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Abstract Two moorings equipped with autonomous air-sea CO, instrumentation located in the Southern
California Current System were used to examine the seasonal and interannual variability of the surface partial
pressure of carbon dioxide in seawater (pCO, ) and the air-sea CO, flux between 2008 and 2022. These two
moorings are in two distinct oceanographic regimes: offshore, centered in the California Current (CCE1), and
nearshore within the coastal upwelling regime (CCE2). The offshore seasonal cycles of the surface pCO, ,, and
CO, flux are driven by sea surface temperature (SST) seasonality and at the nearshore site by dissolved
inorganic carbon (DIC) concentration changes linked with seasonal upwelling. The resulting net annual CO,
flux at CCE1 is —0.52 molC m~2 year_1 (sink), while at CCE2, the best estimate for the long-term CO, flux
mean is 0.23 molC m™~2 year™" (source). The interannual variability at the offshore site is mainly controlled by
SST, where warm anomalies (El Nifio and Marine Heatwaves) cause anomalous CO, outgassing, and cold
anomalies (La Nifia) increase CO, ingassing. Conversely, at the nearshore site, the strength (or absence of)
upwelling of DIC-rich water associated with cold (or warm anomalies) results in increased outgassing (or
ingassing) of CO,. Long-term trends in pCO, ,, approximately follow the atmospheric CO, increase. At the
offshore site, the DIC trend is consistent with air-sea fluxes, keeping the CO, equilibrium between air and water.
At the nearshore site, the DIC trend has a similar magnitude but could also result from changing water-mass
composition or concentration due to freshwater loss.

Plain Language Summary The ocean is a good reservoir for the atmosphere's excess carbon dioxide
(CO,). It absorbs CO, when the concentration in water is lower than the atmosphere and outgasses CO, when
the concentration in water is higher than the atmosphere. When the seawater temperature increases, the ocean
CO, increases; therefore, temperature changes affect CO, exchange between ocean and atmosphere. However,
other factors influence the amount of CO, the ocean absorbs. To identify the relevant processes, we placed two
stations in the Southern California Current measuring CO, in the air and seawater since 20086—CCEl is in the
open ocean while CCE?2 is closer to the coast. These measurements show how seawater CO, changes on
multiple timescales. In the open-ocean area, the seawater CO, is driven by surface temperature, whereas closer
to the coast, it is affected by vertical movement of water during spring, which injects CO,-rich water into the
surface. Annually, the open-ocean station absorbs CO, while the nearshore station releases CO, on average.
Furthermore, we observe that warm anomalies, such as marine heatwaves or El Nifio, change the average
behavior of these two stations: the ocean releases CO, into the atmosphere offshore but absorbs CO, closer to
the coast.

1. Introduction

The capacity of the ocean to absorb carbon dioxide (CO,) renders it a crucial reservoir for anthropogenic CO,,
playing an important role in climate regulation. The global ocean has absorbed approximately 25% of anthro-
pogenic CO, emissions since the industrial era (Gruber et al., 2023; Le Quéré et al., 2016; Sabine et al., 2004).
However, many global ocean CO, uptake estimations often do not fully account for the contribution from the
nearshore margin (Gruber, 2015). Recent estimates suggest that coastal margins contributed 7%—17% to global
CO, uptake (Cai, 2011; Gruber, 2015; Laruelle et al., 2010, 2014). Understanding the spatiotemporal variability
of CO, uptake on multiple scales and its underlying driving processes is essential to assess the carbon cycle and
ocean acidification.
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The North Pacific basin between 30°N and 40°—45°N is an important net annual sink for atmospheric CO,,
contributing to 20%—25% of the global ocean CO, uptake (Ishii et al., 2014; Takahashi et al., 2002, 2009). The air-
sea CO, fluxes in this region follow a seasonal pattern linked with variations in the difference of the partial
pressure of pCO, (ApCO,) between surface waters (pCO, ) and near-surface atmosphere (pCO, ,;,). Seasonal
ApCO, variability mainly drives changes in air-sea CO, fluxes, which is influenced by a series of physical and
biological processes (Chen et al., 2021; Palevsky & Quay, 2017; Sutton et al., 2017; Xiu & Chai, 2014). The
subtropical to mid-latitudes in the North Pacific Ocean have been found to behave as a CO, sink during the cold
season and as a CO, source during the warm season (Chen & Hu, 2019; Landschiitzer et al., 2016; Takahashi
et al., 2002; Turi et al., 2014). While the annual cycle and trends of pCO, ,;, are well understood in the North
Pacific, pCO, ,, annual cycle and trends primarily rely on limited shipboard underway observations and sparse
moored buoys (e.g., Sutton et al., 2017, 2019). Therefore, in most locations, pCO, g, variability remains poorly
constrained at sub-seasonal scales. To address this, various methods (e.g., Chen et al., 2016; Friedlingstein
et al., 2023; Landschiitzer et al., 2019 and references therein) have been employed to generate new regional and
global pCO, ,, products (e.g., Fay et al., 2021; Gregor & Gruber, 2021; Laruelle et al., 2017; Sharp et al., 2022).
When combined with in situ measurements, these methods have improved our understanding of the processes
controlling pCO, (.. These include biological processes driving carbon export into the deep ocean (Palevsky &
Quay, 2017), water mass advection, and ocean circulation (Ayers & Lozier, 2012). However, many of these
studies do not include coastal regimes due to the limited number of observations combined with the highly
dynamic physical and biogeochemical environment.

The California Current System (CCS) in the Northeast Pacific is one of the best observed Eastern Boundary
Upwelling Systems worldwide. It is characterized by strong seasonal upwelling that intensifies in spring, bringing
waters rich in macronutrients and trace metals to the near-surface. These waters fuel primary production and
contribute to the region's fisheries' productivity. Although upwelled waters exhibit high dissolved inorganic
carbon (DIC) content that can potentially increase pCO, g, levels above those in the near-surface atmosphere
(e.g., Friederich et al., 2002; Hales et al., 2012; Sharp et al., 2022), thereby promoting CO, outgassing, a variety of
processes in surface waters rapidly restore the equilibrium state, as noted by Turi et al. (2014). Beyond the
California Current transitional zone (>100 km from shore; Kosro et al., 1991), the CCS behaves similarly to the
North Pacific gyre, with higher pCO, g, during summer and lower values during winter, in phase with sea surface
temperature (SST) variations (Chen & Hu, 2019; Takahashi et al., 2002; Turi et al., 2014). Closer to shore,
estimating CO, uptake in the CCS has been challenging due to the complex nearshore spatiotemporal variability
in pCO, q,, and air-sea CO, fluxes. Cai et al. (2006) and Sharp et al. (2022) observed net outgassing along the
southern CCS shelf but net carbon uptake in the northern part. Nevertheless, the CCS region is estimated to be a
net CO, sink (Fiechter et al., 2014; Hales et al., 2012; Turi et al., 2014).

In the CCS, El Nifio Southern Oscillation (ENSO) is the dominant mode of interannual variability, and its effects
are pronounced (e.g., Capotondi et al., 2015; McClatchie et al., 2016; Thompson et al., 2022). Gruber et al. (2023)
reported that the Pacific is the only basin where a clear interannual signal can be observed superimposed on the
long-term trend of air-sea CO, flux. Warm anomalies associated with El Nifio suppress upwelling along the
California coast (Jacox et al., 2015), reducing nutrient and carbon fluxes from subsurface waters to the surface.
This contributes to reducing pCO, g, and thus air-sea CO, exchange (Friederich et al., 2002). Conversely, up-
welling events intensify during La Nifia, leading to high pCO, ,, and outgassing of CO,.

