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1.  Introduction
The ocean has absorbed a substantial fraction (∼30%) of anthropogenic carbon dioxide (CO2) (Friedling-
stein et al., 2019; Sabine et al., 2004), mainly accumulated in regions of deep and intermediate water forma-
tion (Gruber et al., 2019; Sabine et al., 2004). Uptake of this additional CO2 from the atmosphere is the main 
driver of ocean acidification, a global process in which increasing dissolved inorganic carbon (DIC) con-
centrations drive decreasing seawater pH and saturation state of calcium carbonate minerals (Ω) (Caldeira 

Abstract  The ocean absorbs anthropogenic carbon, slowing atmospheric CO2 increase but driving 
ocean acidification. Long-term changes in the carbon system are typically assessed from single-point time 
series or from hydrographic sections spaced by decades. Using higher resolution observations (1–3 year−1) 
from the Line P time series, we investigate processes modulating trends in the carbon system of the 
northeast subarctic Pacific. Dissolved inorganic carbon (DIC) and apparent oxygen utilization (AOU) 
from 1990 to 2019 reveal substantial trends over most of the upper water column along the 1,500 km 
coastal to open ocean transect. At the surface, an increasing trend in salinity-normalized DIC (sDIC33) 
(+0.5 ± 0.4 μmol kg−1 yr−1) is associated with a decrease in pH (0.01–0.02 decade−1) and a decrease in 
aragonite saturation state (0.04–0.08 decade−1). These observed trends are driven by anthropogenic CO2 
uptake, partially offset by trends in surface salinity or temperature. Stratification associated with recent 
marine heat waves appears to have caused anomalously low surface pCO2. sDIC33 trends of similar 
magnitude were found below the seasonal thermocline on the 26.7–26.8 isopycnals (150–300 m), which 
are ventilated in the western Pacific. Roughly, a third (20%–50%) of the subsurface sDIC33 trend is driven 
by increased remineralization, likely caused by long-term decreases in ventilation in the western Pacific. 
Bidecadal oscillations in the ventilation of the 26.7–26.8 isopycnals arising from the Lunar Nodal Cycle 
cause oscillations in sDIC33 and AOU at the offshore end of our transect. We trace the oscillations to 
alternating periods of higher anthropogenic carbon uptake or higher carbon remineralization.

Plain Language Summary  The ocean takes up anthropogenic carbon and slows the rate 
at which atmospheric carbon dioxide is increasing. Using 30 years of data from the NE Pacific, we show 
that the surface ocean is indeed absorbing anthropogenic carbon and undergoing ocean acidification 
in this region. We find that carbon is also increasing in the subsurface waters. This excess carbon 
was absorbed in the western Pacific, where dense waters sink from the surface to the subsurface and 
transport anthropogenic carbon and oxygen eastward. This western Pacific breathing process appears to 
be weakening in time. If this trend continues, less anthropogenic carbon will be taken up and stored in 
subsurface waters in the future. Despite this reduction, some carbon will still naturally accumulate as the 
available oxygen is consumed and natural carbon dioxide is produced. Using data from three decades, we 
demonstrate the impact of climatic events and natural variability on the carbon system. At the surface, 
recent marine heat waves have reduced the amount of carbon absorbed by the ocean. In the subsurface 
waters, we observed that anthropogenic carbon increased in decades with stronger ventilation, while 
natural carbon generated by respiration of organic matter increased during periods of weaker ventilation.
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Global Biogeochemical Cycles

& Wickett, 2003), with varying degrees of impact on the marine environment (Doney et al., 2020; Haigh 
et al., 2015; Orr et al., 2005; Ross et al., 2020).

Long-term time series (15–30 years) in different ocean regions have documented the direct and indirect im-
pacts of increased atmospheric CO2 on the carbon system. The surface ocean at most of these sites appears 
to keep pace with atmospheric CO2 increases (Bates et al., 2014; Dore et al., 2009). However, concurrent 
ocean physical and biogeochemical changes have the potential to modulate the overall trends in the seawa-
ter partial pressure of CO2 (pCO2) and in ocean acidification, as well as the magnitude of CO2 uptake from 
the atmosphere (Bates et al., 2014; Dore et al., 2009). For example, analysis of the pCO2 time series at Station 
ALOHA, near Hawaii in the subtropical North Pacific, revealed that regional physical variability decreased 
the strength of the local CO2 sink over the period 1989–2001 (Dore et al., 2003; C. D. Keeling et al., 2004). 
Meanwhile, other regions such as the Iceland Sea (Olafsson et al., 2010) or the Munida time series off New 
Zealand (Currie et al., 2011), have seen a slower increase in surface ocean pCO2 compared to atmospheric 
pCO2 growth (Bates et al., 2014; Currie et al., 2011).

In the North Pacific, increasing surface pCO2 has mostly followed the atmospheric trend (Takahashi 
et al., 2006), with regional variations in the strength of the CO2 sink (Sutton et al., 2017). The northwest Pa-
cific is a significant sink of anthropogenic CO2 (Sabine et al., 2004; Sutton et al., 2017; Takahashi et al., 2002) 
driven by the formation and ventilation of intermediate waters, such as the North Pacific Intermediate 
Water (NPIW) (Talley, 1993). In comparison, CO2 uptake in the highly stratified northeast Pacific is much 
weaker and mainly driven by direct ventilation of the shallow upper water column (Sutton et al., 2017; 
Wong et al., 2010). Below the depth of intermediate waters, some of the oldest waters of the global ocean are 
found where little anthropogenic carbon has accumulated since the beginning of industrialization (Carter 
et al., 2019; Clement & Gruber, 2018; Gruber et al., 2019).

An overall decrease in surface salinity (Durack et al., 2012), warming, and increased stratification (Capo-
tondi et al., 2012) may be weakening the shallow overturning circulation of the North Pacific (Ohshima 
et al., 2014). On top of these long-term changes, natural bidecadal oscillations in the ventilation rate of 
intermediate water masses have been observed (Ono et al., 2001; Watanabe et al., 2001) and linked to var-
iability in anthropogenic carbon uptake and accumulation in different regions of the North Pacific (Cart-
er et al., 2019; Kouketsu et al., 2013). The anthropogenic signal imprinted in the NPIW is advected into 
the ocean interior with the potential to rapidly modify the carbon chemistry in distant regions (Resplandy 
et al., 2013). The significance of these changes has been poorly quantified, particularly in the northeast 
Pacific.

Here, we aim to quantify long-term changes in the carbon system in the NE Pacific and to disentangle the 
natural and anthropogenic contributions to such trends. To this end, we make use of 30 years of inorganic 
carbon measurements from 1990 to 2019 at five time series stations along the Line P longitudinal transect. 
We first detail our methods, and then present an overview of the vertical and longitudinal distributions of 
DIC and water masses influencing the transect. We next investigate trends in DIC concentrations and the 
resulting ocean acidification in surface waters and then along isopycnal surfaces in the subsurface layers. 
We conclude by examining potential processes linking decadal-scale changes in ocean circulation to decad-
al variability in the carbon system.

