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Key Points: 7 

• The nitrogen deficit in the largest Oxygen Deficient Zone (ODZ) has increased over 50 8 

years, indicating a 30% increase in ODZ strength 9 

• The maximum fixed N loss of the core ODZ (σθ 26.2-26.8 kg m-3) is significantly 10 

different (p=0.03) from its natural variability 11 

• Though the core ODZ intensification is significant, we cannot yet claim with virtual 12 

certainty (p=0.01) that climate change caused it 13 

 14 

Abstract 15 

Climate change is expected to increase the strength of ocean Oxygen Deficient Zones (ODZs), 16 

but we lack detailed understanding of the temporal or spatial variability of these ODZs. A fifty-17 

year time series in the Eastern Tropical North Pacific (ETNP) ODZ revealed that it has 18 

strengthened by 30% from 1994-2019. We subdivided the ODZ into a core and a deep layer 19 

based on potential density and revealed that different processes control the magnitude of fixed 20 

nitrogen loss between these regions. We postulate that the depth of the upper ETNP ODZ water 21 

mass, the 13 ºC Water, influences the organic carbon supply to the core ODZ and therefore its 22 

strength. We correlated the maximum fixed nitrogen loss in the core ODZ with a nearby 23 

sedimentary nitrogen isotope record and found that this recent increase in fixed nitrogen loss has 24 

only occurred a few times over the last 1,200 years. Using this correlation, we derived the first 25 

confidence interval for the natural variability of the maximum fixed nitrogen loss within the 26 

ETNP ODZ, which has a range of 3.3 µmol kg-1 (p=0.01). While the current increase is only 27 

comparable to two previous events, it is within the confidence interval for natural variability 28 

(p=0.03). The deep ODZ also strengthened from 2016-2019 by approximately 30%, but this 29 

increase occurred more rapidly than the core ODZ, and this dramatic increase was not observed 30 

over the rest of the 40 years. Climate-driven intensification could lead to unprecedented changes 31 

in the ETNP ODZ within the next decade. 32 

Plain Language Summary 33 

Naturally occurring ocean Oxygen Deficient Zones (ODZs) play a significant role in regulating 34 

ocean nutrient availability and ecosystem structure. Climate change is expected to strengthen 35 

these ODZs. A fifty-year time series in the world’s largest ODZ revealed that it has strengthened 36 

by 30% from 1994 to 2019, and based on sedimentary records, this rapid increase has only 37 

occurred twice over the last 1200 years. Although this sedimentary record suggests there is a 38 

high but not extremely certain likelihood that climate change caused this recent intensification, 39 

about:blank
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continued strengthening at these rates could lead to unprecedented changes within the next 40 

decade. 41 

1 Introduction 42 

Open ocean Oxygen Deficient Zones (ODZs) play a pivotal role in the global nitrogen 43 

cycle (Babbin et al., 2017; Codispoti et al., 2001; Gruber and Galloway, 2008; Lam & Kuypers, 44 

2011), carbon cycle (Cavan et al., 2017; Devol & Hartnett, 2001), and iron cycle (Heller et al., 45 

2017; Lam et al., 2020), as well as shaping ecosystem productivity (Gallo & Levin, 2016) and 46 

predator foraging habitat (Le Croizier et al., 2022; Stramma et al., 2012). These ODZs are 47 

expected to expand due to climate change as ocean warming elevates respiration rates, increases 48 

stratification, and lowers oxygen solubility. Subsurface deoxygenation in the tropical Pacific 49 

Ocean has already been observed (Espinoza-Morriberón et al., 2021; Stramma & Schmidtko, 50 

2021), but the lack of time series in ODZs hinders our ability to differentiate expansion signals 51 

from natural variability (Hawkins & Sutton, 2012). The Eastern Tropical North Pacific (ETNP) 52 

ODZ is the largest of the three oceanic ODZs (Karstensen et al., 2008; Paulmier & Ruiz-Pino, 53 

2009) and sediment core proxies indicate that its strength has fluctuated dramatically over the 54 

past thousand years (Choumiline et al., 2019; Ontiveros-Cuadras et al., 2019; Tems et al., 2016). 55 

Nevertheless, attributing ODZ intensification to anthropogenic climate change requires estimates 56 

of its natural variability. 57 

Many previous studies analyzing ODZ variability over time focus on ODZ size (Deutsch 58 

et al., 2014; Stramma et al., 2008, 2010). Most notably, Deutsch et al. (2014) interpreted a record 59 

of sediment particulate organic nitrogen isotopes from 1850-2010 to demonstrate that the ETNP 60 

ODZ only began strengthening around 1993, before which it was weakening. Additional work 61 

with this sediment core extended this record from 160 years to 1200 years (Tems et al., 2016). In 62 

our study, we use the amount of fixed nitrogen loss as a measure of the ODZ’s strength.  63 

2 Background 64 

2.1 Water mass circulation and anoxia within the ETNP ODZ 65 

The source waters to the ETNP ODZ have been identified as the 13 ºC Water, Northern 66 

Equatorial Pacific Intermediate Water (NEPIW), and modified Antarctic Intermediate Water 67 

(AAIW) (Evans, Boles, et al., 2020). All these water masses enter the ODZ oxic, but 68 

remineralization within this region and lack of external oxygen supply drive them to anoxia. 69 

Since these water masses enter the ODZ at different locations and depths, their circulation within 70 

the ODZ influences the depth of the oxygen deficient layer, where anaerobic respiration 71 

dominates. The 13 ºC Water enters from the southeast via advection in the Northern Subsurface 72 

Countercurrent (Fiedler and Talley 2006). With its core at 26.2 kg m-3, the 13 ºC Water is the 73 

shallowest of the ODZ water masses. The NEPIW is injected into the ODZ along its western 74 

boundary by a Tsuchiya jet from the Northern Equatorial Undercurrent centered at 26.8 kg m-3 75 

