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The Equatorial Undercurrent (EUC) stretches across the Pacific, transporting
cool waters rich in oxygen and nutrients eastward to one of the most
productive regions in the ocean. As an intricate part of the global climate
system, EUC dynamics are essential to understanding future climate change
but are poorly represented in global coupled climate models. This study
examines EUC representation and future changes in the latest generations
of the Coupled Model Intercomparison Project (CMIP6 and CMIP5) and an
eddy-permitting ocean model. We also examine historical and projected
changes in EUC source waters, including the Mindanao Current (MC), New
Guinea Coastal Undercurrent (NGCU), and interior thermocline convergence.
The circulation features in the models are broadly consistent with observations
and ocean reanalyses, but improvements from CMIP5 to CMIP6 are limited.
In the future projections, the EUC is enhanced in the western Pacific, with
less prominent changes in CMIP6, but more so in the eddy-permitting model.
The western Pacific EUC enhancement is likely associated with a wind-driven
redirection of waters south of the equator, in which the NGCU boundary
flow increases while the interior thermocline convergence decreases. This
is superimposed on an overall weakening of the North Pacific subtropical
overturning cell, including the MC, interior thermocline convergence, and
Ekman divergence. As EUC heat and nutrient composition is linked to
its sources, these projected changes have implications for the EUC's role
in air—sea feedbacks, nutrient replenishment, and oxygen minimum zone
ventilation in the eastern Pacific.
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Introduction

The Equatorial Undercurrent (EUC) flows eastward along
the equator over the vast length of the Pacific (Johnson et al.,
2002). The cool waters, rich in oxygen and nutrients, transported
by the EUC have an important influence on regional ocean
variability, global climate, and marine ecosystems (Firing et al.,
1983; Chavez et al., 1999; Slemons et al.,, 2012). In the eastern
equatorial Pacific, EUC waters help enrich the ecosystems,
ventilate the oxygen minimum zones, and upwell old carbon that
subsequently outgases into the atmosphere (Feely et al., 1999;
Takahashi et al., 2006; Busecke et al., 2019). In particular, the
EUC supports high primary productivity by replenishing the
limiting-micronutrient iron, primarily carried from continental
shelves around Papua New Guinea by low-latitude western
boundary currents (LLWBCs; Vichi et al., 2008; Slemons et al.,
2010, 2012).

There are two primary low-latitude sources of EUC waters
as follows: Thermocline convergence in the basin interior and
LLWBCs, such as the Mindanao Current (MC) and New Guinea
Coastal Undercurrent (NGCU; Figure 1) (Tsuchiya et al., 1989;
Johnson and McPhaden, 1999). This convergence forms part of
the subtropical meridional overturning cells (STCs), the waters
rise to the surface with the EUC, diverge from the equator
in the Ekman layer, and sink back into the thermocline in
the subtropics (Lu et al., 1998; Johnson and McPhaden, 1999).
The equatorial easterlies and off-equatorial wind stress curl
help modulate whether these waters converge in the interior
or along the boundary (Johnson and McPhaden, 1999). The
equatorial easterlies also help set up a pressure head in the west
that drives the EUC eastward along the shoaling thermocline
(Johnson et al, 2001). In the central and eastern Pacific,
the EUC brings cold waters close to the surface to supply
the wind-driven Ekman divergence (Johnson et al, 2001).
This upwelling amplifies the east-west sea surface temperature
difference, further reinforcing the easterlies that make up the
lower branch of the Walker Circulation in the Pacific (Bjerknes,
1969).

The future state of circulation in the equatorial Pacific is the
focus of numerous studies (e.g., Vecchi and Soden, 2007; Luo
etal., 2009; Karnauskas and Cohen, 2012; Sen Gupta et al., 2012).
Coupled Model Intercomparison Project (CMIP) ensembles
project an enhancement of the EUC in the western Pacific, while
further east, the projected weakening of equatorial easterlies
reduces Ekman divergence and upwelling (DiNezio et al., 2009;
Luo et al., 2009; Karnauskas and Cohen, 2012; Sen Gupta
et al., 2012; Terada et al., 2020). Additionally, models project
a shallower equatorial thermocline and associated shoaling of
the EUC (Vecchi and Soden, 2007; DiNezio et al., 2009; Terada
etal., 2020). As the projected shoaling is greatest in the west, this
reduces the eastward upward slope of the EUC and decreases
along isopycnal upwelling within the core of the EUC (Terada
et al.,, 2020).

Frontiersin Climate

02

10.3389/fclim.2022.933091

Previous studies suggest that the EUC projected changes
are linked to source water changes, including the projected
strengthening of the NGCU, weakening of the MC, and interior
convergence (Luo et al., 2009; Sen Gupta et al., 2012). The future
changes to EUC source waters indicate modifications in the
water masses and biogeochemical properties of the EUC and,
importantly, the water upwelled in the eastern Pacific (Ruggio
et al., 2013; Qin et al., 2016).

However, the realistic representation of the EUC in
coupled climate models may be a bottleneck to improving
our understanding of future climate change. The EUC is
particularly challenging to model as it is dynamically linked to
the atmosphere and meridional overturning cells, which vary
over a range of timescales (Johnson et al., 2002). Indeed, studies
have found that global climate models show systematic biases,
including weak velocities and unrealistic thinning of the EUC in
the eastern equatorial Pacific (Busecke et al., 2019; Karnauskas
et al.,, 2020; Kuntz and Schrag, 2020; Graffino et al., 2021).

This study examines the ability of climate models to simulate
the strength and seasonality of the EUC and its LLWBC source
waters, the MC and NGCU. We also discuss the projected
changes under a warming climate scenario and investigate the
mechanisms driving the future changes of the EUC, including
changes in the interior and boundary convergence pathways. We
compare two generations of climate models from the Coupled
Model Intercomparison Project (CMIP), versions 5 and 6 and
the eddy-permitting model Ocean Forecasting Australia Model
version 3 (OFAM3) to identify any improvements in tropical
circulation fidelity. The following section describes the climate
models, data, and methods. In the results, we examine the
modelled representation of the EUC and LLWBCs, including the
differences between the model generations. Next, we examine
the future projections of the EUC and LLWBCs in the annual
mean and seasonal cycle. We also investigate the mechanisms
driving the projected circulation changes, including the role of
wind forcing and convergence pathways. Finally, we conclude
the paper with a summary and discussion of the results.

Materials and methods

Climate models

We use monthly historical and high-emission future
scenario output from 29 CMIP6 and 28 CMIP5 models
(Supplementary Tables 1, 2). The CMIP6 and CMIP5 historical
simulations are forced with observationally derived natural and
anthropogenic forcing (Taylor et al., 2012; Eyring et al., 2016).
The future projections are based on simulations forced by the
high-emissions scenario RCP8.5 for CMIP5 and SSP5-8.5 for
CMIP6 models. Both scenarios assume a rapid increase of
greenhouse gases over the 21st century that reaches radiative
forcing of approximately 8.5 W m™2 in 2100 (Taylor et al., 2012;
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FIGURE 1

adapted from Hu et al. (2015).