2.  Methods
2.1.  Line P Observations

Line P is located on the southeastern limb of the Alaskan Gyre, on the northern edge of the California 
Current (Figure 1a). The transect consists of 26 stations that are usually visited three times per year (typ-
ically in February, May/June, and August/September) and extends approximately 1,500  km from the 
west coast of Canada. The most westerly station (P26; Figure  1a) is also known as Ocean Station P (or 
Papa, OSP). Here, we analyze trends in DIC and derived parameters (pH, pCO2, and Ω) obtained at OSP 
and four other major stations on the transect (P4, P12, P16, and P20; see Figure  1a) from 1990 to 2019 
(http://www.waterproperties.ca/linep/).
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Global Biogeochemical Cycles

2.1.1.  DIC Measurements

DIC samples were collected and analyzed following best practices protocols (Dickson et al., 2007). In short, 
seawater was collected in standard borosilicate glass bottles, preserved with mercuric chloride (HgCl2), and 
sealed. DIC was analyzed in the laboratory following the coulometric method (Johnson et al., 1987). We 
estimated precision based on 141 pairs of duplicate DIC samples collected over the 30-year time series, 
yielding a pooled standard deviation of ±1.5 μmol kg−1. While DIC has been routinely sampled at Line P 
since 1986, the use of Certified Reference Materials (CRM) to assess accuracy was not introduced until 1990. 
Given the sensitivity of the trend calculations to the accuracy of the starting point (Fay & McKinley, 2013), 
we restrict our analysis to cruises during the period 1990–2019 for which DIC data referenced to the CRM 
for accuracy are available (Table S1). To remove the effect of long-term salinity changes on the DIC trends, 
the DIC concentrations were normalized to a constant salinity of 33 (sDIC33), approximately the mean sa-
linity in the upper 600 m along the Line P transect.

2.1.2.  Oxygen, AOU, and Nutrients

Oxygen concentration in discrete samples was measured at sea by Winkler titration (Carpenter,  1965) 
with a precision based on replicates (pooled standard deviation) of ±1.4 μmol kg−1 (n = 180). From these 
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Figure 1.  (a) Diagram of the North Pacific Ocean showing the location of the five time series stations along Line P 
where the inorganic carbon system has been measured routinely. Also shown are the major near-surface currents 
drawn according to Talley et al. (2011), Thomson (1981), and Whitney et al. (2007). The gray zone around the North 
Pacific Current (NPC) approximates seasonal and interannual excursions of the core of the NPC, calculated from 
gridded Argo data (Roemmich & Gilson, 2009) based on a bifurcation streamline analysis similar to Freeland and 
Cummins (2005). Dashed arrows represent the subsurface flow of the California Undercurrent (CUC) located over a 
depth range of 150–300 m (Thomson & Krassovski, 2010). (b) Mean vertical profiles of Dissolved Inorganic Carbon 
(DIC) and (c) mean conservative temperature versus absolute salinity (TEOS-10) diagram averaged for each station, 
gray lines indicate potential density anomalies (kg m−3). Selected depths are indicated. Colors represent the different 
stations.
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Global Biogeochemical Cycles

measurements, Apparent Oxygen Utilization (AOU) was estimated as the difference between the in situ 
oxygen concentration and that expected at equilibrium with the atmosphere for the potential temperature 
and salinity of the water (Garcia & Gordon, 1992, 1993). With few exceptions, dissolved phosphate and 
silicate were collected concurrently with carbonate system samples. Until February 2010, nutrient analy-
sis was conducted fresh at sea. After 2010, collected samples were returned to the laboratory for analysis. 
Silicate samples below 400 m were stored at 4 °C in the dark, while the rest of the nutrient samples were 
stored frozen (Barwell-Clarke & Whitney, 1996). The precision of the dissolved phosphate and silicate data 
is ±0.03 μmol kg−1(n = 197) and ±1.2 μmol kg−1 (n = 210), respectively.

2.2.  Data Analysis

We analyzed data from 55 cruises conducted from May 1990 to June 2019 (Table S1). All data are publicly 
available at the Line P repository (https://www.waterproperties.ca/). Some of these observations were in-
cluded in the Pacific Ocean Interior Carbon (PACIFICA) data synthesis project (Suzuki et al., 2013), and the 
associated cruise-specific adjustments were applied (http://pacifica.pices.jp/cgi-bin/PACIFICAadjustment.
csv). Each vertical profile was visually inspected, and contrasted with the whole pool of data to detect obvi-
ous single-point outliers, which were excluded from the analysis. Following this quality control procedure, 
more than 200 high-quality DIC profiles were included in the trend analysis, with the number of profiles 
per time series station ranging from 37 (P20) to 52 (P26). The discrepancies in the number of profiles per sta-
tion result because some stations were not sampled during a particular cruise. The stations sampled in each 
cruise are indicated in Table S1. Each profile was then interpolated in depth space to 1 m vertical resolution 
and in density space to 0.01 kg m−3 resolution, using a shape-preserving piecewise cubic interpolation. Den-
sity and potential density anomaly (σθ) were calculated from CTD-based temperature and salinity profiles 
with the Thermodynamic Equation of Seawater-2010 (TEOS-10; McDougall & Barker, 2011).

2.2.1.  Total Alkalinity Proxy

Over the full 30-year record, the accuracy and precision of the TA observations were variable; thus, we 
developed an empirical surface TA proxy (TAS,lon) by multiple-linear-regression (Wilks, 2011). This proxy 
depends on practical salinity (S, PSS-78) and longitude (lon, in decimal degrees from −126.5°E to −145.0°E) 
to capture the increase in salinity normalized TA moving west in the northeast Pacific region (e.g., Fry 
et al., 2016):

    , 57.1 0.537 251.53S lonTA S lon� (1)

This relation is valid over the seasonal mixing layer (S < 33.7; n = 98; R2 = 0.93; standard deviation of the re-
siduals = ±7 μmol kg−1) and was calculated from three recent winter campaigns with robust TA data (2016, 
2017, 2019; Figure S1 and Table S2) measured following Dickson et al.  (2007). We applied the relation-
ship to all seasons, but we excluded summer data when creating the relationship because coccolithophore 
blooms, a sink for TA, are common in the Line P region (Lipsen et al., 2007). TAS,lon was calculated only at 
the surface.

2.2.2.  Carbonate System Calculations

The carbonate system was solved at the surface for pH (total scale), pCO2 and the aragonite saturation 
state (Ωa) based on the pair DIC and TAS,lon (for S < 33.7), and the corresponding nutrient concentrations, 
temperature, and salinity using the Matlab version of the CO2SYS program (van Heuven et al., 2011). We 
used the carbonate dissociation constants of Lueker et al. (2000), the bisulfate ion dissociation constant of 
Dickson (1990), and the total borate concentration equations of Uppström (1974). Additionally, the routines 
described in Orr et al. (2018) were used to estimate the combined standard uncertainties in pH (±0.02 pH 
units), pCO2 (±17 μatm), and Ωa (±0.1). Finally, we confirm that our calculated pCO2 compares well with 
pCO2 measured directly in the region (SOCAT database [Bakker et al., 2016]) and shows little or no system-
atic bias (Figure S2).

2.2.3.  Determination of Locally Ventilated Isopycnals

We quantified how often specific isopycnals are locally ventilated (Figure S3) using the latest version of 
the Roemmich-Gilson Argo Climatology (Roemmich & Gilson,  2009). This product contains monthly 
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Global Biogeochemical Cycles

temperature and salinity information binned to a 1 × 1 degree grid. The ventilation timescales were calcu-
lated for the boxes closest to the location of the Line P stations by finding the densest surface water observed 
each winter and generating a probability density function (n = 17; years 2004–2020), then fitting a Gaussian 
distribution to these ventilated densities to estimate the probability of each σθ layer returning to the surface 
within a certain period of time. We consider an isopycnal to be locally ventilated if its ventilation times-
cale is less than or equal to 10 years. Based on this analysis, we estimate that the isopycnals that outcrop 
at each Line P station every 10 years are located approximately at the base of the mean winter pycnocline 
(Figure S4).

