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ABSTRACT

Different oceanic and atmospheric mechanisms have been proposed to describe the response of the tropical

Pacific to global warming, yet large uncertainties persist on their relative importance and potential interac-

tion. Here, we use idealized experiments forced with a wide range of both abrupt and gradual CO2 increases

in a coupled climate model (CESM) together with a simplified box model to explore the interaction between,

and time scales of, different mechanisms driving Walker circulation changes. We find a robust transient

response to CO2 forcing across all simulations, lasting between 20 and 100 years, depending on how abruptly

the system is perturbed. This initial response is characterized by the strengthening of the Indo-Pacific zonal

SST gradient and a westward shift of the Walker cell. In contrast, the equilibrium response, emerging after

50–100 years, is characterized by a warmer cold tongue, reduced zonal winds, and a weaker Walker cell. The

magnitude of the equilibrium response in the fully coupled model is set primarily by enhanced extratropical

warming and weaker oceanic subtropical cells, reducing the supply of cold water to equatorial upwelling. In

contrast, in the slab ocean simulations, the weakening of the Walker cell is more modest and driven by

differential evaporative cooling along the equator. The ‘‘weakerWalker’’ mechanism implied by atmospheric

energetics is also observed for themidtroposphere vertical velocity, but its surfacemanifestation is not robust.

Correctly diagnosing the balance between these transient and equilibrium responses will improve under-

standing of ongoing and future climate change in the tropical Pacific.

1. Introduction

A key component of the tropical Pacific climate

system is the Walker circulation, which maintains the

zonal SST gradient and thermocline structure along the

equator (Fig. 1) as part of the Bjerknes feedback

(Bjerknes 1966). Changes to theWalker circulation can

influence a range of important climatic phenomena,

including ENSO (e.g., Fedorov and Philander 2000;

Collins et al. 2010; DiNezio et al. 2012), tropical

precipitation (Held and Soden 2006; Dayem et al.

2007; Chadwick et al. 2013), the ITCZ strength and

position (Hu and Fedorov 2018), the Indian monsoon

(Krishnamurthy and Krishnamurthy 2014), and ocean

heat uptake (England et al. 2014, and many others).

How the tropical Pacific may change in response to

warming has been a topic of active debate for decades.

Yet, due to the complex coupled nature of atmosphere–

ocean interactions driving the zonal circulation in the

region, much uncertainty persists concerning the future

of the Walker circulation and the associated zonal SST

gradient, as well as interpretation of current observa-

tions. While the majority of general circulation models

(GCMs) participating in phase 5 of the Climate Model

Intercomparison Project (CMIP5) project a weakening

of the SST gradient (DiNezio et al. 2013; Kociuba and

Power 2015; Plesca et al. 2018; Coats and Karnauskas

2017), some models project no change or strengtheningCorresponding author: Ulla K. Heede, ulla.heede@yale.edu
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(e.g., Kohyama et al. 2017). Recent observations of the

past several decades also show a strengthening of the

zonal SLP and SST gradients, accompanied by an in-

crease in zonal wind stress (Meng et al. 2012; Tokinaga

et al. 2012; Ma and Zhou 2016) mirrored by an increase

in meridional, cross-equatorial winds (Hu and Fedorov

2018). These trends are not captured by historical sim-

ulations in CMIP5 (Kociuba and Power 2015), which

generally show weaker SLP and SST gradients since

preindustrial time; however, the robustness of the sim-

ulated trends has been questioned because of large in-

termodel spread (Plesca et al. 2018). The discrepancies

between observations and model simulations have been

linked to both model mean-state biases (e.g., Seager

et al. 2019) and a lack of simulated interbasin warming

trends. Sensitivity experiments confirm that enhanced

warming in the Indian and Atlantic Oceans can drive

some the observed wind stress changes in the Pacific

(e.g., Zhang and Karnauskas 2017; McGregor et al.

2014; Zhang et al. 2019); however, such interbasin

warming patterns are not well captured in historical

CMIP simulations. In general, these factors cast doubt

on whether current, state-of-the-art, climate models

are able to give robust projections for the future of

the equatorial Pacific, and call for a more in-depth un-

derstanding of the mechanisms that drive mean state

changes to the Walker circulation, their time scales, and

in particular how atmospheric and oceanic responses

interact in the coupled system.

Generally, two types of mechanisms involving a dy-

namic ocean response to greenhouse gas (GHG) forcing,

and resultant changes to the tropical SST gradient, have

been proposed and investigated in the literature. One,

typically named ‘‘the oceanic bridge’’ (or, more intuitively,

‘‘the oceanic tunnel’’) is related to tropical–extratropical

oceanic links (Fig. 1). Specifically, a warming temperature

signal from the extratropics can be transferred to the

tropics via subduction in the subtropical gyre region,

advection via the shallow subtropical cells (STCs),

and upwelling in the eastern equatorial cold tongue

(McCreary and Lu 1994; Gu and Philander 1997;

Rodgers et al. 2003; Burls et al. 2017). Fedorov et al.

(2015) find, based on paleo-evidence and equilibrated

modeling experiments, a strong relationship between

the zonal and meridional SST gradients in the Pacific,

suggesting that the oceanic tunnel is a robust climatic

feature with important control on the equatorial SST

pattern on long time scales. In fact, Thomas and

Fedorov (2017) estimate that extratropical and trop-

ical signals become well correlated on time scales

longer than 60 years.

Furthermore, in context of contemporary global warm-

ing, Liu (1998), Seager and Murtugudde (1997), and Burls

and Fedorov (2014) have demonstrated, using simple box

models and GCMs, that the steady-state zonal SST gradi-

ent in the tropics depends on the effective differential

latitudinal heating and associated meridional SST gradi-

ents, suggesting that onmultidecadal and centennial scales

FIG. 1. Schematic overview of the ocean–atmosphere system in the tropical Pacific and relevant atmospheric and

oceanic mechanisms (evaporative damping, decreasing vertical mass flux related to atmospheric energetics, the

oceanic tunnel and ocean thermostat) that drive changes in the tropical SST gradients in response to greenhouse

warming.

