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Abstract Seven years of near-continuous observations from the Ocean Station Papa (OSP) surface
mooring were used to evaluate drivers of marine carbon cycling in the eastern subarctic Pacific. Processes
contributing to mixed layer carbon inventory changes throughout each deployment year were quantitatively
assessed using a time-dependent mass balance approach in which total alkalinity and dissolved inorganic
carbon were used as tracers. By using two mixed layer carbon tracers, it was possible to isolate the influences
of net community production (NCP) and calcification. Our results indicate that the annual NCP at OSP is

2 +1molCm™2yr~' and the annual calcification is 0.3+ 0.3 molCm ™2 yr~". Piecing together evidence for
potentially significant dissolved organic carbon cycling in this region, we estimate a particulate inorganic
carbon to particulate organic carbon ratio between 0.15 and 0.25. This is at least double the global average,
adding to the growing evidence that calcifying organisms play an important role in carbon export at this
location. These results, coupled with significant seasonality in the NCP, suggest that carbon cycling near OSP
may be more complex than previously thought and highlight the importance of continuous observations
for robust assessments of biogeochemical cycling.

1. Introduction

The biological consumption and export of carbon from the ocean surface to the abyssal sediments, commonly
referred to as the biological pump, is a major pathway for long-term carbon sequestration from the atmosphere
[Ciais et al., 2013]. Each year, approximately 11 Pg C is exported from the ocean surface to the interior as sinking
organic and inorganic carbon particles are degraded in the water column, and 0.2PgC is delivered to the
sediments through this biologically mediated carbon transport [Ciais et al., 2013]. In addition to other physical
processes, the biological pump gives rise to a vertical carbon gradient in the ocean and contributes to maintain-
ing an ocean carbon content that is ~50 times higher than that of the atmosphere [Rhein et al., 2013]. Changes
in the functionality of the biological pump could influence the structure of this vertical gradient, affecting the
efficiency of anthropogenic carbon dioxide (CO,) uptake at the ocean surface through various feedback
mechanisms over societally relevant timescales [Passow and Carlson, 2012; Ciais et al., 2013]. These feedback
mechanisms have been discussed in the literature but are not well understood due to complex ecosystem
interactions and uncertain biogeochemical responses to anthropogenic ocean warming and acidification.
In order to identify changes in the efficiency of the biological pump and quantitatively assess the climate
implications of altered carbon cycling, a well constrained marine carbon cycle budget is needed.

Significant effort has been made to better understand marine carbon cycling. These efforts include observa-
tions from time series sites, such as Bermuda Atlantic Time-series Study (BATS) [Bates, 2012; Lomas et al.,
2013], European Station for Time series in the Ocean [Gonzdlez-Ddvila et al., 2010], Hawaii Ocean Time-series
[Winn et al., 1998; Brix et al., 2004; Dore et al., 2009], Ocean Station Papa (OSP) [Wong et al., 2002¢; Timothy
et al,, 2013], and Carbon Retention in a Colored Ocean [Taylor et al.,, 2012; Astor et al, 2013]. Long-term
observations from these stations integrate over natural oscillations and stochastic variability to reveal
multidecadal trends as well as seasonal patterns of marine carbon cycling [Bates et al., 2014]. Many of the
longest and most robust observational time series come from ship based work where sites are sampled at
least four times per year. At these sites, globally consistent trends are emerging with regard to surface ocean
carbonate chemistry, showing that modern ocean CO, uptake and pH declines have been primarily
controlled by CO, solubility [Bates et al, 2014; Lauvset et al., 2015]. There are, however, a few outliers,
indicating that the carbonate chemistry changes in some regions may not be driven solely by the
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atmospheric CO, increase and that physical and/or biogeochemical processes may be influencing surface
ocean carbon dynamics in these locations [Bates et al., 2014].

Moorings have become useful tools for studying complex and episodic processes that require continuous
observations to unravel. With the ability to resolve both long-term trends and intermittent events, moored
time series observations can be used to learn about carbon cycling in remote locations and to develop
modern, regional baselines for the biological pump [McGillicuddy et al, 1998, 2007; Wong et al., 1999;
Hamme et al., 2010]. High temporal resolution CO, observations from moorings have proven extremely useful
in identifying stochastic biological events that may have been misinterpreted in a lower frequency data set
[Hamme et al., 2010]. This type of event-scale resolution is more important than ever when analyzing data
sets for climate signals, which can be obscured by sample frequency biasing [Bates et al., 2014]. In addition
to the immediate utility of using biogeochemical mooring data to study carbon cycling, these platforms
are useful for calibrating sensors on autonomous floats and gliders and may assist the development
and training of satellite products for carbon cycle research [Gledhill et al., 2009; Johnson et al., 2009; Hales
et al., 2012].

Ocean Station Papa (OSP) is a time series site located at 50°N, 145°W in a region of high annual atmospheric CO,
uptake in the subarctic northeast Pacific Ocean [Takahashi et al., 2009; Ayers and Lozier, 2012]. OSP began as a
weather ship station in 1956. When the program concluded in 1981, the Canadian Department of Fisheries and
Oceans Line P program continued to make repeat hydrographic cruises at least two to three times per year
through the present date [Freeland, 2007]. From this rich hydrographic data set, net community production
(NCP), defined as the gross photosynthetic production minus the community respiration in the surface mixed
layer, has been estimated from 'C bottle incubations [Wong et al, 1995], seasonal carbon and nutrient
drawdown ratios [Takahashi et al,, 1993; Wong et al., 2002a, 2002b], thorium and uranium isotopes [Charette
et al., 1999], oxygen mass balances [Emerson, 1987; Emerson et al., 1991; Emerson and Stump, 2010; Giesbrecht
et al, 2012; Juranek et al,, 2012; Lockwood, 2013], and one-dimensional model simulations [Signorini et al.,
2001; Wong et al., 2002c]. The total NCP over a given year, commonly referred to as the annual net community
production (@NCP), is an upper limit on biologically mediated carbon export from the ocean surface to the inter-
ior each year, integrating both the particulate and the dissolved organic carbon production.