(Qiu et al., 2013). We posit that the shallower introduction of oxic water in the southeast ODZ by 76 

the 13 ºC Water and the deeper introduction of oxic water in the western ODZ by the NEPIW 77 

causes the oxygen deficient layer to be deeper in the south and shallower in the north. The 78 

deepening of the ODZ to the southeast, near the Costa Rica Dome, has been recognized for some 79 

time (Codispoti & Richards, 1976). 80 
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A Regional Ocean Modeling System (ROMS) study of oxygen supply to the ETNP ODZ, 81 

agnostic of water masses, identified two primary locations of oxygen supply in the southeastern 82 

and western borders of the ETNP ODZ through particle backtracking (Margolskee et al., 2019). 83 

These particle backtracking results match the water mass entry points described by literature, and 84 

we reproduced the particle backtracking results in Fig. 1b-c to visualize these entry points. These 85 

results indicate the cumulative amount of particle entry through the western (b) and southern (c) 86 

boundaries, highlighting both the locations as well as the potential densities of water mass 87 

sources. Specifically, the 13 ºC Water enters from the south primarily at -90 ºE at 26.2-26.3 kg 88 

m-3, though its entry deepens and continues west to -140 ºE, whereas the NEPIW enters from the 89 

west around 12-15 ºN at 26.8 kg m-3. 90 

We present the potential density of the oxygen deficient layer in Fig. 1a to visualize how 91 

it is shaped by water mass entry and circulation. The data for this figure originate from a high-92 

resolution atlas of Pacific ODZs, where 15 million measurements of 1 m-resolved oxygen 93 

concentrations were analyzed for oxygen deficient conditions (Kwiecinski & Babbin, 2021). For 94 

Fig. 1a, we average the top and bottom ODZ boundaries reported in this atlas to approximate the 95 

core of the oxygen deficient layer. This figure illustrates that the core oxygen deficient layer is 96 

shallowest between 10-15 ºN, where the NEPIW enters as a hypoxic water mass, while the 97 

oxygen deficient layer is deeper to the south where the hypoxic 13 ºC Water enters. 98 

 99 

 100 

Figure 1. a) Map depicting the potential density of the oxygen deficient layer, as defined by the 101 

midpoint between the top and bottom of the ODZ, using the atlas developed by Kwiecinski & 102 

Babbin (2021). Panels (b) and (c) reproduce the results of Margolskee et al. (2019), where the 103 

sections represent the locations where water enters the ODZ on the western boundary (b) and the 104 

southern boundary (c). Percent particle entry indicates the cumulative amount of water mass-105 

tracing particles entering the ODZ through a given boundary relative to the total, while the 106 

colormap represents the density of particle entry. 107 

Since the 13 ºC Water and NEPIW originate and enter the ETNP ODZ from different 108 

locations, they may experience different climatic forcings. Therefore, temporal variations in 109 

ETNP ODZ anaerobic processes may vary by region due to the relative contribution of these two 110 

water masses to the oxygen deficient layer. Throughout this manuscript, we separate the ETNP 111 
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ODZ into a “core” layer between the 13 ºC Water and NEPIW (σθ 26.2-26.8 kg m-3) and a 112 

“deep” layer between the NEPIW and the AAIW (σθ 26.8-27.2 kg m-3). We aim for this 113 

separation to aid in identifying forcings on the temporal variability of the ETNP ODZ due to 114 

potentially different processes affecting these water masses. Notably, previous research has 115 

found that the depth of the 13 ºC isotherm and therefore the 13 ºC Water correlates with the 116 

strength of the ETNP ODZ (Deutsch et al., 2014). 117 

The strength of the ETNP ODZ and its climatic forcings have implications beyond the 118 

ETNP ODZ itself. The 13 ºC Water and NEPIW also act as the Pacific Equatorial endmembers 119 

to the California Current System (CCS) (Evans, Boles, et al., 2020). A 40-year record of the CCS 120 

indicates that its deoxygenation correlates with the strength of the ETNP ODZ, and the NEPIW 121 

is responsible for 81% of the deoxygenation observed. (Evans, Schroeder, et al., 2020). This 50-122 

year time series on the 110 ºW line also serves as a time series through the Pacific Equatorial 123 

endmember of the CCS, which can inform analyses of deoxygenation in the CCS. 124 

2.2 Progression of nutrients within ETNP ODZ water masses 125 

Water masses are defined using their temperature and salinity properties. Evans et al. 126 

(2022) filtered the World Ocean Database 2018 data for the Pacific Ocean by the temperature, 127 

salinity, and potential density of the ETNP ODZ water masses. This processing revealed the 128 

progression of nutrients in the water masses of the ETNP ODZ, depicted in Fig. 2. Analyzing the 129 

progression of nutrients within these water masses as they age reveals discrete phosphate 130 

concentrations where each water mass changes from predominantly aerobic to anaerobic 131 

respiration. These metabolic switching points are presented in Fig. 2, where the slope of NO3
–

132 

:PO4
3– switches from positive 16:1 to negative. We used these metabolic switching points as the 133 

concentrations for nutrients in the endmembers in our water mass analysis. 134 

 135 

Figure 2. Progression of nutrients within the 13 ºC Water, NEPIW, and AAIW as these water 136 

masses age, with nitrate and phosphate concentrations from WOD18. Lines drawn on this figure 137 

are from Type II linear regressions. This figure is adapted from Evans et al. (2022), which 138 

provides further information about data processing for this data set. 139 

In aerobic waters, the slope of NO3
–:PO4

3– due to respiration is close to the aerobic 140 

Redfield ratio, 16:1 NO3
–:PO4

3– due to the net nutrient stoichiometry of organic matter (Fleming 141 

1940). The stoichiometry of organic matter consumption via nitrogen-reducing metabolisms has 142 

been calculated using the Redfield stoichiometry of organic matter as well. This reaction has a 143 
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stoichiometry of -94.4:1 NO3
–:PO4

3–, as presented in Eq. 1, and it assumes that all biological 144 

nitrogen is reduced to dinitrogen gas (Froelich et al., 1979).  145 

(𝐶𝐻2𝑂)106(𝑁𝐻3)16(𝐻3𝑃𝑂4) + 94.4 𝐻𝑁𝑂3  → 106 𝐶𝑂2 + 𝐻3𝑃𝑂4 + 55.2 𝑁2 + 106 𝐻2𝑂 (1) 146 

The stoichiometry of NO3
–:PO4

3– concentrations in the water masses of the ETNP ODZ, 147 

calculated via linear regression of the anaerobic portion of each water mass in Fig. 2, differs 148 

drastically from this -94.4:1 ratio. Their stoichiometries are -39±4 and -55±6 for the 13 ºC Water 149 

and the NEPIW, respectively, due to prolific nitrite reoxidation (Evans et al., 2022).  150 

