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Abstract

This study addresses the occurrence, severity, and extent of hypoxia over the continental shelf of the northern
California Current (40-48.5°N latitude) from 1998 to 2012. Clear seasonal trends exist in the timing and duration
of hypoxia. The highest bottom-water dissolved oxygen concentrations occurred from November to March, and
levels below the 1.4 mL L—1! hypoxia threshold were detected during the upwelling season (May through October).
Regions of hypoxia tended to occur north of 42°N latitude and were most severe over the widest areas of the
continental shelf. Hypoxic waters covered up to 62% (15,600 km?2) of the continental shelf during some years
(2002, 2007, 2008), and < 10% in others (2003, 2010-2011). There are seasonal and interannual shifts in both the
depth and oxygen content of upwelled waters. Years with the greatest extent and severity of hypoxia had the
lowest concentration of dissolved oxygen in upwelling source waters. The dissolved oxygen concentration of
source waters showed a gradual decline from 1998 through 2007, with a subsequent increase from 2008-2010
before leveling off in 2011 and 2012. The variability in oxygen content of source waters correlates well with the
North Pacific Gyre Oscillation and may indicate the importance of large-scale climate dynamics in determining

the extent and severity of hypoxia in the northern California Current.

Hypoxic bottom waters (< 1.4 mL L-! dissolved
oxygen) are common throughout the world in both marine
and freshwater systems. Depending on the rate of mixing,
the hypoxic waters occur persistently, seasonally, or at
much less predictable intervals (Diaz 2001).

Persistent hypoxia primarily occurs in regions such as
fjords (Spicer et al. 1999) and enclosed seas (Diaz and
Rosenberg 1995, 2008), where water masses are trapped for
extended periods of time. Seasonal hypoxia is common in
estuaries and bays, especially during the summer months
when waters are often more stratified and increased
production leads to a greater flux of organic matter to
bottom waters where degradation processes consume
available oxygen.

Much attention has been given to hypoxic regions
recently due to evidence that such regions are becoming
more numerous, more severe, and increasing in area and
volume (Diaz and Rosenberg 2008). They are often linked
to increases in nutrient loading directly tied to human
activity, particularly in freshwater systems (Carpenter et al.
1998) and regions such as the Gulf of Mexico (Rabalais and
Turner 2001) and Long Island Sound (Anderson and
Taylor 2001). Regions of hypoxia are attributed to
increased biological oxygen demand linked to high primary
production in surface waters, combined with reduced
circulation (venting) and oxygen- poor source waters (Helly
and Levin 2004).

In the northern section of the California Current (NCC),
running along the west coast of the U.S.A., seasonal
hypoxia events are driven by a combination of relatively
low oxygen waters upwelling onto the shelf with further
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oxygen drawdown stemming from the decomposition of
organic matter settling to the seafloor (Chan et al. 2008;
Connolly et al. 2010). During the upwelling season
(typically mid-April to mid-October), water from ~ 100-
150 m depth is transported up onto the shelf and replaces
surface waters that move offshore via wind-driven Ekman
transport. The upwelled waters are relatively old and tend
to be low in oxygen due to extended exposure to water
column respiration and isolation from the atmosphere.

Deeper in the water column, an oxygen minimum zone
(OMZ) develops (Wyrtki 1962) and is common in large
areas of the eastern Pacific, southeast Atlantic, and
northern Indian Ocean (Reid et al. 1978; Helly and Levin
2004). In some regions, e.g., southeast Pacific (Reid et al.
1978), the OMZ is shallow enough that it can intrude onto
the continental shelf and result in hypoxic bottom waters.
In the northeast Pacific, the OMZ is too deep (400-800 m)
to directly influence the continental shelf (Helly and Levin
2004).

Recent research has found a drop in dissolved oxygen
values in NCC shelf waters over the last several decades
(Chan et al. 2008), and it is part of a global trend of
decreasing oxygen concentrations in coastal environments
(Diaz and Rosenberg 2008) as well as in the deeper pelagic
areas (Stramma et al. 2010).

