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Abstract During summer, upwelled water with elevated CO, partial pressure (pCO,) and nutrients out-
crops over the Oregon (OR) inner shelf. As this water transits across the shelf, high rates of primary produc-
tion fueled by the upwelled nutrients results in net atmospheric CO, drawdown. Upwelled source-waters
typically have pCO, approaching 1000 patm that is then reduced to ~200 patm. For almost the entire
month of July 2008, strong and persistent upwelling brought cold (~8°C), saline (~33.5), high-pCO, (>600
patm) water to our midshelf buoy site, and high-pCO, water was broadly distributed over the shelf.
Chlorophyll levels, as a proxy for phytoplankton biomass, were low (< 2 mg m ) on the shelf during the
period of most intense upwelling, and satellite data showed no evidence of a downstream phytoplankton
bloom. A small chlorophyll increase to ~4 mg m™> was observed at our buoy site following a decrease in
the strength of southward wind stress 10 days after upwelling initiated. Chlorophyll levels further increased
to ~10 mg m > only after a cease in upwelling. These higher levels were coincident with the appearance of
water masses having temperature and salinity properties distinct from recently upwelled water. We suggest
that rapid offshore transport and subsequent subduction before phytoplankton populations could respond
is the most likely explanation for the persistent low chlorophyll and elevated surface-water pCO, through-
out the July upwelling event. This mechanism likely dominates under conditions of strong and persistent
upwelling-favorable winds that coincide with close proximity of low-density offshore waters, which may
have implications for the biogeochemical functioning of this system under future climate scenarios.

1. Introduction

The magnitude of the open ocean sink for atmospheric CO, is becoming well constrained [Takahashi et al.,
2002, 2009], but this is less true for the coastal ocean [Borges et al., 2005; Hales et al., 2008; Laruelle et al.,
2010]. In a global sense, coastal margins are regarded as a net sink for atmospheric CO, [Borges, 2005;
Borges et al., 2005; Cai et al., 2006; Dai et al., 2013; Laruelle et al., 2010], but uncertainty arises because the
temporal and spatial coverage of observations is limited relative to the system variability. The range of sur-
face water pCO, observed in coastal oceans far exceeds that seen in the open ocean, and values change sig-
nificantly on subdaily to super-annual frequencies [Chavez et al., 2007; DeGrandpre et al., 1997, 2002; Evans
et al., 2011; Friederich et al., 2002; Hales et al., 2005b, 2008, 2012; Jiang et al., 2008]. Variable pCO, conditions
are inherent to upwelling-dominated coastal regions, where upwelling supplies high-CO, water to the sur-
face and strong biological response leads to depletion [Borges et al., 2005; Cai et al., 2006; Chavez et al.,
2007; Hales et al., 2008].

The Oregon coastal margin, part of the larger Cascadian margin that extends from northern California to
Vancouver Island, is seasonally upwelling-dominated and experiences highly variable upwelling conditions
[Barth et al., 2007; Huyer et al., 2005, 2007; Pierce et al., 2006]. Beginning in approximately April and ending
around October, CO, and nutrient-rich water from depth is upwelled to the surface by equatorward winds
over the shelf. The nitrate concentrations and pCO, levels within the upwelled source water have been
observed to be ~35 uM and ~1000 patm, respectively [Evans et al., 2011; Hales et al., 2005a, 2005b; Hill and
Wheeler, 2002; van Geen et al., 2000]. These waters are upwelled with abundant iron [Chase et al., 2005] and
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0 preformed nutrients [Hales et al., 2005b], and
phytoplankton assemblages in this system typi-
cally consist of fast-growing coastal diatoms

-100 [Wetz and Wheeler, 2003] capable of drawing

46" N high initial NO; to low levels within a few days
[Dugdale et al., 2006; Wilkerson and Dugdale,
1-200 g 1987; Wilkerson et al., 2006]. Upwelled waters
] are advected off and alongshore, fast-growing
‘g phytoplankton assemblages bloom [Dugdale
3 et al., 2006; Wetz and Wheeler, 2003], nutrients
300 g- are driven to near zero [Hales et al., 2005a], and
44’ N f__ pCO, levels are drawn down to below atmos-
3 pheric values [Hales et al., 2005b]. This was the
- [-400~ explanation given by Hales et al. [2005b] for the

low observed pCO,, but this response was not
seen in July 2008.

=00 Observations made near Newport, OR docu-
mented the occurrence of surface-water pCO,
o \ levels above 1000 patm, with values in excess
42N 126" W 1 24" W -600 of 800 patm broadly distributed over the shelf
[Evans et al., 2011]. These high-pCO, waters first
Figure 1. Map of Oregon (OR) continental margin bathymetry (color appeared in June 2008, during two pulses of

bar, m); data provided by the National Geophysical Data Center (http:// A .
www.ngdc.noaa.gov/mgg/global/global.html). Warm colors highlight strong Upwe”mg favorable winds that drove

the shelf (<200 m). The black line is the July 2008 cruise track of the the surface exposure of deep-origin cold
NOAA Ship McArthur Il. The blue dot is the Oregon State University (~8°Q), saline (~33.5) water. Following the brief

(OSU) NH10 buoy position (44.633°N, 124.304°W; ~20 km from shore) June events. the shelf experienced a brolonged
and the cyan dot is the position of National Data Buoy Center (NDBC) ! p p 9

buoy 46050 (44.641°N, 124.5°W; ~37 km from shore). MODIS satellite
data were extracted for the green box for analysis using a Hovmuller
diagram. Gray line is the track of an OSU Slocum glider between 17
and 21 July 2008.

period of upwelling-favorable winds and high-
pCO, conditions for most of July. The pro-
longed high-pCO, conditions had a large effect

on the estimate of net annual sea-air CO, flux
for the central OR midshelf [Evans et al., 2011]. Our goal here is to understand the mechanisms that limited
phytoplankton community response to this upwelling, with hopes of understanding the likelihood of future
events.

