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[1] River Influences on Shelf Ecosystems (RISE) is the first comprehensive
interdisciplinary study of the rates and dynamics governing the mixing of river and coastal
waters in an eastern boundary current system, as well as the effects of the resultant plume
on phytoplankton standing stocks, growth and grazing rates, and community structure.
The RISE Special Volume presents results deduced from four field studies and two
different numerical model applications, including an ecosystem model, on the buoyant
plume originating from the Columbia River. This introductory paper provides background
information on variability during RISE field efforts as well as a synthesis of results, with
particular attention to the questions and hypotheses that motivated this research. RISE
studies have shown that the maximum mixing of Columbia River and ocean water occurs
primarily near plume liftoff inside the estuary and in the near field of the plume. Most
plume nitrate originates from upwelled shelf water, and plume phytoplankton species are
typically the same as those found in the adjacent coastal ocean. River-supplied nitrate
can help maintain the ecosystem during periods of delayed upwelling. The plume inhibits
iron limitation, but nitrate limitation is observed in aging plumes. The plume also has
significant effects on rates of primary productivity and growth (higher in new plume
water) and microzooplankton grazing (lower in the plume near field and north of the
river mouth); macrozooplankton concentration (enhanced at plume fronts); offshelf
chlorophyll export; as well as the development of a chlorophyll ‘‘shadow zone’’ off
northern Oregon.

Citation: Hickey, B. M., et al. (2010), River Influences on Shelf Ecosystems: Introduction and synthesis, J. Geophys. Res., 115,

C00B17, doi:10.1029/2009JC005452.

1. Introduction: RISE Hypotheses

[2] The coastal waters of the U.S. Pacific Northwest
(PNW) house a rich and productive ecosystem. However,
chlorophyll is not uniform in this region: it is typically
greater in the Columbia River plume and over the coast
north of the Columbia river mouth than south of the
plume, as illustrated in Figure 1. This view is supported
on a seasonal basis by time series of vertically integrated
chlorophyll [Landry et al., 1989] and by satellite-derived
ocean color [Strub et al., 1990; Thomas et al., 2001; Legaard
and Thomas, 2006; Thomas and Weatherbee, 2006; Venegas

et al., 2008]. South of the Columbia river mouth and plume,
only over Heceta Bank does chlorophyll approach values
as high as over the northern shelves (Figure 1). The
higher chlorophyll concentrations of the northern PNW
coast are surprising because alongshore wind stress, pre-
sumed responsible for macronutrient supply in this Eastern
Boundary upwelling system, increases southward over the
California Current System (CCS) by a factor of eight
[Hickey and Banas, 2003, 2008; Ware and Thomson,
2005]. Greater productivity off the northern coast and near
the Columbia plume has also been reported in higher trophic
groups (e.g., euphausiids and copepods) [Landry and
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Lorenzen, 1989]. In spring and summer, juvenile salmon
are more abundant on the shelf north of the river mouth
[Pearcy, 1992; Bi et al., 2007; J. O. Peterson, unpublished
data, 2009].
[3] In 2004 an interdisciplinary study ‘‘River Influences

on Shelf Ecosystems’’ (RISE) was initiated to determine the
extent to which alongshore gradients in ecosystem produc-
tivity might be related to the existence of the massive
freshwater plume from the Columbia River. RISE was
designed to test three hypotheses: (1) During upwelling
the growth rate of phytoplankton within the Columbia
plume exceeds that in nearby areas outside the plume being
fueled by the same upwelling nitrate. (2) The plume
enhances cross-margin transport of plankton and nutrients.
(3) Plume-specific nutrients (Fe and Si) alter and enhance
shelf productivity preferentially north of the river mouth.
[4] RISE is the first comprehensive interdisciplinary

study of the rates and dynamics governing the mixing of
river and coastal waters in an eastern boundary system, as
well as the effects of the buoyant plume formed by those
processes on phytoplankton growth and grazing rates,

standing stocks and community structure in the local
ecosystem. This paper presents an overview of the project
measurements and setting as well as a synthetic view of
results. Background information on shelf processes, the
Columbia River estuary and the Columbia River plume is
presented in section 2, followed by a description of the
RISE sampling scheme and numerical models (section 3).
The environmental and biological setting of the RISE study
years is given in section 4. Study results as they pertain to
plume-related questions and hypotheses are discussed in
section 5 and summarized in section 6.

