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A Sixteen-year Decline in Dissolved 
Oxygen in the Central California 
Current
Alice S. Ren1,2, Fei Chai1, Huijie Xue1, David M. Anderson3 & Francisco P. Chavez3

A potential consequence of climate change is global decrease in dissolved oxygen at depth in the oceans 
due to changes in the balance of ventilation, mixing, respiration, and photosynthesis. We present 
hydrographic cruise observations of declining dissolved oxygen collected along CalCOFI Line 66.7 (Line 
67) off of Monterey Bay, in the Central California Current region, and investigate likely mechanisms. 
Between 1998 and 2013, dissolved oxygen decreased at the mean rate of 1.92 µmol kg−1 year−1 on 
σθ 26.6–26.8 kg m−3 isopycnals (250–400 m), translating to a 40% decline from initial concentrations. 
Two cores of elevated dissolved oxygen decline at 130 and 240 km from shore, which we suggest 
are a California Undercurrent and a California Current signal respectively, occurred on σθ ranges of 
26.0–26.8 kg m−3 (100–400 m). A box model suggests that small annual changes in dissolved oxygen in 
source regions are sufficient to be the primary driver of the mid-depth declines. Variation in dissolved 
oxygen at the bottom of the surface mixed layer suggests that there is also a signal of increased local 
remineralization.

Oxygen in the world’s oceans is governed by three major processes: atmospheric exchange, ocean circulation, and 
the balance of respiration and photosynthesis1. Any shift in the balance of these three processes will disturb the 
mean dissolved oxygen concentration at a location. Indeed, among the many hypothesized impacts of climate 
change is a widespread decrease in mid-depth dissolved oxygen in the world’s ocean basins. The hypothesis sug-
gests that increased surface heating and the resulting increased stratification of the oceans will decrease (1) the 
level of atmospheric exchange – less oxygen will dissolve into surface waters and (2) the mixing of surface waters 
to the deep ocean – less oxygen will reach deep waters2–4. It is unclear whether the climate change deoxygenation 
hypothesis is currently producing a measureable response from the ocean5,6 though Schmidtko et al.7 suggest that 
looking at the entire ocean oxygen inventory, there have been observed declines since the 1960s.

Interestingly, analysis of observational ocean data from the 1980s to the 2000s has suggested a decline in dis-
solved oxygen in the California Current region. Reports off of the Oregon and Washington coasts8–10 as well as 
reports in the Southern California Bight11,12 suggest declines in dissolved oxygen concentration over the roughly 
twenty-five-year period at up to 2.1 µmol kg−1 year−1 (Bograd et al.12 on a nearshore station in the Southern 
California Bight at 50 m). These declines could be related to observed decreases in dissolved oxygen in the North 
Pacific13–18 as well as in the tropical eastern Pacific, where observations suggest an expanding oxygen minimum 
zone7,19.

In one of the earlier attempts at explanation, Bograd et al.12 suggested that changing oxygen concentrations in 
the Southern California Bight could be caused by local increases in stratification due to surface heating, advection 
of low oxygen waters from the California Current (subarctic origin), advection of low oxygen waters from the 
California Undercurrent (tropical origin), or advection from the Subtropical Gyre. However, they stated that they 
were unable to discern whether the oxygen declines had been forced locally or forced remotely and subsequently 
advected into the region. Bograd et al.11 suggested that advection from the California Undercurrent and from the 
mean subtropical gyre circulation on the σθ = 26.5 kg m−3 surface are both important contributors of low oxygen 
water. Meinvielle and Johnson20 focused on the California Undercurrent, using σθ = 26.5 kg m−3 and bottom 
depths of 500–1000 m as the location of the undercurrent, and suggested that decreasing dissolved oxygen in the 
California Undercurrent is the cause of decreasing coastal dissolved oxygen. Pierce et al.10 studied the Newport 
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hydrographic line and suggested that subarctic influence along σθ = 26.6 kg m−3, additional influence from the 
California Undercurrent on the slope, and shelf processes all contribute to observed decreases in dissolved oxy-
gen. Focusing on shelf processes and secondarily on offshore dissolved oxygen declines, Connolly et al.21 sug-
gested that shelf respiration processes are the primary cause of shelf hypoxia in the Northern California Current. 
It is likely that shelf hypoxia is related to the balance of shelf processes and the advection of offshore waters22–24, a 
balance which may be different from region to region25,26.

The purpose of this paper is to present the declining dissolved oxygen off of Monterey Bay, California, part 
of the Central California Current region, and to propose mechanisms to explain observed changes and interan-
nual variability. Data for this analysis were at the same locations as CalCOFI Line 66.7 (Line 67), at stations 50, 
55, 60, 65, 70, 75, 80, 85, and 90 but are independent of the CalCOFI data (Fig. 1a). Cruises occurred between 1 
and 5 times per year, with the majority of years having more than 2 cruises (Fig. 1b). Line 67 does not represent 
a coastal shelf environment like the Newport hydrographic line in Oregon or parts of the Southern California 
Bight. Especially due to the proximity of Monterey Canyon, the coastal shelf is narrow, and there is a steep change 
in bathymetry close to shore (Fig. 1c). The hydrographic stations 65 to 90 sample in water of greater than 3000 m 
depth.

