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Abstract Shifting baselines in the Arctic atmosphere‐sea ice‐ocean system have significant potential to
alter biogeochemical cycling and ecosystem dynamics. In particular, the impact of increased open water
duration on lower trophic level productivity and biological CO2 sequestration is poorly understood. Using
high‐resolution observations of surface seawater dissolved O2/Ar and pCO2 collected in the Pacific Arctic in
October 2011 and 2012, we evaluate spatial variability in biological metabolic status (autotrophy vs
heterotrophy) as constrained by O2/Ar saturation (ΔO2/Ar) as well as the relationship between net
biological production and the sea‐air gradient of pCO2 (ΔpCO2). We find a robust relationship between
ΔpCO2 and ΔO2/Ar (correlation coefficient of −0.74 and −0.61 for 2011 and 2012, respectively), which
suggests that biological production in the late open water season is an important determinant of the air‐sea
CO2 gradient at a timeframe of maximal ocean uptake for CO2 in this region. Patchiness in biological
production as indicated by ΔO2/Ar suggests spatially variable nutrient supply mechanisms supporting late
season growth amidst a generally strongly stratified and nutrient‐limited condition.

Plain Language Summary The Arctic is experiencing rapid change. One of the most notable
changes is an increase in the length of time coastal areas of the Arctic are ice‐free in summer, which may
affect the growth patterns of microscopic marine plants at the bottom of the food chain in Arctic ecosystems.
We investigate how the growth at the base of the food chain is responding to these sea ice changes in the late,
“open water” period. To track growth, we measure the oxygen content of the surface ocean, which
constrains the balance of growth and loss as marine plants photosynthesize and then are consumed and
decomposed. We also relate the spatial patterns of net growth to the amount of carbon dioxide (CO2) gas
dissolved in the surface ocean to evaluate the potential impact of biological activity on the uptake of this
important greenhouse gas into the surface ocean. We find a surprising relationship between growth and
areas of CO2 uptake by the ocean. This finding is important because it suggests that the biological
community facilitates carbon dioxide uptake during a timeframe when previously growth would be
inhibited by ice cover.

1. Introduction

The Arctic Ocean is presently undergoing rapid and significant transition in response to climate forcing,
with a well‐documented decline in sea ice extent, reduction in the average ice thickness, and an increase
in open water duration (e.g., Barnhart et al., 2016; Kwok & Rothrock, 2009; Overland & Wang, 2013). An
increase in the seasonal sea ice melt, coupled with trends in terrestrial freshwater inputs, has increased
upper ocean freshwater content, increasing stratification and potentially impacting exchange of heat and
carbon between ocean and atmosphere (e.g., Carmack et al., 2016). These physical system changes will
undoubtedly have important consequences for biogeochemical cycling and ecosystem functioning in the
Arctic; however, the magnitude and direction of change is currently difficult to predict among multiple
confounding responses to individual trends. For example, lower trophic level primary productivity (PP) is
predicted to increase in response to declining sea ice extent as a longer open water season and enhanced
penetration of light through thinner ice reduces light limitations on growth (Arrigo et al., 2008; Arrigo &
van Dijken, 2015; Pabi et al., 2008). However, observations of increasing cloudiness associated with larger
open water area would temper these increases (Bélanger et al., 2013). Moreover, reductions in light
limitation will not increase PP in regions already limited by availability of inorganic nitrogen, as is
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typically the case in the Pacific sector of the Arctic by early August. Therefore, changes in nutrient supply,
whether by remote, large‐scale forcing or more local, episodic forcing, are required to utilize an extended
growing season and drive shifts in PP (e.g., Grebmeier et al., 2015; Tremblay et al., 2015).

With respect to shifting biogeochemistry and ecology, shoulder seasons flanking the short Arctic summer
are of particular interest. These transitional windows are occurring earlier/later (Grebmeier et al., 2015)
presenting opportunities for spatial and temporal mismatches between growth of primary producers and
higher trophic levels, and likely impacting vertical or lateral export characteristics of biogeochemically rele-
vant variables. For example, an earlier spring ice retreat bloom and faster transition from ice‐covered to open
water conditions may influence grazing and vertical carbon export to benthic communities on Arctic shelves
(e.g., Grebmeier et al., 2006, Kahru et al., 2011; Wassmann & Reigstad, 2011). Potential shifts in the late
summer shoulder season (September–October) may also be significant: A delayed freeze‐up allows passing
low‐pressure storm systems to impart momentum to the still ice‐free, shallow Arctic shelves, potentially
enhancing mixing and the supply of “new” nutrients to otherwise depleted surface waters (Wassmann &
Reigstad, 2011). This local, episodic supply of nutrients can increase annual PP and allow surface phyto-
plankton communities to capitalize on the extended growing season over which light is not limiting.

Several recent studies have indicated a role for storms in fueling late open water season biological produc-
tivity. A pan‐Arctic analysis of phytoplankton bloom phenology from satellite‐derived chlorophyll suggested
an increased occurrence of fall blooms, with particularly notable changes in the Pacific Arctic sector (i.e.,
>30% increase in 2007–2012 vs 1998–2001 for the Chukchi Sea), attributed to an increased frequency of
storms over the same period (Ardyna et al., 2014). In a separate study, high‐frequency microstructure profil-
ing and water sampling at a fixed location (Eulerian observatory) in the northern Chukchi Sea indicated sig-
nificant increases in upper ocean kinetic energy dissipation rate and upward nutrient flux following three
separate storm events with wind speed >10 m/s in September 2013 (Nishino et al., 2015). Finally, Pickart
et al. (2013) showed an increased frequency of storm events likely to drive coastal upwelling in the vicinity
of Barrow Canyon (Figure 1) in recent decades (1991–2010) based on evaluation of a 70‐year weather station
record from Barrow, AK (United States). Their analysis suggested that (1) storms occurred more frequently
in spring (May) and fall (September–November) because of interactions between the strength/position of the
Beaufort High and Aleutian Low atmospheric pressure centers and 2) vertical nitrate supply associated with
these events could fuel PP equivalent to 25–50% annual PP estimates based on 14C‐incubations (Hill &
Cota, 2005).

The impact of these physical and ecological changes on the trajectory of air‐sea CO2 uptake in the Arctic is
presently uncertain, and importantly, trajectories of Arctic shelves and deep basins may differ markedly.
Cold, highly productive Arctic shelves are predisposed to efficient seasonal sequestration of CO2 (Bates &
Mathis, 2009; Takahashi et al., 2014), and some regional ocean models suggest an increase in continental
shelf biological pump activity over an extended growing season can offset sink reductions driven by warming
surface temperatures (Manizza et al., 2013). However, observational evidence suggests warming and
enhanced stratification (which acts to depress biological carbon sequestration) is already reducing the sink
in the deep Beaufort basin of the Western Arctic (Cai et al., 2010; Else et al., 2013). While significant
improvements in coverage of air‐sea CO2 flux are allowing refinements in Arctic CO2 uptake estimates
(Evans et al., 2015), separation of CO2 uptake into abiotic and biotic drivers is difficult owing to the slow
equilibration time scale for CO2 in the upper ocean, and biological rate measurements that impact oceanic
CO2 concentrations over short time scales but are poorly distributed in space and time. Coupled measure-
ments of biological rate terms and air‐sea CO2 fluxes are exceedingly rare. This hinders efforts to evaluate
future trajectories of air‐sea CO2 flux and ground‐truth the predictions of remote‐sensing PP algorithms
and ecosystem models.