Schematic of Tropical Pacific Ocean circulation. KC, Kuroshio Current; NEC, North Equatorial Current; MC, Mindanao Current; NECC, North
Equatorial Counter Current; EUC, Equatorial Undercurrent; NGCU, New Guinea Coastal Undercurrent; NICU, New Ireland Coastal Undercurrent;
ITF, Indonesian Throughflow; SEC, South Equatorial Current; SECC, South Equatorial Counter Current; EAC, East Australian Current. Figure

220°E 260°E

Eyring et al., 2016). We use the highest emission scenarios to
identify the most robust estimate of anthropogenically forced
change. To look at mean state and projected changes, we
examine the long-term monthly climatologies over 1900-2000
and 2050-2100. We use multi-decadal averages to reduce the
influence of low-frequency variability and allow sufficient time
for the ocean to adjust to surface forcing changes.

We use a single ensemble member from each CMIP
model with the available ocean variables for each experiment
archived. We bilinearly interpolate each model’s wind stress
to a standard 1° x 1° grid to examine wind forcing. We do
not use three CMIP5 and one CMIP6 model in wind stress
curl related analyses due to unrealistic meridional banding in
their derived wind stress curl (excluded models indicated in
Supplementary Tables 1, 2).

We also use output from OFAM3, a near-global eddy-rich
(0.1°) ocean model developed by the Commonwealth Scientific
and Industrial Research Organization (Oke et al, 2013). The
historical OFAM3 simulation is driven by atmospheric forcing
from the 6-hourly Japanese 55-year Reanalysis (Kobayashi
et al, 2015) and initialized from a 20-year spin-up driven
by repeated 1979 JRA-55 forcing (Zhang et al, 2016). A
combined atmospheric forcing drives the future projection as
follows: JRA-55 mean state (1986-2005), repeated daily-to-
interannual variability, and the long-term climate change signal
derived from the average of 17 CMIP5 models run under
RCP8.5 (Zhang et al., 2017). The CMIP5 models were selected
based on the availability of atmospheric variables to derive the
air-sea flux forcing at the time the OFAM3 simulation was
performed (Zhang et al., 2017). The climate change signal for
each model is derived over a sliding 20-year window with
reference to its 1986-2005 baseline (Zhang et al., 2017). As a
result, OFAM3 projections do not reflect projected changes in

Frontiersin Climate

03

seasonality (or interannual variability) present in the driving
CMIP5 models. Therefore, we do not examine seasonal trends
for OFAM3 in this study. For OFAM3, we compare climatologies
averaged over the historical 1981-2012 and the future 2070-
2101 time slices.

Observational data and reanalysis
products

To validate EUC velocity and depth in the models, we
compare to monthly zonal velocity from Tropical Atmosphere
Ocean Triangle Trans-Ocean Buoy Network (TAO/TRITON)
acoustic Doppler current profilers (ADCP) observations. We
calculate the monthly climatologies using available data from
~1988 to 2016, which varies between the sites, on the equator
at 147, 165, 190, 220, and 250°E. The measurements typically
capture the upper 300 m, but we discard months when the
deepest velocity exceeds the mean EUC core velocity (defined
as >75% maximum velocity) at each site. We also use a
mean-fit of synoptic conductivity-temperature-depth (CTD)
and shipboard ADCP measurements from Johnson et al.
(2002) to validate EUC velocity and transport. The mean-
fit is primarily based on equatorial measurements taken over
the 1990s (Johnson et al., 2002), which is shorter than the
multi-decadal periods used for the TAO/TRITON observations,
reanalyses, and models. Since the EUC exhibits decadal
variability (Kuntz and Schrag, 2021), any comparison must
be made with caution. As such, we generally compare the
reanalyses and models to the TAO/TRITON observations rather
than the Johnson et al. (2002) mean-fit. Additionally, we
compare EUC and LLWBC transport and seasonality to several
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observational estimates quoted in past studies (compiled in
Supplementary Table 3).

We also compare the CMIP models to five ocean
reanalysis products, which synthesize observational data via data
assimilation. These are the CMCC Global Ocean Reanalysis
System (C-GLORS), Ocean Reanalysis System 5 (ORAS5),
Global Ocean Data Assimilation System (GODAS), Simple
Ocean Data Assimilation (SODA) ocean/sea ice reanalysis and
the German contribution to the Estimating the Circulation
and Climate of the Ocean project (GECCO3). The reanalysis
climatologies are calculated using data over 1993-2018 for C-
GLORS, ORAS5 and GODAS, 1980-2017 for SODA, and 1980-
2018 for GECCO (Supplementary Table 4).

Transport calculations

We calculate oceanic transport using velocity in the flow
direction within a fixed depth and width range, based on the
long-term annual mean velocity. We define EUC transport
as the eastward velocity between £2.5° and 0-350 m, similar
to the previous studies (Sen Gupta et al, 2012; Karnauskas
et al.,, 2020). For most models and reanalysis products, these
boundaries amply capture the EUC core without including
nearby westward flow, such as the South Equatorial Current
(SEC; Supplementary Figures 1-4). To find EUC maximum
velocity and depth, we reduce the latitude range to £2.2°.
As the LLWBCs generally follow the coastlines, we integrate
meridional velocity in the upper 750 m between the coast and
a vertically uniform distance offshore (4° for the MC; 7° for the
NGCU; Supplementary Figures 5-8). We tested the sensitivity of
transports to integration boundaries and velocity criteria. We
find the magnitude of transport varies by a small amount with
definition; however, our conclusions are qualitatively unchanged
(Supplementary Figures 9A-C).

To examine Ekman divergence and interior basin
convergence in the CMIP ensembles, we calculate meridional
transport across the Pacific at +-8° (east of the LLWBCs). We
derive the meridional Ekman transport (V) using the zonal
wind stress (ty), and calculate the interior convergence (Vi)
as the net transport above 500 m minus the Ekman transport,
such that

Tx
VErk = — (1)
pof
Vint = Vo—500m — VEk 2

where pp is the reference water density (= 1,025 kg m~3) and
f is the Coriolis frequency. This definition captures meridional
transport at EUC depths in a way that is robust to model
differences in Ekman transport depths and structural projected
changes (e.g., isopycnal and LLWBC depth changes). For
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comparison, the net transports of interior and LLWBCs at
depths of 0-60 m and 60-300 m in reanalysis products, OFAM3
and CMIP ensembles are listed in Supplementary Table 5.

We also derive vertical transport into the upper 500 m of the
tropical Pacific using continuity. For this, we add the transport
along £8° and the along the western border of the Pacific.
The west border includes the transport between Borneo and
Mindanao and the ITF. We define the ITF as the transport
between the western-most longitude of Australia (~113°E) and,
depending on the model topography, Borneo or Indonesia
(Figure 1). There are regions where unaccounted transport may
enter or leave this domain in some models (e.g., the Torres
Strait) and we do not account for the vertical transport across
the ocean surface related to evaporation and precipitation.
We exclude the output of several models from the budget
with unrealistic interior or western border transports (excluded
models listed in Supplementary Tables 1, 2).

