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1.  Introduction
Extratropical atmospheric variability, either resulting from internal climate variability (e.g., Chang et al., 2007; 
Hasselmann,  1976) or in response to an anomalous forcing of the climate system (e.g., Hwang et  al.,  2017; 
Kang et al., 2008), can influence the tropics through coupled ocean-atmosphere interactions. Due to the global 
influence of the El Niño-Southern Oscillation (ENSO), extratropical forcing of ENSO variability is of particular 
interest. Many studies (e.g., Chang et al., 2007; Larson & Kirtman, 2013, 2014; Lu et al., 2017; Ma et al., 2017; 
Pegion & Selman, 2017; E. E. Thomas & Vimont, 2016; Vimont et  al., 2003) have shown that variations in 
the Pacific Meridional Mode (PMM: Amaya,  2019; Chiang & Vimont,  2004), the second leading mode of 
North Pacific ocean-atmosphere variability, can communicate extratropical variability to the tropics via the 
Wind-Evaporation-Sea Surface Temperature (WES: Xie & Philander, 1994) feedback. This stochastic extratrop-
ical forcing on the tropics may then excite the tropical Bjerknes feedback (Bjerknes, 1969) and develop into an 
El Niño or La Niña event.

In addition to interannual extratropical forcing (Nonaka et al., 2000, 2002), factors which have been shown to elicit 
tropical responses include sustained extratropical forcing from idealized perturbations (Kang et al., 2008, 2009), 
ocean thermohaline circulation changes (Dong & Sutton, 2002; R. Zhang & Delworth, 2005), sea ice changes 
(Chiang & Bitz, 2005; Mahajan et al., 2011), and aerosol forcing (Verma et al., 2019; Yoshimori & Broccoli, 2008). 
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The Extratropical-Tropical Interaction Model Intercomparison Project (ETINMIP: Kang et al., 2019) builds on 
this work and seeks to understand the dynamic linkages between extratropical forcing and subsequent tropi-
cal responses in realistic coupled global climate models (GCMs). In ETINMIP, a zonally uniform reduction 
in top-of-atmosphere (TOA) solar insolation is continuously applied to multiple GCMs in either the Northern 
Hemisphere (NH) or Southern Hemisphere (SH) extratropics. In the equatorial Pacific Ocean, a La Niña-like sea 
surface temperature (SST) pattern is a robust response across models in the long-term, multi-model mean under 
both the NH and SH ETINMIP forcing (Kang et al., 2019, 2020).

While several studies have used atmospheric GCMs thermodynamically coupled to motionless slab ocean models 
to suggest an idealized surface pathway of WES-driven extratropical forcing of the tropics (Hsiao et al., 2022; 
Hwang et al., 2017; Kang et al., 2014, 2020), Kang et al. (2020) show that the La Niña-like response to NH extra-
tropical forcing is only present when the ocean is allowed to dynamically adjust. They explain this difference by 
suggesting that cooled subtropical waters upwell in the Eastern Equatorial Pacific (EEP) via the climatological 
subtropical cells (STCs: McCreary & Lu, 1994; Z. Liu, 1994) and that these cooler waters then create a zonal 
gradient in SST via the Bjerknes feedback. This subsurface pathway (Burls et al., 2017; Heede et al., 2020; Z. Liu 
& Huang, 1997; E. E. Thomas & Vimont, 2016) is one conduit by which extratropical variability influences the 
tropics (England et al., 2020; Luongo et al., 2022; Stuecker et al., 2020; Vannière et al., 2014; Wang et al., 2018). 
However, despite a strong subtropical atmospheric response, Y. Zhang et al. (2021) show that equatorial SST 
variability is suppressed in the presence of mean equatorial upwelling alone, suggesting the importance of surface 
processes in inducing and sustaining a forced tropical response.

Although the subsurface adjustments may provide the initial cooling needed to create the La Niña-like 
quasi-equilibrium response, these discussions ignore an important kinematic spatial pathway of coupled surface 
ocean-atmosphere processes which amplify and maintain the decadal to centennial response of the tropi-
cal Indo-Pacific to aerosol-like forcing. In this study we explore a pathway by which three coupled feedback 
processes, the low cloud-SST, WES, and Bjerknes feedbacks, communicate NH extratropical cooling to the 
tropical Pacific and sustain a La Niña-like quasi-equilibrium response. We employ a series of wind stress lock-
ing experiments from Luongo et al. (2022) to partition the ocean's fully coupled response into buoyancy-forced 
and momentum-forced adjustments. We show that the subtropics are dominated by buoyancy-forced modes 
(Section 3.1), while zonal tropical modes are momentum-forced (Section 3.2). We discuss what these wind stress 
locking simulations imply for tropical mode phase estimation (Section 4.1) and the extent to which the proposed 
coupled process pathway is robust across ETINMIP member models (Section 4.2). We conclude in Section 5.

