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Abstract The coastal waters of the northern portion of the California Current System experience a sea-
sonal decline in oxygen concentrations and hypoxia over the summer upwelling season that results in nega-
tive impacts on habitat for many organisms. Using a regional model extending from 43°N to 50°N, with an
oxygen component developed in this study, drivers of seasonal and regional oxygen variability are identi-
fied. The model includes two pools of detritus, which was an essential addition in order to achieve good
agreement with the observations. The model was validated using an extensive array of hydrographic and
moored observations. The model captures the observed seasonal decline as well as spatial trends in bottom
oxygen. Spatially, three regions of high respiration are identified as locations where hypoxia develops each
modeled year. Two of the regions are previously identified recirculation regions. The third region is off of
the Washington coast. Sediment oxygen demand causes the region on the Washington coast to be suscep-
tible to hypoxia and is correlated to the broad area of shallow shelf (<60 m) in the region. Respiration and
circulation-driven divergence contribute similar (60, 40%, respectively) amounts to the integrated oxygen
budget on the Washington coast while respiration dominates the Oregon coast. Divergence, or circulation,
contributes to the oxygen dynamics on the shelf in two ways: first, through the generation of retention fea-
tures, and second, by determining variability.

1. Introduction

The coastal ocean of Washington, British Columbia, and Oregon is an eastern boundary upwelling region
that experiences a seasonal decline in oxygen on the shelf over the course of the upwelling season (usually
May-October) [Huyer et al., 1979; Landry et al., 1989]. Oxygen levels often decline low enough to experience
hypoxia (<1.4 mL/L, or <2 mg/L) [Chan et al., 2008; Connolly et al., 2010; Crawford and Pena, 2013; Adams

et al,, 2013; Peterson et al., 2013]. Upwelling regions, in general, frequently experience hypoxia and the asso-
ciated negative impacts on the habitat for hypoxia-intolerant taxa of invertebrates and fish. For example,
hypoxia has been linked to mass mortality events of these species off the coast of Oregon [Grantham et al.,
2004; Chan et al., 2008]. Hypoxic zones are expected to expand with climate change, which will likely lead
to a decrease in biodiversity in the affected habitats [Levin et al., 2009]. Some observational studies have
found local respiration of organic matter to be an important driver of local oxygen dynamics in the northern
portion of the California Current System [Hales et al., 2006; Connolly et al., 2010; Adams et al., 2013; Crawford
and Pena, 2013]; while other studies [Grantham et al., 2004] found that the transport processes determined
the observed oxygen levels. Understanding the processes that govern the seasonal decline of oxygen on
the shelf is crucial to understanding how these systems will respond to future climatic forcing.

The coastal ocean off Oregon and Washington is subject to seasonal variations in wind stress. The mean
winds shift in the spring from the winter downwelling-favorable southerly winds, to northerly, upwelling-
favorable winds in summer [Hickey, 1979]. Deep, nutrient-rich, low-oxygen offshore water is upwelled onto
the shelf and is transported to the euphotic zone where it fuels the highest productivity on the west coast
of the U.S. [Ware and Thomson, 2005; Hickey and Banas, 2008]. The northern portion of the California Current
System experiences significantly weaker upwelling winds than regions farther south, but Hickey and Banas
[2008] attribute the high production of the British Columbia and Washington shelves to local freshwater
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influences, wide shelves, and the presence of canyons, which draw water up onto the shelf from deeper
depths than regions without canyons [Hickey, 1989, 1998; Allen et al., 2001; Connolly and Hickey, 2014; Alford
and MacCready, 2014]. Recent work using the model described here emphasizes the importance of both
the canyon and freshwater in the strong exchange flow that they drive through the Strait of Juan de Fuca
[Davis et al., 2014]. These high levels of primary production support standing stocks of particulate organic
carbon (POC) in excess of 50 umol kg™ in British Columbia [/anson et al., 2003] and 100 umol kg™ in Ore-
gon [Hales et al., 2006], which includes phytoplankton and zooplankton biomass, as well as detrital carbon.
While the high primary production produces oxygen at the surface, the POC sinks and respires into water
already low in oxygen, driving the system toward hypoxia. Of the biological processes that influence oxygen
concentrations in the coastal ocean, respiration of organic matter remains the most poorly understood.
While respiration rates have been constrained by laboratory experiments and in the open ocean [Dunne

et al., 1997; Groussart and Ploug, 2001], organic matter respiration on the shelf and slope is difficult to
observe in the water column directly. Previous studies have used time series of oxygen concentration as a
way to infer the contribution of respiration to the oxygen budget on the Washington-Oregon shelf [Hales

et al., 2006; Connolly et al., 2010], or incubation experiments to quantify water column respiration [Adams

et al., 2013]. In this paper, a high-resolution model of the region is used to determine the relative roles of
divergence and local respiration of organic matter to seasonal oxygen decline on the shelf. In our model cal-
culations, we find that respiration is responsible for 50-60% of the seasonal decline of oxygen on the Wash-
ington and Oregon shelves. Local retentive circulation processes determine the spatial patterns of
respiration, which control the spatial distribution of hypoxia on the shelf.

1.1. Regional Circulation

The west coast of North America is an eastern boundary upwelling region, the California Current System
(CCS) [Hickey, 1979]. In the spring and summer, seasonal northerly winds drive a coastal upwelling circula-
tion characterized by regional equatorward flow over the shelf and upper slope, and a poleward undercur-
rent, the California Undercurrent, over the slope below the shelf break [Hickey, 1979, 1998]. In the northern
CCS, freshwater and canyons become more important to cross-shelf exchange, and the shelf generally
broadens [Hickey and Banas, 2008; Allen and de Madron, 2009]. Oceanic source waters for the water upw-
elled onto the shelves of Oregon, Washington, and British Columbia include the North Pacific Current and
the California Current from the north, and, from the south, the California Undercurrent [Hickey, 1979].

Each of these currents has its own seasonal progression [Hickey, 1979; Huyer et al., 1979; Hickey, 1989; Thom-
son and Krassovski, 2010]. Over the slope of Washington, Oregon, and British Columbia, the spring transition
to the upwelling season coincides with the onset of predominantly equatorward flow and a greatly reduced
or sometimes absent California Undercurrent. The subsurface core of the poleward California Undercurrent
shoals over the course of the upwelling season, occasionally surfacing as it travels north [Pierce et al., 2000].
When the upwelling season ends in the fall, the entire upper water column over the slope transitions to
surface-intensified poleward flow, known as the Davidson Current.

The California Undercurrent water is salty, nutrient rich, and oxygen poor [Hickey, 1979; Lynn and Simpson,
1987]. It originates in equatorial regions and accumulates respired organic material as it travels north in sub-
surface layers. In contrast, the California Current travels equatorward in the upper ~200 m of the water col-
umn, is highly oxygenated, but has a highly variable nutrient content. The nutrient content of the California
Current varies in part due to the origin of this water, e.g., whether it originates in the subtropical North
Pacific or subarctic Alaskan Gyres. The source water for the California Current has been implicated for driv-
ing hypoxic events on the Oregon shelf in the past [Grantham et al., 2004].

The seasonal trend in the slope water circulation of the region may result in a seasonal trend in the source
water chemistry. As the poleward undercurrent shoals over the course of the upwelling season, it carries
the oxygen-poor, nutrient-rich equatorial source waters with it [Huyer et al., 1979; Huyer, 1983; Hickey,
1979; Hill et al., 1998; Pelland et al., 2013]. Studies suggest that the undercurrent contributes significantly
(40-50%) to the composition of shelf water and upwelling source waters for the region [MacFadyen et al.,
2008], carrying Pacific Equatorial Water (~20-40%) into the region [Thomson and Krassovski, 2010; Mein-
vielle and Johnson, 2013]. This has led to the hypothesis that the seasonal decline observed in oxygen on
the shelf could be due to an increased contribution of undercurrent water over the course of the upwelling
season.
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Figure 1. Model domain with locations of oxygen observations used to validate the
model. The green outlined regions identify where budgets were calculated. Contours
include the 60, 200, and 500 m isobaths. The region shallower than 60 m on the outer
coast is shaded in yellow. The study region is outlined in purple to highlight the region
focused on here, sufficiently away from the boundaries to avoid potential boundary

issues.

