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Abstract Variability and change in the ocean sink of anthropogenic carbon dioxide (CO,) have
implications for future climate and ocean acidification. Measurements of surface seawater CO, partial
pressure (pCO,) and wind speed from moored platforms are used to calculate high-resolution CO, flux time
series. Here we use the moored CO, fluxes to examine variability and its drivers over a range of time scales at
four locations in the Pacific Ocean. There are significant surface seawater pCO,, salinity, and wind speed
trends in the North Pacific subtropical gyre, especially during winter and spring, which reduce CO, uptake
over the 10 year record of this study. Starting in late 2013, elevated seawater pCO, values driven by warm
anomalies cause this region to be a net annual CO, source for the first time in the observational record,
demonstrating how climate forcing can influence the timing of an ocean region shift from CO, sink to source.

1. Introduction

The global ocean is a major sink of anthropogenic carbon dioxide (CO,), absorbing approximately 27% of CO,
emissions since the beginning of the industrial revolution [Khatiwala et al., 2013; Le Quéré et al., 2016]. Any
variation or change in the ocean CO, sink has implications for the climate system. For example, El Nifio-
Southern Oscillation (ENSO) induced CO, flux changes in the tropical Pacific Ocean are the major source of
interannual variability in the net annual global ocean CO, sink and results in measureable impacts on atmo-
spheric CO, growth rates [Feely et al., 2006; Feely et al., 1999; Rayner et al., 1999; Wanninkhof et al., 2013].
Decadal-scale variability in the climate system has also been shown to influence CO, flux in the tropical
Pacific [Feely et al., 2006; Ishii et al., 2009; Sutton et al., 2014a; Takahashi et al., 2003; Wang et al., 2015],
North Pacific [Takahashi et al., 2006], North Atlantic [McKinley et al., 2011], and Southern Ocean
[Landschlitzer et al., 2015]. However, there remain significant uncertainties in the magnitude of these varia-
tions in ocean CO, flux and even disagreements as to the direction of sea-air CO, flux in some regions.

A part of this uncertainty is due to insufficient observing capacity for ocean CO, flux over all time and space
scales. Observations of ocean CO, flux have relied primarily on ship-based underway measurements of partial
pressure of CO, (pCO,). Within the last three decades, these observations have made it possible to determine
seasonal to interannual variability in global ocean CO, flux and have contributed to a reduced uncertainty in
net annual ocean CO, flux by 50% [Bakker et al., 2016; Landschiitzer et al., 2014; Le Quéré et al., 2016; Takahashi
et al., 2009; Wanninkhof et al., 2013].

Another contributor to uncertainty in regional and global CO, flux estimates is insufficient understanding of
the complex and variable physical and biogeochemical processes that control CO, flux at subseasonal to
decadal time scales. Models have been effective tools for diagnosing these drivers [Arruda et al., 2015;
Frélicher et al., 2014; McKinley et al., 2016; Nakano et al., 2011; Pilcher et al., 2015; Resplandy et al., 2015;
Rodgers et al., 2014; Wanninkhof et al., 2013]. However, model validation has relied primarily on a limited
number of ship-based time series, and these comparisons have shown that models underestimate the seaso-
nal cycle of surface ocean pCO, by about 30% in the North Atlantic, North Pacific, and Southern Ocean [Sasse
et al., 2015]. New autonomous measurements of ApCO, (seawater-air pCO,) on moored platforms now allow
for continuous, high-resolution observations of CO, flux that capture the full range of temporal variability at
key locations. These CO, flux time series paired with additional physical and biogeochemical observations on
the same platforms seek to characterize the natural and anthropogenic controls on CO, flux. These records of
daily to decadal patterns and trends in ocean biogeochemistry can address some of these remaining
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uncertainties in ocean CO, flux and provide expanded opportunities for validating surface ocean pCO, varia-
bility and change in Earth system models.