In addition to ENSO, the CCS is influenced by other climate patterns, including the Pacific Decadal Oscillation
(PDO; Zhang et al., 1997) and the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al., 2008; Chenillat
et al., 2012; Crawford et al., 2018). These modes of variability impact biogeochemistry and the ocean's CO,
uptake capacity by inducing changes in mixing, ocean currents, and water properties. Marine heatwaves (MHW)
also impact CCS but are often unrelated to ENSO (Dalsin et al., 2023; Fumo et al., 2020; Wei et al., 2021), and
their frequency in the CCS has increased over the past decade (Fumo et al., 2020). Although MHWs' role in air-
sea CO, flux in the CCS has not received much attention, they significantly decrease CO, uptake in the North
Pacific (Mignot et al., 2022). The authors state that MHWSs' impact on CO, fluxes results from two competing
mechanisms: (a) decreased CO, solubility due to rising SST and (b) increased water column stratification, thus
reducing vertical mixing with underlying rich-CO, waters. One of the most significant MHW:s in the Northeast
Pacific occurred in 2014/2015, known as the North Pacific Warm Anomaly or Blob 1.0. This MHW reduced
surface pCO, ,, and DIC concentration in the North Pacific due to reduced mixing and atypical advection
(Franco et al., 2021; Kohlman et al., 2024; Mogen et al., 2022), which is expected to enhance air-sea CO, flux
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Figure 1. (a) Location of the CCE moorings in the Southern California Current System. White and red dots are stations along CalCOFI line 80. Red dots show the
positions of the CCE1 and CCE2 moorings. Plotted as background is a month-long composite of logarithmic Chlorophyll a (Chl-a) concentration during the strong La
Nifia in May 2022, acquired by the MODIS Aqua satellite (data available at https://oceancolor.gsfc.nasa.gov/13/). (b) Air-sea surface CO, fluxes at CCEI and (c) CCE2
mooring sites. Red-shaded periods indicate CO, outgassing into the atmosphere (positive fluxes), and blue represents periods of CO, uptake by the ocean (negative
fluxes). The CO, flux time series are smoothed with a 30-day running mean filter. Note that the y-axis scales differ for the two moorings.

(Duke et al., 2023). However, the role of MHWs in the nearshore air-sea CO, flux in the CCS remains to be
understood. High-frequency and extended observations of coastal and open-ocean pCO, ,,, and environmental
conditions are useful to address the variability across multiple temporal scales.

In this study, we analyze sustained pCO, measurements from two moorings in the Southern California Current
System (SCCS) along CalCOFI line 80 (Figure 1a). One site is in the seasonal upwelling region (CCE2), and the
other is further offshore, within the core of the California Current (CCE1). The present study aims to analyze and
quantify the seasonal variability of pCO, ,, and air-sea CO, flux between 2008 and 2022 in these two contrasting
environments, identifying the underlying controlling processes. Our long time series of CO, fluxes also show
pronounced interannual variability (Figures 1b and 1c). Therefore, another goal is to assess the interannual
variability of pCO, and air-sea CO, flux between the nearshore and open-ocean regions and to test whether these
long-term anomalies are related to interannual variability modes such as ENSO and MHWs.

2. Data and Methods
2.1. Physical and Carbon Observations

Long-term moored observations for physical and biogeochemical properties have been collected since 2008 (for
CCEl) and 2010 (for CCE2) in the SCCS (project website: https://mooring.ucsd.edu/cce; Figure 1). The open-
ocean CCEl mooring is located 220 km southwest of Point Conception, California, in 4,100 m depth, pre-
dominantly within the core of the California Current (Lynn & Simpson, 1987). The CCE2 mooring is situated
within the upwelling region on the continental slope in 800 m depth, 35 km southwest of Point Conception. This
study used data from 11 November 2008 (at CCE1) and from 1 January 2010 (at CCE2) until 31 December 2022.
The two moorings are co-located with line 80 of the California Cooperative Oceanic Fisheries Investigations
(CalCOFI) at stations 80.80 (33°28.98'N, 122°31.98'W; CCE1) and 80.55 (34°19.02'N, 120°48.12'W; CCE2)
(Bograd et al., 2003). Mooring locations were within 0.1° in latitude and longitude of the respective CalCOFI
stations. Both moorings are maintained by the Ocean Time Series Group and the California Current Ecosystem
Long-Term Ecological Research project based at Scripps Institution of Oceanography. The NOAA Pacific
Marine Environmental Laboratory provides the surface CO, systems for the surface buoys of the moorings.

The surface buoys include an autonomous pCO, system (MAPCO,; Battelle Memorial Institute; Sutton
et al., 2014) and a Sea-Bird Electronics SBE16 SeaCAT, which records SST and sea surface salinity (SSS). An
early version of the MAPCO, system was initially developed by Friederich et al. (1995) and includes an auto-
mated equilibrator-based system paired with a nondispersive infrared gas analyzer (LI-COR, model LI-820) that
is calibrated in situ before each measurement with a reference gas traceable to World Meteorological
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Organization standards (Sutton et al., 2014). The system collects measurements of the CO, molar fraction (xCO,)
at the sea surface (~0.5 m below sea surface) and near-surface atmosphere (~1.5 m above sea surface) on a three-
hourly basis. These measurements are converted to pCO, g, and pCO, ;. following Sutton et al. (2014). The
associated uncertainty of the MAPCO, measurements is <2 patm for pCO, g, <1 patm for pCO, ,;,, while Sea-
Bird SBE16 uncertainties are <0.01°C for SST, and <0.05 for SSS (Sutton et al., 2014, 2019; Tamburri
et al,, 2011; Vandemark et al., 2011). The final quality-controlled pCO, time series is available at Sutton
et al. (2019).

2.2. Computation of Total Alkalinity

Total Alkalinity (TA) and salinity measurements from discrete water samples collected in the upper 10 m during
the deployment and recovery cruises (Send et al., 2016, 2022) and from CalCOFI cruises (available at https://
calcofi.org; last access on 22 April 2022) at stations 80.80 (CCE1) and 80.55 (CCE2) were used to derive a
multiparametric relationship between TA, salinity, and temperature. TA-SSS relationships have been widely
applied at the surface worldwide (e.g., Jiang et al., 2014; Lee et al., 2006; Millero et al., 1998), particularly in open
ocean regimes because salinity changes account for over 80% of the surface TA variability (Millero et al., 1998).
However, in coastal regimes, TA-SSS relationships may not perform as effectively as they do in open oceans due
to additional processes such as upwelling, riverine inputs, and biological factors that make TA variability
significantly more complex (e.g., Cai et al., 2010; Hunt et al., 2021). Our tests with water samples collected at
both sites indicate that a fit using salinity and temperature as the input parameters yielded slightly lower un-
certainties (RMSE of 3.38 and 3.28 pmol kg~ at CCE1 and CCE2, respectively) than using solely salinity at the
CCE sites (see Text S1, Tables S1-S2, and Figure S1 in Supporting Information S1) or previous estimations from
Gray et al. (2011) in the CCS. The resulting fits to estimate TA follow the format of Alin et al. (2012) for the CCS
and are at each mooring:

TAccg) =2220 +51.27 X (SSS — S, ccp1) + 0.7684 X (SST — Tyef ccpr) — 3.177 X [(SSS
— Sret,ccel) (SST = Tt ccr1)] M

TAccrs = 2238 + 59.88 X (SSS — Seer.ccpa) + 0.4847 X (SST — Tep.ccpa) — 4.788 X [(SSS

- Sref,CCEZ) (SST - Tref,CCEZ)] (2)

where Sieccer = 33.20 and  Sypccpp = 33.51 are the mean salinity, and Ti¢ccp; = 15.34°C and
Tiefccpr = 14.62°C are the mean temperature at the upper 10 m water column at the CCE1 and CCE2 mooring
locations, respectively. The R* for CCE1 is 0.88, and for CCE2 it is 0.93.