2.2.4.  Trend Calculations

We calculated the overall trends at the surface (top 10 m) and subsurface on isopycnals present year-round. 
Surface trends were calculated on time series constructed by averaging together all available discrete sam-
ples in the top 10 m for a given station and cruise. At depth, the trends were calculated based on values 
interpolated onto isopycnal surfaces from discrete sample profiles for each station.

To characterize trends and periodic variability in the time series, a Bayesian Gaussian Process (GP) regres-
sion model with constant, linear, and sinusoidal basis functions

    
   

      
   

0 1 2 3
2 2( ) cos sint ty t t
T T

� (2)

was fit to each time series (Rasmussen & Williams, 2006) using the Matlab function fitrgp. This approach 
assumes that the model residuals are independent, such that the amplitude parameter of the kernel func-
tion was set to be negligible. Non-informative prior distributions were used for the coefficients of the basis 
functions in order to play a negligible role in the posterior distribution. One of the advantages of the Bayes-
ian GP regression method is that it estimates the full joint posterior probability distributions (assumed to 
be multivariate Gaussian) of the coefficient set  

4
1{ }i i  given an observed time series. The mean and two 

standard deviation (95% credible interval, [CrI]) of the distribution of the slope parameter β1 are reported 
here, representing the overall rate of change in our observations. The CrI in this Bayesian framework is 
analogous to a frequentist confidence interval and should be interpreted as the 95% probability that the 
trend lies within the provided range. We considered a trend not to be different from zero when the zero falls 
within the mean ± 95% CrI range.

Visual inspection of many of the time series show evidence of sinusoidal components, which were char-
acterized well by the GP fit (see Section 4.2.2 and Figure S5). The regression model accounts for known 
oscillations in the following manner. In Equation 2, T is a constant that stands for the period of the fitted 
oscillation. At the surface, T was set to a value of 1 year (365.25 days) to account for dominant seasonal 
variability. Below the locally ventilated isopycnals, T was set to 18.6 years (6,790 days), which corresponds 
to the period of the Lunar Nodal Cycle (LNC). The signal of the LNC has been detected superimposed on 
the oxygen and AOU long-term trends in the western and eastern North Pacific (Ono et al., 2001; Sasano 
et al., 2018; Whitney et al., 2007). If the periodic component is negligible, as occurs for some time series, the 
value and uncertainty range of the slope are similar to those obtained using only the constant and linear 
basis functions (first two terms of Equation 2). In those time series where sinusoidal variations are large, not 
accounting for the periodic component in the regression model results in substantially different estimates 
of the slope (Table S3).

To test the assumption that the distribution of the residuals is Gaussian (as an a posteriori check of the 
assumed form of the GP regression model), we used the p-value from a Kolmogorov-Smirnov (KS) distri-
bution. By this test, in 98.5% (394 of 400) of the time series analyzed (surface and subsurface), we are not 
able to reject the assumption (at the 5% significance level) that the distribution of the residuals is Gaussian, 
supporting the validity of our approach.
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3.  Hydrography and Inorganic Carbon in the NE Pacific
The confluence of water masses of subarctic and subtropical origin imprints their signal on the biogeo-
chemistry of the Line P region (Thomson & Krassovski, 2010; Whitney et al., 2007). At the surface, mean 
DIC concentrations are lowest near the coast (<1,970 μmol kg−1 at P4), increasing toward the open ocean 
(Figure 1b). A large fraction of the gradient in DIC is caused by the influence of fresh (S < 32.5), low density 
(σθ < 24.5 kg m−3) surface waters near the coast (Figure 1c). River input and coastal rainfall sustains this 
salinity gradient along Line P (Whitney & Freeland, 1999). After accounting for the effect of dilution on DIC 
by normalizing DIC to a constant salinity (sDIC33, S = 33), the range in surface concentrations is reduced 
by more than half (Figure S6a).

DIC increases with potential density and depth, but the vertical DIC and σθ gradients in the top 100 m are 
stronger near the coast than at the more oceanic stations (Figure 2). At the oceanic end of the transect, the 
mixed layer is deep (approximately 100–120 m in winter [Freeland, 2013]) and decreases toward the coast 
to a mean winter depth of 75 m (Thomson & Fine, 2003). The potential density anomaly of the water that 
outcrops in winter also decreases toward the coast, from 25.4 kg m−3 at P26 to 24.8 kg m−3 at P4, with deeper, 
denser waters brought to the surface during occasional more severe winters (Figure S3).

Closest to the center of the Alaska Gyre (P26), the influence of colder and fresher subarctic water dominates 
the characteristics of the water below the seasonal thermocline (Figure 1c). A portion of the subthermocline 
water in this location can be traced back to the northwest Pacific, where intermediate water is formed and 
transported eastwards via the North Pacific Current (NPC) (Emerson et al., 2004; Freeland, 2006; Ueno 
& Yasuda,  2003) (Figure  1a). Toward the coast, mixing with a larger component of warm, high-salinity 
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Figure 2.  Vertical section of DIC for the winter of (a) 1992 and (b) 2018. Selected σθ contours are also shown for 
comparison. Black dots represent the location of the discrete samples. The station number is indicated on top of 
panel (a).
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Global Biogeochemical Cycles

Equatorial water transported poleward by the California Undercurrent (CUC), gradually modifies the water 
properties below the mixed layer (Thomson & Krassovski, 2010). This mixing results in a longitudinal gra-
dient with warmer, saltier water near the coast, and fresher, colder water offshore (Figure 1c).

Near the coast (P4), mean DIC is substantially higher (by approximately 80 μmol kg−1) at 70–150 m depth 
in comparison with the rest of the stations (Figure 1b). Coastal waters at this depth range have experienced 
greater amounts of respiration and CaCO3 dissolution (Feely et al., 2016), and the higher DIC is located in a 
region with lower oxygen concentrations (by about 50 μmol kg−1) and higher nitrate and AOU than the rest 
of the transect (Figure S6). These signatures have been attributed to a larger influence of the nutrient-rich, 
low-oxygen waters of the CUC (Thomson & Krassovski, 2010). Additionally, the carbon cycle in the region 
of P4 is strongly influenced by seasonal summer upwelling and winter downwelling (Ianson et al., 2003).

Over the period from 1990 to 2019, DIC increased with time in both surface and subsurface waters of the 
subarctic northeast Pacific. To illustrate this change, we contrast winter data (February) of 1992 and 2018 
(Figure 2), which are from the first and last cruises in our time series that contain DIC measurements for all 
five stations. At the surface, DIC is substantially higher in 2018 than in 1992, especially near the coast where 
salinity and σθ have also increased. From the pycnocline to 600 m depth, DIC increased by approximately 
10–20 μmol kg−1 from 1992 to 2018, causing the DIC isopleths to shoal by approximately 50–100 meters 
at all stations. This comparison presents an overview of the large changes in DIC occurring in the region, 
which are consistent with changes observed in other areas of the Pacific basin (Carter et al., 2019; Sabine 
et al., 2008). However, the two-timeslice comparison between the winter campaigns of 1992 and 2018 pro-
vides little information on the temporal dynamics of DIC concentrations, particularly in response to varying 
circulation at interannual and decadal timescales.

In this paper, we take advantage of the high temporal and spatial resolution of the Line P DIC time series to 
quantify the contributions of increasing atmospheric pCO2 and large-scale climatic changes (e.g., changes 
in salinity [Durack et al., 2012]) in controlling inorganic carbon trends in the NE Pacific. We start our trend 
analysis at the surface, considering the top 10 m of the water column and continue below the seasonally 
variable layer, focusing on the top 600 m (σθ < 27.1 kg m−3), where the largest changes have been observed.

