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Abstract The Equatorial Undercurrent (EUC) is a vital component of the coupled ocean‐atmosphere
system in the tropical Pacific. The details of its termination near the Galápagos Islands in the eastern
Pacific have an outsized importance to regional circulation and ecosystems. Subject to diverse physical
processes, the EUC is also a rigorous benchmark for global climate models (GCMs). Simulations of
the EUC in three generations of GCMs are evaluated relative to recent underwater glider observations along
93°W. Simulations of the EUC have improved, but a slow bias of ~36% remains in the eastern Pacific,
along with a dependence on resolution. Additionally, the westward surface current is too slow, and
stratification is too strong (weak) by ~50% above (within) the EUC. These biases have implications for
mixing in the equatorial cold tongue. Downstream lies the Galápagos, now resolved to varying
degrees by GCMs. Properly representing the Galápagos is necessary to avoid new biases as the EUC
improves.

Plain Language Summary The Equatorial Undercurrent (EUC) is a swift current that flows
eastward along the equator in the Pacific Ocean, about 100 m below the surface. This current is just as
challenging to observe as it is to simulate with models—after all, it was only discovered in the 1950s. One
of the interesting aspects of the Undercurrent is how it is diverted by the Galápagos Islands when it
encounters them in the eastern Pacific. The resultant upwelling is responsible for the remarkably productive
and diverse ecosystem of the Galápagos. This paper takes advantage of a unique set of observations from
a recent, successful field campaign using underwater gliders to measure the Undercurrent just before it
reaches the Galápagos, in order to evaluate how the latest generations of global climate models simulate this
current and its neighboring features. Models have steadily improved, but they still struggle to capture the
high speed of the EUC. Models are also being run at finer spatial resolution, which enables islands like the
Galápagos to be included in some of the model grids. A sampling of islands in different models, and how
they interact with the EUC, demonstrates the importance of a proper representation of the Galápagos
in models.

1. Introduction

The eastern equatorial Pacific Ocean is an important region where variations in sea surface temperature
(SST) are the result of a balance between upwelling, mixing, and surface heating and are known to exert
an outsized influence on global climate through coupling with the atmosphere (Bjerknes, 1969;
Kessler, 2006; Warner & Moum, 2019; Wyrtki, 1975). The Equatorial Undercurrent (EUC) is a key com-
ponent of the tropical ocean circulation. Shoaling and upwelling as it flows eastward along the equator,
the EUC transports cold, nutrient‐rich water and releases carbon to the atmosphere (e.g., Bryden &
Brady, 1985; Feely et al., 2002; Kessler et al., 1998; Sloyan et al., 2003). The resulting cold tongue
reinforces the zonal SST gradient, and processes therein play a vital role in global biogeochemistry
(e.g., Feely et al., 2002) and shaping oxygen minimum zones (Busecke et al., 2019; Doney &
Karnauskas, 2014). In fully coupled global climate models (GCMs), the EUC is also a useful diagnostic
of the coupled system (Cravatte et al., 2007), resulting from a balance between the basin‐scale
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horizontal pressure gradient and the local, downward penetration of momentum imparted by the wind
stress (Johnson & Luther, 1994; Qiao & Weisberg, 1997)—effectively given by the Walker circulation—
but also sensitive to a wide range of physical processes and parameterizations including horizontal diffu-
sion (Maes et al., 1997), entrainment (Pedlosky, 1988), vertical mixing (Yu & Schopf, 1997), and eddies
(Brown et al., 2007). Finally, adequate simulation of the EUC and its relation to wind forcing in coupled
models has recently been shown to be essential for simulating realistic ENSO dynamics and observed
asymmetries (Hayashi et al., 2020).

