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Contrasting the Evolution of the Tropical Pacific SST
Responses to Time-Invariant Extratropical Forcings in the
Two Hemispheres

Hung-Yi Tseng' ©© and Yen-Ting Hwang'

'Department of Atmospheric Sciences, National Taiwan University, Taipei, Taiwan

Abstract we compare the equatorial Pacific sea surface temperature (SST) responses to radiative forcings
in the extratropics of each hemispehre, with heating or cooling imposed in either hemisphere using a fully
coupled climate model. In the initial 3 years, the equatorial SST responses exhibit an opposite sign to the
forcings in the northern extratropics but align with those in the southern extratropics. At this stage, heating the
northern extratropics is more effective at cooling the equatorial Pacific than cooling the southern extratropics.
This occurs because the anomalous warming in the northern extratropics is blocked by the rainband and can only
enter the equatorial Pacific from the west, triggering Bjerknes feedback more effectively. Over a decade, all
experiments show enhanced equatorial responses aligning with the signs of the forcings. The south-perturbed
cases experience stronger equatorial SST responses, suggesting the significant control of the southern
extratropics on tropical Pacific on decadal timescales.

Plain Language Summary The center of the Hadley circulation is north of the equator and the
oceanic subtropical cell in the Southern Hemisphere is stronger than that in the north. These cause an uneven
response in equatorial Pacific sea surface temperatures (SST) to forcings from the Northern and the Southern
Hemispheres. We use a set of idealized experiments to compare the tropical Pacific responses to radiative
forcings from the extratropics of the two hemispheres. Our findings show that the northern extratropical region
has a stronger impact on the equatorial Pacific via a teleconnection pathway influenced by air-sea fluxes. The
northward-displaced climatological rainband blocks the anomalous SST from the northern extratropics and
forces the anomalies entering the tropical Pacific region from the west. This reinforces the meridional gradient
in the eastern Pacific and the zonal gradient over the equatorial central Pacific, leading to stronger atmospheric
circulation and SST responses. In contrast, the southern extratropics is efficiently connected to the equatorial
Pacific region via the oceanic circulation for the delayed responses. The mechanisms discussed in our study are
relevant for interpreting the cooling trend in the equatorial Pacific in recent decades and for predicting the
increasingly important control from the Southern Ocean.

1. Introduction

Sea surface temperature (SST) variations in the tropical Pacific region profoundly impact regional and global
climate. They regulate local deep convections and thus influence teleconnections to the extratropics via stationary
Rossby waves (Trenberth et al., 1998), which strongly affect extreme weather events (W. Anderson et al., 2023;
Seager et al., 2015; Sobel et al., 2023). Moreover, the temporal and spatial evolutions of SST in the tropical
Pacific region can alter the rate of global warming, as they strongly influence the vertical structures of atmo-
spheric temperature and subsequent radiative effects, referred to as the “pattern effect” (Andrews et al., 2015;
Ceppi & Gregory, 2017; Dong et al., 2019; Rugenstein et al., 2023).

Many recent literature discuss the responses of tropical Pacific SST to rising greenhouse gases. Through per-
forming global climate model (GCM) experiments with abrupt 4 X CO, and 1% CO, experiments in the Coupled
Model Intercomparison Project (CMIP) Phase 5/6 (Heede et al., 2020, 2021; Heede & Fedorov, 2021; Long &
Collins, 2013; Luo et al., 2018) and an abrupt return of CO, levels to preindustrial conditions (Held et al., 2010),
mechanisms with multiple timescales are identified. The dynamical thermostat mechanism, triggered by the
delayed warming over the climatological upwelling region (Clement et al., 1996), explains the short-term cooling
of the equatorial Pacific SST and may contribute to part of the observed trend (Heede et al., 2021; Heede &
Fedorov, 2023; Seager et al., 2019). On a longer timescale, an eastern equatorial-enhanced SST warming is
expected. This warming can be attributed to several mechanisms, including the atmospheric or surface energetic
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constraint that predicts a weakening of the Walker cell (Held & Soden, 2006; Vecchi & Soden, 2007; Xie
et al., 2010) and the anomalously warmed equatorial upwelling due to the advection of extratropical warm SST
anomalies via the subtropical cells (Heede et al., 2020; Li et al., 2024).

In addition to the well-mixed greenhouse gases, extratropical energy perturbations also have the potential to affect
tropical Pacific SST. For example, the emissions of anthropogenic aerosols that are primarily concentrated in the
Northern Hemisphere (NH) industrial regions (Hwang et al., 2024; Takahashi & Watanabe, 2016; Wang
etal., 2019), the Antarctica ozone hole (Hartmann, 2022), the missing freshwater forcing from ice sheet melting in
global climate models (Bintanja et al., 2013; Bronselaer et al., 2018; Dong, Pauling, et al., 2022; Pauling
et al., 2016; Sadai et al., 2020), and the recent cooling trend over the Southern Ocean that global climate models
failed to capture have all been proposed to alter tropical Pacific SST in observed records or climate model
simulations.

The aforementioned forcings originate from both the Northern and the Southern mid-to-high latitude regions, and
their respective contributions to the tropical Pacific SST response patterns require further exploration. Modeling
studies using idealized slab ocean settings often highlight a strong linkage between the Southern Ocean and the
eastern tropical Pacific (Hwang et al., 2017; Kang et al., 2020). A two-way teleconnection through atmospheric
circulations indicates the strong and effective control by extratropical region in the Southern Hemisphere (SH) on
the tropical Pacific SST, suggesting the decreased SST in the southeast Pacific Ocean sector influences the
equatorial Pacific cooling trend in the 45-year observational data (Dong, Armour, et al., 2022). On the other hand,
in fully coupled models, the equatorial SST exhibits similar responses to ice melting or idealized insolation
changes in both hemispheres (M. R. England et al., 2020; Kang et al., 2020). Challenges arise when linking the
mechanistic understanding of equilibrium responses to more realistic situations. For instance, simulations with
the observed Southern Ocean cooling trend exhibit much weaker equatorial Pacific SST responses than expected
based on equilibrium responses (Kang, Yu, et al., 2023; Xiyue Zhang et al., 2021). Likewise, freshwater hosing
experiments require unrealistically strong forcings to produce robust tropical responses (Dong, Pauling,
et al., 2022; Pauling et al., 2016).

