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Abstract. A strong oxygen-deficient layer is located in the
upper layers of the tropical Pacific Ocean and deeper in the
North Pacific. Processes related to climate change (upper-
ocean warming, reduced ventilation) are expected to change
ocean oxygen and nutrient inventories. In most ocean basins,
a decrease in oxygen (“deoxygenation”) and an increase in
nutrients have been observed in subsurface layers. Deoxy-
genation trends are not linear and there could be multiple in-
fluences on oxygen and nutrient trends and variability. Here
oxygen and nutrient time series since 1950 in the Pacific
Ocean were investigated at 50 to 300 m depth, as this layer
provides critical pelagic habitat for biological communities.
In addition to trends related to ocean warming the oxygen
and nutrient trends show a strong influence of the Pacific
Decadal Oscillation (PDO) in the tropical and the eastern Pa-
cific, and the North Pacific Gyre Oscillation (NPGO) in par-
ticular in the North Pacific. In the Oyashio Region the PDO,
the NPGO, the North Pacific Index (NPI) and an 18.6-year
nodal tidal cycle overlay the long-term trend. In most east-
ern Pacific regions oxygen increases and nutrients decrease
in the 50 to 300 m layer during the negative PDO phase, with
opposite trends during the positive PDO phase. The PDO in-
dex encapsulates the major mode of sea surface temperature
variability in the Pacific, and oxygen and nutrients trends
throughout the basin can be described in the context of the
PDO phases. El Niño and La Niña years often influence the

oxygen and nutrient distribution during the event in the east-
ern tropical Pacific but do not have a multi-year influence on
the trends.

1 Introduction

Oxygen and nutrient distribution are key parameters con-
trolling marine ecosystems. How oxygen and nutrient con-
centrations vary and co-vary ultimately controls biogeo-
chemical cycles. Globally, oxygen has been estimated to
have decreased in the ocean by 2 % during the past 5
decades, likely caused by climate-change-related tempera-
ture increases, with the largest oxygen decrease in the North
and equatorial Pacific (Schmidtko et al., 2017). Increasing
sea surface temperatures reduce the solubility of oxygen in
sea water and increase stratification, which leads to less con-
vection of oxygen-rich water to subsurface layers. The global
mean surface temperature (GISTemp) anomaly (e.g., Hansen
et al., 2010) shows an increase of about 0.3 ◦C from early
1900 to 1950, stagnant values between 1950 and 1976, and
an increase of about 0.8 ◦C from 1976 to 2015 (Fig. 1). Re-
sults from the UVic ECSM (University of Victoria Earth Sys-
tem Climate Model) model indicate that ocean oxygenation
varies inversely with low-latitude surface wind stress (Ridder
and England, 2014).
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Figure 1. Global mean surface temperature anomaly from the 1951 to 1980 mean (GISTemp; peak of the annual bars; left scale) with La
Niña years (blue bars), El Niño years (orange-brown bars), neutral years (grey bars) and the PDO index (solid line; right scale), with PDO
phases marked (compiled by Miriam O’Brien for 1900 to 2015). The data sources used GISS NASA (temperature), Australian Bureau of
Meteorology (ENSO years based on the Southern Oscillation Index), Japan Meteorological Society (PDO index) and Trenberth 2015 (PDO
phases).

In the tropical eastern Pacific, two subsurface low-oxygen
zones exist north and south of the Equator, with a pro-
nounced minimum in oxygen at ∼ 100 to 500 m depth, and
these are referred to as oxygen minimum zones (OMZs) or
oxygen-deficient zones (ODZs). These OMZs are suboxic
(oxygen concentrations below ∼ 4.5–10.0 µmol kg−1; e.g.,
Karstensen et al., 2008; Stramma et al., 2008). In suboxic
regions, nitrate and nitrite become involved in respiration
processes such as denitrification or anammox (e.g., Kalve-
lage et al., 2013). Decreasing and, in a few areas of the Pa-
cific, increasing oxygen content in the OMZ layer over the
last 50 years has been described (e.g., Stramma et al., 2010).
In the subarctic North Pacific, surface nutrient concentration
decreased from 1975 to 2005 and is strongly correlated with
a multidecadal increasing trend of sea surface temperature
(SST) (Ono et al., 2008). Below the surface, however, oxy-
gen decreased and nutrients increased in the subarctic Pacific
pycnocline from the mid-1980s to around 2010 (Whitney et
al., 2013). Nutrients would be expected to vary inversely with
oxygen, if the dominant process was the remineralization of
marine detritus (Whitney et al., 2013).

Climate modes influence oxygen and nutrient distribu-
tions. Because of the influence of SST on the solubility of
oxygen and changes in convection and thermocline depth,
the most prominent control on oxygen changes in the Pa-
cific might be exerted by the Pacific Decadal Oscillation
(PDO). A shoaling thermocline, such as occurs in the east-
ern Pacific during La Niña or a cool (negative) PDO state,
enhances nutrient supply and organic matter export in the

eastern Pacific while simultaneously increasing the fraction
of that organic matter that is respired in the low-oxygen wa-
ter of the uplifted thermocline. The opposite occurs during El
Niño or a warm (positive) PDO state; a deeper thermocline
reduces both export and respiration in low-oxygen water in
the eastern Pacific, allowing the hypoxic water volume to
shrink (Deutsch et al., 2011; Fig. S7). Previous syntheses of
tropical and North Pacific physical, biological and chemical
conditions during warm and cold PDO regimes have shown
the far-reaching influence of the PDO on the Pacific Ocean,
for example in controlling the out-of-phase relationship be-
tween sardine and anchovy populations in the eastern Pacific
(Chavez et al., 2003). In a pattern similar to the PDO SST
during the warm regime, lower nutrients are shown for the
eastern equatorial and near-coastal tropical Pacific and higher
nutrients in the northern Pacific, and vice versa for the cold
regime (Chavez et al., 2003; their Fig. 3). A similar relation-
ship to the PDO was also observed for surface (5–10 m) nu-
trient concentrations in the North Pacific (north of 10◦ N; Ya-
sunaka et al., 2016). Model simulations for the eastern Pacific
Ocean for typical PDO positive conditions show a volume
expansion of the suboxic regions by 7 % in 50 years due to
a slowdown of the large-scale circulation related to the de-
crease in the intensity of the trade winds (Duteil et al., 2018).
Other climate modes that could influence the oxygen and nu-
trient trends are the North Pacific Gyre Oscillation (NPGO;
Di Lorenzo et al., 2008), North Pacific Index (NPI) and El
Niño–Southern Oscillation (ENSO) events.
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Here we use publicly available oxygen and nutrient data
augmented with recent ship data to investigate the influence
of decadal climate oscillations on the oxygen and nutrient
variability in the tropical, eastern and northern Pacific Ocean
where long time series are available. For the negative PDO
phase we use data between 1950 and 1976. As there are large
data gaps in the 1990s and early 2000s, we use data since
1977 for the warm PDO despite the variable PDO conditions
after 1998. In addition, possible influence of the NPGO, of
the NPI, of ENSO and of an 18.6-year oscillation (Royer,
1993) in the North Pacific is investigated.

2 Climate signals and data sets

2.1 Climate signals

Several climate signals are investigated here with regard to
a possible influence on the oxygen and nutrient distribution
and some basic details are listed here.

According to Deser et al. (2010) the leading empirical or-
thogonal function (EOF) of monthly SST anomalies over the
North Pacific (after removing the global mean SST anomaly)
and its associated principal component (PC) time series are
termed the Pacific Decadal Oscillation (PDO) after Mantua
et al. (1997).

The temperature pattern and the PDO time series (Fig. S1
in the Supplement) show that the PDO was negative from
1944 to 1976 with a stagnant temperature period, and they
show warming temperatures since 1977 with PDO positive
from 1977 to 1998 and PDO variable after 1998. At the
time of transition from negative to positive PDO, a climate
shift in the eastern and central North Pacific Ocean occurred
in 1976–1977, which was caused by unique atmospheric
anomalies acting over several months before the 1976–1977
winter (Miller et al., 1994). Despite a positive PDO index
from 2002 to 2006 (Fig. 1), the period 1998 to 2013 is dom-
inated by negative seasonal mean PDO indices and is typi-
cally considered to be a cool (negative PDO) phase (Tren-
berth, 2015).

The North Pacific Gyre Oscillation (NPGO) index tracks
the changes in strength of the central and eastern branches of
the North Pacific gyres and of the Kuroshio–Oyashio Exten-
sion. Like the PDO, it is a mode of decadal climate variability
and it is defined as the second dominant mode of variability
in sea surface height anomaly in the northeast Pacific over
the region 25–62◦ N, 180–110◦W (Di Lorenzo et al., 2008).
Subsurface nutrient variability in the Gulf of Alaska, Line P
in the eastern North Pacific at about 50◦ N and the California
Current System have been shown to be correlated with the
NPGO (Di Lorenzo et al., 2009).

In the North Pacific, the NPI (North Pacific Index;
anomaly of the sea surface level pressure in the wintertime
of the North Pacific (30–65◦ N, 160◦ E–140◦W; Minobe,
2000)) was introduced. In observations in the northwest Pa-

cific an oscillation every 2 decades related to minima in 1962
and 1983 and maxima in 1971 and 1991 (Watanabe et al.,
2003, their Fig. 2) has been described.

The ENSO cycle of alternating warm El Niño and cold La
Niña events is the climate system’s dominant year-to-year
signal. ENSO originates in the tropical Pacific through
interaction between the ocean and the atmosphere, but its
environmental and socioeconomic impacts are felt world-
wide (McPhaden et al., 2006). The 3-month running mean
SST anomalies (ERSST.v5 SST anomalies) in the Niño 3.4
region (equatorial Pacific: 5◦ N to 5◦ S, 120 to 170◦W) of
at least +0.5 ◦C and lasting for at least five consecutive
3-month periods are defined as El Niño events and five
consecutive 3-month periods of at least −0.5 ◦C are defined
as La Niña events (http://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ONI_v5.php, last access:
13 May 2019). In the eastern Pacific, ENSO variability is
most pronounced along the Equator and coastal Ecuador,
Peru and Baja California (Wang and Fiedler, 2006). Coastal
warming during El Niño is caused by downwelling Kelvin
waves generated by mid-Pacific westerly wind anomalies
that deepen the eastern thermocline, nutricline and oxycline
and allow warming to occur (Kessler, 2006). Consequently,
during El Niño events the upwelled water off the coast is
warmer, more oxygen-replete and less nutrient-rich, while
during La Niña events the water is colder, oxygen-poor and
nutrient-rich (e.g., Graco et al., 2017).

2.2 Data sources by regions

The main hydrographic data set is similar to the one used
and described in Schmidtko et al. (2017), relying on Hy-
drobase and World Ocean Database bottle data for nutrient
data. Quality control and handling is described in Schmidtko
et al. (2017) for oxygen and used here similarly for nutri-
ents. The only divergence to the described procedure was that
bottle data with missing temperature and/or salinity were as-
signed the temporal and spatial interpolated temperature and
salinity derived from MIMOC (Schmidtko et al., 2013). This
was done to ensure all data were in micromoles per kilogram
and not requiring the discarding of already sparse data. In
Schmidtko et al. (2017) this was not performed, since the er-
ror introduced near or in boundary currents and fronts can be
significant. In contrast the areas here were chosen to repre-
sent homogeneous patches with significant amounts of data
in the open ocean; thus in the areas analyzed here, this may
only lead to minor errors in density, resulting in an error of
less than 0.05 %, negligibly small in micromoles per kilo-
gram, compared to the oxygen or nutrient data accuracy. Sim-
ilarly, a nutrient file was compiled (status 25 February 2019).
This compilation of hydrographic, oxygen and nutrient data
is referred to in the following as “hydrodata”. The final hy-
drodata set was used to extract data for our regions of interest.

