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Abstract The eastern tropical North Pacific (ETNP) is a large region of anoxic water that hosts widespread
water column N loss (denitrification). There is some disagreement about the long-term trends of denitrification
and anoxia and long-term studies of water columndenitrificationwithin the anoxic zone are lacking. In this study,
we compared ETNP water column nitrite, N*, and O2 data along the same transect for four studies ranging
from 1972 to 2012. Anoxic water volume increased, and low-oxygen conditions expanded into shallower
isopycnals from 1972 to 2012. A geochemical marker for cumulative N loss indicates that denitrification was
highest in 2012 and the upper oxygen-deficient zone (ODZ) experienced the most change. Oxygen and N loss
changes in the world’s largest ODZ for 2012 could not be explained by the Pacific Decadal Oscillation, and
decreased O2 in supply currents and increased wind-driven upwelling are likely mechanisms contributing to
increased N loss and anoxia.

1. Introduction

Oxygen-deficient zones (ODZ) are large oceanic regions of permanently anoxic waters, active water column
denitrification, and N2O production, a potent greenhouse gas [Cline and Richards, 1972; Codispoti, 2010;
Codispoti and Richards, 1976]. There are three major sites of water column denitrification that account for
approximately 40% of global oceanic combined nitrogen (N) loss: the eastern tropical South Pacific (ETSP,
near the coasts of Chile and Peru), the Arabian Sea, and the eastern tropical North Pacific (ETNP, western coast
of Mexico and central America; [Devol, 2008; DeVries et al., 2012]. Although the relative contributions of the
pathways of N loss of biologically available N to N2 gas in ODZs (such as anammox, heterotrophic denitrifica-
tion, and nitrate reductions) are still debated [Babbin et al., 2014; Dalsgaard et al., 2012; Lam et al., 2009;Ward
et al., 2009], this paper considers “denitrification” only in the canonical sense to mean total N loss through the
microbially mediated conversion of biologically available nitrogen to N2 gas.

The ETNP has the largest aerial extent and the largest volume of low-O2 waters of all ODZs [Karstensen et al.,
2008; Paulmier and Ruiz-Pino, 2009]. In the core of the ODZ, oxygen is below the detection limits of the most
sensitive oxygen sensor (Switchable Trace Oxygen Sensor, detection limit around 10 nM [Revsbech et al., 2009;
Tiano et al., 2014]) and it has been suggested that these waters would be more appropriately termed Anoxic
Zones [Ulloa et al., 2012].

Global climate change has led to decreases in oxygen concentrations, or deoxygenation, which has been
documented in the North Pacific and tropical oceans for the past 50 years (Keeling et al., 2010). In midwater
low-oxygen zones (oxygen minimum zones), found in tropical oceans worldwide, shipboard measurements
and Argo float profiles have demonstrated a general increase in low-O2 water volume [Stramma et al., 2008;
Stramma et al., 2010]. Because ODZs have much lower O2 concentrations and host denitrification, they are
distinct from widely distributed midwater low-oxygen zones (oxygen minimum zones). In general, most of
these oxygen minimum zone waters do not have O2 concentrations low enough to support denitrification.
Although the absolute O2 threshold for the various denitrification metabolisms is debated [Dalsgaard et al.,
2012], no study has found denitrification occurring at higher than 20μM. Recent work has suggested that
anammox and heterotrophic denitrification require O2 as low as 10–90 nM [Dalsgaard et al., 2012]. Because
of this critical difference, we limit the analysis of this paper to the ETNP ODZs.