Statistical analysis

We typically quote CMIP multi-model median (MMM)
metrics and the associated ensemble interquartile range (IQR).
We determine the significance (p < 0.05) of projected changes
using the Wilcoxon signed-rank test and the differences between
CMIP generations using the Mann-Whitley rank test. We
measure the strength and direction of a monotonic relation
between the two variables by applying the non-parametric
Spearman rank correlation (r), where the associated significance
is based on a two-tailed t-test. Inferences based on these tests
may be overly confident, particularly as the assumption of
sample independence is not fully satisfied (e.g., CMIP models are
not independent of each other and share common components).

Results

Mean state representation

In this section, we examine the model representation of
the EUC, MC, and NGCU in comparison to observations
and reanalysis products. We examine maximum velocity and
the corresponding depth, as well as the long-term mean and
seasonal cycle of transport.

Equatorial Undercurrent

The EUC typically sits between £2° latitude and reaches a
maximum of ~1.15 ms ™! near 240°E in the TAO/TRITON and
Johnson et al. (2002) observational climatologies (Figure 2A).
There is a broad spread of maximum EUC velocities in reanalysis
products (Figure 2A). Moreover, C-GLORS and GODAS exhibit
good agreement with the observations across the basin, and
SODA overestimates velocities in the eastern basin (Figure 2A).
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FIGURE 2

Equatorial Undercurrent mean state and the future changes. The mean state (upper panels) and projected change (lower panels) for (A)
maximum EUC velocity, (B) transport, (C) depth of maximum EUC velocity, and monthly mean transport at (D) 156°E, (E) 200°E, and (F) 250°E.
Shown are CMIP6 (purple) and CMIP5 (green) multi-model median (MMM; solid lines) and interquartile range (shaded), OFAM3 (blue lines),
reanalysis products (black/blue broken lines), TAO/TRITON moorings (red circles) and the Johnson et al. (2002) observational mean-fit (dark red
crosses). In lower panels, dashed lines indicate where MMM projected changes are not significant. Pink crossed lines indicate where CMIP5 and

On the other hand, ORAS5 and GECCO3 are consistently
weak, particularly around the central and eastern Pacific-where
the EUC is strongest (Figure 2A). The CMIP ensembles also
systematically underestimate EUC maximum velocities in the
central and eastern Pacific compared to observations but lie
within the broad range of reanalysis estimates (Figure 2A).

The slow velocity bias in CMIP6 shows some improvement
over the western and central Pacific (west of ~230°E), but the
differences to CMIP5 are only significant at a few longitudes
(Figure 2A). OFAM3 shows a slow bias over the western and
central Pacific (west of ~240°E), but the maximum velocity
peaks further east than observed, with a fast bias before reaching
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the Galapagos Islands (Figures 1, 2A). As the EUC does not
always sit on the equator, these primarily equatorial observations
may underestimate the maximum velocities, which suggests
the slow (fast) biases may be larger (smaller) than indicated
(Johnson et al., 2002; Leslie and Karnauskas, 2014).

The transport of the EUC in C-GLORS, GECCO3 and
ORAS agrees well with observations, with weaker transports
in GECCO3 and ORAS than in C-GLORS in the eastern
Pacific (Figure 2B). On the other hand, GODAS and SODA3
strongly overestimate transport over the central and eastern
Pacific (Figure 2B, Table 1). The larger transports in these two
reanalysis products are related to a less pronounced eastward
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TABLE 1 Summary of historical and projected transport changes.

10.3389/fclim.2022.933091

Observed Reanalysis OFAM3 CMIP6 CMIP5
%A MMM (IQR) %A MMM (IQR) %A
Equatorial Undercurrent
165°E 15-32 24-34 16 29 (27-34) 32 (28-36)
A3.8 +23% A 1.1 (—0.08-1.6) +4% A 2.8 (—0.19-4.2) +9%
200°E 30-32 31-47 24 34 (32-38) 36 (33-40)
Al2 +5% A0.22 (—1.3-0.85) +1% A0.73 (—0.7-3) +2%
250°F 21 18-41 21 22 (19-24) 24 (22-26)
A—1 —5% A —057(=1.1-0.16) —3% A —0.61(—1-0.03)  —3%
Mindanao Current
8°N From —18 to —25 From —12 to —32 —-23 —29 (from —26 to —32) —30 (from —25 to —36)
A25 —11% A 4.2 (1.6-5.4) —14% A 2.7 (1.9-4.5) —-9%
New Guinea Coastal Undercurrent
8°S 15-29 14-36 17 27 (24-32) 30 (26-36)
A 4.6 +26% A 2.6(1.6-4) +10% A3.1(1.3-5.5) +11%

H, Historical transport (Sv); A, Projected transport change (future minus historical; Sv); A%, Percent projected change; MMM, Multimodel median (Sv); IQR, Interquartile range (Sv).
Transports (Sv) of the Equatorial Undercurrent, Mindanao Current and New Guinea Coastal Undercurrent in observations, reanalysis products, OFAM3, CMIP6, and CMIP5 ensembles.

Historical estimates provided in upper row with projected changes. Observations and reanalysis products shown as minimum to maximum; CMIP shown as MMM and interquartile ranges

(IQR) in brackets. Corresponding modeled projected changes (A) shown in the row below historical (H) estimates and include percent change (in brackets). Statistically significant CMIP

ensemble projected changes are bold. Observations and reanalysis product estimates are given as minimum to maximum. Observations are based on the range of long-term measurements

from literature (measurement period less than a year excluded; see Supplementary Table 3

“thinning” of the EUC (Supplementary Figure 3). Also, GODAS
and SODA3 use the same ocean model but do not use the
same surface flux forcing or resolution that explains the larger
transports (Supplementary Table 4). In CMIP6 and CMIPS5,
the MMM transports are systematically overestimated in the
western Pacific, with some improvement in CMIP6 (Figure 2B).
The CMIP MMM transports are in better agreement with
observations further east-in the region where there is a weak
bias in the velocity (Figures 2A,B).

In OFAM3, the EUC transport is generally lower than in
the Johnson et al. (2002) mean-fit (Figure 2B). OFAM3 is also
weaker than the CMIP6 and CMIP5 MMMs in the western
Pacific, despite relatively similar maximum velocities because
the EUC is much broader in the coarse resolution models
(and reanalysis products). The relatively low EUC transports
in this run of OFAM3 may be related to the JRA-55 bulk
formula atmospheric forcing used since the previous ERA-
Interim forced OFAM3 run had stronger equatorial easterlies
(Supplementary Figure 10) and EUC transport (Qin et al., 2016).