2.3. Computation of DIC Using CO2SYS

DIC was calculated from the measured temperature, salinity, pCO, ,, silicic acid, phosphate, and estimated TA at
the surface using the CO2SYS v2 algorithm in Matlab® (Lewis & Wallace, 1998; Van Heuven et al., 2011). Silicic
and phosphate concentrations were determined as the average surface concentration at each site using CalCOFI
water samples (available at https://calcofi.org; last accessed on 22 April 2022). The constants used in CO2SYS v2
are carbonic acid dissociation constants from Mehrbach et al. (1973), refitted by Dickson and Millero (1987),
along with the bisulfate dissociation constant of Dickson (1990a). Boric acid dissociation constant is from
Dickson (1990b), and the borate to salinity ratio from Uppstrom (1974). Considering the sources of uncertainty,
that is, errors in TA estimation and associated pCO, measurements, as well as the uncertainties associated with the
constants used, the computed propagated uncertainty of surface DIC is estimated to be 6.12 pmol kg™ at CCE1
and 5.71 pmol kg~" at CCE2 (Orr et al., 2018). DIC was salinity normalized (indicated by nDIC) to the average
surface salinity of the time series at CCE1 and CCE2 (Table 1) to account for dilution/concentration from the
addition/removal of freshwater. The moorings also have pH sensors, but we concluded that the highest accuracy
in carbon variables was obtained using the pair TA-pCO, rather than pCO,-pH (Text S2, Figures S2 and S3 in
Supporting Information S1).
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Table 1
Statistics of the Daily-Averaged Time-Series Measurements at the CCE Moorings Calculated Between 2008 and 2022 (CCEI) and 2010 and 2022 (CCE2)

CCE1 mooring (2008-2022) CCE2 mooring (2010-2022)
Mean Min Max Std stE (NDF) Mean Min Max Std stE (NDF) “unbiased” mean

pCO, g, (natm) 390.0 329.3 549.4 227 4.1 (30) 398.2 223.7 759.8 57.3 5.2 (121) 3934
pCO, ;; (patm) 398.0 368.1 4319 111 5.0 (5) 401.6 368.2 4341 117 5.2(5) NA.
SST (°C) 16.03 12.09 20.78 1.74  0.29 (36) 14.49 10.28 21.81 1.83  0.27 (47) 14.78
Fco, (molC m~? year™ ) —0.52 —6.25 8.70 1.28 0.16 (63) 0.56 —6.88 40.31 4.03 0.32(160) 0.23
SSS 33.18 32.28 33.73 0.21  0.05 (19) 33.46 32.58 33.90 021  0.05 (16) N.A.
Chl-a (mg m™>) 0.33 0.05 1.49 0.19  0.02 (59) 1.25 0.15 6.63 0.92  0.08 (124) 1.19
nDIC (pmol kg™") 2006.5 1970.4 2068.0 11.2 1.8 (38) 2029.5 1907.5 2140.7 30.7 3.62 (72) 2027
Wind speed (m s™") 7.5 0.7 17.1 2.9 0.1 (858) 74 0.6 18.4 3.1 0.1 (1764) 7.31
ApCO, (patm) -7.9 —71.5 159.5 24.0 3.7 (41) 34 —176.7 346.7 55.0 4.6 (142) -7.2

Note. For the stE calculation, the number of degrees of freedom (NDF; in parenthesis) was calculated by dividing the length of the time series by the integral time scales
of each parameter. The integral time scales were estimated as the integral over the autocorrelation function up to the first zero-crossing. “Unbiased” mean represents the
best guess of the properties’ mean excluding the influence of ENSO and PDO (for more details please see Section 3.3). N.A., not applicable; Std, standard deviation; stE,

standard error of the mean.

2.4. Thermal and Non-Thermal Components of pCO, Seawater

To isolate the thermodynamic (pCOlzkﬁf,‘lml) and non-thermal (pCO%f’;‘v'vmerm"‘l) processes affecting seawater pCO,

variability, we followed the decomposition proposed by Takahashi et al. (1993) at the CCE1 and CCE2 sites
(Equations 3 and 4, respectively):

pCORE™ = pCORA" X exp(0.0423 X (Typs — Trnean) 3)
pCORTem™ = pCOSS, X exp(0.0423 X (Trnean — Tobs)) )
where pCO‘z’E’SSW is the observed surface pCO, seawater and pCOY**" is the mean observed surface pCO, seawater

over the study period (CCE1: 390.27 + 22.76 patm; CCE2: 399.45 + 57.80 patm). Typs and Tyeq, are the in situ
SST and respective mean (CCE1: 16.02 £ 1.76°C; CCE2: 14.50 = 1.85°C) at each site. We verified that pro-
cessing the thermal and non-thermal effects through CO2SYS v2 (e.g., Williams et al., 2018; Wolfe et al., 2023)
gave very similar results, and they would not have changed any of the conclusions drawn in the present analysis.

2.5. Air-Sea CO, Fluxes Calculation

Air-sea CO, fluxes (Fp,) were calculated using Equation 5:

FC02 =kXx KO X ApC02 (5)

where k = 0.251 x U?*(Sc/ 660)_1/ Zis the gas transfer velocity using a square dependence on wind speed at 10 m
(U?), Schmidt number (Sc, calculated as a function of SST), and a scaling factor of 0.251 adapted for Cross-
Calibrated Multi-Platform (CCMP) winds (Wanninkhof, 2014). K, is the solubility coefficient for CO,
(Weiss, 1974), and ApCO, = pCO, 4, — pCO, 4 is the difference in pCO, atmosphere and surface-ocean CO,.

To calculate air-sea F¢q, at the CCE moorings, we computed daily averages of ApCO, and used daily winds at
10 m height from the CCMP V3.1 wind speed data (Mears et al., 2022), which is the same wind product that
Wanninkhof (2014) used to derive the 0.251 X U? relationship. The uncertainty of the calculated Feo, is
approximately 20%, primarily attributed to the uncertainty of gas transfer velocity k, which includes uncertainties
in the wind estimates (Wanninkhof, 2014). The moorings are also equipped with a meteorological station that
measures wind speed. We also estimated the Fpo, using the mooring winds (adjusted to 10 m height using
Equation 1 in Sutton et al. (2017)), and the Fro, magnitude is in the same order as the one presented here. The sign
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of ApCO, determines the direction of the Frq,; a positive Fo, indicates a flux into the atmosphere or “source”
(pCO, 4y, > pCO, ;) While a negative Fr, indicates a flux into the ocean or “sink” (pCO, 5, < pCO, 4.

2.6. Anomaly Time Series Calculation and Trends Estimation

The anomaly time series were computed by subtracting the daily climatological average at each mooring
(calculated from all years of the mooring record) from the observed daily value. For example, all 1 January
measurements were averaged (1 January climatology) and subtracted to the observed variable at each 1 January.
These anomalies will be denoted with a o.

The resulting de-seasonalized (or anomaly) time series were also fitted using a least squares regression to estimate
the linear trends for the study period. Linear regression and uncertainties associated with the trends were esti-
mated following Glover et al. (2011; Chapter 3).

2.7. Determination of Marine Heatwave Periods

The occurrence of marine heatwaves at the CCE moorings was determined following the methodology of Hobday
etal. (2016). The authors defined MHW as an anomalous warm event of at least five or more days where the SST
is warmer than the 90th percentile based on a 30-year climatology. We used the high-resolution daily Optimum
Interpolation Sea Surface Temperature (OISST) v2 data set (Huang et al., 2021) provided by the National Oceanic
and Atmospheric Administration (NOAA) to estimate the SST climatology at the closest points to the nominal
mooring positions between 1 January 1981 and 31 December 2022. To determine the suitability of the OISST data
set for determining the climatology and the 90th percentile departure from climatology, we compared the SST
from the NOAA OISST V2 and the moorings' SST during the overlapping periods (Figure S4 in Supporting
Information S1). The results of this comparison demonstrated a high degree of correlation between the two time
series (r = 0.96 at CCE1 and r = 0.95 at CCE2).

In this study, we were interested in gaining insight into the effects of MHW on pCO, y,, and F¢q,. To this end, we
used data from those MHW months with a minimum of 75% (or 22.5 days) of valid pCO, ,, measurements. The
starting and ending dates of the MHW Blob 1.0 are provided in Text S3 in Supporting Information S1.