6102 JOURNAL OF CL IMATE VOLUME 33

Unauthenticated | Downloaded 12/03/21 07:20 AM UTC



the oceanic tunnel is likely an important mechanism driving

changes in the equatorial Pacific in response to global

warming. In addition to enhanced extratropical warming,

the reduction in the strength of the STCs caused by the

weakening of surface winds could also act to warm the

tropical Pacific as part of the oceanic tunnel response, due to

reduced equatorial upwelling (Yamanaka et al. 2015). Thus,

the complete oceanic tunnel should beunderstood as having

both temperature and transport components.

The ocean thermostat is another dynamical ocean

mechanism proposed, arguing that the zonal SST gra-

dient will be enhanced in response to GHG warming

(Clement et al. 1996). As warm surface waters pile up in

the western equatorial Pacific, continual upwelling of

cold water acts to strengthen the SST temperature dif-

ference between east and west, and hence establish a La

Niña–like response to warming via the Bjerknes wind

feedback (see Fig. 1). The ocean thermostat mechanism

has been demonstrated using a box model (Liu and

Huang 1997), the Zebiak–Cane model (Clement et al.

1996), and in a GCM (Luo et al. 2017). However, for

most CMIP5 climate models, this type of response has

not been detected as a dominant equilibrium response

(DiNezio et al. 2009; Kociuba and Power 2015). While

it may play a role in some models, whose responses

differ from the CMIP5mean (e.g., Kohyama et al. 2017),

Coats and Karnauskas (2017) find that not all models

simulating strengthening of the tropical SST gradient

are consistent with the ocean thermostat proposed by

Clement et al. (1996).More recently, Seager et al. (2019)

proposed a modified ocean thermostat mechanism that

includes an increase in winds due to a strong evaporative

cooling effect in the trade wind belts, which in turn acts

to increase zonal wind stress across the equatorial

Pacific and enhance the ocean thermostat mechanism.

In parallel with the dynamical ocean or dynamical

ocean–atmosphere mechanisms proposed, there has

been a somewhat separate debate about how the

tropical atmospheric overturning circulation, specifi-

cally the zonal Walker circulation, may respond to

GHG forcing from a mainly atmospheric perspective.

Broadly, two different mechanisms that may weaken

the tropical zonal circulation in response to warming

have been put forward. Knutson and Manabe (1995)

focused on the weakening of the east–west SST gra-

dient because of evaporative damping. Due to the

exponential dependence of evaporative fluxes on SST

stemming from the Clausius–Clapeyron relation, a

larger proportion of increased energy from GHG

forcing may be balanced by latent heat fluxes in the

warm pool, relative to the cold tongue, leading to

enhanced warming in the cold tongue relative to the

warm pool, assuming constant wind stress and relative

humidity. Merlis and Schneider (2011) show that in a

cloud-free atmospheric model coupled to a mixed layer

ocean (slab ocean), with fixed ocean energy flux diver-

gence (Q flux), the weakening of the zonal SST gradient

scales closely to that given by the Clausius–Clapeyron

relation (;7% per degree of warming) across a broad

range of climates. In slab ocean simulations with a range

of low cloud cover feedback strengths, Erfani and Burls

(2019) show that the presence of clouds acts to amplify

this thermodynamically driven weakening of the zonal

SST gradient even in the absence of ocean coupling.

The second atmosphericmechanism focuses on changes

to the atmospheric mass flux (or vertical velocity) and

energy balance over the warm pool as put forward by

Held and Soden (2006). Since radiative cooling in the

upper troposphere increases at roughly 2% per degree

warming, the only way that increases in latent heat release

(7% per degree warming, consistent with the Clausius–

Clapeyron relation under constant relative humidity) can

be in balance with weaker radiative cooling is by slowing

down the vertical velocity of the circulation advecting

water vapor upward. Vecchi and Soden (2007) found that

vertical velocity over the Indo-Pacific decreased in future

projections made by CMIP3 models, while Merlis and

Schneider (2011) found a slowdown of vertical velocity of

5%K21 in simulations with a cloud-free atmospheric

model coupled to a slab ocean. Conducting experiments

using prescribed wind stress within the ocean component

of a GCM, Luo et al. (2015) have found, however, that

the weakening of the tropical SST gradient can be re-

produced, even in the absence of wind stress changes,

highlighting that changes to the thermodynamic fluxes

between the atmosphere and the ocean, alongside ocean

dynamics, might be sufficient to drive a weakening of the

SST gradient without the effect of surface winds asso-

ciated with the weakening of the ascending branch of the

Walker circulation.

While all these mechanisms have been shown to be

able to operate in the tropical Pacific, at least to some

degree, there is still no consensus about which mecha-

nisms will ultimately dominate the response to con-

temporary global warming, an uncertainty that is also

illustrated by the ongoing debates on the current trends

of change in the region. This study aims to address

this challenge by proposing a framework in which the

above outlined atmospheric and oceanic mechanisms

(summarized in Fig. 1) can be considered together, and

their interactions and relative contributions studied.

The ultimate motivation is to obtain a more robust

understanding of current and future changes in the

tropical Pacific. This framework is developed in two

steps. First, a series of idealized CO2 forcing experi-

ments, abrupt and more gradual, using both a slab
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ocean and fully coupled climate model, are carried

out, in which the various responses can be clearly

identified. Second, a simple box model, capturing

key features of ocean–atmosphere interaction and

tropical–extratropical coupling, is used. A series of

box model experiments are performed, reproducing

the main characteristics of the GCM simulation re-

sponse, and thus allowing for an assessment of the

role of the different proposed mechanisms in isola-

tion and in combination with each other.

The remaining article is structured as follows: section 2

describes the GCM simulations used in the study and in-

vestigates the time scales of various types of responses

identified in the GCM simulations, and their attribution to

atmospheric and oceanic mechanisms. Section 3 describes

the idealized box model, which is used to illustrate how the

different mechanisms evident in the GCM simulations can

be isolated and their interaction can be studied. Section 4

discusses and concludes the findings presented. A comple-

mentary study that compares and contrasts the response of

the tropical Pacific across different GCMs will appear

elsewhere.

