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Abstract Annual net community production (ANCP) in the subtropical Pacific Ocean was determined by
using annual oxygen measurements from Argo profiling floats with an upper water column oxygen mass
balance model. ANCP was determined to be from 2.0 to 2.4 mol C m ™2 yr™" in the western subtropical North
Pacific, 2.4 mol C m—2 yr’1 in the eastern subtropical North Pacific, and near zero in the subtropical South
Pacific. Error analysis with the main sources of uncertainty being the accuracy of oxygen measurements and
the parameterization of bubble fluxes in winter suggested an uncertainty of ~0.3 mol Cm ™2 yr~" in
subtropical Pacific. The results are in good agreement with previous observations in locations where ANCP
has been determined before. These are the first results from the western subtropical North Pacific and
subtropical South Pacific where ANCP have not been evaluated before. ANCP for the subtropical South Pacific
is significantly lower than in all other open ocean locations where it has been determined by mass balance.
Comparison of our observations with net biological carbon export estimated from remote sensing algorithms
indicates that observations from the subtropical North Pacific are higher than the satellite estimates, but
those in the subtropical South Pacific are lower than satellite-determined carbon export.

1. Introduction

Export of organic carbon from the surface ocean to depth, known as the “biological pump,” plays an impor-
tant role in global carbon cycle. It helps maintain the pCO, of the atmosphere by lowering surface-ocean
pCO, and oxygen minimal zones by influencing oxygen consumption in the ocean thermocline [Longhurst
and Harrison, 1989; Hofmann and Schellnhuber, 2009; Kwon et al., 2009]. In the upper ocean, at steady state
over an annual cycle, the flux of biologically produced organic matter to the ocean interior is equal to the
annual net community production (ANCP).

The metabolite mass balance approach to measure ANCP comprises a wide range of methods by using dif-
ferent chemical tracers, including time series measurements of dissolved inorganic carbon drawdown [e.g.,
Lee, 2001; Fassbender et al., 2016], nitrate drawdown [e.g., Wong et al., 2002; Plant et al., 2016], O,/N, ratio
[e.g., Emerson et al., 2008], O,/Ar ratio [e.g. Craig and Hayward, 1987; Emerson et al., 1991; Cassar et al.,
2015], and carbon isotope mass balance [e.g., Quay et al., 2009]. In the past decade, development of auton-
omous sensor platforms like the gliders and Argo floats made it possible to perform long-term monitoring of
chemical tracers like O, and nitrate [e.g., Bushinsky and Emerson, 2015; Nicholson et al., 2008; Plant et al., 2016;
Riser and Johnson, 2008], which avoids the traditional extrapolation uncertainties from using the summer-
only data and allows more accurate estimate of ANCP.

Global estimates of ANCP have been obtained mainly by using two methods: global circulation models
[e.g., Bopp et al, 2001] and satellite-based remote sensing observations [e.g., Siegel et al, 2014;
Westberry et al., 2012]. However, both model and remote sensing approaches still rely on the field data
for model/algorithm development and for calibration purposes. Emerson [2014] argued that both model
and satellite-determined ANCP are far more geographically variable than experimental measurements.
For example, ANCP determined from mass balance at the sites of Hawaii Ocean Time-series (HOT),
Ocean Station Papa (OSP), and Bermuda Atlantic Time-series study are 2.5, 2.3, and 3.8 mol C m~2 yr",
respectively, while the remote sensing estimates (vertically generalized productivity model) at those sites
are 1.4, 46, and 1.5 mol C m~2 yr™’, respectively. Greater spatial homogeneity is consistent with recent
modeling studies that describe the consequences of variable C:P ratios in plankton [Teng et al., 2014;
DeVries and Deutsch, 2014].
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The western subtropical North Pacific and subtropical South Pacific Ocean are oligotrophic regions with very
low surface nutrient concentrations [Garcia et al., 2014] and extremely low carbon export as determined by
satellite maps [e.g., Siegel et al., 2014; Westberry et al., 2012] and ocean global climate models (GCMs) [e.g.,
Bopp et al., 2001]. Because ANCP has not been determined experimentally in these extremely oligotrophic
regions we deployed three Argo floats in the western subtropical North Pacific (between 17.7-20.2°N and
162-164.5°E, to the southeast of Kuroshio Extension) and one float in the subtropical South Pacific (16.5°S,
161.1°E) to do this. We have previously shown that it is possible to determine ANCP by using Argo float-
derived oxygen measurements at Ocean Station Papa (OSP) [Bushinsky and Emerson, 2015]. The western sub-
tropical North Pacific study area is influenced by the seasonal cycle of southeast summer monsoon and
northeast winter monsoon [Tomczak and Godfrey, 1994], suggesting that monsoon-driven physical processes
might bring nutrients into the euphotic zone of this area. The subtropical South Pacific study area, on the
other hand, is under weak but steady westerlies with little seasonality [Tomczak and Godfrey, 1994].

2, Methods
2.1. Data Acquisition

Oxygen, salinity, and temperature data used for ANCP calculation were obtained from five University of
Washington (UW) Special Oxygen Sensor Argo floats (SOS-Argo) and an Argo float deployed at the Hawaii
Ocean Time-series (HOT) by the float group at Monterey Bay Aquarium Research Institute (MBARI)
(Figure 1). All floats were operated at a cycle interval of ~5 days.

The Special Oxygen Sensor Argo (SOS-Argo) floats used in this study were equipped with Aanderaa oxygen
optodes (Model 4330, Aanderaa Data Instruments AS, Norway) installed on an ~60 cm long pole attached to
the end cap of floats (Figure 1), which avoids the seawater splash during the surface period and allows pure
atmospheric pO, measurements for air calibration. For all SOS-Argo floats, the optode oxygen measurements
were calibrated against the air pO, calculated from optode temperature, National Centers for Environmental
Prediction (NCEP) relative humidity, and sea level pressure data products [Bushinsky et al., 2016]. After each
profile cycle, when the float reached the surface, the optode measured air pO, every 2 min for 1 h. Optode
air measurements were quality controlled by filtering out data for which the standard deviation of the pO,
measurements over a 10 min period changed by more than 0.2%, air temperature changed by more than
1°C over the air measurement period, or sea level atmosphere pressure changed more than 0.1% during
the air measurement period. The mean of the remaining pO, air measurements from each air period was
plotted against the time since deployment to obtain a linear regression for optode calibration. Details of
the optode air calibration technique are presented in Bushinsky et al. [2016]. The data from this study can
be found on our website (https://sites.google.com/a/uw.edu/sosargoy/).

