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List of Figures

1.1

2.1

2.2

Map of the California Current System This figure presents major currents and
water mass locations, and is based on content presented in Checkley and Barth (2009);
Thomson and Krassovski (2010); and Talley et al. (2011). Water mass descriptions
are in Table 1.1 and approximate location shown on in this figure. Surface currents
(gold arrows) and undercurrents (black arrows) shown include the (1) Alaskan Stream;
(2) Alaska Current; (3) North Pacific Current; (4) California Current (shown as 2 ar-
rows); (5) California Undercurrent; (6) North Equatorial Current; (7) North Equatorial
Countercurrent; and (8) Equatorial Undercurrent. Coastal jets (9) form on the shelf
and shown as red arrows. Freshwater input (10) (blue arrows at the Salish Sea and
Columbia River) is greater in the northern CCS than the central and southern CCS.
The strongest upwelling-favorable winds occur in the central CCS (off Bodega Head
near N13 and south of Point Sur; see Figure 2.1). Approximate boundaries for the
three CCS regions are shown by white lines. CCS region text is placed offshore and in
the North Pacific Gyre, but the regions are physically located to the east of each text
label, adjacent to the west coast and include (4), (5) and (9). . . . . . . . . . ..

Site map Mooring locations shown (blue triangles); CTD+DO cast locations (small
red circles); Wind buoy NDBC46013 (N13) and 46026 (N26) marked by yellow circles.
Contours shown on both maps: 40, 80, 130, 200, 500, 1000 m. Bold contour is 200 m.
Cross-correlation of hourly alongshore wind stress at N13 and bottom DO
at BH, showing the results of correlations between filtered alongshore wind stress (W},)
and near-bottom DO at BH. Data used were collected between February — October
2015. The correlation coefficient, R, shown is normalized so that the autocorrelation
at zero lag equals 1. A range of k values were analyzed between 1 hour - 240 hours (10
days). Max R for each k-value is shown. Wind data were collected at hourly intervals;
therefore, we sampled the DO time-series at hourly increments prior to comparison. If
only upwelling dominated months April — May are considered, k is still 2-days but R
increases from 0.56 (February — October) to 0.67 (April - May). . . . . . . . . ..

21



2.3

2.4

2.5

2015 alongshore wind stress, SST and mooring bottom temperature time-
series This figure presents (a) low-pass filtered alongshore wind stress at N13 (grey)
and Wy (red, downwelling favorable; blue upwelling favorable). Approximate seasonal
transitions shown above subplot (a): the storm season (purple bar), upwelling season
(vellow bar); and relaxation season (green bar). (b) SST at N13 (black line) shown
with MHW presence flagged following Sanford et al. (2019). Shading, either grey
or red, marks periods where the 2015 temperature at N13 exceed the 90th percentile
based on a 30-year record at N13 (1981 — 2011) for > 5 days. Red shading represents
one of 10 most intense events since 1981. For reference, the mean SST for 2015 is
shown by a dashed horizontal line (13.15° C) and 9° C is also shown. (c) time-series
of bottom temperature for each mooring site are shown: BH (gold) and RP (blue)
on left y-axis, and GF (dark grey) on right y-axis. Using left y-axis as a reference,
dashed horizontal lines are shown at 10.5° C (max right y-axis) and 9° C. Vertical
black lines mark the first of each month in all subplots (a-c). Temperature and 7 and
are low-pass filtered. Both asterisks on (a) denote relaxation events discussed in the
Results section. Date tick marks are spaced at 8-day increments. . . . . . . . . ..
BH (~30 m) and RP (~18 m) mooring data. This figure presents time-series of
bottom DO (a) and temperature (b) at RP (blue line) and BH (yellow line). Alongshore
wind stress at N13 (grey) and Wa (blue upwelling favorable) are shown in (c). Approx-
imate seasonal transitions shown above upwelling season (yellow bar); and relaxation
season (green bar). All data presented, except W2, is low-pass filtered. Hypoxic
thresholds are shown in subplot (a) mark severe (darkest grey); intermediate (grey);
mild (lightest grey) hypoxia. Duration of intermediate hypoxia BH ~1-2 days. (a).
Brown shading is provided to aid discussion of upwelling events (shaded). Relaxation
events are not shaded, but generally follow upwelling events and feature decelerating
winds (W2 approaching zero). Trend arrows are shown on one upwelling/relaxation
event (in April/May). . . . . . . . . Lo
Gulf (GF 54 m) mooring data. This figure presents time-series of bottom DO
(black line, a); spiciness (black line) and sigma-theta (right axis, blue) (b); temperature
at 1m, 15m and 54m from the GF mooring site. ATAZ ™! (using surface and bottom
temperature) is shown (grey line, a) for comparison with DO. Alongshore wind stress
at N13 (grey) and W2 (blue upwelling favorable) are shown in (d). Approximate
seasonal transitions shown above upwelling season (yellow bar); and relaxation season
(green bar). All data presented, except Wa, is low-pass filtered. Hypoxic thresholds
are shown in subplot (a) mark severe (darkest grey); intermediate (grey); mild (lightest
grey) hypoxia. Duration of intermediate hypoxia: ~3.5 days; ~4 days; ~8.2 days; and
~3.6days (in order of occurrence) (a). Pink shading across each subplot highlights a

relaxation event discussed in the results section. . . . . . . . . . . . . .. .. ..
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Spiciness — DO relationship for outer shelf and slope water. This fig-
ure shows spiciness (7) and DO data collected over the outer shelf and slope during
ACCESS cruises (2014 — 2015). Depth-averaged CTD data were used to calculate
spiciness. 45 casts are shown collected during June, July and September 2014 — 2015.
Locations shown on Figure 1. Depths shallower than 50m are not shown. Max depth
200m. Salinity range: 33.3 - 34.3 g kg~ '. Temperature range: 8.5 - 11.7 °C. . . . . .

Site map and Cordell Bank mooring coverage. (a) Cordell Bank mooring
locations shown (triangles); Wind buoy NDBC46013 (N13) marked by yellow circle.
Contours shown on both maps: 40, 80, 130, 200, 500, 1000 m. Bold contour is 200
m. Approximate location satellite chlorophyll data were clipped to include the shaded
green region, see section 3.2.2). (b) Coverage for mooring data shown. Color corre-
sponds to each mooring location, CB2 (blue) and CB1 (yellow). DO and temperature
are available for each ’.” in the coverage plot, and salinity is available (in addition to
DO-T) for years 2016 - 2018 at CB2. . . . . . . . . . . . . . . ...
Near-bottom DO and temperature at Cordell Bank. Mirrored histograms
of observed bottom DO and temperature for years 2014 — 2018 binned by month are
presented for both mooring locations CB1 (a & c¢: ~ 80 m; yellow) and CB2 (b & d: ~
100 m; blue). Data coverage for each site is provided in Figure 3.1. Bin widths for each
mirrored histogram are 0.1 mL L™ * between 1 and 7 mL L™* and 0.1 °C between 8
and 13°C. The 25th/50th/75th percentiles are marked with black lines. Mild hypoxia
is shaded light grey; intermediate hypoxia shaded dark grey. Data presented are all
low-pass filtered with a cutoff period of 33 hours (see section 3.2.1). . . . . . . ..
Time-series of near-bottom DO and temperature at Cordell Bank. Tem-
perature and DO data from CB1 (a & c: ~ 80 m) and CB2 (b & d: ~ 100 m) across
deployments (2014 - 2018) are shown. Mild hypoxia is shaded light grey; intermedi-
ate hypoxia shaded dark grey. A horizontal line marks 8.5°C water in ¢ & d. Data
presented are all low-pass filtered with a cutoff period of 33 hours (see section 3.2.1).
Winds and satellite chlorophyll concentration. This figure presents the 8-day
upwelling index, Ws, for alongshore wind stress calculated from winds at N13 (a).
Negative values (blue Ws) are upwelling favorable winds while positive values (red
Ws) are downwelling favorable. The natural log of the median chlorophyll-a (chl-a)
concentration are shown (b). Chl-a values shown represent median values calculated
for each 4km section of shelf between 37°N and 39°N and to a distance of 100 km
offshore from the coastline. If coverage was < 60% a median value is not presented. .
Surface boundary layer depth summary statistics estimated from hourly N13
wind data using the Ekman layer scale, g+ o Js. Summary statistics represent the
10th, 90th, 75th, 25th and 50th percentiles grouped by month including data during
the period 2014 - 2018. . . . . . . . . L oL oo e e e e e e e e
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3.6

3.7

3.8

Surface boundary layer depth - monthly This figure shows summary statistics
for the surface boundary layer depth, estimated from hourly N13 winds using the
Ekman layer scale, dg: o< ds. Summary statistics represent the 25th & 75th percentiles
(thin black lines) and 50th percentile (thicker yellow line). Data are grouped by month
and year (2014 - 2019). Median values are shaded yellow. The median Ekman layer
scale is ~ 30m (across all months and years), which is provided for reference as a black
dashed line in each subplot. . . . . . . . . . .00 00000
2015 alongshore wind stress, SST and CB mooring bottom temperature
time-series This figure presents (a) low-pass filtered alongshore wind stress at N13
(grey) and Ws (red, downwelling favorable; blue upwelling favorable). Approximate
seasonal transitions shown above subplot (a): the storm season (purple bar), upwelling
season (yellow bar); and relaxation season (green bar). (b) SST at N13 (black line)
shown with MHW presence flagged following Sanford et al. (2019). Shading, either
grey or red, marks periods where the 2015 temperature at N13 exceed the 90th per-
centile based on a 30-year record at N13 (1981 — 2011) for > 5 days. Red shading
represents one of 10 most intense events since 1981. For reference, the mean SST for
2015 is shown by a dashed horizontal line (13.15°C) and 9°C is also shown. (c) time-
series of bottom DO for each mooring site are shown: CB1 (gold) and CB2 (blue).
Hypoxia thresholds are shaded (c) light grey (mild) and dark grey (intermediate). Ver-
tical black lines mark the first of each month in all subplots (a-c). Temperature and 7
and are low-pass filtered. Date tick marks are spaced at 8-day increments. . . . . .
T-S diagram showing CB2 mooring data (100m) collected during 2016 —
2018. (a) Seasons are colored dark grey ”Upwelling season”; light grey ”relaxation
season”; and white ”storm season” in accordance with thresholds described in section
2.3. DO concentration are provided (b) in miL™'. Black contours are constant poten-
tial density and gray contours are constant spiciness. Potential salinity is presented

here. . . . . L L e e e e e e e e e e

viii



4.1

4.2

4.3

Site map and summary of subsurface DO at OCNMS from 2011 — 2020),
showing 10 OCNMS mooring locations (a). This study used moorings with avail-
able DO data (filled triangles); CA042 was excluded due to a gap in DO data from
2016 — 2018. Wind buoy NDBC46041 (N41) marked with a blue/purple circle. Con-
tours shown: 40, 80, 130, 200 m. In this work, Salish Sea rivers (light green) in-
clude: the Duckabush, Skokomish, Deschutes, Nisqually, Puyallup, Duwamish, Cedar,
Snohomish, Stillaguamish, Skagit, SanJuan, Elwha, Dungeness, Clowhom, Squamish,
Tsolum, Oyster, Englishman, Cowichan, Nanaimo, Nooksack rivers and the Fraser
River (dark green). Coastal Washington (light blue) include: the Calawah, Hoh,
Queets, Quinault, Chehalis, Willapa, Naselle rivers. The Columbia River (mid blue)
is in a group alone. Coastal Oregon (dark blue) include: the Nehalem, Wilson, Nes-
tucca, Siletz, Alsea, Siuslaw, Umpqua and Coquille rivers. (b-e): Mirrored histograms
of observed DO for years 2011 — 2020 binned by month are presented for mooring
locations from north to south: The northern-most site MB042 (b) to southern-most
sites CE042/CEO015 (e and f). There is less data coverage across years for (May) and
(October), indicated by parentheses see Figure 4.2. Approximate DO data coverage
for each site is provided in Figure 4.2. Bin widths for each mirrored histogram are 0.1
mL L-1 between 0 and 8 mL L™'. The 25th/50th/75th percentiles are marked with
black lines. Mild hypoxia is marked with a dashed black line; intermediate hypoxia
is shaded light grey; severe hypoxia shaded dark grey. Anoxic/suboxic thresholds are
not distinguished. Sites CE042, TH042, MB042 are all at the same approximate depth
(42m), while KLL0O27 is 27m and CEO015 15m. . . . . . . . . . . . . . . . . ...
OCNMS coastal mooring coverage of DO data from 2001 - 2020 Black
vertical and horizontal lines are shown to help visualize the first of each month (vertical
lines) and different mooring years (horizontal at 2011; -15 and -19). CA042 is excluded
because of DO data gap from 2016 - 2018. Approximate covereage for CA042 can be
seen in Figure 4.5c. . . . . . . ..o 0oL 0 oo e e e
Summary statistics of flow for the Columbia and Fraser Rivers and winds
at N41. Median values marked with a horizontal sea green line; boxes represent the
upper and lower quartiles (25th and 75th percentiles). The 90th and 10th percentiles
are shown as whiskers with dashed ends. Summary statistics of flow data (a & b) and
N41 winds (c) are shown for each month of the reference period (1991 — 2020). In
subplot (c) upwelling-favorable winds are negative; downwelling-favorable positive.
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4.5

4.6

30-year summary of discharge at the Columbia and Fraser Rivers. Mul-
tivariate ENSO index (MEI) v2 (a) shown together with PDO cycle (b) and river
discharge (¢ & d). (a) Light pink and light blue shading represent neutral conditions
(-0.5 < MEI v2 < 0.5). Mean monthly and peak monthly discharge are each shown
for the Fraser (c¢) and Columbia (d). Both stem and marker are colored for mean
monthly discharge, while the stem is grey and marker colored for each peak monthly
discharge. Below normal flow conditions are less than the lower quartile (red); above
normal if greater than the upper quartile (blue), and within normal range if between
the upper and lower quartiles (sea green). High flow events of interest discussed in
text are labeled. Quartiles for each river are presented in Figure 4.3. A closer look of
2011 — 2020 (dashed box A) shown in Figure 4.8. . . . . . . . . . . . .. .. ..
Interannual hypoxia at OCNMS coastal moorings showing binned subsurface
DO levels for 2011 — 2020. Data are classified by observed DO level: (blue) DO
> 2.45 ml L™ ?mild hypoxia” DO 1.4 — 2.45 ml L™"; ?intermediate hypoxia” DO
0.5- 1.4 ml L™, ”severe hypoxia” DO 0.2 — 0.5 ml L™!; ”suboxia” DO < 0.2 ml L~}
with “anoxia” zero DO. Each bar represents the number of days between 1 May to
31 October for each deployment year (180 days; 2011 — 2020). White space indicates
no observations. Colored triangles next to each subplot title relate to their color
designation on Figure 4.1. CA042 does not have DO data for 2016 — 2018. Anoxia
observed in 2017* at KL027 and CE042. . . . . . . . . . . . . .. ...
Cumulative discharge for the Columbia and Fraser Rivers. Cumulative
discharge is shown for each river: Columbia River (a) and Fraser River (b) across 10
water years (2011 - 2020). The three largest values at the end of each year are flagged
in each legend with a dashed box and marked on the figure. Water years with below
normal cumulative discharge at the end of each water year are marked with an asterisk.
The median cumulative discharge for the reference period (1991 — 2020) is shown as a
black dashed line in both plots. Note the y-axis are not the same, and a dashed line

in subplot (a) marks the max y-axis value of subplot (b). IQR = interquartile range

= upper - lower quartile(s) and the IQR for 1991 - 2020 is shaded grey in each subplot. 110



4.7

4.8

4.9

4.10

2017 spring/summer: N41 winds, discharge and OCNMS coastal mooring
data This figure presents low-pass filtered alongshore wind stress (a) calculated from
N41 winds (grey) with the 8-day upwelling index, W, overlain in color. Negative
values (blue for Ws) are upwelling favorable winds while positive values (red for W)
are downwelling favorable. Discharge data for the Columbia River (blue) and rivers
that empty to the Salish Sea (including the Fraser River; sea green) are shown (b)
on the left y-axis, while coastal rivers off Oregon (white) and Washington (black)
are shown on the right y-axis. The river locations, names and groupings are shown
on Figure 2.1. Temperature plots created using low-pass filtered temperature sensors
moored through the water column are shown for MB042 (c); TH042 (d); KL027 (e);
CE042 (f), with depth on the left y-axis. In the same subplots, the buoyancy frequency
(N2; blue line) is shown using the right y-axis. Low pass filtered near-bottom DO data
are shown for MB042 (yellow) and THO042 (orange) (g); and KL027 (red) and CE042
(dark red) (h). Hypoxia thresholds are shaded grey (mild, intermediate, severe and
suboxic; anoxia is zero oxygen). Data shown (except for Ws) were filtered using the
PL33 filter described by Rosenfeld (1983) with a 33 hour cutoff period, to remove
higher frequency signals. . . . . . . . . . . .. Lo Lo
Summary of discharge at the Columbia and Fraser Rivers (2011 — 2020).
A closer look at years 2011 - 2020 from Figure 4.4 dashed box A. . . . . . . . . ..
OCNMS mid-shelf sites subsurface DO and stratification. This figure
presents daily averages of observed DO and calculated buoyancy frequency (N 2). Data
shown represents times when top-bottom density and bottom DO were available, at the
same time, for all four sites (CE042, KL027, TH042 and MB042). This requirement
yields 786 days of data per site, with the coverage shown in (b). Statistics for the daily
averages of DO and N2 are presented for each mooring (a): the median (white circle),
the 25th - 75th percentile (thick lines); and 10th/90th percentile (end dashes). Sites
CEO042 (dark red), TH042 (orange), MB042 (yellow) are all at the same approximate
depth (42m), while KL027 (red) is shallower ( 27m). . . . . . . . . . . . . . . ..
CE042 subsurface DO and stratification. This figure presents summary statis-
tics of observed DO and calculated buoyancy frequency (N?) at CE042. Data shown
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intermediate hypoxia are marked with a vertical dashed line; severe hypoxia is shaded

light grey and suboxia shaded dark grey. . . . . . . . . . . . ... ...
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Abstract

Physical dynamics influencing dissolved oxygen over the shelf in the central and

northern California Current System
by
Kathryn M. Hewett

Eastern Boundary Upwelling Systems (EBUS) are highly productive biomes, which pro-
vide benefit to society and support local ecosystems. Although EBUS total area is small
when compared to other pelagic ecosystems, a growing body of literature demonstrate
that climate impacts on EBUS will have disproportionately large consequences for hu-
man society. Like other EBUS, the California Current System (CCS) is experiencing a
number of inextricably linked stressors: acidification, oxygen stress (hypoxia), altered
food webs, and warming temperatures. Each stressor has the potential to change species
interactions; alter the abundance and distribution of organisms; and can even result in
mortality for certain organisms. Wind forcing and freshwater input drive change in
the coastal zone, and result in heterogeneous expression of multiple stressors in time
and space. River-flow and winds are both anticipated to change in magnitude and
timing due to human- and climate-induced changes, which drive associated impacts to
physical and biogeochemical processes in estuaries and continental shelves. A step to-
wards better understanding drivers of multiple stressor interactions includes analysis
of subsurface observations to identify relationships and trends in shelf waters. In this

work we focus on the physical dynamics which influence dissolved oxygen (DO) over
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the shelf off northern California and Washington, to better understand the physical
dynamics that influence hypoxia. In the CCS, and other EBUS, high productivity is
supported by coastal wind-driven upwelling that supplies the shelf with nutrient-rich
waters. However, high rates of productivity in the coastal zone may operate at the ex-
pense of (1) decreasing aragonite and calcite saturation states and decreasing dissolved
oxygen (DO) concentrations because the water that is upwelled to the continental shelf
also has reduced DO levels, lower pH, and higher concentrations of dissolved inorganic
carbon (DIC); and (2) high productivity maintains a high standing stock of particulate
organic carbon (POC), which builds a respiration signal in the water column and at
the sediment/water interface and results in a decline in DO. These are two mechanisms
that make EBUS, including the CCS, prone to hypoxia and acidification, which threaten
ecosystems and the communities they support. The coastal waters of Washington (and
southern British Columbia) have the highest primary productivity in the CCS, but this
high productivity is not co-located with the strongest upwelling-favorable alongshore
winds (which occur off northern California). This mismatch has been explored (e.g, by
Hickey and Banas 2009), and results point to additional mechanisms that facilitate the
region’s high productivity beyond the traditional focus of the coastal wind field. The
work presented in this dissertation, to explore the physical dynamics which influence
DO over the shelf in two regions of the CCS, was motivated by (1) the link between
productivity and hypoxia (and the mismatch of productivity /wind forcing); (2) reports
of extreme low DO observed off Washington in the summers of 2017 - 2019; and (3) a

lack of subsurface DO time-series observations off northern California (where peak up-
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welling wind stress occurs). Two chapters of this dissertation focus on the central CCS
(off northern California), a region for which which DO time-series are scarce; and one
chapter addresses the northern CCS (off Washington) and is comprised of an analysis
of a 10-year record of DO, temperature and salinity at multiple sites along with wind
and river discharge data to better understand the timing and severity of shelf hypoxia.

Although the CCS is one of the most highly observed ocean regions in the
world, there has been comparatively limited research on subsurface DO and carbonate
system parameters in the central CCS off northern California (from 37°N to 42°N).
Since long time-series of subsurface DO are relatively scarce, management decisions are
made without a proper understanding of regional risk. Scientifically we are left wonder-
ing: (1) what DO levels occur in a section of the CCS that experiences the strongest
upwelling favorable winds (~8x stronger than the Pacific Northwest)?; and (2) how DO
levels respond to upwelling and relaxation events in this subregion? We collected time-
series mooring data (temperature, salinity and DO), which are used to describe patterns
and timing of hypoxia, and explore how DO levels respond to upwelling and relaxation
events in the northern California coastal upwelling region. A deeper, mid-shelf site
(~54m) is located in the Gulf of the Farallones, offshore San Francisco Bay, and within
the more stratified upwelling shadow south of Point Reyes. The lowest DO concentra-
tions and most persistent hypoxia were present at the mid-shelf site. At the shallower
sites, (~18 and 30m), results show highly variable DO values with brief hypoxic events
outside the core upwelling season (i.e., strongest winds and coldest water did not asso-

ciate with the lowest DO levels). At the deeper, mid-shelf site, two distinct modes of
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variability were observed. During the first mode, upwelling events related to DO decline
and relaxation events to increasing DO. During the second mode, the opposite occurs:
upwelling related to an increase in DO and relaxation events to declining DO. At the
shallower inner-shelf sites, and for the entire time-series, upwelling generally relates to
DO decline and relaxation events to increasing DO. The importance of source water is
clear during the first half of the mid-shelf deployment, and the overall trend and second
half shows the importance of local drawdown. We also explored the seasonality of DO
over a submarine bank (Cordell Bank) located at the shelf-break off northern Califor-
nia. Results show a recurrent seasonal cycle in temperature and DO. The similarity
of seasonal patterns of temperature across years (2014 - 2018) is interesting, especially
given the diverse set of oceanographic conditions the CCS experienced from 2014 — 2019.
Although the coolest water occurs over the bank early in the upwelling season, the DO
minimum occurs later, towards the end of the upwelling season and often during the
relaxation season. Deviations from the seasonal trend observed are likely attributed
to a combination of physical and biogeochemical processes working together. Specifi-
cally, we hypothesize that the interplay of wind-driven mixing and surface productivity
can explain internanual differences, but additional work is needed to fully understand
the role of these drivers. At Cordell Bank, DO concentrations were often below the
threshold of mild hypoxia (2.45 ml/L), but only one instance of intermediate hypoxia
was observed (1.4 to 2.45 ml/L) during the relaxation season (July 2017). Overall DO
off northern California appears higher (fewer hypoxic events) than those observed in

the northern CCS, but the upwelling favorable winds are also eight times stronger off
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northern California. Finally, observed DO is also lower than predicted using two source
waters (PEW and PSUW) thus pointing to the likely importance of local drawdown
(and potentially presence of more than two source water masses).

We focused on the physical dynamics which influence shelf DO in the north-
ern CCS (off Washington), in attempt to better understand the physical dynamics that
influenced the extreme low DO observed in the summers of 2017 - 2019. Mooring data
(2011 - 2020) are used to describe the timing and severity of hypoxia off Washington.
River and winds data (1991 - 2020) are also used to better understand the coastal
environment and drivers of low DO. From this work we found significant interannual
variability in DO. The 2016-2019 low DO period is statistically associated with spicier
water, suggesting a link between source waters impacted by the El Nifo, very, very low
North Pacific Gyre Oscillation Index, marine heat wave presence and low DO over the
shelf. When compared to historical DO records, summertime hypoxic exposure appears
to have worsened on the Washington shelf. However, 2011 — 2020 shows significant in-
terannual variability without a clear downward trend. We also observed a north-south
trend with lower DO in the south, which can be explained by several hypotheses, rang-
ing from shelf width to canyons to stratification. However, the relationship between
stratification, surface salinity and DO is complex. Within periods with similar surface
salinity, more stratification is related to lower DO, but overall higher stratification is
caused by lower surface salinity and is associated with higher DO. This likely demon-
strates a complex relationship between the presence of river water advected northward

by downwelling-favorable winds and vertical mixing driven by downwelling. Additional
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work to further assess the impact of timing of the Columbia and Fraser Rivers relative
to wind events is important to understand DO and carbonate chemistry off Washington,

and help make predictions for future climate conditions.
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Chapter 1

Introduction

Motivated by an increase in both magnitude and persistence of low oxygen
(hypoxia) in the coastal zone as well as open ocean oxygen decline (deoxygenation),
increasing attention has been placed on monitoring dissolved oxygen (DO) levels and
understanding physical dynamics that influence DO levels and biogeochemical change
in and across estuarine to open ocean environments (see review by Levin and Breit-
burg 2015). This dissertation aims to expand current knowledge of physical dynamics
influence on DO levels over the shelf through use of observational data from the cen-
tral and northern California Current System (CCS). We synthesize findings from (1)
a novel dataset of shelf DO collected off northern California and (2) a 10-year dataset
off Washington with wind and river discharge data to better understand the timing
and severity of shelf hypoxia. The remainder of this chapter provides basic background
information on Eastern Boundary Upwelling Systems and anticipated climate impacts

(section 1.1); the CCS and deoxygenation and hypoxia in the CCS, section 1.2. The
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hypoxia thresholds we adopt for our analysis are described in subsection 1.2.4. Finally,

section 1.3 outlines the chapters provided in this dissertation.