4.  Long-Term Trends in the NE Pacific
4.1.  Surface Trends in Inorganic Carbon

The surface salinity-normalized DIC concentration (sDIC33), measured DIC, and pCO2 of the NE Pacific 
increased with time over the period from 1990 to 2019 (Table 1). The sDIC33 rate of change was similar at 
all stations, ranging from 0.5 ± 0.6 μmol kg−1 yr−1 near the coast (P4), to 0.8 ± 0.4 μmol kg−1 yr−1 in the 
middle of the transect (P16). However, trends in salinity cause a longitudinal gradient in the measured (i.e., 
non salinity-normalized) DIC trend. The rate of DIC increase is highest at P4 (1.2 ± 0.6 μmol kg−1), where 
salinity is increasing at an overall rate of 0.014 ± 0.010 yr−1, and lowest at P26 (0.3 ± 0.4 μmol kg−1 yr−1) 
in the subarctic gyre (Figure 3), which has become fresher (at a rate of −0.003 ± 0.002 yr−1). This surface 
freshening has been observed over a longer period of time (since 1956 for P26) (Cummins & Ross, 2020; 
Freeland, 2013) and is thought to be driven by an intensification of the water cycle as a result of global 
warming (Durack et al., 2012).

The increase in salinity near the coast (P4, Table 1) could be linked to the influence of large-scale climatic 
oscillations. Lower upwelling intensity near the mouth of the Juan de Fuca Strait has been correlated with 
a positive phase of the Pacific Decadal Oscillation (PDO) (Bylhouwer et al., 2013). Upwelling brings water 
with higher salinity and DIC to the surface (Freeland & Denman, 1982; Ianson et al., 2003). After the first 
decade of the DIC time series (around year 2000), the PDO transitioned from positive to negative (Tren-
berth, 2015), potentially driving more intense upwelling and reducing the frequency of low salinity events 
(which were recorded more frequently over the period from 1960 to approximately 2000; Figure S7). Local 
observations at six buoys along the shelf confirm trends toward intensification of alongshore wind stress, 
translating to an increase in both upwelling and downwelling strength (Foreman et al., 2011).

These results highlight the potential impact of large-scale changes in the global water cycle and atmos-
pheric circulation on the carbon system of the upper water column. However, the response of the carbon 
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Variable Station Trend ± CrI Std. dev. (N) Eq. trend ± CrI

sDIC33 (μmol kg−1 yr−1) 26 0.5 ± 0.4 20.4 (45) 0.8 ± 0.2

20 0.5 ± 0.4 22.2 (34) 0.7 ± 0.2

16 0.8 ± 0.4 25.8 (35) 0.9 ± 0.2

12 0.6 ± 0.4 20.5 (38) 0.8 ± 0.2

4 0.5 ± 0.6 30.0 (35) 0.7 ± 0.4

DIC (μmol kg−1 yr−1) 26 0.3 ± 0.4 25.2 (45) 0.6 ± 0.4

20 0.5 ± 0.6 25.8 (34) 0.7 ± 0.4

16 0.5 ± 0.6 30.5 (35) 0.6 ± 0.4

12 0.5 ± 0.6 26.7 (38) 0.6 ± 0.4

4 1.2 ± 0.6 41.2 (35) 1.4 ± 0.6

pCO2 (μatm yr−1) 26 1.2 ± 0.8 20.0 (43) 1.87 ± 0.02

20 1.3 ± 0.6 15.3 (33) 1.89 ± 0.02

16 1.6 ± 0.8 19.0 (34) 1.86 ± 0.02

12 1.5 ± 0.6 15.8 (37) 1.92 ± 0.02

4 1.0 ± 1.4 44.7 (33) 1.86 ± 0.02

pH (yr−1) 26 −0.0013 ± 0.0004 0.022 (43) −0.00197 ± 0.00004

20 −0.0014 ± 0.0006 0.017 (33) −0.00191 ± 0.00006

16 −0.0017 ± 0.0008 0.021 (34) −0.00197 ± 0.00004

12 −0.0016 ± 0.0006 0.017 (37) −0.00199 ± 0.00006

4 −0.0011 ± 0.0014 0.049 (33) −0.00181 ± 0.00006

Ωa (yr−1) 26 −0.004 ± 0.002 0.21 (43) −0.007 ± 0.002

20 −0.004 ± 0.004 0.23 (33) −0.006 ± 0.000

16 −0.008 ± 0.004 0.28 (34) −0.008 ± 0.002

12 −0.006 ± 0.004 0.23 (37) −0.007 ± 0.002

4 −0.004 ± 0.006 0.29 (33) −0.007 ± 0.004

Temp. (°C yr−1) 26 0.03 ± 0.02 3.22 (48)

20 0.03 ± 0.02 3.19 (36)

16 0.01 ± 0.02 3.52 (39)

12 0.01 ± 0.00 3.52 (42)

4 −0.01 ± 0.04 2.68 (39)

S (PSS-78; yr−1) 26 −0.003 ± 0.002 0.119 (49)

20 0.0016 ± 0.0006 0.120 (36)

16 −0.004 ± 0.004 0.139 (39)

12 0.000 ± 0.005 0.205 (42)

4 0.014 ± 0.010 0.380 (39)

Note. Also shown is an estimate of the natural variability, quantified as the standard deviation of all the data points 
after removing the linear trend with the number of samples used for the calculation (N). The last column indicates 
the expected rate of change assuming equilibrium with atmospheric pCO2 (obtained from the spatially interpolated 
product of Landschützer et al., 2020) at observed temperature (Temp), salinity (S), and calculated TAS,lon. The trends 
were calculated over the period 1990–2019 with two exceptions: P16 (May 1990–March 2018) and P12 (February 1992–
June 2019). The trends were calculated accounting for the seasonal cycle.

Table 1 
Observed Trends Per Year and Two Standard Deviation Credible Interval (95% CrI) in Surface Waters
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Global Biogeochemical Cycles

surface trends to climate change is not always straightforward, due to the 
competing effects of warming, water upwelling from different depths, 
freshwater fluxes, and the continuous uptake of atmospheric CO2 super-
imposed in the DIC and pCO2 trends. Some of these factors are explored 
in more detail below.

4.1.1.  Local Ventilation and Surface Water CO2 Uptake

A clear increase in surface water pCO2 is observed along Line P over the 
period between 1990 and 2019 (Figures 3 and 4). The pCO2 trends at all 
stations are similar, ranging from 1.0 ± 1.4 μatm yr−1 at the nearshore end 
of the transect, to 1.6 ± 0.8 μatm yr−1 at the middle station (P16, Table 1). 
The wide credible interval at P4 is a consequence of the large variability 
around the trend (Figure 4d and Table 1).

The mean sea surface pCO2 trends at stations P26 and P20 are notably 
smaller (although similar within CrI) compared to the pCO2 trends at 
transitional stations (P16 and P12). These slower trends (from 1990 to 
2019) could be due to the large impact of marine heatwaves that occurred 
at the end of our time series, in 2013–2016 (Bond et al., 2015) and in 2019 
(Amaya et al., 2020). Indeed, when data from spring 2016 and spring 2019 
were excluded from the analysis, the mean overall pCO2 trend of stations 
P26 and P20 increased to 1.6 ± 0.8 µatm yr−1, which is similar to the rest 
of the stations and the atmospheric trend.

