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ABSTRACT 17 

The Pacific Walker circulation (PWC) is one of the major atmospheric circulations 18 

that plays an essential role in ocean-atmosphere interactions and global climate. The 19 

response of the PWC to greenhouse warming remains a mystery and model results are 20 

inconsistent. Based on multimodel simulations from the Coupled Model 21 

Intercomparison Project phase 6 (CMIP6), this study explores the intermodel 22 

uncertainty of the change in the PWC under global warming. The combination of the 23 

El Niño-like warming pattern and the interbasin warming contrast between the Indian 24 

and the Pacific Oceans strengthens (weakens) the west (east) branch of the Pacific trade 25 

winds, resulting in a structural shifting of the PWC. By conducting a set of Atmosphere 26 

General Circulation Model (AGCM) experiments, we demonstrate that the western 27 

Pacific warming plays a critical role in driving the PWC shift. An intensified western 28 

Pacific warming counteracts the effect of Indian Ocean warming on the PWC, leading 29 

to a uniformly weakened PWC in the tropical Pacific due to the SST gradient. In 30 

contrast, a decreased warming in the western Pacific strengthens the west branch of the 31 

PWC, shifting the turning longitude of zonal wind changes eastward. Further analysis 32 

reveals that the intermodel uncertainty of change in the PWC depends on the model 33 

biases. Our finding highlights that the relative warming pattern in the Indian and Pacific 34 

Oceans determines the PWC change in a warmer climate. 35 

Keywords: Pacific Walker circulation, intermodel uncertainty, global warming, model 36 

experiments, observational constraint 37 
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1. Introduction 39 

The Pacific Walker circulation (PWC) is a large-scale zonal overturning 40 

atmospheric circulation that plays an important role in ocean-atmosphere interactions 41 

and the global climate system. It rises over the Maritime Continent and the western 42 

Pacific warm pool and descends over the eastern Pacific cold tongue. This system forms 43 

a closed structure with easterly trade winds in the lower atmosphere and westerlies in 44 

the upper troposphere. Changes in the PWC can influence a variety of climatic 45 

phenomena in tropical regions, causing disruptions to fisheries, agriculture, and the 46 

economy (Held and Soden 2006; Williams and Funk 2011; England et al. 2014). To 47 

project the future climate, it is essential to investigate the change in the PWC under 48 

global warming. 49 

Future PWC change is tightly associated with the spatial pattern of tropical Pacific 50 

SST warming under the control of Bjerknes feedback (Zebiak and Cane 1987; Xie et 51 

al. 2010; Tokinaga et al. 2012; Wang et al. 2021). However, the responses of tropical 52 

Pacific SST to greenhouse warming are still debatable due to the large diversity or even 53 

conflicting results among model simulations and various observational datasets (Vecchi 54 

et al. 2008). Previous studies proposed two distinct viewpoints. Clement et al. (1996) 55 

hypothesized the “ocean dynamical thermostat” mechanism from an oceanic 56 

perspective, suggesting that the eastern Pacific warms more slowly in response to 57 

radiative forcing due to local ocean upwelling. In AGCMs, this weakened warming in 58 

the eastern Pacific leads to a strengthened PWC (Meng et al. 2011). 59 

In contrast, from an atmospheric perspective, enhanced radiative cooling and 60 
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increased static stability may contribute to a weakening of the tropical overturning 61 

circulation, while enhanced evaporative damping over the warm pool may reduce the 62 

zonal SST gradient in the tropical Pacific (Knutson and Manabe 1995). Meanwhile, a 63 

warmer atmosphere retains more moisture (~7%/K), consistent with the Clausius-64 

Clapeyron relation, but the precipitation increases much more slowly (~2%/K), 65 

implying a decrease in convective mass fluxes, resulting in a slowdown of the PWC 66 

(Held and Soden 2006; Vecchi and Soden 2007). 67 

The abovementioned mechanisms coexist and have various spatial and temporal 68 

effects on the PWC. (Luo et al. 2017; Heede et al. 2020; Heede and Fedorov 2021). 69 

Under future climate scenarios, the majority of coupled general circulation models 70 

(CGCMs) project a weakening of the SST gradient and the PWC (DiNezio et al. 2013; 71 

Power and Kociuba 2015; Ying et al. 2022). However, natural variability (Karnauskas 72 

et al. 2009; Dong and Lu 2013; Chung et al. 2019; Wu et al. 2021) and model bias 73 