2.8. Ancillary Data

Surface chlorophyll a (Chl-a) estimates between 2008 and 2022 are from a merged 4 km resolution data set
optimized for the CCS region, as described in Kahru et al. (2012, 2015). This product integrates surface Chl-a data
from five satellite ocean color sensors (Ocean Color and Temperature Scanner, Sea-Viewing Wide Field-of-View
Sensor, Medium-Resolution Imaging Spectrometer, Moderate Resolution Imaging Spectroradiometer A, and
Visible Infrared Imaging Radiometer Suite). Here, we used a 5-day running mean Chl-a at the surface extracted in a
square of 3 X 3 pixels around the closest point of the CCE moorings sites (https://spg-satdata.ucsd.edu/CC4km/).
The Chl-a was area-averaged and compared with CalCOFI surface water samples collected at the CCE moorings
sites and analyzed by fluorometry before and after acidification (Figure S5 in Supporting Information S1). The 5-
day running mean Chl-a product correlated well with CalCOFI surface water samples at the CCE1 (R = 0.90) but
underestimated the surface Chl-a at the CCE2 site (R* = 0.58).

To delineate the periods of El Nifio and La Nifia at the CCE sites, we used the revised Multivariate ENSO Index
Version 2 (MELv2; https://www.psl.noaa.gov/enso/mei/). For this study, only periods of strong El Nifio
(MEI > 1.5) and strong La Nifia (MEI < —1.5) are considered. The start and ending dates of each strong episode
are reported in Text S3 in Supporting Information S1. In addition to the MEI index, we used the North Pacific
Gyre Oscillation (NPGO; Di Lorenzo et al., 2008) and the Pacific Decadal Oscillation (PDO; Mantua &
Hare, 2002) to investigate potential correlations with the interannual variability of pCO, ,, and Frq, between
2008 and 2022.

3. Results and Discussion

3.1. Daily-Averaged Statistics at the CCE Moorings Between 2008 and 2022

The statistics of the daily records, including mean, minimum, maximum, and standard deviation, at each CCE
mooring are summarized in Table 1. Since our records sometimes contain substantial gaps, we tested several
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methods to remove potential biases due to uneven sampling of seasons or months. We also tried filling the gaps
with respective climatological daily values. None of these tests gave significantly different results than those
described below.

It is surprising at first sight that at CCE2, the average ApCO, over the entire record (2010—2022) is negative
(—3.4 patm; Table 1). While the mean air-sea Fo, is positive, if we estimate the mean Ft(, using the average
values of each term in Equation 5 for the entire period, then this would imply that the mean air-sea Fcq, is
negative. It turns out that the co-variability between the ApCO, and the wind in Equation 5 leads to high fluxes,
outweighing the negative values resulting from using just the means of each term in Equation 5 (Song
et al., 2025). While in our case, most of the covariance comes from upwelling event time-scales, this effect is
similar to the seasonal co-variability between wind and undersaturation creating a mean gas flux in the Mid-
Atlantic Bight as explained by DeGrandpre et al. (2002).

3.2. Mean Seasonal pCO, and Air-Sea Fco,

The mean annual cycles of surface pCO, 4, air-sea Fcq,, nDIC and DIC concentration, SST, SSS, and Chl-a
concentration at the CCE moorings are illustrated in Figure 2. These sites reflect the characteristics of open-ocean
(CCEL1) and seasonal upwelling regimes (CCE2). The ranges of the annual cycles are larger at the upwelling site
due to the seasonal upwelling of CO,-rich waters from beneath the thermocline.

3.2.1. Mean F¢g, in Open-Ocean and Upwelling Regimes

The annual mean air-sea Fco, at the CCEI site is —0.52 molC m~2 year™' (Table 1; Figure 2¢), implying that this
open-ocean site acts as a CO, sink. CO, uptake is observed for much of the year, except in summer (July to
October; Figure 2¢). The seasonal variability of Fr,, defined as the range of the annual cycle, is 2.45 molC
m~> year™' and is mainly explained by ApCO, (+ > 0.90). Wind speed plays a minor role in the air-sea Feo,
(r = —0.09).

The CCE2 site behaves as a CO, source, with a net annual air-sea Frq, of 0.56 molC m 2 year™' over the observed
years (Figure 2d) and a seasonal range of 6.40 molC m~> year™". CO, outgassing occurs typically between March
and July, coinciding with the strong upwelling season in the SCCS (Jorgensen et al., 2024). Upwelling brings
high-CO, and nutrient-rich waters to the surface, favoring CO, outgassing (Figure 2, right panels). The observed
high variability (expressed as the standard deviation of the mean) during these months is due to the interannual
differences in the timing, intensity, and duration of the upwelling events and season (Bograd et al., 2009). After
upwelling, a seasonal relaxation phase follows, during which the growing water column stratification prevents
CO,-rich water from reaching the surface.

The annual mean air-sea Fpp, at the CCE moorings fall within the ranges reported in the CCS (Fiechter
etal., 2014; Hales et al., 2012; Takahashi et al., 2009; Turi et al., 2014). The net annual F¢q, for CCE1 is one of the
lowest reported among moorings in the North Pacific (Sutton et al., 2017). Interestingly, Wolfe et al. (2023)
reported that station 90.90 of CalCOFI, located some 440 km offshore, “appears to be an annual net source of CO,
to the atmosphere” even though this would normally be considered an open-ocean (non-coastal) site. One possible
explanation is that station 90.90 lies near the edge of a zero-F(, contour in the CCS (their figure 3 shows a
balance between pCO, ;. and pCO, ,(,,). Our value for the mean CO, outgassing at CCE2 (and also the unbiased
value discussed later) is of the same order of magnitude as in situ observations and model outputs in the coastal
upwelling region of the CCS (Borges et al., 2005; Leinweber et al., 2009; Pennington et al., 2010).

The air-sea Fro, reported here at CCE2 was initially calculated over the observational period of 2010-2022. The
prevalence of El Nifios and La Nifias in different years may lead to a bias, depending on how many of these
anomalous years are included in the average. For example, Song et al. (2025) use the years 2011-2020 and get a
much smaller (but still positive) mean Frq, for the CCE2 timeseries. In Section 3.3, we discuss how interannual
modes, such as ENSO and PDO, affect the mean value of air-sea Frq,, and suggest a method to correct for the
resulting bias.
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Figure 2. Annual cycles at CCEI (offshore; left panels) and CCE2 (upwelling; right panels). (a-b) pCO, , (partial pressure
of carbon dioxide in seawater; in blue), pCO, ,;, (partial pressure of carbon dioxide in the atmosphere; in cyan), and pCO, g,
decomposition into thermal (dark pink) and non-thermal (black) components. (c—d) Air-sea CO, fluxes (Fo,): black dashed
line marks zero Fo,; red solid lines are each site's net annual mean F,. (e~f) Salinity-normalized dissolved inorganic carbon
(nDIC) concentration (blue) and surface DIC (magenta). (g—h) Sea surface temperature; (i—j) Sea surface salinity; (k-1) Satellite-
estimated chlorophyll a (Chl-a) concentration at the surface. Shadowed areas in all panels represent the standard error of the
mean. Annual cycles were calculated for 2008-2022 at CCE1 and 2010-2022 at CCE2.
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3.2.2. Drivers of Seasonal pCO,,, and nDIC in the Open-Ocean Regime

The observed pCO, ,, follows the same seasonal pattern as SST (Figure 2g), with higher values in summer and
lower values in winter (r = 0.93), opposite to the phase of pCO, ;. (Figure 2a). The decomposition of the

thermal
2,5W

measured pCO, g, (Equations 3 and 4) reveals that pCO follows the SST annual cycle, whereas the

pCOEf’;‘v'vthe““al resembles the nDIC annual cycle (r = 0.97; Figures 2a and 2e). The observed seasonal range for

thermal

PCOy,, is 54 patm, with both pCO,,, components having comparable ranges (81 patm for pCO; (™ and

64 patm for pCOE?;‘v;‘he““al). Although the non-thermal component is not small, its phasing and amplitude are such

that the overall pCO, g, curve follows more the thermal component and is largely out of phase with the non-
thermal part.