1.1 Eastern Boundary Upwelling Systems

The California Current System (CCS) is an eastern boundary upwelling system
(EBUS), located in the North Pacific (Figure 1.1). EBUS are among the world’s most
productive ocean ecosystems (Kampf and Chapman 2016), which provide wide benefit
to society and directly support coastal communities (Garcia-Reyes et al. 2015; Levin
and Le Bris 2015; Bindoff et al. 2019). Although EBUS total area is small when
compared to other pelagic ecosystems, a growing body of literature demonstrate that
climate impacts on EBUS will have disproportionately large consequences for human
society, as summarized in the Fifth Assessment Report (AR5) of the United Nations
(UN) Intergovernmental Panel on Climate Change (IPCC) (Chapter 5, AR5 Bindoff et
al. 2019). While the ocean becomes warmer and more stratified (Capotondi et al. 2012;
Talley et al. 2016), global biogeochemical change is occurring which includes increased
levels of dissolved inorganic carbon (DIC), decreased levels of dissolved oxygen (DO)
and increased oxygen stress (hypoxia), and changes in productivity and altered food
webs (Bopp et al. 2002; 2013; Deutsch et al. 2006; Keeling et al. 2010; Doney et
al. 2009; 2020; Feely et al 2004; 2009; Hoegh-Guldberg and Bruno 2010; Garcia-Reyes
et al. 2015; Schmidtko et al. 2017; Breitburg et al. 2015; 2018; Levin et al. 2018;

Pitcher et al. 2021). Natural variability inherent to EBUS alongside uncertainties in



present and future trends in upwelling seasonality, coastal warming and stratification,
primary production and biogeochemistry of source waters each pose large challenges
to the climate response across EBUS and within each system itself (Sydeman et al.
2014; Hickey et al. 2010; Garcia-Reyes et al. 2015; Rykaczewski et al. 2015; Varela
et al. 2015; Wang et al. 2015; Bindoff et al. 2019). Further, we are learning that
rates of change in the coastal zone often outpace that of offshore waters; this mismatch
is strongly influenced by coastal physical dynamics and respiration signals (Diaz and
Rosenberg 2008; Rabalais et al. 2010; Booth et al. 2014; Chavez et al. 2017; Siedlecki
et al. 2021). Across the latitudinal range of an individual EBUS, variations exist
in winds (e.g., Sydeman et al. 2014; Wang et al. 2015; Rykaczewski et al. 2015;
Garcia-Reyes et al. 2015), freshwater input (e.g., in the CCS, Hickey and Banas 2008),
coastline shape, bathymetry and shelf width (e.g., Allen et al. 1995; Barth et al. 2000;
Pickett and Paduan 2003; Allen and Hickey 2010; Monterio et al. 2011), and presence
of source waters for upwelling (Monteiro et al. 2011; Rykaczewski and Dunne 2010;
Doney et al. 2012; Rykaczewski et al. 2015; Pozo-Buil 2015;2017; Bograd et al. 2015;
2019), which all drive biogeochemical variability. EBUS, like the CCS, experience both
remote and local physical forcing (e.g., Jacox et al. 2015; Bograd et al. 2015), but
often local winds and mesoscale oceanographic features are not resolved in global Earth
System Models (ESMs) which can often limit our ability to understand their complicated
physical dynamics which shape these valuable ecosystems. However, work to enhance
representation of coastal winds and upwelling dynamics that shape EBUS ecosystems

are underway in the modeling community (e.g., Machu et al. 2015; Echevin et al 2012;
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Bruyere et al. 2014; Xiu et al. 2018; Arellano and Rivas 2019; Dussin et al 2019;
Howard et al. 2020; Pozo-Buil et al. 2021; Siedlecki et al. 2021). While modeling
efforts have the ability to produce climate projections and sharpen scientific questions,
observations (especially subsurface) and a better understanding of physical dynamics
that shape ecosystems within and across EBUS are each necessary to properly manage

ecosystem services in a rapidly changing climate.

1.2 The California Current System

1.2.1 Winds and Regions

The CCS is an EBUS, located in the North Pacific that extends from ~50°N
(where the east-flowing North Pacific Current approaches North America) to ~15-25°N
(off Baja California, Mexico). With regional borders around Cape Mendocino and
Point Conception, the CCS divides into three main regions: the northern, central and
southern CCS (Hickey 1979; Checkley and Barth 2009) (see Figure 1.1). Wind forcing
over the CCS varies from moderately strong, seasonally varying in the northern CCS, to
persistently equatorward in the central and southern portions (Huyer 1983). However,
the strongest upwelling favorable winds occur in the central CCS off Bodega Head (in
the vicinity of N13; Figure 2.1) and another in region south of Point Sur (Garcia-Reyes
and Largier 2010; 2012) (Figure 1.1). North of Cape Mendocino winds are generally
northward and downwelling favorable in the winter, while south of Cape Mendocino

alongshore winds are generally equatorward and upwelling favorable year-round (Huyer
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1983). Across the CCS, prevailing winds are upwelling-favorable during the spring and
summer, on which weather-band fluctuations are superimposed (see review by Fewings
et al. 2016). Off Washington, upwelling winds typically occur ~half to two-thirds of
the season with downwelling conditions present for the remainder (Hickey and Banas
2008). The efficiency and depth from which shelf water is derived during upwelling is
dependent on the magnitude/persistence of upwelling winds (e.g. Hickey et al. 2006)
and the local cross-shelf wind profile (Jacox and Edwards 2012), as well as other physical
characteristics like local stratification, alongshore flow, bottom slope, shelf width (Allen
et al. 1995) and coastline shape (Barth et al. 2000; Pickett and Paduan 2003). These
factors combine to differentiate regions of the CCS (see review by Checkley and Barth
2009), and each region is strongly influenced by remote and local physical forcing (e.g.,
Jacox et al. 2015; Bograd et al. 2015). Finally, while upwelling favorable winds are much
stronger (~8x) off California (in the central CCS) than off Washington (in the northern
CCS), the degree of freshwater input (by rivers, estuaries and associated energetic tidal

flows) is significantly higher in the northern CCS (Hickey 1998; Hickey and Banas 2008).

1.2.2 Shelf water mass properties and currents

The CCS represents a union of different water masses that originate in the
tropical, subtropical, and subarctic regions of the eastern Pacific Ocean; each defined
by temperature, salinity, DO and nutrients at the time of entry to the CCS (Table 1.1;
Lynn and Simpson 1987; Talley et al. 2011). Deep waters upwelled on to the shelf

predominantly include two end-member source water masses: Pacific Subarctic Upper
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Figure 1.1: Map of the California Current System This figure presents major currents and
water mass locations, and is based on content presented in Checkley and Barth (2009); Thomson and
Krassovski (2010); and Talley et al. (2011). Water mass descriptions are in Table 1.1 and approximate
location shown on in this figure. Surface currents (gold arrows) and undercurrents (black arrows) shown
include the (1) Alaskan Stream; (2) Alaska Current; (3) North Pacific Current; (4) California Current
(shown as 2 arrows); (5) California Undercurrent; (6) North Equatorial Current; (7) North Equatorial
Countercurrent; and (8) Equatorial Undercurrent. Coastal jets (9) form on the shelf and shown as red
arrows. Freshwater input (10) (blue arrows at the Salish Sea and Columbia River) is greater in the
northern CCS than the central and southern CCS. The strongest upwelling-favorable winds occur in
the central CCS (off Bodega Head near N13 and south of Point Sur; see Figure 2.1). Approximate
boundaries for the three CCS regions are shown by white lines. CCS region text is placed offshore and
in the North Pacific Gyre, but the regions are physically located to the east of each text label, adjacent
to the west coast and include (4), (5) and (9).



Water (PSUW) and Pacific Equatorial Water (PEW) (Hickey 1979; Huyer et al 1989).
Although, we are also learning that Eastern North Pacific Central Water (ENPCW)
can contribute to biogeochemical variability (Bograd et al. 2019) and salinity anomalies
(Ren and Rudnick 2021) in the CCS. The sluggish surface California Current typically
transports PSUW equatorward, while the California Undercurrent transports PEW
poleward (Hickey 1979; 1998) (Figure 1.1). The percentage of PEW in upwelled waters
varies with season and with latitude (decreasing poleward) (Thomson and Krassovski
2010). As each upwelling season progresses, development of the California Undercurrent
occurs which plays an important role in providing nutrients to (or removing nutrient-
depleted waters from) the shelf (Hickey and Banas 2008). Further, increased advection
of low-oxygen, PEW by the California Undercurrent has often been shown to cause a
decline in coastal DO levels (e.g. Bograd et al. 2008; Pierce et al. 2012; Meinvielle
and Johnson 2013), and the relative proportion of PEW present has been shown to
impact community composition in the CCS (e.g., fish community composition as shown
in McClatchie et al. 2010; Schroeder et al. 2019). The chemistry and character (T-
S) of water brought to the shelf during upwelling is dependent on the source water
origin, which is an active area of research (both understanding what water is present
for upwelling and how the biogeochemistry of water masses are changing) (e.g., Bograd

et al. 2015; Pozo-Buil and DiLorenzo 2015; Whitney et al. 2013).



Table 1.1: Relative Comparison of CCS Water Masses

Water Mass Temperature Salinity DO Nutrients
PSUW low low high highly variable
ENPCW high high low low
Coastal upwelled low high low high
PEW high high low high

Comparisons based on Lynn and Simpson (1987) and Talley et al. (2011).

”Coastal upwelled” waters represent a mixture of source waters present for upwelling.
1.2.3 Productivity and DO

The CCS is a highly productive biome because of wind-driven coastal up-
welling; a process that supplies the continental shelf with deeper, nutrient-rich water
(Smith, 1981; Hickey 1979; Huyer 1983) and supports high primary productivity and
fisheries (e.g., Ryther 1969; Pauly and Christensen 1995). This efficient supply of deep
oceanic nutrients to the coastal zone can operate at the expense of a decline in nearshore
aragonite and calcite saturation states and DO concentrations, because the water that
is upwelled to the shelf is also often oxygen-poor and high in DIC (Feely et al. 2004;
2009). Both observations and models highlight the rapid progression and biogeochemi-
cal sensitivity of the CCS to ocean acidification and hypoxia (OAH) (Feely et al. 2008;
Gruber et al. 2012; Chan et al. 2017), which strongly affects present and future ex-
pression of OAH in the coastal zone (Feely et al. 2008; Gruber et al. 2012; Harris et
al. 2013; Chan et al. 2017). High rates of productivity in the coastal zone may operate
at the expense of (1) decreasing aragonite and calcite saturation states and decreasing
DO concentrations because the water that is upwelled to the continental shelf also has
reduced DO levels, lower pH, and higher concentrations of DIC; and (2) high produc-

tivity maintains a high standing stock of POC (e.g., Hales et al. 2006), which builds a
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respiration signal in the water column and at the sediment/water interface and results
in DO level declines (Diaz and Rosenberg 2008; Rabalais et al. 2010). We are learning
that nearshore rates of change (e.g., lower pH, warmer water, lower DO) often outpace
offshore estimates and observations, and the mismatch is due to coastal processes (Booth
et al. 2014; Chavez et al. 2017; Siedlecki et al. 2021). Physical forcing mechanisms
and regional topography and bathymetry can influence the composition of source and
upwelled waters while shelf biogeochemical processes can further modify waters (either
upwelled to the shelf or introduced by rivers/estuaries). This has the potential to drive
spatial and temporal variability in nearshore OAH exposure within CCS regions and
across regions at different rates.

The coastal waters of Washington and southern British Columbia (northern
CCS) have the highest primary productivity in the CCS, but this high productivity
is not co-located with the highest magnitude of upwelling-favorable alongshore winds
(Ware and Thomson 2005). This mismatch has been addressed by Hickey and Banas
(2008), who describe additional mechanisms that facilitate the region’s high productivity
beyond the traditional focus of the coastal wind field. First, the PNW shelf is wider
than the California shelf (where peak winds occur), which promotes retention of upwelled
nutrients (Strub et al. 1991). Second, energy from upwelling off northern California,
in the form of coastal trapped waves contributes to upwelling in the northern CCS
(Connolly and Hickey 2014). Third, the presence of shelf-break canyons are common
across the CCS with a high density of canyons present off Washington (Hickey 1995).

Canyon presence facilitates enhanced upwelling and allows water from deeper depths to
9



reach the shelf (Hickey 1997; Allen and Hickey 2010; Connolly and Hickey 2014), which
contribute high rates of nutrients to the shelf (Hickey and Banas 2008; Crawford and
Dewey 1989). Plus, canyons also experience intense mixing (Lueck and Osborn 1985;
Kunze et al. 2002; Wain et al 2013; Zhao et al. 2012), which can impact source depth and
modify water mass properties transiting the canyon sill (Alford and MacCready 2014).
Fourth, freshwater-driven mechanisms play an important and complex role in coastal
productivity which includes but is not limited to: modifying nutrient distributions across
the shelf, shifting primary productivity offshore and/or deeper in the water column, and
modifying retention time, estuarine exchange, and regional circulation in the cross- and
along-shelf direction (Lohan and Bruland 2006; Hickey and Banas 2008; Banas et al.
2009; MacCready et al. 2009; Hickey et al. 2009; Kudela et al. 2010; Giddings et al.
2014; Davis et al. 2015).

Although the CCS is one the most highly observed ocean regions in the world,
there has been comparatively limited research on subsurface DO and carbonate sys-
tem parameters off central and northern California (from 37°N to 42°N). Currents and
circulation south of Cape Mendocino and north of San Francisco Bay have been well
studied through data obtained during several large projects in the 1980’s and 1990’s
(CODE Beardsley and Lentz 1987; Super CODE Strub et al. 1987; CCCCS Chelton et

al. 1987; NCCCS Magnell et al. 1991, Largier et al. 1993; SMILE Dever and Lentz
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1994; Dever 1997a&b; STRESS Trowbridge and Lentz 1998)!, and the impact of wind
and current variability on productivity between 37.5 - 39°N and 122.5 - 124°N were
studied during CoOP WEST (Largier et al. 2006)2. However, time-series of subsurface
DO are relatively scarce in this subregion, and we are left knowing little about the
oxygen content of coastal waters over the shelf and specifically in the Gulf of Faral-
lones, which feed San Francisco Bay and — at times — flow poleward past Point Reyes,
a prominent headland that shelters the Gulf to the north (see Figure 1.1). This forces
management decisions on hypoxic exposure to be made without a proper understanding
of regional risk. Scientifically we are left wondering (1) what shelf hypoxia looks like
in a section of the CCS that experiences the strongest upwelling favorable winds (~8x
stronger than the Pacific Northwest); and (2) how subsurface DO responds to upwelling
and relaxation events in this subregion. This gap in observational coverage has reduced
our communities ability to predict the onset of corrosive events, validate existing OAH
algorithms, and groundtruth models that predict subsurface water properties. This
limitation also extends to impact regions (and communities) outside the central CCS,
because although observational coverage is less lacking elsewhere, ecological impacts of
hypoxia in the central CCS likely influence change in the northern and southern CCS.

Analysis of ocean observations from the 1980s to 2000s point to a significant

decline in DO across the CCS: off Oregon and Washington (Grantham et al. 2004;

! Coastal Ocean Dynamic Experiment (CODE) and super CODE acquired observations from 1981 to
1983; Central California Coastal Circulation Study (CCCCS) 1984-1985; Northern California Coastal
Circulation Study (NCCCS) 1987-89; Shelf Mixed Layer Experiment (SMILE) 1988-89; and Sediment
Transport Events over the Shelf and Slope (STRESS)

*Wind Events and Shelf Transport (WEST) was a Coastal Ocean Processes (CoOP) National Science
Foundation project, which acquired field observations between 2000 - 2003.
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Chan et al. 2004;2008; Pierce et al. 2012), in the Southern California Bight (Bograd
et al. 2008; 2015), and off Monterey Bay (central California; Ren et al. 2018). Plus
deoxygenation trends have been observed in the North Pacific (Emerson et al. 2001;
2004; Ono et al. 2001; Watanabe et al. 2001; Whitney et al. 2007; Mecking et al. 2008)
and oxygen minimum zone expansion has been observed in the tropical eastern Pacific
(Stramma et al. 2008; Moffitt et al. 2015; Schmidtko et al. 2017). These large-scale
trends in offshore DO content intensify hypoxic events, especially over the continental
shelf (e.g., Grantham et al. 2004; Bograd et al. 2008; Chan et al. 2008; Booth et al.
2012; 2014; Levin and Breitburg 2015). An important question is whether nearshore
hypoxic events are worsening over time. Before long-term impacts can be adequately
predicted, it is necessary to better understand physical processes that contribute to low

DO events. To accomplish this, subsurface observations are required across each region

of the CCS.

1.2.4 Hypoxia thresholds

While many thresholds are used for hypoxia (Table 1.2), most commonly it
is defined as < 1.4 milliliters Oy per liter (ml L~!) in aquatic systems. However,
DO concentrations above and below this limit can alter the structure and function of
communities (see reviews by Levin et al. 2009 and Hofmann et al. 2011). In this analysis
we employ classification thresholds of hypoxia to visualize the spatial and interannual
expression of hypoxia, which we define as “mild hypoxia” between 1.4-2.45 ml L™,

.o

“intermediate hypoxia” < 1.4 ml L™!; “severe hypoxia” < 0.5 ml L™!; “suboxia” < 0.2
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ml L~!; and anoxia (zero oxygen).
Table 1.2: Hypoxic Thresholds

Category ml L™' mg L' umol kg='?® Oy sat® pO, kPa @
Mild? 2.45 3.5 106.6 38 8.0
Intermediate © 1.4 2.0 60.9 21.7 4.5
Severe ¢ 0.5 0.71 21.6 7.7 1.6
Suboxia € 0.2 0.07 — — —
Anozia 0 — - - -

¢ unit conversions for DO follow Garcia and Gordon 2012 and Enns et al. 1965.

and assume a salinity of 33.5, temperature of 9.5°C.

b Sensitive species behavior impacted and may exhibit avoidance reactions (Hofmann et al. 2011).
Survival and metabolism can be affected dependent on taxa (Levin et al. 2009; Chan et al. 2019).

¢ Conventional threshold for biological impacts.

4 Only highly specialized species survive extended exposure below this threshold.

Severe hypoxia is also the operational threshold in the CCS for impacts to Dungeness crab mortality
and reduced catch (Chan et al. 2019).

¢ biogeochemical processes are altered, including oxygen consumption rather than nitrate during

denitrification processes (Giorgio and Williams 2005).

1.3 Outline

This dissertation aims to expand current knowledge of physical dynamics in-
fluence on DO levels over the shelf through use of observational data from the central
CCS (off California) and northern CCS (off Washington). Chapters 2 and 3 address
the central CCS, a region for which which time-series of DO data are scarce. Chapter 4
addresses the northern CCS and is comprised of an analysis of a 10-year record of DO,
temperature and salinity at multiple sites along with wind and river discharge data to
better understand the timing and severity of shelf hypoxia. Each chapter is described

below. Chapter 5 summarizes conclusions from chapters 2-4.

In Chapter 2 uses time-series mooring data (temperature, salinity and DO) to

describe patterns and timing of hypoxia, and explore how DO levels respond to upwelling
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and relaxation events in the northern California coastal upwelling region. The deeper,
mid-shelf site (~54m) is located in the Gulf of the Farallones, offshore San Francisco
Bay, and within the more stratified upwelling shadow south of Point Reyes. The lowest
DO concentrations and most persistent hypoxia were present at the mid-shelf site. At
the shallower sites, (~18 and 30m), results show highly variable DO values with brief
hypoxic events outside the core upwelling season (e.g., strongest winds and coldest water
did not associate with the lowest DO levels). Overall DO levels off northern California
appear higher (and less hypoxic) than those observed in the northern CCS, but the
upwelling favorable winds are also ~8x stronger off northern California. At the deeper,
mid-shelf site, two distinct modes of variability were observed. During the first mode,
upwelling events related to DO decline and relaxation events with increasing DO levels.
During the second mode, the opposite occurs: upwelling relates to an increase in DO
levels; relaxation events to declining DO levels. At the shallower inner-shelf sites, and
for the entire time-series, upwelling generally relates to DO level decline and relaxation
events with increasing DO levels. The importance of source water is clear in the first half
at during the first half of the mid-shelf deployment, and the overall trend and second
half shows the importance of local drawdown.

Chapter 3 uses a 5-year record of near-bottom DO, temperature and salinity
to explore the seasonality of DO levels over a submarine bank (Cordell Bank) located at
the shelf-break off northern California. Results show a recurrent seasonal cycle in tem-
perature and DO. The similarity of seasonal patterns of temperature across years (2014

- 2018) is interesting, especially given the unique set of oceanographic conditions the
14



CCS experienced from 2014 — 2019. Overall, with the onset of upwelling, near-bottom
water becomes cooler and saltier, and DO levels decrease. The coolest water occurs ear-
lier than the minimum DO level. The seasonal cycle in DO is thought to be a response
to interacting seasonal cycles in wind, surface warming, and productivity. Deviations
from the seasonal trend are observed when strong wind forcing is present during the
relaxation season (resulting in elevated DO levels) and when increased productivity is
present (resulting in lower DO levels). At Cordell Bank, DO concentrations were often
below the threshold of mild hypoxia (2.45 ml/L), but only one instance of intermedi-
ate hypoxia was observed (1.4 to 2.45 ml/L) during the relaxation season (July 2017).
Observed DO is also lower than predicted using two source waters (PEW and PSUW)
thus pointing to the likely importance of local drawdown (and potentially presence of
more than two source water masses).

Chapter 4 focuses on the physical dynamics which influence shelf DO in the
northern CCS (off Washington), in attempt to better understand the physical dynamics
that influenced the extreme low DO observed in the summers of 2017 - 2019. Mooring
data (2011 - 2020) are used to describe the timing and severity of hypoxia off Washing-
ton. River and winds data (1991 - 2020) are also used to better understand the coastal
environment and drivers of low DO. From this work we found significant interannual
variability in DO, with the 2016-2019 low DO period is statistically associated with
spicier water potentially suggesting a link between source waters impacted by the El
Nino, a very, very low North Pacific Gyre Oscillation (NPGO) index and marine heat

wave presence and DO levels over the continental shelf. When compared to historical
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DO records, summertime hypoxic exposure appears to have worsened on the Washing-
ton shelf. However, 2011 — 2020 shows significant interannual variability without a clear
downward trend. We also observed a north-south trend with lower DO in the south,
which can be explained by several hypotheses, ranging from shelf width to canyons to
stratification. However, the relationship between stratification, surface salinity and DO
is complex. Within periods with similar surface salinity, more stratification is related
to lower DO, but overall higher stratification is caused by lower surface salinity and is
associated with higher DO. This likely demonstrates a complex relationship between
the presence of river water and mixing driven by downwelling.

Chapter 5 summarizes the dissertation conclusions.
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Chapter 2

Observations of shelf hypoxia off

northern California

2.1 Introduction

The California Current System (CCS) is a highly productive biome because of
wind-driven coastal upwelling; a process that supplies the continental shelf with deeper,
nutrient-rich water (Smith, 1981; Hickey 1976; Huyer 1983) and supports high primary
productivity and fisheries (e.g., Ryther 1969; Pauly and Christensen 1995). This efficient
supply of deep oceanic nutrients to the coastal zone can operate at the expense of a
decline in nearshore aragonite and calcite saturation states and DO concentrations,
because the water that is upwelled to the shelf is also often oxygen-poor and high in DIC
(Feely et al. 2004; 2009). Both observations and models highlight the rapid progression

and biogeochemical sensitivity of the CCS to ocean acidification and hypoxia (OAH)
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(Feely et al. 2008; Gruber et al. 2012; Chan et al. 2017), which strongly affects present
and future expression of OAH in the coastal zone (Feely et al. 2008; Gruber et al. 2012;
Harris et al. 2013; Chan et al. 2017). High rates of productivity in the coastal zone
may operate at the expense of (1) decreasing aragonite and calcite saturation states and
decreasing DO concentrations because the water that is upwelled to the continental shelf
also has reduced DO levels, lower pH, and higher concentrations of DIC; and (2) high
productivity maintains a high standing stock of POC (e.g., Hales et al. 2006), which
builds a respiration signal in the water column and at the sediment/water interface
and results in DO level declines (Diaz and Rosenberg 2008; Rabalais et al. 2010). We
are learning that nearshore rates of change (e.g., lower pH, warmer water, lower DO)
often outpace offshore estimates and observations, and the mismatch is due to coastal
processes (Booth et al. 2014; Chavez et al. 2017; Siedlecki et al. 2021). Physical forcing
mechanisms and regional topography and bathymetry can influence the composition of
source and upwelled waters while shelf biogeochemical processes can further modify
waters (either upwelled to the shelf and introduced by rivers/estuaries). This has the
potential to drive spatial and temporal variability in nearshore OAH exposure within
CCS regions and across regions at different rates.

Although the CCS is one of the most highly observed ocean regions in the
world, there has been comparatively limited research on subsurface dissolved oxygen
(DO) and carbonate system parameters on the continental shelf between Cape Men-
docino and San Francisco Bay (Figure 2.1). Currents and circulation south of Cape

Mendocino and north of San Francisco Bay have been well studied through data ob-
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tained during several large projects in the 1980’s and 1990’s (see section 1.2.3), and the
impact of wind and current variability on productivity between 37.5 - 39°N and 122.5
- 124°N were studied during CoOP WEST (Largier et al. 2006). However, time-series
of subsurface DO are relatively scarce in this subregion, and we are left knowing little
about the oxygen content of coastal waters in the Gulf, which feed San Francisco Bay
and — at times — flow poleward past Point Reyes, a prominent headland that shelters
the Gulf to the north (see Figure 2.1). This forces management decisions on low oxy-
gen (hypoxic) exposure to be made without a proper understanding of regional risk.
Scientifically we are left wondering: (1) what DO levels occur in a section of the CCS
that experiences the strongest upwelling favorable winds (~8x stronger than the Pacific
Northwest); and (2) how DO levels respond to upwelling and relaxation events in this
subregion?

The The Gulf of the Farallones ("the Gulf”) represents a unique section of
the California coast. It is situated on a wide section of continental shelf and sits at
the entrance to San Francisco Bay (Figure 2.1). Therefore, the Gulf interacts with
the estuary, adjacent coastal ocean, and water off the steep, continental slope. While
much of the continental shelf from Oregon to Point Conception is relatively narrow, and
typically < 20km wide, the Gulf represents a wider section of shelf, ~50km. The Gulf
is also considered a retentive zone for San Francisco Bay outflow and newly upwelled
water (near Drakes Bay and ~30 km south of Point Reyes; Wing et al. 1998; Largier
2004; Vander Woude et al. 2006), and the embayment extends immediately north of

Point Reyes can also be retentive at times (Figure 2.1; Vander Woude et al. 2006).
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Not only does the Gulf represent source water to San Francisco Bay, Drakes Bay, and
other small coastal lagoons, but it is also connected to coastal and estuarine waters
north of Point Reyes (and vice versa; Figure 2.1). Equatorward shelf flow is driven
by persistent upwelling favorable winds (Halle and Largier 2011; Kaplan et al. 2009),
and during wind relaxation events, poleward flow on the shelf is observed which is
driven by a poleward pressure gradient (Gan and Allen 2002a&b;2005; Hickey and Pola
1983; Largier et al. 1993). The biological importance of these circulation patterns is
well documented for this connected Farallones—Reyes-Arena region (e.g., Wing et al
1995a&b; 1998; Largier 2003; Botsford et al. 2003;2006; Largier et al. 2006; Roughan
et al. 2006; Kudela et al. 2008; Krause et al. 2020). This region features (1) high rates
of productivity, (2) retentive embayments, and (3) is located on a wide shelf section.
The combined impact of prolonged retention with a strong respiration signal typically
facilitates coastal hypoxia, with the severity, persistence and spatial pattern reflected
by the degree of water column ventilation (Diaz Rosenberg 2001; Monterio et al. 2011
Levin and Breitburg 2015).