The presence of hypoxia is ecologically important due to
the ability to drastically change the behavior and condition
of a range of species and alter the community composition
of a region for extended periods of time (Diaz and
Rosenberg 1995; Wu 2002). Effects on zooplankton include
a reduction in recruitment of meroplanktonic species,
changes in vertical distribution, with plankton often being
compressed into shallower depth strata, and a reduction in
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Fig. 1. Latitudinal distribution of minimum dissolved oxygen values within 10 m of the

bottom or 200 m maximum. Data are from May to September of 1998-2012. The map on the
right shows the general survey area. Contours are every 50 m out to 200 m depth. The solid line at
44°39.1'N latitude represents the Newport Hydrographic (NH) Line.

abundance of early life stages (Keister et al. 2000; Qureshi
and Rabalais 2001). Benthic macrofauna exhibit behavioral
changes and a reduction in biomass and community
composition (Diaz and Rosenberg 1995; Montagna and
Ritter 2006). Demersal fish and invertebrate species in
continental shelf waters can sustain high mortality within
hypoxic regions or may be forced from their preferred
habitat to shallower, less suitable habitats where they may
experience high mortality rates through predation or being
washed ashore (Breitburg et al. 2001; Grantham et al. 2004).
This paper uses a 15 yr data set of hydrographic
measurements to investigate the seasonal and interannual
variability in the distribution and severity of NCC
continental shelf hypoxia from 40-48.5°N latitude. We
describe seasonal variability from a time series of biweekly
sampling along the Newport Hydrographic Line (NH
Line), which spans the continental shelf, and spatial
variations from historical data and more recent surveys.

Methods

Data collection (NH Line)—Data were collected along a
46 km transect, called the Newport Hydrographic Line,
extending across the shelf from Newport, Oregon, along
latitude 44°39.1'N (Fig. 1). There were a total of seven
stations sampled along the line, spaced every 3.6 km
inshore and every 9.3 km at water depths exceeding 60 m.
Stations are identified by their historical names based on
distance (nautical miles) from shore and are referred to as
NHO01, NHO03, NHO05, NH10, NH15, NH20, and NH25.
Water depths ranged from 28 m (NHO1) to 300 m (NH25).

Surveys of the NH Line occurred approximately every
2 weeks throughout the year aboard the R/V Elakha, with

the ability to sample the entire line dependent upon sea
conditions. At each station, an SBE19 or SBE25 conduc-
tivity—temperature—depth sensor (CTD; SeaBird Electron-
ics) equipped with an SBE43 dissolved oxygen sensor and
pump (SeaBird Electronics) was deployed from the surface
to ~ 5 m from the bottom at a rate of 30 m min—!. The
data were internally logged and downloaded and processed
at the end of each cruise. Only data from the downcast of
the CTD were used. Sensors were factory calibrated
annually. No corrections were made to the data after the
annual calibration as the oxygen sensor “drift” over the
course of the year was consistently < 0.05 mL L—1.

Data collection (coast-wide)—A long-term data set has
been acquired from various research projects over the
period 1998-2012. From August 1998-September 2003
multiple regional surveys were done as part of the Global
Ocean Ecosystems Dynamics—Long Term Observations
Program. Details of the sampling protocol, station
locations, and vessels are available online (http:/Itop.
coas.oregonstate.edu/~ctd/) as data reports. In brief,
samples were collected at stations along fixed, latitudinal
transects: Crescent City (CC; 41°54'N), Rogue River (RR;
42°30'N), Five Mile Point (FM; 43°13'N), Heceta Head
(HH; 44°N), and NH. Oxygen data come from a SeaBird
Model 13 Beckman-type dissolved oxygen sensor (1998—
2002) and Model 43 polarographic (2003) mounted to a
SeaBird 9/11 CTD and rosette. The dissolved oxygen
sensor was calibrated, during each cruise from 1999-2004,
against periodic water samples analyzed by Winkler
titration.

