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Abstract Wemeasured triple oxygen isotopes and oxygen/argon dissolved gas ratios as nonincubation-based
geochemical tracers of gross oxygen production (GOP) and net community production (NCP) on 16 container
ship transects across the North Pacific from 2008 to 2012. We estimate rates and efficiency of biological
carbon export throughout the full annual cycle across the North Pacific basin (35°N–50°N, 142°E–125°W) by
constructing mixed layer budgets that account for physical and biological influences on these tracers. During
the productive season from spring to fall, GOP and NCP are highest in the Kuroshio region west of 170°E and
decrease eastward across the basin. However, deep winter mixed layers (>200m) west of 160°W ventilate
~40–90% of this seasonally exported carbon, while only ~10% of seasonally exported carbon east of 160°W is
ventilated in winter where mixed layers are <120m. As a result, despite higher annual GOP in the west than
the east, the annual carbon export (sequestration) rate and efficiency decrease westward across the basin
from export of 2.3± 0.3mol Cm�2 yr�1 east of 160°W to 0.5± 0.7mol Cm�2 yr�1 west of 170°E. Existing
productivity rate estimates from time series stations are consistent with our regional productivity rate estimates
in the eastern but not western North Pacific. These results highlight the need to estimate productivity rates over
broad spatial areas and throughout the full annual cycle including during winter ventilation in order to
accurately estimate the rate and efficiency of carbon sequestration via the ocean’s biological pump.

1. Introduction

Export of biologically produced organic material in the ocean, known as the biological pump, plays an impor-
tant role in regulating the global carbon cycle [Volk and Hoffert, 1985]. Photosynthesis by marine phytoplank-
ton fixes CO2 into organic carbon, some fraction of which is exported from the surface to the deep ocean and
sequestered from the atmosphere on multiannual time scales. Global climate models project that anthropo-
genic climate change will decrease the strength of the biological pump over the 21st century [Bopp et al.,
2013], with potential feedback effects on climate and ocean biogeochemistry. Evaluating and predicting
the role of the biological pump requires a mechanistic understanding of the processes controlling the rate
and spatial patterns of photosynthetic primary production, as well as the mechanisms determining what
fraction of fixed organic carbon is exported to the deep ocean rather than recycled at the surface. Accurate
baseline measurements of current rates of primary production and biological carbon export are necessary
to validate rates predicted by remote sensing algorithms and global climate models, as well as refine our
understanding of the dominant processes controlling rates and efficiency of export.

The North Pacific is a region of particular interest for quantifying the rate and efficiency of the biological
pump, as it is a major sink for atmospheric CO2, absorbing 0.5 Pg C yr�1, ~25% of the total ocean CO2 uptake
[Takahashi et al., 2009]. This regional carbon sink is driven largely by a band of strong CO2 uptake between
30°N and 45°N [Takahashi et al., 2002, 2009]. This band occurs at the transition between the subtropical
and subarctic gyres and is defined both physically by multiple salinity fronts [Roden, 1991] and biologically
by the transition zone chlorophyll front (TZCF) between lower chlorophyll subtropical waters to the south
and higher-chlorophyll subarctic waters to the north [Polovina et al., 2001; Bograd et al., 2004]. A number
of studies have attempted to quantify the contributions of biological carbon export to the North Pacific
carbon sink, with recent work concluding that biological carbon export plays a role comparable to the
combined effects of physical transport and solubility [Chierici et al., 2006; Ayers and Lozier, 2012; Lockwood, 2013].

Productivity across the northern North Pacific has been described in most detail at two time series locations:
the Kyodo North Pacific Time Series (KNOT; 44°N, 155°E) in the western subarctic gyre and Ocean Station Papa
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(OSP; 50°N, 145°W) in the Alaskan gyre representing the nitrate-rich iron-limited subarctic. The western
subarctic, represented by KNOT, is strongly influenced by the Kuroshio and Oyashio currents, which flow
along the western boundary of the subtropical and western subarctic gyres, respectively, and join to form
the Kuroshio Extension, while the eastern subarctic, represented by OSP, experiences weaker geostrophic
transport. The deepest winter mixed layers (>200m) are also found in the western basin, in bands directly
to the north and south of the Kuroshio Extension [Ohno et al., 2009]. Prior basin-wide comparisons of
KNOT and OSP have observed a more pronounced seasonal cycle at KNOT featuring a spring diatom bloom,
while OSP experiences a smaller-amplitude seasonal cycle with production dominated by small (<5μm) cells
year-round [Harrison et al., 2004]. Measurements beyond these time series sites show, however, that the high
carbon uptake region of the North Pacific is not fully represented by these locations. Meridional transects
spanning spring through fall have found elevated primary production and carbon export at the TZCF
[Howard et al., 2010; Juranek et al., 2012; Lockwood et al., 2012], indicating the importance of including the
full spatial variability across the North Pacific in basin-scale estimates.

Nonincubation-based dissolved gas tracers provide the means to estimate primary production and organic
carbon export across broad spatial and temporal scales. The triple oxygen isotopic (TOI) composition of dis-
solved oxygen traces photosynthetic gross oxygen production (GOP) [Luz and Barkan, 2000; Juranek and
Quay, 2013], and O2/Ar dissolved gas ratios trace net community production (NCP) [Emerson et al., 1991].
NCP represents the strength of the biological pump, while the fraction of GOP that contributes to NCP
(NCP/GOP ratio) represents its efficiency. Dissolved gas productivity tracers integrate over the ~1–2week
residence time of gases in the surface mixed layer, facilitating capture of episodic production events, and
can be applied using only surface samples, enabling underway sampling on vessels of opportunity.
Repeated sampling of these and other tracers using container ship platforms have provided basin-wide esti-
mates over the full annual cycle of both GOP and NCP in the North Atlantic [Quay et al., 2012; Ostle et al.,
2014], GOP across the tropical and subtropical Pacific [Juranek and Quay, 2010], and NCP across the North
Pacific [Wong et al., 2002a; Chierici et al., 2006; Lockwood, 2013].

In this study, we estimate GOP and NCP from TOI and O2/Ar samples collected on 16 basin-wide crossings of the
North Pacific on commercial container ships. Our approach allows us to estimate rates and efficiency of biological
carbon export throughout the full annual cycle across the entire North Pacific basin from 142°E to 125°W
and 35°N to 50°N. These are the first basin-wide observational estimates of primary production throughout the
annual cycle in the North Pacific and the first simultaneous application of TOI and O2/Ar on a vessel of opportu-
nity to estimate annual GOP, NCP, and export efficiency on a basin-wide scale. We find that despite higher sea-
sonal GOP and NCP in the western regions of the North Pacific in the spring through fall, annual carbon export
rates and efficiency are greater in the east than the west due to deeper winter ventilation in the west.

2. Methods
2.1. Sample Collection and Measurement

Samples for TOI andO2/Ar analysis were collected from shipboard seawater intake (10mdepth) on 16 basin-wide
transects of the North Pacific between Hong Kong and Long Beach, California, onboard theM/VOOCL Tianjin and
the M/V OOCL Tokyo between October 2008 and December 2012 (Figure 1). Samples were collected into pree-
vacuated 500mL flasks every ~2.5° longitude across the basin following the procedures of Emerson et al.
[1999]. Sea surface temperature (SST) and salinity at the time of sample collection were determined using a
Sea-Bird Electronics SBE45 thermosalinograph installed in the ship’s seawater intake. To prevent biofouling that
could cause respiration in the ship’s seawater lines and contaminate O2/Ar measurements [Juranek et al., 2010],
intake lines between the anticorrosive sea chest and the sampling port were purged with bleach and freshwater
between every cruise. Additional depth profile samples for TOI and O2/Ar analysis were collected from a late win-
ter cruise in February–March 2013 onboard the R/V Melville in the western North Pacific from Niskin bottles
tripped at depths ranging from the surface to 300m, chosen to capture both mixed layer and thermocline
properties (Figure 1).

In the laboratory, dissolved gas samples were equilibrated at room temperature for 24h and then drained under
vacuum to remove seawater. Oxygen and argon were cryogenically extracted and separated from the remainder
of the dissolved gas mixture following the procedures of Juranek and Quay [2005]. Samples were subsequently
analyzed on a Finnegan MAT 253 isotope ratio mass spectrometer using 75 paired measurements of masses 32,
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33, and 34 alternating withmeasurements of an internal standard to determine δ17O and δ18O, followed bymea-
surements of masses 32 and 40 on a single collector to determine O2/Ar. Reported values for δ17O and δ18O are
corrected for the experimentally determined dependence on both the sample size, as described by Stanley et al.
[2010], and the sample O2/Ar ratio. Measurement uncertainty for each sample batch was determined based on
daily air standards, yielding a mean uncertainty (1σ) of 6.9 per meg for 17Δ (defined in section 2.3, equation (1)),
0.020‰ for δ17O, 0.036‰ for δ18O, and 0.036 for O2/Ar. Air-equilibrated water standards collected at both 4°C
and roomtemperature (20–22°C)measured ina seriesofexperiments (n=149) throughout the courseof this study

yield 17Δeq of 8±1 2σffiffi
n

p
� �

per meg, with no temperature dependence, consistent with the value of 8 per meg

reported by Reuer et al. [2007] and Stanley et al. [2010].

