
1. Introduction
The response of the Walker circulation (WC) to greenhouse gas forcing has a significant effect on tropical 
climate and the hydrological system. Substantial research has been done on WC changes, yet it is not entire-
ly clear whether the WC will strengthen, weaken, or remain unchanged under continued global warming. 
Most fully coupled general circulation models (GCMs) project a weakening of the WC under anthropogenic 
global warming (He & Soden, 2015; Heede et al.,  2020; Held & Soden, 2006; Seager et al.,  2010; Vecchi 
et al., 2006), which is, however, inconsistent with the observational records in the late twentieth centu-
ry. Based on observations, the strength of the WC has intensified over recent decades (Chung et al., 2019; 
L'Heureux et al., 2013; Meng et al., 2012). The discrepancy between climate models and observations could 
be attributed to the following two aspects: (a) the observed cooling trend in equatorial Pacific SST due to 
internal variability is not well captured by most of the GCMs (e.g., L'Heureux et al., 2013; Power & Kociu-
ba, 2011; Zhao & Allen, 2019) and/or (b) systematic model insufficiencies such as cold tongue bias (Seager 
et al., 2019) or errors in simulating the equatorial undercurrent (Coats & Karnauskas, 2018). In addition, 
despite of the fact that most GCMs predict the WC to weaken, the degree of weakening differs substantially 
among models (Plesca et al., 2018). Therefore, there exists a large degree of uncertainty in modeling the WC 
response to greenhouse gas forcing.

As a product of the tropical air-sea interaction, changes in the WC are regulated by complex feedbacks. Based 
on the distinct timescales of different mechanisms, the response of WC to CO2 forcing can be divided into 
fast and slow components. There are two common ways to dissect the fast response from the total: (a) fixed-
SST experiment where the fast component is represented by the direct response to CO2 forcing without any 

Abstract The Walker circulation (WC) responds to CO2 forcing at both short and long timescales. 
In climate models, the fast response accounts for a substantial portion of the total responses, but its 
mechanisms, particularly those pertaining to air-sea interactions, remain unclear. We find contrasting 
fast WC responses in the first 2 years of abrupt CO2 forcing, determined by the models' air-sea coupling 
strength in the equatorial Pacific. In models with a strong coupling, wind anomalies induced by the 
instantaneous land-sea thermal contrast trigger a Bjerknes feedback, leading to cooling in the equatorial 
Pacific and WC strengthening. The WC weakens gradually as the Bjerknes feedback wanes and the 
subsurface warm pool water migrates eastward as Kelvin waves. In models with a weaker coupling, the 
WC weakens monotonically. Our results suggest that the inter-model discrepancy in WC changes is 
associated with the uncertainty in the fast component.

Plain Language Summary The Walker circulation (WC), a large-scale tropical air flow in 
zonal and vertical directions, is a product of the atmosphere-ocean interaction. A strong WC is associated 
with a more positive air-sea coupling: as the westward trade winds accumulate warm water in the western 
Pacific and draw up cold water in the eastern Pacific, the zonal sea surface temperature (SST) gradient and 
atmospheric convection above warm regions are enhanced. The zonal SST and sea level pressure gradient 
reinforce the trade winds. We use multiple climate models to study the response of the WC to CO2 at 
different time scales. Two different WC responses are found and the difference is determined by simulated 
air-sea coupling strength among models. In the first class of models, a strong air-sea coupling causes a 
strengthening of WC right after imposed forcing—opposite to the longterm response. In the second class 
of models, the WC weakens from the beginning of the simulation.
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changes in SST (e.g., Bony et al., 2013; Kamae & Watanabe, 2013; Samset et al., 2016) and (b) abrupt forcing 
experiments in a fully coupled model where the changes in the first few years of the simulation are inter-
preted as the fast component (e.g., Andrews et al., 2009; Chadwick et al., 2019). The first method describes 
how atmosphere responds to the changes of radiative forcing without the influence of SST changes, while 
the second one is able to address the rapid oceanic adjustment before the long-term warming. Nonetheless, 
studies using either approach show that the slow response is dominated by the long-term warming of SST 
(He & Soden, 2015; Held & Soden, 2006), while the fast response is more complicated (Andrews et al., 2009; 
Bony et al., 2013; Chadwick et al., 2019; He & Soden, 2015). Mechanisms controlling fast response involve 
direct CO2 forcing (e.g., Andrews et al., 2010; Gregory et al., 2004) and its subsequent surface temperature 
changes, including the land-sea thermal contrast (e.g., Lindzen & Nigam, 1987) and the spatial pattern of 
SST changes (e.g., Bony et al., 2013; He & Soden, 2015). However, their relative importance, particularly 
how they contribute to the inter-model discrepancy in the WC changes, is not clear. Moreover, most works 
focus on how each forcing factor drives changes in the WC independently, but the interaction between the 
WC and SST especially during the fast response period is rarely investigated.