From 2004-2006, annual surveys were conducted as
part of the National Science Foundation funded River
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Fig. 2.

Vertical distribution of salinity isopleths along the NH Line before (February), during (April), and after (May) the spring

transition in 2007. Upwelling draws deep, high-salinity water onto the shelf. The vertical dashed lines are the positions of the seven

sampling stations.

Influences on Shelf Ecosystems (RISE; http://www.ocean.
washington.edu/rise/) program. Oxygen samples were col-
lected with a SeaBird 43 dissolved oxygen sensor attached to
a 9/11 CTD (SeaBird) and water sampling rosette (Connolly
et al. 2010).

Several cruises in 2004 (September), 2006 (May), 2008
(July), 2009 (August), and 2010 (May, August) were part of
the Pacific Coast Ocean Observing System (http:/www.
pacoos.org) program. Oxygen data were collected in a
manner similar to the RISE program, with instrument
accuracy determined through annual factory calibrations
and comparisons to periodic samples analyzed by Winkler
titration.

The 2006 (September) and 2007-2012 (May, June, and
September) surveys, with the exception of May 2010, were
part of a project funded by the Bonneville Power Admin-
istration. Data collection during these regular surveys of the
distribution and abundance of juvenile salmon (Oncorhyn-
chus spp.) used a SeaBird Model 43 dissolved oxygen sensor
attached to a CTD (SeaBird). The instrument package was
deployed at a rate of 30 m min—! from the vessel (Fishing
Vessel [F/V] Frosti, FIV Snow Drift, or FIV Miss Sue) at
fixed station locations along the following cross-shelf
transect lines: NH, Cascade Head (CH; 45°03'N), Cape
Meares (CM; 45°29'N), Columbia River (CR; 46°10'N),
Willapa Bay (WB; 46°40'N), Grays Harbor (GH; 47°N),
Queets River (QR; 47°32'N), La Push (LP; 47°55'N), and
Father and Son (FS; 48°14'N; Peterson et al. 2010).

Area of hypoxia—Dissolved oxygen data from the
vertical profiles taken at each station sampled were binned
into 1 m depth bins. The minimum value in the upper 200 m
of the water column was extracted from each vertical profile
and used to generate horizontal distribution maps using
mapping software (Surfer 10; Golden Software). Stations
where no samples were collected within 10 m of the bottom,
or to a depth of at least 190 m, were excluded. The data were
gridded, using the Kriging routine in the software package
with x and y resolutions of 0.03 degrees, and contoured.

The area of hypoxia was calculated from regions over
the continental shelf bounded by the 1.4 mL L-! dissolved
oxygen contour using Grapher 9 (Golden Software). The
area of the continental shelf between the 0 and 200 m depth

contour was also calculated within each survey region for
estimations of the percentage of the shelf covered by
hypoxic waters.

Source of upwelled water—We used a comparison of
salinity values between the shelf slope station (NH25) and a
mid-shelf station (NH10) to estimate the depth from which
upwelled water originates. Deep water from the shelf slope
is drawn onto the shelf through Ekman transport during
the upwelling season, causing a tilting of isopycnals (see fig.
11 in Huyer 1983). To eliminate any potential influence of
temperature change as the water moves to shallower depths
across the shelf, salinity is used in this study instead of
density, and shows a similar pattern to what Huyer (1983)
illustrated (Fig. 2). Nutrient and other chemical composi-
tion data are sometimes used as water-mass tracers, but
were not available for this study.

The depth of upwelling was calculated as the minimum
depth at Sta. NH25 that had a salinity value within 0.01 of
the value measured at 72 m at the mid-shelf station (NH10;
bottom depth of 80 m). The tilt of the isopycnals (Fig. 2)
means that upwelled water found at 72 m at the mid-shelf
station originated from a deeper depth off the shelf before it
was moved onto the shelf via Ekman transport. As an
example, if the salinity at 72 m at NH10 was 33.53, and that
same salinity value was found at 131 m at NH25, then the
depth of upwelling source waters would be recorded as 131 m.