As nutrient data are sparse in many regions of the Pacific,
areas were selected due to their better temporal data coverage
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Figure 2. Distribution of the areas used and mean 50 to 300 m silicate, phosphate, nitrate and oxygen (all in micromoles per kilogram), in
the Pacific Ocean.

(most regular sampling over the longest time period). Three
regions in the equatorial Pacific were selected which can be
compared with earlier observations. In the equatorial region
mainly hydrodata were used. The region at 5◦ N–5◦ S, 165–
175◦W (area E in Stramma et al., 2008; shown in Fig. 2a)
which had hydrodata until 2009 was supplemented with data
from a RV Investigator cruise at 170◦W from June 2016.
The region 5◦ N–5◦ S, 105–115◦W (area D in Stramma et
al. 2008; shown in Fig. 2a), which had hydrodata until 2008,
was supplemented with data from a RV Ron Brown cruise at

110◦W in December 2016. The area 2–5◦ S, 84–87◦W (near
the Galápagos Islands, marked in Fig. 2a as area G) had been
used by Czeschel et al. (2015) to investigate nutrient trends
and is supplemented here with recent cruises until 2017.

Off California, intense repeated measurements have been
made since 1949 within the California Cooperative Oceanic
Fisheries Investigations (CalCOFI) project and data from
the bottle data set (downloaded from http://www.calcofi.org/
ccdata.html, last access: 13 August 2018, status 13 Au-
gust 2018; data period March 1949 to November 2017, how-
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ever with sparse nutrient data prior to 1984) were used to
investigate the oxygen and nutrient changes within the Cal-
ifornia Current. We use the CalCOFI 1◦× 1◦ data subset at
34–35◦ N, 121–122◦W without additional hydrodata and no
additional historic nutrient data. This region is located near
the center of the CalCOFI station grid and we referred to it
as CalCOFIc (shown in Fig. 2a).

Station P, located at 50◦ N, 145◦W in the North Pa-
cific, was established as a weather observation site with a
weather ship in 1949 which was manned continuously until
1981, and routine hydrographic measurements were started
in the 1950s. After the termination of the weather ship pro-
gram, shipboard measurements have been made on average
three times a year since. The data set from the Institute of
Ocean Sciences, Sidney, BC, Canada, covers (status Septem-
ber 2018) the time period May 1956 to August 2017 with
data collected on research cruises. The Station P data were
supplemented here by hydrodata in the surrounding region
48–52◦ N, 143–147◦W, which we refer to as area P (shown
in Fig. 2a) in the following.

The Hawaii Ocean Time-series for the region north
of Hawaii was taken from hydrodata in the region 22–
25◦ N, 156–159◦W, and downloaded bottle data for the
Aloha station were taken at 22◦45′ N, 158◦W (http://hahana.
soest.hawaii.edu/hot/hot-dogs/bextraction.html, last access:
15 January 2019, status 15 January 2019; time period cov-
ered October 1988 to December 2017). This data set is called
the Aloha region (shown in Fig. 2a) in the following. Differ-
ent to the other regions, this station is located in the subtrop-
ics with high oxygen content and low nutrient concentrations
in the subsurface layer (Fig. 2). As there were continuous
measurements since the 1980s we included this region in our
investigation.

The measurements in the Oyashio region east of Japan
(39–42◦ N, 144–149◦ E; shown in Fig. 2a) are from hydro-
data, augmented with updated data collections used in Whit-
ney et al. (2013). Hydrographic and biogeochemical mea-
surements have typically been made in this region in every
season since 1954 (used in Sasano et al., 2018) and were in-
cluded here up to 2017.

For 50 years a repeat section was covered in the western
Pacific along 137◦ E (Oka et al., 2018). The section was mea-
sured biannually in winter and summer. To cover the western
tropical Pacific, the area 20–26◦ N, 134–140◦ E was selected
from the hydrodata and added with nutrient data for the pe-
riod 2008 to 2018 from the 137◦ E section as the hydrodata
do not cover the period after 2008.

In the eastern tropical Pacific (2–5◦ S, 84–87◦W; area
G) and off Peru (7–12◦ S, 78–83◦W; called the Peru re-
gion in the following) the hydrodata could be extended with
some RV Meteor cruises carried out across the Equator and
near the Peruvian coast, with two cruise legs from Decem-
ber 2008 to February 2009 (M77/3 and M77/4; Czeschel et
al., 2011), in November 2012 (M90; Stramma et al., 2013) at
85◦50′W and in June 2017 (M138). Sections across the Pe-

ruvian shelf between 9 and 16◦ S were made during the RV
Meteor cruise M91 in December 2012 (Czeschel et al., 2015)
and M135 in March 2017. In October 2015 an RV Sonne
cruise from Guayaquil, Ecuador, to Antofagasta, Chile, was
carried out with sections at the Equator and off the shelf
of Peru (Stramma et al., 2016). Although these measure-
ments were made during one of the strongest El Niño events
since the 1950s, the October 2015 measurements are used
for the trend computations to estimate the influence of the
El Niño event. In the figures the El Niño events of 1982/83,
1997/98 and 2015/16 are defined as very strong El Niño
events, and the strong El Niño events (1957/58, 1965/66,
1972/73, 1987/88 and 1991/92) are marked by circles and the
strong La Niña events (1973/74, 1975/76, 1988/89, 1998/99,
1999/2000, 2007/08 and 2010/11) are marked by squares in
these years.

2.3 Data processing

On recent cruises the conductivity–temperature–depth
(CTD) oxygen sensors were calibrated with oxygen mea-
surements obtained from discrete samples from the rosette
applying the classical Winkler titration method, using a non-
electronic titration stand (Winkler, 1888; Hansen, 1999). The
root-mean-square uncertainty of the CTD oxygen sensor cal-
ibration was on the order of ±1.0 µmol kg−1.

The nutrients nitrite (NO−2 ), nitrate (NO−3 ), phosphate
(PO3−

4 ) and silicic acid (Si(OH))4 referred to as silicate here-
after) on the recent cruises were measured on board with a
QuAAtro autoanalyzer (Seal Analytical). For recent autoan-
alyzer measurements precisions are 0.01 µmol kg−1 for phos-
phate, 0.1 µmol kg−1 for nitrate, 0.5 µmol kg−1 for silicate
and 0.02 mL L−1 (∼ 0.9 µmol kg−1) for oxygen from Win-
kler titration (Bograd et al., 2015). For older uncorrected nu-
trient data, offsets are estimated to be 3.5 % for nitrate, 6.2 %
for silicate and 5.1 % for phosphate (Tanhua et al., 2010).

To investigate oxygen and nutrient trends, we use the hy-
drodata set and recent ship sections to construct time series
of annual mean oxygen and nutrient profiles. Oxygen and
nutrient data are presented in micromoles per kilogram, with
data obtained in different units converted to micromoles per
kilogram. Linear trends and their statistical significance were
computed using binned annual data of the linearly standard
depth interpolated profiles (all measurements from one year
were attributed to that year, as in earlier investigations; e.g.,
Czeschel et al., 2015). This was done since intra-annual vari-
ability is small compared to the inter-annual variability and
the modes analyzed are of greater time spans; the reduction
of data clusters greatly reduces the possible systematic bias
in the trends. We do not address the errors in the vertical in-
terpolation on standard depths, because the layer analyzed
is thin and characterized in general by a linear decrease or
increase in observed values. Due to heterogeneous vertical
sampling the error is assumed to be small compared to the
observed inter-annual variability. For the trend computation,
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successive years of the time series are not necessarily statis-
tically independent of each other. Therefore we determined
the effective number of degrees of freedom for the computa-
tion of the confidence interval. For each time series the lag-
dependent temporal half folding range of the autocorrelation
function was used to compute the degrees of freedom. The
length of the time series was divided by the length of the
time derived from the autocorrelation function, giving a sta-
tistical measure of the degrees of freedom for each analyzed
time series independently.

As historical measurements are focused on the upper
ocean and as oxygen and nutrient changes will have the
largest impact on the biology in the upper ocean, the trends
have been computed for the subsurface layer 50 to 300 m as
presented in Czeschel et al. (2015). The upper boundary at
50 m was selected to avoid influence from atmosphere–ocean
interaction in the mixed layer. In the North Pacific seasonal
variability will reach below 50 m depth. The two areas we
consider in the North Pacific contain a lot of data, and a test
omitting the winter month measurements (January to March:
Supplement Table S1) shows similar trends as for the entire
year (Table 1). Hence the seasonal cycle did not have a larger
impact on the results. The oxygen and nutrient distribution
at 50 to 300 m depth (Fig. 2) shows the large variation in
the parameters across the Pacific. The subtropical gyres are
clearly visible by enhanced oxygen and low nutrient content.
Higher nutrient contents are seen in the equatorial and east-
ern Pacific in the areas of equatorial and coastal upwelling,
respectively. As gradients are low in regions of low nutrient
content and nutrient data are often sparse, it makes sense to
investigate changes in regions with enhanced nutrient content
and a sufficiently long time series.

The data used for the oxygen and nutrient time series were
interpolated with an objective mapping scheme (Bretherton
et al., 1976) with Gaussian weighting using a temporal half
folding range of 0.5 years and a vertical one of 50 m, a
maximum temporal range of 1 year, and spatial range of
100 m. The covariance matrix was computed from the near-
est 100 local data points and 50 randomly distributed data
points within the maximum range, for the diagonal of the
covariance matrix a signal-to-noise ratio of 0.7 was set (see
Schmidtko et al., 2013, for details). Due to the random data
points, the computed trends and confidence intervals vary
slightly in each computation run of the interpolation; how-
ever the variation is very small compared to the confidence
interval.

The correlation coefficient and significance between the
oxygen time series and the PDO or NPGO were computed
for all years available, using a chi-squared test with the de-
grees of freedom as computed above. Often the correlation
was considered to be significant for the 95 % confidence in-
terval different from null; however, recently it was stated that
it seldom makes sense to calibrate evidence as a function of
p values (McShane et al., 2019), and it was suggested to
retire the term statistical significance and only state direct

p values (Amrhein et al., 2019). In the following we list the
p value of the null hypotheses in parentheses. For some re-
gions with a longer time series the correlation was also com-
puted for temperature or nitrate. In the North Pacific the cor-
relation of oxygen with an 18.6-year oscillating signal was
computed for the entire period with existing oxygen data. To
investigate the lag the measurement years were shifted from
−15 to +15 by 1-year steps. Since the PDO or NPGO time
series are continuous, data point reduction due to lag shift is
small and only occurring for individual data collected in the
last 15 years. The impact is assumed to be smaller than the
here-given uncertainties.