Results
Climatological dissolved oxygen and alongshore current structure. The mean climatological dis-
solved oxygen level along Line 67 from 1998–2013 demonstrates that off of Monterey Bay the surface layer is well 
oxygenated while waters become hypoxic (defined as 60 µmol kg−1) at around 300–350 meters depth (Fig. 2a). 
Generally, especially in the upper water column, the surfaces of constant dissolved oxygen follow the surfaces 
of constant density. Below 150 m, the oxygen along an isopycnal is lower closer to shore and increases offshore.

The climatological alongshore velocity at Line 67 (Fig. 2b) demonstrates the poleward California Undercurrent 
as well as the equatorward California Current in the upper 200 m. The hydrographic data from station 50 were 
few, so station 50 was omitted, and the core of the California Undercurrent appears inshore of the plotted along-
shore velocities. The division into a mean poleward regime and mean equatorward regime around 210 km is 
supported by other observational studies27–29. The demarcation around 100 km at the surface and 150 km at 200 m 
agrees with Collins et al.29. At around 300 m, the demarcation cannot be compared to Collins et al.29 who only 
calculated the velocities at the surface and 200 m. We did not find statistically significant trends in the alongshore 
velocity over time on any 5-meter averaged geostrophic velocity depth bin on each of the stations, nor did we find 
statistically significant trends in current transport over the top 200 m, 300 m, 400 m, or 500 m.

Figure 1. (a) Map of the location of CalCOFI Line 67, stations 50 to 90 (blue), and the standard CalCOFI 
sampling lines (black), (b) months of the year with Line 67 cruise data for dissolved oxygen on σθ = 26.7 kg m−3 
and (c) bathymetry and location of Line 67 stations 55–90.
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Dissolved Oxygen Trends. Decreases in dissolved oxygen occurred on σθ 26.6–26.8 kg m−3 for almost all 
stations (Fig. 3a) and ranged from −0.67 to −2.90 µmol kg−1 year−1. For stations 65, 75, and 80 linear declines in 
dissolved oxygen were also found between σθ 26.0–26.6 kg m−3. Very strong linear declines (−2.54 to −2.91 µmol 
kg−1 year−1) were found from σθ 26.1 to 26.5 kg m−3 on station 80, roughly 240 km from shore and from 26.0 to 
26.5 kg m−3 on station 65, roughly 130 km from shore (−2.41 to −3.06 µmol kg−1 year−1). Mapped from density 
to depth coordinates (Fig. 3b), there is an area of strong declining dissolved oxygen between 200 and 250 km 
from shore at 125–300 m, around 130 km from shore at 100–300 m, and through the entire transect at depths of 
300–400 m.

There are differences in the oxygen dynamics along isopycnals closer or farther from the ocean surface 
(Fig. 4). On the 25.5 kg m−3 σθ surface, found at roughly 50–100 m depth, the dissolved oxygen concentrations 
have stronger inter-annual variability and potentially exhibit a low-frequency oscillatory pattern with a period 
of less than 10 years. At and below the 26.1 kg m−3 σθ surface, at roughly 100–150 m depth, a statistically sig-
nificant decline exists (p = 0.00003, corrected for autocorrelation), though there continues to be low frequency 

Figure 2. (a) Mean dissolved oxygen along Line 67 (µmol kg−1) and contours of potential densities 25.5, 26.0, 
26.6, 26.7, and 26.8 kg m−3 (red, dashed). (b) Mean annual alongshore velocity at Line 67 (m/s). Positive values 
denote poleward alongshore flow. Black circles mark hydrographic stations.

Figure 3. The rate of change in dissolved oxygen concentration (µmol kg−1 year−1) from 1998–2013 (a) on 
isopycnals (σθ 25.5–27.0 kg m−3) and (b) on depth. The rate of change was calculated along isopycnals and 
is plotted over the average depth of each σθ from 25.5–27.0 kg m−3. In both, white crosses mark statistically 
significant correlations (p < 0.01, corrected for autocorrelation) while black circles mark hydrographic stations. 
(c) The observations of dissolved oxygen on σθ 26.7 at station 65 and (d) the observations of dissolved oxygen on 
σθ 26.7 at station 80.
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inter-annual variability. On the 26.7 kg m−3 σθ surface, found at roughly 300–350 m depth, the year-to-year var-
iability is less, and over 1998–2013 there is a linear decline in dissolved oxygen. While at σθ = 26.7 kg m−3 the 
stations closer to shore had lower dissolved oxygen, a similar trend was found in all stations (not shown), jus-
tifying the presentation of the dynamics of σθ = 26.7 kg m−3 as the average over all the stations of the transect. 
On σθ = 25.5 kg m−3, there was no significant difference in the dissolved oxygen concentration between stations.

The linear declining trend disappears for σθ ranging from 26.9 to 27.3 kg m−3, within which there appears to 
be no, or very little, temporal trend in the oxygen concentration. From 27.3–27.4 kg m−3, there is a small positive 
temporal trend in dissolved oxygen (0.39 µmol kg−1 year−1, p = 1 × 10−12). Data availability for dissolved oxygen 
is low below 1000 m or around σθ 27.4 kg m−3. Deep casts below 1000 m were not made with sufficiently high 
frequency to investigate a temporal trend.

