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Abstract A budget approach is used to disentangle drivers of the seasonal mixed layer carbon cycle at
Station ALOHA (A Long-term Oligotrophic Habitat Assessment) in the North Pacific Subtropical Gyre
(NPSG). The budget utilizes data from the WHOTS (Woods Hole—Hawaii Ocean Time-series Site) mooring,
and the ship-based Hawai'i Ocean Time-series (HOT) in the NPSG, a region of significant oceanic carbon
uptake. Parsing the carbon variations into process components allows an assessment of both the proportional
contributions of mixed layer carbon drivers and the seasonal interplay of drawdown and supply from different
processes. Annual net community production reported here is at the lower end of previously published data,
while net community calcification estimates are 4- to 7-fold higher than available sediment trap data, the only
other estimate of calcium carbonate export at this location. Although the observed seasonal cycle in dissolved
inorganic carbon in the NPSG has a relatively small amplitude, larger fluxes offset each other over an average
year. Major supply comes from physical transport, especially lateral eddy transport throughout the year and
entrainment in the winter, offset by biological carbon uptake in the spring. Gas exchange plays a smaller role,
supplying carbon to the surface ocean between Dec-May and outgassing in Jul-Oct. Evaporation-precipitation
(E-P) is variable with precipitation prevailing in the first half and evaporation in the second half of the year. The
observed total alkalinity signal is largely governed by E-P with a somewhat stronger net calcification signal in
the wintertime.

Plain Language Summary The ocean carbon cycle is a complicated system where chemical
compounds react, are moved by ocean physics, altered by organisms, and exchange with CO, in the atmosphere.
To explore how the ocean will continue to take up CO, from the atmosphere and how much will be removed
into the deep ocean, we need to know how these processes influence ocean carbon. Here, we investigate

them over a year. We create a model from observations of two carbon compounds, together with calculated
estimates of processes (evaporation and precipitation, transport through the water, and air-sea exchange) to
back out the influence of two important reaction pairs executed by organisms: Photosynthesis and respiration,
and calcification and dissolution. Over a year, the surface community at this location near Hawai'i in the

Pacific photosynthesizes more than it respires, removing 53 g of CO, per square meter. Also, marine calcifiers
perform calcification, and our estimates are much higher than previous measurements from sediment traps. Gas
exchange and evaporation-precipitation vary with the seasons in opposite directions, and there are carbon inputs
from horizontal transport throughout the year and from water column mixing in the winter.

1. Introduction
1.1. Rationale

The biological pumps are a fundamental component of the global carbon cycle driving the transfer of carbon from
the atmosphere to the deep ocean (e.g., Kwon et al., 2009; Marinov et al., 2008; Sigman & Boyle, 2000). Multiple
surface ocean processes play a role in carbon concentrations and export from the mixed layer, including physical
(gas exchange, evaporation and precipitation, advection, and vertical mixing) and biogeochemical processes,
namely photosynthesis, respiration, calcification, and dissolution (Figure 1). The interplay of these processes
generates the observed variability in dissolved inorganic carbon (DIC) and total alkalinity (TA) concentrations in
the surface ocean (e.g., Sarmiento & Gruber, 2006).
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The North Pacific Subtropical Gyre (NPSG) is an essential system to study when looking at global carbon
cycling. Spanning an area of 2 X 107 km?, the NPSG is the largest ecosystem on earth, and a substantial sink
for atmospheric CO, (Emerson, 2014). Through the Hawai'i Ocean Time-series (HOT) at Station ALOHA (A
Long-term Oligotrophic Habitat Assessment), one of the longest running oceanic time-series at >30 years, the
considerable complexity of this oligotrophic “ocean desert” has been and continues to be investigated, with a
focus on biogeochemical cycling of carbon and nutrients, from various angles. However, the timing and relative
importance of drivers of CO,-carbonate chemistry and export production over a year are still poorly understood
(e.g., Karl & Church, 2017; Karl et al., 2021).

Using TA and DIC as tracers, a mass balance of mixed layer carbon production is constructed at Station ALOHA.
Both the organic (Net Community Production, NCP) and inorganic (Net Community Calcification, NCC) compo-
nents of the biological pump are quantified based on the differing stoichiometry of the reactions of interest
(Fassbender et al., 2016, 2017). This allows the evaluation of seasonal variability in and functional interactions
between the drivers of carbon cycling in the NPSG. Thanks to the abundance of complementary and redundant
datasets at this well-studied location, multiple approaches to quantify several of the mass balance terms can be
evaluated for consistency. Sensitivity analyses of physical transport terms, evaporation and precipitation, and
mixed layer definition can illuminate the limitations of an upper ocean carbon budget at this location with present
data resolution in space and time.

1.2. Study Area: Station ALOHA

Station ALOHA is a time-series study site with a sampling radius of 9.66 km (6 nm) at 22°45’'N, 158°W in
the NPSG, 100 km north of O'ahu, Hawai'i. Since 1988, approximately monthly cruises to Station ALOHA
have been executed by the Hawai'i Ocean Time-series (HOT) program, capturing a variety of oceanographic
parameters including thermohaline structure, water column chemistry, primary production, plankton community
structure, particle export, and currents throughout the water column. Over the past two decades, moorings within
Station ALOHA (2004-2007: MOSEAN Hale-Aloha [www.pmel.noaa.gov/co2/story/HALE-ALOHA] and since
2007: WHOTS [www.soest.hawaii.edu/whots/; www.pmel.noaa.gov/co2/story/ WHOTS]) have been recording
higher-frequency variability of atmospheric and surface ocean pCO, (3-hourly), meteorological data, surface
and sub-surface currents (from an Acoustic Doppler current profiler (ADCP) and vector measuring current
meters (VMCM, Weller and David (1980)), and temperature and salinity in the upper 155 m (from conductivity,
temperature, depth sensors (CTDs)). The unique combination and extent of observations at this site have enabled
multiple ground-breaking discoveries in oceanography, such as the ubiquity of marine archaea, and including
the identification of important patterns influencing carbon biogeochemical cycling (Karl & Church, 2018). The
Hawai'i Ocean Time-series is one of the places where the decrease in surface ocean pH due to anthropogenic CO,
emissions was first clearly documented.

The ocean in the NPSG is persistently oligotrophic throughout the year with a warm, nutrient-depleted surface
layer that is largely isolated from the nutrient-rich deeper waters year-round. Seasons referred to here are defined
as spring (March-May), summer (June-August), fall (September-November) and winter (December-February).
The sea surface temperature only varies by about 4-5°C seasonally (e.g., Brix et al., 2004). The mixed layer is
relatively shallow year-round, between 20 and 120 m (Karl & Lukas, 1996), and the average Mixed layer depth
(MLD) changes between ~30 and 40 m in the summer-fall and ~70-90 m in the winter.