Here we utilize high‐resolution observations of dissolved gases (O2, Ar, and pCO2) to evaluate net biological
productivity and investigate biological control of air‐sea CO2 flux in the Pacific Arctic sector in the late open
water shoulder seasons of October 2011 and 2012. Our data provide unprecedented detail on the spatial
variability of biological production throughout the Pacific Arctic region, allowing us to evaluate mechanisms
contributing to observed patterns. We also find a robust association between late season production rates
and the air‐sea pCO2 gradient which suggests an important role for biologically mediated CO2 uptake during
the late open water season.
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2. Methods and Approach
2.1. Net Biological Production From ΔO2/Ar

The biological input/removal of O2 during photosynthesis and respiration causes dissolved oxygen content
of seawater to deviate from air‐sea equilibrium. Dissolved oxygen saturation (ΔO2), the ratio of observed oxy-
gen concentration ([O2 meas]) to oxygen concentration expected at solubility equilibrium ([O2 sat]) set by tem-
perature (T), salinity (S), and atmospheric pressure, allows these changes to be tracked easily:

ΔO2 %ð Þ ¼ 100
O2 meas½ �
O2 sat½ �

� �
−1: (1)

However, in many oceanic settings biotic saturation changes are convoluted by abiotic factors which also
influenceΔO2. For example, a recent warming or cooling of the surface ocean would cause O2 to be tempora-
rily supersaturated or undersaturated, respectively, as the new solubility equilibrium changes. Breaking
waves and bubble injection also cause abiotic gas supersaturation (Hamme & Emerson, 2002; Stanley
et al., 2009). These abiotic effects drive saturation change of similar magnitude to biotic effects in all but
the most intensely productive systems.

Observations of O2/Ar saturation (ΔO2/Ar) allow biotic forcing to be separated from the total gas satura-
tion (ΔO2) since the inert gas Ar tracks abiotic saturation changes (e.g., Craig & Hayward, 1987; Kaiser
et al., 2005):

ΔO2=Ar %ð Þ ¼ 100
O2

Ar

� �
meas=

O2

Ar

� �
sat−1

� �
; (2)

where O2
Ar

� �
meas is the measured ratio and O2

Ar

� �
sat the solubility equilibrium ratio (Garcia & Gordon, 1992;

Hamme & Emerson, 2004). The O2
Ar

� �
meas can be determined at sea near‐continuously using a quadrupole

Figure 1. Map of the Pacific Arctic region showing major circulation, bathymetry, and location features referred to in the
text.
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mass spectrometer interfaced to a system for gas extraction from surface seawater (equilibrated inlet mass
spectrometer, EIMS; Cassar et al., 2009). The quotient ΔO2/Ar represents the net biologically driven O2

saturation. A ΔO2/Ar > 0 indicates a net autotrophic community, with positive net community production
(NCP) implied, and ΔO2/Ar < 0 indicates a heterotrophic community (NCP < 0). The residence time of dis-
solved O2 in the surface mixed layer with respect to gas exchange (which drives ΔO2 and ΔO2/Ar toward
equilibrium) is typically ~2 weeks, a function of the ratio of mixed layer depth to the gas transfer rate
(kO2). Therefore, ΔO2/Ar indicates the time‐integrated net metabolism over this timeframe (Kaiser et al.,
2005; Teeter et al., 2018).

We continuously monitoredΔO2 andΔO2/Ar in surface seawater of the Pacific Arctic sector on twoUSCGC
Healy cruises in October 2011 and 2012. Details of analysis are similar to previous studies (Cassar et al., 2009;
Hamme et al., 2012) and are reported with online data (arcticdata.io, doi:10.18739/A21G22). Briefly, the
ΔO2/Ar was determined by EIMS measurement of seawater supplied from the surface underway system
(nominal intake at 8 m) through several coarse filters to a small contactor membrane (Liquicel
Micromodule G569) from which a 2 m × 0.5 μm OD‐fused silica capillary sampled equilibrated sample air
in the contactor headspace. Ion current ratios were monitored with a Pfeiffer Prisma Plus QMA 220 and
the O2/Ar ion current ratio was calibrated with outside air measured every 2 hr. Measurements were binned
into ca. 2‐min intervals, for an effective sampling resolution of ~0.5 km during ship transits. Bottle samples
were drawn twice daily from the underway seawater flow and stored for later analysis. Shore‐side, ΔO2/Ar
was determined on bottle samples using a Thermo 253 Isotope Ratio Mass Spectrometer (as in Juranek et al.,
2012). EIMS‐based ΔO2/Ar observations were evaluated against time‐matched bottle samples for potential
offsets. The majority of the data did not require any offset correction, with bottle samples matching
EIMS‐ΔO2/Ar within uncertainty of bottle‐based measurements (±0.3%) and no evidence of bias.
However, after notable system events (e.g., restarting after power interruption, filament change, contactor
membrane change) offsets between bottle and EIMS‐ΔO2/Ar were sometimes evident. To correct
EIMS‐ΔO2/Ar, all bottle data over the affected time period were averaged to determine a mean correction
(as in Hamme et al., 2012). Standard error of these corrections, based on groupings of 4–8 bottle samples,
was less than 0.2%. Details of these offset corrections are discussed in the documentation provided with data
at arcticdata.io (doi:10.18739/A21G22).

To constrainΔO2, we utilized a Seabird Scientific SBE43‐dissolved oxygen sensor maintained as part of flow-
through sensor suite by the Healy shipboard scientific technical support group. The sensor data were cor-
rected using Winkler surface seawater samples collected from the surface underway periodically
throughout the cruise. Details on these corrections are also available with the online data documentation.

2.2. Surface Seawater pCO2 Observations

To evaluate the impact of net biological CO2 uptake on Pacific Arctic air‐sea CO2 exchange we compare
ΔO2/Arwith the observed sea‐air pCO2 disequilibrium (ΔpCO2= pCO2 sw− pCO2 atm, where subscripts refer
to surface seawater and atmosphere, respectively). Surface pCO2 sw was measured near‐continuously on
2011 and 2012 Healy cruises using a shower‐type air‐seawater equilibrator system similar to that described
by Sutherland et al. (2017). The nondispersive infrared CO2 analyzer was calibrated every 6 hr using five
reference CO2‐air mixtures (CO2 concentrations ranging from 150 to 750 ppm) certified by the
NOAA/Earth System Research Laboratory, Boulder, CO. All surface pCO2 sw data, as well as details on data
processing, are available online (Takahashi et al., 2017, and www.ldeo.columbia.edu/CO2). Because mea-
sured pCO2 atm on 2011 and 2012 Healy cruises were often contaminated with ship exhaust, we computed
ΔpCO2 using monthly averaged pCO2 atm measured at the Barrow (United States) Meteorological Station
(389 and 394 ppm mole fraction in dry air in October 2011 and 2012, respectively, NOAA ESRL Global
Monitoring Division, 2016) corrected for the monthly mean barometric pressure fromNCEP Reanalysis pro-
vided by NOAA ESRL (http://www.esrl.noaa.gov/psd/).

2.3. Meteorological Products

We obtained wind products (u and v components for wind referenced to 10m above the sea surface) from the
NCEP North American Regional Reanalysis provided by NOAA/OAR/ESRL Physical Sciences Division,
Boulder, Colorado, United States, website at http://www.esrl.noaa.gov/psd/. Daily‐averaged directional
components were used to determine gridded wind speed for the timeframe corresponding to 2011 and
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2012 observations as well as up to 60 days prior. Wind speed history was used to evaluate presence of storm
events for our region of study, as well as to calculate gas exchange rates for O2 and CO2 (as described in
section 6).

