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Abstract Warming-driven expansion of the oxygen minimum zone (OMZ) in the equatorial Pacific
would bring very low oxygen waters closer to the ocean surface and possibly impact global carbon/nutrient
cycles and local ecosystems. Global coarse Earth System Models (ESMs) show, however, disparate trends
that poorly constrain these future changes in the upper OMZ. Using an ESM with a high-resolution ocean
(1/10◦), we show that a realistic representation of the Equatorial Undercurrent (EUC) dynamics is crucial
to represent the upper OMZ structure and its temporal variability. We demonstrate that coarser ESMs
commonly misrepresent the EUC, leading to an unrealistic “tilt” of the OMZ (e.g., shallowing toward the
east) and an exaggerated sensitivity to EUC changes overwhelming other important processes like
diffusion and biology. This shortcoming compromises the ability to reproduce the OMZ variability and
could explain the disparate trends in ESMs projections.

Plain Language Summary We expect an expansion of the ocean low-oxygen areas as the
climate warms. This expansion would bring low-oxygen waters closer to the ocean surface in the Pacific
Ocean and affect the global uptake of carbon and interactions between marine animals. We show that
commonly used low-resolution climate models misrepresent characteristics of one of the major ocean
currents—the Equatorial Undercurrent—with implications for the depth of the low-oxygen waters. Using
a higher-resolution climate model we refine the representation of the Equatorial Undercurrent and the
low-oxygen areas in the equatorial Pacific. We postulate that shortcomings of low-resolution models
compromise our ability to reproduce areas of low oxygen and their response to climate change.

1. Introduction
As the global ocean warms (Cheng et al., 2017; Johnson et al., 2018; Resplandy et al., 2018), it loses oxygen
to the atmosphere mostly due to decreased solubility and reduced ventilation (Helm et al., 2011; Keeling
et al., 2010; Levin, 2018; Long et al., 2016; Schmidtko et al., 2017). In response to this global deoxygenation,
subsurface oxygen minimum zones (OMZs) are expected to expand, bringing very low oxygen waters closer
to the ocean surface (Oschlies et al., 2008). These changes in the depth of the OMZ upper boundary could
have severe impacts on marine life and biogeochemical cycling (Gruber, 2004; Levin, 2018), such as the
compression of the habitat of commercially fished species and related ecosystems (Chu & Tunnicliffe, 2015;
Sperling et al., 2013; Stramma et al., 2012), the reduction of carbon export by migrating zooplankton (Bianchi
et al., 2013), and the release of nitrous oxide to the atmosphere (Arévalo-Martínez et al., 2015; Babbin et al.,
2015; Ji et al., 2018; Yang et al., 2017).

In the Pacific Ocean, observations and models show disparate trends in the OMZ volume. Observations
suggest that the OMZ expanded over the past 50 years (Stramma et al., 2008), while studies based on isotopes
from sediment cores suggest that multidecadal to centennial fluctuations in the vertical extent of the OMZ
could obscure long-term anthropogenic trends in shorter observational records (Deutsch et al., 2014). Coarse
( 1◦ horizontal resolution) ESMs show strong disagreement in the sign of change in OMZ volume by year
2100 (from −15% to +15% for 1960–2100) (Bopp et al., 2013; Cabré et al., 2015), and on longer time scales
with some models suggesting that OMZs might shrink after their initial expansion (Fu et al., 2018).

OMZs are controlled by a delicate balance between the rate of biological consumption of oxygen during
remineralization and denitrification processes, and the supply of oxygen by air-sea exchange and ocean ven-
tilation. Models robustly project a decrease in oxygen caused by warming-induced changes in solubility and
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an increase in oxygen due to reduced biological production and respiration in OMZs (Cabré et al., 2015;
Bopp et al., 2013, 2017). However, there is no consensus on the spatial and temporal changes in
ventilation and their impact on the volume of OMZs (Fu et al., 2018; Resplandy, 2018; Shigemitsu
et al., 2017).