2.2. Regional Divisions

We divide the North Pacific basin into three regions for analysis: the Kuroshio, west of 170°E, influenced by
the Kuroshio, Oyashio, and Kuroshio Extension currents; the Western region, between 170°E and 160°W;
and the Eastern region, east of 160°W (Figure 1). This regional division scheme enables analysis of the east-
west basin-wide trends previously identified in comparisons of the western subarctic and Alaskan gyres
[Harrison et al., 2004], and the influence of deeper winter mixed layers in the western basin (Figure 1)
[Ohno et al., 2009]. While these large regions encompass multiple physical and biological fronts across the
transition between the subarctic and subtropics which have led previous studies to create finer regional
subdivisions [e.g.,Wong et al., 2002a; Chierici et al., 2006], our coarser regional division scheme increases sam-
pling density within each region, which yields more accurately described annual cycles.

All terms in the GOP and NCP budgets (section 2.3) are calculated for each discrete sample and then compiled to
calculatemean values for each budget term for each region and season. To evaluate potential for sampling bias in
the three defined regions, we apply satellite observations of SST and chlorophyll as proxies for spatial and tem-
poral variability in GOP and NCP, supported by the use of SST and chlorophyll in satellite-based algorithms for
productivity and export efficiency [e.g., Behrenfeld and Falkowski, 1997; Laws et al., 2000; Dunne et al., 2005].
Moderate Resolution Imaging Spectroradiometer (MODIS) SST and chlorophyll (1/6° × 1/6° monthly data
provided by the Oregon State Ocean Productivity group, http://www.science.oregonstate.edu/ocean.productivity)
seasonal mean values for all grid points within each region sampled continuously from 2008 to 2012 were
compared with seasonal mean values determined only from the times and cruise track locations where
discrete samples were collected (Figure 2). Overall, the SST and chlorophyll comparison between the
complete coverage and cruise track-sampled locations shows that the annual cycle in all three regions is
generally well represented. There is some discrepancy in spring chlorophyll and summer SST in the
Western region and spring SST in the Kuroshio region, as well as high spatial variability in Kuroshio region
chlorophyll in spring and fall. We use this comparison as a means to quantify the degree of sampling bias in
each region and season (see section 2.5).

Figure 1. Mixed layer discrete samples collected on 16 basin-wide transects of the North Pacific between 2008 and 2012 are divided for analysis into three regions:
the Kuroshio (green), the Western region (light blue), and the Eastern region (dark blue). The annual cycle is divided by season: spring (March–May, triangles),
summer (June–August, diamonds), fall (September–November, squares), and winter (December–February, circles). The four colored circles outlined in white indicate
depth profile samples collected in late winter 2013. Stars indicate time series stations at KNOT (yellow) and OSP (pink), for comparison to previous measurements.
Sample locations are overlain on climatological maximum winter mixed layer depth (MLD), calculated from World Ocean Atlas data (see Table 1 for details).
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2.3. Triple Oxygen Isotope (TOI) and O2/Ar Budget Approaches to Estimate GOP and NCP

Estimation of GOP and NCP rates based on measured TOI and O2/Ar, respectively, requires construction of
surface mixed layer budgets accounting for tracer sources and sinks. Both tracers are often interpreted by
assuming steady state conditions and negligible physical tracer flux due to mixing or advection. However,
modeling and observational studies have demonstrated that these assumptions are not always valid and
can introduce large errors [Hamme et al., 2012; Nicholson et al., 2012, 2014; Jonsson et al., 2013]. In this study,
we construct budgets for both TOI and O2/Ar that account for physical supply and nonsteady state conditions
to more accurately estimate GOP and NCP throughout the full annual cycle.

The TOI approach, described in detail elsewhere [Luz and Barkan, 2000; Juranek and Quay, 2013], enables
estimates of GOP based on isotopic differentiation between dissolved oxygen in seawater produced
during photosynthesis and dissolved oxygen contributed by atmospheric equilibration. The TOI approach
requires measurements of both δ17O and δ18O, which are commonly combined to define a single term,
17Δ [Luz and Barkan, 2005]:

17Δ ≡106 log 1þ δ17O
103

� �
� λ log 1þ δ18O

103

� �� �
(1)

Oxygen in the atmosphere is depleted in 17O due to mass-independent photochemical reactions in the stra-
tosphere and is defined as a standard such that 17Δatmos = 0 per meg, whereas oxygen produced photo-
synthetically from seawater yields 17Δp = 250 per meg [Luz and Barkan, 2000; Lämmerzahl, 2002]. The 17Δ is
defined to be insensitive to removal of oxygen through respiration through the empirically determined
choice of λ= 0.518, which maintains a constant 17Δ even while respiration consumes O2 and enriches both
δ17O and δ18O [Luz and Barkan, 2005].

The mixed layer budget for TOI, accounting for the influences of air-sea gas exchange, nonsteady state TOI
concentrations, and physical supply of TOI, can be solved to determine GOP:

GOP ≈
k O2½ �eq 17Δml�17Δeq

	 
þ zml O2½ �ml
∂ 17Δmlð Þ

∂t � ∂ 17Δmlð Þ
∂t

h i
phys

� �

17ΔP�17Δmlð Þ (2)

where k is the air-sea gas transfer velocity (m d�1), zml is the mixed layer depth (m), and the subscripts P, eq,
and ml represent photosynthetic end-member [Luz and Barkan, 2009], air-equilibrated end-member

Figure 2. The seasonal cycle of (top) sea surface temperature (SST) and (bottom) chlorophyll in each region, from MODIS
satellite data. Open circles connected by solid lines show mean values over all points in the region in all three months
composing each season in every year 2008–2012. Filled circles show mean values sampled only at the locations and times
when discrete samples were collected during this study. Error bars represent twice the standard error of the mean (error
bars not shown are smaller than the marker size). Discrepancies between the solid and open circles reflect undersampling
bias. Note the varying y axis for chlorophyll plots.
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(17Δeq = 8 per meg, section 2.1; [O2]eq from Garcia and Gordon [1992]), and measured values, respectively,
for mixed layer dissolved oxygen. Recent work has demonstrated the importance of calculating GOP directly
from δ17O and δ18O rather than from 17Δ [Kaiser, 2011; Prokopenko et al., 2011]. We use this more rigorous
approach to the GOP budget in equation (2) but present measured TOI using the more intuitive 17Δ.

The O2/Ar approach enables estimates of NCP by isolating biological effects on oxygen supersaturation from
effects of bubble injection and temperature-driven solubility changes, which affect argon similarly to oxygen
[Craig and Hayward, 1987; Emerson et al., 1991]. Biological oxygen supersaturation from O2/Ar is defined as

ΔO2=Ar ¼ O2=Arð Þml

O2=Arð Þeq
� 1 (3)

where (O2/Ar)ml is the measured ratio of dissolved oxygen to argon in the mixed layer and (O2/Ar)eq is the
equilibrium ratio determined by the temperature- and salinity-dependent solubility of both gases
[Garcia and Gordon, 1992; Hamme and Emerson, 2004]. In a system at steady state with negligible physi-
cal supply, ΔO2/Ar> 0 indicates that oxygen is supersaturated due to net autotrophic conditions, whereas
ΔO2/Ar< 0 indicates net heterotrophic conditions.

A surface mixed layer budget of O2/Ar accounting for nonsteady state conditions, air-sea biological oxygen
flux, and physical supply of oxygen and argon can be used to estimate NCP:

NCP ¼ k O2½ �eqΔO2=Arþ ∂ ΔO2=Arð Þ
∂t

zml O2½ �eq � zml
∂O2

∂t phys
� O2=Arð Þeq

∂Ar
∂t phys

� �
(4)

The derivation of equation (4) from separate oxygen and argon budgets, following the approach of Howard
et al. [2010], is given in the supporting information.

Note that the GOP and NCP budgets (equations (2) and (4)) can both be expressed in simplified form as

NCP or GOP ¼ Airsea flux þ Non-steady state� Physical supply (5)

In conditions where the nonsteady state and physical supply terms are negligible, as has often been
assumed in previous applications of the TOI and ΔO2/Ar methods, GOP and NCP are equal to their
respective air-sea flux terms. Calculation details for both tracer budgets, broken down based on the three
right-hand side (RHS) components of equation (5), are provided below. All RHS terms in both budgets are
calculated for each discrete sample and then compiled to calculate mean values for each term for each
region and season.
2.3.1. Air-Sea Flux
Air-sea tracer flux for both GOP (equation (2)) and NCP (equation (4)) depends on the air-sea gas transfer velo-
city (k) over the residence time of dissolved oxygen in the surface mixed layer in addition to tracer measure-
ments. Daily wind speed data from the NOAA National Climactic Data Center’s multiple-satellite Blended Sea
Winds product (https://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html) were used to calculate k for the
time and location of each discrete sample following the Nightingale et al. [2000] relationship between k
and wind speed and the Reuer et al. [2007] weighting scheme.