Understanding the fast WC response in the climate models is challenging yet important. Previous studies 
have suggested that even though the long-term tropical mean response of the WC is controlled by slow 
warming of SST, the changes of spatial patterns of the WC can be independent of SST warming and persist 
with time (Bony et al., 2013; Chadwick et al., 2014; He & Soden, 2015). Therefore, the fast response actually 
accounts for a substantial portion of the total response. Our study investigates the underlying mechanisms 
of the fast WC response with a focus on the role of fast air-sea interactions. Two opposite fast WC responses 
are presented in different models, each associated with a distinct transition into the slow response.

2. Methods
2.1. Model Simulations

We analyze the abrupt 4 × CO2 experiment from Phase 5 of the Coupled Model Intercomparison Project 
(CMIP5) (Taylor et al., 2012) and a large ensemble abrupt 4 × CO2 experiments of Community Earth Sys-
tem Model version 1 (CESM1 LE) (Rugenstein et al., 2016). In the CESM1 LE experiment, 108 ensembles 
of 2-year simulations and 12 ensembles with durations longer than 10  years are branched off from the 
same long pre-industrial control simulation at different times. The detailed experimental design is shown 
in Figure S1 of Supporting Information S1. We average all ensembles in CESM1 LE to eliminate internal 
variability. Our results are robust with fewer ensembles (Figure S2 in Supporting Information S1). Further, 
we use all 27 CMIP5 models that provide all necessary variables for this study.

2.2. Definition of Fast and Slow Response

We use the fully coupled abrupt 4 × CO2 experimental setup to dissect the fast and slow responses. We calcu-
late the changes in the WC by subtracting the corresponding time period from the parent pre-industrial con-
trol simulation and Δ is used to denote the difference between the abrupt 4 × CO2 experiment and pre-in-
dustrial control. We define the fast response as the changes averaged over the first 2 years after imposed 
forcing. The total response corresponds to the changes averaged over year 91 to year 120. We choose the first 
2 years as fast response because the non-monotonic WC response driven by air-sea is mostly detected dur-
ing this period. However, our findings do not sensitively depend on the exact definition of the fast response 
time scale. As shown in Figure 1, the robust fast response signals can be detected starting from month 7. 
The slow response is defined as the difference between the total and the fast response. We also use changes 
in local surface temperature (TS) relative to the tropical mean (referred to as relative change) to highlight 
the inter-model discrepancy in the equatorial Pacific region. However, using relative or absolute changes 
of TS does not change our conclusions (compare Figure S4 with Figure S5 in Supporting Information S1).

The WC strength is calculated as the difference of the 500  hPa pressure velocity (Ω) between the Indi-
an-West Pacific (IWP, region between 50°–150°E and 10°S–10°N) and the central-east Pacific (CEP, region 
between 210°–270°E and 10°S–10°N). We normalize the anomalies in the WC strength by the long-term 
mean of pre-industrial control values (Equation 1). The change in the WC strength is expressed as:
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Δ𝑊𝑊𝑊𝑊 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =
Δ(Ω500(𝐼𝐼𝑊𝑊 𝐼𝐼 ) − Ω500(𝑊𝑊𝐶𝐶𝐼𝐼 ))

𝑝𝑝𝑝𝑝𝑊𝑊𝑝𝑝𝑊𝑊𝑊𝑊𝑊𝑊𝑝𝑝𝑝𝑝(Ω500(𝐼𝐼𝑊𝑊 𝐼𝐼 ) − Ω500(𝑊𝑊𝐶𝐶𝐼𝐼 )) (1)

2.3. Robustness

We define a response as robust if it surpasses the range of internal variability. The internal variability range 
is determined by the Monte Carlo method. We quantify the range of internal variability associated with 
changes averaged over time length (M, months or years) and ensemble members (N, corresponding to the 
number of CMIP5 models or the number of CESM1 ensemble members) as the following: We first calculate 
the difference between two non-overlapping M months or M years randomly sampled from the long pre-in-
dustrial control simulation. This is done for each ensemble/model member for a total of N times and the 
average difference is denoted as X. This process is repeated 5,000 times to produce a probability distribution 
of X. We determine robustness by using a 95% confidence level (shown as error bars in Figure 1) based on 
the Student's t-distribution of X.