2. GCM simulations

a. Model setup

We use a series of idealized, abrupt, and gradual CO2

increase experiments in order to investigate the inter-

action between oceanic and atmospheric responses

under a range of different forcing scenarios. The ex-

periments are performed using the T31 gx3v7 config-

uration of CESM (v. 1.0.4. and therefore essentially

CCSM4 at the given resolution) with a nominal ;3.758
atmospheric resolution and an oceanic latitudinal res-

olution of about 38 increasing to 0.58 near the equator.

This configuration, which is relatively coarse, allows us

to perform a large number of ensemble simulations.

Four abrupt forcing scenarios are used as a starting

point to explore how the tropical Pacific responds to 2,

4, 8, and 16xCO2 concentration relative to the prein-

dustrial level. By abruptly forcing the system with large

magnitudes of CO2, the response can be clearly sepa-

rated from natural variability. The experiments are run

for 400 years, and a five-member ensemble approach is

used as an additional means to separate the forced re-

sponse from natural variability, for instance associated

with ENSO. The ensemble members have been created

using the same method as in Kay et al. (2015), where

each simulation is generated from one control experi-

ment, but with an added temperature perturbation of

magnitude 10214K. All our experiments are initiated

from the same start date and from the same baseline

simulation (b.40) made available by the National

Center for Atmospheric Research (NCAR) with 1850

forcing that has been spun up for 507 years. Year zero

in our simulations is the year at which CO2 is being

added to all experiments, except the control, which is

simply a continuation of the baseline experiment with

added ensemble members.

To isolate the effects of the atmosphericmechanisms in

the absence of a dynamical ocean, the model simulations

are repeated using a slab ocean model (SOM) configu-

rationwith a prescribed ocean energy flux divergence into

the mixed layer. This flux is computed from the fully

coupled control simulation, and then used to force the

slab ocean runs. In addition, a set of fully coupled ramp

experiments are also carried out, in which CO2 concen-

tration is increased linearly until it reaches the level of

1140ppm (4 times preindustrial) and then kept constant.

The goal of this set of experiments is to study the relative

importance of different mechanisms, and how they may

change in gradual versus abrupt forcing scenarios.

b. The tropical Pacific response to CO2 forcing:
Transient versus equilibrium response

As expected, the tropical Pacific responds very quickly,

within the first year, to the imposed abrupt CO2 increase,

and continues to change over the next several centuries

(Fig. 2). To highlight the temporal evolution of this trend,

we compare the SST gradient between the Indo-west

Pacific and central-east Pacific (see Table 1 for defini-

tions), whereas the full spatial warming pattern is shown

in Fig. 3 and described in more detail in section 2c. The

temporal evolution of the response clearly shows two

different stages: the initial (transient) and final (equilib-

rium), characterized by a strengthening, and then weak-

ening of the Pacific Walker cell, respectively. Note that

here we use the terms strengthening and weakening to de-

scribe the state of the system (i.e., stronger or weaker

Walker cell relative to the control) rather than a trend (i.e.,

the rate of change) during this period. The SST and SLP

gradients and integrated zonal wind stress (Figs. 2a–c)

showa strengthening that lasts about 20–30 years (a stronger

Walker cell), followed by a rapid weakening (a weaker

Walker cell) that stabilizes after 100–200 years.

The spatial structure of the initial response in SST is

qualitatively similar between different magnitude of CO2

increase; likewise, the structure of the final response also

shows strong similarities for different forcing magnitudes

(Fig. 3). However, in all experiments, there is a sharp

difference between the structure of the transient and

equilibrium responses in the central Pacific.

The initial response is characterized by less warm-

ing in the central equatorial Pacific, and in the trade

wind belts, particularly in the Southern Hemisphere.

Qualitatively, the spatial pattern of SST in the initial
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response resembles the negative phase of the inderde-

cadal Pacific oscillation (IPO; e.g., Dong and Dai 2015).

Here, we emphasize the IPO rather than the Pacific

decadal oscillation (PDO) traditionally defined within

the Northern Hemisphere. In the negative IPO phase,

the regions with reduced warming that extend from the

midlatitude eastern parts of the Pacific basin toward the

western tropical Pacific are indicative of the Pacific me-

ridional mode (Chiang and Vimont 2004; Zhang et al.

2014) driven largely by thewind–evaporation–SST (WES)

feedback (e.g., Xie and Philander 1994).

In contrast to the initial change, the equilibrium re-

sponse shows a pronounced warming over the eastern

equatorial Pacific, reminiscent of an eastern Pacific El

Niño–like state. Figure 4 illustrates in further detail the

spatial structure of the transient versus equilibrium equa-

torial response. Initially, the warm pool shifts toward the

Indian Ocean, while the coldest part of the cold tongue

shift westward as well. The equilibrium response, on the

other hand, shows a marked weakening of the east–west

tropical SST gradients.

The initial strengthening in theWalker cell (in terms of

SST and SLP gradients and zonal winds) is evident in

both the abrupt (Fig. 2) and gradual experiments (Fig. 5),

yet for the ramp scenarios, the strengthening response

evolves more slowly, and lasts up to 70–100 years before

the tropical SST gradient becomes weaker than the con-

trol. Furthermore, the ramps forced with faster CO2 in-

crease (ramps 2–4, reaching 4xCO2) seem to have a

stronger transient response, while the ramp forced with

the slowest CO2 rise (ramp 1) shows a very muted tran-

sient response. Eventually, the ramp experiments seem to

converge on the equilibrium response in the abrupt

experiments.

c. The transient response: A stronger Walker cell and
the Indo-Pacific thermostat

The initial response is characterized by an increase in

easterly winds over the central and western Pacific, and

FIG. 2. Changes in key variables in the control and abrupt CO2 experiments: (a) SST difference between the Indo-

west Pacific and the central-east Pacific (see Table 1 for definitions), (b) zonal wind stress integrated over the

equatorial tropical Pacific basin, (c) sea level pressure difference between the Indo-west Pacific and the central-east

Pacific, and (d) pressure velocity over the Indo-west Pacific. The 10-yr runningmeans averaged across five ensemble

members are shown; shading indicates ensemble spread.

TABLE 1. Definitions of spatial metrics.