Here we calculate CO, flux from high-frequency mooring ApCO, and wind speed observations on four ocean
reference moorings in different biomes of the Pacific Ocean: Kuroshio Extension Observatory (KEO), Ocean
Station Papa, WHOI Hawaii Ocean Timeseries Station (WHOTS), and Stratus. We present the physical and
biogeochemical drivers, seasonal to decadal patterns, and long-term trends in surface seawater pCO, and
CO, flux.

2. Materials and Methods

2.1. Moored Locations and Carbon Measurements

Surface seawater and marine boundary layer atmospheric pCO, have been measured on four open ocean
buoys in the Pacific since as early as 2004: Papa, KEO, WHOTS, and Stratus (Figure 1). WHOTS and Stratus
are located in subtropical oligotrophic regions in the North and South Pacific, respectively. KEO is located
in a region of the subtropical North Pacific with large carbon export and biological production that also
experiences seasonal tropical cyclones. Papa is located in the subarctic North Pacific, another region with
pronounced seasonality of physical and biological conditions. The mooring locations and time period of
moored observations used in this analysis are shown in Figure 1.

A Moored Autonomous pCO, (MAPCO,) system is deployed on each of the four surface buoys. Sutton et al.
[2014b] provide a full description of MAPCO, system measurements and data processing. In brief, the
MAPCO, system utilizes an automated equilibrator-based gas collection system and an infrared gas analyzer
(LI-820, LI-COR™) calibrated before, during, and after field deployment with reference gases traceable to
World Meteorological Organization standards. This methodology is similar to the underway pCO, system
deployed on a global network of ships of opportunity [Pierrot et al., 2009]. The MAPCO, system collects
3-hourly measurements of sea surface (~0.5 m depth) and marine boundary layer atmospheric (~1.5 m above
sea surface) xCO, (the mole fraction of CO,). Each xCO, measurement is paired with sea surface temperature
(SST) and salinity (SSS) collected by Sea-Bird Electronics SeaCATs . Seawater and air pCO, (at in situ SST) is
calculated consistent with ocean CO, standard operating procedures [Dickson et al., 2007; Weiss, 1974]. To
adjust for the temperature effect on seawater pCO, (+4.23% C™ '), seawater pCO, at mean SST is also calcu-
lated using the method of Takahashi et al. [2002]. Overall uncertainty of the MAPCO, is <2 patm for seawater
and <1 patm for air pCO, [Sutton et al., 2014b].

Seawater pCO,, SST, and SSS measurements are also used to calculate dissolved inorganic carbon (DIC) and
salinity normalized DIC (nDIC). First, total alkalinity (TA) is calculated based on the relationships with SST
and/or SSS developed by Lee et al. [2006] for WHOTS and Stratus (uncertainty =8 umol kg™"), by
Fassbender et al. [2016] for Papa (uncertainty =3 pmol kg™"), and by Fassbender et al. [2017] for KEO (uncer-
tainty £6 pmol kg”). Seawater pCO, and TA are then used to calculate DIC in the MATLAB version (v1.1) of
CO2SYS [van Heuven et al., 2011] with the carbonic acid dissociation constants of Lueker et al. [2000], sulfate
dissociation constants of Dickson [1990], and borate-to-salinity ratio of Lee et al. [2010]. DIC is then normalized
to a salinity of 35: nDIC = 35 x DIC/SSS.

2.2. Moored Winds and Wind Height Correction

Wind sensors are deployed on each mooring at ~3-4 m above the sea surface and measure wind speed every
1-10 min with an accuracy of 1-3% or at least 0.1 m s~ [Cronin et al., 2008; Kubota et al., 2008; Weller, 2015].
Since buoy winds are only available at limited sites, CO, flux is commonly calculated using satellite wind
products. In the supporting information we compare the Cross-Calibrated Multi-Platform (CCMP) V2.0 wind
speed data with the high-quality buoy wind measurements used in this study. NCEP-DOE AMIP-II
Reanalysis 2 (NCEP-2) wind speed data were also used in order to directly compare moored pCO, flux to
the Takahashi et al. [2009] climatology (Figure 2c).