Uncertainty in the air-sea gas exchange rate is estimated by assuming that the majority of uncertainty results
from the parameterized relationship between gas exchange rate (k) and wind speed and that the spread
between the air-sea gas exchange rates calculated from the Liss and Merlivat [1986] and Wanninkhof
[1992] equations represents 95% of the variability (±2σ) in k [Palevsky et al., 2013], yielding amean uncertainty
in k of ±14% over all discrete sample locations in the data set.
2.3.2. Nonsteady State Terms
Seasonal GOP and NCP budget nonsteady state terms in equations (2) and (4) are determined from discrete
sample-specific tracer time rate of change tendencies and estimates of the mixed layer depth (zml, Table 1)
and [O2]eq, compiled to compute the mean nonsteady state term for each region and season. To determine
the tracer time rate of change tendencies, all surface mixed layer TOI and O2/Ar data for each region are
compiled into a single composite year, with the seasonal cycle of TOI and O2/Ar determined by fitting simple
harmonic functions using a least squares approach. The derivatives of these harmonic fits for the day of the
year corresponding to collection of each discrete sample are used to calculate the time rate of change

tendency of mixed layer TOI and O2/Ar,
∂ 17Δmlð Þ

∂t and ∂ ΔO2=Arð Þ
∂t .
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2.3.3. Physical Supply Terms
Physical supply terms in the GOP and NCP budgets account for the influence on mixed layer TOI and O2/Ar
from horizontal advection due to geostrophic and Ekman transport, vertical advection from Ekman-driven
upwelling, and vertical supply from entrainment and diffusive mixing. Estimating these terms requires knowl-
edge of both the physical transport fields and the tracer spatial gradients in the ocean. For TOI, insufficient
observational data exist to constrain tracer gradients, so the physical supply terms were estimated from
the output of a global ocean model that included TOI (see section 2.3.3.1). For O2/Ar, climatological O2

gradients were used to estimate physical supply of O2/Ar in the NCP budget (see section 2.3.3.2).
2.3.3.1. Physical Supply Term in the GOP Budget
The physical supply contribution to the GOP budget was estimated using output from a global ocean
model (Parallel Ocean Program of the Community Earth System Model version 1.1.1, CESM) run at a
nominal 1° resolution and modified to explicitly include oxygen isotopogues to simulate the TOI system.
The TOI simulations used here have been previously described in detail by Nicholson et al. [2014]. Model
diagnostic tracers for lateral and vertical advective and mixing fluxes were extracted at the location and
sampling month of each discrete sample and used to determine the individual contributions to the GOP
budget from upwelling, horizontal advection, and vertical supply (which encompasses both entrainment
and diffusive vertical mixing).

To normalize for discrepancies in the spatial and temporal patterns of surface mixed layer TOI between the
model and observations, the physical supply term calculated from model output was applied as a fractional
physical supply bias normalized by the air-sea flux term in the GOP budget, where

Physical supplyfractional ¼
Physical supplymodel

Airsea fluxmodel
�Airsea fluxobservations (6)

The sensitivity of the physical supply corrections to the magnitude of GOP in the model was tested by run-
ning a second simulation in which GOP was increased (1.7 times) while net primary production and all other
model biogeochemistry remained unchanged. The 1.7× GOP simulation produced nearly identical fractional
physical supply terms, which indicates that modeled fractional corrections are not sensitive to the magnitude
of GOP and supports the use of model-based physical supply terms in the GOP budget.

Table 1. Data Sources for NCP Budget Physical Supply Correction Terms

Parameter Data Source Spatial Resolution Time Resolution

Oxygen (O2), temperature (T), salinity (S) World Ocean Atlas 2013 (WOA)
(https://www.nodc.noaa.gov/OC5/woa13)

1° × 1° Monthly climatology
(data from 1955 to 2012)

Argon (Ar) Calculated from WOA T and S
[Hamme and Emerson, 2004]

1° × 1° Monthly climatology
(data from 1955 to 2012)

Mixed layer depth (zml) 0.125 kgm�3 density increase from the surface, from
WOA T and S [Monterey and Levitus, 1997]

1° × 1° Monthly climatology
(data from 1955 to 2012)

Ekman transport (uEk)
a U.S. Navy Fleet Numerical Meteorology and

Oceanography Center data derived from synoptic
surface pressure analyses (http://coastwatch.pfeg.noaa.

gov/erddap/griddap/erdlasFnWPr.html)

1° × 1° Monthly climatology
(data from 2008 to 2012)

Geostrophic transport (uGeo) Ssalto/Duacs absolute geostrophic velocity data from
satellite altimetry, distributed by Aviso (http://www.

aviso.altimetry.fr/en/data/products/sea-surface-height-
products/global.html)

1/4° × 1/4°, regridded to 1° × 1° Monthly climatology
(data from 2008 to 2012)

Ekman-driven upwelling (wEk)
b Horizontal divergence of mass due to Ekman transport

(uEk, above)
1° × 1° Monthly climatology

(data from 2008 to 2012)
Vertical diffusivity at the base of the
mixed layer (Kz)

Winter/spring Kz determined by assuming winter
NCP = 0. Summer/fall Kz scaled down from winter/

spring values based on seasonal cycle observed at KEO
and OSP [Cronin et al., 2015].c

Regional Seasonal climatology

aWhen the Ekman depth was deeper than the mixed layer, transport was scaled to only include Ekman transport within the mixed layer.
bWhen the vertical velocity is downward (downwelling), there is no effect on the mixed layer budget.
cFactors to scale winter/spring Kz for summer/fall are 0.1, 0.2, and 0.5 in the Kuroshio, Western, and Eastern regions, respectively, chosen based on the observed

seasonal cycle amplitude at the Kuroshio Extension Observatory (KEO, 32.4°N, 144.6°E) and OSP [Cronin et al., 2015]. Eastern region winter NCP is > 0 even when
Kz = 0, so winter/spring Kz was chosen as 2.0 × 10�5m2 s�1, twice background diffusivity.
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2.3.3.2. Physical Supply Term in the NCP Budget
The physical supply contribution to the NCP budget was calculated using climatological data-based box
models corresponding to the month and location of each discrete sample, similar to the approach previously
described by Lockwood [2013]. Oxygen and argon physical supply tendency terms in equation (4) are
calculated following

zml
∂O2

∂t phys
¼ ∇�uEkO2 þ ∇�uGeoO2 þ ∇�wEk O2;ml � O2;therm

	 


þ∂zml

∂t
O2;ml � O2;therm
	 
þ Kz

O2;ml � O2;therm

zml � ztherm

� �

zml
∂Ar
∂t phys

¼ ∇�uEkAr þ ∇�uGeoAr þ ∇�wEk Arml � Arthermð Þ

þ∂zml

∂t
Arml � Arthermð Þ þ Kz

Arml � Artherm
zml � ztherm

� �

8>>>>>>>>>><
>>>>>>>>>>:

(7)

where the RHS terms account for horizontal convergence due to Ekman transport (uEk), horizontal convergence
due to geostrophic transport (uGeo), upwelling due to Ekman-driven mass divergence (wEk), entrainment of
thermocline water due to mixed layer deepening (dzml/dt), and diffusive vertical mixing across the base of
the mixed layer (Kz), respectively.

Data sources for all terms in equation (7) are given in Table 1. Since World Ocean Atlas (WOA) data includes
oxygen but not argon, we assume that argon is at saturation, which accounts for the temperature
dependence of gas solubility but not for effects of injection or cooling/heating-induced disequilibria.
Previous work at OSP has found negligible changes in argon saturation across the mixed layer-thermocline
boundary, suggesting that the differing effects of these processes across the thermocline boundary are
minimal [Giesbrecht et al., 2012].

The most poorly constrained parameter in physical supply terms is diffusive vertical mixing at the base of the
mixed layer (Kz), since literature values for Kz vary by orders of magnitude (10�6 to 10�2 [Demnan and Gargett,
1983; Brainerd and Gregg, 1993; Cronin et al., 2013, 2015]). To estimate a Kz value appropriate for the regions
sampled in this study, we determine winter Kz in the Kuroshio and Western regions by assuming winter
NCP≈ 0 [Emerson and Stump, 2010] and solving for Kz following equations (4) and (7), yielding values of
5.1 × 10�4 and 3.6 × 10�5m2 s�1, respectively. Observed winter O2/Ar supersaturation in the Eastern region
indicates net autotrophy even if Kz is reduced to 0, so we chose a low winter Kz of 2.0 × 10�5m2 s�1.
Winter Kz values were also applied in spring and were scaled down for summer and fall for each region based
on seasonal cycle of Kz observed at the Kuroshio Extension Observatory (KEO, 32.4°N, 144.6°E) and OSP
[Cronin et al., 2015]. Reasonable variations in the winter NCP assumption and resulting choice of Kz do not
significantly change key findings of this study (Table S1).

2.4. Calculation of Annual GOP and NCP Rates

The GOP and NCP rates determined from equations (2) and (4), respectively, determine productivity within
and export from the seasonally varying mixed layer and thus are more appropriate for estimating seasonal
than annual productivity rates. We present separate approaches for calculating annual rates of GOP and
NCP, integrating to the base of the euphotic zone for GOP and to the deepest depth ventilated to the
atmosphere during winter mixing (defined as the winter ventilation depth) for NCP.

GOP rates determined from equation (2) exclude sub-mixed layer production since it applies only within the
seasonal mixed layer. Previous observational and modeling analyses at Station ALOHA in the subtropical
North Pacific have shown that the annual integral of the air-sea TOI flux term closely (within 3%) approxi-
mates annual GOP (AGOP) integrated to the base of the euphotic zone [Quay et al., 2010; Nicholson et al.,
2012]. CESM output further indicates that the annual integral of air-sea TOI flux approximates euphotic layer
AGOP to within 6% across our sampling region in the North Pacific (Figure S1) and accounts for the fraction of
AGOP occurring below the seasonal mixed layer (about one third). We therefore present euphotic zone AGOP
as the annual integral of seasonal air-sea TOI flux.