Quality-controlled oxygen data for the float at HOT (float F8497) were obtained from MBARI database (http://
www.mbari.org/science/upper-ocean-systems/chemical-sensor-group/floatviz/). Because the MBARI float did
not have the air calibration mechanism, these data were corrected to ship-based oxygen titrations (0-150 m)
from the HOT time series cruises by choosing the Argo profiles obtained within 5 days and 300 km of the HOT
ship-board measurements (http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html).

N, data determined in surface waters at OSP and used in this paper to calibrate the bubble portion of the gas
exchange model were obtained from a gas tension device (GTD) on the OSP mooring (see Emerson and
Stump [2010] and Emerson et al. [2008] for an explanation of the methods used to transform pressure and
0, measurements to N, concentrations). The O, and N, data used here are archived at the Carbon Dioxide
Information Analysis Center (http://cdiac.ornl.gov/oceans/Moorings/Papa_145W_50N.html). Wind speed
data used to calculate the air-sea gas exchange mass transfer coefficient were obtained from the advanced
scatterometer data product (http://apdrc.soest.hawaii.edu/las/v6/). Sea level pressure and relative humidity
products used to calibrate the oxygen sensors in air were from National Centers for Environmental
Prediction (NCEP) reanalysis (http://www.esrl.noaa.gov/psd/data/gridded/).

The satellite-based net primary production (NPP) estimates and the export production to total primary
production ratio (NCP/NPP) were used to calculate remote-sensing-based NCP to compare with our field
observations. NPP data were from remote sensing data products (http://www.science.oregonstate.edu/
ocean.productivity/index.php), using both the Vertically Generalized Production Model (VGPM) [Behrenfeld
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Figure 1. Tracks of Argo floats (black, red, and blue lines) in the Pacific with a background of satellite-determined carbon
export from January 2015 to January 2016. Float 8497 (track not shown) was deployed near Hawaii Ocean Time-series (HOT)
from 2013 to 2015 in the eastern subtropical North Pacific by Ken Johnson and his colleagues from MBARI. All floats
other than F8497 are UW SOS-Argo floats (pictured above) with air-calibrated oxygen sensors. Satellite-based carbon
export was calculated with net primary production (NPP) from CbPM algorithm [Westberry et al., 2008, http://www.science.
oregonstate.edu/ocean.productivity/index.php] multiplied by the NCP/NPP ratio compiled by Laws et al. [2011]
(equation (11)). The triangles mark the locations of HOT and OSP: Ocean Station Papa.

and Falkowski, 1997] and the Carbon-based Production Model (CbPM) [Westberry et al., 2008]. Ancillary data
used for calculation of NPP (e.g., sea surface temperature) can be found from the same site. The NCP/NPP
ratio (ef-ratio) used was from Laws et al. [2011].

2.2. Upper Water Column Oxygen Mass Balance Model

Calibrated oxygen, temperature, salinity, atmospheric pressure, and wind speed data were used in an upper
ocean oxygen mass balance model to calculate ANCP. A schematic of the simplified two-layer upper water
column oxygen mass balance model used in this study is presented in Figure 2. Horizontal and vertical advec-
tions and changes in oxygen supersaturation caused by float drift are assumed to be small compared to
air-sea gas exchange, bubble injection, and diapycnal diffusion as demonstrated by Bushinsky and Emerson
[2015] in their study of OSP data [Bushinsky and Emerson, 2015] and as explained in the supporting informa-
tion. The model used here has just two layers: the upper mixed layer and a deeper layer with the deepest
winter mixed layer depth as its base. We define ANCP as the flux of organic carbon that escapes the upper
ocean (sum of layers 1 and 2) after completion of the seasonal mixed layer cycle. Organic carbon exported
from the shallow summer mixed layer and respired between layers 1 and 2 is not included in ANCP because
it can be reventilated to the atmosphere in winter [Bushinsky and Emerson, 2015; Kértzinger et al., 2008;
Palevsky et al., 2016b].

Oxygen concentration changes in layer 1 are controlled by gas exchange fluxes, which include both the
air-sea interface diffusion (Fs) and bubble processes (Fg), entrainment of waters from layer 2 to the upper
mixed layer (Fg), and net biological oxygen production (J;).

d(h[03])

a =Fs+Fg+Fe+s molm 2 d! )

Oxygen change in layer 2 is a result of entrainment (Fg), diapycnal eddy diffusion across the base of layer 2
(Fkz), and net biological oxygen production (J5).
d(h2[0])

s Fe+ Frz +Jo molm 2d "’ ")

The sum of J; and J, is the total net biological oxygen production (equation (3)) in the upper water column.
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Figure 2. Schematic of upper water column oxygen mass balance model. The first layer is the mixed layer. The base of the
second layer is defined as the maximum mixed layer depth in winter. Fluxes (F) are from air-sea gas interface exchange
by diffusion (F;) and bubble processes (Fp), entrainment (Fg), and diapycnal eddy diffusion (Fg,). J; and J, are the fluxes due
to net biological production in layers 1 and 2.

INe =1+ )5 mol I"r172(171 (3)

Gas exchange between water and air is modeled as the sum of the air-sea interface exchange, Fs, and bubble
processes, Fg. The air-sea interface flux is calculated from equation (4), where k; is the mass transfer coeffi-
cient, [0,] is the float-measured oxygen concentration, and [0,]°*" is the oxygen saturation calculated from
float-measured temperature (T) and salinity (S) [Garcia and Gordon, 1992].