The depth of the EUC (defined as the depth of maximum
EUC velocity) rises eastward from about 200-75m in
observations (Figure 2C), typically following the thermocline
(Johnson et al, 2002). We find reanalysis products are
systematically shallow in the west compared to observations
(Figure 2C). Similarly, in both CMIP model ensembles, the
EUC is shallower than the observations to the west of the
dateline, while broadly consistent with observations in the
east (Figure 2C). The EUC in CMIPE6 is significantly shallower
(MMM difference of 21 m at 265°E) than in CMIP5 east of
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~240°E (Figure 2C). In OFAMS3, the EUC sits near the observed
depth over the western and central Pacific and is too deep in the
east, leading to a weaker east-west gradient (Figure 2C).

The EUC has a robust seasonality in observations,
reanalysis products, and models. In observations, the EUC
is strongest around May in the eastern Pacific, peaking later
in June over the central and western Pacific (Johnson et al,
2002) regions. The annual cycle peak is, in part, associated
with a weakening of equatorial easterlies that reduces the
surface SEC and the westward momentum imparted on the
EUC (Kessler, 2006). The westward-propagating trade wind
seasonality also influences the EUC by triggering equatorial
Kelvin and Rossby waves (Kessler, 2006). The seasonal timing
of EUC transport is reproduced in the reanalysis products,
with annual ranges of 31-47Sv at 200°E (Figure 2E). In
CMIP6 and CMIP5, the seasonal intensification in the western
basin (at 156°E) broadly occurs over April-July, compared
to the observed June peak (Figure2D). The large MMM
transport and inter-model spread is likely influenced by the
seasonality of the eastward North Equatorial Counter Current,
which is included within the EUC transport definition around
April in some models. The CMIP MMM seasonality in the
central Pacific is broadly consistent with the observations
and reanalysis products, but the seasonal peak occurs a
month later than reanalysis products in the eastern Pacific
(Figures 2E,F). The large MMM transport and inter-model
spread is likely influenced by the seasonality of the eastward
North Equatorial Counter Current, which is included within
the EUC transport definition around April in some models.
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The monthly transport in the western Pacific is significantly
weaker in CMIP6 (Figure 2D). However, the seasonality timing
did not significantly change between the model generations
(Figures 2D-F).

Mindanao Current

In the northwestern Pacific, the MC travels southward along
the Philippines coastline (Figure 1). Part of the MC feeds into
the Indian Ocean via the ITF (Gordon, 1986; Fine et al., 1994),
while part enters the North Equatorial Counter Current and
EUC in the far western basin (Grenier et al., 2011; Qin et al,,
2015; Wang et al, 2019; Zhou et al, 2021). Based on the
annual mean climatologies, we calculate the magnitude of MC
transport as the southward meridional velocity at 8°N, within
4° (~440km) of the coasts and between the depths of 0-750 m
(Supplementary Figures 5, 6). Except for GECCO, which has a
weak MC (—12 Sv; negative values signify a southward flow),
the other reanalysis range between —25 and —32Sv (Table 1).
This lies above the observational estimate of —18 to —25Sv
(Wijffels et al., 1995; Schonau et al., 2015; Schénau and Rudnick,
2017). Most CMIP models exceed the observed upper bound of
—25 Sv, with IQR of —26 to —32 Svin CMIP6 and —25 to —36 Sv
in CMIP5 (Table 1). The transport MMM and IQR in CMIP5
and CMIP6 are very similar, with no significant difference in
the mean transports (Table 1). The simulated MC transport in
OFAMS3 of —23 Sv is within the observational range (Table 1).

Observational studies find the MC is strongest from March
to May and weakest from September to November, linked to
the strength of the North Equatorial Current and position
of its bifurcation (Qiu and Lukas, 1996; Ren et al, 2018).
There is a lack of observed annual range transport estimates,
but previous model estimates of the annual range are 9-10 Sv
(Qiu and Lukas, 1996; Wattimena et al., 2021). The annual
range in GODAS (11Sv) and C-GLORS (8.2Sv) are broadly
consistent with past model estimates, while the annual range
is much weaker in GECCO3 (2.4Sv), SODA3 (4.1Sv) and
ORAS5 (5.2 Sv; Figure 3A). Excluding GECCO3, the reanalyses
show a March-May peak and a September trough (Figure 3A)
that is broadly consistent with the observed seasonality. The
CMIP6 MMM peak around July is inconsistent with both
observational estimates and reanalysis products (Figure 3A).
The CMIP5 MMM peak around May is in better agreement
with observations, but most individual models and the IQR
show the transport peaks in July (Figure 3A). The CMIP6 MMM
is significantly weaker around the observed peak; otherwise,
the seasonality is not significantly different between CMIP
ensembles (Figure 3A). The MC seasonality in OFAMS3 is
consistent with the observed March-May peak and September—
November trough (Figure 3A). However, the annual range of
3.5Sv is smaller than the range of model estimates from past
studies and four of the five reanalyses (Figure 3A).
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New Guinea Coastal Undercurrent

In the southwestern tropical Pacific, the NGCU flows
through the Solomon Sea and primarily continues to the
Equatorial System through the Vitiaz Strait and Solomon Strait
(Figure 1; Grenier et al, 2011; Gasparin et al., 2012). The
topography of this region is not well-resolved and tends to vary
across the CMIP models (Supplementary Figure 11). As such,
we examine the combined LLWBC transport to the east of
New Guinea before it diverges through the straits—at 8°S in the
Solomon Sea (Figure 1). Specifically, we define NGCU transport
as the northward meridional velocity within 7° (~770 km) of the
New Guinea coast and above depths of 750 m. This definition
encompasses the core of the northward flow despite very
different simulated NGCU structures (Supplementary Figures 7,
8).

The long-term observational estimates of NGCU transport
passing through the Solomon Sea varies from 15 to 29 Sv
(Cravatte et al, 2011; Gasparin et al, 2012; Kessler et al.,
2019). The NGCU transport in four reanalyses (14-27 Sv) is
generally consistent with the large range of observations, while
the transport in GECCO3 is much larger than observed (36 Sv).
NGCU transport in the CMIP ensembles is at the high-end of
the observed range: IQR of 24-32Sv in CMIP6 and 26-36 Sv
in CMIP5 (Table 1). The considerable variations in bathymetry
and NGCU structures in the models likely contribute to the
large range of transport estimates (Supplementary Figures 7, 8).
OFAM3 estimates 17 Sv of NGCU transport, which is within the
range of in situ measurements (Table 1).

Seasonal variability in the Solomon Sea is related to basin-
wide wind forcing but complicated by the interaction of
Rossby waves with the coastlines (Melet et al, 2010). The
annual gyre spin-up increases equatorward transport around
8°S from August to October, with the weakest transports around
December to February (Melet et al., 2010; Cravatte et al., 2011;
Alberty et al., 2019; Kessler et al., 2019). This seasonality is
generally reproduced in the reanalysis products, OFAM3 and
CMIP ensembles, although the CMIP ensembles show a broader
peak from August to November (Figure 3B). The annual range
of the NGCU in observations is 10 Sv (Kessler et al., 2019) and
estimates from reanalysis products vary between 7.5 and 16 Sv
(Figure 3B). The NGCU annual range is similar to observations
in OFAM3 (10Sv) but much larger in the CMIP ensembles:
19Sv (15-25Sv) in CMIP6 and 23 Sv (15-29Sv) in CMIP5
(Figure 3B).