The ocean is ventilated by advective and diffusive processes. Advection redistributes water masses in the
ocean (e.g., Busecke et al., 2017) and can influence local oxygen concentrations by reshaping the OMZ and
changing the position of its boundaries (Czeschel et al., 2010, 2015; Stramma et al., 2010). In contrast, eddy
diffusion can influence the volume of the OMZ by supplying oxygen and balancing biological consump-
tion in the OMZ (Brandt et al., 2015; Gnanadesikan et al., 2013). Coarse ESMs suggest that the Equatorial
Undercurrent (EUC) is one of the largest sources of forced variability and model uncertainty in the pro-
jected changes in the OMZ (Shigemitsu et al., 2017). Models which project a weakening of the EUC also tend
to project an expansion of the OMZ in the equatorial band and vice versa. A common bias of these coarse
resolution models, however, is that they do not resolve the complex dynamics of the EUC; specifically, they
do not represent the narrow alternating currents observed close to the equator (e.g., Kessler, 2006) and the
EUC in these models is generally too wide and too weak (Cabré et al., 2015).

Here we examine the tropical Pacific OMZ response to EUC dynamics. We show that the structure of the
EUC controls the geometry and variability of the upper OMZ by contrasting a coarse ESM with an eddying
ESM that reproduces key observed features of the EUC. The wide and weak EUC simulated by coarse models
yields an unrealistic “tilt” of the upper OMZ boundary, which exacerbates its sensitivity to temporal changes
and has implications for projections of the OMZ volume.

2. Methods
We define OMZs as areas with oxygen concentration lower than 80 μmol/kg and the OMZ boundary as the
surface of 80-μmol/kg concentration. This manuscript focuses on the upper OMZ boundary, hence through-
out the manuscript we refer to the upper boundary as “OMZ boundary” for brevity. The tilt and “depth” of
the OMZ boundary are defined as the slope and intercept of a linear regression (see supporting information).

2.1. EUC Characterization
We define the EUC based on the positive zonal velocity u in the upper 500 m of the water column. Sev-
eral key metrics are derived from zonal velocity averages between 1◦S and 1◦N (details in the supporting
information):

1. EUC core: depth of maximum u.
2. EUC boundary: the contour of u equal to 0.2 m/s.
3. EUC thickness: the distance between the upper and lower EUC boundary.

The tilt of the lower EUC boundary is defined identical to the OMZ tilt as the slope of the linear regression
on the boundary (see supporting information).

2.2. Models
We use the Geophysical Fluid Dynamics Laboratory (GFDL) coupled models of the CM2-O suite, which
include the same atmospheric, ice, and land components. For the ocean, each simulation has identical verti-
cal grid configurations and parametrizations of vertical mixing processes but different horizontal resolution
and horizontal parameterizations (Delworth et al., 2011; Griffies et al., 2015). We use the nominal 1◦ con-
figuration CM2.1deg, referred to as the “coarse” model, and the nominal 1/10◦ CM2.6 referred to as the
“eddying” model. The neutral tracer diffusion coefficient in CM2.1deg is 600 m2/s and the diffusion coeffi-
cient, used to parameterize eddy advection, varies between 100 and 1,200 m2/s as a function of the flow field
(see Griffies et al., 2015 for details). CM2.6 does not include parameterizations of neutral diffusion or eddy
advection. Both models include the simplified biogeochemical module “miniBling” with three prognostic
tracers (Galbraith et al., 2015). We use preindustrial simulations forced by a constant atmospheric CO2 con-
centrations of 286 ppm and initialized with identical observed initial conditions (Dufour et al., 2015). The
circulation is spun up from rest and run for a total of 200 years. The biogeochemical module is started in year
48. For this study we analyze the last 20 years (181–200). We decompose the oxygen budget into dynamical
and biological contributions (supporting information), including large-scale advection, vertical diffusion,
and eddy effects (parameterized and resolved depending on the model resolution).
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Figure 1. (a) Position of the oxygen minimum zones (OMZ) boundary (80 μmol/kg) at 250 m in the coarse model (blue), the eddying model (orange), and the
observations (black; Bianchi et al., 2012). Thick lines represent long-term averages (20 years for models), and thin lines indicated monthly values. The eddying
model is box-averaged on a ∼2◦ by 2◦ grid (20(eddying)/4(coarse) grid cells in each direction), to enable comparison with the gridded observations. (b) Position
of the OMZ boundary along the equator, based on values averaged from 1◦S to 1◦N (colors as in Figure 1a). (c) Relationship between the OMZ boundary tilt and
lower equatorial Undercurrent (EUC) boundary tilt in observations, CM2-O coarse and eddying models, and CMIP5 piControl runs (filled symbols) and RCP8.5
runs (open symbols). (d) As in (c) but for the relationship between the tilt and the standard deviation of the OMZ upper boundary depth (see supporting
information for details). In (c) and (d), the gray bar indicates the observed OMZ boundary tilt.