3 Materials and Methods 151 

3.1 Sample acquisition and measurement 152 

The primary data for this publication were acquired on eight cruises to the ETNP between 153 

1972-2019, seven of which transited through the center of the ETNP ODZ along the 110 ºW line. 154 

This time series spans a total of 47 years. By comparing cross-sections of the ODZ on the 110 155 

ºW line over time, we assess the spatiotemporal variability of the ETNP ODZ. The sampling 156 

coverage provided by these cruises is highlighted in Fig. 3, which also depicts the relative 157 

frequency of observed oxygen deficient conditions sampled on the 26.5 kg m-3 isopycnal using 158 

the high-resolution atlas from Kwiecinski & Babbin (2021). This atlas reveals that the 110 ºW 159 

line crosses through some of the most permanently oxygen deficient waters. Data from these 160 

eight cruises have been uploaded to Zenodo (https://doi.org/10.5281/zenodo.6519188). 161 

Temperature, salinity, oxygen, nitrate, nitrite, phosphate, and silicate were all measured 162 

with methods standardized in the U.S. Joint Global Ocean Flux Study 163 

(http://usjgofs.whoi.edu/protocols_rpt_19.html), and some of these data are presented in Fig. 4. 164 

Descriptive metadata for these cruises are contained in Table S1. Additional information about 165 

the first four cruises can be found in previous studies (Codispoti & Richards, 1976; Horak et al., 166 

2016). Following Horak et al. (2016), we corrected for systematic errors between expeditions by 167 

applying quality control to the nitrate and phosphate data, using sigma-4 surfaces in the Global 168 

Ocean Data Analysis Project (GLODAP) Pacific data as the reference. These correction factors 169 

were applied if the offset was greater than 2% for nitrate or phosphate, and the correction factors 170 

are included in Table S2. More information about this quality control can be found in Horak et 171 

al. (2016). 172 

 173 
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 174 

Figure 3. Map presenting the transects from the eight cruises analyzed in this study and the 175 

location of the Pescadero Basin coring site. These data are presented over a contour map of the 176 

fraction of ODZ conditions observed on the 26.5 kg m-3 isopycnal. 177 

3.2 Fixed nitrogen loss via integration method 178 

Fixed nitrogen loss was calculated using –N*, as provided in Eq. 2. In this formulation, 179 

larger –N* values indicate more fixed nitrogen has been lost and therefore the ODZ is stronger.  180 

−𝑁∗ = −((𝑁𝑂3
− + 𝑁𝑂2

−) − 16 𝑃𝑂4
3− + 2.9) (2) 181 

These –N* measurements were gridded every 0.5 degrees between 14 ºN and 23 ºN and 1 m, 182 

then integrated with a depth cumulative cubic integration routine between the integrands 183 

specified for each potential density range using MATLAB R2021A (The MathWorks, Inc. 184 

2021). This integration approach was used in Horak et al. (2016), however, we applied different 185 

potential density ranges. Potential density ranges were selected based on the cores of water 186 

masses in the ETNP ODZ (Evans, Boles, et al., 2020), except for the shallowest density surface, 187 

24.75 kg m-3, which was used in Horak et al. (2016). The potential density of 26.2 kg m-3 188 

corresponds to the 13 ºC Water (Fiedler & Talley, 2006; Qu et al., 2009), 26.8 kg m-3 189 

corresponds to the potential density where the Northern Equatorial Undercurrent jets inject 190 

Northern Equatorial Pacific Intermediate Water (NEPIW) into the ETNP ODZ (Margolskee et 191 

al., 2019, Qiu et al., 2013), and 27.2 kg m-3 corresponds to modified Antarctic Intermediate 192 

Water (AAIW) (Bostock et al., 2013). We refer to the region between the cores of the 13 ºC 193 

Water and the NEPIW as the core ODZ because at these latitudes, oxygen is lowest and nitrite 194 

accumulates within this potential density range (Evans, Boles, et al., 2020; Larsen et al., 2016). 195 

We separate the deep ODZ into a different potential density range because typically, it is barely 196 

aerobic, though oxygen concentrations are below the detection limits for conventional sensors 197 

(Garcia-Robledo et al., 2021; Revsbech et al., 2009). We set the bottom of the ODZ at 27.2 kg m-
198 

3 because in this region of the ODZ, oxygen concentrations become measurable (Evans, Boles, et 199 

al., 2020). For readers interested in the depths for each of these potential density horizons, Fig. 200 
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S1 illustrates the relationship between depth and potential density. We note that N* indicates the 201 

history of fixed nitrogen loss in a water parcel, rather than the fixed nitrogen loss occurring 202 

during sample collection. Therefore, the fixed nitrogen loss we report may have occurred 203 

elsewhere and been transported to the sampling location. We estimate if the observed fixed 204 

nitrogen loss occurred primarily at the sampling location by comparing the potential density of 205 

observed fixed nitrogen loss against the potential density of the oxygen deficient layer (Fig. 1).  206 

3.3 Fixed nitrogen loss via water mass analysis 207 

Estimates of fixed nitrogen loss with N* often incorporate an offset value to correct for 208 

preformed nutrients. This offset value is often 2.9, which reflects the regression of nitrate and 209 

phosphate in the global ocean data set (Gruber and Sarmiento, 1997). Rather than using this 210 

globally averaged offset value, water mass analysis allows us to set an offset value specific for 211 

the mixture of water masses in the ETNP ODZ. We used the metabolic switching points between 212 

aerobic and anaerobic respiration for each ETNP water mass because this concentration is the 213 

approximate concentration where anaerobic metabolisms begin to dominate. This approach 214 

provides more accurate estimates for the nutrient offset values in the ODZ. 215 

In our previous paper, Evans et al. (2023), we posited that N* overestimates fixed N loss 216 

due to nitrite reoxidation. Instead, it is important to remember that N* includes the loss of both 217 

dissolved inorganic nitrogen as well as particulate ammonia (Sarmiento and Gruber 1997). 218 