Until very recently, repeat observations of the EUC in the Pacific suitable for model evaluation have been
limited mainly to the moorings of the Tropical Atmosphere Ocean (TAO) array (McPhaden et al., 1998)
and underway measurements by cruises servicing them (Johnson et al., 2002). Historical observations east
of the terminus of the TAO array at 95°W are scarce and ad hoc (Karnauskas et al., 2010), except for the com-
prehensive hydrographic study by Lukas (1986). This gap in observing the EUC in the eastern Pacific was
problematic (Kessler, 2006), particularly because just a few hundred km (3.3° longitude) east of the 95°W
TAO line lies the Galápagos Archipelago. Small as the Galápagos may be, its location straddling the equator
diverts the EUC and is potentially relevant to multiple systematic GCM biases. Moreover, a range of
ocean GCM (OGCM) simulations conducted over the past two decades have predicted that the Galápagos
strongly impedes the eastward flow of the EUC and results in locally enhanced upwelling (e.g., Cravatte
et al., 2007; Eden & Timmermann, 2004; Karnauskas et al., 2007). This upwelling supplies the nutrients sus-
taining the famously productive Galápagos ecosystem from plankton to penguins (Feldman et al., 1984;
Houvenaghel, 1978). Several studies have shown that this ecosystem along with the EUC may be changing
due to anthropogenic radiative forcing (Drenkard & Karnauskas, 2014; Karnauskas & Cohen, 2012;
Karnauskas et al., 2016, 2015; Luo et al., 2009). The extent to which GCMs can be used to understand those
projections for Galápagos upwelling remains uncertain.

Given the well‐known influence of the EUC on the environment and ecosystem of islands near the equator
from the Gilberts in the central Pacific (Karnauskas et al., 2012, 2016, 2017) to the Galápagos in the eastern
Pacific, its importance in maintaining the mean equatorial circulation, and the potential role of a changing
EUC to influence tropical SST trends (Coats & Karnauskas, 2018), it is critical to evaluate this aspect of the
equatorial ocean circulation in the eastern Pacific in the latest generation of GCMs. To that end, this study
compares the EUC in GCMs to the mean observations from the “Repeat Observations by Gliders in the
Equatorial Region” (ROGER) campaign, which used a fleet of autonomous underwater gliders to measure
the EUC along 93°W and its subsequent encounter with the Galápagos Archipelago (Jakoboski et al., 2020;
Rudnick, Owens, Johnston, et al., 2020). ROGER thus presents a unique opportunity to evaluate GCMs,
which was not possible in previous studies of similar nature (Karnauskas et al., 2012). In particular, this
study seeks to answer the following questions:

1. How well do GCMs compare to ROGER observations of the EUC (including relevant shear and stratifi-
cation) in the eastern Pacific, just prior to the EUC encountering the Galápagos Archipelago?

2. Has there been an overall improvement in the simulation of the EUC, broadly but particularly in the east-
ern Pacific, across the latest three generations of GCMs? As a corollary, has the dependence of EUC bias
on oceanmodel resolution identified in an earlier generation of GCMs (Karnauskas et al., 2012) persisted
into the latest generation of GCMs?

3. How does the latest generation of GCMs represent the Galápagos Archipelago, and is there any discern-
able impact of their islands on the EUC that is comparable to our recent analysis of ROGER observations
(Jakoboski et al., 2020)?

The remainder of this paper is organized as follows. The following section describes the GCMs analyzed
and how their outputs were processed for analysis and the two observational data sets used for direct
comparison with the GCMs. Section 3 begins with a broad view of the EUC across the Pacific with
comparison to historical observations and a brief update of the analysis of Karnauskas et al. (2012)
focusing on the two generations of GCMs that have since emerged. Section 3 also compares the simu-
lated EUC at 93°W with ROGER observations. A qualitative examination of the encounter of the
EUC with the Galápagos in the latest generation of GCMs follows. The final section summarizes the
results and places them in the context of future modeling and observing of this sentinel region of the
global climate system.
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2. Data and Methods
2.1. GCMs

Simulations by a total of 90 GCMs from three consecutive CoupledModel Intercomparison Projects (CMIPs)
are analyzed in this study: 21 from CMIP3 (Meehl et al., 2007), 35 from CMIP5 (Taylor et al., 2012), and 34
from CMIP6 (Eyring et al., 2016) (CMIP4 did not exist). These sets of models and their experiments are
aligned with the Fourth (AR4), Fifth (AR5), and Sixth (AR6) Assessment Reports of the Intergovernmental
Panel on Climate Change (IPCC), respectively. All participating models were included so long as their ocean
zonal velocity output fields from historical experiments were provided to the Earth System Grid Federation
(ESGF), and the vast majority of models participating in IPCCAR4, AR5, and AR6 did so. In addition, poten-
tial temperature and salinity fields were acquired (for CMIP6 models only) to calculate potential density and
permit analysis of stratification. The stratification metric used is the buoyancy frequency squared (N2),
defined as

N2 ¼ −
g
σ
∂σ
∂z
;

where g is gravity and σ is potential density.