2. Background

2.1. Shelf Processes Influencing the Columbia Plume

[5] The buoyant plume from the Columbia River is
located near the northern terminus of an eastern boundary
current. Water property, nutrients, biomass and current
variability are governed by wind-driven processes and
dominated by the seasonal cycle. The seasonal variability
of physical, chemical and biological properties for both

Figure 1. (left) Satellite-derived chlorophyll data (23 July 2004) illustrating the typically observed
higher chlorophyll in the Columbia plume as well as north of the river mouth (compared to south of
the plume). The image was obtained under strong upwelling conditions, with a well-developed southwest
tending plume as well as remnants of a north tending plume [Liu et al., 2009a]. Alongshore chlorophyll
patterns agree well with observations presented later in the paper (Figure 7a). (right) Satellite-derived
chlorophyll and turbidity 12 June 2005 illustrating a well-developed southwest tending Columbia plume
and a weaker north tending plume. The image was obtained one day after model runs shown in Figure 10.
Data acquired from Kudela Laboratory.
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Oregon and Washington are documented in Landry et al.
[1989] and in the book edited by Landry and Hickey [1989].
In winter, large-scale currents are primarily northward (the
Davidson Current); in summer, large-scale currents are
primarily southward (the California Current) [Hickey,
1979, 1989, 1998]. A coast-wide phenomenon that initiates
the uplift of isopycnals and associated higher nutrient and
lower oxygen water from the continental slope to the shelf,
the ‘‘Spring Transition’’ [Huyer et al., 1979; Strub et al.,
1987], separates winter from the springtime growing sea-
son. Both the spring transition and the seasonal continuation
of upwelling through the fall season have been attributed in
part to winds south of the region (i.e., ‘‘remote forcing’’)
[Strub et al., 1987; Hickey et al., 2006; Pierce et al., 2006].
The uplifted isopycnals result in the formation of a south-
ward baroclinic coastal jet, a feature which in mid summer
is generally concentrated over the outer shelf and upper
slope off the coasts of northern Oregon [Kosro, 2005] and
Washington [MacFadyen et al., 2005].
[6] Fluctuations in currents and water properties in this

region occur on scales of 2–20 days throughout the year
[Hickey, 1989]. These fluctuations are driven in part by
fluctuations in local winds, and in part by coastally trapped
waves generated by remote winds [Battisti and Hickey,
1984]. Although, a change in wind direction from upwelling
favorable (southward) to downwelling favorable (north-
ward) reverses the direction of flow from southward to
northward on the inner shelf where flow is frictionally
dominated [Hickey et al., 2005], surface currents on the
outer shelf and slope rarely reverse [Kosro, 2005;
MacFadyen et al., 2008]. The stability of the shelf break
jet is due primarily to its baroclinic nature: reversals of wind
stress to downwelling favorable are insufficient to com-
pletely erode the seasonally uplifted isopycnals during the
upwelling season. However, within a distance of about
10 km from the coast (the scale of the internal Rossby
radius of deformation), the response to changes in wind
direction is almost immediate (�3 h) [Hickey, 1989],
resulting in significant vertical movement of isopycnals on
time scales of a few days. When winds are directed
southward, the associated upwelling of nutrient-rich water
on the inner shelf fuels coastal productivity, resulting in
changes in chlorophyll concentration that follow the
changes in wind direction. During an upwelling event,
phytoplankton begin to grow as a response to the infusion
of nutrients near the coast and this ‘‘bloom’’ is advected
offshore, continuing to grow while depleting the nutrient
supply. When winds relax or reverse, the bloom moves back
toward shore where it can contact the coast and even enter
coastal estuaries [Roegner et al., 2002].
[7] Although alongshelf currents do not typically reverse