In this study, a high-resolution
model of oxygen cycling on the
Washington and Oregon shelves
is used to understand the relative
contribution of physical proc-
esses and POC dynamics to the
observed seasonal oxygen
decline on the shelf over a period
of 3 years (2005-2007). The mod-
eling is done using the Regional
Ocean Modeling System (ROMS),
and the circulation model setup
and validation are described in
Giddings et al. [2014]. Oxygen is
coupled to the biogeochemical
model described by Banas et al.
[2009a] and Davis et al. [2014]
and validated here against obser-
vational data sets from 2005 to
2007 detailed in Figure 1. Oxygen
budgets for the Washington and
Oregon shelves are presented for
the three modeled years. In sec-
tion 2, the methods are outlined,
including a description of the
oxygen model. Section 3 summa-
rizes the model simulations as
well as model validation (sections
3.1 and 3.2). In section 4, controls
over spatial variability in respira-
tion are discussed. Finally, section
5 summarizes the results. We find
that spatial and temporal pat-
terns of oxygen are primarily con-
trolled by local respiration on the
shelf in this upwelling system.

2. Methods

2.1. Physical Model Setup

As part of the NOAA/NSF Pacific
Northwest Toxins (PNWTOX) pro-
ject, the Regional Ocean Model-
ing System (ROMS) [Shchepetkin
and McWilliams 2005], a free-

surface, hydrostatic, primitive equation model used extensively in coastal systems, was configured for the
Washington and Oregon coasts (the “Cascadia” model) as described in detail by Giddings et al. [2014]. Sur-
face forcing and boundary conditions for the realistic Cascadia simulations are specified as described in Gid-
dings et al. [2014]. The domain extends from 43°N to 50°N, as shown in Figure 1, with a horizontal
resolution on the shelf of 1.5 km and 40 vertical levels including the inland waters of the Salish Sea, a net-
work of coastal waterways between British Columbia and the northwestern tip of the U.S. The Global Navy
Coastal Ocean Model (GNCOM) is used for the open boundary and initial conditions [Barron et al., 2006],
and meterological forcing from the MM5 regional forecast model [Mass et al., 2003] is applied. The model
includes 16 rivers forced with daily river discharge and temperature data from U.S. Geological Survey
(USGS) gauging stations and an Environment Canada gauging station for the Fraser River, as well as tides.
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GNCOM supplies the physical water
properties (temperature and salinity)
entering the domain at the open
southern and western boundaries. Ini-
tial conditions for nutrients and oxy-
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reservoirs of NuFrients (N), Phytoplankton (.P), Microzooplankton (Z), Small Detritus able estimate for what they would be
(SD), Large Detritus (LD), and Oxygen (O,) in the model. Local observations were A X

used to constrain the rates. Respiration rates were taken from Dunne et al. [1997] outside the domain. For each of the
and Groussart and Ploug [2001]. Benthic flux parameterization was based on local 16 river point sources, constant values
historic benthic oxygen consumption data described in section 2 [Hartnett and of oxygen (8mL/L)and a cIimatoIogi-

Devol, 2003]. More information about the ecosystem model can be found in Davis .
et al. [2014]. cal seasonal cycle for nutrients (see

Davis et al., 2014) are prescribed. An
additional set of passive dye tracers was added to help visualize the source waters for upwelling on the
shelf.

2.2. Biogeochemical Model Setup

The biogeochemical model consists of a five-compartment nitrogen budget and a coupled budget for dis-
solved oxygen (Figure 2). The nitrogen budget is based on the model of Banas et al. [2009a], with reparame-
terization of phytoplankton growth and the addition of a second detrital compartment as described below
and in Davis et al. [2014]. Planktonic nutrient cycling in the model is described in detail by Davis et al.
[2014], along with additional evaluation of model performance.

State variables include phytoplankton (P), zooplankton (Z), dissolved nutrients (N), small detritus (SD),
large detritus (LD), and oxygen (O,) (Figure 2). A list of variables and parameter values is given in Table
1. The model is written in terms of reservoirs of nitrogen, and conversion to oxygen is made with the
Redfield ratio (138:16) [Sarmiento and Gruber, 2006]. Since ammonia concentrations are generally low
(<10 uM), they are combined with nitrate into a single N pool. The choice of the ratio 138:16 assumes
that nitrogen is in the form of nitrate and so includes oxidation of ammonia [Ward, 2008; Paulmier et al.,
2009].

The time evolution of oxygen (O,) is calculated following Bianucci et al. [2011], using a modification of the
framework of Fennel et al. [2006] as implemented in ROMS v2.2 (see also schematic in Figure 2, and equa-
tions in the Appendix A). Definitions and units for all variables are given in Table 1:

% = [1;(E,N)P— (1 =) (1 ~fagest)I(P)Z— rSD—rLD]|Coy, + advection+diff (1)
00y G, dD ., dD ”
Ot leottom Az dZ z=bottom b dz |z=bottom
00, V02 B
6t surface AZ ([OZ} 2=surface [oz]sar) (3)

where Vo, =0.3102(55) ™ %3 uis the wind speed at the surface, Sc is the Schmidt number from Wanninkhof
[1992], and [0,],,, from the Garcia and Gordon [1992] formula. Oxygen is produced by phytoplankton (P)
growth (u;), which is light (E) and nutrient limited (N) as described in Davis et al. (2014). The functional
response of zooplankton (Z) ingestion (I) is based on in situ microzooplankton dilution experiments [Banas
et al., 2009a). Zooplankton excretion and egestion as well as respiration of both large (LD) and small detritus
(SD) each draw down oxygen. The functional response for zooplankton (Z) ingestion (1) is based on exten-
sive local observations of community grazing rates from dilution experiments [Olson et al., 2008; Banas

et al,, 2009a] and is consistent with laboratory measurements of grazing by herbivorous dinoflagellates and
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Table 1. Ecosystem Model Parameters

Description Value Source

Wo Maximum instantaneous growth rate 1.7 day ™’ RISE/ECOHAB observations: dilution experiments, 2003-2005 (n = 101)

atty,,  Light attenuation by seawater 0.05-0.0065(5-32) m ™' (where S = salinity)  RISE observations: PAR data from CTD casts, 2004-2005 (n = 43)

attp Light attenuation by phytoplankton 0.03m™’ RISE observations: PAR data from CTD casts, 2004-2005 (n = 43)

o Initial slope of the growth-light curve 007 Wm 3~ 'd" RISE/ECOHAB observations: photosynthesis-irradiance curves from deck-
board incubations, 2004-2006 (n = 55)

ks Half-saturation for nitrate uptake (Optimal 0.1 RISE/ECOHAB observations: dilution experiments, 2003-2005 (n = 101)

Uptake Model)

M Nongrazing phytoplankton mortality 0.1 day ™" A priori

Chl:N  Chlorophyll-to-nitrogen ratio 2.5 mg Chl (mmol N)~' RISE observations: CTDs 2004-2005 (n = 121)

lo Maximum ingestion rate 48 day”’ RISE/ECOHAB observations: dilution experiments near growth-grazing
equilibrium (n =9)

14 Zooplankton mortality 2.0day " (UM N)~! RISE/ECOHAB observations: dilution experiments near growth-grazing
equilibrium (n=9)

K Half saturation for ingestion 3uMN Lab studies: average for ~60 microzooplankton and mesozooplankton
spp. [Hansen et al., 1997]

£ Gross growth efficiency of zooplankton 0.3 Lab studies: average for ~60 microzooplankton and mesozooplankton
spp. [Hansen et al., 1997]

asest Fraction of losses egested 0.5 A priori

R Remineralization rate 01d7" Th-based flux measurements at HOT [Dunne et al., 1997]Roller tank experi-
ments on diatoms [Groussart and Ploug, 2001]

Wip Sinking rate for large detritus 80md’ A priori

Wsp Sinking rate for small detritus 8amd™’ A priori

VA Loss of nitrate to the sediments 1.2 mmol NO; m 2d™’ Observations from the Oregon coast of a constant loss to the sediments
from 80 to 1000 m [Hartnett and Devol, 2003]

T Detrital coagulation rate 0.05 (mmolNm ™3 'd™’ A priori

Cox Redfield conversion from O,:N 138:16

C20x Redfield conversion from OxN for sediments 108:16 106:16 is Redfield; however, because the primary flux of nitrogen from

the sediments is reduced, we are accounting for oxidation of ammonia
stoichiometrically

ciliates [Hansen et al., 1997]. Both observation-based and model-based methods [Olson et al., 2006; Banas
et al., 2009a] have concluded that in our study region, as in a wide range of marine environments [Calbet
and Landry, 2004], microzooplankton have a much larger grazing impact on the phytoplankton than cope-
pods and other mesozooplankton. Banas et al. [2009a] describes the derivation of zooplankton ingestion
and mortality rate parameters from local field data, and Davis et al. [2014] validates the model results
against these data. Dissolved organic matter (DOM) was not considered as a state variable in the model
because the respiration of semilabile dissolved organic material has been shown to contribute small
amounts to oxygen budget on the coast during the upwelling season, and more in winter [Bianucci et al.,
2011; lanson and Allen, 2002].