Metric name Definition

Indo-west Pacific 808–1308E, 58S–58N
Central-east Pacific 1808–2808E, 58S–58N
West Pacific 1208–1508E, 58S–58N
East Pacific 2058–2808E, 58S–58N
Tropical Pacific 1308–2808E, 58S–58N
Southern Pacific 2008–2808E, 508–208S
Northern Pacific 1608–2408E, 208–508N
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an increase in vertical velocity and wind convergence

over the Maritime Continent, which acts to shift the

Walker circulation westward (Fig. 4; also see Fig. 10). In

part, this westward shift is caused by a pronounced

warming in the Indian Ocean, while the central and

western Pacific warms less (Figs. 3 and 4). Enhanced

Indian Ocean warming is a salient feature of climate

change in the tropics observed over the past half-century

or longer (e.g., Zhang et al. 2019). A simple explanation

is that zonal winds over the equatorial Indian Ocean

are weak, so that the Indian Ocean mixed layer tem-

perature has to increase to balance the imposed forcing.

Conversely, in the Pacific, the radiative forcing can be

balanced by changes in upwelling, among other mech-

anisms, which can effectively reduce or even reverse

any SST increase there. The enhanced Indian Ocean

warming leads to a Gill-type response involving sta-

tionary Rossby and Kelvin waves (Matsuno 1966; Gill

1980). The latter wave strengthens zonal winds over the

Pacific, which further reduces warming over the central

and western Pacific by increasing upwelling as well as

evaporative cooling (Hu and Fedorov 2019). This type

of westward wind response is also present in our slab

ocean simulations (Figs. 4c,f), suggesting a clear role for

the atmosphere in setting the spatial pattern of the initial

response. The most noticeable difference between the

fully coupled and slab ocean initial responses, however,

is the magnitude of wind change. While the Walker

circulation shifts westward in both cases, only the fully

coupled simulations exhibit a strengthening of the winds

in the central Pacific (Fig. 4d). This points to the role of

the dynamical ocean in amplifying the initial response,

creating a transient Indo-Pacific thermostat response to

warming.

This Indo-Pacific thermostat is, however, somewhat

different from the original idea of Clement et al.

(1996). In fact, the main difference between the tran-

sient and equilibrium responses in our simulations lies

not in the eastmost equatorial Pacific (2408–2808E),
which warms immediately after imposed forcing, but

FIG. 3. Mean SST anomalies relative to the control (8C) for the four abrupt CO2-rise experiments (2, 4, 8, and 16xCO2), showing

averages for (a),(c),(e),(g) the first 10 years of each simulation and (b),(d),(f),(h) the last 100 years of each simulation. Note that the color

bars are adjusted for each CO2 scenario. Five-member ensemble means are used.
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in the central-east Pacific (1808–2408E), which initially

experiences a lack of warming and stronger winds,

moderating the induced warming in the whole Pacific

equatorial band (Fig. 3). Only after 30 years does this

central-east Pacific region start to experience weaker

winds and enhanced warming as evident in Figs. 2 and

4, thus it is the key region in the transition between the

initial and equilibrium responses.

The initial warming of the far east Pacific is another

important part of the transient response, and can be at-

tributed in part to the strong warming over South

America, resulting in westerly wind anomalies and a

deepening of the thermocline in the eastmost equatorial

Pacific. Meanwhile, the warming of the Maritime

Continent and resultant lowpressure anomalies strengthen

zonal winds in the western Pacific and shoal the central

Pacific thermocline, in turn further amplified by the

Bjerknes feedback. The sum of these changes could be

interpreted as a westward shift of the Walker circu-

lation. In addition, the hemispherically asymmetric

warming patterns in the trade wind belts, possibly

linked to increased evaporative cooling (e.g., Seager

et al. 2019), may also contribute to the westward

shifting thermostat mechanism. These ideas will be

investigated in a follow-up study.

While the initial response is similar in magnitude be-

tween the fully coupled and slab ocean simulations, the

slab ocean simulations show amarkedly muted response

in the zonal SST gradient, compared with the fully

coupled equilibrium response (Fig. 6). If one considers

only the zonal SST gradient over the Pacific Ocean

(ignoring changes over the Maritime Continent), the

weakening observed in the slab ocean simulations is in

reasonable agreement with what one would expect from

the evaporative cooling argument: a larger proportion of

warming in the warm pool can be balanced by latent

heat fluxes, relative to the cold tongue. This is due to the

exponential dependence of evaporative fluxes on SST

set by the Clausius–Clapeyron relation, which controls

saturation specific humidity at the ocean surface. In

contrast, the fully coupled simulations show a much

stronger SST gradient response to tropical warming.

This result provides a clear indication of the role of

the dynamical ocean in setting the magnitude of the

FIG. 4. (a)–(c) Equatorial surface temperature with the zonal mean substracted, and (d)–(f) zonal wind stress along the equator for each

CO2 scenario. (left) The fully coupled model initial response (first 10 years) and (center) equilibrium (last 100 years) response to CO2.

(right) The slab ocean response (first 10 years). Both variables are averaged between 58S and 58N. Ensemble means are used for the fully

coupled simulations.
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equilibrium SST response to CO2 forcing in the fully

coupled simulations.

d. The equilibrium response: The weaker Walker cell
and the role of the oceanic tunnel

Even though the initial dynamical/thermodynamical

system response leads to a transient strengthening of

zonal winds in the coupled model simulations, as well

as increased zonal SST and SLP gradients across the

equatorial Indo-Pacific, the role of the ocean appears

to reverse after 20–30 years (in the abrupt simula-

tions), driving a marked weakening of the zonal Pacific

SST gradient on longer time scales. This suggests a

shift from an ocean thermostat-type response to an

ocean tunnel type response, with the ocean tunnel type

response operating on time scales longer than 30–20

years (70 years or longer for the ramp experiments;

see Fig. 5).

