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ABSTRACT

Reconstructions of sea surface temperature (SST) based on instrumental observations suggest that the

equatorial Pacific zonal SST gradient has increased over the twentieth century. While this increase is sug-

gestive of the ocean dynamical thermostat mechanism of Clement et al., observations of a concurrent

weakening of the zonal atmospheric (Walker) circulation are not. Here we show, using heat and momentum

budget calculations on an ocean reanalysis dataset, that a seasonal weakening of the zonal atmospheric cir-

culation is in fact consistent with cooling in the eastern equatorial Pacific (EEP) and thus an increase in the

zonal SST gradient. This cooling is driven by a strengthening Equatorial Undercurrent (EUC) in response to

decreased upper-ocean westward momentum associated with weakening equatorial zonal wind stress. This

process can help to reconcile the seemingly contradictory twentieth-century trends in the tropical Pacific

atmosphere and ocean. Moreover, it is shown that coupled general circulation models (CGCMs) do not

correctly simulate this process; we identify a systematic bias in the relationship between changes in equatorial

surface zonal wind stress in the EEP and EUC strength that may help to explain why observations and

CGCMs have opposing trends in the zonal SST gradient over the twentieth century.

1. Introduction

The mean state of the equatorial Pacific is character-

ized by a zonal gradient of sea surface temperatures

(SST gradient) that is tightly coupled to a zonal atmo-

spheric circulation (the Walker circulation) at interan-

nual time scales (Bjerknes 1969). Despite representing

only;10% of global surface area, the equatorial Pacific

plays an outsized role in the global climate system, with

small changes in its mean state sufficient to drive large-

magnitude local and remote climate impacts (e.g.,

Fedorov and Philander 2000; Schubert et al. 2004;

Sarachik and Cane 2010; Seager and Vecchi 2010;

Kosaka and Xie 2013; Seager et al. 2015). By virtue of

this global importance, the change in the mean state of

the equatorial Pacific in response to anthropogenic

forcing has received considerable attention in theoreti-

cal, observational, and modeling frameworks. Never-

theless, there is little consensus on how the equatorial

Pacific has changed over the observational interval

(roughly 1870–present) and will change in the future.

This is, in part, because of contradictory theoretical

outcomes centered on a dominant role for the atmo-

sphere, ocean, or their coupling in determining this

mean-state response. For instance, an atmosphere-

centric theory proposes that the Walker circulation

should weaken in response to anthropogenic forcing

(Held and Soden 2006; Vecchi and Soden 2007), leading

to a decrease in the SST gradient by reducing the

strength of wind-driven equatorial upwelling. By con-

trast, an ocean-centric theory proposes that the SST

gradient should increase in response to anthropogenic

forcing, because the vertical and meridional ocean cir-

culation in the eastern equatorial Pacific (EEP) should

mitigate surface warming, increase the SST contrast

with the western Pacific, and strengthen the Walker

circulation (Clement et al. 1996; Sun and Liu 1996;
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Seager and Murtugudde 1997). Finally, when the ther-

modynamic component of atmosphere–ocean coupling is

considered, it has been proposed that the SST gradient

will decrease because surface evaporative cooling is more

effective in thewestern equatorial Pacific (Xie et al. 2010).

Motivated by these competing theories, efforts have

been made to relate observed changes in the equatorial

Pacific to anthropogenic forcing. However, there is dis-

agreement over whether observations suggest that the

Walker circulation and SST gradient are weakening

(Vecchi et al. 2006; Vecchi and Soden 2007; Deser et al.

2010; Tokinaga et al. 2012a,b) or strengthening (Cane

et al. 1997; Karnauskas et al. 2009; L’Heureux et al. 2013;

Sandeep et al. 2014; Kociuba and Power 2015; Sohn et al.

2016). One reason for this discrepancy is observational

uncertainties, which are considerable over the twentieth

century and are related to the spatial distribution and

frequency of observations (Deser et al. 2010; Giese and

Ray 2011; Yasunaka and Hanawa 2011; Kennedy 2014),

observation techniques (e.g., Thompson et al. 2008;

Tokinaga et al. 2012b), and issues with the statistical

methodologies used to reconstruct the SST field from

sparse inputs (e.g., Deser et al. 2010). Another is that

twentieth-century trends in common metrics of the at-

mospheric state of the equatorial Pacific appear to be

inconsistent with those of the oceanic state, at least given

our canonical understanding of coupled atmospheric–

ocean dynamics in this region.

To illustrate this paradox, Figs. 1a and 1b show two

metrics based on the climatology of the equatorial Pa-

cific: the SST gradient (SST difference between 28N–28S,
1178–1738E and 28N–28S, 2058–2758E; trends calculated
using the HadISST dataset and Rayner et al. 2003) and

the sea level pressure gradient [SLP gradient (SLP dif-

ference between Tahiti and Darwin); trends calculated

using observations from the National Oceanic and At-

mospheric Administration (NOAA) Climate Prediction

Center (CPC)], the latter of which is a common metric of

Walker circulation strength known as the Southern Os-

cillation index (SOI), which is used here because of the

availability of continuous observations over the twentieth

century. Trends in the SST gradient and Walker circula-

tion between 1900 and 2008 (Fig. 1c) suggest that the SST

gradient has increased while the Walker circulation has

weakened (although only the SST gradient trend is sta-

tistically significant). This is seemingly inconsistent with

our canonical understanding of the equatorial Pacific be-

cause the atmosphere and ocean are thought to be tightly

coupled over the region, with the SST gradient andWalker

circulation largely in phase on interannual time scales.

It should be noted that these metrics represent one of

many possible metric choices calculated from a number

of potential observational datasets. While twentieth-

century SST gradient trends are consistent across obser-

vational datasets and for a range of time periods (Solomon

and Newman 2012; cf. Fig. 1 and Fig. S5 from Coats and

Karnauskas 2017), and SST gradient trends are consistent

across a range of metric choices (Coats and Karnauskas

2017), there may still be systematic biases in observational

SST datasets (e.g., Deser et al. 2010). These same biases

are likely to be present in observational SLP datasets, and

Power andKociuba (2011) suggest that, at least in models,

the SOI is not an ideal metric of long-term changes to the

Walker circulation. Perhaps most importantly, while the

annual and monthly trends in the SST gradient are sta-

tistically significant, the annual and many of the monthly

trends in theWalker circulation are not. The discussion in

the following paragraphs, and more generally in this pa-

per, is thus meant solely to outline the physical mecha-

nisms by which a simultaneous weakening of the Walker

circulation and strengthening of the SST gradient is plau-

sible and indeed expected.