The key differences between this model and that of Bianucci et al. [2011] are in the formulation of direct

denitrification at low oxygen concentrations in the water column, the lack of a sediment component, and a
redesign of the detrital dynamics of the Banas et al. [2009a] model. In low oxygen environments (<5 pM),
when oxygen is depleted, anaerobic respiration degrades organic material by utilizing various redox reac-
tions of which denitrification is one. Direct denitrification consumes nitrate directly as the oxidizing agent
for degradation of organic matter, and has been shown to be important in the sediments of the Washing-
ton shelf [Christensen et al., 1987; Devol, 1991; Devol and Christensen, 1993; Connolly et al., 2010] as well as in
other regions. Water column direct denitrification is thought to be important globally in the open ocean
suboxic zone [DeVries et al., 2012], but has yet to be considered in the coastal ocean. The threshold oxygen
level below which denitrification can take place in the water column has not been absolutely determined,
but some authors suggest it falls between 2 and 10 uM, from field observations in the Oxygen Minimum
Zone off of Peru [Codispoti et al., 2005; Brewer et al., 2014]. In our model, under exceedingly low oxygen lev-
els, when the respiration of detritus demands more oxygen than is available in a model time step, respira-
tion consumes nitrate in the water column instead of oxygen.

A separate sediment component, like the one described in Bianucci et al. [2011], was not included in the
model formulation here. This simplification assumes that organic carbon is consumed rapidly in the surface
sediment layer and that little to no burial of organic carbon occurs on the shelves in the region. In support
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of this assumption, observations from the Washington outer shelf (deeper than 70 m) from Hartnett and
Devol [2003] determined that 8% of the primary production reaches the seafloor, and only 10-20% of that
is buried in the sediments. Organic carbon in the sediments is mainly found deeper than the 50 m isobath,
and comprises a small fraction (1-2%) of the sediments on the shelf [Archer and Devol, 1992]. These obser-
vations for the North American Pacific Northwest region, and the lack of consensus on burial controls
[Hedges and Keil, 1995; Macdonald and Pedersen, 1991], suggest that most of the organic carbon reaching
the seafloor is mineralized by the benthos and so can be modeled accordingly.

The redesign of the detrital dynamics of the Banas et al. [2009a] model mainly involved the addition of a
large detrital class, and the elimination of burial at the bed. The large and small detritus classes differ in
both their production mechanism and sinking velocities. The large detritus is produced as a result of coagu-
lation (0.05 mmol N m~2d ") of the small detritus [Lima and Doney, 2004]. The large detritus sinks at a rate
of 80 m d ', and respires at the same rate as the small detritus (0.1 day ') [Dunne et al., 1997; Groussart
and Ploug, 2001]. While this sinking rate is higher than previous modeling efforts, it is well within the
observed range for diatoms, which dominate the primary production of upwelling regions. Lab experiments
and field programs show that sinking velocities of diatoms and their associated aggregates exhibit sinking
velocities between 10 and 1000 m/d [Iverson and Ploug, 2013; Iversen and Ploug, 2010]. Aggregates likely
form within the large blooms of the region, and have been shown to contribute significantly to the sinking
flux of organic matter [Jackson et al., 2005; Healey et al., 2009; lanson et al., 2012]. At the bed, all detritus
respires and returns to the nutrient pool as in Fennel et al. [2006] using the stoichiometric ratio of

0O,:N = 108:16 for coupled denitrification, slightly altered to account for the oxidation of ammonia back to
nitrate (see equations (A1) in Appendix A and Davis et al. [2014]). Because we assume (following Fennel

et al. [2006]) that the sinking flux out of the bottommost grid cell results in an immediate, corresponding
influx of nutrients at the sediment-water interface and an oxygen loss to the sediments, this flux can also
be equated to the sediment oxygen demand. Observations of the sediment oxygen demand on the Wash-
ington shelf [Hartnett and Devol, 2003] were therefore used to constrain the sinking velocity of the large
detritus and the coagulation rate (Table 1), parameters which are often completely unconstrained in bio-
geochemical models. Additionally, a quasi-one-dimensional ROMS model (see next section) was used to
test the impact of various detrital scenarios on nutrient profiles. The nutricline was better represented with
two detrital pools, which ultimately results in better prediction of the depth of organic matter respiration.

2.3. Detrital Dynamics Sensitivity

The design of the detrital portion of the model was crucial to achieving good agreement between the mod-
eled and observed oxygen concentrations. Several variations of the detrital model were tested and com-
pared with data. The bottom boundary condition (reflective versus burial), inclusion of a second detrital
pool, and sinking velocity were varied, while respiration rate and other model parameters were held con-
stant. The goal of the tests was to achieve the same rate of change observed in the oxygen concentrations
from the moored observations at EH4 (see Figure 1), a Washington shelf mooring in 32 m of water with sen-
sors 1 m off the bottom [Connolly et al., 2010].

The bottom boundary condition was tested by comparing a case in which detritus was allowed detritus to
sink out of the bottom, or be buried, to a case where detritus was instantaneously respired, or a reflective
boundary condition. The case that allows burial on the shelf causes the modeled oxygen concentration in
bottom waters to remain steady over the course of the upwelling season, unlike the observed trend. Only
when detritus was not buried, but instead instantly respired, was the rate of change of oxygen similar to
observations. This “reflective” boundary condition assumes a steady state in which the nutrient flux to the
sediments is equivalent to the pore water nutrient flux back to the water column. This is a good assumption
at steady state, and is consistent with the Fennel et al. [2006] model formulation. By allowing the nutrients
to respire on the shelf and oxygen to decrease in response, the oxygen concentrations decrease on the
shelf over the upwelling season in the model. However, the resulting modeled oxygen concentrations were
biased too low, indicating excessive oxygen depletion on the shelf. Given a remineralization rate of 0.1
day ' [Groussart and Ploug, 2001; Wetz et al., 2008], a detrital particle must sink faster than 20 m d ™" in
order to respire deeper than the shelf break (200 m). By increasing the sinking velocity of a single particle
detrital pool, detritus respires deeper than 200 m because it sinks faster, escaping the nutrient trapping on
the shelf. However, the resulting modeled oxygen declines too quickly, and removes nutrients too quickly
from the surface, thus negatively affecting primary production (not shown).

SIEDLECKI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010254

Through the addition of a second detrital class, the surface bloom remains unaffected, while some of the
nutrients are allowed to escape nutrient trapping on the shelf. Nutrients did not experience a net trend on
the shelf or elsewhere in the domain from year to year when the second detrital class was added. The nutri-
cline was more realistically represented with the addition of the second detrital class, which ultimately pro-
duced better results for oxygen as well.

2.4. Model Experiment

Realistic hindcast simulations were run continuously for 2004-2007 as described by Giddings et al.
[2014]. One year of simulation (2004) was required to ensure that the dye and biogeochemistry were
spun-up to steady state. Steady state in the biogeochemistry is defined as the state where less than a
1% change in total nutrients occurs in the domain interannually. Thus, here we present results from
2005-2007 only.

Each simulated year experienced very different environmental forcing. For example, 2005 was characterized
by a late onset for the upwelling season [Kosro et al., 2006]. In contrast, 2006 experienced prolonged and
extensive upwelling with the most river discharge. 2007 is described as a moderate upwelling season with a
record snowpack producing high discharge in the spring/early summer months. The implications of these
very different environmental forcings will be discussed in section 4.