F5 = Fs([oﬂ — [Oz}sat> mol TT{2 d?1 (4)

The mass transfer coefficient for air-sea portion of the exchange has been determined by atmospheric eddy
correlation measurements of dimethyl sulfide (DMS) [Goddijn-Murphy et al., 2016] (see section 3.7 for an ela-
boration of this term). The bubble injection flux (Fg), is assumed to be the sum of two mechanisms: one of
which involves bubbles that are small enough to entirely collapse (F.), and the other, F,, for larger bubbles
that exchange gas with the surrounding water and then resurface [Fuchs et al., 1987].

Fg=Fc+Fp molm 2 d! (5)

F. is modeled as the product of a mass transfer coefficient (k) times the atmospheric mole fraction of
oxygen (x°?.

F. = kcX© molm 2 d ! (6)

The gas flux across larger bubbles is the product of a second bubble-induced mass transfer coefficient, k,,
and the concentration difference between the oxygen concentration at equilibrium with the enhanced atmo-
spheric pressure inside the bubbles, AP, that are subducted below the surface.

Fp = —ky{ (1 + AP)[0,]* — [0,]} molm 2 d' 7

In a previous study [Emerson and Bushinsky, 2016] multiple air-sea gas flux parameterizations from different
bubble models were compared with noble gas data and long-term N, measurements on the OSP mooring.
The model from Liang et al. [2013] proved to match the data best and will be used for this study. Details of
this parameterization are presented in Liang et al. [2013] and Emerson and Bushinsky [2016].
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Entrainment of water from below the mixed layer, F, is calculated as a product of the mixed layer deepening
rate (dh/dt, m d™") and the vertical O, concentration difference (A[O5]y;) at the base of the mixed
layer (equation (8)).

Fr = %A[Oﬂhw molm2 d’ (8)

When the mixed layer is deepening the sign of the entrainment flux depends on the concentration gradient
between layers 1 and 2. There is no flux to the mixed layer when the mixed layer shoals.

For this simplified two-layer model, the diapycnal eddy diffusion flux F; is considered only at the base of the
deeper layer because this is the boundary used to define the ANCP. This flux is a function of diapycnal diffu-
sivity coefficient, K,, and the O, concentration gradient, d[O,]/dz across the base of layer 2.

Fx, = Kz (d£2]> molm 2 d’' ©)
hy

All float data (temperature, salinity, and oxygen concentration) were interpolated into a 1 day interval with a
depth resolution of 1 m for the annual mass balance calculation. For each time step, the fluxes described
above were calculated and net biological oxygen production (Jycp) was derived by using equations (1)-(3).
The cumulative Jycp over a year is converted to ANCP by using an oxygen carbon ratio of 1.45 [Hedges
et al., 2002]. The time step in this study was set to be 1 day; decreasing the time step did not alter the
ANCP result.

In this study, the parameterization (k. and k) of air-sea exchange through bubble process was optimized
based on our N, measurements at OSP. The details can be found in section 3.4. An upper limit for the diapyc-
nal eddy diffusion coefficient (K,) was estimated by using measured oxygen gradients at the winter mixed
layer depth and assuming an oxygen utilization rate (OUR) below this depth (see section 3.5 for detail).

An error analysis of the ANCP calculation was performed by using Monte Carlo method. From our previous
work [Bushinsky and Emerson, 2015], the main uncertainties were determined to be the degree of oxygen
supersaturation in the mixed layer, A[O,]; three gas exchange mass transfer coefficients (ks k., and k); and
diapycnal diffusivity coefficient (K,). Randomly distributed errors with carefully determined ranges of uncer-
tainties were introduced in the model, and 2000 iterations were run for each variation in the coefficients. The
details of how uncertainty ranges were determined can be found in sections 3.4-3.6.

3. Results and Discussion
3.1. Atmospheric Calibration of SOS-Argo Oxygen Measurements

The air calibration results of SOS-Argo floats are presented in Figure 3. The intercept of regression line is the
offset between optode air measurements and pO, at time zero, and the slope of the regression line is the drift
rate during the deployment. Linear regressions and error estimates are presented in Table 1. The OSP float
(F8397) with the longest record of 4 years has a drift rate of —0.36% yr~'. The South Pacific float (F8485)
has a drift rate of —0.14% yr~', over a period of 2.5 years. The three western North Pacific floats (F9294,
F9305, and F9306), however, increased in sensitivity with time during the 1.5 year deployment, with drift rates
of 0.28, 0.18, and 0.08% yr~". The time zero offsets and drift rates were applied to the raw float data for
correction. The uncertainty of the atmospheric calibration of the oxygen sensors was estimated from the
Student’s t test and the standard error of the mean of the time series measurements (see Table 1). The stan-
dard error of the regression line is smallest at the midpoint of the time series and largest at the ends. To be
conservative we use the end values, which have standard errors under +0.1% using a 67% confidence interval
and about £0.15% using a 95% confidence interval (Table 1). We adopt an uncertainty of £0.1% for the air-sea
oxygen supersaturation, which is the most important measured term in the oxygen mass balance. This value
is consistent with uncertainties used in previous SOS-Argo float oxygen mass balance studies [Bushinsky and
Emerson, 2015; Bushinsky et al., 2016]. We shall see in section 3.7 that minimizing the error on the oxygen
supersaturation measurement by using air calibration is essential for determining accurate values of ANCP.
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Figure 3. Percentage offset between oxygen sensor pO, measurementinair  line indicates the mixed layer depth,
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regressions (in blue lines, see detail in Table 2) incorporate all available data; _3
only the period from January 2015 to July 2016 was displayed in the a threshold of 0.03 kg m™~ [De Boyer
above figure. The error bars represent the standard deviation around the Montégut et al., 2004]. However, to
mean for 20-30 measurements during each air measurement period. match the uniform oxygen concen-

tration distribution in the mixed
layer, we use a larger threshold of 0.18 kg m™> for the subtropical floats (see the supporting information
for details). The mixed layer depth probably varies on a daily time scale (maybe diurnally); however, for our
purpose we need the deepest value over the period of the gas exchange residence time of about 1 week.
For the three western North Pacific floats (Figures 4a-4c), one eastern North Pacific float (Figure 4d), and
the OSP float in the subarctic North Pacific (Figure 4f), the mixed layer started shoaling/deepening on April
and November, respectively. Correspondingly, oxygen in the mixed layer was supersaturated from mid-
April to November and near saturation or slightly undersaturated for the rest of the year. For the South
Pacific float (Figure 4e), the mixed layer started shoaling/deepening on July and January, respectively.
Most of the year oxygen in the mixed layer was near saturation or undersaturated, with the lowest oxygen
supersaturation observed from mid-June to mid-September.