Part of the declared goals of the Hawaii Ocean Time-series is to explore “(a) The linkages between seasonal,
interannual and long-term (...) variability and trends in ocean physics, chemistry, and biology. (b) Processes
underlying physical and biogeochemical temporal variability. (c) The role of physical forcing on carbon fluxes,
including rates of biologically mediated carbon transformations, air-sea CO, exchange, and carbon export.”
(Church et al., 2013). Many researchers have conducted studies on the carbon cycle at Station ALOHA, mainly
in the 1990s and early 2000s (e.g., Brix et al., 2004, 2006; Dore et al., 2003, 2009; Karl et al., 1996; Keeling
et al., 2004; Letelier et al., 2000; Neuer et al., 2002; Quay & Stutsman, 2003; Winn et al., 1994, 1998). These
studies on biology, physics, and especially the CO,-carbonate system, carbon cycling, and biological production
at this location provide the groundwork for this study.

Identifying and quantifying the processes at work in the subtropical oligotrophic gyres is difficult because
of the very low signal-to-noise ratio in inorganic carbon and associated parameters, and the episodic nature
and patchiness of biological variability (Church et al., 2013), and "structure, mechanisms and controls of the
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Figure 1. Schematic of processes driving mixed layer carbon cycling. Processes influencing the organic component/net
community production (photosynthesis and respiration, yellow) and inorganic component/net community calcification
(calcification and dissolution, pink) of the biological carbon pump as well as physical processes (gas exchange, black arrows;
evaporation and precipitation, advection, entrainment/detrainment, diffusion, gray arrows).

biological carbon pump at Station ALOHA are not well understood." (Karl & Church, 2017). Brix et al. (2004)
report an amplitude of the seasonal salinity-normalized DIC cycle of 15 pmol kg~!, compared to interannual
anomalies of 4 pmol kg~!, which suggests that a yearly budget is a good starting point to investigate the drivers
of carbon cycling. The seasonal cycle in DIC consists of a summer drawdown in DIC of about 15-20 umol kg~!
between April-September that is attributed to NCP exceeding atmospheric uptake and inputs from physical trans-
port (Keeling et al., 2004; Quay & Stutsman, 2003). NCP has been hypothesized to be the dominant driver for
DIC variations over a year (Keeling et al., 2004), but the contributions and timing of other processes remain
poorly understood. One of the main difficulties in resolving annual net community production and carbon export
with upper ocean mass balance calculations has been the inability to fully constrain relevant lateral and vertical
transport terms (Dore et al., 2003; Keeling et al., 2004). We are able to independently constrain all relevant phys-
ical transport terms for the first time, thanks to available data from the WHOTS mooring as well as horizontal
gradient climatologies from neural networks (Broullén et al., 2019, 2020; Sutton et al., 2014). This allows an
evaluation of the relative contribution of processes to the DIC seasonal cycle, and their timing throughout a year.
Additionally, a seasonal view of net community calcification is provided for the first time at this location.

2. Data and Methods
2.1. Budget Components

This carbon budget quantifies seasonal climatology from a time-dependent monthly mass balance of carbon (DIC
and TA in umol kg ') integrated over the mixed layer. It is based on a methodology developed by Fassbender and
colleagues (Fassbender et al., 2016, 2017). DIC and TA are used as dual tracers.
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é g} The high temporal resolution time-series from the WHOTS mooring sensors between 2004 and 2021 is of two
S g carbonate system parameters, seawater pCO, (pCO,sw) and pH. However, because the seawater pH record has
= Z significant data gaps and pH is not an ideal parameter to pair with pCO,sw to calculate DIC and TA, we use an
a§ alternative approach (McLaughlin et al., 2015; Sutton et al., 2016). To approximate the DIC and TA concentrations
§ at the same temporal resolution, two steps are necessary. First, a regression of salinity and alkalinity from HOT
& _§ é‘ cruise surface data, collected at near-monthly frequency, yields a linear regional salinity-alkalinity relationship. This
= § 'z relationship is then applied to the WHOTS mooring surface salinity time series, which results in a high-resolution
E E E alkalinity time-series. From measured pCO,sw and calculated alkalinity, all CO, carbonate system parameters,
§ g 2 é including DIC, are calculated using the CO2SYS Python package “PyCO2SYS,” an adaptation from the MATLAB
§ 5 'L.S. -‘g_ - version (pyco2sys.readthedocs.io; Humphreys, Lewis, et al., 2022; Humphreys, Schiller et al., 2022). Constants used
% é é g = are Sulpis et al. (2020) for carbonic acid and bicarbonate dissociation constants (K, and K,), and Dickson (1990) for
& é é L % Koy All other values used are the default terms in the PyCO2SYS package (i.e., default O for nutrient concentra-
~ % ; ; % _é]‘ tions, Ky from Dickson and Riley (1979), and the boron-chlorinity ratio from Uppstrom (1974)).
_i‘.; § g é é % E A regression of TA and salinity in the top 30 m provided a well-constrained relationship between the two param-
BHa| B | A& SR eters (R? = 0.89, n = 630), and a standard error of the estimate of 4.95 umol kg~! (Equation 7). The propagated
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Figure 2. Surface alkalinity and dissolved inorganic carbon time-series at the WHOI Hawaii Ocean Timeseries Station
mooring, comparing upper 30 m discrete HOT samples with monthly means from calculated high-resolution (3-hourly)
mooring-based data.

error (standard error propagation in CO2SYS) in DIC, calculated from this estimated TA and measured pCO2sw,
is 7.7 pmol kg~!. There is good agreement between HOT discrete observations of both TA and DIC with the
calculated time-series of these parameters, with mean residuals of +4.0 pmol kg=! for TA (discrete > calculated)
and —1.7 pmol kg~! for DIC (discrete < calculated), which fall within the uncertainty estimates (see Figure 2). The
somewhat larger offset for TA is due to a difference in salinity measurements from the mooring CTD compared to
the shipboard salinity measurements, as salinity is slightly lower in the mooring data. This is probably due to the
difference in measurement depth: 0.5 m for the WHOTS mooring compared to 0—30 m for the shipboard CTD.

TA = 66.68 .S —29.73 (N

2.3. Mixed Layer Depth

Mixed layer depth (MLD) is calculated using a criterion based on a —0.5°C change in temperature relative to
the temperature at a 10-m reference depth (Sprintall & Tomczak, 1992). This criterion is one of many that is
commonly used at Station ALOHA (e.g., Brix et al., 2004; Keeling et al., 2004). MLD is calculated from the daily
average of temperature profiles measured by WHOTS mooring CTD sensors (sampling every minute at 5-10 m
spacing) interpolated to a one-m grid. To match the temporal resolution of the budget calculation, the monthly
mean of the daily values is used. Visual inspection of all HOT TA and DIC profiles used for the analysis indicated
that the —0.5°C temperature threshold most appropriately captures in situ carbon system dynamics compared to
other commonly used criteria (see Figure S1 in Supporting Information S1, Movies S1 and S2 for profiles and
MLD). To test for sensitivity of the analysis to the MLD definition, a comparison was made to three other MLD
definitions: a —1°C temperature threshold (Hastenrath & Merle, 1987) as well as +0.03 kg m~3 and +0.125 kg m~3
density thresholds (De Boyer Montégut et al., 2004; Levitus, 1982), all relative to a 10-m reference depth.