2.5. Budget Calculations

Oxygen budgets for the shaded regions depicted in Figure 1 were calculated from the model results using
equation (1) and the diagnostic terms from ROMS. The diagnostic fluxes, both the advective and diffusive
terms for the tracers as well as the biogeochemical model fluxes were averaged daily. Each diagnostic flux,
representing terms in equation (1), was vertically integrated over 0-500 m, time averaged over the upwell-
ing season as defined by the 8 day wind stress, and then spatially averaged over the regions outlined in Fig-
ure 1. The upwelling seasons for each year are defined in Table 2 and consistent with the spring and fall
transition dates as determined by the cumulative upwelling index. The region in Oregon was cut off at
44°N to avoid model boundary effects, and thus that region mostly represents Heceta Bank (Table 2). Pri-
mary production is a source of oxygen from the production of organic matter as defined in equation (1).
Respiration is the sum of the water column respiration of detritus, zooplankton egestion, and sediment oxy-
gen demand, and is always a loss of oxygen. Air-sea exchange is the contribution to the budget of gas
exchanges as defined in equation (3) and can be a source or a sink of oxygen. Divergence is defined as the
sum of horizontal plus vertical advective and diffusive fluxes, and can be either a source or a sink of oxygen.
When the divergence contribution is positive, two scenarios exist: either oxygenated water is imported into
the region or low-oxygen water is exported out of the boxed region (or both, in different layers within the
0-500 m range of integration).

3. Results

3.1. Model Validation

Bottom water oxygen concentrations are lowest during the summer upwelling season [Connolly et al., 2010;
Pierce et al., 2012; Crawford and Pena, 2013], and recent observations are mostly limited to this period. Con-
sequently, the focus of the analysis here is on summer dynamics (2005-2007); however, it should be noted
that the model was run continuously for four full seasonal cycles. Observations used for validation are
shown in Figure 1 and span the entire upwelling season, capturing the beginning and end at certain loca-
tions. Validation results for oxygen, based on over 2264 CTD casts, and brief results for the physical and bio-
logical fields are presented here. More extensive analysis of modeled nitrogen and chlorophyll are
presented in Davis et al. [2014] and modeled temperature, salinity, and velocity are presented in Giddings
et al. [2014].

3.1.1. Physical Model Validation Summary

The physical model successfully reproduces the dominant features, such as coastal upwelling and Columbia
River plume movement, and regional oceanography, such as coastal-trapped waves, with significant skill
(Willmott Skill Score of >0.5, discussed further below) in 2005 on both event and seasonal time scales [Gid-
dings et al., 2014]. The observations are extensive including locations marked on Figure 1 and additional
locations indicated in Giddings et al. [2014, Figure 1]. Observations are more prevalent on the shelf and near
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Table 2. Oxygen Budget for Washington and Oregon Boxed Regions Identified in Figure 1?

Averaged Over

Averaged Over

Averaged Over

2005 Upwelling 2006 Upwelling 2007 Upwelling Interannual
Washington Season Std Dev Season Std Dev Season Std Dev Average Variability Percent of
shelf Budget Term (DOY 150-270)  (2005)  (DOY 493-670)  (2006)  (DOY 860-1000)  (2007)  (2005-2007)  (Std Dev)  (Prod-dO/dt)
Primary production 118 40 123 48 127 35 123 5
Air-sea gas exchange -6 23 3 35 -9 36 —4 6 —3%
Divergence =77 110 —50 140 —50 127 —59 16 —38%
Total Respiration -87 26 —94 25 —98 15 =93 6 —60%
Consumption in Water Column —64 20 —69 18 =73 11 —69 5
Sediment Oxygen Demand —23 7 25 8 —26 6 25 2
Temporal Change (dO/dt) —52 96 —18 128 —30 112 —33 17
Averaged Averaged Over Averaged Over Heceta Bank HB
Over 2005 2006 2007 Interannual (44-45N,HB) Interannual
Oregon Upwelling Std Dev  Upwelling Std Dev  Upwelling Std Dev Average Variability Percentof  AvgOnly Variability
shelf Budget Term Season  (2005) Season (2006) Season (2007) (2005-2007) (Std Dev) (Prod-dO/dt) (2005-2007) (Std Dev)
Primary production 72 18 91 26 94 25 86 12 88 13
Air-sea gas exchange =3 16 =33 28 —43 29 —36 6 —31% =3 5
Divergence 5 103 3 98 -10 61 =1 8 —1% 0 9
Total Respiration —67 11 —85 18 —90 21 —81 12 —69% —83 12
Consumption in Water Column —60 11 —78 16 —83 19 —74 12 —74 1
Sediment Oxygen Demand =7 1 =7 2 -8 2 =7 1 -9 1
Temporal Change (dO/dt) —23 103 —24 929 —49 70 —32 15 —32 13
Summer Average 8 day Wind Stress 73 7.2 24
Winter Average 8 day Wind Stress —255 —222 —23.2

“The fluxes were integrated over the top 500 m, and then averaged over the upwelling season, as defined by the 8 day wind stress. The upwelling season for each year is shaded in
gray on Figure 13. The time series for each of these fluxes is plotted in Figure 13. In addition, the standard deviation for each upwelling season is also reported. The table includes the
average over all 3 years and the standard deviation, or interannual variability, of all the fluxes. Finally, the average wind stress over the summer upwelling and winter seasons is also

reported.

the surface during the late spring and summer months (May-October), resulting in our greatest confidence
in these regions and at these times. Geographically, the observations are more concentrated on the Wash-
ington and British Columbian coasts. The observations include in situ hydrodynamic observations, satellite
data, and glider data including time series. The model currents, salinity, and temperature are validated using
an extensive array of physical observations including in situ hydrodynamic observations (time series and
transects), satellite data, and glider data [see Giddings et al., 2014, Figure 1]. Mooring records were provided
from the Ecology and Oceanography of Harmful Algal Blooms—Pacific NorthWest (ECOHAB-PNW) and River
Influences on Shelf Ecosystems (RISE) projects (May-September 2004-2007) as well as the Fisheries and
Ocean Canada, Institute of Ocean Sciences (I0S) (year round). Moorings had acoustic Doppler current pro-
filers (ADCPs) and conductivity, temperature, depth sensors (CTDs) or temperature sensors at varying
depths. Tidal and subtidal sea surface height was validated using NOAA tide gauges (http://tidesandcur-
rents.noaa.gov/). Finally, CTD casts throughout the domain were used to test the vertical distribution of
temperature and salinity. These included casts from the spatially comprehensive ECOHAB-PNW [MacFadyen
et al., 2008] and RISE [Hickey et al., 2010] projects as well as the Puget Sound Regional Synthesis Model
(PRISM), Washington State Department of Ecology, the Joint Effort to Monitor the Strait (JEMS), and 10S (Fig-
ure 1) totaling over 7000 CTD casts and 10 moorings from 2004 to 2007. Note that casts span the entire
year, although the majority of the offshore casts were taken during the upwelling season. Figure 3 shows
the subtidal and mean velocity, salinity, and temperature comparisons at a mooring (EH4). All subtidal time
series are computed with a Godin low-pass filter [Emery and Thomson, 2004]. The model velocities achieve
better skill in the alongshore direction than the cross-stream direction.

In general, the model represents the circulation on the shelf better than beyond the shelf break, but the
model has significant skill at all compared depths (down to 500 m) [Giddings et al., 2014]. The model repro-
duces the strengthening and shoaling of the California Undercurrent (Figure 4) [Giddings et al., 2014]. Figure
4 includes a cross section at 47°N during the spring and again in late summer during the peak California
Undercurrent presence in 2005. The California Undercurrent is seen in Figure 4 as a poleward velocity core
centered near the shelf break. In addition, the California Undercurrent can be identified using the a passive
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Figure 3. Modeled fields for summer of 2005. Subtidal time series near the water surface and mid-water column (22 m) along-stream (top)
velocity, (middle) salinity, and (bottom) temperature at EH4, an ECOHAB-PNW mooring, in 32 m of water. Observations are in black, model
results are in gray, and NCOM results are in thin light gray. Willmott skill scores (WS) and correlation coefficient (r) are included on the pan-
els for the near-surface subtidal time series. For more information about the model circulation, see Giddings et al. [2014].

dye tracer in our model entering at the southern boundary, or in the nitrate and oxygen fields, as high
nitrate, low oxygen, and high dye concentrations.