Therefore, N* does not overestimate fixed N loss, rather, our method calculates dissolved 219 

inorganic nitrogen loss only. To scale our fixed N loss calculated via eOMP to match N*-based 220 

estimates, they can be corrected by multiplying them by 1.16, which includes that amount of 221 

fixed nitrogen lost per phosphate equivalent, assuming the Redfield ratio of 16:1. 222 

We used extended optimum multiparameter analysis (eOMP) for this water mass 223 

analysis. This method requires that we define endmember nutrient concentrations as well as 224 

specify a stoichiometry for fixed nitrogen loss. We grounded our fixed nitrogen loss 225 

stoichiometry in the observed stoichiometry for anaerobic remineralization in the ETNP ODZ 226 

(Fig. 2, values provided in Evans et al., 2022). With regards to the range of NO3
–:PO4

3– 227 

stoichiometries observed, we selected –62.1:1 NO3
–:PO4

3– as the stoichiometry for fixed nitrogen 228 

loss in our eOMP analysis because it had the best fit within the range of NO3
–:PO4

3– 229 

stoichiometries observed. 230 

An additional benefit of using eOMP to calculate fixed nitrogen loss is that it lowers 231 

overestimation due to nitrite reoxidation. N* quantifies the difference between nitrate, nitrite, 232 

and phosphate concentrations, the former of which is attenuated by nitrite reoxidation. Instead, 233 

the eOMP applied here calculates the concentration of nitrate consumed along the -62.1:1 234 

stoichiometry, which is within the range of observed stoichiometries for NO3
–:PO4

3– for 235 

anaerobic respiration in the ETNP ODZ. 236 

Extended optimum multiparameter analysis (eOMP) calculations were performed using the GUI 237 

option in a modified version of the omp2 MATLAB package written by Johannes Karstensen 238 

and Matthias Tomczak (Karstensen, 2023), which has been uploaded to 239 

https://doi.org/10.5281/zenodo.6519316. The original version of this software can be found at 240 

https://www.mathworks.com/matlabcentral/fileexchange/1334-omp-analysis. All computations 241 

besides the integrations were performed using MATLAB R2018B (The MathWorks, Inc. 2018). 242 

The basis of water types for eOMP were selected primarily based on their endmembers in Evans 243 
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et al. (2020), except upper Pacific Subarctic Water (uPSUW). Instead, this water type was taken 244 

from the California Current System (Bograd et al., 2019). In a previous water mass analysis of 245 

the ETNP ODZ, nutrient concentrations were adjusted to the most representative values for each 246 

cruise. While this method provides robust analysis of water mass distributions, it does not 247 

calculate the fixed nitrogen loss. Conservative temperature (θ), absolute salinity (SA), phosphate 248 

(PO4
3–), nitrate (NO3

–), silicate (SiO4
2–), and potential density anomaly (σθ) were used as 249 

parameters for this eOMP, and the equation used to calculate the water mass content as well as 250 

fixed nitrogen loss is provided in Eq. S3. Thermodynamics Equation of State 10 (TEOS-10) was 251 

used to convert in situ temperature and salinity to conservative temperature and absolute salinity, 252 

as well as calculate potential density anomaly, using IBM ILOG CPLEX Optimization Studio 253 

V12.8.0 as an optimizer (McDougall & Barker, 2011). Maps were plotted using Python 3.7.13 254 

(Python Software Foundation, 2022) in Spyder 5.1.5 (Raybaut, 2009) with the Basemap package 255 

(Hunter, 2007). 256 

 257 

Figure 4. Data from the eight cruises in this 50-year time series in blue presented with water 258 

mass endmembers. Plots illustrate θ versus SA (a) and NO3
– versus PO4

3– (b) where closed blue 259 

circles are samples within the potential density range that we used for eOMP analysis and open 260 

circles are other samples from these cruises. Red circles represent water mass endmembers for 261 

the ETNP ODZ, where uPSUW, 13 ºC Water, NEPIW, and AAIW were used in our eOMP 262 

analysis. The uPSUW endmember is excluded from the θ-SA diagram because it has far lower 263 

salinity than the other endmembers. The NO3
–-PO4

3– plot includes the endmembers of equivalent 264 

water masses in Bograd et al. (2019) as black diamonds to facilitate comparison between the 265 

ETNP ODZ and the CCS. The arrow depicted on this figure represents the -62.1:1 NO3
–:PO4

3– 266 

stoichiometry used for fixed nitrogen loss, and the eOMP calculation uses this stoichiometry to 267 

match the nutrient concentrations to the measured values by adjusting the nutrient values from a 268 

combination of 13 ºC Water, NEPIW, and AAIW nutrient endmembers. 269 

Nutrient (PO4
3–, NO3

–, and SiO4
2–) concentrations for the 13 ºC Water , NEPIW, and 270 

AAIW endmembers were selected by identifying the metabolic switching points for each water 271 

mass in the ETNP ODZ (Evans et al., 2022). Parameter weightings were based on Evans et al. 272 

(2020) and Evans et al. (2022). Our selected stoichiometry for fixed nitrogen loss was derived 273 

from the same data, then this stoichiometry, water mass endmembers, and weightings were 274 

refined by slight adjustments to minimize the sum of squared residuals output from the eOMP 275 

(Table S4). These adjustments were performed to ensure our parameterization of the input 276 

hydrographic parameters and nutrients accurately reproduced the measured data. The 277 

Supplemental Information contains more details about this eOMP.  278 
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3.4 Data processing for time series comparison` 279 

Our eOMP analysis calculates the amount of fixed nitrogen loss that occurred in every 280 

sample relative to the nutrient concentration of the water masses before anaerobic processes 281 

begin to accumulate. We convert the accumulated anaerobic remineralization to NO3
– 282 

equivalents by scaling it by 62.1, the stoichiometry we used for relating NO3
– to PO4