In June 2007, a NOAA surface mooring carrying physical and biogeochemical sensors was deployed at OSP
beginning a high-frequency, in situ observational time series that continues to the present date. Oxygen
and total gas pressure measurements from the 2007-2008 OSP mooring deployment were used to assess
NCP [Emerson and Stump, 2010] and evaluate calcium carbonate (CaCOs) production [Emerson et al., 2011];
however, estimates were confined to the summer due to complexities in using oxygen as a mixed layer tracer
during winter. In order to estimate the aNCP, assumptions about the duration of the productive period as well
as the consistency of the NCP rate throughout the year were required [Emerson and Stump, 2010]. With
moored time series becoming a common component of long-term observing efforts, methods that can
resolve the entire annual cycle of NCP in situ are needed to make use of these important and growing data
sets [Sutton et al., 2014].

Here we evaluate seasonal and interannual variability in NCP and CaCOs production at OSP from 7 years of
high-frequency moored observations using a dual tracer, mixed layer carbon budget. Changes in mixed layer
dissolved inorganic carbon (DIC) and total alkalinity (TA) are used to diagnostically isolate physical, chemical,
and biological carbon transformations and assess their annual contributions to surface ocean carbon inventory
changes. The use of two mixed layer carbon tracers allows us to isolate organic carbon production (NCP)
from inorganic carbon production (CaCOs). This work contributes to the quantitative development of a
modern baseline for carbon cycling in this important ocean carbon sink region [Takahashi et al., 2006, 2009;
Ayers and Lozier, 2012].

2, Data
2.1. Mooring Data
The NOAA Station Papa mooring, deployed in June 2007 at 50°N, 145°W, contributes to the global network of

OceanSITES time series reference stations [Send et al., 2010]. The mooring carries a suite of meteorological,
physical, and biogeochemical sensors to monitor the air-sea exchanges of heat, moisture, momentum, and
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33 a Salinity and Temperature carbon dioxide. It is also designed to
SSS monitor ocean acidification and upper
SST 115 ocean temperature, salinity, oxygen,

and near surface currents. In particular,
the buoy houses two inorganic carbon
32.5 10 ©  sensors used in this analysis: a Sunburst
SAMI unit that measures sea surface
pH and a Battelle Memorial Institute
MAPCO, system that monitors the mole

32 L - - - 1° fraction of carbon dioxide (xCO,) in sea-
2008 2010 2012 2014 water and in the atmospheric boundary

b XxCO layer. As discussed later in sections

450 2 3.1.1,3.1.2, and 3.2, these measurements

are used to calculate DIC and to estimate

the air-sea CO, flux.

400 . The analysis method described in the
next section relies upon computing the
sources and sinks of carbon within

=
2
350 the mixed layer. Mixed layer depth,
Seawater defined here as the depth where density
Atmosphere increases by 0.03 kg m~> from the 10m
300 2008 2010 2012 2014 density [de Boyer Montégut et al., 2004],
Year is determined using in situ measure-

ments of salinity and temperature from
Figure 1. Time series of sea surface (a) salinity and temperature, and (b) sea-  sensors on the mooring line. Mixed layer

water and atmospheric boundary layer xCO, at Ocean Station Papa. velocity, used to estimate horizontal

advection, is based upon current meter
data from 5m, 15 m, and 35 m, and a nearby upward looking Acoustic Doppler Current Profiler when available.
Diffusivity at the base of the mixed layer was estimated by closing the mixed layer heat budget following Cronin
et al.[2015]. The carbon budget, thus, relies upon nearly every measurement made on the mooring. These data
and details about the specific sensors and their orientations during each deployment can be found on the
Ocean Climate Stations web page (http://www.pmel.noaa.gov/OCS/Papa/).

Sensors on the mooring have operated almost continuously from 2007 to 2014 (Figure 1). The mooring and
all sensors are recovered and a fresh system is redeployed every year, typically in June. In fall of 2008, the
mooring broke free resulting in a large data gap from November 2008 to June 2009. Smaller periods of miss-
ing data in the xCO, time series (Figure 1b) were caused by sensor or battery failure. Due to the numerous
sensors on the mooring, each programmed to sample at different frequencies, all data have been daily aver-
aged and centered on 12:00 Greenwich Mean Time for this analysis.

2.2. Repeat Hydrography Data

Repeat hydrography cruise data that are publicly available from the Carbon Dioxide Information Analysis Center
have been incorporated into the analysis for the development of relationships between carbonate system para-
meters (DIC and TA) and other commonly measured variables. Details about the use of these data are presented
in sections 3.1.1 and 3.3. The specific cruise data used in this analysis include Climate Variability and
Predictability (CLIVAR) Line P16 North in 2006 and in 2008, CLIVAR Line P01 in 2007, and Line P cruises between
1994 and 2010; applying Pacific Ocean Interior Carbon (PACIFICA) Database corrections when appropriate
(Figure 2, http://cdiac.ornl.gov/oceans/PACIFICA/) [Fukasawa et al., 2007; Feely et al., 2008, 2011; Miller et al.,
2010]. In addition, 1° optimally interpolated data fields from the 2013 World Ocean Atlas (WOA) are used herein
and discussed in section 3.3 [Garcia et al., 2013a, 2013b; Locarnini et al., 2013; Zweng et al., 2013].

2.3. Satellite Data

There are very few time periods when xCO, measurements are available and other sensor data are not. A 2 week
data gap in anemometer wind speed measurements in 2008 was filled using 0.25°, 6-hourly, cross-calibrated
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Figure 2. Map showing Ocean Station Papa (50°N, 145°W), nearby station locations from three CLIVAR repeat hydrography
cruises between 2006 and 2008, and stations from numerous Line P cruises between 1994 and 2010. Months stated in the
figure legend are when the cruises passed near Ocean Station Papa. The solid lined box includes stations used to develop a
regional TA proxy. The dashed line box includes stations shown in Figure 4.

multiplatform ocean surface winds from NASA [Atlas et al., 2011]. During periods when ADCP and current meter
data are not available, 1/3°, 5 day resolution Ocean Surface Current Analysis — Realtime (OSCAR) satellite-based
surface currents are used [Bonjean and Lagerloef, 2002]. Vertical velocity was estimated from the wind stress curl,
assuming Ekman physics [Cronin et al,, 2013], using the daily Advanced Scatterometer wind stress data set
[Bentamy and Fillon, 2012] and Archiving, Validation, and Interpretation of Satellite Oceanographic data absolute
surface geostrophic velocities available from http://www.aviso.altimetry fr.