Wind speed is corrected to a height of 10 m above the sea surface using equation (1) derived from parame-
terizations of Large and Pond [1981]:
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Figure 1. Net annual CO, flux (symbol color) and seasonal variability as measured by peak-to-peak amplitude of monthly
CO, flux climatology (symbol size) at the Papa, KEO, WHOTS, and Stratus moorings. Here we consider the full WHOTS time
series to include pCO, data from the Multidisciplinary Ocean Sensors for Environmental Analyses and Networks HALE-

ALOHA buoy deployed December 2004 to July 2007 at 22.8°N, 158.1°W and the WHOTS buoy deployed July 2007 to present
at 22.7°N, 158.0°W. Mooring abbreviation, location, and dates of time series used in the analysis are listed next to each site.

uZ
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14530 x In ()
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where u10 is wind speed in m s~ at 10 m, Zis the height (m) of the wind sensor, uZ is wind speed in m s~

recorded by the moored sensor, Cd10 is the drag coefficient of 0.0011, and 0.4 is von Karman's constant.

2.3. CO,, Flux Calculation

CO, flux is calculated by
CO, flux = kxK,xApCO, (2)

where k is the gas transfer velocity utilizing a square dependence of wind speed at 10 m, an in situ Schmidt
number, and a scaling factor of 0.251 [Wanninkhof, 2014]; K, is the solubility coefficient for CO, [Weiss, 1974;
Weiss et al., 1982]; and ApCO, is seawater pCO, — air pCO,. Uncertainty of CO, flux calculated with moored
pCO, and wind speed measurements is approximately 20%, which is mainly driven by the uncertainty of k
[Wanninkhof, 2014]. The average difference between buoy wind speed measurements adjusted to 10 m using
equation (1) compared to the full boundary layer stability correction in the COARE 3.0b algorithm was
—0.04 + 0.50 m s~ (using Papa and KEO buoy wind time series), which does not impact total estimated
CO, flux uncertainty.

Moored wind measurements are either provided as 2 min averages every 10 min (KEO, Papa) or T min mea-
surements (WHOTS, Stratus). For calculating CO, flux, these winds are averaged within each 3-hourly 20 min
MAPCO, measurement cycle. CO, flux is presented in g Cm~2 yr' for annual fluxes, g C m~2 month™"' for
monthly flux climatologies, and g C m™2 h™" for high-resolution moored fluxes.
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Figure 2. Seasonal and interannual variability of moored observations at WHOTS, Stratus, KEO, and Papa (rows from top to
bottom). (a) Box and whisker plots (indicating the median, upper, and lower quartiles (box); 1.5 interquartile range of upper
and lower quartiles (whisker); and outliers) for pCO, at in situ SST and DIC. Mean monthly SST and SSS values are shown
in orange. (b) High-resolution CO, flux observations versus day of year; color scale is progressively darker from past to
present starting with light gray for 2004 observations to black for 2015 observations. (c) Monthly mean CO5 flux (with

18 month x axis to highlight the full annual cycle) using moored wind speed observations (black), CO, flux using CCMP
wind speed (blue; see supporting information), CO, flux using NCEP-2 wind speed (red dashed), and data-based CO, flux
climatologies of Takahashi et al. [2009] (red solid).

Net annual CO, flux is calculated as the sum of average monthly CO, fluxes over the entire mooring time
series. Interannual variability is defined as 1 standard deviation (SD) of mean annual CO; flux using only years
with a full year of moored observations, which limits the interannual comparison to only 4-5 years at each
site. Seasonal variability is defined as peak-to-peak amplitude in average monthly CO, flux climatologies.
Seasons at Papa, KEO, and WHOTS are defined as winter = December-February; spring = March-May;
summer = June-August; fall = September-November. Seasons are the opposite at Stratus.
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3. Results and Discussion

3.1. Processes Driving Seasonal Variability

At the WHOTS mooring in the North Pacific subtropical gyre, surface seawater pCO, follows the same seaso-
nal pattern as SST with higher values in summer and lower values in winter (Figure 2a). This seasonal pattern
is opposite for DIC and pCO, at mean SST with biological activity decreasing DIC in summer and winter mix-
ing bringing deep water high in DIC to the surface (Figure 2a). Wind speed is relatively constant throughout
the year but with higher variability during winter (Figure S1 in the supporting information). The WHOTS loca-
tion is generally a CO, sink from December to June and a source from July to October (Figures 2b and 2c).