A handful of studies suggest that ODZs with active N loss are expanding, but there is some disagreement.
One climate model simulated a 30% worldwide expansion of waters with [O2]< 5 μM by year 2090
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[Bopp et al., 2013]. Other recent studies and models suggest that expansion of ODZs is not ongoing and
does not necessarily occur in future climates [Deutsch et al., 2014; Duteil and Oschlies, 2011; Gnanadesikan
et al., 2012]. Using shipboard field data, Banse et al. [2014] suggested a general intensification in denitri-
fication from 1963 to 2004 in the Arabian Sea. Codispoti et al. [1986], also using shipboard field data,
observed a 2–25% increase in total denitrification from 1975 to 1985 in the ETSP. Two recent studies
in the northern stretches and in waters downstream of the ETNP (but not in the ODZ core) suggested
expansion of the anoxic zone and increased N loss since 1990, but a prolonged period of anoxic zone
contraction preceded that for most of the 20th century [Deutsch et al., 2014; Tems et al., 2014]. Thus,
there is not uniform agreement on the patterns of expansion and contraction of the denitrification
regime in ODZs in the past fifty years and into future climates.

An increase in total denitrification may be expected to result from an increase in anoxic water volume,
which is likely sensitive to climate forcing. Many workers have reported changes in ODZ water column
denitrification associated with global climate events using data from sediment core δ15N measure-
ments. For instance, using sediment records, Liu et al. [2005, 2008] reported that denitrification in
the ETNP is very climate-sensitive and increases during interglacial periods. A study using a 70,000 year
record demonstrated that denitrification in the ETSP decreases when O2 increases due to changes in
ocean ventilation [Robinson et al., 2007]. Likewise, Llanillo et al. [2013] suggested that O2 and nitrate
concentrations were sensitive to climate forcing in the ETSP from 1993 to 2009. Based on a general
circulation model, Deutsch et al. [2011] predicted that total denitrification in ODZs may be directly
affected by the Pacific Decadal Oscillation (PDO) and interannual variability. Low-O2 volume and
higher denitrification are expected to accompany warm, or positive, PDO phases, but some research
suggests that the expansion of low-O2 waters can be unrelated to PDO [Tems et al., 2014]. Because cli-
mate models of low-latitude ODZ’s are considered to have high uncertainties [Bopp et al., 2013], it is
important to better constrain N loss and deoxygenation in ODZs with long-term comparisons of
shipboard measurements.

2. Methods

We compared shipboard hydrographic measurements in the ETNP for four cruises along a transect on 110°W
from 14°N to the Baja Peninsula, 23.8°N (Figure S1 in the supporting information; TGT66, 25–28 February 1972
[Codispoti and Richards, 1976], World Ocean Circulation Experiment (WOCE) P18N, 21–25 April 1994 [Taft and
Johnson, 1994], Climate Variability and Predictability (CLIVAR) P18N, 15–22 December 2007 [Bullister and
Johnson, 2008], and TN278, 15–19 April 2012). A summary of the hydrographic measurements for all cruises
is noted in the supporting information. The sampling periods span winter to early spring, and previous stu-
dies have suggested that the ETNP does not experience significant seasonality with respect to total ODZ area,
ODZ core vertical thickness, and mean [O2] in the ODZ core [Paulmier and Ruiz-Pino, 2009]. All ocean visuali-
zation was performed using Ocean Data View [Schlitzer, 2011].

2.1. Crossover Analysis

Without certified reference materials available for these historical cruises, the only way to ensure consistency
of hydrographic measurements among the data sets was to directly compare each data set against a refer-
ence data set with deepwater measurements (below the ODZ) through secondary quality control. In this
comparison analysis, we assumed that deepwater residence time was long [Fiedler and Talley, 2006] and
hydrographic parameters were invariant during the time span of this study. In accordance with the Carbon
dioxide in the Atlantic Ocean data synthesis project and oceanographic standards, we performed crossover
analysis [Key et al., 2010; Tanhua et al., 2010] using the Matlab Toolbox for Secondary Quality Control on
Hydrographic Data [Tanhua, 2010] to identify systemic measurement biases in each data set. The reference
data set was the Global Ocean Data Analysis Project (GLODAP) Pacific data. Crossover analysis was performed
on sigma-4 surfaces (below the ODZ) from 13.8°N to 22.8°N.