As themixed layer depth varies throughout the seasonal cycle, the effective depth to which NCP is integrated
following the budget in equation (4) varies accordingly. Integrating seasonal NCP with time to determine
annual NCP (ANCP) would yield overestimates because some of the organic carbon exported from the
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shallow summertime mixed layer is subsequently respired before sinking out of the deeper mixed layer ven-
tilated to the atmosphere during the following winter, as shown by Körtzinger et al. [2008]. To estimate an
ANCP rate that represents carbon sequestered from the upper ocean over the annual cycle, one needs to
integrate to the winter ventilation depth (which is slightly deeper than the winter mixed layer depth due
to diffusive vertical mixing).

Long-term ANCP estimated to the winter ventilation depth has been determined previously in the North
Atlantic by integrating air-sea oxygen flux over several annual cycles [Quay et al., 2012]. This approach
assumed no net O2 transport out of the region. We build on this approach by accounting for O2 transport
out of the region from horizontal advection both within and below the mixed layer and upwelling across
the base of the seasonal mixed layer.

ANCP ¼ k O2½ �eqΔO2=Ar� zml
∂O2

∂t GeoþEk
� O2=Arð Þeq

∂Ar
∂t GeoþEk

� �
�

∫
zml

zml;max

∂O2

∂t phys; subml
� O2=Arð Þeq

∂Ar
∂t phys; subml

� �
dz

(8)

The RHS terms represent air-sea biological oxygen flux, physical supply due to horizontal advection of the
mixed layer, and physical supply due to sub-mixed layer physical transport. Each RHS term is integrated over
the full annual cycle, using seasonal mean data for each region.

Physical supply due to horizontal advection of the mixed layer (second RHS term in equation (8)) is calculated
from the geostrophic and Ekman O2 and Ar supply terms in equation (7). Sub-mixed layer physical supply of
O2 and Ar (third RHS term in equation (8)) are calculated from data sources in Table 1 following

∂O2

∂t phys; subml
¼ ∇�uEk;zO2 þ ∇�uGeo; zO2 þ ∇�wEk O2;z � O2;zþΔz

	 

∂Ar
∂t phys; subml

¼ ∇�uEk;zAr þ ∇�uGeo; zAr þ ∇�wEk Arz � ArzþΔzð Þ

8><
>: (9)

where the RHS terms account for horizontal convergence due to Ekman transport, horizontal convergence
due to geostrophic transport, and vertical convergence due to upwelling, each for a particular depth
between the base of the seasonal mixed layer (zml) and the maximum annual mixed layer depth (zml,max).
Sub-mixed layer Ekman transport velocities were assumed equal to mixed layer transport velocity above
the Ekman depth and 0 below the Ekman depth. Sub-mixed layer geostrophic velocities were calculated from
relative geostrophic velocities at each depth interval based on geopotential anomalies calculated from WOA
T and S, normalized to mixed layer geostrophic velocities. Upwelling rates driven by Ekman divergence were
assumed constant throughout the sub-mixed layer region above zml,max.

2.5. Uncertainty Analysis

We quantify uncertainty in the seasonal and annual mean GOP and NCP estimates for each region resulting
from two sources: (1) error in the method used to calculate GOP and NCP and (2) undersampling bias.
Variability around the mean, reflecting spatial and temporal variability within each region, is reported as
the standard deviation of the mean value.

Combined uncertainty from individual sources of error was determined using a Monte Carlo approach.
Uncertainty in seasonal mean 17Δ and ΔO2/Ar (2σ) was determined based on 3000 simulations where indivi-
dual measured values varied according to sample-specific TOI and O2/Ar measurement error. Additional
uncertainty from estimation of the air-sea gas transfer rate (described in section 2.4) and the time rate of
change and physical supply correction terms was included in the Monte Carlo simulations to estimate total
methodological uncertainty, with these sources of uncertainty dominating over measurement error except
where ΔO2/Ar approaches 0. Uncertainty in estimating physical supply budget terms from modeled and
climatological data products is difficult to quantify; however, as a representative estimate, we assume
50% uncertainty in all correction terms. Thus, when the magnitude of the correction terms in the GOP
and NCP budgets is large, we estimate increased uncertainty in the calculated GOP and NCP rates.
Vertical supply dominates the contribution of the correction terms to methodological uncertainty, with
the time rate of change, horizontal supply, and upwelling terms playing a minor role.
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We estimate the magnitude of undersampling bias in the air-sea flux terms as the percent difference between
mean satellite-based chlorophyll concentrations calculated over the entire region and season versus those calcu-
lated using only the times and locations of our discrete sample collection (section 2.2; Figure 2). Potential under-
sampling could result from insufficient sampling of spatial variability throughout each region or from temporal
gaps (for instance, a gap in spring sampling between early March andMay in the Kuroshio andWestern regions).
While this is an imperfect metric because variability in chlorophyll may not match variability in productivity, it
enables us to quantify the limitations of our sampling strategy. Methodological uncertainty and undersampling
bias are combined to calculate total uncertainty in the air-sea flux terms for GOP and NCP. Methodological uncer-
tainty dominates over undersampling bias in all regions and seasons except the Kuroshio in fall and the Western
region in spring, where subsampled chlorophyll deviates most significantly from fully sampled regional mean
chlorophyll (Figure 2). For annual rates, methodological uncertainty dominates in the Western and Eastern
regions, but undersampling bias dominates (75–85% of total uncertainty) in the Kuroshio region.

3. Results and Discussion
3.1. Annual Cycle of TOI and O2/Ar Observations

In each of the three regions, both 17Δ andO2/Ar describe a seasonal cyclewith awinterminimumand summer
maximum (Figure 3 and Table 2). These tracer patterns reflect the combined influences of productivity, gas
exchange, and physical supply. In summer, when the influence of physical supply is low and reduced wind
speeds produce low gas transfer rates, GOP and NCP exert relatively strong influence to elevate mixed layer
17Δ and O2/Ar. In winter, by contrast, entrainment and vertical mixing exert a strong influence on mixed layer
17Δ and O2/Ar, evident in particular in significant winter O2/Ar undersaturation in the Kuroshio and
Western regions.

The amplitude of the seasonal cycle for both 17Δ and O2/Ar is largest in the Kuroshio and decreases eastward
across the basin. Spatial and temporal variability, as reflected in the standard deviations of the mean tracer
values, are also highest in the Kuroshio and decrease eastward (Table 2). This is consistent with more complex
physical dynamics and stronger mesoscale eddy activity in the region influenced by the Kuroshio, Oyashio,
and Kuroshio Extension currents, which would be expected to increase spatial and temporal heterogeneity
in biological productivity [Sasai et al., 2010].

3.2. Seasonal GOP and NCP Budgets

The seasonal cycle of GOP and NCP calculated from the tracer budgets in equations (2) and (4) are shown in
Figure 4 and Table 2. Regional means and associated uncertainty values for each budget term in each season

Figure 3. Composite annual cycle of 17Δ andΔO2/Ar in each region. Black dots show all discrete samplemeasurements in a
given region (four samples with measured 17Δ< 0 and four samples with measured ΔO2/Ar> 9% are outside the y axis
bounds). The solid line is a harmonic fit to the data describing the annual cycle, and the dashed lines show the harmonic fit
± root-mean-square error.
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are in Tables S2 (GOP) and S3 (NCP). The seasonal cycle is similar in all regions, with a pronounced spring
bloom in GOP and elevated spring NCP. GOP in all seasons and NCP in spring and summer are highest in
the Kuroshio and decrease in magnitude eastward across the basin.
3.2.1. Influence of Physical Supply on Seasonal Budgets
The magnitude of the physical supply and nonsteady state terms illustrate deviation from the assumption
that air-sea tracer flux alone represents GOP and NCP. Vertical supply from diffusive mixing and entrainment
dominate these terms in the seasonal GOP and NCP budgets, with upwelling, horizontal advection, and
nonsteady state processes playing a minor role (Figure 4). Variations in the influence of vertical supply over
the year reflect the seasonal cycle in both the strength of entrainment and vertical diffusion and the gradients
in TOI and O2/Ar across the base of the mixed layer.

For GOP, the influence of vertical supply is strongest in fall whenmixed layer deepening entrains the elevated
17Δ signature from summer photosynthesis in the sub-mixed layer portion of the euphotic zone. During
summer, vertical supply is driven by strong TOI gradients despite relatively low vertical exchange across
the strongly stratified summer mixed layer, while during winter, vertical supply is driven by strong vertical
mixing and entrainment as the mixed layer deepens but relatively weaker TOI gradients once the entire
summer euphotic zone has been ventilated. The minimum influence of vertical supply on the GOP budget
is in spring, when the vertical TOI gradient is reduced following winter mixing and there is no influence of
entrainment as the mixed layer shoals. The seasonal cycle in the GOP vertical supply term is fairly similar
across the entire basin (Figure 4 and Table S2).