Despite observations of a significant year-round in-

crease in the SST gradient, there is no such corre-

sponding strengthening of the Walker circulation, as

our canonical understanding would suggest (Fig. 1c).

However, there is a distinct seasonality to these

trends whereby the Walker circulation trend is positive

(strengthening) in boreal autumn and winter (significant

in November) and negative in boreal summer (Fig. 1c;

significant in June, July, and August). This seasonality is

consistent with the ocean dynamical thermostat mech-

anism as originally posed (Clement et al. 1996), as boreal

fall is the season with strongest mean trade wind

strength and upwelling in the eastern equatorial Pacific

that can counter surface warming, resulting in an in-

creased SST gradient and a strengthened Walker cir-

culation [see gray shading in Fig. 1c for a replication of

the Clement et al. (1996) prediction]. However, the

significant weakening of the Walker circulation and

significant increase in the SST gradient during boreal

summer is not consistent with our canonical under-

standing of coupled atmosphere–ocean dynamics in the

equatorial Pacific. Herein we seek to explain this dis-

crepancy, motivated by Sen Gupta et al. (2012) and

Drenkard and Karnauskas (2014), in which a long-term

strengthening of the Equatorial Undercurrent (EUC) in

coupled general circulation models (CGCMs) and an

ocean reanalysis, respectively, is attributed to concur-

rent changes in the tropical wind stress field stemming

from a weakening of the Walker circulation.

The EUC is a relatively strong (1ms21) eastward

subsurface countercurrent in the Pacific that is con-

strained by the Coriolis force to within 28 latitude of the
equator and that shoals from approximately 200m in the

west to 50m in the east (Fig. 2). The zonal momentum
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balance is maintained by westward surface wind stress at

the equator, which drives a westward surface current,

westward sea surface height (SSH) gradient, and east-

ward pressure gradient force. Importantly, the westward

surface wind stress also generates a retarding force to

the eastward momentum of the EUC, the strength of

which is related to depth (Qiao andWeisberg 1997) and,

consequently, longitude, given that the EUC shoals

FIG. 1. (a) SST climatology (8C) between 1982 and 2013; (b) SLP climatology (mb) between

1982 and 2013; (c) Trend by calendar month and annually for the SST gradient (SST differ-

ence between the regions 28N–28S, 1178–1738E and 28N–28S, 2058–2758E) using HadISST

(Rayner et al. 2003) and the observed SLP gradient (SOI; section 2) between 1900 and 2008.

All trends are estimated from a linear least squares fit, and filled circles represent trend values

with 90% confidence bounds that do not intersect zero, and open circles represent those with

80% confidence bounds that do not intersect zero. The gray shaded region is the range in the

response (8C 3 21) of the EEP (Niño-3; 58N–58S, 1508–908W) by month to increased forcing

(0.58–28Cuniformwarming;T*) in the Zebiak–Canemodel (Zebiak andCane 1987), illustrating

the ocean dynamical thermostat mechanism [adapted from Clement et al. (1996)].
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from west to east. The EUC has considerable seasonality

(Fig. 2) and direct measurements show that the EUC

outcrops at the surface in the eastern equatorial Pacific in

boreal spring through early summer (e.g., Jones 1969;

Johnson et al. 2002; see alsoApril–June inFig. 2) and thus

has the potential to directly impact surface properties,

particularly during this season. Likewise, the EUC has

been identified as the dominant source of upwelled water

that sets up the climatological SST gradient (Bjerknes

1966). We therefore hypothesize that the EUC can in-

fluence long-term trends in the SST gradient.

Drenkard andKarnauskas (2014) demonstrated that a

slight weakening of the Walker circulation over the

twentieth century [slight relative to amplitudes associ-

ated with El Niño–Southern Oscillation (ENSO)]

strengthens the EUC in boreal summer. This is because

the acceleration due to the decrease in westward mo-

mentum dominates locally in the eastern equatorial

Pacific, where the EUC is shallow, over the deceleration

due to the decrease in the zonal SSH gradient (and as-

sociated decrease in the pressure gradient force; Fig. 3).

This process is akin to the so-called springtime surge of

FIG. 2. Equatorial Pacific climatology (averaged over 28S to 28N) from the ocean reanalysis (SODA, version 2.2.4; Carton and Giese

2008). Temperature contours (18C increments; the thick line is the 208C isotherm) are overlaid on the (top) zonal and (middle) vertical

velocity panels. (bottom) Net radiation (thick black), net shortwave radiation (red), net longwave radiation (blue), latent heat (gray),

sensible heat (dashed gray), and wind stress (dashed black; right axis).

FIG. 3. Schematic of the equatorial Pacific showing the dominant terms driving the EUC

and the hypothesized response of the EUC to a weakening equatorial zonal wind stress as-

sociated with a weakening Walker circulation. SSH is the sea surface height gradient.
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equatorial currents, in which a distinct separation of the

contribution by local versus remote forcing has been

shown to determine the climatology of the EUC (Yu

et al. 1997). If this process also influences SST in the

eastern equatorial Pacific, then the trends in Fig. 1c may

be dynamically consistent.

Herein we seek to characterize the relationship be-

tween weakening equatorial zonal wind stress and EUC

strength and then quantify the associated impact on

SSTs in the eastern equatorial Pacific. The analyses will

predominantly utilize the same ocean reanalysis as

Drenkard and Karnauskas [2014; Simple Ocean Data

Assimilation (SODA); Carton and Giese 2008], as it is

the only ocean reanalysis that covers the entirety of the

twentieth century and it has been shown to accurately

reproduce independent zonal velocity observations

at time scales from seasonal to decadal and longer

trends (Drenkard and Karnauskas 2014). The consis-

tency of the atmosphere–ocean dynamics controlling

EUC strength and its impact on SST in the ocean re-

analysis is compared with observations and state-of-the-

art CGCMs from the Coupled Model Intercomparison

Project phase 5 (CMIP5). The latter development is

important because it has been shown that twentieth-

century SST gradient trends in CMIP5 CGCMs are in

opposition to those in observational datasets (Coats and

Karnauskas 2017).