Following Karnauskas et al. (2012), monthly means from the 1990s were extracted from each model's histor-
ical experiment (labeled “Climate of the Twentieth Century” [20C3M] in CMIP3 and simply “historical” in
CMIP5 and CMIP6). A much‐reduced and harmonized version of the entire CMIPx ocean zonal velocity
(and potential temperature and salinity for CMIP6) output data set was produced by retaining the
time‐means of 3‐D output within the domain 160°E to 80°W, 3°S to 3°N, 0–400 m, and linearly regridding
to a common grid (0.25° in longitude, 0.1° in latitude, and 1 m in depth). The resulting analysis set is pro-
vided freely (see Data Availability Statement).

2.2. Observations

Two observational data sets are utilized for comparison with GCM fields. For observations of the EUC across
the broader equatorial Pacific, we use the Acoustic Doppler Current Profiler (ADCP) climatology of Johnson
et al. (2002), which is based on 172 meridional sections taken mostly by TAO maintenance cruises between
1991 and 2000 spanning 10 longitudes between 165°W and 95°W.

For an observational description of the EUC along 93°W (~150 km west of the Galápagos), we use the recent
ROGER campaign from October 2013 through October 2016 (Jakoboski et al., 2020; Rudnick, Owens,
Johnston, et al., 2020). One of the central goals of ROGERwas to quantify the EUCwith fine horizontal reso-
lution using Spray underwater gliders equipped with ADCPs (Rudnick, 2016; Rudnick et al., 2004, 2018;
Sherman et al., 2001; Todd et al., 2017). Importantly, ROGER extended our knowledge of the EUC east of
the TAO array and the Johnson et al. (2002) climatology all the way to its encounter with the Galápagos.
The sampling pattern of ROGER formed a nearly closed trapezoid bounded on the west by 93°W from 2°S
to 2°N and two diagonal lines connecting 93°W with the northern and southern tips of Isla Isabela in
the Galápagos (see Figure 1 of Rudnick, Owens, Johnston, et al., 2020). A goal was to observe the velocity
field just west of the Galápagos and to quantify the volume transports around the north and south of Isla
Isabela—thus enabling an estimate of divergence and upwelling. Glider occupation on 93°W was reason-
ably well sustained, with a total of 6,346 dives within 60 km of 93°W (Rudnick, Owens, Johnston, et al.,
2020). Absolute velocity estimates from the glider ADCPs are available at 10‐m vertical resolution for each
glider dive. Here we use the mean zonal velocity field along 93°W estimated from ROGER glider observa-
tions by Rudnick, Owens, Johnston, et al. (2020). An upper bound on the estimated error (including mea-
surement and sampling) in this mean zonal velocity is 0.07 m s−1 (Rudnick, Owens, Johnston, et al.,
2020), which is relatively small compared to the peak velocity of the EUC (~0.5 m s−1) and (as will be
shown) small compared to differences between observations and certain sets of GCM simulations. It is
important to note that the ROGER campaign coincided with the major 2015–2016 El Niño (Rudnick,
Owens, Johnston, et al., 2020), which is well known to produce large anomalies in the EUC and some-
times reducing its flow to approximately zero (Firing et al., 1983). The potential implications of these
anomalies are discussed in section 4.
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3. Results With Discussion
3.1. A Broad View of the Equatorial Pacific