In the South Pacific subtropics, Stratus follows similar seasonal patterns as WHOTS with a few exceptions. SST
is lower and seawater pCO, and DIC values are higher (Figure 2a). Monthly variability is higher year round for
SST and DIC at Stratus compared to WHOTS. This is also the case for pCO, but only during the high pCO,
period during summer months. The Stratus site is generally a CO, source from December to May and a sink
from July to November (Figures 2b and 2c).

At the KEO mooring in the Kuroshio Extension Current, seawater pCO, also follows the same seasonal pattern
as SST with higher values in summer and lower values in winter, while summer biological production and
winter mixing likely contribute to the opposite pattern for DIC and pCO, at mean SST (Figure 2a). Seasonal
patterns of DIC and SSS are similar at KEO, highlighting the influence of seasonal evaporation and precipita-
tion on sea surface DIC in this region (Figure 2a). A mixed layer budget developed at KEO also reveals these
seasonal patterns [Fassbender et al., 2017]. Although wind speed at KEO follows the same seasonal patterns as
WHOTS and Stratus, wind speeds are higher and more variable through the entire year compared to the other
subtropical sites (Figure S1). This higher wind speed contributes to the KEO region being a strong CO, sink
throughout most of the year (Figures 2b and 2c).

In the subarctic North Pacific at Papa, opposing strong influences of SST and DIC seasonality cause less
seasonal variation in seawater pCO, compared to the other sites (Figure 2a). Previous studies have found a
strong biological pump at Ocean Station Papa with significant seasonality in net community production
[Emerson et al., 2011; Fassbender et al., 2016]. Net community production can be highly variable during the
late winter to early spring transitions when the surface ocean oscillates between shallow thermal stratifica-
tion and storm-induced mixed layer deepening (Figure 2b). This study also confirms that Papa is a CO, sink
throughout most of the year (Figures 2b and 2c) with wind speed values and seasonality similar to the KEO
location (Figure S1).

The seasonal range of surface seawater pCO, at mean SST and DIC are higher at KEO and Papa compared to
WHOTS and Stratus (Figure 2a). Similar patterns between sites were found in observations of sea surface pH
and aragonite saturation state [Sutton et al., 2016]. This difference is attributed to larger seasonality of SST and
productivity compared to the oligotrophic subtropical waters where WHOTS and Stratus reside. Consistent
trade winds and shallow mixed layer depth throughout the year at WHOTS and Stratus are also characteristic
of weaker physical forcing of biogeochemical variability. This is in contrast to Papa and KEO, where biogeo-
chemical variability is influenced by deep winter convection and high frequency of winter storms
and typhoons.

Correlation coefficients testing the relationship between parameters support these observed seasonal
patterns and drivers (Table S1). WHOTS and Stratus show similar relationships, with seawater pCO, most
strongly correlated with SST, and CO, flux most strongly correlated with ApCO,. Higher biological activity
and strong seasonality in upper ocean physical forcing likely cause seawater pCO, at KEO to be strongly
correlated with not only SST but also SSS and nDIC. CO, flux at KEO and Papa is strongly correlated to both
ApCO, and wind speed, with higher wind speed driving stronger CO, uptake (i.e., negative correlation). In
terms of seawater pCO,, Papa is a clear anomaly compared to the other three locations, and simple
two-parameter correlations do not capture the more complicated biogeochemical drivers at this location.