3.1.2. Biogeochemical Model Validation Summary

To quantify the overall correspondence between the observations and modeled oxygen fields, target dia-
grams [Jolliff et al., 2009] were made from profile observations and colocated model profiles (locations
shown in Figure 1) in order to provide a summary of the pattern statistics and model biases (Figure 5). The
distance from the origin in Figure 5 is proportional to the total Root Mean Squared Difference (RMSD). Fig-
ure 5 informs whether the model’s standard deviation is larger (X > 0) or smaller (X < 0) than the standard
deviation of the observations, in addition, to providing information about the positive (Y > 0) or negative

(Y < 0) bias. Modeled oxygen is biased low (<0.5 mL L™") and the standard deviation in the oxygen fields is
larger than the observed standard deviation. Still, modeled oxygen fields mostly fall within values of 1 of
the RMSD and Bias, each normalized by the standard deviation of the observations. This result indicates a
better than average modeling efficiency metric (MEF) [Stow et al., 2009], and that the observations and colo-
cated modeled points are positively correlated [Jolliff et al., 2009]. Consistent with the oxygen results, shown
in Figure 5, modeled nitrate is biased high for observed nitrate values less than 10 uM, typically near the
surface, as pointed out in Davis et al. [2014]. The model also has a slight (<5 uM) bias high at depth consist-
ent with the fresh bias in salinity inherited from our NCOM boundary conditions [Davis et al., 2014].
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Figure 4. Modeled fields for summer of 2005. Cross sections along 47°N (top row) averaged over the month of May and (bottom row)
averaged over the month of September. The model reproduces the observed seasonal cycle of the slope circulation with a minimal under-
current in the spring and a strong undercurrent in the late summer. (a) Oxygen in mL L ™", (b) nitrate in Mm, (c) alongshore velocity in m
s~ (positive poleward), (d) southern boundary dye concentration. The undercurrent can be identified in the model by the poleward (posi-
tive) flow, high concentration of southern boundary dye (S bry dye), high nitrate, low oxygen water. For more information about the model
circulation, see Giddings et al. [2014].

Modeled standard deviation in the nitrate fields is smaller than the observed standard deviation over the
same space and time (not shown). Further validation of the model fields are presented below in the form of
maps, cross sections, and time series comparisons.

3.1.3. Time Series and Mooring Comparisons
Oxygen on the inner shelf experiences a dramatic seasonal variation and seasonal decline during the
summer to early fall. Event-scale fluctuations are superimposed on top of this seasonal trend. Oxygen and
temperature time series from moorings on the northern Washington shelf (EH4 and CA065, shown in Figure
1) are compared to modeled oxygen and temperature (Figure 6). To assess model skill in the time series
comparisons, the Willmott Skill Score (WSS) [Willmott, 1982] is used:
2y (mi—oy) MSE
WSS=1— . — =1 =N - —
N m—ol+oi—ol)? 4> (mi—o|+]oi—o))

where o; is an observation, m; is the corresponding model value, there are N paired modeled/observed val-
ues, and MSE is the mean square error. The WSS is an index of agreement between the observed and mod-
eled values, with a value of 1 indicating perfect agreement and a value of 0 indicating no agreement, and
incorporates both the mean bias between modeled and observed values and the variability about that
mean bias [Willmott, 1982].

(4)

At EH4 on the Washington shelf (see location in Figure 1), the model reproduces the observed seasonal oxy-
gen decline in 2005 despite a poor correlation with the observations on the event scale (R? = 0.002, WSS =
0.33; Figure 6a). The model predicts the onset of hypoxia (< 1.4 mL/L) within 2 days of the observations at
EH4 in 2005, but ends the season with higher than observed concentrations. Connolly et al. [2010] show
that the observed event-scale variability is associated with along-shelf advection of a low-oxygen patch
rather than upwelling and downwelling. Despite missing the event-scale variability, the model’s perform-
ance in 2005 is representative in a seasonal sense (Figure 5). The model also captures the seasonal decline
in oxygen on the inner Washington shelf in 2006 (R = 0.53, WSS = 0.81), and 2007 (R* = 0.68, WSS = 0.91),
as well as most of the event-scale variability (Figure 6). In 2006, the model predicts the onset of hypoxia 10
days prior to the observations at EH4. A warm, high-oxygen event near the end of September 2006 is the
signature of a downwelling wind event. The upwelling season ends abruptly with the fall transition to
warmer temperatures and higher oxygen in October of all 3 years. In 2007, the observational record contin-
ued through the end of the year, and the model captures the fall transition.
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Figure 5. Target diagram for modeled oxygen from all years over the upwelling season. Each cruise sample location (EH4, EH5, EH6, R3W,
and NOAA) as well as the mooring (EH4) is depicted as shown in Figure 1. The figure informs whether the model’s standard deviation is
larger (X > 0) or smaller (X < 0) than the standard deviation of the observations, in addition, to providing information about the positive
(Y > 0) or negative (Y < 0) bias. Observations span <30 m down to 3000 m depth and consist of both CTD oxygen sensor data as well as
bottle samples.

In contrast to EH4, time series from mooring CA065 at midshelf (depth = 65 m) in the Olympic National
Marine Sanctuary off the Washington coast (~48°N, see Figure 1) show this location rarely experienced
hypoxia in 2006-2007. The model has one brief hypoxic event in 2006 and another in 2007 (September of
2006 for 2 days, and August of 2007 for 4 days) that is earlier and not as severe as observed. Possible rea-
sons for this region’s generally normoxic (oxygen concentrations greater than hypoxic concentrations) con-
ditions are discussed later.

3.2. Spatial Patterns in Oxygen Over the Upwelling Season

Spatial patterns of bottom oxygen show both mesoscale and regional variability (Figure 7). Patterns are similar
to the observations, depicted as maps of bottom oxygen from two late summer CTD surveys [Connolly et al.,
2010] compared to modeled oxygen from the same time interval (Figure 7). In each case, the model field was
averaged over the time interval of sampling observations, roughly 1 week. In 2005, both model and observa-
tions show that the region beneath the seasonal Juan de Fuca Eddy is hypoxic, while the adjacent shelves
both north and south of the Juan de Fuca Eddy remain oxygenated. Further south on the Washington coast,
offshore of Grays Harbor (46°N-47°N), hypoxia was observed and the model captures this pattern. In 2006,
the modeled hypoxic region under the Juan de Fuca eddy extends farther onto the British Columbia shelf
than the observed pattern. The area of lowest oxygen is again located offshore of Grays Harbor (46°N-47°N).
The model does indicate a thin band of oxygenated water hugging the coast in that area, a region not
sampled by the observations. Thus, although the modeled hypoxic regions do not overlap exactly with the
observations, the general spatial patterns and gradients observed are reproduced in the model.

The seasonal progression in 2005 of low-oxygen water on the Washington shelf is illustrated with modeled
and observed cross sections from the same location and time period (Figure 8). The observations illustrate
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Figure 6. Time series from 2005 to 2007 of (a) bottom oxygen and (b) bottom temperature from the model (black) and observations at EH4 (red)—a mooring around 47.5°N in 32 m of
water from Connolly et al. [2010], see Figure 1. Time series of (c) bottom oxygen and (d) bottom temperature from the model (black) and observations at CA065 (red)—a mooring from
the Olympic Coast Marine Sanctuary around 48°N in 65 m of water for 2006-2007, see Figure 1. Upwelling seasons have been shaded by gray boxes. Units are mL L~ 'and hypoxia
(<14 mL L") marked as a constant line on the oxygen panels. Both the Willmott Skill Score (WS) and the Skill Score (SS) are included on the plot for each observational period.

that low-oxygen water upwells onto the shelf in a thin layer along the bottom (Figure 8). Hypoxic water
develops first in patches on the mid shelf (Figure 8e), expanding farther onto the shelf and extends higher
into the water column over the course of the upwelling season (Figure 8p). The model reproduces the
observed seasonal progression (Figure 8a versus Figure 8l). In the beginning of the upwelling season, high-
oxygen (>3 mL/L) water dominates the water column on the inner shelf. By the end of the season, the low-
oxygen (<2 mL/L) water dominates the water column, occupying more than 50% of the water column. Sec-
ond, the model simulates the seasonal progression in the thickness of the highly oxygenated surface layer
(>6 mL/L). The surface layer progresses from occupying more than the upper 50 m of the inner shelf in May
to occupying less than 20 m by September in both the model (Figures 8a and 8l) and the observations (Fig-
ures 8e and 8p). The thinning of the surface oxygenated layer over the course of the upwelling season coin-
cides with the thickening of the oxygen depleted bottom water.
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Figure 7. Maps of bottom oxygen from the model (a) and (c) and the observations (b) and (d) for the same time periods in 2005 and 2006. Model results are shown for the entire shelf
region and thus are not subsampled to the observation locations. Observations made as part of the ECOHAB-PNW program and described by Connolly et al. [2010] are taken at the black
dots and objectively contoured. Observations adapted from Connolly et al. [2010]. Units are mL L™".