2.  Experimental Design and Methods
2.1.  GCM Simulations

We use the output from five experiments carried out with version 1.2.2 of the Community Earth System Model 
(CESM: Hurrell et  al.,  2013) in a standard, coupled pre-industrial configuration with atmosphere and land 
components run on a nominally 2° horizontal resolution and ocean and sea ice components run on a nominally 
1° horizontal resolution. We force CESM with a hemispherically asymmetric aerosol-like radiative forcing by 
abruptly reducing TOA solar insolation from 45–65°N following the ETINMIP NH Extratropical forcing proto-
col (Figure S1 in Supporting Information S1). This forcing corresponds to an annual-mean, zonal-mean forcing 
of approximately −45 Wm −2 at 55°N, or about −1.6 Wm −2 globally averaged.

To decompose the ocean's total response into surface buoyancy forcing alone and surface momentum forcing 
alone, we output daily wind stress from a freely evolving unforced pre-industrial control case (Clim1) and an 
NH ETINMIP forcing case (Clim2). We then globally override surface ocean wind stress at each daily coupling 
step in three experiments: an unforced case where wind stress is prescribed from Clim1 but offset by a year 
(Tau1S1, our mechanically decoupled control), an NH ETINMIP forced experiment with unforced wind stress 
from Clim1 (Tau1S2), and an experiment without radiative forcing but with forced wind stress prescribed from 
Clim2 (Tau2S1). We approximate the ocean's total response to this aerosol-like TOA insolation reduction (fully 
coupled: FC = Clim2-Clim1) as the linear sum of the ocean's response to the change in surface buoyancy forcing 
(buoyancy-forced: BF = Tau1S2-Tau1S1) and the ocean's response to the change in surface wind stress forcing 
(momentum-forced: MF = Tau2S1-Tau1S1):

FC ≈ BF + MF .� (1)
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By overriding wind stress, we build on prior studies which have mechanically decoupled the ocean from the 
atmosphere through wind stress overriding (e.g., Gregory et al., 2016; Larson et al., 2018; W. Liu et al., 2018; 
Luongo et al., 2022). While overriding wind stress and mechanically decoupling the ocean and atmosphere inev-
itably influences the climate, Luongo et al. (2022) show that these decoupling nonlinearities are small compared 
to the forced responses. We emphasize that our protocol overrides surface wind stress rather than total wind: MF 
isolates the Ekman adjustment, while wind speed effects [e.g., for turbulent heat fluxes as overridden by Mahajan 
et al. (2009) or Smirnov and Vimont (2012)] are retained within BF. To minimize the effects of internal varia-
bility within CESM, we run three realizations of each of these five cases with slightly different initial conditions 
(Kay et al., 2015) and present the ensemble mean of the three realizations throughout this study. Lastly, as we are 
interested in the quasi-steady state response of the ocean-atmosphere system in this paper, we focus on the aver-
age of the last 40 years of the 50-year simulations. Because these 40-year averaged SST patterns (Figure 1)  agree 
well with the “long-term” (100–150 year average, Figure S2 in Supporting Information S1) response of CESM 
to NH ETINMIP forcing, we consider this the quasi-equilibrium response of the surface ocean. See Table S1 in 
Supporting Information S1 or Luongo et al. (2022) for further simulation details.

2.2.  Ocean Mixed Layer Heat Budget

To attribute the dynamic drivers of specific SST patterns, we perform an energy budget analysis of the ocean 
mixed layer (e.g., Hwang et al., 2017; Xie et al., 2010):

𝜌𝜌0𝐶𝐶𝑝𝑝𝐻𝐻
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑄𝑄′

𝑛𝑛𝑛𝑛𝑛𝑛 +𝐷𝐷′

𝑜𝑜 = 𝑄𝑄′

𝑆𝑆𝑆𝑆
+𝑄𝑄′

𝐿𝐿𝐿𝐿
+𝑄𝑄′

𝑆𝑆𝑆𝑆
+𝑄𝑄′

𝐿𝐿𝐿𝐿
+𝐷𝐷′

𝑜𝑜 .� (2)