3. Regional Setting

The study area included three Pacific Arctic marginal seas—northern Bering, Chukchi, and western
Beaufort (Figure 1)—with distinct identities in terms of water masses, circulation, and biogeochemical func-
tioning (Carmack &Wassmann, 2006; Danielson et al., 2014; Grebmeier et al., 2015). We briefly recap a few
features of the regional oceanography to orient discussion. Near the southernmost end of the survey, Bering
Strait is a physically energetic narrow (~85 km), shallow (~50 m) channel with a long‐termmean northward
flow of ca. 0.8 Sv (Roach et al., 1995; Woodgate et al., 2015). Interannual variations in the northward trans-
port at this Pacific Arctic gateway (e.g., 0.7 Sv in 2012 and 1.1 Sv in 2011) have important implications for
nutrient, heat, and freshwater budgets downstream in the Chukchi and more generally in the Arctic basin
(Woodgate et al., 2012). In summer, three water masses that influence the Chukchi and Beaufort seas flow
through Bering Strait (Coachman et al., 1975). The warm, fresh (S <31), and nutrient‐poor Alaskan Coastal
Water (ACW) hugs the Alaskan coast on the eastern side of Bering Strait (Figure 1) as a buoyancy current fed
by the seasonal discharge of Alaskan rivers (Woodgate et al., 2012, 2015). On the opposite, western side of
Bering Strait, the colder, nutrient‐rich, and more saline (S ~33) Anadyr Water (Coachman et al., 1975)
derived from the deep basin and Bering Slope Current waters that are mixed to the surface in the Gulf of
Anadyr carries an important reservoir of nitrate (NO3

−) into the Pacific Arctic (Grebmeier et al., 2015;
Sambrotto et al., 1984; Walsh et al., 1997; Woodgate et al., 2015). Interannual variability in Anadyr Water
is one large‐scale “remote forcing” determinant of potential PP in this region (Danielson et al., 2017;
Tremblay et al., 2015). In the mid‐Strait, northward flowing waters that previously occupied the broad
Bering Shelf flow north in summer. This water mass is slightly less saline than Anadyr water (S ~32.5)
and typically depleted of the limiting nutrient NO3

− in the upper ~20 m (e.g., above the pycnocline), by
the ice‐retreat bloom over the broad Bering Sea shelf (Grebmeier et al., 2015). Below the pycnocline,
Bering Shelf water is typically slightly more saline (e.g., not influenced by freshwater inputs) and contains
low O2, high pCO2, and high nutrient concentrations accumulated from remineralization of sinking parti-
cles on the Bering Shelf (Grebmeier et al., 2015).

The energetic flow through the Bering Strait choke point induces enhancedmixing in this region (Grebmeier
et al., 2015; Woodgate et al., 2015). Flow interaction with bathymetry and promontories north of Bering
Strait in the southern Chukchi can induce lateral and vertical mixing of the aforementioned water masses.
While ACW mostly retains its distinct identity in the northward flowing Alaska Coastal Current, Anadyr
Water and Bering Shelf Water are generally collectively referred to as Bering Summer Water (BSW) north
of Bering Strait. In addition, surface flow responds rapidly to local wind forcing, resulting in occasional off-
shore Ekman transport of ACW as well as wholesale changes in current direction for a week or more
(Aagaard et al., 1985; Danielson et al., 2014; Pisareva et al., 2015; Woodgate et al., 2015). These processes help
to maintain high spatial variability in distributions of T, S, nutrients, and other biogeochemical parameters
in the southern Chukchi.

Downstream of Bering Strait, water mass properties are subsequently modified to varying degrees by
warming/cooling, sea ice melt, mixing, and biological uptake/removal during months of transit over the
broad, shallow (~50 m) Chukchi shelf (Pickart et al., 2016; Shroyer & Pickart, 2018). The extent and timing
of sea ice melt in particular plays a significant role in water column stratification, which in turn impacts
potential for surface phytoplankton communities to access inorganic nutrient reservoirs beneath the
halocline/pycnocline after surface reservoirs are exhausted (e.g., Danielson et al., 2017; Lowry et al., 2015;
Weingartner et al., 2017). For example, an anomalously early sea ice retreat in 2011 led to a significantly
reduced meltwater (MW) presence throughout the Chukchi shelf, while in 2012 a lingering ice presence
resulted in substantial MW‐influenced layer of 20 m capping the majority of the NE Chukchi, with stratifi-
cation nearly twice as strong in 2012 versus 2011 (Weingartner et al., 2017). Wind strength, direction, and
persistence also play a significant role in residence time and physical modification of water masses in this
region (Danielson et al., 2017). Persistent northerly or easterly winds can cause the typical circulation
(Figure 1) to stall or reverse. Strong easterly winds can promote shelfbreak upwelling along the narrow
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Beaufort shelf; during these episodes the NE Chukchi often experiences intrusions of more saline, nutrient‐
rich Atlantic‐origin water (S >33.6) from the halocline of the Beaufort Sea via the conduit of Barrow Canyon
(e.g., Pickart et al., 2013). Because the above processes can cause conditions at a given location to differ sig-
nificantly from year to year (and over daily time scales), data collected over multiple years are best inter-
preted within the context of the mean circulation (Figure 1) as well as differences in water mass presence
at the time of observation.

4. Spatial and Temporal Trends in Net Biological Production From ΔO2/Ar
4.1. Spatial Patterns

Within this physical framework, observations of ΔO2/Ar in 2011 and 2012 give an unprecedented view of
spatial patterns and potential drivers of net biological production in the late season Pacific Arctic
(Figures 2–5). Regionally, the northern Bering and southern Chukchi were characterized by mesoscale
variability in ΔO2/Ar and significant deviations in ΔO2/Ar values from equilibrium, as expected given the
circulatory framework described above (Figures 2 and 4). Large negative ΔO2/Ar extrema were associated
with higher salinity, higher pCO2, and (where measured) nutrient concentrations, indicating likely vertical
mixing of O2‐poor and CO2‐ and nutrient‐rich bottom‐layer water to the surface. Positive extrema were also
concentrated in the Bering Strait and southern Chukchi, particularly in the vicinity of Pt Hope (Figures 1, 3,
and 5), a previously identified biological hotspot believed to be fueled by lateral/vertical intrusions of nutri-
ents and a reduced current velocity and turbulence regime north of Bering Strait (Grebmeier et al., 2015).
The high spatial resolution afforded by the continuous underway ΔO2/Ar mapping provides insight into
potential fronts andmixing hotspots that would otherwise bemissed by coarser resolution approaches in this
highly variable region.

In contrast, observations of ΔO2/Ar in the northern Chukchi and western Beaufort Seas had less extreme
deviations from equilibrium (Figures 2–5). In each year, early October observations were predominantly
weakly autotrophic (ΔO2/Ar of ~1 ± 0.5%), with an increasing proportion of ΔO2/Ar indicating net hetero-
trophy in late October during the return transit. The low ΔO2/Ar values are comparable to those typically
found in low nutrient, low chlorophyll oligotrophic regions where microbial recycling dominates
(Juranek & Quay, 2005; Quay et al, 2010) and consistent with a nutrient‐limited phytoplankton community
expected in this region in late season (Grebmeier et al., 2015; Tremblay et al., 2015). Indeed, concentrations
of dissolved NO3

− were below detection throughout much of the NE Chukchi (Figures 3 and 5), while mea-
surable quantities of nonlimiting nutrients phosphate and silicate remained (data not shown).