2. Data

The observational datasets used in this study include a

reconstruction of SST based on bias-corrected obser-

vations that are interpolated onto an even grid

(HadISST; Rayner et al. 2003), and bias-corrected sta-

tion observations of SLP at Tahiti and Darwin (from the

NOAA CPC and can be accessed at http://www.cpc.

ncep.noaa.gov/data/indices/). The SST gradient is de-

fined as the difference in average SSTs between 28N–

28S, 1178–1738E and 28N–28S, 2058–2758E, and the SLP

gradient, a metric of Walker circulation strength, is the

difference in SLP between Tahiti and Darwin.

In situ observations include acoustic Doppler current

profiler (ADCP; over the period 1985–2006) and fixed-

depth current measurements, as well as wind data (both

over the period 1985–2010) from the Tropical Atmo-

sphere Ocean project (TAO) array (from the TAO

Project Office of the Pacific Marine Environmental

Laboratory, can be accessed at http://www.pmel.noaa.

gov/tao/). Wind stress is calculated from the TAO array

wind data using a bulk formula with a wind drag co-

efficient of 0.0013, air density of 1.22 kgm23, and a

correction of 1.13 to go from the measurement height

(4m) to 10m (using thewind power law;Hsu et al. 1994).

The ocean reanalysis used here is the SODA, in which

an ocean general circulation model (OGCM) is forced

by observed surface fluxes (heat, momentum, and

freshwater) and constrained by ocean observations.

SODA fields are the ensemble mean of eight model

runs, each driven by a different realization of wind

stress, heat, and freshwater fluxes from the NOAA

Twentieth Century Reanalysis (20CR; Compo et al.

2011; Yang and Giese 2013). Herein, two versions of

SODA are employed: version 2.2.4, which assimilates

observations of SST and hydrographic observations, and

version 2.2.6, which assimilates observations of SST

only. Neither version of SODA assimilates velocity

observations, thus the EUC dynamics analyzed herein

are purely an emergent feature of the ocean model

constrained by ocean observations and imposed surface

fluxes. The spatial and temporal completeness of the

gridded SODA product output allows for rigorous as-

sessment of EUC dynamics over long periods of time,

which would not be possible with the available in situ

observations. (We use SODA, version 2.2.4, for all an-

alyses but those in Fig. 10.)

All CGCM data is from the CMIP5 (Taylor et al.

2012) and the simulations employed herein are listed in

Table 1. Although only 14 CGCMs are analyzed, they

produce a range of trends in the SST gradient over the

analysis period (Table 1) and are thus a sufficient sample

to support our results and interpretations. Five GCMs

from phase 2 of the Co-ordinated Ocean–Ice Reference

Experiments (CORE; Griffies et al. 2012) are addi-

tionally analyzed to better constrain potential model

biases. These simulations are global ocean–sea ice

GCMs run with a prescribed atmospheric state, with

boundary fluxes computed via a common bulk formula

(the period 1948–2007 is analyzed herein; Large and

Yeager 2012). The MRI simulation from the CORE is

compared to an MRI simulation with the same model

setup that assimilates salinity and potential temperature

data (Danabasoglu et al. 2014, 2016). All datasets are

employed between 1900 and 2008 unless data is not

available over the full analysis period (e.g., the TAO

array observations, which only start in 1985, and the

CORE simulations, which only extend from 1948

to 2007).

3. Methods

a. Lagrangian particle analysis

The core of the EUC generally flows parallel to iso-

therms near the thermocline (Fig. 2), and thus sub-

surface zonal temperature advection directly by the

EUC is small in many areas. However, when and where
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the EUC is associated with temperature advection,

then a change in the strength of the EUC of sufficient

magnitude will also change SST wherever water from

the EUC reaches the mixed layer. To provide a quali-

tative assessment of this process (i.e., not characterizing

actual SST changes, just the possibility that such changes

should occur), a Lagrangian particle analysis was com-

pleted. To do so, the climatological monthly tempera-

ture and velocity fields (averaged at the two latitudinal

grid points closest to the equator in the SODA, 0.258S
and 0.258N) are calculated over the period 1900–2008

from monthly output of the SODA, version 2.2.4. Par-

ticles are initiated at the surface at each longitudinal grid

point (0.58 resolution) within the box used to define the

eastern component of the SST gradient (box 1 in Fig. 1a;

2058–2758E) on the 15th day of each month. The parti-

cles are then propagated backward in time using the

contemporaneous climatological monthly velocity fields

and a 5-day time step (e.g., after 15 days, the particles

initiated in December are advected by the November

velocity fields). When the time step reaches 120 days or

the particle is advected more than 1.58 latitude off the

equator (where the two-dimensional assumption un-

derlying the Lagrangian particle analysis is no longer

valid, i.e., the particles are no longer being advected by

the equatorial velocity field), the particles trajectory is

terminated.

To assess the extent to which a particle’s trajectory is

associated with temperature advection, we compare the

slope of the particle’s trajectory to the slope of the local

isotherms. If the slope of the particle’s trajectory is

steeper (larger slope value) than the nearest local iso-

therm, then the particle at that location is associated

with cold advection (and warm advection if it is less

steep). We define a simple quantitative metric as the

difference in the two slopes (oriented such that a nega-

tive value of the metric is indicative of cold advection).

We compute the average of this metric annually and by

month for all particles that pass through each equatorial

(depth by longitude) grid point. Importantly, the La-

grangian particle analysis and associated metrics are

calculated using monthly climatological fields. This will

introduce quantitative errors into the analysis and the

results should thus only be interpreted qualitatively.

b. Mixed layer heat budget and momentum budget

To provide a quantitative estimate of the SST change

in the eastern equatorial Pacific associated with the

EUC, a zonal momentum and mixed layer heat budget

analysis is performed. Importantly, the budgets are

calculated on monthly data and this may be one source

of the residual terms analyzed in the following sections.