on the mid to outer shelf, currents in the surface Ekman
layer frequently reverse from onshore to offshore and vice
versa in response to southward or northward wind stress,
respectively [Hickey et al., 2005]. Cross-shelf movement of
buoyant plumes is particularly sensitive to wind stress
direction, because the Ekman layer is compressed by the
plume stratification so that velocities are correspondingly
higher [Garcia-Berdeal et al., 2002].
[8] Water flowing south toward the Columbia plume

region in summer has its source in a topographically
complex region offshore of the Strait of Juan de Fuca,

which includes a seasonal eddy (Figure 2). Enhanced
upwelling, in combination with outflow from the Strait,
makes this region a massive source of nutrients and
chlorophyll for the shelf north of the Columbia River
[MacFadyen et al., 2008]. Upwelled nitrate supplied to this
region by Strait related processes is about the same magni-
tude as that supplied to the entire Washington coast over the
upwelling season [Hickey and Banas, 2008]. Moreover, the
elevated nitrate is distributed to greater distances offshore
because of the Juan de Fuca eddy, and to greater depths in
the water column because of the Strait outflow, so that this
region is particularly rich in chlorophyll [Hickey and Banas,
2008]. Water from this region can transit the entire
Washington shelf from north to south in a week or less under
strong upwelling conditions [MacFadyen et al., 2008].

2.2. Columbia River Estuary

[9] The Columbia estuary has been the subject of a
number of physical oceanographic studies [Hughes and
Rattray, 1980; Giese and Jay, 1989; Hamilton, 1990; Jay
and Smith, 1990a, 1990b, 1990c; Jay and Musiak, 1996;
Cudaback and Jay, 2000, 2001; Kay and Jay, 2003a, 2003b;
Orton and Jay, 2005; Chawla et al., 2008]. The width of the
estuary at its mouth is about 4 km and the depth over the bar
is about 18 m. The ratio of the estuary width at the mouth to
the baroclinic Rossby radius near the mouth is typically
about 0.2–0.4 (the Kelvin number), so the estuary is
considered dynamically narrow. The tidal prism (defined
as the integrated volume between mean lower low and high
waters) varies from about half to ten times the river flow
volume. The density field within the estuary normally
alternates between two states: one, weakly stratified or
partially mixed, which occurs during low flow periods with
strong tides; the other, highly stratified (nearly salt wedge),
which occurs under most other conditions. Early interdisci-
plinary studies on the estuary and plume were summarized
in the book by Pruter and Alverson [1972]. More recently,
the Columbia estuary has been the focus of a Land Margin
Ecosystem Research (LMER) program [Simenstad et al.,
1990a]. The estuarine ecosystem is supported largely by
exogenous organic material supplied by the river, rather
than by in situ primary production [Simenstad et al., 1990b;
Sullivan et al., 2001; Small et al., 1990]. Export of chloro-
phyll from the estuary to the plume is minimal, and occurs
preferentially on spring tides before and after the spring
freshet season [Fain et al., 2001; Sullivan et al., 2001].

