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SPECIAL ISSUE ON THE OCEAN OBSERVATORIES INITIATIVE

The
North Atlantic Biological Pump

INSIGHTS FROM THE OCEAN OBSERVATORIES
INITIATIVE IRMINGER SEA ARRAY

By Hilary I. Palevsky ABSTRACT. The biological pump plays a key role in the global carbon cycle by
and David P. Nicholson transporting photosynthetically fixed organic carbon into the deep ocean, where
it can be sequestered from the atmosphere over annual or longer time scales if
exported below the winter ventilation depth. In the subpolar North Atlantic,
carbon sequestration via the biological pump is influenced by two competing
forces: a spring diatom bloom that features large, fast-sinking biogenic particles,
and deep winter mixing that requires particles to sink much further than in other
ocean regions to escape winter ventilation. We synthesize biogeochemical sensor
data from the first two years of operations at the Ocean Observatories Initiative

|An -~ ..:.?— Irminger Sea Array of moorings and gliders (September 2014-July 2016),
;(“H' e :%"":": + providing the first simultaneous year-round observations of biological carbon
o ‘ ek cycling processes in both the surface ocean and the seasonal thermocline in this

‘ W’W critical but previously undersampled region. These data show significant mixed

layer net autotrophy during the spring bloom and significant respiration in the
seasonal thermocline during the stratified season (~5.9 mol C m~2 remineralized
between 200 m and 1,000 m). This respired carbon is subsequently ventilated
during winter convective mixing (>1,000 m), a significant reduction in potential

carbon sequestration. This highlights the importance of year-round observations
to accurately constrain the biological pump in the subpolar North Atlantic, as
well as other high-latitude regions that experience deep winter mixing.
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INTRODUCTION

Export of biologically fixed organic car-
bon from the surface to the deep ocean,
known as the biological pump, plays an
important role in the global carbon cycle
(Volk and Hoffert, 1985). Photosynthesis
by marine phytoplankton fixes carbon
dioxide into organic carbon at a global rate
of ~50 Pg yr~! (Field et al., 1998). A frac-
tion of this fixed organic carbon escapes
being respired by organisms in the sur-
face ocean and is transferred as sinking
particles, by mixing of dissolved and sus-
pended organic matter, and by vertical
animal migration to the ocean interior,
where it is sequestered from the atmo-
sphere on time scales of months to cen-
turies (Volk and Hoffert, 1985; DeVries
et al, 2012). This process of biologi-
cal carbon export is commonly known
as the biological pump because it trans-
fers carbon against a concentration gra-
dient from the surface to the deep ocean,
which maintains an inorganic carbon res-
ervoir ~45 times that of the atmosphere
(Volk and Hoffert, 1985; Sarmiento and
Gruber, 2006; Ciais et al., 2013).

Current understanding suggests that
anthropogenic carbon uptake to date has
been predominantly driven by the abi-
otic solubility pump as the surface ocean
equilibrates with rising atmospheric CO,
concentrations, rather than by biologi-
cal carbon cycling (Sabine and Tanhua,
2010). However, estimates of the current
global rate of carbon transfer from the sur-
face ocean to the interior via the biologi-
cal pump, amounting to ~6-13 Pg C yr!
(Laws et al.,, 2011; Siegel et al., 2014), sig-
nificantly exceed the current rate at which
the ocean absorbs atmospheric CO,, esti-
mated at 2.6 + 0.5 Pg C yr! (Le Quéré
et al,, 2016), indicating that even a small
perturbation to the biological pump
could have a large influence on the global
carbon cycle. Changes to the strength of
the biological pump would also influence
the distribution of nutrients and oxygen
in the ocean, with broad implications for
ocean ecosystems.

