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Abstract A confluence of subarctic, tropical, and subtropical water masses feed the California Current
System (CCS), supporting a highly productive ecosystem and wide array of marine ecosystem services.
Long‐term declines in oxygen have been observed in this region, causing habitat compression and other
ecosystem consequences. Here we quantify the water masses and processes causing deoxygenation in the
subsurface CCS from 1993–2018, and we find that deoxygenation was caused both by changes in the
advection of source waters and increased remineralization in the source waters. The historical
deoxygenation trend can be attributed primarily (81%) to the Northern Equatorial Pacific Intermediate
Water, the deep Pacific Equatorial Water mass transported in the California Undercurrent. We also find that
advection and remineralization share nearly equal contributions to deoxygenation. This improved
understanding of the mechanisms affecting the aerobic habitat of the CCS will inform projections of
ecological impacts and mitigation of future deoxygenation.

Plain Language Summary The California Current System (CCS) supports rich populations of
finfish and marine invertebrates, rendering it ecologically and economically important. Climate change
threatens these populations with increased temperatures, more acidic waters, and lower oxygen
concentrations. From 1993 to 2018, we found the mean oxygen concentration in the southern, subsurface
CCS decreased by 25%. This decrease can be attributed to the contributions of six water masses that feed the
CCS, though they originate far afield in the Pacific Ocean. We discovered that from 1993–2018, 24 μM of
deoxygenation occurred, and 81% of the observed deoxygenation was caused by a single water mass, the
Northern Equatorial Pacific Intermediate Water. This water mass is transported into the CCS from the
Eastern Tropical North Pacific via the California Undercurrent. Within the 81% of observed deoxygenation,
24% was caused by internal changes within the core of this water mass before it reached the CCS, likely
in the Eastern Tropical North Pacific off Mexico. Understanding the drivers that influence oxygen
availability in the CCS will assist with efforts to simulate biogeochemical changes. It will also improve
projections about the ways that deoxygenation will impact this ecosystem and inform possibilities to
mitigate future deoxygenation caused by climate change.

1. Introduction

The California Current System (CCS), a coastal upwelling biome off the west coast of the United States, sup-
ports a highly productive ecosystem and a wide array of marine ecosystem services. These ecosystem services
include storm protection, pollution control, food, recreation, and carbon sequestration (Barbier, 2017).
Climate change is expected to impact the CCS by raising temperatures, lowering oxygen concentrations,
and causing more acidic waters, all of which change ecosystem productivity, structure, and function
(Deutsch et al., 2015; Howard et al., 2020; Koslow et al., 2013). Off Southern California, long oceanographic
time series have documented significant physical and biogeochemical variability; trends in subsurface
warming and deoxygenation have corresponded with enriched nutrients and enhanced acidification
(Bograd et al., 2008, 2015; McClatchie et al., 2010; Meinvielle & Johnson, 2013; Nam et al., 2015; others).
This biogeochemical variability is consistent with the effects expected from climate change: warmer waters
reducing oxygen solubility, increasing water column stratification limiting ocean ventilation, and accelerat-
ing oxygen consumption via respiration (Breitburg et al., 2018; Brewer & Peltzer, 2016; Doney et al., 2012;
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Gruber, 2011; Keeling et al., 2010; Levin, 2018). While several studies have suggested that the observed
biogeochemical trends are associated with changes in the properties and/or advection of source waters to
the CCS (Bograd et al., 2015, 2019), the explicit processes and water masses causing deoxygenation have
not been quantified.

A recent study performed an extended optimummultiparameter analysis (eOMP) (Tomczak & Large, 1989)
on the long‐term hydrographic data from the California Cooperative Oceanic Fisheries Investigations
(CalCOFI) program to quantify the spatiotemporal variability of source water contributions to the southern
CCS (Bograd et al., 2019). That study described the distribution of six source water masses that feed the
southern CCS and found significant long‐term variability in the relative contribution and distribution of
upper and deeper Pacific Equatorial Waters (PEW). These water masses are transported to the CCS within
the California Undercurrent (CUC), and they are relatively low in oxygen relative to the other water masses
(Bograd et al., 2019, Meinvielle & Johnson, 2013). In this study, we extended this eOMP by framing deoxy-
genation as a function of water mass contributions, which allowed us to quantify the relative contributions
of different processes, specifically changes in the advection of source water masses versus remineralization
accompanying these source water masses. Improving our understanding of deoxygenation in the CCS will
highlight priorities for simulation developments that can better project biogeochemistry in the region,
informing potential mitigation strategies.