Before a direct comparison between GCM simulations and glider obser-
vations in the eastern Pacific, it is useful to contextualize EUC biases at
the basin scale. As shown previously by Karnauskas et al. (2012), the
CMIP3 multimodel mean severely underestimates the peak EUC velo-
city across the entire basin (Figure 1 and Figure S1 in the supporting
information). In the central Pacific near 125°W, where the observed
EUC is strongest, the CMIP3 multimodel mean peaks at 0.55 m s−1

compared to the observed value of 1.15 m s−1. Both the CMIP5 and
CMIP6 multimodel ensembles demonstrate impressive improvement
over CMIP3. The peak EUC velocity in CMIP5 (CMIP6) is 47% (56%)
faster than in CMIP3, and the slow bias is eliminated entirely west of
the dateline. Despite these marked improvements, the peak EUC velo-
city in CMIP6 is still 33% slower than the observational estimate.

The rate of shoaling of the EUC across the Pacific, which is important for
the development of the cold tongue, was also examined. The observed rate
of EUC shoaling, estimated by linear regression between 165°E and 95°W,
is 1.36 m per degree longitude (Johnson et al., 2002). Across the three
CMIPs, there is again evidence of improvement—the multimodel mean
of this metric is 75%, 79%, and 88% of the observed estimate in CMIP3,

CMIP5, and CMIP6, respectively (Figure S2). It is reasonable that progress in simulating the slope of the
EUC, closely associated with that of the thermocline, is coincident with progress in simulating its peak velo-
city. This coincidence only applies to the three CMIPs as a whole—there is no correlation across models
within a CMIP between the slope and peak velocity of the EUC.

EUC in CMIPx
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Figure 1. Peak EUC velocity (m s−1) along the equatorial Pacific Ocean
averaged across all CMIP3 models (red), CMIP5 models (blue), and
CMIP6 models (black). Observations of Johnson et al. (2002) are indicated
in gray circles with thin outlines, and the observations by ROGER are
indicated by a gray circle with a thick outline at 93°W. The dashed line at
91.7°W marks the westernmost shoreline of the Galápagos Archipelago.
See Figure S1 for all profiles from each CMIP.
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Figure 2. Peak EUC velocity (m s−1) as a function of equatorial meridional resolution (degrees latitude) of the ocean component of CMIP6 models at three
exemplar longitudes (155°W [a], 125°W [b], and 93°W [c]). The height of each black bar represents the mean peak EUC velocity from models within that
resolution bin ± 2 standard errors. The X represents the (single) model with equatorial meridional resolution >2°. The observed peak EUC velocity is indicated by
gray bars in each panel (155°W and 125°W from Johnson et al., 2002, and 93°W from ROGER), where the width of each bar is equivalent to the estimated
observational uncertainty except for 155°W where only the mean value is presently available.
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However, the strong dependence of peak EUC velocity on model resolution found for CMIP3 in Karnauskas
et al. (2012) persists through CMIP6 (Figure 2). In particular, the meridional resolution near the equator of
the ocean component of a GCM is a good predictor of simulated EUC velocity in CMIP6, especially in the
eastern Pacific, where even the difference between the means of models with 0.25° and 0.33° resolution is
statistically significant. An equatorial ocean meridional resolution of about 0.33° still appears necessary
(albeit not always sufficient) to obtain the observed peak EUC velocity. These results are consistent with a
recent study by Kuntz and Schrag (2020), who focused on the slow EUC bias in the central Pacific in
CMIP5 models, and indicated that resolution and diffusivity parameterizations are contributing factors.

3.2. Assessment in the Eastern Pacific

Themultimodel mean zonal velocity sections at 93°W from all three CMIPs (Figures 3a–3c) present a clearly
identifiable EUC, with a core south of the equator in CMIP6. Above the EUC lies the westward South
Equatorial Current (SEC), which is biased differently across the CMIPs and is described at the end of sec-
tion 3.2. Similar to the GCM biases in peak EUC velocity across the Pacific, the EUC at 93°W is slower than
observations (Figure 3d). Although there is clear improvement across the CMIPs (peak speeds increased
from 0.19 m s−1 in CMIP3 to 0.32 m s−1 in CMIP6), the EUC in most of the individual GCMs is substantially
slower than the observed peak EUC velocity observed by ROGER at 93°W of 0.50 m s−1.