2.3. Columbia River Plume

[10] The Columbia River accounts for 77% of the drain-
age along the U.S. West coast north of San Francisco
[Barnes et al., 1972]. The plume from the Columbia varies
in volume from 2 to 11 � 1010 m3, with maximum volume
due to late spring snowmelt freshets and in winter due to
rainfall [Hickey et al., 1998] and a seasonal minimum in late
summer/early fall. Riverflow into the estuary varies from
about 2.5–11 � 103 m3 s�1 over a typical year [Bottom et
al., 2005]. Summertime river input into the other two
coastal estuaries off the Washington coast is typically less
than 1% of that from the Columbia River [Hickey and
Banas, 2003]. The Columbia River plume is more strongly
forced at the estuary boundary than other U.S. river sys-
tems, creating a spatially and temporally complex region
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near the river mouth. Because of the narrow outlet to the
ocean, strong tidal currents and significant freshwater flow,
surface currents in the tidal plume often exceed 3 m s�1

during strong ebb tides. As a result the Columbia River
produces a highly supercritical outflow that propagates
seaward as a gravity current during each ebb tide. The
leading edge front, termed the ‘‘tidal plume front,’’ produ-
ces strong horizontal convergences, vertical velocities and
mixing [Orton and Jay, 2005; Morgan et al., 2005].

[11] The historical picture of the Columbia River plume
depicts a low salinity feature oriented southwest offshore of
the Oregon shelf in summer (e.g., Figure 1) and north or
northwest along the Washington shelf in winter [Barnes et
al., 1972; Landry et al., 1989]. The RISE hypotheses were
based on that view of the Columbia. Recently, Hickey et al.
[2005] have demonstrated that the plume can be present
more than a hundred kilometers north of the river mouth on
the Washington shelf from spring to fall. This study showed
that the plume is frequently bidirectional, with simultaneous

Figure 2. Locations of all sampling transects, moored sensor arrays and wind buoys, and CODAR
ranges plotted on a satellite-derived sea surface temperature image on 21 June 2006. Regional physical
features of interest are noted.
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branches both north and south of the river mouth. This
spatial structure was subsequently confirmed by remote
sensing [Thomas andWeatherbee, 2006].Duringdownwelling
favorable winds, the southwest plume moves onshore over
the Oregon shelf. At the same time, a new plume forms
north of the river mouth, trapped within �20–30 km of
the coast. This plume propagates and also is advected
northward by inner shelf currents that reverse during the
downwelling winds. When winds return to upwelling
favorable, inner shelf currents reverse immediately to
southward and the shallow plume is advected offshore in
the wind-driven Ekman layer to the central shelf, and
southward in the seasonal mean ambient flow [Hickey et
al., 2005]. The possibility of a bidirectional Columbia
plume depends critically on the existence of mean ambient
flow in the direction opposite to its rotational tendency.
Because three out of four RISE cruises occurred early in
the upwelling season, most sampling took place in a
bidirectional plume environment.
[12] On subtidal time scales, numerical and laboratory

models of river plume formation in a rotating system under
conditions of no applied winds and no ambient flow
demonstrate that a plume forms a non linear ‘‘bulge region’’
and a quasi-geostrophic ‘‘coastal current’’ downstream of
the bulge [e.g., Chao and Boicourt, 1986; Garvine, 1999;
Yankovsky et al., 2001; Fong and Geyer, 2002; Horner-
Devine et al., 2006]. These prior studies addressed the
dynamics of unidirectional plumes for conditions most
typical of the U.S. east coast: shallow broad shelves and
modest riverflow and ambient flow (if included) in the
direction of plume formation. However, the Columbia River
generates a large volume plume which emerges onto a
relatively narrow continental shelf. Perhaps its most unusual
characteristic is that in summer it usually encounters ambi-
ent flow moving counter to the rotational tendency of the
plume. Prior to RISE, only the model study by Garcia-
Berdeal et al. [2002] directly addressed conditions applica-
ble to the Columbia. That study provided a dynamical basis
for the existence of a bidirectional plume and the time
varying response of the plume to variable winds as well as
to ambient flow both in the same direction as, and counter
to, the rotational tendency. The study also demonstrated that
over the shelf away from the river mouth, the effect of the
plume on the velocity field is confined to layers of low
salinity (i.e., the plume effect is baroclinic), as shown in a
wintertime Columbia plume data set [Hickey et al., 1998].
[13] With respect to nutrients, historical studies showed