The relative importance of northern and southern extratropical influences on the tropical Pacific needs to be
understood within a framework that considers multiple timescales. To reach the goal, this study uses a fully
coupled GCM and performs two sets of experiments, each applying an instantaneous radiative forcing of identical
magnitude in the extratropical regions of either hemisphere. The energy perturbation introduced into the system
can represent various types of radiative forcings concentrated in the extratropics, including those induced by
anthropogenic aerosols, volcano eruptions, or radiative feedbacks associated with global warming. Our findings
can be applied to interpreting the tropical responses in climate change scenarios.

2. Methods

We employ the National Center for Atmospheric Research (NCAR) Community Earth System Model (CESM)
version 1.2.0, where the Community Atmospheric Model Version 5 (CAMS) with 30 vertical levels and a 1.9°
latitude by 2.5° longitude horizontal resolution is coupled to the Parallel Ocean Program, Version 2 (POP2), using
the “gx1v6” displaced pole grid and has a resolution of ~1° near the equator (Hurrell et al., 2013). The incoming
solar radiation at the top of the atmosphere is increased or reduced between 45°—65° in either the NH or the SH as
heating or cooling forcing (Figure S1 in Supporting Information S1), and these insolation perturbations contain
seasonal and diurnal cycles. These idealized forcings, originally designed to investigate the impacts of extra-
tropical cloud bias on tropical climate (Kang et al., 2019), have also proven useful in understanding anthropogenic
climate change (Kang et al., 2020; Luongo et al., 2023; Tseng et al., 2023). To narrow down the influences of
internal variability, we conduct 30 ensembles, branched from 30 consecutive January conditions from a 180-year
control simulation under pre-industrial forcing. These ensembles are integrated for five years, and 20 are extended
to 20 years to examine long-term responses.

In this paper, we only discuss the linear component, defined by subtracting the responses to cooling from the
responses to heating and dividing by two. Thus, the figures shown in this study are similar to the results of the
heating cases and can be qualitatively viewed as the cooling case responses with their signs reversed. The SST
responses of the individual experiments can be found in the Supplementary (Figures S2 and S3 in Supporting
Information S1). In the main text, we refer to the two experiments with forcings imposed in the northern
(southern) extratropics as NH (SH) Case and only demonstrate the linear components for simplicity. We neglect
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Figure 1. SST evolution. The temporal evolutions of zonal averaged SST anomalies in the Pacific region (160°E-90°W) in
(a) NH Case and (b) SH Case, the temporal evolutions of the SST anomalies averaged in (c) forcing region (45°N—65°N for
NH Case, and 45°S—65°S for SH Case) and (d) equatorial Pacific region (160°E-90°W, 5°N-5°S). Stippling in (a) and

(b) indicates the statistically significant responses at a 95% confidence interval. In (c) and (d), the thin lines represent the
monthly anomalies, whereas thick lines are the 1-year running mean. The dashed lines in (d) are the linear trends of the
equatorial SST during years 3-20 of the two cases.

the nonlinear terms, which can be quantified by averaging the responses from the heating and cooling cases. They
are small, particularly in the tropical Pacific region (Figure S4 in Supporting Information S1).

The forcings are applied as a step-function, meaning they are abruptly introduced at the start and maintained
throughout the simulations. By examining the transient evolution of tropical responses under these perpetual
forcing conditions, we can effectively distinguish between the immediate (fast) and gradual (slow) responses of
the system. A similar step-function approach was used for decomposing the system's responses to greenhouse
gases (Good et al., 2011, 2013; Heede et al., 2020, 2021; Held et al., 2010; Long & Collins, 2013) and aerosol
forcings (Hwang et al., 2024) across multiple timescales.

3. Local and Remote SST Responses

We first discuss the evolutions of the zonal mean SST responses in the two sets of experiments. In the forcing
region, the SST response in NH Case is stronger than that in SH Case (Figures 1a and 1b), which can be un-
derstood by the deeper mixed layer depth and the climatological upwelling in the Southern Ocean. The SST
responses in both experiments peak in the summer months, reflecting the seasonal variation of the imposed
forcings (Figure 1c).

Despite the pronounced local SST warming in the northern extratropics, NH Case experiences significant cooling
in the equatorial Pacific region during the initial 3 years, and the gradual warming expected from imposing
heating does not occur until the fourth year (Figures 1a and 1d). SH Case, on the other hand, shows a relatively
weak equatorial SST response at the beginning of the simulations (Figure 1b), but a stronger warming trend
(Figure 1d). Furthermore, the seasonalities of the equatorial SST responses in both cases are distinct from those in
the forcing regions—the equatorial SST warming reaches its maximum in December in SH Case, while during the
same period the equator experiences less warming in NH Case (Figure 1d). This may be attributed to the stronger
joint cloud wind-evaporation-SST feedback (joint cloud-WES feedback) in the southeast Pacific during austral
summer (You & Furtado, 2018; H. Zhang, Clement, & Di Nezio, 2014), which tends to cool the equator in NH
Case while warm the equator in SH Case.
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Figure 2. SST response. SST anomalies in (a) NH Case and (b) SH Case, during the initial 3 years. (c, d) are the same as (a, b),
but for years 11-20. Stippling indicates the statistically significant responses at a 95% confidence interval.

In the following, we investigate the air-sea flux and ocean dynamic mechanisms that shape the tropical Pacific
SST response patterns. Both mechanisms contribute to rapid equatorial warming in decadal timescales when the
SH extratropic is heated.

4. Thermodynamic Air-Sea Fluxes and the Contrasting Initial Equatorial SST
Responses

During the initial 3 years, the anomalous equatorial SSTs in both cases appear to be correlated with the SST
anomalies in the southeastern Pacific region (Figures 2a and 2b). Specifically, NH Case displays a more pro-
nounced cooling trend, particularly in the central equatorial region, whereas a weak SST warming is exhibited in
the eastern equatorial region in SH Case.