Scarcity of subsurface DO observations off northern California (from 37°N to
42°N) previously limited our ability to characterize the occurrence of hypoxia in this
subregion of the CCS. In this chapter, we use time-series mooring data collected in
the Gulf and north of Point Reyes, off Bodega Head (Figure 2.1), to describe patterns
and timing of hypoxia, and explore how DO levels respond to upwelling and relaxation
events. We first describe the mooring data (section 2.2). Then, in sections 2.3 and 2.4,

we use mooring and wind data to describe (1) the timing and severity of hypoxia, and
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(2) the response to upwelling and relaxation events.

2.2 Data sources and processing

2.2.1 Mooring data

During 2015, moored sensors are deployed on the California shelf: Two sites
in the Gulf of the Farallones (GF; RP) and one site located north of Point Reyes, off
Bodega Head (BH) (Figure 2.1).

Two moorings were deployed in the Gulf of Farallones from 28 March — 20 July
2015 (GF and RP; Figure 2.1) as part of a California Sea Grant project investigating the
potential for hypoxic intrusions into San Francisco Bay. One mooring was deployed east
of the Farallon Islands at about ~54m depth; the other deployed at ~18m (Figure 2.1).
At both sites a Sea-Bird Electronics (SBE) 37 MicroCAT conductivity and temperature
(C-T) recorder and Precision Measurement Engineering (PME) DO and temperature
logger (MiniDOT) collected data at ~1m above bottom. At the deeper Gulf mooring,
GF, a SBE-39 temperature sensor was deployed at ~15m and an Onset HOBO 12-bit
temperature logger (TidbiT) was deployed ~1m below surface to provide an estimate
of sea surface temperature. TidbiT sensors provide a rough estimate of temperature,
as their accuracy is ©/— 0.2°C. The northern site (BH) is located approximately 1.2
km off Bodega Head (Figure 2.1), and was located next to a semi-permanent mooring
maintained by the University of California, Davis - Bodega Marine Laboratory (BML).

In 2015 a PME MiniDOT logger was deployed at BH (~30m depth) from February
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through October 2015.

Instruments were serviced before the field season for GF and RP mooring
locations, and field validated at the beginning and end of each deployment using a
SBE 19plus V2 SeaCAT Profiler equipped with a DO auxiliary sensor, which mea-
sures conductivity, temperature, and depth (CTD) and DO. Density and other seawater
properties were calculated using the Thermodynamic Equation of Seawater 2010 stan-
dard, using the Gibbs-SeaWater Oceanographic Toolbox (McDougall et al. 2012). To
that end, unless otherwise specified, salinity in this manuscript is reported as Absolute
Salinity (SA; g kg™'). Sigma-density values, o9 = p(S,T, P) — 1000 and spiciness, T,
presented were calculated using SA, conservative temperature, and pressure. In this
chapter, "low-pass filtered data” refers to a time-series variable that had a 33-hour

low-pass filter applied using the PL33 filter described by Rosenfeld (1983).

2.2.2 Buoy data — wind and temperature

We used wind and sea surface temperature (SST) data from the National Data
Buoy Center (NDBC) meteorological monitoring buoy located off Bodega Head (46013;
N13) and in the Gulf of the Farallones, California (46026; N26; Figure 2.1), which are
available at: ndbc.noaa.gov. Small gaps (< 3 hours) in the buoy record were gap filled
using linear interpolation. We filled a 5-hour gap at N13 on 29 July 2015 with data
from N26 using coefficients determined from a regression of 2015 data between N13
and N26 (wind speed R? = 0.81). We used hourly wind speed and direction data from

2015 and calculated equivalent 10m wind velocity and wind stress (Edson et al. 2013).
23



Wind data were rotated into local coordinate systems based on the principal axes of wind
variability and are referred to as ~alongshore (positive poleward; downwelling-favorable)
and cross-shore (positive onshore, orthogonal to the major axis) winds. Both hourly
stress and wind were low-pass filtered, using the PL33 filter described by Rosenfeld
(1983) with a 33 hour cutoff period, to remove higher frequency signals. Principal axis
wind ellipses obtained for 2015 were like those calculated by Dorman and Winant (1995)
and Garcia-Reyes and Largier (2012). The filtered alongshore wind stress measured at
N13 is denoted simply as 7 (without subscript). Unless otherwise specified, reference
to “low-pass filtered data” hereafter indicates time-series data that were filtered with a

33-hour cutoff period.

2.2.3 Seasonality of coastal upwelling

Wind forcing is one of the features that divides the CCS into sub-regions (see
Figure CCS; section 1.2). Off northern California three seasons are recognized (Largier
et al. 1993; Garcia-Reyes and Largier 2012). Specifically, Garcia-Reyes and Largier
(2012) use monthly mean and standard deviation of buoy wind stress to describe these
seasons: an upwelling season (April - June), a relaxation season (July - September), and
a storm season (December - February). Here we employ a simple set of thresholds to
estimate seasonal transitions using wind data from N13. The spring transition marks
an increase in equatorward wind stress and persistence, here flagged when the median
of the past 30 days 7 < —0.04 N m~2 and confirmed by inspection of near-bottom

temperature values off Bodega Head. Soon after the spring transition, winds strengthen
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and typically exceed ~0.1 N m~2 through the upwelling season. Relaxation events are
common throughout the upwelling season and identified by periods of time when wind
velocity drop below its mean value after being strongly upwelling favorable (see also
Fewings et al. 2016 and Melton et al. 2009). The start of the relaxation season is
marked by a persistent decrease in mean wind stress and flagged when the median of
the past 30 days 7 > —0.04N m~2. The storm season represents a transition to weak

mean winds and flagged when the median of the past 30 days 7 > —0.02 N m 2.

2.2.4 Bottom DO and wind stress

To investigate the response of subsurface DO to wind forcing, we applied an
exponential decay filter to hourly alongshore wind stress at N13 (see Figure 2.2). This
index was based of work described in Austin and Barth (2002) and was applied as a filter
following Giddings et al. (2014). The response time scale was determined by finding the
filter width, k, that maximizes correlations between filtered wind stress (Wk) and near-
bottom DO, here k = 48 hours (2 days). In this analysis we used instantaneous hourly,
alongshore wind stress from N13 and subsurface DO from BH. Mooring data from BH
was used in this analysis because it has the longest DO record from 2015 (February —
October; see Figure 2.3c). Filtered wind stress, “IW5”, is used in our analysis alongside

low-pass filtered alongshore wind stress.
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Figure 2.2: Cross-correlation of hourly alongshore wind stress at N13 and bottom DO at
BH, showing the results of correlations between filtered alongshore wind stress (W) and near-bottom
DO at BH. Data used were collected between February — October 2015. The correlation coefficient, R,
shown is normalized so that the autocorrelation at zero lag equals 1. A range of k values were analyzed
between 1 hour - 240 hours (10 days). Max R for each k-value is shown. Wind data were collected at
hourly intervals; therefore, we sampled the DO time-series at hourly increments prior to comparison.

If only upwelling dominated months April — May are considered, k is still 2-days but R increases from
0.56 (February — October) to 0.67 (April — May).

2.2.5 Marine heatwave conditions and the California drought

The 2015 mooring data used in this study were collected during the 2012 —
2016 California drought and feature periods of time when strong warm water anomalies
(marine heat waves, [MHWs|) were present in coastal waters of the CCS. Notably, in
2015, one of the largest MHWSs on record in the northeast Pacific e xtended t o the
central and southern CCS (Gentemann et al. 2017; Zaba and Rudnick 2016). We use
dates identified by S anfordeta 1. (2019) t o fl ag ti mes wh en MH W co nditions were
present in coastal waters of our study. Sanford et al. (2019) followed Hobday et al.
(2016) definitions for MHW presence to classify temperature anomaly conditions, which

included using a 30-year record (1981 — 2011) of SST from N13 (Figure 2.1). Coastal
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conditions were flagged when 2015 SST at N13 exceed the 90th percentile based on the
30-year record for > 5 days.

Although freshwater input to estuarine and coastal regions is typically low off
California during the upwelling and relaxation season, it would be remiss to ignore the
severe drought conditions that affected California in 2015. Implications of the drought

on shelf hypoxia and retention are addressed in our discussion.

2.3 Results

2.3.1 Coastal upwelling seasonality

Although upwelling favorable winds are present throughout the year in the
central CCS (also shown in Figure 2.3a), the spring transition marks the first month
dominated by upwelling-favorable conditions (Strub et al. 1987; Lentz 1987; Lynn et
al. 2003). We estimate the 2015 spring transition to occur between 20 March (based
on the wind conditions) and 5 April (based on the arrival of cold bottom water at BH
and reduced SST at N13) (vertical dashed lines flag transitions in Figures 3a and b).
Although the deeper Gulf mooring (GF) was deployed on 26 March 2015, we still observe
a strong decline in bottom water temperature associated with the strong upwelling
event on 1 April (peak Wy > 0.3 N m~2) (Figure 2.3b). In addition to decreasing
temperatures, we also observe a net decline in subsurface DO at BH between February
and April (median DO levels drop from 4.7 ml L~! to 3.5 mi L=1) (Figure 2.4a). Both

Gulf moorings (RP and GF) were deployed on 26 March 2015, so we cannot include
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trends of subsurface DO across the 2015 transition to the upwelling season. However,
from ~5 April through ~9 May the coldest, near-bottom water is observed at the
mooring sites (GF, RP and BH), and overall, at all three sites the lowest DO conditions

are observed outside 5 April - 9 May 2015.
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Figure 2.3: 2015 alongshore wind stress, SST and mooring bottom temperature time-
series This figure presents (a) low-pass filtered alongshore wind stress at N13 (grey) and W2 (red,
downwelling favorable; blue upwelling favorable). Approximate seasonal transitions shown above subplot
(a): the storm season (purple bar), upwelling season (yellow bar); and relaxation season (green bar). (b)
SST at N13 (black line) shown with MHW presence flagged following Sanford et al. (2019). Shading,
either grey or red, marks periods where the 2015 temperature at N13 exceed the 90th percentile based
on a 30-year record at N13 (1981 — 2011) for > 5 days. Red shading represents one of 10 most intense
events since 1981. For reference, the mean SST for 2015 is shown by a dashed horizontal line (13.15°
C) and 9° C is also shown. (c) time-series of bottom temperature for each mooring site are shown: BH
(gold) and RP (blue) on left y-axis, and GF (dark grey) on right y-axis. Using left y-axis as a reference,
dashed horizontal lines are shown at 10.5° C (max right y-axis) and 9° C. Vertical black lines mark the
first of each month in all subplots (a-c). Temperature and 7 and are low-pass filtered. Both asterisks
on (a) denote relaxation events discussed in the Results section. Date tick marks are spaced at 8-day
increments.
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Figure 2.4: BH (~30 m) and RP (~18 m) mooring data. This figure presents time-series of
bottom DO (a) and temperature (b) at RP (blue line) and BH (yellow line). Alongshore wind stress
at N13 (grey) and Wa (blue upwelling favorable) are shown in (c). Approximate seasonal transitions
shown above upwelling season (yellow bar); and relaxation season (green bar). All data presented,
except W2, is low-pass filtered. Hypoxic thresholds are shown in subplot (a) mark severe (darkest
grey); intermediate (grey); mild (lightest grey) hypoxia. Duration of intermediate hypoxia BH ~1-2
days. (a). Brown shading is provided to aid discussion of upwelling events (shaded). Relaxation events
are not shaded, but generally follow upwelling events and feature decelerating winds (W2 approaching
zero). Trend arrows are shown on one upwelling/relaxation event (in April/May).

As expected, we observe a strong relationship between temperature and wind
stress, which is characterized by strong upwelling-favorable winds (and cooling temper-
atures) and frequent wind relaxations (which associate with warming temperatures).
Downwelling events (e.g., early February 2015) are rare and associate with increases
in both temperature and subsurface DO concentrations (Figures 2.3 & 2.4a). Across

all three mooring sites we observe lowest DO conditions during the relaxation season
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(Figure 2.4a & 2.5). Further, at the deeper Gulf mooring (GF ~54 m) we observe a net
decline in subsurface DO levels during relaxation events (Figure 2.5). In contrast, we
generally observe an increase in DO levels at the shallower sites (BH 30m and RP 18
m) during relaxation events, and declines during upwelling events (Figure 2.4).

As typical for this region, winds weaken at N13 between June and July 2015,
and the system switches to a relaxation season on ~11 June 2015 (a vertical dashed
line flags this transition in Figure 2.3a and c). In the relaxation season, we still observe
some strong upwelling events (e.g., late June; September and November in Figure 2.3a).
However, the relaxation season features (1) overall weaker equatorward winds at N13;
and (2) a smaller change between peak upwelling favorable and weak winds during
relaxation events. For illustration, an upwelling event in August peaks with Wy =
0.12 N m~2, while an event in April peaks with Wo = 0.34 N m~2 (see Figure 2.3a*).
Both events relax to Wa =~ 0.04 N m~2 (August) and Wy ~ 0.03 N m~2 (April)
over a span of 4-5 days. Most relaxation events feature decelerating winds over a
similar timescale of ~ 3-10 days in both the upwelling and relaxation season(s), but the
change in wind stress is generally larger in the upwelling season when compared with
the relaxation season.

During the relaxation season, we observe an increasing trend in SST at N13
(starting late June, Figure 2.3b), and the arrival of strong SST anomalies which coincide
with relaxation events in July and August (grey shading; Figure 2.3b), a time when
the MHW conditions were present nearshore (e.g., Genteman et al. 2017; Sanford et

al. 2019). Stronger upwelling favorable winds return in September (and November)
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2015, which coincide with an ~1 month respite (each) from elevated SST (Figure 2.3b).
However, as winds relax at N13, severe MHW conditions also return in October (red
shading; Figure 2.3b). Although it occurs outside the dates when the Gulf and BH
moorings were deployed, storm season conditions return between 5-6 December 2015 (a
vertical dashed line flags this transition in Figure 2.3a). The Gulf mooring deployments
ended on 20 July 2015. Based off a 30-year record at N13 by Sanford et al. 2019 (see
section 2.5), elevated SST anomalies were not present at N13 during most of the Gulf

mooring deployments (from 26 March - 3 July 2015) (Figure 2.3b).

2.3.2 Mid-shelf site, Gulf of the Farallones, GF (54 m)

The Gulf mooring was deployed on 26 March 2015 during a lull in upwelling
favorable winds. Although the spring transition was not fully captured, we observe
a strong decline in bottom water temperature associated with the strong upwelling
conditions present in late March and early April (peak Wo > 0.3 N m~2) (Figure
2.3b). After this event, subsurface temperature at GF (and the other 2 moorings)
remains low through ~19 May (Figures 3¢ and 4c). Coincident to this strong spring
upwelling event, we observe reduced subsurface DO just above the threshold for mild
hypoxia at GF. Winds transition to downwelling favorable on (~5 April) and we observe

an increase in subsurface DO and a decrease in spiciness (Figure 2.5a and b).
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Figure 2.5: Gulf (GF 54 m) mooring data. This figure presents time-series of bottom DO (black
line, a); spiciness (black line) and sigma-theta (right axis, blue) (b); temperature at 1m, 15m and 54m
from the GF mooring site. ATAZ ™! (using surface and bottom temperature) is shown (grey line, a) for
comparison with DO. Alongshore wind stress at N13 (grey) and W» (blue upwelling favorable) are shown
in (d). Approximate seasonal transitions shown above upwelling season (yellow bar); and relaxation
season (green bar). All data presented, except Wa, is low-pass filtered. Hypoxic thresholds are shown in
subplot (a) mark severe (darkest grey); intermediate (grey); mild (lightest grey) hypoxia. Duration of
intermediate hypoxia: ~3.5 days; ~4 days; ~8.2 days; and ~3.6days (in order of occurrence) (a). Pink
shading across each subplot highlights a relaxation event discussed in the results section.

As shown in Figure 2.5a and b, subsurface DO at GF exhibits two modes of
variability. During the first part of the GF deployment (outlined by a dashed line,

Figure 2.5), a strong relationship between DO and water type, as indexed by spiciness,
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is observed prior to ~14 May 2015. Prior to 14 May 2015, decreasing DO correlates
with increasing spiciness, and vice versa (adj R? 0.9; RSME 0.15). Then after ~14
May 2015, the variability in spiciness we observe is small and DO levels fluctuate with
changes in stratification and wind events. At the Gulf mooring, for discussion purposes,
hereinafter we refer to the time prior to 14 May 2015 as ”first mode” and afterwards
as ”"second mode”. During this second mode, strong increasing upwelling conditions
(indexed by W5 becoming more negative) corresponds to a decrease in stratification and
an increase in DO content. While relaxation events (decelerating winds; W5 trending
towards zero) coincide with an increase in stratification and a decline in DO content
(see brown shading in Figure 2.5 for illustration of relaxation event). Fluctuations in
density are superimposed on a longer density trend (see Figure 2.5b): during the first
mode an increasing trend in oy is evident and peaks at (~26.17 kg m~3). Afterwards,
during the second mode, a decreasing trend in oy is evident through the end of the
deployment (through July as well, not shown). It is during the second mode that the
lowest DO levels are observed.

During the first mode (prior to 14 May), we observe an event where subsur-
face DO changes relatively fast (~6 May; Figure 2.5a**) concurrent with a changing
temperature and salinity. This event coincides with strong upwelling favorable winds
at N13 (peak 7 ~ — 0.5 N m~2) (Figure 2.5d), which explain the fast change in water
type (Figure 2.5b**) and deepening of the mixed layer (Figure 2.5¢**). Prior to this
event, there was a net decline in DO during a relaxation event (~5-6 days in length).

Strong upwelling winds likely interrupted the decline to intermediate hypoxia, and re-
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duced stratification which is a mechanism that helps alleviate hypoxia across the shelf.
However, we attribute the sudden change (in DO and water type) at the mooring to be
dominated by advection of a water mass from a different location to the mooring site.
Weaker upwelling events (e.g., ~14 April with peak 7 ~ — 0.3 N m~2) also result in
deepening of the mixed layer (Figure 2.5¢*) and reduced stratification (Figure 2.5a%*)
but the change in water type is not as rapid (Figure 2.5b). While advection is impor-
tant in this event, a more gradual increase in subsurface DO observed at the mooring,
which may be attributable to an increase in vertical mixing allowed by a breakdown in
stratification.

Subsurface DO levels at GF declined to mild hypoxia in early May 2015, and
a trend for declining subsurface DO is evident through May and June (Figure 2.5a).
Upwelling events alleviate hypoxia (e.g., ~6 May; ~3 June, ~15 - 23 June; Figure 2.5a
and d), while DO levels decline during relaxation events (e.g., ~30 May — 1 June; ~4 —
14 June (brown shading); ~24 — 28 June; Figure 2.5a and d). The lowest DO is present
from mid-May to mid-June during relaxation events, with four intermediate hypoxia
events lasting ~3.5- to 8.2-days. In low-pass filtered data, the range of minimum DO
levels are 1.2 mL L~! (mid-May) to 0.6 mL L~! (late June), and during the prolonged
period of intermediate hypoxia (~8 — 15 June) the minimum DO level is ~0.8 mL L.
In hourly averaged data, there are two events where DO levels decline to the upper
threshold of severe hypoxia: on 2 June (minimum 0.60 mL L~!) and 28 June (minimum
0.57 mL L=1). Both events are coincident with ~9.5°C water, decelerating winds and

enhanced stratification.
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2.3.3 Inner shelf sites, BH (30 m) and RP (18 m)

The first significant upwelling event in 2015 occurred at the end of February,
which also aligns with a break from severe MHW conditions (present from December
2014 — February 2015; Figure 2.3a) and a drop in subsurface DO at BH (Figure 2.4).
The response of subsurface temperature at BH in February 2015 reflects the (relatively
quick) transition from strong downwelling (peak on 6 February, 0.5 N m~2) to strong
upwelling (peak on 26 March, -0.47 N m~2) (Figure 2.3a and c). The spring transition
does not occur until 20 March (based on the wind conditions) and 5 April (based on the
arrival of cold bottom water at BH and reduced SST at N13) (vertical dashed lines flag
transitions in Figures 3a and b). We observe a net decline in subsurface temperature
and DO at BH between February and April; Median subsurface DO levels(temperatures)
drop from 4.7 mL L=*(13.5°C) to 3.2 mL L~1(11°C) and after the spring transition April
median values are: 3.6 mL L~1(9.2°C) (Figure 2.4).

The inner shelf, Gulf mooring (RP) and was deployed on 26 March 2015, so
we cannot include trends of subsurface DO across the 2015 transition to the upwelling
season. However, from ~5 April through ~9 May the coldest, near-bottom water is
observed at the mooring sites (GF, RP and BH), but overall the lowest DO is observed
outside the period of coldest temperatures and strongest winds (i.e., not during the
months of April and May) (Figure 2.4 & 2.5). Interestingly, and although the two moor-
ings are separated by Point Reyes (Figure 2.1), DO at RP and BH followed markedly

similar trends in 2015 (Figure 2.4). The relationship between the two moorings appears
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to be the tightest in the upwelling season (during strongest winds). Although during
downwelling winds just after the spring transition (see Figure 2.4*), an increase at the
shallower site RP (18 m) has a larger increase in DO as compared to the deeper mooring
BH (30 m). As the mean wind stress declines towards the end of the upwelling season,
and the bottom water starts to warm, we observe a bigger difference in DO between
the two mooring locations. However, they both follow similar trends through the end
of June (Figure 2.4).

Subsurface DO levels at both moorings exhibits high variability. Between 28
March and 30 June 2015, DO values range from 1.2(1.5) mL L' to 5(6.8) mL L~!
at BH(RP). This DO variability correlates well with fluctuations in water temperature,
which in turn are correlated with wind forcing. By applying an exponential decay filter
to instantaneous, hourly alongshore wind stress at N13, we find that the response time
scale that maximizes correlations between filtered wind stress and subsurface DO to be
~2days (see section 2.2.4; Figure 2.2). By only using the Wy metric and subsurface
DO, we can explain a large majority of the variability in DO at BH and RP: we observe
reduced DO values with cold, upwelled water brought to the inner shelf sites during
upwelling events, and DO concentrations increase during relaxation events. Illustration
of these events are shown in Figure 2.4, with select upwelling events shaded brown
and subsequent relaxation events follow the shaded bars. This trend is opposite to the
response in DO we observe during the first mode at the deeper Gulf mooring (GF).

We observe the lowest DO levels in June at GF (Figure 2.5 and in May/June

at RP and BH (Figure 2.4). Low DO levels are also present at BH during March 2015,
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prior to the arrival of cold water (Figure 2.4), but the GF and RP were not deployed at
the time of this observation. A few short observations of intermediate hypoxia events
lasting ~1 - 2-days are also present. In low-pass filtered data, we observe minimum
DO levels during intermediate hypoxic events of 0.8 mL L~! (March/BH; note RP not
deployed yet) and ~1.2 mL L~! (June/BH). At RP, we observe lowest DO levels (~1.5
mL L~') in late May that approach intermediate hypoxia. However, values below 1.4

mL L~1 are only present in hourly data at RP.

2.4 Discussion

This work was motivated by a need to better understand how this subregion
off northern California fits with current understanding of shelf hypoxia in the CCS. We
are interested in understanding (1) what shelf hypoxia looks like in a section of the
CCS that experiences the strongest upwelling favorable winds; and (2) how subsurface
DO responds to upwelling and relaxation events in this subregion. To answer these
questions, we monitored DO levels over the shelf to the north and south of a major
headland (Point Reyes) in the northern California coastal upwelling region. Two sites
(RP and GF) were located south (and typically downwind) of Point Reyes, and the third
site (BH) was located to the north of the headland (Figure 2.1). The deeper Gulf site
(GF ~54 m) is located within the more stratified upwelling shadow downwind of Point
Reyes. We observed lowest DO concentrations and most persistent hypoxia at GF. At

the shallower sites, BH (~30 m) and RP (~18 m), we observed highly variable DO values
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with short hypoxic events outside the upwelling season. Data collected in 2015 also
represents an extreme year for the California coastal zone in terms of freshwater input
(largest drought on historical record), and warm temperature anomalies (as a MHW was
present in the CCS). The weakness of the freshwater flux from San Francisco Bay during
these mooring deployments was somewhat convenient in that it allowed observations of
stratification and hypoxia related entirely to upwelling and surface warming, in contrast
to conditions in the northern CCS (e.g., in the northern CCS where freshwater input is
large, as discussed in Chapter 4 of this dissertation). The presence of MHW conditions
and high surface temperatures are anomalous for this location (and across the CCS), but
the strength of thermal stratification is comparable with many other classical upwelling

bay locations (Largier 2020).

2.4.1 Upwelling source waters

The CCS represents a union of different water masses that originate in the
tropical, subtropical, and subarctic regions of the eastern Pacific Ocean; each defined
by temperature, salinity, DO and nutrients at the time of entry to the CCS (Lynn
and Simpson 1987). The source of the deeper waters upwelled onto the shelf (“source
waters”) varies by latitude due to basin-scale circulation and varies due to regional
differences in upwelling processes. The efficiency and depth from which shelf water is
derived during upwelling is dependent on the magnitude/persistence of upwelling winds,
the alongshore structure of upwelling winds (e.g. Hickey et al. 2006), and the local cross-

shelf wind profile (Jacox and Edwards 2012), as well as physical characteristics like local
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stratification, bottom slope, and shelf width (Allen et al. 1995) and coastline shape
(Barth et al. 2000; Pickett and Paduan 2003). These factors combine to differentiate
regions of the CCS (see review by Checkley and Barth 2009), and each region is strongly
influenced by remote and local physical forcing (Jacox et al. 2015; Bograd et al. 2015).

Deep waters upwelled on to the shelf predominantly include two end-member
source water masses: Pacific Subarctic Upper Water (PSUW) and Pacific Equatorial
Water (PEW) (Hickey 1979). But we are also learning that Eastern North Pacific
Central Water (ENPCW) can contribute to salinity anomalies in the CCS (e.g., Ren
and Rudnick 2021) and oceanic change in interior waters may drive regional variability
in EBUS, including the CCS (e.g. Bograd et al. 2019; Monterio et al. 2011). The
sluggish surface California Current transports PSUW equatorward, while the California
Undercurrent transports PEW poleward (Hickey 1979). Further, increased advection
of low-oxygen, PEW by the California Undercurrent has often been shown to cause a
decline in coastal DO levels (e.g. Bograd et al. 2008; Pierce et al. 2012; Meinvielle
and Johnson 2013), and the relative proportion of PEW present has been shown to
impact community composition in the CCS (e.g., fish community composition as shown
in McClatchie et al. 2010; Schroeder et al. 2019). On isopycnal surfaces, PEW and
PSUW can be identified by temperature and salinity (Davis et al 2008; Thomson and
Krassovski 2010), or “spiciness”, which combines these two conservative variables into
one variable (Flament 2002). The percentage of PEW in upwelled waters varies with
season and with latitude (decreasing poleward). Prior work estimates a range of 20%

(Schroeder et al. 2019) to 50% (Thomson and Krassovski 2010) off northern California.
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For analysis of water beneath ~100 m depth, end member analysis can be performed
(e.g., Thomson and Krassovski 2010). Above that depth, and as we approach the coast,
the mixture of PSUW, PEW and — sometimes ENPCW — is often modified. At depths
shallower than 100m, deep upwelled water can mix with surface water, and downward
fluxes of carbon likely contributes to modification of water chemistry. The chemistry
and character (T-S) of water brought to the shelf during upwelling is dependent on the
source water origin, which is an active area of research (both understanding what water
is present for upwelling and how the biogeochemistry of water masses are changing).
To better understand the upwelling source water present during our mooring
deployments we used conductivity, temperature, and depth (CTD)+DO casts collected
over the outer shelf and slope as part of Applied California Current Ecosystem Sys-
tem Services (ACCESS) cruises (Figure 2.1). We included depth-averaged ACCESS
CTD+DO data between 50 and 200m during years from 2014 and 2015. Data were col-
lected only in June, July and September. Although data are not available in spring, we
can see that there is a relationship between spiciness and DO. As expected, higher spice
coincides with lower DO (and vice versa; Figure 6). This makes sense as ENPCW and
PEW each associate with higher positive spice (warm and salty) and lower DO. While
PSUW is typically characterized by a negative to low positive spiciness (“bland”) with
high DO levels. Prior work suggests that the water upwelled to the shelf is oxygen-poor
but above the threshold for intermediate hypoxia (e.g., off Oregon and Washington;
Connolly et al. 2010; Adams et al. 2013). Typically the lowest DO levels present in

cast data are just above the 1.4 mL L~! threshold, however a few observations fall
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below (Figure 2.6).