2.4. Gas Exchange

The contribution of gas exchange to monthly DIC change is calculated using wind speed, SST, salinity, pCO,air
and pCO,sw data all from WHOTS mooring sensors (Wind speed: http://uop.whoi.edu/currentprojects/WHOTS/
whotsarchive.html, CTD: ftp://mananui.soest.hawaii.edu/pub/hot/whots/, pCO,: Sabine et al., 2012; Sutton
et al., 2012), as well as empirical relationships:
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Table 2

Terms and Their Units for the Physical Transport Component of the Carbon Budget for Dissolved Inorganic Carbon Are Exactly the Same for Total Alkalinity

Symbol Quantity

Calculation/source Units

Uy, Average mixed layer current speed WHOTS mooring sensors. Mean value from monthly averages over the complete WHOTS time-series. m/s

DIC Horizontal DIC/TA climatologies 1° x 1° climatologies based on neural networks from World Ocean Atlas Climatologies (Broullon pmol/kg

KHOR Lateral eddy diffusivity

et al. (2019); Broullén et al. (2020))
Zhurbas and Oh (2004). m?/s

W, Vertical velocity at the ML base Ekman pumping velocity from ASCAT wind stress curl m/s

h Mixed layer depth

aDIC
0z |z=—h

o Eddy diffusivity

Vertical DIC gradient

K

—0.5°C temperature offset from 10m reference depth m
HOT profiles of DIC pmol/kg/m

Climatology based on density gradients at the base of the mixed layer. Keeling et al. (2004) m?s

dDIC kX Ky X ApCO,
B ®

ot GasExchange
Where £ is the piston velocity based on wind speeds at 10m above the surface (Liu et al., 1979), Schmidt number
(Wanninkhof, 1992), and a second-order gas transfer parameterization (Ho et al., 2006), and K, is the CO, solu-
bility constant (Weiss, 1974). Details on this calculation are listed in the Supporting Information S1. All measure-
ments are averaged hourly, except for the pCO,sw and pCO,air data, which are interpolated linearly to hourly data
from measurements taken every 3 hours. Gas exchange is evaluated hourly and then averaged monthly.

2.5. Physical Transport

The physical transport term described for DIC in Equation 9, and exactly the same for TA, comprises horizontal
transport, vertical entrainment and diffusion (adapted from Fassbender et al., 2016, 2017). Individual terms and
their units are listed below and in Table 2.

oDIC
ot

_ 9DIC

Phys ot

oDIC
+

Lateral transport ot

DIC_, - DIC
= up. - VDIC + kigor - V2DIC + (w_;, + %) DI w) , &2 9DIC
a1 h h oz

dDIC

Entrainment ot

Diffusion

®

z=—h

2.5.1. Lateral Transport

The complete lateral transport term is calculated as the sum of horizontal background advection, and lateral eddy
transport: upy. - VDIC + xpor VZDIC. For background advection, current speeds (uyr.) and horizontal gradients
in DIC and TA (VDIC) are required, while the lateral eddy transport is quantified as a lateral eddy diffusivity
(knor) times the Laplacian of DIC and TA fields (V2DIC).

Horizontal fields of TA and DIC have been quantified elsewhere using multiple linear regression (e.g., Fassbender
et al., 2016, 2017) or neural network analysis (e.g., Bittig et al., 2018; Carter et al., 2018). Climatologies around
Station ALOHA from a neural network are available for both DIC (Broulldn et al., 2020) and TA fields (Broull6n
et al., 2019). These networks, trained on the GLODAPv2 data set and then applied to World Ocean Atlas (WOA)
2013 climatological data, were tested with Station ALOHA data and proved to be reliable for predicting TA and
DIC in this region (Broulldn et al., 2019, 2020). They are used here to calculate horizontal gradients and the
Laplacian of TA and DIC fields.

Advection was calculated using the overall mean WHOTS velocity in the mixed layer, and the mean plus the
annual harmonic fit to the DIC and TA gradients from the Broullén et al. (2019, 2020) climatologies. In situ
(WHOTS mooring) current speed measurements are available at high temporal resolution, but horizontal current
speeds at this location are dominated by mesoscale eddies (Martinez-Moreno et al., 2022, Figure 3a), which
are not resolved by the large-scale (1° X 1°) and long-term seasonal mean TA and DIC fields. An investigation
into current speed variability revealed that there is no clear annual cycle (see Figure S3 in Supporting Informa-
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tion S1). Therefore, the overall mean current speeds with gradient climatologies best represent the advective
component of this budget. The mean zonal component of the current is westward (—0.04 m s~'), and the average
meridional current is northward, but barely indistinguishable from zero at 0.008 m s~!. This is consistent with
well-established knowledge of large-scale circulation patterns at this location.

In order not to neglect the important contribution of mesoscale eddies (see e.g., Barone et al., 2019), a lateral eddy
transport term is added to quantify the influence of the advective component of mesoscale eddies on the tracer
budget. An average lateral eddy diffusivity from Zhurbas and Oh (2004) of 8 x 10> m? s~! is multiplied by the aver-
age divergence of the horizontal gradient field from Broullén et al. (2019, 2020), interpolated to a 2° latitude X 15°
longitude grid to reduce noise. For the eddy contribution, a single average value is used throughout the year, while
the advective term is at a climatological monthly resolution based on the overall (non-varying) average current speed
and an annual harmonic fit of monthly gradient values. An error of 100% is assigned to the lateral eddy transport.

2.5.2. Entrainment and Diffusion

The entrainment term is the flux through the base of the mixed layer, primarily during times of local mixed-layer
deepening. The relevant upward vertical velocity component is estimated as monthly mean Ekman pumping from
Advanced Scatterometer (ASCAT) daily wind stress curl data (from APDRC: http://www.apdrc.soest.hawaii.
edu/) plus changes in MLD over time ((;—}:) (neglecting horizontal advection of the mixed layer gradient). This
term is evaluated only for periods of net entrainment; during detrainment, the properties of the water remaining in
the mixed layer are not affected by the properties immediately below. Using the sum of these two terms (upward
velocity and change over time in MLD), entrainment is then calculated from consecutive HOT cruise profiles in
subsequent months and scaled to a monthly value, assuming that the increment of water below the first MLD is
mixed into the ML by the time of the following profile. A total of 4 HOT cruise profiles (2%) were excluded due
to a mismatch between MLD values and water column DIC/TA data.

As for vertical diffusive transport, DIC and TA vertical gradients across the ML ( dl{%

B h) are calculated from

HOT cruise profiles (again, at near-monthly resolution). The diffusion coefficient or eddy diffusivity (K), which
governs turbulent diffusion across the bottom of the mixed layer, is not very well constrained due to considerable
temporal and spatial variability, and lack of well-resolved measurements (Cronin et al., 2015). It has been established
that turbulent diffusion is orders of magnitude higher in the surface mixed layer than in the thermocline below (e.g.,
Fernandez-Castro et al., 2014). Previous budget- or mass-balance-based studies of carbon export at this location
often used non-varying, representative K, values (Table S1 in Supporting Information S1). However, diffusivity has
been shown to vary substantially between seasons (e.g., Cronin et al., 2015). Here, we use climatology from Keeling
et al. (2004) that was calculated from measurements of the vertical density gradient just below the mixed layer.