3. Methods

Dissolved inorganic carbon (DIC) refers to the sum of the concentrations of carbonic acid (H,COs), bicarbonate
ion (HCO5 ™), carbonate ion (CO527), and CO, in aqueous solution:

DIC = [CO,] + [H,COs] +[HCO5™] + [COs*"| m
DIC is influenced by all carbon transformations in the mixed layer including air-sea gas exchange (Gas), physical

transport and mixing (Phys), concentration effects caused by evaporation and precipitation (EP), and the biolo-
gical processes of organic (NCP) and inorganic (CaCOs) carbon production:

aDIC
EP ot

oDIC _ aDIC

n oDIC
ot ot

n oDIC
ot

n oDIC
ot

NCP ot

)

Gas Phys CaCOs

In situ observations from the NOAA Station Papa mooring can be used along with cruise data to estimate the
term on the left-hand side and the first three terms on the right-hand side (i.e., Gas, Phys, and EP), leaving one
equation and two unknowns. In order to close the budget, a second mixed layer tracer is required. Total alka-
linity (TA) is the charge balance in seawater, defined as the excess of proton acceptors over proton donors
[Wolf-Gladrow et al., 2007]:

TA = [HCO;7] +2*[CO3* | + [B(OH), ] + [HPO4*"] +2*[HPO,>"]... +[OH7] —[H"] 3)

TA is influenced by all of the same processes as DIC excluding gas exchange because dissolution of CO, has
no net influence on the TA charge balance:
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As with the DIC budget (2), the term on the left-hand side and the first two terms on the right-hand side of (4)
can be estimated from in situ OSP mooring observations and cruise data. DIC and TA are stoichiometrically
related during the biological processes of photosynthesis and respiration (NCP) as well as calcium carbonate
dissolution and precipitation (CaCOs). Thus, the time-dependent DIC and TA mass balances can be rear-
ranged to give two equations and two unknowns, making it possible to close the mixed layer budgets.

Similar diagnostic carbon budget assessments have been made using ship-based data [Gruber et al., 1998; Quay
and Stutsman, 2003; Brix et al., 2004; Keeling et al., 2004], and more recently using moored CO, time series [Sugiura
and Tsunogai, 2005; Chierici et al., 2006; Kértzinger et al., 2008]. Although autonomous DIC and TA sensors are not
currently commercially available for extended duration deployments on moorings, CO, measurements at numer-
ous moored time series locations [Sutton et al., 2014] can be leveraged for more complex analyses and provide
insights about biological carbon cycling until new sensors become available. Here we build off of the approaches
of previous investigators and evaluate the drivers of seasonal and interannual DIC variability at Station Papa.

3.1. Creating a DIC Time Series

Evaluating changes in the carbon inventory of the surface mixed layer, and the processes responsible for
those changes, requires a time series of DIC. Without direct observations of mixed layer DIC, alternative meth-
ods must be employed to reconstruct the carbon time series. Any two measurable carbonate system para-
meters (DIC, TA, xCO,, pH) can be used to calculate all other parameters in the system; therefore,
contemporaneous in situ measurements of pH and xCO, at OSP were used to estimate DIC and TA with
the program CO,sys [van Heuven et al., 2011] applying constants from Lueker et al. [2000] and Dickson
[1990]. Comparison of the calculated DIC and TA concentrations with a limited number of high-quality dis-
crete bottle samples collected near the mooring throughout the time series (Figure 2) revealed unrealistic
excursions and biases in the calculated values (e.g., differences >100 pmol kg™"). These errors are the result
of pH and/or xCO, measurement inaccuracies that are magnified in the calculations of other carbonate sys-
tem parameters due to the strong covariance between the pH-xCO, pair. This concept has been well docu-
mented in the literature [Dickson and Riley, 1978; Millero, 2007] and has recently been revisited with regards to
autonomous marine carbonate sensors [Cullison Gray et al., 2011; Fassbender et al., 2015]. Due to the chal-
lenges in using the pH-xCO, pair to calculated surface TA and DIC concentrations, an alternative method
was developed.

3.1.1. Total Alkalinity Proxy

A surface ocean TA-salinity relationship was developed for the Alaska Gyre region using discrete samples col-
lected during repeat hydrography cruises (Figure 2). Mean mixed layer salinity (PSS-78) and TA concentra-
tions were regressed, yielding a statistically significant linear relationship (TA =37 x salinity + 988; n=68)
with an R? value of 0.74 (Figure 3). This regional regression was applied to in situ salinity measurements from
the OSP time series to estimate sea surface TA for the 7 years of moored observations (Figure 4a). The 1o cal-
culation uncertainty, based on uncertainties in the regression and the discrete samples, is ~3 umolkg™".
Discrete TA bottle samples collected in close proximity to the OSP mooring (Figure 2) between 2007 and
2012 show good agreement with the magnitude and seasonality of the predicted TA values. The mean dif-
ference between these bottle samples and the salinity-derived TA values is 0 pmolkg ™", indicating that
the broader, regional TA-salinity relationship holds well at OSP.

3.1.2. Calculating DIC

TA estimates were paired with in situ measurements of xCO, and pH to calculate two DIC time series using
the program CO,sys [van Heuven et al., 2011] applying constants from Lueker et al. [2000] and Dickson
[1990] (Figure 4b). While both xCO, and pH perform well at predicting DIC when paired with TA, the xCO,
time series has fewer data gaps and shows less sensor noise. In addition, discrete DIC bottle samples collected
near OSP between 2007 and 2012 show better agreement with the DIC values computed from the TA-xCO,
pair (mean difference of 2 umol kg™"). This agreement suggests that our TA proxy and DIC estimates are
robust; therefore, DIC values derived from the TA-xCO, pair are used for the remainder of the analysis. The

10 calculation uncertainty for DIC values derived from the TA-xCO, pair is ~3 pmolkg™".

3.2. Gas Exchange

The daily air-sea CO, gas exchange was estimated from wind speed and the difference in CO, partial pressure
(pCO,) between the sea surface and atmosphere (ApCO,):
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Mixed Layer Salinity vs. TA
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Figure 3. Mixed layer salinity versus total alkalinity relationship derived from samples collected inside the solid lined box in
Figure 2. The symbols represent bottle sample data collected during CLIVAR and Line P cruises as well as next to the buoy
during deployments. Winter refers to November-April.