2. Methods

We have combined ship, mooring, satellite and glider observations to examine the response of the phyto-
plankton community to the July 2008 upwelling event. The ship data were collected with a system of sen-
sors for measurement of temperature, salinity, chlorophyll fluorescence and pCO, in a seawater flow-
through system (referred to hereafter as the OSU underway pCO, system). These data were collected from
a single cruise from 12 to 21 July 2008 aboard the NOAA Ship McArthur II. This cruise began in the Columbia
River estuary (46.2°N, 123.9°W) and sampled on-offshore transects southward along the OR shelf and into
northern California waters, before turning north and resampling some transects, most notably the Newport
Hydrographic Line (NH Line; 44.6°N; Figure 1), and ending in Seattle, Washington.

2.1. The OSU Underway pCO, System

The OSU underway pCO, system has been described in detail previously [Evans et al., 2011, 2012, 2013;
Hales et al., 2004], however, some information about this system is given below. The OSU system employed
a LI-COR LI-840 infrared (IR) CO, analyzer to detect CO, in a carrier gas stream equilibrated with seawater
from the shipboard flow-through system. Seawater was delivered to a miniature membrane contactor
(Liqui-Cel 1 X 5.5) at ~300 ml min~', and prefiltration was achieved using a custom tangential flow filter, in
which 1-10% of the main flow was directed radially through an 8 um screen to the membrane contactor.
Airflow through the equilibrator was fixed at 30 ml min~" and data were collected at 1 Hz. Standard
sequences using gases of known CO, mixing ratio (xCO,, ppm) were used to correct for IR analyzer
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inaccuracy. The standards were run with atmospheric samples every 2 h. The carrier gas consisted of marine
air, and no drying of the sample (seawater and atmospheric) or standard gas streams was done. Calibrated
seawater xCO, data were adjusted to pCO, using the measured total equilibrator pressure, and calibrated
atmospheric xCO, data were converted to pCO, using atmospheric pressure measured in the LI-COR cell.
The pCO, system was integrated with a Seabird SBE45 for temperature and salinity, and a probe for moni-
toring temperature in the equilibrator. Sensors in the ship’s surface-water intake provided surface seawater
temperature. Equilibrator-temperature seawater pCO, was then corrected to pCO, at sea surface tempera-
ture (SST) using the difference between ship intake and equilibrator temperatures following Takahashi et al.
[1993] and Dickson et al. [2007]. This correction was done after accounting for the flow-based lag time (~ 1
min) between ship’s intake and equilibrator sensor locations, and was on the order of ~2%.

The pCO, system was also integrated with a chlorophyll fluorometer (WETLabs WetStar; excitation/emission
wavelengths of 460/695 nm). The seawater flow rate was monitored downstream of the pCO, equilibrator
and used for data quality control; data from all measurements were removed during periods of low flow
delivery to the equilibrator (<100 ml min™"). All ancillary measurements were made at 1 Hz coincident with
the pCO, measurement, and the fluorometer was kept clean during the cruise. Chlorophyll calibration of
the fluorometer was described previously [Evans et al., 2013], but was done using extracted chlorophyll
from surface Niskin bottle samples processed according to standard protocols [Holm-Hansen, 1978]. The
intake depth for the seawater flow-through system was 3 m.

2.2. Moored Measurements

Moored observations were made at the OSU NH10 buoy, which is located ~20 km from shore (about half-
way between the shore and the shelf break at 200 m) directly west of Newport at the 80 m isobath (Figure
1). Moored pCO, measurements were made using a Submersible Autonomous Moored Instrument CO, sen-
sor (SAMI-CO,) [DeGrandpre et al., 1995] produced by Sunburst Sensors (http://www.sunburstsensors.com/).
The SAMI-CO, was factory calibrated prior to deployment and positioned immediately under the surface
float on the OSU NH10 buoy. In addition to the pCO, sensor, we deployed a Seabird SBE16plus that meas-
ured and logged temperature and salinity and recorded the signals from a SBE43 sensor for dissolved oxy-
gen. Data from additional thermistors and salinometers positioned at select depths along the mooring line
were provided by the Oregon Coastal Ocean Observing System (OrCOOS; http://agate.coas.oregonstate.
edu/index.html).

We also deployed a WETLabs combination chlorophyll fluorometer and turbidity sensor (FLNTUSB which
uses excitation/emission wavelengths of 470/695 nm for chlorophyll and backscatter at 700 nm for turbid-
ity). The SBE16plus and the additional optics sensors were all positioned at approximately 1 m depth in the
bridle of the buoy, adjacent to the SAMI-CO, sensor, and all measurements were recorded hourly. Copper
tape, faceplates and shutters were used to help prevent biofouling on the FLNTUSB. We only present the
chlorophyll fluorescence data here, which were calibrated using a two-point calibration curve with a zero
concentration and a concentration measured from a Niskin bottle sample collected at the OSU NH10 buoy
position during the July cruise. Hourly measurements of dissolved oxygen, chlorophyll fluorescence, and
pCO, were smoothed using a 32 h running mean to reduce subdaily variability.