3–. However, 283 

one goal of this paper is to calculate the ETNP ODZ strength during this 50-year time series to 284 

facilitate comparison against other time series (Fig. 6). To quantify the strength of the core and 285 

the deep ODZ, we filtered the eOMP fixed nitrogen loss into the same potential density ranges as 286 

the integrated N*, extracted eOMP fixed nitrogen loss samples greater than or equal to the 90% 287 

quantile for each cruise, and computed the mean and standard deviation of these samples. This 288 

metric identifies water parcels with an integrated history of fixed nitrogen depletion, and we can 289 

use the extent of depletion in these parcels to quantify the total ODZ strength. The 90% quantile 290 

was selected to ensure that a single outlier did not bias the data, but the given values still 291 

represent the most intense fixed nitrogen loss sampled on each cruise. We verified that the trend 292 

in core ODZ strength is not sensitive to quantile threshold by comparing the 80%, 85%, 90%, 293 

and 95% quantiles (Fig. S6). We found that the 80%-90% quantiles have statistically equivalent 294 

trends, while the 95% quantile deviates slightly, likely because the number of samples being 295 

averaged is consistently less than or equal to five. Table S5 reports the mean, standard deviation, 296 

and number of samples for each potential density range in the 90% quantile. Throughout this 297 

paper, we refer to this metric as the “maximum fixed N loss calculated via eOMP”. We report 298 

fixed N loss through this metric because it enables a more precise estimation of the nutrient 299 

concentration during the switch to anaerobic metabolisms. This metric may undergo future 300 

revisions during use in other publications and discussions in the field, however, it is a first 301 

attempt at increasing precision with regards to fixed N loss in ODZs.  302 

Research on the California Current System has identified that its Pacific Equatorial 303 

source waters originate from a location on the 110 ºW line (Bograd et al, 2019). To generalize 304 

our time series for broader audiences, we compared the ETNP ODZ data against a record of data 305 

from the CCS collected by the California Cooperative Fisheries Initiative (CalCOFI). For the 306 

CalCOFI O2 data presented in Fig. 2e, all samples between 100 m and 400 m for every station 307 

were averaged for every year and quarter, as performed in Evans et al. (2020). This intermediate 308 

dataset was uploaded to the same Zenodo repository for repeatability and attached as Table S6. A 309 

Grubbs test for outliers was performed for the four quarterly cruises each year, and then the 310 

mean and standard deviation was calculated for the remaining values. 311 

Previous work has correlated the strength of the ETNP ODZ, as measured via 312 

sedimentary nitrogen isotopes, with the depth of the 13 ºC isotherm taken from the World Ocean 313 

Database (Deutsch et al., 2014). We analyzed the depth of the core of the 13 ºC Water, similar to 314 

the depth of the 13 ºC isotherm, on the eight cruises in our time series to compare against ODZ 315 

strength quantified with the maximum fixed N loss calculated via eOMP. The depth of the 13 ºC 316 

Water was calculated by converting the 1-m binned data for each cruise into conservative 317 

parameters via TEOS-10, identifying the depth of all samples where 13.31 ºC ≤ θ ≤ 13.51 ºC, 318 

then taking the mean and standard deviation of these samples between 14 – 19 ºN. Stations north 319 

of 19 ºN were removed because the Gulf of California leads to a confluence of water masses that 320 

creates a transition zone at these locations (Contreras-Catala et al., 2021), as well as introducing 321 

Gulf of California Water (Castro et al., 2000), which could artificially bias this calculation. The 322 
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mean, standard deviation, and number of samples for each cruise is specified in Table S7 and the 323 

depth for each station and cruise is presented in Fig. S5. 324 

To examine whether the fixed nitrogen loss we observed was advected from elsewhere in 325 

the ODZ, we compared the locations of our observed fixed nitrogen loss against estimates of 326 

oxygen deficient layer density surfaces in the Eastern Pacific. If fixed nitrogen loss is observed 327 

outside the oxygen deficient layer, then that fixed nitrogen loss likely occurred elsewhere. We 328 

calculated the core oxygen deficient layer potential density by averaging the top and bottom 329 

potential densities of the ODZ specified in Kwiecinski & Babbin (2021), and we recreated a 330 

figure of water entry into the ODZ from Margolskee et al. (2019) with data shared by the author 331 

and contour lines added by eye (Fig, 1). The data and code for these analyses are included in the 332 

appropriate Zotero repositories for this paper.  333 

3.5 Natural variability estimation via sediment core conversion 334 

A primary goal in this study was to assess if modern changes in ETNP ODZ strength are 335 

unprecedented and therefore could be attributed to anthropogenic climate change with high 336 

confidence. For this analysis, we required a time series of the ETNP ODZ with enough temporal 337 

measurements to assess its natural variability. Tems et al. (2016) measured sedimentary nitrogen 338 

isotopes from the Pescadero basin that spanned nearly 1200 years, which Deutsch et al. (2014) 339 

correlated with ODZ strength. The supplemental information in Tems et al. (2016) contains the 340 

entire Pescadero basin sediment core record. The 20-point smoothing algorithm used for the data 341 

they published removed the last 10 points, which overlaps with our water column data, so we 342 

smoothed the original data with a moving boxcar approach to retain the tail of these data. We 343 

applied a length 7 boxcar and the “rloess” smoothing method in MATLAB R2018B because this 344 

smoothing algorithm best fit their data from 1970-2010. The initial data, their smoothed data, 345 

and our smoothed data are displayed in Fig. S5. We applied a linear interpolation to this 346 

smoothed data to estimate the δ15N-PON at the same timepoints as the water column data and 347 

extrapolated with the same linear method from 2010 to 2012. Our converted data are presented in 348 

Fig. S5. This extrapolation allowed us to use four points, rather than three, for comparison with 349 

the Pescadero basin data. We determined a conversion from these interpolated Pescadero basin 350 

points to the maximum fixed nitrogen loss measured before 2016 using singular value 351 

decomposition (Glover et al., 2011) with the formulation in Eq. 3. These confidence intervals can 352 

be directly added to the water mass nutrient endmembers of the 13 ºC Water and NEPIW. 353 