ApCO, = pCO;. sea — PCO2. atm (%)

where pCO, is the product of total pressure and xCO,. Winds measured at 4 m on the NOAA Station P buoy
are converted to 10 m winds using the relationship of Liu et al.[1979] and are used to compute the CO, piston
velocity (k) with the Schmidt number relationship of Wanninkhof [1992] and gas transfer parameterization of
Ho et al. [2006]. The temperature and salinity dependent CO, solubility constant (Ky) of Weiss [1974] is used
with the piston velocity (k) and ApCO, to compute daily air-sea CO, fluxes (mol CO, m~2d™"):

oDIC

(6)
ot Gas

= F = k x KyxApCO,

The flux (F) is divided by mixed layer depth and density to convert to units of pmol DICkg™" d™".
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Figure 4. (a) TA estimated from the regional TA-salinity relationship and (b) DIC values computed from the TA-pH and TA-
pCO, pairs using the program CO,sys with error estimates shaded. Discrete TA and DIC bottle samples collected within the
dashed black box region in Figure 2 between 2007 and 2012 are shown for comparison.
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Figure 5. (a) Mixed layer depth and (b) entrainment time series with error estimates shaded in gray. The red box in (a) high-
lights glider mixed layer depth estimates. (c) Monthly climatology of diffusivity (x) at the base of the mixed layer with error
estimates. The mid-February to mid-April diffusivity is not statistically discernable from zero, so the lower bound error

estimate is not plotted.

3.3. Physical Transport

Physical transport processes affecting the mixed layer DIC and TA mass balance include advection, entrain-
ment (and detrainment), and diffusive mixing, expressed here in terms of DIC:

oDIC — _u,-VDIC, (W,h n a_h) (DIC; — DIC_p) x 0DIC

7
It lonys ot @

h h oz _h

7=

where V is the vector differential (i.e., gradient) operator, u, and DIC, are the vertically averaged horizontal
velocity and DIC concentration within the mixed layer, and h is the mixed layer depth (Figure 5a). Likewise,
W_p, DIC_p, k, and &DIC &z~ are the vertical velocity, DIC concentration, diffusivity, and vertical concentration
gradient, respectively, all evaluated at the base of the mixed layer (z=—h) as defined in section 2.1. Due to a
break in the mooring line and consequent loss of subsurface conductivity-temperature-depth sensors in fall
of 2008, mixed layer depths during this period were estimated from an autonomous profiling glider that
repeated a butterfly pattern around the mooring every 2weeks (Noel Pelland, personal communication,
2015; Figure 5a).

The first term on the right-hand side of equation (7) accounts for horizontal advection of DIC. The second term
accounts for entrainment and detrainment vertical velocities (Figure 5b) acting on DIC gradients within the
mixed layer and was set to zero on days when the mixed layer depth shoaled (6h 6t~" < 0) with the assumption
that DIC, and DIC_j, will be equal during shoaling events. It should be noted that if the upwelling velocity (w_p)
is equal and opposite sign of the mixed layer depth change (6h &t~ "), this term will be zero. Likewise, if the DIC
concentration is vertically uniform from the surface through the base of the mixed layer, then this term would
also be zero. The third term accounts for diffusive turbulent mixing at the base of the mixed layer. A monthly
climatology of diffusivity coefficient («) (Figure 5c) was determined from the residual heat flux out the base
of the mixed layer estimated from the mixed layer heat budget at Station Papa for June 2007 to June 2013
[Cronin et al., 2015]. A diffusivity coefficient was calculated only during periods when the thermal stratification
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Figure 6. Monthly climatologies of vertical (a) DIC, (b) TA, and (c) salinity gradients at the base of the mixed layer derived
from WOA and in situ, mooring data. Vertical gradients observed during three CLIVAR and 10 OSP cruises are shown for
comparison. Values are slightly offset for easier viewing.

just below the mixed layer base was sufficiently strong and when the residual heat flux was down gradient.
During late winter and early spring, the mixed layer was often shallower than the isothermal layer and acted
as a "barrier layer” to diffusive mixing of heat. In these cases, « often could not be estimated. Consequently,
the late winter and early spring x values have order 1 errors.

Continuous observations of horizontal and vertical DIC and TA gradients near OSP do not exist over the study
period; however, high-quality carbon data have been collected near the mooring during repeat hydrography
cruises that occurred just before or during the moored time series. Data from these cruises were used to con-
struct multiple linear regression (MLR) relationships between DIC (and TA) and measured predictor variables
in both the meridional and zonal directions. The meridional MLR was developed using data from the CLIVAR
Line P16 North 2006 cruise, and the zonal MLR was developed using data from the CLIVAR Line P01 2007
cruise. Minimum latitude, longitude, and depth ranges included in the MLRs were determined from maxi-
mum monthly averaged horizontal and vertical flow velocities at OSP. For the meridional regressions, oxygen
and temperature were the predictor variables for DIC and silicate was the predictor variable for TA. For the
zonal regressions, phosphate was the predictor variable for DIC, and depth and silicate were the predictor
variables for TA. MLR regression coefficients from the meridional and zonal fits were then applied to 2013
WOA monthly climatologies of the predictor variables to produce monthly DIC and TA fields. From these
DIC and TA fields, vertically averaged mixed layer concentrations were determined at each 2013 WOA grid
location and horizontal gradients were computed in the meridional and zonal directions. Vertical concentra-
tion gradients were calculated using the meridional TA and DIC fields, where 6X 6z ' in term three of (7) was
evaluated as the last sample within the mixed layer subtracted from the first sample below the mixed layer
and divided by their separation distance (Figure 6). These WOA derived gradient climatologies are used in (7)
to estimate the physical transport budget terms of (2) and (4) on a monthly timescale.
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To validate the WOA estimates, vertical gradients from three CLIVAR and 10 Line P cruises conducted between
2005 and 2010 are used for comparison, in addition to a vertical salinity gradient climatology estimated from
subsurface sensors on the OSP mooring line (Figure 6). Gradient seasonalities agree well across estimates, but
during the winter, there is more scatter in the cruise data and the in situ salinity estimates are larger than the
WOA salinity gradients. This could mean that the WOA derived TA and DIC gradients are also underestimated
during some months. To address the potential WOA gradient underestimation, in situ salinity gradients could
be used for the budget analysis and, under the assumption that TA fluctuates conservatively with salinity at
the base of the mixed layer, could be used to scale up the TA gradients. Unfortunately, DIC can vary significantly
and independently of salinity, and it is not clear that DIC gradients are underestimated at the same time of year
as the salinity gradients due to differences in the gradient seasonalities. As a result the WOA derived gradients
are utilized herein, the implications and rational for which will be discussed more thoroughly in section 3.4.