In order to effectively monitor and
predict future changes to the oceans

biological pump, accurate baseline mea-
surements of current rates of biologi-
cal carbon export are necessary to vali-
date rates predicted by remote-sensing
algorithms and global climate models
(e.g., Stukel et al., 2015; Palevsky et al.,
2016b), as well as to refine our under-
standing of the processes controlling the
biological pump. Our current under-
standing is limited, however, by the dif-
ficulty of measuring biological carbon
export and the processes that drive it over
the entire annual cycle. Our most detailed
understanding of the biological pump
and its role in the ocean carbon sink
comes from time-series sites with robust
sampling programs for both primary
and export production, often with addi-
tional observations of ecosystem com-
position and structure useful for deter-
mining mechanistic controls on export
(e.g., Church et al., 2013). However, these
existing time-series sites are representa-
tive of only a small fraction of the global
ocean (estimated at 9%-15% of the total
ocean area; Henson et al, 2016), and
year-round study sites are largely lim-
ited to the subtropical and tropical ocean,
while high-latitude sites are sampled pre-
dominantly during the spring and sum-
mer productive season.

Year-round sampling of the biologi-
cal pump is especially critical in high-
latitude regions because a large fraction
of the carbon exported seasonally during

the spring and summer can be brought
back to the surface and ventilated during
deep winter mixing. For the biologi-
cal pump to effectively sequester car-
bon from the atmosphere on annual or
multi-annual timescales, organic mate-
rial must sink deep enough to escape
being entrained back into the deepest
winter mixed layers. If sinking organic
carbon is remineralized (converted from
organic to inorganic carbon by respira-
tion) within the seasonal thermocline
(the portion of the water column below
the seasonally stratified mixed layer but
above the depth of deepest annual mix-
ing), this carbon can ventilate back to the
atmosphere as CO, when entrained into
the wintertime mixed layer (Figure 1).
Observational estimates based on year-
round surface measurements in deep
mixing regions in the western North
Pacific, northeastern Atlantic, and sub-
polar North Atlantic indicate that
40%-90% of the organic carbon exported
from the seasonally stratified mixed layer
is subsequently ventilated during win-
ter mixing (Kortzinger et al., 2008; Quay
et al., 2012; Palevsky et al., 2016a). The
rate of carbon sequestration below the
winter ventilation depth depends not
only on export from the euphotic zone
during the productive season but also
on respiration rates within the seasonal
thermocline and the depth of physical
mixing the subsequent winter.
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FIGURE 1. Schematic seasonal cycle of organic carbon export and winter ventilation in the subpolar
North Atlantic (oxygen saturation and mixed layer depth based on World Ocean Atlas 2013 data for
the OOI Irminger Sea Array site). Phytoplankton growth in the spring and summer leads to export
from the seasonally stratified mixed layer. This surface net autotrophy is evident in mixed layer oxy-
gen supersaturation. However, much of the seasonally exported carbon is remineralized in the sea-
sonal thermocline and entrained back into the mixed layer during deep winter mixing. This venti-
lates the respired carbon (and waters undersaturated with oxygen due to net respiration) back to
the atmosphere. In order for carbon to be sequestered on annual or longer time scales, it must sink
below the winter ventilation depth prior to remineralization.
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In this paper, we focus on the Irminger
Sea region of the subpolar North Atlantic
as a case study of the high-latitude bio-
subpolar North
Atlantic is a strong carbon sink region

logical pump. The

where the biological carbon pump’s
annual cycle features two pronounced
and competing processes: a spring diatom
bloom that produces large, fast-sinking
particles, and deep winter mixing that
ventilates carbon remineralized in the
seasonal thermocline back to the atmo-
sphere (Figures 1 and 2a). The Ocean
Observatories Initiative (OOI) Irminger
Sea Array of moorings and gliders pro-
vides a unique opportunity to study the
subpolar North Atlantic biological car-
bon pump throughout the year within the
context of an unprecedented density of
biogeochemical, physical, and bio-optical
sensors operating for multiple years at
high temporal resolution. We synthesize
data from the OOI Irminger Sea Array’s
first two years of operation, illustrating
the full annual cycle of biologically driven
carbon cycling processes in both the sur-
face ocean and the seasonal thermocline
in this globally significant and previously
undersampled high-latitude region.