Examining the simulated and observed vertical structure of zonal velocity at 93°W (Figures 3a–3d and 4),
the velocity profile above the EUC (down to ~50 m) is well simulated by CMIP5 and CMIP6, including a
reasonable bulk vertical shear ∂u/∂z. However, we find several discrepancies between the models and

2
-0.4

-0.2

0

0.2

0.4
CMIP6-Fast Bias

-2 0 2
Latitude ( N)

0

100

200

300

400

CMIP6-No Bias

-2 0 2
Latitude ( N)

0

100

200

300

400

CMIP6-Slow Bias

-2 0 2
Latitude ( N)

0

100

200

300

400

D
ep

th
 (

m
)

ROGER (0.5 m s )

-2 0 2
Latitude ( N)

0

100

200

300

400

CMIP6 (0.32 m s )

-2 0 2

0

100

200

300

400

CMIP5 (0.27 m s )

-2 0 2

0

100

200

300

400

CMIP3 (0.19 m s )

-2 0 2

0

100

200

300

400

D
ep

th
 (

m
)

(a) (b) (c) (d)

(e) (f) (g)

Z
onal velocity (m

 s
1)

Figure 3. Mean zonal velocity (m s−1) along 93°W averaged across all CMIP3 models (a), CMIP5 models (b), CMIP6 models (c), and the observations by ROGER
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lines are included on each panel, denoting the averaging interval used in Figure 4.
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observations above, within, and below the EUC. The simulated EUC
core from 50–100 m is both too shallow and too weak. A weak EUC
leads to a weak ∂u/∂z beneath the core. The weak bias of N2 at and
below the EUC core (Figure 5) is consistent with a weak bias of ∂u/∂z
from consideration of the Richardson number. Above the EUC, vertical
stratification in the CMIP6 multimodel mean is too strong from 2°S to
1°N and too weak near the equatorial front between 1°N and 2°N.
The latter stratification biases are readily attributable to biases in poten-
tial temperature and salinity (Figure 6); the strong N2 bias south of 1°N
is caused by too much temperature stratification, and the weak N2 bias
north of 1°N is caused by too little salinity stratification. Indeed, the
salinity fields at 93°W differ quite substantially between CMIP6 and
ROGER, such that the fresh pool north of the equatorial front is not
captured well, resulting in weak stratification in both the vertical and
horizontal (Figure 6). It is possible that the strong stratification bias
above the EUC is partially explained by the weak shear implied by the
EUC core being too weak, but at the equatorial front, both vertical stra-
tification and horizontal shear between the EUC and SEC are weak. A
number of possible explanations for the latter result are possible, includ-
ing models not raining enough over the warm/fresh pool north of the
equatorial front or horizontal eddy diffusion being too strong in that
location.

As was discussed in Karnauskas et al. (2012), velocity is an important
metric for ocean dynamics, including tracer and momentum advection,
vorticity, and mixing, but metrics based on peak velocity may overlook
models whose diffusivity is high enough to compensate for coarse resolu-
tion to achieve a reasonable basin‐scale mass balance. Indeed, simulated
mean eastward transports through 93°W associated with the EUC (mean
EUC transports calculated by integrating all eastward zonal velocity

(u > 0) along 93°W from the surface to 250 m and from 2°S to 2°N.) are somewhat less biased relative to
observations than velocities are—5.5, 6.3, and 6.4 Sv in CMIP3, CMIP5, and CMIP6, respectively, compared
to 8.4 Sv from ROGER. This implies that the simulated EUC has a greater cross‐sectional area, which is
clearly evident in terms of width (Figures 3a–3d) and thus underscores the importance of horizontal
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between 0.5°S and 0.5°N in ROGER observations (thick gray), CMIP3
(red), CMIP5 (blue), and CMIP6 (black).