which is often defined by a density

3.4. Optimization of Air-Sea Gas Exchange Model for Bubble Process

In order to optimize the gas exchange model for bubble processes (including F. and F,), a mixed layer
nitrogen mass balance calculation was carried out to recreate the nitrogen evolution at OSP from June
2012 to June 2013 and compared with the measured surface water nitrogen concentrations from GTD
on the OSP mooring. The same model used for oxygen was used for nitrogen (equation (1)) except that
J = 0. [N3] values below the mixed layer are necessary to calculate the entrainment flux, but the data
are only for the surface waters. Deeper values were set to equal the saturation concentrations
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Table 1. SOS Argo Float-Derived Oxygen Uncertainty and Drift Estimates From Air Calibration®

Student’s t Uncertainty
(ta — gr100)in X Sy (%))

Deployment Number of Accuracy, b Drift Rate, a
Float Days Air Periods (n) 95% Conf. 67% Conf. (%) (%/yr)
F8397 1490 134 0.16 0.08 —445 £ 0.17 —0.36 £ 0.06
F8485 925 117 0.12 0.06 —2.66 £0.23 —0.14 £ 0.13
F9294 560 102 0.13 0.07 —2.52+0.13 0.28 £0.14
F9305 545 101 0.12 0.06 —2.17 £0.12 0.18 £ 0.14
F9306 540 103 0.13 0.07 —1.95+0.14 0.08 £0.16

®The Student's t confidence interval from tables is t(1 — G/100)[n] x sy, where q is either 95 or 67 and n is the number

S(r-¥)°
n—2

; > |1 (X" — X)Z 2

of measurements. The standard erroris sy, = , | sy.x |~ +————==|, Wheresy, =
nY (%)
lines through the air calibration data in Figure 3 are given by Y = ax + b, where Y is the percentage offset between
measured pO, and the value in air, (p0,°P© — p0,2"/p0,2" x 100% and x is the time since deployment.
Uncertainties in Y (in units of + percent difference between air and water) are presented using the Student’s t distribu-
tion for both 95% and 67% confidence intervals as calculated from the equations in the footnotes [Sokal and Rohlf, 1995].
Uncertainties in Y are greater at the ends of the lines than in the middle of the time series, and we present only the lar-
gest uncertainties to be conservative. The final two columns are the offset in accuracy extrapolated to the time of
deployment, b, and the slope of the line, or the drift, a, in %/yr.

. The linear regression

calculated by using salinity and temperature from the Argo float as it has been shown previously that
nitrogen concentrations below the mixed layer are close to saturation [Emerson et al., 1991b]. All terms
on the right side of equation (1) were calculated to obtain a time rate of change, d[N,]/dt that was
evaluated relative to the measurements. Since we are focusing on the model prediction of bubble
processes we chose to compare data and model results from a time period with high winds when
bubble processes were strong (14 December 2012 to 25 March 2013). The values of the bubble mass
transfer coefficients, k. and k, (equations (6) and (7) in section 2.2), suggested in the model of Liang
et al. [2013] were varied by applying correction factors (f) to the bubble mass transfer coefficients of
the L13 model: k. = f x k. (L13), k, = B X k, (L13), to obtain the smallest residual between the
modeled and measured nitrogen concentrations. Since we could solve for just one variable, we
assumed the ratio of k. and k, to be the same as determined from the model of Liang et al. [2013]. The
results of modeled and measured mixed layer [N,] with different correction factors () applied to k. and
k, from Liang et al. [2013] are presented in Figure 5 and indicate a best fit (with the smallest residual
between the modeled and measured nitrogen concentrations) of # = 0.53. We adopt this value as the
best estimates for k. and k, for our NCP calculation. In the Monte Carlo error analysis, which follows
later in the paper, we assume that our N;-calibrated estimate of the bubble mass transfer coefficients is
a lower limit and the L13 parameterization is the upper limit, resulting in an uncertainty of +25% for
these terms.

3.5. Estimate of Diapycnal Eddy Diffusion Coefficient and Its Uncertainty

The value of the diapycnal eddy diffusion coefficient, K, at the base of the winter mixed layer is difficult to
determine because it is a depth region where mixing changes from a very large number in the “mixed layer”
to a background value of 1 x 107> m? s~' as measured by tracer release experiments at a depth of about
300 m in the pycnocline [e.g., Ledwell et al., 1993]. Detailed microstructure measurements in the top of the
pycnocline [Sun et al., 2013] suggest that the transition from very high to background mixing takes place over
a depth interval of about 20 m. We estimate an upper limit for the value of K, at the base of the winter mixed
layer, h,, by taking advantage of the fact that there are a growing number of observations of the rate of
respiration in the upper thermocline of the ocean and they are in the range of 25 + 15 pmol O, kg ™' yr ' (see
Table 2). To estimate an upper limit for the diapycnal eddy diffusion coefficient, we assume that vertical mix-
ing is the main mechanism of oxygen supply into the upper thermocline from above. This assumption may be
wrong as isopycnal transport is an important process of thermocline ventilation, but this assumption is con-
sistent with the upper limit calculation. If advection or isopycnal mixing is also important, then we will have
overestimated the diapycnal diffusion coefficient.
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Figure 4. Oxygen supersaturation AO5 (%) = ([02]/[O5]sat — 1) X 100 as a function of depth and time from five SOS-Argo
floats in the Pacific Ocean. The solid black line indicates mixed layer depth.