Additionally, we analyze a subset of the Coupled Model Intercomparison Project 5 (CMIP5) models (Taylor
et al., 2011). We use 20 years annual output of preindustrial (piControl; last 20 years of each run) and busi-
ness as usual (RCP8.5; 2081–2100) simulations (supporting information). Most of the CMIP models have
a comparable resolution to the coarse model CM2.1deg described above, but throughout the text “coarse
model” will exclusively refer to CM2.1deg. The neutral diffusivity coefficients for the CMIP5 models range
from 500–1,000 m2/s (Cabré et al., 2015).

Different spin-up strategies (200 years for CM2-O models and 1,000-10,000 years for CMIP5 models) could
influence the OMZ, but are likely to influence the deeper regions in the Eastern Pacific rather than the upper
boundary, which equilibrates on much faster time scales (Séférian et al., 2016).

2.3. Observations
In this study we use the oxygen climatology by Bianchi et al. (2012). For velocity observations we use opti-
mally interpolated Shipboard Acoustic Doppler Current Profiler (ADCP) data from Johnson et al. (2002),
derived from 172 ship sections taken throughout the 1990s, providing a decadal view of the EUC.

3. Results
3.1. OMZ Geometry
The observed zonal extent of the upper OMZ in the Equatorial Pacific varies between 150◦E at 5◦N and
140◦W at the equator (Figure 1a). Despite these strong east-west excursions linked to the presence of alter-
nating jets in the equatorial current system, the OMZ upper boundary at a given latitude lays at a relatively
constant depth. Around the equator, the boundary is located at 200- to 300-m depth east of 180◦W where
it sharply deepens to more than 500 m (Figure 1b). The boundary is also characterized by a depression
associated with the Galapagos Islands (90◦W).

The eddying model reproduces observed characteristics of the OMZ boundary, including strong east-west
excursions, a flat boundary shape and the Galapagos Islands depression; although the OMZ is slightly too
deep in the eastern Pacific (Figures 1a and 1b). In the coarse model, the OMZ is confined to the east, and
the boundary shows considerably less zonal structure and a much larger tilt (i.e., deepening from 200 m
at 90◦W down to 500 m at 180◦W) than observations (Figures 1a and 1b) and is missing the depression
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Figure 2. Comparison of zonal velocities (color) and oxygen minimum zones (dotted area: values <80 μmol/kg) between the coarse model (left column), the
eddying model (middle column), and observations from Johnson et al. (2002) and Bianchi et al. (2012) (right column). (a–f) Zonal velocity across the equator
are shown at 180◦W (a–c) and 125◦W (d–f). Dashed lines show the position of 1◦S and 1◦N. (g–i) Zonal velocity averaged between 1◦S to 1◦N. The depth of the
EUC core is shown (white dashed). Contours indicate velocities of 20, 60, 70, and 80 cm/s (light gray) and the EUC core (white-dashed).

feature around the Galapagos. The observations do not resolve the interannual variability in the OMZ but
the eddying model suggests that the depth of the upper OMZ varies by less than ∼50 m interannually while
the coarse model shows year-to-year variations larger than ∼150 m (Figure 1b).

This OMZ tilt is of the order of 1 m/deg in the observations, 0.8 m/deg in the eddying model, but about
5 m/deg in the coarse model (Figures 1c and 1d). Combining our two models with a suite of seven CMIP5
models, we find that coarse resolution ESMs systematically overestimate the OMZ tilt, with simulated val-
ues ranging from 1.5 and 6 m/deg (Figures 1c and 1d; see also Figure S5 in the supporting information) and
that models with stronger OMZ tilts are also models in which the upper OMZ is more variable on interan-
nual time scales (Figure 1d). The magnitude of the OMZ tilt is closely related to the geometry of the EUC,
specifically the tilt of the lower EUC (Figure 1c). This suggests that the geometry and the variability of the
upper OMZ are tightly linked to the EUC dynamics.