3 Trends and influence of climate signals

3.1 Long-term trends

In the global ocean the long-term SST trend in 1901–2012
was positive everywhere except for a region in the North At-
lantic (IPCC, 2013, Fig. 2.21). However, for 1951 to 1980 de-
creasing SSTs were reported across the North Pacific Ocean
(IPCC, 2013, Fig. 2.22). For 1981 to 2012, while the western
Pacific showed a warming trend, a large region with decreas-
ing SSTs was seen in the eastern Pacific Ocean. However,
a different pattern emerges when the analysis is applied to
the subsurface layer (50 to 300 m). Subsurface temperature
trends computed for all data since 1950 in each of the regions
discussed in Sect. 2 showed weak temperature increases. Ex-
ceptions are (1) the area P with a temperature increase in the
95 % confidence interval of 0.0083± 0.0073 ◦C yr−1 for the
period 1954 to 2017, with the highest temperatures in the
positive PDO periods from 1977 to 1999 and since 2013, and
(2) the Oyashio region, where a strong temperature decrease
in the 95 % confidence interval of−0.0273±0.0188 ◦C yr−1

was derived for the period 1952 to 2017 with the lowest tem-
peratures in the period 1977 to 2010 (Fig. S2). This agrees
with the surface layer (0 to 50 m), where all areas showed
increasing temperature for the entire measurement period,
except for the Oyashio region where temperature decreased
(Fig. S2). The very strong temperature increase at area P
after 2013 was impacted by the strong surface temperature
anomaly in the Northeast Pacific Ocean from 2013 to 2015
during the marine heat wave nicknamed “The Blob” (Bond
et al., 2015; Di Lorenzo and Mantua, 2016). For the subsur-
face layer discussed here, however, it appears that the marine
heat wave peaked in 2016–2017 (Jackson et al., 2018). Ex-
cept for the Aloha and the CalCOFIc regions, all 0 to 50 m
trends were not within the 95 % confidence interval, proba-
bly due to interdecadal, seasonal and regional variations in
the temperature measurements. The temperature trends are
in agreement with the SST expression of the PDO (Fig. S1),
which is positive in the area P region and strongly negative
in the Oyashio region.
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Table 1. Linear trends of solutes in micromoles per kilogram per year with 95 % confidence intervals (p values) where data are available
for the entire period since 1950, for negative (1950–1976; PDO-) and positive (after 1976; PDO+) PDO periods in the 50 to 300 m depth
layer for selected ocean areas shown in Figs. 3, 4, 5, 7, S3, S4, S5 and S6. Trends whose 95 % confidence interval includes zero are shown
in italics. Areas are named CalCOFIc (34–35◦ N, 121–122◦W), area P (48–52◦ N, 143–147◦W), Aloha region (22–25◦ N, 156–159◦W),
Oyashio region (39–42◦ N, 144–149◦ E), 137◦ E (20–26◦ N, 134–140◦ E) and Peru region (7–12◦ S, 78–83◦W).

Parameter Trend time period PDO− trend time period PDO+ trend time period

Area E 5◦ N–5◦ S, 165–175◦W 5◦ N–5◦ S, 165–175◦W 5◦ N–5◦ S, 165–175◦W
Oxygen −0.36± 0.22 1950–2016 −0.19± 0.78 1950–1975 −0.56± 0.57 1977–2016
Area D 5◦ N–5◦ S,105–115◦W 5◦ N–5◦ S, 105–115◦W 5◦ N–5◦ S, 105–115◦W
Oxygen −0.65± 0.37 1957–2016 −2.4± 3.1 1957–1971 −0.84± 0.55 1979–2016

Area G 2–5◦ S, 84–87◦W 2–5◦ S, 84–87◦W 2–5◦ S, 84–87◦W

Oxygen +0.17± 0.48 1955–2017 +1.63± 1.18 1955–1976 −0.12± 0.54 1979–2017
Nitrate −0.027± 0.165 1966–2017 −0.594± 1.380 1966–1976 +0.065± 0.164 1979–2017
Silicate −0.079± 0.077 1960–2017 −0.381± 0.545 1960-1976 −0.098± 0.172 1983–2017
Phosphate +0.003± 0.010 1960–2017 −0.018± 0.044 1960–1976 +0.011± 0.026 1983–2017

Area CalCOFIc CalCOFIc CalCOFIc

Oxygen −0.18± 0.41 1950–2017 +1.13± 0.96 1950–1976 −0.58± 0.40 1978–2017
Nitrate +0.035± 0.054 1969–2017 −1.040± 4.230 1969–1973 +0.066± 0.061 1978–2017
Silicate −0.021± 0.059 1961–2017 −0.215± 0.625 1961–1973 +0.029± 0.091 1978–2017
Phosphate +0.001 ± 0.003 1950–2017 −0.000± 0.016 1950–1973 +0.006± 0.005 1978–2017

Area Area P Area P Area P

Oxygen −0.24± 0.23 1954–2017 −0.16± 1.41 1954–1976 −0.18± 0.42 1977–2017
Nitrate +0.071± 0.056 1956–2017 −0.113± 0.515 1956–1973 +0.093± 0.096 1980–2017
Silicate +0.492± 0.180 1957–2017 +1.47± 4.92 1957–1971 +0.193± 0.261 1987–2017
Phosphate +0.001± 0.003 1954–2017 −0.013± 0.023 1954–1971 +0.001± 0.008 1980–2017

Area Aloha region Aloha region Aloha region

Oxygen −0.08± 0.21 1951–2017 +0.20± 0.45 1951–1976 +0.004± 0.38 1977–2017
Nitrate none none +0.014± 0.021 1984–2017
Silicate +0.013± 0.013 1970–2017 none +0.013± 0.016 1985–2017
Phosphate −0.002± 0.001 1953–2017 +0.007± 0.020 1953–1966 −0.0004± 0.002 1985–2017

Area Oyashio region Oyashio region Oyashio region

Oxygen −0.23± 0.34 1952–2017 −0.39± 0.60 1952–1976 +0.15± 0.69 1977–2017
Nitrate +0.090± 0.068 1964–2017 +0.164± 0.520 1964–1976 +0.143± 0.079 1977–2017
Silicate +0.176± 0.370 1952–2017 −1.38± 1.09 1952–1972 +0.667± 0.330 1981–2017
Phosphate +0.006± 0.004 1953–2017 +0.010± 0.015 1953–1976 +0.010± 0.007 1977–2017

Area 137◦ E 137◦ E 137◦ E

Oxygen +0.06± 0.04 1955–2018 +0.25± 0.25 1955–1976 +0.03± 0.07 1977–2018
Nitrate −0.004± 0.011 1966–2018 −0.009,± 0.126 1966–1976 +0.005± 0.008 1977–2018
Silicate −0.067± 0.028 1958–2018 −0.068± 0.312 1958–1970 −0.083± 0.066 1981–2018
Phosphate −0.002± 0.001 1958–2018 −0.005± 0.008 1958–1976 −0.001± 0.001 1977–2018

Area Peru region Peru region Peru region

Oxygen −0.05± 0.32 1960–2017 +0.92± 0.68 1960–1976 −0.34± 0.40 1977–2017
Nitrate +0.068± 0.216 1965–2017 −1.03± 1.35 1965–1976 +0.181± 0.073 1977–2017
Silicate −0.062± 0.150 1965–2017 −0.707± 1.040 1965–1976 +0.032± 0.145 1977–2017
Phosphate −0.000± 0.010 1960–2017 −0.006± 0.032 1960–1976 +0.012± 0.010 1977–2017
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Figure 3. Annual mean oxygen concentration (µmol kg−1, red crosses) for years available and trends for the layer from 50 to 300 m plotted
for the entire time period (dashed red lines) and for the periods 1950 to 1976 for the negative PDO phase and after 1976 for the positive PDO
phase (solid red lines) for (a) 5◦ S–5◦ N, 165–175◦W (area E) and (b) 5◦ S–5◦ N, 105–115◦W (area D). El Niño years defined as strong or
very strong are marked by an additional magenta circle, strong La Niña years are marked by an additional blue square. The changes of the
PDO status in 1977, 1999 and 2013 are marked by vertical dotted lines. The annual mean PDO index is shown as a grey curve.

In the open ocean a decline in mean oxygen solubility
of ∼ 5 µM associated with a hypothetical warming of 1 ◦C
throughout the upper ocean would expand the reach of hy-
poxic conditions by 10 % while suboxic zones would nearly
triple in volume (Deutsch et al., 2011). However the sensi-
tivity of hypoxic zones to variations in the depth of the ther-
mocline introduces a mechanism for counteracting this ex-
pansion (Deutsch et al., 2011). In the areas of the equatorial
Pacific (Figs. 3 and 4), the CalCOFIc region off California
(Fig. 5), the area P in the North Pacific (Fig. S3), the Aloha
region north of Hawaii (Fig. S4), the Oyashio region in the
western North Pacific (Fig. 7) and a region off Peru (Fig. S6),
the linear trend of the oxygen content of the layer from 50
to 300 m is negative for the entire time period of available
data since 1950, except for the 137◦ E data between 134 and
140◦ E in the western Pacific (Fig. S5) and the eastern equa-
torial region 2 to 5◦ S, 84 to 87◦W (just northwest of the Peru
region) which has a positive trend caused by low and variable
oxygen content in the 1955 to 1965 period. However, except
for the western equatorial areas and area P, the oxygen trends
are not within the 95 % confidence interval with regard to the
entire time series (Table 1).

The long-term trends of the western equatorial regions be-
tween 5◦ N and 5◦ S at 165–175◦W and 105–115◦W show a
continuous oxygen decrease since 1950 for the 50 to 300 m
layer of −0.36± 0.22 and −0.65± 0.37 µmol kg−1 yr−1

(Fig. 3; Table 1). These trends are larger than the trends for
the same regions since 1960 for the 300 to 700 m layer of
−0.19±0.20 and−0.13±0.32 µmol kg−1 yr−1 (Stramma et
al., 2008), as the deeper layer is located at the low-oxygen
core of the OMZ where no large changes are possible.

For the period 1956 to 2006 at area P in the depth range
100 to 400 m an ocean warming of 0.005–0.012 ◦C yr−1

has been described (Whitney et al., 2007). Our longer
temperature time series 1954 to 2017 at 50 to 300 m
of 0.0083 ◦C yr−1 confirms this trend (Fig. S2). The
oxygen trend of −0.24± 0.23 µmol kg−1 yr−1 in area P
(48–52◦ N, 143–147◦W) for the 50 to 300 m layer for
1954 to 2017 is smaller than that previously reported

for area P at different depth layers between 100 and
400 m for the shorter time period 1956 to 2006 (0.39–
0.70 µmol kg−1 yr−1; Whitney et al., 2007). For yet another
time period (1987 to 2011) and the layer 100–500 m in
area P, trends have been reported (Whitney et al., 2013):
−0.9 µmol L−1 yr−1 for oxygen (density × µ mol kg−1 yr−1;
∼ 0.88 µmol kg−1 yr−1), 0.085 µmol L−1 yr−1 for nitrate,
0.30 µmol L−1 yr−1 for silicate and 0.0033 µmol L−1 yr−1 for
phosphate. Our trends for 50 to 300 m for the longer time pe-
riod 1977 to 2017 (Table 1) are much smaller for oxygen
(−0.18 µmol kg−1 yr−1) and slightly smaller for the nitrate
(0.093 µmol kg−1 yr−1), silicate (0.193 µmol kg−1 yr−1) and
phosphate (0.001 µmol kg−1 yr−1).

The Aloha region is located in the southern part of the
North Pacific subtropical gyre where oxygen is high and the
nutrient inventory low. The oxygen trend since 1951 is neg-
ative, although not in the 95 % confidence interval. Nitrate
and silicate trends (available since 1984/1985) are positive,
while phosphate decreases. However, only the trends in sili-
cate (including one measurement in 1970) and phosphate are
within the 95 % confidence interval (Table 1).