2. Methods
2.1. Data From the Southern CCS

We used historical hydrographic data from the CalCOFI program, which has consistently sampled the
southern CCS from San Diego to Pt. Conception quarterly since 1984, with target months of January,
April, July, and October (Figure 1), amounting to more than 6,700 station occupations from 1984–2018.
Parameters measured include temperature (T), salinity (S), oxygen (O2), nitrate (NO3), phosphate (PO4),
and silicate (SiO4). CalCOFI sampling extends to 500 m or the continental shelf, if shallower. Further details
can be found in any of the CalCOFI data reports or online (at www.calcofi.org).

2.2. Optimum Multiparameter Analysis in the CCS

OMP analysis (Tomczak & Large, 1989) estimates the relative contributions of source water types that mix
together to form an observed water mass, assuming that water mass properties are quasi‐conservative. In
extended OMP (eOMP) analysis, nutrient concentrations for each water mass are set at a location upstream
of the location of interest (Anderson & Sarmiento, 1994; Brzezinski, 1985; Karstensen & Tomczak, 1997),
and the change in phosphate, ΔP, accounts for nutrient concentration changes along the advective pathway
(García‐Ibáñez et al., 2015; Poole & Tomczak, 1999). ΔP is related to changes in oxygen, nitrate, and silicate
through Redfield ratios (Anderson & Sarmiento, 1994; Brzezinski, 1985) that occur due to organic matter
remineralization. Bograd et al. (2019) performed eOMP on the 1984–2018 CalCOFI data. They first defined
six source water masses using three 10° × 10° boxes centered at 45°N, 135°W with depths of 101 and 178 m;
27°N, 139°W with depths of 85 and 219 m; and 5°N, 108°W with depths of 131 and 399 m, corresponding to
Pacific Subarctic Upper Waters (PSUW), Eastern North Pacific Central Waters (ENPCW), and PEW, respec-
tively. Each of these three locations has an upper and a deeper water mass, denoted uPSUW and dPSUW,
respectively. They obtained available data within each source water box from the World Ocean Database
2018. While these three boxes act as the source regions for water masses entering the CCS, these boxes are
not the ultimate formation regions for these six water masses.

With six source water masses, defined as time‐invariant using WOD18 data from 1984–2018, and six input
parameters (T, S, O2, NO3, PO4, and SiO4), Bograd et al. (2019) solved for the relative contributions of each
water mass at each CalCOFI station, depth, and sampling time. During these calculations, ΔP is estimated
using the equations in Bograd et al. (2019) for each sample, such that each station and depth has its own
ΔP value. This ΔP term allows us to calculate the extent that remineralization has accumulated in source
water masses to the CalCOFI region after water mass formation. To deconvolute the drivers of this deoxy-
genation signal, we averaged water mass contribution for each sample from 100 to 400 m depth across every
station for a given season and a given year. Beyond these depths, the eOMP error was greater than 10%, and
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therefore these samples were omitted from this analysis. Since there is significant seasonal variability in the
subsurface CCS (Nam et al., 2015), we analyzed each season individually for long‐term trends.

Here we note that the upper and deeper PEW source waters used in Bograd et al. (2019, supporting informa-
tion Table S1) are more broadly referred to as 13°C Water (13CW) and Northern Equatorial Pacific
Intermediate Water (NEPIW), following Evans et al. (2020). We will use this nomenclature as it better repre-
sents these water masses within the Pacific Ocean and links them to other papers that describe their sources
and transport (Bostock et al., 2010; Fiedler & Talley, 2006; Qu et al., 2009; Tsuchiya, 1981; others). Evans
et al. (2020) contains additional references discussing these water masses.