3.4. Evaporation-Precipitation

The influence of evaporation and precipitation (EP) on mixed layer DIC and TA concentrations was deter-
mined using a mixed layer salinity mass balance, where changes in salinity over time are caused by physical
transport processes within the water column and EP. Monthly climatologies of salinity from the 2013 WOA
were used to determine vertical and horizontal salinity gradients (Figure 6¢) and estimate the physical trans-
port component of the salinity budget using (7). Subtracting this from the observed salinity changes leaves
the EP term, evaluated on a monthly timescale.

oSal
ot

_ 0Sal 7 o Sal

- t)
o ot ot

Phys
The EP term is multiplied by the ratio of DIC to salinity (or TA to salinity) at the start of each deployment (t= 1)
to scale to units of pmolkg™"'d ™"

oDIC
ot

DIC

_osal y
e Sal

— ©
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It should be noted that the TA to salinity ratio (~67 pmol kg™") at the start of the deployment (t= 1) is not the
slope of the regional TA-salinity regression (37 umol kg™"; Figure 3). The regional salinity-TA regression slope
includes the influence of EP, biology, and mixing processes. The TA to salinity ratio at the start of the deploy-
ment reflects the amount of TA and salt in the water at that time and is equal to the slope of the dilution line
relative to that starting point, making it possible to isolate the fresh water influence (EP) on TA (and DIC).

EP estimates from a rain gauge on the mooring indicate that salinity should be reduced by an average of ~0.7
each year due to net precipitation. Evaluating budget equations (8) and (9) using the WOA vertical salinity
gradients (9S 9z gives a mean salinity decline of ~0.5, which is equivalent to a ~30% underestimation rela-
tive to the rain gauge data—likely due to underestimation of the physical input of salt. Evaluating the budget
using in situ vertical salinity gradients from OSP gives a dilution that is 3 times too large (~2) relative to the
rain gauge. Presuming that the in situ salinity gradients are correct (due to sensor redundancy and high sam-
pling frequency) and the rain gauge data are reasonably accurate, these results suggest that the WOA salinity
gradients may be too weak and the diffusive mixing term may be too large at some times. However, it is likely
that the DIC budget has a similar bias of the same sign. As such, the primary benefit of using the WOA vertical
salinity gradients to assess EP comes from the near cancelation of these physical budget term biases in the
DIC mass balance. Substituting equations (8) and (9) into equation (2) and rearranging gives the following:

~ (asal . (asm DI ) . oD
hys ot - ot~ sall,_ ot

Here the physical salinity budget term is scaled to DIC and subtracted from the physical DIC budget term,
minimizing the impact of turbulent mixing errors and WOA gradient smoothing. While this convenient
cancelation of biases minimizes errors in the overall DIC (and TA) budget, it is important to note that the
individual EP and physical terms may be biased.
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(10)
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Figure 7. Results from the DIC budget analysis for each annual mooring deployment (colors) with error bars (not standard

deviations). Average monthly (a) DIC concentration changes in the mixed layer relative to mid-June and the cumulative
influences of (b) gas exchange, (c) EP, (d) physical transport, and (e) biological processes. (f) Mixed layer depth.
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Figure 8. Results from the TA budget analysis for each annual mooring deployment (colors) with error bars (not standard
deviations). Average monthly (a) TA concentration change in the mixed layer relative to mid-June and the cumulative
influences of (b) EP, (c) physical transport, and (d) biological processes.
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3.5. NCP and CaCO; Processes

With estimates of gas exchange, physical transport, and EP processes, this leaves only the biological terms
(Bio), which can be estimated as a residual of the budget:

00| _ aDic|  apic o
ot Bio ot NCP ot CaCOs;

oTA_aTA | oTA )
ot Bio ot NCP ot CaCOs;

NCP and CaCOs processes influence DIC and TA at well-known stoichiometric ratios. Production of 1 mol of
CaCOs; decreases the DIC concentration by 1 mol and the TA concentration by 2 mol. Similarly, organic matter
production results in the consumption of 1 mol of phosphate (HPO427), 18 mol of H*, and 117 mol of CO,,
causing TA to increase by 17 mol [Anderson and Sarmiento, 1994]. Therefore, the change in TA from organic
matter production is equal to —17/117 times the change in DIC from organic matter production. These rela-
tionships make it possible to rearrange equations (11) and (12) to get two equations and two unknowns (not
shown) and, thus, close the budget:

GTA| 5y 0DIC
- (ar | — 2% & Bio)

NP (-2 + 77)

obIC
ot

(13)

It should be noted that the residual includes the accumulation of all errors in the budget; therefore, a careful
accounting of errors is performed. Manufacturer stated instrument errors were propagated through each of
the calculations in this analysis using standard techniques. When computations were nonlinear or complex, a
Monte Carlo approach was used in which 1000 iterations of the computation were conducted while varying
input parameters around their errors in a Gaussian manner (~30). The standard deviation (o) of the 1000
resultant values was then used as the error estimate for that parameter and was propagated through subse-
quent computations. Details about the error analysis, including information for variables that required data
filling or more intensive error assessments, are described in the supporting information.

Parameterization of physical transport processes contributes most to uncertainties in the overall closing of
the budget. Specifically, uncertainty in the vertical salinity, DIC, and TA gradients at the base of the mixed
layer (~40-100%; Figures 6) coupled with uncertainties in the turbulent diffusion (x; ~16-100%), give rise
to the error bars shown in Figures 7 and 8, which contribute significantly to uncertainty in the annual
estimates of DICy,;, and TAy;, and thus NCP and CaCOs. While our error accounting is rigorous, the use of
climatological x values and concentration gradients means that interannual variability in the physical budget
term is not resolved. Because the vertical diffusion term dominates the overall budget, interannual variations
in NCP and CaCOs are also indiscernible, though seasonality can be evaluated.