The spatial patterns can be attributed to air-sea interactions associated with the anomalous cross-equatorial
Hadley circulation, supported by the short response timescale and the anomalous temperature peaking at the
surface (Figures S5a and S5b in Supporting Information S1). In NH Case, responding to the imposed radiative
perturbation, an anomalous cross-equatorial atmospheric circulation is established, transporting excessive energy
from the Northern to the Southern Hemisphere through its upper branch (Figure Sé6a in Supporting Informa-
tion S1). Its lower branch features anomalous cross-equatorial southerly winds (Figure Sé6c in Supporting In-
formation S1), strengthening the climatological trades in the southeastern Pacific region, cooling local SSTs and
propagating them toward the equator via the joint cloud-WES feedback (Hsiao et al., 2022; Kang et al., 2020; H.
Zhang, Clement, & Di Nezio, 2014). In SH Case, the anomalous cross-equatorial Hadley Cell exhibits the
opposite direction (Figure S6b in Supporting Information S1). The anomalous northerlies across the equator
weaken the climatological trades and result in anomalous warming (Figure 2b). The differing responses in the two
cases can be attributed to the northward displacement of the climatological intertropical convergence zone
(ITCZ). The SST responses in the southern subtropics in the two cases can penetrate the equatorial region,
whereas signals from the north are blocked by the ITCZ (Figures 3a, 3b, 3¢ and S7, Kang et al., 2020; Tseng
et al., 2023). Furthermore, the contrasting cross-equatorial wind changes in the eastern equatorial Pacific region
lead to distinct thermocline responses by altering the strength of oceanic mixing and upwelling (Hu &
Fedorov, 2018), which are consistent with the equatorial SST responses in the two cases (compare Figure S5a to
Figure and Figure S5b in Supporting Information S1).

During the initial 3 years, the cold tongue region SST, the Indo-Pacific zonal SST gradient, and the indicating
Walker circulation responses in NH Case are much more significant than those in SH Case (Figures 2a, 2b, 3d,
and 3e). We offer three explanations for the stronger Walker Cell response in NH: (a) The SST responses in the
forced region, and thus the associated atmospheric circulation adjustments and air-sea interactions, are weaker in
SH Case (see also Figures 1a—1c). However, when normalized by the forcing region SST, the contrast still holds,
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Figure 3. Tropical SST evolution during initial 3 years. (a) The temporal evolutions of latitude where the 1-year running
mean Pacific SST anomalies (averaged in 160°E-90°W) are + 0.1°C (NH Case, blue) and 0.1°C (SH Case, red). Anomalous
SST relative to tropical Pacific average (160°E-90°W and 30°S—-30°N; shading), the climatological precipitation (purple
contours, CI = 3,000 mm/year) and anomalous surface wind stress (vector) during years 1-3 in (b) NH Case and (c) SH Case.
(d) The equatorial (5°N-5°S) SST gradient (°C, difference between 160°W-80°W and 80°E-180°, following Heede

et al., 2020) averaged (°C) in years 1-3 (light gray) and years 11-20 (dark gray), and (e) the temporal evolutions of monthly
(thin) and 1-year running mean (thick) zonal equatorial SST gradient anomalies in the two cases. In (a), the purple dashed line
indicates the latitude of the climatological ITCZ. Only wind stress responses that are statistically significant are shown in
(b) and (c).

indicating further factors leading to the difference (not shown). (b) In NH Case, the anomalously warmed SST in
the northern extratropics is blocked by the climatological intertropical convergence zone (ITCZ) when propagates
toward the warm pool. The joint WES-cloud feedback brings the anomalous warming toward the warm pool,
sharpening the equatorial zonal contrast and enhancing the equatorial coupled dynamics. The resulted anomalous
easterly amplifies anomalous cooling over the cold tongue, further enhancing both the equatorial zonal SST
gradient and the meridional SST gradient across the equator (Figure 3b) (B. T. Anderson et al., 2013; M. H.
England et al., 2014; Latif et al., 2023; Tseng et al., 2023). (c) The tropical Indian and Atlantic Oceans experience
significant warming in the initial years in SH Case (Figure 2b), potentially dampening the warming in the
equatorial Pacific through inter-basin processes (Ferster et al., 2023; Kucharski et al., 2011; Kucharski
et al., 2015; Luo et al., 2012; Rodriguez-Fonseca et al., 2009; L. Zhang et al., 2019).

5. Dynamical Oceanic Processes Explaining the Emerging Equatorial Warming in
Both Cases

After one decade, both cases experience eastern equatorial-enhanced warming (Figures 2¢ and 2d). In NH Case,
this warming is disconnected from the equatorward propagating signal originating in the forced region, which
affects the western equatorial region (compare Figure 2a and Figure S5a in Supporting Information S1 with
Figure 2c and Figure S5c in Supporting Information S1). On the contrary, the warming in SH Case appears to be
partly linked to the equatorward-propagating signal from the extratropics, indicated by the smoothly connected
spatial pattern (compare Figures 2b and Figure S5b in Supporting Information S1 with Figure 2d and Figure S5d
in Supporting Information S1). A closer comparison indicates the SH Case shows a more pronounced equatorial
warming than NH Case after the first decade of imposing forcing (Figure 1d).
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Figure 4. Oceanic Pacific Subtropical cell response. Climatological Pacific meridional overturning circulation (contoured
with CI = 10 Sv, zero contour omitted and negative dashed) and the anomalies (shaded) in years 11-20 in (a) NH case and
(b) SH case. Stippling indicates the statistically significant responses at a 95% confidence interval.

This SST warming pattern can be attributed to oceanic dynamical processes. The linkage between the imposed
interhemispheric energy imbalance and the oceanic circulation responses has been understood via two per-
spectives: (a) The wind-driven component, where the anomalous cross-equatorial Hadley circulation (Figures S8a
and S8b in Supporting Information S1) and the accompanying anomalous surface wind stress (Figures S8c and
S8d in Supporting Information S1) trigger the cross-equatorial oceanic circulation response (Green et al., 2019;
Green & Marshall, 2017). (b) The buoyancy-driven component, where the dominance of the buoyancy-forced
response in the cross-equatorial oceanic cell in the subtropics is revealed in wind stress overriding experi-
ments (Luongo et al., 2022, 2023). Both perspectives indicate the robust weakening of the oceanic subtropical
cells (STCs), specifically in the forced hemisphere (Figure 4). The slowdown of the STC thus converges
excessive heat on the equator, leading to the equatorial warming (Figure S9 in Supporting Information S1).
Moreover, as the Equatorial Undercurrent (EUC) is tightly linked to the southern STC (Kuntz & Schrag, 2018;
Liu et al., 1994), the accompanying slowdown of the EUC also contributes to the warming on the equator in SH
Case (Figure S9b in Supporting Information S1).