Declines along σθ 26.7 kg m−3 are in areas just above the hypoxic boundary (60 µmol kg−1). In 1998, the aver-
aged oxygen concentration at σθ 26.7 kg m−3 was 76.9 µmol kg−1, and the average rate of decline was 1.92 µmol 
kg−1 year−1. Thus, the average station oxygen concentration at the end of 2013 according to the linear model was 
46.2 µmol kg−1, representing a 39.9% loss in dissolved oxygen from initial concentrations along σθ 26.7 kg m−3. The 
decline in oxygen concentration occurred without statistically significant changes in the depth of σθ 26.7 kg m−3.

Mid-depth decreases in dissolved oxygen. The declines in dissolved oxygen concentration from 1998–
2013 found in the Line 67 data occurred in two cores between σθ 26.0–26.6 kg m−3 and along σθ 26.7 kg m−3 across 
the entire 300-km transect (Fig. 3). There was oxygen decline in both directions of alongshore current; thus we 
set up a box model consisting of an inshore box with the California Undercurrent and an offshore box with the 
California Current (Supplementary Fig. S1). In the box model, we included the local respiration, the alongshore 
currents, and their source waters. We found little change in observed density structure along Line 67 over time, 
so we did not include stratification. We used the box model to reproduce the declines in dissolved oxygen along 
Line 67 (Fig. 5) on σθ 26.7 kg m−3 for both the inshore, undercurrent region and the offshore, California Current 
region.

The box model was run for a 20-year simulation period to test three mechanisms: the source water oxygen 
concentration, the strength of the alongshore transport, and the local respiration. In order for the local respi-
ration to be solely responsible for the decline in dissolved oxygen at the rate of over 1.92 µmol kg−1 year−1, the 
respiration needed to increase from 2.41 µmol kg−1 year−1 to 25.41 µmol kg−1 year−1 in the offshore box, and from 
1.32 µmol kg−1 year−1 to 23.32 µmol kg−1 year−1 in the inshore box over the time period. In order for the strength 
of the alongshore transport to be solely responsible for the decline in dissolved oxygen, the strength of the pole-
ward alongshore transport needed to increase by over 30 times (from 0.01 m/s to 0.30 m/s), and the equatorward 
transport needed to stop (0.01 m/s to 0 m/s) over the time period. The result of this perturbation scenario was a 
1.62 µmol kg−1 year−1 decrease in the offshore, California Current-controlled, box and a 1.08 µmol kg−1 year−1 
decrease in the inshore, California Undercurrent-controlled, box. The simple box model was not able to achieve 
steady state with larger perturbations in the alongshore transport. In order for the source water oxygen concen-
tration to be solely responsible for the decline, the concentrations of both source waters would need to decline by 
2.08 µmol kg−1 year−1 over the time period.

With these comparisons, the most realistic cause for a large decrease in dissolved oxygen was a decrease in the 
oxygen concentration of the source waters (Fig. 5). The rate of dissolved oxygen decline in the box model is similar 
to but somewhat higher than that of reported dissolved oxygen declines. While a decline of 2.08 µmol kg−1 year−1 
is on the high end of the 0.9–1.7 µmol kg−1 year−1 decline reported in the Southern California Bight11, it is more 
than twice as high as the upper rate of decline estimated from the Newport, Oregon data at 0.9 µmol kg−1 year−1 10. 
If the northern source water dissolved oxygen decline is set to 0.9 µmol kg−1 year−1 and the southern source water 

Figure 4. Line 67 mean dissolved oxygen concentrations along σθ 25.5 kg m−3 (blue), 26.3 kg m−3 (black), 
26.7 kg m−3 (red), 27.0 kg m−3 (purple) from 1998 to 2013. Shaded regions represent two standard deviations 
from the mean.
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dissolved oxygen decline remains at 2.08 µmol kg−1 year−1, the rate of decline is 1.19 µmol kg−1 year−1 in the off-
shore box and 1.40 µmol kg−1 year−1 in the inshore box, representing 62% and 73% of the observed rate of decline, 
respectively. The remaining 38% and 27% of dissolved oxygen decline could be caused by additional mechanisms 
such as the local respiration. It is highly plausible that multiple mechanisms are at work.

In summary, the primary reason for observed mid-depth declines in oxygen on Line 67 appears to be remote 
forcing, and the perturbations need to occur in both source waters, one feeding the California Current and one 
feeding the California Undercurrent.

Upper Level Oxygen Variability. The dissolved oxygen concentrations on upper level isopycnals exhibit 
large interannual fluctuations that are likely caused by natural climate variability. Correlation of annual val-
ues of an oxygen index created by normalizing observed concentrations by their standard deviation was sig-
nificant with the North Pacific Gyre Oscillation (NPGO) (R = 0.72, p = 0.002, no significant autocorrelation) 
and the Upwelling Index (UI) (R = 0.63, p = 0.009, no significant autocorrelation). In particular, the correlation 
of the oxygen index and UI in spring was high (R = 0.71, p = 0.004, see Supplementary Fig. S2). The oxygen 
index was not significantly correlated with the Oceanic Nino Index (ONI) (R = −0.43, p = 0.10, no significant 
autocorrelation).