The seasonal pattern of physical supply influence on the NCP budget differs significantly from that for the
GOP budget, with the vertical supply term for NCP playing the largest role in winter and spring. The vertical
gradient in O2/Ar across the base of the mixed layer is greatest in winter and spring when respiration
produces strong oxygen undersaturations in the thermocline. For GOP, in contrast, TOI is not influenced by
respiration and the vertical gradient is strongest in late summer and fall. The magnitude of the seasonal cycle
in the NCP physical supply terms decreases dramatically eastward across the basin, driven by winter physical
supply that offsets large negative air-sea flux in the Kuroshio region but approaches 0 in the Eastern region.
This effect is dominated by deeper winter mixed layers and stronger winter mixing in the western basin,
yielding larger entrainment and vertical diffusion terms.

Table 2. Summary of Regional Mean Geochemical Tracer Values and Productivity Rates Across the North Pacifica

No. of Samples 17Δ (per meg) ΔO2/Ar (%
Supersaturation)

GOP NCP NCP/GOP

Mixed Layer Euphotic Zone Mixed Layer Full Depth

Kuroshio (142°E–170°E)
Spring (MAM) 26 50 ± 2 (12) 1.38 ± 0.09 (3.9) 238 ± 57 274 ± 65 27 ± 7 30 ± 7 0.11 ± 0.04
Summer (JJA) 17 63 ± 3 (15) 3.10 ± 0.12 (3.5) 108 ± 33 167 ± 51 16 ± 2 23 ± 3 0.15 ± 0.05
Fall (SON) 51 38 ± 2 (16) 1.87 ± 0.04 (1.8) 120 ± 120 161 ± 161 20 ± 12 25 ± 15 0.17 ± 0.19
Winter (DJF) 73 29 ± 1 (12) �2.38 ± 0.04 (1.7) 201 ± 45 205 ± 46 0 ± 19 0 ± 19 --
Annual 169 -- -- 60 ± 22 74 ± 20 5.8 ± 2.2 0.7 ± 1.0 0.01 ± 0.02

West (170°E 160°W)
Spring (MAM) 20 37 ± 3 (10) 0.31 ± 0.10 (0.8) 197 ± 62 227 ± 72 21 ± 4 23 ± 5 0.11 ± 0.04
Summer (JJA) 21 37 ± 3 (9) 1.68 ± 0.10 (1.9) 93 ± 24 144 ± 37 15 ± 3 21 ± 4 0.16 ± 0.05
Fall (SON) 50 34 ± 2 (14) 1.17 ± 0.04 (0.9) 118 ± 44 158 ± 59 15 ± 3 19 ± 4 0.13 ± 0.05
Winter (DJF) 74 27 ± 1 (10) �0.66 ± 0.04 (1.2) 137 ± 38 141 ± 39 0 ± 7 0 ± 7 --
Annual 166 -- -- 49 ± 13 63 ± 12 4.7 ± 1.0 2.7 ± 0.8 0.04 ± 0.01

East (160°W–125°W)
Spring (MAM) 61 36 ± 2 (9) 0.64 ± 0.06 (1.5) 167 ± 23 192 ± 27 13 ± 2 14 ± 3 0.08 ± 0.02
Summer (JJA) 25 42 ± 2 (10) 1.07 ± 0.09 (1.2) 58 ± 22 90 ± 34 5 ± 1 7 ± 1 0.09 ± 0.04
Fall (SON) 68 34 ± 2 (13) 1.59 ± 0.04 (0.8) 92 ± 40 123 ± 54 19 ± 3 24 ± 4 0.20 ± 0.09
Winter (DJF) 92 27 ± 1 (11) 0.20 ± 0.03 (1.0) 102 ± 25 104 ± 25 4 ± 2 4 ± 2 --
Annual 246 -- -- 38 ± 10 50 ± 7 3.7 ± 0.6 3.3 ± 0.5 0.07 ± 0.01

aAll results are given as mean ± uncertainty, reflecting both methodological error and sampling bias (see text for details). For tracer values, 1σ variability about
the mean is given in parentheses, reflecting regional variability. GOP and NCP are reported in mmol O2m

�2 d�1 for seasonal rates and mol O2m
�2 yr�1 for

annual rates. NCP/GOP is unitless. Seasonal euphotic zone GOP and full (i.e. compensation) depth NCP include sub-mixed layer production as estimated from
CESM output (see Figure S2). Euphotic zone AGOP rates are the annually integrated air-sea TOI flux, and full depth ANCP rates are integrated to the winter ventila-
tion depth following equation (8). Seasonal NCP/GOP is calculated from mixed layer productivity rates, and annual NCP/GOP is calculated from euphotic zone
AGOP and winter ventilation depth ANCP.
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3.2.2. Influence of Mixed Layer Depth on the Seasonal GOP and NCP Cycles
Since the GOP and NCP budgets integrate to the base of the seasonal mixed layer, they are affected by sea-
sonal changes in mixed layer depth. During the period when the mixed layer is shallower than the euphotic
zone in late spring through early fall, photosynthesis occurs below the mixed layer, contributing additional
GOP and NCP not included in the mixed layer budgets. To estimate the fraction of the total GOP and NCP
occurring below the mixed layer, we use depth-resolved photosynthesis and respiration output from CESM
in the North Pacific (Figure S2). We apply a single basin-wide estimate of sub-mixed layer production rather
than a spatially varying estimate to avoid introducing spatial biases in CESM productivity in our tracer-based
estimates and because the resulting seasonal cycle estimates are largely insensitive to this choice. During
summer (June–August) when the mixed layers are shallowest (~20m), 55% of the total euphotic zone GOP
and 42% of the total NCP to the compensation depth occurs below the mixed layer.

We estimate seasonal GOP and NCP rates including sub-mixed layer production by scaling up the tracer-
based mixed layer rates using CESM estimates of the fraction of GOP and NCP occurring below the mixed
layer in each season (Figure 4). Across the basin, GOP shows maximum rates in spring, which decrease during
summer and then slightly increase during fall. A similar seasonal trend is seen in MODIS chlorophyll concen-
trations for all regions (Figure 2), suggesting that the observed seasonal cycle in GOP may reflect seasonal
migration of the TZCF across these regions (Figure S3). When the TZCF is at its northernmost location in
summer (~40°N), a larger proportion of each region is within the less productive lower chlorophyll area south
of the front, which reduces GOP. Then in fall as the TZCF migrates south there is a corresponding GOP
increase. During winter, when the TZCF is at its farthest south location, GOP matches or exceeds summer
rates in all regions. Winter GOP is further discussed in section 3.2.4.

The seasonal cycle for NCP is similar to that for GOP, with spring and fall NCP rates greater than or comparable
to summer rates in all regions, but with a less pronounced spring maximum in the Kuroshio andWest for NCP
than for GOP and the annual maximum NCP in the East occurring in fall rather than spring. This indicates sea-
sonal changes in export efficiency, with a greater fraction of GOP contributing to export in fall than in spring,
consistent with previous estimates in the eastern North Pacific [Juranek et al., 2012]. Winter NCP was assumed
to approach 0 in all regions (see section 2.3.3.2), precluding the ability to interpret this portion of the
seasonal cycle.

Figure 4. Seasonal cycle of (top) GOP and (bottom) NCP in each region, including component budget terms, calculated follow-
ing equations (2) and (4), respectively. Vertical supply includes both entrainment and vertical diffusion. Horizontal convergence
includes both Ekman and geostrophic transport. Upwelling is a minor contribution to the budget and is omitted for clarity.
Seasonal GOP to the base of the euphotic zone and NCP to the compensation depth (where photosynthesis = respiration)
include sub-mixed layer production estimated from CESM output (Figure S2). For all budget terms including uncertainty values,
see Tables S2 and S3.
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3.2.3. Comparison With Previous Seasonal Productivity Estimates
North Pacific primary and export production north of the subtropics have previously been measured in most
detail at two time series locations: OSP just north of our Eastern region and KNOT in the Kuroshio region, both
representing the subarctic gyres [e.g., Harrison et al., 1999, 2004]. Primary productivity has primarily been
described based on 14C incubation-based net primary production (NPP), with the only previous GOP esti-
mates (based on TOI) from spring and early fall transects across the Eastern region [Juranek et al., 2012].
We convert our GOP rates to 14C-NPP equivalent rates to compare to previous measurements using an
empirically determined gross O2:net C ratio of 2.7 [Marra, 2002]. Export production has been previously
estimated based on nutrient, oxygen, and carbonmass balance, 234Th-238U disequilibrium, and 15NO3

� incubation
experiments. We convert our NCP rates from oxygen to carbon units to compare to previousmeasurements using
a O2:C ratio of 1.4 [Laws, 1991].

In the Eastern region, our estimates of NPP and NCP are generally comparable to previous measurements at
OSP and in the broader region over the spring through fall productive season (Tables 3 and 4). The greatest
discrepancy is in summer, when our estimates of mean NPP and NCP are about half of previous measure-
ments even when sub-mixed layer production is included, likely reflecting lower productivity south of the
TZCF in the region covered by our cruise tracks while OSP remains north of the TZCF year-round. In the
Kuroshio region, by contrast, our estimates of NPP are about double previous measurements at KNOT during
spring-fall and an order of magnitude higher in winter (Table 3). For NCP our estimates are 1–2 times higher
than previous measurements in spring–fall, though generally agree within uncertainty (Table 4). Given the
high spatial variability in the TOI, O2/Ar, SST, and chlorophyll observations in the Kuroshio region, it is not
surprising that there is greater discrepancy between results and this suggests that measurements primarily
at a single time series station in the western subarctic gyre do not reflect productivity trends throughout
the broader region. In contrast, OSP appears to more fully reflect productivity throughout the less dynamic
Eastern region. These observations are consistent with recent model analyses of time series observing
stations’ spatial footprints showing that OSP represents more than twice the area of western subarctic gyre
station K2 (near KNOT, at 47°N, 160°E) for both primary production and export [Henson et al., 2016].
3.2.4. Winter GOP in the Kuroshio Region
Because of the large (15 times) discrepancy between our estimate of wintertime NPP in the Kuroshio region com-
pared to previous results, we further verify winter GOP rates by analyzing depth profiles of TOI and O2/Ar from
four locations in the Kuroshio region collected during a research cruise in February–March 2013 (Figure S4).
The depth profile observations more tightly constrain TOI and O2/Ar budgets and, therefore, estimated winter
GOP and NCP rates because we avoid using the CESM- and WOA-based physical supply corrections.