However, patches of moderate ΔO2/Ar (e.g., +2–4%) were observed in the NE Chukchi, including the vici-
nity of Hanna Shoal and Barrow Canyon (Figures 3 and 5). Both of these locales are within the boundary of
the NE Chukchi Sea benthic biological hotspot identified by Grebmeier et al. (2015). The factors contributing
to increased benthic biomass at Hanna Shoal have not been clearly identified (suggested mechanisms
include topographic steering and flow‐bathymetry interactions over this shallow feature). In contrast, the
linkages between biological productivity at the Barrow Canyon hotspot are more well‐known (Ashjian
et al., 2010; Hill & Cota, 2005; Pickart et al., 2013). Frequent episodes of strong easterly winds drive shelf‐
break upwelling of nutrient‐rich Atlantic‐origin water (S >33.6) from beneath the halocline of the
Beaufort basin onto the shelf and up Barrow Canyon into the NE Chukchi. The influence of Atlantic
Water during these events can extend well into the Chukchi, as far south as Icy Cape (Figure 1; Ladd
et al., 2016).

4.2. Temporal Patterns and Relationship to Meteorological Forcing

Temporal changes between northbound and southbound transits allow some assessment of the immediate
impacts of passing storm systems on surfaceΔO2/Ar values. North American Regional Reanalysis wind data
indicate several passing storms influencing Pacific Arctic subregions each October (Figure 6 and animated
Figures S1 and S2). In 2011, a strong storm with wind speeds exceeding 15 m/s occupied the NE Chukchi
and W. Beaufort Seas for 8 days in mid‐October (12–20 October); this event occurred after northbound sam-
pling while Healy was in the eastern Beaufort conducting surveys under multiyear sea ice (ΔO2/Ar data col-
lected at this time were of poor quality and are not shown here), and just prior to the southbound transit. As
previously documented, this storm induced significant upwelling of high pCO2 sw from the Beaufort basin
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Figure 2. Observations collected during the 2011Healy cruise: surface underway observations of (a)ΔO2 andΔO2/Ar, (b)
ΔpCO2, (c) salinity, and (d) temperature. Nitrate concentration from surface bottle samples collected at conductivity‐
temperature‐depth stations is also shown in panel (d). Background color shading indicates regions referred to in the text:
northern Bering and southern Chukchi (64–69°N, darkest gray), northern Chukchi (>69°N and >156°W, medium gray),
and western Beaufort (145–156°W, lightest gray). Panels (e) and (f) indicate data distribution histograms for ΔO2/Ar
and ΔpCO2, respectively, for northbound (left) and southbound (right) surveys.
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halocline onto the continental shelf, resulting in an estimated outgassing of 0.2–0.5 TgC (Mathis et al., 2012).
A separate event influenced the SW Chukchi 23–25 October, just prior to southbound sampling (Figure 6).
The observed shift from predominantly positive to negative ΔO2/Ar in all regions between northbound and
southbound transits in 2011 (Figure 2) is consistent with the expected immediate impact of these storms.
Enhanced turbidity, deeper mixed layers, and decreased light would tend to reduce photosynthesis, while
remineralization of resuspended material and mixing of O2‐depleted bottom water with the surface layer
would all move ΔO2/Ar toward less positive values. Similarly, in 2012, a strong storm event with wind

Figure 3. Maps of shipboard observations in 2011, allowing assessment of trends relative to circulation and bathymetry
features: (a–d) ΔO2/Ar, ΔpCO2, salinity, and nitrate observed in early October during northbound transit, (e–g) same
parameters (less nitrate) observed in late October during southbound transit. Note that the ΔO2/Ar color scale has been
truncated to a reduced range (−5% to +5%) to enable easier visualization of the more typical variations in ΔO2/Ar as
opposed to a handful of extreme values. The full range in ΔO2/Ar is depicted in Figure 2. Nitrate color scale has also been
truncated to enable detection of low, but nonzero concentrations.
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speeds exceeding 15 m/s lingered over the Chukchi Sea for several days in late October (21–23), immediately
prior to southbound sampling of this region (Figures 6 and S2). This storm might have contributed to the
observed shift in ΔO2/Ar conditions (Figure 4) between northbound and southbound transits, although
observed changes were not nearly as large as in 2011.

Figure 4. Same as in in Figure 2, but for 2012 observations. Nitrate concentration shown in panel (d) were collected from
the surface underway rather than CTD bottles.
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In the context of our discussion regarding the importance of late season storms for supporting biological pro-
duction over an extended growing season, it is important to be mindful of both the immediate impacts on
biogeochemical distributions as well as the longer‐term impact of these events. While a strong storm event
can result in a momentary decrease in ΔO2/Ar due to increased turbidity, decreased light, and mixing with
unventilated O2‐poor waters from beneath the pycnocline, the response of the surface phytoplankton

Figure 5. Same as in Figure 3, but for 2012 observations. Nitrate samples were collected during (d) northbound and (h)
southbound transits in 2012.
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community post‐storm would presumably increaseΔO2/Ar as light‐quality improves and nutrients supplied
by storm activity allow more growth. Even with the high degree of spatial resolution for ΔO2/Ar, attribution
of longer‐term biological response to any single storm event is difficult with only one or two snapshot
realizations in time for a given locale, and observations that integrate the impact of frequent passing
storm events of varying spatial domain and strength (Figures 6, S1, and S2). However, at a “big picture”

Figure 6. Selected maps of wind speed and direction in 2011 and 2012. Panels (a)–(c) show development, peak, and end of
a large storm that influenced the region in mid‐October 2011, between northern and southern transits. A second, separate
event that affected the southern Chukchi just prior to southbound sampling is shown in panel (d). Panels (e)–(f) show
wind speeds >10 m/s influencing the Chukchi prior to and during sampling in 2012. Panel (g) shows a storm in the
southern Chukchi that occurred just prior to southbound sampling through this region. For complete movies of daily wind
speed and direction relative to ship position in October 2011 and 2012, please see supporting information.
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level, observed biological hotspots of growth (ΔO2/Ar > 2%) in a region that is perennially depleted in the
limiting nutrient NO3

− in late summer must be supported by a mechanism of nutrient supply. Figure 4
indicates higher surface [NO3

−] in the western Beaufort and northern Chukchi following storms in 2012
(12 and 21–21 October, Figures 6 and S2), lending some support to this proposed mechanism. The
persistent storm activity in the late season Pacific Arctic and the body of literature associating these
storms with enhanced turbulent mixing and/or nutrient supply (Nishino et al., 2015; Pickart et al., 2013;
Rainville et al., 2011; Rainville & Woodgate, 2009) suggest that storm‐induced delivery of nutrients should
not be discounted.

4.3. Water Mass Patterns

Assessing 2011 and 2012 surface observations in T‐S and O2 space (Figure 7) allows some additional insight.
Here we adopt water mass classifications following Pickart et al. (2019) to aid our interpretations. First, the
reduced presence of sea ice melt‐influenced water (MW) in 2011 compared to 2012, as noted byWeingartner
et al. (2017) and described above, is apparent. More intriguingly, MW observations in 2012 tended to bemore
strongly autotrophic (ΔO2/Ar > 0), while heterotrophic (ΔO2/Ar < 0) observations were more commonly
found in water masses with ACW and BSW characteristics (Figure 7). In 2011, heterotrophic activity was
again associated with BSW, while a mixture of strongly autotrophic and strongly heterotrophic conditions
were associated with ACW characteristics. However, these strongly autotrophic observations within the
ACW were from two notable locations: (1) a region of high variability (and presumably mixing across water
masses) in the northern Bering and southern Chukchi and (2) in the NE Chukchi near the head of Barrow
Canyon off of Wainwright, AK (Figures 2 and 3). Both locations are subject to ephemeral intrusions of nutri-
ents by processes described previously.