4. Results
4.1. Mixed Layer Budget Evaluations

The NOAA Station Papa Mooring is replaced in mid-June of each year, making 19 June a logical start date
(t=1) for the annual mixed layer budget evaluations. Changes in mixed layer DIC and TA concentrations with
time were computed by simply subtracting the concentration on 19 June from each daily value in the annual
deployment, giving the total change at each time step in units of pmolkg™". Each of the other mixed layer
budget terms, excluding gas exchange, was computed on a monthly time step in units of pmolkg™" mo™";
therefore, the daily estimates were binned and averaged by month for each deployment. Each budget term
was then integrated in time through the duration of data collection in the respective year, giving a time series
of cumulative mixed layer DIC and TA changes for each process contribution in units of pmol kg™ (Figures 7a
and 8a). The following text in sections 4.1 and 4.2 includes mean values and standard deviations (10);
however, error bars shown in Figures 7-9 are derived from propagated errors, not standard deviations,
and reflect the uncertainty in our estimates.

Mixed layer DIC and TA show a regular seasonal cycle of decreasing concentrations in spring and summer
followed by increasing concentrations in fall and winter. The average peak-to-peak amplitude of the seasonal
DIC cycle (~56 +7 umol kg™'; 15 given in text and errors shown in figures) is about 8 times larger than that of
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Figure 9. The cumulative influence of (a) NCP and (b) CaCO3 process on the mixed layer DIC concentrations, with error bars
(not standard deviations).

TA (~7+1pumolkg™") and agrees with prior observations in the subarctic current system and Alaska Gyre
[Wong et al., 2002b]. The gas exchange contribution to mixed layer DIC changes is variable for each year, with
all years showing a net invasion of CO, from the atmosphere and thus a net source of DIC to the mixed layer
(~11+6 pmol kg~ '; Figure 7b). The mean annual CO, flux into the ocean at OSP is 0.8 mol Cm 2yr ' with a
standard deviation of 0.4molCm™2yr~', which is similar to the climatological mean annual CO, flux of
~1.25mol Cm™2yr~" estimated by Takahashi et al. [2009] for the year 2000. EP influences over the annual
cycle act to dilute the DIC (~—31+8 umolkg™") and TA (~—34 +9 pmol kg ~") concentrations due to net pre-
cipitation in this region (Figures 7c and 8b). Shallow mixed layer depths (Figure 7f) during summer and spring
lead to maximum dilution for both parameters during these seasons. Physical processes exert the dominant
control on the DIC concentration, adding a significant amount of carbon to the mixed layer throughout the
year (~104 £ 13 umol kg”), primarily through diffusive mixing (~90%) and diapycnal entrainment (~10%) as
horizontal advection is found to be negligible (Figure 8c). For the TA budget, physical processes (~35
+3 umol kg™') have a similar magnitude effect as the EP term, with diffusive mixing dominating the physical
term (~90%) and entrainment (~10%) comprising the rest (Figure 8c).

Summing the contributions of gas exchange, evaporation-precipitation, and physical transport processes and
subtracting them from the total changes in DIC and TA give the residual biological component of the budgets
(Figures 7e and 8d). Biological processes remove DIC from the mixed layer over the course of the year,
reducing the DIC concentration by ~75+20pumolkg™", which offsets much of the physical DIC input.
Similarly, TA concentrations decline due to biological processes throughout the year but at a much lower
level (~—2+3 pmol kg™").

4.2. NCP and CaCOs3

The biological DIC term was decomposed into NCP and CaCOs processes using equation (13) to close the
budget and equation (11) to solve for DICcaco3 (Figure 9). The results indicate that there is seasonality in
the influence of organic carbon production on the mixed layer DIC concentration. NCP causes mixed layer
DIC concentrations to decline in the spring and summer and to increase in fall and winter, though uncertain-
ties are large. Observations over an entire annual cycle were captured during the 2007-2008, 2010-2011, and
2013-2014 mooring deployments. During these three sampling periods, the annual net community produc-
tion (@NCP) reduced mixed layer DIC concentrations by an average of 69 + 20 umol DIC kg~". The influence of
CaCOs production on the mixed layer DIC concentration is much smaller than NCP and does not show a clear
seasonal cycle. During the three full-year mooring deployments, CaCOs production reduced mixed layer DIC
concentrations by 6+ 1 pmol DICkg™".

4.3. Rates

Directly interpreting the DICycp and DICcacos terms in units of concentration (umol kg™') is not straight for-
ward due to variability in the mixed layer depth throughout the year. To address this, the DICycp and DICc,co3
terms were converted to monthly NCP and CaCO; rates (mmol Cm~2d~"; Figures 10a and 10b). Positive NCP
rates reflect net biological DIC consumption (autotrophy) and negative values reflect net biological DIC
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Figure 10. (a) NCP and (b) CaCOs rates as well as integrated (c) NCP and (d) CaCO3 estimates from each deployment. Black
lines show the mean of all years. Error bars are included for integrated NCP and CaCO3 (not standard deviations).

production (heterotrophy). Positive CaCO3 production rates reflect net calcification while negative values
indicate net dissolution. Integrating the daily rates gives the cumulative column inventory of NCP and
CaCO; (molCm™2) shown in Figures 10c and 10d. Annual mean composites are shown with black lines
in Figures 10a-10d.

The results indicate that OSP is a region of net annual autotrophy and calcification, as found by numerous
prior investigators [Wong et al.,, 2002c; Lipsen et al., 2007; Emerson and Stump, 2010; Emerson et al., 2011].
Autotrophic NCP rates begin around March and peak in April, with sustained production through
September. After September, heterotrophy is observed until January of the subsequent year. CaCO3 produc-
tion is sustained through most of the year, with peak calcification rates in March and April and the lowest
rates found in and the fall. Cumulative summertime NCP results in ~1 mol Cm~2 of production in the mixed
layer from June to September (based on the composite), but this production is erased by the start of winter
due to net respiration in the water column. Autotrophy resumes in spring, resulting in a mean mixed layer
aNCP of 2mol Cm™2yr~" with an uncertainty of 1 molCm™2yr~' (Table 1). The mean annual CaCO; produc-
tion is 0.3 mol Cm~2yr~" with an uncertainty of 0.3 molCm ™ 2yr .