(Sager et al. 2019) may also modulate the PWC change in historical simulations and 74 

future projections. 75 

In addition to the oceanic and atmospheric processes in the tropical Pacific, other 76 

basins have an impact on the PWC (Luo et al. 2012; McGregor et al. 2014; Cai et al. 77 

2019; Hu and Fedorov 2019; Wang 2019; Kang et al. 2020). Particularly, recent studies 78 

have identified the substantial role of the tropical Indian Ocean (TIO) in modulating 79 

the Pacific warming pattern and the PWC (Luo et al. 2012; Han et al. 2013; Zhang and 80 

Karnauskas 2017; Zhang et al. 2019; Zhang et al. 2021). Besides the SST warming 81 

pattern, the land-sea thermal contrast, variations in the western north Pacific monsoon, 82 



 

5 

 

the Indonesian throughflow, and the Leeuwin current are associated with the response 83 

of the PWC to a warming climate (Feng et al. 2011; Zhang and Li 2016; Yim et al. 84 

2017). 85 

Previous studies mostly focused on the general trend of the PWC and distinguished 86 

the warming effects of the tropical Indian and Pacific Oceans. It is still challenging to 87 

reconcile the relative responsibility of different ocean basins and to investigate the 88 

detailed structural change of the PWC. This study aims to combine the warming effects 89 

of the Indian and Pacific Oceans and investigate the sources of intermodel uncertainty 90 

in projecting the PWC response to greenhouse warming, specifically to evaluate 91 

whether the PWC trend is constant throughout the entire Pacific basin. A set of AGCM 92 

experiments is conducted to understand the mechanism underlying the combined 93 

warming effect of different basins on the PWC. In addition, we aim to reduce 94 

intermodel uncertainty by an observational correction technique. 95 

The remainder of this paper is organized as follows. Section 2 describes the model 96 

outputs, model experiments, observational datasets, and methods used in this study. 97 

Section 3 demonstrates the PWC’s response to greenhouse warming and its model 98 

diversity. Section 4 examines the relationship between the PWC change and the SST 99 

warming in different ocean basins. Section 5 shows the impact of model bias on the 100 

PWC change, and corrects the future projections of the PWC. Section 6 is the summary 101 

with discussion. 102 

 103 

2. Data and methodology 104 
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a. CMIP6 outputs 105 

To evaluate the response of the PWC to greenhouse warming, we analyzed the 106 

monthly mean outputs from 24 Coupled Model Intercomparison Project phase 6 107 

(CMIP6) models (Table 1) This study employs three experiments, including 1% CO2 108 

(1pctCO2), pre-industrial control (piControl), and historical (Hist) simulations. The 109 

1pctCO2 experiment is a branch of the piControl experiment, as the global annual mean 110 

CO2 concentration increases exponentially (1% yr-1). Climate change signals are 111 

calculated by subtracting the last 30-year mean in the piControl run from the 30-year 112 

(#101~#130) mean in the 1pctCO2 run. All model outputs are interpolated into a 2.5° 113 

× 2.5° grid, and only the first member of each model is analyzed. The SST changes are 114 

normalized by the tropical (25°S-25°N) mean SST warming in each model. 115 

 116 

b. Model experiments 117 

The Community Atmosphere Model (CAM) is the atmosphere component of the 118 

Community Earth System Model (CESM). The CAM, version5 (CAM5) is used for 119 

experiments. Experiments are conducted on a horizontal 1.9° × 2.5° grid (f19_f19) with 120 

26 vertical sigma levels. To explore the impacts of interbasin warming contrast and to 121 

combine the effect of warming in the Indian and Pacific Oceans, we perform five 122 

experiments for comparison. Please refer to the appendix for the detailed experimental 123 

design. 124 

 125 

c. Observations 126 
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To evaluate the impact of model bias on the PWC projection under global warming, 127 

we compare the mean state of SST from Hist simulations with the HadISST (Rayner 128 

2003) and the ERSST version 5 (Huang et al. 2017) datasets. The analysis period is 129 

1979-2014. The precipitation data from the Global Precipitation Climatology Project 130 

(GPCP) for the same period is also used for comparison (Adler et al. 2003). All the 131 

observational datasets were interpolated to the same horizontal resolution (2.5° × 2.5°). 132 

 133 

d. EPR method 134 

Coupled models suffer from a series of large and common biases in simulating the 135 

present-day climate over the tropical Pacific, which may lead to inaccurate projections 136 

of the future climate. In this study, we use an observational constraint technique called 137 

multimodel ensemble pattern regression (EPR, Huang and Ying 2015) to calibrate the 138 