While oxygen uptake, retention time and stratification over the shelf are drivers
of shelf hypoxia, DO levels in upwelling source waters are also important. The amount
of oxygen removed from a water mass on the shelf does not depend on the initial DO
concentration. Given the same oxygen uptake and stratification across the shelf, a
decrease in upwelling source water DO would drive deoxygenation trends that would
result in lower DO levels over the shelf. Even small DO decreases in upwelling source
waters will increase oxygen stress over the shelf, e.g., if DO levels in source waters
supplied to the shelf were 0.1 mL L~! lower during 2015, two severe hypoxic events

would have occurred at GF (6 hours and 16 hours) instead of a single 2-hour event.
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Figure 2.6: Spiciness — DO relationship for outer shelf and slope water. This figure shows
spiciness (m) and DO data collected over the outer shelf and slope during ACCESS cruises (2014 —
2015). Depth-averaged CTD data were used to calculate spiciness. 45 casts are shown collected during
June, July and September 2014 — 2015. Locations shown on Figure 1. Depths shallower than 50m are
not shown. Max depth 200m. Salinity range: 33.3 - 34.3 g kg~ !. Temperature range: 8.5 - 11.7 °C.
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2.4.2 Upwelling seasonality and relaxation events

Although transition from the storm to the upwelling season coincides with a
net drop in DO, the lowest DO is observed outside the period of coldest temperatures
and strongest winds (i.e., not during the months of April and May) at all three sites
(Figure 2.4 & 2.5). During the first mode at GF (deeper, mid-shelf site) and the
entire time-series at RP and BH (inner-shelf sites), upwelling relates to DO decline and
relaxation events with increasing DO levels. However, during the second mode at GF,
the opposite occurs: upwelling relates to an increase in DO levels; relaxation events to
declining DO levels. These observations paired with the relationship between spice and
DO levels during the first mode at GF suggest water mass variability is driving DO
trends (at least over the deeper sections of shelf, i.e., GF). During the second mode
at GF, we hypothesize that either: (1) a local respiration signal was established and,
during the second mode, shelf waters are lower in DO level than source waters, but the
signal is still dominated by advection; (2) weaker winds lend to upwelling from shallower
depths. It is clear that the DO-spice covariance over the first mode is strong, and then
DO-stratification vary over the second mode at GF.

The direction of shelf flow is also important during upwelling and relaxation
events. It has been shown that relaxation phases advect warm water poleward (Send et
al. 1987; Send 1989; Largier et al. 1993; Gan and Allen 2002a&b; Kaplan and Largier
2006). Following Send and Nam (2012), we expect that relaxation events will mod-

ify subsurface DO. Oxygen-depleted waters can be advected from regions with strong
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respiration signals to other sites over the shelf. We hypothesize mid-shelf waters are
often advected northward during relaxation events which may have originated in the
vicinity of GF (or areas where lower DO levels are present). However, our data set could
not fully explore that hypothesis. Later in the spring/summer, during the relaxation
season, DO levels on the shelf are likely be lower than the water being upwelled to the
shelf. In this scenario, when upwelling circulation starts, the near-bottom, the mid-shelf
environment may freshened by higher-DO water advected to the shelf during upwelling,
while the lower-DO water present at the mid-shelf may be advected shoreward. This
would result in a drop in DO values at inner-shelf sites (e.g., BH) but increasing DO
levels at mid-shelf sites like (GF).

More work is necessary to unpack these observations. Additional, data from
RP and BH may be available to explore whether these observations hold in other years
(during other deployments), and securing funding for an additional mooring on the
mid-shelf in the Gulf of the Farallones would be helpful to better understand shelf
biogeochemistry as well as the source waters for San Francisco Bay (and other adjacent

estuaries and lagoons).

2.4.3 Oxygen uptake over the shelf

The coastal waters across the CCS have high primary productivity, but this
highest productivity (off Washington/southern British Columbia) is not co-located with
the highest magnitude of upwelling-favorable alongshore winds (this region; off northern

California) (Ware and Thomson 2005). This mismatch has been addressed by Hickey
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and Banas (2008), who describe additional mechanisms that facilitate the region’s high
productivity beyond the traditional focus of the coastal wind field. First, the PNW shelf
is wider than the California shelf (where peak winds occur), which promotes retention
of upwelled nutrients (Strub et al. 1991). Second, energy from upwelling off northern
California, in the form of coastal trapped waves contributes to upwelling in the north-
ern CCS (Connolly and Hickey 2014). Third, the presence of shelf-break canyons are
common across the CCS with a high density of canyons present off Washington (Hickey
1995). Canyon presence facilitates enhanced upwelling and allows water from deeper
depths to reach the shelf (Allen and Hickey 2010; Connolly and Hickey 2014), which
contribute high rates of nutrients to the shelf (Hickey and Banas 2008; Crawford and
Dewey 1989). Plus, canyons also experience intense mixing (Lueck and Osborn 1985;
Kunze et al. 2002; Wain et al 2013; Zhao et al. 2012), which can impact source depth
and modify water mass properties transiting the canyon sill (Alford and MacCready
2014). Fourth, freshwater-driven mechanisms play an important and complex role in
coastal productivity which includes but is not limited to: modifying nutrient distribu-
tions across the shelf, shifting primary productivity offshore and/or deeper in the water
column, and modifying retention time, estuarine exchange, and regional circulation in
the cross- and along-shelf direction (Lohan and Bruland 2006; Hickey and Banas 2008;
Banas et al. 2009; MacCready et al. 2009; Hickey et al. 2010; Kudela et al. 2008;
Giddings et al. 2014; Davis et al. 2014). As discussed in section 2.1, high rates of
productivity in the coastal zone may operate at the expense of decreasing DO levels

because high productivity maintains a high standing stock of POC (e.g., Hales et al.
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2006), which builds a respiration signal in the water column and at the sediment/water
interface and results in DO level declines (Diaz and Rosenberg 2008; Rabalais et al.
2010). In the northern CCS, August and September typically experience the most se-
vere hypoxia as a respiration signal builds after the spring transition (Connolly et al.
2010; Adams et al. 2013; Siedlecki et al 2015). Our mooring time-series also does not
extend to August/September, and therefore it is unclear how subsurface DO acts for
the remainder of the relaxation season. However, based on the mooring data we ex-
plored, it seems like DO levels off northern California are higher than those observed
off Washington. However, it is not yet clear why hypoxia off northern California is less
severe than in the PNW. Is shelf hypoxia less severe off northern California because it is
more readily flushed by stronger upwelling? Or because surface productivity is lower in
the central CCS and therefore standing stocks of POC are smaller? Or if the presence
of more freshwater input in the Northern CCS contributes to stronger stratification and
the retention of POC? Or does the high density of canyons in the PNW facilitate worse
hypoxic conditions? It is likely a combination of forcing that results in the mismatch.
Although, we also hypothesize that the wind strength likely plays a role in alleviating
the respiration signal by: (1) reducing the respiration signal on the shelf; (2) shifting
carbon export to the outer shelf/slope; and (3) changing retention time and ventilation
of shelf waters (e.g., Botsford et al. 2006; Yokomizo et al. 2010; Stone et al. 2020). Each
would in turn have potential to alleviate shelf hypoxia across the shelf represented by
mooring locations (BH, RP and GF). During the core upwelling season had oxygen-poor

waters present, but the lowest DO levels and excursions to hypoxia were not observed
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when the strongest, persistent upwelling favorable winds were present. The magnitude
of upwelling-favorable winds observed at N13 (this study region) are not typically ob-
served at N41 (off Washington); the winds following spring transition in the PNW more
resemble the winds observed in the relaxation season in this subregion of the the central
CCS.

While newly upwelled waters may exhibit mild hypoxia, intermediate hypoxia
is rare and severe hypoxia is not expected (e.g., Figure 6). Intermediate and severe
hypoxia are facilitated by oxygen uptake over the shelf. The lowest DO concentrations
were observed in the Gulf of Farallones during relaxation events, when stratification
is strong and surface phytoplankton blooms occur. Stratification can be expected to
suppress downward mixing of DO from the surface layer while net or even enhanced
respiration continues to deplete oxygen from subsurface waters. Given that the Gulf
of Farallones is recognized as an upwelling shadow with enhanced stratification and
surface plankton blooms (Largier 2004, VanderWoude et al 2006, Largier 2020), situated
on a wide section of shelf, and given that sediments in this region are muddy with a
significant organic fraction (USGS 2006), it can be expected that there is a marked
oxygen demand and also that sub-thermocline waters are retained long enough for the

effect of local drawdown to result in hypoxic conditions.

2.4.4 The 2012 — 2016 California drought

The CCS is experiencing several inextricably linked stressors. In the coastal

zone, stressor conditions are impacted by large-scale changes observed in the North
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Pacific as well as land-based changes in timing and volume of freshwater input. At
the same time that the 2014 — 2016 MHW impacted the Pacific, California was also
experiencing one of its deepest, longest, and warmest droughts in historical record (from
2012 — 2016; Lund et al. 2018). Although freshwater input to estuarine and coastal
regions is typically low off California during the upwelling and relaxation season, it would
be remiss to ignore the severe drought conditions that disrupted California in 2015. The
cause of this drought has been largely attributed to the formation of a high-pressure
system (ridging) in the Pacific Ocean off California. Although the climatological cause
of the ridge is still being determined (Swain 2015; Singh et al. 2016; Swain et al. 2017),
the documented impacts across California were severe with dismal snowpack volumes
(e.g., Belmecheri et al. 2016), very low precipitation, and critically dry flows and water
delivery (see review by Lund et al. 2018). Further, regulatory Delta outflows were
reduced by the State Water Board which reduced environmental outflows by 1.4 billion
m? thus allowing the salinity gradient zone in the Delta to move eastward; and from
May - October 2015 barriers were placed in the western Delta to reduce the need for
additional freshwater flow to the San Francisco Bay (see review by Lund et al. 2018).
Although drought conditions were present, San Francisco Bay outflow likely
may still contribute to changes in shelf stratification and chemistry. The increasing
trend in oy observed in subsurface water at GF during the first half of the deployment
may be explained by a building amount of dense water present on the shelf as the
upwelling season progresses. However, it is unclear how this relates to a reduction in

Delta outflow volume and change in outflow water type. The 2015 water temperature
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and salinity at Fort Point, inside Golden Gate, increased in May and June and continued
to increase throughout the summer. Part of this is likely attributable to the drought
conditions and flow restrictions, and part due to warming coastal waters present in
July (when MHW conditions were present at N13)(Figure 2.1). Although freshwater
input was extremely low in 2015, warm water was still introduced to the Gulf from
San Francisco Bay outflow. These data represent shelf DO dynamics during drought
conditions. Collection of additional mooring data during large freshwater flow years
(and non-drought years) would be helpful to determine if reduced freshwater inputs
(and reduced Delta flows) act to modify shelf DO by modifying exchange with central

San Francisco Bay and thus the shelf.

2.4.5 2015 marine heatwave conditions

At the same time land-based flow modifications were present, MHW conditions
were present offshore. We used a flagging system developed by Sanford et al. (2019)
to identify MHW conditions on the shelf. For the majority of our deployments MHW
conditions were not present on the shelf. It has been shown that MHW conditions
substantially modified subsurface waters (e.g., Scannell et al. 2020). It is unclear how

MHW conditions modified subsurface water type present on the shelf and/or slope.

2.5 Conclusions

Moorings placed over the central CCS shelf from the mid- to inner- shelf ex-

hibit complex and temporally varying DO trends. At the deeper, mid-shelf site, GF,
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two distinct modes of variability are seen where upwelling relates to DO decline and
relaxation events with increasing DO levels. During the second mode at GF, it seems
like the opposite occurs: upwelling relates to an increase in DO levels; relaxation events
to declining DO levels. These observations paired with the relationship between spice
and DO levels during the first mode at GF suggest water mass variability is driving
DO trends (at least over the deeper sections of shelf, i.e., GF). During the second mode
at GF, we hypothesize that either: (1) a local respiration signal was established and,
during the second mode, shelf waters are lower in DO level than source waters, but the
signal is still dominated by advection; (2) weaker winds lead to upwelling from shallower
depths. It is clear that the DO-spice covariance over the first mode is strong, and then
DO-stratification vary over the second mode at GF. At the shallower inner-shelf sites,
and for the entire time-series, upwelling relates to DO decline and relaxation events
with increasing DO levels.

Stratification reduces vertical mixing, precluding diffusive fluxes of DO from
the surface layer. As the upwelling season continues and shifts to the relaxation season,
a respiration signal likely builds up across the shelf and may explain why the lowest DO
levels occur later in the summer. The spatial variations in hypoxia that we observed
in this study region, and differences between this region and other upwelling regions, is
likely to be explained by differences in oxygen demand (sediment demand plus delivery of
POC to sub-thermocline waters), differences in stratification (surface heating, freshwater
influences, wind stress), and flow-path history of waters at that site. We hypothesize

that later in the spring/summer (during the relaxation season) DO levels on the shelf
49



are likely be lower than the water being upwelled to the shelf. In this scenario, when
upwelling circulation starts, the near-bottom mid-shelf environment may be freshened
by higher-DO water advected to the shelf during upwelling, while the lower-DO water
present at the mid-shelf may be advected shoreward. This would result in a drop in DO
values at inner-shelf sites (e.g., BH) but increasing DO levels at mid-shelf sites like (GF).
The importance of source water is clear in the first half at GF and the overall trend and
second half shows the importance of local drawdown. These are consistent with other
parts of the CCS. For example Adams et al. (2013) found later in the upwelling season
shelf DO levels were lower than DO levels in newly upwelled water. The inner-shelf
on the other hand shows less clear trends and more temporal variability pointing to a
complex mosaic of shelf DO levels. Future work should involve velocity measurements
to better understand the direction of flow during upwelling and relaxation events.
Based on the mooring data we explored, it seems like DO levels off northern
California are higher than those observed off Washington. It is not yet clear why
hypoxia off northern California is less severe than in the PNW, but it likely relates
to a combination of forcing mechanisms that explain the mismatch in productivity.
We hypothesize that the wind strength likely plays a role in alleviating the respiration
signal by: (1) reducing the respiration signal on the shelf; (2) shifting carbon export to
the outer shelf/slope; and (3) changing retention time and ventilation of shelf waters
(e.g., Botsford et al. 2006; Yokomizo et al. 2010; Stone et al. 2020). This is idea
is corroborated by the lowest DO levels at all three sites were observed outside the

core upwelling season (e.g., the period of coldest water temperatures and strongest
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upwelling-favorable winds; not during the months of April and May). We also think the
role of river plumes may play an important role in the expression of hypoxia in different
regions of the CCS (and during different freshwater input scenarios within a subregion).
For instance, lower freshwater to San Francisco Bay would result in less extreme density
anomalies and thus weaker shelf stratification. However, more work is needed to explore
the mismatch between shelf DO levels observed in the central versus northern CCS.

Our study region features a characteristic strong upwelling season and, in 2015,
negligible freshwater influence. During the upwelling season, low runoff is typical but
the freshwater input was exacerbated by drought conditions in 2015. With literature
pointing to an increase in warming that will magnify the frequency of both droughts
and floods in California, these data present one bookend of the shelf hypoxia story for
this subregion. Although discharge from San Francisco Bay (and the Sacramento-San
Joaquin Delta) is already a particularly complex puzzle with several end users, a bet-
ter understanding of freshwater impacts to shelf chemistry may help with ecosystem
management in the coastal zone. In a system like San Francisco Bay, where freshwa-
ter discharge is heavily regulated (from the Delta and from industrial and municipal
discharge sources), managers may have a lever to help modulate coastal hypoxia and
acidification. Although, a development of this metric would require collection of ad-
ditional time-series observations and require a modeling study to further quantify the
impact of San Francisco Bay outflow on retention within the Gulf.

While open-ocean waters are experiencing deoxygenation, at present upwelling

source waters hover near the threshold for intermediate hypoxia and are often below
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the threshold for mild hypoxia. The presence of more persistent hypoxia and interme-
diate to severe hypoxic events over the shelf is achieved by local oxygen uptake over the
shelf. At the deeper site, GF, the lowest DO levels were observed after the upwelling
season and during relaxation events, pointing to an important role of local DO draw-
down. Upwelling regions with broader shelves and stronger stratification may be prone
to more severe and/or persistent hypoxia (e.g., Monterio et al. 2011) — and within these
regions, it has been suggested that most severe hypoxia has potential to occur within
bays (e.g., Largier 2020). Linking observations with numerical modeling has the po-
tential to describe the mosaic of oxygen variability more fully across upwelling shelves
and may elucidate how short duration hypoxic events may be exacerbated by global
deoxygenation. This is critical to assessment, evaluation, and management responses to

increased occurrences of hypoxia due to deoxygenation of source waters.
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Chapter 3

Seasonality of near-bottom dissolved
oxygen over a submarine bank off

northern California

3.1 Introduction

Motivated by an increase in both magnitude and persistence of low oxygen
(hypoxia) in the coastal zone as well as open ocean oxygen decline (deoxygenation),
increasing attention has been placed on monitoring dissolved oxygen (DO) levels and
understanding physical dynamics that influence DO levels and biogeochemical change in
and across estuarine to open ocean environments (see review by 7). The California Cur-
rent System (CCS) is a highly productive Eastern Boundary Upwelling System charac-
terized by wind-driven coastal upwelling that delivers oxygen-poor, carbon-dioxide-rich

waters to the shelf. Regional models and olz)))servations in the CCS highlight sensitivity
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to the progression of ocean acidification (OA) and deoxygenation, and suggest region-
ally varying exposure to hypoxia and OA effects (Chan et al. 2017). Although it is one
of the most highly observed ocean regions in the world, there has been limited research
on the subsurface DO and carbonate system parameters over the central CCS shelf,
off northern California, north of Monterey Bay (from 37°N to 42°N). Since time-series
of subsurface DO in this region are scarce, the magnitude and persistence of regional
shelf hypoxia remains unknown. In this paper we report observations of near-bottom
DO obtained at the shelf-edge over a submarine bank (Cordell Bank, Figure 3.1), and
characterize the seasonal variation in DO and water type. We discuss reasons for the
observation that the seasonal DO minimum lags the temperature minimum by a couple
of months, including the role of wind-driven mixing and near-surface phytoplankton

productivity.

3.2 Data sources and processing

3.2.1 Mooring data

Observations of near-bottom DO concentration were obtained at the shelf-edge
over a submarine bank, ~37 km west of Point Reyes(Cordell Bank, Figure 3.1). Here we
focus on time series of near-bottom DO, temperature, and salinity data collected using
moored sensors deployed from 2014 to 2018. Two moorings were deployed on Cordell
Bank (CB1 and CB2; Figure 3.1) as part of a collaborative project between the Univer-

sity of California, Bodega Marine Laboratory (BML) and National Oceanographic and
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Atmospheric Administration (NOAA) Cordell Bank National Marine Sanctuary (CB-
NMS) to monitor DO concentrations in the sanctuary. Temperature and DO data were
collected near-bottom at 80 m (CB1) and 100 m (CB2) using Precision Measurement
Engineering (PME) DO and temperature (MiniDOT) loggers from 2014 to 2018. In
2016, a Sea-Bird Electronics (SBE) 37 MicroCAT conductivity and temperature (C-T)
recorder was added to the CB2 mooring configuration to obtain near-bottom conduc-
tivity for salinity data. Mooring deployments ranged from 3 to 5 months, at which time
sensors were swapped and moorings re-deployed. Sensors collected data at 10 minute
increments.

Density and other seawater properties were calculated using the Thermody-
namic Equation of Seawater 2010 standard, using the Gibbs-SeaWater Oceanographic
Toolbox (McDougall and Barker, 2011). To that end, unless otherwise specified, salin-
ity reported in this manuscript is Absolute Salinity (g kg~!). Sigma-density values,
g = p(S, T, P) — 1000 and spiciness, 7, were calculated using Absolute Salinity, con-
servative temperature, and pressure. In this chapter, ”low-pass filtered data” refers to
a time-series variable that had a 33-hour low-pass filter applied using the PL33 filter

described by Rosenfeld (1983).
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3.2.2 Satellite chlorophyll concentrations

We use a merged chlorophyll product from the European Node for Global
Ocean Colour (GlobColour). GlobColour provides a merged product! of near-surface
chlorophyll concentration, which we use a as a proxy for phytoplankton biomass. Al-
though the GlobColour product only provides near-surface chlorophyll, Frolov et al.
2012 reports depth-integrated chlorophyll is highly correlated with near-surface chloro-
phyll off California (R? = 0.9). We extracted a merged product for 8-day composites
of chlorophyll concentration at a 4km spatial resolution for the years 2014 - 2018. The
8-day chlorophyll concentration value was selected because it represents an appropriate
response time for an upwelling event (3 - 10 days) (Wilkerson et al. 2006). We clipped
the chlorophyll data such that it is bound to the south and north by 37°N and 39°N, and
extends across the shelf (and slope) to a distance of 100 km offshore from the coastline

(Figure 3.1).

3.2.3 Atmospheric data

3.2.3.1 Buoy Winds

We used two types of wind data. The first type is from the National Data Buoy

Center (NDBC) meteorological monitoring buoy located off Bodega Head, California

!GlobColour provides a merged product from SeaWiFS (NASA), MERIS (ESA), MODIS (NASA),
VIIRS NPP (NASA), (ESA), VIIRS JPSS-1 (NASA) and OLCI-B (ESA). Additional information can
be found at www.globcolour.info/. Acronyms listed: SeaWiFS (Sea-viewing Wide Field-of-view Sensor);
NASA (National Aeronautics and Space Administration); MERIS (MEdium Resolution Imaging Spec-
trometer); ESA (European Space Agency); MODIS (Moderate Resolution Imaging Spectroradiometer);
VIIRS NPP (Visible Infrared Imaging Radiometer Suite onboard the Suomi National Polar-orbiting
Partnership satellite platform); OLCI (Ocean and Land Colour Instrument).
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Figure 3.1: Site map and Cordell Bank mooring coverage. (a) Cordell Bank mooring locations
shown (triangles); Wind buoy NDBC46013 (N13) marked by yellow circle. Contours shown on both
maps: 40, 80, 130, 200, 500, 1000 m. Bold contour is 200 m. Approximate location satellite chlorophyll
data were clipped to include the shaded green region, see section 3.2.2). (b) Coverage for mooring data
shown. Color corresponds to each mooring location, CB2 (blue) and CB1 (yellow). DO and temperature
are available for each ’.” in the coverage plot, and salinity is available (in addition to DO-T) for years
2016 - 2018 at CB2.
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(46013; N13; Figure 3.1); data are available at: ndbc.noaa.gov. A 5-year record of wind
(2014 - 2018) was selected to match the temporal coverage of our mooring deployments
as discussed in section 3.2.1. Small gaps in the buoy record were gap filled using linear
interpolation; gaps larger than 3 hours were filled using hourly estimates of wind data

from the ERA5 dataset described below.

3.2.3.2 ERAS5 reanalysis data for winds

Our second source of wind data is a reanalysis product from the European
Centre for Medium-Range Weather Forecasts (ECMWF), which combines model data
with observations from across the world. We used ERAS5, which is the fifth generation of
ECMWEF reanalysis for the global climate and weather. Atmospheric reanalysis data are
available on a regular 0.25 degree grid and are available at cds.climate.copernicus.eu.
We extracted the 10m northward (v-) and eastward (u-) wind components from the
ERAS5 reanalysis point closest to the N13 buoy location from 2014 to 2018. For the
wind record we analyzed, the correlation coefficient between the N13 buoy and ERA5
extracted wind data sets is 0.64 and 0.82 for the 10m u- and v- wind components,
respectively. Gap-filling occurred for ~1.5 % of the record, with the longest stretch

being ~ 27 days long (30 June to 27 July 2016).

3.2.3.3 Wind stress, time history and Ekman layer scale

We used hourly wind speed and direction data from 2014 - 2018 and calculated

equivalent 10m wind velocity and wind stress (Edson et al. 2013). Wind data were
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rotated into a local coordinate system based on the principal axes of wind variability
and are referred to as alongshore (positive poleward; downwelling-favorable) and cross-
shore (positive onshore) winds, where only the former is used in this manuscript. Both
hourly wind and wind stress were low-pass filtered, using the PL33 filter described by
Rosenfeld (1983) with a 33 hour cutoff period, to remove higher frequency signals.

To account for the cumulative effect of wind, we used an upwelling index based
on a weighted mean of instantaneous (hourly, not-filtered) wind stress in the alongshore
direction. This upwelling index is based on work described in Austin and Barth (2002)
and is applied as a filter following Giddings et al. (2014) to retain the units of wind

stress (7):

Wi = = /tT e’ =07k g/
k Jo

where k is a filter time scale, either 8 days (to match the timescale of the chlorophyll
data (see section 3.2.2) or 2 days (to maximize correlations between filtered wind stress
(Wk) and near-bottom DO, see Chapter 2 section 2.2.4), and t is time.

To estimate the depth of wind mixing, we calculated the Ekman layer scale,
dpt, using hourly wind stress, 7, calculated from N13 wind data over the reference period
2014 - 2018. Using a turbulent eddy-viscosity solution (Thomas 1975, Poon and Madsen
1991, Lentz 1995) to Ekman’s solution (1905) for a continental shelf, we can estimate
the Ekman layer scale, dp; ~kuy/f, where k =~ 0.4 is von Kérmén’s constant, f is the
Coriolis parameter, and u, = +/[7[/po is the shear velocity (Madsen 1977). We then
applied a 33-hour low-pass filter to the calculated Ekman layer scale using the PL33
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filter described by Rosenfeld (1983), and calculated summary statistics.

3.2.4 Hypoxia thresholds

We employ classification thresholds of hypoxia to visualize the spatial and
interannual expression of hypoxia, which we define as “mild hypoxia” between 1.4 and
2.45 ml L~! and “intermediate hypoxia” < 1.4 ml L~!. DO levels diminished to “severe
hypoxia” < 0.5 ml L~! were not observed. A summary of these thresholds are provided

in subsection 1.2.4, with alternate units (Table 1.2).