3.3. Modeled Seasonal Oxygen Patterns in the North American Pacific Northwest

With confidence derived from comparison with the comprehensive Washington database, results are now
extended to the entire North American Pacific Northwest. The seasonal progression of oxygen decline on
the shelf in each of the 3 years is clearly evident in time-averaged maps of modeled bottom oxygen over
much of the study region (Figure 9). While all 3 years experienced hypoxia on the shelves of Oregon and
Washington, the spatial extent and onset shows significant interannual variation, e.g., the British Columbia
shelf only experiences hypoxia in 2007. Hypoxic regions develop on the shelf in late summer of each
upwelling season. Three regions persistently experience hypoxia in the model: the Washington shelf just
north of Grays Harbor (46°N-47°N); the Juan de Fuca Eddy region; and Heceta Bank, Oregon (Figure 10).

The British Columbia shelf generally experiences the highest bottom oxygen concentrations. As shown by
Crawford and Pena [2013], development of seasonal hypoxia only occurs in the region around the Juan de
Fuca Eddy at the mouth of the Strait of Juan de Fuca, south of 49°N. On the coast of British Columbia in the
model, the largest area of hypoxic shelf water occurs in late summer of 2007. The predominantly oxygen-
ated subarctic North Pacific water to the north and the northward-flowing Vancouver Island Coastal Current
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Figure 8. Cross sections of oxygen in the water column from (top) the model and (bottom) the observations for the same time periods in 2005. Observations made as part of the
ECOHAB-PNW program and described by Connolly et al. [2010] along the vertical gray lines. Observations adapted from Connolly et al. [2010]. Units are mL/L and hypoxia (< 1.4 mL/L) is
outlined by the black contours.

(VICC) dominate the British Columbia coast, allowing the shelf to remain oxygenated [Bianucci et al., 2011].
The buoyancy-driven VICC is associated with downwelling isopycnals at the coast, which opposes wind-
driven upwelling [Hickey et al., 1984]. This issue will be discussed further in section 4.1.

The shelf region offshore of Grays Harbor from north of the Columbia River mouth to south of Quinault can-
yon (~46°N-47°N) is the broadest section of shallow (<60 m) shelf off Washington and Oregon. Heceta
Bank is the broadest shelf off Oregon (width ~40 km), similar in width to the widest regions of the Washing-
ton shelf (width ~50 km), but much deeper than the Washington shelf (117 m versus 75 m, on average).
The relative importance of shelf width and depth to the oxygen demand will be discussed in section 4.1.

3.4. Modeled Spatial Patterns of Respiration in the Northern California Current

The regions that repeatedly experience the lowest oxygen concentrations on average in the modeled years cor-
respond to regions of enhanced respiration, either in the water column or in the sediments (sediment oxygen
demand) (Figure 10). While observations of respiration in the water column are rare, the range of respiration
from the model (0.25-0.75 mmol O, m~3d ™", 0.006-0.017 mL L' d™ ") overlaps with the observed range dis-
cussed in Adams et al. [2013] (0.014-0.045 mL L—" d™") based on observations from the Oregon shelf at 70 m
during the upwelling season. In Figure 10, respiration was integrated over 200 m of the water column and aver-
aged over the upwelling season (May-September) for each year. The Juan de Fuca Eddy region, the central
Washington coast, and Heceta Bank are regional hot spots in the maps of total integrated respiration.

The Washington shelf experiences more sediment oxygen demand (Figure 10, second column) than the
Oregon shelf. This spatial pattern is consistent with observations from two locations. Hartnett and Devol
[2003] report sediment oxygen demand of 20 mmol O, m~2d ™" on the Washington shelf at 80 m depth. On
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Figure 9. Time-averaged maps of bottom oxygen from the model showing the seasonal
progression over the upwelling season in bottom oxygen in 2005-2007. The first column is
averaged in the spring (May-April), the second column over early summer (June-July), and
the last column over the late summer (August-September). Units are mL/L and the shelf
break (200 m) is identified as the black contour.

the Oregon shelf, Reimers et al.
[2012] reports sediment oxygen
demand fluxes of 3.2-9.8 mmol
0, m 2d " at 80 m depth. The
observations of Hartnett and
Devol [2003] were made at a
range of depths on the outer
shelf and slope, as seen in Figure
11. A significant depth-
dependence is observed with
more sediment oxygen demand
in the shallower depths. While
observations of sediment oxy-
gen demand shallower than

70 m are not available, biomass
is more concentrated near the
coast, which results in more
large detrital particles. The larger
detritus sinks faster, so it reaches
the bed and respires faster. In
addition, more detritus reach the
bed faster, in general, in shal-
lower water columns, as there is
less area to respire in the water
column. The model successfully
captures the observed depth
dependence (Figure 11). The
shelf geometry differs between
Washington and Oregon such
that Washington's shelf contains
a larger area of shallow (<60 m)
shelf (Figure 11) [Hickey and
Banas, 2008]. Figure 12 indicates
the latitudinal trend in the shal-
low shelf area, mainly that the
Washington shelf contains a
larger area of shallow shelf than
the Oregon shelf. The broader
shallow shelf area on the Wash-
ington shelf likely contributes to
the spatial variability of sediment
oxygen demand in the model. A
significant (R? = 0.54) relation-
ship exists between the fraction
of shelf area shallower than

60 m and the sediment oxygen
demand (Figure 12).

3.5. Oxygen Budget for
Washington Shelf

The oxygen budget for the
Washington shelf region (Table
2; see Figure 1 for bounds of

analysis regions) is consistent with the observation-based conclusions of Connolly et al. [2010], namely that
respiration of organic matter locally is the dominant driver for the summer-fall oxygen decline. Each
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Figure 10. Time-averaged (June-September) maps of (first column) integrated water column respiration (0-200 m) (mmol O, m2d7),
(second column) sediment oxygen demand of the sediments (mmol O, m~2 d ™), total respiration (water column respiration plus sedi-
ment oxygen demand, 0-200 m) (mmol O, m~2d "), and average bottom (0-500 m) oxygen distribution (mL/L) for (top) 2005, (middle)
2006, and (bottom) 2007. All panels include the 200 m isobaths for reference, but the sediment oxygen demand panels also include the
60 m isobath.
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Figure 11. Sediment oxygen demand (mmol O, m ™2 d ") from the model (open markers) and observations of Hartnett and Devol [2003]
from several periods during the 1990s (filled diamonds and line) over a range of depths between 80 and 1000 m along a line depicted on
the map insert. The map insert is a map of the sediment oxygen demand from the model averaged over the upwelling season in 2005.
Model results are averaged over the entire upwelling season (June-September), the standard deviation of that location is plotted on each
point as well.

upwelling season, 70-80% of the organic matter produced on the shelf is respired locally in the water col-
umn and in the sediments. Connolly et al. [2010] showed that the water column and sediments were deter-
mined to each contribute 40-60% of the oxygen consumption on the Washington shelf in 32 m of water.
The model results are averaged over the whole shelf, while the results from Connolly et al. [2010] are for the
inner shelf only. The benthic contribution to respiration declines with depth [Hartnett and Devol, 2003], and
so the numbers presented here are somewhat smaller than reported in Connolly et al. [2010].

The divergence of low-oxygen water into the region varies from year to year. In 2005, the divergence term
contributed more to the oxygen decline than in any of the other years, nearly equivalent to the respiration
term. In 2007, the divergence term contributed the least to the oxygen decline on the shelf, contributing
approximately half as much as in other years. The divergence term experiences the largest variability of all
the terms in the budget.

3.6. Oxygen Budget for Oregon Shelf

The oxygen budget for the Oregon shelf region shaded in Figure 1 (Heceta Bank) illustrates the contribution
of local respiration of organic matter to the seasonal oxygen decline, as on the Washington shelf, consistent
with the results of Adams et al. [2013] (Table 2). Local respiration accounts for 87-90% of the primary pro-
duction in the Oregon analysis region. The majority of the respiration occurs in the water column rather
than in the sediments because the majority of the contribution to respiration comes from the small detrital
pool, which respires in the upper 200 m of the water column (given the sinking velocity and respiration
rate—see section 2.3), and the shelf is deep in this region. A larger percentage of the organic matter is
respired locally in Oregon than in Washington likely due to the retentive nature of Heceta Bank. The primary
production and respiration terms experience the most interannual variability in the oxygen budget for
Oregon.