THE SUBPOLAR

NORTH ATLANTIC AND

THE IRMINGER SEA
Anthropogenic carbon has accumulated
in the North Atlantic at approximately
three times the global average rate (Sabine

70°N
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et al., 2004; Khatiwala et al., 2009), mak-
ing it a region of critical importance for
understanding the ocean’s role in carbon
cycling. Deepwater formation in the sub-
polar North Atlantic enhances the abil-
ity of the ocean to absorb carbon abiot-
ically via the solubility pump (Sabine
and Tanhua, 2010), and also increases
the sequestration time for biologically
exported carbon that reaches below the
winter ventilation depth (DeVries et al.,
2012). However, the amount of carbon
sequestered annually by the biological
pump and its role in driving ocean carbon
uptake in the subpolar North Atlantic is
not well constrained (Sanders et al., 2014).

A dominant feature of the subpolar
North Atlantic seasonal cycle is the large,
diatom-dominated spring phytoplank-
ton bloom (Figure 2a; for a review of the
bloom and its drivers, see Behrenfeld
and Boss, 2014). Many prior stud-
ies have documented high rates of pri-
mary production and organic carbon
export from the surface ocean during the
bloom (e.g., Buesseler et al., 1992; Quay
et al, 2012). Fast-sinking particles and
aggregates can transfer this organic car-
bon to depth, with significant particle
fluxes observed between the base of the
euphotic zone and 1,000 m (Antia et al.,
2001; Briggs et al., 2011; P. Martin et al,,
2011). Dissolved and suspended organic
matter can also be transferred from
the surface mixed layer to the thermo-
cline by episodic mixing followed by

restratification (Dall’Olmo et al., 2016).
However, this organic matter must pen-
etrate below the deepest winter mixing
depth in order not to be remineralized
in the seasonal thermocline and venti-
lated back to the atmosphere during the
subsequent winter (Figure 1; Oschlies
and Kahler, 2004; Kortzinger et al., 2008;
Quay et al., 2012).

The Irminger Sea, located between
Greenland and Iceland (Figure 2a), expe-
riences both the large spring bloom
and deep winter mixing characteris-
tic throughout the North Atlantic sub-
polar gyre. Strong wintertime atmo-
spheric forcing over the Irminger Sea
cools the surface ocean and drives
winter convective mixing to depths of
up to 1,400 m, forming a water mass that
extends throughout the mid-depth North
Atlantic (Pickart et al, 2003; de Jong
et al., 2012; de Jong and de Steur, 2016;
de Jong et al,, 2018, in this issue). There
is significant interannual variability in
Irminger Sea convective mixing, with
the deepest mixing occurring during
years with the strongest surface cooling
(associated with the positive phase of the
North Atlantic Oscillation; de Jong and
de Steur, 2016). There is also significant
interannual variability in the magnitude
and timing of the spring bloom, with sat-
ellite ocean color observations showing
a delayed bloom and lower maximum
chlorophyll a concentrations in positive
phase North Atlantic Oscillation years
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FIGURE 2. (a) Sea sur-
face chlorophyll a (ug L™
9 km MODIS Aqua) in the
Irminger Sea from May
2015. The pink dot indi-
cates the location of the
OOl Irminger Sea Array.
(b) Configuration of moor-
ings and gliders at the
OOl Irminger Sea Array,
overlain on bathymetric
contours.
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that have stronger cooling and deeper
mixing (Henson et al., 2006, 2009). This
interannual variability in bloom dynam-
ics and physical forcing likely also influ-
ences the amount of carbon seasonally
exported from the surface ocean, remin-
eralization rates in the seasonal thermo-
cline, and the fraction of seasonally
exported carbon ventilated during winter
mixing. However, these connections can-
not yet be disentangled, because long-
term observations have historically been
limited to physical properties and satellite
ocean color, without corresponding trac-
ers of the biological pump. The picture of
the Irminger Sea biological pump pre-
sented here, based on the first two years
of data from the OOI Array, provides an
initial snapshot of the system within the
context of longer-term interannual vari-
ability, which this new time series will
enable us to resolve through continued
collection of biogeochemical data over
the coming years.