3.3 Results

3.3.1 Cordell Bank Mooring Data

We observe seasonal variability in DO levels at Cordell Bank (Figure 3.2).
Lowest DO levels occur in July, after the seasonal temperature minimum in May (Figure
3.2). Mild hypoxia was observed at both moorings, during each deployment (2014 to
2018). However, outside the months of May - September, DO levels typically remain
above the threshold for mild hypoxia (Figure 3.2 a&b). Near-bottom DO levels at CB1
(80m) vary in parallel with CB2 (100m) (Figure 3.2 b&c), with DO levels typically
higher at the shallower CB1 mooring (Figure 3.2 a&Db).

While seasonal cycles in temperature and DO levels were similar across most
deployment years, interannual variability was also present and specifically higher DO
levels were observed at both mooorings in 2018 starting in early May lasting through
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Figure 3.2: Near-bottom DO and temperature at Cordell Bank. Mirrored histograms of
observed bottom DO and temperature for years 2014 — 2018 binned by month are presented for both
mooring locations CB1 (a & c¢: ~ 80 m; yellow) and CB2 (b & d: ~ 100 m; blue). Data coverage for
each site is provided in Figure 3.1. Bin widths for each mirrored histogram are 0.1 mL L' between 1
and 7 mL L™ and 0.1 °C between 8 and 13°C. The 25th/50th/75th percentiles are marked with black
lines. Mild hypoxia is shaded light grey; intermediate hypoxia shaded dark grey. Data presented are all
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August (Figure 3.3). 2018 DO levels did not exhibit prolonged mild hypoxia at CB2 as
in other summers, but the seasonal cycle of temperature at both moorings was similar
to other years (Figure 3.3). Across deployments, the lowest DO levels were observed
in July 2014 and July/August 2017 (Figure 3.3). During both deployments (2014 and
2017), DO levels declined to just above the threshold for intermediate hypoxia. In 2014,
hourly DO levels dropped below 1.4 mL L~! on 16-17 July 2014 for ~20 hours at CB2.
In both 2014 and 2017, relaxation events were present at N13 (not shown) while DO
levels at CB2 declined. We did not observe severe hypoxia in the 5-year record of DO

levels from CB2 and CB1 (2014 - 2018).

3.3.2 Winds and satellite chlorophyll concentration

We use near-surface chlorophyll concentration as a as a proxy for phytoplank-
ton biomass. In the region bound by 37°N and 39°N, median values obtained to a
distance of 100 km offshore from the coastline (Figure 3.4), show higher 8-day chloro-
phyll levels south of 38°N, with highest levels typically present between 37.75°N and
38.25°N (Figure 3.4), within and offshore of the Gulf of Farallones and immediately
south of Cordell Bank. At times, high chlorophyll values are present north of Cordell
Bank (e.g., north of 38°N). A noteworthy example includes the spring of 2014, where
high chlorophyll values are present north of 38°N. Seasonally, the highest chlorophyll
levels south of 38°N align with the strongest upwelling winds in spring and early sum-
mer. This result is consistent with prior observations in this region, as reported in

Largier et al. 2006. A widespread, unprecedented, harmful algal bloom (HAB; Pseudo-
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Figure 3.3: Time-series of near-bottom DO and temperature at Cordell Bank. Tem-
perature and DO data from CB1 (a & ¢: ~ 80 m) and CB2 (b & d: ~ 100 m) across deployments
(2014 - 2018) are shown. Mild hypoxia is shaded light grey; intermediate hypoxia shaded dark grey. A
horizontal line marks 8.5°C water in ¢ & d. Data presented are all low-pass filtered with a cutoff period

of 33 hours (see section 3.2.1).
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nitzschia) was present across the CCS in the spring of 2015 (McCabe et al. 2016; Ryan

et al. 2017). In the GlobColour product, this event is present in the April/May 2015

data; with a strong presence south of 38°N, but weaker presence north of 38°N (Figure

3.4).
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Figure 3.4: Winds and satellite chlorophyll concentration. This figure p resents t he 8-day
upwelling index, Ws, for alongshore wind stress calculated from winds at N13 (a). Negative values
(blue W) are upwelling favorable winds while positive values (red Ws) are downwelling favorable.

The natural log of the median chlorophyll-a (chl-a) concentration are shown (b).

Chl-a values shown

represent median values calculated for each 4km section of shelf between 37°N and 39°N and to a
distance of 100 km offshore from the c oastline. If coverage was < 60% a median value is not presented.

Characteristic to this region, we observe strong, equatorward (negative Wy)

wind forcing during the upwelling season during our study years, with the strongest

winds present April through June (Figure 3.4a). Strong upwelling favorable winds are

often interrupted by brief periods of decelerating winds, referred to as ”relaxation”
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events (see Beardsley et al. 1987; Dorman and Winant 1995; Pringle and Dever 2009).
Relaxation events are common throughout the upwelling season and identified by peri-
ods of time when wind velocity drop below its mean value after being strongly upwelling
favorable (see also Fewings et al. 2016 and Melton et al. 2009). Towards the end of each
upwelling season, a marked decrease in winds occurs at N13 (see decline of Wy towards
zero during the fall; Figure 3.4a). Weaker winds typically continue through the relax-
ation season (~July - August/September). However, 2018 is different from the other
deployments years (2014 - 2017), as significant upwelling events are also present (outside
the core upwelling season) in August, September and November. This is noteworthy
because these events occur during what is typically considered the relaxation season,
and although the ”late” 2018 upwelling events are weaker than in the core upwelling
season (May-June 2018) the strong late summer/fall upwelling favorable events are (1)
not present at this time of year in the other deployment years; (2) the peak upwelling
in the core upwelling season is stronger in 2018; and (3) reduced winds in the relaxation
season typically coincide with a drop in DO levels (and conversely strong, persistent
"late” upwelling events in 2018 associate with elevated DO levels at both moorings
(Figure 3.3). Finally, based off N13 winds, the spring transition in 2018 occurs earlier
than other years, which is followed by a brief hiatus in upwelling winds (see ~March

2018, Figure 3.4a).
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3.4 Discussion

Seasonal patterns in DO levels and temperature are present at the Cordell
Bank moorings (Figures 3.2 & 3.3). While lower DO concentrations were observed at
the deeper CB2 site (100 m) than at CB1 (80 m), similar seasonal patterns in water
temperature and DO are present over the 5-year record. Overall, with the onset of
upwelling, near-bottom water becomes cooler and saltier, and DO levels decrease. Al-
though the coolest water occurs early in the upwelling season, the minimum in DO levels
occur later, towards the end of the upwelling season and often during the relaxation sea-
son. Deviations from the seasonal pattern were observed: (1) during July 2014 when
intermediate hypoxia was observed; and (2) during 2018 when elevated DO levels were
present from May through August (at CB1; and mid-June/the end of the CB2 2018 de-
ployment). To a lesser extent, but similar to the two aforementioned deviations, during
(1) July 2017 DO levels approached intermediate hypoxia, but did not drop below 1.4
mL L' ; and (2) higher DO levels (when compared to other years) were observed (for
a shorter period of time) in August 2015.

To understand the patterns in DO and water type it is important to think
about seasonality in regional upwelling. In the central CCS three seasons are recognized.
Work by Garcia-Reyes and Largier (2012) describe three seasons using a 29-year record
of buoy wind stress: an upwelling season (April - June), a relaxation season (July -
September), and a storm season (December - February). Of course variability in winds

and the transition in and out of these seasons change across years, but on average,
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these seasons are present and influence shelf water properties. The spring transition
marks an increase in equatorward wind stress and persistence. Soon after the spring
transition, winds strengthen and strong, persistent upwelling-favorable conditions are
present (typically from April - June). The coldest shelf water is present during the
upwelling season. Relaxation events are common throughout the upwelling season and
identified by periods of time when wind velocity drop below its mean value after being
strongly upwelling favorable (see also Fewings et al. 2016 and Melton et al. 2009).
The start of the relaxation season is marked by a persistent decrease in mean wind
stress, when wind strength rapidly declines (typically around July). The storm season
represents a transition to weak mean winds. However, from November to March, winds
are often strong but can be equatorward or poleward. Therefore, the storm season is
typically characterized by weak mean winds with high variability (Garcia-Reyes and
Largier 2010; 2012). Similar differences in seasonal winds have been described for other
areas of the CCS and other upwelling systems (Strub et al. 1987; Bakun and Nelson
1991; Largier et al. 1993; Dorman and Winant 1995; Chavez and Messié 2009). We
refer to the period with the strongest, most persistent upwelling favorable winds as
the ”core” of the upwelling season; and strong, persistent upwelling events which occur
outside the typical upwelling season are considered ”late” events and prior to the onset
of typical upwelling ”early” events. The seasonal cycle in upwelling is reflected in the
seasonal cycle of temperature at Cordell Bank (Figure 3.3c & d): overall after the onset
of upwelling, near-bottom water becomes cooler and saltier (salinity not shown), and

DO levels typically decline (with the exception of 2018). The coldest temperatures are
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observed between April and June (Figure 3.2 & 3.3). However, the lowest DO levels
lag the minimum temperature. The lowest DO occurs in July/August. This mismatch
points to the importance of local drawdown. We hypothesize this drawdown to be
regulated by winds (driving changes in stratification and mixing), regional productivity
(driving changes in respiration signal), and feedbacks between the two (e.g., winds
controlling relaxation events which facilitate blooms [Largier et al. 2006] and winds
controlling cross-shelf export of POC [e.g., Botsford et al. 2006; Yokomizo et al. 2010;
Stone et al. 2021].

Strong winds lead to mixing which can alleviate low DO (and hypoxia if
present). Strong winds can also lead to upwelling water from deeper depths in the
water column. Upwelling nutrient rich waters, helps maintain productivity. The distri-
bution of POC across the shelf is complex, but overall it is thought that very strong,
persistent winds export POC to the outershelf (Botsford et al. 2006, Yokomizo et al.
2010 and Stone et al. 2020), and the rich productivity (primary and higher trophic
levels) at Cordell Bank are supported by the export of surface productivity in the up-
welling jet that forms off Point Reyes (Largier et al. 2006). The relationship is complex,
but we can start to unpack its complexities by (1) examining the differences in wind
forcing across each year; (2) exploring an estimate for surface boundary layer thickness;
(3) estimating regional biomass presence to help infer a relative estimate of whether we
can expect a higher/lower respiration signal. In section 3.4.1, we discuss productivity
estimates. In section 3.4.2, we unpack the surface boundary layer depth seasonality.

In section 3.4.3, we discuss the interplay of wind-driven mixing, surface productivity
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and DO levels; and discuss the similarity of seasonal trends in temperature despite the
unique ocean conditions present during each deployment year. Finally, in section 3.4.4,
we discuss water mass presence observed across deployments with salinity. Additional
work to further assess the impact of timing of wind events and productivity is impor-
tant to understand DO and carbonate chemistry off northern California (and across the

CCS), and help make predictions for future climate conditions.

3.4.1 Regional productivity and DO levels

High rates of productivity characteristic of upwelling systems, may operate
at the expense of (1) decreasing aragonite and calcite saturation states and decreasing
dissolved oxygen (DO) concentrations because the water that is upwelled to the conti-
nental shelf also has reduced DO levels, lower pH, and higher concentrations of dissolved
inorganic carbon (DIC); and (2) high productivity maintains a high standing stock of
particulate organic carbon (POC) (e.g., Hales et al. 2006), which builds a respiration
signal in the water column and at the sediment/water interface and results in DO level
declines (Diaz and Rosenberg 2008; Rabalais et al. 2010). These relationships are two
mechanisms that makes EBUS, including the CCS, prone to oxygen stress (hypoxia)
and acidification, which threaten both benthic and pelagic marine life (e.g., Feely et al.
2008; 2018; Doney et al. 2009; Gruber et al. 2012; Turi et al. 2014; Breitburg et al.
2015; Chan et al. 2017). Recent work by Botsford et al. (2006), Yokomizo et al. (2010)
and Stone et al. (2020) also describe the impact of strong winds on cross-shelf export

of biomass: intermediate wind speeds yield highest shelf productivity, while very strong
69



winds export productivity seaward and off the shelf. Based on these works it is likely
that a coupling of strong winds and high productivity (Figure 3.4) result in potential for
high volumes of POC to be present at Cordell Bank. The relationship is complex as the
chlorophyll mass also supports higher tropic levels and the cross-shelf carbon export at
depth is also unclear. Prior work has also shown that phytoplankton populations in the
Cordell Bank region link with upwelling of nutrient-rich waters at Point Arena which
are transported southward towards Point Reyes and exported offshore in the upwelling
jet that forms off Point Reyes (e.g., Largier et al. 2006; Figure 3.1). During relaxation
events, Cordell Bank may also be impacted by productivity (and POC loading) from
the south, especially during major outflow events from San Francisco Bay. While pro-
ductivity may take time to build a respiration signal over the outer shelf/slope, which
may point to why the lowest DO levels are observed at CB in ~July/August and lag
the coldest water, it is also likely that the impact of the downward flux of POC on DO
levels is strongest when vertical mixing is weakest, i.e., during times when stratification
is strong and/or a more shallow surface boundary layer is present (see section 3.4.2).
Additional statistical analyses to explore the links between DO (especially in-
termediate hypoxia in 2014), winds and productivity need to be completed. However,
we hypothesize the increased satellite chlorophyll observed in 2014 (both north and
south of Cordell Bank 38°N) likely contributed to the reduced DO levels. A similar ex-
planation may be present for the 2017 data, when low DO were observed. Additionally,
because 2017 was a large water year (CDEC 2017), impacts to Cordell Bank may also

be explained by major outflow events from San Francisco Bay and/or the Russian River
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(Figure 3.1). Overall, local/regional drawdown of DO can be expected to vary season-
ally and interannually, in concert with the strength of surface productivity - accounting
for fluctuations in DO levels as well as in the relation between DO and water type, as

observed.

3.4.2 Winds and DO levels

To better understand the variability in DO at Cordell Bank, we estimated
the surface boundary layer depth based off N13 winds for the deployment period (see
section 3.2.3). Following Lentz and Fewings (2012), when the water depth h < 2dpgy,
the surface boundary layer approximates the boundary layer thickness (ds o dpt). As
the water depth increases (or dp¢ decreases), the distance between the surface and
bottom boundary layer grows, and an interior region (either forms) or becomes thicker
between the surface and bottom boundary layer. This interior region has low turbulent
stresses. Here at Cordell Bank, using an Ekman layer scale to estimate the surface
boundary layer, it is likely that as the surface boundary layer becomes more shallow
(during weaker winds), the depth of the interior layer increases. The net result of
reduced mixing through the water column likely points to a reduction in near-bottom
DO levels: When there is less mixing, it is likely for DO levels to decline due to a
reduced connection with the surface.

With the data we have available, we calculated the Ekman layer scale using
wind stress (7) from N13. A seasonal cycle is present in surface boundary layer thickness

and the variability present each month is large (Figure 3.5 & 3.6). Overall, the surface
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boundary layer deepens from January through May/June (illustrated by increasing me-
dian values Figure 3.6; across all years from ~ 28m to ~ 37m Figure 3.5). The deepest
surface boundary layer generally occurs in June (at ~ 49m; Figure 3.5), but we can see
that this varies across years (e.g., 2015 peaks in April). Then as the relaxation season
is approached (typically around July), the wind strength drops at N13 and generally re-
mains low until the transition to storm conditions (~September - November). A sharp
decline is observed for July (~ 29 m), and throughout the relaxation season median
values remain low (~ 21 - 28 m), increasing again in the storm season (i.e., November
and December ~ 21 - 28 m). During times when the surface boundary layer is thick and
winds are strong (e.g,. June) water temperatures are cold but DO levels are not at the
seasonal minimum. It is after winds relax and the surface boundary layer becomes more
shallow (e.g., July/August). Late season upwelling events were present in 2018, but the
mean surface boundary layer depth did drop between June to July (like other years).
The variability of winds and surface boundary layer are likely just as important as the
mean winds present. Additional work to identify meaningful time-scales of decline at
Cordell Bank are necessary to more fully understand how wind conditions relate to DO
levels at Cordell Bank.

This Ekman layer scaling does not include the effects of stratification. Future
work to incorporate stratification (similar to Dever et al. 2006) would be useful. We
expect stratification to be strongest over the outer shelf during the relaxation season
(or during presence of surface warming associated with the presence of Marine Heat

Waves [MHWs]), which would reduce the depth of surface-driven mixing, but during the
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months with strongest winds stratification is weak (Dever et al. 2006). Conversely, when
significant upwelling events occur during the relaxation season (e.g., August, September
and November 2018, Figure 3.4a), increased mixing is likely present (which co-occurs
with elevated DO levels at both moorings (see 2018 data; Figure 3.3). We hypothesize
"late” 2018 upwelling events contribute to elevated DO levels present from May through

August (at CB1; and mid-June/the end of the CB2 2018 deployment).

3.4.3 Synthesis of winds, productivity and DO

This interplay of wind-driven mixing and surface productivity may also ex-
plain internanual differences. For instance, two stronger wind years (2017 and 2018)
likely have weaker chlorophyll peaks, but longer chlorophyll blooms, because of vertical
mixing and advection. DO at Cordell Bank was also higher in 2018 than in other years,
which also featured the strongest upwelling-favorable winds across the 5 deployment
years. This interplay (between winds, productivity, and linking to DO) is also impor-
tant in explaining regional differences through comparison of the northern California
shelf (which experiences strongest winds; Dorman and Winant 1995) with regions with
weaker winds and regions with lower surface productivity (e.g., central California south
of Monterey Bay or northern California north of Cape Mendocino). While surface pro-
ductivity can be high during peak upwelling months, the role of wind in driving vertical
mixing freshens low DO levels (and may alleviate hypoxia). However, as winds weaken
during the summer, it is likely that the downward mixing of DO decreases and a sea-

sonal minimum in near-bottom DO is observed in ~July, when surface productivity is
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Figure 3.5: Surface boundary layer depth summary statistics estimated from hourly N13
wind data using the Ekman layer scale, gt o« Js. Summary statistics represent the 10th, 90th, 75th,
25th and 50th percentiles grouped by month including data during the period 2014 - 2018.
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Figure 3.6: Surface boundary layer depth - monthly This figure shows summary statistics
for the surface boundary layer depth, estimated from hourly N13 winds using the Ekman layer scale,
0t o 0s. Summary statistics represent the 25th & 75th percentiles (thin black lines) and 50th
percentile (thicker yellow line). Data are grouped by month and year (2014 - 2019). Median values are
shaded yellow. The median Ekman layer scale is ~ 30m (across all months and years), which is provided
for reference as a black dashed line in each subplot.
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typically still high. It is likely that wind mixing, a developed respiration signal, and
variability source water presence work together to shape the DO levels at Cordell Bank.
We are still working to separate these signals.

Changes in wind forcing (and mixing) may result in an accumulation of pro-
ductivity in the interior region (just below the surface boundary layer), but more work
and incorporation of CTD+DO+Fluorescence data would be required to further exam-
ine that question. Use of Observational data sets combined with idealized numerical
models may be able to better approximate the evolution of mixing during different wind
conditions. These resources could also be used to approximate the depth and evolu-
tion of the bottom boundary layer, which is not known for Cordell Bank during these
deployment years.

For this analysis, we selected an 8-day chlorophyll concentration value because
it represents an appropriate response time for an upwelling event (3 - 10 days) (Wilkerson
et al. 2006). However, using daily chlorophyll values in combination with hydrographic
cruise data (conductivity, temperature, depth (CTD) + fluorescence and DO) through
the water column, may help address this question. Estimates from Largier et al. (2006)
indicate a ~3.5 day lag from Point Arena to Cordell Bank. Although the 8-day data
set we explored is helpful to understand interannual differences and regional patterns
(Figure 3.4), using daily chlorophyll data may help resolve DO variability at Cordell
Bank.

The similarity of seasonal patterns across years (2014 - 2018) is interesting,

especially given the unique set of oceanographic conditions the CCS experienced from
76



2014 — 2019. From 2014 — 2016, the northeast Pacific experienced a high-temperature
anomaly, which has been characterized as the largest Marine Heat Wave (MHW) on
record (DiLorenzo & Mantua 2016) and extended to the central and southern CCS
(Gentemann et al. 2017; Zaba and Rudnick 2016). A strong El Nino event also devel-
oped in 2015, with a poleward expansion of warm water (DiLorenzo & Mantua 2016;
Jacox et al. 2016). Then, just after these mooring deployments, a second MHW formed
in the north Pacific in 2019, which has been characterized as the second largest MHW
on record by the end of 2020 (Weber et al. 2021). At the same time, a salinity anomaly
also formed in the central North Pacific in 2015, advected to the source waters of the
California Current, and by 2017 a high salinity anomaly was observed in water offshore
California (Thompson et al. 2018 & 2019; Ren and Rudnick 2021) and in shelf waters
off Washington by 2016 (as discussed in Chapter 4). There is not enough mooring
data available at Cordell Bank to make a climatology for these data to comment on
whether or not here are anomalous years with reference to a baseline (or climatology),
especially since salinity data is only available for 2016 - 2018 (the time when anoma-
lous salinities were observed in the CCS). To identify when MHW conditions impacted
surface conditions in our study region, we use thresholds developed for N13 by Sanford
et al. (2009) (see also Chapter 2; section 2.2.5). If we employ these thresholds and
look at 2015 mooring data (Figure 3.7), it is clear that DO levels remain relatively high
(generally above the threshold for mild hypoxia) (Figure 3.7c) and the seasonal cycle in
bottom temperature track well with other deployment years (Figure 3.3). Even during

times when strong surface heating is present (see shading Figure 3.7b), reduced DO
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levels are not observed, and in August 2015 DO values were higher than 2016 and 2017
observations (Figure 3.3a & b). Overall, bottom DO levels in 2015 and bottom temper-
ature seem to be consistent with other years. It is likely that MHW conditions did not
penetrate to depths of 80 to 100m (CB1/CB2 bottom sensor depths), but a better un-
derstanding of why strong stratification did not result in lower DO is necessary. Given
the following observations: (1) MHW presence is stronger during periods of low (or re-
laxing winds); (2) MHW conditions are not present at N13 during the core of the 2015
upwelling season (April - June); and (3) the seasonal variability of bottom temperature
and DO at Cordell Bank appears to relate to wind conditions; a reasonable hypothesis
includes that although upwelling events occurred during 2015 MHW conditions, the
winds in August/September and October 2015 were not strong enough to overcome the
increased stratification present. This would would have resulted in surface cooling and a
drop in bottom DO levels. It is possible that due to the stratification presence, upwelled
water originated from shallower depths and/or the depth of the California Undercur-
rent may have been deeper. While time-series observations for this region of the CCS
are relatively scarce, and although coping with a lack of subsurface data is not unique
to our study, additional future work to better understand where these observations fit
with more long-term observational platforms (e.g., gliders or hydrographic survey data)
are necessary; especially given the unique set of conditions present in the CCS during
2014 - 2019. There is also active research underway to better understand the depth of
MHW impacts (e.g., Scannell et al. 2020; personal conversations with A. Leising and

S. Bograd; see also CCS MHW Tracker, NOAA 2022).
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Figure 3.7: 2015 alongshore wind stress, SST and CB mooring bottom temperature
time-series This figure presents (a) low-pass filtered alongshore wind stress at N13 (grey) and Wa
(red, downwelling favorable; blue upwelling favorable). Approximate seasonal transitions shown above
subplot (a): the storm season (purple bar), upwelling season (yellow bar); and relaxation season (green
bar). (b) SST at N13 (black line) shown with MHW presence flagged following Sanford et al. (2019).
Shading, either grey or red, marks periods where the 2015 temperature at N13 exceed the 90th percentile
based on a 30-year record at N13 (1981 — 2011) for > 5 days. Red shading represents one of 10 most
intense events since 1981. For reference, the mean SST for 2015 is shown by a dashed horizontal line
(13.15°C) and 9°C is also shown. (c) time-series of bottom DO for each mooring site are shown: CB1
(gold) and CB2 (blue). Hypoxia thresholds are shaded (c) light grey (mild) and dark grey (intermediate).
Vertical black lines mark the first of each month in all subplots (a-c). Temperature and 7 and are low-
pass filtered. Date tick marks are spaced at 8-day increments.

3.4.4 Source Water Variability

A relationship between season and DO as well as DO and water type are

present (Figure 3.8): higher spiciness co-occurs with lower DO concentrations, and DO
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concentrations are lowest later in the upwelling season and during the relaxation season.
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Figure 3.8: T-S diagram showing CB2 mooring data (100m) collected during 2016 —
2018. (a) Seasons are colored dark grey " Upwelling season”; light grey "relaxation season”; and white
”storm season” in accordance with thresholds described in section 2.3. DO concentration are provided
(b) in mIL~*. Black contours are constant potential density and gray contours are constant spiciness.
Potential salinity is presented here.

Deep waters upwelled on to the shelf predominantly include two end-member
source water masses: Pacific Subarctic Upper Water (PSUW) and Pacific Equatorial
Water (PEW) (Hickey 1979). But we are learning that Eastern North Pacific Central
Water (ENPCW) also contributes to salinity anomalies in the CCS (e.g., Ren and Rud-
nick 2021) and oceanic change in interior water may drive regional variability in the
CCS (e.g. Bograd et al. 2019; Monterio et al. 2011). The sluggish surface California
Current transports PSUW equatorward, while the California Undercurrent transports
PEW poleward. The advection of low-oxygen PEW water by the California Undercur-

rent has often been pointed to as a cause of decreasing coastal DO which co-occurs with
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an increase in spiciness (e.g. Bograd et al. 2008; Pierce et al. 2012; Meinvielle and
Johnson 2013), and changes in relative proportion of PEW has pointed to change in
community composition in the CCS (McClatchie et al. 2010; Schroeder et al. 2019).
However, if ENPCW were present in the surface California Current from 2016 - 2019
(see Ren and Rudnick 2021), then it becomes difficult to solely accredit an increase in
spiciness to an increase in amount of PEW present across the slope; As an increase in
spiciness can also be from an increase in ENPCW present. Both water masses, EN-
PCW and PEW, are characterized by high salinity, high temperature and low DO levels
(Lynn and Simpson 1987), therefore increased presence of either would correspond to
an increase in spiciness and lower DO levels. One key difference is that ENPCW is typ-
ically low in nutrients (Lynn and Simpson 1987; Talley et al. 2011), which may result
in lower productivity, and introduction of water with different nutrient properties may
have supported different plankton communities (Bernal and McGowan 1981; Chelton
1981; McClatchie 2014; Bograd et al. 2019; Ren and Rudnick 2021).