Given that vertical supply and air-sea flux are the major terms in the GOP and NCP budgets, we estimate GOP
and NCP from these profiles assuming negligible time rate of change and horizontal supply:

GOP ≈
k O2½ �eq 17Δml�17Δeq

	 

17ΔP�17Δmlð Þ � Tvert O2½ �therm17Δtherm � O2½ �ml

17Δml
	 


17ΔP�17Δmlð Þ (10)

NCP ¼ k O2½ �eqΔO2=Ar� Tvert O2;ml � O2;therm
	 
� O2=Arð Þeq Arml � Arthermð Þ

� �
(11)

where the first RHS terms are air-sea tracer flux as defined in equations (2) and (4), and in the second RHS
terms, Tvert represents the total vertical transport by entrainment, vertical diffusion, and upwelling across
the base of the mixed layer (md�1). The subscripts “P,” “therm,” and “ml” represent the photosynthetic
end-member, thermocline, and mixed layer, respectively. All terms in equation (10) are expressed here using
17Δ for simplicity but are calculated directly from δ17O and δ18O (see Nicholson et al. [2014, equation (S7)] for
the full vertical supply equation). Oxygen and argon concentrations in equation (11) are calculated from
measured O2/Ar by assuming that argon is at saturation, as discussed previously.

Equations (10) and (11) provide two equations to constrain three unknown values: GOP, NCP, and Tvert. We
therefore determine possible GOP and Tvert rates at each depth profile location over a range of possible
NCP rates (Figure 5). Since ΔO2/Ar decreases (becomes more undersaturated) and 17Δ increases with depth
across the mixed layer-thermocline boundary (Figure S4), a decrease in prescribed NCP in equation (11)
reduces estimated Tvert and increases GOP estimated in equation (10). Uncertainty in all terms is estimated
using a Monte Carlo approach accounting for uncertainty in tracer measurements and the air-sea-gas transfer
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velocity. We expect wintertime NCP to approach 0 [Emerson and Stump, 2010]. Estimates of particulate organic
carbon export from 234Th yield slight net autotrophy at KNOT and OSP in winter (2–3mmolCm�2 d�1

[Charette et al., 1999; Kawakami et al., 2004; Kawakami and Honda, 2007]), while recent oxygen and carbon annual
budgets accounting for dissolved as well as particulate organic carbon at OSP have found wintertime net
heterotrophy [Bushinsky and Emerson, 2015; Fassbender et al., 2016]. We determine GOP rates for a wider
range of NCP than is likely plausible, spanning �25 to 25mmol O2m

�2 d�1, and find a mean GOP rate of
125 ± 52mmol O2m

�2 d�1 (Figure 5). These GOP rates are 38% lower than the Kuroshio region mixed layer
winter GOP rate of 201 ± 45mmol O2m

�2 d�1 but when converted to net carbon units (i.e., GOP/2.7) yield
an NPP rate of 46 ± 19mmol Cm�2 d�1 that substantially exceeds (by ~10 times) previous NPP estimates
(5 ± 1mmol Cm�2 d�1) in this region (Table 3). The results of this analysis support our conclusion that NPP
rates during winter in the Kuroshio region are 10–15 times higher than rates measured previously by 14C
incubation at KNOT, which suggests that a single time series station is insufficient to accurately represent
the region.

3.3. Annual Gross Oxygen Production (AGOP)

AGOP through the full euphotic zone, as determined from annually integrated air-sea TOI flux, and in the
mixed layer, as determined by integrating equation (2) over the annual cycle, is highest in the Kuroshio region
and decreases eastward across the basin, with sub-mixed layer production contributing 19–25% of the total
euphotic zone GOP (Figure 6a and Tables 2 and S4). The observed trend is consistent with stronger nutrient
supply from deeper winter mixing and greater aeolian iron supply from dust input in the western than the
eastern basin [Duce and Tindale, 1991]. However, previous estimates of annual NPP at KNOT and OSP found
the opposite trend, with 14C-based annual NPP in the eastern subarctic at OSP estimated as about twice that
at KNOT (Table 3). The difference in these results is primarily because our TOI-based annual NPP estimates are
~4 times previous 14C-based estimates in the Kuroshio region but comparable to results at OSP in the Eastern
region (Table 3).

Table 3. Net Primary Productivity (NPP) Estimates for the Kuroshio and Eastern Regions of the North Pacifica

Annual Spring Summer Fall Winter

Kuroshio
KNOT 7.5b 44b 19b, 23c 14b, 44c 4b

Elsewhere 7.3d 65b, 39d, 29c, 111e 19d, 26c, 35f, 39g 16d, 30c, 31h 6d

Mean ± 1σ 7.4 ± 0.1 58 ± 33 27 ± 8 27 ± 12 5 ± 1

This study
Mixed layer 22 ± 8 88 ± 21 40 ± 12 44 ± 44 74 ± 17
Euphotic zone 28 ± 7 102 ± 24 62 ± 19 60 ± 20 76 ± 17

East
OSP 14i, 12j, 18k 46i, 35j, 71k 73i, 39j, 71k 21h, 62i, 31j 24j, 25k

Elsewhere 70l, 74l 28m 26l, 69l

Mean ± 1σ 15 ± 3 59 ± 18 53 ± 23 42 ± 22 24 ± 1

This study
Mixed layer 14 ± 4 62 ± 9 22 ± 8 34 ± 15 38 ± 9
Euphotic zone 19 ± 3 71 ± 10 33 ± 13 46 ± 20 39 ± 9

aAnnual NPP inmol Cm�2 yr�1; seasonal NPP inmmol Cm�2 d�1. All previousmeasurements are 14C or 13C incubations, unless otherwise indicated. Sampling
locations are noted for values from elsewhere than KNOT or OSP. We summarize previous measurements annually and seasonally in each region as the mean ± 1σ
of all previous studies’ mean values. GOP values from this study are converted to 14C-NPP equivalent rates using a gross O2:net C ratio of 2.7 [Marra, 2002].

bImai et al. [2002]; values from KNOT as well as a May bloom near KNOT (44–45°N, 155.5–156.5°E).
cKawakami and Honda [2007]; values from KNOT as well as stations K1 (51°N, 165°E), K2 (47°N, 160°E), and K3 (39°N, 160°E).
dShiomoto [2000]; 40–45°N, 150–160°E.
eIsada et al. [2010]; 41–43°N, 144–147°E.
fFujiki et al. [2011]; fast repetition rate fluorometry from profiling float at K2, calibrated with 13C incubations.
gElskens et al. [2008]; K2.
hKawakami et al. [2010a]; Kuroshio region value from 47–51°N, 160–169°E, including K1 and K2.
iWelschmeyer et al. [1993].
jWong et al. [1995].
kBoyd and Harrison [1999], as presented in Harrison et al. [1999].
lJuranek et al. [2012]; GOP from TOI, converted to NPP with a gross O2:net C ratio of 2.7. Values from the subtropical-subarctic physical transition zone (31–43°N,

145–160°W) and the subarctic gyre (39–55°N, 145–160°W).
mGiesbrecht et al. [2012]; seasonal mean from OSP and station P16 (49.3°N, 134.7°W).
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Potential explanations for the discrepancy between previous Kuroshio region estimates and our results
include the following: (1) Measurements primarily at a single time series station at KNOT in the dynamic
Kuroshio region do not capture the full spatial variability in the region. (2) Incubation-based NPP measure-
ments used in previous studies may fail to capture episodic pulses of productivity, which are more easily
observed using the TOI approach since the measurements are integrated over the ~2week residence time
of dissolved oxygen in the surface mixed layer. (3) The gross O2:net C conversion factor varies spatially from
the constant 2.7 factor assumed here (as discussed in Juranek and Quay [2013]). However, this can only
explain a small portion of the discrepancy as the GOP/NPP ratio of 8–10 that would be required to reconcile
our AGOP estimates with annual NPP previously estimated at KNOT is at the high end of the GOP/NPP range
of 2–8 previously observed in the ocean [Juranek and Quay, 2013] and well above the ratio of 3 ± 1 found in
nutrient-limited laboratory cultures [Halsey and Jones, 2015].