Figure 7. (a–b) Temperature‐salinity relationships for surface data in 2011 and 2012, with color indicating ΔO2/Ar (color
scale truncated as in Figures 3 and 5), gray curved lines denote density; (c–d) temperature‐salinity relationships colored by
ΔpCO2. In all panels data from the northern Bering/southern Chukchi, N. Chukchi, and W. Beaufort are represented by
triangles, circles, and squares, respectively. Water masses as defined by Pickart et al. (2019) are indicated by boxes with
thick gray lines: MW = meltwater, ACW = Alaska Coastal Water, BSW = Bering Summer Water, WW = remnant winter
water. WW is formed during the winter by convective mixing over the shelf and is subsequently warmed by mixing and
heating throughout the summer (Pickart et al., 2019). WW is typically associated with bottom waters beneath the pyc-
nocline in the NE Chukchi during summer.
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We also note that the most strongly heterotrophic observations in both years tended to be associated with the
highest salinities observed in surface waters. This is consistent with our previously stated interpretation of
these features being derived from mixing of unventilated, subsurface waters not previously influenced by
sea ice melt at the surface.

While the relationships of ΔO2/Ar and water masses to some extent confirm aspects of the large‐scale regio-
nal circulation mentioned previously, association of autotrophic conditions with MW is unexpected. MW is
typically regarded to be low in productivity and nutrient‐deplete, and presence ofMW enhances vertical stra-
tification, reducing the prospect for diffusive mixing of nutrients from nutrient‐replete subsurface waters
into the surface. However, in September 2012, Weingartner et al. (2017) found variance in surface density
fields increased twofold to fivefold in high‐resolution transects in the MW‐influenced region in the northern
Chukchi compared to transects just south of the MW front. The authors attributed the enhanced density var-
iance to (1) lateral processes involving MW that generate eddies and cross‐frontal exchange in the pycno-
cline (Lu et al., 2015) and (2) spatial heterogeneity in sea ice floes, with corresponding variability in ice
drag, melt rates buoyancy plumes. We further explore the relationship of our ΔO2/Ar trends to variance
in physical fields in section 7.

5. Relationships Between Net Biological Production and ΔpCO2

5.1. Covariation of ΔO2/Ar and ΔpCO2

Patterns of oceanic CO2 sink intensity (negativeΔpCO2) and areas of high net biological O2 production (posi-
tive ΔO2/Ar) exhibited remarkable spatial coherence in both years (Figures 2–5). The covariance is espe-
cially evident in point‐by‐point comparisons (Figure 8), where a model II linear regression indicates
significant correlation in both years (correlation coefficient r = −0.74 and −0.61 for 2011 and 2012, respec-
tively). Given the coupling between CO2 and O2 in photosynthesis/respiration, this may not be surprising;
however, the very different time scales of O2 and CO2 with respect to air‐sea gas exchange make this result
more compelling. The longer residence time of CO2 in the upper ocean, a result of pCO2 sw equilibration with
the large total dissolved inorganic carbon (DIC) reservoir, causes surface pCO2 sw to be affected by abiotic
(warming/cooling) and biotic forcing (photosynthesis/respiration) over several months (Takahashi et al.,
2002, 2009). Thus, the correlation of ΔO2/Ar signal of more recent origin with ΔpCO2 accumulated over a
seasonal time scale suggests a significant impact of late season biological carbon uptake on the air‐sea
CO2 gradient.

We graphically explore the potential contributions from biotic and abiotic drivers ofΔpCO2 inmore detail in
Figure 9. Consider a hypothetical scenario where the area sampled was in equilibrium with the atmosphere
prior to our sampling (ΔO2/Ar = 0, ΔpCO2 = 0): abiotic mechanisms such as warming/cooling would cause
ΔpCO2 to increase/decrease independently of ΔO2/Ar, as indicated (Figure 9, for details of calculations see
figure legend). In contrast, biological production/removal of O2 would cause ΔO2/Ar and ΔpCO2 to
increase/decrease in an anticorrelated fashion, although with shallower slope than indicated by observa-
tions. If we instead assume a nonzero origin for ΔpCO2 from biological activity that predates the time‐
integration of ΔO2/Ar (e.g., the y‐intercept of the 2012 model II regression) and allow biological
additions/removals corresponding to ΔO2/Ar as before, a similar, but offset trend results. Therefore, to
achieve a slope similar to that observed in 2011 and 2012, some combination of biotic and abiotic modifica-
tion is required. This could be achieved in a variety of ways, such as warming of recently upwelled water
masses with high ΔpCO2 and negativeΔO2/Ar and cooling of surface waters with highΔO2/Ar and negative
ΔpCO2. Differences in seasonally integrated forcing onΔpCO2 between regions can also introduce variability
in the “origin” fromwhichmore recent coupled trends inΔpCO2 andΔO2/Ar evolve. A breakdown of trends
for each region indicates some differences in the clustering of data in ΔpCO2 and ΔO2/Ar space (although
regional relationships broadly follow the Pacific Arctic sector trend, Figure S3). Equilibration with the atmo-
sphere by air‐sea gas exchange would act to steepen the observed slope, because ΔO2/Ar would be forced
toward zero much more rapidly than ΔpCO2 because of its faster equilibration time scale.

5.2. Use of ΔAr to Explore Abiotic Effects on ΔpCO2 and ΔO2/Ar Relationship

Some insight into potential contributions from recent warming and cooling is achieved by combining ΔO2/
Arwith total gas saturation (ΔO2) to deriveΔAr, which isolates the gas saturation driven by abiotic processes
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(Eveleth et al., 2014, 2017). Mapping ΔAr onto our ΔO2/Ar and ΔpCO2 trends (Figure 8) allows some intri-
guing relationships to emerge. First, the highest ΔO2/Ar values in both years were associated with most
negative physical saturation (ΔAr approaching −5%). Second, high pCO2 sw (positive ΔpCO2) and biological
undersaturation (ΔO2/Ar < 0) were associated with physical supersaturation (positive ΔAr). Finally, a clear
temporal shift to a more positive ΔAr at the end of October is evident for both years (Figure S4).

Figure 8. Relationship between ΔO2/Ar and ΔpCO2 in surface observations from 2011 and 2012. Thick black line shows
themodel II geometric mean regression in each year. Observations are colored by physical gas saturation (ΔAr), computed
from ΔO2/Ar and ΔO2, as discussed in text. Triangles, circles, and squares indicate data collected in the N. Bering/S.
Chukchi, N. Chukchi, and W. Beaufort, respectively.
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A number of processes can cause a physical gas undersaturation, includ-
ing recent cooling, freshening, sea ice melt, and increasing atmospheric
pressure (e.g., Eveleth et al., 2014; Hamme & Emerson, 2004). For exam-
ple, a recent T decrease from 4 to 2 °C would drive a 5% physical undersa-
turation in Ar (and O2). Sea ice melt is depleted in O2 and Ar since both
are excluded from the sea ice matrix during freezing; taking a pure sea
ice melt endmember ΔAr of −45% (Top et al., 1985, 1988), a ΔAr of −5%
could be achieved by a 10% fractional contribution of melt in the surface
layer (i.e., 2 m melt in a typical 20 m mixed layer). However, sea ice melt
is an unlikely culprit for ΔAr undersaturations observed in 2011 because
sea ice retreat occurred very early (i.e., mid‐June, Weingartner et al.,
2017) and any disequilibrium imparted by melt would be equilibrated
with the atmosphere in the intervening time. In 2012, ice lingered over
the NE Chukchi into mid‐September, but the most undersaturated ΔAr
values were observed in the southern Chukchi, a region clear of ice by
July. Alternatively, a recent increase in sea level pressure of ~50 mbar or
a S decrease of 7 could also result in aΔAr of −5%. Likely, some combina-
tion of the above factors contribute to observed ΔAr, but a recent 2 °C
cooling for much of this region is consistent with T differences between
our study and observations reported for mid‐September 2011 and 2012
(Danielson et al., 2017; Weingartner et al., 2017) as well as NOAA
AVHRR Blended Daily high‐resolution sea surface temperature through-
out September/October (Reynolds et al., 2007; see animated Figures S5
and S6).