Applying an end-member mixing analysis here, based on upwelling of the two
commonly assumed source waters alone (PSUW and PEW), the expected DO is higher
that the observed. Specifically, if we take end member data for April-May data from
2002 to 2016 (following Schroeder et al. 2018), DO values on the 26.0 potential density
isopycnal are approximately 6.4 miL~! at 50N (PSUW) and 1.3 mI{L~! at 25N (PEW).
These values yield an expected DO at Cordell Bank of 4.1 - 4.6 mIL~! based on observed
water type in relation to the two known end-member source water masses, but observed

DO levels are much lower (~ 3.9 mIL~! stdev 0.7 mIL~!). Although this end-member
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mixing analysis can work well at depths greater than 100 m and when there are only 2
source water masses present, there are several potential reasons this might breakdown
at our CB mooring sites. We hypothesize that this discrepancy may be accounted by: 1)
local modification of the DO levels (e.g., respiration signal and links to productivity); 2)
variability in end-member DO content; 3) upwelling of water from deeper in the water
column owing to the effect of the adjacent canyon (Bodega Canyon); (4) presence of more
than two source water masses (e.g., PSUW, PEW and ENPCW presence as described
in Chapter 3 and hypothesized to be present in the CCS from 2017 - 2019 [Ren and
Rudnick 2021]); and/or (5) seasonality of upwelling resulting in modification of water
present at ~100 m depth. Overall, the data from Cordell Bank suggest there may be a
different water mass presence during the upwelling season (Figure 3.8), however further
work is needed to understand the source of this water mass. Our observations suggest
that an interplay of wind-driven mixing and surface productivity modulate the local
DO levels at Cordell Bank, i.e., that the signal observed is unlikely to be from upwelling
source waters alone, especially given the consistent seasonal temperature cycle but a

more variable DO seasonal cycle.

3.5 Conclusions

From 2014 to 2018 we monitored DO concentrations over a submarine bank
located at the shelf break off northern California. We observed seasonal variability. The

similarity of seasonal patterns across years (2014 - 2018), especially in temperature,
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is interesting given the unique set of oceanographic conditions the CCS experienced
from 2014 — 2019. Overall, with the onset of upwelling, near-bottom water becomes
cooler and saltier, and DO levels decrease. Although the coolest water occurs early in
the upwelling season, the minimum in DO levels occur later, towards the end of the
upwelling season and often during the relaxation season. Deviations from the seasonal
trend observed are likely attributed to a combination of physical and biogeochemical
processes working together. Specifically, we hypothesize that the interplay of wind-
driven mixing and surface productivity may help explain internanual differences, but
additional work is needed to separate these signals. At Cordell Bank, DO concentrations
were often below the threshold of mild hypoxia (2.45 ml/L), but only one instance of
intermediate hypoxia was observed (1.4 to 2.45 ml/L) during the relaxation season (July
2017). A step towards better understanding drivers of DO variability (and multi-stressor
interactions) includes analysis of subsurface observations to identify relationships and
trends in shelf waters. Continued monitoring at Cordell Bank, and incorporation of
this mooring data set with long term time-series, may help make management decisions
and/or predictions for future climate conditions. Finally, observed DO is also lower
than expected using two end-member source waters (PEW and PSUW) thus pointing
to the likely importance of local drawdown (and potentially presence of more than two

source water masses).
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Chapter 4

Interannual variability in shelf hypoxia

off the Washington coast

4.1 Introduction

Eastern Boundary Upwelling Systems (EBUS) are among the world’s most
productive ocean ecosystems (Kampf and Chapman 2016), which provide wide benefit
to society and directly support coastal communities (Garcia-Reyes et al. 2015; Levin
and Le Bris 2015; Bindoff et al. 2017). Across EBUS, wind-driven coastal upwelling
("upwelling”) supplies the continental shelf with deeper, nutrient-rich water (Smith,
1981; Hickey 1976; Huyer 1983) that supports high primary productivity and fisheries
(e.g., Ryther 1969; Pauly and Christensen 1995). However, high rates of productivity
in the coastal zone may operate at the expense of (1) decreasing aragonite and calcite

saturation states and decreasing dissolved oxygen (DO) concentrations because the wa-
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ter that is upwelled to the continental shelf also has reduced DO levels, lower pH, and
higher concentrations of dissolved inorganic carbon (DIC); and (2) high productivity
maintains a high standing stock of particulate organic carbon (POC) (e.g., Hales et al.
2006), which builds a respiration signal in the water column and at the sediment/water
interface and results in DO level declines (Diaz and Rosenberg 2008; Rabalais et al.
2010). These relationships are two mechanisms that makes EBUS, including the Cali-
fornia Current System (CCS), prone to oxygen stress (hypoxia) and acidification, which
threaten both benthic and pelagic marine life (e.g., Gruber et al. 2012; Turi et al. 2014;
Feely et al. 2008; 2016; Chan et al. 2017). Although EBUS total area is small when
compared to other pelagic ecosystems, a growing body of literature demonstrate that
climate impacts on EBUS will have disproportionately large consequences for human
society, as summarized the Fifth Assessment Report (AR5) of the United Nations (UN)
Intergovernmental Panel on Climate Change (IPCC) (Chapter 5, AR5 Bindoff et al.
2019). A step towards better understanding drivers of multiple stressor interactions
includes analysis of subsurface observations to identify relationships and trends in shelf
waters. In this work we focus on the physical dynamics which influence shelf DO in the
northern CCS (off Washington, Figure 4.1) in attempt to better understand the physical
dynamics that influenced the extreme low DO observed in the summers of 2017 - 2019.
Understanding the conditions that contributed to anomalously low dissolved oxygen
(DO) observed on the Washington shelf during 2017-2019 is critical to understand low
DO drivers and help make predictions for future climate conditions. After describing

the regional context in section 4.1.1, we then describe the data (section 4.2). In sections
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4.3 and 4.4, mooring data (2011 - 2020) are used to describe the timing and severity
of hypoxia off Washington. River and winds data (1991 - 2020) are also used to better

understand the coastal environment and drivers of low DO.

4.1.1 The California Current System

The CCS is an EBUS, located in the North Pacific that extends from ~50
°N (where the east-flowing North Pacific Current approaches North America) to ~15
- 25 °N (off Baja California, Mexico). With regional divides around Cape Mendocino
and Point Conception, the CCS contains to three main regions: the northern, central
and southern CCS (Hickey 1979; Checkley and Barth 2009) (see Figure 1.1). Wind
forcing over the CCS varies from moderately strong, seasonally varying in the northern
CCS, to persistently equatorward in the central and southern portions (Huyer 1983).
However, the strongest upwelling favorable winds occur in the central CCS off Bodega
Head (in the vicinity of N13; Figure 2.1) and another in region south of Point Sur
(Garcia-Reyes 2010; 2012) (Figure 1.1). North of Cape Mendocino winds are generally
northward and downwelling favorable in the winter, while south of Cape Mendocino
alongshore winds generally equatorward and upwelling favorable (Huyer 1983). Across
the CCS, during the spring and summer, prevailing winds upwelling-favorable on which
weather-band fluctuations are superimposed (see review by Fewings et al. 2016). Off
Washington, upwelling winds typically occur ~half to two-thirds of the season with
downwelling conditions present for the remainder (Hickey and Banas 2008). The effi-

ciency and depth from which shelf water is derived during upwelling is dependent on
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the magnitude/persistence of upwelling winds (e.g. Hickey et al. 2006) and the local
cross-shelf wind profile (Jacox and Edwards 2012), as well as other physical character-
istics like local stratification, bottom slope, and shelf width (Allen et al. 1995; Lentz
and Champan 2004; Chapman and Lentz 2005; Estrade et al. 2008) and coastline shape
(Barth et al. 2000; Pickett and Paduan 2003). These factors combine to differentiate
regions of the CCS (see review by Checkley and Barth 2009), and each are strongly
influenced by remote and local physical forcing (e.g., Jacox et al. 2015; Bograd et al.
2015). Finally, while upwelling favorable winds are much stronger (~8x) off California
(in the central CCS) than off Washington (in the northern CCS), the degree of freshwa-
ter input (by rivers, estuaries and associated energetic tidal flows) is significantly higher
in the northern CCS (Hickey 1998; Hickey and Banas 2008).

The chemistry and character (T-S) of water brought to the shelf during up-
welling is dependent on the source water origin, which is an active area of research
(both understanding what water is present for upwelling and how the biogeochemistry
of water masses are changing). The CCS represents a union of different water masses
that originate in the tropical, subtropical, and subarctic regions of the eastern Pacific
Ocean; each defined by temperature, salinity, DO and nutrients at the time of entry to
the CCS (Table 1.1; Lynn and Simpson 1987; Talley et al. 2011). Deep waters upwelled
on to the shelf predominantly include two end-member source water masses: Pacific
Subarctic Upper Water (PSUW) and Pacific Equatorial Water (PEW) (Hickey 1979).
Although, we are also learning that presence of Eastern North Pacific Central Water

(ENPCW) can contribute to biogeochemical variability (Bograd et al. 2019) and can
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result in salinity anomalies (Ren and Rudnick 2021) in the CCS. The sluggish surface
California Current typically transports PSUW equatorward, while the California Un-
dercurrent transports PEW poleward (Hickey 1979; 1998) (Figure 1.1). The percentage
of PEW in upwelled waters varies with season and with latitude (decreasing poleward)
(Thomson and Krassovski 2010). As each upwelling season progresses, development of
the California Undercurrent occurs which plays an important role in providing nutri-
ents to (or removing nutrient-depleted waters from) the shelf (Hickey and Banas 2008).
Further, the advection of low-oxygen, PEW by the California Undercurrent has often
been shown to cause a decline in coastal DO levels (e.g. Bograd et al. 2008; Pierce et
al. 2012; Meinvielle and Johnson 2013), and the relative proportion of PEW present
has been shown to impact community composition in the CCS (e.g., fish community
composition as shown in McClatchie et al. 2010; Schroeder et al. 2019).

The coastal waters of Washington and southern British Columbia have the
highest primary productivity in the CCS, but this high productivity is not co-located
with the highest magnitude of upwelling-favorable alongshore winds (Ware and Thom-
son 2005). This mismatch has been addressed by Hickey and Banas (2008), who describe
additional mechanisms that facilitate the region’s high productivity beyond the tradi-
tional focus of the coastal wind field. First, the PNW shelf is wider than the California
shelf (where peak winds occur), which promotes retention of upwelled nutrients (Strub
et al. 1991). Second, energy from upwelling off northern California, in the form of
coastal trapped waves contributes to upwelling in the northern CCS (Connolly and

Hickey 2014). Third, the presence of shelf-break canyons are common across the CCS
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with a high density of canyons present off Washington (Hickey 1995). Canyon presence
facilitates enhanced upwelling and allows water from deeper depths to reach the shelf
(Allen and Hickey 2010; Connolly and Hickey 2014), which contribute high rates of nu-
trients to the shelf (Hickey and Banas 2008; Crawford and Dewey 1989). Plus, canyons
also experience intense mixing (Lueck and Osborn 1985; Kunze et al. 2002; Wain et al
2013; Zhao et al. 2012), which can impact source depth and modify water mass proper-
ties transiting the canyon sill (Alford and MacCready 2014). Fourth, freshwater-driven
mechanisms play an important and complex role in coastal productivity which includes
but is not limited to: modifying nutrient distributions across the shelf, shifting primary
productivity offshore and/or deeper in the water column, and modifying retention time,
estuarine exchange, and regional circulation in the cross- and along-shelf direction (Lo-
han and Bruland 2006; Hickey and Banas 2008; Banas et al. 2009; MacCready et al.
2009; Hickey et al. 2009; Kudela et al. 2010; Giddings et al. 2014; Davis et al. 2015).
Analysis of ocean observations from the 1980s to 2000s point to a significant
decline in DO across the CCS: off Oregon and Washington (Grantham et al. 2004;
Chan et al. 2004;2008; Pierce et al. 2012), in the Southern California Bight (Bograd
et al. 2008; 2015), and off Monterey Bay (central California; Ren et al. 2018). Plus
deoxygenation trends have been observed in the North Pacific (Emerson et al. 2001;
2004; Ono et al. 2001; Watanabe et al. 2001; Whitney et al. 2007; Mecking et al. 2008)
and oxygen minimum zone expansion has been observed in the tropical eastern Pacific
(Stramma et al. 2008; Moffitt et al. 2015; Schmidtko et al. 2017). These large-scale

trends in offshore DO content intensify hypoxic events, especially over the continental
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shelf (e.g., Grantham et al. 2004; Bograd et al. 2008; Chan et al. 2008; Booth et al.
2012; 2014; Levin and Breitburg 2015). An important question is whether nearshore
hypoxic events are worsening over time. Before long-term impacts can be adequately
predicted, it is necessary to better understand physical processes that contribute to low
DO events. To accomplish this, subsurface observations are required across each region
of the CCS.

During the upwelling season (~May - October) (Huyer et al. 1979; Landry
et al 1989) a characteristic seasonal DO decline occurs in Pacific Northwest (PNW)
shelf water, often with DO levels reaching < 1.4 ml L™ (< 2 mg L™!; ”intermediate
hypoxia”) (Chan et al. 2008; Connolly et al. 2010; Crawford and Pena 2013; Adams et
al. 2013; Peterson et al. 2013). Historically lower DO levels are observed off Washington
compared to Oregon (see Connolly et al. 2010; Siedlecki et al. 2015). While the
ecosystem impacts of hypoxia vary depending on the magnitude and duration of hypoxia,
the types of organisms present, and the typical seasonal cycle experienced in that region
(Diaz and Rosenberg 1995; Levin et al. 2009), often mortality begins when DO levels
drop below 1 ml L~! with mass mortality at levels < 0.5 ml L~! (Diaz and Rosenberg
1995). Further, severe hypoxia (< 0.5 ml L™'; see section 1.2.4) has been linked to
mass mortality events of invertebrates and fish off the Oregon coast (Grantham et al.
2004; Chan et al. 2008).

In the summer, on the Washington shelf, advection and respiration typically
create a shelf environment that is < 1.4 ml L~') (< 2 mg L™!; ”intermediate hypoxia”)

but not anoxic (zero oxygen) (Chan et al. 2008; Connolly et al. 2010; Crawford and
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Pena 2013; Adams et al. 2013; Peterson et al. 2013). However, in 2017, anomalous
subsurface DO levels on the Washington (and Oregon) shelf were observed: The data
we present here shows anoxia was detected at several locations with low DO levels
reported each summer from 2017 - 2019. To the south, on the Oregon shelf, a level of
0.29 ml L~! was also recorded, which was the lowest measurement observed in the 12-
year time-series (Thompson et al. 2018). These anomalously low DO levels, combined
with reduced fish catch!, motivated this study, to better understand what conditions

facilitated anomalously low DO observed on the Washington shelf during 2017-2019.

4.2 Data and methods

4.2.1 Oceanographic data
4.2.1.1 Moored sensors

Moored sensors are deployed on the Washington shelf as part of routine moni-
toring activities within the Olympic Coast National Marine Sanctuary (OCNMS; Figure
4.1). Moored sensors were first deployed in 2000 and 10 lightweight, coastal moorings are
currently maintained from Cape Elizabeth (“CE”; 47° 21.2'N) to Makah Bay (“MB”;
48° 19.5’N) at depths ranging from ~42m to ~15m. Moorings are generally deployed
in the spring, recovered in the late summer/early fall, and serviced several times over
the summer. In this analysis, we focused on sites that had moored DO sensors during

years 2011 — 2020. This includes 6 moorings: 5 mid-shelf moorings (MB042, TH042,

'In 2017, catch per unit effort (CPUE, number per km trawled) of both yearling Chinook and coho
salmon were the lowest of the 20-year time-series (1998 - 2017) (Thompson et al. 2018)
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Figure 4.1: Site map and summary of subsurface DO at OCNMS from 2011 — 2020),
showing 10 OCNMS mooring locations (a). This study used moorings with available DO data (filled
triangles); CA042 was excluded due to a gap in DO data from 2016 — 2018. Wind buoy NDBC46041
(N41) marked with a blue/purple circle. Contours shown: 40, 80, 130, 200 m. In this work, Salish
Sea rivers (light green) include: the Duckabush, Skokomish, Deschutes, Nisqually, Puyallup, Duwamish,
Cedar, Snohomish, Stillaguamish, Skagit, SanJuan, Elwha, Dungeness, Clowhom, Squamish, Tsolum,
Opyster, Englishman, Cowichan, Nanaimo, Nooksack rivers and the Fraser River (dark green). Coastal
Washington (light blue) include: the Calawah, Hoh, Queets, Quinault, Chehalis, Willapa, Naselle rivers.
The Columbia River (mid blue) is in a group alone. Coastal Oregon (dark blue) include: the Nehalem,
Wilson, Nestucca, Siletz, Alsea, Siuslaw, Umpqua and Coquille rivers. (b-e): Mirrored histograms of
observed DO for years 2011 — 2020 binned by month are presented for mooring locations from north
to south: The northern-most site MB042 (b) to southern-most sites CE042/CE015 (e and f). There
is less data coverage across years for (May) and (October), indicated by parentheses see Figure 4.2.
Approximate DO data coverage for each site is provided in Figure 4.2. Bin widths for each mirrored
histogram are 0.1 mL L-1 between 0 and 8 mL L™'. The 25th/50th/75th percentiles are marked with
black lines. Mild hypoxia is marked with a dashed black line; intermediate hypoxia is shaded light
grey; severe hypoxia shaded dark grey. Anoxic/suboxic thresholds are not distinguished. Sites CE042,
THO042, MB042 are all at the same approximate d?)%th (42m), while KL027 is 27m and CE015 15m.



CA042, KL027 and CE042) and 1 inner shelf mooring (CE015; see Figure 4.1). The
mooring depth is listed with its site id, e.g., CE042 is placed at 42m; KL027 at ~27m;
and CEO015 is placed at ~15m. While acknowledging that the width and location of
the inner shelf is dynamic, and depend on wind and wave forcing and density strati-
fication (see review by Lentz and Fewings 2012; Garvine 2004), in this paper we refer
to moorings as either inner shelf (CE015) or mid-shelf (MB042, TH042, CA042, KL027
and CE042).

Coverage of 2011 — 2020 DO data used in our analysis is shown in Figure
4.2. At all mooring sites (MB042, TH042, CA042, KL.027, CE042 and CE015), bottom
temperature, conductivity, and DO are collected at 1m above bottom; most often
pressure sensors are included at the mid-shelf sites. These data are collected using a
Sea-Bird Electronics (SBE) 16+ SEACAT with pumped Sea-Bird 43 DO (“CTPO”) or
SBE 37 SMP-IDO MicroCAT with DO (“CTO”). At the mid-shelf sites, temperature
and conductivity are also collected near surface, at 4m below mean lower low water,
using a SBE 37 SM MicroCAT (“CT”). Onset HOBO TidbiT temperature loggers
(“T”) also span the mooring line from 1m below the surface to bottom. These sensors
provide a rough estimate of thermal stratification, as their accuracy is */— 0.20 C.
Instruments all collected data at 10-minute intervals. Site CA042 was excluded from
most of our analysis in this study due to a DO data gap between 2016 - 2018.

Density and other seawater properties were calculated using the Thermody-
namic Equation of Seawater 2010 standard, using the Gibbs-SeaWater Oceanographic

Toolbox (McDougall et al. 2012). To that end, unless otherwise specified, salin-
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ity reported in this manuscript is Absolute Salinity (g kg~'). Sigma-density values,

o9 = p(S, T, P)—1000 and spiciness, 7, presented were calculated using Absolute Salin-

ity, conservative temperature, and pressure.
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Figure 4.2: OCNMS coastal mooring coverage of DO data from 2001 - 2020 Black vertical
and horizontal lines are shown to help visualize the first of each month (vertical lines) and different
mooring years (horizontal at 2011; -15 and -19). CA042 is excluded because of DO data gap from 2016
- 2018. Approximate covereage for CA042 can be seen in Figure 4.5c.

4.2.1.2 Hypoxia thresholds

In this analysis we employ classification thresholds of hypoxia to visualize

the spatial and interannual expression of hypoxia, which we define as “mild hypoxia”
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between 1.4 - 2.45 ml L™!; “intermediate hypoxia” < 1.4 ml L™!; “severe hypoxia” <
0.5 ml L~'; and “suboxia” < 0.2 ml L~!. Anoxia refers to zero oxygen. A summary of

these thresholds are provided in subsection 1.2.4, with alternate units (Table 1.2).

4.2.1.3 Baseline

We developed a baseline to explore potential changes in water mass properties
observed in our mooring record between 2016 - 2019. We selected years 2007 — 2013 to
create a baseline because (1) our mooring record with DO at CE042 only begins in 2007;
(2) this baseline excludes 2014 — 2019, which represent years when the CCS experienced
a unique set of oceanographic conditions; and (3) this baseline was also used by Ren and
Rudnick (2021) to identify a salinity anomaly in the California Current, offshore waters
(Thompson et al. 2018; Ren and Rudnick 2021). To create a baseline, we calculated
summary statistics for a subset of mooring data (temperature, salinity, spice, oy and
DO) collected at site CE042 during years 2007 - 2013. To test for differences between
years at CE042, we used a Kruskal-Wallis test with Dunn-Sidak post hoc testing. This
allowed us to determine which variables — across years — had a significantly different

mean rank when compared to the baseline.

4.2.2 River data

Daily discharge data for the Columbia River at Port Westward (14246900) and
the Fraser River at Hope (08MF005) were obtained from the U.S. Geological Survey

(USGS) and the Water Survey of Canada (WSC). Unless otherwise specified, when
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referring to data from the Columbia and Fraser rivers, we are referring to data from
these gauges. When comparing individual years (e.g., high flow events of 2011 and
2017), we also present discharge data for 34 additional rivers that empty to the Salish
Sea, coastal Oregon, and coastal Washington. The river locations, names and groupings

are shown on Figure 2.1.

4.2.2.1 Streamflow-condition classifications

We created streamflow-condition classifications for the Fraser and Columbia
Rivers following the USGS methodology used to create national water conditions (USGS
2021). This required a long-term average discharge record for each month over a 30-year
period; here we used a reference period of 1991 — 2020. Comparative data were created
for each river using the same methodology: We first calculated standard quartiles using
the average monthly discharge for each month of the reference period. The comparative
data results (Figure 4.3) were used as streamflow-condition classifiers. A monthly dis-
charge rate was considered in the normal range if between the upper and lower quartile;
below normal range if below the lower quartile; and above average if greater than the
upper quartile. Note the Columbia River reference period was truncated by 6 months,
as discharge data from the Columbia River gauge 14246900 is available from 28 June
1991 and onward. A 10-day gap in data is also present from 1 — 10 January 1997 at the
Columbia River gauge.

Annual average flow conditions at both rivers have been connected to both El

Nino southern oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) (Redmond
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Figure 4.3: Summary statistics of flow for the Columbia and Fraser Rivers and winds
at N41. Median values marked with a horizontal sea green line; boxes represent the upper and lower
quartiles (25th and 75th percentiles). The 90th and 10th percentiles are shown as whiskers with dashed
ends. Summary statistics of flow data (a & b) and N41 winds (c) are shown for each month of the
reference period (1991 — 2020). In subplot (c) upwelling-favorable winds are negative; downwelling-
favorable positive.

and Koch 1991; Kahya and Dracup 1993, Dracup and Kahya 1994; Gershunov et al.
1999; Bottom et al. 2005; Foreman et al. 2010; Curry and Zwiers 2018), therefore
these indices are provided alongside the reference period discharge conditions (Figure
4.4). Strong La Nina winter or cold PDO winters are associated with increased annual

Columbia River flows, while warm El Nino winters or warm PDO cycles are associated
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with below average flows (Bottom et al. 2005). Gershunov et al. (1999) also show
winter conditions that feature a warm PDO with warm El Nino, or cold PDO with cool
La Nina conditions amplify impacts; even lower annual flows or much higher annual
flows. Although the number of extreme years were limited at the time of their analyses,
Bottom et al. (2005) suggest the opposite winter combinations, El Nifio/cold PDO or
La Nina/warm PDO, show suppressed effects on Columbia River flow. Foreman et al.
(2010) show La Nina winters are followed by high summer flows in the Fraser River; and
that El Nifno conditions tend to have slightly higher flows earlier in the spring because

of earlier snow melt and smaller flows through the rest of the summer.

4.2.2.2 Cumulative discharge

When calculating cumulative discharge, we used daily discharge data from the
Columbia and Fraser Rivers, and sum across each water year (1 October — 30 Septem-
ber); This allows us to include the winter, pre-conditioning phase to each summer. The
term water year is defined as the 12-month period from 1 October through 30 September
of the following year, with a designation by the calendar year in which (September) it
ends. Thus, the water year ending 30 September 2011 is called the “2011” water year
and includes 3 months (October — December) of 2010, and 9 out of 12 months of 2011.
For this analysis we present 2011 — 2020 water years and used a reference period (1991

—2020) to create a median cumulative discharge for comparison.

98



El Nifio La Nifia Warm Cold PDO Discharge 10° m® s!
"

_ =

- = o w3

N [T N
| |

L * Feb. 1996
v

L Discharge

| Classification

I above normal
normal

- I below normal

| * floods

2011 event!
" [2012 event!

I 2017 event

(a) MEI v2 (b) PDO (c) Fraser River (d) Columbia River

Figure 4.4: 30-year summary of discharge at the Columbia and Fraser Rivers. Multivariate
ENSO index (MEI) v2 (a) shown together with PDO cycle (b) and river discharge (¢ & d). (a) Light
pink and light blue shading represent neutral conditions (-0.5 < MEI v2 < 0.5). Mean monthly and
peak monthly discharge are each shown for the Fraser (¢) and Columbia (d). Both stem and marker are
colored for mean monthly discharge, while the stem is grey and marker colored for each peak monthly
discharge. Below normal flow conditions are less than the lower quartile (red); above normal if greater
than the upper quartile (blue), and within normal range if between the upper and lower quartiles (sea
green). High flow events of interest discussed in text are labeled. Quartiles for each river are presented
in Figure 4.3. A closer look of 2011 — 2020 (dashed box A) shown in Figure 4.8.
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4.2.3 Atmospheric data

4.2.3.1 Buoy Winds

We used two types of wind data. The first type is from the National Data Buoy
Center (NDBC) meteorological monitoring buoy located off Cape Elizabeth, Washington
(46041; N41; Figure 4.1), which are available at: ndbc.noaa.gov. A 30-year record of
wind (1991 — 2020) was selected to match the temporal coverage of river discharge data
analyzed for the Columbia and Fraser Rivers as discussed in section 4.2.2.1. We used a
flat line test to flag values if the reported speed and direction continuously repeated the
same value for 12 hours or longer. Small gaps in the buoy record were gap filled using
linear interpolation; gaps larger than 3 hours were filled using hourly estimates of wind
data from the ERA5 dataset (described in the following subsection). Summary wind

statistics are provided in Figure 4.3).

4.2.3.2 ERAS reanalysis data for winds

Our second source of wind data is a reanalysis product from the European
Centre for Medium-Range Weather Forecasts (ECMWF), which combines model data
with observations from across the world. We used ERA5, which is the fifth generation of
ECMWEF reanalysis for the global climate and weather. Atmospheric reanalysis data are
available on a regular 0.25 degree grid and are available at, cds.climate.copernicus.eu.
We extracted the 10m u and v wind components from the ERAB reanalysis point closest

to the N41 buoy location from 1991-2020. For the 30-year record we analyzed, the
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correlation coefficient between the N41 buoy and ERA5 extracted wind data sets is 0.9
and 0.93 for the 10m u- and v- components, respectively, supporting the use of this
reanalysis product to fill gaps in the buoy data. Gap-filling occurred for 20% of the

record, with the longest stretch from ~30 June 1997 - 13 June 1998.