Table 4. Net Community Productivity (NCP) Estimates for the Kuroshio and Eastern Regions of the North Pacifica

Annual Productive Season Spring Summer Fall

Kuroshio
KNOT 4.5b, 5.1c 5d, 2.5e 12e 10d, 10e

Elsewhere 3.2f, 2.9g, 3.3c, 4.0c, 4.8h, 2.6e, 1.9e, 6.3i, 2.7i, 6.9i, 4.2j, 5.3j, 4.5k 7g, 19d, 6e 24g, 10e, 8l 8d, 5e, 4m

Mean ± 1σ 4.1 ± 1.4 8 ± 6 13 ± 7 7 ± 3

This study
Mixed layer 4.1 ± 1.6 19 ± 5 12 ± 2 14 ± 8
Full depth 0.5 ± 0.7 21 ± 5 16 ± 2 18 ± 10

East
OSP 0.7n 3.0h, 2.2o, 2.1p, 1.6p, 2.5p, 2k, 1.4n 35q, 24q 8r, 6q, 21q, 22s, 15p, 10p, 17p 3m, 19q

Elsewhere 2.2 (0.5–4)t 3.1i, 1.8j, 1.3j 7r, 15u, 2u 13v, 7v, 8w 3w, 12x, 26x, 9u, 22u

Mean ± 1σ 1.5 ± 1.1 2.1 ± 0.6 17 ± 13 13 ± 6 13 ± 9

This study
Mixed layer 2.6 ± 0.4 9 ± 2 4 ± 1 13 ± 2
Full depth 2.3 ± 0.3 10 ± 2 5 ± 1 17 ± 3

aAnnual and productive season NCP in mol Cm�2 yr�1; seasonal NCP in mmol Cm�2 d�1. Sampling locations are noted for values not from KNOT or OSP. We
summarize previous measurements annually and seasonally in each region as the mean ± 1σ of all previous studies’mean values. NCP values from this study are
converted to carbon units using a O2:C ratio of 1.4 [Laws, 1991]. Full depth seasonal NCP includes sub-mixed layer production to the compensation depth, and full
depth annual NCP is integrated to the winter ventilation depth.

bTsurushima et al. [2002]; carbon and nitrate drawdown from top 100m, May to October, 1998 and 1999.
cKawakami et al. [2007]; carbon and nitrate drawdown from top 100 m, April to October. Values elsewhere than KNOT from stations K1 (51°N, 165°E) and K2

(47°N, 160°E).
dKawakami et al. [2004]; particulate carbon flux to the base of the euphotic zone from 234Th, 40–50°N, 150–170°E.
eKawakami and Honda [2007]; particulate carbon flux to 100m from 234Th. Values elsewhere than KNOT from K1, K2, and K3 (39°N, 160°E). Annual values from

K2 and K3.
fAndreev et al. [2002]; carbon and nitrate budget in top 100m, includes data from KNOT and central western subarctic gyre (50°N, 165–170°E).
gMidorikawa et al. [2002, 2003]; seasonal carbon and nitrate drawdown, 48°N, 165°E.
hKawakami et al. [2010b]; carbon and nitrate budget in top 100m, K2 and OSP.
iWong et al. [2002a]; carbon and nitrate mixed layer budget. Kuroshio regions are the western subarctic gyre (45–55°N, 140–160°E), southeast Japan (42–45°

N, 140–160°E), and Hokkaido (35–42°N, 140–160°E); Eastern region is the Alaskan gyre (45–55°N, 140–170°W).
jChierici et al. [2006]; carbon and nitrate mixed layer budget. Kuroshio regions are the Oyashio (41–47°N, 145–155°E) and western subarctic gyre (45–51°N,

155–165°E); Eastern regions are the Alaskan gyre (45–52°N, 150–165°W) and subarctic (47–51°N, 135–145°W).
kFassbender [2014]; Fassbender et al. [2016]; carbon and alkalinity budgets at OSP and KEO (32.3°N, 144.6°E).
lElskens et al. [2008]; 15NO3

� uptake in top 50m at K2.
mKawakami et al. [2010a]; particulate carbon flux to 100m from 234Th. Kuroshio value from 47–51°N, 160–169°E, including K1 and K2.
nBushinsky and Emerson [2015]; O2 budget from profiling float.
oWong et al. [2002b]; nitrate drawdown from top 50m over 6month productive season.
pEmerson [1987]; Emerson et al. [1991]; Emerson and Stump [2010]; O2 and inert gas mixed layer budgets, assuming 150 day productive season from May to

September.
qWheeler [1993]; nitrate drawdown for spring (May) and summer (May–September); 15NO3

� uptake for spring (May), summer (June and August), and fall
(September), converted from nitrogen to carbon units with 16 N:106 C [Redfield et al., 1963].

rCharette et al. [1999]; particulate carbon flux to the base of the euphotic zone from 234Th. Spring value is mean along Line P in Alaskan gyre.
sVarela and Harrison [1999]; 15NO3

� uptake from May to September.
tSonnerup et al. [2013]; apparent oxygen utilization from transit time distributions, 35–50°N, 145–152°W.
uJuranek et al. [2012]; O2/Ar mixed layer budget, converted to C units with an O2:C ratio of 1.4. Values from the subtropical-subarctic physical transition zone

(31–43°N, 145–160°W) and the subarctic gyre (39–55°N, 145–160°W).
vGiesbrecht et al. [2012]; mixed layer O2/Ar budget and

15NO3
� uptake, OSP and station P16 (49.3°N, 134.7°W).

wHoward et al. [2010]; O2/Ar euphotic zone budget, 30–45°N, 145–152°W.
xLockwood et al. [2012]; O2/Ar mixed layer budget. Values from the subtropical-subarctic physical transition zone (32–45°N, 145–152°W) and the subarctic gyre

(45–50°N, 145–152°W).
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3.4. Annual Net Community
Production (ANCP)

ANCP integrated to the winter ventila-
tion depth, calculated separately from
the seasonal NCP budget following
equation (8), decreases westward across
the North Pacific basin from 3.3 ± 0.5
and 2.7 ± 0.7mol O2m

�2 yr�1 in the
Eastern and Western regions, respec-
tively, to 0.7 ± 1.0mol O2m

�2 yr�1 in
the Kuroshio region (colored bars in
Figure 6b). These ANCP rates differ sig-
nificantly from estimates of carbon
export derived by considering only
export from the seasonal mixed layer
(black circles in Figure 6b), which show
the opposite trend of export from the
seasonal mixed layer instead increasing
westward across the basin. By integrat-
ing NCP to the seasonal mixed layer
depth rather than the winter ventilation
depth, organic carbon (both particulate
and dissolved) exported below the
stratified seasonal mixed layer in spring
through fall that is subsequently

respired in the seasonal thermocline and ventilated during winter mixing is “counted” as exported even
though the carbon is not sequestered on annual or longer time scales. There is a strong gradient across
the basin in the fraction of seasonally exported carbon that is respired and subsequently ventilated before
sinking below the winter ventilation depth: 88% in the Kuroshio region, 42% in the Western region, and
12% in the Eastern region. The larger fraction of carbon respired in the seasonal thermocline in the western
basin is likely driven largely by deeper winter mixing (Figure 1), which requires organic carbon to sink further
through the water column to be effectively exported. In essence, although there is greater export of organic
carbon from the seasonal mixed layer in the western than the eastern North Pacific, the deeper winter mixed
layers in the west negate this trend and yield a lower export rate below the winter ventilation depth in the
western than the eastern basin (Figure 6b).

Previous studies in midlatitude regions where winter mixing extends below the euphotic zone have demon-
strated the significance of winter ventilation to annual carbon export. In the North Atlantic, ~40–45% of the
carbon exported from the seasonally stratified mixed layer is remineralized above the winter mixed layer
depth and ventilated during winter mixing [Körtzinger et al., 2008; Quay et al., 2012]. Recent studies at OSP

Figure 5. Winter GOP and NCP constrained by four depth profiles for TOI
and O2/Ar collected in late winter in the Kuroshio region (locations indi-
cated in Figure 1; combined uncertainty bounds from all four depth pro-
files shaded in blue). Kuroshio region GOP from this study and previously
measured 14C-NPP in the region (from Table 3, converted to GOP using a
gross O2:net C ratio of 2.7) are plotted for comparison (uncertainty
bounds shown with dashed lines, which are within the size of the line for
prior 14C-NPP). GOP and NCP are jointly constrained from depth profile
data based on the assumption that the dominant budget terms are air-sea
gas exchange and vertical supply (see text for details). Depth profile data
are shown in Figure S4.

(a) (b) (c)

Figure 6. Colored bars are (a) AGOP to the base of the euphotic zone, calculated as the annual integral of air-sea flux of TOI,
(b) ANCP to the winter ventilation depth, calculated following equation (8), and (c) annual export efficiency (ANCP/AGOP) in
the Kuroshio (green), Western (light blue), and Eastern (dark blue) regions. Black circles are annual rates for each region
determined to the base of the seasonal mixed layer (GOP calculated following equation (2) and NCP calculated following
equation (4), as shown in Figure 4, each integrated over the year). Orange circles in Figure 6b are air-sea biological oxygen
flux from O2/Ar (as shown in Figure 4) integrated over the year in each region.
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have similarly demonstrated the significance of winter processes to ANCP, with glider data showing accumu-
lation of a sub-mixed layer respiration signature that is ventilated during winter mixing [Pelland, 2015] and
float and mooring data showing ~30–50% of productive season NCP offset by winter respiration [Bushinsky
and Emerson, 2015; Fassbender et al., 2016]. CESM output for the North Pacific captures the phenomenon
of mixing-driven ventilation across the basin, with a greater fraction of ANCP from the seasonal mixed layer
respired above the maximum annual mixed layer and not contributing to ANCP at the winter mixed layer
depth in areas with deeper winter mixed layers (Figures S5a and S5b). These results highlight the importance
of including winter observations of seasonally exported carbon ventilated during winter mixing in
estimating ANCP.