Figure 1.  Top row: Sea surface temperature (colorfill and white contours) for FC (a), BF (b), and MF (c) with 850 hPa near-surface wind vectors. Bottom row: 
Equatorial (averaged over 5°S–5°N) temperature depth-profile (colorfill and white contours) for FC (d), BF (e), and MF (f). In all plots, temperature has contours 
of 0.1°C and the zero contour is plotted as a thick white line. Decadal average temperature responses which are not signficant at the 90% confidence level using a 
two-sided Student T-test are stippled. In the bottom row, the σ0 = 25 kg m −3 isopycnal of the control simulation is plotted as a thick black line.
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Above, the left-hand side is the product of seawater density (𝐴𝐴 𝐴𝐴0 , assumed to be constant), ocean heat capacity (𝐴𝐴 𝐴𝐴𝑝𝑝 ), 
mixed layer depth (𝐴𝐴 𝐴𝐴 ), and temperature tendency (𝐴𝐴 𝐴𝐴𝐴𝐴 ∕𝜕𝜕𝜕𝜕 ). The right-hand side is the sum of net surface heat 
flux perturbations, 𝐴𝐴 𝐴𝐴′

𝑛𝑛𝑛𝑛𝑛𝑛
 , and horizontal divergence of three-dimensional ocean heat transport, 𝐴𝐴 𝐴𝐴′

𝑜𝑜 , which includes 
advective and diffusive processes. Because ∂T/∂t is near zero in the quasi-equilibrium tropics and subtropics, 
this implies that the change in 𝐴𝐴 𝐴𝐴′

𝑛𝑛𝑛𝑛𝑛𝑛
 , which is the sum of changes in shortwave 𝐴𝐴

(

𝑄𝑄′

𝑆𝑆𝑆𝑆

)

 , longwave 𝐴𝐴
(

𝑄𝑄′

𝐿𝐿𝐿𝐿

)

 , sensible 
𝐴𝐴

(

𝑄𝑄′

𝑆𝑆𝑆𝑆

)

 , and latent heat fluxes 𝐴𝐴
(

𝑄𝑄′

𝐿𝐿𝐿𝐿

)

 , is approximately balanced by 𝐴𝐴 𝐴𝐴′

𝑜𝑜 .

Based on the linear bulk formulation for evaporation, which dominates latent heat flux changes in the tropics 
and subtropics (i.e., 𝐴𝐴 𝐴𝐴′

𝐿𝐿𝐿𝐿
≈ −𝑄𝑄′

𝐸𝐸
 : see Figure S3 in Supporting Information S1), we decompose latent heat flux 

changes into changes from variations in wind speed 𝐴𝐴 (𝑊𝑊 ) , relative humidity 𝐴𝐴 (𝑅𝑅𝑅𝑅) , air-sea temperature gradient 
𝐴𝐴 (𝑆𝑆) , and a Newtonian cooling term proportional to the SST anomaly. By normalizing by the product of the mean 

evaporative heat flux and a Clausius-Clapeyron scaling, we write a diagnostic equation for SST anomalies:

𝑇𝑇 ′
= 𝑇𝑇 ′

𝑆𝑆𝑆𝑆
+ 𝑇𝑇 ′

𝐿𝐿𝐿𝐿
+ 𝑇𝑇 ′

𝑆𝑆𝑆𝑆
+ 𝑇𝑇 ′

𝐸𝐸𝐸𝐸𝐸
+ 𝑇𝑇 ′

𝐸𝐸𝐸𝐸𝐸𝐸𝐸
+ 𝑇𝑇 ′

𝐸𝐸𝐸𝐸𝐸
+ 𝑇𝑇 ′

𝐷𝐷𝐷𝐷
≈ 𝑇𝑇 ′

𝑅𝑅
+ 𝑇𝑇 ′

𝐸𝐸
+ 𝑇𝑇 ′

𝐷𝐷𝐷𝐷
.� (3)

This decomposition allows us to diagnose the primary drivers of SST anomalies in specific regions (Figure S4 in 
Supporting Information S1) and identify leading dynamic modes of variability. Noting that tropical and subtrop-
ical sensible heat fluxes are small (𝐴𝐴 𝐴𝐴 ′