4.2.3.3 Wind stress and time history

We used hourly wind speed and direction data from 1991 — 2020 and calculated
equivalent 10m wind velocity and wind stress (Edson et al. 2013). Wind data were
rotated into a local coordinate system based on the principal axes of wind variability
and are referred to as alongshore (positive poleward; downwelling-favorable) and cross-
shore (positive onshore) winds, where only the former is used in this manuscript. Both
hourly wind and wind stress were low-pass filtered, using the PL33 filter described by
Rosenfeld (1983) with a 33 hour cutoff period, to remove higher frequency signals.

To account for the cumulative effect of wind, we used an upwelling index
based on an 8-day weighted mean of instantaneous (hourly, not-filtered) wind stress in
the alongshore direction. This upwelling index is based on work described in Austin
and Barth (2002) and is applied as a filter following Giddings et al. (2014) to retain the

units of wind stress (7):

Wy = = /tT e =t/k gqy/
k Jo

where k is a filter time scale, 8 days here as found to be a regionally important event

time scale (Austin and Barth, 2002), and t is time.
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4.3 Observations

4.3.1 OCNMS hypoxia observations across 2011 - 2020

A summary of subsurface DO observations at the OCNMS coastal moorings
from 2011 — 2020 is presented in Figures 4.1 and 4.5. Observations of interannual
hypoxia at CA042 are shown in Figure 4.5, but the site is excluded from other analysis
due to a data gap from 2016 - 2018.

Each year we observe low DO concentrations in the summer/fall across all
sites, with the most extreme hypoxia in August and September (Figures 4.1). DO levels
across the mid-shelf exhibit a seasonal decline from May through August, sometimes
into September, with southern-most sites exhibiting a steeper decline (thus experiencing
lower DO values earlier in the season), while the northern-most sites stay relatively high
in DO until around August/September and then experience DO declines below mild
hypoxia later in the season (Figure 4.1). We typically observe formation of the worst
hypoxic conditions (in August) at the southern sites (CE015/CE042/K1L027), and later
in the season (early September) at the northern sites (TH042/MB042). September and
October have greater spread due to re-oxygenation occurring in those months, which
associates with a switch to downwelling favorable winds (the fall transition; Figure 4.1).
The bimodal distribution in DO observed in October is due to the timing of the fall
transition, and it is also due to reduced deployment coverage in October (Figure 4.2).
After 2016, DO data is not available for most days (if any) in October. For instance,

the October data shown in Figure 4.1 from site CE042 only represents two deployments
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(2012 and 2014). The switch to downwelling favorable winds began earlier in 2014 and
associate with the group of DO data above the threshold for mild hypoxia in Figure 4.1,
while the 2012 DO levels were lower (and group around intermediate to severe hypoxia).

Across years 2011 to 2020, strong interannual variability of hypoxic conditions
are present in DO levels, with more persistent and intense hypoxia in years 2016 — 2019
and overall higher DO levels in 2015 (Figure 4.5). At the shallow mooring, the lowest
DO levels (below or at the threshold for severe hypoxia) are present for ~3.7 days total
across the 2011 deployment; (~7-8 hours total across the 2016 deployment; and ~3.4
days total across the 2017 deployment. At the deeper sites (CE042, KL027, CA042),
where 2011 DO data is available, DO levels are comparatively better than other years.
The lowest DO at MB042 is present in 2018, where severe hypoxia is present for ~1.7
days total in September. Across all deployments, minimum DO levels are observed in
2017 at sites TH042, KL027 and CE042 with anoxia (zero oxygen) present: first at
CE042 (and for ~5.5 days total across the 2017 deployment) in early August; then at
KL027 (for ~3.7 days total) in late August/early September; and at TH042 (for ~1.2
days total) in mid-September (Figure 4.5%). Although very low DO levels are present in
the 2016 - 2019 data, a rebound from more extreme hypoxic conditions appears in the
2020 deployments with an overall increase in DO levels across all sites. In 2020, suboxia
was only observed for ~3.4 days total across the 2020 deployment. Across years 2011 -
2020, 2017 is the worst in terms DO levels but we can not confirm or challenge whether
a monotonic decrease in shelf DO is present without a longer DO time-series.

Although hypoxia is a common feature in the PNW with diminished DO ex-
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Figure 4.5: Interannual hypoxia at OCNMS coastal moorings showing binned subsurface
DO levels for 2011 — 2020. Data are classified by observed DO level: (blue) DO > 2.45 ml L™'; "mild

hypoxia” DO 1.4 — 2.45 ml L~!; ”intermediate hypoxia” DO 0.5 - 1.4 ml L™!; ”severe hypoxia” DO

0.2 — 0.5 ml L™'; ”suboxia” DO < 0.2 ml L™ with “anoxia” zero DO. Each bar represents the number
of days between 1 May to 31 October for each deployment year (180 days; 2011 — 2020). White space
indicates no observations. Colored triangles next to each subplot title relate to their color designation
on Figure 4.1. CA042 does not have DO data for 2016 — 2018. Anoxia observed in 2017* at KL.027 and

CE042.
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pected each summer (e.g., Chan et al. 2008; Connolly et al. 2010; Peterson et al.
2012; Adams et al. 2013), the severity of hypoxia observed in the 2017 - 2019 de-
ployments is striking. The worst DO is observed at the southern sites, with a median
monthly DO for each August at CE042(KL027) of 0.16 mi L=1(0.90 ml L~!) in 2017;
0.35 ml L=Y(1.11 ml L™1) in 2018; and 0.58 ml L~=1(0.62 ml L=!) in 2019. As discussed,
development of hypoxia at the northern-most sites generally lag the southern-most sites.
At sites MB042 and TH042, August DO levels are relatively higher and diminished DO
generally present in September (Figure 2.1). For example, we observe a median monthly
DO for each August(September) at TH042 during 2017 - 2019 of 2.3(0.88) ml L~! in
2017; 2.26(0.85) ml L=1) in 2018; and 2.19(1.53) ml L) in 2019. DO levels at TH042
also drop to suboxia in 2018 and 2019, and even anoxia in 2017. While DO levels at
MBO042 are generally just at (or below) the threshold for mild hypoxia with only inter-
mittent observations of intermediate hypoxia, with only one instance of severe hypoxia

for <2days total across the deployment in September 2018 (as mentioned above).

4.3.2 Anomalous hypoxia in 2017: winds, rivers and mooring data

Within the decade of mooring data we explored (2011 - 2020), 2017 represents
the worst conditions in terms of shelf DO levels. To illustrate the progression and
timing across the shelf, we provide all mooring data for sites MB042, TH042, KL027
and CE042 alongside winds at N41 and river flow data (Figure 4.7). Note grouping of
rivers is provided in Figure 2.1, and the Fraser River flow included within the Salish

Sea. Captured within the 2017 mooring record is the drop from oxygenated subsurface
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waters (> 2.45 ml L™!) to anoxia (zero oxygen) in August/September 2017 (Figure 4.7
g & h).

Early in the 2017 deployment, in late May and through June, variable winds
are present at N41 and high river flow is observed (Figure 4.7a&b). Columbia River
flow peaks in March at ~18,200 m3 s~! (not shown), but above average discharge is
present from February - June 2017 (Figures 4.4 & 4.8). Outflow from the Fraser River
(and Salish Sea) peaks near the transition from May to June, and peaks in coastal river
flow off Washington and Oregon are present in mid-May and mid-June (Figures 4.7c¢).
We index stratification using the buoyancy frequency, N? = (—g/po)(Ap/Az), which
is stronger at beginning of each mooring deployment; strongest at the more shallow
mooring site, KL027; and overall stronger in the north, at MB042/TH042, than in the
south, at CE042 (Figure 4.7c-f). Events where surface waters are mixed to bottom (or
near bottom) relates to relatively high subsurface DO (e.g., June 2017 events where the
9.5°C water reaches near-bottom depths; Figure 4.7 c-h). Mixing at the mooring site
and/or advection of water masses to the mooring which previously experienced exchange
with surface waters - at a different location on the shelf - maintain DO levels above (and
just at) mild hypoxia in May and June 2017 (Figure 4.7g & h).

On ~18 June 2017 downwelling winds subside, and a switch to upwelling fa-
vorable conditions are present (negative Wg; Figure 4.7a). With this change in wind
condition, cooler water and a reduction in DO is present at each site. The coldest water
(7.5°C) appears at MB042 in early July and at CE042 in late August (Figure 4.7¢* & £*)

but only for a short period of time, and only at those two mooring sites. From late-June
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through ~20 July, low-pass filtered data remains around the threshold for mild hypoxia
at each mid-shelf location (Figure 4.7g-h). After ~20 July, the southern-most mooring
DO levels decline to severe hypoxia (and eventually anoxic conditions in August), while
the northern-most moorings DO levels remain around the threshold for mild hypoxia
through the end of August 2017. One exception occurred at TH042, when DO levels
declined in mid-August (see Figure 4.7g**).

Declines in DO to intermediate (and eventually anoxia) at the southern-most
sites associate with relaxation events at N41, warming of surface waters, and slight
increases in N2. For illustration of this phenomena, we can see in Figure 4.7a & h (see
brown shading) that relaxation of winds at N41 starting after ~11-12 July are followed
by decreasing DO levels at the southern-most sites (Figure 4.7h). A strong DO decline
is not observed in the northern-most sites, but the layer of warm water present at the
southern-most sites is comparatively thicker during these events (4.7c & d). A strong
upwelling event alleviates subsurface hypoxia briefly (see area between brown shading
Figure 4.7a & h), but during a second relaxation event at N41, starting after ~ 1 August
DO levels at both CE042 and KL027 decline. In early August 2017, the drop in DO
levels is more rapid at CE042, and declines to severe hypoxia, suboxia and finally anoxia
each occur earlier at CE042 than at KL027. By ~5 August 2017, anoxia is present at
CE042, and KL027 follows on ~31 August. Winds at N41 remain weakly upwelling
favorable for the remainder of August and into September (evident by a low Wyg), and
DO levels remain every low (between severe and anoxic conditions) at CE042 (through

the end of the deployment) and at KL027 (until ~16 September). A rebound in DO is
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observed at KLO027, when light downwelling winds arrive and surface waters are mixed
downward and subsurface DO rises, but DO levels decline afterwards back to severe
hypoxia on ~23 September (Figure 4.7¢). Although 9.5°C water is also mixed down at
CE042 (during this September event), the event is not strong enough to raise subsurface
DO levels at CE042 out of severe hypoxia. Instead a slight increase in subsurface DO
at CE042 brings bottom water out of suboxia and to severe hypoxia (Figure 4.7¢). It
is likely that subsurface chemistry at this mooring location was complicated by the
prolonged suboxic to anoxic events present, which can create a strong chemical oxygen
demand (COD). However, we do not have data available to quantity COD at CE042.
The evolution of hypoxia in 2017 is different at the northern-most sites (MB042
and THO042) (Figure 4.7). DO remains at or above the threshold for mild hypoxia
through ~August (at MB042/TH042), with only a slight decline to intermediate hy-
poxia in mid-August (at TH042) which associates with relaxation conditions at N41
(Figure 4.7¢**). The DO decline to intermediate hypoxia at the northern-most sites
lags the southern-most sites and occurs in early to mid-September. In September 2017,
intermediate hypoxia occurs at MB042 (for ~4 days) and DO levels at TH042 decline to
anoxic conditions (Figure 4.7g) during a period of low Ws winds at N41 (Figure 4.7a).
At THO042 suboxia(anoxia) is present in for ~4.1days(~1.2) days total during September
2017. A downwelling winds event that alleviates subsurface DO at KL027 (discussed
above), also benefits subsurface DO at MB042 (and less so at TH042). While DO at
MBO042 rebound to levels above mild hypoxia, TH042 DO levels increase but remain

hypoxic (see mid-September; Figure 4.7).
108



In 2017, variability in bottom water type is higher at the northern-most sites
(especially MB042), than the southern-most sites (especially CE042). As shown in
Figure 4.7c-f), from July to August, bottom water at MB042 is more variable than
CE042 (as indicated by temperature; see 8°C contour), and TH042 and KL027 site in-
between those two sites in terms of variability. When variability of bottom water type
is small (or declines), DO levels tend to also decline. This observation extends to other
years, where the variability in salinity relates to the variability in DO as discussed in

section 4.4.3.

4.3.3 Columbia and Fraser River discharge

By calculating cumulative discharge across each water year (2011 - 2020) for
the Fraser and Columbia Rivers, as we show in Figure 4.6, the top three largest water
years in the Columbia River are 2011, 2017 and 2012; while the top three largest water
years in the Fraser River are 2020, 2012, and 2011. Above average spring flows are
evident in 2017 at the Columbia River (Figure 4.6a), and at the Fraser River in 2015
(above average winter/spring flows) (Figures 4.6 & 4.8).

Winter ENSO and PDO cycle conditions impact discharge rates in the Fraser
and Colorado Rivers (see section 4.2.2.1). We observe a few years that follow expected
relationships between ENSO/PDO cycles and river discharge: (1) two extreme high
flow events in 2011 and 2012, both follow winters with a cold PDO cycle and cold La
Nina conditions; and (2) the low flow event in summer 2016, follows a warm PDO with

warm El Nino winter conditions (Figure 4.8). However, the extreme high flow Columbia
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Figure 4.6: Cumulative discharge for the Columbia and Fraser Rivers. Cumulative dis-
charge is shown for each river: Columbia River (a) and Fraser River (b) across 10 water years (2011 -
2020). The three largest values at the end of each year are flagged in each legend with a dashed box and
marked on the figure. Water years with below normal cumulative discharge at the end of each water
year are marked with an asterisk. The median cumulative discharge for the reference period (1991 —
2020) is shown as a black dashed line in both plots. Note the y-axis are not the same, and a dashed line
in subplot (a) marks the max y-axis value of subplot (b). IQR = interquartile range = upper - lower
quartile(s) and the IQR for 1991 - 2020 is shaded grey in each subplot.
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Figure 4.7: 2017 spring/summer: N41 winds, discharge and OCNMS coastal mooring
data This figure presents low-pass filtered alongshore wind stress (a) calculated from N41 winds (grey)
with the 8-day upwelling index, Wjg, overlain in color. Negative values (blue for Wg) are upwelling
favorable winds while positive values (red for Wg) are downwelling favorable. Discharge data for the
Columbia River (blue) and rivers that empty to the Salish Sea (including the Fraser River; sea green) are
shown (b) on the left y-axis, while coastal rivers off Oregon (white) and Washington (black) are shown
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plots created using low-pass filtered temperature sensors moored through the water column are shown
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River event in 2017 has the highest peak flow observed in the period 2011 — 2020, but

it follows a weak La Nina and weak PDO index that is in transition from warm to cold.
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Figure 4.8: Summary of discharge at the Columbia and Fraser Rivers (2011 — 2020). A

closer look at years 2011 - 2020 from Figure 4.4 dashed box A.

The extreme 2010/2011 La Nina and extreme discharge event in the Columbia

River that took place in mid-May through August 2011 is well documented (see Mazzini
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et al. 2015; Johnstone and Mantua 2011; Crouch et al. 2012). With a peak discharge
rate of ~17,300 m®s~! in June (Figure 8a), the 2011 discharge in the Columbia River
is considered extreme, and 82% higher than the baseline average used by Mazzini et al.
(2015) (20 years; 1993-2012). To explore years since 2011, we created summary statis-
tics based off discharge at each river from 1991 - 2020 (see section 4.2.2.1. Interestingly,
in the years following 2011, we observe high to extreme discharge in 5 years at the
Columbia River: year [ peak flow/month of peak flow(month of physical spring tran-
sition)]; 2011 [~17,300 m3s~!/June(April)]; 2012 [~16,500 m3s~!/April(May)]; 2014
[~14,900 m3s~!/March(May)]; 2017 [~18,200 m3s~!/March(April)]; 2018 [~15,900
m3s~1 /May(April)]; 2019 [~16,200 m3s~!/April(April)]. This equates to observing
high to extreme peak discharge in approximately half of the years examined, from 2011
— 2020, in the Columbia River (Figure 4.8). The 2017 peak flow also exceeds the 2011
peak at the Columbia River. Further, of these above normal flow events, 3 occur before
the physical spring transition and prior to the onset of strong upwelling, in 2012, 2017
and 2018. During 2017, wind conditions are strongly downwelling favorable at N41 in
April when the peak flow at the Columbia River occurs. In 2017, discharge rates decline
to normal discharge conditions in the summer, and the Fraser River summer discharge
are normal to below normal. While the 2011 extreme discharge event at the Columbia
River occurred during upwelling conditions at N41, and high discharge conditions ex-
tended into the summer. We also observe that the Fraser River discharge is above
normal in June/July 2011 but normal in 2017 (Figure 4.8). After 2016, May 2018 was

the only month where above normal flows occurred in both the Columbia and Fraser
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Rivers (Figure 4.8).

Peak discharge at the Fraser River generally occurs later than the Columbia
River (Figures 4.4 & 4.8). On average (across the years 1991 - 2020) the peak flow in
the Fraser River occurs in May/June while the Columbia River peaks in May. Peak
discharge rates for the Columbia are provided above. During the 2011 - 2020 time span
at the Fraser River, peak flows occur in May (2013; 2014; 2018), June(2012; 2016; 2017;
2019), and July(2011; 2020). During the three largest water years (see Figure 4.6), peak
flows at the Fraser are: ~10,600 m3s~! in 2011; ~11,700 m3s~! in 2012; and ~10,200
m3s~! in 2020 (Figure 4.8). In 2017, the Fraser peaks at ~10,100 m3s~!. While the
peak flows listed are relatively similar, the spring/summer conditions that follow each

peak flow change the shape of of the cumulative discharge shown in Figure 4.6b.

4.4 Discussion

4.4.1 Stratification and DO

To explore the north-south gradient in DO across the OCNMS mooring deploy-
ments, we calculated and summarized buoyancy frequencies for the mid-shelf moorings,
N2 = (—g/po)(Ap/Az)), using the top-bottom density difference (Ap) (Figure 4.9).
To compare stratification strength and DO across sites, a subset of data is presented
which represent times when top-bottom density and bottom DO are available at all
sites: CE042, KL027, TH042 and MB042 (Figure 4.9b). Site CA042 was omitted from

this analysis because of a data gap from 2016 — 2018; CE015 was omitted because near-

114



surface density is not available. Overall, we observe stronger stratification and lower
DO conditions in the southern sites (CE042; KL027) than the northern sites (TH042;
MBO042). Noteworthy, stronger (and more variable) stratification strength associated
with higher (and more variable) DO concentrations is observed at the shallower south-
ern site, KL027, when compared to the deeper, southern further south site, CE042
(Figure 4.9a).

Although stratification strength plays an important part in achieving hypoxia,
the strongest stratification does not always equate to the worst hypoxia. This is il-
lustrated at CE042 and across all mid-shelf sites in Figure 4.7, where early in 2017
the deployment stratification was strong (due to a higher amount of freshwater present
across the shelf) but DO levels also remained high. If we explore the relationship be-
tween stratification strength (N?) and DO across all deployments (e.g., at CE042; Figure
4.10), it is clear that across a range of surface salinities higher stratification correlates to
lower DO. However, when low surface salinity water is present at the mid-shelf, strat-
ification may be stronger but DO levels remain above the threshold for intermediate
hypoxia. Assuming a river index of 31.5 g kg~! (following Davis et al. 2014; Hickey
et al. 2009), we can see that presence of river water at CE042 (and other mid-shelf
moorings) seldom associates with intermediate hypoxia (Figure 4.10. Rather, the worst
hypoxia is present when surface salinity values are high (> 31.5 g kg~'), and within
each salinity range higher stratification associates with lower DO. Note surface salinity
here refers to CT data collected ~4 m below MLLW (see section 4.2.1.1).

We present three reasonable hypothesis based on our data to explain why
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strongest stratification does not always equate to the lowest DO. First, the type (T-
S) and chemical character (DO level) of subsurface water present later in the season,
when higher salinities are present, likely has a lower starting point DO. Second, later
in the season, a stronger respiration signal is likely present in the water column at at
the sediment/water interface. Therefore, across seasons, as stratification strengthens
DO declines, but achieving intermediate (or severe) hypoxia occurs withing waters that
started with a lower DO level and/or experienced higher respiration signals. Third,
mixing of plume waters may have potential to help alleviate hypoxia on certain sections
of the shelf. While stratification is a mechanism that can drive (and maintain) hypoxia,
with either (1) high river flows and/or (2) high winds, presence of freshwater may cre-
ate conditions that can alleviate hypoxia. Enhanced mixing inherent to plume fronts
and mixing associated with entrainment, are well known to affect the distribution of
sediment, nutrients and pollutants, and momentum and buoyancy. For example, de-
spite high stratification vigorous mixing is present at the Columbia River plume fronts
which can disturb the seabed to ~50-60 m (Orton and Jay 2005). Even if the Columbia
River plume only impacts the bed immediately beneath plume fronts and in the plume
near-field (Orton and Jay 2005; Spahn et al. 2009), advection of a water mass that ex-
perienced mixing with surface waters on a different section of the shelf still has potential

to alleviate hypoxic conditions elsewhere.
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Figure 4.9: OCNMS mid-shelf sites subsurface DO and stratification. This figure presents
daily averages of observed DO and calculated buoyancy frequency (N 2). Data shown represents times
when top-bottom density and bottom DO were available, at the same time, for all four sites (CE042,
KL027, TH042 and MB042). This requirement yields 786 days of data per site, with the coverage
shown in (b). Statistics for the daily averages of DO and N2 are presented for each mooring (a): the
median (white circle), the 25th - 75th percentile (thick lines); and 10th/90th percentile (end dashes).
Sites CE042 (dark red), TH042 (orange), MB042 (yellow) are all at the same approximate depth (42m),
while KLO027 (red) is shallower ( 27m).
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Figure 4.10: CE042 subsurface DO and stratification. This figure presents summary statistics
of observed DO and calculated buoyancy frequency (N?) at CE042. Data shown represents times when
top-bottom density and bottom DO were available, at the same time, at CE042 with coverage shown
in (b). Summary statistics were calculated using N? and DO at 8-day increments for all deployments,
which provides a total of N = 134 (sets of 8-day data). Each N? and DO set are colored by median
surface salinity during the 8-day span (a). Summary statistics are the same as Figure 4.9. Mild and
intermediate hypoxia are marked with a vertical dashed line; severe hypoxia is shaded light grey and
suboxia shaded dark grey.
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4.4.2 Anomalous summertime T-S-DO conditions

Temperature-salinity (T-S) relationships at mid-shelf (~42 m, CE042) indicate
summer water properties in 2016 - 2019 were different to those in 2011 - 2015 and 2020
(Figure 4.11). The spread of T-S data shown for June and September are impacted by
changes in wind stress and transitions to (and out of) each upwelling season (Figure
4.11a & d), but a shift in T-S is evident after 2015 in all months shown (June — Septem-
ber; Figure 4.11). Water at CE042 between 2016 - 2019 appears to be “spicier” (warmer
and saltier) than prior years and “returns” to pre-2015 values in 2020 (Figure 4.11a-d).
Note the 2020 deployment was shorter than other years. This altered T-S water mass is
unusual as mid- Washington shelf water properties — for years 2004 and prior — showed
little to no alongcoast or interannual variability and only a weak relationship to local
wind stress (as shown in analysis by Hickey et al. 2016).

We explored the anomalous T-S by comparing mooring data for different years
against a baseline (see section 4.2.1.3 for details). Results of the statistical tests and data
analyzed are shown in Figure 4.12, and yellow shading marks years/variables that are
classified as different from the baseline. While statistically significant high DO is present
at CE042 in the summer of 2015, statistically significant low DO is present from 2017
— 2019 (Figure 4.12a). The temperature record demonstrates a statistically significant
high temperature for the years 2014 — 2020; warmest in 2015 and 2019 (Figure 4.12e).
Statistically significant low salinity present in years 2014 and 2015, is followed by a

statistically significant high salinity in years 2016 — 2019 (Figure 4.12d). Across years,

119



statistically significant high spiciness corresponds to low DO and vice versa (Figure
4.12a & b).

During the time from 2014 — 2019 the CCS experienced a unique set of oceano-
graphic conditions, which are also reflected in OCNMS shelf mooring data. From 2014
— 2016, the northeast Pacific experienced a high-temperature anomaly, which has been
characterized as the largest Marine Heat Wave (MHW) on record (DiLorenzo & Mantua
2016). A strong El Nifio event also developed in 2015, with a poleward expansion of
warm water (DiLorenzo & Mantua 2016; Jacox et al. 2016). Then a second MHW
formed in the north Pacific in 2019, which has been characterized as the second largest
MHW on record by the end of 2020 (Weber et al. 2021). The OCNMS temperature
record at CE042 demonstrates statistically significant high temperature for the years
2014 — 2020; warmest in 2015 and 2019 (Figure 4.12¢). This is not surprising given the
CCS has experienced anomalously high temperature anomalies since 2014 (Thompson
et al. 2018; Zaba et al. 2020), and MHW conditions in 2015 and 2019.

A salinity anomaly also formed in the central North Pacific in 2015, advected
to the source waters of the California Current, and by 2017 a high salinity anomaly
was observed in water offshore California (Thompson et al. 2018 & 2019; Ren and
Rudnick 2021). The statistically significant high salinity anomaly appears earlier (in
2016) on the Washington shelf in OCNMS mooring data than observed off California (in
2017; see Thompson et al. 2018 & 2019; Ren and Rudnick 2021), and both statistically
significant high salinity anomalies are present through 2019 offshore (Thompson et al.

2018 & 2019; Ren and Rudnick 2021) and OCNMS (this study) data.
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Figure 4.12:  Summary statistics for CE042 bottom data. This figure p resents August

data for years 2011 — 2020 (yellow, notched-boxes). Baseline summary statistics (grey, notched-boxes)
represent August data for 2007 — 2013. Baseline summary statistics are also stretched across each
subplot for reference: grey dashed lines represent the 90th/10th percentiles; dark grey lines represent
the 50th percentile; and light grey shading represents 75th/25th percentiles. Vertical, yellow shading
marks groups with mean ranks that tested significantly different than the baseline.
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Figure 4.11: Near-bottom temperature and salinity. This figure presents daily averaged data
for near-bottom temperature and Salinity at CE042. Black contours represent constant sigma-theta
(dotted) and constant (dashed) spiciness. Data were separated by month: June (a), July (b), August
(c) and September (d) and colored by year (see subplot ¢ for legend). Grey shading in (d) highlights
the difference in x- and y-axis scale from other subplots (a-c).