For analysis of the oxygen concentration of upwelling
source waters, we compared dissolved oxygen values
measured at the salinity-derived depths, a constant density
(09 = 26.44), and a constant depth (150 m). The 26.44
isopycnal was chosen from the average density (26.44 =+
0.12) of the salinity-based upwelling depths. The 150 m
depth stratum was chosen to coincide with historic
estimates of the deepest depth for upwelled water (Huyer
1983) and to maintain consistency with similar studies
conducted in other regions of the California Current
(McClatchie et al. 2010).

Results

Seasonal occurrence—The dissolved oxygen concentra-
tion of bottom waters on the continental shelf varies
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Fig. 3. Seasonal pattern in hypoxia along the NH Line. Data
are from 1998-2012 and were collected 8§ m off the bottom at Sta.
NHO05 and NH10, located 9 and 18 km from shore, respectively.
Water depths of the stations are 60 m (NHO05) and 80 m (NH10).
The horizontal line (1.4 mL L—1) depicts the threshold for hypoxia.

seasonally. The highest concentrations at Sta. NH05 and
NHI10 occur from November to March and decline to an
annual low during the months of July through September
(Fig. 3). The period of time when bottom waters fall below
the 1.4 mL L—! threshold for hypoxia extends from May to
late October, based on data collected from 1998-2012.
From mid-May through mid-September the dissolved
oxygen concentration is nearly always < 3.0 mL L-1L
The exceptions were during late May and early June 2010
and August 2008, following strong downwelling events,
when values were between 3.1 and 4.1 mL L-1. At the
lower end of the scale, values < 0.7 mL L~ occurred in
July 2002, August 2004 and 2009, and September 2000,
2001, 2006, and 2011. The lowest value shown is
0.29 mL L—! on 26 September 2006.

Latitudinal gradient—Hypoxic waters overlying the
continental shelf occurred primarily north of 43°N latitude
(Fig. 1). Minimum dissolved oxygen concentrations ranged
from 0.21-6.38 mL L—! during the May to September time
period, although only values < 6 mL L-! are plotted
(Fig. 1). Generally, the higher values were from shallower
water depths (< 40 m) which are typically inshore of the
upwelling circulation cell and where vertical, wind-driven,
and tidal mixing creates a more homogenous water column.
Geographically, the areas with the widest continental shelf,
such as Heceta Bank (44°N) and along the coast of the state
of Washington (north of 46°15’N), had the lowest recorded
dissolved oxygen values (< 0.5 mL L—1).

Vertical extent—Oxygen concentrations decrease with
depth, with the minimum values in shelf waters typically
measured near the seafloor. An example of this is
illustrated using data from 2007 (Fig. 4). During the
upwelling season, from April to October, the oxygen
isopleths (lines of equal oxygen concentration) typically

Peterson et al.

run parallel to the bathymetry as Ekman transport moves
water up onto the shelf (Fig. 4). From the biweekly
sampling along the NH Line, the hypoxic region of the
water column over the shelf is primarily in the bottom 10—
30 m of the water column. Along the shelf slope, where
bottom depths exceed 200 m depth, the hypoxic waters
form a much deeper layer, often extending from 150 m to
the bottom (data not shown). By November, the oxygen
isopleths recede downward and off the shelf as seasonal
downwelling conditions are established and bottom waters
are ventilated by more oxygenated surface waters.