3.2. Net Annual Flux: Mooring Versus Data-Based Products and Models

Net annual CO, flux over the moored time series indicates that the KEO location has the strongest CO, sink
(—285gCm~2yr "), with less uptake at Papa (—11.7gC m 2 yr~') and WHOTS (—3.9 g Cm 2 yr ). With a
net annual CO, flux of 47 g Cm ™2 yr~', Stratus is the only location in this study that is a net CO, source to the
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Figure 3. (a) Surface seawater pCO-, time series from station ALOHA 1988-2013 (blue), ALOHA 1989-2001 (orange-outlined
circles), ALOHA 2004-2014 (red-outlined circles), and WHOTS 2004-2015 (black) with trend lines in same colors
(observations after 13 November are not included in WHOTS trend analysis). Observations used in the trends shown
here are not deseasoned. Dates are MM-YY. (b) Monthly CO, flux observations at WHOTS 2004-2015. Time axis cor-
responds to time axis in Figure 3a.

atmosphere (Figures 1 and 3). In general, CO, flux seasonality at all locations (Figure 2c) follows patterns of
seawater pCO, and SST (Figure 2a) with periods of CO, outgassing during summer and CO, uptake during
winter. Seasonal variability, as measured by peak-to-peak amplitude in the seasonal cycle is the same at
WHOTS and Stratus (1.7 g C m~> month™"), slightly higher at Papa (2.3 g C m~2 month™"), and the
highest at KEO (6.0 g C m~2 month™"; Figure 1). Interannual variability is approximately 2 g C m~2yr ! at
WHOTS, Stratus, and KEO and only 1 g C m~2 yr’1 at Papa; however, these estimates are based on
comparisons of only 4-5 years at each site, so much longer time series are necessary to confirm the
interannual patterns.

In general, monthly climatologies of moored CO, flux are similar to climatologies of ship-based CO, flux
(Figure 2c) [Takahashi et al., 2009]. Some discrepancies include the following: WHOTS mooring CO, flux is
on average 60% higher throughout the year, Stratus mooring CO, flux exhibits a more pronounced seasonal
trend with a 26% higher seasonal amplitude, and, in general, winter CO, flux estimated from the Papa
mooring time series is on average 44% higher in the winter compared to the Takahashi et al. [2009] climatol-
ogies. The main sources of these discrepancies are likely the lack of full seasonal coverage from ship-based
data, a different treatment of the gas exchange wind speed relationship, and the use of different wind speed
data (Takahashi et al. [2009] uses NCEP-2 wind speed data). The largest discrepancies between CO, flux
estimates based on different wind speed data are during the winter season at Papa and KEO (Figure 2c).

In a recent global analysis of various data-based estimates of CO, flux, net annual CO, flux estimates by
Rédenbeck et al. [2015] in the ocean biome regions (as defined by Fay and McKinley [2013]) where WHOTS,
KEO, and Papa moorings reside are roughly equivalent to CO, flux calculated from the mooring observations.
However, within the region where Stratus resides (i.e.,, South Pacific subtropical permanently stratified
biome), the Rédenbeck et al. [2015] average surface seawater pCO, observations are about 10% lower than
pCO,, observed at Stratus (Figure 2a). As a result, all the various approaches synthesized by Rédenbeck et al.
[2015] suggest that this region is a net sink, whereas the mooring observations show that the Stratus location
is a net annual CO, source (Figures 1 and 2). One explanation for this discrepancy is that the extremely limited
ship-based data in this region are not sufficient to constrain net annual CO, flux. It is also possible that the
Stratus mooring location is not representative of mean conditions in the South Pacific subtropical perma-
nently stratified biome. The moored location may be influenced by DIC-rich water upwelled along the
South American coast, elevating seawater pCO, at this particular location, which would not influence the
majority of this biome region farther from the coast. In contrast, the WHOTS, KEO, and Papa locations seem
to be representative of CO, flux conditions within the biomes they reside [Rédenbeck et al., 2015].
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3.3. Mooring Time Series Trends