OOI IRMINGER SEA ARRAY

The OOI Irminger Sea Array was first
deployed in September 2014, beginning
an ongoing time series of observations
planned to continue for 25 to 30 years.
The array is arranged in a triangular con-
figuration (nominally 20 km a side), with
an Apex surface mooring co-located
with a subsurface profiler mooring at the
north point of the triangle and two flank-
ing moorings located at the southern cor-
ners (Figure 2b). Up to three open-ocean
gliders continually transit around the
array triangle, diving from the surface
to 1,000 m. Annual summertime cruises
recover all moorings and gliders from
the previous year and deploy replace-
ments, as well as conduct shipboard cal-
ibration casts for sensors on all moor-
ings and gliders.

Here, we synthesize data collected over
the first two years of OOI Irminger Sea
Array deployment (September 2014-
July 2016) to trace organic carbon pro-
duction, remineralization, and ventila-
tion. We focus in particular on dissolved
oxygen, as stable response Aanderaa

optode model 4831 oxygen sensors are
located on all moorings and gliders
within the OOI Array, and provide a con-
tinuous picture of biologically mediated
surface and subsurface carbon cycling. To
provide physical and biological context,
we interpret these oxygen data alongside
temperature and salinity data collected
on all moorings and gliders, and chloro-
phyll a concentrations determined from
surface mooring fluorometers (see online
Supplementary Text for full details on all
data included in this analysis).

DISSOLVED OXYGEN DATA
FROM THE OOl ARRAY
Dissolved oxygen is a commonly used
tracer of the biological pump because
it records the balance between rates of
photosynthesis and respiration. In a net
autotrophic system, photosynthesis dom-
inates over respiration, leading to net bio-
logical production of dissolved oxygen
that is stoichiometrically related to net
production of organic carbon. Conversely,
in a net heterotrophic system, oxygen
losses due to respiration dominate and
are stoichiometrically related to net con-
sumption of organic carbon by reminer-
alization. Abiotic processes of air-sea gas
exchange and physical mixing also influ-
ence dissolved oxygen concentrations in
the ocean, so interpretation of dissolved
oxygen data to examine the effects of bio-
logical processes requires us to disentan-
gle these separate influences.
Quantitative interpretation of dis-
solved oxygen sensor data requires that
sensors be calibrated to account for two
primary sources of error: (1) rapid drift
from factory calibrations prior to deploy-
ment, and (2) in situ drift after deployment
(D’Asaro and McNeil, 2013; Takeshita
et al., 2013; Bittig and Kortzinger, 2015,
2017; Johnson et al, 2015; Bushinsky
et al., 2016). Details of these correc-
tions are provided in the Supplementary
Text. We correct for pre-deployment
drift using discrete samples for dissolved
oxygen collected during the deploy-
ment cruises and measured using ship-
board Winkler titrations, which remain

the gold standard for accurate dissolved
oxygen measurements. This enables us
to determine sensor-specific gain cor-
rections (Figure S1, Table S1). We cor-
rect for in situ drift by assuming that oxy-
gen concentrations on deep isotherms
(2,000 m and below) should be sta-
ble over time, and that observed oxygen
change at these depths represents sensor
drift (Figure S2, Table S2).

The surface mixed layer oxygen mea-
surements are subject to greater uncer-
tainty than the thermocline measure-
ments due to greater uncertainty in their
pre-deployment drift gain corrections
and the faster drift of optodes measur-
ing surface properties (Tables S1 and S2).
We therefore do not use surface oxy-
gen measurements to calculate air-sea
oxygen flux or net community produc-
tion, which require highly accurate sur-
face oxygen measurements (Emerson
and Bushinsky, 2014). Further study with
more accurately constrained surface dis-
solved oxygen measurements will be
needed to determine the relative roles of
air-sea oxygen flux, biological produc-
tion, and physical influences on mixed
layer dissolved oxygen. Here, we qualita-
tively interpret the mixed layer seasonal
cycle and focus quantitative interpreta-
tion on the spring bloom signal that is
large enough to overwhelm uncertainty
and on the more accurately constrained
measurements of the seasonal thermo-
cline from the profiler mooring.