In addition to the variability above 300 m, there are significant declines in dissolved oxygen (Fig. 6). The ver-
tical profile of declining dissolved oxygen, calculated by finding the average potential density on each depth and 
reporting the rate of decline as calculated on that potential density, suggests that there is a declining oxygen trend 
with a peak around 100 m in addition to the peak around 300 m associated with σθ 26.7. The shallow peak is just 
beneath the pycnocline and is what would be expected from increased remineralization due to increased primary 
production which has been documented off of Monterey Bay30. The decrease and subsequent increase in the rate 
of decline supports the possibility of two different mechanisms. We suggest that the deeper peak is indicative of 
decreased dissolved oxygen transport from changing large-scale ventilation and that the shallower peak is indic-
ative of increased remineralization from increased local primary production.

Discussion
The results of the time series along Line 67 off of Monterey Bay along with existing published results suggest 
that there is significant decline in dissolved oxygen occurring in the northern, central, and southern California 
Current regions, which suggests that deoxygenation is part of a large-scale phenomenon across the California 
Current system (Table 1). The mean rate of decline along Line 67, at σθ 26.7 kg m−3 density surface, is comparable 
to but larger than the rate in the Southern California Bight. Reported declines off of Oregon10 and in the North 
Pacific at Ocean Station Papa18 have been at rates less than 1 µmol kg−1 year−1.

While observations of decline off of Central California reinforce other reports of ocean deoxygenation in 
recent decades, additional studies are needed to determine whether climate change or natural variability is the 

Figure 5. Inshore (average of stations 55–65, orange circles) and offshore (average of stations 75–85, blue 
circles) dissolved oxygen from Line 67 observations over time along σθ = 26.7 kg m−3. Box model dissolved 
oxygen over the first 16 years of simulation are plotted for the inshore (orange line) and offshore (blue line) 
boxes. The simulation used annual decline in northern and southern source water dissolved oxygen of 2.08 µmol 
kg−1 year−1. Linear rates of decline over the time period in the box model are 1.94 µmol kg−1 year−1 and 
1.92 µmol kg−1 year−1 for the inshore box and offshore box respectively.
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underlying cause. However, we do describe in more detail the mechanisms governing deoxygenation, espe-
cially in the California Current region, and especially their relationship to large-scale changes in Pacific Ocean 
biogeochemistry.

In terms of source water changes, we suggest that there may be two different processes at work within the 
Pacific Basin, both of whose signatures we find in the California Current System. Deutsch et al.5 suggested that 
the thermocline depth in the tropics drives the expansion or contraction of the volume of hypoxic waters in the 
tropical Pacific, with a shallower thermocline causing increased respiration and the expansion of the oxygen min-
imum zone. The low oxygen waters from the tropics could then be transported via the California Undercurrent 
poleward to affect the California Current region. On the other hand, analysis of Station Papa at 50°N 145°W18, 
the CLIVAR and WOCE transects at 152°W17, and observations in the western North Pacific14 suggested that 
ventilation of σθ 26.6 kg m−3 periodically ceases, causing decreased dissolved oxygen concentrations that subse-
quently spread throughout the subtropical gyre along σθ 26.6 kg m−3. Kwon et al.31 studied central mode waters 
in the North Pacific defined on neutral densities of 25.6–26.6 kg m−3 and suggested that the area through which 
the oxygen-rich mixed layer is detrained into the thermocline varies decadally, with a connection to the Pacific 
Decadal Oscillation (PDO). Waters with a low-oxygen anomaly formed in the North Pacific could be transported 
to the California Current region in the California Current or the mean subtropical gyre circulation. Additional 
modeling studies could test our hypothesis. Finally, such decreases in oxygen concentration from large-scale 
currents in the coastal upwelling region have the potential to exacerbate shelf hypoxia.

Data and Methods
Data Collection and Processing. Quasi-seasonal cruise data were collected from 1998 to 2013 as part of 
various projects of the Biological Oceanography Group (BOG) at the Monterey Bay Aquarium Research Institute 
(MBARI). Dissolved oxygen data were taken with an Aanderaa optode oxygen sensor. The sensor data were aver-
aged on 1-meter vertical depth bins. The horizontal resolution of the data was dictated by the distance between 

Figure 6. Depth profile of the rate of decline of dissolved oxygen concentration (µmol kg−1 year−1) on Line 
67 (blue line). The 95% confidence level of the rate of decline is shaded in gray. Rates of change that are not 
significant (p > 0.01, Student’s t-test) are plotted in light blue.

Researcher Density Decline (µmol kg−1 year−1) Time Period Region

Bograd et al.11 26.5 −0.87 to −1.7† 1984–2012 S. California Bight

Pierce et al.10 26.3–26.5
26.7

−0.24 to −0.86°
−0.27 to −0.41° 1960s–2000s Newport, Oregon Line

Whitney et al.18 26.3–27.0 −0.4 to −0.7 1950s–2006 Ocean Station Papa (50°N, 145°W)

This Study 26.7 −1.92 1998–2013 Line 67, Central California

Table 1. Summary and comparison of rates of decline in the California Current and Northeast Pacific. †Derived 
from Fig. 3 in Bograd et al.11. °Taken from Table 1 in Pierce et al.10.
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stations along Line 67, roughly 40 km. The oxygen sensor data for each cruise were calibrated with dissolved oxy-
gen bottle samples analyzed with a Winkler titration. Temperature and salinity observations were recorded with 
a CTD. Values were also averaged to 1-meter vertical depth bins.