The association of high pCO2 sw (positive ΔpCO2) and negative ΔO2/Ar
with physical supersaturation (ΔAr > 0), particularly in the latter half of
October (Figure S4) also warrants discussion. Physical supersaturations
are caused by the opposite of the undersaturation mechanisms described
above (warming, increasing S, sea ice formation, and decreasing atmo-
spheric pressure) as well as two other processes: bubble
collapse/exchange from breaking waves and mixing of water masses with

different gas solubility equilibriums (Emerson et al., 2012; Eveleth et al., 2014; Hamme & Emerson, 2004).
The mixing effect is a consequence of the concave shape of the O2 and Ar solubility curve, which results
in a supersaturation for conservative mixing behavior. As discussed previously, the majority of positive
ΔpCO2 (and accompanying negative ΔO2/Ar) occurred as mesoscale excursions coincident with higher S
and lower T, which we take to be indicative of localized mixing with unventilated waters carrying a low
O2 and high pCO2 sw signal from accumulated remineralization of organic matter. Therefore, ΔAr supersa-
turations may be due in part to mixing of surface and subsurface waters with different solubility end‐
members. Another likely factor is that the ΔAr signal in subsurface water will reflect conditions that
occurred when the water mass was last in contact with the atmosphere. During sea ice formation ΔAr
increases due to exclusion of gases from the sea ice matrix (Top et al., 1985, 1988), while exclusion of CO2

and precipitation of the CaCO3 mineral ikaite would also increase pCO2 sw (Rysgaard et al., 2011). An
increase in pCO2 sw without a corresponding change in ΔO2/Ar would act to steepen the relationship
between these two variables, which together with recent cooling for surface (low pCO2 sw and higher
ΔO2/Ar samples) may in part explain the observed slope in 2011 and 2012.

While it is difficult to decompose the relationship betweenΔO2/Ar and ΔpCO2 into exact contributions from
biotic and abiotic factors, the potential impact of recent biological activity on ΔpCO2 is clear. For every 1%
increase in ΔO2/Ar, ΔpCO2 is calculated to decrease by ~10 μatm (Figure 9). For biological hotspots where
ΔO2/Ar approached 10% and ΔpCO2 approached 70 μatm in both years, 100% of the air‐sea CO2 gradient
could be explained by recent productivity recorded by ΔO2/Ar. More generally, for all observations where
CO2 uptake was indicated (ΔpCO2 < 0) in 2011 and 2012 surveys, >40% of sites in 2011 and >50% in 2012
were associated with a significant contribution from recent biological productivity (e.g., at least 10% of
ΔpCO2 explained by concurrent ΔO2/Ar).

Figure 9. Schematic exploring processes impacting ΔO2/Ar and ΔpCO2,
including warming (affects ΔpCO2 only) and biological additions/removals
from two different origins (affects ΔO2/Ar and ΔpCO2). Light gray data
points are surfaceΔO2/Ar and ΔpCO2 observations from 2012. Calculations
assume T = 2 °C, S = 32, and [O2 sat] = 340 μmol/kg. To determine biolo-
gical impact on pCO2 we first determined DIC for a system in equilibrium
with the atmosphere (pCO2 sw = 394 μatm) using a total alkalinity of
2110 μmol/kg (e.g., comparable to surface values observed in the NE
Chukchi in 2012, Mathis et al., 2015). We then calculated addition/removal
of DIC corresponding to given O2 changes using a−ΔO2/ΔCO2 = 1.2 (Laws,
1991; we chose this value to account for growth supported by both NO3

−

and NH4
+ given significant concentrations of both in bottom waters). We

then calculated new pCO2 sw from DIC and TA assuming negligible impact
of biological activity on total alkalinity. These calculations were repeated
assuming a second case with an initial ΔpCO2 disequilibrium equivalent to
the y‐intercept of the model II regression for 2012 (ΔpCO2 = −64 uatm,
pCO2 sw = 330 μatm).
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6. Air‐Sea CO2 Flux and Estimated NCP
6.1. NCP Rates and Comparison to Prior Estimates

High‐resolution ΔO2/Ar data reported here also offer a unique opportunity to estimate NCP rates along the
2011 and 2012 surveys since net input or loss of O2 via photosynthesis and respiration is stoichiometrically
related to net production of organic carbon, that is, CO2 + H2O→ CH2O + O2. To derive NCP rates, ΔO2/Ar
data are interpreted within the context of surface mixed layer oxygen mass balance, and a biological
production‐gas exchange steady‐state is assumed (Kaiser et al., 2005):

NCP mmol O2 m
−2 d−1

� � ¼ kO2O2 sat ΔO2=Ar½ �=100; (3)

where kO2 is the gas transfer coefficient (m/day) for O2 determined from wind speed (Wanninkhof, 2014).
Note that the above expression assumes all ΔO2/Ar signals are generated in the surface and does not expli-
citly account for vertical mixing, which can bias surface ΔO2/Ar (typically toward more negative values, as
subsurface waters in this region tend to be O2‐poor). We refrain from estimating NCP for data that appear to
have a strong vertical mixing bias, defined here as satisfying both criteria: ΔO2/Ar < −2% and ΔpCO2 > 0.
The derivation of equation (3) from O2 mass balance also includes an assumption that ΔAr = 0 (see
Eveleth et al., 2014; Kaiser et al., 2005, for details); this introduces a small, proportional error into our calcu-
lations whenΔAr deviates from 0 (<5% forΔAr observed here). Because of the relatively simple physical fra-
mework used to convert observations of ΔO2/Ar into NCP rates, estimates reported here should be
approached with some caution. However, ΔO2/Ar‐based NCP do provide meaningful order of magnitude
estimates for biological CO2 sequestration during the data‐poor late open water period and are useful in
comparisons with prior earlier season estimates. For more details on NCP calculation, including an
expanded discussion of uncertainties, we refer the reader to the online supplement.

Distributions of NCP were similar to trends in ΔO2/Ar discussed in section 4. The >9,000 NCP rates calcu-
lated for the study area occupied a broad range (−60 to 100mmol O2·m

−2·day−1, Figure 10), with the highest
NCP rates associated with previously described ΔO2/Ar “hotspots” in the northern Bering and southern
Chukchi (northbound transits in 2011, 2012). In the northern Chukchi, NCP rates were lower, but a sizeable
fraction of observations occupied a moderate NCP range of 10–20 mmol O2·m

−2·day−1. The observed rates
in these hotspots are broadly consistent with those inferred by Pickart et al. (2013) from NO3

− supply asso-
ciated with upwelling events, (520 mmol O2·m

−2 per average storm event assuming Redfield O2:N of 137/16)
if we sum daily NCP rates over a typical 15‐day O2 residence time (e.g., 150–300 mmol O2·m

−2). As was the
case forΔO2/Ar data, there is clear evidence of a decline in NCP rates during the southbound transit in 2011;
the large storm that influenced the study region for most of mid‐October likely resulted in some bias asso-
ciated with mixing of O2‐poor water from beneath the pycnocline into the surface. However, the role of a
sharply decreasing daylength—from 11 to 6 hr over the month of October—cannot be discounted. In
2012, observations of strongly negative NCP in the northern Bering/southern Chukchi region are likely simi-
larly biased by vertical mixing in this dynamically energetic corridor.