For a region similar to our Oyashio region, an oxy-
gen decrease of 0.73 µmol kg−1 yr−1 between 1968 and
1998 has been reported for the density layer 26.8–
27.4 kg m−3 (∼ 260–1030 m) (Watanabe et al., 2003). Our
oxygen trend for the layer 50 to 300 m is slightly positive
(+0.15 µmol kg−1 yr−1) for the period 1977–2017 and neg-
ative (−0.23 µmol kg−1 yr−1) for the longer time period of
1952 to 2017. The phosphate increase in the deep layer 26.8–
27.4 kg m−3 was reported as 0.004 µmol kg−1 yr−1 in Watan-
abe et al. (2003) while in our 50 to 300 m layer the phosphate
trends for the positive and negative PDO periods and the en-
tire period are larger, up to 0.010 µmol kg−1 yr−1 (Table 1).
We observe a large silicate increase in the Oyashio region,
+0.667 µmol kg−1 yr−1 since 1981 (Table 1). This excep-
tional silicate enrichment in the Oyashio region was noticed
before and it was speculated that warming and a reduction of
dense water formation causes this enrichment, because less
silicate is transported into deep (> 300 m) waters (Whitney et
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Figure 4. Annual mean concentration (µmol kg−1, red crosses) for years available (see Table 1) and trends for the layer from 50 to 300 m
plotted for the entire time period (dashed red lines) and for the periods 1950 to 1976 for the negative PDO phase and after 1976 for the
positive PDO phase (solid red lines) between 2 and 5◦ S, 84 and 87◦W (area G) µmol kg−1 yr−1 for oxygen, nitrate, silicate and phosphate.
El Niño years defined as strong or very strong are marked by an additional magenta circle and strong La Niña years by an additional blue
square. For oxygen, measurements in 1982 were removed as the 50–300 m mean was much too high (104.8 µmol kg−1), and for nitrate,
measurements in 1967 which were too high (36.8 µmol kg−1) were removed. The changes of the PDO status in 1977, 1999 and 2013 are
marked by vertical dotted lines. The annual mean PDO index is shown in the oxygen time series as a grey curve and the NPGO index is
shown in the nitrate, silicate and phosphate time series as a grey curve.

Figure 5. Annual mean concentration (µmol kg−1, red crosses) for years available and trends for the layer from 50 to 300 m plotted for the
entire time period (dashed red lines) and for the periods 1950 to 1976 for the negative PDO phase and after 1976 for the positive PDO phase
(solid red lines) between 34 and 35◦ N, 121 and 122◦W from the CalCOFIc bottle data in micromoles per kilogram per year for (a) oxygen,
(b) nitrate, (c) silicate and (d) phosphate. El Niño years defined as strong and very strong are marked by an additional magenta circle and
strong La Niña years by an additional blue square. The changes of the PDO status in 1977, 1999 and 2013 are marked by vertical dotted
lines. The annual mean PDO index is shown in the oxygen time series as a grey curve and the NPGO index is shown in the nitrate, silicate
and phosphate time series as a grey curve.
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Figure 6. Correlation between oxygen at 50–300 m in the region 34–35◦ N, 121–122◦W (CalCOFIc) and (a) the PDO and (b) the NPGO
(black lines) shifted between−15 and+15 years for the years after 1976 and the p values (x) which often are used to declare non-significant
correlation for p ∼> 0.05 (blue lines for 0 and 0.05). For positive years PDO–NPGO lags; for negative years they lead.

al., 2013). Despite the different depth layers, the comparison
with earlier investigations indicates that changes are related
to time periods and not just a linear trend.

In the western Pacific at 137◦ E (20–26◦ N) an opposite
long-term trend compared to the Oyashio region was ob-
served (Table 1). In the 50–300 m layer oxygen increased
while nitrate, silicate and phosphate decreased (Fig. S5). Ac-
cording to a map of oxygen changes in the upper 1200 m
since 1960 (Oschlies et al., 2018; Fig. 3a) this is a region with
oxygen trends in the range −5 to +5 µmol kg−1 per decade;
hence the weak positive oxygen trend is possible in this re-
gion. Also, the weak positive temperature trend (not shown)
at 137◦ E is opposite to the negative temperature trend in the
Oyashio region.

In the Peru region the oxygen, silicate and phosphate in the
50 to 300 m layer decrease while nitrate increases (Fig. S6).
However, these long-term trends are not within the 95 % con-
fidence interval (Table 1), possibly due to the paucity of data
and the reversal of trends related to the PDO phases as de-
scribed below.

The oxygen time series from most Pacific regions show de-
creasing oxygen, although with varying magnitudes. These
variations could be related to different climate signals as in-
vestigated below. The nutrient time series often show an in-
crease over time: as expected, this is the opposite trend to
oxygen.

3.2 The influence of the Pacific Decadal Oscillation
(PDO)

An influence of the PDO has been seen in oxygen mea-
surements (e.g., Czeschel et al., 2012) and modeling studies
(e.g., Frölicher et al., 2009). According to the description of
the PDO influence on the thermocline depth (e.g., Deutsch
et al., 2011; Chavez et al., 2003) it is expected that during
cold PDO phases the oxygen will decrease and the nutrients
will increase in the eastern equatorial and tropical Pacific,

while during warm PDO periods the oxygen should increase
and the nutrients decrease. However, visual inspection of the
oxygen time series in the equatorial Pacific (areas E and D;
see Fig. 2 in Stramma et al., 2008) indicates stagnant oxy-
gen concentrations before 1976 during the cold PDO and en-
hanced oxygen depletion since the 1980s in the OMZ in the
subsurface layer. The annual mean oxygen concentration for
the layer 50 to 300 m for 5◦ S–5◦ N, 165–175◦W (area E)
and 5◦ S–5◦ N, 105–115◦W (area D) shows a strong oxygen
decrease after 1976 (Fig. 3a and b). As nutrient data in the
open Pacific are sparse, no reliable nutrient trends could be
derived for areas E and D. The correlation of the PDO with
the 50 to 300 m oxygen is high, with p values of ∼ 0.001
for all areas along the Equator with the highest correlation
coefficient of +0.83 at 2 to 5◦ S, 84 to 87◦W (area G) and
slightly decreasing towards the west (Table 2).

Czeschel et al. (2015) showed decreasing oxygen and in-
creasing nutrients in the 50 to 300 m layer of the area 2–
5◦ S, 84–87◦W (area G) since 1976. If PDO influence acts
as expected, an even stronger gradient should exist prior to
1976. For the layer 50 to 300 m between 2 and 5◦ S, 84
and 87◦W, for the post-1976 positive PDO period, the com-
puted trend is slightly modified compared to the time pe-
riod investigated in Czeschel et al. (2015). Here we see de-
creasing oxygen concentrations but increasing nitrate and
phosphate and decreasing silicate concentrations since 1977
(Fig. 4). The main differences between these time series are
improvements to the objective analysis, less smoothing be-
ing applied, and two more cruises added for 2015 and 2017.
The resulting trends since 1977 for oxygen and nitrate are
smaller, for phosphate larger and for silicate reversed com-
pared to Czeschel et al. (2015). Oxygen for the negative
PDO phase (1955 to 1976) showed a strong positive trend of
1.63± 1.18 µmol kg−1 yr−1 for the 50 to 300 m depth layer
in the area G which led to a small positive oxygen trend for
the entire time period since 1955.
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Figure 7. Annual mean concentration (µmol kg−1, red crosses) for years available and trends for the layer 50 to 300 m plotted for the periods
1950 to 1976 for the negative PDO phase and after 1976 for the positive PDO phase (solid red lines) and for the entire time period (dashed
red lines) for the Oyashio region (39–42◦ N, 144–149◦ E) from hydrodata CTD and bottle data and a data collection used in Whitney et
al. (2013) and Sasano et al. (2018) in micromoles per kilogram per year for (a) oxygen, (b) nitrate, (c) silicate and (d) phosphate. For nitrate,
measurements in 1963 were removed as the 50–300 m mean was much too high (1.27 µmol kg−1). El Niño years defined as strong are marked
by an additional magenta circle and strong La Niña years by an additional blue square. The changes of the PDO status in 1977, 1999 and
2013 are marked by vertical dotted lines. In the oxygen time series the 18.6-year sinusoidal nodal cycle is included (green curve). The annual
mean PDO index is shown in the oxygen time series as a grey curve, and the annual mean NPGO index is shown in the nitrate, silicate and
phosphate time series as a grey curve.

Table 2. Correlation coefficient and p value for available data since 1950 between annual layer from 50 to 300 m concentration and PDO and
NPGO with PDO–NPGO lags (negative PDO–NPGO leads). Areas with large p values > 0.05 are considered not significantly correlated.

Area Parameter PDO lag PDO correlation (p) NPGO lag NPGO correlation (p)

5◦ N–5◦ S, 165–175◦W oxygen −7 0.55 (0.001) −7 −0.53 (0.002)
5◦ N–5◦ S, 105–115◦W oxygen −1 0.71 (< 0.001) −3 −0.46 (0.055)
2–5◦ S, 84–87◦W oxygen −11 0.83 (< 0.001) −2 0.32 (0.134)
CalCOFIc oxygen −11 0.42 (0.002) +1 −0.35 (0.006)
CalCOFIc nitrate +1 −0.37 (0.019) +1 0.35 (0.025)
Area P oxygen +10 −0.30 (0.019) −4 −0.28 (0.029)
Area P nitrate +6 −0.27 (0.109) +1 0.58 (< 0.001)
Area P temperature +2 0.46 (< 0.001) +1 −0.40 (0.001)
Aloha region oxygen +2 −0.43 (0.003) +1 0.39 (0.008)
Oyashio region oxygen +5 −0.50 (< 0.001) −5 0.35 (0.005)
Oyashio region nitrate +4 −0.27 (0.049) +7 0.37 (0.006)
Oyashio region temperature +7 −0.44 (< 0.001) +5 −0.27 (0.032)
137◦ E oxygen +10 0.45 (< 0.001) 0 −0.19 (0.163)
Peru region oxygen 0 0.45 (0.012) +1 −0.26 (0.155)

Near California the CalCOFIc bottle data in the region 34–
35◦ N, 121–122◦W (Fig. 5, Table 1) show trends similar to
those for the equatorial area (2–5◦ S, 84–87◦W; area G) for
the period since 1977, with decreasing oxygen and increasing
nitrate, phosphate and silicate. The long-term trend over all
measurements since 1950 shows increasing nitrate and phos-
phate and decreasing oxygen and silicate for the CalCOFIc

region similar to the long-term trends for the equatorial re-
gion. The correlation between the 50–300 m annual means
and the PDO annual mean is 0.42 (p = 0.002) for oxygen
(Fig. 6a; Table 2) and−0.37 (p = 0.019) for nitrate (Table 2)
for the period after 1976 with the PDO leading by 11 years
for oxygen.
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For the area P (48–52◦ N, 143–147◦W) the correlation
with PDO is −0.30 (p = 0.019) (Table 2) for oxygen, and
the correlation coefficients are −0.27 (p = 0.109) for nitrate
and +0.46 (p < 0.001) for temperature (with the PDO lag-
ging by 10 years for oxygen). It is remarkable that the trends
in oxygen are unchanged, whether fitting to the entire record
or to the positive and negative PDO time periods separately.
Hence in this northern Pacific region the PDO has a weak in-
fluence on the 50 to 300 m biogeochemistry, probably caused
by water masses propagating by 5 to 15 years from the Oy-
ashio region into this part of the North Pacific (Ueno and
Yasuda, 2003) while the correlation of the PDO and oxygen
is larger in the other regions of the North Pacific.

The Aloha region is located at the transition of the warm
and cold area of the PDO; thus one might expect the influence
of the PDO to be weak in this region. However, the oxygen
was observed to increase during cold PDO and the trend was
close to zero in the warm PDO phase (Fig. S4). During the
PDO warm phase, nitrate and silicate increased while phos-
phate decreased. There are too few nutrient data in the period
of the PDO cold phase and only phosphate is available with
a minor increase (Table 1).