Horizontal distribution—The horizontal distribution of
hypoxia varies seasonally and interannually (Fig. 5).
Surveys along the southern portion of the Oregon shelf
found little evidence of hypoxic bottom waters in 1998 and
1999. From 2000 through 2002 there was a recurring pool
of hypoxic bottom waters during the summer months over
Heceta Bank (44°N) that was not evident in samples
collected in the same region in 2003 and 2004. From 2006
to 2009, large regions of hypoxia occurred during the
summer months throughout the northern section of the
NCC, particularly over the wide shelf regions off Wash-
ington. Little to no hypoxia was observed in early 2010
(May and June) and 2011-2012 (May). Coverage ranged
from 0-62% of the shelf area surveyed (Table 1), with the
greatest coverage occurring in September 2007 (62%) and
June 2008 (60%).

Change in oxygen of upwelled water—The source depth
of upwelled waters, based on salinity, varied seasonally and
interannually. The mean depth across all years and months
(limited to the May to September upwelling season) is
127 m. However, there is an apparent shoaling of the
upwelling depth from July through September (Fig. 6),
with a monthly average depth of 135 m from May through
July and a decrease to 126 m in August and 110 m in
September.

On an interannual basis, the mean upwelling depth based
on salinity has remained relatively constant at 127 m
(Fig. 7). There is no statistically significant linear increase
or decrease in the depth of upwelling for any of the months,
or for all data as an aggregate over the 16 yr of
measurements.

The oxygen concentration of source waters for upwelling
is typically between 1.4 and 2.5 mL L-! (Fig. 8A-C).
Instances of source waters having an oxygen concentration
below the 1.4 mL L-! threshold for hypoxia occurred in
2002 (July), 2007 (July, August), and 2011 (September).
The interannual trend in dissolved oxygen concentration of
source waters has a gradual decline from 1998 through
2007, with a subsequent increase from 2008-2010 before
leveling off for the last 2 yr. This pattern is similar across
the three metrics used to determine the depth of upwelled
water (i.e., salinity-based, constant isopycnal, and constant
depth), and is more evident in the annual oxygen anomalies
(Fig. 8D-F). There are some differences between the three
methods used to portray the upwelling depth, but the most
negative anomaly values were consistently found in years
2002, and 2005 through 2007.
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Fig. 4. Distribution of hypoxic waters across the Oregon shelf along the NH Line during 2007. Isopleths are for dissolved oxygen

(mL L-1), with the bold isopleth marking the hypoxia threshold (1.4 mL L-1). Vertical dashed lines show the position of the seven
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Fig. 5. Maps of the minimum dissolved oxygen concentration in the upper 200 m of the water column. Colors are dissolved oxygen
(mL L-1). The solid contour represents the 1.4 mL L—! hypoxia threshold. The dashed contour line is the 200 m isobath (shelf break).
Station locations for data collection are represented by solid dots.
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Table 1. Proportion of the continental shelf covered by
hypoxic waters during each of the broad-scale surveys (Fig. 5).
The area of the continental shelf is 10,226 km? to the south of the
NH Line (41°54" to 44°39.1'N) and 15,750 km?2 to the north
(44°39.1" to 47°55'N).

Date Hypoxia area (km?2) % of shelf
South of NH Line
Aug 98 0 0
Jul 99 713 7
Sep 99 0 0
Jul 00 1391 14
Sep 00 3146 31
Sep 01 2987 29
Jun 02 1913 19
Jul 02 6089 60
Sep 02 941 9
Jul 03 0 0
Sep 03 0 0
May 06 1730 17
Jul 08 2851 28
Aug 09 1445 14
May 10 0 0
May 11 0 0
July 11 2438 24
North of NH Line
May 06 1837 12
Sep 06 8264 52
May 07 3724 24
Jun 07 5408 34
Sep 07 9758 62
May 08 3176 20
Jun 08 9488 60
Sep 08 1924 12
May 09 1453 9
Jun 09 6305 40
Aug 09 7714 49
Sep 09 5292 34
Jun 10 0 0
Aug 10 1576 10
Sep 10 972 6
May 11 0 0
Jun 11 871 6
Sep 11 7456 47
May 12 180 1
Jun 12 4406 28
Sep 12 6503 41
Discussion

The data presented here, collected over the last 15 yr,
illustrate that hypoxia in the NCC is highly seasonal,
patchily distributed in both time and space, and can
potentially affect over 60% of the shelf. Several regions,
particularly the wider shelf areas such as Heceta Bank off
Oregon (44°N) and much of the Washington shelf (north of
46°15'N), are the most prone to early development and
persistence of hypoxic bottom waters.