Generally, our GCM simulations indicate a strong

role for the oceanic tunnel and meridional coupling in

setting both the time scale and the magnitude of the

equilibrium response. All simulations show enhanced

extratropical warming, relative to the tropics (Fig. 7)

where the extratropical region is defined roughly as an

average between 208 and 508N and between 208 and
508S (see Table 1). The difference in warming between

the tropics and extratropics tends to increase with

time, except for the 2xCO2 simulation, where the en-

hanced extratropical warming in only observed during

the first 100 years. Note that the 2xCO2 simulation also

shows the smallest zonal SST gradient weakening in

the equilibrium response. After the first 50–100 years,

all simulations appear to develop high correlations

between zonal and meridional temperature gradients

(Fig. 8), suggesting that the rate of extratropical

warming relative to tropical warming may have an

important control on the equilibrium response of the

tropical zonal temperature gradient (note that here

only the Pacific east–west gradient as defined in

Table 1 is considered, and changes over the Maritime

Continent and the Indian Ocean are excluded as

those areas are not directly impacted by the ocean

FIG. 5. SST difference between the Indo-west Pacific and the central-east Pacific for (a),(b),(d),(e) four different ramp experiments and

(f) the abrupt 4xCO2 experiment; 10-yr running means averaged across five ensemble members are shown; shading indicates ensemble

spread. (c) CO2 changes in the ramp experiments. Over the first 200 years ramps 2–4 reach 1120 ppm (4xCO2 relative to the preindustrial

level) and then maintain constant CO2; ramp 1 only reaches 2xCO2.
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tunnel mechanism). In addition to the enhanced ex-

tratropical warming, the slowdown of the Pacific

wind-driven shallow overturning cells, also called the

subtropical cells (STCs; Fig. 9), that supply cold water

to equatorial upwelling in the eastern and central

equatorial Pacific also contribute to the weakening of

the zonal SST gradient. There appears to be some

asymmetry in STC changes (Fig. 9) and extratropical

warming (Fig. 7), with the Northern Hemisphere

warming more than the Southern Hemisphere for

all scenarios except 2xCO2. Likewise, the STC weakens

in theNorthernHemisphere but strengthens (slightly) in

the Southern Hemisphere.

These interhemispheric differences may be linked to

asymmetry in the mean state winds and SST, which in

turn can alter the balance between positive and negative

latent heat flux feedbacks to the imposed forcing (Zhao

and Fedorov 2020). Hemispheric asymmetry in the re-

sponse of subtropical warming or STC strength, if pro-

nounced, could have the effect of reducing or cancelling

some contribution of the ocean tunnel driving the

tropical SST response, which will be investigated in a

follow-up study.

e. The Walker cell weakening implied by energy and
mass balance constraints

Simple considerations of Held and Soden (2006),

based on atmospheric energy and mass balance, suggest

that the atmospheric tropical circulation should weaken

when surface temperature rises. Their argument is

commonly applied to the atmospheric vertical mass

flux over the warm pool. Is there any evidence of their

mechanism working in our simulations? Indeed, the

vertical mass flux (e.g., omega at 500 hPa) decreases

from the beginning of our simulations, which is con-

sistent with the Held and Soden (2006) constraint

(Fig. 10). This implies that during the transient re-

sponse, the strengthening of the Walker circulation

evident in surface and low-tropospheric variables (the

SST and SLP gradients, and surface zonal winds) can

be decoupled from the changes seen over the warm

pool at 500 hPa.

The surface wind increase accompanying the weaken-

ing of the vertical velocity at 500hPa over the Indian and

Pacific Oceans (Fig. 2d) may be possible because vertical

velocity (Fig. 10) actually strengthens over the Maritime

Continent. Thus, the surface manifestation of the weaker

vertical velocity varies spatially due to land/ocean con-

trasts and contributes to the westward shift of theWalker

circulation, rather than its slowdown. Eventually, at the

equilibrium stage omega at 500hPa (Fig. 2d) shows a

slowdown of 9%–35% across the warming scenarios.

Compared with the average tropical warming from Fig. 7,

which ranges from 1.48 to 68C, this leads to a scaling of

roughly 5%–6% per degree of warming, which appears to

be consistent with the scaling of Held and Soden (2006).

FIG. 6. Zonal SST gradient plotted against mean tropical Pacific SST (8C) in the abrupt CO2 experiments. Each

dot represents a 50-yr average of the SST difference between the west Pacific and east Pacific (see Table 1 for

definitions) for (a) fully coupled and (b) slab ocean simulations. Number 1 indicates an average for years 1–50,

number 2 for years 51–100, etc. Each CO2 scenario is plotted in a different color. Black5 control simulation, blue5
2xCO2, red5 4xCO2, yellow5 8xCO2, and purple5 16xCO2. The blue line represents the theoretical reduction in

the Pacific SST gradient of roughly 7%per degree of warming, assuming that evaporative damping is the only active

mechanism, and the Clausius–Clapeyron relation controls saturation specific humidity at the surface.
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3. Idealized box model

To further investigate the response of the tropical

Pacific to CO2 forcing, an idealized box model is em-

ployed, which provides a simplified, theoretical basis

for understanding the tropical Pacific SST response to

greenhouse warming. The purpose of the box model is

to isolate different mechanisms driving changes to the

Pacific, while avoiding the spatially complex response

observed in the GCM.

The simple model describes the wind-driven transport

between the eastern and western equatorial Pacific, as

well as between the equatorial Pacific and the extra-

tropics, and thus is able to capture themain features of the

ocean dynamical responses. Furthermore, it describes, in a

simple form, atmosphere–ocean interaction via surface

heat fluxes and wind coupling. It does not, however, in-

corporate the weakening of midtropospheric vertical ve-

locity imposed by the energy/mass balance constraint.

a. Model outline

The model is modified from Liu and Huang (1997)

(also see Burls and Fedorov 2014) and consists of four

boxes (Fig. 11). The temperature change for each box is

given by
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where Ti is the temperature of box i, andmi is the volume

of box i. The term « represents a branching parameter,

which determines the ratio of water flowing out from the

eastern and western tropical boxes, respectively. The

term Hi represents the temperature tendency for box i

induced by ocean–atmosphere heat fluxes, and is given by

H
i
5

1

C
p
rh

i

[H
sw
2 (H

ilatent
1H

sensible
1H

iOLR
)], i5 1, 2, 3,

where Cp is specific heat of water, r is density of sea-

water, and hi is given by the depth of the mixed layer in

FIG. 7. SST changes in the tropical and extratropical Pacific for each CO2 scenario relative to the control. Lines

represent ensemble means across five ensemble members. For the tropics, a 5-yr running average is applied.
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each box, and terms in the brackets on the rhs represent

different components of surface heat fluxes. While the

values of shortwave and sensible fluxes are prescribed

for simplicity, based on average values in the GCM

control run, the respective outgoing longwave (OLR)

and latent heat fluxes are calculated, based on bulk

formulas (e.g., Haney 1971):