𝑆𝑆𝑆𝑆
≈ 0 , Figures S3 and S4 in Supporting Information S1), we approximate 

the full decomposition as a sum of the radiative terms (𝐴𝐴 𝐴𝐴 ′

𝑅𝑅
= 𝑇𝑇 ′

𝑆𝑆𝑆𝑆
+ 𝑇𝑇 ′

𝐿𝐿𝐿𝐿
 , primarily driven by 𝐴𝐴 𝐴𝐴 ′

𝑆𝑆𝑆𝑆
 ), 𝐴𝐴 𝐴𝐴 ′

𝐷𝐷𝐷𝐷
 , and the 

evaporative terms (𝐴𝐴 𝐴𝐴 ′

𝐸𝐸
= 𝑇𝑇 ′

𝐸𝐸𝐸𝐸𝐸
+ 𝑇𝑇 ′

𝐸𝐸𝐸𝐸𝐸𝐸𝐸
+ 𝑇𝑇 ′

𝐸𝐸𝐸𝐸𝐸
 , driven primarily by 𝐴𝐴 𝐴𝐴 ′

𝐸𝐸𝐸𝐸𝐸
 ). See Text S1 in Supporting Informa-

tion S1 for a detailed derivation of Equation 3.

3.  Extratropical-Tropical Pathway
3.1.  Buoyancy-Dominated Subtropics

Striking similarities in SST and near-surface wind patterns exist between the FC and BF Pacific and Atlantic NH 
subtropics (Figures 1a and 1b). These similarities emphasize the extent to which buoyancy forcing dominates the 
total subtropical response of the ocean-atmosphere system. In the Pacific basin, a strong zonal SST gradient devel-
ops such that the eastern half of the basin is significantly cooler than the western half; SST perturbations are most 
highly negative below the marine stratiform cloud deck off the west coast of North America. In the marine strato-
cumulus regime, the positive low cloud feedback (Clement et al., 2009; Hsiao et al., 2022; Norris & Leovy, 1994; 
Norris et al., 1998; Wood, 2012; Yang et al., 2022) can amplify negative SST perturbations by increasing cloud 
cover, reducing solar insolation, and cooling local SSTs further. Figure S9 of Luongo et al. (2022) demonstrates 
CESM's strong increase in low cloud cover and subsequent decrease in surface shortwave radiative forcing in both 
FC and BF; this decrease in solar forcing coincides with the amplified negative SST anomalies in the northeast 
subtropical Pacific seen in Figures 1a and 1b. We diagnostically attribute this cooling to the cloud cover increase 
through the mixed layer budget decomposition: Figure 2a shows that radiative forcing 𝐴𝐴

(

𝑇𝑇 ′

𝑅𝑅

)

 , dominated by 𝐴𝐴 𝐴𝐴 ′

𝑆𝑆𝑆𝑆
 , 

is the primary driver of total temperature change (� ′ ). The low cloud driven shortwave radiative forcing effect 
drives negative SST anomalies in the Northeast Pacific low cloud deck, although wind speed driven changes 𝐴𝐴

(

𝑇𝑇 ′

𝐸𝐸

)

 
also contribute to negative SST anomalies, whereas ocean heat transport 𝐴𝐴

(

𝑇𝑇 ′

𝐷𝐷𝐷𝐷

)

 acts to warm SST.

In both FC and BF, these SST anomalies extend southwestward from the low cloud deck and resemble the 
familiar PMM pattern (Amaya, 2019; Chiang & Vimont, 2004), which propagates negative SST anomalies south-
westward via the WES feedback (Xie, 1999). These PMM patterns are accompanied by basin-scale anti-cyclonic 
anomalous near-surface winds. Figure 2b shows that the PMM-like cooling observed in the subtropical western 
Pacific in FC and BF is driven by thermodynamic effects of wind speed on latent heat flux. While other factors 
influence this region's total SST change, wind speed, and thus the WES feedback, is the largest driver of nega-
tive SST anomalies in the subtropical western Pacific where this PMM propagates. The fact that this cooling is 
communicated southwestward via a PMM is significant as these PMM winds can force the tropics with extratrop-
ical variability. This agreement between FC and BF is in marked contrast to the MF case, which largely diverges 
from the FC response: momentum-forced adjustment leads to subtropical SST warming in both the Pacific and 
Atlantic basins (Figure 1c). In particular, Ekman adjustments act as a negative feedback on WES-driven cooling 
(Kang et al., 2018; Xie, 1999) such that FC patterns resemble a weaker BF.
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Though less coherent patterns exist in the Atlantic than the clear low cloud and PMM responses in the Pacific, 
the agreement between FC and BF subtropical Atlantic SST and near-surface wind is also strong. In both cases, 
cooling is concentrated in the western half of the basin and this cooling signal extends nearly into the tropics. 
Considered together, we conclude that buoyancy forcing dominates the subtropical NH response of the ocean 
adjustment and that the low cloud-SST and WES positive feedbacks act to cool the subtropics. The PMM then 
acts as a surface conduit by which extratropical cooling can then reach the tropics. We also note the strong 
similarity between subtropical BF cooling of SST from this low cloud-WES pathway with subtropical responses 
of motionless slab ocean models to similar forcing schemes (Hsiao et  al.,  2022; Hwang et  al.,  2017; Kang 
et al., 2014, 2020; Luongo et al., 2022).