Seasonal occurrence and variability—The observation
that hypoxic conditions develop in bottom waters of the
shelf solely during the upwelling season makes it clear that
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upwelled waters play a strong role in the development of
hypoxia. It is also clear that upwelled waters are not
typically hypoxic before they are drawn onto the shelf via
Ekman transport. The upwelling source waters typically
contain 1.5-3 mL L—! dissolved oxygen, whereas bottom
waters over the shelf have 0.5-2 mL L-!. Biochemical
drawdown of dissolved oxygen within the water column
and sediments are an obvious contributing factor to this
mismatch. Within the water column, respiration rates in the
NCC are estimated to be 0.02 mL L—1 d—! (Connolly et al.
2010; Reimers et al. 2012) with a similar additional amount
of drawdown in the bottom 5 to 10 m attributed to benthic
respiration (Reimers et al. 2012).

Assuming cross-shelf transport of bottom water on the
order of 2-5 cm s—! (Huyer 1983), and an average shelf width
of 35 km, it would take 8-20 d for water to move to the inner
shelf. With a drawdown rate of 0.04 mL L—! d—! due to water
column and benthic respiration, dissolved oxygen concentra-
tions would drop by 0.3-0.8 mL L~ over the 8§-20 d cross-
shelf transit time. This would be barely enough to account for
the 0.77 mL L-! difference between the hypoxia threshold
(14 mL L-1) and the average concentration of dissolved
oxygen in upwelling waters (2.17 mL L—!). Average relaxation
events during the upwelling season are on the order of 7 d,
adding to the residence time of near-bottom waters and an
additional 0.3 mL L~! reduction in oxygen concentration.
Note that this is most applicable to a two-dimensional
assumption for the movement of upwelled waters onto the
shelf. Horizontal advection and retention increases residence
times in some areas, particularly over shallow banks. This is
discussed further in regards to spatial variability, below.

In several years (2001, 2002, 2004, 2006, 2011), oxygen
concentrations below 0.65 mL L—! were detected mid-shelf
along the NH Line, with the lowest value of 0.29 mL L-!
measured in 2006. Both 2002 and 2006 were years in which
severe hypoxia and anoxia were detected north and south
of the NH Line (Grantham et al. 2004; Chan et al. 2008;
Connolly et al. 2010). During these years, the dissolved
oxygen concentration in upwelled waters was measured to
be in the range of 1.4-2.5 mL L~-1. Using a 0.65 mL L-!
threshold, the 0.75-1.85 mL L-! difference between the
concentration of freshly upwelling water and the mid-shelf
measurements is outside the range accounted for by water
column and benthic respiration referenced above. Reimers
et al. (2012) pointed out that their measured respiration
values may be slightly underestimated, as these average
benthic respiration values (3 to 10 mmol m—2 d—1) were
below the predicted average of 11 mmol m—2 d—!. Clearly,
more work is needed before accurate oxygen budgets can be
developed. Accounting for seasonal variability in the
supply and degradation of organic matter at the base of
the water column is of particular importance.

Spatial variability—Areas of hypoxia tend to occur north
of 43.5°N latitude, coincident with the wider shelf regions
along the Oregon and Washington coast (Fig. 1). The few
instances of hypoxia detected between 40.9° and 44°N came
from samples collected in 2002 and 2006 when extremely
low dissolved oxygen values were detected in other parts of
the NCC (Grantham et al. 2004; Chan et al. 2008).
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a salinity comparison between a shelf-slope (NH25) and mid-shelf (NH10) station.