Dissolved oxygen values are presented here as AO,, which represent the surface water concentration (umol
kg~") minus the oxygen saturation concentration (umol kg™ ') at the in situ temperature and salinity. The
oxygen saturation concentrations were calculated using the equations described by Garcia and Gordon
[1992]. To remove the effect of warming on upwelled water during the July event, we normalized our moor-
ing pCO, data to a reference temperature of 7.7°C. This was the minimum 32 h running mean temperature
observed in the record on 13 July 2008. The normalization of mooring pCO, data at SST (pCOyssT)) to a tem-
perature of 7.7°C (pCO,(; 7.¢)) was done using the equation from Takahashi et al. [1993]. Since we normal-
ized to the coldest observed temperatures, pCO,7.7:c) will always be less than or equal to pCO,ss), as the
positive effect of warming due solely to decreased gas solubility has been removed.

2.3. Satellite Observations

Level 2 SST (11 um wavelength) and chlorophyll data from the Aqua satellite’s MODerate resolution
Imaging Spectroradiometer (MODIS) were extracted from the NASA Ocean Color website (http://oceancolor.
gsfc.nasa.gov/) for the time period 1 July to 5 August 2008. Level 2 data are swaths with 1 km resolution.
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Usually there are two swaths per day, but cloud contamination inhibits satellite infrared SST and ocean color
measurements. Each Level 2 file was examined to isolate the clearest cloud-free images spanning the July
upwelling event. Using the clearest satellite image that revealed the greatest expanse of cold upwelled
water, the SST front that separates warm offshore surface water from cold recently upwelled water near
shore was defined by examining the cross-shore SST gradient in smoothed MODIS data at the latitude of
the NH Line (Figure 1). A LOESS smoother with a half-power point of 0.3° of longitude was used to reduce
the noise in MODIS SST data along the latitude of the NH Line (Figure 3). The isotherm that represented the
front was defined as the temperature (13.2°C) and location that corresponded with the minimum SST gradi-
ent (—6.9°C (° longitude) ). Temporal variability in satellite chlorophyll data was also analyzed using a
Hovmuller diagram created from data extracted for a box bracketing the NH Line (Figure 1). The pixels
within the box were averaged for each 1 km longitude band to create a time versus longitude section.

2.4. Ancillary Data

Wind data were obtained from the National Data Buoy Center (NDBC) buoy 46050, approximately 37 km off-
shore (Figure 1), to illustrate the wind pattern throughout the July 2008 upwelling event. The Pacific
Fisheries Environmental Laboratory (PFEL) daily and 6 hourly coastal upwelling index (http://www.pfeg.
noaa.gov/products/PFEL/modeled/indices/upwelling/upwelling.html) was also used to show the intensity of
upwelling during the July event relative to the 2008 upwelling season, and to aid in describing the event’s
progression from the initiation to the terminus of upwelling. The upwelling index used here was for 45°N,
125°W. Data from a Slocum glider that surveyed the NH Line between 17 and 12 July 2008 were acquired
from the OSU glider group data archive (http://gliderfs2.coas.oregonstate.edu/gliderweb/). Archived OSU
glider data consisted of temperature, salinity and pressure measurements acquired from a Seabird Glider
Payload CTD, and chlorophyll fluorescence measured with a WETLabs Eco Puck. These data were collected
only during glider ascents through the water column, and archived with a sample interval of ~15 s and
position information only for glider transmissions at the surface. Position was linearly interpolated in time
between glider surface GPS fixes. We calculated chlorophyll from glider fluorometry using a calibration
curve generated from calibrated NH10 buoy chlorophyll measurements and glider fluorometer counts collo-
cated with the buoy observations, and the deepest (200 m) offshore fluorometer counts from the glider as
the zero chlorophyll concentration endpoint.

3. Results

The daily PFEL upwelling index for 2008 showed that dominant upwelling conditions began in May, how-
ever, periods of relaxed upwelling with sporadic episodes of downwelling recurred until a 20 day span of
sustained upwelling initiated in July (Figure 3). We present our results according to phases defined by char-
acteristics in northward wind stress that bracketed this upwelling event (Figure 4). Phase 1 is the transition
from northward to peak southward wind stress (—0.27 N m~2), phase 2 is the period of largely sustained
southward wind stress < —0.05 N m ™2, phase 3 is the span of weaker southward wind stress (>—0.05 N
m~2), and phase 4 is the period of wind stress reversals that proceeded the upwelling event that began 1
August. We include phase 4 even though continuous upwelling had ceased because, as will be shown
below, the coastal ocean was still responding to the 20 days of sustained upwelling (Figure 3).

3.1. Phase 1: Transition to Peak Southward Wind Stress

Early July experienced a brief period of northward wind stress, which then transitioned to southward on 6
July and reached peak levels of —0.27 N m~2 by 7 July (Figure 4). Trends in SST and sea surface salinity
(SSS) at NH10 followed the change in wind stress recorded at NDBC buoy 46050 (Figures 4 and 5). Prior to
the wind shift on 6 July, SST at the NH10 buoy was near 14°C, but then plummeted 6 degrees C over the fol-
lowing 5 days (Figure 5). SSS data at NH10 showed a similar rapid change, with values initially near 30 prior
to the shift in wind direction, which then increased to near 33.5 by the height of upwelling (Figure 5).
MODIS chlorophyll data showed concentrations at the start of upwelling on 7 July near 3 mg m > and
broadly distributed over the shelf, except in the vicinity of the Columbia River mouth where values there
were above 10 mg m ™ (Figure 6). MODIS SST data showed cool surface water (~11°C) only very near shore
on 7 July (Figure 6). The SST front, defined as colocated with the 13.2°C isotherm by the process described
above (Figure 2), was on the shelf along the NH Line with areas of 3 mg m ™2 chlorophyll bracketing its posi-
tion (Figure 6). Surface chlorophyll data recorded on the NH10 buoy confirmed the low values seen by
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Figure 2. (top) MODIS SST (°C) and (bottom) the horizontal SST gradient (°C
(°longitude) —1) along the NH Line on 12 July 2008. The SST data were smoothed
using a LOESS filter with a half-power point of 0.3° of longitude. Negative values of
the SST gradient indicate cooling with increasing longitude. The minimum SST gra-
dient is where the most rapid cooling per increase in longitude took place, and was
used to define the position of the offshore SST front. The minimum SST gradient
(—6.9°C (°longitude)—1) and the corresponding isotherm (13.2°C) are marked with
blue dots in both plots.