The collection of cast data contained 590,337 sensor observations. Quality control of the data was as follows. 
First, data greater than 10 ml/l and at or below 0 ml/l were removed from the analysis because they were outside 
the normal range of oxygen values for the region. Second, the potential density of all observations was calculated 
from the observed in-situ temperature and salinity, and all oxygen observations for which there were no tempera-
ture and salinity readings, or for which the temperature or salinity cast profile was deemed suspect, were removed 
from the analysis. In a few cases, instead of the primary temperature and salinity observations, the temperature 
and salinity measurements from a secondary CTD with a more realistic profile were used. Roughly 3% of the data 
were removed from analysis in these steps, a total of 15,586 oxygen sensor observations. Finally, all values of oxy-
gen were calculated in µmol kg−1 using the molar volume of oxygen at STP of 22.3916 L/mole and the calculated 
potential density. One ml/L is equivalent to 44.6596 µmol/L. To display the variability in dissolved oxygen over 
time, monthly averages of dissolved oxygen values were used, where data were first binned and averaged for each 
day (if repeat casts were taken), then month. Months without data in the time-series were noted.

Alongshore Velocity. In-situ temperature and salinity were used to calculate alongshore geostrophic veloc-
ities. Temperature and salinity observations were binned to 5-meter depth intervals and by station. Geostrophic 
velocities were calculated with a reference depth of 800 meters. The reference depth was chosen as a compromise 
between depth and the availability of temperature and salinity observations. It is possible that there exists a level 
of motion at 800 meters depth, in which case the relative patterns remain valid. The CalCOFI lines run approxi-
mately normal to the coastline, so we considered the cross-transect direction to be alongshore. At Line 67, along-
shore phenomena are roughly a coordinate rotation counterclockwise of 30 degrees.

Bathymetry. Data to plot the bathymetry of Line 67 came from two sources. Inshore of station 60 the 
bathymetry is from the NOAA National Geophysical Data Center 3 Arc-Second Coastal Relief Model retrieved 
from the Southern California Coastal Ocean Observing System at http://sccoos.org/data/bathy. Offshore of sta-
tion 60 the bathymetry is from the General Bathymetric Chart of the Oceans (GEBCO) GEBCO_2014 Grid, 
version 20150318, retrieved from http://www.gebco.net.

Dissolved Oxygen Trends. To more clearly understand ocean mixing processes and to remove the influ-
ence of heave, or isopycnal motions with no heat and salinity exchange with the environment (as defined in 
Huang32, although the term originates much earlier), oxygen variability was analyzed along potential density sur-
faces. For time series of data along a potential density surface, we took into account variability due to the different 
stations along the transect (over 200 km long) and seasonality. With regard to transect stations, a chi-squared test 
for independence was used to determine if the oxygen values for each density were independent of the station 
number.

To investigate spatial patterns of the rate of change in dissolved oxygen, changes in time of oxygen concentra-
tion were assessed at observations binned to 0.1 kg m−3 σθ and by station. Station 50 was removed from analysis 
due to low number of observations. The correlation (R-value), two-tailed significance of the correlation (p), and 
the constants for a linear model (mx + b, where time was the x-variable) were calculated for each bin. We used 
anomalies to calculate the correlation and significance, subtracting seasonal averages from monthly averaged 
observations. To map the calculations back to coordinates for depth and distance offshore, statistics along isopyc-
nals were mapped to the average depth of each isopycnal in the analysis over the data collection period. To create 
the vertical profile of rates of decline, rate of decline was calculated with a linear regression model of the oxygen 
data at each bin of 0.1 kg m−3 σθ. The profile displays the rate of decline as calculated on the average potential 
density found at each depth. We tested the significance with the Student’s t-test for the slope of a linear regression 
model.

Climate Index Correlations. To investigate potential drivers for oxygen dynamics, oxygen time-series on 
specific potential densities were compared to climate indices important for ocean dynamics in the Pacific Ocean 
with variations on the timescale of 4–10 years using correlation. To represent the El Nino oscillation, we used 
the Oceanic Nino Index (ONI), which is the three-month running mean of temperature anomalies from the 
Nino-3.4 region (5°S to 5°N; 170°W to 120°W). To represent the North Pacific Gyre Oscillation (NPGO) we used 
the NPGO index downloaded from http://www.o3d.org/npgo/ and updated on January 2016. The NPGO is the 
second mode of sea surface height variability in the North Pacific which is related to the strength of the subtrop-
ical gyre circulation33. To represent local upwelling, we used the NOAA PFEL upwelling index for the period 
1998–2013 at 36°S 122°W. The index is calculated from the geostrophic wind stress which is derived from sea 
level pressure from the U.S. Navy Fleet Numerical Meteorology and Oceanography Center’s operational forecasts. 
We used the monthly mean anomalies downloaded from http://www.pfeg.noaa.gov/products/PFELData/upwell/
monthly/upanoms.mon.