Figure 1. (a) Separation of CMIP5 CG (blue) and WG (red) groups based on the relative changes in sea surface temperature (SST) over Ni𝐴𝐴 𝐴𝐴𝐴 o 3.4 region 
during fast response period. (c) Changes in the WC strength which is defined in Equation 1. (d) Changes in zonal surface wind in the Pacific warm pool 
(regions between 150°–180°E and 2°S–2°N). (e) Air-sea coupling feedback intensity calculated from long pre-industrial run for both CG (blue) and WG (red) 
(Section 2.4). CESM1 model is included as one of the CG models in (e). The orange bar in plot (a) indicates the multi-model ensemble mean. The relative 
changes in SST in (a and b) are calculated by subtracting mean changes in SST over the entire tropical (30°S–30°N) mean. In plot (c), positive values indicate a 
strengthening of Walker circulation and vice versa. The error bars in plots (b–d) indicate the range of internal variability (Section 2.3). The texts on plots (b–e) 
are the ratio of the fast response to the total response of different model groups.
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2.4. Measuring Air-Sea Coupling Strength in the Equatorial Pacific

We measure a model's air-sea coupling strength in the equatorial Pacific based on its long pre-industrial 
control simulations. The complete air-sea coupling over the tropical Pacific consists of three feedbacks: the 
thermodynamic, Bjerknes, and zonal advection feedback. Inspired by L. Liu et al. (2011), we come up with 
the following framework to quantify each feedback. We first start with the mixed-layer column integrated 
SST tendency equation:

�� ′

��
= �′

���ℎ
+ �

ℎ
(� ′

� − � ′) + �′

ℎ
(� � − � ) − �′ ��

��
− ���

′

��
− �′ ��

��
− ���

′

�� (2)

where T, Te denote the temperature at the surface and at the bottom of the mixed layer respectively; Q is the 
net downward heat flux from the atmosphere and can be written as the sum of net downward shortwave 
radiation (SW), net downward longwave radiation (LW), sensible heat flux (SH) and latent heat flux(LH); 
ρ and Cp are the seawater density and specific heat, respectively; h is the ocean mixed layer depth; and u, v, 
and w are column averaged ocean current velocities in the zonal, meridional, and vertical directions, respec-
tively. The overhead bar denotes the climatological mean and the prime denotes the anomalies calculated 
from July-September (JAS) mean with the annual cycle removed. By scaling analysis, the following terms: 
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 are much smaller than the other terms (see Figure S3 in Support-

ing Information S1 for details). Therefore Equation 2 can be simplified as:
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We assume T′ follows an exponential decay (or growth) during a short period of time:

𝑑𝑑𝑑𝑑 ′
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We take the time derivative of T′ and plug it into Equation 3:
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We decompose 𝐴𝐴 𝑇𝑇 ′
𝑒𝑒

𝑇𝑇 ′ as follows:
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where D′ is the thermocline depth anomaly and 𝐴𝐴 𝐴𝐴′850 is the 850 hpa zonal wind anomaly. Thus, Equation 6 
can be expanded as:
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The left-hand side of Equation 8 approximates the total growth (or decay) rate of SST anomaly (SSTa). The 
first term on the right-hand side of Equation 8 shows how strong the latent heat flux and short wave flux 
is connected to the SSTa, and therefore, it represents the thermodynamic feedback. The second term indi-
cates the anomalous subsurface temperature advected by the climatological mean upwelling velocity, and 
therefore, it represents the Bjerknes feedback. The Bjerknes feedback can be further decomposed into three 
processes: coupling between the tilt of the thermocline and subsurface temperature 

( � ′
�

�′

)

 , coupling between 
the thermocline tilt and low-level zonal wind 

( �′

�′850

)

 , and coupling between low-level wind and surface tem-

perature 
( �′850

� ′

)

 . The third term on the right-hand side of Equation 8 indicates the climatological mean zonal 
SST gradient advected by the anomalous zonal current.
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Based on Equation 8, we define the thermodynamic feedback index (TFI), the Bjerknes feedback index 
(BFI), and the zonal advection feedback index (ZFI) as the following:

𝑇𝑇𝑇𝑇𝑇𝑇 = 1
𝜌𝜌𝜌𝜌𝑝𝑝ℎ

(𝑅𝑅(𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑇𝑇 ) +𝑅𝑅(𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑇𝑇 )) (9)

��� = �
ℎ
�(��,�)�(�, �850)�(�850, ��� ) (10)

��� = (−��
��

)�(��, ��� ) (11)

where R(x, y) denotes the linear regression coefficient between two anomalous time series x′ and y′. All 
feedback indices have the unit: 𝐴𝐴 1

[𝑑𝑑𝑑𝑑𝑑𝑑]
 . A positive value of the feedback index represents a positive feedback 

and a higher magnitude of the index represents a stronger feedback intensity. The thermodynamic feedback 
consists of two processes: a negative convective cloud feedback, represented by R(SW, SST) and a positive 
wind-evaporation-SST (WES) feedback, represented by R(LH, SST) (R. Liu et al., 2017; Xie et al., 2010). 
The thermodynamic feedback is either positive or negative depending on the tug of war between these two 
processes. A positive Bjerknes feedback indicates that R(Te, D), R(D, u850), and R(u850, SST) are all positive. 
Similarly, the zonal advection feedback should be positive as the equatorial undercurrent always transports 
warm surface water from the west to the east.

3. Results
3.1. Fast Response

In the first month following the abrupt forcing, a rapid land-sea thermal contrast develops in all models, 
initiating land-ward wind anomalies near the Maritime Continent (MC) and South America (Figure S6 in 
Supporting Information S1). After a few months, the models' wind and SST responses start to diverge and 
this discrepancy is maintained throughout the entire fast response period (Figures 1b–1e; Figures S5 and S6 
in Supporting Information S1). As shown later, these changes are linked to the diverse fast WC responses 
among models. Therefore, based on the models' relative SST changes in the Ni𝐴𝐴 𝐴𝐴𝐴 o 3.4 region averaged over 
the first 2 years, we can divide them into a cold group (CG) and a warm group (WG): models with val-
ues lower than the multi-model ensemble mean (CMIP5 MEM) are grouped into the CG and the rest are 
grouped into the WG. CESM1 LE belongs to the CG models (Figure 1a). We study model groups instead of 
individual models to minimize the effect of internal variability.

In the first 2 years after CO2 quadrupling, CESM1 LE, and CMIP5 CG show a cooling in the central equato-
rial Pacific relative to the tropical mean (Figures 2a and 2c). The WC strengthens and anomalous easterlies 
form in the Pacific warm pool (regions between 150°–180°E and 2°S–2°N) (Figures 1c and 1d). The cooling 
of the central equatorial Pacific and the strengthening of the WC are connected via the Bjerknes feedback: 
Within the first month after applying the abrupt forcing, the anomalous easterlies in the warm pool region 
initiated by the rapid land-sea warming contrast trigger the Bjerknes feedback (Figures S6a and S6c in Sup-
porting Information S1). As the positive Bjerknes feedback is activated, the deep convection over the MC 
strengthens, intensifying the anomalous easterlies to the east of the MC as a Kelvin wave response to the 
anomalous convective heating (Figure S7 in Supporting Information S1; e.g., Gill, 1980). The anomalous 
easterlies increase the zonal SST gradient in the equatorial Pacific, which in turn strengthens the wind 
anomalies. A similar Bjerknes feedback appears in the equatorial Indian Ocean, where the anomalous west-
erlies in the west-east SST dipole reinforce each other, and together further intensify the anomalous convec-
tion in the MC (Figure S7 in Supporting Information S1; e.g., Wang et al., 2016). As a result of the feedbacks 
between changes in the circulation and SST, the WC strengthens and is shifted westward (Figures 1c, 3a, 
and 3b). On the other hand, the land-sea warming contrast drives anomalous westerlies in the eastern Pa-
cific (Figures 2a and 2c; Figure S6a in Supporting Information S1). The anomalous westerlies suppress the 
equatorial Pacific upwelling, warming the Pacific cold tongue (regions between 240°–270°E and 2°S–2°N). 
The fast SST and circulation responses differ substantially from the total responses in the CESM1 LE and 
the CMIP5 CG models (Figures 2a–2d), indicating a non-monotonic evolution of Indo-Pacific climate under 
CO2 forcing.
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The CMIP5 WG models, however, simulate a monotonic response over time. As shown in Figure 2e, en-
hanced warming develops in the eastern equatorial Pacific within the first 2 years, which is considerably 
similar to the total response (Figures 2e and 2f). The initial surface wind response includes westerly anom-
alies in the Pacific cold tongue driven by the warming of the South American continent but no easterly 
anomalies in the Pacific warm pool. The warming of the eastern equatorial Pacific in the WG models is like-
ly driven by two mechanisms: (a) via the reduced evaporation driven by the weakening of the trade winds 
(i.e., a wind-evaporation-SST feedback, e.g., X. Li et al., 2016), and (b) via the weakening of the Ekman 
upwelling in the Pacific cold tongue region (Heede et al., 2020). It is worth mentioning that these warming 
mechanisms also exist in the CG models but are overpowered by the Bjerknes feedback throughout the first 
couple of months.