1) MOMENTUM BUDGET

We use the arrangement of the zonal momentum

equation followingDrenkard andKarnauskas (2014; see

also Brown et al. 2007; Qiao and Weisberg 1997):
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52u
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2 y

›u
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›u
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2
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1 2Vy sinq

1A
H
=2u1

›
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�
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�
›u
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��
,

where, from left to right, the terms represent the time rate

of change of zonal velocity, the zonal, meridional, and

vertical nonlinear advective terms, the zonal pressure

TABLE 1. SST gradient trend between 1900 and 2008 for the CMIP5 CGCMs used in Figs. 9 and 10. The trends in BNU-ESM and IPSL-

CM5A-LR are significant at the 95% level against the stationary statistics of internal variability defined using surrogate SST gradient

trends derived from a linear inverse model trained on each CGCM. The percentage rank of the actual SST gradient trend relative to

surrogate SST gradient trends is also shown, ranking below the 5th or above the 95th percentile is considered significant at the 95% level

(Coats and Karnauskas 2017). Expansions of the CGCM name acronyms can be found at https://www.ametsoc.org/index.cfm/ams/

publications/authors/journal-and-bams-authors/formatting-and-manuscript-components/list-of-acronyms-and-abbreviations/#models.

CGCM 1900–2008 CE SST gradient trend (8C century21) Percentage rank relative to linear inverse model trends

BCC_CSM1.1 20.13 18%

BCC_CSM1.1(m) 0.00 50%

BNU-ESM 20.47 3%

CCSM4 20.14 32%

CESM1(BGC) 20.09 38%

CESM1(CAM5) 20.16 14%

CNRM-CM5 20.09 27%

FGOALS-g2 0.02 55%

GFDL CM3 20.11 24%

IPSL-CM5A-LR 0.25 100%

IPSL-CM5A-MR 0.05 73%

IPSL-CM5B-LR 20.05 36%

NorESM1-M 0.11 72%

NorESM1-ME 20.16 24%
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gradient force, and the Coriolis force followed by the

horizontal and vertical friction terms. Density was cal-

culated using the equation of state and salinity, temper-

ature, and depth (Fofonoff and Millard 1983). The

horizontal (AH) and vertical (AV) coefficients of eddy

viscosity (in the last two terms) were not retained for

SODA (Drenkard and Karnauskas 2014) and are thus

estimated using a constant value of 1.53 1023m2 s21 for

the horizontal coefficient, while the vertical coefficient

was varied with depth: 4.5 3 1023m2 s21 above the

thermocline, 1.5 3 1023m2 s21 below the thermocline,

and a spline interpolation in between (Qiao andWeisberg

1997). As noted in Drenkard and Karnauskas (2014),

these values remain largely unconstrained and represent

the largest uncertainty in the momentum budget, likely

contributing to a nontrivial mean residual (along with the

use of monthly data). The momentum budget is calcu-

lated on isopycnals rather than depth (the native SODA

grid) because the EUC shoals from west to east and thus

zonal velocities associated with the EUC are not purely

zonal (they also have a small vertical component). Nev-

ertheless, the EUC closely follows isopycnals, making

such an approach ideal for diagnosing the mechanisms

underlying changes to EUC strength.

2) MIXED LAYER HEAT BUDGET

The mixed layer temperature tendency equation is

›T

›t
52u

›T

›x
2 y

›T

›y
2w

›T

›z
1 res.

1
Q

SW
2Q

LW
2Q

SH
2Q

LH

rC
P
h

,

where, from left to right, the terms represent the time

rate of change of mixed layer temperature, the zonal,

meridional, and vertical temperature advection, a re-

sidual that represents mixing terms and errors related to

temporal averaging, and net surface radiative fluxes and

sensible and latent heat fluxes, with the density of sea-

water (r, 1022 kgm23), specific heat capacity of seawa-

ter (Cp, 3940 J kg
21K21), and the depth of the mixed

layer h. Mixed layer depth is defined here as the depth at

which the slope of the vertical temperature gradient

(calculated using a simple difference) is steeper

than 20.0158Cm21 although results were confirmed to

be insensitive to this choice or the use of a constant

mixed layer depth (not shown). Net surface radiative

flux and latent and sensible heat fluxes are taken from

the NOAA Twentieth Century Reanalysis (Compo

et al. 2011; Yang and Giese 2013), which is used as the

atmospheric boundary conditions for the SODA. All

subsequent derivatives including advection are calcu-

lated using central finite differencing.

For comparison to the Lagrangian particle analysis, the

same rearrangement of the heat equation was used to

calculate a gridpoint heat budget with isopycnals as the

vertical coordinate for a two-dimensional cross section of

the equatorial Pacific (averaged at the two grid points

closest to the equator in the SODA, 0.258S and 0.258N).

c. Quantifying impact of EUC strengthening on
eastern equatorial Pacific SSTs

As noted in the introduction, the consequences of

changes to EUC strength in the presence of a weakening

Walker circulation and associated weakening of equa-

torial zonal wind stress is of particular interest for un-

derstanding twentieth-century trends in SST. There are,

however, multiple mechanisms by which EUC strength

can change (e.g., changes to the wind stress curl and

hence western boundary currents feeding the EUC; Sen

Gupta et al. 2012). In general, however, the EUC

involves a balance between acceleration by the SSH

gradient (or pressure gradient force) and deceleration

by the downward transmission of westward momentum

in the upper ocean (both of which arise from the cli-

matological westward wind stress). Two mechanisms of

EUC variability are thus defined, related to these two

acceleration terms—the pressure gradient mode and the

downwelling momentum mode (the deceleration by west-

wardmomentum).While the pressure gradientmode is the

dominant driver of variability in the EUC, it is typically

associatedwith a strengtheningWalker circulation and thus

is not of interest. However, isolating this mode allows for

the identification of EUC variability solely related the

downwelling momentum mode (see below).

The modes and their time histories between 1900 and

2008 are isolated using coupled singular value de-

composition (SVD; Bretherton et al. 1992). Coupled

SVD of along-isopycnal velocity and the pressure gra-

dient force [from the momentum budget; section 3b(1)]

are calculated for each month and the first principal

component time series of along-isopycnal velocity is

used to define the time history of the pressure gradient

mode (using the domain 1508 to 2708E at the equator).