Our discrete surface ocean pCO2 was persistently below the atmospheric 
pCO2 value at all stations (Figures 3b and 4). Even in winter, when re-
duced biological production and intensified mixing bring water with high 
DIC to the surface (Figure 3a), the surface ocean pCO2 remains below the 
atmospheric value, in part due to winter cooling (Takahashi et al., 2006). 
It is also likely that the sampling frequency of our pCO2 time series does 
not allow us to capture sporadic supersaturated pCO2 values that occur 
in the region (Sutton et  al.,  2017). Additionally, the marine heatwaves 
increased stratification (Bond et al., 2015; Whitney, 2015), and likely re-
duced winter mixing with high DIC subsurface waters, resulting in lower 
surface pCO2, particularly in spring 2016 and spring 2019 when some of 
the largest seasonal anomalies were seen (Figure 3b).

To determine the potential contributions of different factors driving the 
overall changes in pCO2 along the transect, we estimate the fraction of 
the pCO2 trend given by changes in sDIC33, temperature, and freshwater. 
To this end, we use a first order Taylor expansion (Lovenduski et al., 2007; 
Sarmiento & Gruber, 2006; Turi et al., 2016) following:

  
  

  
2 2 2

2 33Δ Δ Δ ΔpCO pCO pCOpCO sDIC Temp fw
DIC Temp fw� (3)

where

   
  

   
2 2 2 2

,Δ Δ Δ Δsalt S lon
pCO pCO pCO pCOfw S DIC TA

fw S DIC TA� (4)

The partial derivatives indicate the sensitivity of pCO2 to each one of the driving components (Table S4). 
These partial derivative values were calculated by adding and subtracting a small fraction (approximately 
1%) of the 30-year mean surface temperature (Temp), Salinity (S), DIC, and alkalinity (TAS,lon) and solving 
the carbonate system for each perturbation and each time series station using the CO2SYS routines (Orr 
et al., 2018; van Heuven et al., 2011). To estimate the contribution of each parameter, the sensitivities were 
multiplied by the observed trend in sDIC33 and temperature for each station (from Table 1). The freshwater 
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Figure 3.  Time series of carbon related parameters averaged over the top 
10 m at P26 from 1990 to 2019. (a) Dissolved Inorganic Carbon normalized 
to a salinity of 33 (sDIC33), (b) calculated pCO2 using measured DIC and 
TAS,lon. The dashed line shows the atmospheric pCO2 trend at the P26 
location derived from Landschützer et al. (2020). (c) In situ pH and (d) 
saturation state of aragonite. Different markers indicate different seasons. 
Lines represent trends fitted to all data, accounting for the seasonal cycle. 
The gray envelopes in the background indicate one standard deviation of 
the linear trends. Time series of temperature and salinity are shown in 
Figure S5.
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Global Biogeochemical Cycles

(fw) term accounts for the direct effect of changes in salinity on the equilibrium constants, the fraction of 
changes in DIC driven by changes in freshwater content (represented by ΔDICsalt) and the contribution of 
the TAS,lon trend. Given that the computed trends in TAS,lon are completely dependent on changes in salinity 
(see Section 2.2.1), any trend in TAS,lon must be caused by changes in freshwater fluxes.

Results from this analysis show that most of the increase in pCO2 is driven by increasing sDIC33 (Figure 5a). 
Considering the sensitivity of DIC to changes in ocean pCO2 (Table S4), we estimate that the main driver of 
the DIC trends is the continuous uptake of anthropogenic CO2. In turn, the increase in DIC expected from 
CO2 uptake from the atmosphere only is larger (0.9 μmol kg−1 yr−1) than the observed sDIC33 trends (e.g., 
0.5 ± 0.4 μmol kg−1 yr−1 for P26). This means that other ocean-related processes acting on pCO2 contribute 
to a dampening of the observed sDIC33 trend.

A substantial warming trend (0.03 ± 0.02 °C yr−1) at the oceanic end of the transect (P26 and P20) enhances 
the pCO2 increase with time. On the other hand, our results indicate that the freshwater contribution is neg-
ligible despite observed trends in salinity, particularly at opposite ends of the transect (P26 and P4) where 
the mean salinity trend is larger than the CrI. This occurs mainly because not only the equilibrium con-
stants that govern pCO2 are not strongly salinity dependent but also the contributions of changing TAS,lon 
and ΔDICsalt are of similar magnitude but opposite sign.

4.1.2.  Implications for Surface Ocean Acidification

The increase in sDIC33 and pCO2 driven by atmospheric CO2 uptake is accompanied by a corresponding 
decline in surface pH and Ωa (Figures 3 and 4). Each of the five time series stations shows decreasing pH 
trends, which range from −0.0017 ± 0.0008 yr−1 at P16 to −0.0011 ± 0.0014 yr−1 at P4. However, near the 
coast the large natural variability is reflected in the largest credible interval, and the trend is not different 
from zero at the 95% credible interval (Table 1). The total change in pH from 1990 to 2019 amounts to a 
mean pH decrease of 0.03–0.05 pH units. In absolute terms, the Line P region has moved from an annual 
mean pH (derived from the fit) of 8.11 in 1990 to a mean pH of 8.06 in 2019.

As with pH and sDIC33, the steepest rate of change in Ωa was calculated at P16 (−0.008 ± 0.004 yr−1), equiv-
alent to a total reduction of 0.2 over the 30 years of observation. In the oceanic region (P26 and P20), not 
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Figure 4.  Time series of surface (top 10 m average) sDIC33, pCO2, in situ pH, and Ωa (rows from top to bottom) at stations (a) P20, (b) P16, (c) P12, and (d) P4. 
Different markers indicate different seasons. The gray envelopes in the background indicate one standard deviation of the linear trends (solid lines). Also shown 
is the regional atmospheric pCO2 trend over the period 1990–2019 (dashed lines), from Landschützer et al. (2020).
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Global Biogeochemical Cycles

only the smallest Ωa trend was found (−0.004 ± 0.004 yr−1) but also the lowest absolute values were record-
ed, with a mean (derived from the fit) of 1.9 in 2019.

We investigate the impact of the overall trends in sDIC33, temperature and salinity on the yearly pH, and Ωa 
trends in a similar way as pCO2 following:

  
  
  33Δ Δ Δ ΔpH pH pHpH sDIC Temp fw
DIC Temp fw� (5)

where

   
  

    ,Δ Δ Δ Δsalt S lon
pH pH pH pHfw S DIC TA
fw S DIC TA� (6)

  
  
  33

Ω Ω ΩΔΩ Δ Δ Δa a a
a sDIC Temp fw

DIC Temp fw� (7)

where

   
  

    ,
Ω Ω Ω ΩΔ Δ Δ Δa a a a

salt S lonfw S DIC TA
fw S DIC TA� (8)

FRANCO ET AL.

10.1029/2020GB006829

11 of 21

Figure 5.  Contribution of surface (top 10 m) changes in sDIC33, temperature, and freshwater (FW) to the (a) pCO2, (b) 
pH, and (c) Ωa apparent trends for each station. The total trend and 95% CrI are shown in yellow for each station and 
are the same as those shown in Table 1.
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Global Biogeochemical Cycles

The largest contribution to the decline in pH and Ωa is the positive trend of sDIC33 (Figures 5b and 5c). At 
the oceanic stations (P26 to P16), the surface warming trend (0.03° ± 0.02°C yr−1) also contributes to the pH 
decline. While warming causes Ωa to increase, this trend has a negligible effect on the total change of Ωa, 
which, in the open ocean, is entirely driven by changes in sDIC33.