The entrainment term is a composite of true monthly averages and near-monthly profiles, while the diffusive
term and the lateral eddy transport term are based on climatological values, and hence do not resolve interannual
variability. Physical transport contributions can therefore only be evaluated seasonally.

Methods for the sensitivity analysis using alternative approaches (Table 1) for the physical transport term are detailed
in the Supporting Information S1 and include using time-varying current speed climatologies from in situ sensors
for lateral advection as well as a heat budget calculation adapted from Cronin et al. (2015) for diffusive transport.

2.6. Evaporation—Precipitation

Adapted from Fassbender et al. (2016, 2017), E-P is determined as the residual of a mixed layer salinity budget
(as in Equation 9), and then scaled to units of pmol kg™ according to Equations 10 and 11. Additionally, evap-
oration (E) and precipitation (P) are calculated using two other approaches to evaluate their consistency and
sensitivities: A direct E-P calculation from meteorological sensors, and salinity normalization are described in
the Supporting Information S1.
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Table 3
Error Estimates for Monte Carlo Analysis and Their Sources
Quantity Error Source
Total Alkalinity 4.95 pmol kg~! Standard Error (Equation 11)
DIC 7.7 pmol kg~! CO2SYS error propagation (Orr et al., 2018)
Temperature 0.002°C https://geo-matching.com/
ctd-systems/37-sm-microcat-c-t-p-recorder)
Salinity 0.012 Measurement uncertainty, Santiago-Mandujano et al. (2016)
pCO,sw 2 patm Measurement uncertainty, Sutton et al. (2014)
pCO,air 1 patm Measurement uncertainty, Sutton et al. (2014)
MLD (h) 2.4 m Y4 of vertical separation of sensors (Fassbender et al., 2016)
Piston velocity (k) 30% Nightingale et al. (2000), Fassbender et al. (2016)
Wind speed 0.1 ms™! https://journals.ametsoc.org/view/journals/atot/37/4/
jtech-d-19-0132.1.xml
Carbon quotient in Redfield ratio 14 Anderson and Sarmiento (1994)
Turbulent eddy Diffusivity (Kz) 2.2x 1073 Standard deviation of climatological means
Lateral eddy transport 100% Assigned, since there are no uncertainties reported for K| ,r
Mean mixed layer current speeds (u,; ) 0.008 ms~! SEM (from autocorrelation analysis)
2.7. Error Analysis
The error of the linear alkalinity-salinity fit is estimated as the standard error of the estimate (Equation 12). The
uncertainty of high-resolution DIC is evaluated using the error propagation tool of CO2SYS (Orr et al., 2018).
The uncertainty of each carbon budget term and the final aNCP and aNCC values are evaluated using the Monte
Carlo method of error propagation. Each budget term is calculated 1000 times with the input parameters varying
according to their uncertainties, assuming a normal distribution. Assigned uncertainties are reported in Table 3.
SE - \/ Y (TAmeas + TAcac)’ 12)
N -2
3. Results
3.1. Seasonal Cycle
The seasonal cycle of all budget terms and the observed change are shown in Figure 3. The residual contains all
biological processes as well as the errors of all other terms and any processes that are unaccounted for. Mean
annual cumulative fluxes in mol C m~2 for each term including error estimates are shown in Table 4. Only
complete sequential deployment years (July—June) were analyzed for cumulative fluxes, and years with data
gaps larger than 1 month were excluded. With uncertainties around 100% for most of the monthly rates of change
(see SD in Figure 3), uncertainties for cumulative fluxes range from 80% (for
gas exchange) up to 500% (for aNCC).
Table 4

3.1.1. Observed Seasonal Cycle

Cumulative Dissolved Inorganic Carbon and Total Alkalinity Fluxes due to

Modeled and Calculated Budget Terms in mol C m~? a~!

In an average year, DIC decreases between April-August and increases

Term

TA flux in mol October—February. TA decreases between February and May, increases

DIC flux in mol C m~2
a~! (mean + 1SD of
Monte Carlo runs)

Cm™>2a-!
(mean + 1SD of
Monte Carlo runs)

Physical Transport

E-P

Gas Exchange

Net Community Production

Net Community Calcification

+23+2.6
-05+19
+0.3 £0.2
-09+28

+1.0 + 2.1
-05+19

-0.5+27

between June and October, and stays relatively constant between November
and January (Figure 4). There is considerable year-to-year variability in the
observed TA and DIC changes each month, indicating that interannual changes
in biological and physical processes significantly alter carbon cycling.

3.1.2. Gas Exchange

Gas exchange contributes relatively little to mixed layer DIC variability, with
maxima for individual months of +3 and —4 pmol kg~! mo~! (Figure 7a). This
corresponds to a climatological maximum CO, flux of +4.0 + 1.2 mmol m~2d~!
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Figure 3. Yearly climatology of the biological term (residual of the budget) and model input terms for dissolved inorganic
carbon (3a) and total alkalinity (3b). Shaded areas correspond to +1 standard deviation of Monte Carlo runs.
for March, and a minimum of —1.6 + 0.6 mmol m~2 d~! in September (data not shown). The seasonal cycle is
distinctive, with increasing DIC through December—May (uptake) and decreasing DIC in July—October (outgassing)
(Figure 3a), confirming previous studies on time periods of source and sink behavior over the year (e.g., Sutton
et al., 2017). The average net annual uptake is 0.34 + 0.2 mol C m~2 from gas exchange at this location.
3.1.3. Evaporation—Precipitation
There is net evaporation between June-October and oscillating positive and negative values for the rest of the year
(Figure 3). Cumulative fluxes indicate annual net precipitation (DIC & TA loss), but the associated uncertainty
is on the order of 300%.
3.1.4. Physical Transport
DIC changes from physical transport are positive, averaging 2.6 pmol kg~' per month with a maximum of
4.2 + 2.8 pmol kg~ in November, and a minimum of 1.2 + 3.7 pmol kg~! in April (Figure 5a). Vertical diffusion
supplies small positive inputs throughout the year, and there is a distinctive ~1 pmol kg~! entrainment signal
KNOR ET AL. 9 of 22
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Figure 4. The observed changes in dissolved inorganic carbon (4a) and total alkalinity (4b) each year.
between October-December. There is a seasonal pattern in non-eddy horizontal transport, with the removal of
DIC throughout most of the year, as low-DIC waters are advected from the East (and, to a much smaller extent,
from the South), except from September-December where fluxes are slightly positive with high-DIC waters
advected from the East. The largest contribution in addition to the entrainment signal is the yearly average lateral
DIC flux divergence from mesoscale eddies, which is 2 pmol kg~! mo~! (£100%), mainly due to the meridional
component of flux divergence. The physical transport term for TA is similar to that of DIC, but smaller (mean:
1.2 pmol kg=! mo~}, maximum: 2.0 + 2.7 pmol kg~! mo~! September-November) due to both a smaller entrain-
ment peak and a smaller lateral eddy transport term (~1 pmol kg~! mo~!) (Figure 5b).
3.1.5. Biological Term
The residual term for Method A closely matches the observed seasonal DIC cycle (Figure 3a), while the observed
TA largely tracks the E—P term (Figure 3b), stressing the importance of concentration/dilution for TA and of
biological processes for DIC over an annual cycle. The strong DIC drawdown from biological productivity and
excess precipitation in the spring is balanced by DIC supply from physical transport and ingassing. A secondary
peak in drawdown in the later summer is also opposed by a larger positive physical transport input as well as
KNOR ET AL. 10 of 22
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Figure 5. Yearly climatology of the physical transport term and its components for dissolved inorganic carbon (5a) and total
alkalinity (5b). Shaded areas correspond to +1 standard deviation of Monte Carlo runs.
additional excess evaporation, but accentuated by outgassing during the same period. Most of the observed TA
seasonal cycle is explained by the E—P term, leaving a biological TA drawdown to compensate for the largely
positive inputs from physical transport over a year.
3.1.6. NCP and NCC
Figure 6 displays the seasonal cycle in NCP and NCC contributions to DIC and TA changes, the two processes
that compose the biological term.
The ocean at Station ALOHA is net autotrophic over the annual mean, with NCP close to zero between Octo-
ber and February, and relatively consistent net autotrophy (DIC loss) of about 7 mmol mo~' between March
and September (data not shown). The cumulative average DIC (aNCP) loss from NCP is 1.2 + 2.8 mol m—
(Figure 6c¢).
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Figure 6. Yearly climatology of mixed layer NCP and NCC rates (6a, 6b), and (cumulative) aNCP and aNCC (6c, 6d) as well as averages for each year. Shaded area
represents +1 standard deviation of Monte Carlo runs. Only complete years shown for 6¢ and d.