The occurrence of low-oxygen bottom waters over the
wider shelf areas is not surprising given the reduced current
velocities and reversals in current direction indicative of
retention of water masses over banks and within canyons in
the NCC (Checkley and Barth 2009). Barth et al. (2005),
and references therein, provide a nice explanation of how
elevated levels of primary production and zooplankton lead
to an increased flux of organic matter and a reduction in
dissolved oxygen in bottom waters over Heceta Bank off
central Oregon (Barth et al. 2005). A similar mechanism is

described for the Washington shelf (Hickey and Banas
2003; Banas et al. 2009) in which its wider shelf combined
with reduced wind stress is conducive to longer water and
particulate matter retention times, thereby allowing for
additional drawdown of dissolved oxygen.

The horizontal extent of hypoxia in the NCC reached as
high as 62% of the shelf area surveyed north of the NH
Line and 60% to the south (Table 1). The entire shelf
north and south of the NH Line was not surveyed during
these periods of greatest coverage by hypoxic waters (e.g.,
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2002, September 2006, 2007). However, assuming equal
proportions of the shelf could be affected, total coverage
of the ~ 26,000 km?2 of shelf in the NCC is likely on the
order of 15,600 km2. In comparison, the hypoxic area in
the Gulf of Mexico during midsummer averages about
15,900 km?2 with a maximum extent of 22,000 km?2
(Rabalais et al. 2007).

The occurrence of hypoxia in the Gulf of Mexico is a
result of anthropogenic nutrient loading via runoff into
the Mississippi River. In the NCC, the primary supply of
nutrients is from upwelled waters. There is significant
riverine input to the NCC from the Columbia River and
Fraser River via the Strait of Juan de Fuca. These
freshwater inputs provide nutrients, particularly silica and
iron, but the amounts are relatively minor compared to
what is being upwelled onto the shelf (Lohan and Bruland
2006). The Columbia River, however, acts as a mechanism
for nutrient distribution. The river plume is bidirectional,
flowing offshore and to the south during the summer
months (due to southward upwelling winds) as well as
close to shore and northwards (due to the Coriolis effect;
Hickey et al. 2005). Upwelled waters are mixed into the
plume and carried across the shelf (Lohan and Bruland
20006). Interestingly, the seasonal development of hypoxia
in the NCC is often characterized by early presence of
hypoxic bottom waters near the mouth of the Columbia
River (e.g., see the series of maps for 2007 and 2008 in
Fig. 5). The area around the river mouth, however, does
not have particularly low summertime dissolved oxygen
values relative to the shelf regions to the north, or Heceta
Bank (44°N) and the NH Line (44°39'N) to the south

(Fig. 1). It is likely that the early onset of hypoxia in the
Columbia River area is a function of deeper waters being
upwelled through the nearby canyons, including Astoria
Canyon located just offshore of the mouth of the river
(Hickey and Banas 2008).