MODIS, with concentrations near

3 mgm > on 7 July (Figure 7). Both
AO; and pCOyss) at NH10 were
near equilibrium with the atmos-
phere at the start of upwelling on 6
July, before an extended period of
very low AO, and high pCO, that
persisted for nearly three weeks
(Figure 7).

3.2. Phase 2: Sustained Southward
Wind Stress < —0.05 N m 2

Once southward wind stress reached
—027Nm 2on7 July, lev-

els < —0.05 N m ™2 were largely sus-
tained until 15 July (Figure 4). This 8
day phase coincided with the great-
est degree of upwelling on record for
2008 (Figure 3). The coldest SSTs
were observed at NH10 on 13 July
(Figure 7), 6 days into the period of
sustained southward wind

stresses < —0.05 N m~2 (Figure 4).
Temperatures throughout the water
column at NH10 were near 8°C by 11
July (Figure 5), however, the mixed
layer depth (MLD) was mostly
between 10 and 30 m, as indicated
by differences in potential density
anomaly (Agy) referenced to 2 m
approaching 0.125 kg m ™ (Figure 5).
Only on 10 and 13 July did the MLD
surpass 30 m (Figure 5). MODIS SST
data from 12 July revealed strong
upwelling was underway, with SST
close to 8°C spanning the shelf along
the NH Line and the SST front nearly
20 km west of the shelf break at
44.6°N (Figure 6). The MODIS chloro-
phyll Hovmuller diagram revealed the
offshore advection of the near 3 mg
m 2 chlorophyll water, which was
replaced with water that contained
chlorophyll levels close to T mgm ™
from 7 to 15 July (Figure 8). Excluding
this area of modest chlorophyll levels
near 3 mg m ° at the SST front, the
only other area of elevated chloro-

3

phyll was in a confined patch very near shore at 44°N (Figure 6). The clear sky image of MODIS data on 12
July showed there was no evidence of a large phytoplankton bloom south of the NH Line, downstream of
the area of active upwelling. This would have been expected 6 days into this phase of sustained southward
wind stress < —0.05 N m 2 (Figure 6) had the bloom merely been translated downstream by the mean
alongshore currents. Given that amount of time, an initial chlorophyll level of 1 mg m~? and a conservative

doubling time of 0.5 day ', a phytoplankton bloom with chlorophyll concentrations above 8 mg m™

should have been visible by satellite south of the NH Line.

3
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Figure 3. 2008 Pacific Fisheries Environmental Laboratory (PFEL) daily coastal upwelling index (m>/s/100 m coastline) for the latitude of
OR (45°N). The area in gray highlights a period of sustained upwelling that began 6 July and ended 25 July. The maximum daily value for
2008 (151 m3/s/100 m coastline) was reached during this period on 8 July.

The greatest increase in MODIS chlorophyll levels from those seen on 7 July was in the vicinity of the
Columbia River mouth (Figure 6). Data collected aboard the NOAA Ship McArthur I verified the mooring
and satellite observations seen during this phase of sustained southward wind stress, and showed cold
(~8°C), low-chlorophyll (< 2 mg m~3) water broadly distributed over the shelf near and north of the NH
Line (Figure 9). Chlorophyll measured at the NH10 buoy reached minimum levels on 9 July (~1.3 mg m~3)
and these low levels persisted until 12 July (Figure 7). By the end of this phase on 15 July, chlorophyll con-
centrations at NH10 reached 4 mg m 3 (Figure 7). This moderate increase in chlorophyll was the first indica-
tion of any response from the phytoplankton community at NH10 to the upwelling event, but there was no
such evidence reflected in the records of AO, and pCO, (Figure 7). Following the steep changes in AO, and
pCO, on 6 July, both reached plateaus on 10 July with AO, as low as —120 umol kg~ ' and pCO,ss as high
as 800 patm. Data collected from the ship showed pCO, values close to 1100 patm over the inner shelf near
shore at 44.6°N (Figure 9). The high-pCO, inner shelf water appeared at the mooring site on 15 July, at the
terminus of this phase of sustained southward wind stress < —0.05 N m ™2 (Figure 7). AO, data from NH10
showed no change that coincided with this increase in pCO, (Figure 7).