that in summer the Columbia plume usually supplies
exceptionally high concentrations of silicic acid but very
little nitrate, to the plume region [Conomos et al., 1972].
Because sediment transport and deposition from the Co-
lumbia plume is highest north of the river mouth
[Nittrouer, 1978], that shelf potentially has a massive supply
of Fe-rich sediment deposited on the mid shelf region ready
to be delivered to the euphotic zone by upwelling of bottom
water that has been in contact with the sediments. In
addition, the broader, flatter shelf north of the river mouth
has been hypothesized to provide opportunity for increased
duration of bottom contact (hence access to Fe) of upwell-
ing waters than the narrower, steeper shelf to the south
[Bruland et al., 2001; Chase et al., 2007]. The midshelf
mud deposits can be thought to act like an iron capacitor;

charging in the winter with the higher sediment transport
associated with winter flood events, and discharging during
the summer upwelling periods.

3. RISE Sampling Scheme and Modeling Systems

[14] The overall RISE sampling strategy was to compare
mixing rates, nutrient supply, and phytoplankton produc-
tion, grazing and community structure within the plume and
outside the plume; i.e., on the shelf north of the river mouth,
presumed more productive, and on the shelf south of the
river mouth, presumed less productive, as well as in the
important ‘‘plume liftoff’’ zone (the region where the plume
loses contact with the bottom, located in the river entrance
to �5 km offshore of the entrance jetties). The backbone for
this project consists of data collected during four cruises
that took place in the seasonally high flow period (May–
June) in each of three years (2004–2006) and in a low flow
period in one year (August 2005). The sampling was spread
over three years to include potential interannual differences
in processes related to wind and river flow variability. The
21 day length of the cruises ensured that a variety of circulation
and growth regimes, including upwelling, relaxation,
downwelling, and neap/spring tides were observed. A list
of program elements including data collected, models and
techniques as well as team leaders is given in Table 1.
[15] The sampling plan as originally proposed was based

on the historical picture of a primarily southwest tending
Columbia plume. However, due to the rarity of persistent
upwelling favorable winds on RISE cruises, southwest
tending plumes were the exception rather than the rule. In
particular, on two of the cruises, June 2005 and May–June
2006, north tending plumes were dominant: RISE sampling
was adapted to this situation, and samples were obtained
along the Washington coast as far north as the Strait of Juan
de Fuca in 2006.
[16] The field studies used two vessels operating simul-

taneously. The R/V Wecoma obtained primarily biological
and chemical rate data: (1) at individual stations on cardinal
transects north and south of the river mouth (Grays Harbor
and Cape Meares; see Figure 2) and near the river mouth;
(2) at selected process study stations; and (3) at fixed
stations near the river mouth during strong neap and spring
tides (time series). A towed sensor package was used to
obtain micronutrient samples near the sea surface on cardi-
nal transects and selected other transects. Underway mea-
surements included macronutrients (N, P, Si), dissolved
trace metals (Fe, Mn), supplemented with discrete samples
from the underway system (microscopy, FlowCAM and
particulate trace metals) as well as ADCP (75 kHz) measure-
ments of velocity. At CTD stations vertical profiles (0–200m
where possible; and 500 m at selected stations) of T, S,
currents, dissolved O2, in vivo fluorescence, transmissivity,
PAR, and bottle samples for chlorophyll a, dissolved macro-
nutrients (NO3, NH4, urea, PO4, SiO4), dissolved trace
metals, and heterotrophic and autotrophic plankton compo-
sition were obtained. In addition, primary production meas-
urements were made each day at noon, and phytoplankton
growth and microzooplankton grazing measurements
were made every one to two days. Macrozooplankton
were sampled with vertically towed nets and obliquely
towed Bongo nets at selected stations; macrozooplankton
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experimental work included egg production rates of
copepods and euphausiids and molting rates of euphausiids,
to obtain estimates of secondary production. Surface
drifters were used to follow the mixing of individual plumes
from the Columbia and to provide information on surface
currents.
[17] On the R/V Point Sur, synoptic mesoscale and fine-