In the global PDO distribution (Fig. S1, top) the Oyashio
region in the western North Pacific is located in a reversed
temperature anomaly pattern compared to the eastern Pacific,
so one might expect to see the opposite trends. The oxygen
decreases during the cold PDO phase and slightly increases
during the warm PDO phase. The nutrients increased during
both PDO phases except for silicate, which decreased during
the cold PDO phase (Fig. 7, Table 1). Different to the other
regions, the temperature of the 50 to 300 m layer shows a
decrease in this region (Fig. S2). The oxygen and nitrate of
the Oyashio region show strong correlations with the PDO
(Table 2) with the PDO lagging by 4 to 5 years, indicating
a delay between the surface signal and the changes in the
subsurface layer. In a previous study where oxygen concen-
trations were investigated from 1954 to 2014, a decrease in
oxygen was attributed to a reduction of ventilation in winter
due to warming and freshening and reduction of dense water
formation in the Sea of Okhotsk (Sasano et al., 2018).

In the 137◦ E region, except for nitrate with a negative
trend during the cold PDO phase and a positive trend dur-
ing the warm PDO phase, oxygen increases and silicate and
phosphate decrease during both phases (Fig. S5). This indi-
cates that there should be no strong correlation to the PDO
phase; however the correlation reaches 0.45 (p < 0.001). Ac-
cording to the PDO expression on SST (Fig. S1) the PDO
signal should be weak in the southwestern North Pacific. For
the period 1985 to 2010 Takatani et al. (2012) described an
oxygen decrease in the 137◦ E section; however during this
time period our oxygen measurements are also quite similar
and the positive oxygen trend is mainly caused by low oxy-
gen values before 1970 and high oxygen values since 2010.

In the Peru region there is an increase in oxygen in the
50 to 300 m layer during the cold PDO phase and a decrease

during the warm PDO phase. Nitrate, silicate and phosphate
show trends opposite to oxygen. Despite the paucity of data
in this region, these PDO-related trends are within the 95 %
confidence limit for oxygen in the cold PDO phase and for
nitrate and phosphate since 1977 (Table 1). The correlation of
the PDO with the 50 to 350 m oxygen is +0.45 (p = 0.012).
This indicates that the observed changes in oxygen and nu-
trients off Peru are associated with the PDO.

Although the time period since the shift from negative to
positive PDO in 2013 is short, most areas examined here
show higher 50 to 300 m oxygen concentrations than the
trend line for the period since 1978 and lower nitrate and
silicate concentrations than the trend line since 1977, except
for the Aloha and 137◦ E regions, the oxygen in 2017 in the
Peru region, the El Niño year 2015/16 and The Blob in area
P.

Figure 1 shows a global mean surface temperature in-
crease before 1945, a stagnant global mean surface temper-
ature trend during the PDO cool phase between 1945 and
1976, and a global mean surface temperature increase after
1976 despite this period encompassing a PDO warm and cold
phase. As the influence of the warm PDO phase from 1977
to 1999 and the cold phase from 1999 to 2014 is not related
to major oxygen and nutrient trend changes, the increasing
temperature seems to be a major component of setting the
long-term oxygen trend in the Pacific Ocean.

3.3 The influence of the North Pacific Gyre Oscillation
(NPGO)

As the NPGO is defined for a smaller region in the north-
east Pacific than the PDO, its largest influence on oxygen
and nutrients is expected to be in the North Pacific. The
NPGO index shows higher variability than the PDO index
(e. g. Fig. 4). Strong NPGO minima were present in the years
1967, 1980, 1994, 2006 and 2015 and maxima were present
in the years 1961, 1976, 1988, 2000 and 2010.

In the area P, the correlation with NPGO is −0.28 (p =
0.029) for oxygen in the 50 to 300 m layer for the pe-
riod since 1977 with NPGO leading by 4 years and +0.58
(p < 0.001) for nitrate with NPGO lagging by 1 year (Ta-
ble 2). The oxygen data are highly variable, which might
have led to the low correlation with the NPGO; however
the nitrate correlation as well as a correlation of NPGO with
temperature of−0.40 (p = 0.001) show a strong relationship
with the NPGO in this region.

Since 1980, the maxima and minima of the CalCOFIc
time series of nitrate, phosphate and silicate (Fig. 5) often
agree with the NPGO maxima and minima. The correlation
between the 50–300 m annual mean and the NPGO annual
mean is −0.35 (p = 0.006) for oxygen (Fig. 6b) and +0.35
(p = 0.025) for nitrate with the NPGO lagging by 1 year.
The correlation with the NPGO is slightly weaker than with
the PDO at CalCOFIc. This confirms the described decadal
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variations linked to the NPGO in the North Pacific and the
California Current System (Di Lorenzo et al., 2009).

In the Oyashio region, oxygen shows a correlation of
+0.35 (p = 0.005) with the NPGO, and the correlation of ni-
trate and temperature with the NPGO is of similar strength.
In the western part of the North Pacific at 137◦ E the cor-
relation with the NPGO is weak (−0.19; p = 0.163). At
the southern part of the North Pacific subtropical gyre, in
the Aloha area, the NPGO correlation coefficient of +0.39
(p = 0.008) with oxygen is similar to the PDO correlation.
In the central equatorial Pacific and off Peru the correlation
of oxygen with NPGO is lower than the correlation with the
PDO.

3.4 The influence of the North Pacific Index (NPI) and
El Niño–Southern Oscillation (ENSO)

The oscillation every 2 decades related to NPI with minima
in 1962 and 1983 and maxima in 1971 and 1991 (Watanabe et
al., 2003, their Fig. 2) is difficult to see in our analysis of the
Oyashio region due to large year-to-year variability (Fig. 7).
The correlation of the NPI (November to March anomaly)
with the 50 to 300 m oxygen time series in the North Pacific
leads to correlations of 0.38 (p = 0.002) in the Oyashio re-
gion, 0.37 (p = 0.002) in area P, −0.42 (p = 0.002) at Cal-
COFIc, 0.33 (p = 0.025) at Aloha and −0.29 (p = 0.029) at
137◦ E.

An oscillation of 16.4–19.6 years in oxygen every 2
decades, possibly driven by nodal tidal cycles of 18.6 years,
was described recently for the Oyashio region with maxima
at about 1971, 1989 and 2008 and minima at about 1962,
1980 and 1998 (Fig. 3 in Sasano et al., 2018). The 50 to
300 m oxygen time series does not show a strong visual
correlation for the period 1961 to 2008 between the trend-
corrected oxygen and an 18.6-year oscillation. In area P, oxy-
gen trends include periods of increased ventilation of deeper
isopycnals on a ∼ 18-year cycle (Whitney et al., 2007). The
correlation of the oxygen content of the 50 to 300 m layer
with an 18.6-year cycle for the Oyashio region was 0.14
(p = 0.244). The correlation with the 18.6 year oscillation
is 0.084 (p = 0.51) in area P, −0.139 (p = 0.28) at Cal-
COFIc, 0.146 (p = 0.339) at Aloha and −0.142 (p = 0.287)
at 137◦ E. Although the 18.6-year tidal cycle could play a
role as a basic forcing for the bi-decadal (every 2 decades)
ocean variations (Yasuda et al., 2006), the correlation in the
North Pacific is much stronger with the NPI than with the
18.6-year oscillation, likely due to short-term fluctuations in
the NPI and the observed data or the sensitivity to phase
shifts in the oscillation.

Parameter distributions similar to those for cold PDO pe-
riods exist for La Niña events and for warm PDO periods
for El Niño events (Deutsch et al., 2011). Surprisingly, in
the equatorial regions (Figs. 3 and 4) the subsurface oxygen
concentration at 50 to 300 m depth shows no clear anoma-
lies in years of ENSO events. The ENSO signal seems to

be restricted to the near-surface layer in the equatorial Pa-
cific. In the eastern Pacific during El Niño periods, oxygen in
the upper ocean is higher and nutrients are lower in the up-
welling regions (CalCOFIc and Peru region) due to either re-
duced upwelling or upwelling of oxygen-richer and nutrient-
poorer water masses. In the CalCOFIc region, the measure-
ments during the very strong El Niño events in 1997/98 and
2015/16 show higher oxygen concentration and very low nu-
trient concentration in the 50 to 300 m layer when compared
to the trend line and the neighboring years (Fig. 5). The de-
viations are very strong for the 1997/98 El Niño while mod-
erate for the 2015/2016 El Niño. This signal is also visible
for the 2015/2016 El Niño in the Peru region (Fig. S6) and
for the 1997/98 El Niño at a shelf station off Lima (Graco
et al., 2017). Not all strong El Niño events are associated
with similar anomalies. Offshore from the upwelling region,
in area P, the anomalies for the very strong El Niños 1997/98
and 2015/2016 are opposite, with low oxygen and high nu-
trient concentrations during the earlier event (Fig. S3). For
La Niña events a reversed trend is visible in the eastern Pa-
cific for some events, e.g., with low oxygen and high nutri-
ent concentrations for the 1988/1989, the 1998/1999 and the
1999/2000 La Niña events in the CalCOFIc region (Fig. 5).
These ENSO-related signals disappear in the following year,
and hence the ENSO-related changes in oxygen and nutrients
do not show a multi-year signal.

4 Discussion

One might wonder if the observed changes in trends in oxy-
gen and nutrients are influenced by evolving methods rather
than changes in climate. While the Winkler titration method
to measure oxygen has remained the same since the early
1900s, the methods to determine nutrients have varied over
time. However, except for the very low nutrient data in the
Aloha region in the center of the North Pacific, all areas an-
alyzed here show a similar and relatively large range for ni-
trate, silicate and phosphate. Precision of 5 % for nitrate mea-
surements of more than 10 µmol L−1, of about 6 % or less for
silicate, and 5 % for phosphate at 0.9 µmol L−1 and larger are
reported for early nutrient measurements (Hansen and Korol-
eff, 1999). Similar offsets for measurements after the 1990s
were derived with 3.5 % for nitrate, 6.2 % for silicate and
5.1 % for phosphate (Tanhua et al., 2010); accordingly the
offsets for the eastern equatorial region (Fig. 4) could be as
high as∼ 1 µmol kg−1 for nitrate,∼ 0.1 µmol kg−1 for phos-
phate and ∼ 1.0 µmol kg−1 for silicate and hence smaller
than the observed long-term trends.

To put the regions examined here in context, we compare
with previously published trends for the entire North Pacific
as well as changes with impact on the ocean circulation. Ya-
sunaka et al. (2016) reported trends of surface phosphate and
silicate averaged over the North Pacific from 1961 to 2012 as
−0.012± 0.005 and −0.38± 0.13 µmol L−1 per decade, re-
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spectively, whereas the nitrate trend averaged over the North
Pacific was 0.01± 0.13 µmol L−1 per decade. This is in con-
trast to the subsurface layer examined here, where nitrate
tended to increase over a similar time period. In particular,
high nitrate increase was observed for the Oyashio region
with+0.143 µmol kg−1 yr−1 for the period 1977 to 2017 (Ta-
ble 1). An increase in anthropogenic nitrogen emissions from
northeastern Asia and subsequent deposition over the North
Pacific resulted in a detectable increase in nitrate concentra-
tions in the near-surface layer since the 1970s (Kim et al.,
2014). The observed nitrate increase at 50 to 300 m might
be the response of decreased water subduction. For example,
the North Pacific Intermediate Water is a dominant pathway
to enter the mid-depth waters in the North Pacific and was
freshening in the period 1960 to 1990 (Wong et al., 2001).
Since the overturning in the North Pacific originates from
the Sea of Okhotsk through dense shelf water, the observed
freshening to a depth of ∼ 500 m during the past 4 decades
could possibly weaken the shallow overturning of the North
Pacific (Ohshima et al., 2014). Thus overturning ocean cir-
culation in the North Pacific is likely slowing because less
dense water is forming in the Sea of Okhotsk (Sasano et al.,
2015, 2018) and hence decreasing the supply of oxygen.

