carbon was in particulate (POC)
form. After nutrient (nitrate) depletion dissolved organic
carbon and nitrogen were released. On the basis of measured
concentrations of nitrate and accumulated total organic car-
bon, more carbon was fixed than predicted from Redfield
ratios. The production of DOC after phytoplankton blooms
appears to result from continuation of photosynthesis and
release of carbon-rich carbohydrates. The long-term accumu-
lation of DOC seasonally off the coast of Oregon is likely
prevented by the dynamics of the alongshore and upwelling
circulation [Smith, 1981]. Wetz and Wheeler [2004] further
examined the response of bacterioplankton to phytoplankton-
derived dissolved organic material. Coincident with nitrate
depletion and accumulation of dissolved organic material,
bacterial abundances and growth rates increased dramatically.
Degradation of dissolved carbon was not complete suggest-
ing that environmental controls inhibit bacteria populations
and may allow export of the phytoplankton derived organic
material from shelf.

3.8. Distribution and Characteristics of
Biological Communities

[35] The phytoplankton community off the coast of
Oregon during the upwelling season is often dominated by
large chain-forming diatoms. During COAST, several studies
characterized the phytoplankton communities present during
May and August 2001. During May 2001, the three most
abundant genera were Thalassiosira and Thalassionema
(both chain-forming diatoms) and Pseudo-nitzschia, a
100-mm-long coastal diatom [Ruttenberg and Dyhrman,
2005]. Phytoplankton blooms during three August 2001
incubations were dominated by Chaetoceros sp. (>20 mm
cells) and one was dominated by a small (12 � 3 mm)
diatom Leptocylindrus minimus [Wetz and Wheeler,
2003]. The high relative abundance of diatoms in these
coastal waters is also indicated by the simultaneous
drawdown of silicate and nitrate in the water column
[Chase et al., 2005].
[36] Eisner and Cowles [2005] examine the spatial var-

iations in phytoplankton characteristics by using in situ
optics, pigment analysis and hydrographic measurements.
High levels of chlorophyll in surface samples from inshore
and midshelf stations also contain a high fraction of
fucoxanthin, indicating a dominance of diatoms. High levels
of photoprotective pigments can be an indicator of high-
light and low-nutrient environments. The ratio of photo-
protective to photosynthetic carotenoids off the coast of
Oregon increases from onshore to offshore. The offshore
increases in photoprotective carotoids are correlated with

warmer, more nutrient-deplete water. Spatial patterns in
optically derived parameters corresponded to water mass
distributions: coastal upwelling regions with high nutrients
and chlorophyll (predominantly diatoms) contrasted with
Columbia river plume and offshore water with lower
chlorophyll, fewer diatoms and greater relative abundances
of prymnesiophytes and prokaryotes.
[37] Although the phytoplankton in shelf waters are

dominated by diatoms, small phytoplankton and cyanobac-
teria are also present. Variations in the spectral beam
attenuation measurements in surface waters also suggest a
greater contribution by small particles to the particle size
distribution for offshore compared with nearshore waters
[Eisner and Cowles, 2005]. However, Sherr et al. [2004]
found a consistent pattern of lowest abundances of small-
sized phytoplankton in the shelf region despite high nutrient
and chlorophyll concentrations. The abundance of the small
cells increases seaward of the upwelling front. The distri-
bution of phytoplankton suggests a dramatic shift in the
structure of pelagic food webs from the shelf upwelling
blooms dominated by diatoms to the slope and basin food
webs dominated by small phytoplankton.
[38] Lamb and Peterson [2005] use a Multiple Open-

ing Closing Net and Environmental Sensing System
(MOCNESS) to study the vertical distribution of zooplankton
alongshore and across the shelf off Oregon. The four domi-
nant copepods were Calanus marshallae, Pseudocalanus
mimus, Acartia longiremis and Centrophages abdominalis
and the dominant euphausiid was Euphausia pacifica. As
seen for the phytoplankton, the zooplankton were confined to
shelf waters suggesting little loss of plankton to offshore
waters by advection. They found naupliar and early copepo-
dite stages of C. marshallae and P. mimus in the warm,
phytoplankton-rich upper 20 m of water, while the older
stages were found at progressively deeper strata. Similarly,
euphausiid larvae were most abundant within the upper 20 m
of water while adults and juveniles lived in deeper water.
Since neither group was abundant beyond the shelf break,
cross-shelf losses appear to be small. On the basis ofmodeling
results and physical oceanographic observations, Lamb and
Peterson [2005] suggest that phytoplankton and zooplankton
are retained within the study region because of a recirculating
cyclonic circulation that often sets up on the Bank. However,
it appears that when upwelling winds are strong, water and
plankton are lost from the southern end of the Bank due to jet
separation. Observations on the Bank are in contrast to
observations made during the GLOBEC program south of
Heceta Bank, near Cape Blanco and off northern California
mesoscale eddies, where jets and filaments transport
significant quantities of zooplankton into offshore oceanic
waters.
[39] Sutor et al. [2005] use an acoustical approach to