The equatorial warming trend (Figure 1d), the equatorial zonal SST gradient and, the Walker circulation re-
sponses (Figures 3d and 3e) are larger in SH Case. There could be three explanations: (a) The weakening response
of the STC in the forced hemisphere is more pronounced and penetrates deeper in SH Case, resulting in a more
significant weakening of poleward energy transport. (b) In SH Case, the weakening trades in the Southeastern
Pacific and the equatorial regions persist in the second decade (Figure S8d in Supporting Information S1). The
resultant equatorial SST warming anomalies tend to amplify the aforementioned oceanic circulation-induced SST
response on the equator. On the contrary, the strengthening trades and the associated air-sea fluxes in the
southeastern Pacific in turn compensate for the oceanic circulation-induced warming in NH Case (Figure S8c in
Supporting Information S1). (c) Given that most of the continents are in the NH, the absorption of the imposed
radiative heating by the ocean is larger in SH Case (Figure S10 in Supporting Information S1), while a portion of
the imposed radiative forcing over the continents is offset by increased outgoing longwave radiation locally,
resulting in a smaller change in oceanic energy transport and weaker remote effects in NH Case. In sum, the
energy entering the ocean, the initial fast response, and the subsequent slow oceanic adjustments all contribute to a
stronger equatorial warming in SH Case compared to NH case during the second decade.

6. Summary and Discussion

This study compares the evolutions of the tropical Pacific SST patterns in response to perturbed insolation in the
northern and southern extratropics. Distinct evolutions are observed: (a) During the initial 3 years, heating the
southern extratropics results in slight warming in the eastern equatorial region, whereas heating the northern
extratropics induces pronounced cooling in the central equatorial region (Figures 2a and 2b). The relatively strong
cooling in NH Case can be attributed to the interhemispheric asymmetric pattern driven by an anomalous cross-
equatorial Hadley Cell. In the southeast Pacific, strengthened trades initiate the joint cloud-WES feedback,
bringing anomalous cooling to the equatorial central Pacific. In the northern tropical Pacific, the northward-
displaced climatological ITCZ prevents the warm SST anomalies from reaching the central and eastern equa-
torial regions. Instead, they propagate westward and southward, reaching the western Pacific and warming the
SST in the warm pool region (Figures 2a, 3a, and 3b; Figure S5 in Supporting Information S1). The warming from
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the north, the cooling from the south, and the thermocline tilt induced by intensified cross-equatorial trades
collectively strengthen the equatorial zonal SST gradient, triggering equatorial air-sea interactions and resulting
in stronger equatorial responses (Figures 3d and 3e). (b) After one decade, both cases exhibit eastern equatorial-
enhanced warming (Figures 2c and 2d), attributable to the slowdown of the STC in the forced hemisphere, the
EUC, and equatorial upwelling. The shallower and weaker STC responses, accompanied by equatorial cooling
during the initial 3 years, give rise to the slower and weaker warming over the cold tongue region in NH Case on a
decadal timescale (Figure 3e).

While the fast response can only be seen in the first 3 years in our idealized experiments, it may be relevant for
long-term climate change. Recent research investigating the fast and slow responses of equatorial Pacific to CO,
forcing suggests that the strengthened Walker Cell lasting for only 20 years in the step-function 4 X CO,
experiment may last up to 100 years in the experiments with gradual CO, increase (Heede et al., 2020). Likewise,
it is shown that the rapid initial effects of anthropogenic aerosols in idealized constant forcing experiments evolve
into long-term linear trends lasting several decades in CMIP simulations using realistic aerosol emission tra-
jectories (Hwang et al., 2024). In a climate change scenario with time-varying extratropical radiative forcings or
feedbacks, the fast response reported in this study may superimpose the slow response and contribute to long-term
trends.

There are examples of how our understanding of the fast response may help interpret tropical SST responses in
more realistic experiments. Consistent with our findings, where the equatorial Pacific is sensitive to northern
extratropical forcings in inter-annual timescales, volcano eruptions in the NH have been reported to be more likely
to trigger El Nifio events than those in the SH (Erez & Adam, 2021; Pausata et al., 2020). Furthermore, Hwang
et al. (2024) use the same mechanisms operating in our NH Case to explain why the aerosol-induced equatorial
cooling peaks when aerosol loading starts to decline in climate model simulations. The SST pattern in the initial
three years in NH Case (Figure 2a) remarkably resembles the observed SST trends in 1979-2022 (Lee et al., 2022;
Wills et al., 2022), suggesting a potential influence of rapid NH warming on cooling the SST in equatorial and
southeast Pacific. Our result further implies that heating imposed in the northern extratropics is more efficient in
cooling the equatorial region and strengthening the stronger Walker circulation than cooling imposed in the
southern extratropics (Figures 2a, 2b, 3d, and 3e). In addition, the SST pattern in the initial 3 years in SH Case
(Figure 2b) also resembles those in the Southern Ocean pacemaker experiments (Kang, Ceppi, et al., 2023; Kang,
Yu, et al., 2023; Xiyue Zhang et al., 2021), with anomalies penetrating deeper into the equatorial region in the
Indian Ocean, insignificant SST changes in the equatorial Pacific region, and pronounced responses in the tropical
southeast Pacific.

On longer timescales, our results indicate a strong control of the southern extratropics on the tropical Pacific
region. As the Southern Ocean undergoes accelerated warming in future projections, we expect a climate response
similar to the slow response demonstrated in our SH Case, exhibiting enhanced equatorial and southeast Pacific
warming and significant Walker Cell weakening.

The results and discussions remain to be tested in other GCMs and more realistic climate change scenarios. The
hemispheric contrasts revealed in this study may be even more significant in models with smaller mean state
biases. Most up-to-date GCMs, including the 2-degree resolution CESM we use, suffer from the double-ITCZ
bias, where the rainband remains south of the equator too long throughout the seasonal cycle (Adam
et al., 2018; Mechoso et al., 1995; Tian & Dong, 2020; Xiaoxiao Zhang et al., 2015), leading to a less effective
ITCZ-blocking effect (H. Zhang, Deser, et al., 2014). Meanwhile, this tends to prevent the SST anomalies in the
southeastern Pacific region from propagating equatorward via the joint cloud-WES feedback mechanism.
Therefore, our simulations may tend to underestimate the rapid strengthening of the zonal SST gradient and the
Walker cell shaping by the air-sea fluxes in the initial responses. Likewise, removing the biased ITCZ and the
associated PV barrier in the southern tropical Pacific region reinforces the connection between the Southern
extratropics and the equatorial region via the southern STC (Alexander et al., 2006; Capotondi, 2008). The long-
term controls of the SH in tropical climates indicated by the slow response could be even more prominent.