Future projections

Equatorial Undercurrent

In the future projections, there is a consistent enhancement
of EUC maximum velocity in the far western basin, where
almost all CMIP6 and CMIP5 models project an acceleration
around 150°E (Figure 2A). The MMM maximum velocity is
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FIGURE 3

Monthly transport of the (A) Mindanao Current and (B) New Guinea Coastal Undercurrent in the historical scenario (upper panels) and projected
change (lower panels). Shown are CMIP6 (purple) and CMIP5 (green) multi-model median (MMM; solid lines) and interquartile range (shaded),
OFAMS3 (blue lines) and reanalysis products (black/blue broken lines). MMM projected changes that are not statistically significant are
represented by dashed lines. Pink crossed lines indicate where CMIP5 and CMIP6 differences are statistically significant. In (A), southward
direction is represented by negative values (y-axis reversed), and a corresponding positive projected change indicates a weakening.

projected to increase to the west of ~240°E in CMIP5, while the
enhancement in CMIP6 is lower in magnitude and limited to the
west of ~180°E (Figure 2A). There is a robust projected shoaling
of the EUC in both CMIP ensembles, with the projected shoaling
largest in the west (~25m CMIP6 MMM) that decreases
eastward (Figure 2C). Similar to maximum velocity, the EUC
transport is projected to strengthen in the western Pacific, and
the change is lower in both magnitude and extent in the more
recent CMIP generation (Figure 2B).

There is a significantly lower model spread in velocity and
transport projections around the western and central Pacific in
CMIP6 (Figures 2A,B), as there are less extreme outlier models
that project a much stronger EUC enhancement (e.g., CMIP5
models NorESM1-ME and NorESM1-M). The previous studies
found potential emergent constraints on CMIP projections (e.g.,

Frontiersin Climate

08

Sen Gupta etal, 2016, 2021; Stellema et al., 2019): if the strength
of the historical and projection is related across the models, then
the observational range can be used to constrain the projections.
For the EUC, however, no such inter-model relationships are
evident in the CMIP6 or CMIP5 ensembles.

The projected changes in EUC transport in the CMIP
ensembles are not significant in all months (Figures 2D-F). In
the far western Pacific, the magnitude of the projected changes
varies considerably by season in both CMIP5 and CMIP6
(Figure 2D). Specifically, most models project a significant
increase in transport from December to March and July
to September. Further east, the projected changes are only
significant in some months of the year (Figures 2E,F).

In OFAM3, the EUC transport is projected to strengthen
in the west and weaken in the far east (Figures 2A,B). Over
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the western and central Pacific, OFAM3 projects a relatively
large strengthening of EUC transport despite small or negligible
increases in maximum velocity, which suggests structural (e.g.,
widening) and source water changes (Figures 2A,B). Similar
to CMIP6 and CMIP5, the EUC is projected to be shallower,
particularly in the western Pacific (Figure 2C). The projected
changes of the EUC are typically larger in magnitude than the
CMIP ensembles. However, we emphasize that the projected
change in OFAM3 is not directly comparable to the CMIP
ensembles due to differences in their climatology time slices
(OFAM3: 2070 to 2101; CMIP 2050 to 2101).

Mindanao Current

The MC transport is projected to weaken over the last half
of the 21st century in most models (Figure 3A). Specifically,
the MC decreases by 4.2 Sv (1.6-5.4; —14%) in CMIP6, larger
than the 2.7 Sv (1.9-4.5 Sv; —9%) weakening in CMIP5 (Table 1).
The OFAMS3 also projects a weakening of the MC, with a
reduction of 2.5Sv (—11%; Table 1). Most of the weakening is
associated with transport changes below the core of the MC
(~200m), which results in an overall shoaling of the current
(Supplementary Figure 12B). As with the EUC, there is no
relationship between the strength of historical transport and
the projected change across each CMIP ensemble. The CMIP
ensembles show a similar seasonality in the projected changes,
with the largest MMM decrease around October-December
and the smallest decrease around February-April (Figure 3A).
However, there is low confidence in the seasonality projections
because the CMIP ensembles poorly represent the observed MC
seasonality (Figure 3A).

New Guinea Coastal Undercurrent

All but two of the 28 CMIP6 models project a strengthening
of the NGCU, with a MMM increase of 2.6Sv (1.6-4Sv),
only slightly smaller than the CMIP5 MMM of 3.1Sv (1.3-
5.58v; Table 1). As with the EUC, we find a larger magnitude
projected change of the NGCU (4.6 Sv) in OFAM3 (Table 1).
There is a strong and consistent seasonality of the projected
change in both CMIP ensembles (Figure 3B). Specifically, the
transport strengthens between February and September that
is largest around June-August (Figure 3B). In contrast to the
MC, the projected strengthening is surface intensified with
negligible change below ~250m (Supplementary Figure 12D),
which is consistent with CMIP3 projections (Sen Gupta et al.,
2012). Interestingly, we found that CMIP6 models with weaker
historical transport (i.e., closer to the observational range) tend
—0.46, p
= 0.01). This provides a possible emergent constraint for the

to project a more substantial intensification (r =

projections, which suggests that higher estimates of the future
NGCU strengthening may be more likely.
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Mechanisms driving projected changes

Certain factors that may help explain the EUC projections
are investigated in this section. In particular, we investigate the
role of STC projected changes, including the equatorial and
oftf-equatorial wind forcing and the transport of the LLWBCs,
interior convergence and Ekman divergence.

Low-latitude western boundary currents

The LLWBCs are the largest source of EUC waters in the
western Pacific, with the largest contribution from south of the
equator (Grenier et al., 2011; Qin et al,, 2015). Given the strong
projected EUC intensification west of ~165°E, the injection of
water from the NGCU is potentially an important factor in
the western intensification. Indeed, the NGCU intensification
(2.6, 3.1, and 4.6Sv in CMIP6, CMIP5, and OFAMS3,
respectively) is of similar magnitude to the EUC intensification
at 155°E (2.1, 3.8, and 5.3Sv, respectively). Within the
ensembles, however, inter-model differences in NGCU and
EUC transport projections in the western basin are not
significantly related, despite a significant historical relationship
(Supplementary Figures 13A,B). The varying impact of the
NGCU increase in models may be explained by confounding
model differences in other EUC-related changes, such as the
structural differences and additional source water changes (e.g.,
less MC water contribution).