TA drawdown from net calcification largely occurs in the winter and spring, between December and April, with
values close to zero in the remaining months yielding net calcification (TA loss) over a year (Figure 6b). Cumu-
lative NCC (aNCC) was 0.5 + 2.7 mol m~2 of TA drawdown (Figure 6d).

3.2. Interannual Variability

The physical transport and E-P terms cannot be evaluated for interannual variability as the horizontal transport
component and the diffusive flux for both TA/DIC and salinity are based on seasonal climatologies. Since the
whole gas exchange term is resolved at hourly frequency, we can calculate true monthly averages of this term,
enabling evaluation not just of seasonal climatology but also of changes from monthly to interannual time scales.
High confidence in the monthly mean values is confirmed by the small variance between Monte Carlo runs (see
Figure 3a). The cumulative DIC change due to gas exchange is positive for each complete deployment year (June
to June). An exception is the strong El Nifio year 2015-2016, where an intense outgassing period in August and
September 2015 (Figure 7a, light green) yields a 2015-2016 DIC change from gas exchange that is virtually
indistinguishable from zero (Figure 7b, yellow).
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Figure 7. Change in mixed layer dissolved inorganic carbon due to gas exchange, both monthly averages in concentration change (7a), and total cumulative inputs over

a year in mol C (7b).

4. Discussion
4.1. Annual NCP and NCC

Results of this study are on the lower end of the reported range for aNCP at this location (1.2 vs. mean 2.0 mol m~2, see
Table 5). However, given the error estimates here and in previous studies, none of the aNCP estimates are significantly
different from the results presented here (see Table 5). In contrast, average aNCC is four to seven times larger than HOT
sediment trap results, which constitute the only available data set with which to compare (Table 6). Sediment traps
are known to provide a lower-end estimate for Particulate Inorganic Carbon (PIC) and Particulate Carbon (PC) export
fluxes, but an inorganic carbon flux making up 50% of total carbon export is likely to be an overestimation at this site.

4.2. Discrepancies and Sensitivity Tests

A sensitivity analysis investigating different methodologies to quantify most of the terms of this carbon budget
can shine a light on the origins of and insights from the divergence we see in average aNCP, and especially aNCC
values compared to previous reports. The alternative methods used for E-P, horizontal transport, and diffusion
terms are listed in Table 1 and expanded upon in the Supporting Information S1. Figure 8 shows NCP and NCC
calculated using these methods.

4.2.1. Horizontal Transport

Data availability for horizontal gradients and eddy diffusivity still restricts us to a seasonal budget. The effect of
using a time-varying current speed climatology instead of average current speeds to constrain horizontal transport
illustrates a basic problem with using a seasonal budget approach at this location, where seasonality explains
only a small fraction of the variability. As discussed in the methods section, current speeds at this location are
dominated by mesoscale eddies, and also do not vary strongly with season at Station ALOHA (see Figure S3.2
in Supporting Information S1).

For a sensitivity check, using a current speed climatology from WHOTS ADCPs, instead of the average current
speed used in Method A, drastically changes the horizontal transport term for TA and DIC (Figure S4 in Support-
ing Information S1), and consequently also NCC and NCP (Figure 7b). This is mainly based on the average
direction of transport for individual months of the current climatology (Figure S2 in Supporting Information S1).
However, this average direction does not represent any “real” seasonality in current speed and direction, as the
currents have been shown to have no significant seasonality (Figure S3 in Supporting Information S1)—so the
seasonality of the modified advective term is questionable. At locations of previous studies using this approach
(Fassbender et al., 2016, 2017), horizontal contributions to the overall carbon budget were negligible or small
compared to other budget components. Due to a much smaller contribution of vertical mixing and entrainment, at
this location, the advective term becomes the most important physical transport process (Figure 4). It is therefore
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Table 5
Literature Comparison of Average NCP Rates and aNCP Values at Station A Long-Term Oligotrophic Habitat Assessment
(mean) NCP rate (-
Study Method Time Depth aNCP (- mol C m~2 yr™}) mmol C m=2d~")
Emerson et al. (2008) * O,/Ar budget 2004-2005 ML —42+19 —11.5+52
Keeling et al. (2004) Diagnostic box model (DIC & §'3C) 1988-2002 ML -22+0.8 —6.0+2.2
Lee (2001) ® DIC change Summer 1990 ML —23+0.8 —63+22
Quay et al. (2009) @ Carbon budget (DIC & 5'3C) 2004-2005 ML —24+1.0 -7.85+2.19
Quay et al. (2010) * O,/Ar budget 2006-2007 ML -37x1.0 -10.1 +2.7
Quay and Stutsman (2003) Carbon budget (DIC & 8'3C) 1994-1999 ML —-23+13 —-63+34
Wilson et al. (2015) Prior O,/Ar-NCP Jul-12 ML - -6.0+32
Wilson et al. (2015) Prior O,/Ar-NCP Aug-12 ML - 7.6 +42
Wilson et al. (2015) Prior O,/Ar-NCP Aug—Sep 2012 ML - 0.5 +3.1
Sonnerup et al. (2013) # CFC/SF, model 2008 Winter ML -25+30 —6.8 £ 8.2
Yang et al. (2017) * O, budget 2014-2018 Winter ML —24+0.6 —6.6+ 1.6
Emerson et al. (1995) * O,/Ar/N, budget 1990 0-100m -1.0+£0.7 -27+19
Emerson et al. (1997) # O,/Ar/N, budget Early 1990s 0-100m =27+ 1.7 7447
Sonnerup et al. (1999) CFC model 1991 0-100m -22+05 —-6.0+14
Hamme and Emerson (2004) O,/Ar/N, budget 2000-2001 0-115m -1.1+0.5 -3.0+14
Benitez-Nelson et al. (2001) 234Th/?38U disequilibrium 1999-2000 0-150m -1.5+0.8 —4.0 + 2.3 (PC flux)
Brix et al. (2006) Diagnostic box model (DIC & §'3C) 1989-2000 0-150m -3.1+03 —8.5+0.8
Ferrén et al. (2021) O,/Ar 2014-2018 0-150m -1.5+04 —-4.1+1.1
Riser and Johnson (2008) * O, budget 2002-2005 0-150m —-1.6 £0.2 —44+£0.5
Emerson (2014) Average of literature values - - -2.5+0.7 —-68+19
This study Carbon budget (DIC & TA), Method A 2005-2021 ML -12+28 -2.0%78