To define the time history of the downwelling momen-

tum mode, coupled SVD is calculated between zonal

wind stress at the surface (using the domain 1708 to

2608E and 58N to 58S) and the along-isopycnal velocity

fields (using the same domain as above), and the first

principal component time series of along-isopycnal ve-

locity is used to define the time history of the down-

welling momentum mode. Before calculating this SVD,

however, zonal wind stress and along-isopycnal velocity

are adjusted to remove the part that covaries with the

pressure gradient mode. To do so, coupled SVD of these

fields and the pressure gradient force (using the same
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domains as above) is calculated and the first mode,

which corresponds to the pressure gradient mode (the

pressure gradient mode as defined above and the prin-

ciple component time series of this first mode correlate

at an average of 0.98 across all months), is removed

using standard SVD techniques in which the data is re-

constructed without this first mode. The downwelling

momentum mode can be identified using other terms

from the zonal momentum budget. Nevertheless, it was

found that multiple terms are important for transmitting

changes in zonal wind stress to changes in upper-ocean

westward momentum (principally vertical friction, and

vertical and horizontal advection of zonal momentum).

As noted above, coupled SVD is thus calculated using

zonal wind stress and along-isopycnal velocity. The choice

of domains used in the SVD calculations is largely based

on trial and error, with the motivation of separating the

two modes of EUC variability.

The downwelling momentum mode is the focus of

the rest of the manuscript, as this is the mechanism by

which Drenkard and Karnauskas (2014) suggest that the

EUC strengthens during boreal summer in the SODA

reanalysis—particularly in the eastern equatorial Pacific,

where the EUC is relatively shallow and thus subject to

subtle changes in wind stress magnitude. While the cou-

pled SVD and associated modes are calculated for all

months, a visual inspection of the downwelling momen-

tum mode (i.e., the first mode of the coupled SVD of

zonal wind stress and along isopycnal velocity) suggests

that it is not characterized byweakening zonal wind stress

and associated strengthening of the EUC during boreal

winter and fall. This visual inspection further suggests

that EUC variability associated with changes in down-

welling westward momentum is weak during these sea-

sons. The downwelling momentum mode is thus not

shown or considered for the months of October–March.

All subsequent analyses consider the downwelling

momentummode over the entirety of April–September.

However, observed twentieth-century trends in the

Walker circulation only exhibit significant weakening in

June, July, and August (Fig. 1c). Caution should thus be

exercised when comparing these analyses and results to

observed twentieth-century trends, and no attempt is

made to provide a quantitative comparison.

A three-step process quantifies the impact of changes

in the downwelling momentum mode on SSTs in the

eastern equatorial Pacific:

1) Only years in the middle tercile (33%) of detrended

average SST anomalies in the eastern equatorial

Pacific (box 1 in Fig. 1a) are isolated in order to

prevent biasing results with strong ENSO events

or other anomalous climate variability that is

inconsistent with the magnitude of (and with some

mechanisms that will be distinct from) the long-term

changes of interest. For instance, during strong El

Niño events, the EUC is known to weaken drastically

and even disappear completely (e.g., Firing et al.

1983, a case that is inappropriate for characterizing

the statistics of more subtle long-term changes).

2) Themixed layer heat budget terms are averaged over

the bounds of the mixed layer and the eastern

equatorial Pacific box in each month. For instance,

the zonal temperature advection is the average zonal

temperature advection for grid points above the base

of the mixed layer at the east and west boundary and

between the north and south boundaries of the

eastern equatorial Pacific box, while the vertical

temperature advection is the average vertical tem-

perature advection for grid points at the base of the

mixed layer andbetween the east, west, north, and south

boundaries of the eastern equatorial Pacific box. The

climatology is removed from the resulting time series

to produce anomaly time series that are then detrended.

3) For 0- to 4-month lags, multiple (over all five lags,

i.e., five predictors for each mixed layer heat budget

term) and single (for each individual lag, a single

predictor for each) linear regressions are calculated

between the detrended downwelling momentum

mode and the advection and residual terms. The

reason for calculating two separate regressions (i.e.,

the single vs multiple linear regressions) is that only

the total impact (i.e., over all five lags) and not the

individual regression coefficients (e.g., those corre-

sponding to a 1-month lag) are meaningful in multi-

ple linear regression with correlated predictors, and

themodes (the predictors) are highly correlated at all

five lags. For example, a large change in the down-

welling momentum mode in month 0 tends to

correspond to a large change in that mode formonths

1–4. Lags of 0 to 4 months were analyzed in order to

roughly capture the time scales of water crossing to

the mixed layer in the eastern equatorial Pacific from

the western extent of the EUC (the time scale comes

from the Lagrangian particle analysis; section 3a).

The inclusion of the residual from the mixed layer

heat budget in these calculations is motivated by the

need to capture mixing and other processes difficult

to calculate and not resolved by the advective terms.

Using the same methodology, multiple linear regres-

sions are also calculated between the detrended down-

wellingmomentummodeanddetrendedSSTs averaged

over the eastern equatorial Pacific (box 1 in Fig. 1a).

Statistical significance is calculated using the Student’s

t test for the individual linear regressions, with the
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null hypothesis that the coefficients are equal to zero,

and an F test for the multiple linear regression model,

with the null hypothesis of a constant (or ‘‘intercept’’)model.

d. Comparison of observations, the ocean reanalysis,
and CGCMs

In section 4c, the representation of coupled

atmosphere–ocean dynamics related to EUC strength in

the reanalysis is compared to CGCMs and observations

(from the TAOarray). Therein, EUC strength is defined

as the maximum zonal velocity at each longitudinal grid

point within 28 latitude of the equator. The equatorial

zonal wind stress (averaged within 28 latitude of the

equator), EUC depth, and strength are analyzed.

Furthermore, a metric is defined that captures the ex-

pected sign and magnitude of a local change in equato-

rial zonal wind stress on local EUC strength. For each

longitudinal grid point a correlation is calculated be-

tween standardized (monthly mean removed and di-

vided by the monthly standard deviation) equatorial

zonal wind stress and EUC strength for the months of

April through September. The metric is oriented such

that if the sign is positive it indicates that as the equa-

torial zonal wind stress weakens the EUC strengthens.

For the observations, standardization utilizes the mean

and standard deviation of equatorial zonal wind stress

and EUC strength from the SODA reanalysis at the

corresponding grid points. This is done because the

observational record is too short to reliably estimate

monthly standard deviations. Only years in the middle

tercile (33%) of detrended average SST anomalies in

the eastern equatorial Pacific (box 1 in Fig. 1a) are in-

cluded in the correlations to be consistent with other

analyses.