SEASONAL CYCLE IN

THE SURFACE OCEAN

The Irminger Sea surface mixed layer
ranges from <30 m during the stratified
summer season to depths of >1,000 m
during winter, and shows a pronounced
seasonal cycle in physical, biological, and
chemical properties (Figure 3). Sea sur-
face temperatures range from late winter
minima of 3.5°-3.6°C to summer max-
ima of 9.5°C (Figure 3a). Previous anal-
ysis shows that the winter of 2014-2015
in the Irminger Sea was characterized by
exceptionally strong atmospheric forc-
ing associated with a high North Atlantic
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Oscillation index, which drove unusually
strong surface cooling and deep winter
convection as compared with the previ-
ous 12 years, pre-conditioning the region
for similarly deep mixing in the winter of
2015/2016 (de Jong and de Steur, 2016;
de Jong et al, 2018, in this issue). The
spring bloom is evident in elevated sur-
face chlorophyll a concentrations from
April to early June in both 2015 and 2016
(Figures 2a and 3b).

Observed mixed layer dissolved oxy-
gen concentrations can be interpreted
by comparison with oxygen concen-
trations expected if the surface ocean
were in equilibrium with the atmo-
sphere (equilibrium O, in Figure 3c).
Throughout the winter months, surface
oxygen concentrations remain below sat-
uration, indicating ventilation of oxygen-
undersaturated deeper waters with a net
respiration signature. Oxygen under-
saturation persists until the beginning
of the spring bloom, when surface oxy-
gen rapidly increases in tandem with the
increase in chlorophyll a. Once oxygen

concentrations reach supersaturation
in late April 2015, they remain super-
saturated through early October. This,
as well as chlorophyll a concentra-
tions elevated above baseline values
(Figure 3b), suggests that productive con-
ditions of surface net autotrophy extend
throughout this period.

Although oxygen measurements are
not sufficiently accurate to estimate the
total net community production (NCP)
in the surface mixed layer, the rapid
increase in dissolved oxygen during the
2015 spring bloom from a baseline value
of 305 +2 pmol kg! during April 1-10
to a maximum value of 402 umol kg~! on
May 11 reflects an increase in the mixed
layer oxygen inventory of ~3.0 mol m=2
integrated through the ~30 m mixed layer
at the time of the oxygen maximum. This
increase in oxygen inventory places a
lower bound (neglecting oxygen flux to
the atmosphere) on the mixed layer NCP
duringthisinitialbloom period equivalent
to net production of ~2.1 mol C m2, or
70 mmol C m~2 d~! (based on a O,:C ratio
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phyll a concentration, and (c) dissolved oxygen from the OOI Irminger
Sea Array over the first two years of deployment. Data are compiled
from multiple array assets (see Figure 2b) to provide nearly continu-
ous data. The oxygen concentration expected if the mixed layer were
in equilibrium with the atmosphere, calculated from sea surface tem-
perature and salinity following the equation of Garcia and Gordon

(1992), is provided in (c) for comparison with observed concentrations.
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of 1.4; Laws, 1991). Previous estimates of
oxygen flux to the atmosphere during the
subpolar North Atlantic spring bloom are
of comparable magnitude (Quay et al,
2012, and references therein), suggest-
ing that the total NCP during the bloom
is likely considerably greater than our
lower bound estimate.

SEASONAL CYCLE OF
THERMOCLINE RESPIRATION
AND WINTER VENTILATION
Observations below the mixed layer allow
us to see the seasonal evolution of respi-
ration and ventilation within the sea-
sonal thermocline. Profiler mooring tem-
perature data (Figure 4a) were compared
with sea surface temperature (Figure 3a)
to determine the base of the mixed layer
(A0.2°C from the sea surface tempera-
ture; de Boyer Montégut et al.,, 2004).
During the stratified spring and summer
season, the profiler mooring’s surface-
most measurements are well below the
mixed layer (i.e., the uppermost tem-
perature measurements from the profiler
mooring are more than 0.2°C cooler than
the sea surface). As the mixed layer deep-
ens in fall and winter, the surface mixed
layer penetrates into the seasonal thermo-
cline and ventilates waters that were iso-
lated from contact with the atmosphere
during the stratified season. In both 2014
and 2015, mixed layers first reached to
200 m depth in mid-November, with ven-
tilation extending deeper into the water
column and progressively eroding sea-
sonal stratification through the winter
(red lines in Figure 4).