*Adapted From Ferron et al. (2021)

likely that the discrepancy between NCP & NCC calculated here and literature values can partly be explained by
the lack of seasonality in this important transport term.

This illustrates the need for data on horizontal gradients of surface carbonate chemistry parameters at higher
spatiotemporal resolution, as will hopefully be achieved by promising current and future endeavors using floats,
autonomous vehicles, and satellites (e.g., Nicholson et al., 2022; Nickford et al., 2022). Recent time-varying
1° x 1° CO,-carbonate chemistry products have become available at a monthly resolution, for example, Global
Ocean Surface Carbon (GOSC; Chau et al., 2022) or OceanSODA-ETHZ (Gregor & Gruber, 2021). Unfortu-
nately, these products currently do not capture variability at our study site (see Supporting Information S1, Figure
S6 in Supporting Information S1) and to resolve eddy contributions, a finer spatial resolution is needed. With data
on variability in TA/DIC gradients at the spatiotemporal scale of mesoscale eddies, the construction of a carbon
budget at the appropriate time scale(s) would be possible, and the variable contributions of horizontal transport
for carbon cycling at this location could be investigated.

4.2.2. Vertical Transport

For the vertical transport term, a heat budget based on Cronin et al. (2015) was constructed to constrain
eddy diffusivity in a different way (see Supporting Information S1 and Table S2 in Supporting Informa-
tion S1). Since there are order of magnitude differences in the climatological diffusivity values generated
by the Keeling et al. (2004) and the Cronin et al. (2015) approaches, a sensitivity analysis to the choice of
diffusivity coefficients was performed. Generally, due to increasing DIC with depth (a positive vertical DIC
gradient), higher K, will lead to increased diffusive DIC fluxes into the mixed layer, which, in turn, propa-
gates to a larger biological term and more DIC drawdown from NCP (essentially balancing higher K, input
values). For TA, the relationship is less straightforward due to an alkalinity maximum associated with the
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I;:::tftre Comparison of Average Carbonate Fluxes at Station A Long-Term Oligotrophic Habitat Assessment in Different
Units
Study Term Value Units
Karl et al. (2021) Average HOT PIC flux 2001-2019 24.2 mg CaCO3 m~2d~!
2.9 mg Cm=2d!
Dong et al. (2019) CaCO3 flux near ALOHA @100 m depth 71.1 mg CaCO3 m~2d~!
8.5 mg Cm~2d~!
Betzer et al. (1984) Pteropod (aragonite) fluxes at 100 m. 21°N, 32.6 mg CaCO3 m~2d~!
Western North Pacific 3.9 mg C m~2d-!
Sabine et al. (1995) Carbonate flux from dissolution 40 mg CaCO3 m~2d~!
4.8 mg Cm=2d!
Sabine and Mackenzie (1995) Sediment trap CaCO3 flux—HOT-7 200 m 40.3 mg CaCO3 m~2d~!
4.8 mg Cm~2d~!
Sabine and Mackenzie (1995) Sediment trap CaCO3 flux—HOT-9 200 m 40.7 mg CaCO3 m~2d~!
4.8 mg Cm=2d"!
Sabine and Mackenzie (1995) Sediment trap CaCO3 flux—HOT-11 39.4 mg CaCO3 m~2d~!
20w 47 mg C m~2 d-!
Sabine and Mackenzie (1995) Sediment trap CaCO3 flux—HOT-15 40.8 mg CaCO3 m~2d~!
200w 4.9 mg Cm~2d~!
This study Mean mixed layer TA change from NCC 180 + 190 mg CaCO3m—2d-!
21.6 + 22.8 mg Cm~2d-!

North Pacific Tropical Water (NPTW) at Station ALOHA that varies in location relative to the mixed layer
(Lukas & Santiago-Mandujano, 2008). Both time-varying K, estimates show a peak in diffusive transport in
the spring, and the shape of the annual cycles is remarkably similar, but they differ by an order of magnitude
across their whole range (Figure S5 in Supporting Information S1). The Keeling et al. (2004) data is more
in line with literature data, and the calculation based on the heat budget yields (unrealistic) negative values
indicating up-gradient transport in the fall. As Figure 8 shows, the choice of K, values strongly impacts the
final NCP and NCC results, especially in the springtime when biological drawdown of DIC is most prevalent.
Therefore, more measurements and refined budget calculations using float and mooring data to constrain K,
values at various temporal and spatial scales would be very useful for biogeochemical tracer budgets such as

this one.
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31 31
== = Alternative E-P: Salinity normalization == » Alternative MLD: +0.03 kg/m?
Alternative E-P: Meteorological sensors ==« Alternative MLD: +0.125 kg/m?
24 Alternative diffusivity: Heatbudget Alternative MLD: -1°C 2 1
== = Alternative advection: Current climatology mm Method A
== =« Alternative advection: Gradient climatology
1 <
- -
! |
© ©
R - rga e e e ]
€ —— €
£ = c
T . T Py T i ——
Q -11 Sz 0
z St mmmmm=- =
3 £
o )
= -2 E -24
o <
=
3 b
-3 =3
== =« Alternative E-P: Salinity normalization == = Alternative MLD: +0.03 kg/m?
Alternative E-P: Meteorological sensors ==« Alternative MLD: +0.125 kg/m?
—4 1 —4 A Alternative diffusivity: Heatbudget Alternative MLD: -1°C
a == = Alternative advection: Current climatology mssm Method A b
== = Alternative advection: Gradient climatology
-5 T T T T T 1 =5 T T T T T d
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Month Month

Figure 8. The sensitivity test for all different methodologies showing the resulting Monte Carlo average aNCP (8a) and aNCC (8b).
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4.2.3. Evaporation—Precipitation

E-P using a salinity budget (Method A) versus salinity normalization is very similar, while the calculation based
on WHOTS measurement yields much smaller fluxes (Figures S4 and S5 in Supporting Information S1). They
all converge on (maximum) net evaporation during the summer/fall between June and October. With the direct
calculation from mooring sensors, net evaporation persists throughout the year, while the other two approaches
largely indicate net precipitation earlier in the year (Feb-May). The large discrepancy between the salinity-based
and the directly measured approaches can be partly explained by rainfall measurements. Mooring precipitation
sensors do not match satellite, shipboard, or model results largely because of the extreme patchiness of rainfall.