In addition, the differing model representations of
bathymetry in the Solomon Sea may influence NGCU transport
to the EUC (Melet et al, 2010). In particular, many coarse
resolution models do not resolve a pathway through the Vitiaz
Strait and artificially force NGCU waters to travel further east
near the Solomon Strait (4 CMIP6 and 15 CMIP5 models;
Supplementary Figure 11). As the main NGCU pathways
to the EUC (Grenier et al,, 2011), different upstream paths
through the Vitiaz Strait and Solomon Strait may be playing an
important role in the EUC enhancement and could contribute
to inter-model differences. Interestingly, CMIP models that
resolve both straits tend to project the largest strengthening
through the Vitiaz Strait than further east, whereas the reverse
is seen in OFAM3 and models with a closed Vitiaz Strait
(Supplementary Figure 11).

The northwestward pathway from the Vitiaz Strait to the
EUC is less direct than the path further east near the Solomon
Islands (Melet et al., 2010; Grenier et al,, 2011). Therefore,
an increase in transport around the Solomon Islands may
contribute a more direct increase to EUC transport than via
the Vitiaz Strait pathway along New Guinea. In agreement, we
find that the longitude where the EUC transport increase is
greatest coincides with the Vitiaz Strait in CMIP6 (~148°E) and
Solomon Strait in CMIP5 and OFAM3 (155°E; Figures 1, 2B).
Additionally, all of the CMIP6 models with a closed Vitiaz Strait
also project an EUC increase that is above the IQR, while 5 of
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the 8 CMIP5 models that resolve both straits project an EUC
change below the IQR around 155°E (not shown). As such, this
may explain why inter-model differences in the NGCU increase
are not linearly related to the EUC increase in the western
Pacific (Supplementary Figure 13B) and why the EUC change in
CMIP6 is smaller than in OFAM3 (Figure 2B). It also suggests
the larger EUC change in CMIP5 than CMIP6 is related to an
artifact of coarse model resolution, which coincidently resembles
the response in the eddy-permitting model.

The MC weakening, on the other hand, is inconsistent
with the EUC in MC and
EUC transports are not significantly related within the

enhancement. Variations
CMIP6 ensemble in the mean state or future projections
(Supplementary Figures 13C,D). This is not surprising because
observational studies suggest that a large fraction of the MC
flows to the ITF (Gordon and Fine, 1996; Kashino et al,
2001). Consistent with this, the ITF is also projected to weaken
in CMIP6 by a multi-model mean of 2.8Sv (from —12Sv;
Figure 4), similar to the previous studies (Sen Gupta et al., 2016,
2021; Fengetal., 2018; Stellema et al., 2019). Indeed, we find that
CMIP6 models which project a greater MC weakening also tend
to project a greater ITF reduction (r = 0.48, p = 0.009), although
no equivalent relationship is found in the CMIP5 ensemble
(Supplementary Figures 13D,F). Previous studies found the ITF
weakening is linked to a reduction of deep waters upwelled
over the Pacific in CMIP5 models (Sen Gupta et al., 2016)
and OFAMS3 (Feng et al., 2018). To examine the contribution
of vertical transport from below the EUC, we construct a

10.3389/fclim.2022.933091

closed transport budget (see Transport calculations section
and Figure 4) and derive upwelling from continuity in the
CMIP models. Consistent with past studies, we find upwelling
through the 500 m layer is projected to weaken (Figure 4). The
combination of these results suggests the EUC compensates
for most of the NGCU increase, but only a fraction of the MC
transport decrease (the remainder flows onto the ITF).

While we do not explicitly examine this feature, we also
calculated the transport from the South China Sea to the Celebes
Sea to account for all transport entering or leaving the budget.
This transport is projected to significantly increase by a multi-
model mean of —0.8 Sv (from —3.1Sv) in CMIP6 and —0.3 Sv
(from —3.1Sv) in CMIP5. This is surprising, considering that
most nearby regions examined here are projected to weaken.

Equatorial wind stress

There is a consistent projected decrease in the equatorial
easterlies that is largest around the central and eastern basin
(e.g., CMIP6 MMM decrease of 13% at 225°E; Figure 5A),
similar to CMIP3 and CMIP5 model projections (Sen Gupta
et al.,, 2012; Terada et al., 2020). Terada et al. (2020) found the
projected weakening of equatorial easterlies is consistent with
a reduction of Ekman divergence and upwelling, as well as a
flatter east-west EUC slope in CMIP5 models. In agreement,
we find models with a larger projected weakening of wind
stress also project a greater shoaling of the EUC over most
of the Pacific (Supplementary Figure 14). However, the weaker

ﬁprojected increase
gprojected decrease

FIGURE 4

between 0 and 500 m.

CMIP6 multi-model mean interior and Ekman transport. Arrows indicate the direction of flow in the historical scenario and arrow colors indicate
the sign of the projected changes. Transport values (in Sv) are given inside each arrow in the form: historical A projected change. The interior
transport is calculated from the edge of the LLWBCs. The LLWBCs, ITF and sum of transport through the remaining straits are integrated
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FIGURE 5
Zonal wind stress and wind stress curl. (A) Zonal wind stress at the equator (mean £2°) climatological historical mean (upper panel) and
projected change (lower panel) as a function of longitude. Wind stress curl zonally integrated over the Pacific for the (B) historical mean and (C)
projected change. Wind forcing estimates are shown for CMIP6 (purple) and CMIP5 (green) multi-model median (MMM; solid lines) and
interquartile range (shaded) and the JRA-55 reanalysis product (blue lines). MMM projected changes that are not statistically significant are
represented by dashed lines. Pink crossed lines indicate where differences between CMIP5 and CMIP6 are statistically significant. In (A), easterly
direction is represented by negative values (y-axis reversed), and a corresponding positive projected change indicates a weakening.

equatorial winds would act to weaken the east-west pressure
gradient and the eastward intensification of the EUC, which
cannot explain the western Pacific EUC enhancement (Luo
et al,, 2009; Sen Gupta et al., 2012). Indeed, we do not find the
historical or projection differences among the CMIP models in
basin-wide averaged equatorial easterlies are significantly related
to EUC transport in the western Pacific.

Off-equatorial wind stress curl

The off-equatorial wind stress curl modulates the strength
of LLWBCs on multiple time scales, as it affects the strength of
the potential vorticity barrier that directs water converging onto
the equator (Johnson and McPhaden, 1999; Lee and Fukumori,
2003). Indeed, we find historical LLWBC transport differences
across models co-vary with differences in wind stress curl
(Supplementary Figures 15A,C).

The projected weakening of equatorial easterlies is bordered
by a weakening of the northeasterly trades and a strengthening
of the southeasterly trades. Therefore, the off-equatorial wind
stress curl is projected to decrease to the north and increase to

Frontiersin Climate

11

the south of the equator (Figures 5B,C). Sen Gupta et al. (2012)
suggest that similar LLWBC projections in CMIP3 are consistent
with the off-equatorial wind stress curl driving a redistribution
of interior and boundary convergence. In agreement, the wind
stress curl anomalies are consistent with the transport projected
changes of both LLWBCs in CMIP6 and CMIP5 models.
Specifically, models that simulate a larger projected increase
in wind stress curl (mean 8 £ 1°S) also simulate a larger
projected increase of NGCU transport (CMIP6 r = 0.81, p <
0.001; CMIP5 r = 0.95, p < 0.001; Supplementary Figure 15B).
Similarly, models with larger projected decreases in wind stress
curl (mean 84+1°N) tend to have a larger projected decrease of
MC transport (CMIP6 r = 0.69, p < 0.001; CMIP5 r = 0.68,
p < 0.001; Supplementary Figure 15D). This suggests the basin-
wide changes in wind forcing are driving the MC weakening and
NGCU strengthening in the models.