At steady state the integrated respiration rate, the oxygen utilization rate (OUR, mol m™>s™"), over the depth
interval from high to low mixing (z= h, and h, + 20, respectively) is equal to the flux from above (Fx;,,2) minus
the flux at the bottom of the region (Fxzp2 + 20):

h+20
J'h OURdz = Fi_p, — Fiom + 20 (10)

= Kz, (d[OZV ) —Kzph, + 20<d[02]/ ) molm ™2 s!
dz/ hy dz/ hy + 20

The respiration rate range 25 + 15 pmol O, kg™" yr~'(see Table 2 for details) is combined with measured

depth gradients of oxygen in equation (10) to determine the K, values at the SOS-Argo float locations
(Table 2). The calculation yields an upper limit for K, of 2.0-6.0 x 107°> m?2 s7! at six different locations.
We used the midpoint of background K, value (1.0 x 10™°) [Whalen et al., 2012] and the upper limits calcu-
lated in Table 2 in the mass balance model. For floats at OSP (F8397) and South Pacific (F8485), the midpoint
K, values are 1.5 x 10> and 2.3 x 107> m? s~ ', respectively. For those four floats at HOT and western North
Pacific, the midpoint K, value is 3.5 x 107> m? s~ ", For the error analysis we assume that the uncertainties of
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Figure 5. Modeled and measured mixed layer N, concentration during the winter of 2012 to 2013 at Ocean Station Papa
(OSP). Data are from GTD and O, measurements [see Bushinsky and Emerson, 2015], and modeled values are from the gas
exchange model of Liang et al. [2013] (L13). (a-c) The modeled result with different correction factors () applied to the
bubble mass transfer coefficients of the L13 model: kc = § X k¢ (L13), k, = f x k,, (L13). The best fit to the data is with the
bubble exchange coefficients decreased by about 50%.

K, are the values necessary to span the range between the upper and lower limit values, which results in
errors for K, of between +34% and +71% (Table 2).

3.6. ANCP Calculated From Oxygen Profiles and Upper Water Column Mass Balance Model

Since we use a somewhat different model here than that used in Bushinsky and Emerson [2015] (hereinafter
B15) we demonstrate consistency with our previous work on this subject by calculating ANCP with the same
Argo data used in Bushinsky and Emerson [2015] (Table 3A). The model used in B15 has a mixed layer and a
series of 1-meter-thick layers to 150 meters with vertical eddy diffusion between all layers. The vertical eddy
diffusion coefficient (K) at the base of the mixed layer was determined from heat/salt budget measurements
at OSP [Cronin et al., 2015], and this value decreases with depth as prescribed by Sun et al. [2013]. In contrast,
for the simplified two-layer model used in this study (hereinafter Y17) vertical eddy diffusion is considered
only at the base of the second layer, with a constant value determined by the methods described above

(€.9.1.5x 107> m %5~ ' at OSP, see section 3.5 and Table 2). With the same ks, k., and k, parameterizations

and a constant K, value of 107> m~2s~", our analysis yields an ANCP of 0.4 mol C m~2yr~", which is identical

to the result from B15 (Table 3A, row 1). We discovered after the publication of Bushinsky and Emerson [2015]

Table 2. Estimate for the Diapycnal Eddy Diffusion Coefficient at the Base of the Winter Mixed Layer and the Uncertainty of This Value®

Float Location Kzh2 (m2 5_1) K=1/2(Kzh2+20 + Kz,h2) (m2 5_1) Kz (Uncertainty)
F8397 oSP 21x103 27x103 20%107° 15%x 10> +34%
F8485  South Pacific 06x 103 06x103 35%10°° 23x107° +56%
F8497 HOT 03x10° 01x103 63x10° 37%107° +73%
F9294  Western North 03x103 0.1x10 3 57x10°° 33x10° +70%
F9305 Pacific 03x107> 02x103 57x107° 33x107° +70%
F9306 03x1073 03x103 60x107° 35%107° £71%

*The upper limit, Kz h2,is denved from equation (10), where the integrated respiration rate, in the 20 m layer below the winter mixed layer depth (h5), JZ”'ZOOUR
dz, is 25 + 15 umol O, kg™ yr ! This value is the mean of five separate estimates of AOU divided by the water tracer age in the top of the thermocline from
different areas of the ocean (Sonnerup et al. [2013, 2015], 16 and 9-25 pmol O, kg ! yr =t , respectively; Stanley et al. [2012], 15 umol O, kg™ ! yr ~1: Kadko [2009],
60 umol O, kg_1 yr_1; and Jenkins [1998], 30 umol O, kg_1 yr_1). Columns 3 and 4 are the measured oxygen gradients at h, and h, + 20 m. Kz,hz (column 5) is
calculated assuming a value for K, 5 + 20=1x 10" " m“s™ " (see text). The mean K, values between that calculated at h, and assumed at h, + 20 is in column 6,
and the estimated uncertainties (column 7) are the ranges between the upper and lower limits.
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Table 3. (A) Comparison of ANCP Calculated at OSP (2012-2013) Using the Same Data From Float F8397 and the Models of Bushinsky and Emerson [2015] (B15) and
That Used Here (Y17), and (B) ANCP in the Pacific Ocean Using Data From the Other Floats Described in This Paper Calculated From the Y17 Model Described Here®

A
0O, data Model Kz (Parameterization) Kc and Kp (Optimization) ANCP (mol C m 2 yr71)
B15 OSP Heat/Salt Budget 0.7 0.5
Uncorrected B15 10 °m 257" - 0.4+ 05
Y17 0.4+ 0.6
Corrected B15 10 °m 25" - 1.1+£05
Y17 1.2+ 0.6
Corrected B15 OSP Heat/Salt Budget - 1.3+05
Y17 15x10°m 25" 14+06
Corrected B15 OSP Heat/Salt Budget £ =029 24+05
Y17 15%x10 °m 25| =053 24+06
B
Location Float Year ANCP (mol C m 2 yr71)
Subarctic North Pacific (OSP) F8397 2015-2016 22+06
Eastern Subtropical North Pacific (HOT) F8497b 2014-2015 24+06
F9294 22+03
Western Subtropical North Pacific F9305 2015-2016 20+03
F9306 2403
Subtropical South Pacific F8485 2014-2015 0.6 +0.3
2015-2016 0+0.3