Additional statistical information is provided in the Supplemental Information. 354 

𝑀𝑎𝑥 𝑓𝑖𝑥𝑒𝑑 𝑁 = 𝑚(δ15N𝑖𝑛𝑡𝑒𝑟𝑝) + 𝑏 (3) 355 

4 Results 356 

4.1 Fifty years of fixed nitrogen loss 357 

ODZs are defined as oceanic regions that facilitate fixed nitrogen loss through 358 

denitrification, anammox, and other processes, due to the absence of sufficient oxygen as a 359 

terminal electron acceptor. We first examined ODZ variability by calculating the nitrogen deficit 360 

relative to phosphate concentrations using –N*, then integrating that parameter across the ODZ 361 

using a previously defined method (Horak et al., 2016). We found that the integrated fixed 362 

nitrogen loss in this cross-section of the ETNP ODZ has increased almost monotonically from 363 

1972-2019, with slight decreases in 1994 and 2018 (Fig. 5a). The upper oxycline of the ODZ 364 
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contributes negligibly to the total fixed nitrogen loss (Fig. 5b), whereas the core ODZ and the 365 

deep ODZ share similar contributions to the total fixed nitrogen loss (Fig. 5c). The integrated 366 

fixed nitrogen loss in 2019 is 30% larger than what was measured in 1994, and this 367 

intensification was caused by an already intense core ODZ combined with a dramatic increase in 368 

deep ODZ strength, as quantified by the maximum fixed N loss calculated via eOMP after 2016 369 

(Fig. 6a). The magnitude of this post-2016 deep ODZ intensification is not observed in the 370 

previous 40 years and may be unprecedented. 371 

 372 

Figure 5. Integrated –N* values for each cruise, filtered between the specified potential density 373 

ranges such that (a) is the total ODZ, (b) is the upper oxycline, and (c) depicts both the core ODZ 374 

and the deep ODZ, which contains the deeper oxycline. Both 2016 cruises are presented, and 375 

SKQ201617S is the systematically low point not connected by a line on each plot, also labeled as 376 

“SKQ”.  377 

 378 

 For robustness, we compared this integrated fixed nitrogen loss, calculated via –N* (Eq. 379 

2), against the ODZ strength, quantified as the maximum fixed N loss calculated via eOMP (Eq. 380 

S2-4. The maximum fixed N loss calculated via eOMP (Fig. 6a) ranged from 9.45±0.65 to 381 

11.85±0.35 μmol kg-1 in the core and 7.25±0.17 to 9.76±0.48 μmol kg-1 in the deep ODZ. The 382 

maximum fixed N loss calculated via eOMP correlated with the integrated fixed nitrogen loss 383 

(Fig. 5c,6a; Table 1), and cross-sections of the ODZ nitrogen loss, calculated using eOMP, over 384 

time are shown in Fig. 8). 385 

 386 
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Figure 6. (a) depicts the maximum fixed N loss calculated via eOMP , reported for each cruise 387 

within the potential density ranges in the integrations in Fig. 5c. Error bars correspond to 388 

standard deviation in the maximum 10% of fixed N loss values derived via eOMP. The depth of 389 

the 13 ºC Water is plotted on the right y-axis. (b) depicts the mean oxygen concentration 390 

measured between 100-400 m on CalCOFI cruises for southern California, and error bars 391 

correspond to the seasonal standard deviation. (c) depicts normalized particulate organic nitrogen 392 

isotopes measured and published in Deutsch et al. (2014) for comparison. 393 

Previous research suggests that water masses from the ETNP ODZ are the origin of 81% 394 

of the deoxygenation observed in the California Current System (CCS) (Evans, Schroeder, et al., 395 

2020). The 110 ºW line studied in this 50-year time series contains the location for the Pacific 396 

Equatorial endmember of the CCS (Bograd et al., 2019; Thomson & Krassovski, 2010), and 397 

using our data, we confirm that the maximum fixed N loss calculated via eOMP of the core 398 

ETNP ODZ (Fig. 6a) correlates with the mean oxygen concentration of the southern, subsurface 399 

CCS (Fig. 6b). We also confirm that a previous record of nitrogen isotopes from sediment cores, 400 

replotted in Fig. 6c, correlate with the maximum fixed N loss calculated via eOMP in the water 401 

column (Fig. 6a). Deutsch et al. (2014) initially used this isotopic record to argue for changes in 402 

ODZ size, but since it reflects the extent of denitrifying processes, it also represents the 403 

maximum fixed nitrogen loss. Therefore, we interpreted this record of sediment nitrogen isotopes 404 

as a record of ODZ strength. 405 

 406 

Table 1. Summary of linear correlation coefficients between time series. SKQ2016 was omitted 407 

from these calculations when relevant. 408 

 Integrated 

–N* 

Max fixed 

N loss 

(eOMP) 

Pescadero 

δ15N-PON 

13 ºC Water 

depth 

Mean 

CalCOFI O2 

Integrated –N* 1 0.842 0.980 0.503 0.744 

Max fixed N loss 

(eOMP) 
0.842 1 0.987 0.691 0.890 

Pescadero δ15N-PON 0.980 0.987 1 0.926 0.995 

13 ºC Water depth 0.503 -0.691 -0.926 1 0.890 

Mean CalCOFI O2 0.744 -0.890 -0.995 0.890 1 

4.2 Natural variability of the ETNP ODZ 409 

Sediment nitrogen isotope records can illuminate historical trends in the strength of the 410 

core ETNP ODZ. The correlation between the maximum fixed N loss calculated via eOMP of 411 

the core ETNP ODZ and the Pescadero sediment nitrogen isotope record suggests that the core 412 

of the ODZ can be compared against this time series, but the deep ODZ cannot be. We converted 413 

the 1,200-year long Pescadero sediment core nitrogen isotope record (Tems et al., 2016) to 414 

equivalent water column data by fitting overlapping nitrogen isotope data to the maximum fixed 415 

nitrogen loss calculated via eOMP in the core ODZ, as plotted in Fig. 7a. We then extrapolated 416 

this fit to the entire isotopic record, which provides a record of core ODZ strength, quantified 417 

with the maximum fixed N loss calculated via eOMP, over the past 1,200 years. We determined 418 

the frequency distribution of this proxy for fixed nitrogen loss (Fig. 7b) and applied a 99% 419 

confidence interval to identify thresholds for virtually certain climate change forcings by the 420 
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standards of the Intergovernmental Panel on Climate Change (Mastrandrea et al., 2011) on fixed 421 

nitrogen loss in the ETNP ODZ. All our timepoints fall within the 99% confidence threshold, 422 

such that we cannot yet be virtually certain that climate change has caused the intensification of 423 

the core ETNP ODZ. The 2012 and 2019 time points both have 96% confidence thresholds, 424 

which are “very likely” to be caused by climate change but not “virtually certain”.  425 