3.3. Phase 3: Weaker Southward Wind Stress

Southward wind stress abated on 15 July to weaker levels > —0.05 N m~ 2 through 25 July (Figure 4). SST
began to rise at NH10 on 15 July, with values increasing from ~ 8°C to close to 11°C by 24 July, although
SST fluctuated between these two temperatures over this time period (Figure 5). Satellite SST data showed
that surface water had generally warmed to 11°C ooin the vicinity of the NH Line by 23 July, but the SST
front remained off the shelf although with a more irregular pattern than what was seen on 12 July (Figure
6). MODIS Chlorophyll concentrations inshore of the SST front and south of Newport had increased on 23
July from those seen in the previous clear image on 12 July, but with a patchy distribution and levels rang-
ing from 1 to 10 mg m > (Figure 6). The Hovmuller diagram indicated chlorophyll had increased on 22 July
from the low levels seen during phase 2 over the shelf, although MODIS retrievals were heavily cloud-
contaminated between 15 and 22 July (Figure 8). Chlorophyll data from NH10 were generally static with lev-
els close to 4 mg m ™2 for the entire third phase of the upwelling event (Figure 7), and these concentrations

Northward Wind Stress (N m)

07/06 07/11 07/16 o7/21 07/26 07/31

Figure 4. Northward wind stress (N m~2) at the NDBC buoy 46050 (Figure 1) spanning the July 2008 upwelling event (Figure 2). Negative
values indicate southward wind stress that drives offshore Ekman transport of the surface layer and coastal upwelling along the north-
south oriented OR coast. Vertical dashed lines demarcate the phases of the upwelling event; where phase 1 (P1) is the transition from
northward to peak southward wind stress (—0.27 N m~2), phase 2 (P2) is the period of largely sustained southward wind stress < —0.05 N
m™?, phase 3 (P3) is the period of weaker southward wind stress, and phase 4 (P4) is the span of reversals in wind stress that proceeded
the subsequent upwelling event that began 1 August (Figure 3).
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Figure 5. (top) Temperature (°C), (middle) salinity, and (bottom) potential density anomaly differences (Ac0; kg m~3) from the NH10 buoy
site (Figure 1). Records are from 5 July to 3 August 2008. Depths where temperature and salinity data were recorded are indicated by color
and the legend in the top plot. Corresponding Aa0 at those depths, relative to a0 at 2 m, are also indicated by color and the legend in the
bottom plot. The horizontal black bar at Ac0 = 0.125 kg m~2 is a criterion for the depth of the mixed layer. Vertical dashed lines demarcate
the phases following Figure 4. Vertical gray bars represent days when clear skies permitted the retrieval of MODIS SST and chlorophyll
data. Vertical blue bars are days the NOAA Ship McArthur Il passed by the NH10 buoy.

were also seen in the data collected by the NOAA ship McArthur Il along the NH Line on its northward
transit (Figure 9). The AO, and pCO, records from NH10 had trajectories that indicated a growing response
from the phytoplankton community to the upwelling forcing, as both moved toward equilibrium with the
atmosphere during phase 3 of the event (Figure 7). The concurrent adjustment of both gases, one of which
being buffered by the marine carbon system, occurred without a coincident change in phytoplankton bio-
mass (i.e., chlorophyll). The 20 day July upwelling event (Figure 3) ended when wind stress reversed on 25
July (Figure 4).

3.4. Phase 4: Wind Stress Reversals Preceding Next Upwelling Event

We consider phase 4 important because during this time the biogeochemistry of the coastal ocean contin-
ued to respond to the upwelling forcing prior to the start of the next upwelling event. From 25 July to 1
August, there were large, short-lived excursions in all parameters that were related to reversals in the wind
stress and advection of water masses with distinct temperature and salinity characteristics, some of which
are indicative of warmed upwelled water (Figure 5). Large changes in AO, and pCO, accompanied these
changes in the water source. A warm, low-salinity surface layer moved past NH10 that initially drove an
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Figure 6. (left) MODIS Level 2 SST (°C) and (right) chlorophyll (mg m™3) from individual passes on clear days spanning the July 2008
upwelling event. The black contours mark the 13.2°C SST contour, defined here as the position of the SST front between warm offshore
water and cold recently upwelled water near shore (Figure 2). The magenta east-west horizontal bar is the NH Line extending from shore
to the shelf break, and represents the shelf width west of Newport, OR. The dot near the center of this line is the OSU NH10 buoy position

(Figure 1). Chlorophyll data are plotted in log scale. The offshore cool SSTs, most evident on 23 July, are cloud-contaminated data.
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Figure 7. NH10 buoy surface data from 5 July to 1 August 2008: (top) chlorophyll (mg m ™), (middle) AO2 (umol kg™ "), and (bottom)
pCO2 (pnatm) at SST (black) and referenced to the minimum SST that occurred on 11 July (7.7°C; red line). Horizontal lines in the middle
and bottom plots are saturation values for AO2 and pCO2, respectively. Vertical dashed lines demarcate the phases following Figure 4.
Vertical gray bars were clear sky days when MODIS data were retrieved, and vertical blue bars are days the NOAA Ship McArthur Il passed
by the NH10 buoy.

increase in AO, and a decrease in pCO, over the course of a day (Figure 7). Another cooler and saltier sur-
face layer then followed for a day with AO, near —40 umol kg~ and pCOysst) Up to 1200 patm (Figure 7).
pCOy7.7°c) Was ~150 patm lower than pCOysst) during this brief episode, indicating that some of the
observed pCO, increase was due to warming, but that most of the signal must have been from an increase
in DIC that coincided with the ephemeral transition in the wind stress (Figure 7). This ephemeral event is dif-
ficult to diagnose with the buoy data alone, but highlights the rapidly changing conditions seen at the
mooring site following this prolonged upwelling event as the water column is restructuring. In this Eulerian
sense, variability in surface-water pCO, at the mooring is greatest during the transition period from upwell-
ing to relaxation, and single point measurements during this time would be hugely misleading.