Near the coast (P4), changes in TAS,lon largely compensate the changes in DIC driven by changes in freshwa-
ter content (encompassed in the freshwater component), while the direct effect of temperature is negligible. 
Discrepancies between the total trends (Table 1) and the calculated individual contributions (Figures 5b 
and 5c) are potentially not only due to the linearization of the equation but also the large standard devia-
tions in our estimated trends.

It is unclear how interannual variability (e.g., the PDO), upwelling, or changes in the drivers of the pCO2 
seasonal cycle may affect the apparent CO2 sink and ocean acidification trends in the NE Pacific. Nonethe-
less, our results highlight that the spatial variability along Line P can play an important role in setting the 
absolute trends in the uptake of anthropogenic CO2 and ocean acidification at each station.

4.2.  Drivers of sDIC33 Trends in the Water Column

Temporal trends in sDIC33 are not confined to the surface. In the water column, positive trends in sDIC33 
and AOU are found at many densities, with particularly strong trends on the 26.7–26.8 isopycnal layer at 
most stations (Figure 6). These isopycnals form the core of the North Pacific Intermediate Water (NPIW), 
which is ventilated in the NW Pacific (Qiu,  1995; Talley,  1991,  1993). The time series at this layer also 
showed substantial bidecadal variability (Figure 7). This variability is a well known feature of the subpolar 
North Pacific and has been attributed to the Lunar Nodal Cycle (LNC), with a period of 18.6 years. The LNC 
has previously been observed in salinity, phosphate, and O2 in the Oyashio region in the western Pacific 
(Andreev & Baturina, 2006; Andreev & Kusakabe, 2001; Ono et al., 2001; Osafune & Yasuda, 2006; Sasano 
et al., 2018) and in the Line P region at P26 (Crawford & Peña, 2016; Emerson et al., 2004; R. F. Keeling 
et al., 2010; Whitney et al., 2007). We account for the influence of this oscillation on the overall trends by 
adjusting our harmonic fit equations with a period of 18.6 years (see Section 2.2.4). In the following sec-
tions, we first examine the vertical profile of the 30-year sDIC33 trends and differences in drivers along the 
transect. We then discuss decadal variability and its potential influence on the sDIC33 trends.

4.2.1.  Trends in sDIC33, Preformed DIC, and Source Waters

To better understand the processes driving the overall trends in subsurface waters, we make a distinction 
between the isopycnals that outcrop to the surface at least once every two to 10 years (Figure 6, open mark-
ers), and those where ventilation with the atmosphere is restricted to a remote region where the water 
mass originates (Figure 6, filled markers). The uppermost potential density anomaly shown in Figure 6 was 
defined as the lightest isopycnal present year round (Figures S3 and S4). Isopycnals that are present only 
part of the year (i.e., absent in winter) are not shown. Since the depth and potential density anomaly range 
of the winter pycnocline is variable along the transect, the uppermost σθ at each time series is different and 
ranges from 25.6σθ at P26 (nearest to the center of the Alaska Gyre) to 25.1σθ at P4 (∼ 70 km from the coast).

We found a deep maximum in the sDIC33 rate of change centered at the 26.7–26.8 isopycnal layer. The mag-
nitude of the sDIC33 trend at the 26.7 isopycnal is similar along the transect, ranging from 0.7 ± 0.4 μmol 
kg−1 yr−1 at P4 and P26, to 1.1 ± 0.6 μmol kg−1 yr−1 at P16. In this same layer, we detect an apparent increase 
in AOU at all stations. However, unlike sDIC33, there is a longitudinal gradient in the AOU signal. The mean 
overall AOU trend at the 26.7 isopycnal is weaker at the more oceanic stations P26-P16 (0.2 ± 0.4 μmol 
kg−1 yr−1) than at the station nearest to the coast, P4 (0.7 ± 0.4 μmol kg−1 yr−1), that has a larger proportion 
of waters from the eastern tropical North Pacific (Figure 1c).

The 26.7 isopycnal is located at a mean depth of 180 m at the oceanic end of the transect (P26), below the 
permanent pycnocline. This isopycnal deepens toward the coast, and at P4, it is found at a mean depth of 
280 m, on the lower boundary of the California Undercurrent (CUC; Figure 1c; Section 3). A fraction of 
the water in the σθ = 26.7–26.8 layer, and extending to the 26.6 isopycnal, has its origin in the North Pacific 
(Thomson & Krassovski, 2010). Near the Oyashio region, off Japan (Figure 1a), the 26.6 isopycnal outcrops 
in winter (Mecking et al., 2008; Talley, 1993), where it exchanges gases with the atmosphere. Influenced by 
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Figure 6.  Rate of change in (a–e) sDIC33 (black) and Cremin (red), (f–j) preformed DIC (green; sDICpref) with sDIC33 (black) repeated, and (k–o) AOU (μmol 
kg−1 yr−1), for the period from 1990 to 2019 for each station. Open markers indicate isopycnals that outcrop to the surface at least every 10 years; for Cremin, 
sDICpref, and AOU these isopycnals are not shown. Error bars denote two standard deviations. The mean depth (m) of selected isopycnals is shown on the right 
axis of the top panel for each station.
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Figure 7.  Time series of sDIC33 (filled markers), AOU and Cremin (open markers) in μmol kg−1 interpolated onto 
the 26.7 kg m−3 isopycnal at each station. Black and red lines indicate fitted trends and oscillations, respectively 
(Equation 2, T = 18.6 years, Section 2.2.4). The value of the sDIC33 and AOU trend and amplitude is also shown.
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waters from the Sea of Okhotsk, the Kuroshio, and Oyashio currents, this water mass then sinks to interme-
diate levels where it becomes part of the NPIW. The low salinity, oxygen-rich NPIW moves to the NE Pacific 
via the North Pacific Current (Figure 1a) and reaches the location of P26 in approximately 7 years (Ueno & 
Yasuda, 2003; Whitney et al., 2007).

Long-term positive AOU trends of similar magnitude as those reported here (or corresponding negative 
oxygen trends) have been documented extensively around the 26.7 isopycnal, near the NPIW formation 
area in the western Pacific (Emerson et al., 2004; Ono et al., 2001; Sasano et al., 2018), at P26 (Cummins & 
Ross, 2020; Whitney et al., 2007), and along Line P (Crawford & Peña, 2016). This increase in AOU has been 
attributed to a reduction in ventilation and a weakening in the shallow overturning of the North Pacific 
(Ono et al., 2001; Sasano et al., 2018). The reduced ventilation is caused by a warming climate, including a 
rapid decline in sea ice formation in the Sea of Okhotsk (Ohshima et al., 2014). In the NE Pacific, a similar 
long-term reduction in oxygen concentration was detected in concert with deepening isopycnals below the 
pycnocline (σθ = 26.6 to 27.0), suggesting that there is an increased accumulation of these higher AOU wa-
ters arriving from the western Pacific (Cummins & Ross, 2020).