PWC projections and reduce the intermodel uncertainty.  139 

We choose precipitation as the historical driving variable to conduct the PWC 140 

correction because convection has a strong relationship with the large-scale 141 

atmospheric circulation. The 36-year (1979-2014) mean precipitation from CMIP6 Hist 142 

simulation and GPCP dataset are denoted as 𝐻𝑚 and 𝐻𝑜𝑏𝑠, respectively. The model 143 

bias is calculated as: 144 𝐻𝑚′ = 𝐻𝑚 − 𝐻𝑜𝑏𝑠 (1) 145 

where obs and m denote observation and individual model, respectively. 146 

The individual model bias 𝐻𝑚′  can be decomposed into the common bias 𝐻′̅̅ ̅ and 147 

the model spread 𝐻𝑚′′ : 148 
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𝐻𝑚′′ = 𝐻𝑚 − 1𝑁 ∑ 𝐻𝑚𝑁
𝑚=1 (2) 149 

where N denotes the total number of the used models. 150 

We hypothesis that there is a real change (𝐶𝑟𝑒𝑎𝑙), then the individual model change 151 

bias can be expressed as: 152 𝐶𝑚′ = 𝐶𝑚 − 𝐶𝑟𝑒𝑎𝑙 (3) 153 

Similarly, the 𝐶𝑚′  can be decomposed into the common change bias 𝐶′̅̅̅ and the 154 

change model spread 𝐶𝑚′′ : 155 

𝐶𝑚′′ = 𝐶𝑚 − 1𝑁 ∑ 𝐶𝑚𝑁
𝑚=1 (4) 156 

First, 𝐻𝑚′′   can be separated into M orthogonal modes using intermodel EOF 157 

analysis. The 𝐸𝑂𝐹𝑗  and 𝑃𝐶𝑚𝑗  represent the spatial pattern of model bias and the 158 

intermodel diversity, respectively. Multivariant regression analysis can be used to 159 

determine the relationship between the Hist simulations and future projections: 160 

𝐶𝑚′′ = ∑ 𝑏𝑗𝑃𝐶𝑚𝑗𝑀
𝑗=1 (5) 161 

Next, the expansion coefficient (EC, 𝑒𝑗) which represent the contribution of one 162 

mode to the model common bias can be estimated by regressing the EOF patterns on 163 

the 𝐻′̅̅ ̅: 164 

𝐻′̅̅ ̅ = ∑ 𝐸𝑂𝐹𝑗𝑒𝑗𝑀
𝑗=1 (6) 165 

Then, the change induced by model common bias can be represented by the product 166 

of regression patterns 𝑏𝑗 and ECs: 167 
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𝐶′̅̅̅ = ∑ 𝑏𝑗𝑒𝑗𝑀
𝑗=1 (7) 168 

Finally, we can obtain the corrected MME change 𝐶𝑐̅̅ ̅ by subtracting 𝐶′̅̅̅ from 𝐶̅. 169 

Similarly, the individual change bias can also be corrected. By substituting 𝐻𝑚′  170 

into Eq. (6), we obtain the ECs for the individual model (𝑒𝑚𝑗). The product of 𝑏𝑗 and 171 𝑒𝑚𝑗 represents the individual change bias for model m: 172 

𝐶𝑚′ = ∑ 𝑏𝑗𝑒𝑚𝑗𝑀
𝑗=1 (8) 173 

Before analysing the results, we change the sign of EOFs and PCs so that the 174 

corresponding ECs are positive. To quantify the contribution of each mode, we also 175 

multiply the regression pattern by the standard deviations of the PCs. 176 

 177 

3. Changes in the PWC under greenhouse warming 178 

To detect the PWC response to greenhouse warming, we first examine the 179 

multimodel ensemble (MME) mean changes in the Pacific trade winds (Fig. 1a). The 180 

surface westerly changes over the equatorial eastern Pacific (eEP) indicate a weakening 181 

of the PWC in this region. In the equatorial western-to-central Pacific (eWCP), however, 182 

the change in zonal winds turns to easterlies, indicating that the change in PWC is not 183 

consistent throughout the entire Pacific basin. Though all models capture this feature, 184 

there is substantial model disagreement. The turning longitude (TL) of wind change 185 

direction ranges from 110°E to 170°W (Fig. 1a). In addition, the intermodel spread 186 

of surface zonal wind change is relatively large in the eWCP (Fig. 1b). Thus, we aim to 187 

explore the mechanism of surface wind changes and the source of intermodel 188 
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uncertainty in this region.  189 