See text for detailed explanation of the values in the different rows.
F8497 is a MBARI Argo float without air-calibration mechanism.

that there was an error in the accuracy and drift correction in calculation of oxygen concentration. This
resulted in the oxygen concentration at the beginning of the deployment being 0.2% too low and the value
after 1 year being 0.3% too low. With the corrected oxygen concentrations, ANCP determined with B15 and
Y17 are 1.1 and 1.2 mol C m™2 yr ', respectively (Table 3A, row 2). This difference between ANCP values cal-
culated from uncorrected and corrected oxygen data illustrates the extreme sensitivity of ANCP to the mea-
sured degree of oxygen supersaturation at OSP. ANCP sensitivity to the value used for K, on the other hand, is
not very strong given the range of possible values (Table 3A, row 3). Optimizing the bubble parameters in the
L13 model by using the measured N, values at OSP suggests that the model-predicted bubble-induced
supersaturation is too strong. Making this correction to the L13 bubble model in both the models of B15
and Y17 yields the ANCP of 2.4 mol C m™2 yr~' (Table 3A, row 4). The reason for the increase in ANCP esti-
mates is that bubble injection of O, in winter (when wind speeds are high) makes the same change in
dO,/dt as net community production. If bubble injection rates are lower, then the NCP estimate is higher,
and the ANCP estimate increases. Note that the correction factors () are different for different models, but
the resulting effect on ANCP estimate is nearly the same. The reason for this difference is due to the different
methods of treating vertical mixing below the mixed layer in the N, models. This result suggests that our cor-
rection to the bubble effect is model-dependent. We believe the more detailed approach in B15 is bound to
be more accurate, but we have shown here that it does not affect the calculated values of ANCP.

Overall, the comparisons in Table 3A indicate no significant difference in ANCP estimates using B15 and Y17
models and illustrate the importance of accurate measurements of the air-sea pO, difference and wintertime
bubble processes. With the corrected oxygen data the ANCP of 2012-2013 at OSP reported in Bushinsky and
Emerson [2015] is corrected from 0.7 to 1.3 mol C m™2 yr™". Furthermore, by applying the correction of L13
bubble coefficients in both B15 and Y17 models, the best estimate of ANCP at OSP from 2012 to 2013 is
2.4 mol C m~2 yr~". The OSP location is probably one of the most sensitive to these processes anywhere
in the ocean because wintertime oxygen supersaturation is very close to air equilibrium and wind speeds
are extremely strong.
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Figure 6. Results of model calculation of ANCP for data from float F9294 in western subtropical North Pacific for the year
2015. (a) Daily carbon fluxes calculated with upper water column oxygen mass balance model. Notice that the dominant
terms other than J are dhO2/dt (this is measured), and the gas exchange fluxes Fs and Fg. (b) Cumulative flux (ANCP)
derived from daily carbon fluxes. Presented as carbon fluxes using AO,/AC = 1.45 [Hedges et al., 2002].

We applied the Y17 model to annual data from six floats in the Pacific Ocean, using the optimized k. and
k, values described in section 3.4 and the K, values described in section 3.5. An example of model output
for float F9294 in the western subtropical North Pacific for years 2015-2016 is presented in Figure 6. Figure
6a shows daily variations of each flux in equations (1)-(3). The three most important flux terms, other than
net biological production, are the interface air-sea gas flux (Fs), bubble injection (Fg), and the measured
time rate of change of oxygen (dh[O,]/dt). From mid-January to mid-March, oxygen in the mixed layer
was undersaturated (Figure 6a), causing a positive flux from the atmosphere to the water (Figure 6a). As
the seasons progressed to summer oxygen became supersaturated due to a temperature-dependent
decrease in solubility and net biological oxygen production. Bubble fluxes were strong during the winter
season, when wind speeds frequently exceeded 10 m s~' during winter storms (e.g., March and October).
The entrainment flux was significant only during a period of rapid change in mixed layer depth (e.g., May
and November; Figure 4a). Diapycnal eddy diffusion plays a small role in gas flux because of the rather low
K, value and the relatively weak O, concentration gradient at the depth of the winter mixed layer. The
model yielded an ANCP of 2.2 mol C m~2 yr~" (Figure 6b) for the western subtropical North Pacific.
The ANCP determined from data of the six Argo floats in this study are presented in Table 3B. The ANCP at
OSP is determined to be 2.2 mol C m™ yr ', which is consistent with the results from 2012
(2.5 mol Cm™2 yr’1) and previous studies (~2.3 mol C m ™2 yr~' [Emerson, 2014]). For the eastern subtropical
North Pacific near HOT (F8497), ANCP is 2.4 mol Cm ™2 yr~" for years 2014-2015, which is within the range of
previous studies (1.4-3.1 mol C m~2 yr~") based on O, mass balance [Emerson et al., 2008; Emerson et al.,
1995; Hamme and Emerson, 2006], carbon isotope [Brix et al., 2006; Keeling et al., 2004; Quay et al., 2009;
Quay et al., 2003], and dissolved inorganic carbon drawdown methods [Lee, 2001]. In the western subtropical
North Pacific, the data from all three floats and model yield an ANCP from 2.0 to 2.4 mol Cm ™2 yr™', which are
very similar to what was observed at HOT in the eastern subtropical North Pacific. Overall, the results from the
subtropical North Pacific are consistent with spatial homogeneity of ANCP described by Emerson [2014].
However, we found much lower (near-zero) ANCP values in the subtropical South Pacific. The ANCP values
are 0.6 and 0 mol C m~2 yr~" for years 2014-2015 and 2015-2016, respectively, indicating near metabolic
balance over the annual cycle. This is the first value for ANCP determined by mass balance methods that
has indicated little or no net carbon production. It is presently based on data from just one SOS-Argo float
but suggests the extreme oligotrophic nature of the subtropical South Pacific.
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Table 4. Uncertainties for ANCP Calculated by Using Upper Water Column Mass Balance Model®
ANCP Uncertainty (mol C m 2 yr71)