H
iOLR

5EsT4
i , i5 1, 2, 3,

H
iLatent

5LV
ai
C

L

0:622

r
air

e
s
(T

i
)(12RH), i5 1, 2, 3 ,

where E is an emissivity parameter, representing the effi-

ciency at which the ocean surface cools via OLR, which

in turn depends on clouds, water vapor, and other green-

house gases in the atmosphere. This parameter is de-

creased to simulate warming caused by CO2 forcing. Also,

s is the Stefan–Boltzmann constant, rair is the density of air

at sea level,CL is the latent heat exchange coefficient,Va is

the wind speed at 10m, L is latent heat of evaporation, es
is saturation water vapor pressure, and RH is relative

humidity of the surface boundary layer. Box 4 does not

interactwith the atmosphere and is assumed to be adiabatic,

acting as a pipe, delaying the transport of temperature

anomalies between the extratropical and tropical boxes.

Finally, the flow, q is given by a simple parameterization:

q5A
H
(T

eq
2T

3
)1A

W
(T

1
2T

2
) ,

where AH and AW represent the Hadley and Walker

coupling parameters, respectively, and Teq is the aver-

age temperature of the tropical boxes (boxes 1 and 2).

These are empirical coefficients linking the upper-ocean

meridional and zonal temperature gradients to the re-

sultant flow, via wind stress and Ekman transport. The

values are obtained from the GCM simulations, with a

partitioning following Liu and Huang (1997), where the

Walker coupling is 4 times theHadley coupling strength,

and the resultant flow in a steady state is about 28 Sv

(1 Sv [ 106m3 s21), constrained by the upwelling into

the eastern equatorial box (box 2) in the CESM control

simulation (Burls and Fedorov 2014). The values for all

variables and constants are given in Table 2.

We employ the model to study equilibrium and tran-

sient responses of the tropical SST gradient to several

types of forcing:

1) Abrupt uniform reduction in the emissivity coef-

ficient E for all boxes (mimicking greenhouse

warming)

2) Reduction in the emissivity coefficient for only box 3

(extratropical warming)

3) Abrupt uniform reduction in the emissivity coeffi-

cient for all boxes, with additional warming added to

box 3 (global warming 1 enhanced extratropical

warming)

4) Gradual uniform reduction in the emissivity coeffi-

cient for all boxes (gradual global warming)

Furthermore, we perform sensitivity tests in order to

explore how the response of the model to warming de-

pends on atmosphere–ocean coupling strength (AH and

AW parameters) and spatial variations in surface winds

across the tropics. For the first sensitivity test, we alter

the AH and AW parameters individually to explore how

the model is behaving with different relative strengths

between the Hadley and Walker couplings, and differ-

ent flow rates. For the second test, we alter the surface

wind speed Va to allow for different wind speeds be-

tween the eastern and western tropical boxes (box 1

and box 2).

b. Box model results

A clear transient strengthening of the east–west SST

gradient is a robust feature of the box model when a

uniform forcing is imposed (Fig. 12). The strengthening

is generally stronger than the GCM results. Equilibrium

SST gradient weakening is observed in the absence of

enhanced extratropical warming (Fig. 12a), suggesting a

FIG. 8. Upper-ocean zonal temperature gradient plotted against

the meridional upper-ocean temperature gradient in the Pacific

(K). The vertical axis represents the upper 50-mocean temperature

between the west Pacific and the east Pacific. The horizontal axis

represents the upper 50-m temperature difference between the

tropical Pacific and the average between the northern and southern

Pacific, as defined in Table 1. Each dot represents a 50-yr average of

the simulation. Number 1 indicates an average for years 1–50,

number 2 for years 51–100, etc. Each CO2 scenario is plotted with a

different color, consistent with Fig. 6. Black5 control simulation,

blue 5 2xCO2, red 5 4xCO2, yellow5 8xCO2, and purple 5
16xCO2. Five-member ensemble means are used.
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small, but not negligible role for the local, latent heat

damping (evaporative damping) of the tropical SST

gradient. If, however, an enhanced extratropical warm-

ing is imposed, the model shows a much more substan-

tial weakening of the zonal SST gradient of magnitudes

comparable to those in the fully coupled GCM experi-

ments (Figs. 12b,c). This suggests that the oceanic tunnel

may be important in driving the equilibrium response in

the tropical Pacific: even in the absence of local effects,

the zonal SST gradient can be substantially weakened if

an extratropical warming is imposed (Fig. 12b).

Similarly, the gradual forcing experiment shows changes

qualitatively similar to the ramped GCM experiments

(Fig. 12d), highlighting that an ocean thermostat-type re-

sponse may arise in both gradual and abrupt warming

scenarios, however with a stronger magnitude in abrupt

warming scenarios.

The sensitivity experiments shown in Figs. 13a and 13b

suggest that the model tropical SST gradient is more

sensitive to warming for low values of ocean–atmosphere

coupling and flow rate when the model is in an under-

saturated regime (Liu andHuang 1997). In such a regime,

the effect of a positive pertubation to the flow rate

would act to amplify small decreases in the SST

gradient generated by differential changes in evapo-

rative and OLR fluxes. An initial negative pertuba-

tion to the temperature gradient will in turn decrease

upwelling into the eastern box (via q), which will act

to decrease the east–west gradient (the Bjerknes

feedback). If q reaches a certain value, however,

changes in the transport between eastern and western

boxes dominate the east–west temperature gradient,

and the system enters a saturated regime where de-

creased flow actually increases the gradient. Hence, if

the model is close to saturation, the effect of warming

on the tropical SST gradient greatly diminishes. This

highlights the dependence of warming response on

the ocean model’s mean state circulation. For exam-

ple, if a model overestimates eastern equatorial up-

welling, it may in turn misrepresent the strength of

the dynamical ocean response to warming because to

model is too close to saturation.