Data Availability Statement

Processed data to support the analysis of our CESM simulations and figure codes are publicly available in
Tseng (2024).
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The discrepancy between the observed lack of surface warming in the eastern equatorial
Pacific and climate model projections of an El Nifio-like warming pattern confronts
the climate research community. While anthropogenic aerosols have been suggested
as a cause, the prolonged cooling trend over the equatorial Pacific appears in conflict
with Northern Hemisphere aerosol emission reduction since the 1980s. Here, using
CESM, we show that the superposition of fast and slow responses to aerosol emission
change—an increase followed by a decrease—can sustain the La Nifa-like condition for
a longer time than expected. The rapid adjustment of Hadley Cell to aerosol reduction
triggers joint feedback between low clouds, wind, evaporation, and sea surface temper-
ature in the Southeast Pacific, leading to a wedge-shaped cooling that extends to the
central equatorial Pacific. Meanwhile, the northern subtropical cell gradually intensifies,
resulting in equatorial subsurface cooling that lasts for decades.

climate change | atmosphere-ocean interaction | climate teleconnection |
sea surface temperature pattern

The sea surface temperature (SST) anomaly pattern in the tropical Pacific has significant
influence on global weather and climate. Over the past four decades, the equatorial cold
tongue has cooled while the rest of the tropics have warmed (1), modulating the pace of
global surface warming (2, 3), amplifying tropical cyclone genesis over the Northwest
Pacific (4), and heightening the likelihood of drought occurrence in the western United
States (5). The aforementioned trends might cease or even reverse if the cold tongue warms
up and Walker Cell weakens, as anticipated by climate models. How the tropical Pacific
may change under anthropogenic forcing has been a subject of active debate for decades
and is still ongoing. The complex interplay among global dynamics, air-sea interactions,
and radiative processes has given rise to multiple unresolved conundrums, including the
interpretation of the observed trend, the discrepancy between models and observations
(1, 6), and diverging theories (6, 7).

One plausible interpretation for the observed eastern tropical Pacific cooling trend,
particularly during the early 2000s, is that it is predominantly driven by internal variability,
cither through the negative phase of Pacific Decadal Variability (PDV) (2, 8-13) or the
decadal variation of independent ENSO events (14—16). Despite accounting for a range
of internal variability, it remains uncommon to find historical simulations with fully
coupled climate models that accurately replicate the strengthening of the zonal SST gra-
dient observed over the past 50 y (1, 6). Furthermore, the cooling trend observed in the
subtropical South Pacific and equatorial eastern Pacific has persisted despite the transition
toward a positive PDV phase after 2013, prompting the need for an alternative explanation,
namely that a portion of the observed trend may be driven by external forcing that current
models fail to simulate adequately.

The exploration of idealized experiments, which enable the decomposition of the com-
plex response to increasing carbon dioxide (CO,) into a fast and a slow component, has
yielded significant insights (17-19). The fast component closely aligns with the observed
trend (20) and the “ocean thermostat” hypothesis (21). This stands in stark contrast to
the slow component, which exhibits a reduced zonal gradient consistent with long-term
model projections and the thermodynamic constraints imposed by radiative cooling (22)
and evaporative damping (23, 24). The framework of multiple timescale responses offers
a promising avenue for resolving discrepancies between models and observations, as well
as reconciling the various competing mechanisms at play in this intricate system (19, 25).
It is hypothesized that the strength of the ocean thermostat may be underestimated by
current models, and the enhanced warming over the equatorial cold tongue may eventually
manifest (19, 25).

Evidence from single forcing experiments indicates that anthropogenic acrosols exert
a comparable influence to greenhouse gases in shaping the SST pattern during the
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observational period (26-32). However, our current understand-
ing of the Earth system’s responses to anthropogenic aerosols on
different timescales remains limited (33), hindering our ability to
accurately attribute past climate change and assess uncertainties
in climate change projections. For instance, a notable reduction
in aerosol concentrations has already been observed in North
America and Europe since 1980, as well as in East Asia since 2000.
Naively predicting that the decrease in aerosols would lead to a
weakening of the observed La Nifa-like SST pattern trend appears
to contradict both the available observational records and the
outcomes of single forcing simulations.

In the following, we explore the possible role of non-monotonic
evolution of anthropogenic sulfate acrosols in slowing down the
equatorial Pacific warming. Our findings reveal that the equatorial
Pacific response to acrosol radiative forcing exhibits distinct fast and
slow components. We then put forth a hypothesis that these com-
ponents interact and result in an equatorial cooling that is stronger
in the early 21st century than in the 1980s. The superposition of
the fast and slow response to the Northern Hemisphere sulfate aer-
osol emission trajectory, which consists of an increase followed by
a decrease, may sustain the La Nifia-like SST pattern for an extended
duration that is longer than previous estimations.

The Experimental Design

We differentiate the fast and slow components of the climate sys-
tem’s response to anthropogenic aerosols by conducting a 15-
ensemble-member step function experiment using the Community
Earth System Model version 1 (CESM1) at 2° resolution for the
atmosphere and land components and 1° resolution for the ocean
and sea ice components. The last-millennium ensemble (34) and
the CMIP5 archive also utilized the same version and resolution,
identified as “CESM1 (CAMS5.1, FV2).” Note that the CESM1
model at 2° resolution is particularly skillful in simulating some
of the key processes involved in the response, including low cloud-
SST feedback (35) and the Pacific mean state (36). The experiment
consists of suddenly introducing and then maintaining a constant
pattern of sulfate aerosol emissions representative of 1980s levels
taken from CMIP5 historical forcing data (S Appendix, Fig. S1A)
for the first 30 y of the simulation, followed by an abrupt return
to pre-industrial (year 1850) levels for an additional 30 y. Ensemble
members are generated by initializing the experiments by the con-
ditions on January 1st of the last 15 consecutive years in the control
simulation. The evolving forced response anomaly is calculated by
subtracting the climatology of the 90-y pre-industrial control sim-
ulation from the average of the 15 ensemble members. Detailed
definitions for the fast and slow components of aerosol emission
and aerosol removal can be found in the Methods. The fast and
slow components of the SST response are very similar to those
obtained with a similar set of experiments using the 2020s distri-
bution of sulfate acrosol emissions (S Appendix, Fig. S1 D and F).
The similarity implies that the proposed mechanisms shaping the
fast and slow components of SST response are operating across both
historical simulations and future projections, despite the different
patterns of aerosol emissions.