N2 Bias (CMIP6-ROGER)

-2 -1 0 1 2
Latitude ( N)

0

50

100

150 -3

-2

-1

0

1

2

10-4N2 and  (ROGER)

-2 -1 0 1 2
Latitude ( N)

0

50

100

150

D
ep

th
 (

m
)

0

2

4

6

8

10-4

N
2

(s
2)

N
2

(s
2)

(a) (b)

Figure 5. Mean buoyancy frequency squared (N2, s−2, shading) and potential density (σ, kg m−3, black contours every 0.5 kg m−3 with 25 kg m−3 denoted by the
thick line) along 93°W from ROGER (a). Difference between CMIP6 multimodel mean N2 along 93°W and ROGER observations (b). For reference to the EUC, the
zonal velocity is contoured in panel (b) at 0.1 and 0.3 m s−1 from the CMIP6 multimodel mean (white) and ROGER (black).
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viscosity. Finally, a curious feature that emerges only in CMIP5 and
CMIP6 that compares well with ROGER observations is a very weak posi-
tive zonal velocity extending from the bottom of the EUC to beyond 400‐m
depth and centered near 0.5°S. This flow was present in Lukas (1986) and
Kessler (2006) and considered part of the EUC; its structure, dynamics,
and variability warrant further investigation.

The distribution of peak EUC velocity simulated by GCMs within a given
CMIP has changed. In CMIP3 and CMIP5 (Figures 7a and 7b), there was a
clear tendency for models to underestimate the strength of the EUC, well
characterized by the multimodel means. In CMIP6 (Figure 7c), the distri-
bution of the 34 GCMs is bimodal; 23 models have a slow bias (slower
than ROGER bymore than 0.1 m s−1), only three models have a negligible
bias (within 0.1 m s−1 of ROGER), and eight models have a fast bias (faster
than the ROGER value by more than 0.1 m s−1). Based on CMIP3 models,
Karnauskas et al. (2012) proposed that slow EUC biases may be a result of
nonlinear terms in the zonal momentum budget not being adequately
resolved in coarse ocean grids (Brown et al., 2007; Kessler et al., 2003;
Maes et al., 1997; Wacongne, 1990). While it is true that all eight CMIP6
models with an equatorial ocean meridional resolution of 0.5° or coarser
have a slow bias and all eight CMIP6models with a fast bias have an equa-
torial ocean meridional resolution of about 0.25°, resolution alone does
not explain the bimodal distribution in CMIP6—in fact, many of the rela-
tively high resolution (0.25–0.33°) CMIP6 models have a slow bias
(Figure 2). As an integral part of the coupled system in the tropical
Pacific, EUC biases may be linked to other mean state biases in both the
ocean and atmosphere, including theWalker cell and the basin‐scale ther-
mocline tilt.

The bimodal distribution of peak EUC velocity simulated by CMIP6 mod-
els motivates a reexamination of the EUC structure, conditioned on their
bias as defined above. Interestingly, the mean of the 23 CMIP6 models
with a slow bias (Figure 3e) is very similar to the mean of all CMIP3 mod-
els (Figure 3a), save for the weak positive zonal velocity extending to
400 m. The peak EUC velocities are within about 0.1 m s−1 of each other,
and neither exhibits the southward‐shifted EUC core that is well resolved
by ROGER, clear in the Johnson et al. (2002) climatology, and has been
well understood for some time (Charney & Spiegel, 1971; Kessler

et al., 1998; Philander & Delecluse, 1983). The similarity between the slow‐biased CMIP6 models and the
CMIP3 ensemble also includes their greater (especially wider) cross‐sectional area so as to maintain a more
realistic total volume transport, which narrows progressively with the nonbiased and fast‐biased CMIP6
models similar to the narrowing from CMIP3 to CMIP6. The outstanding feature of the CMIP6 models with
a fast EUC bias (Figure 3g) is not the EUC but the structure of the SEC. Particularly, the westward deep lobe
of the SEC in the Northern Hemisphere evident in ROGER (and Johnson et al., 2002 at 110°W and 95°W) is
only present in the CMIP6 models with a fast bias (Figures 3g and 8). The associated meridional shear of
zonal velocity ∂u/∂y is very weak in CMIP3 and CMIP5 and slow‐biased and even unbiased CMIP6 models,
but ∂u/∂y for u averaged between 50 and 250 m in the Northern Hemisphere is remarkably well captured by
the fast‐biased CMIP6 models (Figure 8). Again, the difficulty in properly simulating the shear between the
EUC and SEC appears relevant to stratification biases near the equatorial front via barotropic instability
(Figure 5).