The dates of initial winter ventilation
(the time that the mixed layer first pene-
trates to a given depth within the thermo-
cline) correspond with a rapid increase in
dissolved oxygen concentration at depth
as the oxygen-undersaturated thermo-
cline waters are exposed to the atmo-
sphere (Figure 4b,c). Once ventilation
has penetrated to a given depth, oxygen
concentrations at that depth continue to
increase throughout the period of winter
convection until stratification is reestab-
lished in spring (Figure 5). Because the



depth of active mixing often decreases in
spring prior to stratification of the mixed
layer defined based on physical proper-
ties, the date of re-stratification in spring
is defined based on the maximum oxygen
concentration at a given depth (yellow
dots in Figure 5, shown for all depths as
the yellow lines in Figure 4).

Respiration in the seasonal thermo-
cline is evident in the oxygen decrease
over the stratified season (Figure 5). These
layers are isolated from contact with the
atmosphere, and the seasonal-scale influ-
ence of advection is low because the pro-
filer mooring is located near the cen-
ter of the gyre where the mean currents
are relatively weak (de Jong et al., 2018,
in this issue). Thus, oxygen decline over
the stratified season reflects respira-
tion of organic matter by heterotrophic
organisms. We calculate the respiration
over the stratified season at each depth
interval as the oxygen decrease from
the oxygen maximum at the onset of
re-stratification (yellow dots in Figure 5)
to the oxygen minimum at the end of the
stratified season (cyan dots in Figure 5),
yielding total respiration rates for all
depths from 200-1,000 m within the sea-
sonal thermocline (Figure 6).

Consistent with previous oxygen-
based estimates of subsurface respira-
tion (Martz et al., 2008; Hennon et al.,
2016) and with canonical expectations
for attenuation of organic matter flux
with depth (J.M. Martin et al., 1987),
total seasonal respiration is greatest near
the top of the thermocline and decreases
with depth (Figure 6). The duration of
the stratified season over which this res-
piration occurs increases with depth,
as re-stratification begins earlier and
winter ventilation begins later deeper in
the water column (stratification duration
ranges from 194 +1 days at depths from
200-300 m to 280 +3 days at depths from
750-1,000 m; Figures 4 and 5). The total
respiration within each depth interval is
stoichiometrically related to an increase
in dissolved inorganic carbon due to
organic matter remineralization over the
course of the stratified season, which is

then ventilated back to the atmosphere
during winter. Integrated through the
200-1,000 m layer within the seasonal
thermocline, ~5.9 mol C m=2 was rem-
ineralized (8.3 mol O, m consumed by
respiration) over the 2015 stratified sea-
son prior to being entrained back into
the mixed layer during winter ventilation
in 2015/2016. This magnitude of winter
ventilation is greater than that previously
observed in other deep mixing regions
(2.6 mol C m? in the eastern North
Atlantic and 3.6 mol C m2 in the west-
ern North Pacific; Kortzinger et al., 2008;

Palevsky et al., 2016a), consistent with the
Irminger Sea’s stronger spring bloom and
deeper winter mixing that enhance the
importance of thermocline remineraliza-
tion and winter ventilation.

CONCLUSIONS

Carbon sequestration via the biologi-
cal pump can be thought of as a “tug of
war” between downward flux of organic
matter from the surface during the strat-
ified productive season and upward flux
of remineralized organic matter during
wintertime ventilation. Both of these
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FIGURE 4. Time series of (a) potential temperature, (b) dissolved oxygen concentration, and (c) dis-

solved oxygen saturation state
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from the profiler mooring. Red lines indicate the beginning of winter ventilation in each year (deter-
mined as the time that the mixed layer first penetrates to a given depth), and yellow lines indicate
the end of winter ventilation in 2015 (determined as the date of the late winter-early spring oxygen
maximum at each depth; see Figure 5).
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FIGURE 5. Examples of dissolved oxygen time series at (a) 200 m, (b) 500 m, and (c) 800 m depth
from the profiler mooring over the first two years’ deployment of the OOI Irminger Sea Array. Blue
lines show the smoothed time series, determined as a 10-point filtered mean of all dissolved oxygen
values gridded to each depth (black points). Red dashed lines indicate the date of initial winter ven-
tilation in each year, determined as the time that the mixed layer first penetrates to the given depth.
The end of winter ventilation (cyan dots) in spring 2015 is determined as the maximum dissolved
oxygen concentration. The oxygen decrease from the end of winter ventilation (yellow dots) to the
minimum oxygen concentration at the end of the stratified season (cyan dots) shows respiration of
organic carbon within the seasonal thermocline.
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Total stratified season respiration