Figure 2.  Ocean mixed layer sea surface temperature (SST) diagnostic attribution presented in Equation 3. Note that the “� ′ ” 
on 𝐴𝐴 𝐴𝐴 ′

𝐷𝐷𝐷𝐷
 , 𝐴𝐴 𝐴𝐴 ′

𝑅𝑅
 , and 𝐴𝐴 𝐴𝐴 ′

𝐸𝐸
 along the x-axis has been dropped for brevity. In panels (a–e), black bars are the FC response, red bars 

are the BF response, and blue bars are the MF response. These responses are averaged over respective regions of the Pacific 
ocean: the Northeast Pacific low cloud deck (15°N–40°N, 150°W–125°W) in panel (a), the subtropical western Pacific 
(5°N–25°N, 150°E−155°W) in panel (b), the Western Equatorial Pacific (5°S–5°N, 120°E−160°W) in panel (c), and the 
Eastern Equatorial Pacific (5°S–5°N, 160°W–80°W) in panel (d). The tropical average (20°S–20°N, 0°–360°) is subtracted 
from panel (d) to produce panel (e). Panel (f) shows the averaging regions over the FC SST response.
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3.2.  Momentum-Driven Tropical Patterns

Though BF drives pattern formation in the subtropics and provides a large-scale surface cooling (Figure 1b), 
the La Niña and negative Indian Ocean Dipole (IOD) zonal SST dipoles present in the tropical FC response 
(Figure 1a) are clearly a result of MF-driven surface cooling in the EEP and the western equatorial Indian Ocean 
(Figure 1c). This image of MF-enabled tropical pattern formation becomes even more clear in the profiles of 
near-surface equatorial (average of 5°S–5°N) temperature presented in Figures 1d–1f. In FC, the Pacific and 
Indian basins feature strong zonal temperature dipoles: in the western Indian and EEP, cool temperature anom-
alies exist from the surface to depth (and well into the thermocline in the case of the Pacific), while the eastern 
Indian and Western Equatorial Pacific (WEP) are characterized by subsurface warm anomalies. These zonal 
dipoles present the so-called “tilt-mode” pattern in ENSO dynamics created by the Bjerknes feedback (e.g., 
Bunge & Clarke, 2014; Meinen & McPhaden, 2000; Wyrtki, 1975): changes in equatorial wind stress drive a 
tilting of the thermocline. Sure enough, comparison of the FC and MF profiles in Figures 1d and 1f confirms that 
the western Indian and EEP surface cooling and the eastern Indian and WEP subsurface warming so prominent 
in FC are statistically significant momentum-driven responses.

The BF temperature response exhibits interesting patterns which affect the FC response of the equatorial Pacific 
as well: the eastern Pacific is cooler at depth than the western Pacific. This subsurface cooling is likely a signa-
ture of buoyancy-forced STC adjustment (Burls et al., 2017; Heede et al., 2020; Kang et al., 2020; Z. Liu & 
Huang, 1997; Luongo et al., 2022). Verma et al. (2019) find that the initial response to hemispherically asym-
metric aerosol forcing is a zonally asymmetric El Niño-like tropical Pacific SST response; this initial asymmetry 
is partially explained by the transient upwelling damping effect of the ocean dynamical thermostat (Clement 
et al., 1996; Heede & Fedorov, 2021). Continued upwelling likely works to erode this initial zonal asymmetry and 
cool the EEP and create the zonally symmetric BF mixed layer response (Figure 1e). However, while subsurface 
adjustments clearly affect the near-steady state response of the near surface equatorial Pacific, it is zonal asym-
metries, as seen in MF, which set off the Bjerknes feedback.