Long-term changes in AOU at a specific station may occur because of changes in the age of the water mass 
(caused by changes in ventilation or circulation speeds) and/or changes in overlying productivity linked 
to deeper organic matter respiration. Following Ono et al. (2001) and Sasano et al. (2018), we assume that 
changes in ventilation are the key driver of the AOU trend in our data. The increase in AOU with time is 
related to a portion of the positive trend in sDIC33 by increasing the amount of carbon added to the water 
mass by remineralization of organic matter (Cremin). We estimated the influence of AOU changes on sDIC33 
as follows:

 : 2remin C OC AOU� (9)

where  : 2C O  is the CO2 production to O2 consumption ratio during organic matter remineralization, 117 
(±14):170 (±10) (Anderson & Sarmiento, 1994). Assuming the reported uncertainty in the C:O ratio, var-
iations in the Cremin trend can amount to approximately 50% the uncertainty of the trends. At the 26.7 
isopycnal, the overall increase in Cremin varies longitudinally along the transect, and only partially explains 
the total change in sDIC33 (Figures 6a–6e). As with AOU, the Cremin trend at the 26.7 isopycnal is weaker 
in the oceanic section of the transect (e.g., 0.2 ± 0.3 μmol kg−1 yr−1 at P26) than at the coastal end of the 
transect (0.5 ± 0.2 μmol kg−1 yr−1). In comparison with the total change in sDIC33, the Cremin trend accounts 
for approximately 20%–50% of the sDIC33 trend for the offshore stations (P26-P16), while it accounts for 
approximately 70% of the sDIC33 trend for the coastal stations. The remaining fraction is consistent with an 
increasing trend in the concentration of salinity-normalized preformed DIC (sDICpref; Figures 6f–6j) at the 
region of water mass formation.

We calculated sDICpref, a snapshot of the surface DIC concentration in the formation region, following 
Murata et al. (2009). First the Cremin fraction was subtracted from the concentration of DIC at each available 
point in time. The resulting difference was then normalized to a constant salinity (S = 33) to obtain sDICpref. 
Once the DIC increase due to remineralization of organic matter (i.e., Cremin) is accounted for, any remain-
ing slope in the sDICpref time series reflects mainly changes in the estimated preformed concentration of 
sDIC33 (when the water was last in contact with the atmosphere), capturing the direct anthropogenic signal 
of increased atmospheric pCO2.

At the oceanic end of the transect (P26-P16), a substantial increase in sDICpref on the 26.7 isopycnal was 
found (e.g., 0.5 ± 0.4 μmol kg−1 yr−1 at P26). Despite the suggested long-term decrease in ventilation in 
the western Pacific (Ohshima et al., 2014), the uptake of anthropogenic CO2 at the water mass formation 
region accounts for approximately 70% of the sDIC33 increasing trend at P26-P16 in the eastern Pacific (Fig-
ures 6f–6h). In absolute terms, sDICpref has increased by 16 ± 10 μmol kg−1 on the 26.7 isopycnal over the 
period 1990–2019, which is similar to the total sDIC33 increase seen at the surface. The direct anthropogenic 
signal decreases toward the coast (Figures 6i and 6j), where it only accounts for approximately 10%–20% of 
the total sDIC33 trend.

The increase in sDICpref is roughly consistent with previous estimates of anthropogenic carbon calculated 
for our study region over different time periods. These previous analyses have used different variations of 
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the Multiple Linear Regression method (Carter et al., 2019; Gruber et al., 2019; Sabine et al., 2008), typically 
by comparing a minimum of two hydrographic sections separated in time by about a decade. However, our 
more temporally resolved time series underlying the sDIC33 and sDICpref trends at the 26.7 isopycnal show 
notable decadal scale variability, particularly at P26 and P20 (Figures 7a and 7b). In the following section, 
we discuss the role of the LNC signal superimposed on the observed trends at the 26.7–26.8 isopycnal layer.

4.2.2.  Remotely Driven Variability in sDIC33

At the oceanic stations of Line P, the time series underlying the sDIC33 and AOU trends at the 26.7 isopyc-
nal, characteristic of NPIW, are highly correlated (Pearson correlation >0.7) and show bidecadal variability 
that is tightly linked to the LNC (Figure 7). Similar bidecadal oscillations in O2 (and AOU) have been record-
ed in the western North Pacific, and the signal is thought to propagate downstream with the NPC (Crawford 
& Peña, 2016; Emerson et al., 2004; Mecking et al., 2008; Sasano et al., 2018; Whitney et al., 2007). Thus, it is 
not surprising that the amplitude of the sDIC33 oscillations is maximal at P26 (9.3 μmol kg−1), and decreases 
gradually toward the coast to P4 (2.7 μmol kg−1) as the influence of water originating in the western Pacif-
ic decreases (Figure 7). A similar eastward dampening of decadal oxygen oscillations has been observed 
(Crawford & Peña, 2016).

To further examine the connectivity between the western and eastern Pacific, we compared the sDIC33 time 
series at P26 at the 26.7 isopycnal with AOU at the same σθ obtained from a time series in the Oyashio region 
in the geographic area defined in Sasano et al. (2018) (Figures S8 and S9). The Oyashio time series leads 
the P26 time series, and the maximum correlation (Pearson correlation > 0.6) between the P26 sDIC33 and 
Oyashio AOU time series was found when the P26 data were lagged by six years, which approximates the 
time-scale for water transport from the western to eastern subarctic Pacific (Ueno & Yasuda, 2003; Whitney 
et al., 2007). This result provides evidence that the DIC concentration in the eastern Pacific can be modi-
fied by variations in ventilation in the western Pacific, as previously shown for AOU (Emerson et al., 2004; 
Mecking et al., 2008). The correlation of AOU in the Oyashio region with sDIC33 at our stations decreases 
considerably with distance from P26 toward the coast (not shown), as the fraction of eastern tropical North 
Pacific water increases (Figure 1) and coastal processes, like upwelling, influence variability (Section 3).

Over our 30-year time series, a full oscillation cycle was captured in sDIC33 and AOU at P26 at the 26.7 
isopycnal from 1995 to 2015 (Figures 7a and 7f). During the first decade of the cycle (February 1995–Feb-
ruary 2005), sDIC33 increased at a rate of 3.0 ± 1.6 μmol kg−1 yr−1, while the AOU trend was 5.4 ± 1.6 μmol 
kg−1 yr−1 (Table 2). During the following decade (March 2005–August 2015), the AOU trend was negative 
(−1.7 ± 1.8 μmol kg−1 yr−1), while no significant change with time was observed for sDIC33 (0.4 ± 1.7 μmol 

FRANCO ET AL.

10.1029/2020GB006829

16 of 21

Station Isopycnal
sDIC33 ± CrI 
(1995–2005)

sDIC33 ± CrI 
(2005–2015)

sDICpref ± CrI 
(1995–2005)

sDICpref ± CrI 
(2005–2015)

AOU ± CrI 
(1995–2005)

AOU ± CrI 
(2005–2015)

26 26.7 3.0 ± 1.6 0.4 ± 1.7 −0.2 ± 1.3 2.1 ± 1.0 5.4 ± 1.6 −1.7 ± 1.8

26.8 3.7 ± 1.3 0.6 ± 1.6 0.2 ± 1.5 2.2 ± 1.2 5.5 ± 1.0 −2.2 ± 1.4

20 26.7 1.8 ± 1.0 0.4 ± 1.2 1.1 ± 1.1 1.1 ± 1.0 1.1 ± 1.5 −1.1 ± 1.8

26.8 1.9 ± 1.3 −0.1 ± 0.8 0.2 ± 1.5 1.2 ± 1.0 2.4 ± 1.1 −2.0 ± 1.2

16 26.7 2.5 ± 1.9 1.4 ± 1.4 2.3 ± 2.0 1.6 ± 1.0 0.9 ± 1.2 −0.4 ± 2.3

26.8 2.3 ± 1.9 0.1 ± 0.7 2.0 ± 1.8 1.0 ± 1.0 0.4 ± 1.4 −1.3 ± 1.6

12 26.7 1.9 ± 2.2 0.3 ± 2.0 0.3 ± 1.4 0.9 ± 1.1 2.9 ± 2.2 −0.9 ± 3.4

26.8 2.3 ± 2.0 −0.2 ± 1.3 0.6 ± 1.5 0.5 ± 1.2 2.6 ± 1.7 −1.1 ± 2.2

4 26.7 1.2 ± 1.3 0.2 ± 1.0 0.8 ± 1.4 0.0 ± 1.0 0.7 ± 1.1 −0.3 ± 2.2

26.8 2.0 ± 1.7 0.1 ± 0.6 1.7 ± 1.6 −0.2 ± 0.8 0.2 ± 0.9 0.1 ± 1.1

Note. Also shown is the 95% credible interval of the linear trend. Trends larger than the CrI are indicated in bold.