Source waters—There is distinct interannual variability
in the amount of dissolved oxygen in upwelled waters over
the last 15 yr. The data from this study show a general
decline from 1998-2007, an increase from 2007-2010, and
then a plateau or potential decline again in 2011-2012
(Fig. 8). The oxygen anomaly plots (Fig. 8D-F) depict the
trend. It must be noted that some years, in particular 2005,
contain data from only 1 month and may not represent the
actual mean oxygen concentration for that season. Over a
longer timescale of 50 yr there is evidence that waters in the
poleward undercurrent, at depths between 150-200 m along
the shelf slope, have decreased in oxygen concentration by
25% to around 100 umol kg—! (Pierce et al. 2012), equivalent
to 2.24 mL L—! dissolved oxygen. This decline is based on
data from two time periods: 1960-1972 and 1998-2010, with
very few data available between 1973-1998 (see fig. 4a in
Pierce et al. 2012), so it is not possible to discern if the
oscillation we see in the most recent 15 yr extends beyond
this time frame, possibly correlating with factors that
influence mixing in the North Pacific, such as the 18.6 yr
lunar-nodal cycle (Yasuda et al. 2006), El Nifio Southern
Oscillation events, phase of the Pacific Decadal Oscillation
(PDO; Mantua et al. 1997; Chhak and Di Lorenzo 2007)
and North Pacific Gyre Oscillation (NPGO; Di Lorenzo
et al. 2008), and subsequent variability in the California
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Undercurrent (CU; Hickey 1979). The CU originates in
the subtropics and this region has seen a recent trend of
decreasing oxygen content (Bograd et al. 2008; McClatchie
et al. 2010). Bograd et al. (2008) identify and reference some
possible mechanisms contributing to a change in the oxygen
content of CU water, including the shoaling of the OMZ and
reduced ventilation of subsurface waters due to increased
stratification (Keeling and Garcia 2002), both of which may
be acting locally as well as influencing waters that are being
advected into the area. Within the time frame of this study,
there is a significant, linear relationship between the oxygen
anomalies of upwelling source waters and both the NPGO
(data from http://www.o3d.org/npgo) and PDO (data from
http://jisao.washington.edu/pdo/PDO.latest; Fig. 9). The
correlation is over a relatively short time span (15 yr)
relative to the typically decadal scale oscillation of the PDO
and NPGO. However, the correlation between the oxygen
anomaly of upwelling source waters and the NPGO pro-
vides additional support for the importance of subsurface
transport. In this region the NPGO tracks changes in the
intensity of the North Pacific Current (NPC; Di Lorenzo
et al. 2009). Anomalies in the geostrophic transport of the

NPC likely play an important role in modulating the sub-
surface advection of water masses into the coastal upwelling
system and onto the Oregon shelf.

Our analysis shows that upwelled waters are drawn from
90-170 m depth, with the depth decreasing by 45 m through
the season from an average depth (30 d running mean) of
155 m at the beginning of July to 110 m by mid-September
(Fig. 6). This seasonal pattern of the depth of upwelled
water is consistent with what would be expected by average
wind velocities, in that the peak in upwelling winds and the
magnitude of upwelling typically occurs from late June to
late September (mean = August 17; Bograd et al. 2009).
Assuming that stronger winds would translate to water
upwelling from deeper depths (Huyer 1983), one would
expect to see an increase in upwelling from the start of the
season until July or August and then a decrease until the
end of the season. For the data presented in this study, the
deepest average upwelling depth occurs in early July,
though there are also data from the upwelling of deep
water in May. This high variability in May is potentially
due to a combination of weaker water column stratifica-
tion early in the season as well as storm events. The spring
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transition to primarily equatorward, upwelling-favorable
winds occurs in April, but there are often occurrences of wind
reversals in May as the system is transitioning. The shallow (<
110 m) upwelling depths in early May (Fig. 6) were recorded
after periods of strong poleward winds (data not shown) that
drive water towards shore (downwelling). These storm events
are potentially important to the ecosystem as they can reduce
the beneficial effects of upwelling (e.g., nutrient input to
surface waters) for extended periods of time, especially during
the spring season when many species rely on abundant food

resources for successful feeding and reproduction. It would be
interesting to further investigate the effect of these storm
events on the ecosystem, including early development of
hypoxia, but it is beyond the scope of this paper.

The average depth range (110-155 m) for upwelled water is
nearly identical to the 80-200 m depth of the CU and highlights
the fact that processes in the subtropical regions influence the
shelf in the NCC and farther north to British Columbia and
Alaska (Thomson and Krassovski 2010; Pierce et al. 2012).
Occurrences of hypoxia have been noted to varying degrees
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throughout the entire California Current and north to British
Columbia. The spatial and temporal resolution of dissolved
oxygen data through this area is historically sparse, but
becoming increasingly available. Cooperative efforts to com-
pile and analyze these data for a larger geographic region than
what was presented here should prove to be a valuable
contribution to our understanding of the dynamics of hypoxia
along the west coast of North America.
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