The opposite phase of SST and nDIC seasonal cycles at the CCE1 site aligns with observations at other sites in the
North Pacific (Dore et al., 2003; Sutton et al., 2017; Wolfe et al., 2023; Xiu & Chai, 2014). The nDIC annual cycle
fluctuates by 27 pmol kg™, peaking during winter and reaching lower values in summer (Figure 2¢), opposite to
the air-sea Fro, (Figure 2¢). The seasonal nDIC qualitatively follows the expected pattern from a relationship
between water-mass density and DIC. In particular, the deepening of the mixed layer in late fall and winter mixes
underlying dense, CO,-rich water upward, thus increasing surface nDIC (Figure S6 in Supporting Informa-
tion S1). In spring and summer, air-sea Fo, modulates the purely density-predicted nDIC, initially raising it
through CO, uptake before reducing it due to CO, outgassing. The increase in nDIC during winter is not as strong
as the cooling effect on pCO, g, and only partly offsets the temperature effect (see pCO, g, observed and their
components in Figure 2a; Ishii et al., 2014; Takahashi et al., 2002).

3.2.3. Drivers of Seasonal pCO, g, and nDIC in the Upwelling Regime

At the CCE2 site, the observed pCO, g, reflects the nDIC seasonal cycle, with higher values in spring due to the
vertical advection of CO,-rich water into the upper water column during the upwelling season. This increases
pCO, g, and DIC at the surface. During the relaxation phase, primary production consumes inorganic carbon,
lowering pCO, ,, and DIC (Figure 2f). The detailed annual cycles we constructed show that in this regime, the

thermal component is opposite to the observed pCO, g, and air-sea Fo,. However, the pCOZ"’:\,’V‘hermal mirrors the

nDIC seasonal cycle, which dominates and determines the seasonal shape of pCO, and the air-sea Fcq, (Fig-

thermal
OZ,SW

ures 2b and 2f). The observed annual peak-to-peak range for pCO, g, is 142 patm while the pC is 74 patm

non-thermal
O2,sw

and pC
sonality of pCO, ,, at the CCE2 site, similar to the results of Chen and Hu (2019).

is 165 patm. This observation further reinforces that non-thermal processes drive the sea-

3.3. Inter-Annual Variability of pCO,,, and CO, Fluxes Anomalies

On inter-annual timescales, the annual mean net air-sea Fo, at CCEl for individual years ranged from —0.97
molC m~2 year™" in 2010 to 0.22 molC m~2 year™" in 2015 (i.e., averages over the years which are plotted as thin
blue lines in Figure 3¢). At CCE2, this varied between —0.66 molC m~? year™" in 2015 to 1.88 molC m™> year™"'
in 2021. The interannual variability of the air-sea F,, determined by the standard deviation of the annual-mean
Feo, across the years with over 300 days of measurements (7 years total for each mooring), was 0.27 molC
m~2 year~' at CCE1 and 0.92 molC m~? year™' at CCE2.

To study interannual variability, we examined the anomaly time series (5pCO,, 6Fc(,, onDIC, etc.) by removing
the influence of the respective mean seasonal cycles (Figures 3 and 4, right panels). We then explored the dif-
ferences between open-ocean and upwelling regimes along CalCOFI line 80, focusing on how other (non-sea-
sonal) processes impact the surface carbonate system in the SCCS region.

The variability of 5pCO, g, and 6FCO, (expressed as the standard deviation of the time series in Figures 3 and 4)
is greater at CCE2 (51 patm and 3.7 molC m~? year_l, respectively) compared with CCE1 (19 patm and 1 molC
m™~> year™', respectively). This difference reflects the more dynamic CCE2 site, characterized by strong inter-
annual variability with respect to the occurrence (and strength) or absence of seasonal upwelling (Low-
cher, 2023), compared with the open-ocean site. The 6ApCO, controls the 5F(, at both sites, with the surface
wind anomalies exerting less impact at CCEl and only indirectly influencing the air-sea Fro, magnitude through
wind-driven upwelling at CCE2.
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Figure 3. CCEl site: seasonal (left panels) and respective anomaly (8) time series (right). From top to bottom, the variables
are partial pressure of CO, in seawater (pCO, ,,; a-b), CO, flux (Fq,; c—d), sea surface temperature (SST; e~f), salinity-
normalized DIC (nDIC; g-h), and satellite-derived chlorophyll a concentration at the surface (Chl-a; i—j). Solid black lines on
the left panels represent the annual mean cycle between 2008 and 2022 (same as Figure 2), and the thin blue lines show
individual years (the color scale is progressively darker from the early years (2008) to recent years (2022)). Cyan shaded periods
on the right panels represent strong La Nifa periods; magentas are the MHWs known as Blob 1.0 (in 2015/2016) and the warm
anomaly period in 2018/2019 (Lowcher, 2023). Orange represents the strong 2015/2016 EI Nifio period. All time series on the
right panels are smoothed with a 30-day running mean.

At the CCE2 site, periods of intense upwelling are readily distinguishable in 6pCO, ,, and 6Fo, as red-filled
positive phases (Figures 4b and 4d). Most of the positive 5pCO, g, 6F¢o,, 6nDIC, and 6Chl-a at the surface are
linked to upwelling, with the years 2010-2013 and 2021-2022 standing out. In contrast, from 2014 to 2020,
O6FCO, and dChl-a at the surface were predominantly negative (Figure 4). This period coincided with a positive
along-shore wind stress anomaly (67, Figure 4h), indicating less favorable conditions for upwelling, which we
believe explains the observed negative anomalies. The depth of the 25.5 kg m™>-isopycnal was used as a proxy for
upwelling at line 80 of CalCOFI (Rudnick et al., 2017), and this correlates with ApCO, and the air-sea Fcq,
(Figure S7 in Supporting Information S1).

The relationship between the major modes of climate variability and the full records of daily time series of
dpCO, ,, and 6F¢o, are presented in Table S3 in Supporting Information S1. Although overall correlations at the
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Figure 4. CCE?2 site: seasonal (left panels) and respective anomaly (8) time series (right). From top to bottom, the variables
are partial pressure of CO, in seawater (pCO, (.; a-b), CO, flux (F¢q,; c—d), sea surface temperature (SST; e~f), along-shore
wind stress (z; g-h), salinity-normalized DIC (nDIC; ij), and satellite-derived chlorophyll @ concentration at the surface (Chl-a;
k-1). Solid black lines on the left panels represent the annual mean cycle between 2010 and 2022 (same as Figure 2), and the thin
blue lines show individual years (the color scale is progressively darker from the early years (2010) to recent years (2022)).
Cyan shadowed periods on the right panels represent strong La Nifia periods; magentas are the MHWs known as Blob 1.0 (in
2015/2016) and the warm anomaly period in 2018/2019 (Lowcher, 2023). Orange represents the strong El Nifio of 2015/2016.
Anomaly time series are smoothed with a 30-day running mean filter, except for wind speed, for which we used a 90-day
running mean.

CCE moorings and in the North Pacific are weak (Valsala et al., 2012), it is apparent that the sense of the cor-
relation at the CCE moorings is opposite for the same index. At the open-ocean site, NPGO shows the strongest
negative correlations with both §pCO, ,, and the 6F¢,. At CCE2, the highest correlation is found between PDO
and 6F¢q, and 5pCO,,, time series. Positive PDO phases are associated with anomalously warm SST and
suppressed upwelling along the U.S. West Coast (Jacox et al., 2015; Mantua & Hare, 2002). Suppressed up-
welling is linked to a negative 6Fcg,, explaining the negative correlation observed at this site, supporting findings
by Brady et al. (2019). Despite the low correlations using the full anomaly timeseries, our findings at the CCS
region align with Xiu and Chai's (2014) conclusions regarding the influence of PDO and NPGO on air-sea F¢q,
year-to-year variability. The weaker correlations calculated with PDO compared with those with NPGO at our
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sites may be related to the fact that the NPGO influence is stronger south of 38°N compared with the PDO (Chhak
& Di Lorenzo, 2007; Di Lorenzo et al., 2008).