The result of a crossover analysis is a correction factor (offset) that, when applied, adjusts for systematic biases
within the data sets. Discrete measurements (O2, PO4

�3, and NO3
�) for a specific cruise were divided by the

offset in order to obtain the adjusted measurement, which were then used to compare data sets [Key et al.,
2010; Tanhua et al., 2010] (Table S1 in the supporting information). In this paper, we only applied a limited
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number of adjustments; following the protocol of Tanhua et al. [2010] and Key et al. [2010], we applied adjust-
ments if the offset was greater than the following: NO3

�> 2%, PO4
�3> 2%, and O2> 1%.

2.2. Assessment of N Loss and Anoxia

We directly assessed N loss in the ETNP ODZ through the N* calculation. N* is a measure of the deviation from
Redfield ratio of dissolved inorganic nitrogen (DIN) relative to phosphate resulting from inputs (i.e., nitrogen
fixation) or removal (i.e., denitrification) of dissolved inorganic N, where N* = ((NO3

�+NO2
�)� 16*(PO4

�3))
+ 2.9 [Deutsch et al., 2001; Gruber and Sarmiento, 1997]. As it is a global ocean biogeochemical quasi-
conservative tracer, the 2.9 constant reflects the difference between the global mean nitrate and 16× global
mean phosphate, and it is necessary to set the global mean of N* to 0 [Gruber and Sarmiento, 1997]. The dis-
solved inorganic N deficit, of which N* is one measure, is consistently comparable to the shape and magni-
tude of the N2 gas excess due to denitrification in the ETNP, ETSP, and Arabian Sea [Chang et al., 2010, 2012].
This research suggests that N* is a reasonable proxy for N loss, even with the dependence upon the Redfield
ratio, and that the magnitude of a negative N* value indicates the amount of DIN removed due to denitrifica-
tion in a water parcel. Because NH4

+ was not measured in all four data sets, it was not included in the calcula-
tion. NH4

+ in the ODZ is usually <1μM, so omitting NH4
+ from the N* calculation should have very little

influence on the value. Only PO4
�3 measurements for TN278 were adjusted (Table S1).

In addition to assessing O2 loss by comparing [O2], we assessed for O2 depletion within the ODZ core using
the presence of NO2

�. According to Thamdrup et al. [2012], high NO2
� is considered an indicator of complete

O2 depletion in the ODZ. In contrast to prior reports, recent research [Jensen et al., 2011; Lam et al., 2011] has
suggested that NO2

�, accumulating only as result of nitrate reduction, is not a good proxy for N loss and will
vary depending on the balance of nitrate reduction and heterotrophic denitrification.

We quantitatively compared NO2
�, N*, O2, and thickness of the ODZ among cruises using a section and

depth cumulative cubic integration routine (MATLAB) over the gridded data between 14°N and 23°N and
σθ =24.75 to 1000m. Appropriate adjustments to O2 and PO4

�3 were applied (Table S1). Because the lower
limits of O2 detection varied by data set and given the mutual exclusion of O2 and NO2 in ODZs such that
elevated NO2 is a good indicator of O2 depletion [Thamdrup et al., 2012], we set O2 = 0 when
O2< 10μmol kg�1 and NO2> 0.1μmol kg�1. We calculated the thickness of the ODZ for both the entire
ODZ (bottom of upper oxycline, where O2< 10μmol kg�1, to ODZ lower bounds, 1000m) and upper ODZ
(bottom of upper oxycline to middle ODZ, σθ= 26.60) by integrating depth over the section.

The change in N* (ΔN*) was quantitatively determined along 110°W between all cruise pairings using direct
subtraction of roughly similar isopycnals and latitude. Only depths where the O2≤ 20μmol kg�1, i.e., depths
in the denitrification zone, were included in the calculation. ΔN* was calculated by determining the difference
in the N* for a water parcel within 0.17° latitude and on similar isopycnals between two cruises. The average and
range of differences in latitude and isopycnals for theΔN* calculation in each cruise pair are detailed in Table S2.