1 FIGURE 6. Total respiration in the sea-
sonal thermocline (200-1,000 m depth)
over the 2015 stratified season, calcu-
1 lated as the oxygen decrease from the
end of winter ventilation in spring 2015
to the oxygen minimum at the end of
1 the stratified season (from the yellow to
the cyan dots in Figure 5). Thermocline
respiration integrated through this full
1 layer is 8.3 mol O, m™2, represent-
ing 5.9 mol C m=2 ventilated back to
the atmosphere the subsequent winter
(O,:C ratio of 1.4; Laws, 1991).
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players “tug” especially hard in the sub-
polar North Atlantic (Figure 1). Data
from the first two years of the new OOI
Irminger Sea Array provide the first
simultaneous observations of the sea-
sonal progression of the biological pump
in both the surface mixed layer and the
seasonal thermocline in the subpolar
North Atlantic Ocean. The spring bloom
during April-May each year was associ-
ated with a dramatic increase in mixed
layer dissolved oxygen, reflecting signif-
icant net autotrophic production during
this period (Figures 2 and 3). Below the
mixed layer, oxygen decline over the 2015
stratified season indicated high rem-
ineralization rates within the seasonal
thermocline totaling ~5.9 mol C m™
between 200 m and 1,000 m—greater
than the total annual export from the sur-
face in most parts of the ocean (Figures 5
and 6; Emerson, 2014). Deep winter con-
vection extending below 1,000 m venti-
lated this respiration signature from the
seasonal thermocline, maintaining sur-
face dissolved oxygen concentrations
below saturation throughout the winter
months despite vigorous gas exchange
acting to return mixed layer oxygen to
saturation (Figures 3c and 4).

These results highlight the importance
of accounting for remineralization within
the seasonal thermocline and ventila-
tion of respired carbon back to the atmo-
sphere during winter mixing in order to
accurately determine the influence of the
biological pump on carbon sequestration,
particularly in deep convection regions
such as the Irminger Sea. However, a
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limitation of this analysis is that mixed
layer oxygen measurements cannot be cal-
ibrated with sufficient accuracy to enable
a mass balance calculation of annual net
community production at the winter ven-
tilation depth or export from the mixed
layer over the stratified season. The accu-
racy and utility of oxygen measurements
from the Irminger Sea and other OOI
arrays could be improved by configur-
ing the glider oxygen sensors for in situ
air calibration when surfacing between
profiles (Nicholson and Feen, 2017), an
approach previously proven on long-term
Argo float deployments (Johnson et al.,
2015; Bushinsky et al., 2016).

Given that winter convection over the
initial two years of the OOI Irminger
Sea Array’s deployment was signifi-
cantly deeper than the climatological
mean over the previous decade (de Jong
and de Steur, 2016), future observations
will play an important role in contextu-
alizing the initial look into the Irminger
Sea biological pump presented here.
Ongoing time-series observations at the
OOI Array, ideally with improved cali-
bration of biogeochemical sensors, will
enable future analysis of interannual
variability in the timing and magnitude
of the spring bloom, spring and sum-
mer net autotrophy in the surface mixed
layer, thermocline remineralization, and
winter ventilation. Biogeochemical sen-
sor data from the OOI global arrays
and other year-round observing sys-
tems (e.g., Biogeochemical Argo floats;
Johnson and Claustre, 2016) provide a
powerful tool for investigating carbon

cycling throughout the full annual cycle
in the previously undersampled high-
latitude ocean.

SUPPLEMENTARY MATERIALS
Supplementary Text, Figures S1and S2, and Tables S1
and S2, include details on all data used in this analy-
sis and are available online at https://doi.org/10.5670/
oceanog.2018.108.
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