Between 28 July and 1 August, SSS at the mooring was near 33.5, equivalent to that observed previously in
upwelled water, indicating that the water mass present at the mooring site at that time was aged upwelled
water that had been at the surface long enough for SST to warm by ~4°C (Figure 5). Phytoplankton biomass
(i.e., chlorophyll) in this water had increased by five-fold from the values observed during the second phase
of the upwelling event (Figure 7). MODIS chlorophyll data revealed that this increase at NH10 could be
attributed to a large phytoplankton bloom that now spanned much of the shelf (Figure 6), and the SST front
had regressed toward the coastline. The water mass present at the mooring site not only contained high
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phytoplankton biomass (i.e., chlorophyll), but
also the biogeochemical signatures of high rates
of primary production. The large phytoplankton
bloom drove high positive AO,, and pCO, levels
well below saturation with respect to the atmos-
phere (Figure 7), ending a 23 day period of sus-
tained CO, outgassing. The end of outgassing at
NH10 lagged the first reversal in wind stress by
5 days (Figures 4 and 7).

4. Discussion

The observations presented span the strongest
and longest period of sustained upwelling on
the OR coast in 2008 (Figure 3), and this event
caused the prolonged exposure of high-pCO,
water to the atmosphere on the Oregon shelf
(Figures 5 and 7). The combination of high wind
speeds and persistent oversaturation of surface-
water pCO, generated large fluxes that had a
significant impact on the annual sea-air CO,
exchange estimated for this region [Evans et al.,
2011]. Here we aim to elucidate the apparent
lack of a phytoplankton response shortly follow-
ing the initiation of this upwelling event that
should have drawn down the elevated pCO,,
= ——— thereby driving the shelf toward a net sink for

126.0°W  124.5°W CO, as described by Hales et al. [2005b]. Had the
Figure 8. Time versus longitude Hovmuller section of MODIS Level 2 water experienced full biological response over
chlorophyll (mg m ) data from the on-offshore box shown in Figure the 9 day period of sustained strong southward
1. Chlorophyll data are in log scale and the black vertical line is the wind stresses described above, chIorophyII con-
longitude of the OSU NH10 buoy. Gray dashed horizontal lines delin- .
eate the phases of the July 2008 upwelling event (Figure 4). centrations could have reached levels above

35 mg m > assuming no loss terms, complete

nitrate utilization, and a conservative doubling
time of 0.5 day ' with the initial chlorophyll concentration of 2 mg m > seen at the NH10 buoy site (Figure
5). This net phytoplankton growth and nitrate uptake would have resulted in a AO, increase by 350 mmol
m~3, and a pCO, decrease to values below 200 patm. None of these were observed, however, as there was
no evidence of increased chlorophyll at the mooring site or downstream of the region of active upwelling
through the first two phases of this event. From our satellite, ship and mooring perspectives, it appeared as
if the coastal ocean off Oregon was not conducive to a strong phytoplankton response from the large pulse
of upwelled nutrients until more relaxed conditions were reached during phase 3. Wilkerson et al. [2006]
report that the optimal window for a phytoplankton bloom to accumulate is 3-7 days following an upwell-
ing pulse based on results collected during the Coastal Ocean Processes: Wind Events and Shelf Transport
(CoOP WEST) study. From our results, this optimal window didn’t appear to initiate until the start of phase 3
of the July 2008 upwelling event.

M
.Ju|22W||.-_IHII{II W "Ii

We believe a number of limiting factors can immediately be excluded as possible causes for retarding the
development of a phytoplankton bloom in response to the 2008 upwelling event. All previous data have
shown tight coupling between high pCO, and low O,, as did our validations samples here, so macronutrient
limitation cannot be implicated. Iron limitation can not be invoked here because OR shelf waters are high in
iron, and iron stress has never been demonstrated [Chase et al., 2005, 2007]. High ammonium concentra-
tions can inhibit nitrate uptake in upwelling regions [Kokkinakis and Wheeler, 1987], however the values
observed during our cruise were at most 0.8 uM (W. Peterson, unpublished data, 2008) and not high
enough to cause a long delay in phytoplankton growth (P. Wheeler, personal communication, 2011). Seed
stock can not be an issue here because incubation studies using water collected below the mixed layer

EVANS ET AL.

©2015. American Geophysical Union. All Rights Reserved. 1455



QAGU

(~28 to 70 m) and from the benthic
boundary layer have developed blooms
on the order of days [Wetz and Wheeler,
2003; Wetz et al., 2004]. Similarly, light
limitation likely is not a factor because
growth was observed to occur at 40-50%
of the surface irradiance in winter [Wetz
et al., 2004]. Also, based on estimating the
mixed layer depth by a density difference
of 0.125 kg m > from a 2 m reference
level, the mixed layer was consistently
shallower than 30 m (Figure 5). For there
to be a deleterious effect on phytoplank-
ton growth from a deep mixed layer, we
should anticipate a large decoupling
between mixed layer depth and euphotic
zone depth, and that was likely not
encountered during July 2008.

One process that most likely explains the
delay of a large bloom is the short expo-
sure time of upwelled water to the sur-
face. While the intense upwelling
persisted for 9 days, the water as it passed
the mooring had probably never been at
the surface for a comparable amount of
time. Cross-shelf transport affects the
exposure time of freshly upwelled water
at the surface, in that the slower the trans-
port for a given distance between out-
cropping and subduction points, the
longer upwelled water will be in contact
with the atmosphere over the shelf before
encountering and subducting underneath
lighter offshore waters [Austin and Barth,
2002; Flament et al., 1985; Fortier et al.,
2008]. Estimates of the exposure time of
freshly upwelled water at the mooring site
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Figure 9. (left) SST (°C), salinity, chlorophyll (mg m3) and pCO2 (natm) from
the southbound portion of the cruise aboard the NOAA Ship McArthur Il (12—
17 July 2008). (right) Same as the left but for the northbound portion of the
cruise (17-21 July 2008).