Table 1. Summer and Annual Mixed Layer NCP Rates and aNCP Estimates at Ocean Station Papa

Method Summer NCP Rate (mmol C m—?2 dq) aNCP Rate (mmol C m~?2 dq) aNCP (mol C m 2 yrq) Reference

NO3 ™~ drawdown 11.8 Wong et al. [2002c]
2347h-238Y disequilibrium 8.1-9 Charette et al. [1999]
0O, mass balance 8.3-25 Emerson [1987]

05, Ar, N mass balance 8.9-11.7 Emerson et al. [1991]

In situ Oy, Ny 16.6 25+1° Emerson and Stump [2010]
0O,, Ar mass balance 13.1 Giesbrecht et al. [2012]
05, Ar mass balance 11.2b Juranek et al. [2012]
DIC, TA mass balance 13+5 5429 2+1€ This study

Mean + SD 125 5 23+04

2Summertime NCP rate scaled for 150 days of fixed rate production + error estimate.

Mean of spring and summer oxygen production rates scaled using the 1.45 O,/C conversion.
“Mean of June-August NCP rates from all years + the standard deviation.

Mean of aNCP estimates for 2007-2008, 2010-2011, and 2013-2014 divided by 365 + the standard deviation.
®Mean of aNCP estimates for 2007-2008, 2010-2011, and 2013-2014 + error estimate.
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5. Discussion

Seven years of high-frequency CO, observations were used to compute net community production and
calcification at Ocean Station Papa. Biological carbon consumption at this location largely compensates for
vertical mixing processes that add DIC to the mixed layer throughout the year. NCP dominates the biological
component of the mixed layer DIC drawdown with CaCO3 production representing a small fraction of the
annual productivity (Figures 9a and 9b).

The seasonal cycle of NCP rates (Figure 10a) at OSP indicates that the peak biological activity occurs in spring
of each year and persists at a lower rate through summer. This finding differs from prior investigations that
have found low variation in primary production between spring and summer [Wong et al., 1995]; however,
sustained in situ observations of the productive period were lacking prior to the OSP mooring deployment.
During spring, thermal stratification coupled with the passing of storms results in rapid changes in mixed
layer depth at OSP (Figure 7f). The use of climatological vertical carbon gradients in our budget at times when
the mixed layer is rapidly oscillating between depth levels but when net shoaling is occurring may result in
overestimation of the vertical carbon input during intermittent deepening events. This would cause our
spring estimates to be biased toward more NCP, which may explain the larger rates seen in these months.
On the other hand, primary production in a shoaling mixed layer would increase the vertical carbon gradient
at the base of the mixed layer, which could lead to an underestimation of the vertical carbon input and, thus,
NCP during spring. In addition, the loss of NCP below the rapidly shoaling spring mixed layer would also lead
to an underestimation of spring NCP, as discussed by Kértzinger et al. [2008]. Without in situ observations
of the vertical carbon gradients it is challenging to determine how the use of climatological gradients may
influence the spring NCP estimates; though gradients are at minimum during this season (Figure 6).

In October, NCP rates switch from being autotrophic to heterotrophic, indicating that community respiration
is larger than the gross photosynthetic production in fall and winter. This seasonal heterotrophy has been
identified once previously in the Alaska Gyre region by Chierici et al. [2006] using a mixed layer CO, budget
approach based on ~ monthly observations throughout the year 2000. Sediment trap observations spanning
more than two decades suggest that particle export at OSP occurs throughout the year, with peaks in the
spring and summer months [Wong et al., 1999; Timothy et al., 2013]. In order to have a POC flux in fall and
winter but still observe heterotrophic NCP rates, the remineralization of POC and DOC in the mixed layer must
exceed the POC production rate. Spring and summer NCP at OSP sum to three times the winter carbon
requirement for heterotrophy (~3 mol Cm™2 versus ~1 mol Cm™2, respectively), which means that fall and
winter heterotrophy could be fueled by local sources of carbon. Because there is continuous particle export
during fall and winter [Timothy et al., 2013], it is likely that seasonal heterotrophy is primarily fueled by DOC
rather than POC, as has been observed previously at BATS [Carlson et al., 1994].

In order to account for 1 mol Cm ™2 of seasonal heterotrophy in a ~75 m fall mixed layer, ~13 pmolkg™" of
DOC would need to be consumed. The mixed layer DOC concentration at OSP was ~55pmolkg™" in
March 2006 during the CLIVAR P16 cruise, and Wong et al. [2002c] observed a similar DOC concentration
(~65 umol kg™") during February 1997, which increased to ~80 umol kg™ in June 1997 and was found to
be as high as ~90 umol kg™ in May 1995. Deepening of a 25 m summer mixed layer with a DOC concentra-
tion of ~90 pmol kg™ to a ~100 m winter mixed layer, given a subsurface (25 to 100 m) DOC concentration of
~50 pmolkg ™', would result in a water column DOC concentration of 60 pmolkg™'. Thus, most of the
observed seasonal changes in DOC concentration can be explained by dilution [e.g., Hansell, 2001]; however,
assuming that DOC is not building up at OSP, an additional 10 pmol kg™' must be removed through further
dilution or heterotrophy to get back to initial subsurface DOC value of ~50 pmolkg™'. This additional
10 pmol kg™ reduction of DOC agrees well with the requirement of ~13 umolkg™" needed to fuel the
heterotrophic signal found herein. It should be noted, however, that a heterotrophic signal could also result
from the underestimation of k and/or the vertical carbon gradients at this time of year; therefore, further
observations are needed to confirm the heterotrophic signal at OSP.