To compare climate index and dissolved oxygen variability, variation in indices and oxygen time-series were 
normalized by standard deviations and compared on an annual basis. The annual means used the average of the 
normalized monthly anomalies for dissolved oxygen observations and the average of the normalized monthly or 
seasonal values for the climate indices. In addition, seasonal time-series were defined in three-month intervals 
with winter as December through February.

Autocorrelation. A major complication in correlation of geophysical and climate phenomena is autocor-
relation of time-series data34,35. Consequently, all correlations were tested for lag-1 autocorrelation. If significant 
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autocorrelation were detected, the true significance of the correlation was corrected by using an effective sample 
size when calculating the t-statistic and as the sample size to calculate the p-value36. The effective sample size, ne, 
is defined according to the lag-1 autocorrelation coefficient r1 and the original sample size n by:

≈
−
+

.n n r
r

1
1 (1)e

1

1

Box Model. We attempted to better understand why the dissolved oxygen in Central California had declined 
along Line 67 using a box model to estimate local respiration, source water dissolved oxygen concentration 
changes, and changes in the magnitude of currents acting in concert. The initial concentrations of oxygen in near-
shore and offshore boxes and the initial alongshore geostrophic velocity were taken from Line 67 observations. 
Initial concentrations of source waters in dissolved oxygen and salinity were taken from the World Ocean Atlas 
(WOA) 2013. The gradients in the model were balanced at steady state using salinity; we adjusted the source water 
salinity by a correction factor and used an empirical relationship between salinity and oxygen37 to subsequently 
adjust the source water oxygen. Additional information on the setup of the box model is provided in the supple-
mentary materials.

Data availability. The datasets analyzed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Wyrtki, K. The oxygen minima in relation to ocean circulation. Deep Sea Research and Oceanographic Abstracts 9, 11–23, https://doi.

org/10.1016/0011-7471(62)90243-7 (1962).
 2. Keeling, R. F., Körtzinger, A. & Gruber, N. Ocean deoxygenation in a warming world. Annual review of marine science 2, 199–229 

(2010).
 3. Gruber, N. Warming up, turning sour, losing breath: ocean biogeochemistry under global change. Philosophical Transactions of the 

Royal Society of London A: Mathematical, Physical and Engineering Sciences 369, 1980–1996 (2011).
 4. Keeling, R. F. & Garcia, H. E. The change in oceanic O2 inventory associated with recent global warming. Proceedings of the National 

Academy of Sciences 99, 7848–7853, https://doi.org/10.1073/pnas.122154899 (2002).
 5. Deutsch, C. et al. Centennial changes in North Pacific anoxia linked to tropical trade winds. Science 345, 665–668 (2014).
 6. McClatchie, S., Goericke, R., Cosgrove, R., Auad, G. & Vetter, R. Oxygen in the Southern California Bight: Multidecadal trends and 

implications for demersal fisheries. Geophysical Research Letters 37, https://doi.org/10.1029/2010GL044497 (2010).
 7. Schmidtko, S., Stramma, L. & Visbeck, M. Decline in global oceanic oxygen content during the past five decades. Nature 542, 

335–339, https://doi.org/10.1038/nature21399 (2017).
 8. Chan, F. et al. Emergence of anoxia in the California Current large marine ecosystem. Science 319, 920–920 (2008).
 9. Grantham, B. A. et al. Upwelling-driven nearshore hypoxia signals ecosystem and oceanographic changes in the northeast Pacific. 

Nature 429, 749–754 (2004).
 10. Pierce, S. D., Barth, J. A., Shearman, R. K. & Erofeev, A. Y. Declining Oxygen in the Northeast Pacific. Journal of Physical 

Oceanography 42, 495–501 (2012).
 11. Bograd, S. J. et al. Changes in source waters to the Southern California Bight. Deep Sea Research Part II: Topical Studies in 

Oceanography 112, 42–52 (2015).
 12. Bograd, S. J. et al. Oxygen declines and the shoaling of the hypoxic boundary in the California Current. Geophysical Research Letters 

35 (2008).
 13. Emerson, S., Mecking, S. & Abell, J. The biological pump in the subtropical North Pacific Ocean: Nutrient sources, Redfield ratios, 

and recent changes. Global Biogeochemical Cycles 15, 535–554, https://doi.org/10.1029/2000GB001320 (2001).
 14. Emerson, S., Watanabe, Y. W., Ono, T. & Mecking, S. Temporal Trends in Apparent Oxygen Utilization in the Upper Pycnocline of 

the North Pacific: 1980–2000. Journal of Oceanography 60, 139–147, https://doi.org/10.1023/B:JOCE.0000038323.62130.a0 (2004).
 15. Ono, T., Midorikawa, T., Watanabe, Y. W., Tadokoro, K. & Saino, T. Temporal increases of phosphate and apparent oxygen utilization 

in the subsurface waters of western subarctic Pacific from 1968 to 1998. Geophysical Research Letters 28, 3285–3288, https://doi.
org/10.1029/2001GL012948 (2001).