Figures 13c and 13d also shows the sensitivity of the

box model to the value of tropical surface wind speed

(which is held constant with time). While the model’s

response to warming is relatively insensitive to an in-

crease or decrease of wind speed across the tropics, the

model is sensitive to the relative difference in wind

FIG. 9. Anomalies (colors) and the control mean values (contours) of the streamfunction (Sv) in the Pacific for

each CO2 experiment based on a time average of 400 years. The plots show a substantial weakening of the upper

300-m meridional overturning within the northern subtropical cell (STC) while the southern cell becomes slightly

stronger. The changes are minimal for CO2 doubling.
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magnitude between the eastern and western boxes. In

fact, if mean winds are significantly stronger in the

eastern box, relative to the western box, the equilibrium

response to uniform warming is a strengthening of the

SST gradient, rather than a weakening. This result

highlights that the strength of the evaporative damping

mechanism depends on the spatial pattern of mean state

winds along the equator.

While the box model is too simple to be directly

comparable to GCMs, it captures reasonably well the

balance between different mechanisms that control

tropical response to CO2 forcing, including dramatic

differences between transient and equilibrium changes.

Box model sensivitiy experiments thus show possible

ways in which common GCM biases in the tropics,

related to mean state winds and upper-ocean stratifi-

cation (Li and Xie 2014), can affect the zonal tropical

response to imposed radiative forcing by shifting this

balance.

4. Discussion and conclusions

An initial strengthening of winds over the cen-

tral equatorial Pacific, with an associated increase in

SST and SLP gradients, is a robust but transient re-

sponse across all simulations with a dynamical ocean,

indicating a dynamical Indo-Pacific Ocean thermostat

mechanism at work. This strengthening lasts 20 years

or so for the abrupt experiments, and 50–100 years for

the gradual CO2 increase (ramped) experiments. The

transient equatorial response is accompanied by in-

creased vertical velocity and wind convergence over

the Maritime Continent, decreased vertical velocity

over the oceans, and a characteristic shift of the center

of the warm pool toward the Indian Ocean. Our results

suggest that the atmosphere plays an important role in

setting this spatial shift, likely driven by land–sea dif-

ferences in convection and temperature, and well as a

Gill-type response to enhanced warming over the

Indian Ocean (Matsuno 1966; Gill 1980). The box

model simulations, however, confirm that it is possible

to induce an ocean thermostat-like response as a result

of an abrupt or gradual warming solely via Pacific

coupled ocean–atmosphere dynamics. In other words,

the role of the Indian Ocean and land–sea contrasts

adds spatial complexity to a simple ocean thermostat

response, which can be reproduced in an ocean box

model coupled to a simple atmosphere.

FIG. 10. Anomalies (colors) and the control mean values (contours) of ensemble-mean atmospheric vertical

velocity v (Pa s21) along the equator (58S–58N) for the abrupt CO2 experiments averaged over the first 10 years of

each simulation. Note that subsidence weakens in the eastern equatorial Pacific while convection strengthens over

the Maritime Continent and adjacent regions of the Indo-Pacific warm pool, which effectively implies a westward

shift of the Walker cell evident in the surface wind structure in Fig. 4.
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The emergent, transient ocean thermostat-type re-

sponse in GCMs and box models has also been re-

ported by others (Luo et al. 2017; Ceppi et al. 2018; Liu

1998) in response to abrupt forcing. However, a no-

table new result here is that this transient response also

features in gradual warming scenarios both in the

GCM and the box model. The strongest response is

obtained in the abrupt simulations, whereas the ram-

ped simulations show a slightly muted and more slowly

evolving response. Another new result is that the

transient thermostat-like response occurs regardless

the amplitude of CO2 increase. These findings illustrate

the robust, yet transient nature of the ocean thermostat-

type response: once the extratropical oceans have ad-

justed to the warming, the stronger zonal SST gradient

can no longer persist in the competition with other

mechanisms that seek to weaken the zonal SST gradient

(in particular if the upper-ocean warming is larger in the

extratropics than the tropics).

Apparent similarities between this simulated tran-

sient response and the observed changes in the equa-

torial Pacific over the past decades are noticeable,

highlighting the potential significance of the findings

reported here. An increase in winds over the Pacific

Ocean (McGregor et al. 2014), warming of the Indian

Ocean (Luo et al. 2012; Lee et al. 2015), and westward

shift of the Walker circulation (Ma and Zhou 2016)

are all features of the recent trends in the region.

Thus, whether a slowly evolving, transient response to

anthropogenic warming is currently taking place should

be subject to further investigation. Furthermore, based

on the various time scales associated with the mecha-

nisms illustrated in this study, the current response

might not necessarily be permanent as suggested by

Kohyama et al. (2017), but may be considered a tran-

sient response.

While the initial response is a strengthening of the

Walker circulation, our model simulations indicate

that in these experiments the oceanic tunnel is a key

driver, setting the magnitude of the long-term weak-

ening signal of the zonal SST gradient in the tropics.

Enhanced extratropical oceanic warming is a prom-

inent feature in this CESM model configuration, ex-

cept for 2xCO2, which also shows the smallest degree

of weakening in the SST gradient, and virtually no

weakening in zonal wind stress along the equator in

the equilibrium response. The warming of the extra-

tropical ocean seems to be taking place alongside the

weakening of the STCs, particularly in the Northern

Hemisphere, suggesting that the response of equato-

rial SST is driven in part by extratropical warming,

TABLE 2. Prescribed values and constants used for the box model

experiments.