3.2. EUC Dynamics Influence Its Geometry
Observations show that the EUC is narrow (2◦S to 2◦N) and flanked by distinct “off-equatorial” currents,
including the eastward Subsurface Counter Currents or Tsuchiya jets (at 150–400 m depth and 5◦N/S)
and the westward North and South Equatorial Intermediate Currents (at 200- to 400-m depth and 3◦N/S)
(Figure 2f, and, e.g., Stramma et al., 2010). The eddying model reproduces the narrow EUC and the high
velocities within its core, while the coarse model produces a significantly weaker and wider EUC, extending
from 3◦S to 3◦N. The eddying model also reproduces the vertical shape and position of the 'off-equatorial'
currents but their intensity is generally too weak compared to observations (Figures 2e and 2f). In contrast,
the coarse model fails to simulate these alternating “off-equatorial” currents (Figure 2d), similarly to CMIP5
models (Cabré et al., 2015).

Observations also show that the EUC maintains a relatively uniform thickness (vertical extent) of 100- to
150-m depth across the whole Pacific basin (Figure 2i). The core of the EUC shallows from ∼200 m in the
west to ∼60 m in the east (Figure 2i, Figures S3 and S4). It is most intense at the center of the basin, between
the Gilbert Islands (175◦W) and the Galapagos Islands (90◦W) where the velocity exceeds 0.5 m/s and
reaches up to 1 m/s (Figure 2i). Both models reproduce the eastward shallowing of the EUC core. Only the
eddying model reproduces the intense velocities >0.5 m/s between the two island groups and the uniform
thickness across the basin, although both peak velocities and thickness slightly exceed what is observed. In
contrast, the EUC in the coarse model rapidly slows down (u < 0.5 m/s east of 120◦W) and its thickness
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Figure 3. (a,b) Changes in zonal velocity due to horizontal advection averaged between 250- and 350-m depth in the
coarse (a) and eddying (b) models (m s−2). Regions of enhanced (reduced) zonal velocity are in red (blue). Note the
different colorbars. Gray lines and arrows illustrate the horizontal circulation in the domain; line thickness scales with
the velocity amplitude. (c,d) Changes in oxygen concentrations due to large-scale advection at the equator (1◦S to 1◦N
average) in the coarse (c) and eddying (d) models (mol kg−1 s−1). Oxygen supply is positive (red). Contours indicate
mean zonal velocity and the dotted area the oxygen minimum zones like in Figure 2. For details on the calculation of
the budget terms see (supporting information).

reduces from ∼200 m in the west to <100 m in the east, following the shallowing of the EUC lower boundary
(Figure 2g; supporting information).

Differences in the EUC shape, in particular, the thickness, are tied to fundamental differences in the equa-
torial circulation between the two models (Figures 3a/3b). In the eddying model, the zonal jets generate an
intense zonal recirculation that largely keeps equatorial waters confined between 5◦S and 5◦N. In the coarse
model, however, the equatorial horizontal circulation diverges in the eastern Pacific, exporting waters into
the subtropical gyre circulation (see eastern Pacific in Figure 3a). As a result, the horizontal circulation
reinforces the flow of the lower EUC in the eddying model (Figure 3b). In the coarse model, the horizon-
tal circulation reinforces the lower EUC flow only in the western Pacific and slows it down in the eastern
Pacific (Figure 3a). This divergence of the horizontal flow explains the strong tapering off of the EUC, and
the presence of a shallower and more tilted lower EUC boundary in the eastern Pacific in the coarse model
(Figure 2g).