can be made from both the physical and
chemical data. The average PFEL 6 hourly
upwelling index over the 7-15 July period
of strong upwelling was 107 m*/s/100 m
of coastline. Assuming a surface mixed
layer of 20 m and that upwelled water first
outcrops at the beach in Newport, OR
(~20 km from the mooring site), this

equates to a cross-shelf velocity of nearly 5 km d~' and an exposure time of 4 days for the water prior to
reaching the mooring location. Exposure time can also be estimated using the oxygen data, and since dis-
solved O, is not a buffered gas, unlike CO,, its response to gas exchange is rapid. The period of persistent
strongly undersaturated AO, between 10 and 15 July in the face of swift gas exchange implies very short
exposure times. Given a gas transfer velocity for O, of 6 m d™' based on mean wind speeds for this phase
of the upwelling event and the gas transfer formulation of Ho et al. [2011], and a 20 m mixed layer, the
response time for O, to reach equilibration with the atmosphere should be ~3 days; however we saw
strongly undersaturated O, during this interval, suggesting a much shorter surface exposure time. Based on
these physical and chemical estimates, the exposure time of upwelled water at NH10 during the period of
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strong upwelling was at most 4 days, but likely shorter, given the assumption of a maximal cross-shelf dis-
tance between the mooring and the hypothetical locus of upwelling.

During upwelling conditions, inner to midshelf surface water is generally moving alongshore and offshore
[Barth et al., 2005; Kosro, 2005] such that the possibility exists for a phytoplankton bloom downstream of
the upwelling center near Newport OR. However, no downstream phytoplankton bloom was observed in
MODIS data (Figure 6) or from the ship (Figure 8), which supports the idea that upwelled water on the cen-
tral Oregon shelf was exposed to the atmosphere for only a short period relative to the time needed for a
phytoplankton bloom to occur during the July 2008 upwelling event. Recently upwelled water was not at
the surface long enough for a large phytoplankton response to occur so as to draw pCO, down to below
atmospheric levels and prevent the large effluxes that were reported by Evans et al. [2011].

Subduction of recently upwelled water must be occurring in order for no large phytoplankton bloom to
develop on the time scale expected (~5 days) in the face of a shallow mixed layer (<30 m), typically strong
summer solar irradiances and presumably ample nutrients following the initiation of the July 2008 upwell-
ing event. Only within a small region of Heceta Bank did satellite data show any indication of blooming phy-
toplankton (Figure 6) during the period of strong upwelling (Figure 4). We hypothesize that the subduction
of cold, freshly upwelled surface water below warmer offshore surface water at convergent SST fronts may
be responsible for the decoupling between upwelling and productivity that resulted in persistent CO, efflux
to the atmosphere. Evidence of subduction in coastal upwelling settings exists, with strong vertical trans-
port having been observed to inject coastal chlorophyll and biogenic particulate carbon below the euphotic
zone in offshore waters [Barth et al,, 2002; Flament et al., 1985; Kadko et al., 1991]. However, these studies
do not agree on the exact physical mechanism driving this process. Flament et al. [1985] suggested the
mechanism was driven by the convergence of heavier coastal water with lighter offshore water, which may
relate to a secondary circulation pattern within the more general concept of coastal upwelling [Allen et al.,
1995; Mooers et al., 1976] that can result in vertical transports on the order of 9 m d ™' [Flament et al., 1985].
Kadko et al. [1991] did not suggest a mechanism for the deep chlorophyll feature they observed offshore,
however they proposed vertical velocities of 27 m d~ ' based on the **?Rn deficit in subducted water. Barth
et al. [2002] suggested that offshore deep chlorophyll features are caused by the conservation of potential
vorticity along the meandering path of the California Current jet [Barth et al., 2005]. As a coastal water mass
is moved offshore, the water column height increases, and the water mass is forced downward along slop-
ing isopycnals.

Serendipitously, a Slocum glider occupation of the NH Line during the July 2008 upwelling event captured
a deep chlorophyll feature that originated at the surface near shore and extended to near 70 m offshore of
the NH10 buoy position (Figure 10). We can estimate the depth of limiting photon flux using the compensa-
tion light intensity reported by Wetz et al. [2004] and MODIS Level 2 photosynthetically active radiation
(PAR) and diffuse attenuation coefficient at 490 nm (k490) data. The depth of limiting photon flux is defined
as: Z.pr = In(0.75/PAR)/k40, Where 0.75 is the compensation light intensity (mol quantam™2d ). Figure 11
shows Z p for 12 and 23 July, clear-sky dates bracketing the glider transect. Even during the day of more
intense upwelling and lowest surface chlorophyll concentrations, the Z, oz was broadly 60 m near shore to
30 m over the outer shelf. These depths shoaled by 23 July, indicated that the chlorophyll feature observed
by the glider was not produced locally, but injected from the surface layer above the depth of the Z pr. We
note that this chlorophyll feature appears to originate at the surface inshore of NH10, and is spatially dis-
tinct for the large-scale SST front that separates recently upwelled shelf water from warm offshore waters
[Austin and Barth, 2002; Flament et al., 1985; Fortier et al., 2008]. This suggests that there may be multiple
loci of upwelling, whereby typical coastal upwelling occurs in concert with wind-stress curl induced upwell-
ing [Dever et al., 2006]. With multiple loci of upwelling, it is then also possible that there are multiple regions
of subduction, and the SST gradient we defined above as the region of subduction is one of many in this
dynamic coastal setting. Only when upwelling/downwelling conditions settle down can there be an accu-
mulation of phytoplankton biomass resulting in drawn down surface-water pCO,. This is consistent with the
results of the CoOP West study that report most optimal conditions for phytoplankton accumulation during
periods of lower upwelling index and longer sustained relaxation [Wilkerson et al., 2006]. There is not a con-
sensus yet as to the mechanism that causes subducting features in the coastal ocean, however there is no
disagreement that deep features of coastal origin do exist. Subduction processes were likely responsible for
removing freshly upwelled surface water during the July 2008 upwelling event, preventing the
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Figure 10. Depth (m) versus distance from shore (km) sections of (top) temperature (°C), (middle) salinity, and (bottom) chlorophyll (mg m~3) data collected by an OSU Slocum glider
between 17 and 21 July 2008 along a transect of the NH Line during Phase 3 of the upwelling event. The gray dashed vertical line marks the position of the NH10 buoy (Figure 1).
Chlorophyll data are on a log scale.