The interannual variability of annual-mean quantities, however, is strongly correlated with ENSO and PDO at
CCE2. We computed yearly averages of air-sea Fcq,, pCO,, SST, SSS, nDIC, and ApCO, and compared these
with annual means of the ENSO and PDO indexes of the corresponding years. Scatter plots of these annual
climate indexes versus air-sea Fgo, are shown in Figure S11 in Supporting Information S1. We can use this
relation to “normalize” the average annual Fo, (and the other variables) against these indexes by fitting a least-
square regression line and reporting the expected value for neutral conditions (or zero index) from these re-
gressions (Table 1; Tables S4 and S5 in Supporting Information S1). We call this the unbiased mean, and in
Table 1, we report the average values calculated from the expected neutral ENSO and neutral PDO. The average
Feo, for a neutral ENSO is 0.19 + 0.19 molC m~2 year™' while Fco, for a neutral PDO is 0.26 + 0.14 molC
m™> year™' (Table 1). We conclude that our average air-sea Feo, (0.56 molC m™> year™') is biased by the
prevalence of strong La Nifias and cold phases PDO in our record (Figure S11 in Supporting Information S1). No
correlations were found between annual averages and PDO (or ENSO) at the open-ocean site (not shown).

Both sites show multi-year periods of predominantly positive and negative anomalies, indicative of processes that
substantially disrupted the normal seasonal cycle at these sites (Figures 3 and 4, right panels). The outstanding
events in these periods correspond to the North Pacific Warm Anomaly (or Blob 1.0) followed by the strong 2015/
2016 El Nifio (Lilly et al., 2019), a warm anomaly in 2018/19 (Lowcher, 2023), and the strong La Niiias in 2010/
2011 (Todd et al., 2011) and 2022. They are highlighted with shading in Figures 3 and 4 and are discussed below.
The only period with an annual-mean positive air-sea Fcp, (0.22 molC m~2 year™') at the open-ocean site
coincided with the Blob 1.0 event and the 2015/2016 El Nifio onset.

3.3.1. Impact of La Nifias in the Open-Ocean Regime

During the 2010/2011 La Nifia, a mean negative 5pCO, ,, of —27 patm was observed (Figure 5a), a result of the

thermal )
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presence of colder waters at the surface (average 6SST of —1.49°C; Figure 3). This colder water (5pCO
contributed significantly to the observed negative 5pCO, ,,, accounting for a decrease of —22 patm (81% of the
total). 6pCO‘2“i’:‘v'Vth°rmal processes contributed an additional —5 patm (19%) to the overall 5pCO, .. Consequently, a
net air-sea ¢, of —0.41 molC m™2 (uptake) was calculated in a 10-month period during the 2010/2011 La Niiia.

The 2022 La Niiia (Figure 5c) revealed striking differences from the 2010/2011 La Nifia. The average observed
opCO, ,,, was positive (+22 patm), and a net air-sea Fp, of +0.31 molC m™2 (outgassing) was calculated during
this 7-month event. 5pCO'§?;‘v'V‘he'mal drove the 5pCO, ,, until August 2022, when summer SST warming overrode
the non-thermal processes. In May 2022, an upwelling filament reached the open-ocean site (Figure 1), and its
signature was seen in the surface outcrop of isopycnals (Figure S8c in Supporting Information S1): cold SST,
anomalously high nDIC concentration (Figure 3h), and higher Chl-a concentration (Figure 5c). We consider this
to be one factor contributing to the distinct nDIC signature of the 2022 La Nifia compared with the 2010/2011 La
Nifia. In Section 3.4, we explore the potential influence of anthropogenic CO, uptake from 2010 to 2022 as an
additional role in the anomalous high DIC concentration during the 2022 La Nifia observed at the open-ocean site.

3.3.2. Impact of La Nifias in the Upwelling Regime

During both La Nifia events at CCE2, we observed remarkably high nDIC concentration and a drop in SST
(Figures 4f and 4j), as expected when upwelling brings CO,-rich subsurface waters to the surface (see the iso-
pycnals outcrop in Figures S8b and S8d in Supporting Information S1). However, the processes driving the
variations in 5pCO, ,, and 6F¢q, during 2010/2011 La Nifia and 2022 La Nifia were distinct.

In the 2010/2011 La Nifia, the average 5pCO, ,, was —10 patm (Figure 5b), and the mean 6SST was —1.48°C.
This gives an average contribution from SSST of —23 patm to the observed mean pCO,, while the
5pCOS?:‘;,‘he““al contribution was +13 patm. This suggests that the observed mean pCO, ,, was controlled more
by SST. In contrast, during the 2022 La Nifia, the observed average 6pCO, g, was positive (+61 patm), although
the mean 6SST remained negative (—0.80°C; Figure 4d). This cooling effect on pCO, ,, (=16 patm) was greatly
exceeded by the pCORC™themal coptribution of +77 patm. Despite the differing driving mechanisms of pCO,

2,5W
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Figure 5. Anomaly of pCO, ,, and its components during major events marked in Figures 3 and 4. Anomaly of pCO,
measured (blue), thermal (pCO‘z}tirvL““'; red), and non-thermal components (pCO3; thermal, hlack) of seawater pCO, during the
(a—b) La Nifia 2010/2011, (c—d) La Nifa 2022, (e—f) El Nifio 2015/2016, and (g-h) Blob 1.0 in 2014/2015. The anomaly time
series (0) were calculated as described in Section 2.6. Satellite-derived Chl-a concentrations at the surface during each event are
plotted as green (concentrations in the right y-axis). The left and right panels show the different components of pCO, , at the

CCEl and CCE?2 sites, respectively.

between the two events, both La Nifia events showed a net air-sea Fro, outgassing: +0.31 molC m™ released by
the ocean over 10 months in 2010/2011 and +1.89 molC m™2 over 7 months in 2022. In the latter event, the CO,
outgassed into the atmosphere was three times the normal annual carbon release. This is similar to Friederich
et al. (2002), who reported an average Fco, of 1.9 molC m~2 year™" during the 1998-1999 La Nifia in the
Monterey Bay.

Throughout 2010/2011 La Nifia, 5pcog,°:w-thm‘ fluctuated between positive and negative values, reflecting a
series of upwelling and relaxation events (Figure 5b and S8b). We suggest the following chain of events to explain
these fluctuations: (a) Upwelling caused vertical water movement (seen as an outcropping of the isopycnals in
Figure S5b in Supporting Information S1), resulting in a surplus of DIC (positive 5pCO, ) that exceeded
pCO, ,;; causing CO, outgassing. (b) The influx of nutrient-rich waters fueled phytoplankton growth, increasing
Chl-a at the surface; however, this effect was not immediate. First, we observed a relaxation of the water column
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(as evidenced by the flattening of the isopycnals in Figure S8b in Supporting Information S1), followed by an
increase in Chl-a at the surface (Figure 5b at the beginning of July 2010). (c) At this point, DIC was converted to
organic carbon via primary production, decreasing pCO, . The chain of upwelling and relaxation events,
spanning from days to weeks during the 2010/2011 La Nifia (Figure S8b in Supporting Information S1),
diminished the influence of pCOgE’:‘\,fhermal compared with the 2022 La Niiia, where the isopycnals outcropped at

the surface for a longer period (Figure S8d in Supporting Information S1).

3.3.3. Impact of El Niiio in the Open-Ocean Regime

During the 2015/2016 EI Nifio, the observed 6pCO, ,, (average of +13 patm) was influenced by both pCOg:Z;‘V"“l

non-thermal
O2,sw

and pC processes, with the thermal component dominating until November 2015 (Figure Se). During
the El Nifio event, 6SST averaged 1.35°C, contributing to an increase of opCO,, of 24 patm while
5pCO§i’S"\;fhermal decreased 5pCO, ,, by —11 patm. The high temperatures in the first half of El Nifio led to strong
stratification of the upper water column, reducing mixing with sub-surface waters rich in CO, (Figure S8e in
Supporting Information S1) and causing a decrease in surface Chl-a concentration (and at 40 m; Lilly et al., 2019).

CCEI behaved as a CO, source during 2015/2015 El Nifio, with a net CO, outgassing of 0.12 molC m™>.