Ekman and interior transport
The EUC is a part of the overturning circulation of the
tropical and subtropical cells: where interior and boundary
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thermocline water converge into the EUC and diverge at the
surface by Ekman transport. Here, we examine the flow into and
out of the tropical Pacific in the upper 500 m.

We first examine the Ekman transport changes, based on the
zonal wind, at 8°N and 8°S. The Ekman divergence helps us
understand the strength of STCs in the Ekman layer (Klinger
and Marotzke, 2000). However, it will not necessarily match
the amount of water upwelling and diverging away from the
EUC, as some may recirculate closer to the equator within the
tropical cells (Johnson and McPhaden, 1999). In CMIPS6, there
is a multi-model mean net projected decrease of divergence (i.e.,
the sum of Ekman transport at 8°N and 8°S) of 2.2 Sv (—4%
from —62Sv; Figure 4). At 8°N, the total northward Ekman
transport is projected to weaken by —3.2 Sv from 35 Sv. On the
other hand, the southward Ekman transport increases by —1 Sv
(from —28 Sv; Figure 4), with some weakening in the eastern
Pacific. In contrast to CMIPG6, there is no significant divergence
change in CMIP5 because the MMM decrease of northward
Ekman transport is compensated by the increase in southward
Ekman transport (both 1.9 Sv). This is reflected by the different
amounts of model agreement in CMIP6 and CMIP5. All CMIP6
models agree on the divergence decrease, compared to 14 of
25 CMIP5 models. Interestingly, the model disagreement is
primarily in the Southern Hemisphere for CMIP6 and in the
Northern Hemisphere for CMIP5.

The boundary
convergence is calculated here as the net transport between

interior ~thermocline and western
0-500 m at +8°, with Ekman transport removed (see Transport
calculations section). There is a net projected decrease in the
convergence of —4.8 Sv (—7% from 69 Sv) in the CMIP6 multi-
model mean. The weakening is predominantly from the north
(—4.7 Sv), while there is a small net decrease from the south
(—0.1Sv). Here, all but one CMIP6 model agree on a weakening
of interior transport from the north, while, like the Ekman
transport, only 60% of CMIP5 models project a weakening.
Studies suggest that the variability of interior thermocline and
western boundary flow tend to approximately compensate for
each other across a range of timescales (McPhaden and Zhang,
2002; Lee and Fukumori, 2003). Consistent with this, we find
the NGCU increase (0-500 m, 4.2 Sv) is mostly compensated by
a decrease in south interior transport (—4.3 Sv) in the CMIP6
multi-model mean (Figure 4). On the other hand, both the MC
(—2.6 Sv) and north interior transport (—2.1Sv) are projected
to weaken (Figure 4).

While there are many similarities between the CMIP6
and CMIP5 ensembles, the tropical budget suggests some
important differences in the projected changes (Figure 2B).
0.04)
larger magnitude weakening of convergence from the north
than CMIP5 (—4.7 Sv in CMIP6; —2.5Sv in CMIP5; Figure 4;
Supplementary Figure 16). This is broadly consistent with the

The CMIP6 ensemble projects a significantly (p =

weaker CMIP6 EUC transport increase in the western Pacific
(Figure 2B). In addition, CMIP6 projects a larger decrease
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in interior transport from the south (—4.3Sv in CMIP6;
—2.7Sv in CMIP5). The larger magnitude of weakening is
not compensated by the NGCU increase, which is similar
(4.2Sv in CMIP6; 3.9Sv in CMIP5). However, these multi-
model mean boundary and interior transport differences are not
statistically significant between CMIP6 and CMIP5. In OFAM3,
the larger western Pacific EUC enhancement appears to relate to
a larger NGCU increase, combined with a smaller MC decrease
(Supplementary Figure 17). Otherwise, the projected divergence
and interior convergence changes in OFAM3 are relatively
similar to the CMIP ensemble means (Supplementary Table 5).

Summary and discussion

This study examines the representation and the high-
emissions future projections of the Pacific EUC and its source
waters using two generations of CMIP ensembles and an
eddy-permitting ocean model. In particular, we examine the
multi-decadal mean and seasonality of the EUC, MC, and
NGCU across models. We assess the model representation in
comparison to observational data and five ocean reanalysis
products. We also investigate the mechanisms driving EUC
projected changes, focusing on the role of LLWBC and interior
thermocline convergence. In summary, our results provide the
following new insights:

e There are some minor improvements of multi-decadal
mean EUC representation in CMIP6 models, particularly
in model spread, and the seasonality of the EUC and MC is
poorly represented in CMIP5 and CMIP6 models.

e The high-resolution ocean model simulates a more realistic
seasonality of the EUC and LLWBC:s, but the strength of the
EUC is weaker than observations and the CMIP ensembles.

e There is a projected enhancement and shoaling of the
EUC and NGCU and weakening around the thermocline
of the MC, south and north interior convergence, which
is generally consistent with OFAM3 projections and the
previous studies (e.g., Luo et al., 2009; Sen Gupta et al.,
2012).

e The projected NGCU intensification in the CMIP
ensembles is strongest around the time of its seasonal
peak, while the seasonality of the MC weakening is
less pronounced and highly uncertain due to the poor
historical representation.

e The projected EUC enhancement is weaker in CMIP6
than CMIP5 and strongest in OFAM3, and these inter-
model differences are not related to the differences in mean
historical current strength.

e The ensembles mean LLWBC projections did not
significantly change between the CMIP generations, and
similar to the EUC, the NGCU intensification is stronger
in OFAM3 than CMIP ensembles.
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e The EUC changes are likely related to a combination
of stronger and weaker source waters, since the strength
of individual source or wind forcing changes could
not individually explain inter-model differences across
CMIP ensembles.

The maximum velocity of the EUC in CMIP ensembles
is systematically weak over the central and eastern Pacific
(Figure 2A). Several previous studies also found this weak
bias, which they find may be linked to low model resolution
(Karnauskas et al., 2012; Busecke et al., 2019; Kuntz and
Schrag, 2020). Despite an overall increase in model resolution
(Supplementary Tables 1, 2), we do not find that velocity
strength significantly improved over this region in CMIP6
(Figure 2A). Although, Karnauskas et al. (2020) identified minor
improvements in EUC velocity (1990’s mean) to the east of
~200°E in CMIP6. Similar to previous studies (e.g., Karnauskas
et al, 2020), we do not find the systematically weak EUC
velocity translates into weak transports in the CMIP ensembles
(Figure 2B). We find that EUC transport improved around
the western and eastern Pacific in CMIP6, but both MMM
transports are generally too strong in the western Pacific
(Figure 2B). The depth of the EUC to the west of the dateline
is typically too shallow in both ensembles, which did not
significantly improve in CMIP6 (Figure 2C). EUC seasonality
in CMIP ensembles compares well with reanalysis products
around the central Pacific (Figure 2E). However, the ensembles
do not reproduce the observed east-west variation in seasonality
(Figures 2D-F; Johnson et al., 2002). The CMIP6 and CMIP5
ensembles typically simulate LLWBC transports around the
high end of the observed range (Table 1), and they could not
reproduce the observed seasonality of the MC (Figure 3A).