2.3. Linking Water Masses to Deoxygenation

eOMP deconvolutes observed hydrographic properties into a ratio of source water masses and an amount of
remineralization. The ratio of source water masses sets the maximum possible O2 while remineralization
lowers it to the observed value. In this paper, advective (de)oxygenation refers to changes in O2 caused only
by changing the ratio of source water contributions. While eOMP does not attribute remineralization to spe-
cific water masses, this was a primary goal for this analysis. For this purpose, we separated the OMP‐derived
remineralization into two categories: internal and advection‐derived. Internal remineralization refers to ΔP
that has accumulated within each water mass, independent of each other, between their formation regions
and the CCS. Advection‐derived remineralization refers to a change in the amount of ΔP accumulated
within the CCS because the ratio of water mass contributions has changed. Our results indicate that the
source water masses experience different amounts of ΔP between their defined source regions and the
CCS, and as advection alters the ratio of water mass contributions, it also alters the ΔP observed in the

Figure 1. (a) Map of the annual climatology of O2 at 300 m in the North Pacific for the period 1955–2017, with the regions where we defined upper and deeper
PSUW (blue box), ENPCW (green box), and PEW (red box). The map illustrates the main surface (white) and subsurface (yellow dotted) currents. O2 data
obtained from WOA18 (Garcia et al., 2013). The inset map highlights the nominal CalCOFI survey grid and bathymetry of the region, obtained from ETOPO2
(National Geophysical Data Center, 2006). (b) TS diagram for PSUW (blue), ENPCW (green), and PEW or 13CW/NEPIW (red), modified from Bograd et al. (2019).
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CCS as a function of these contributions. Equation 1 depicts the deconvolution we performed to identify the
causes of deoxygenation in the southern CCS, where the first term refers to advective (de)oxygenation,
whereas the second and third terms are internal and advection‐derived remineralization, appropriately.
Bold variables represent matrices, whereas plain text variables represent scalars or vectors.

d O2½ �
dt

¼ ∂x
∂t

� �
O2; x þ −170 μM O2

μM ΔP

� �
∂ ΔPð Þ
∂t

� �
x

þ ∂ ΔPð Þ
∂x

� �
t

∂x
∂t

� �� �
: (1)

To determine advective (de)oxygenation, we calculated the theoretical O2 concentration that would be pre-
sent in the CCS given the contributions of each water mass without remineralization. We compared this to
the O2 concentration if one of the water masses did not contribute. While completely omitting one of these
water masses is unrealistic for the CCS, these calculations are intended to generate a long‐term trend for how
changes in source water mass advection change the concentration of O2 rather than an absolute value.

Remineralization lowers the O2 concentration during the transport of each water mass as well as locally in
the CCS.Within a water mass, increased remineralization due to elevated temperatures is themost prevalent
cause of deoxygenation (Brewer & Peltzer, 2016), but changes in production, export, and surface warming
can also alter properties within a water mass (Rykaczewski & Dunne, 2010). Mathematically, eOMP groups

these processes into the ΔP term, and stoichiometrically scaling this parameter by − 170
μM O2

μM PO4
provides

the deoxygenation from remineralization, as this scaling factor was implemented in the eOMP in Bograd
et al. (2019). For each season and year, we averaged a given property, such as O2 (Figure 1) or a water mass
contribution, across all stations and depths from 100–400 m, and we presented these values as time series for
each season.

The deoxygenation from accumulated internal remineralization within each water mass is quantified by
tracking howmuch remineralization varies over time in the core of each water mass. Since we deconvoluted
these water masses from CCS data and the maximum contribution of each water mass differs significantly,
we analyzed the amount of O2 lost from remineralization at the same quantile for each water mass.
Quantiles are useful because the contributions of NEPIW and dPSUW changed monotonically across this
time period, so wemust implement a threshold below the absolute maxima of each water mass. We analyzed
remineralization between the 84% and 85% quantiles to ensure all years of the analysis were represented,
and justifications for this quantile selection are discussed in detail within the SI. For these calculations, sam-
ples with water mass contributions corresponding to 84–85% of each water mass were selected, and the ΔP
calculated for these samples was averaged and scaled stoichiometrically to O2.