FIG. 4. (a) Using the annually and seasonally summed results of the Lagrangian particle analysis, the difference in the slope of the

particle motion is compared to the local isotherm at each grid point. If the slope of the particle motion is steeper than that of the local

isotherm it is associated with cold advection, and this difference metric is oriented such that negative values indicate cold advection

(positive indicate warm advection; section 3a). The circle size indicates the number of particles that passed through each grid point. While

all particles are seeded at the surface, the plotting of particle locations does not begin until the second time step (thus the lack of circles at

the surface). (b) Along-isopycnal temperature advection from the annual and seasonal grid-point heat budgets calculated on isopycnals.
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4. Results

a. Does the EUC cool the surface in the eastern
equatorial Pacific?

Figure 4a clearly demonstrates that outcroppingwater

in the eastern equatorial Pacific is associated with the

EUC. This is indicated by the fact that nearly all out-

cropping water passes through grid points at 150- to

200-m depth between 1808 and 2058E (Fig. 4a; 85% of

particles in the Lagrangian particle analysis), which is

just upstream of the EUC core region. Nevertheless,

there is considerable seasonality in these relationships,

and Fig. 4a indicates that January–February–March

(JFM), April–May–June (AMJ), and July–August–

September (JAS) are the dominant months of EUC

impact on the surface in the eastern equatorial Pacific.

The short trajectory pathways in October–November–

December (OND), as indicated by the large distance

traveled by particles between seeding and the second

time step and thus large vertical velocities (white space

in the OND panel of Fig. 4a), suggest a dominant im-

pact of wind stress divergence–driven equatorial up-

welling in those seasons (i.e., a less direct impact for

the EUC).

A comparison of the slope of the particle trajectory to

that of the local isotherm at each grid point (as described

in section 3a) suggests that particle trajectories in the

EUC tend to cross isotherms (predominantly negative

average slope difference values in Fig. 4a) and thus are

associated with cold advection. Surfacing water that has

undergone cold advection is expected to cool the mixed

layer and SSTs, confirming that the EUC does cool the

surface in the eastern equatorial Pacific.

These results are further supported by the equatorial

gridpoint heat budget calculated on isopycnals in

Fig. 4b. Because the EUC closely follows isopycnals, the

along-isopycnal temperature advection is of particular

interest for understanding the impact of the EUC on

SSTs where those waters outcrop or reach the mixed

layer. Along-isopycnal temperature advection is nega-

tive (cold advection) in the core EUC region in all sea-

sons (and in the annual average).

b. Quantifying the magnitude and mechanisms of
EUC-related SST changes

As expected from theory and observations, the cli-

matological along-isopycnal velocity is primarily bal-

anced by the pressure gradient force (acceleration) and

FIG. 5. Equatorial Pacific seasonal and annual climatology (averaged 28S–28N) of along-isopycnal velocity and the momentum budget

terms (section 3b). The lower-left panel shows the plotted domain (isopycnal layers 10 to 35 and 1508 to 2708E).
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vertical friction terms (deceleration; Fig. 5). Nevertheless,

the nonlinear vertical advection is important in driving

the seasonal shoaling and outcropping of the EUC during

late boreal spring and summer. The climatological mixed

layer heat budget is dominated by shortwave radiative

heating and longwave sensible and latent cooling (Fig. 6).

While these terms largely balance in the western equa-

torial Pacific, there is a large residualwarming (‘‘Sum’’) in

the eastern equatorial Pacific that is balanced by the ad-

vective terms (resolved velocities advecting temperature

gradients) and mixing (taken as the residual). In sub-

sequent analyses, focus is restricted to the advective and

mixing terms, as these are the termsmost directly affected

by the EUC (and ocean velocities in general).

Figure 7 shows the coupled SVD analysis outlined in

section 3c by which the downwelling momentum mode is

identified and isolated. The downwelling momentum

mode represents a range of 59%–83% (mean 71%) of the

covariance between along-isopycnal velocity and surface

zonal wind stress across the six months that the coupled

SVDs were calculated (these latter covariances are the

portion of covariance that remains after removing the

pressure gradient forcemode before calculating the SVD).

Positive phases of the downwelling momentum mode

(strengthened EUC) are associated with mixed layer

cooling in the eastern equatorial Pacific for nearly all

months and lags via the zonal advective term (Table 2).

These associations, however, are only significant in

August (and June at zero lag). More fundamentally, the

zonal advective term is only a small part of the total heat

budget in the region (Fig. 6), so the SST change associ-

ated with this term is small. The meridional advective

term is a larger part of the total heat budget and a pos-

itive phase of the downwelling momentum mode has

either a weak relationship with the meridional advective

term or is significantly associated with heating (June

and July; Table 3). This heating is likely indicative of a

slowdown of the subtropical cells as equatorial zonal

FIG. 6. Seasonal and annual climatology of themixed layer heat budget in the equatorial Pacific (section 3b). Box 1 (EEP; 28N–28S, 2058–
2758E) of the SST gradient is denoted on each panel. The lower-left panel shows the plotted domain (2.58N–2.58S, 1008–3008E). ‘‘Sum’’

refers to the sum of the surface heat flux terms. All heat budget terms have been scaled so that they are in 8C.
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wind stress weakens and a subsequent decrease in the

divergence of heat from the eastern equatorial Pacific

(and not a direct impact of the EUC). Except for the

shortest lags, a positive phase of the downwelling

momentum mode is associated with cooling via ver-

tical advection in June through November (though

the association is only significant at long lags in Sep-

tember; Table 4). This is likely a direct impact of the

EUC, as weakening equatorial zonal wind stress

should actually decrease wind stress divergence and

upwelling (the dominant source of vertical tempera-

ture advection). The EUC, however, is not a purely

zonal current and thus will be associated with vertical

velocities and vertical temperature advection. Finally,

the downwelling momentum mode is significantly as-

sociated with cooling via the residual term at zero lag

for May–September (Table 5). This appears to be the

most important (i.e., large magnitude) impact of the

downwelling momentum mode on the mixed layer heat

budget.

We now turn to an estimate of the SST change in

the eastern equatorial Pacific resulting from EUC

strengthening associated with the downwelling mo-

mentum mode (Fig. 8). The results largely confirm what

was shown for the single linear regressions (Tables 2–5).