3.3.4. Impact of El Niio in the Upwelling Regime

At the onset of El Nifio at CCE2, a high concentration of Chl-a at the surface (Figure 5f), which results in a deficit
of DIC (hence, negative 5pCO§j’;‘V'V‘he'“‘al), suggested that pCO, ,, was reduced due to enhanced primary pro-
duction. The high Chl-a concentration was caused by an upwelling event between May and June 2015 (Figure S9
in Supporting Information S1), preceding the advent of the El Nifio. However, during the 2015/2016 El Nifio
event, strong stratification (Figure S8f in Supporting Information S1) suppressed upwelling and deepened the
nutricline (Lowcher, 2023), resulting in low Chl-a at the surface. The absence of upwelling led to an average
pCO%‘,’:\;fhcrmal contribution of —34 patm, resulting in a net air-sea F¢q, of —0.30 molC m™ during the 2015/2016
El Nifio. Similar findings were observed by Friederich et al. (2002) during the 1997/1998 El Nifio at station M1 in
Monterey Bay, which was also associated with a suppressed upwelling observed in the region. It is, therefore,
clear that non-thermal processes in coastal environments must be considered when modeling the drivers of
interannual variability.

3.3.5. Impact of Marine Heatwaves in the Open-Ocean Regime

At CCEl, the Blob 1.0 event persisted for 279 days, significantly longer than this site's average MHW duration of
39 days. The sApCO, was positive during this event (similar to the positive anomaly in Figure 3b since pCO, ;.
had no notable anomaly) and controlled by the pCO‘ztﬁfL"al (Figure 5g). An average 6SST during Blob 1.0 of 1.24°C
(peaking at 1.78°C) contributed to increased pCO, g, by 5%, resulting in positive 6F¢q, (Figure 3). The average
Fro, over the heatwave was 0.15 molC m~2 year™ !, resulting in a total net carbon outgassing of 0.12 molC m™*
across 10 months. Compared with the average annual Fro,, Blob 1.0 alone accounted for carbon outgassing
equivalent to 30% of the typical CO, uptake observed within a year. Similarly, a positive pCO, y,, was observed
by Wolfe et al. (2023) at another CalCOFI open-ocean station (station 90.90) in the SCCS, as well as at various

other moorings in the North Pacific (Sutton et al., 2017).

The CCEI1 site experienced 23 months (13% of the observations) with MHWSs. Over the 15-year record, each
calendar-month at CCE1 experienced at least one MHW, except for May (Figure 6a). During months affected by
MHWs at the open-ocean site, CO, uptake generally decreased, except in December 2015 and 2018. The F¢q,
magnitude decreased by up to 91% during MHW:s for months with a climatological mean CO, uptake. As a result,
air-sea Fgo, was closer to zero (low CO, uptake), with instances of CO, outgassing in June, October, and
November. Summer months, where CO, outgassing is observed, saw an intensification of CO, outgassing. SST
(pCO‘thSQ“al) was the main driver on pCO, g, (and Fco,) at all observed MHWs. Wind speed influenced the Fo,
magnitude; in 6 out of 23 cases, increasing wind speed correlated with increasing F.o, magnitude while Feq,
decreased under low wind conditions in the other cases. This suggests that offshore wind can exacerbate the
climatological observed air-sea F, in either direction. Edwing et al. (2024) observed similar behavior during

lower wind speeds in the Mid- and South-Atlantic Bight. The authors noted that this results from MHWs driven by
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Figure 6. (a) Monthly air-sea Fo, during MHWs (red dots) at CCE1 and (b) CCE2. Box and whisker plots indicate the
median, upper and lower quartiles, and minimum and maximum values that are not outliers for each month. The red dots
correspond to months under the influence of MHW (details on the classification of a month under the influence of an MHW

are described in Section 2.6). Blue dots are outliers, defined as months with Fp, 1.5 times higher than the distance between
upper and lower quartiles (Matlab function boxchart).

atmospheric forcing, particularly through anomalous air-sea heat fluxes (Oliver et al., 2021), as seen with Blob 1.0
in SCCS (Zaba & Rudnick, 2016).

3.3.6. Impact of Marine Heatwaves in the Upwelling Regime

At CCE2, Blob 1.0 lasted 151 days, exceeding the average MHW s duration at this site (21 days). Unlike the open-
ocean station, the 5pCO, ;,, was observed to be negative (on average —16 patm) during Blob 1.0 (Figures 4b and

5h), and controlled by pCO;i’;\jhe'mal processes. 6pCO§j’;‘\;‘he'“‘al, on average, contributed to a pCO, ,, decrease of

—44 patm while 5pCO‘2*:eS{:,“al (SST) contribution was +28 patm. The negative 5pCO, ,, resulted in a negative

5ApCO, and a mean CO, uptake of —0.81 molC m™ year™" during Blob 1.0. The total Fco, over this event was
—0.63 molC m™2, a net uptake higher than the typical amount of CO, outgassed at this site annually.

non-thermal
02 SW

In general, the pC is influenced by various processes, including CO, consumption by phytoplankton,

changes in TA due to calcification and nitrate utilization, air-sea CO, exchange, and variations in DIC and TA due
to vertical and horizontal advection of different water masses (Takahashi et al., 2002). In this case, the low DIC
was not due to anomalies in biology, as low surface Chl-a persisted throughout the event (Figures 5g and 5h),
which would lead to positive (rather than negative) SDIC. The low Chl-a was attributed to the strong warming-
related stratification in the upper 50 m, limiting nutrient input into the euphotic zone (Kahru et al., 2018; Lilly
et al., 2019; Zaba & Rudnick, 2016). Furthermore, air-sea gas exchange cannot account for the anomalously low
DIC since CO, uptake during Blob 1.0 was lower than the climatology (Figure 4). In the absence of pronounced
TA changes, changes in advective processes are the only remaining cause of low DIC.

The negative 6pCO, ,, could be attributed to a significant reduction in upwelling during Blob 1.0. We evaluated
the upwelling conditions at CCE2 using an index developed for the U.S. West Coast: the Coastal Upwelling
Transport Index (CUTI; Jacox et al., 2018). This index shows weak, year-round persistent upwelling at 34°N
(Jorgensen et al., 2024), with stronger upwelling between February and July, transitioning to weak upwelling the
rest of the year. During Blob 1.0, CUTI indicated little to no upwelling at 34°N (Figure S10 in Supporting In-
formation S1). Reduced and less favorable wind stress (Figure 4h) adds to the suppressed upwelling hypothesis
(Figure S8h in Supporting Information S1), likely accounting for the observed negative 5pCO, g, and snDIC.
Our findings illustrate that non-thermal processes, or in this case, their absence, play a pivotal role in offsetting the
expected thermally-driven CO, outgassing during MHWs. This is particularly important because MHW s can help
mitigate (temporarily) the CO, uptake, which contributes to ocean acidification in the ocean (Edwing et al., 2024;
Mignot et al., 2022; Mogen et al., 2022).