 16. Watanabe, Y. W. et al. Probability of a reduction in the formation rate of the subsurface water in the North Pacific during the 1980s 
and 1990s. Geophysical Research Letters 28, 3289–3292, https://doi.org/10.1029/2001GL013212 (2001).

 17. Mecking, S. et al. Climate variability in the North Pacific thermocline diagnosed from oxygen measurements: An update based on 
the U.S. CLIVAR/CO2 Repeat Hydrography cruises. Global Biogeochemical Cycles 22, https://doi.org/10.1029/2007GB003101 
(2008).

 18. Whitney, F. A., Freeland, H. J. & Robert, M. Persistently declining oxygen levels in the interior waters of the eastern subarctic Pacific. 
Progress in Oceanography 75, 179–199, https://doi.org/10.1016/j.pocean.2007.08.007 (2007).

 19. Stramma, L., Johnson, G. C., Sprintall, J. & Mohrholz, V. Expanding Oxygen-Minimum Zones in the Tropical Oceans. Science 320, 
655–658, https://doi.org/10.1126/science.1153847 (2008).

 20. Meinvielle, M. & Johnson, G. C. Decadal water-property trends in the California Undercurrent, with implications for ocean 
acidification. Journal of Geophysical Research: Oceans 118, 6687–6703, https://doi.org/10.1002/2013JC009299 (2013).

 21. Connolly, T. P., Hickey, B. M., Geier, S. L. & Cochlan, W. P. Processes influencing seasonal hypoxia in the northern California 
Current System. Journal of Geophysical Research: Oceans 115, https://doi.org/10.1029/2009JC005283 (2010).

 22. Nam, S., Takeshita, Y., Frieder, C. A., Martz, T. & Ballard, J. Seasonal advection of Pacific Equatorial Water alters oxygen and pH in 
the Southern California Bight. Journal of Geophysical Research: Oceans 120, 5387–5399, https://doi.org/10.1002/2015JC010859 
(2015).

 23. Adams, K. A., Barth, J. A. & Chan, F. Temporal variability of near-bottom dissolved oxygen during upwelling off central Oregon. 
Journal of Geophysical Research: Oceans 118, 4839–4854, https://doi.org/10.1002/jgrc.20361 (2013).

 24. Harrison, C. S., Hales, B., Siedlecki, S. & Samelson, R. M. Potential and timescales for oxygen depletion in coastal upwelling systems: 
A box-model analysis. Journal of Geophysical Research: Oceans 121, 3202–3227, https://doi.org/10.1002/2015JC011328 (2016).

 25. Monteiro, P. M. S., Dewitte, B., Scranton, M. I., Paulmier, A. & Van der Plas, A. K. The role of open ocean boundary forcing on 
seasonal to decadal-scale variability and long-term change of natural shelf hypoxia. Environmental Research Letters 6, 025002 (2011).

 26. Send, U. & Nam, S. Relaxation from upwelling: The effect on dissolved oxygen on the continental shelf. Journal of Geophysical 
Research: Oceans 117, https://doi.org/10.1029/2011JC007517 (2012).

 27. Chelton, D. B. Large-scale response of the California Current to forcing by the wind stress curl. Calif. Coop. Oceanic Fish. Invest. Rep 
23, 130–148 (1982).

http://dx.doi.org/10.1016/0011-7471(62)90243-7
http://dx.doi.org/10.1016/0011-7471(62)90243-7
http://dx.doi.org/10.1073/pnas.122154899
http://dx.doi.org/10.1029/2010GL044497
http://dx.doi.org/10.1038/nature21399
http://dx.doi.org/10.1029/2000GB001320
http://dx.doi.org/10.1023/B:JOCE.0000038323.62130.a0
http://dx.doi.org/10.1029/2001GL012948
http://dx.doi.org/10.1029/2001GL012948
http://dx.doi.org/10.1029/2001GL013212
http://dx.doi.org/10.1029/2007GB003101
http://dx.doi.org/10.1016/j.pocean.2007.08.007
http://dx.doi.org/10.1126/science.1153847
http://dx.doi.org/10.1002/2013JC009299
http://dx.doi.org/10.1029/2009JC005283
http://dx.doi.org/10.1002/2015JC010859
http://dx.doi.org/10.1002/jgrc.20361
http://dx.doi.org/10.1002/2015JC011328
http://dx.doi.org/10.1029/2011JC007517


www.nature.com/scientificreports/

9SCIentIfIC RepORTS |  (2018) 8:7290  | DOI:10.1038/s41598-018-25341-8

 28. Hayward, T. L. & Venrick, E. L. Nearsurface pattern in the California Current: coupling between physical and biological structure. 
Deep Sea Research Part II: Topical Studies in Oceanography 45, 1617–1638, https://doi.org/10.1016/S0967-0645(98)80010-6 (1998).

 29. Collins, C. A., Pennington, J. T., Castro, C. G., Rago, T. A. & Chavez, F. P. The California Current system off Monterey, California: 
physical and biological coupling. Deep Sea Research Part II: Topical Studies in Oceanography 50, 2389–2404, https://doi.org/10.1016/
S0967-0645(03)00134-6 (2003).