For instance, the zonal advective term is largely un-

important to the heat budget and the downwelling mo-

mentummode is significantly associated with cooling via

FIG. 7. (left) Coupled SVD of along-isopycnal velocity and the pressure gradient force (from the momentum budget in Fig. 5). The first

and second columns are the patterns corresponding to the first mode of the SVD for along-isopycnal velocity and the pressure gradient

force, respectively. (right) Coupled SVD of along-isopycnal velocity and zonal wind stress (downwelling momentum mode). As noted in

section 3c the first mode of the coupled SVD of the pressure gradient force and zonal wind stress has been removed from the zonal wind

stress before calculating the downwelling momentummode. The first and second columns are the patterns corresponding to the first mode

of the SVD for zonal velocity and zonal wind stress, respectively. The full methods are described in section 3c.

TABLE 2. Regression coefficients (8C std21) between the stan-

dardized downwelling momentum mode and the zonal advection

term from themixed layer heat budget (Fig. 6). For eachmonth the

downwelling momentum mode is lagged from 0 to 4 months with

respect to the zonal advection term. Results are only listed for

months in which at least two lagged months are available to cal-

culate the regression coefficients. Regression coefficients are cal-

culated using years in the middle tercile of SSTs over box 1 (EEP;

between 1900 and 2008). Regressions that are significant at the

90% level using a t test are shown in bold text.

u(dT/dz)

Lag-0 Lag-1 Lag-2 Lag-3 Lag-4

May 20.01 0

Jun 20.01 0 0

Jul 0.01 0.01 0 20.01

Aug 20.01 20.02 20.02 20.02 20.02

Sep 0 0 20.01 20.01 20.01

Oct 0.01 0.01 0 20.01

Nov 0.01 0 0

Dec 0 0
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the residual term in May–September. This cooling

is partially compensated by heating from meridional

temperature advection (significant from June through

August). However, this compensation is not large

enough to balance cooling associated with the residual

term, leading to a significant cooling of SSTs in the

eastern equatorial Pacific between May and October

(with the exception of July). Together this suggests that

weakening equatorial zonal wind stress (e.g., that asso-

ciated with a weakening Walker circulation) can in-

crease the SST gradient by cooling the eastern equatorial

Pacific via the downwelling momentum mode. The

magnitude of this cooling is particularly large in May–

August when there is the largest discrepancy in observed

Walker circulation and SST gradient trends (Fig. 1c).

c. Coupled atmosphere–ocean dynamics controlling
EUC strength in CGCMs and observations

In the preceding analyses, the downwelling momen-

tummode is identified and characterized using an ocean

reanalysis. It is thus critical to validate the presence and

importance of this mode in the real world using obser-

vations. Likewise, it is critical to validate the presence

and importance of this mode in CGCMs, specifically

with an eye toward whether CGCMs simulate the cou-

pled atmosphere–ocean dynamics necessary to repro-

duce the real-world response of the equatorial Pacific to

anthropogenic forcing.

There is relatively good agreement in the average

strength (maximum zonal velocity) and depth of the

EUC, as well as in the average magnitude of equatorial

zonal wind stress in observations, CGCMs, and the

ocean reanalysis (Fig. 9). However, there are systematic

differences, with the CGCMs and the ocean reanalysis

underestimating average equatorial zonal wind stress

and EUC strength near the date line and the ocean re-

analysis overestimating both in the eastern equatorial

Pacific. There is also relatively good agreement in the

magnitude of EUC strength and equatorial zonal wind

stress variability between the ocean reanalysis and

CGCMs (not shown), although there is greater EUC

strength variability in the ocean reanalysis. Both appear

to underestimate the magnitude of variability relative to

moored observations but this comparison is complicated

by the limited length of the TAO mooring record.

Overall, biases in the character of the EUC and equa-

torial zonal wind stress are not sufficiently large in

magnitude to suggest, a priori, that there must be biases

in their relationships to one another.

The response of local EUC strength to variations in

the overlying equatorial zonal wind stress is consistent in

observations, CGCMs, and the ocean reanalysis west of

2108E, with a strengthening of the EUC as the magni-

tude of (easterly) wind stress strengthens. In stark con-

trast, east of 2108E, where the EUC has shoaled and

interacts more directly with the decelerating upper-

ocean westward momentum, there appears to be a se-

rious discrepancy in the response of EUC strength to

variations in equatorial zonal wind stress. In the ocean

reanalysis and observations the EUC strengthens as the

equatorial zonal wind stress weakens, suggesting a

dominant role for the downwelling momentummode. In

CGCMs, the EUC still weakens in the eastern equato-

rial Pacific when the local equatorial zonal wind stress

weakens, despite the EUC realistically shoaling from

west to east.

Why do the CGCMs not correctly simulate a down-

welling momentum mode associated with EUC strength-

ening? This bias is related, in part, to the coupling of the

atmosphere and ocean in CGCMs, as ocean–sea ice

GCMs run with a prescribed atmospheric state better

represent the relationship between changes in equato-

rial zonal wind stress and EUC strength (Fig. 10). The

improvement in uncoupled OGCMs relative to CGCMs,

however, is small and limited to the far eastern equa-

torial Pacific. Errors in the thermohaline structure of

the eastern equatorial Pacific appear to be more im-

portant, since data assimilation greatly improves this

bias (Fig. 10). However, even when assimilating data,

GCMs (and the ocean reanalyses) do not perfectly re-

produce the observed equatorial zonal wind stress–EUC

strength relationship (although the observations are

TABLE 3. As in Table 2, but for the horizontal advection term.

y(dT/dz)

Lag-0 Lag-1 Lag-2 Lag-3 Lag-4

May 0.04 0.03

Jun 0.11 0.09 0.06

Jul 0.14 0.15 0.13 0.11
Aug 0.07 0.03 0.01 0.01 0.12

Sep 0.04 0.04 0.01 0.02 0.05

Oct 0.04 0.03 20.01 0.01

Nov 0 0 0

Dec 0.01 0.03

TABLE 4. As in Table 2, but for the vertical advection term.

w(dT/dz)