scale features were sampled with underway measurements
of near-surface T, S, velocity, particle size and concentra-
tion, PAR, transmissivity, fluorescence, and nitrate + nitrite.
The Point Sur’s Triaxus tow fish provided high-resolution
sections of T, S, zooplankton (Laser-OPC), PAR and
transmissivity, fluorescence, particle size and concentration
(LISST-100), UV absorption and nitrate (Satlantic ISUS),
upward-looking ADCP velocity (1200 kHz), and radiance/
irradiance (7 channels) through the upper water column to
30–35 m. Rapidly executed transects of turbulence and fine
structure were also carried out using the Chameleon profiler;
these provide full depth profiles of T, S, optics (880 nm
backscatter and fluorescence), turbulence dissipation rates
and fluxes every 1–3 min. During selected periods, transects
(primarily those identified in Figure 2) were repeated hourly
to capture the high-frequency evolution in the plume’s near-
field and river estuary. Over-the-side deployed acoustics
(1200 kHz ADCP and 120 kHz echosounder; 1 m nominal
depth) augmented the hull-mounted 75 and 300 kHz units to
image fine-scale features of the velocity and backscatter
fields, resolving fronts, nonlinear internal waves, and tur-
bulent billows.
[18] The temporal context for observed variability was

provided by an array of moored sensors deployed in the
plume near field as well as on the shelf north and south of
the plume (Figure 2), complemented by the preexisting
long-term estuarine and plume stations of the CORIE/

SATURN network [Baptista, 2006]. To better resolve
regional differences, RISE moorings were moved farther
north and south to the cardinal sampling transects after the
first year of the program (Figure 2). Surface currents were
mapped hourly from shore using HF radar with two
simultaneously operating arrays, one with a 40 km range
and a 2 km range resolution, the other with a 150 km range
and a 6 km range resolution. Satellite ocean color, sea
surface temperature, turbidity and synthetic aperture radar
(SAR) were also obtained when available.
[19] Two modeling systems were developed or enhanced

during RISE. The system developed specifically for RISE
employed a structured grid model (the Regional Ocean
Modeling System (ROMS)) and was used in hindcast mode
[MacCready et al., 2009]. The CORIE/SATURN modeling
system [Baptista, 2006], based on two unstructured grid
models (SELFE, Zhang and Baptista [2008]; ELCIRC, Zhang
et al. [2004]), was used in both near real-time prognostic mode
(http://www.stccmop.org/datamart/forecasts/simpletool) and
multiyear hindcast mode [e.g., Burla et al., 2009]. Both
modeling systems incorporated the estuary in the simulation
domain (although at different resolutions) and used realistic
atmospheric, river and ocean forcing including tides. Wind/
heat flux model forcing for ROMS was derived from the
4 km MM5 regional wind/heat flux model [Mass et al.,
2003]. SELFE and ELCIRC were also forced by MM5.
Conditions on open boundaries were provided by Naval
Research Laboratory (NRL) models; ROMS used the smaller
domain, higher-resolution (�9 km)NCOM-CCSNRLmodel
[Shulman et al., 2004], SELFE and ELCIRC used the larger
domain, lower-resolution (�16 km) global NCOM model
[Barron et al., 2006]. These models have proven more
effective in this region than climatology because they
assimilate satellite altimetry and sea surface temperature,

Table 1. RISE Program Elements

Component Techniques Team Leaders

Management and Synthesis Hickey
Physical Modeling Numerical models, ROMS and SELFE with MM5 forcing,