However, it is also likely that unresolved advective processes affect the salinity-based calculation, but that those
contributions are canceled out in the final carbon budget. The residual of the salinity budget contains all errors and
fluxes that are not accounted for in the physical transport terms. E-P is the residual of the salinity budget and appears
to be driving most of the observed salinity variations; this suggests an underestimation of physical transport terms,
as local precipitation and evaporation are not expected to be the main control of sea surface salinity. We assume
that any unresolved processes affecting salinity are essentially conservative mixing processes (i.e., they affect TA
and DIC proportionally), such as advection of regional gradients in salinity (and TA, DIC) from local precipitation
differences that are not captured by 1° X 1° climatological fields. Consequently, the use of the salinity budget for
the E-P term is beneficial for the final carbon mass balance. Since the (scaled) salinity physical transport term is
subtracted from the DIC/TA physical transport terms, any biases that they both exhibit should cancel out, similarly
as discussed in Fassbender et al. (2016, Equation 10). While this shows again that the physical transport term taken
alone is likely not resolving important contributions, this increases the confidence in the final NCC and NCP values.

4.2.4. Mixed-Layer Depth

Several definitions of MLD have been used at Station ALOHA, including the density criteria of +0.03 kg m~3
from De Boyer Montégut et al. (2004) (e.g., Barone et al., 2019; Ferrén et al., 2021; Karl et al., 2021), and
+0.125 kg m~3 from Levitus (1982) (e.g., Dore et al., 2003, 2009, 2014; Quay & Stutsman, 2003; Wilson
et al., 2015), as well as the temperature criterion of —1°C from Hastenrath & Merle (1987) (e.g., Cortés
et al., 2001; Venrick, 1993). All MLD criteria yield very similar NCC estimates. While the general shape of
the seasonal DIC changes from NCP is the same for all MLD estimates, the magnitude of these fluxes varies
more between different estimates, leading to differences in cumulative aNCP from 0.25 mol C m~2 using the
+0.03 kg m~3 density criterion (shallower ML definition) to ~2 mol C m~2 using a —1°C temperature threshold
(deeper ML definition). Although all of these estimates are within the aNCP error, this illustrates the importance
of MLD definition for mixed layer carbon budgets.

It is worth mentioning that discrepancies between multiple approaches to some of these terms could only be
exposed due to the unusual abundance of various complementary and redundant datasets at Station ALOHA, and
could have easily gone unnoticed in other locations with less available data. There are issues with constraining
seasonal fluxes of several key contributors to the carbon budget at this location compared to other studies, but
the challenges adapting this approach are interesting results themselves: At Station ALOHA, where seasonal
changes in MLD and stratification are much smaller than in the temperate ocean, constraints on (horizontal)
transport from mesoscale eddies at the appropriate spatial resolution become a crucial ingredient for an accurate
mixed layer carbon budget, and depending on the MLD definition, NCP can differ by a factor of 10. Additionally,
and nonetheless, valuable insights can be gained from the budget components and final aNCC/aNCP estimates
obtained from the most reliable (Method A) combination of methodologies, including a comparison of identified
drivers of the seasonal carbon cycle and their relative contributions and timing to previously published studies.

4.3. Drivers of the Seasonal Carbon Cycle

In a recent study on net community production at Station ALOHA from oxygen dynamics, Ferrén et al. (2021)
reported lower NCP rates between December and February, followed by an increase through June and then mostly
high values (i.e., net autotrophy) through November. In this study, the NCP increase starts later, from April-June,
and we observe a shift to near-zero NCP by October. Ferrén et al. (2021) suggest that their NCP,;; values in the
late fall might be too high and suggest correcting for entrainment diffusive fluxes of oxygen by up to 65%—-100%
for individual months between Sep-Nov, which would lead to a 12% reduction in their aNCP estimate from 1.5 to
1.3 mol C, and thus bring that closer to the one presented here (1.2 + 2.8 mol C).
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There is agreement that the largest seasonal DIC signal at Station ALOHA is a summer drawdown of (salinity
normalized) DIC due to biological activity (e.g., Keeling et al., 2004; Quay & Stutsman, 2003). However, the
amplitude of this seasonal DIC drawdown is thought to be dampened because gas exchange is strongest around
the same time but acts in the opposite direction: The air to sea flux is highest in spring (around April) when NCP
strongly decreases mixed-layer DIC (Keeling et al., 2004). This hypothesis is largely confirmed by this study,
with a small difference in timing. Maximum ingassing occurs in March-April, at 1-2 pmol kg~! DIC mo~', and
maximum drawdown from NCP occurs in May-August (Figure 6a). This is consistent with a peak in primary
productivity later in the spring due to increased light and nutrient availability (from deepening PAR attenuation
and a shoaling nutricline), and potential contribution from nitrogen-fixing cyanobacteria that are known to bloom
with increasing stratification in the late summer (e.g., Karl & Church, 2017). Later in the summer, the continued
biological DIC drawdown from NCP is enhanced by outgassing of DIC, but dampened by excess evaporation and
increased physical transport inputs.

The main process that counteracts the spring-summer (biological) DIC drawdown here is physical trans-
port, specifically lateral fluxes. Previous studies that utilized carbon budget models at Station ALOHA either
constrained vertical diffusive fluxes and inferred horizontal transport (Keeling et al., 2004) or vice versa (Quay
& Stutsman, 2003), with results varying considerably based on these assumptions. According to Keeling
et al. (2004), the main processes behind mixed layer DIC variability are biological productivity, gas exchange
and horizontal transport, as well as a period of winter entrainment. Quay and Stutsman (2003), on the other hand,
stressed the importance of vertical diffusive fluxes supplying DIC to the mixed layer. This study concludes that
the horizontal transport due to background advection and lateral eddy transport of DIC and TA plays a much
larger role than vertical (entrainment and diffusion) or gas exchange fluxes over a year. The annual cycle in phys-
ical transport components shows advective DIC and TA loss especially in the early spring (DIC) and summer
(TA), driven by a small zonal component of the gradient, with both parameters increasing to the west. Interest-
ingly, previous studies have neglected zonal transport due to the small gradients (e.g., Dore et al., 2009; Keeling
et al., 2004). Indeed, meridional gradients in DIC and TA are much steeper throughout the year, with both param-
eters increasing northward (see Supporting Information S1, Figures S3c and S3d in Supporting Information S1).
However, the weak mean meridional flow (average 0.008 m s~!) contributes only a small loss, and the net advec-
tive term is dominated by the stronger mean zonal flow acting on the (small) seasonally varying zonal gradient.