3.3. Dynamical Control of OMZ
The mean structure of the upper OMZ follows the dynamical structure of the lower EUC. In the observations
and the eddying model, the OMZ boundary aligns with the relatively flat shape of the lower EUC boundary
(Figures 2h and 2i) and deepens around the Galapagos Islands, indicating a local increase in oxygen con-
centrations. This local feature is likely due to the interaction between the strong current and the blocking
landmasses (Karnauskas et al., 2010). In the coarse model, however, the OMZ boundary follows the strong
tilt of the lower EUC boundary and crosses isopycnals as it shallows eastward (not shown).

Mechanistically, the link between EUC and OMZ geometry is dominated by large-scale transport patterns.
In both models, it is the advection that controls the shape of the upper OMZ (depth and tilt), by supplying
oxygen above the OMZ and limiting its expansion toward the surface (Figures 3c and 3d). Eddy effects
supply oxygen over most of the region, both in the OMZ and above, and are therefore less important for
the position of the upper OMZ (Figures S6e–S6h). Note that in the eddying model, the supply of oxygen by
vertical diffusion explains the Galapagos depression, but is weak elsewhere (Figure S6j). Other processes
are too weak (submesoscale, Figure S6k/S6l) or of opposed sign (biological consumption; Figures S6a/S6b).

3.4. Temporal Variability in the OMZ Boundary
The temporal variability of the upper OMZ depends on its mean tilt (Figure 1d). This can be understood by
considering the OMZ response to changes in zonal flow. A change in the zonal flow will have little effect
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Figure 4. Influence of mean OMZ tilt on temporal variability. Panel (a) shows a oxygen minimum zone (OMZ)
boundary (black line) that is oriented parallel to the flow (gray arrows). Changes in the flow (red arrows) do not
influence the height of the OMZ boundary (red dashed line). Panel (b) contrasts this picture with a tilted OMZ (black
line) due to a different mean flow structure (gray arrows). A similar change (increase) in flow as in (a) will move the
OMZ boundary (red dashed line) and thus lower the boundary locally (red thin arrows).

on the depth of a surface if this surface is parallel to the flow direction (Figure 4a). In contrast, variations
in the zonal flow will move the surface zonally if this surface is slanted relative to the flow and lead to
vertical variations of the surface (deepening for increased eastward flow and shallowing for decreased flow,
Figure 4b). A tilted OMZ is therefore more sensitive to changes in zonal flow and is more likely to exhibit
strong temporal variations in the depth of its boundary (Figure 4).

We focus here on the strong interannual variability of the zonal velocity. According to an EOF analysis of the
zonal velocity, coarse and eddying models show similar patterns of interannual temporal variability, which
can be decomposed in two modes:

1. A “surface” mode characterized by a weaker westward surface current (positive anomalies), a weaker
EUC in the west (negative anomalies), and a stronger EUC in the east (positive anomalies, Figures 5a/5b).
This mode leads the temperature-based NINO 3.4 index by 2–3 months, suggesting that it is related to
changes in the wind field preceding El Niño-Southern Oscillation events.

2. A “shoaling” mode, characterized by higher velocities above the EUC core and lower velocities below the
EUC core (i.e., an upward shift of the EUC), which is correlated with basin-wide changes in the thermo-
cline tilt (pink lines in Figure 5). This mode lags the NINO3.4 index by about 6 months in both models
(Figures 5c/5d).

These two modes are reproduced similarly in both models, but the response of the OMZ is very different
in each case. In the coarse model, the dominant mode of oxygen variability is correlated to the shoaling
mode that lifts the OMZ boundary as the lower EUC weakens (see black lines in Figure 5c and support-
ing information). The surface mode only yields a slight deepening confined east of 100◦W (black lines in
Figure 5a). In the eddying model, however, the impact of both modes on the OMZ is very limited (black lines
in Figures 5b and 5d). This is consistent with the simple mechanism proposed above: a flatter OMZ is less
sensitive to changes in zonal flow (Figure 4). Hence, the differences in the mean OMZ shape (tilt) have far
reaching implications for the OMZ response to dynamical variability. In the coarse model, interannual vari-
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Figure 5. (a–d) The two dominant EOF modes of interannual variability in zonal velocity along the equator (1◦S to
1◦N average) in the coarse model (a/c) and the eddying model (b/d), which are referred to as the “surface” mode (left)
and “shoaling” mode (right). Each panel shows the EOF pattern in colors (m/s), the mean shape of the EUC as gray
contours (same as Figure 2), the 1,026.0 kg m-3 density surface in pink, and the OMZ boundary in black. Solid contours
indicate mean fields (OMZ boundary, etc.), and dashed contours indicate the change associated with each mode (i.e.,
fields regressed onto the principal component (PC) of the mode shown). The percentage of the total variance explained
by each mode is shown in the lower left. Time series show the temporal evolution of the principal component for each
mode (thin gray line; thick line smoothed with 2-month Gaussian window) and the NINO3.4 index (orange). For more
details on the method, see supporting information.