Anomalous T-S relationship (Figure 4.11) and the statistical tests (Figure 4.12)

indicate that a different water mass (or water masses) are present in 2016 — 2019. Across
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years, high spiciness corresponds to low DO and vice versa (Figure 4.12a & b); consistent
with conditions frequently observed in the CCS. However, the conditions in 2016 - 2019
are slightly different in that a high salinity anomaly is present in the surface California
Current. This is different because typically, the sluggish surface California Current
transports fresh (mainly Pacific Subarctic Upper Water, PSUW) water equatorward,
while the California Undercurrent transports PEW poleward (Hickey 1979). These two
water masses are often thought to dominate the offshore water masses, and make up
the majority of water that is upwelled to the shelf (Hickey 1979). The advection of
low-oxygen PEW water by the California Undercurrent has often been pointed to as
a cause of decreasing coastal DO which co-occurs with an increase in spiciness (e.g.
Bograd et al. 2008; Pierce et al. 2012; Meinvielle and Johnson 2013), and changes
in relative proportion of PEW has pointed to change in community composition in the
CCS (McClatchie et al. 2010; Schroeder et al. 2019). However, if ENPCW were present
in the surface California Current from 2016 - 2019, then it becomes difficult to solely
accredit an increase in spiciness to an increase in amount of PEW present across the
slope; As an increase in spiciness can also be from an increase in ENPCW present. Both
water masses, ENPCW and PEW, are characterized by high salinity, high temperature
and low DO levels (Lynn and Simpson 1987), therefore increased presence of either
would correspond to an increase in spiciness and lower DO levels. One key difference
is that ENPCW is typically low in nutrients (Lynn and Simpson 1987; Talley et al.
2011), which may result in lower productivity, and introduction of water with different

nutrient properties may have supported different plankton communities (Bograd et al.
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2019; Bernal and McGowan 1981; Chelton 1981; McClatchie 2014; Ren and Rudnick
2021). Ultimately this data clearly shows that a spicier water mass (warmer and saltier)
was present during 2016-2019 coincident with the exceptionally low DO conditions on
the shelf, however further work is needed to understand the source of this water mass as

with our limited data, it could be explained by an increase in PEW or ENPCW water.

4.4.3 Variability of bottom water T-S-DO

To explore multiple deployment years, we provide a summary of bottom salin-
ity and DO from the northern- and southern-most sites for each August from 2011
— 2020 (Figure 4.13). We observe DO variation along the north-south gradient and
a spatial difference in both the median salinity experienced and salinity variance is
present. A higher (but less variable) bottom salinity in present the south, at CE042,
when compared to the northern-most site, MB042, which is located near the Strait of
Juan de Fuca (Figures 4.1 & 4.13a). Higher bottom DO values are from the northern
site (MB042) and minimum DO concentrations occur in the south (at CE042; 4.13b).
Median concentrations of DO at CE042 are each below 1.4 ml L~! every August from
2011 — 2020, except for 2015; in 2015 all sites experienced elevated DO levels.

We hypothesize that the wind forcing and proximity to the Juan de Fuca
Canyon and Strait of Juan de Fuca all combine to impact the observed water type
present, DO levels and presence of hypoxia at the northern-most site, MB042. The ori-
entation of site MB042 on a more narrow section of shelf (Figure 2.1) near the Juan de

Fuca Canyon and Strait of Juan de Fuca, results in higher variability of water mass pres-
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ence (as compared to CE042). Strong mixing inherent to canyons (Lueck and Osborn
1985; Kunze et al. 2002; Wain et al 2013; Zhao et al. 2012) and strong exchange with
the Salish Sea (Bretschneider et al. 1985; Geyer and Cannon 1982; Sutherland et al.
2011; Thomson et al. 2007; MacCready et al. 2020) likely maintains elevated DO levels
at MB042, and to a lesser extent at THO042. In addition, retention time at MBO042 is
likely less due to the narrow shelf. It is likely that mixing in the surface and bottom are
stronger in the northern-most sites as compared to the southern-most sites, which could
be examined further by combining regional model data with OCNMS mooring data.
The southern-most site, CE042, is also located near the Quinault Canyon, but unlike
the Juan de Fuca Canyon, the connection with an estuarine system is not as direct.
It is likely that during upwelling events, that the proximity to the Quinault Canyon,
facilitates transport of water from deeper depths to the shelf and enhanced mixing at
the sill. It is not clear how the Quinault Canyon contributes to - and interacts with -
shelf hypoxia during different wind forcing scenarios. Regional fishing knowledge sug-
gest that hypoxic events (and fish kills) worsen when winds relax (or remain low) off
Cape Elizabeth (personal communication with Ervin Joe Schumacker). It is unclear
whether it is low DO water masses that are mobilized during relaxation events, or if
the POC (and respiration signal) spreads out across the shelf during relaxation events

(e.g., Hales et al. 2006).
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4.4.4 Timing of spring transition and river flow

Impacts to coastal ecology are anticipated as flow modifications and climate
change alter the timing and volume of freshwater input to estuaries and continen-
tal shelves. Warming temperatures impact the hydrologic cycle, and in snowmelt-
dominated hydrologic systems (e.g., PNW river basins) warming temperatures directly
affects snow accumulation and melt (Hamlet et al. 2005); Studies indicate changes
since the mid-20th century include shifts toward earlier spring streamflow (Stewart et
al. 2005), lower spring snowpack (Mote et al. 2018), and lower summer stream flow
(Fritze et al. 2011). For example, trends of earlier freshet dates and reduced flows are
present in the Columbia River record (Bottom et al. 2005). At of the time of publi-
cation, Curry and Zwiers (2018) show that while a spring peak freshet flow has never
been observed outside April — July at the Fraser River (Hope gauge), the timing of
spring freshets in the Fraser River (and widespread decreases in snow-to-rain ratios)
are an area of active research. During the years we analyzed (1991 - 2020) peak flows
occur on average in May at the Columbia River and in May/June at the Fraser River.
These results are consistent with the trend observed since the 1900s at the Columbia
River (at Dalles), where the peak flow at has shifted from late June to late May, with
earlier freshet dates are attributed to human alteration of the flow cycle and earlier
snow melt (Bottom et al. 2005) and fall within the Fraser River range described by
Curry and Zwiers (2018). These shifts in freshet peak add complexity to understanding

shelf biogeochemical change and associated ecological impacts. Historically, the arrival
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of large freshet volumes from the Columbia River (and Fraser River) and strong up-
welling favorable winds typically all occurred around the same time, in June. However,
there is also a recent trend for earlier spring transition dates (Bograd and Lynn 2002;
Bograd et al. 2002; Garcia-Reyes and Largier 2010; 2012; Logerwell et al. 2003) and
changes in wind strength and persistence (Sydeman et al. 2014; Wang et al. 2015;
Rykaczewski et al. 2015; Garcia-Reyes et al. 2015). The de-synchronizing of peak flow
and upwelling have implications for ecology (e.g., salmonids see Bottom et al. 2005).
While most northern rivers have reduced summer flows, trends towards drier summers
have additional implications for water temperature (in streams, rivers and estuaries and
on the shelf) and changes in summertime flow (e.g., Lammers et al. 2007; Chegwidden
et al. 2017; Pacific Climate Impacts Consortium, 2022). We hypothesize that reduced
summer flows have a negative impact on shelf biogeochemistry (lower DO and lower
saturation states), especially when following a large peak freshet (e.g., 2017) that likely
result in retention of additional POC and build a respiration signal earlier in the season.
However, this question needs to be further investigated with use of a numerical model
combined with observational data.

Hickey and Banas (2008) outline how freshwater presence maintains high pro-
ductivity characteristic to the PNW. This high productivity maintains a high standing
stock of particulate organic carbon (POC) (e.g., Hales et al. 2006), which builds a res-
piration signal in the water column and at the sediment/water interface and contribute
to the formation of hypoxia (Diaz and Rosenberg 2008; Rabalais et al. 2010). On the

PNW shelf, it has been demonstrated that the combination of high river flow and strong
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upwlling supports high levels of nutrients in coastal zone (N, P, Si) and micronutrients
to the portions of the Washington and Oregon where the plume covered (Bottom et al.
2005; Hickey and Banas 2008; Jay et al. 2009). Presence of freshwater has also been
shown to maintain productivity and shift the location of productivity (and POC). For
example, the Columbia River plume increases cross-shelf export, which shifts primary
productivity from the inner shelf to the outer shelf and slope and likely impacts spatial
variability of carbon production and export (Banas et al. 2009). On the outer shelf
and slope export of carbon is easier (in the vertical). This has the potential to reduce
DO levels in water that will later be transported to the shelf during upwelling. In addi-
tion, the Fraser River and inland Salish Sea rivers have been shown to amplify regional
primary productivity by providing some terrigenous nutrients, but on a much larger
scale Davis et al. (2014) show these rivers drive persistent estuarine circulation in the
Strait of Juan de Fuca which can effectively double the input of oceanic nitrogen back
to the shelf. Based on model results reported by Davis et al. (2014), this nitrogen flux
to the coastal ocean is comparable to that supplied by local wind-driven upwelling on
the Washington shelf. However, because the model results include complete shutdown
of the exchange between the Salish Sea and the coastal ocean, it is not clear what a
shift in peak river flow would mean for shelf productivity and a subsequent hypoxic
volume. Prior studies have used observations (Hales et al. 2006; Connolly et al. 2010),
incubation experiments (Adams et al. 2013), and high-resolution models (Siedlecki et
al. 2015) to understand the impact of respiration on PNW shelf oxygen. There is a

consensus that the respiration signal builds over a season, and results in lower DO later
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in the summer. However, it is not clear how extreme river flows (e.g., 2011 and 2017)
modify the respiration signal, or what changes occur if the timing of peak river flow
occurs during downwelling conditions (e.g., 2017). It is also not clear what impact lat-
eral trapping has on the development of hypoxia. For instance, in other EBUS (e.g.,
the Benguela system, see Flynn et al. 2020; Rixen et al. 2021), it is hypothesized that
hydrographic fronts limit lateral exchange and contribute to nutrient trapping (and hy-
poxia). A similar process can occur in the PNW, with upwelling and/or river plume
fronts (e.g., Banas et al. 2009; Giddings and MacCready 2017).

The timing and volume of river flow are both important, especially when com-
bined with wind events. In the summer the Columbia River plume tends southward
and offshore when the rotational tendency and ambient flow are in the same direction.
However, under certain wind and discharge conditions, the plume can reverse direction.
In particular, during strong downwelling-favorable winds, the plume travels northward,
tightly hugging the coastline. If we compare two large water years in the Columbia
River (2011 and 2017), we can see that they have different summertime DO levels (Fig-
ure 4.5). We hypothesize that the timing of the 2017 (versus 2011) Columbia River flow
contributed to the anomalous hypoxia in 2017. In 2011, peak discharge in the Columbia
River occurred in June, which took place after the spring transition (April), and flows
remained above normal into the summer. While in 2017, the peak flow took place in
March, before the spring transition (April), and above normal flows were not observed
in the summer. In 2011, if the Columbia River plume spent most of the spring/summer

in a southward position, this would likely reduce or reverse exchange during this period
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leading to less ocean nutrient delivery. In 2017, the Columbia River discharge was above
normal and peaked earlier than the spring transition; during downwelling favorable con-
ditions. These conditions (wind + discharge) met criteria (outlined by Garcia-Berdeal
et al. 2002; Hickey et al. 2009) for the Columbia River plume to spend the majority
of April in a northward position. Although we have no mooring data to corroborate
this, we hypothesize that the northward position of the plume resulted in additional
nutrient delivery to the shelf. While 2011 vs 2017 were different at the deeper moorings
(lower DO in 2017), these were the worst two years for the shallow site (CE015). Future
work to better understand the impact of timing of peak flow with the spring transi-
tion is necessary. Further, additional work should be performed to better understand
how the inner (15m) versus middle (27-42m) shelf responds to freshwater input. These
questions can be explored by incorporating Ocean Observatories Initiative (OOI) shelf
mooring data located to the north and south of the Columbia River, in conjunction
with a numerical model.

As outlined in section 4.4.2, during the time from 2014 — 2019 the CCS experi-
enced a unique set of oceanographic conditions, and during 2017 - 2019 tragic shelf DO
levels (ranging from severe to anoxic conditions) were present off Washington in OC-
NMS mooring data. Upwelling controls variability in the spring/summer (Hickey et al.
2006), with the efficiency (and depth) of upwelling based upon magnitude/persistence
of upwelling winds (e.g. Hickey et al. 2006) and the local cross-shelf wind profile (Jacox
and Edwards 2012), as well as other physical characteristics like local stratification,

bottom slope, and shelf width (Allen et al. 1995), and coastline shape (Barth et al.
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2000; Pickett and Paduan 2003). To better understand shelf conditions, the timing of
transitions to the upwelling season (spring transition) and out of the upwelling season
(fall transition) are both important. In the PNW, physical and biological estimates for
spring (and fall) transitions exist (e.g., ”physical” transitions, Pierce and Barth (2022);
and "biological” transitions, Peterson et al. 2014). Both are important when trying to
understand shelf DO and ecological impact. Based on winds off Oregon, as defined by
Pierce and Barth (2022), the 2017 spring transition in the PNW (physical transition)
is in April, if we adjust the metric to include winds at N41 (the timing is similar off
Washington). However, if a biological metric developed by Peterson et al. (2014) is im-
plemented, which considers warm- (versus cold-) water species presence, the biological
spring transition takes place in June 2017. This transition occurs after a long period of
warm-water species presence (from 30 September 2014 through 21 June 2017) (NOAA
Fisheries 2022). Incorporation of the biological transition is important, as the afore-
mentioned extended period of warm-water species presence was unprecedented in the
biological transition record developed by Peterson et al. (2014) (and maintained, see
NOAA Fisheries 2022), and likely further complicated the multi-stressor environment
for species like salmonids and flatfish. Some studies suggest a lack of planktivorous
fish would cause more organic matter to reach shelf sediments (e.g., Bakun and Weeks
2004) therefore building a stronger respiration signal. Global climate models suggest
that changes in upwelling will likely be dependent on latitude, with intensification of
CCS upwelling in the spring (especially in the southern CCS), followed by significant

weakening of upwelling during the summer months (especially in the northern CCS)
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(e.g., Garcia-Reyes et al. 2015; Rykaczewski et al. 2015; Wang et al. 2015). The
juxtaposition of changing winds and upwelling seasonality with modified river discharge
pose large challenges for ecology of the CCS, and communities that rely upon it. A
better understanding of summer conditions is especially necessary to better understand
potential outcomes of a below normal discharge year that also features weak wind forc-
ing. Interdisciplinary work that synthesize multiple stressors are necessary to better

understand and manage ecosystems across the CCS.

4.5 Conclusions

Natural variability inherent to EBUS alongside uncertainties in present and
future trends in upwelling seasonality, coastal warming and stratification, primary pro-
duction and biogeochemistry of source waters each pose large challenges to the climate
response across EBUS and within each system itself (Sydeman et al. 2014; Garcia-Reyes
et al. 2015; Rykaczewski et al. 2015; Varela et al. 2015; Wang et al. 2015; Bindoff et
al. 2019). A step towards better understanding drivers of multiple stressor interactions
includes analysis of subsurface observations to identify relationships and trends in shelf
waters. In this work we focus on the physical dynamics which influence shelf DO in the
northern CCS (off Washington, Figure 4.1) in attempt to better understand the phys-
ical dynamics that influenced the extreme low DO observed in the summers of 2017 -
2019. From this work we found significant interannual variability in DO, with the 2016-

2019 low DO period is statistically associated with spicier water potentially suggesting
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a link between source waters impacted by the El Ninio and MHW presence and shelf DO.
Further, given the very, very low North Pacific Gyre Oscillation (NPGO) index in 2017
(Thompson et al. 2018) and demonstrated relationships between DO levels in the
PNW and the NPGO (e.g., Peterson et al. 2013), addition of other North Pacific
climate information (e.g., NPGO and the North Pacific High) may help improve our
ability to understand (and forecast) freshwater input and shelf biogeochemistry. When
compared to records presented by Connolly et al. (2010) and Peterson et al. (2013),
which collectively span a historical period of summer upwelling from 1950 — 1986 and
more recent period from 1998 — 2012, summertime hypoxic exposure appears to have
worsened on the Washington shelf. However, 2011 — 2020 shows significant interannual
variability without a clear downward trend. Continued data collection in OCNMS (and
across the CCS regions) will aid in determining a temporal DO trend, and clarify if
the 2017 — 2019 were anomalous or an example of what future decades may hold in
store. We also observed a north-south trend with lower DO in the south, which can be
explained by several hypotheses, ranging from shelf width to canyons to stratification.
However, the relationship between stratification, surface salinity and DO is complex.
Within periods with similar surface salinity, more stratification is related to lower DO,
but overall higher stratification is caused by lower surface salinity and is associated with
higher DO. This likely demonstrates a complex relationship between the presence of
river water and mixing driven by downwelling. Additional work to further assess the
impact of timing of the Columbia and Fraser Rivers with wind events is important to
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understand DO and carbonate chemistry off Washington, and help make predictions for
future climate conditions.
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Chapter 5

Summary

Chapter 2: Observations of shelf hypoxia off northern California.

Moorings placed over the central CCS shelf from the mid- to inner- shelf exhibit complex
and temporally varying DO trends. At the deeper, mid-shelf site, GF, two distinct modes
of variability are seen where upwelling relates to DO decline and relaxation events with
increasing DO levels. During the second mode at GF, it seems like the opposite occurs:
upwelling relates to an increase in DO levels; relaxation events to declining DO levels.
These observations paired with the relationship between spice and DO levels during the
first mode at GF suggest water mass variability is driving D O trends (at least over the
deeper sections of shelf, i.e., GF). During the second mode at GF, we hypothesize that
either: (1) a local respiration signal was established and, during the second mode, shelf
waters are lower in DO level than source waters, but the signal is still dominated by
advection; (2) weaker winds lead to upwelling from shallower depths. It is clear that the

DO-spice covariance over the first mode is strong, and then DO-stratification vary over
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the second mode at GF. At the shallower inner-shelf sites, and for the entire time-series,
upwelling relates to DO decline and relaxation events with increasing DO levels.
Stratification reduces vertical mixing, precluding diffusive fluxes of DO from
the surface layer. As the upwelling season continues and shifts to the relaxation season,
a respiration signal likely builds up across the shelf and may explain why the lowest DO
levels occur later in the summer. The spatial variations in hypoxia that we observed
in this study region, and differences between this region and other upwelling regions, is
likely to be explained by differences in oxygen demand (sediment demand plus delivery of
POC to sub-thermocline waters), differences in stratification (surface heating, freshwater
influences, wind stress), and flow-path history of waters at that site. We hypothesize
that later in the spring/summer (during the relaxation season) DO levels on the shelf
are likely be lower than the water being upwelled to the shelf. In this scenario, when
upwelling circulation starts, the near-bottom mid-shelf environment may be freshened
by higher-DO water advected to the shelf during upwelling, while the lower-DO water
present at the mid-shelf may be advected shoreward. This would result in a drop in DO
values at inner-shelf sites (e.g., BH) but increasing DO levels at mid-shelf sites like (GF).
The importance of source water is clear in the first half at GF and the overall trend and
second half shows the importance of local drawdown. These are consistent with other
parts of the CCS. For example Adams et al. (2013) found later in the upwelling season
shelf DO levels were lower than DO levels in newly upwelled water. The inner-shelf
on the other hand shows less clear trends and more temporal variability pointing to a

complex mosaic of shelf DO levels. Future work should involve velocity measurements
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to better understand the direction of flow during upwelling and relaxation events.
Based on the mooring data we explored, it seems like DO levels off northern
California are higher than those observed off Washington. It is not yet clear why
hypoxia off northern California is less severe than in the PNW, but it likely relates
to a combination of forcing mechanisms that explain the mismatch in productivity.
We hypothesize that the wind strength likely plays a role in alleviating the respiration
signal by: (1) reducing the respiration signal on the shelf; (2) shifting carbon export to
the outer shelf/slope; and (3) changing retention time and ventilation of shelf waters
(e.g., Botsford et al. 2006; Yokomizo et al. 2010; Stone et al. 2020). This is idea
is corroborated by the lowest DO levels at all three sites were observed outside the
core upwelling season (e.g., the period of coldest water temperatures and strongest
upwelling-favorable winds; not during the months of April and May). We also think the
role of river plumes may play an important role in the expression of hypoxia in different
regions of the CCS (and during different freshwater input scenarios within a subregion).
For instance, lower freshwater to San Francisco Bay would result in less extreme density
anomalies and thus weaker shelf stratification. However, more work is needed to explore
the mismatch between shelf DO levels observed in the central versus northern CCS.
Our study region features a characteristic strong upwelling season and, in 2015,
negligible freshwater influence. During the upwelling season, low runoff is typical but
the freshwater input was exacerbated by drought conditions in 2015. With literature
pointing to an increase in warming that will magnify the frequency of both droughts

and floods in California, these data present one bookend of the shelf hypoxia story for
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this subregion. Although discharge from San Francisco Bay (and the Sacramento-San
Joaquin Delta) is already a particularly complex puzzle with several end users, a bet-
ter understanding of freshwater impacts to shelf chemistry may help with ecosystem
management in the coastal zone. In a system like San Francisco Bay, where freshwa-
ter discharge is heavily regulated (from the Delta and from industrial and municipal
discharge sources), managers may have a lever to help modulate coastal hypoxia and
acidification. Although, a development of this metric would require collection of ad-
ditional time-series observations and require a modeling study to further quantify the
impact of San Francisco Bay outflow on retention within the Gulf.

While open-ocean waters are experiencing deoxygenation, at present upwelling
source waters hover near the threshold for intermediate hypoxia and are often below
the threshold for mild hypoxia. The presence of more persistent hypoxia and interme-
diate to severe hypoxic events over the shelf is achieved by local oxygen uptake over the
shelf. At the deeper site, GF, the lowest DO levels were observed after the upwelling
season and during relaxation events, pointing to an important role of local DO draw-
down. Upwelling regions with broader shelves and stronger stratification may be prone
to more severe and/or persistent hypoxia (e.g., Monterio et al. 2011) — and within these
regions, it has been suggested that most severe hypoxia has potential to occur within
bays (e.g., Largier 2020). Linking observations with numerical modeling has the po-
tential to describe the mosaic of oxygen variability more fully across upwelling shelves
and may elucidate how short duration hypoxic events may be exacerbated by global

deoxygenation. This is critical to assessment, evaluation, and management responses to
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increased occurrences of hypoxia due to deoxygenation of source waters.

Chapter 3: Seasonality of near-bottom dissolved oxygen over a submarine

bank off northern California.

From 2014 to 2018 we monitored DO concentrations over a submarine bank located at
the shelf break off northern California. We observed seasonal variability. The similarity
of seasonal patterns across years (2014 - 2018), especially in temperature, is interesting
given the unique set of oceanographic conditions the CCS experienced from 2014 — 2019.
Overall, with the onset of upwelling, near-bottom water becomes cooler and saltier, and
DO levels decrease. Although the coolest water occurs early in the upwelling season,
the minimum in DO levels occur later, towards the end of the upwelling season and
often during the relaxation season. Deviations from the seasonal trend observed are
likely attributed to a combination of physical and biogeochemical processes working
together. Specifically, we hypothesize that the interplay of wind-driven mixing and
surface productivity may help explain internanual differences, but additional work is
needed to separate these signals. At Cordell Bank, DO concentrations were often below
the threshold of mild hypoxia (2.45 ml/L), but only one instance of intermediate hypoxia
was observed (1.4 to 2.45 ml/L) during the relaxation season (July 2017). A step
towards better understanding drivers of DO variability (and multi-stressor interactions)
includes analysis of subsurface observations to identify relationships and trends in shelf
waters. Continued monitoring at Cordell Bank, and incorporation of this mooring data

set with long term time-series, may help make management decisions and/or predictions
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for future climate conditions. Finally, observed DO is also lower than expected using two
end-member source waters (PEW and PSUW) thus pointing to the likely importance

of local drawdown (and potentially presence of more than two source water masses).

Chapter 4: Interannual variability in shelf hypoxia off the Washington coast

Natural variability inherent to EBUS alongside uncertainties in present and future
trends in upwelling seasonality, coastal warming and stratification, primary production
and biogeochemistry of source waters each pose large challenges to the climate response
across EBUS and within each system itself (Sydeman et al. 2014; Garcia-Reyes et al.
2015; Rykaczewski et al. 2015; Varela et al. 2015; Wang et al. 2015; Bindoff et al.
2019). A step towards better understanding drivers of multiple stressor interactions
includes analysis of subsurface observations to identify relationships and trends in shelf
waters. In this work we focus on the physical dynamics which influence shelf DO in the
northern CCS (off Washington, Figure 4.1) in attempt to better understand the phys-
ical dynamics that influenced the extreme low DO observed in the summers of 2017 -
2019. From this work we found significant interannual variability in DO, with the 2016-
2019 low DO period is statistically associated with spicier water potentially suggesting
a link between source waters impacted by the El Nino and MHW presence and shelf
DO. Further, given the very, very low North Pacific Gyre Oscillation (NPGO) index
in 2017 (Thompson et al. 2018) and demonstrated relationships between DO levels in
the PNW and the NPGO (e.g., Peterson et al. 2013), addition of other North Pacific

climate information (e.g., NPGO and the North Pacific High) may help improve our
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ability to understand (and forecast) freshwater input and shelf biogeochemistry. When
compared to records presented by Connolly et al. (2010) and Peterson et al. (2013),
which collectively span a historical period of summer upwelling from 1950 — 1986 and
more recent period from 1998 — 2012, summertime hypoxic exposure appears to have
worsened on the Washington shelf. However, 2011 — 2020 shows significant interannual
variability without a clear downward trend. Continued data collection in OCNMS (and
across the CCS regions) will aid in determining a temporal DO trend, and clarify if
the 2017 — 2019 were anomalous or an example of what future decades may hold in
store. We also observed a north-south trend with lower DO in the south, which can be
explained by several hypotheses, ranging from shelf width to canyons to stratification.
However, the relationship between stratification, surface salinity and DO is complex.
Within periods with similar surface salinity, more stratification is related to lower DO,
but overall higher stratification is caused by lower surface salinity and is associated
with higher DO. This likely demonstrates a complex relationship between the presence
of river water and mixing driven by downwelling. Additional work to further assess the
impact of timing of the Columbia and Fraser Rivers with wind events is important to
understand DO and carbonate chemistry off Washington, and help make predictions for

future climate conditions.

A note on DO levels observed across the central CCS

As part of this work we monitored DO levels across the shelf off northern California:

(1) at a mid-shelf site (~54m) in the Gulf of the Farallones, offshore San Francisco
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Bay, and within the more stratified upwelling shadow south of Point Reyes; (2) at two
shallower sites, (~18 and 30m), to the north and south of Point Reyes (Figure 2.1);
and (3) at two sites over a submarine bank (Cordell Bank) located at the shelf-break off
northern California (Figure 3.1). Results from these moorings showed different exposure
to hypoxia. This demonstrates that while source water variability may set the initial
condition for water parcels being modified over the shelf, the spatial patterns of flow,
stratification, ventilation and respiration are the factors that account for the lowest and
most persistent hypoxic events observed in shelf habitats. The different exposures to
hypoxic stress at these three sites represent very different - yet connected - habitats:
north of the Point Reyes headland, south of the headland, and along the shelf-edge
(over a submarine bank). Recognition of spatial heterogeneity in physical dynamics
that influence DO levels, will surely prove to be more complex when high-frequency
observations are available from more locations. Further, large-scale deoxygenation shifts
in source waters will likely result in shifting distributions of shelf hypoxia. For example,
if source water DO levels dropped by 1 ml L~! then the mode at Gulf of the Farallones
mooring could be expected to drop from 1.7 to 0.7 ml L~! and severe hypoxia will be
commonplace. This is critical to assessment, evaluation and management responses to

increased occurrences of hypoxia due to deoxygenation of source waters.
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