In the high-resolution ocean model OFAM3, EUC transport
and velocity (to a lesser extent) are too weak over the
western and central Pacific and peaks too far to the east
(Figures 2A,B). This may be partly related to the atmospheric
forcing used, as a previous model version is driven by stronger
equatorial easterlies (Supplementary Figure 10) produced more
realistic EUC strength (Qin et al., 2015). EUC seasonality and
LLWBCs are generally well represented in OFAM3 (Table 1;
Figures 2D-F, 3A,B).

In the future climate scenarios, the EUC is projected to be
stronger in the western Pacific in CMIP6, CMIP5 and OFAM3
(Figures 2A,B). We investigate several wind-driven mechanisms
that might explain the EUC projections and the differences
across models. The transport along the EUC is primarily driven
by the equatorial winds and off-equatorial wind stress curl
(Johnson and McPhaden, 1999; Lee and Fukumori, 2003). As
described by Sen Gupta et al. (2012), the projected wind stress
curl strengthening in the Southern Hemisphere (Figure 5C)
is consistent with an intensification of the NGCU at the
boundary and a weakening of interior thermocline convergence
(Figure 4). This redirection of convergence pathways explains
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the EUC enhancement in the western Pacific that is gradually
balanced by weaker interior thermocline convergence further
east (Figures 2A,B). In addition, we find the wind stress curl
weakening in the Northern Hemisphere is consistent with
an overall weakening of the MC, interior convergence and
Ekman divergence (Figure 4). However, the compensation for
each weakening source by the EUC is unclear. In particular,
the MC weakening likely contributes to the projected ITF
weakening to a greater extent than the EUC. Additionally,
the projected weakening of equatorial easterlies (Figure 5A) is
also expected to drive a weakening of the EUC related to a
reduction of the east-west pressure gradient. However, inter-
model differences in the basin-wide weakening of equatorial
easterlies are not significantly related to the EUC projections in
the CMIP ensembles.

While the projections and driving mechanisms are
qualitatively similar across the CMIP model generations and
the eddy-permitting model, we find a number of differences
in the magnitude of projected changes. The projected EUC
enhancement in the west Pacific is weaker in CMIP6 than
the previous generation, but strongest in the eddy-permitting
model, which is not related to differences in the simulated
historical strength of the EUC (Figures 2A,B). The stronger
EUC enhancement in the eddy-permitting model is consistent
with the larger projected NGCU strengthening combined with a
smaller weakening of MC and interior source waters. While it is
not possible to directly compare CMIP ensembles and OFAM3
due to the different time periods considered, this suggests the
eddy-permitting model may be more sensitive to the future
atmospheric changes than the coarse resolution CMIP models.

Although the NGCU increase is thought to be the primary
source of the EUC increase, the strength of the NGCU change
does not explain the smaller EUC change in CMIP6 or the
inter-model differences within the CMIP ensembles. However,
the smaller EUC change in CMIP6 is consistent with a larger
weakening of MC and interior source waters offsetting the
increased transport from the NGCU. Inter-model differences in
the strength of the EUC projections are not explained by the
strength of individual source water or wind forcing changes.
This may reflect that there are multiple mechanisms affecting the
change in EUC strength associated with different currents, flow
pathways, and structural model differences, rather than suggest
the models disagree on the underlying cause. In particular, the
model differences may be related to the amount of transport
that each source contributes to the EUC. For example, Sen
Gupta et al. (2012) suggest that the projected MC reduction
in transport may primarily flow on to the ITE but the relative
proportion of water the MC supplies to EUC and ITF may
vary between the models. Additionally, the direct contribution
of increased NGCU transport to the EUC may be affected by
model differences in the representation of bathymetry out of the
Solomon Sea. The NGCU increase in OFAM3 predominantly
flows northeastward along the most direct route to the EUC
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(Melet et al., 2010; Grenier et al., 2011), while in most CMIP
models it is largest along the western-most coastline. However,
the western-most path is not resolved in many CMIP5 models,
which forces all NGCU transport to flow further east via the
more direct pathway to the EUC. These pathway differences
to the EUC are likely a factor in the lack of a robust NGCU
and EUC inter-model relationship. Since the majority of CMIP6
models project a large fraction of increased NGCU water along
a less direct pathway to the EUC, it may also explain why the
western Pacific EUC enhancement in CMIP6 is smaller than in
OFAM3 and CMIP5.

Validating models can help future model improvements
and provides confidence in climate change projections. Because
of the low availability of sustained observational data, there
are limitations of our model validation associated with
observational uncertainty and estimates that represent shorter
timescales than the models. Reanalyses are powerful tools for
model validation (Storto et al,, 2019), however, our results
underscore the need to carefully assess their performance as
well. We found that, despite the observational constraints, the
range of transport estimates across reanalyses is often wider
than CMIP IQRs (Table 1). In several cases, reanalysis products
showed similar systematic biases to the CMIP ensembles,
such as overestimating LLWBC transport (Table 1) or were
extreme outliers. For example, GECCO3, which uses the
relatively uncommon adjoint data assimilation approach (Kohl,
2020), underestimated the MC and overestimated the NGCU
(Figures 2A,B).

The projected circulation changes of the equatorial Pacific
have several implications for biogeochemical processes and
marine ecosystems. The EUC enhancement may increase
topographic upwelling around islands in the western and central
equatorial Pacific (Karnauskas and Cohen, 2012). The additional
upwelling of cool, nutrient-rich water may help offset the
negative effects of hotter ocean temperatures and weaker wind-
driven upwelling (Karnauskas and Cohen, 2012). However, the
weaker EUC enhancement in CMIP6 (Figures 2A,B) suggests
the mitigating effect for these coral reef ecosystems will be
less effective (Karnauskas et al., 2016). Moreover, the projected
changes in source waters may alter EUC water mass properties,
even in the eastern equatorial Pacific, where projected transport
changes are not significant (Figures 2A,B). In particular, the
NGCU intensification may lead to an increase in iron supply
from the New Guinea margin to the iron-limited eastern Pacific.
Conversely, the projected weakening of wind-driven upwelling
may reduce nutrient supply to the surface and may also act to
warm the eastern equatorial Pacific (Graffino et al., 2019; Terada
et al., 2020). Further examination of the combined effects of
circulation, water temperature, biological activity and the future
alkalinity changes is needed to understand the environmental
and ecosystem impacts.
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