The annual CO, invasion here is 0.34 mol m?. This estimate is lower than previous estimates based on pCO,
calculated from discrete TA and DIC measurements (e.g., Quay and Stutsman (2003): 0.6 + 0.4 mol C m~2, Dore
et al. (2009): ~0.5 mol C m~2), and underway pCO, data (Takahashi et al., 2009) but equivalent to earlier esti-
mates from the WHOTS mooring (Sutton et al., 2017). A discrepancy between WHOTS flux estimates and
underway pCO, systems was previously reported as 60% and was explained partly by differences in wind speed
parameterization (Sutton et al. (2017)). Additionally, there is an average offset of about 8 patm in measured pCO,
at the WHOTS mooring compared to calculated pCO, from HOT measurements, which is small (2% of the mean)
but grows considerably when integrated over time, such as in annual flux calculations. Possible contributors to
this offset include differences in temperature (and therefore pCO,) due to measuring depth (<1 m for WHOTS,
5-30 m for discrete data), conditions within the mooring measurement apparatus (equilibrator) not representing
mean mixed layer pCO,, or a systematic underestimation of pCO, calculated from TA & DIC, which has uncer-
tainties of +25 patm (Orr et al., 2018). For this budget, both underestimated ingassing in the spring/summer and
overestimated outgassing in the fall would entail underestimated NCP rates for these same months, and could be
a reason for the relatively low aNCP reported here. Additionally, since for this budget CO, invasion is converted
to a concentration change over the mixed layer, the choice in MLD definition also impacts the DIC concentration
change, although it does not change the absolute amount of CO, taken up. A shallower mixed layer thus accentu-
ates both outgassing and ingassing signals (see Figure S4b in Supporting Information S1).

Studies on calcium carbonate production and dissolution at Station ALOHA and in the NPSG are rela-
tively sparse. Some studies in the 1980s and 1990s (e.g., Betzer et al., 1984; Sabine et al., 1995; Sabine &
Mackenzie, 1995). Sabine and Mackenzie (1995) reported an export of around 40 mg CaCO; m~2 d~!, and
interestingly first detected the presence of calcium carbonate particles from benthic, more soluble calcifying
organisms living on shallow, near-coastal banks in the water column at this location. To our knowledge, so
far there have been no attempts to quantify seasonal variability in calcification/dissolution and CaCO, export
dynamics at Station ALOHA. Cortés et al. (2001) studied the ecology of coccolithophores, an important calci-
fying phytoplankton and found extremely low abundances throughout most of the year. Only during March
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and September/October, a fairly specific range of environmental conditions regarding temperature (20-25°C),
salinity (34.9-35.2), nutrients (0.004—-0.07 pmol/kg nitrate, <0.025 umol/kg phosphate), and light availability
(2-25 pE m~2 s71) appears to enable higher cell densities (Cortés et al., 2001). Only a very small fraction of
zooplankton at Station ALOHA was reported to be made up of shelled pteropods (Steinberg et al., 2008), but they
are likely a significant contributor to PIC exports due to their large size. Foraminifera, calcifying zooplankton,
were examined by Monteagudo (2016) using bottom-moored sediment traps, and found to be more abundant
during the summer months. Boeuf et al. (2019) investigated the species composition of particles retained in deep
sea sediment traps and found foraminifera to be sporadically present in large concentrations, and pteropods gener-
ally abundant in deep sea particles. The sparse information on these three most important groups of calcifying
organisms illustrates the highly variable nature of PIC export at Station ALOHA for each of them, highlighting
the need for more species-specific studies of these organisms and the drivers of associated export events.

4.4. Interannual Variability

For both DIC and TA, interannual variability is much larger than the amplitude of a seasonal cycle, with a vari-
ance in monthly averages of about 30-50 pmol kg~! between years, but an average seasonal cycle of only about
15 pmol kg~!. All budget components evaluated here, including NCP and NCC, also vary on interannual time scales,
with long-term changes likely exceeding the seasonal cycle in many cases. Multiple studies suggested that a strong
influence of horizontal advection on both observed DIC and NCP exists at Station ALOHA on longer time scales.
Yasunaka et al. (2014) associate DIC anomalies with changes in horizontal advection and MLD across the North
Pacific. Brix et al. (2004) suggest that warmer years at Station ALOHA have both reduced lateral DIC transport,
and diminished atmospheric uptake, leading to negative DIC anomalies, and suggesting that horizontal transport
is a major DIC source for this location. They also found that interannual variations in NCP were largely associated
with changes in horizontal transport of DIC, and hypothesize that enhanced lateral transport of DIC coincides with
enhanced horizontal nutrient supply (Brix et al., 2004). This leads to a stronger biological drawdown of DIC when
there are larger horizontal DIC inputs, which suggests that vertical processes play only a minor part in interannual
NCP variability (Brix et al., 2004). Over an average year in this study, times of large horizontal DIC fluxes do not
correspond to elevated NCP, showing that these processes are not coupled in the same way on a seasonal time scale.
However, we do confirm that horizontal transport is the main process supplying both DIC and TA to the mixed layer.

5. Summary and Outlook

This study is the first attempt to quantify seasonality in calcification/dissolution dynamics at Station ALOHA,
and results show annual net calcification of 0.5 + 2.7 mol m~2. This exceeds all previously reported fluxes from
sediment trap data, with maximum export occurring during December-April.

The mixed layer ecosystem at Station ALOHA is confirmed to be net autotrophic over a year at about
1.2 + 2.8 mol C m~2 NCP during March-September exceeds the inputs from physical transport and CO, invasion,
creating a distinct biological spring-summer DIC drawdown. The main supply of DIC to the mixed layer comes
from horizontal transport throughout the year, with an additional distinct fall-winter peak from entrainment and
consistent smaller diffusive fluxes. Contributions to DIC changes from evaporation and precipitation and gas
exchange show clear opposing seasonal cycles. Lateral DIC fluxes are identified as the largest annual source
of DIC to the mixed layer, resolving long-standing disagreements from studies on the importance of horizontal
versus vertical transport terms.

At Station ALOHA, it would be particularly beneficial to resolve more than the annual cycle of carbon param-
eters, as variability on other time-scales is large compared to seasonal variations. This would require, most
urgently, a data set constraining regional horizontal gradients in alkalinity and DIC at near-monthly time scales
and mesoscale spatial scales, as could potentially be developed from algorithms employing satellite data as well
as regional-scale ocean models. This could help remedy current errors on the order of 200% for aNCP and aNCC
values and provide insights into carbonate system variability on other important time scales.

Data Availability Statement

Data obtained via the Hawaii Ocean Time-series HOT-DOGS application; University of Hawai'i at Manoa.
National Science Foundation Award # 175651 at https://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
(HOT-DOGS (2022); Lukas et al. (2001)). WHOTS and MOSEAN mooring pCO,, SST and salinity data are
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soest_abab_91f7_b38f.html (ERDDAP—Home Page, 2022). This study has been conducted using E.U. Coper-
nicus Marine Service Information: https://doi.org/10.48670/moi-00047 (Global Ocean Surface Carbon, 2022).
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