3. Results and Discussion
3.1. Expansion of Anoxia

Multiple lines of evidence suggest that anoxia has expanded in the ETNP. First, NO2
�, an indicator of very low [O2]

in ODZs, occurred in higher concentrations and over a larger range in 2012 than in 1972, 1994, or 2007 (Figure 1;
σθ plotted on y axis instead of depth in order to reduce the influence of any mesoscale eddy noise and isopycnals
heave, which can be confounding factors when comparing variables against depth). When integrated over the
entire transect, NO2

� was clearly higher in 2012 compared to other years (Table 1). This trend was visible in the
upper ODZ (σθ =24.75 to 26.60), the lower ODZ (σθ =26.60 to 1000m), and throughout the entire ODZ
(σθ =24.75 to 1000m).

Second, a comparison of discrete O2 concentrations among data sets indicates that low-oxygen (≤20μmol kg�1

O2) waters have gradually shoaled into shallower isopycnals over the 40 year time period (Figure S2; unadjusted
gridded O2 data are displayed in Figure S3). Integrated O2 for the 14°N to 23°N transect suggests a gradual
decreasing temporal trend in O2 in the ODZ over that time period (Table 1). An integration through the upper
oxycline (from when O2 falls below 50μmol kg�1 to σθ =26.6), the section of the water column with the largest
O2 gradient, also suggests a gradual decreasing temporal trend (Table 1).
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We calculated differences in upper oxycline [O2] at the same station and on equal isopycnals to determine the
upper limit of the O2 loss rate from 1972 to 2012. At each station, we identified the single isopycnal in the upper
oxycline that had the greatest difference in [O2] between 1972 and 2012 and calculated the 40year O2 loss rate on
that isopycnal. At all locations south of 22°N, [O2] dramatically decreased in 2012 as compared to 1972, ranging in
difference from 16.7 to 87.8μmol kg�1 O2 (Table S3). Over the 110°W transect from 14 to 21°N (excluding waters
under coastal influence), the average rate of O2 loss in the upper oxycline was 1.32±0.38μmol kg�1O2 yr

�1 (95%
confidence interval; range=0.42–2.20μmol kg�1O2 yr

�1). Similar deoxygenation has been demonstrated in two
studies: in the ETNP since 1990 [Deutsch et al., 2014] and a 27–77% O2 decrease compared with historical data in
the Gulf of California and ETNP [Beman and Carolan, 2013].

Our data directly show a vertical expansion of the ODZ. A calculation of the section-integrated thickness of
the ODZ indicates that the volume of ODZ water has increased steadily from 1972 to 2012 (Table 1). The

Figure 1. NO2
� (μmol kg�1) concentrations for (a) TGT66, 1972; (b) WOCE, 1994; (c) CLIVAR, 2007; and (d) TN278, 2012,

along the 110°W section. The color bar represents NO2
� (μmol kg�1). Adjustment offsets were not necessary for these

data. Note: y axis is σθ (kgm
�3).
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average ODZ thickness (calculated by dividing section-integrated ODZ thickness by section length—1000m)
also shows an increasing trend over the time period: TGT66 (1972), 771m; WOCE (1994), 804m; CLIVAR
(2007), 832m; and TN278 (2012), 855m. In sum, total low-O2 water volume has increased, and this is largely
the result of low-O2 water shoaling into shallower isopycnals.

3.2. Expansion of the Denitrification Regime

Deoxygenation and increased ODZ volume helped to establish a condition for increasing N loss in the ETNP.
The geochemical indicator of water column N loss, N*, suggests more accumulated N loss in 2012 than in
other years. Lower N* values (down to �18.7μmol kg�1) occurred across a broader area in 2012 than in
1972, 1994, and 2007 (Figure 2; unadjusted gridded N* data are displayed in Figure S4). All cruises had lower
N* values in the upper ODZ (oxycline to σθ =26.59; Figure 2). Integrated N* was lowest for the entire ODZ and
upper ODZ in 2012 (Table 1), which indicates highest total N loss.