Deoxygenation from advection‐derived remineralization was calculated by deconvoluting the OMP‐derived
ΔP term into components for each water mass. Each water mass component was then regressed linearly over
time to determine how changes in the advection of that water mass into the CCS influenced the accumulated
remineralization. Years with greater than 20% error from the initial OMP‐derived remineralization were
omitted, as presented in Figure S5c. These data were deconvoluted using singular value decomposition
(SVD), as described in Glover et al. (2011), with the source water mass contributions. All linear regressions
performed in this paper were Type 1 using code provided in Glover et al. (2011), and linear regressions were
performed on combined data from all seasons.

3. Results
3.1. Impact of Advection Versus Remineralization on Deoxygenation

In the southern, subsurface CCS between 100 and 400 m, we found that 0.97 ± 0.09 μM year−1 of deoxygena-
tion occurred from 1993–2018, and this value matches with depth‐dependent estimates in Bograd
et al. (2008).

NEPIW is the only water mass driving advective (de)oxygenation, as it has the lowest O2 concentration of the
six water masses and the contribution of this water mass monotonically increases. Increasing NEPIW advec-
tion caused−0.487 ± 0.001 μM year−1 of deoxygenation (Figure 2b). The total deoxygenation in the CCS can
be reconstructed by summing the −0.44 ± 0.04 μM year−1 of deoxygenation from accumulated
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remineralization calculated in the eOMP (Figure 2c) and the advective (de)oxygenation from NEPIW
(Figure 2a). This reconstructed total deoxygenation is −0.92 ± 0.04 μM year−1, which is statistically
similar to the −0.97 ± 0.09 μM year−1 observed from 1993–2018 in the O2 data, presented in Figure 2a.
This treatment matches the observed deoxygenation and increased advection of NEPIW is responsible for
50% of the deoxygenation from 1993–2018, such that it shares nearly equal contribution with accumulated
remineralization.

Oxygenation from 1984–1993 can be attributed to the advection of both PSUWwater masses, which have the
highest O2 concentrations of the six water masses. This oxygenation trend is most clear in uPSUW from
1984–1993, though dPSUW reached a relative minimum in deoxygenation in the late 1980s. Fitting these
individual time periods yields oxygenation trends of 0.62 ± 0.07 μM year−1 for uPSUW and
1.1 ± 0.5 μM year−1 for dPSUW, causing a net oxygenation of 1.7 ± 0.6 μM year−1, compared to the
2.3 ± 0.6 μM year−1 calculated from the CalCOFI data set in Figure 2a. The magnitude of dPSUW suggests
that it is primarily responsible for this oxygenation trend; however, it leads to deoxygenation after 1989,
unlike the 1984–1993 trend observed in the CalCOFI data. While the magnitude of oxygenation can be
explained via these two water masses, the scatter in dPSUW deoxygenation undercuts this conclusion, such
that we cannot fully explain the early oxygenation trend with these results. Figure S2 and Table S2 expand on
this information. This trend of CCS oxygenation sharply switching to deoxygenation at 1993 is remarkably
similar to that of Δδ15Nmeasurements of particulate organic nitrogen in sediments from Baja California and