ations in large-scale zonal velocities control the OMZ variability and overwhelm other process like diffusion
and biology (Figure S7). In the eddying model, the OMZ variability is weaker (Figure 1) and controlled by
both large-scale advection and eddy effects (see Figure S7d/S7f).

These findings are not exclusive to the two models examined in detail in this study. Most coarse CMIP5
models share the same underlying bias in the shape of the EUC and the OMZ (tilt in Figure 1c). Our results
suggest that this bias likely amplifies the response of the OMZ to EUC changes, leading to an exaggerated
shallowing or deepening of the OMZ for a given change in the EUC.

4. Discussion
We investigated how the equatorial circulation affects the upper OMZ in the Pacific in a suite of ESMs.
Our results show that the Equatorial Undercurrent (EUC) controls the position and variability of the upper
OMZ in this region. All low-resolution ESMs considered here systematically show a thinning of the EUC
in the eastern Pacific. In the low-resolution model we examined in detail (“coarse”), this thinning of the
EUC is explained by a strong divergence of the zonal equatorial flow and a loss of waters to the subtropical
gyre circulation. In contrast, the presence of zonally alternating jets in the high-resolution model (“eddy-
ing”) confines the horizontal circulation close to the equator and yields a faster EUC of relatively uniform
thickness across the basin.

The representation of the EUC circulation has major implications for the OMZ mean state. The EUC deter-
mines the shape and depth of the OMZ boundary along the equator. A more uniform thickness in the EUC
leads to a flatter OMZ boundary, as seen in the observations and the eddying model. The OMZ depth directly
influences key biological processes, such as the remineralization depth (Deutsch et al., 2014), the amplitude
of zooplankton vertical migration (Bianchi et al., 2013) and the rate of denitrification (Yang et al., 2017). Fur-
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thermore, the large east-west OMZ excursions associated with the zonal jets in the EUC system (Figure 1a)
increase the surface to volume ratio of the OMZ and are therefore likely to promote eddy diffusion, which is
the major source of oxygen in the OMZ (Brandt et al., 2015; Gnanadesikan et al., 2013; Palter & Trossman,
2018).

The mean shape of the OMZ subsequently influences its interannual variability. Models with unrealistically
tilted OMZ are too sensitive to changes in zonal flow and show strong interannual variations in the depth of
their upper boundary. The interannual changes in the EUC highlighted in this study show spatial patterns
comparable to the long-term changes expected from CMIP3 models (see Figure 1 in Gupta et al., 2012). The
relationship found between OMZ tilt and OMZ sensitivity to EUC changes is therefore likely to be relevant
in the context of forced climatic changes. Shigemitsu et al. (2017) showed that the changes in OMZ volume
simulated in CMIP5 models were tied to the changes in EUC transport simulated in each model (weaker
EUC yields smaller OMZ and vice versa). These models all share the same underlying bias in the shape of
the OMZ, which likely amplifies this influence of the EUC. This suggests that models with a more realistic
and flat OMZ would be less sensitive to long-term changes in EUC. Improving the representation of the
EUC appears a necessary step to improve projections of the OMZ and possibly reconcile models disparate
future trends. In this study, we showed the importance of the EUC mean state and temporal variability for
the OMZ, but the existence of systematic biases in the circulation is also relevant in the context of heat
(Coats & Karnauskas, 2018) and nutrients (Qin Xuerong et al., 2016) transport to the equatorial Pacific and
“downstream” regions like the Peruvian coast (Montes et al., 2010; Espinoza-Morriberón et al., 2017).
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