There were no differences in ΔN* throughout the denitrification zone ([O2] ≤ 20μmol kg�1) between WOCE
and TGT66, CLIVAR and TGT66, and CLIVAR and WOCE (Figures 3a–3c); thus, N* (and N loss) was not drama-
tically different from 1972 to 2007. In contrast, ΔN* indicated higher total N loss in the upper part of the ODZ
for 2012 as compared to all other cruises, and no significant change in total N loss in the lower part of the ODZ
(Figures 3d–3f). ΔN* from the upper oxycline to σθ = 26.60 (approximately 300m) was lower in 2012 than all
of the previous cruises, as different as �8μmol kg�1 (Figure 3), which indicates higher N loss. The average
ΔN* for the upper ODZ (oxycline to σθ = 26.59) was �2.14μmol kg�1 for Δ2012–2007 (SD= 1.80, n= 55),
�3.15 for Δ2012–1994 (SD= 1.71, n=69), and �1.71 for Δ2012–1972 (SD= 1.62, n= 25). Below σθ = 26.60,
ΔN* was not different from 0 for any cruise pair (Figure 3; mean± SD; Δ2012–2007: 0.12 ± 1.33, n= 80;
Δ2012–1994: 0.49 ± 1.58, n=117; and Δ2012–1972: 1.06 ± 1.47, n= 52). The scatter in the data for the lower
ODZmay result from a combination of very low denitrification rates and increased water age. Taken together,
the depth-segregated differences in magnitude of N*and in the integrated N* calculation indicate that
changes in total N loss within the ODZ, which were observed in 2012, took place mainly between the upper
oxycline and σθ = 26.60 and not throughout the entire ODZ. This depth segregation is likely the result of
elevated denitrification rates in the upper ODZ as compared to the lower ODZ [Babbin et al., 2014; Babbin
et al., 2015].

3.3. Climate forcing

A correlation of our results to the PDO Index provides a test of whether our results can be explained by the
PDO. According to Deutsch et al. [2011], increased low-O2 volume and higher total denitrification are
expected to accompany warm, or positive, PDO phases. But not all studies agree. Discrepancies have been
reported between the PDO index and proxies for total denitrification. For instance, a recent study that inves-
tigated the correlation between δ15N and the PDO index in laminated coastal marine sediments off California
and Baja California found a significant increase in the ETNP denitrification signal from 1993 to present, which
deviated from the predicted PDO index relationship [Tems et al., 2014].

Table 1. Cumulative Integrated NO2
�, N*, O2, and ODZ Thickness Along the 110°W Section From 14°N to 23°N

TGT66 (1972) WOCE (1994) CLIVAR (2007) TN278 (2012)

NO2
� (106mmol kmm�2)

24.75 σθ–1000m 0.250 0.17 0.257 0.437
24.75 σθ –26.6 σθ 0.156 0.128 0.194 0.310
26.6 σθ –1000m 0.088 0.038 0.058 0.120
O2 (10

6mmol kmm�2)
24.75 σθ–1000m 7.67 5.11 5.18 3.72
O2< 50 μmol kg�1–26.6 σθ 1.24 0.97 1.07 0.66
N* (106mmol kmm�2)
24.75 σθ–1000m �8.41 �8.28 �8.47 �8.75
24.75 σθ –26.6 σθ �2.06 �1.99 �2.38 �2.81
26.6 σθ –1000m �6.28 �6.23 �6.03 �5.88
ODZ thickness (106m km)
O2< 10 μmol kg�1–1000m 0.771 0.804 0.832 0.855
O2< 10 μmol kg�1–26.6 σθ 0.120 0.142 0.159 0.175
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In our study, the expansion of anoxic volume and N loss do not follow the predictions set by the PDO index
(Figure S5). The PDO index was different for all cruises at the time of data collection (month and year). The
PDO index ranged from negative, or cool, in 1972 (PDO index =�1.83; http://jisao.washington.edu/pdo/) to
positive, or warm, in 1994 (PDO index = 1.05). Year 2012 had a slightly cool, or negative, PDO phase (PDO
index =�0.27). If expansion of anoxic waters and denitrification accompanied the positive, or warm, PDO
phase, as indicated in Deutsch et al. [2011], then integrated NO2