Model results indicate that more than 50 % of the total
internal variability of oxygen is linked to the PDO in the
North Pacific surface and subsurface waters (Frölicher et
al., 2009). The long-term 50–300 m trends since the 1950s
in the eastern equatorial Pacific and the CalCOFIc region
(Figs. 4 and 5; Table 1) indicate a long-term increase in ni-
trate and phosphate and a decrease in silicate, but often with
reversed trends in oxygen and nutrients when separated into
cold and warm PDO phases. From the 1980s to the 2010s
in the North Pacific, oxygen decreased while nitrate, phos-
phate and silicate increased (Whitney et al., 2013), simi-
lar to what was observed in the eastern equatorial Pacific
and the CalCOFIc region for the period after 1976 (Figs. 4
and 5). For the California Current System the decadal oxy-
gen changes seem to be primarily controlled by ocean cir-
culation dynamics (Pozo Buil and Di Lorenzo, 2017). Pozo
Buil and Di Lorenzo (2017) found that subsurface anomalies
in the core of the North Pacific Current propagate the oxy-
gen signal downstream within about 10 years to the coastal
regions and predicted a strong decline in oxygen by 2020 in
the California Current System. The recent measurements in
the CalCOFIc region, shown here, support this prediction.

The nutrient increase in the CalCOFIc region since the
1980s could be related to upwelling variability in the Cal-
ifornia Current. A strong nitrate flux from 1980 to 2010
was driven almost entirely by enhanced equatorward winds,
negating a weak negative trend associated with increased
surface heat flux (Jacox et al., 2015). However, changes in
the properties of source waters (primarily from the eastern
tropical Pacific via the California Undercurrent) have likely
driven most of the biogeochemical trends observed in the

southern California Current (Meinvielle and Johnson, 2013;
Bograd et al., 2015; Nam et al., 2015).

Despite the low data coverage, the measurements in the
Peru region confirm the expected opposite trends for oxygen
and nutrients related to the PDO phases. For a shallow shelf
station (145 m depth) near Lima, measurements in the upper
100 m show increasing oxygen concentrations for the period
1999 to 2011 (Graco et al., 2017). This contrasts with the
decreasing oxygen trend we observe from 1977 to 2017 in
the Peru region (Fig. S6, Table 1) and indicates that different
processes and trends might exist on the shelf compared to the
open ocean.

In the eastern tropical and subtropical Pacific very strong
El Niño and some strong La Niña events are apparent in the
oxygen and nutrient distribution but do not result in a multi-
year signal or trend.

5 Concluding remarks

In this study, we investigated the influence of well-
documented atmosphere–ocean decadal oscillations on the
trends in oxygen and nutrients in the upper subsurface layer
of the Pacific Ocean. Due to the limited subsurface nutrient
data, only select areas were investigated and the results may
have larger uncertainties for the areas with low data cover-
age and in particular for the combination of the warm and
cold PDO periods after 1976. Especially in the South Pacific
data are sparse, in part because not all existing data have been
made public. Statistically significant trends and correlations
hold true for the period and for data analysis, though in data-
sparse regions, these findings should be the subject of future
scrutiny. Regional- and small-scale processes, related to or
independent of large-scale PDO forcing, may alter the sig-
nals seen so far.

A test excluding the winter months (January to March) in
the area P and the Oyashio region (Table S1) showed that
the seasonal cycle had little influence on the trends derived
for the 50 to 300 m layer. The depth layer of 50 to 300 m
was selected as this is the major layer of biological subsur-
face activity influenced by oxygen and nutrient variability.
For example, several warm-water mesopelagic species in the
California Current, which are apparently adapted to the shal-
lower, more intense OMZ off Baja California, were shown
to be increasing despite declining midwater oxygen concen-
trations and becoming increasingly dominant (Koslow et al.,
2019). Enhanced biological activity in coastal regions might
lead to larger nutrient variability and obscure climate-related
signals. One also has to keep in mind that the results might
be influenced to a degree by changes in the propagation of
water masses, as the ocean dynamics are not stationary and
nor are trends in adjacent water masses.

Agreeing well with the regions with the largest SST signal
of the PDO (Fig. S1a), the PDO seems to have the strongest
influence in the 50 to 300 m layer in the equatorial and east-

Biogeosciences, 17, 813–831, 2020 www.biogeosciences.net/17/813/2020/



L. Stramma et al.: Trends and decadal oscillations of oxygen and nutrients 827

ern Pacific (Table 2). During the cold PDO phase in the east-
ern Pacific and the stagnant global mean surface temperature
signal, in the CalCOFIc region and the Peru region the 50 to
300 m oxygen increases and the nutrient concentrations de-
crease (Figs. 5, S6) and show the opposite trends during the
global warming period since 1977, which we call the warm
PDO phase despite a period of a PDO cool phase (Fig. 1). An
increase in oxygen from 1950 to 1980 and a decrease after
1980 have also been described for some isopycnal surfaces
in subsurface waters of the northeast Pacific (Crawford and
Peña, 2016). In the western Pacific at 137◦ E the influence
of the PDO should be weak and even a long-term oxygen
increase was observed despite a large correlation coefficient
with the PDO.

With respect to other climate indices, the results are more
mixed and statistical significance should be treated with cau-
tion. The NPGO has the largest impact on decadal variations
in the North Pacific in area P (Table 2). The NPGO influ-
ence is also visible in the central and eastern North Pacific
and the equatorial Pacific, although weaker than the correla-
tion with the PDO. The NPI is well correlated to the oxygen
changes in the North Pacific with the largest correlation at
CalCOFIc. The 18.6-year nodal tidal cycle has the largest
correlation in the Oyashio region, the area P and CalCOFIc;
however the correlation is weak compared to the correlation
with the NPI. In the Oyashio region a combination of the
PDO, the NPGO, the NPI and the 18.6-year nodal cycle con-
tributes to the trends in temperature, oxygen and nitrate. The
oxygen decline in the Oyashio region has different control-
ling mechanisms for different depth layers. In the upper layer
above σθ = 26.7 kg m−3 (∼ 200 m) the oxygen decline is pri-
marily attributed to the reduction of winter convection up-
stream and in part to the deepening of isopycnal surfaces due
to warming and freshening in the upper layers, while below
σθ = 26.7 kg m−3 the oxygen decline is attributed to the re-
duction of dense shelf water formation in the Sea of Okhotsk
associated with the reduction of sea ice production and fresh-
ening (Sasano et al., 2018).

The PDO and NPGO strongly influence the trends in
oxygen and nutrient inventories; nevertheless the long-term
global mean surface temperature trend (Fig. 1) seems to play
a role in the oxygen trend as long-term trends indicate an
oxygen decrease throughout the cold and warm PDO phases
in all but two areas. Note that while the most likely basin-
wide drivers of oxygen and nutrient variability were investi-
gated here, other contributors might exist depending on the
region, as shown in detail for the Oyashio region by Sasano
et al. (2018).

As greenhouse gas concentrations rise further, a variable
but positive trend of increasing global mean surface tem-
perature is expected, which should lead to a continuing de-
crease in oxygen and increase in nutrients in the subsurface
layer important for biological activity. These biogeochemical
changes can be expected to have significant economic conse-

quences through changes in the availability of living marine
resources.

Data availability. The NPGO time series was taken from
Emanuele Di Lorenzo, Georgia Tech (http://www.o3d.org/
npgo/npgo.php, Di Lorenzo, 2020) on 14 August 2019 with
data available for January 1950 to July 2019. The yearly
PDO data were taken from http://ds.data.jma.go.jp/tcc/tcc/
products/elnino/decadal/annpdo.txt (last access: 13 Febru-
ary 2020) on 18 September 2018 from the Japan Meteoro-
logical Society covering the period 1901 to 2017. The NPI
November to March anomaly was downloaded from a NCAR
climate data set (https://climatedataguide.ucar.edu/climate-data/
north-pacific-np-index-trenberth-and-hurrell-monthly-and-winter,
NCAR/UCAR, 2020; status 4 January 2019, covering the period
1900 to 2018). The historical hydrographic data sets used here
are as in Schmidtko et al. (2017), and the references are listed in
their paper in the Extended Data Table 2. The bottle data from
cruises in 2016 at 170◦W (096U2016426_hyd1.csv) and at 110◦W
(33RO20161119_hyd1.csv) were downloaded from the CCHDO
at the University of California San Diego (https://cchdo.ucsd.edu,
CCHDO, 2020) on 8 November 2018. The CalCOFI data set
was downloaded from the California Cooperative Oceanic
Fisheries Investigations (http://www.calcofi.org/ccdata.html,
CalCOFI, 2020, status 13 August 2018) for the data period
March 1949 to November 2017. Station P data (at 50◦ N, 145◦W)
are from the Institute of Ocean Sciences, Sidney, BC, Canada
(status September 2018) for the time period May 1956 to Au-
gust 2017. The Oyashio region data are from hydrodata and
updated data collections used in Whitney et al. (2013) and Sasano
et al. (2018). The Aloha station data (at 22◦45′ N, 158◦W)
were downloaded from the University of Hawaii web page
(http://hahana.soest.hawaii.edu/hot/hot-dogs/bextraction.html,
Hawaii Ocean Time-series, 2020, status 15 January 2019,
time period covering October 1988 to December 2017). The
137◦ E data added for 2008 to 2018 can be accessed at
http://www.data.jma.go.jp/gmd/kaiyou/db/mar_env/results/OI/
137E_OI_e.html (Japan Meteorological Society, 2020). The
used measurements of the RV Meteor cruises in February 2009,
November 2012, December 2012, March 2017 and June 2017
and the RV Sonne cruise in October 2015 are contained in
the data sets of https://doi.org/10.1594/PANGAEA.892575
(Krahmann, 2018) and the end numbers
https://doi.org/10.1594/PANGAEA.904009 (Schmidtko et al.,
2019), https://doi.org/10.1594/PANGAEA.890441 (Tanhua and
Visbeck, 2018), https://doi.org/10.1594/PANGAEA.858090
(Krahmann and Bange, 2016),
https://doi.org/10.1594/PANGAEA.817174 (Bange,
2013), https://doi.org/10.1594/PANGAEA.830245 (Krah-
mann, 2014), https://doi.org/10.1594/PANGAEA.857751
(Stramma and Lohmann, 2016),
https://doi.org/10.1594/PANGAEA.777907 (Krahmann, 2012a),
https://doi.org/10.1594/PANGAEA.793153 (Tanhua et al., 2012),
https://doi.org/10.1594/PANGAEA.777255 (Krahmann, 2012b),
https://doi.org/10.1594/PANGAEA.793154 (Kalvelage et al.,
2012), https://doi.org/10.1594/PANGAEA.861388 (Stramma and
Krahmann, 2016) and https://doi.org/10.1594/PANGAEA.861391
(Bange, 2016).
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M.: From Anchovies to Sardines and back: Multidec-
dal change in the Pacific Ocean, Science, 299, 217–221,
https://doi.org/10.1126/science.1075880, 2003.

Crawford, W. R. and Peña, M. A.: Decadal trends in oxygen con-
centration in subsurface waters of the Northeast Pacific Ocean,
Atmos.-Ocean, 54, 171–192, 2016.

Czeschel, R., Stramma, L., Schwarzkopf, F. U., Giese, B.
J., Funk, A., and Karstensen, J.: Middepth circulation of
the eastern tropical South Pacific and its link to the
oxygen minimum zone, J. Geophys. Res., 116, C01015,
https://doi.org/10.1029/2010JC006565, 2011.