Symbol Value Description

« 0.48 Ratio of flow out of eastern

(T2) vs western (T1) box

M1 6.8 3 106 km3 Volume of box T1

M2 6.8 3 105 km3 Volume of box T2

M3 5.2 3 106 km3 Volume of box T3

M4 5.2 3 106 km3 Volume of box T4

AW 106m3 s21 K21 Walker coupling parameter

AH 4 3 106m3 s21 K21 Hadley coupling parameter

H1 50m Depth of box T1

H2 50m Depth of box T2

H3 200m Depth of box T3

Cp 4.186 JK21 g21 Specific heat of water

r 106 gm23 Density of water

Sw 240Wm22 Prescribed shortwave forcing,

tropics

Swex 140Wm22 Prescribed shortwave forcing,

extratropics

E 0.18 Emissivity for control

experiment

s 5.67 3 1028 W m22 K24 Stefan–Boltzmann constant

rair 1225 gm23 Density of air at sea level

VaT1 5m s21 Tropical wind speed at 10m,

box T1

VaT2 5m s21 Tropical wind speed at 10m,

box T2

Vaet 8 m s21 Extratropical wind speed at

10m, box T3

Ld 1.5 3 1023 Latent heat coefficient

L 2260 J g21 Latent heat of evaporation

RH 0.8 Relative humidity

FIG. 11. A schematic outline of the four-box model. Water is

upwelled into box 2 (the eastern tropical Pacific) and transported from

there to box 1 (thewestern tropical Pacific) and box 3 (the extratropical

Pacific). From there, water is subducted into the subsurface box (box 4),

providing the link between the extratropical and equatorial boxes. The

temperature in the surface boxes (boxes 1–3) is affected by longwave

and shortwave and by latent and sensible heat exchanges with the at-

mosphere, while box 4 is assumed to be adiabatic.
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and in part by the weaker meridional flow with some

hemispheric asymmetry.

The tight coupling between the tropical and extra-

tropical warming, which is confirmed in our findings,

raises an important question: If the meridional upper-

ocean temperature gradients sets the magnitude of the

equilibrium tropical zonal SST gradient, what, then,

controls the magnitude of warming in the subtropical

and midlatitude oceans? We speculate that the rate of

extratropical warming may in large part be attributed

to a competition between polar amplification (driven by

cloud feedbacks and sea ice loss), and the rate of latent

heat damping of warming, as suggested by Seager and

Murtugudde (1997), which in turn may be linked to the

structure and magnitude of mean winds and ocean

stratification. The exact nature of the link between

evaporative damping, polar amplification, subtropical

ocean warming, and the model mean state winds and

SST will be explored in a separate study. Preliminary

results show that model simulations with similar physics,

yet different horizontal resolution and mean state, can

have markedly different rates of extratropical warming,

and resultant differences in the tropical Pacific equilib-

rium response.

While our study is idealized, and the largest CO2

forcing in our simulations does not necessarilymimic the

twenty-first-century climate change, the doubling and

quadrupling of CO2 experiments are within feasible

estimates for increases in atmospheric CO2 concentra-

tion for the coming centuries. More importantly, these

simulations provide a useful framework for under-

standing the time scales and interaction between at-

mospheric and oceanic mechanisms driving changes to

the tropical Pacific in response to CO2 forcing. By at-

tributing the two responses (transient and equilibrium)

to various atmospheric and oceanic mechanisms, our

findings can be used to evaluate the large spread among

CMIP model projections and the current discrepancies

FIG. 12. Results of four different types of warming experiments conducted using the idealized box model de-

scribed in the main text and Fig. 11. Changes in the tropical zonal upper-ocean temperature gradient (T12 T2; K)

are plotted for a range of warmingmagnitudes. (a) Uniformwarming imposed abruptly in all three surface boxes by

decreasing the OLR emissivity coefficient E by 15%, 40%, 60%, and 80%. (b) Extratropical warming imposed by

abruptly decreasingE in the extratropical box by 5%, 10%, 20%, and 30%with no imposed warming in the tropical

boxes. (c) Abrupt warming with additional extratropical warming by decreasing E in the tropical boxes by 10%,

20%, 50% and 70%, and in the extratropical box by 20%, 45%, 70%, and 95%. (d) Uniform warming is imposed

gradually in all three surface boxes by decreasing E linearly in time with the rate of 1.8 3 1024, 3.6 3 1024, 5.4 3
1024, and 7.23 1024 yr21. The resultant mean temperature change after 100 years is noted in the legend. In (c) both

the mean tropical warming, and the additional extratropical warming are noted.
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between climate models simulations and the observa-

tional record. We have shown that there is an interplay

between two types of responses, and the point at which

they ‘‘switch’’ depends on the abruptness of the radi-

ative forcing, the strength of the ocean thermostat,

effectiveness of evaporative damping, tropical land–

atmosphere interaction, the extent of the warming of

the extratropical oceans, and the weakening of the

ocean subtropical cells. We find these factors to be

the main contributors in driving large-scale changes in

the equatorial Pacificmean state. As shown by previous

studies, cloud feedbacks can modulate some of these

factors (Erfani and Burls 2019) and additional pro-

cesses might also influence the nature of the two re-

sponses, for example ENSO nonlinearity (Kohyama

et al. 2018) and the dynamics of the equatorial under-

current (Coats and Karnauskas 2018).

Furthermore, it is clear that persistent model biases

(e.g., Li and Xie 2014; Burls et al. 2017; Li et al. 2016;

Seager et al. 2019) can modify the climate system’s re-

sponse to warming. The large model spread in future

projections changes for the tropical Pacific climate (i.e.,

Kociuba and Power 2015) represents a potential issue

with our study, as we may expect other models to have

different responses. For example, some models may

exhibit different changes in meridional temperature

gradients (caused by different cloud feedbacks, con-

vection parameterizations or mean state circulation),

leading to different ocean tunnel responses. In addition,

models may have different sensitivities to the ocean

thermostat type response due to different tropical Pacific

mean state biases in ocean stratification, equatorial up-

welling, and heat fluxes, as well as differences in land–

atmosphere interaction. Future research should therefore

investigate how the balance between these transient and

equilibrium responses manifests in other models, and

how such differences can be related to various model

biases. A study addressing some of these concerns is in

preparation by the authors.
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FIG. 13. The response of the idealized model to an imposed 4-K uniform warming for different values of (a),(b)

the Walker and Hadley coupling parameters (SvK21) and (c),(d) the surface wind speed (m s21) over the western

and eastern equatorial boxes. (left) The mean state tropical upper-ocean temperature gradient (T1 2 T2) and

(right) the resultant equilibrium changes to the upper-ocean temperature gradient (K). Negative values indicate an

upper-ocean temperature gradient reduction. The white areas are excluded from the analysis due to an unphysical

mean state (a reverse temperature gradient between boxes T1 and T2). The red dot corresponds to values used in

the experiments shown in Fig. 12.
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