Forced thermocline vertical displacements lead to surface temperature anomalies and our mixed layer decom-
position allows us to diagnostically attribute the dynamic processes at play. WEP cooling (Figure 2c) largely 
follows the subtropical western Pacific: stronger wind speeds in BF increase evaporative cooling and primarily 
drive the total cooler FC response. In the EEP, however, different dynamics exist (Figure 2d). While the total 
� ′ response is still driven by BF (in large part from 𝐴𝐴 𝐴𝐴 ′

𝐸𝐸
 ’s evaporative cooling from increased trade winds), the 

𝐴𝐴 𝐴𝐴 ′

𝐷𝐷𝐷𝐷
 response associated with BF and MF plays an increased role in setting EEP SST. In the EEP, zonal currents, 

poleward meridional Ekman advection, and subsequent equatorial upwelling set climatological conditions, so 
it isn't necessarily surprising that ocean heat transport features prominently in the EEP's temperature response. 
Because strong BF evaporative cooling from the increased trade wind strength throughout the tropics obscures 
the local ocean adjustment in the EEP (Figures 1b and 2d), we consider the EEP response relative to the rest 
of the tropics. Following Kang et al. (2019, 2020), we subtract out the tropical mean (average of 20°S–20°N) 
response, of which the mean pattern is strongly a function of BF (not shown), to examine the EEP relative to the 
rest of the tropics (Figure 2e).

With this view, the total FC cooling is primarily a result of MF, specifically changes in ocean heat transport 
and increases in wind speed tempered by shortwave changes. To understand the zonal, meridional, and vertical 
ocean adjustment processes occurring in response to NH ETINMIP forcing, we perform an advective decom-
position (e.g., Luongo et al., 2022; Wang et al., 2018; Yu & Pritchard, 2019) of ocean heat transport changes 

𝐴𝐴
(

𝑢𝑢 ⋅ ∇𝑇𝑇 = 𝑢𝑢 𝑢𝑢𝑢𝑢 ∕𝜕𝜕𝜕𝜕 + 𝜐𝜐 𝜐𝜐𝜐𝜐 ∕𝜕𝜕𝜕𝜕 +𝑤𝑤𝑤𝑤𝑤𝑤 ∕𝜕𝜕𝜕𝜕
)

 , integrated from the surface to 65 m depth (the average mixed layer 
depth in the control climate's EEP) and averaged over the EEP (Figure S6a in Supporting Information S1). Zonal 
changes from MF drive the EEP FC cooling response, a result of either altered currents or temperature gradi-
ents which potentially result from momentum-driven thermocline tilting. The meridional and vertical compo-
nents of MF, which also cool, could result from the increased strength of the momentum-driven STC response 
(Green & Marshall, 2017; Luongo et al., 2022), which affects meridional heat divergence and upwelling strength. 
Though  MF is the largest factor in relative EEP cooling, buoyancy-forced ocean heat transport changes, likely a 
result of STC adjustment (e.g., Burls et al., 2017; Z. Liu & Huang, 1997), also contribute to the cooling. However, 
Vannière et al. (2014) and M. D. Thomas and Fedorov (2017) show that subsurface adjustment mechanisms and 
time scales can vary across models: while Kang et al. (2020) suggest mean upwelling of cooler waters drives 
EEP cooling, stronger overturning and upwelling responses in a different GCM could drive this cooling as well 
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(e.g., Luongo et al., 2022). This mixed layer buoyancy-forced adjustment, and the subsurface adjustment seen in 
Figure 1b, merit further investigation.

4.  Discussion
4.1.  Tropical Mode Phase Estimation

In Section 3.2 we diagnose momentum forcing as the dominant driver of the Pacific Ocean La Niña pattern and 
Indian Ocean negative IOD pattern. However, a further question is why MF leads to negative phases of ENSO 
and  IOD variability specifically. We make a simple argument based on momentum conservation. In Figure 1a, we 
see that FC τ x is westward in the Central and WEP: easterly τ x anomalies impart anomalous easterly momentum 
into the equatorial surface ocean. The ocean's adjustment to this anomalous easterly wind stress leads to a shoal-
ing of the thermocline in EEP and a deepening of the thermocline in the WEP. Similarly, westerly τ x anomalies 
over the eastern Indian Ocean lead to thermocline shoaling in the western Indian Ocean and thermocline deep-
ening in the eastern Indian Ocean.