 30. Chavez, F. P., Messié, M. & Pennington, J. T. Marine Primary Production in Relation to Climate Variability and Change. Annual 
Review of Marine Science 3, 227–260, https://doi.org/10.1146/annurev.marine.010908.163917 (2011).

 31. Kwon, E. Y., Deutsch, C., Xie, S.-P., Schmidtko, S. & Cho, Y.-K. The North Pacific Oxygen Uptake Rates over the Past Half Century. 
Journal of Climate 29, 61–76, https://doi.org/10.1175/JCLI-D-14-00157.1 (2016).

 32. Huang, R. X. Heaving modes in the world oceans. Climate Dynamics 45, 3563–3591, https://doi.org/10.1007/s00382-015-2557-6 
(2015).

 33. Di Lorenzo, E. et al. North Pacific Gyre Oscillation links ocean climate and ecosystem change. Geophysical Research Letters 35, 
https://doi.org/10.1029/2007GL032838 (2008).

 34. Bartlett, M. S. Some Aspects of the Time-Correlation Problem in Regard to Tests of Significance. Journal of the Royal Statistical 
Society 98, 536–543, https://doi.org/10.2307/2342284 (1935).

 35. Wunsch, C. The Interpretation of Short Climate Records, with Comments on the North Atlantic and Southern Oscillations. Bulletin 
of the American Meteorological Society 80, 245–255, https://doi.org/10.1175/1520-0477 (1999).

 36. Santer, B. D. et al. Statistical significance of trends and trend differences in layer-average atmospheric temperature time series. 
Journal of Geophysical Research: Atmospheres 105, 7337–7356, https://doi.org/10.1029/1999JD901105 (2000).

 37. Castro, C. G., Chavez, F. P. & Collins, C. A. Role of the California Undercurrent in the export of denitrified waters from the eastern 
tropical North Pacific. Global Biogeochemical Cycles 15, 819–830, https://doi.org/10.1029/2000GB001324 (2001).

Acknowledgements
The authors would like to thank Reiko Michisaki, Marguerite Blum, Monique Messié, and Fred Bahr for help in 
accessing and analyzing the unpublished MBARI data. This research was supported by the US National Science 
Foundation Adaptation to Abrupt Climate Change IGERT program grant DGE-1144423, the Monterey Bay 
Aquarium Research Institute (MBARI) via the David and Lucile Packard Foundation, and NASA Interdisciplinary 
Science Program grant NNX14AD79G (to C.O. Davis at Oregon State University and its subcontractor at the 
University of Maine).

Author Contributions
A.S.R. wrote the manuscript and analyzed the data. F.C. initiated the idea and revised the manuscript. H.X. 
contributed to the development of the box model and revised the manuscript. D.M.A. contributed to oxygen 
trend analysis, climate indices analysis, and revised the manuscript. F.P.C. contributed to oxygen trend analysis, 
development of the box model, and discussion of source water changes. F.P.C. designed the observational system 
and data collection.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25341-8.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1016/S0967-0645(98)80010-6
http://dx.doi.org/10.1016/S0967-0645(03)00134-6
http://dx.doi.org/10.1016/S0967-0645(03)00134-6
http://dx.doi.org/10.1146/annurev.marine.010908.163917
http://dx.doi.org/10.1175/JCLI-D-14-00157.1
http://dx.doi.org/10.1007/s00382-015-2557-6
http://dx.doi.org/10.1029/2007GL032838
http://dx.doi.org/10.2307/2342284
http://dx.doi.org/10.1175/1520-0477
http://dx.doi.org/10.1029/1999JD901105
http://dx.doi.org/10.1029/2000GB001324
http://dx.doi.org/10.1038/s41598-018-25341-8
http://creativecommons.org/licenses/by/4.0/

	A Sixteen-year Decline in Dissolved Oxygen in the Central California Current
	Results
	Climatological dissolved oxygen and alongshore current structure. 
	Dissolved Oxygen Trends. 
	Mid-depth decreases in dissolved oxygen. 
	Upper Level Oxygen Variability. 

	Discussion
	Data and Methods
	Data Collection and Processing. 
	Alongshore Velocity. 
	Bathymetry. 
	Dissolved Oxygen Trends. 
	Climate Index Correlations. 
	Autocorrelation. 
	Box Model. 
	Data availability. 

	Acknowledgements
	Figure 1 (a) Map of the location of CalCOFI Line 67, stations 50 to 90 (blue), and the standard CalCOFI sampling lines (black), (b) months of the year with Line 67 cruise data for dissolved oxygen on σθ = 26.
	Figure 2 (a) Mean dissolved oxygen along Line 67 (µmol kg−1) and contours of potential densities 25.
	Figure 3 The rate of change in dissolved oxygen concentration (µmol kg−1 year−1) from 1998–2013 (a) on isopycnals (σθ 25.
	Figure 4 Line 67 mean dissolved oxygen concentrations along σθ 25.
	Figure 5 Inshore (average of stations 55–65, orange circles) and offshore (average of stations 75–85, blue circles) dissolved oxygen from Line 67 observations over time along σθ = 26.
	Figure 6 Depth profile of the rate of decline of dissolved oxygen concentration (µmol kg−1 year−1) on Line 67 (blue line).
	Table 1 Summary and comparison of rates of decline in the California Current and Northeast Pacific.