Lag-0 Lag-1 Lag-2 Lag-3 Lag-4

May 0.06 0.05

Jun 0 20.03 20.03

Jul 0.02 20.02 20.02 0.01

Aug 0.02 20.06 20.07 20.07 20.05

Sep 0.05 0.07 0.04 20.01 20.02

Oct 20.03 20.04 0.01 20.01

Nov 20.03 20.04 0.01

Dec 20.04 20.05
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clearly limited in longitudinal resolution because of the

spacing of TAO moorings). For instance, this relation-

ship is overestimated in the MRI simulation with data

assimilation, while it may be underestimated in the

SODA reanalyses. Additionally, the assimilation of

hydrographic observations in SODA 2.2.4 (relative to

just SSTs in SODA 2.2.6) leads to differences between

the two SODA reanalyses, with a decrease in the mag-

nitude of the relationship around 2208E in SODA 2.2.4

and a qualitatively better representation overall. Most

importantly, the CMIP5 multimodel ensemble falls

outside the range of observations and data assimilation

products in terms of the EUC response to zonal wind

variations in the eastern equatorial Pacific.

5. Discussion and conclusions

An ocean reanalysis is used to characterize a mecha-

nism of EUC strengthening that is related to weakening

equatorial zonal wind stress (smaller in magnitude

than is typically associated with ENSO events). In this

mechanism, associated decreases in upper-ocean west-

wardmomentum cause an acceleration of the EUC. This

acceleration dominates over the deceleration caused

by a decreasing SSH gradient, and associated pressure

gradient force, causing a strengthening of the EUC that

can then cool the eastern equatorial Pacific, with rele-

vance to the SST gradient. Importantly, the identifica-

tion of this cooling can help to reconcile the late boreal

spring and summer weakening Walker circulation and

increasing SST gradient trends in observations (Fig. 1c).

The weakening Walker circulation can actually drive an

increasing SST gradient by strengthening the EUC, at

least to the extent that shorter time-scale dynamics and

relationships also operate on longer time scales.

The major conclusions of this study are as follows:

d The EUC cools SSTs in the eastern equatorial Pacific.
d The weakening equatorial zonal wind stress (e.g., that

associated with a weakening Walker circulation) can

increase the SST gradient by cooling the eastern equa-

torial Pacific via the downwelling momentum mode.

The magnitude of this cooling is particularly large in

boreal spring and summer when there is the largest

discrepancy in observed Walker circulation and SST

gradient trends.

d There is a bias in the response of EUC strength to

variations in equatorial zonal wind stress in CGCMs.

This bias is related, in part, to biases in the thermohaline

structure of the eastern equatorial Pacific.

The analyses herein have relied on a single ocean re-

analysis. Nevertheless, the coupled atmosphere–ocean

dynamics have theoretical and conceptual precedence

FIG. 8. Results of the analysis outlined in section 3c. Total impact

(over lags 0 to 4 months; the sum of the multiple linear regression

outlined in section 3c) for each mixed layer heat budget term. To

the right of the solid line is the sum over lags 0 to 4 months for the

multiple linear regression using SSTs averaged over the EEP (box 1).

Filled circles are significant at the 95% level and thick circles are

significant at the 90% level.

TABLE 5. As in Table 2, but for the residual term.

Residual

Lag-0 Lag-1 Lag-2 Lag-3 Lag-4

May 20.18 20.33

Jun 20.19 20.13 20.19

Jul 20.22 20.16 20.15 20.25
Aug 20.26 0.07 0.14 0.14 20.18

Sep 20.22 20.26 20.07 0.05 0.02

Oct 20.12 20.12 20.08 20.01

Nov 20.04 0 0.03

Dec 20.13 20.15
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and are validated against observations. CGCMs, how-

ever, are unable to simulate the mechanism by which a

weakening Walker circulation strengthens the EUC and

this may be one reason that SST gradient trends in

CGCMs are largely in opposition to those in observa-

tional datasets [Coats and Karnauskas (2017), although

there are observational uncertainties, e.g., Deser et al.

(2010); Thompson et al. (2008); Kennedy (2014)]. It is

thus critical to validate that CGCMs can realistically

simulate the response of the climate system to anthro-

pogenic forcing in key regions of air–sea interaction such

as the eastern equatorial Pacific. The results presented

FIG. 9. (top) Relationship between changes in equatorial zonal wind stress (averaged 28S to 28N) and maximum

zonal velocity (EUC strength) at each longitude for a 14-member set of the CMIP5 historical simulations (Table 1),

the ocean reanalysis (SODA, version 2.2.4; Carton andGiese 2008), and observations (TAO). This is defined as the

correlation between monthly, standardized equatorial zonal wind stress and standardized EUC strength at each

longitude for the months of April to September. Only years in the middle tercile (33%) of detrended average SST

anomalies in the EEP (box 1 in Fig. 1a) are included in the correlations to be consistent with other analyses.

(bottom)Average equatorial zonal wind stress, EUC strength, and depth of the EUCat each longitude for the same

datasets. In all panels the gray bars are the range of the values for the CMIP5 simulations. The whiskers are the full

range, light gray is the 5th to 95th percentiles, dark gray is the 25th to 75th percentiles, and the black line is themedian.

FIG. 10. Same metric as the top panel of Fig. 9. The black line is the mean of this metric for five GCMs from phase 2

of the CORE (Griffies et al. 2012). These simulations are global ocean–sea ice GCMs run with a prescribed

atmospheric state, with boundary fluxes computed via the same bulk formulae (the common period 1948–2007 is

analyzed herein; Large and Yeager 2009). The gray shaded regions are the range in the mean of this metric for all

subsets of five CGCMs from the CMIP5 historical simulations (14 total simulations; 2002 total combinations). The

MRI simulation from the CORE is additionally compared to an MRI simulation with the same setup that assim-

ilates salinity and potential temperature data (Danabasoglu et al. 2014, 2016). For reference, the same values from

observations (TAO) and SODA reanalyses that assimilate just surface observations (SODA, version 2.2.6) and

both surface and depth observations (SODA, version 2.2.4, as shown in all other plots) are also plotted.
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herein suggest that this will require process studies tar-

geting the transmission of small variations in wind stress

to the subsurface to compare to the parameterization of

these processes in CGCMs. Given the equatorial Pacific’s

critical role in the global climate system, this endeavorwill

help to improve climate change projections and thus allow

society to better plan for and adapt to climate change.
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