Figure 2. (a) Mean O2 measured in the CalCOFI study region between 100 and 400 m. Oxygenation occurs from 1985–1993 at 2.3 ± 0.6 μM year−1 and
deoxygenation occurs from 1993–2018 at −0.97 ± 0.09 μM year−1. The deoxygenation trend in (a) is reconstructed by both (b) mean advective (de)oxygenation
from NEPIW with a long‐term trend of −0.487 ± 0.001 μM year−1 and (c) deoxygenation from remineralization calculated in eOMP with a long‐term trend
of −0.44 ± 0.04 μM year−1. Since eOMP does not attribute remineralization to specific water masses, (c) is further deconvoluted in (d)–(f). (d) O2 lost through
accumulated internal remineralization in dPSUW with a long‐term trend of −0.12 ± 0.03 μM year−1 and (e) O2 lost through internal remineralization in
NEPIW with a long‐term trend of −0.20 ± 0.03 μM year−1. (f) Deoxygenation caused by water mass advection‐derived remineralization from NEPIW with a
long‐term trend of −0.11 ± 0.04 μM year−1. Uncertainties were not determined for (b) and values less than 40 μM were not included in the fit. Error bars for
(c) consist of the uncertainty in the water mass contribution combined with the uncertainty in the NEPIW O2 water mass definition, but these error bars are too
small to be seen. Error bars are not presented for (a), (d), and (e). Error bars in (f) present the uncertainty in the SVD fit propagated through the water mass
contribution.
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the Santa Monica Basin (Deutsch et al., 2014). These measurements were used as a proxy for the size of the
Eastern Tropical North Pacific Oxygen Deficient Zone (ETNP ODZ), and Deutsch et al. attributed these
Δδ15N‐PON trends to equatorial wind stress weakening, then intensifying. Based on the similarity of this
data to O2 concentrations in the CCS and the connection of these regions, this equatorial wind stress
likely influences the CCS as well and is worth further investigation.

3.2. Deconvoluting Accumulated Remineralization Within Water Masses

The eOMP results suggest that remineralization has accumulated most in the deepest waters, particularly
below 300 m (Figure S2a). This depth range corresponds to dPSUW and NEPIW (Figures S2b and S2c), so
internal remineralization within the dPSUW and NEPIW are most significant to accumulated remineraliza-
tion in the southern CCS. Internal remineralization within other watermasses has less influence on the aver-
age O2 concentration of the region but could be important in specific locations. At the 84–85% quantile, the
dPSUWwatermass contributes 81%, while theNEPIWwatermass only contributes 37%, as seen in Figure S3.

The accumulation of internal remineralization in the dPSUW has increased monotonically during the study
time (Figure 2d). This process appears more seasonally variable in the NEPIW (Figure 2e) than the dPSUW,
and other nonmonotonic factors appear to influence it in NEPIW, as seen by the lower scatter from
1994–2004. The increased accumulation of internal remineralization in the NEPIW is approximately 1.5x
that of the dPSUW, which could be a function of the organic carbon flux into these water masses or the tem-
perature difference between the two water masses. The NEPIW is transported into the southern CCS from
the shadow zone around the ETNP ODZ. This internal remineralization likely occurs in that region off
Mexico, since the circulation is sluggish and the residence time of this water mass is long.

3.3. Deoxygenation From Water Mass Advection‐Derived Remineralization

Each of the source water masses entering the southern CCS accumulates a different amount of
remineralization as it is advected from the source location to the CCS. Therefore, changing the ratio of
water mass contributions to the CCS also changes the accumulated remineralization calculated in
eOMP. NEPIW was found to be the only significant contributor to advection‐derived remineralization with
−0.11 ± 0.04 μM year−1 (Figure 2f). The advection‐derived remineralization and the accumulated internal
remineralization calculated in section 3.2 sum to −0.42 ± 0.05 μM year−1 while the eOMP calculated
−0.44 ± 0.04 μM year−1 of deoxygenation, suggesting that these deconvolutions reproduce the deoxygena-
tion from eOMP remineralization with statistical significance.

4. Discussion

Climate change‐driven deoxygenation is a significant stressor on the global ocean, with eastern boundary
upwelling systems being particularly vulnerable regions. The consequences of deoxygenation have already
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Figure 3. Summary schematic for the processes and contributions of dPSUW and NEPIW on deoxygenation in the CCS, with the amount of deoxygenation
written next to each relevant process. On the left, all three processes are linked to dPSUW but it only impacts deoxygenation through accumulated internal
remineralization, hence the solid arrow. On the right, NEPIW actively contributes to deoxygenation through all three processes. Advection‐derived
remineralization is highlighted in light blue because the OMP deconvolutes it as remineralization, but it depends on increased NEPIW advection from 1984–2018.
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been observed within the CCS (Koslow et al., 2011, 2013). We analyzed the drivers of deoxygenation in the
CCS through water mass deconvolution of the CalCOFI data set (Bograd et al., 2019). We found that the
average O2 concentration in the subsurface CCS increased by 20 ± 5 μM from 1985–1993 and decreased
by 24 ± 2 μM from 1993–2018. By quantifying deoxygenation as a function of water masses, we observed that
advection and remineralization share nearly equal impact in causing deoxygenation in the CCS.