In regions not clearly impacted by mixing bias, mean and median NCP ranged from 1 to 10 mmol O2·m
−2·day−1 (0.8–8.3 mmol C·m−2·day−1 if an O2:C of 1.2 is assumed, Laws, 1991). Surprisingly, the upper
end of this range is close to the POC export fluxes estimated by Lepore et al. (2007) and Moran et al.
(2005) for shelf sites in the NE Chukchi during mid‐summer (July–August) using a 234Th approach
(13.5 ± 13 mmol C·m−2·day−1 in 2002 and 23.5 ± 12.0 mmol C·m−2·day−1 in 2004). Mean and ranges of
NCP estimated here are within a range of mid‐summer PP values previously reported in this region (70mmol
C·m−2·day−1 average, range of 7–250 mmol C·m−2·day−1, based on 14C‐incubations, Hill & Cota, 2005), con-
sidering that NCP typically represents a fraction of PP ranging from 0.1–0.4 (Codispoti et al., 2013).

Direct comparison to longer‐term (i.e., seasonally integrated) NCP estimates calculated from nutrient or car-
bon inventory change is more challenging, as these estimates include high NCP associated with sea ice
retreat in spring. Codispoti et al. (2013) utilized seasonal drawdown of nitrate to estimate an annual NCP
for the Chukchi shelf of 5.8 mol C·m−2, while Mathis et al. (2009) utilized DIC drawdown between spring
and summer to calculate mean daily rates of 8–120 mmol C·m−2·day−1. Considering that NCP rates esti-
mated here are from much later in the season when the community is nutrient‐limited, the order of magni-
tudematch between the range observed byMathis et al. (2009) and that observed in October 2011 and 2012 is
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noteworthy (Figure 10). Similarly, even the moderate NCP rates of 20 mmol C·m−2·day−1 observed here
would account for 50% of the NCP calculated from nitrate drawdown (Codispoti et al., 2013) over a 120 day
(e.g., 15 June 15 to 15 October) growing season. These comparisons suggest that NCP rates estimated for this
late open water timeframe are significant.

6.2. NCP and Sea‐Air CO2 Flux

Regional NCP patterns were related to observed sea‐air CO2 flux (FCO2) in ways consistent with previous dis-
cussion concerning ΔO2/Ar and ΔpCO2 trends. We calculated FCO2 as

FCO2 mmol C m−2 d−1
� � ¼ kCO2KoΔpCO2; (4)

where kCO2 is the wind speed dependent gas transfer coefficient for CO2 (m/day) calculated from
Wanninkhof (2014), and Ko is the solubility of CO2 (mmol·m−3·μatm−1) calculated from Weiss (1974).
Within‐region variability in FCO2 was similar to that observed for NCP, with the highest variability evident
in the northern Bering/southern Chukchi region. Most regional averages indicated an oceanic sink for CO2,
with the exception of the northern Bering/southern Chukchi southbound survey in 2011 where outgassing
was indicated. Notably, the temporal shift between northbound and southbound surveys in 2011 observed
for ΔO2/Ar and NCP is also indicated in FCO2, with a reduction of CO2 uptake (or switch to outgassing)
post‐storm event.

Evans et al. (2015) recently evaluated over 580,000 surface pCO2 sw measurements collected throughout the
Pacific Arctic and found the greatest rates of ocean CO2 uptake on the Chukchi shelf during the late

Figure 10. Violin plots indicating distributions for calculated sea‐air CO2 flux (negative values indicate invasion) and NCP in 2011 and 2012. Width of each “violin”
is proportional to frequency, allowing visualization of multimodal distributions. Regions are as indicated, with “nb” and “sb” demoting northbound and south-
bound transits, respectively. Solid black line in each distribution indicates the mean, dashed line indicates the median. NCP = net community production.
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summer/early fall timeframe (August–October), a phenomenon attribu-
ted to large negative ΔpCO2, high winds, and maximal open water extent.
However, ΔpCO2 actually attain most negative values earlier in the sum-
mer (July/August), a result of intense net productivity over the shelf as sea
ice retreats. Over subsequent months warming and reduced net produc-
tivity cause the ΔpCO2 gradient to weaken slightly, and by October it is
difficult to discriminate the relative contribution of the prior
abiotic/biotic factors from the contribution of late season cooling and
net productivity. Here our observations demonstrate that regions of max-
imum air‐sea gradient (negative ΔpCO2) tend to co‐occur in many areas
with high ΔO2/Ar (and corresponding rates of NCP) suggesting a role
for late season biological processes in determining regional CO2 uptake.

7. Potential Mechanisms to Support a Late Open
Water Season Biological CO2 Sink

In both years, ΔO2/Ar and ΔpCO2 observations suggest a significant role
for recent biological activity toward maintaining an ocean carbon sink
in the late open water season. However, given the nitrate‐deplete status
of this region in this timeframe (Figures 2–5, see also Codispoti et al.,
2013; Grebmeier et al., 2015; Tremblay et al., 2015), identifying the source
of nutrients fueling this biologically mediated carbon sink is an obvious
goal. Of particular interest is the Chukchi Sea, which had the most nega-
tive ΔpCO2 for the late summer/early fall timeframe in the recent clima-
tology for the Western Arctic (Evans et al., 2015) and was also found to
be a strong regional sink in our observations (Figure 10).

Could storm‐induced mixing play a potential role? Northeasterly winds
prevailed in September–October 2011 and September 2012 (Danielson
et al., 2017; Weingartner et al., 2017; Figure S1), which would favor lateral
transport of nutrient‐replete waters from the Beaufort basin halocline
westward into Barrow Canyon (Pickart et al., 2013). Slightly elevated
[NO3

−] were observed in the nearshore Chukchi and Beaufort near
Barrow Canyon in both years (Figures 3 and 5), indicating this nutrient
supply mechanism might help to explain elevated rates observed in the
vicinity of Barrow Canyon. But how might patches of high ΔO2/Ar and
negative ΔpCO2 on more remote areas of the outer Chukchi shelf near

Hanna Shoal be explained? Here strong stratification from MW (particularly in 2012, Weingartner et al.,
2017) would presumably inhibit turbulent mixing between the surface and the nutrient‐replete bottom layer.
Yet recent turbulence observations from the NE Chukchi suggest that interactions of internal waves and
wind‐forced surface turbulence can result in higher mixing rates, even for moderate storms under strongly
stratified conditions (Nishino et al., 2015; Rainville &Woodgate, 2009). The response to a moderate strength
storm in this area is more likely to be small‐scale and patchy, resulting from time‐varying interactions at the
base of the pycnocline/nutricline. Rapid consumption of this spatially variable nutrient supply by phyto-
plankton would potentially obscure sources and mechanisms while poor coverage of remotely sensed chlor-
ophyll observations in this late season timeframe (Figures S7 and S8) hinders any event‐scale detection from
space. It is therefore difficult to attribute the observed net biological production implied fromΔO2/Ar obser-
vations to any individual storm.

As previously discussed, Weingartner et al. (2017) found significant mesoscale variance in the surface den-
sity field in regions influenced by MW. Enhanced patchiness in density structure may hint at lateral or ver-
tical motions that would influence coupled biophysical activity. To investigate the relationship between
small‐scale variance in the density field andΔO2/Ar andΔpCO2 data, we calculated S variance in spatial bins
of 5, 10, 25, and 50 km using surface underway data collected within 1 day of each pairedΔO2/Ar and ΔpCO2

observation. Results (Figure 11, 50 km results shown, other results shown in Figure S9) suggest some

Figure 11. Relationship between ΔO2/Ar and ΔpCO2, colored by variance
in salinity within 50 km of each observation. Triangles, circles, and
squares indicate data collected in the N. Bering/S. Chukchi, N. Chukchi, and
W. Beaufort, respectively.
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association of high ΔO2/Ar and negative ΔpCO2 with higher S variance at mesoscale spatial domains
(>10 km) although the relationship is somewhat equivocal. This association of patchiness in physical fields
with O2‐ and CO2‐based indicators of biological activity suggests that mesoscale mechanisms of nutrient
supply may be important in supporting late open water season biological carbon sequestration.