3.3. Encounter With the Galápagos

As mentioned in section 1, the encounter of the EUC with the Galápagos has important implications for
regional ocean circulation and ecosystems, and modeling studies have demonstrated that it may even have
consequences for basin‐scale climate. The implementation of islands in an ocean model varies considerably
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Figure 7. Histograms of peak EUC velocity (m s−1) at 93°W in CMIP3
models (a), CMIP5 models (b), and CMIP6 models (c). Observations by
ROGER are indicated by the gray bar (width ± 0.07 m s−1). In each panel,
the multimodel mean is indicated by a vertical line. In the CMIP6 panel,
the multimodel means for subsets of models with slow and fast biases are
also indicated by thin black lines.
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between GCMs, generally beginning with a collection of grid points in the
land‐ocean mask designated as land with no‐slip (and zero normal flow)
lateral boundary conditions. Jakoboski et al. (2020) used a subset of
ROGER observations to validate such model simulations, confirming that
the islands induce a roughly even bifurcation of the EUC core (north and
south of Isla Isabela) and a substantial upwelling rate based on net hori-
zontal transport divergence. In CMIP3, few models had an ocean resolu-
tion high enough to give the archipelago more than one land‐masked
grid cell. Even when realistic and highly resolved bathymetry is used in
an oceanmodel, that is only a starting point; in practice, sharp bathymetry
is typically smoothed multiple times prior to integration to avoid numer-
ical instability. This process can quickly render the Galápagos Islands a
mere seamount in a GCM. As pointed out by Karnauskas et al. (2012), this
was not of immediate consequence in CMIP3 models because the EUC
was far too weak in the eastern Pacific, but it was cautioned that this
may require careful attention when computing power becomes greater
and ocean models are structured with higher resolution.

The generally higher resolution of ocean models in CMIP6 GCMs has
finally afforded the Galápagos a nontrivial representation. Of the 34
CMIP6 models considered in this study, 21 have a “Galápagos” island
reaching the surface, 6 have a seamount that terminates somewhere in
the deep half of the EUC, and 7 have no island or seamount in the eastern
equatorial Pacific Ocean above 300 m (Figure 9). A sampling of CMIP6
models with islands and their mean zonal velocity at the depth of the
EUC core in the eastern equatorial Pacific is provided in Figure 10.
These model islands effectively represent Isla Isabela (the largest and
one of the westernmost islands in the archipelago, spanning 1.06°S to
0.17°N in reality). Comparison of two of the three models without an
EUC bias at 93°W (Figures 10a and 10b; the third such model has a sea-
mount terminating at 200m) reveals something that may seem excessively
minor but is responsible for a large difference in the eventual termination
of the EUC: whether or not the island crosses (or even reaches) the equator
matters. In the case of the model with an island that does not quite reach
the equator (Figure 10a), the EUC is only partially blocked and easilyflows
around the north side of the island—quite at odds with observational stu-
dies from Lukas (1986) to Jakoboski et al. (2020). Such a circulation would
clearly have implications for the distribution of upwelling throughout the
region from west of the Galápagos to the coast of Peru and for the marine
and terrestrial biogeography of the Galápagos Archipelago (Boersma
et al., 2013; Houvenaghel, 1978; Karnauskas et al., 2015). In the second
unbiased model, whose island just reaches the equator (Figure 10b), the
EUC bifurcation is roughly even between north and south, despite the
island itself being much more substantial in the Southern Hemisphere—
keep in mind that the EUC, too, is centered south of the equator due to
the cross‐equatorial component of the trade winds in the eastern Pacific.
Finally, two models with very different simulations of the EUC (slow
and fast biased) yet effectively similar representations of the Galápagos
(Figures 10c and 10d) yield reasonable reproductions of the EUC
bifurcation seen in ROGER observations (Jakoboski et al., 2020) and
previous OGCM simulations at low (Karnauskas et al., 2007) and
high (Karnauskas et al., 2014) resolution that adequately represent the
Galápagos. In the lower resolution CMIP6model (Figure 10c), the absence
of the island may be relatively inconsequential due to the slow bias, but in
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Figure 8. Meridional profiles of zonal velocity (m s−1) along 93°W,
averaged from 50–200 m in ROGER observations (thick gray), CMIP3
(red), CMIP5 (blue), and CMIP6 (black). Additionally, profiles for subsets of
CMIP6 models with no bias (within 0.1 m s−1 of ROGER) and a fast bias
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Figure 9. Illustration of the minimum depth of islands or seamounts
representing the Galápagos Archipelago in CMIP6 models. The
contoured field in the background is the CMIP6 multimodel mean zonal
velocity (m s−1) at 93°W, averaged between 0.5°S and 0.5°N. Contour
interval 0.05 m s−1.
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higher resolution GCMs with a fast bias (Figure 10d), it is quite apparent that adequately representing the
Galápagos at the equator is crucial. Interestingly, the presence of a small gap (one ocean grid cell wide)
between individual islands near the equator (Figure 10d) does not permit eastward flow—likely a
consequence of a no‐slip boundary condition along the sidewalls of islands. An island configuration
reaching, extending beyond, or even straddling the equator is the chief criterion for obtaining an adequate
termination of the EUC.