Czeschel, R., Stramma, L., and Johnson, G. C.: Oxygen decreases
and variability in the eastern equatorial Pacific, J. Geophys. Res.,
117, C11019, https://doi.org/10.1029/2012JC008043, 2012.

Czeschel, R., Stramma, L., Weller, R. A., and Fischer, T.: Cir-
culation, eddies, oxygen, and nutrient changes in the east-
ern tropical South Pacific Ocean, Ocean Sci., 11, 455–470,
https://doi.org/10.5194/os-11-455-2015, 2015.

Deser, C., Alexander, M. A., Xie, S.-P., and Phillips, A. S.: Sea
surface temperature variability: Patterns and mechanisms, Annu.
Rev. Mar. Sci., 2, 115–143, https://doi.org/10.1146/annurev-
marine-120408-151453, 2010.

Deutsch, C., Brix, H., Ito, T., Frenzel, H., and Thompson, L.:
Climate-forced variability of ocean hypoxia, Science, 333, 336–
339, https://doi.org/10.1126/science.1202422, 2011.

Di Lorenzo, E.: NPGO index monthly averages, available at: http:
//www.o3d.org/npgo/npgo.php, last access: 13 February 2020.

Di Lorenzo, E. and Mantua, N. J.: Multi-year persistence of the
2014/15 North Pacific marine heat wave, Nat. Clim. Change, 6,
1042–1047, https://doi.org/10.1038/nclimate3082, 2016.

Di Lorenzo, E., Schneider, N., Cobb, K. M., Franks, P. J. S., Chhak,
K., Miller, A. J., McWilliams, J. C., Bograd, S. J., Arango, H.,
Curchitser, E., Powell, T. M., and Riviere, P.: North Pacific Gyre
Oscillation links ocean climate and ecosystem change, Geophys.

Biogeosciences, 17, 813–831, 2020 www.biogeosciences.net/17/813/2020/

https://doi.org/10.5194/bg-17-813-2020-supplement
http://blog.hotwhopper.com/
https://doi.org/10.1594/PANGAEA.817174
https://doi.org/10.1594/PANGAEA.861391
https://doi.org/10.1016/j.dsr2.2014.04.009
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1016/0011-7471(76)90001-2
https://cchdo.ucsd.edu
https://cchdo.ucsd.edu
http://www.calcofi.org/ccdata.html
http://www.calcofi.org/ccdata.html
https://doi.org/10.1126/science.1075880
https://doi.org/10.1029/2010JC006565
https://doi.org/10.1029/2012JC008043
https://doi.org/10.5194/os-11-455-2015
https://doi.org/10.1146/annurev-marine-120408-151453
https://doi.org/10.1146/annurev-marine-120408-151453
https://doi.org/10.1126/science.1202422
http://www.o3d.org/npgo/npgo.php
http://www.o3d.org/npgo/npgo.php
https://doi.org/10.1038/nclimate3082


L. Stramma et al.: Trends and decadal oscillations of oxygen and nutrients 829

Res. Lett., 35, L08607, https://doi.org/10.1029/2007GL032838,
2008.

Di Lorenzo, E., Fiechter, J., Schneider, N., Bracco, A., Miller,
A. J., Franks, P. J. S., Bograd, S. J., Moore, A. M.,
Thomas, A. C., Crawford, W., Peña, A., and Hermann, A.
J.: Nutrient and salinity decadal variations in the central
and eastern North Pacific, Geophys. Res. Lett., 36, L14601,
https://doi.org/10.1029/2009GL038261, 2009.

Duteil, O., Oschlies, A., and Böning, C. W.: Pacific Decadal
Oscillation and recent oxygen decline in the eastern
tropical Pacific Ocean, Biogeosciences, 15, 7111–7126,
https://doi.org/10.5194/bg-15-7111-2018, 2018.

Frölicher, T. L., Joos, F., Plattner, G.-K., Steinacher, M.,
and Doney, S. C.: Natural variability and anthropogenic
trends in oceanic oxygen in a coupled carbon cycle-climate
model ensemble, Global Biogeochem. Cy., 23, GB1003,
https://doi.org/10.1029/2008GB003316, 2009.

Graco, M. I., Purca, S., Dewitte, B., Castro, C. G., Morón, O.,
Ledesma, J., Flores, G., and Gutiérrez, D.: The OMZ and nu-
trient features as a signature of interannual and low-frequency
variability in the Peruvian upwelling system, Biogeosciences, 14,
4601–4617, https://doi.org/10.5194/bg-14-4601-2017, 2017.

Hawaii Ocean time-series: Hawaii Ocean time-series data orga-
nization and graphical system, available at: http://hahana.soest.
hawaii.edu/hot/hot-dogs/bextraction.html, last access: 13 Febru-
ary 2020.

Hansen, H. P.: Determination of oxygen, in: Methods of Seawater
analysis, edited by: Grasshoff, K., Kremling, K., and Ehrhardt,
M., Wiley-VCH, Weinheim, Germany, 75–89, 1999.

Hansen, H. P. and Koroleff, F.: Determination of nutrients, in: Meth-
ods of Seawater analysis, edited by: Grasshoff, K., Kremling, K.,
and Ehrhardt, M., Wiley-VCH, Weinheim, Germany, 149–158,
1999.

Hansen, J., Ruedy, R., Sato, M., and Lo, K.: Global sur-
face temperature change, Rev. Geophys., 48, RG4004,
https://doi.org/10.1029/2010RG000345, 2010.

IPCC: Climate Change 2013: The Physical Science Basis. Contri-
bution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by: Stocker,
T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung,
J., Nauels, A., Xia, Y, Bex, V., and Midgley, P. M., Cambridge
University Press, Cambridge, United Kingdom and New York,
NY, USA, 1535 pp., 2013.

Jackson, J. M., Johnson, G. C., Dosser, H. V., and Ross,
T.: Warming from recent marine heatwave lingers in deep
British Columbia Fjord, Geophys. Res. Lett., 45, 9757–9764,
https://doi.org/10.1029/2018GL078971, 2018.

Jacox, M. G., Bograd, S. J., Hazen, E. L., and Fiechter, J.: Sen-
sitivity of the California Current nutrient supply to wind, heat,
and remote ocean forcing, Geophys. Res. Lett., 42, 5950–5957,
https://doi.org/10.1002/2015GL065147, 2015.

Japan Meteororological Society: Oceanographic section time-series
dataset for the 137◦E meridian, available at: http://www.data.
jma.go.jp/gmd/kaiyou/db/mar_env/results/OI/137E_OI_e.html,
last access: 13 February 2020.

Kalvelage, T. Krahmann, G., and Tanhua, T.: Hydrochem-
istry during METEOR cruise M77/3. IFM-GEOMAR Leibniz-
Institute of Marine Sciences, Kiel University, PANGAEA,
https://doi.org/10.1594/PANGAEA.793154, 2012.

Kalvelage, T., Lavik, G., Lam, P., Contreras, S., Arteaga, L.,
Löscher, C. R., Oschlies, A., Paulmier, A., Stramma, L., and
Kuypers, M. M. M.: Nitrogen cycling driven by organic matter
export in the South Pacific oxygen minimum zone, Nat. Geosci.,
6, 228–234, https://doi.org/10.1038/NGEO1739, 2013.

Karstensen, J., Stramma, L., and Visbeck, M.: Oxygen minimum
zones in the eastern tropical Atlantic and Pacific oceans, Prog.
Oceanogr., 77, 331–350, 2008.

Kessler, W.: The circulation of the eastern tropical Pacific: A review,
Prog. Oceanogr., 69, 181–217, 2006.

Kim, I.-N., Lee, K., Gruber, N., Karl, D. M., Bullister, J. L., Yang,
S., and Kim, T.-W.: Increasing anthropogenic nitrogen in the
North Pacific Ocean, Science, 346, 1102–1106, 2014.

Koslow, J. A., Davison, P., Ferrer, E., Jiménez Rosenberg, S. P. A.,
Aceves-Medina, G., and Watson, W.: The evolving response of
mesopelagic fishes to declining midwater oxygen concentrations
in the southern and central California Current, ICES J. Mar. Sci.,
76, 626–638, https://doi.org/10.1093/icesjms/fsy154, 2019.

Krahmann, G.: Physical oceanography during ME-
TEOR cruise M77/4. IFM-GEOMAR Leibniz-Institute
of Marine Sciences, Kiel University, PANGAEA,
https://doi.org/10.1594/PANGAEA.777907, 2012a.

Krahmann, G.: Physical oceanography during ME-
TEOR cruise M77/3. IFM-GEOMAR Leibniz-Institute
of Marine Sciences, Kiel University, PANGAEA,
https://doi.org/10.1594/PANGAEA.777255, 2012b.

Krahmann, G.: Physical oceanography during METEOR cruise
M90. GEOMAR – Helmholtz Centre for Ocean Research Kiel,
PANGAEA, https://doi.org/10.1594/PANGAEA.830245, 2014.

Krahmann, G.: Physical oceanography (CTD) during METEOR
cruise M138. GEOMAR – Helmholtz Centre for Ocean Research
Kiel, PANGAEA, https://doi.org/10.1594/PANGAEA.892575,
2018.

Krahmann, G. and Bange, H. W.: Physical oceanog-
raphy during METEOR cruise M91. PANGAEA,
https://doi.org/10.1594/PANGAEA.858090, 2016.

Mantua, N. J, Hare, S. R., Zhang, Y., Wallace, J. M., and Francis,
R. C.: A Pacific interdecadal climate oscillation with impacts
on salmon production, B. Am. Meteorol. Soc., 78, 1069–1079,
1997.

McPhaden, M. J., Zebiak, S. E., and Glantz, M. H.: ENSO as an
Integrating Concept in Earth Science, Science, 314, 1740–1745,
https://doi.org/10.1126/science.1132588, 2006.

McShane, B. B., Gal, D., Gelman, A., Robert, C., and Tacket, J.
L.: Abandon Statistical Significance, Am. Stat., 73, 235–245,
https://doi.org/10.1080/00031305.2018.1527253, 2019.

Meinvielle, M. and Johnson, G. C.: Decadal water-property
trends in the California Undercurrent, with implications for
ocean acidification, J. Geophys. Res.-Oceans, 118, 6687–6703,
https://doi.org/10.1002/2013JC009299, 2013.

Miller, A. J., Cayan, D. R., Barnett, T. P., Graham, N. E., and Ober-
huber, J. M.: The 1976–77 climate shift of the Pacific Ocean,
Oceanography, 7, 21–26, 1994.

Minobe, S.: Spatio-temporal structure of the pentadecadal variabil-
ity over the North Pacific, Prog. Oceanogr., 47, 381–408, 2000.