assess zooplankton distributions and found steep, fine-scale
vertical gradients in acoustic backscatter over the shelf, with
10–15 dB changes in 265 and 420 kHz backscatter occur-
ring over vertical intervals of 1–2 m. They show that two
different acoustical sampling systems yield similar patterns
in acoustical backscatter, provided that each system is
operating well above its detection threshold. Using a TAPS
acoustics system mounted on the MOCNESS frame,
Sutor et al. [2005] found that steep gradients in acoustic
backscatter were usually inadequately sampled by the
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MOCNESS, complicating calibration of acoustic estimates
with direct net collections of zooplankton.

3.9. Ecosystem Modeling

[40] A nutrient-phytoplankton-zooplankton-detritus
(NPZD) numerical model has been used to study the
ecosystem response to upwelling in the COAST region. A
two-dimensional version [Newberger et al., 2003; Spitz et
al., 2003] shows that the mean phytoplankton concentration
is maximum onshore of the upwelling jet while the mean
zooplankton concentration is highest farther offshore, the
latter a robust result even when varying a large number of
NPZD model parameters (e.g., zooplankton grazing rate
increased, detritus sinking rate decreased). These distribu-
tions are consistent with previous observational studies
[Small and Menzies, 1981]. The wind variability and the
parameter values have little effect on the mean primary
productivity, but have a larger effect on the fraction of
primary productivity that is supported by new nitrogen (i.e.,
the f ratio) [Spitz et al., 2003]. Studies coupling the NPZD
models to three-dimensional coastal circulation models off
central Oregon show that even for a narrow shelf region
(e.g., north of Newport), the two- and three-dimensional
(3-D) simulated phyto- and zooplankton concentrations
display different offshore patterns and amplitudes [Spitz et
al., 2005]. The 3D model results show that the largest
mean chlorophyll concentrations are located inshore of
the coastal jet along the entire coast, while the highest
zooplankton concentrations are offshore of the jet except
over Heceta Bank. Spitz et al. [2005] evaluate the balance
between physical and biological forcing in controlling the
cross-shelf patterns of distribution of nutrients, phytoplank-
ton and zooplankton for portions of the coast with varying
topography. They show that during downwelling phytoplank-
ton stocks are controlled by grazing while zooplankton stocks
are controlled by physical forcing. During upwelling, phys-
ical forcing leads to low-standing stocks of phytoplankton
and zooplankton nearshore, while farther offshore biological
forcing (high nutrient availability, high phytoplankton growth
rates out competing grazing rates) dominates. Spitz et al.
[2005] also show that 20 day intraseasonal oscillations [Bane
et al., 2005] are also apparent in the modeled phyto- and
zooplankton fields during summer 2001.

4. Summary and Future Research

[41] Through intensive measurements of the coastal
ocean and atmosphere, and significant advances in techni-
ques for ocean and ecosystem modeling, the COAST
program has provided new understanding of coastal upwell-
ing. Coordinated use of observations and models show how
currents interact with the seafloor to create areas of con-
centrated phytoplankton production off the coast of Oregon.
While this production fuels a successful fishery in the
region, the eventual decay of phytoplankton leads to hyp-
oxia (low levels of oxygen) in bottom waters that may
impact nearshore fish and invertebrate communities.
COAST researchers have also shown that absorption of
carbon dioxide by phytoplankton makes the central Oregon
shelf a net sink for atmospheric carbon dioxide. If this result
can be extrapolated to large portions of the continental shelf
off the west coast of the U.S., it will represent a major

fraction of the carbon sink for the entire North Pacific and
provide additional insight on the global carbon cycle as a
whole.
[42] COAST researchers are currently analyzing data sets

and conducting modeling focused on a January–February
2003 wintertime experiment. Little research has been done
on wintertime circulation and the resulting ecosystem re-
sponse off the U.S. west coast. Results will provide a sharp
contrast to those reported here for summertime upwelling.
Remaining research includes quantifying the transport of
biogeochemically important material off the continental
shelf in association with the flow-topography interaction
over Heceta Bank. Circulation and ecosystem models will
continue to be used to test existing and new research
hypotheses for coastal ocean processes, including the influ-
ence of physical processes versus biological processes in the
formation and impact of hypoxic waters.
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