By measuring O2/Ar throughout the full annual cycle, we were able to observe winter ventilation of O2/Ar
undersaturated waters in the Kuroshio and Western regions (Figure 3 and Table 2) and account for the
reduced amount of carbon exported below the winter ventilation depth as compared to the seasonal mixed
layer depth. If we assumed that net physical transport of O2 via horizontal advection or upwelling were neg-
ligible, air-sea biological oxygen flux from these O2/Ar measurements (first RHS term in equation (8); orange
circles in Figure 6b; values given in Table S4) would approximate ANCP. However, physical transport of O2

(second and third RHS terms in equation (8); rates for individual terms from equations (8) and (9) given in
Table S4) plays a significant though secondary role contributing to winter O2/Ar undersaturation in the wes-
tern basin (contributions of �1.6 ± 1.0, �1.2 ± 1.1, and �0.2 ± 0.2mol O2m

�2 yr�1 in the Kuroshio, Western,
and Eastern regions, respectively). The trend of a more negative physical transport term to the west is due
to increased rates of Ekman-driven upwelling and eastward geostrophic advection by the Kuroshio
Extension [Jayne et al., 2009]. Thus, while a simpler budget including only air-sea biological oxygen flux
effectively approximates ANCP in the Eastern region, it would underestimate ANCP in the more dynamic
Kuroshio andWestern regions. Future studies investigating ANCP to the winter ventilation depth and the role
of remineralization of seasonally exported carbon should take care to account for the influence of physical
transport, especially in similarly dynamic regions.

3.5. Export Efficiency

The NCP/GOP ratio provides a metric of the efficiency of the biological pump, defined as the fraction of
photosynthetically fixed carbon that contributes to export. Efficiency of seasonal export from the surface mixed
layer can be evaluated from mixed layer NCP/GOP, while annual export efficiency can be evaluated from
ANCP/euphotic-depth AGOP to determine the fraction of total euphotic zone production that is exported past
the winter ventilation depth. ANCP/AGOP (Figure 6c) is generally very low with the ratio decreasing westward
across the basin from 0.07±0.01 in the Eastern region to 0.01±0.02 in the Kuroshio region. (The NPP/NCP ratio
in carbon units would be about double the value in O2 units, i.e., [GOP/2.7]/[NCP/1.4]). This spatial pattern
opposes that of seasonal NCP/GOP in spring and summer and differs from annual NCP/GOP integrated to the
base of the seasonal mixed layer, which is similar across the basin at 0.07–0.08 (Table 2, black circles in Figure 6c).

The basin-wide trend of lower seasonal export efficiency in spring and summer in the east than the west
agrees with previous findings based on sediment trap, carbon, oxygen and nutrient budget, and 14C-NPP
estimates [Honda, 2003; Harrison et al., 2004]. Elevated fall NCP/GOP in the Eastern region deviates from this
trend of lower seasonal export efficiency in the east than the west but is consistent with the only previous
NCP/GOP estimates in our study area (�0.01 to 0.13 in spring and 0.14 to 0.17 in fall in the Eastern region
[Juranek et al., 2012]), which agree with our observed NCP/GOP (0.08 ± 0.02 in spring and 0.20 ± 0.09 in fall).
Seasonal NCP/GOP in all regions falls within the range previously observed from O2 and TOI mass balance
in other ocean regions (0.06 to 0.35, summarized by Quay et al. [2012]). The North Atlantic is the only
region where annual export efficiency accounting for winter ventilation has previously been determined
(ANCP/AGOP of 0.07 ± 0.06, Quay et al. [2012]). ANCP/AGOP in the Eastern region of the North Pacific
matches that of the North Atlantic, while annual export efficiency in the Western and Kuroshio regions
is lower than that in the North Atlantic or than seasonal export efficiency previously observed in other
ocean regions.

Mechanistic explanations for variations in export efficiency have generally focused on the role of biological
community composition. Larger phytoplankton cells sink faster than small cells and thus are more likely to
sink out of the euphotic zone before being remineralized or grazed [Smayda, 1970], and ballasting by
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biogenic silica or calcium carbonate increases sinking rates [Armstrong et al., 2002; Francois, 2002; Klaas and
Archer, 2002]. Based on this, we would expect higher export efficiency in the western than the eastern North
Pacific, as the proportion of diatoms as compared to small cells in the phytoplankton community is greater in
the west than the east [Harrison et al., 2004]. This expected trend is consistent with our and previous studies’
findings for seasonal export efficiency in spring and summer but the opposite of our observed trend in
annual export efficiency, which is primarily the result of differences in the depth of winter ventilation across
the basin. CESM output for the North Pacific similarly shows reduced annual export efficiency in regions
where remineralization of seasonally exported organic material between the base of the stratified seasonal
mixed layer and deep winter mixed layer reduces ANCP (Figure S5c). Our observations demonstrate that
the physical dynamics of winter ventilation are a key parameter to be more fully considered in evaluating
the efficiency of the biological pump on annual time scales.

4. Summary and Conclusions

The vessel of opportunity sampling approach employed in this study enabled the first basin-wide estimates
of GOP and NCP rates across the North Pacific throughout the full annual cycle. Comparison with previous
estimates shows that productivity east of 170°W is fairly well represented by time series measurements at
OSP but that time series measurements at KNOT and other locations in the western subarctic underrepresent
GOP and seasonal NCP in themore dynamic and spatially variable Kuroshio region west of 170°E. In particular,
we observe significantly higher winter primary productivity in the Kuroshio region than previously measured.
A more complete understanding of the rates and efficiency of carbon export in the western North Pacific and
other highly dynamic regions across the globe will require sampling at higher spatial resolution than at single
time series or mooring locations, using approaches such as vessel of opportunity sampling and autonomous
measurements from bio-Argo floats [e.g., Emerson and Bushinsky, 2014].

The mixed layer budget approach used here to determine seasonal GOP and NCP from observed TOI and
O2/Ar demonstrates the importance of accounting for physical supply influence on tracer measurements
applied over the full annual cycle. Especially in nonsummer months, strong vertical diffusion and entrain-
ment and steep vertical tracer gradients exert significant influence on mixed layer TOI and O2/Ar.
Physical supply corrections are large for GOP in fall and winter and for NCP in winter and spring, with larger
influence of physical supply in the more dynamic western basin. Improved constraints on gradients,
particularly for TOI, can be achieved in future field programs by sampling the thermocline as well as the
mixed layer as previously recommended by Nicholson et al. [2014], since the dominant physical supply is
vertical. Improved constraints on rates of advection andmixing, particularly ondiffusive verticalmixing, will
also improve physical supply estimates.

Throughout the spring through fall productive season, GOP and NCP are highest in the Kuroshio region and
decrease eastward across the basin. AGOP is also highest in the Kuroshio and decreases eastward, in contrast
to previous estimates of annual primary production rates (Table 3 and Figure 6a). NCP from the seasonal
mixed layer integrated over the spring through fall productive season also is highest in the Kuroshio and
decreases eastward, with rates comparable to previous estimates (Table 4).

However, deep winter mixed layers (>200m) in the Kuroshio and Western regions ventilate ~40–90% of the
carbon exported from the seasonal mixed layer during the spring through fall productive season. Winter
mixing does not penetrate as deeply in the Eastern region (<120m) due to a strong permanent halocline
[Harrison et al., 1999], ventilating only ~10% of the seasonally exported carbon. As a result, annual NCP
decreases westward across the basin from 2.3 ± 0.3mol Cm�2 yr�1 east of 160°W to 0.5 ± 0.7mol Cm�2 yr�1

west of 170°E, opposite the spatial trend of NCP from the seasonal mixed layer during the productive season.
Our results demonstrate that annual estimates of carbon export to the deep ocean can only be resolved by
accounting for winter ventilation of seasonally exported carbon in regions of deep winter mixing such as the
western North Pacific. Estimates that only consider export below the shallow seasonal mixed layer during
thehighly stratified late spring–early fallmonthswould tend tooverestimate the contribution to annual carbon
export. The ability of CESM to capture the influence of deeper winter mixing on ANCP in the North Pacific
(Figure S5) indicates that global earth systemmodel simulations could be used to investigate the role of winter
ventilation on ANCP on the global scale, although additional observational estimates of ANCP to the winter
ventilation depth are needed to validate modeled rates and spatial patterns of ANCP.
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Annual export efficiency (ANCP/AGOP) increases eastward across the basin, with ANCP/AGOP in the Eastern
region >6 times that in the Kuroshio (Figure 6c). This suggests that the larger phytoplankton blooms domi-
nated by larger cells found in the western as compared to the eastern North Pacific [Harrison et al., 2004],
which likely produce the observed higher seasonal export efficiencies in the west than the east in spring
and summer, play a less important role than physical constraints (i.e., winter ventilation depth) in controlling
export efficiency on an annual basis. This could have significant implications in projecting how future climate
change will influence the strength and efficiency of the biological pump. Increased stratification of the ocean
is projected to both shift the phytoplankton community toward smaller cells and to decrease the depth of
winter mixing. The shift to smaller cells is expected to decrease the efficiency of export, while the decreasing
depth of winter mixing would increase the efficiency of annual export. Projections of future changes to
biological carbon export should account for both of these competing influences.
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