Multiple Timescale Responses in the Equatorial
Pacific Region

‘The equatorial Pacific, located far from the Northern Hemisphere
aerosol emission source regions, shows a clear indication of a mul-
tiple timescale response. The imposed step-function in aerosol
emissions results in a complex evolution of oceanic temperatures,
as shown in Fig. 1. Initially (within the first 3 y), SSTs in the
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Fig.1. Temporal evolutions of anomalous oceanic temperature in the idealized
aerosol experiments relative to the climatology in the control simulation. (A) The
3-y running mean of meridionally averaged SST anomalies in the equatorial
Pacific (5°S~5°N). (B) The 3-y running mean of the equatorial Pacific temperature
response which is zonally and meridionally averaged (5°S~5°N; Pacific basin).
Dotted region indicates statistically significant values of temperature anomalies
at the 95% confidence level based on two-sided t test.

central and eastern equatorial Pacific SST undergo warming before
transitioning to cooling thereafter (Fig. 14). It is notable that the
maximum cooling takes place in the 3 y immediately following
the abrupt cessation of aerosol forcing at year 30 (Fig. 14).
Although the surface cooling gradually decreases after year 35,
subsurface cooling persists for decades after the radiative forcing
has been removed (Fig. 1B). Additionally, the subsurface cooling
reaches maximum strength during years 33 to 45, after the acrosol
emissions return to preindustrial levels. Both the surface and sub-
surface signals indicate a persistent cooling long after the aerosol
emissions are abruptly terminated.

The multiple timescale responses identified in the idealized
experiments can also be seen in a more realistic setting. Fig. 2
compares the Nifio3.4 index and subsurface ocean temperature
in the equatorial Pacific for both the idealized step function exper-
iment and the standard CESM experiments with realistic emission
scenarios (historical and RCP8.5) (29) (Methods). The average
global aerosol emission reaches its highest point around 1970 to
1990, causing the Nino3.4 region’s SST and subsurface temper-
ature to experience cooling that show little sign of weakening even
after year 1990. The equatorial subsurface cooling reaches maxi-
mum strength several decades after the aerosol emissions peak.
According to the CESM single forcing experiment, we are about
to experience the peak equatorial subsurface cooling (around year
2030 to 2050) induced by aerosols.
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Fig.2. Temporal evolutions of imposed sulfate aerosol emissions and equatorial Pacific climate response. Top row: the global mean sulfate emission imposed
in the idealized experiment (A) and CESM LE All minus XAERindus (B). The gray lines denote the global mean anomalous SW radiation in clear sky. Middle and
Bottom rows: the evolutions of averaged SST in the Nifio3.4 region (5°5~5°N; 170°W~120°W) and averaged potential temperature in the subsurface equatorial
Pacific (200 to 400 m; 5°S~5°N; Pacific basin) in the idealized experiment (Left) and CESM-LE (Right). All indices except the global mean sulfate emission are
smoothed by 3-y running mean in the idealized experiment and by a 5-y running mean in CESM-LE. The thick black curves and the thin gray bars indicate the

ensemble mean and the 1 SD among ensemble members, respectively.

In the following, we utilize the idealized experiment to inves-
tigate the distinct characteristics and underlying mechanisms
behind the fast and slow elements of the climatic response to
anthropogenic aerosol forcing. The multiple timescale elements
explain why the peak aerosol influence on the tropical Pacific
occurs after emission reduction.

The Fast Component

‘The fast component reveals a remote influence of aerosols that has
the opposite sign from that expected from the imposed forcing, a
phenomenon that has yet to be recognized in the existing

A Fast Component
year 1-3 minus control

literature. In the case of aerosol emissions, this manifests as a
wedge-shaped SST warming pattern reaching its maximum inten-
sity in the central equatorial Pacific, extending southeastward, and
featuring a sharp front north of the equator (Fig. 34). The reduced
equatorial zonal SST gradient and easterlies are associated with a
flatten thermocline and a typical seesaw temperature anomaly in
the equatorial band (Fig. 3C). Here, we disentangle how the
anomalous radiative forcing, primarily concentrated in the north-
ern extratropics, gives rise to a remote SST response in the equa-
torial Pacific with an opposite sign from that expected from the
forcing. In the Summary and Outlook, we will discuss how the
same pattern with reversed sign explains the enhanced cooling

B Slow Component
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Fig.3. The fast and slow responses in the idealized aerosol experiments. (A and B) Spatial patterns of SST (shaded) and surface wind stress (vector) anomalies.
(Cand D) Vertical structure of potential temperature anomalies along the equator (5°5~5°N mean) as a function of depth (m). Dotted region indicates statistically
significant values of temperature anomalies at the 95% confidence level based on two-sided ¢ test.
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that takes place after the sudden removal of acrosol emissions in
our idealized experiment and contributes to the La Nifia-like trend
in more realistic simulations (and by extension the observed
trends).

We propose that the formation of the cross-equatorial Hadley
Cell, along with its associated air-sea interactions, drives the
observed teleconnection pattern in the tropical Pacific. The ener-
getic framework (37-39) offers a plausible interpretation for the
development of this anomalous cross-equatorial cell. In response
to aerosol emissions, an anomalous cross-equatorial cell emerges,
transporting energy toward the north (Figs. 4 4 and B and 54).
The accompanying pattern of surface winds plays a pivotal role in
establishing the SST pattern in the tropical Pacific, as described
below.

First, the meridional winds in the equatorial eastern Pacific hold
a significant influence over thermocline depth and the strength of
the cold tongue (40). A reduction in the trade winds across the
equator suppresses mixing, limits upwelling, and results in a flacter
thermocline (Fig. 3C). Despite very little radiative forcing in the
tropics, the anomalous cross-equatorial winds that are generated
remotely by aerosols in the northern extratropics can induce a
tropical SST response that resembles the dynamical thermostat
mechanism frequently discussed in the context of greenhouse
warming or volcanic eruptions (19, 21, 25, 41, 42). We confirm
the key role of extratropical aerosols via performing additional
experiment that only considers tropical acrosol emissions, which
does not enable the dynamical thermostat mechanism and displays
a slight equatorial cooling instead for the fast response [see
SI Appendix, Fig. S2, contrary to the hypothesis presented in
Verma et al. (33) based on year 2000 emissions].