We can take this exercise one step further: why is τ x easterly over WEP? Due to our wind stress locking method-
ology, τ x in FC and MF are approximately equal. As discussed at length in Section 3.1, however, the subtropical 
FC response is driven nearly entirely by BF. We argue that the anomalous large-scale pattern of τ x in FC, and 
by extension MF, is set by subtropical BF adjustment. The FC and BF responses of τ x as calculated by CESM's 
atmospheric component (thus not affected by our wind stress overriding approach) exhibit a strong pattern corre-
lation value of 0.774 (Figures S7a and S7b in Supporting Information S1), lending credence to our interpretation. 
In particular, the subtropical PMM pattern, seen so clearly in Figure 1b's near-surface wind field, serves as an 
extratropical boundary condition that provides momentum forcing to WEP in the FC response and leads to a La 
Niña-like SST response in EEP. The resulting strengthened Walker cell adjustment may then drive anomalous 
westerly τ x over the Indian Ocean and lead to the negative IOD pattern. This recognition that subtropical BF 
provides a tropical input for MF is important: an understanding of large-scale BF patterns can lead to predict-
ability of tropical MF modes. In a global warming analog, W. Liu et al. (2015) use an approximate wind stress 
locking method and similarly conclude that the IOD-like response to greenhouse forcing results from Bjerknes 
adjustment primed by WES forcing.

It's worth mentioning that this phase predictability does not seem to work well in the equatorial Atlantic. 
Sub-surface MF-driven cooling is present in the western tropical Atlantic (Figure 1f) in addition to a deeper 
eastern-basin intensified BF sub-surface cooling. While theoretically this pathway of three positive feedbacks 
(low cloud-SST, WES, and Bjerknes) could exist in the Atlantic basin, we see no sign of an Atlantic Niña in 
Figure 1c. This may be the result of well-known strong biases in the tropical Atlantic (e.g., Richter & Xie, 2008; 
Richter et al., 2012), the lack of a persistent subtropical low cloud deck off Africa's west coast, or the strength of 
natural variability in this region.

4.2.  Robustness of Pathway Across ETINMIP

The magnitude of subtropical cloud feedbacks varies widely across GCMs (e.g., Forster et al., 2021; Zelinka 
et al., 2020). In this study, the proposed dynamic pathway which connects extratropical cooling with a tropical 
Indo-Pacific SST response occurs via three positive feedbacks: low cloud-SST and WES in the subtropics and 
Bjerknes in the deep tropics (schematically shown in Figure S8 in Supporting Information S1). Because this 
pathway involves cloud forcing, we might expect the response to be highly dependent on GCM choice. We test 
the robustness of this pathway across the seven ETINMIP member models by plotting the strength of the surface 
shortwave cloud radiative effect (SW CRE) in the northeast Pacific's low cloud deck, the Walker circulation 
index (defined as the difference between sea level pressure in the central/East Pacific, 160°–80°W, 5°S–5°N, and 
the Indian Ocean/west Pacific, 80°–160°E, 5°S–5°N: Kang et al., 2020), and the Nino 3.4 region (170°–120°W, 
5°S–5°N) SST anomaly in Figures 3a and 3b. Strong, statistically significant correlations exist among the models 
between dynamically linked quantities, SW CRE and Walker cell strength and Nino3.4 SST and Walker cell 
strength; both relationships exhibit Pearson correlation coefficients of |r| > 0.87 (p < 0.02). Despite not being 
directly dynamically linked, the correlation between the starting point of our pathway, northeast Pacific low 
cloud deck SW CRE, and the endpoint, Nino3.4 SST, is also strong: r = 0.759 (p < 0.05). This correlation can be 
partially explained by the southward Intertropical Convergence Zone (ITCZ) shift and subsequent strengthening 
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of NH Hadley cell (Luongo et  al.,  2022) which would amplify low-cloud deck cover over the northeastern 
subtropical Pacific and reduce SSTs further.