NCOM boundaries, tides
MacCready, Baptista

Biophysical Modeling 3D Numerical models Banas
Water Properties, Underway and CTD Underway and CTD Hickey, Jay, Kudela
Water Properties TRIAXUS tow-fish Jay
Water Properties Moored arrays Dever
Suspended Particulates,
Concentration and Size

LISST-FLOC, acoustic backscatter Jay, Horner-Devine

Chlorophyll a and Phaeopigments In vivo and in vitro fluorometry Kudela
Dissolved Nutrients including Trace Metals Surveys and towed fish, Lachat autoanalyzer flow injection,

voltammetry, extraction/ICP-MS
Bruland, Kudela

Picoplankton Flow cytometry Kudela
Autotrophic/Heterotrophic Pico-, Nano-,
Microplankton Abundance/Taxa

Epifluorescence and light microscopy Lessard

Nitrogen Uptake 15N nitrogen kinetics Kudela
Phytoplankton Growth
and Microzooplankton Grazing Rates

Dilution method – size-fractionated chlorophyll a, microscopy Lessard

Primary Production 14C uptake Kudela
Macrozooplankton Species and Abundance,
Growth, Egg Production

Net tows, Laser Optical Plankton Counter (LOPC), microscopy Peterson

Hydrology USGS data Jay
Water Column Currents Moorings, ADCP surveys Dever, Jay
Mixing Rates, Vertical Fluxes Profiles Nash, Moum
Surface Eulerian Currents CODAR, up to 180 km Kosro
Surface Lagrangian Currents GPS drifters (with C, T) Hickey
Remote Sensing of Sea Surface Temperature,
Color and Fluorescence

AVHRR, SeaWiFS, MODIS, Bio-Optical modeling Kudela

Plume Position, Fronts, and Internal Waves Synthetic Aperture Radar (SAR) Jay
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thus ensuring the reasonable development of a southward
coastal jet, as well as inclusion of low mode coastal trapped
waves that are a significant part of the subtidal scale variance
at midshelf in this region [Battisti and Hickey, 1984]. Both
models became integral tools for planning and/or analysis
within RISE.
[20] The ROMS model was also used for biologically

motivated particle-tracking studies [Banas et al., 2009a] and
ecosystem modeling [Banas et al., 2009b]. The biological
model is a four-box (‘‘NPZD’’) nitrogen budget model that
tracks nutrients, phytoplankton, microzooplankton, and
detritus in every cell of the ROMS grid. The rich RISE
biological data set allowed direct model validation against
not just stocks (chlorophyll, microzooplankton, nutrients)
but rates (phytoplankton growth and microzooplankton
grazing), a level of validation that is seldom possible.
Rate observations also allowed key model parameters
(e.g., microzooplankton ingestion rate and mortality) to be
prescribed empirically [Banas et al., 2009b].
[21] During the RISE field years, another interdisciplinary

program took place along the central to northern
Washington, southern British Columbia coast. This project
(Ecology of Harmful Algal Blooms Pacific Northwest,
ECOHAB PNW), with a scientific team and suite of
measurements similar to that of RISE, focused on the
development of blooms of toxigenic Pseudo-nitzschia in
the Juan de Fuca eddy region (see Figure 2) and their
subsequent transport to the Washington coast. Surveys
were made as far south as offshore of Willapa Bay, and as

far north as central Vancouver Island. Both RISE and
ECOHAB PNW sampled a line off Grays Harbor, and the
combined survey data were used in several papers in this and
previous volumes [Hickey et al., 2006; Kudela et al., 2006;
Frame and Lessard, 2009]. Data from the moored arrays in
the two programs (see locations in Figure 2) have also been
used together in papers for this volume [Hickey et al., 2009].