The fast response accounts for a substantial portion of the total response for both model groups. The fast 
response is more than four times the total response in the CG models for central Pacific SST and more than 
five times of total response in CESM1 LE for WC strength (texts on Figures 1b and 1c). The zonal mean 
pattern of WC (compare Figures 3a–3c to Figures 3g–3i) shows that the fast response pattern persists with 
time over the MC (around 100°–120°E) for CG models, and persists with time over the equatorial Atlantic 
basin (around 60°–10°W) for all both WG and CG models.

Considering the significance of the fast response, it is important to identify what causes the disparity in the 
fast responses between the CG models (including CESM1 LE), and the WG models. As shown in Figures 2c 
and 2e, the magnitude of the anomalous westerlies in the Pacific cold tongue regions are similar between 
the two model groups, but the CG models have much stronger anomalous easterlies in the Pacific warm 
pool regions, namely 2–3 m/s larger than the WG models. There is a tug of war between the anomalous east-
erlies in the Pacific warm pool and westerlies in the Pacific cold tongue. The anomalous easterlies dominate 
in the CG models, resulting in a cooling in the equatorial Pacific and a strengthening of the WC. While the 
anomalous westerlies act to warm the equatorial Pacific from the east, the effect is restricted to the Pacific 
cold tongue regions. In the WG models, however, the absence of the anomalous easterlies leads to a fast 
equatorial warming that is similar to the total response. The inter-model spread of the fast response can also 
be referred from the changes in the subsurface ocean temperature (Figures 4a–4i). In both models groups, 
the anomalous westerlies suppress the equatorial Pacific upwelling, warming the upper ocean in the cold 

Figure 2. (a, c, and e) Fast and (b, d, and f) total response of surface temperature (shadings) and surface wind (vectors) for (a and b) CESM1 LE, (c and d) 
CMIP5 CG, and (e and f) CMIP5 WG. ΔTS refers to relative changes in surface temperature as detailed in Section 2.2.
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tongue region. In CG models, strong anomalous easterlies in the western Pacific deepen the thermocline, 
pumping cold water down below the mixed layer to the surface.

We further explore three possible mechanisms underlying the inter-model spread of the fast wind response: 
(a) the initial El Ni𝐴𝐴 𝐴𝐴𝐴 o-Southern Oscillation (ENSO) state in the parent pre-industrial simulation at the time 
of CO2 quadrupling could lead to a different fast wind response; (b) the surface wind and convection over 
the MC are more sensitive to the land-sea thermal contrast in the CG models; and (c) the CG models simu-
late a stronger air-sea coupling in the tropical Pacific compared to the WG models.

Figure 3. (a–c) The fast response, (d–f) slow response, and (g–i) total response of zonal mean mass stream functions (shadings) and vertical wind (vectors). 
The color bars have an interval of 0.12 × 1010 kg s−1 for the top and bottom rows and 0.2 × 1010 kg s−1 for the middle row. The vertical pressure velocity is scaled 
by a factor of 300. The mass stream functions are calculated with the divergent component of the zonal wind. The contours show the control climatology of the 
zonal mean mass stream functions with an interval of 1010 kg s−1.
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3.1.1. The Influence of Initial ENSO State

In CESM1 LE, 120 abrupt 4 × CO2 simulations branch off across 120 years from a pre-industrial simulation 
to sample ENSO variability. Therefore, the fast strengthening of the WC in the ensemble mean is robust (the 
error bars in Figure 1c are much smaller than the response signals). We also investigate the ENSO state for 
each CMIP5 model at the time of abrupt forcing and found no remarkable influence (Figure S8 in Support-
ing Information S1). In addition, there is no significant relationship between parent control ENSO intensity 
and the first-month anomalous easterlies, which suggests that the models' fast wind response (Figure S9 in 
Supporting Information S1) is independent of the branch-off ENSO state. We conclude that the branch-off 
ENSO state is not the cause of the inter-model spread in the fast response.