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

www.biogeosciences.net/17/813/2020/ Biogeosciences, 17, 813–831, 2020

https://doi.org/10.1029/2007GL032838
https://doi.org/10.1029/2009GL038261
https://doi.org/10.5194/bg-15-7111-2018
https://doi.org/10.1029/2008GB003316
https://doi.org/10.5194/bg-14-4601-2017
http://hahana.soest.hawaii.edu/hot/hot-dogs/bextraction.html
http://hahana.soest.hawaii.edu/hot/hot-dogs/bextraction.html
https://doi.org/10.1029/2010RG000345
https://doi.org/10.1029/2018GL078971
https://doi.org/10.1002/2015GL065147
http://www.data.jma.go.jp/gmd/kaiyou/db/mar_env/results/OI/137E_OI_e.html
http://www.data.jma.go.jp/gmd/kaiyou/db/mar_env/results/OI/137E_OI_e.html
https://doi.org/10.1594/PANGAEA.793154
https://doi.org/10.1038/NGEO1739
https://doi.org/10.1093/icesjms/fsy154
https://doi.org/10.1594/PANGAEA.777907
https://doi.org/10.1594/PANGAEA.777255
https://doi.org/10.1594/PANGAEA.830245
https://doi.org/10.1594/PANGAEA.892575
https://doi.org/10.1594/PANGAEA.858090
https://doi.org/10.1126/science.1132588
https://doi.org/10.1080/00031305.2018.1527253
https://doi.org/10.1002/2013JC009299
https://doi.org/10.1002/2015JC010859


830 L. Stramma et al.: Trends and decadal oscillations of oxygen and nutrients

NCAR/UCAR: North Pacific (NP) index by Tren-
berth and Hurrell, monthly and winter, available
at: https://climatedataguide.ucar.edu/climate-data/
north-pacific-np-index-trenberth-and-hurrell-monthly-and-winter,
last access: 13 February 2020.

Ohshima, K. I., Nakanowatari, T., Riser, S., Volkow, Y., and Wakat-
suchi, M.: Freshening and dense shelf water reduction in the
Okhotsk Sea linked with sea ice decline, Prog. Oceanogr., 126,
71–79, https://doi.org/10.1016/j.pocean.2014.04.020, 2014.

Oka, E., Ishii, M., Nakano, T., Suga, T., Kouketsu, S., Miyamoto,
M., Nakano, H., Qiu, B., Sugimoto, S., and Takatani, Y.:
Fifty yeara of the 137◦ E repeat hydrographic section in
the western North Pacific Ocean, J. Oceanogr., 74, 115–145,
https:/doi.org/10.1007/s10872-017-0461-x, 2018.

Ono, T., Shiomoto, A., and Saino, T.: Recent decrease of
summer nutrients concentrations and future possible
shrinkage of the subarctic North Pacific high-nutrient low-
chlorophyll region, Global Biogeochem. Cy., 22, GB3027,
https://doi.org/10.1029/2007GB003092, 2008.

Oschlies, A., Brandt, P., Stramma, L., and Schmidtko, S.: Drivers
and mechanisms of ocean deoxygenation, Nat. Geosci., 11, 467–
473, https://doi.org/10.1038/s41561-018-0152-2, 2018.

Pozo Buil, M. and Di Lorenzo, E.: Decadal dynamics and
predictability of oxygen and subsurface tracers in the
California Current, Geophys. Res. Lett., 44, 4204–4213,
https://doi.org/10.1002/2017GL072931, 2017.

Ridder, N. N. and England, M. H.: Sensitivity of ocean
oxygenation to variations in tropical zonal wind stress
magnitude, Global Biogeochem. Cy., 28, 909–926,
https://doi.org/10.1002/2013GB004708, 2014.

Royer, T. C.: High-latitude oceanic variability associated with
the 18.6-year nodal tide, J. Geophys. Res., 98, 4639–4644,
https://doi.org/10.1029/92JC02750, 1993.

Sasano, D., Takatani, Y., Kosugi, N., Nakano, T., Midorikawa, T.,
and Ishii, M.: Multidecadal trends of oxygen and their control-
ling factors in the western North Pacific, Global Biogeochem.
Cy., 29, 935–956, https://doi.org/10.1002/2014GB005065, 2015.

Sasano, D., Takatani, Y., Kosugi, N., Nakano, T., Midorikawa, T.,
and Ishii, M.: Decline and bidecadal oscillations of dissolved
oxygen in the Oyashio Region and their propagation to the west-
ern North Pacific, Global Biogeochem. Cy., 32, 909–931, https://
doi.org/10.1029/2017GB005876, 2018.

Schmidtko, S., Johnson, G. C., and Lyman, J. M.: MIMOC:
A global monthly isopycnal upper-ocean climatology with
mixed layers, J. Geophys. Res.-Oceans, 118, 1658–1672,
https://doi.org/10.1002/jgrc.20122, 2013.

Schmidtko, S., Stramma, L., and Visbeck, M.: Decline in global
oceanic oxygen content during the past five decades, Nature, 542,
335–339, https://doi.org/10.1038/nature21399, 2017.

Schmidtko, S., Visbeck, M., and Krahmann, G.: Physical oceanog-
raphy (CTD) during METEOR cruise M135. GEOMAR –
Helmholtz Centre for Ocean Research Kiel, PANGAEA,
https://doi.org/10.1594/PANGAEA.904009, 2019.

Stramma, L. and Krahmann, G.: Physical oceanog-
raphy during SONNE cruise SO243. PANGAEA,
https://doi.org/10.1594/PANGAEA.861388, 2016.

Stramma, L. and Lohmann, M.: Hydrochemistry of wa-
ter samples during METEOR cruise M90. PANGAEA,
https://doi.org/10.1594/PANGAEA.857751, 2016.

Stramma, L., Johnson, G. C., Sprintall, J., and Mohrholz, V.: Ex-
panding oxygen-minimum zones in the tropical oceans, Science,
320, 655–658, https://doi.org/10.1126/science.1153847, 2008.

Stramma, L., Schmidtko, S., Levin, L. A., and G. C. Johnson, G. C.:
Ocean oxygen minima expansions and their biological impacts,
Deep-Sea Res. Pt. I, 57, 587–595, 2010.

Stramma, L., Bange, H. W., Czeschel, R., Lorenzo, A., and
Frank, M.: On the role of mesoscale eddies for the biolog-
ical productivity and biogeochemistry in the eastern tropi-
cal Pacific Ocean off Peru, Biogeosciences, 10, 7293–7306,
https://doi.org/10.5194/bg-10-7293-2013, 2013.

Stramma, L., Fischer, T., Grundle, D. S., Krahmann, G., Bange, H.
W., and Marandino, C. A.: Observed El Niño conditions in the
eastern tropical Pacific in October 2015, Ocean Sci., 12, 861–
873, https://doi.org/10.5194/os-12-861-2016, 2016.

Takatani, Y., Sasano, D., Nakano, T., Midorikawa, T., and
Ishii, M.: Decrease of dissolved oxygen after the mid-1980s
in the western North Pacific subtropical gyre along the
137◦ E repeat section, Global Biogeochem. Cy., 26, GB2013,
https://doi.org/10.1029/2011GB004227, 2012.

Tanhua, T. and Visbeck, M.: Hydrochemistry of water
samples during METEOR cruise M135. PANGAEA,
https://doi.org/10.1594/PANGAEA.890441, 2018.

Tanhua, T., van Heuven, S., Key, R. M., Velo, A., Olsen, A.,
and Schirnick, C.: Quality control procedures and methods
of the CARINA database, Earth Syst. Sci. Data, 2, 35–49,
https://doi.org/10.5194/essd-2-35-2010, 2010.

Tanhua, T., Karstensen, J., Malien, F., Ryabenko, E., and Kock,
A.: Hydrochemistry during METEOR cruise M77/4. IFM-
GEOMAR Leibniz-Institute of Marine Sciences, Kiel University,
PANGAEA, https://doi.org/10.1594/PANGAEA.793153, 2012.

Trenberth, K. E.: Has there been a hiatus?, Science, 349, 691–692,
https://doi.org/10.1126/science.aac9225, 2015.

Ueno, H. and Yasuda, I.: Intermediate water circulation in the North
Pacific subarctic and northern subtropical regions, J. Geophys.
Res., 108, 3348, https://doi.org/10.1029/2002JC001372, 2003.

Wang, C. and Fiedler, P. C.: ENSO variability in the eastern tropical
Pacific: A review, Prog. Oceanogr., 69, 239–266, 2006.

Watanabe, Y. W., Wakita, M., Maeda, N., Ono, T., and Gamo T.:
Synchronous bidecadal periodic changes of oxygen, phosphate
and temperature between the Japan Sea deep water and the
North Pacific intermediate water, Geophys. Res. Lett, 30, 2273,
https://doi.org/10.1029/2003GL018338, 2003.

Whitney, F. A., Freeland, H. J., and Robert, M.: Persistently declin-
ing oxygen levels in the interior waters of the eastern subarctic
Pacific, Prog. Oceanogr., 75, 179–199, 2007.

Whitney, F. A., Bograd, S. J., and Ono, T.: Nutrient enrichment of
the subarctic Pacific Ocean pycnocline, Geophys. Res. Lett., 40,
2200–2205, https://doi.org/10.1002/grl.50439, 2013.

Winkler, L. W.: Bestimmung des im Wasser gelösten Sauerstoffs,
Ber. Dtsch. Chem. Ges., 21, 2843–2855, 1888.

Wong, A. P. S., Bindoff, N. L., and Church, J.A.: Freshwater and
heat changes in the North and South Pacific Oceans between
1960s and 1985–94, J. Climate, 14, 1613–1633, 2001.

Yasuda, I., Osafune, S., and Tatebe, H.: Possible explanation linking
18.6-year period nodal tidal cycle with bi-decadal variations of
ocean and climate in the North Pacific, Geophys. Res. Lett., 33,
L08606, https://doi.org/10.1029/2005GL025237, 2006.

Biogeosciences, 17, 813–831, 2020 www.biogeosciences.net/17/813/2020/

https://climatedataguide.ucar.edu/climate-data/north-pacific-np-index-trenberth-and-hurrell-monthly-and-winter
https://climatedataguide.ucar.edu/climate-data/north-pacific-np-index-trenberth-and-hurrell-monthly-and-winter
https://doi.org/10.1016/j.pocean.2014.04.020
https://doi.org/10.1029/2007GB003092
https://doi.org/10.1038/s41561-018-0152-2
https://doi.org/10.1002/2017GL072931
https://doi.org/10.1002/2013GB004708
https://doi.org/10.1029/92JC02750
https://doi.org/10.1002/2014GB005065
https://doi.org/10.1002/jgrc.20122
https://doi.org/10.1038/nature21399
https://doi.org/10.1594/PANGAEA.904009
https://doi.org/10.1594/PANGAEA.861388
https://doi.org/10.1594/PANGAEA.857751
https://doi.org/10.1126/science.1153847
https://doi.org/10.5194/bg-10-7293-2013
https://doi.org/10.5194/os-12-861-2016
https://doi.org/10.1029/2011GB004227
https://doi.org/10.1594/PANGAEA.890441
https://doi.org/10.5194/essd-2-35-2010
https://doi.org/10.1594/PANGAEA.793153
https://doi.org/10.1126/science.aac9225
https://doi.org/10.1029/2002JC001372
https://doi.org/10.1029/2003GL018338
https://doi.org/10.1002/grl.50439
https://doi.org/10.1029/2005GL025237


L. Stramma et al.: Trends and decadal oscillations of oxygen and nutrients 831

Yasunaka, S., Ono, T., Nojiri, Y., Whitney, F. A., Wada, C., Murata,
A., Nakaoka, S., and Hosoda, S.: Long-term variability of surface
nutrient concentrations in the North Pacific, Geophys. Res. Lett.,
43, 3389–3397, https://doi.org/10.1002/2016GL068097, 2016.

www.biogeosciences.net/17/813/2020/ Biogeosciences, 17, 813–831, 2020

https://doi.org/10.1002/2016GL068097

	Abstract
	Introduction
	Climate signals and data sets
	Climate signals
	Data sources by regions
	Data processing

	Trends and influence of climate signals
	Long-term trends
	The influence of the Pacific Decadal Oscillation (PDO)
	The influence of the North Pacific Gyre Oscillation (NPGO)
	The influence of the North Pacific Index (NPI) and El Niño–Southern Oscillation (ENSO)

	Discussion
	Concluding remarks
	Data availability
	Supplement
	Author contributions
	Competing interests
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