At this site, only 10 months with MHWSs (6% of the observations) were detected (red dots in Figure 6). These
MHW months occurred between September and March, mainly during the weak upwelling season. The CCE2 site
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Table 2
Trends and 95% Confidence Interval in Atmospheric and Seawater Surface pCO, and Its Components ( pCO‘Zlﬁa”“l and
pCOZ"""h”m"l ), Together With the Corresponding Environmental Variables at the CCE Moorings for 2008-2022 at CCE1

SSW

and 2010-2022 at CCE2

CCEl mooring (2008-2022) CCE2 mooring (2010-2022)
pCO, , (patm year™") 29+03 2.1£08
pCO, ;. (patm year™") 23 +0.1 2.4 £0.1
PCOPm (uatm year™) 0.9 + 0.4 0.8£05
OOl (it year™) 2.1 +04 1512
SST (°C year™) 0.06 + 0.02 0.05 + 0.03
SSS (year™) N.S. 0.011 * 0.003
Wind Speed (m s year™") N.S. —0.03 + 0.02
nDIC (umol kg~" year™") 0.91 +0.29 1.17 £ 0.43
nTA (pmol kg™" year™") N.S. 0.09 + 0.05
DIC (umol kg™" year™") 0.96 + 0.29 1.79 + 0.49

Note. The trends were estimated using the anomalies time series in Figures 3 and 4, and uncertainties were computed
following Glover et al. (2011) and Sutton et al. (2022). Trends not significant are reported as N.S.

saw a small increase in CO, uptake in winter months affected by MHWs (November to March; Figure 6b). The
observed CO, uptake was caused by unusually low pCO, ,, (and ApCO,). As with Blob 1.0, there was no up-
welling during these months, as revealed by the minimum values in the BEUTI and CUTI indexes. Low Chl-a and
nDIC concentrations observed at the surface further confirm the similarities with Blob 1.0. All these factors
contributed to pCOE?\,‘,‘he‘m“l, which outweighed the temperature effect. However, when MHWs occurred in
September and October, we observed a small reversal of the climatological mean, with CO, outgassing. Here,
warming and increased stratification of the water column resulted in increasing pCO, , and ApCO,, with

pCO‘zhzg“a] dominating over non-thermal processes.
)

3.4. Trends in pCO, and CO, Fluxes

At the CCE moorings, de-seasonalized pCO, ,, and pCO, ;. significantly increased between 2008 and 2022
(Table 2). The rate of increase in pCO, ;, is similar at both sites while pCO, g, has been increasing slightly faster
in the open-ocean (2.9 patm year™') than in the upwelling regime (2.2 patm year™'). Our estimated offshore
pCO, ,, increase between 2008 and 2022 is approximately twice the rate of increase in pCO, ,, calculated at
station 90.90 of CalCOFI between 1984 and 2021 by Wolfe et al. (2023) in a similar environment as CCE1. Our
time series are more recent and shorter, and therefore, they capture a different part of the CO, curve compared
with Wolfe et al. (2023). As a result, the more recent tangent to the CO, curve would have a greater slope
compared with almost 40 years of measurements reported by Wolfe et al. (2023). The long-term trends in pCO, g,
at the CCE sites align with the expected behavior of seawater in equilibrium with rising atmospheric CO,
concentrations, which is likely driving the changes offshore but not necessarily in the upwelling regime.

The non-thermal component (pCOS‘,’;‘V'V‘hermal) is the primary driver of the increase in surface pCO, g, at both sites,

thermal
2,8wW

with a trend that is at least twice that of pCO (Table 2). Assuming that carbon internal sources and sinks do

not change over time, the air-sea F¢o, must remain the same to maintain this balance. The simplest way to achieve
this is if the pCO, g, follows the pCO, ,;, trend of 2.3-2.4 umol year™ ', such that the mean difference (ApCO,)
remains the same. Our analysis shows that at CCE1, approximately 30% of the pCO, ,, trend comes from just the
warming (pCO‘zh’esffV“a'; Table 2). This means that the air-sea fluxes need to increase the DIC to account for the
remaining 70% of the required pCO, increase. This implies a DIC increase of 0.82 pmol kg™ year™" while we
observe 0.96 pmol kg™" year™!, well within the uncertainty. Thus, the observed DIC increase probably results
from adjustment to keep the ApCO, constant. Therefore, much of the difference in nDIC (and DIC) anomalies
between the two La Nifia events (2010/2011 and 2022) can be attributed to the increase in pCO, ;. This is
consistent with Wolfe et al. (2023), who showed that on a decadal timescale, the increase of total carbon was the

major driver of pCO, ,,, with a contribution of 93% at an open-ocean station located ~127 km SW from CCEI.
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Similarly, in the North Atlantic, McKinley et al. (2011) showed that pCORO™thermal trends explained the observed

2,8wW

oceanic pCO, trends, consistent with a long-term oceanic equilibrium with the atmospheric pCO,.

At CCE2, it is more complicated due to a significant positive salinity and TA trend (Table 2). In a closed system,
the TA trend alone would create a pCO, trend of approximately 0.16 patm year™'. The warming trend would
make pCO, increase by 0.8 patm year™' (Table 2). Then, the DIC trend needed to keep the mean equilibrium with
the pCO, ;. is 1.2 pmol kg™ year™!. The observed change is somewhat larger but close to the uncertainty limits.
The increase in salinity can lead to DIC changes, either by changing the concentration of the DIC ions or by small
water-mass composition changes (the DIC-S relation for the local water mass suggests this; Bograd et al., 2019).
Ren and Rudnick (2021) also reported a long-term increase in salinity since the 2000s, which is consistent with
our observations at CCE2. Thus, the air-sea Fro, would not need to be implicated to create the new equilibrium
and the required DIC changes at CCE2.

4. Conclusion

In this study, we used daily-averaged observations of pCO, collected by two moorings (CCE1 and CCE2) be-
tween 2008 and 2022 to estimate air-sea Fp, and constituents of the carbonate system. The two moorings are
located in distinct oceanographic environments in the Southern California Current System: the open ocean
(CCEL1), and coastal seasonal upwelling (CCE2) regimes. We described, assessed, and contrasted the drivers of
the pCO, ,, and air-sea Frq, in these regions.

Based on mean annual cycles derived from the long high-resolution time series, we demonstrate that within
subtropical latitudes, distinct oceanographic regimes (open-ocean vs. upwelling) imply different drivers of
pCO, g, on an annual timescale. pCO, ,, and air-sea F¢(, follows the annual cycle of SST at the open-ocean site
while the upwelling of CO,-rich waters at the surface controls pCO, ., Fro,, and nDIC at the coastal site.
Nearshore, the DIC cycle follows a DIC-water mass relationship modulated by local biological processes and air-
sea Fro,. The net annual Fro, shows that the offshore region acts as a CO, sink from the atmosphere while the
nearshore region is a CO, source to the atmosphere. On interannual timescales, the time-series anomalies of
pCO,,, and air-sea Fro, show extended periods of very low and high anomalies linked to strong ENSO events
and MHWs. These events can intensify the Fo, magnitude or reverse the net fluxes at each site from a CO, sink to
a source or vice versa. Air-sea Fro, and pCO, ,,, anomalies are typically opposite at the two mooring locations
during such events.

During MHW s, and particularly during Blob 1.0, the development of warm anomalies reached sub-surface depths
and resulted in a deepening of the thermocline, thus inhibiting upwelling waters from reaching the surface at
CCE2. We identified distinct drivers of associated carbon-system anomalies at the two sites during MHWSs: (a)
the absence of upwelling caused abnormally low pCO, , anomalies at the nearshore site resulting in anomalous
CO, uptake; (b) increased SST at the offshore site resulted in an abnormal increase of pCO, g,,, turning this site
into a CO, source during MHWs. This result is particularly relevant nearshore, where we observe that non-
thermal processes can counteract or mitigate the expected decrease in CO, uptake due to the rise of SST dur-
ing MHWs.

Long-term trends of pCO, g, were broadly consistent with the atmospheric pCO, trend. At the offshore regime,
we found the pCO, , trend to be driven by air-sea Fr, that equilibrate air and sea pCO,. On the other hand, in the
upwelling site, the presence of a salinity trend implies that the required DIC trend for atmospheric equilibrium can
also result from changing water-mass compositions or concentration due to freshwater loss.

Data Availability Statement

The pCO, data used in this paper (from both CCE moorings) are available at Sutton et al. (2019). OISST data can
be found at Huang et al. (2021) and CCMP wind data are available at Mears et al. (2022). Temperature and salinity
data from the CCE moorings in the upper 100 m is available at https://www.ncei.noaa.gov/thredds-ocean/catalog/
ndbc/oceansites/DATA/CCE1/catalog.html (CCE1) and https://www.ncei.noaa.gov/thredds-ocean/catalog/ndbc/
oceansites/DATA/CCE2/catalog.html (CCE2). Satellite-derived Chlorophyll data in the California Current
System is available at https://spg-satdata.ucsd.edu/CC4km/ (Kahru et al., 2015, 2018). CalCOFI data are
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