Second, the anomalous cross-equatorial winds strengthen the
trade winds in the northern tropics and weaken them in the south-
ern tropics. Weakened trades in the south inhibit coastal upwelling,
diminish stratus and stratocumulus clouds along the coast of
South America, and reduce the east-west SST gradient in the

Slow minus Fast C
year 11-30 minus control

subtropics. Given that the climatological rainband is located north
of the equator, the combined wind-evaporation-SST and low
cloud-SST feedbacks can spread anomalous warming from the
Southeast Pacific to the equatorial central and eastern Pacific
(43-406) (Fig. 34). Meanwhile, the anomalous cooling caused by
strengthened trades and the joint wind-evaporation-low cloud-SST
feedback is blocked by the rainband. It can only enter the equa-
torial region from the west. The resulting weakened zonal SST
gradient in the equatorial western-central Pacific reduces the east-
erlies, thereby reducing zonal cold advection and meridional
Ekman energy divergence. This, in turn, further amplifies the
warming (47) (see Fig. 4D for the anomalous deep tropical sub-
tropical cell (STC) driving the Ekman energy convergence and
SI Appendix, Fig. S3 for the energy budget analysis of the upper
0 to 50 m).

The Slow Component

The slow component of the climate response to aerosol forcing
exhibits an enhanced equatorial zonal SST gradient and an inten-
sification of the Walker Cell, consistent with the literature (26,
28, 48) (Fig. 3B). The cooling of the slow component extends well
below the thermocline to at least 400 m depth. Intriguingly, these
surface and subsurface cooling anomalies in the equatorial region
occur within decadal timescale and show little sign of recovery
after acrosol removal (Fig. 1), a phenomenon previously unre-
ported in the literature. In this section, we delve into the ocean
dynamical mechanisms that drive the spread of aerosol-induced
cooling to the equatorial region. The persistent nature of this
oceanic response emphasizes the potential to detect the cooling
anomalies in the noisy observational records, which we compare
with the historical simulations in the last section.

We propose that the interhemispherically asymmetric surface
wind anomalies and the associated air—sea interactions in the fast
response drive the slow oceanic adjustments and set the stage for
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Fig.4. Climatological (gray contours) and anomalous (colored contours) meridional mass streamfunction in the atmosphere (A-C) and in the Indo-Pacific ocean
(D-F). Dotted region indicates statistically significant values of anomalies at the 95% confidence level based on two-sided t test. The contour intervals for panels
(A-C) are 2 x 10" m?*/s for climatology and 2 x 10° m*/s for anomalies. For (D-F), the contour intervals are 4 Sv for climatology and 0.8 for anomalies.
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Fig.5. Temporal evolutions of anomalous meridional circulations and their
indices in the idealized aerosol experiments. The timeseries are all smoothed
by a 3-y running mean. (A) displays the change in Hadley Cell (shaded) which is
shown by the vertically averaged mass streamfunction (globally zonal mean;
300 to 700 hPa). The positive anomalies indicate anomalous northward flows
in the upper level and southward flows in the lower level, vice versa. The solid
line denotes the strength of anomalous cross-equatorial Hadley Cell using
the mass streamfunction averaged over the domain (10°S~10°N; 300 to 700
hPa). (B) displays the change in the Meridional Overturning Circulation in the
tropical Pacific (shaded) through the vertically averaged mass streamfunction
(100 to 300 m). The solid line represents the index of the strength which is the
maximum of the Meridional Overturning Circulation in a domain (10°N~30°N; 0
to 400 m). Dotted region indicates statistically significant values of anomalous
mass streamfunction at the 95% confidence level based on two-sided ¢ test.

the slow response. Since oceanic temperature and circulation
respond slowly, the resulting equatorial cooling does not become
significant until year 10 (Fig. 14). Also, the removal of the aerosol
forcing does not result in an immediate recovery of oceanic cir-
culation, as shown below.

The so-called “oceanic tunnel” provides a linkage for the
Northern Hemisphere extratropical SST cooling of the fast
response to the tropical ocean (45, 49, 50). That is, the aerosol
cooling and the associated joint low cloud-WES feedback lower
the temperature of waters subducted within the STC, causing
colder water to be advected downward and equatorward. Indeed,
we observe cooler water penetrating into the oceanic interior in
the eastern Pacific basin around 20~30°N and transporting equa-
torward to 15°N a few years after the imposition of aerosol forcing
(SI Appendix, Fig. S4).

Targeting the equatorial Pacific oceanic energy budget, the
loss of energy and the resultant cooling in the equatorial Pacific
Ocean are mainly caused by changes in the northern STC (refer
to SI Appendix, Fig. S5 for changes in meridional energy con-
vergence dominating energy budgets of 0 to 200 m and 0 to 400

m and see ST Appendix, Fig. S6 for V'!'T of the northern bound-

ary outweighing other terms). The cooling in the northern
mid-latitudes leads to an increase in subtropical wind stress and
wind-stress curl, which then spins up the Pacific Gyre circulation
and, as a result of the Sverdrup balance, strengthens the northern

PNAS 2024 Vol.121 No.5 e2315124121

STC (Figs. 4E and 5B). The northern STC intensifies within 2
to 3 y of imposing aerosol forcing, matching the time for baro-
clinic Rossby waves to cross the Pacific Basin (51, 52). In addi-
tion to the wind-driven mechanism, the aforementioned
anomalous cooling introduced by the oceanic tunnel can rein-
force and extend the intensified STC via altering density and
vertical stability (53). The strengthened northern STC reaches
its peak at year 10 and persists for more than 10 y after switching
off aerosol emissions, leading to a continued export of energy
and a gradually intensified cooling in the equatorial region (54).
The cooler equatorial water is upwelled from the cold tongue,
kicking off a series of air—sea interactions and leading to a per-
sistent La Nifa-like condition.

Summary and Outlook

We have examined the fast and slow components of tropical Pacific
SST responses to anthropogenic sulfate acrosol emissions. We
observe that the equatorial Pacific displays opposing signs of fast
and slow components, and both components are insensitive to
exact aerosol distributions outside the equatorial region. As sum-
marized in Fig. 6, the unique patterns of both surface fast and
subsurface slow responses reinforce each other, resulting in a nota-
bly strong equatorial cooling that persists decades after the removal
of anthropogenic aerosols. Following an abrupt removal of aero-
sols, the Hadley Cell responds quickly (Figs. 54 and 6A4). The
intensified trades, the associated coastal Ekman upwelling, and
the chain of low cloud-WES feedback processes, lead to a cooling
trend in the southeast Pacific extending toward the equatorial
central Pacific. The anomalous northern STC, which is the signa-
ture of the slow response of aerosol increase, persists for a few more
years after the aerosol removal (Figs. 5B and 6B). This, in turn,
results in a continued cooling trend in the equatorial subsurface.
‘The surface air—sea interactions associated with the rapid Hadley
Cell adjustment and the prolonged anomalous energy transport
divergence in the ocean interior caused by the continuous north-
ern STC strengthening both contribute constructively to the La
Nifa-like condition.