4. The RISE Years: Environmental and Biological
Setting

[22] Time series of the two commonly used indices for
interannual variability, the Multivariate El Niño/Southern
Oscillation Index (MEI) and the Pacific Decadal Oscillation
(PDO) illustrate that RISE studies all took place within
periods when both indices were generally positive (Figure 3).
Columbia and Willamette River (a major lower basin
Columbia River tributary) flows are lowest in years when
the PDO is positive (with a warm coastal ocean in the
Pacific Northwest) and the MEI index is positive (indicating
El Niño-like conditions). Average flows are about 20%
lower than in La Niña years when the PDO is negative
[Dracup and Kahya, 1994; Gershunov et al., 1999; Bottom
et al., 2005]. Indeed, riverflow was below average in spring
of all RISE years except during a brief period in late May
2005 and from April though June 2006 (Figure 4a). In May
2005, flow in the Willamette River was unusually high (up
to 200% of normal), leading to above average export of
nutrients from the estuary to the plume. Compared to

Figure 3. The Multivariate ENSO Index (MEI) and the Pacific Decadal Oscillation Index (PDO)
from 1950 to the present. The MEI is computed from the six main observed variables in the tropical
Pacific [Wolter and Timlin, 1993]. The PDO is defined as the leading principal component of North
Pacific monthly sea surface temperature variability (poleward of 20�N for the 1900–1993 period)
[Mantua et al., 1997].
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historical records, nitrate was about a factor of two higher in
spring of both 2005 and 2006 in the Columbia River outflow,
in large part due to additional nutrient sources from coastal
and valley rivers, in particular, those that had been recently
logged [Bruland et al., 2008].
[23] Warmer than average surface waters were observed

in the Pacific Northwest during the RISE summers [Shaw et
al., 2009], consistent with the occurrence of positive phases
of MEI and PDO. The fact that the warmer water is related
to advection rather than local heating is confirmed with time
series of copepod species assemblages (Figure 5). In an
average year, during winter months the northward flowing
Davidson Current transports warm water ‘‘neritic’’ species
(species restricted to coastal shelf environments) northward
from California to the Oregon and Washington shelves;
during the upwelling season, cold water species usually
dominate and these species are transported southward from
coastal British Columbia and the coastal Gulf of Alaska.
During the RISE project summers of 2003 through 2005 the
copepod communitywas dominated by ‘‘warmwater neritic’’
species, as typically occurs when the PDO is positive [Hooff
and Peterson, 2006]. The community began to transition to

a cold water species phase during the summer of 2006,
consistent with the decreasing PDO (Figure 3); however
‘‘warm water oceanic’’ species were still conspicuous in
samples. Figure 3 also shows that during strong El Niño
events (as in late 1997–1998) the copepod community is
also dominated entirely by warm water species (for both
neritic and oceanic species). Thus, the RISE years were
similar in some respects [biological (zooplankton) and
physical (riverflow and surface water temperatures)] to El
Niño conditions.
[24] In spite of the low overall riverflow and El Niño-like

conditions, short-term variability in physical and biological
conditions in this region is sufficiently strong that condi-
tions of both high and low riverflow, upwelling and
downwelling occurred and were sampled during the RISE
cruises. The RISE 1 cruise in July 2004 took place in a year
with the lowest July riverflow observed during RISE years
(Figure 4a). The cruise included a period of persistent
upwelling winds and, perhaps more significant, the largest
southward flows sampled during the RISE cruises (Figure 6).
A well-developed southwest tending plume was observed,
and samples were taken along its axis. Nitrate was supplied

Figure 4. (a) Seasonal Columbia River discharge measured at Beaver Army terminal for 2004, 2005,
and 2006, along with average discharge 1992–2007. RISE field studies are indicated with the colored
bars parallel to the x axis. (b) Cumulative upwelling index (CUI) [Bakun, 1973] calculated from winds at
NDBC Buoy 46029 for the upwelling seasons of 2004, 2005, and 2006, along with the average CUI
1992–2007. The location of the wind station is shown in Figure 2. RISE field studies are indicated with
the colored bars parallel to the x axis. The integration was started at the spring transition each year as
defined by M. Kosro (personal communication, 2009).
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