 426 

 427 

Figure 7. a) δ15N-PON Pescadero core data replotted from Tems et al. (2016) with the maximum 428 

fixed N loss from the core ODZ from the relevant years overlaid as blue diamonds. b) Points 429 

depicting the maximum fixed N loss from the core ODZ and a histogram of δ15N-PON Pescadero 430 

core data from Tems et al. (2016) converted to maximum fixed nitrogen loss based on the 431 

comparison in (a). This figure includes the 99% confidence intervals of this distribution in 432 

dashed magenta lines. Error bars here correspond to error bars in Fig. 6. Maximum fixed N loss 433 

points in this figure have their vertical position adjusted so they do not overlap. c) NO3
–-PO4

3– 434 

plot of data from the eight cruises, where the magenta box corresponds to the 99% confidence 435 

interval determined in (a) This plot includes the water mass endmembers and the fixed N loss 436 

vector used to derive this confidence interval. 437 

This data treatment indicates that the natural variability of maximum fixed nitrogen loss 438 

calculated via eOMP in the core ETNP ODZ on the 110 ºW line over 1,200 years has a range of 439 

3.3 µmol kg-1, corresponding to 9.2-12.5 µmol kg-1 of maximum fixed nitrogen loss from our 440 

reference eOMP water mass endmembers. To facilitate the use of this confidence interval by 441 

future scientists, we present it as a region on a NO3
–-PO4

3– plot of ETNP ODZ data from the 110 442 

ºW line, which removes the eOMP water mass endmember nutrient values. The upper left and 443 

lower right sides of this parallelogram represent the 99% confidence interval for the maximum 444 

fixed nitrogen loss, as plotted in Fig. 7b. Should the maximum 10% of nutrients sampled on the 445 

110 ºW line between σθ 26.2-26.8 kg m-3 exceed the lower right side of that parallelogram, we 446 

can be virtually certain that climate change is responsible for ETNP ODZ intensification. 447 

Overall, this analysis demonstrates that the current conditions of the ETNP ODZ are near the 448 

limit of its natural variability, and it could exceed this natural variability within the next decade. 449 
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5 Discussion 450 

Our findings reveal that the strength of the ETNP ODZ, quantified as –N* and 451 

characterized along the 110 ºW line, decreased slightly from 1972 to 1994 then nearly 452 

monotonically increased by 30% in 2019 relative to 1994. We subdivided the ODZ into the 453 

upper oxycline, the core ODZ, and the deep ODZ. We found that the core and deep ODZ 454 

contribute similarly to the integrated fixed nitrogen loss. The deep ODZ intensified significantly 455 

after 2016, which is unprecedented throughout this 50-year time series and contributes to the 456 

strongest ODZ in 2019. Using an extended optimum multiparameter analysis (eOMP), we 457 

confirmed that the maximum fixed nitrogen loss in the core ODZ correlates with sediment core 458 

nitrogen isotopes and the mean oxygen in the southern, subsurface California Current System 459 

(CCS).  460 

Deutsch et al. (2014) also found that this sedimentary nitrogen isotope record correlated 461 

with the depth of the 13 ºC isotherm, which is a defining property of the 13 ºC Water in this 462 

region (Evans, Boles, et al., 2020). We discovered a strong correlation (p=–0.69) between the 463 

depth of this water mass and the maximum fixed N loss calculated via eOMP of the ODZ core 464 

(Fig. 6a) and an even stronger correlation (p=0.89) between the 13 ºC Water depth and the mean 465 

oxygen concentration in the southern, subsurface CCS. Since the 13 ºC Water depth sets the 466 

thermocline depth in the ETNP, we suggest that shoaling of the 13 ºC Water leads to higher 467 

organic carbon flux into the subsurface waters of the ETNP, which fuels both aerobic and 468 

anaerobic respiration, causing oxygen depletion (Fig. 6b) as well as fixed nitrogen loss (Fig. 6a). 469 

Therefore, the depth of the 13 ºC Water plays an important role on the strength of 470 

remineralization in general across the ETNP. 471 

 472 

Figure 8. Cross-sections of fixed nitrogen loss as calculated with eOMP in the ODZ on the 110 473 

ºW line for each year except 1972. As some fixed nitrogen loss occurs at every density horizon 474 

in the region, we only plotted fixed nitrogen loss greater than 8 µmol kg-1 to better visualize 475 

changes in the spatial coverage of fixed nitrogen loss. 476 

The strengthening of the core ODZ (σθ 26.2-26.8 kg m-3) presented in Figs. 5c and 6a is 477 

linked to shallowing of the ODZ, most obvious in the trend from 1994 to 2012 (Fig. 8). 478 

Deepening of the ODZ past σθ 26.8 kg m-3 is responsible for the rapid intensification in the deep 479 

ODZ observed in 2018 and 2019. This deepening does not follow the same temporal trend as the 480 

shallowing of the core ODZ, suggesting that these processes have different causes. 481 
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The locations of ODZ intensification during this time series differ for the core versus the 482 

deep ODZ (Fig. 8). In 2007, 2012, and 2019, the core ODZ is stronger at and south of 18 ºN, 483 

whereas in 2018 and 2019, the deep ODZ is stronger at and north of 18 ºN. Comparing these 484 

locations against the 110 ºW line on Fig. 1a, the oxygen deficient layer is centered around 26.7 485 

kg m-3 at 18 ºN and deepens further north, closer to Baja. This distribution of the oxygen 486 

deficient layer matches the strengthening of the ODZ (Fig. 8). Therefore, we propose that the 487 

intensification of the core ODZ occurred between 14-18 ºN whereas the intensification of the 488 

deep ODZ occurred between 18-22 ºN. This conclusion is notable because the results deviate 489 

from the conventional trend that a deeper oxygen deficient layer occurs farther south in the 490 