Though the ETINMIP multi-model mean exhibits a La Niña-like response (Figure S9 in Supporting Informa-
tion S1), a caveat to these correlations is that CESM exhibits far-and-away the strongest SW CRE, Walker cell 
strength, and Nino3.4 SST responses (furthest rightward dots in Figures 3a and 3b) and hence could be seen 
as driving this trend. Nevertheless, removing CESM still leads to a correlation of r = −0.713 between Walker 
cell strength and Nino3.4 SST response and r = −0.662 between Walker cell strength and SW CRE response, 
although the correlation between SW CRE and Nino3.4 SST drops to r = 0.359. All told, this suggests that this 
NH feedback pathway may be robust across ETINMIP member models: models with less of a SW CRE response 
in the northeast Pacific's marine stratiform regime exhibit less of a La Niña response in the EEP. This result is 
qualitatively similar to the results from two CESM cloud feedback sensitivity studies. Burls and Fedorov (2014) 
alter subtropical liquid water path in fully coupled CESM simulations and find a strong relationship between 
subtropical meridional cloud albedo gradient, Walker cell strength, and tropical Pacific zonal SST gradients. In 
addition, Erfani and Burls (2019) vary global cloud fraction under global warming forcing and find that ocean 
coupling allows for a stronger Walker response relative to the slab ocean model with the same cloud forcing.

5.  Conclusions
In this study we have investigated a pathway by which coupled surface ocean-atmosphere feedbacks can commu-
nicate NH extratropical TOA cooling to the tropics and maintain a tropical near-steady state SST response. Our 
use of wind stress locked GCM simulations has allowed us to partition the ocean-atmosphere adjustment into 
buoyancy forcing alone and momentum forcing alone, and we then use an ocean mixed layer decomposition to 
diagnose and dynamically attribute SST responses in several key regions of the Indo-Pacific. We have found 
that buoyancy forcing largely dominates in the subtropical Pacific; in particular, the positive low cloud feed-
back creates strong SST anomalies in the northeast subtropical Pacific low cloud deck, and these anomalies 
are translated southwestward to the tropics via wind speed driven evaporative cooling (the WES feedback). 
This thermodynamically driven low cloud-WES mode response is qualitatively similar to simulations that use 
slab ocean models (e.g., Hsiao et al., 2022; Hwang et al., 2017; Kang et al., 2020). However, in dynamic ocean 
model simulations, these forced subtropical patterns provide an input to the tropics: anomalous easterlies in the 
WEP input anomalous easterly momentum to kick off the Bjerknes feedback in MF. This creates zonal SST 
dipoles in the Pacific and Indian Oceans: familiar La Niña and negative IOD patterns. While there is evidence 
of buoyancy-forced subsurface adjustment in the equatorial temperature profile, we highlight this additional 
surface pathway which can maintain the quasi-equilibrium response. We note, however, that we perform these 
experiments with CESM only and there may be model dependencies on surface and subsurface pathways and 
their timescales.

Figure 3.  (a) Scatter plot of the surface shortwave cloud radiative effect (SW CRE) response among seven ETINMIP 
member models (blue dots) versus Walker circulation strength index, defined in Kang et al. (2020) as the sea level 
pressure difference over the Central/East Pacific (5°S–5°N, 160°W–80°W) and the Indian Ocean/West Pacific (5°S–5°N, 
80°E−160°E), and scatter plot of the Nino3.4 region (5°S–5°N, 170°W–120°W) sea surface temperature (SST) response 
among seven ETINMIP member models (orange dots) versus Walker circulation strength index. (b) Scatter plot of SW CRE 
versus Nino3.4 SST response among seven ETINMIP member models (black dots).
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We highlight the utility of wind stress locking to predict the phase of equatorial mode responses to anomalous 
interannual to decadal forcing. These methods could be employed to understand the tropical Indo-Pacific SST 
quasi-equilibrium response to climate change and any subsequent downstream effects on global climate variabil-
ity due to teleconnections between the tropical Pacific and the extratropics. While CESM seems to be an outlier 
in the strength of its atmosphere-ocean coupling, and thus its positive feedback strength, this pathway of three 
positive feedbacks seems to be somewhat robust across ETINMIP member models and is suggestive of a conduit 
connecting sustained extratropical forcing to tropical variability.

Data Availability Statement
The data used to create Figures 1 and 2 of this study and originally presented in Luongo et al. (2022) are publi-
cally available through the University of California, San Diego (UCSD) library digital collections: https://doi.
org/10.6075/J05X294K. The wind stress overriding protocol for CESM is available on MTL's Github page and 
through the UCSD library digital collections: https://doi.org/10.6075/J09P31TF. The ETINMIP TOA insolation 
reduction CESM code and the long-term ETINMIP data used to create Figure  3 may be requested from the 
authors of Kang et al. (2019).
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