The characteristics of the two distinct components of response
can be seen in simulations conducted under more realistic con-
ditions, as well as in the observed trend. The fast response, which
lasts only a few years in the idealized experiment, transforms
into a continuous linear trend in the simulations with realistic
acrosol emission trajectories, which exhibit increasing and
decreasing trends lasting for decades. Notably, the greatest spatial
correlation between the fast component identified in the ideal-
ized experiment and the linear trends observed in the CESM LE
single forcing experiment is found during the 1960s—a decade
marked by a substantial increase in Northern Hemisphere aerosol
emissions (S7 Appendix, Fig. S7). Conversely, La Nifia-like trends
emerge in the 1990s, coinciding with a more pronounced reduc-
tion in aerosol emissions in the CESM LE single forcing exper-
iment. During 1981 to 2000, the period characterized by rapid
interhemispherically asymmetric changes in SST, the spatial
correlation between the fast component and the observed SST
trend reaches -0.63 (SI Appendix, Fig. S7). Furthermore, the
persistent cooling of the equatorial subsurface—a characteristic
feature of the slow response—can be seen not only in the single
forcing experiment but also in the standard historical simulation
considering GHG warming and the reanalysis data (57 Appendix,
Fig. S8).

Our findings are based on a single model (CESM), and the
temporal and spatial characteristics of the two components iden-
tified here remain to be tested and compared with other models
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and different emission scenarios. Despite the caveat, the mecha-
nistic understanding of the two components reported here pro-
vides valuable insights for unraveling the discrepancies between
global climate model simulations and observational records. For
instance, the well-known double ITCZ biases, characterized by
the presence of the eastern Pacific rainband in the southern hem-
isphere for a longer duration compared to the real world, can
hinder the connection between the southern subtropics and the
equatorial region in the fast component. In some global climate
models, the spurious rainband obstructs the chain of air—sea inter-
action that typically brings the anomalous cooling from the South
Pacific to the equatorial region. Furthermore, the underestimation
of the strength of the stratus cloud-SST feedback, a bias common
to most global climate models [but not the two-degree CESM1
that we use (35)], also impacts the relationship between SSTs in
the southeast and equatorial Pacific. Turning to the slow response,
biased low stratus cloud-SST feedbacks in the northern subtropics
contribute to an inaccurate estimation of weakening in the STC
and the resulting equatorial cooling. Additionally, global climate
models tend to exhibit excessive stratification in the equatorial
Pacific, impeding the upwelling of STC-induced cooling in the
eastern equatorial Pacific. A process-based understanding of model
biases is crucial for improved regional climate projections.

The implications of the proposed Hadley circulation and STC
responses to an interhemispheric thermal gradient extend beyond
the simulated effects of anthropogenic sulfate acrosols. The inten-
sified warming trend observed in the mid-to-high latitudes of the
Northern Hemisphere and the muted warming in the Southern
Ocean, regardless of whether the causes are aerosol recovery, green-
house gas-induced warming, or ozone depletion, could potentially
trigger similar adjustments in the Hadley Cell, air—sea interaction,
and STC. Although our study primarily focuses on the prolonged
La Nina-like cooling trend, the accelerated warming over the
Southern Ocean and the subtropical oceanic interior would
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adjustment

Fig.6. Aschematicillustrating the distinct characteris-
tics of and the interplay between the fast component of
aerosol emission reduction and the slow component of
aerosol emission increase. Shadings represent anoma-
lous oceanic potential temperature. Arrows in the two
vertical planes are the anomalous cross-equatorial
Hadley Cell and the anomalous oceanic STC. The thick
arrows in the Top panel A illustrates intensified trades
and the thin blue arrows illustrate the associated air-sea
fluxes. The thick arrows in the Bottom panel Billustrate
how the intensified STC induces cold water, which con-
verges in west Pacific subtropics and upwells in the east.

engender a reverse mechanism and an El Nifio-like background
state in the future. Additionally, the circulation adjustments across
multiple timescales and their impacts on the mean state of the
tropical Pacific will also influence tropical climate variability, such
as the El Nifio/Southern Oscillation.

Methods

Definitions of the Fast and Slow Components. We define the fast components
as the average of years 1 to 3 minus control and the average of years 31 to 35
minus years 11to 20 (Fig. 34 and S/ Appendix, Fig. S1C), based on the evolution
of the Nifio 3.4 index (Fig. 24). The slow components are defined as the average
of years 11 to 20 minus years 1 to 3 and the average of years 41 to 60 minus
years 31 to 35 (Fig. 3B and S/ Appendix, Fig. S1E). Through subtracting the fast
component, the slow component partly excludes the cross-equatorial Hadley Cell
response that develops quickly and highlights the enhanced equatorial response
that is hemispherically symmetric. The overall patterns are not sensitive to the
choice of the definitions, although the absolute anomalies are.

CESM Single Forcing Large Ensemble. To evaluate the climate responses to
aerosol forcing with realistic temporal and spatial variations, we take the differ-
ence between the 40-member CESM large ensemble all forcing experiment (55)
and the 20-member "XAERindus" experiment from the CESM single forcing large
ensemble (29).The "XAERindus” uses the same forcing protocol as the all forcing
experiment, i.e., the CMIP5 historical and RCP8.5 forcing protocols, except that
the industrial anthropogenic aerosols’ emission is held fixed at 1920 conditions.
The model used in the CESM all forcing and single forcing large ensemble is the
same as that of the idealized step function aerosol experiment used in this study
but at a higher resolution (1°).

Data, Materials, and Software Availability. All processed data to support
the analysis and figure codes publicly available at https://doi.org/10.6084/
m9.figshare.24581016 (56). Data from CESM1 Single Forcing Large Ensemble
Project is publicly available at: https://www.cesm.ucar.edu/working-groups/
climate/simulations/cesm1-single-forcing-le (29). Monthly outputs from the
idealized aerosol experiments are available from Y.-T.H. on request.
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