Figure 3 illustrates the processes and water masses that have caused deoxygenation in the CCS from
1993–2018. NEPIW is responsible for 81% (−0.78 ± 0.05 μM year−1) of deoxygenation from 1984–2018 with
elevated summer impacts. The average contribution of NEPIW to the CCS has increased monotonically
since 1984 and this increased advection has caused −0.487 ± 0.001 μM year−1 of deoxygenation and contrib-
uted to −0.11 ± 0.04 μM year−1 of deoxygenation. The remaining −0.19 ± 0.03 μM year−1 of NEPIW‐driven
deoxygenation has been caused by accumulated internal remineralization within this water mass.

While increasing surface ocean temperatures from climate change could cause elevated remineralization
rates, this factor is likely not responsible for the increased accumulation of internal remineralization within
the NEPIW, as transit times for NEPIW to reach the ETNP are too long (approximately 55 years; Karstensen
et al., 2008) for recent warming trends to have manifested during this observational period. Instead, the
internal remineralization observed in the CCS likely occurs nearby, off Mexico. The accumulation rates of
internal remineralization in the uPSUW and dPSUW are similar, suggesting processes in the Northeastern
Pacific drive the trends for these two water masses (Durski et al., 2017). We suggest that increased subsurface
stratification (Rykaczewski & Dunne, 2010) within these waters may be responsible for this deoxygenation
trend.

From 1984–2018, the time series of NEPIW contribution to the southern CCS closely fits a linear trend
(Figure 2b), even though oscillations such as ENSO impacts the NEPIW contribution by approximately
10% (Bograd et al., 2019). It is likely that our data treatment averaged out the impact of this oscillation.
Therefore, repeating this type of deoxygenation deconvolution for specific lines and stations of interest in
the CCS will likely provide more nuanced information. In the northern CCS, subsurface deoxygenation
appears to be more severe (Chan et al., 2008; Connolly et al., 2010). Internal remineralization accumulated
within the NEPIW causes 19% of the deoxygenation in the southern CCS, and this deoxygenation may be
greater in the northern CCS due to increased remineralization that occurs during the transit of this water
mass in the CUC. Nevertheless, the deoxygenation in the northern CCS may be driven more by upwelling
of low O2 waters than remineralization inside a specific water mass. We recommend replicating the water
mass analysis performed in Bograd et al. (2019) and the deoxygenation deconvolution described in this paper
for other time series in the CCS, such as the Newport Hydrographic line off Oregon, as well as the Humboldt,
Benguela, and Canary Eastern Boundary Upwelling Systems. The Humboldt system shares the same uPEW
and similar dPEW as the CCS (Evans et al., 2020), facilitating this investigation.

This study aimed to quantify the relative contributions of advection, remineralization, and the six source
water masses in driving deoxygenation in the southern, subsurface CCS. Laffoley and Baxter (2019)
estimated that the concentration threshold for coastal low oxygen zones is 60 μM. If equatorial wind stress
continues to increase (Deutsch et al., 2014) and this causes deoxygenation to continue linearly at the rates
calculated in this study, the 150–325 m depth range of the NEPIW will reach this threshold in 2034.
Waters deeper than this threshold have minimal NEPIW contribution and therefore will deoxygenate slower
than this rate. We have revealed that in the southern, subsurface CCS, 81% of the observed deoxygenation
from 1993–2018 occurred through the southern boundary and at the depths of the NEPIW. This improved
understanding of the mechanisms affecting the aerobic habitat of the CCS will inform biogeochemical
modeling, allowing improved projections of ecological impacts and mitigation of future deoxygenation.
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