ETNP, and thus the fixed nitrogen loss we observed likely occurred in the north.  491 

Our comparison between sedimentary nitrogen isotopes and water column fixed nitrogen 492 

loss calculated via eOMP demonstrates that we cannot yet be virtually certain that climate 493 

change has caused core ODZ intensification. Only two events around 1230 and 1400 CE 494 

possessed the rapid strengthening observed in the past 30 years, and both events were followed 495 

by ODZ weakening. It remains to be seen if the current event will follow this pattern, and should 496 

the core ODZ strength continue increasing, it will exceed historical precedent within the next 497 

decade. While this analysis relies on only four timepoints, it provides a first estimate at the 498 

natural variability of fixed nitrogen loss in the ETNP ODZ. More recent sediment data could 499 

extend this comparison from four to seven points, and in the supplemental information we 500 

include the data and code needed to improve our calculations should this more recent sediment 501 

core data become available. Fig. 7c depicts the region of natural variability in NO3
–-PO4

3– space 502 

for reference, and these values are also included in the Supplemental Information. 503 

Our analysis of natural variability focused only on the core ODZ and did not include the 504 

deep ODZ, which also became 30% stronger from 2016 to 2019. A sediment core from a 505 

location that records processes in the deep ODZ would be useful to address this topic through a 506 

similar analysis. While the primary forcing on fixed nitrogen loss in the core ODZ appears to be 507 

the shoaling of the 13 ºC Water, caused by trade wind stress on basin-wide scale, the authors are 508 

not aware of the primary forcings for the deep ODZ that caused its rapid intensification. 509 

Nevertheless, we hypothesize that the primary forcing is linked to the NEPIW. Oxygen deficient 510 

conditions in the deep ODZ are influenced by the NEPIW, which governs how far north the deep 511 

ODZ extends. The NEPIW is formed by subsurface mixing of Pacific Deep Water and Antarctic 512 

Intermediate Water, with some North Pacific Intermediate Water. The North Pacific Intermediate 513 

Water and the upper part of the Pacific Deep Water experienced between -0.68 to -0.39 µmol kg-
514 

1 year-1 of deoxygenation from 1956-2006 (Whitney et al., 2007), and if the oxygen supply to the 515 

NEPIW lowered, anoxia would occur earlier and therefore more fixed nitrogen loss would occur. 516 

We recommend further analysis of climatic forcing of the deep ODZ, likely through the NEPIW, 517 

be performed to better understand nitrogen cycling in the Pacific Ocean. 518 

Though we lack the natural variability of the deep ODZ, our estimate of the natural 519 

variability of the core ODZ can still inform projections of ODZ strength and size. We focus on 520 

fixed nitrogen loss rather than oxygen concentration because conventional sensors struggle to 521 

differentiate low oxygen and oxygen deficient conditions, which impedes statistical comparisons. 522 

In addition, we focus on ODZ intensification rather than ODZ expansion for two reasons. First, 523 

the cross-sections our study relies on cannot accurately capture ODZ volume. In addition, 524 

mesoscale features such as eddies spread and distribute ODZ water outside of its traditional 525 

bounds (Evans, Boles, et al., 2020; Resplandy et al., 2011) as well as inject non-ODZ water into 526 
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its domain (Margolskee et al., 2019), hindering the ability of discreet sampling to quantify the 527 

size of an ODZ.  528 

6 Conclusions 529 

Intensification of Oxygen Deficient Zones is a globally relevant issue due to their 530 

significant role in biogeochemical cycling and influence on ecosystem biogeography. 531 

Prokaryotic metabolisms drive most of biogeochemical cycling in ODZ regions. These 532 

metabolisms employ electron donors and acceptors other than carbon and oxygen such as trace 533 

metals, sulfur, and particularly nitrogen via N2 gas production as well as N2O cycling. N2O is a 534 

potent greenhouse gas, while N2 production influences the marine fixed nitrogen inventory. In 535 

vast areas of the ocean, the availability of fixed nitrogen limits primary production, and the 536 

balance between N2 fixation and production regulates this inventory. A strengthening ODZ could 537 

result in increased denitrification, lowered primary production, and therefore a diminished 538 

biological carbon pump. 539 

This 50-year time series is, to the best of our knowledge, the longest time series from the 540 

water column of an ODZ in scientific literature, and it provides valuable insight into changes that 541 

have occurred within the ETNP ODZ. Most importantly, we generated a first estimate for the 542 

natural variability of this ODZ. This result indicates that the core ODZ has only been this strong 543 

twice in the past 1,200 years, but we cannot yet attribute this recent ODZ intensification to 544 

climate change. The IPCC defines their threshold as p=0.01 (Mastrandrea et al., 2011), and our 545 

data remains at p=0.03. Nevertheless, our distribution of the historical fixed nitrogen loss in the 546 

ETNP ODZ can be used to refine simulations of ETNP ODZ processes and to identify important 547 

differences in processes that influence the deep versus the core ODZ. The correlation between 548 

the 13 ºC Water mass and the strength of the ETNP ODZ, quantified with the maximum fixed N 549 

loss calculated via eOMP, reveals that the 13 ºC Water significantly impacts ETNP processes. 550 

Due to the correlation and slight lag between the depth of the 13 ºC Water mass in the ETNP and 551 

the amount of deoxygenation in the southern CCS, we suggest that real time monitoring of the 13 552 

ºC Water depth in the ETNP ODZ, potentially with Argo floats, could forecast deoxygenation in 553 

the CCS. This monitoring, as well as confidence intervals for natural variability, are crucial for 554 

future oceanographers and geoscientists as we monitor, forecast, and respond to climate change 555 

and its consequences on ocean biogeochemistry, ecosystem health, and fishery production. 556 
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