OSPF8397,2012-  Four Subtropical PacificFloats (Except Hot, F8497(No Air-
Parameter Uncertainty (%) 2013 F8497), 2015-2016 Calibration), 2014-2015
A[O5] +0.1 (£0.3 for +0.2 +0.2 +0.6
F8497)

ks +10 +0.15 +0.15 +0.15

ke and k, +25 +0.5 +0.2 +0.2

K, +50 +0.2 +0.1 +0.1

Total - +0.6 +0.3 +0.6

3We considered the four most serious uncertainties (column 1) to be the degree of oxygen supersaturation A[O5]; gas
exchange mass transfer coefficients for air-sea diffusive exchange, ks; small bubble collapse, k; large bubble exchange,
kp; and the eddy diffusion coefficient at the base of winter mixed layer, K. Column 2 lists the uncertainties explained in
the text and other tables. Uncertainties in ANCP for floats in the subarctic Pacific (OSP) and subtropical Pacific deter-
mined by the Monte Carlo calculation described in the text are in columns 3-5

3.7. Error Analysis

The most critical factor in the error calculation is assigning the range of uncertainty for the values and
coefficients used in the calculation. The most important data term in the mass balance is the value of
the degree of oxygen supersaturation. Our methods for evaluating the oxygen error are presented in
section 3.1 and Table 1. We concluded that an uncertainty of +0.1% was appropriate for the measurement
of oxygen supersaturation between the air and water on SOS-Argo floats. For MBARI float F8497 at HOT
without air-calibration mechanism, the uncertainty was estimated as +0.3%, by combining the precision
of HOT Winkler measurements (+ 0.2% accessed in September 2016, http://hahana.soest.hawaii.edu/hot/
methods/oxygen.html) and all other potential uncertainties (= 0.1%) from sensor measurements and drift.
We will see in Table 4 that even this very low value is still one of the most important errors. The other
most significant error is in assessing the accuracy of the bubble flux, which is a model-determined value.
Section 3.4 and Figure 5 are devoted to determining the accuracy of the bubble mass transfer coefficients
in the model of Liang et al. [2013]. We argue that the bubble terms are overestimated in winter based on
comparison to N, concentration data and assume an error that is +25%. We believe that the bubble flux is
presently the most significant uncertainty in the calculation because it has a great effect on the wintertime
results and the error estimate is presently based on a single comparison with N, data. The uncertainty in
determining the diapycnal eddy diffusion coefficient is outlined in section 3.5 and Table 2. We estimated
uncertainties that vary from £34% to +£73% for the five areas of our study. For the Monte Carlo analysis we
used an average of £50%.

The only important term in the error analysis that has not been discussed is the uncertainty in the air-sea gas
transfer coefficient, k;. We suggest an error of £10%, which we determined by comparing the three different
parameterizations for the bubble-free gas exchange rate. Goddijn-Murphy et al. [2016] determined k, as a
function of wind speed based on atmospheric eddy correlation fluxes of dimethyl sulfide (DMS), which is
so soluble that it is believed to be unaffected by bubbles. Woolf [1997] used the value determined by
Jahne et al. [1987] in wind tunnel experiments with no visible bubble formation. The third formulation is that
of the NOAA Coupled Ocean Atmosphere Response Experiment model [Fairall et al., 2003] used by Liang et al.
[2013] (L13). At the 10 m wind speed (U;o) over the ocean of 6-9 m s, the difference in k660 (k, at a Schmidt
number of 660) among these models is about from +7 to 10%. Since annual mean wind speed values are all
around 7 m/s at our subtropical sites, and 8.6 m/s at the subarctic OSP, we use a more conservative +10% as
the uncertainty of k.

The Monte Carlo analysis (Table 4) presents the error derived from each of the terms and that estimated from
the combination of terms. The results indicate that the uncertainties in oxygen measurement and bubble flux
are the most important sources of uncertainties in ANCP estimate. In the subtropical Pacific, compared with
SOS-Argo floats, the uncertainty in ANCP is significantly higher for Float 8497 (25% versus 15%), due to the
higher uncertainty in oxygen measurements without air-calibration mechanism. With the same Argo data
set (F8397 at OSP, June 2012 to June 2013) used in Bushinsky and Emerson [2015] at OSP the combined uncer-
tainty is about £30% of the estimated ANCP. This relative value is higher than that in the western subtropical
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Figure 7. NCP determined by Argo oxygen measurements (colored square) and remote sensing data (background color). (left) Results using CbPM algorithm.
(right) Results using VGPM algorithm. Satellite-based NCP was calculated with net primary production (NPP) from CbPM/VGPM algorithms [Westberry et al.,
2008; Behrenfeld and Falkowski, 1997; http://www.science.oregonstate.edu/ocean.Productivity/index.php] multiplied by the NCP/NPP ratio comPiIed by Laws et al.
[2011] (equation (11)). (top to bottom) ANCP from January 2015 to January 2016 , NCP from April to September, NCP from October to March . For the HOT float
(F8497) only the 2014-2015 data are available.

ocean (+15%) because of the large error in the bubble flux at OSP due to the much higher winds in the
subarctic Pacific. The uncertainty in K, at OSP is also more important because of the steeper gradient of
oxygen at the base of the winter mixed layer. Past estimates of ANCP by oxygen mass balance even when
inert gases are measured to experimentally determine the effect of bubbles have been in the range of
+50%, mostly because of uncertainties in the oxygen measurements [Emerson et al., 1991a]. In this study
we have shown that in situ measurements of pO, with air calibration can bring down the uncertainty in
the air-sea oxygen gradient. The new challenge with SOS-Argo measurements will be to minimize the
error in the calculation of bubble fluxes at high wind speeds.