Deseasoned seawater pCO, trends are statistically significant at all sites (Table S2). Linear trends over the
period of each moored time series are presented in Table S2. However, model estimations of trend detection
times [Keller et al., 2014; Lovenduski et al., 2015] suggest that trends in surface seawater pCO, and pH attribu-
table to long-term anthropogenic change do not emerge from natural variability before an approximately
15 year observation record at Stratus and a 10 year record at KEO and Papa, which are longer than the length
of the existing moored time series at these locations (Figure 1). Moored wind speed observations and CO,
flux trends over the full pCO, time series were not significant at any mooring location, which is consistent
with modeling results of McKinley et al. [2016] suggesting anthropogenic trends of CO, flux do not emerge
from natural variability until as early as a 30 year time series in the least variable regions.

Even though we cannot yet detect an anthropogenic trend over natural variability at these three sites, the
moored time series provide insight into potential processes driving interannual to decadal patterns in these
regions. For example, a significant increase in trade winds at Stratus of 15% was observed between 2000 and
2009 [Weller, 2015] and assuming no significant change in ApCO, (Table S2), winds alone during that time
period would account for an intensification of CO, outgassing of 28%. In addition, between 2007 and 2014
Ocean Station Papa has shown unique seasonal (Figure 2) and long-term (Table S2) patterns compared to
the other mooring locations. At Papa, SST is warming and both ApCO, and nDIC are decreasing. Long-term
observations will be necessary to track whether this trend continues and results in a weakening of the CO,
sink at this location. Because continued ocean acidification is projected to reduce the role calcifiers play in
carbon export, which is potentially very large at Papa [Fassbender et al., 2016], these observations are critical
to track and diagnose the controls of ocean carbon uptake in the long term.

3.3.1. WHOTS and Station ALOHA

The modeling results of Keller et al. [2014] and Lovenduski et al. [2015] do suggest that the WHOTS mooring
time series is long enough to detect a trend over natural variability in pCO, and pH (trend detection time
~10 years). Here we observe a significant trend in deseasoned seawater pCO5 of 3.4 + 0.2 patm yr~' from
2004 to 2015.

North Pacific warm anomalies beginning in winter 2013-2014 [Bond et al., 2015] intensify the upward
seawater pCO, trend (Figure 3). The trend in deseasoned seawater pCO, at WHOTS excluding observations
from winter 2013 to the end of the time series is 1 patm yr™' less than when those observations are included
in the trend analysis. Observations toward the end of the WHOTS time series suggest that elevated seawater
pCO, values largely driven by North Pacific warm anomalies led the WHOTS site to be a net annual CO,
source from mid-2014 to mid-2015 for the first time in the moored pCO, record (Figure 3b). Due to this anom-
alous event, seawater observations from December 2013 to the end of the time series are excluded from the
remainder of the long-term trend analyses. Resulting trends in deseasoned seawater pCO, and pH from 2004
to 2013 are 2.4 + 0.2 patm yr~' and —0.002 + 0.0003, respectively (Table S2), which are the rates expected
from seawater equilibration with rising atmospheric pCO,.

While seawater pCO, is primarily driven by SST on a seasonal and interannual basis, the lack of a significant
trend in deseasoned SST from 2004 to 2013 (Table S2) suggests that an ocean warming trend is not influen-
cing the pCO, trend. Some of the processes driving pCO, trends do emerge when investigating deseasoned
observations in each of the four seasons separately. Seawater pCO, trends are higher in winter/spring
(3.0 0.8 patmyr ', r* = 0.5) versus summer/fall (2.3 + 0.4 patm yr ', * = 0.5). There is also a significant trend
in S5 (0.02 +0.01 yr~"; * = 0.2), which is driven by higher rates of change in winter (0.06 + 0.01 yr’1; =0.5)
and may indicate reduced rainfall and enhanced evaporation at this location during the winter season [Dore
et al., 2003; Lukas and Santiago-Mandujano, 2008]. Over the time series, this salinity change only accounts for
a small portion (<5%) of the observed seawater pCO, increase due to the impact that salinity has on pCO,
[Weiss et al., 1982] but does indicate physical changes in the subtropical North Pacific that may influence
ocean biogeochemistry.