4. Summary and Conclusion

We have examined the representation of the Pacific EUC in 90 coupled models across three generations
(CMIP3, CMIP5, and CMIP6), with a special focus on the eastern Pacific and the EUC's encounter with
the Galápagos Islands. We found a marked improvement in the simulation of the EUC in each CMIP gen-
eration, although the simulated EUC remains weak on average and its peak velocity at all longitudes still
exhibits a dependence on ocean model resolution. Amajor El Niño in 2015–2016 occurred within the 3 years
of ROGER observations along 93°W. During El Niño events, the EUC weakens and may introduce a slow
bias into the time mean (Firing et al., 1983), which suggests these GCM biases may be understated in our
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NOAA/Geophysical Fluid Dynamics Laboratory (GFDL) Coupled Model version 4 (CM4; Held et al., 2019). The depth presented is that of the peak EUC
velocity at 93°W, which varies slightly from model to model between 60 and 80 m. The locations of the 93°W section from ROGER and the equator are indicated
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model‐data comparison. Analyses of shear and stratification indicate that the weak EUC bias and the
absence of a deep lobe of the SEC to its north likely have implications for mixing in both the horizontal
and vertical and therefore may be a culprit in systematic GCM biases within the cold tongue and along
the equatorial front. A census of the model islands representing the Galápagos in the CMIP6 ensemble indi-
cates that roughly two thirds of them represent the Galápagos, but not always adequately. Oceanmodel grids
should include an island crossing the equator, especially if the model simulates a realistic (or too strong)
EUC. This may be something of a self‐correcting problem, as higher horizontal resolution appears to result
in a faster EUC and would automatically facilitate the survival of small islands upon smoothing real bathy-
metry, but care must be taken that those islands adequately reach the equator to avoid a host of new biases
such as between the Galápagos and mainland South America.

Data Availability Statement

All CMIP3, CMIP5, and CMIP6model outputs were acquired from the Earth SystemGrid Federation (ESGF,
https://esgf‐node.llnl.gov). The spatially reduced and regridded time mean CMIPx fields described in sec-
tion 2.1 are available at https://scholar.colorado.edu/concern/datasets/f1881n01t and may be cited using
the following https://doi.org/10.25810/pk4z‐n050 (Karnauskas, 2020). Spray glider observations from
ROGER are available at http://spraydata.ucsd.edu and should be cited using the following https://doi.org/
10.21238/S8SPRAY0090 (Rudnick, Owens, Karnauskas, et al., 2020). Equatorial Pacific mean zonal velocity
fields are available at https://floats.pmel.noaa.gov/gregory‐c‐johnson‐home‐page (Johnson et al., 2002).
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