� and the ODZ thickness should be positively
correlated with the PDO index, while integrated O2 and N* should be negatively correlated. To illustrate this
concept, if changes in total N loss and expansions and contractions of anoxic waters were strictly a function of
the PDO index, then 1994, the year with the most positive PDO index, should have the highest total N loss
(indicated by lowest N*) and highest volume of low-O2 water. When all time points are considered together,
the integrated parameters do not support the trends predicted by Deutsch et al. [2011] (Figure S5). In

Figure 2. Adjusted N* (μmol kg�1) calculated for (a) TGT66, 1972; (b) WOCE, 1994; (c) CLIVAR, 2007; and (d) TN278, 2012,
along the 110°W section. The color bar represents N* (μmol kg�1). Data were adjusted to GLODAP reference data set using
offsets from crossover analysis. Note: y axis is σθ (kgm

�3).
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addition, there were no statistically significant correlations with the PDO index (regression analysis; NO2
�:

p=0.77; O2: p= 0.34; N*: p= 0.78; ODZ thickness: p=0.62). Given the lack of support for predicted trends
in anoxia and denitrification by the PDO index, we conclude that PDO is not a major cause for increased total
N loss in 2012 nor the temporal decreasing trend in integrated [O2].

We propose that factors other than PDO explain most of the expansion of the denitrification regime and
increased anoxia in the ETNP. The most likely mechanisms supported by evidence are intensification of
wind-driven upwelling resulting in higher primary production, decreased O2 in supply currents, and changes
in circulation and water residence time. Increased primary productivity could contribute to a vertically
expanding ODZ and increased denitrification by supplying more organic matter [Canfield, 2006], which is
considered a regulator of water column N loss [Babbin et al., 2014; Jensen et al., 2011; Kalvelage et al., 2013;
Ward et al., 2009]. Deutsch et al. [2014] provided evidence that increased equatorial trade wind strength
was a major cause of the increase in ETNP denitrification and anoxia since 1990. Increased upwelling, result-
ing from changes in coastal winds [Sydeman et al., 2014], has been proposed to be caused by rising green-
house gas emissions, including CO2 [Bakun, 1990; Bakun et al., 2010; McGregor et al., 2007]. Higher primary
productivity in the ETNP may be likely because of increased trade wind strength since 1990 [Deutsch et al.,
2014] and more intensive upwelling in the California Current [Narayan et al., 2010] during the 20th century.
Decreased O2 supply to the ETNP was described by Stramma et al. [2010], who measured a
0.5μmol kg�1 O2 yr

�1 decrease in the major ETNP supply currents over the past 30 years. This value is almost
40% of our calculated average O2 loss rate in the upper oxycline. Finally, changes in circulation or water resi-
dence time could be an additional mechanism of increased N loss and anoxia; changes in circulation and
sources of waters since 1993 that feed the California Current have been recently suggested [Tems et al., 2014].

Figure 3. The calculated difference in N* (ΔN*; μmol kg�1) between (a) WOCE and TGT66 (1972–1994), (b) CLIVAR and TGT66
(2007–1972), (c) CLIVAR and WOCE (2007–1994), (d) TN278 and TGT66 (2012–1972), (e) TN278 and WOCE (2012–1994), and
(f) TN278 and CLIVAR (2012–2007). The dotted line for each graph represents equivalent N* values for a σθ surface. Data were
adjusted to GLODAP reference data set using offsets from crossover analysis. Note: y axis is σθ (kgm

�3).
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Our data confirm that ocean anoxia and N loss in denitrification zones are indeed subject to temporal varia-
bility and total N loss and anoxia were highest in 2012 compared to 2007, 1994, and 1972. Our data do not
support PDO as the major cause of the recent expansion of the denitrification regime, but other factors, such
as changes in oxygen of the source waters, wind-driven upwelling, primary production, and perhaps circula-
tion, likely contribute to increased total N loss and anoxia. An increase in denitrification in the ETNP certainly
raises the estimate of global water column denitrification. Although this study only examined vertical expan-
sion of the denitrification regime and anoxic zone, a horizontal expansion of denitrification and anoxia in an
ODZ should have an even stronger influence on global N loss and N2O production.
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