Prior investigators estimate that annual DOC production at OSP represents 25-50% of the primary produc-
tion [Bishop et al., 1999], though there is some discrepancy among studies [Wong et al., 2002c]. In 2014, using
apparent oxygen utilization (AOU) and DOC data from CLIVAR P16 near OSP, Emerson [2014] found that ~20%
of the organic carbon remineralization in the upper pycnocline is caused by DOC degradation. Scaling the
DOC:AQU ratio of 0.2 by the Redfield oxygen to carbon relationship of 1.45 [Anderson and Sarmiento, 1994]
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Table 2. Ocean Station Papa and Global Ocean PIC:POC Ratio Estimates

PIC:POC Reference
OSP Estimate Method
200 m sediment traps (1982-1993) 0.5 Wong et al. [1999]
50 m sediment traps (1987-1997) 04 Wong et al. [2002c]
'€ incubations (1998-2000) 025 Lipsen et al. [2007]
In situ O,-, N,-, pH- and pCO5-based model (2007) 0.5 Emerson et al. [2011]
50 m sediment-trap-based estimate (1982-2006) 0.18 Timothy et al. [2013]
DIC, TA mass balance® 0.15-0.25 This study
Mean + SD 0.3%0.1
Global Estimate Method
Ocean general circulation model 0.09 Jin et al. [2006]
Ocean biogeochemical-transport box model 0.06+0.03° Sarmiento et al. [2002]
Mean + SD 0.075+0.02

@Mean of 2007-2008, 2010-2011, and 2013-2014 deployments assuming 0% and 40% of aNCP is due to the export of DOC.
Error estimate.

gives a DOC remineralization to DIC production ratio of ~0.3 in the upper pycnocline. Assuming this holds for
all respiration occurring between the base of the seasonal mixed layer and pycnocline and given that the
annual physical DIC input to the mixed layer, primarily though vertical processes, is ~100 pmolkg™', the
annual physical DOC export would be ~30 umol kg™". Thus, the physical export of DOC could account for
up to 40% of the mixed layer DIC reduction attributed to NCP (~70 pmol kg™") in this region. These findings
indicate that DOC transformation near OSP may play a more substantial role in carbon cycling than previously
thought; contributing to seasonality in NCP and to the overall carbon export.

Seasonality in NCP indicates that estimates of aNCP based on discrete or single season rate evaluations may
be biased unless the observations happen to reflect the mean annual NCP rate. In this analysis, the full annual
cycle of NCP was resolved for three of the OSP mooring deployments, capturing spring and summer produc-
tion as well as fall and winter heterotrophy. Most prior NCP estimates have been conducted during the sum-
mer period and agree well with our summer NCP rates (Table 1). In particular, Emerson and Stump [2010] used
in situ oxygen data from the 2007-2008 OSP mooring deployment to estimate the summer NCP using a mass
balance approach. They then scaled the summertime rate by 150 days (5 months) of production to estimate
the aNCP, getting a value of 2.5+ 1 molCm™2yr™" (Table 1). Based on the analysis herein, there are approxi-
mately 7 months of productivity at OSP (~210 days). Scaling the mean summer NCP rate from Emerson and
Stump [2010] by 210 days of production gives an aNCP estimate of 3.4 mol Cm ™2, which is near our estimate
of the total combined spring and summer production (~3 mol Cm~2), but exceeds the annual NCP estimate
of 2mol C m™2 by neglecting the heterotrophic season. These findings highlight the importance of resolving
the full annual cycle of NCP for resolving biological processes near OSP.

CaCOs3 production at OSP begins in winter and peaks in spring, with sustained, lower production in summer.
A few of the fall CaCO3 production estimates suggest that dissolution is occurring, which is unexpected in this
region where both aragonite and calcite are saturated at the sea surface [Feely et al., 2002]. These values are
not statistically significant but suggest that CaCOs production may be very low at this time of year. As
previously discussed, 40% of the aNCP may be attributable to DOC export. As a result the PIC:POC ratio could
range from 0.15 to 0.25, presuming that DOC export contributes to 0% to 40% of the aNCP, respectively. Prior
PIC:POC estimates at OSP based on independent methodologies have found PIC:POC ratios ranging from
0.18 to 0.5 (Table 2), with estimates of the global average PIC:POC ratio near ~0.075 [Sarmiento et al., 2002;
Jin et al., 2006; Table 2]. Thus, our findings add to the growing body of evidence that the eastern subarctic
Pacific exhibits exceptionally high CaCO3 production [Wong et al., 1999, 2002¢; Lipsen et al., 2007; Emerson
et al., 2011; Timothy et al., 2013].

6. Conclusions

Net community production (NCP) and calcium carbonate (CaCOs) precipitation were estimated from 7 years
of high-frequency moored observations at Ocean Station Papa (OSP). Surface ocean total alkalinity and
dissolved inorganic carbon time series were derived from in situ observations of salinity and carbon dioxide
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and used to diagnostically assess the influence of gas exchange, physical transport processes, evaporation
and precipitation, NCP, and CaCOs3 production on mixed layer carbon inventories using a dual tracer mixed
layer mass balance approach. Our results indicate that the average mixed layer aNCP at OSP is
~2molCm~2yr~' with an uncertainty of TmolCm 2yr ' and the average aCaCO; production is
~03molCm™2yr™" with an uncertainty of 0.3molCm™2yr~". Significant seasonality in NCP, including
seasonal heterotrophy, in this region where chlorophyll levels remain low year round and the system is
known to be iron limited [Martin and Fitzwater, 1988], suggests that carbon cycling at OSP may be more
complex than previously thought. Thus, discrete observations or single season assessments of NCP may
not be robustly scalable to annual estimates of NCP, and PIC:POC estimates derived from chemical mass
balances may need revisiting in light of potentially significant DOC cycling in this region. With a modern
baseline for biological carbon cycling coming into focus at this location, continued observations will make
it possible to evaluate how the biological pump is responding to ocean acidification and climate change.

1 1

Our methodology relies on salinity based estimates of surface ocean TA, which integrates the influence of
CaCOs processes rather than independently resolving calcification in real time. While this adds uncertainty
to the TA budget, uncertainty in the DIC budget is likely minimal due to the very close agreement between
our estimated DIC time series and contemporaneous discrete bottle samples from the region. The TA budget
could be improved with the aid of additional sensors that capture in situ calcification events. The pH and CO,
sensors used during OSP deployments between 2007 and 2014 did not perform at the accuracy level
required to calculate DIC and TA with confidence; however, these data have been used successfully to con-
strain carbonate system processes indirectly at OSP [Emerson et al., 2011]. As autonomous DIC and TA sensors
come online for moored application, direct observations of episodic CaCO5 processes [Wong et al., 1999] will
improve our estimates. Until that time, the method used herein introduces an independent estimate of car-
bon cycling that adds to the growing body of work at OSP.
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