In contrast to the Washington shelf, divergence of deoxygenated water into the Oregon region is a small
component of the seasonal oxygen decline. The Oregon shelf includes Heceta Bank, a previously identified
semiretentive region [Barth et al., 2005; Kim and Barth, 2011]. Retentive regions are expected to experience

SIEDLECKI ET AL.

©2014. American Geophysical Union. All Rights Reserved. 17



@AGU Journal of Geophysical Research: Oceans

10.1002/2014JC010254

20
R?=0.54

s 18 N
% ]
GE)A 16 48
QAo 14 .
§)E 12 ;247

N ©
<O 10 : : =
OB 'o 46
T £
g€ LI -
S
)]
wn

44

J

oo N A O ®

012 013 014 015 0.6 i:1327 —156 —1é5 -124 -123 -122
Percent of Shelf Area (< 60 m) Longitude

Figure 12. Sediment oxygen demand (mmol O, m~2 d~") from the model and percentage of shelf area less than 60 m deep. Model results are averaged over the entire upwelling sea-
son (June-September) and points are colored by latitude. The larger the region of shallow shelf, the more sediment oxygen demand exists in that region (R? = 0.54). A larger region of
shallow shelf exists in Washington than in Oregon.

a smaller influence from the divergence term, as the circulation transit time through these regions is longer
than in surrounding regions.

Another significant difference between the Washington and Oregon shelves lies in the air-sea gas exchange
contribution to the oxygen budget. The model results for Oregon (0.4 mmol m~> d ") on average experi-
ence 30% less degassing than the observations from 2001 of Hales et al. [2006] (0.64 mmol m > d ™"

—0.17 + 0.09). However, if we compare only 2007 to the 2001 results, as both years experienced similar
Cumulative Upwelling Index (CUI, —3.0 versus —2.8 N m~2 d), and average only May and August 2007 from
the model to be consistent with the observations, for example, that difference is reduced to 6%. In the
model, the loss of oxygen is consistently larger in Oregon than Washington. Oregon’s coast experiences a
larger area of cold upwelled water exposed at the sea surface than the Washington coast due to stronger
winds in the region [e.g., Giddings et al., 2014] (Figure 6). Gas exchange is a function of the gradient
between the surface oxygen concentration and the saturation concentration, which is controlled by the
temperature of the water, and the wind speed. A larger region of cold water at the surface would result in a
larger gradient in oxygen between the concentration in the water and the atmosphere, and consequently a
larger loss.

The seasonal temporal change in oxygen in the model is similar in all 3 years reported here, consistent
with observations from the Oregon shelf between 2009 and 2011 reported by Adams et al. [2013]. The
modeled summer-fall temporal change in oxygen over the Oregon shelf of —0.3 mmolm—3d ™', is
smaller than that reported in Hales et al. [2006] from 2001 (—0.61 mmol m ™ >d ™" (+0.12)) or by Adams
et al. [2013] (—0.4 mmol m~3d~"). The value reported in the budget is averaged over the entire region
outlined in Figure 1 and the observations from Adams et al. [2013], for example, were from a mooring
location in 70 m of water on Heceta Bank over a different year. Despite the slight underestimate of oxy-
gen decline, the model does exhibit significant skill in the region, as shown in Figure 5 (NOAA cruises,
identified geographically in Figure 1).

3.7. Variability in Both Budgets

Time series of the terms in the oxygen budget over the upwelling season for the outlined regions on the
Washington and Oregon shelves (see Figure 1) are plotted in Figure 13. The time series were integrated
over the water column (0-500 m) and the shaded regions in Figure 1, and then low-pass filtered with a 30
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day Hanning window to focus on the seasonal variability. The seasonality of the respiration and production
terms of the oxygen budget on both shelves is clearly evident with maxima in production and respiration
occurring during the upwelling season in all 3 years. The time series also confirm the results from Table 2
for the budget. For example, that primary production and respiration are the biggest terms on average in
the budget.

The variability of the other terms in the budget throughout the year differs for each term. The divergence
term exhibits the most variability throughout the record. The divergence term varies seasonally, as well as
spatially (Figure 13). In Washington, the maximum occurs in winter, and the divergence term is mostly a
loss of oxygen over the upwelling season. In Oregon, the contribution of the divergence term varies from
year to year with no clear trend seasonally. The dO/dt term follows divergence closely, and divergence
appears to vary independent of production and respiration (Figure 13). In Washington, one of biggest con-
tributions to variability in the oxygen budget comes from the divergence term; however, in both regions,
divergence has the biggest standard deviation over the upwelling season (Table 2).

4. Discussion

Observations and model results show that oxygen is drawn down in the study region over the upwell-
ing season. The modeled budgets for all 3 years indicate that local respiration and divergence, or circu-
lation, contribute similar (60 versus 40%) amounts to integrated oxygen budget on the Washington
coast while respiration dominates the Oregon coast in the Heceta Bank region. In addition to the direct
effect of circulation in the oxygen budget, the circulation influences the oxygen budget through
mechanisms of recirculation on the shelf which cause regional hot spots of respiration, as we discuss
below. Most of the mechanisms of recirculation and retention have been previously identified in the
literature [Tully, 1941; Denman and Freeland, 1985; Hickey and Banas, 2003, 2008; Foreman et al., 2008;
Marchetti et al., 2004; MacFadyen et al., 2005, 2008; Venegas et al., 2008; Trainer et al., 2009; Kim and
Barth, 2011], but their role in the development of regional hot spots for hypoxia and its interannual
variability have not been previously addressed. In the discussion that follows, the details of the oxygen
budget and the influence of recirculation in the region on regional patterns of hypoxia are discussed
in further detail.

4.1. Spatial Patterns of Respiration, Low Oxygen, and Retention

Patterns of respiration vary spatially along the coasts of Washington, Oregon, and British Columbia (Fig-
ure 10). Regions with the highest respiration coincide with locations of persistent hypoxia across all 3
years of simulations. As previously discussed, the three regions of intense respiration include Heceta
Bank, the Washington shelf region offshore of Grays Harbor (46°N-47°N), and the region beneath the
Juan de Fuca Eddy (Figure 10). Each of these regions is a “hot spot” of organic matter respiration for a dif-
ferent reason. Heceta Bank and the Juan de Fuca Eddy are well-known semiretentive regions [Tully, 1941;
Denman and Freeland, 1985; Hickey and Banas, 2003, 2008; Foreman et al., 2008; Marchetti et al., 2004; Mac-
Fadyen et al., 2008; Trainer et al., 2009; Venegas et al., 2008; MacFadyen and Hickey, 2010; Kim and Barth,
2011]. In both regions, longer residence times than typical of open coast shelf regions have been
observed due to local recirculation patterns. In the Juan de Fuca eddy region, retention has been
observed up to 32 days [Hickey and Banas, 2008; MacFadyen and Hickey, 2010; Giddings et al., 2014]. Both
the Juan de Fuca eddy region and Heceta Bank coincide with regions of high vertically integrated water
column respiration (Figure 10, first column), which is consistent with longer residence times in these
regions. The Washington open shelf appears as a third region of high vertically integrated total respira-
tion (Figure 10, third column), when the water column respiration (Figure 10, first column) is added to the
sediment oxygen demand, i.e,, respiration at the sediment-water interface (Figure 10, second column).
The oxygen budget results confirm that the contribution of sediment oxygen demand to the seasonal
decline of oxygen is larger on the Washington shelf than it is on the Oregon shelf, where water column
respiration is more important (Table 2).

Our results suggest that the width of shallow shelf is the key metric controlling sediment oxygen demand.
We hypothesize that the proximity of the bottom to the surface on shallow shelves allows a large percent-
age of organic matter to reach the seafloor. Because of the model formulation, sediment oxygen demand is
directly proportional to the sinking flux of detritus that reaches the bottom. Once near the bottom,
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nutrients remain on the shelf until they are physically flushed from the region. Thus, the relatively large area
of shallow shelf off the central and southern WA coast could explain this area’s susceptibility to hypoxia.
“Retention” in this case occurs due to weak cross-shelf export over a relatively wider shelf, even if the region
does not show clear local recirculation patterns like the Juan de Fuca Eddy or Heceta Bank. Given that detri-
tal concentrations are high in the region off Grays Harbor and sediment oxygen demand is also high, it is
likely that both cross-shelf export and shallow shelf area mechanisms are important.