Wind speed trends also vary by season with strong negative trends for the summer, fall, and winter seasons
(—0.13 £ 0.05 m s~ yr~', » = 0.2). Although there is no trend in CO, flux over the full WHOTS time series,
seasonal wind speed and seawater pCO, trends contribute to significant long-term trends in CO, flux during
winter (04 + 0.1 gCm 2yr~', ” =04) and spring (0.2 £ 0.1 g Cm~2yr~, * = 0.3); there are no significant
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CO; flux trends in summer and fall. These winter and spring flux trends suggest that the WHOTS site will go
from being a net annual sink to a net annual source by the year 2040 if current long-term trends in wind and
pCO, prevail. However, it is clear that North Pacific warm anomalies in 2013-2015 are an example of interann-
ual physical forcing that already tipped this location from being a sink to a source, well before 2040 (Figure 3).
Continued observations at this site will be necessary to fully resolve how these types of ephemeral events
impact the long-term trends projected for this site.

Extending the time series with ship-based observations also show how natural variability impacts CO, flux
predictions. Based on ApCO, trends observed at station ALOHA from 1989 to 2001, Dore et al. [2003] pre-
dicted faster rates of change in CO, flux with a shift from net annual sink to source occurring in 2008.
However, the strong surface seawater pCO,, trends of 2.5 + 0.3 patm yr~' observed by Dore et al. [2003] dur-
ing the 1989-2001 time frame that were driving ApCO, trends were likely influenced by interannual and/or
decadal variations. Between the Dore et al. [2003] analysis (ending in 2001) and the start of the WHOTS moor-
ing time series (beginning December 2004), there was no significant trend; however, the rapid rate of change
resumes post-WHOTS pCO, deployment (Figure 3). With a trend uncertainty of approximately +0.3 patm
yr~', the seawater pCO,, trend reported for the 1989-2001 station ALOHA time series [Dore et al., 2003] as well
as the ALOHA and WHOTS trends since 2004 are similar. The station ALOHA time series (not deseasoned) over
the full 25 year record has a long-term trend of 2.0 + 0.1 patm yr~', which is significantly different from the
two intervals of more rapid rates of change (Figure 3).

The impact of the North Pacific warm anomaly and the variability in station ALOHA and WHOTS time series
trends illustrate significant interannual to decadal variability in seawater pCO, and CO, flux. The physical cli-
mate forcings that likely contribute to this interannual to decadal variability at WHOTS include variations in
winter freshwater input, wind stress, and other large-scale processes connecting the subtropical North
Pacific to other regions of the Pacific [Lukas and Santiago-Mandujano, 2008; Stammer et al., 2008]. This varia-
bility suggests that contrary to the modeling results of Keller et al. [2014], 10 years may not be enough time to
define the long-term anthropogenic trend in seawater pCO, in this region.

4. Conclusions

Seasonally constrained observations collected continuously over a long time period improve the ability to
diagnose trends and drivers of sea-air CO, flux. Using the approach of colocated moored observations of
sea surface pCO, and physical conditions, we discover that predicting when the subtropical North Pacific
gyre region will transition from CO, sink to source cannot be done without investigating the patterns within
each season separately. In this case, significant seawater pCO,, SSS, and wind speed trends occur during win-
ter and spring, a finding that may go undetected if only using ship measurements with limited winter occu-
pations. In addition, we find that even in this low-variability oligotrophic region, interannual to decadal
changes influence seawater pCO, trends within a 10 year window, which suggests that the model-predicted
trend detection time of 10 years may not be sufficient to define the long-term anthropogenic signature. The
eventual shift from CO, sink to source will depend not only on anthropogenic change but also on how cli-
matic oscillations, such as the Pacific Decadal Oscillation and North Pacific Gyre Oscillation, influence this
region into the future. Anomalous North Pacific warming in 2013-2015 may be the first example of a climatic
driver that starts to force this region from a CO, sink to a source.
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