Table 2 
Trends (μmol kg−1 yr−1) in sDIC33, sDICpref and Cremin on Selected Isopycnals Over Two 10-Year Periods: 1995–2005 and 
2005–2015 for all Stations
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kg−1 yr−1). These oscillations complicate the detection of long-term temporal trends based on end-point 
comparisons.

The detected bidecadal oscillations have been linked to variability in the ventilation and formation rate 
of NPIW in the western Pacific. Suggested mechanisms include LNC variations in tidally driven mixing 
in the Kuril Straits, which affects dense water formation in the Sea of Okhotsk and nearby regions (Ono 
et al, 2001; Osafune & Yasuda, 2006, 2013). During periods of reduced ventilation, a smaller fraction of 
recently ventilated water reaches the Oyashio region mixing with a correspondingly larger fraction of re-
circulated subtropical water occupying this density layer, thus increasing AOU and sDIC33. A substantial 
portion of the positive trend in sDIC33 and AOU during the 1995–2005 period is likely the signal, delayed 
by 6 years, of weakening tidal mixing. The opposite occurs in 2005–2015 during a period of strengthening 
mixing, where a progressively larger volume of denser water is ventilated in the Okhotsk Sea.

Periods of reduced NPIW formation have been linked to reductions in uptake of anthropogenic carbon 
(Watanabe et al., 2001). Indeed, over the 1995–2005 period of reduced ventilation, we estimate a cumulative 
change in sDICpref that is smaller than over the following decade when mixing was strengthening (Table 2). 
From 1995 to 2005, the cumulative (10 years) increase in sDIC33 was 30 ± 16 μmol kg−1; however, the ma-
jority of this change was driven by a larger amount of Cremin. We found a larger contribution of sDICpref to 
the sDIC33 trend in the following decade (2005–2015) at the stations P26 and P20 (Table 2). Even though 
sDIC33 did not increase during the 2005–2015 period, there was a substantial negative trend in AOU. Periods 
of time with negative trends in AOU can be related to strengthening ventilation of intermediate waters in 
the western Pacific (Ueno & Yasuda, 2003; Whitney et al., 2007), which can also lead to increasing uptake 
of anthropogenic CO2. The negative AOU trend translates into a reduced contribution of Cremin to the total 
sDIC33 change by the end of the period (Figure 7) and a larger accumulation of sDICpref.

5.  Summary and Conclusions
Using time series observations of the inorganic carbon system in the northeast Pacific from 1990 to 2019, 
we have derived new insights into the temporal trends in DIC and ocean acidification in this region. We 
found that a combination of anthropogenic CO2 uptake and basin-scale temporal variability influenced the 
30-year trends in the carbon cycle over the period from 1990 to 2019.

At the surface, an increasing trend in sDIC33 and pCO2 and a decreasing trend in pH and Ωa were mostly 
driven by local uptake of anthropogenic CO2. At all stations, the sea surface pCO2 tracked the overall in-
crease in atmospheric pCO2. However, it is likely that interannual variability (including a series of marine 
heat waves at the end of the time series) contributed to an apparent recent slow-down in the oceanic pCO2 
growth rate at the oceanic stations P26 and P20. This impact of climate variability on the trends demon-
strates the importance of high resolution time series data that can be analyzed for potential bias by specific 
events.

Below the locally ventilated isopycnals, a substantial positive trend in sDIC33 was found and centered 
around the 26.7 kg m−3 isopycnal at all stations (150–300 m). Two processes were found superimposed on 
the sDIC33 trends at the 26.7 kg m−3 isopycnal: (a) long-term changes, and (b) tidally driven bidecadal oscil-
lations in its ventilation in the western Pacific. To quantify the contribution of each process to changes in 
sDIC33, we made use of AOU data to examine changes in ventilation and remineralization of organic matter.

The positive 30-year trend found along Line P in AOU on the 26.7–26.8 kg m−3 potential density anomaly 
layer is linked to an overall weakening in the ventilation of NPIW, likely associated with anthropogenic cli-
mate warming. Indirectly, these long-term anthropogenic changes in circulation potentially contribute with 
20%–50% of the increase in sDIC33 at the oceanic end of the transect. Near the coast, there is a smaller frac-
tion of water from the western Pacific and a larger contribution of water from the California Undercurrent, 
where changes in AOU indicate that increased carbon remineralization contributes approximately 70% of 
the positive sDIC33 long-term trend.

Changes in organic carbon remineralization explain only part of the observed changes in sDIC33 below 
the locally ventilated isopycnals. The remaining long-term increase in sDIC33 can be attributed to changes 
in the preformed concentration of DIC (sDICpref) in the region of water mass origin. In our study region, 
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intermediate water (150–300 m) is ventilated recently enough to capture the strong upward trend in anthro-
pogenic CO2. Anthropogenic CO2 is taken up in the western Pacific and advected to the eastern Pacific via 
the North Pacific Current. Through this mechanism, increased ventilation decreases AOU and the amount 
of remineralized DIC, while also potentially capturing a larger amount of anthropogenic carbon and trans-
porting it to the ocean interior. Reduced ventilation has the opposite effect, slowing the uptake of anthropo-
genic CO2 while increasing the accumulation of remineralized carbon. The interplay of these two processes 
was captured in our AOU and DIC time series as a bidecadal oscillation on top of the long-term trend.

On top of the overall trends, bidecadal variations in the ventilation rate of intermediate water masses in the 
western Pacific generate well-known oscillations in sDIC33 and AOU in the eastern Pacific. Over the period 
1995–2005, the positive trend in subsurface sDIC33 in the NE Pacific was driven by increased reminerali-
zation and reduced circulation, potentially caused by sluggish ventilation in the western Pacific, which we 
detect as a positive trend in AOU in the eastern Pacific. During this decade, we were not able to detect a 
significant contribution of anthropogenic CO2 to the long term sDIC33 trend. The opposite was true in the 
following decade. With enhanced ventilation in the region of water mass formation, the uptake of anthro-
pogenic CO2 increased, but was offset by a decreasing trend in AOU that, in turn, did not generate a signif-
icant change in sDIC33 over that decade.

Our work serves to illustrate the complex interplay between factors driving carbon system dynamics in the 
subarctic Pacific and to highlight connections between the western and eastern regions. In the future, with 
on-going climate change, we expect to see a further reduction in the ventilation of the North Pacific, which 
can cause a reduced uptake of anthropogenic CO2 and a larger contribution of DIC from remineralization 
of organic matter. The results presented here underscore the value of long-term, high quality time series in 
calculating accurate carbon system trends in the face of large natural oscillations.

Data Availability Statement
The Argo data were collected and made freely available by the International Argo Program and the national 
programs that contribute to it (http://www.argo.ucsd.edu, http://argo.jcommops.org). All data used in this 
analysis are publicly available by individual cruise in the Line P repository (https://www.waterproperties.
ca/) and as a single synthesis package in the Ocean Carbon Data System (OCADS) with accession number 
0234342 (https://www.ncei.noaa.gov/data/oceans/ncei/ocads/metadata/0234342.html).
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