development of a phytoplankton bloom and allowing the persistence of high-pCO, conditions over the
central Oregon shelf. This of course has consequences for the DIC and nutrient status of ocean interior
waters, and the subsequent biological response, when they outcrop once again at the ocean surface.
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Figure 11. Depth of limiting photon flux (ZLFP; m) for (left) 12 July and (right) 23 July. Depth of limiting photon flux was calculated by
altering the equation for estimating the depth of the euphotic zone, Zeu = In(0.01)/k490, to ZLPF = In(0.75/PAR)/k490, where 0.75 is the
compensation light intensity (mol quanta m~2 d™") reported by Wetz et al. [2004], PAR is MODIS Level 2 photosynthetically active radiation
(mol quanta m~2d ") and k490 is the diffuse attenuation coefficient at 490 nm.
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The July 2008 upwelling event was remarkable in that it caused high-pCO, water to persist at the surface
for an extended period of time due to the slow phytoplankton response in comparison to the short expo-
sure time for recently upwelled water. Additional lines of evidence that short exposure time of upwelled
water caused a negligible phytoplankton response are the changes in chlorophyll, AO, and pCO, at NH10
that coincided with the decrease in southward wind stress. During phase 3 of the upwelling event, the aver-
age daily PFEL upwelling index was 54 m?/s/100 m of coastline. Assuming, again, a 20 m mixed layer and
that upwelled water outcrops adjacent to the coast, this implies a longer exposure time of 9 days that per-
mitted a phytoplankton response from the upwelling event. The slight increase in chlorophyll, steady
increase in AO, and the decrease in pCO, during this period are all photosynthetic trends and evidence of
an initiating phytoplankton response to the upwelling-supplied nutrients enabled by a longer exposure
time of upwelled water. During phase 2 of the upwelling event, short exposure time of upwelled water was
driven by strong southward wind stresses, rapid cross-shelf transport and subsequent subduction at conver-
gent SST fronts. There is mounting evidence of increased upwelling intensity and persistence over the 20th
century [Bakun, 1990; Garcia-Reyes and Largier, 2010, 2012; McGregor et al., 2007; Merryfield et al., 2009;
Sydeman et al., 2014; Toggweiler and Russell, 2008], with upwelling intensity predicted to increase under cli-
mate change scenarios [Snyder et al., 2003; Sydeman et al., 2014; Toggweiler and Russell, 2008]. In addition,
the surface warming of open ocean waters predicted by climate change scenarios [Levitus et al., 2000] will
result in a stronger contrast between offshore waters and upwelled water on the shelf, and therefore stron-
ger convergent SST fronts. Thus, as upwelling intensity increases and the surface waters of the offshore
North Pacific warm, the unchecked outgassing observed during July 2008 will become more prevalent.

Episodes of prolonged outgassing have significant implications for carbon cycling in these coastal waters in
a changing climate. First, Evans et al. [2011] showed that these events have a significant impact on the net
annual sea-air CO, exchange for the region. System changes leading to dominance of these conditions
would shift this region from a significant net annual sink for atmospheric CO, to a net annual source.
Second, Hales et al. [2006] suggested that the absence of relaxation events could be linked to on-shelf
retention of particulate organic carbon produced by shelf phytoplankton. Under the conditions seen during
the July 2008 upwelling event, the lack of a strong phytoplankton response would imply low vertical partic-
ulate organic carbon export to shelf bottom waters. The local respiration signal in already low-O, upwelling
source waters should therefor be minimized due to this reduced input and not add to on-shelf hypoxia, per-
haps slowing the apparent trend of increasing hypoxia reported by Chan et al. [2008]. Finally, low aragonite
and calcite saturation states characterize high-pCO, upwelled water in this region [Feely et al., 2008; Harris
et al., 2013]. During this event in July 2008, oyster seed production collapsed at the Whiskey Creek Hatchery
in Netarts Bay, OR [Barton et al., 2012; Scigliano, 2011]. The failure in production was caused by the introduc-
tion of corrosive upwelled waters into the hatchery during the July event [Barton et al., 2012; Kerr, 2010]. If
these events become more prevalent in the future, the consequences for coastal marine life due to
increased exposure to corrosive waters are clearly serious and will have cascading economic effects.

5. Conclusions

The data presented are from a prolonged and intense upwelling event in July 2008 that had a large impact
on the annual sea-air CO, flux for the central Oregon midshelf. Exposure time of upwelled water to the
atmosphere was rapid relative to phytoplankton response times, and was followed by subduction below
low-density offshore waters at convergent SST fronts prior to bloom formation. Once upwelling weakened,
exposure time lengthened, and a phytoplankton response to the upwelling-supplied nutrients was
observed. These observations show that the surface exposure time of upwelled water is critical for a phyto-
plankton response and CO, drawdown, with consequences for the overall sink/source nature of the shelf,
the chemical composition of the offshore subducted waters and the exposure of coastal animals to hypoxic
and corrosive waters.
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