3.1.2. The Influence of the Land-Sea Thermal Contrast

The relationship between the initial land-sea warming contrast and anomalous surface wind of the warm 
pool region reveals no significant correlation between initial land-sea warming contrast and anomalous 
easterlies among CMIP5 models in the first three months (Figure S10 in Supporting Information S1). In 
addition, in the absence of air-sea coupling, the changes in wind and the convection over the MC are similar 
across models as suggested from atmospheric-only simulations (Figure S11 in Supporting Information S1). 

Figure 4. Time evolution of equatorial Pacific subsurface ocean temperature (averaged over 5°S–5°N) for (a, b, c, and d) CESM1 LE, (e, f, g, and h) CMIP5 CG, 
and (i, j, k, and l) CMIP5 WG. Years 4–6 are plotted for CESM1 LE, while Years 2–4 are plotted for CMIP5. We choose these specific time intervals to show how 
the downwelling Kelvin oceanic waves erase the initial Pacific cooling. The ocean temperature warms monotonically after Year 6 for all models (see Figure S20 
in Supporting Information S1 for the slow response of the subsurface ocean temperature).
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Therefore, the intensity of the land-sea thermal contrast does not contribute to the inter-model spread of 
the fast response.

3.1.3. Models' Air-Sea Coupling Strength

The previous analyses indicate that the air-sea coupling could cause different fast wind response. Following 
the method detailed in Section 2.4, we evaluated each model's air-sea coupling strength by quantifying the 
sign and the magnitude of the TFI, BF, and ZFI (Figures S12–S18 in Supporting Information S1) in their 
parent pre-industrial simulations. As shown in Figures 1e and S15 in Supporting Information S1, the CG 
models have a much stronger climatological ocean velocity and produce stronger WES feedback, Bjerknes 
feedback, and zonal feedback. In other words, the CG models simulate a stronger positive air-sea coupling 
compared to the WG models in the absence of any external forcing. When there is a sudden increase of 
CO2 forcing, for example, abrupt 4 × CO2 forcing, the land-ward wind anomalies in the Pacific warm pool 
induced by the initial land-sea thermal contrast can easily trigger a Bjerknes feedback in the CG models. 
The presence of the Bjerknes feedback intensifies the anomalous easterlies and the WC during the fast 
response period and thus, leads to a cooling over the central equatorial Pacific. In the WG models, on the 
contrary, the initial wind anomalies cannot trigger a Bjerknes feedback as the background air-sea coupling 
is not strong enough.

3.2. Transition From the Fast to the Slow Response

Despite the disparity in the fast response, the slow response is similar across model groups, featuring a 
weakening of the WC (Figures 3d–3f; He & Soden, 2015; Vecchi & Soden, 2007), and an enhanced equato-
rial Pacific warming (Figures 2b–2f; DiNezio et al., 2009; Heede et al., 2020; G. Li et al., 2016; Rugenstein 
et al., 2020; Xie et al., 2010). The amplitude of the total response is larger in the WG models because of the 
lack of Bjerknes feedback during the fast response period (Figures 1b and 1c). The slow response includes 
an anomalous upward motion over the central and eastern equatorial Pacific and an eastward shift of the 
WC (Figures 3d–3f). The mean SST warming and the pattern of SST warming are the two main drivers of 
the slow response (He & Soden, 2015). The mean SST warming weakens the convection over the Indo-west 
Pacific (Figures 3d–3f). This weakening can be understood from two different perspectives. From the global 
aspect, the global mean precipitation increases more slowly than the global mean atmospheric moisture, 
indicating an overall slowing down of the tropical atmospheric circulation (Vecchi & Soden,  2007). On 
the regional scale, the dry stability in the tropical region increases as global mean SST increases, lead-
ing to anomalous air sinking (uplifting) in the climatological ascending (descending) regions (Knutson & 
Manabe, 1995; Ma et al., 2012). The pattern of SST warming, particularly the enhanced equatorial Pacific 
warming in the eastern Pacific, contributes to the weakening of the circulation by shifting the WC eastward 
(He & Soden, 2015). For the WG models, much of the effect of the pattern of SST warming is achieved 
during the fast response (compare Figures  2e and  3c to Figure S19c in Supporting  Information  S1 and 
Figure 3f). During the slow response, the zonal SST gradient continues to weaken due to the advection of 
extratropical warm water, further weakening the WC over time (Heede et al., 2020; Luo et al., 2017). The 
sign of the total WC response is determined by the slow response for CG and WG, whereas much of the 
inter-model discrepancy can be attributed to the fast response.