3.8. Comparison to Satellite-Based ANCP Estimates

We compare the ANCP values determined here with an estimate of the carbon export determined from
satellite-derived NPP and model-derived NCP/NPP ratios. The most widely used NPP algorithms are the
Vertically Generalized Production Model (VGPM) and the Carbon Based Production Model (CbPM). VGPM is
a “chlorophyll-based” NPP model, for which NPP is a function of chlorophyll, available light, and photosyn-
thetic efficiency [Behrenfeld and Falkowski, 1997]. CbPM, on the other hand, is a carbon based NPP model,
which relates the satellite estimates of backscattering to phytoplankton carbon biomass [Westberry et al.,
2008]. To calculate satellite-derived NCP, NPP determined by the above models is multiplied by the export
production to total primary production ratio (ef-ratio) of Laws et al. [2011], which relates the ef-ratio to
temperature (T) and NPP (equation (11)).
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Figure 8. Comparison of NCP derived from Argo oxygen measurements and remote sensing algorithms (CbPM and VGPM).
April to September is the more productive summer period for northern hemisphere. The error bars represent uncertainties
for the oxygen mass balance-derived NCP (see section 3.7 for details).

43T
ef = 0.04756 (0.78 - %) NPPpO-307 (11)

We chose this ef-ratio because it was parameterized based on measurements of total and export production
from a wide range of oceanic habitats, including estimates from the uptake of '*N-labeled nitrate (new
production), nutrient drawdown, oxygen/carbon-based estimates of export production, and particle export
production from sediment trap or 2>*Th measurements.

The results (Figures 7 and 8) indicate that the VGPM algorithm produces much higher estimates of ANCP
poleward of 30°, while the CbPM algorithm results in significantly higher ANCP in the subtropical Pacific. In
the subarctic North Pacific at OSP for years 2015-2016, the CbPM algorithm underestimates NCP during
the more productive period (April to September), while the VGPM result is similar to the SOS-Argo oxygen
measurements. However, during winter (October to March), both VGPM and CbPM algorithms overestimate
NCP. The net result is that over the whole year the CbPM algorithm yields an ANCP that is closer to the result
from SOS-Argo oxygen measurements and oxygen mass balance model. In the subtropical South Pacific
(F8485), the oxygen mass balance-derived result indicates net heterotrophy in the southern hemisphere
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winter (April to September), net autotrophy in the summer (October to March), and overall near zero ANCP
for years 2015 to 2016. The remote sensing products, however, suggest a pattern with positive annual net
export and higher production in the southern hemisphere winter than summer. In this case, the result from
VGPM is closer to oxygen mass balance-derived ANCP. Comparisons of satellite-derived ANCP with data from
the four floats in the subtropical North Pacific indicate similar seasonal patterns with both oxygen mass
balance and remote sensing estimates indicating higher production in the summer. However, the remote
sensing estimates of ANCP are always lower than the oxygen mass balance estimates. The CbPM
algorithm-predicted ANCP is closer to the mass balance observations than VGPM.

Overall, assuming the same ef-ratio model of Laws et al. [2011], the ANCP derived from CbPM NPP algorithm
is closer to the value derived from the SOS-Argo oxygen data and mass balance model at the subarctic OSP
and subtropical North Pacific, while the difference between ANCP-derived from the VGPM NPP algorithm and
SOS-Argo oxygen measurements is smaller in the subtropical South Pacific. No single-satellite NPP algorithms
can reproduce the export production estimated from Argo oxygen measurements across the Pacific. This
conclusion is similar to that in the recent comparison made by Palevsky et al. [2016a] for the subtropical
subarctic boundary. Furthermore, as pointed out by Palevsky et al. [2016a], different choices of ef-ratio will
also affect the result of satellite-based ANCP estimates. Comparisons of satellite-derived and GCM-produced
ANCP with results of mass balance measurements are still very crude because of the scarcity of experimental
measurements and the different definitions of the upper ocean for different approaches. The way forward
will be to use the comparison between output of GCMs that include ecosystems and metabolite concentra-
tions with results of mass balance measurements to derive more accurate distributions of global variations.
These values can then be used to tune the remote sensing algorithms. Achieving this goal will require a much
wider distribution of mass balance ANCP measurements.

4, Summary and Conclusions

Continuous oxygen measurements make it possible to determine the flux of biologically produced oxygen
out of the upper ocean and infer by stoichiometry the flux of carbon that escapes to the thermocline over
the period of a year: the annual net community production (ANCP). With the oxygen measurements from
Argo profiling floats and an upper water column oxygen mass balance model, ANCP was determined in
the historically undersampled subtropical western North Pacific and South Pacific. In the western subtropical
North Pacific, the ~2 mol C m™2 yr~' estimates of ANCP are the same, within our error, to previous mass
balance measurements at eastern North Pacific (HOT). Results from the subtropical South Pacific were deter-
mined to be indistinguishable from zero, which is the first value for ANCP from mass balance methods that
have indicated little or no net carbon production.

The largest uncertainties in ANCP calculated from O, mass balance are from the measurement of the air-sea
O, gradient and the calculation of the gas exchange effect of bubbles in winter. We have been able to
improve the accuracy of the float-measured pO, difference between the air and the water to a few tenths
of 1% using in situ air calibrations. This improvement reduces the uncertainty of the oxygen mass balance
estimate of ANCP from +50% [Emerson et al., 1991b] to + ~30%.

Comparisons with satellite-based ANCP estimates indicated that the oxygen mass balance experimental
results yielded values higher than satellite estimates in the subtropical North Pacific but lower in the subtro-
pical South Pacific. Continuous geochemical tracer measurements like SOS-Argo oxygen measurements
presented here will be necessary to refine both global model and the remote sensing algorithms for
predicting accurate ANCP and biological carbon export over large temporal and spatial scales.
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