The potential influence of rare, very large storm events is also worth discussion. A strong cyclone influenced
the Pacific Arctic in early August 2012 (Simmonds & Rudeva, 2012). Subsequent biophysical modeling of
this event has suggested the storm significantly increased production in the Pacific Arctic sector by delivery
of nutrients into surface waters of adjacent Arctic shelves, with modeled zooplankton biomass remaining
elevated as late as mid‐September (Zhang et al., 2014). Ship‐based surveys inmid‐September of that year, just
prior to our own sampling, indicated surface NO3

− depletion in the NE Chukchi, but presence of NH4
+ in

surface waters at concentrations of 0–2 μM (Danielson et al., 2017, their Figure 11), a potential indicator
of continued biological activity stemming from the cyclone. Full utilization of 2 μM NH4

+ in the ~1 month
between the mid‐September sampling by Danielson et al. (2017) and this study would increase surface O2

saturation by 12 μmol/kg, or ~3% of an average surface water [O2] = 350 μmol/kg (assuming Redfield C:N
of 6.6 and a photosynthetic quotient ΔO2: −ΔCO2 = 1.1 for growth supported by NH4

+, Laws, 1991). This
signal is comparable to observed ΔO2/Ar maxima in our observations for this region, but if it originated in
mid‐September (we would expect rapid utilization of any limiting nutrient), gas exchange in the month pre-
ceding our October sampling would completely eliminate any biological O2 excess. Therefore, it is likely this
region experienced multiple significant biological CO2 sequestration events in 2012 precipitated by storms of
varying magnitude.

8. Implications

The physical setting of the late open water season in theWestern Arctic is changing in significant ways, with
important consequences for biological carbon cycling (Ardyna et al., 2014; Pickart et al., 2013; Wassmann &
Reigstad, 2011). The frequent, event‐scale forcing of this region, evident in winds in each year (Figures 6, S1,
and S2), highlights the need to better understand links among physical forcing, biological response, and air‐
sea CO2 flux at resolutions that have not been attainable with previous biological sampling. Field‐based
observations of biologically regulated CO2 uptake during this shoulder season are scarce, and ocean color
coverage from passive remote‐sensing platforms can be nonexistent because of clouds, daylength, and low
solar angle (Behrenfeld et al., 2017); for example, MODIS 8‐day average chlorophyll for September and
October 2011 or 2012 indicate little usable data for this region (Figures S7 and S8). In order to make reason-
able predictions of how the Pacific Arctic carbon sink will respond in the future, the mechanisms controlling
CO2 uptake in this late season timeframe must be better understood.

We have demonstrated that late season biologically mediated CO2 uptake is a potentially significant contri-
butor to ΔpCO2, the concentration gradient driving patterns of total uptake, in a strong carbon sink region of
the Pacific Arctic. The importance of late season biological productivity and cooling toward maintaining
large negative ΔpCO2 at a time of maximal wind speed (and hence, gas transfer rate) has been difficult to
assess with standard tools and associated limitations described above. Persistent nitrate‐limitation, typically
low chlorophyll, and predominance of small cells during the late open water period (Tremblay et al., 2015)
contribute to a perception that the influence of biological activity is limited. Coherence in patterns of ΔpCO2

and ΔO2/Ar in this case is unequivocal: there is clear evidence of a biologically mediated carbon sink on the
Chukchi shelf in the late open water season.

Our results have significance for future projections of Arctic Ocean CO2 uptake. In tracking the magnitude
and sign of future FCO2, it is important to distinguish that trajectories for shelf and basin net uptake are likely
to be different; enhanced biological sequestration on Arctic shelves over an extended growing season could
partially or completely offset a reduced uptake capacity in deep‐water basins (Cai et al., 2010; Else et al.,
2013) as already indicated by at least one study (Manizza et al., 2013). At the same time, increased sea ice

melt and subsequent upper layer freshening will significantly increase the Revelle factor, ∂pCO2
pCO2

= ∂DIC
DIC

� 	
,

which describes the relative increase/decrease in surface pCO2 sw as a function of DIC additions and
removals. DIC removal by NCP (Figure 9) would therefore have a much larger impact on pCO2 sw decrease
as the contribution of sea ice melt increases, enhancing the air‐sea gradient which is a primary determinant
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of FCO2. The Revelle factor for the Chukchi Sea already approaches a value of 19 in regions influenced by
recent ice melt (see Table S1), making it nearly twice as sensitive to biological additions/removals than lower
latitude sites where it is 10 or less. In addition, increasing DIC concentrations in surface waters from anthro-
pogenic CO2 uptake will also increase the Revelle factor (i.e., a 1% increase in DIC causes an increase of
Revelle factor by about 1). This enhanced sensitivity of pCO2 sw to biological additions and removals of car-
bon necessitates quantification of the autotrophic versus heterotrophic status of Arctic shelves and basins
throughout ice‐free periods. Broad application of the high‐resolution ΔO2/Ar approach used here can pro-
vide this critical needed constraint.

It is also important to underscore that high‐resolution ΔO2/Ar data give unprecedented insight into inter-
mediate time scale coupling/decoupling of circulation, mixing, and net ecosystemmetabolism in this region
in a manner not afforded by previous rate approaches. Prior estimates of NCP have primarily sampled two
extremes of the time‐space spectrum: Bottle incubation approaches sample small volumes over ~1 day time
scales, and approaches based on inventory change for nutrients or inorganic carbon within a broadly defined
region integrate over the entire growing season (Codispoti et al., 2013). The former approach is valuable for
understanding immediate responses of phytoplankton communities to light and nutrient conditions, but
containment effects, and relatively sparse sampling in space and time leads to significant scaling uncertain-
ties. The latter approach is important for understanding seasonally integrated ecosystem activity, but the
time‐averaging hinders attempts to mechanistically link biological activity to important drivers on shorter
time scales. Stommel (1963) wrote, “a single net does not catch fish of all sizes,” that is, we must use appro-
priate tools to identify processes of importance across a spectrum of spatiotemporal scales. Here we demon-
strate with an intermediate‐time scale tracer, O2, that net biological production in the late open water period
is more important than previously considered.

9. Concluding Remarks

What is the impact of storms on late season biological activity and sequestration of CO2 in the Pacific Arctic
sector? This question is difficult to answer directly with the data in hand. However, features of our ΔO2/Ar
observations (mesoscale spatial variability, coupling with ΔpCO2, association with variance in S fields) sug-
gest that localized and time‐variable nutrient delivery mechanisms are a significant factor in this late open
water period. In the context of an emerging body of literature that implicates an enhanced role for wind‐
driven mixing under limited ice conditions (Ardyna et al., 2014; Nishino et al., 2015; Pickart et al., 2013;
Rainville & Woodgate, 2009), these ΔO2/Ar data offer strong evidence that the late open water period is cri-
tical to understanding trajectories of Arctic ecosystems and the Arctic Ocean CO2 sink to future change. A
clear line of future research is to continue to tease apart relationships between variability in physical fields
and biological productivity to better understand the role of small‐scale, event‐driven features in the late open
water shoulder season.

We have focused discussion here on the impact of episodic processes, but large‐scale, remote forcing will also
undoubtedly play a role in shaping late season productivity and net metabolism in the future. This may come
in the form of variable sea ice melt fractions, with associated implications for pycnocline stability or variable
delivery of nutrient‐rich shelf water via Bering Strait (e.g., Danielson et al., 2017; Tremblay et al., 2015).
Assessing the combined impact of both local and remote forcing on Arctic ecosystems will require multiyear
interdisciplinary observing efforts and research community coordination, as well as appropriate tools for
resolving potential agents of change.
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