The transition from fast to slow response for CMIP5 WG models is monotonic, as the WC continues to weak-
en as the mean SST increases (Figures 3c and 3f). The transition for the CESM1 LE and CMIP5 CG models 
starts with the weakening of convection in the MC (Figure S7 in Supporting Information S1). This could 
be associated with the overall weakening of tropical convection as the global mean SST increases (He & 
Soden, 2015) or could be caused by the diminishing effect of the land-sea warming contrast as the low-level 
moist static energy slowly homogenizes between the land and the ocean (Byrne & O'Gorman, 2013). As 
the convection weakens, so do the anomalous easterlies in the western Pacific warm pools (Figures 1d, 2b, 
and 2d). The Bjerknes feedback, which maintains the equatorial cooling during the fast response, starts to 
wane. The initial warm water anomalies that are accumulated in the warm pool by the anomalous easterlies 
(Figures 4a and 4e) begin to migrate eastward as downwelling Kelvin waves. Given the speed of oceanic 
Kelvin waves (∼2–3 m/s), it takes about 4 months for the wave front to travel across the Pacific (Roundy & 
Kiladis, 2006). Indeed, it takes less than a year for the surface cooling to disappear, which occurs between 
Years 4 and 5 in the CESM1 LE (Figures 4b and 4c) and around Year 2 in the CMIP5 CG models (Figure 4f). 
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As the cooling pattern disappears, the CESM1 LE and the CMIP5 CG models eventually develop an en-
hanced equatorial warming similar to that exhibited in the WG models (Figures 4d–4i).

4. Summary and Discussions
We find two distinct fast responses of the WC to CO2 forcing in the climate models. Whether the WC 
strengthens or weakens initially is determined by each model's air-sea coupling strength. In models that 
simulate a strong air-sea coupling, the initial land-ward wind induced by land-sea thermal contrast triggers 
a positive Bjerknes feedback during the fast response, leading to a strengthening and westward shift of the 
WC. In models that simulate a weak air-sea coupling, the central and eastern equatorial Pacific warm, lead-
ing to a fast weakening of the WC. In both model groups, the slow increase of the global mean SST eventu-
ally weakens the WC, which persists over time. We propose that the inter-model spread in simulating air-sea 
coupling strength contributes to the uncertainty in projecting the future changes in the WC. The timeline of 
the changes in the WC can be visualized in Figure S21 of Supporting Information S1.

We apply the abrupt 4 × CO2 simulations to decompose the fast response from the total. In reality, however, 
the WC responds to changes in CO2 simultaneously. Thus, we further explore the air-sea coupling strength 
in observational records and in CMIP5 historical simulations (Figure S22 in Supporting Information S1). 
The CG models have a stronger climatology vertical ocean velocity, a more accurate representation in the 
subsurface temperature-thermocline relationship, convective cloud feedback, and climatological SST gra-
dient. The WG models do better jobs in representing the wind-SST relationship and wind-thermocline rela-
tionship. Both models have problems simulating the WES feedback, and zonal advection feedback. Overall, 
the CG models have a relatively more accurate air-sea coupling, but there are still large observation-model 
discrepancies in both models. Therefore, it is worthwhile exploring the possibility of using the observational 
tropical air-sea coupling strength to constrain the uncertainty in the future projection of the WC.

Data Availability Statement
The CMIP5 data can be accessed through the ESGF data portal https://esgf-node.llnl.gov/projects/cmip5/. 
The CESM1 pre-industrial control simulation can be obtained from https://www.cesm.ucar.edu/exper-
iments/cesm1.1/. All the post-processing data related to this study can be downloaded via https://doi.
org/10.5281/zenodo.4127653.
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