4.1.1. What is the Role of the Columbia River?

The Washington shelf is occupied by the Columbia River plume 50% or more of the summer, despite the
plume’s reduced influence and typical position extending offshore and southward during the summer
upwelling months [Hickey et al., 2005]. The Columbia River plume has been observed under different condi-
tions to both increase export of organic material at the surface [Banas et al., 2009b], as well as, increase
retention near the river mouth [Kudela et al., 2010] and on the inner shelf [Banas et al., 2009b; Hickey and
Banas, 2003]. In the same model years described here, the Columbia River discharge was set to zero and
compared to the complete system to determine the effect of the plume (see Giddings et al. [2014] for fur-
ther discussion). Overall, the runs without the Columbia River were slightly (~2%) higher in oxygen on the
Washington shelf. This difference was most pronounced during late winter upwelling events. Over the
summer upwelling season, oxygen on the inner shelf was 5-20% higher on average at EH4 in the case with-
out the Columbia River. In 2006, the year with the largest discharge of the three, the biggest difference
resulted. Although, the Columbia River plume presence may play an additional role in determining the oxy-
gen levels on the Washington shelf, it does not contribute to the spatial pattern of high respiration offshore
of Grays Harbor.

4.1.2. What About Regions That Rarely Experience Hypoxia?

Some regions rarely experience hypoxia despite having high productivity; e.g., the region north of Grays
Harbor, but south of the Strait of Juan de Fuca (between 47°N and 48°N). In an experiment where the Strait
of Juan de Fuca was closed, eliminating exchange with Puget Sound, the normoxic zone expanded in the
region (see Davis et al. [2014], for further discussion). This suggests that some aspect of the exchange with
the estuary is correlated with the magnitude and extent of the normoxic zone on the Washington coast.
One possibility is that shutting off the outflow from the Strait of Juan de Fuca, which is an important nutri-
ent source for the Washington shelf [Davis et al., 2014], decreases organic matter production, which reduces
local respiration processes as well. Consequently, oxygen is higher on the Washington shelf when the
exchange with the estuary is shut down.

4.2. When is Circulation More Important Than Respiration to Oxygen Dynamics on the Shelf?

The divergence, or circulation term encompasses all vertical and horizontal advection processes including
the poleward undercurrent, eddies, and wind-driven circulation. The terms in the budget in Figure 13 and
in Table 2 are integrated in time as well as vertically integrated over the whole shelf and upper slope down
to 500 m. As a result, the local dynamics as well as large-scale processes are integrated into this term. It is
beyond the scope of this paper to separate each of these processes individually, but will be the focus of
future research. However, some conclusions about dominant processes can be drawn from Figure 13 as
well as Figure 14. First, the variability on the order of tens of days in the circulation explains a lot of the vari-
ability in the dO/dt term. This variability could be driven by any of the processes described above that influ-
ence the local circulation. Because the variability in the divergence term over the entire shelf region is
correlated to the variability at an inner shelf location (mooring at EH4, Figure 14), the process governing
this variability is most likely three-dimensional wind-driven circulation. The corresponding wind stress varies
with the divergence, which is consistent with this idea (Figure 14).

5. Summary and Conclusions

Here we have presented results from a regional model with extensive validation of physical, chemical and
biological constituents to separate the physical and biological variability contributing to bottom hypoxia in
the region over a 3 year period. A large regional data set (thousands of CTDs with nutrients, tens of moored
arrays) has been used to constrain the model with sufficient skill to capture spatial and temporal patterns of
dissolved oxygen in the North American Pacific Northwest coastal ocean. The model was added to an exist-
ing circulation and ecosystem model framework that includes the Salish Sea [Giddings et al., 2014; Davis
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et al., [2014]. New model elements were added here to develop the oxygen model including a second detri-
tal class and improved detrital dynamics with the elimination of burial, both constrained by local
observations.

Overall, the model results show that:

1. Respiration and divergence contribute similar (60 versus 40%) amounts to integrated oxygen budget on
the Washington coast while respiration dominates the Oregon coast.

2. Spatial variability of hypoxia is determined by the spatial variability of respiration on the shelf, which is
influenced by local recirculation processes.

3. Water column respiration is more important in recirculation regions like the Juan de Fuca Eddy and
Heceta Bank, while sediment oxygen demand is more important in areas such as the Washington coast
with a greater extent of shallow (<60 m) shelf.

4. Divergence of oxygen dominates the variability in the rate of oxygen decline over a season.

After the onset of seasonal upwelling, respiration of organic matter produced locally on the shelf controls
the seasonal decline of oxygen. This seasonal decline, as well as spatial variability in oxygen, is well repre-
sented by the model. Retentive physical features like the Juan de Fuca eddy and Heceta Bank emerge from
the spatial maps of respiration, and persistently develop hypoxia. The hypoxic region on Washington’s shelf
develops as a result of the large shallow shelf area.

Modeled oxygen consistently predicted fluctuations on both seasonal and event time scales. The reasona-
ble results explicitly confirm several assumptions, for example, the need for more than one detrital pool, the
importance of settling velocities, as well as the underlying biological interactions such as the production
and maintenance of a large standing stock of biomass on the shelf. Future work should focus on interannual
variability in source water chemistry, constraining spatial variability in respiration and identifying processes
responsible for the spatial variability in retention. Understanding those processes is crucial to our ability to
predict future trends in hypoxia in this region.
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Appendix A
More information about the ecosystem model can be found in Banas et al. [2009b] and Davis et al. [2014].

Ecosystem model equations:

% =u;(E, N)P—I(P)Z—mP+ advection+diffusion (A1a)
oz ) . o
az él(P)Z— &Z4+advection+diffusion (A1b)
SD SD
88_t =(1=¢)fogest!(P)Z+mP+ (Z2 —rSD—1(SD)* —wsp aa_z +advection+diffusion (ATq)
LD LD
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Model parameter definitions and units are given in Table 1. Phytoplankton growth rate () is limited by light
availability and the uptake of nutrients (equation (A2)). We calculate the nutrient uptake rate with a formula-
tion that allows for differentiation of the half saturation for nutrient uptake (k;) between the high-nutrient
shelf conditions and low-nutrient open ocean conditions [Smith et al., 2009]:

N oE

(E,N)= (A2)
:ul( ) Ho ks,app+N ‘IJ,(2)+O(2E2

where

ksapp= ks +2v/ks N

Photosynthetically available radiation (PAR or E in equation (A3)) at depth z is a function of light attenua-
tion due to the optical properties of seawater and self-shading by phytoplankton. Light attenuation
parameters (att,, and attp) are derived from PAR, chlorophyll a, and salinity measurements from 43 CTD
casts taken between 45.5°N and 47.5°N during the 2004-2005 RISE cruises. A salinity dependence in the
formulation for att;,, (see Table 1) is used to express the varying optical properties of different water
types within our domain (river plume, estuarine, open ocean) as described by the CTD PAR
measurements.

surface

E(z)= EuaceeXp | attsy(S)z+attp J P(z)dz (A3)

z

After Banas et al. [2009a], the functional form for zooplankton ingestion /(P) (in equation (A1b)) includes a
quadratic prey saturation response (equation (A4)), where K; is a half saturation coefficient and total zoo-
plankton ingestion is divided into zooplankton net growth, excretion, and egestion using two parameters, e
and feges: (Figure 2).

PZ
The benthic denitrification flux, applied to the deepest grid layer only, is
i (x dsD oLD
Féenty | z=—y=min (E s WsD— o= it WD = o= (A5)

where y is 1.2 mmol N m~2d ™" [Hartnett and Devol, 2003] and Az the grid layer depth. This formulation lim-
its benthic denitrification to be no greater than the current flux of organic matter to the benthos, a thresh-
old which is typically reached around the 1000 m isobath in our model. Water-column denitrification is
formulated so that when dissolved oxygen concentration [O,] is too low to support the bacterial respiration
required for the respiration flux specified in equations (A1c) and (A1d), the N pool is drawn down instead:
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