To investigate the characteristics of the PWC change in the eWCP, we perform an 190 

intermodel EOF analysis on surface zonal wind changes. The first two leading modes 191 

account for 59.7% and 23.8% of the total variance, respectively. The first mode exhibits 192 

a uniform change in the domain (Fig. 2a), whereas the second mode shows a zonal 193 

dipole pattern (Fig. 2b). Specifically, in their positive (negative) phase, EOF1 displays 194 

stronger (weaker) westerlies across the entire domain, while EOF2 displays a 195 

convergence (divergence) with westerly (easterly) changes in the west and easterly 196 

(westerly) changes in the east.  197 

The location of the TL is determined by the combination of the two modes (Fig. 198 

2c), which indicates the overall intensity and zonal variation of the PWC change in the 199 

eWCP. When PC2 is nagative, the spatial pattern of the second mode exhibitss easterly 200 

in the west of the domain, which may offset the westerly changes of the first mode and 201 

shift the TL. For instance, the TL of MCM-UA-1-0 (blue square) is further east than 202 

that of BCC-ESM1 (green circle), even though both models have a similar PC1 value 203 

(Figs. 2c, d). 204 

Similar to the definition of the CP and EP indices used to distinguish two types of 205 

El Niño (Takahashi et al. 2011), here we define the TL index (Fig 2e) to incorporate the 206 

effects of the two modes:  207 TL index = (PC1 + PC2)/√2 (9) 208 

The TL index is highly correlated with TL among models (r = -0.91, Fig. 2d). We 209 

use it to measure the model diversity of zonal change in PWC. A model with a positive 210 
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(negative) TL index tends to simulate a more (less) westward expansion of the PWC 211 

slowdown. 212 

 213 

4. Effect of SST warming on the PWC change 214 

a. Reconciling the effects of interbasin warming contrast and Pacific SST 215 

gradient change 216 

The SST warming pattern in tropical oceans is tightly coupled with the surface 217 

wind change. To determine the cause of the PWC change, we examine the intermodel 218 

correlation coefficient between the PCs and the SST change in the Indo-Pacific oceans. 219 

The PC1 is highly correlated with the central Pacific warming (Fig. 3a), indicating that 220 

a warmer central Pacific tends to amplify westerly changes in the eWCP. The PC2 is 221 

significantly correlated with the TIO warming (Fig. 3b), showing that the TIO warming 222 

contributes to the zonal variation of the PWC change. The TL index is highly correlated 223 

with the eWCP SST (Fig.3c), which shows large model uncertainty in CMIP6 models 224 

(not shown). In addition to the warming of the eEP and TIO SST, the eWCP warming 225 

also plays an important role in the PWC change. 226 

To better understand the source of intermodel uncertainty in the TL of the PWC 227 

change, we use composite analysis to compare the models with positive and negative 228 

values of the TL index. A total of ten models are selected into two groups. One group 229 

consists of the models (BCC-CSM2-MR, CanESM5, GFDL-ESM4, IPSL-CM6A-LR, 230 

UKESM1-0-LL, hereafter the P-group) with the top five values of the TL index, and 231 

the other consists of the models (CNRM-CM6-1-HR, EC-Earth3, GISS-E2-1-H, 232 
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MIROC-ES2L, NESM3, hereafter the N-group) with the top five negative values.  233 

Both groups exhibit westerly wind change in the eEP. However, there are 234 

considerable differences in the eWCP between the two groups (Fig. 4d). In the N-group, 235 

the wind change shifts to easterlies, indicating that the structure of the PWC has 236 

changed. The peak of positive SLP change is found to be located further east in the N-237 

group than in the P-group (Fig. 4e), corresponding to an easterly wind change in the 238 

warm pool and a westerly in the cold tongue. 239 

Even though both groups exhibit an El Niño-like warming pattern in the tropical 240 

Pacific (Figs. 4a, b), there are some significant differences in the SST warming between 241 

the two groups. Specifically, in the P-group, the enhanced equatorial SST warming 242 

extends into the western Pacific, leading to a relatively weakened zonal SST gradient, 243 

which is associated with the westerly wind change throughout the entire Pacific basin. 244 

In the N-group, however, the enhanced equatorial warming is restricted to the central 245 

Pacific, whereas the western Pacific is much cooler than that in the P-group (Fig. 4c). 246 

In contrast, both groups show comparable warming in the TIO and eEP. Therefore, 247 

compared with the P-group, the N-group exhibits a prominent interbasin warming 248 

contrast between the TIO and the eWCP (Fig. 4a), which may contribute to the 249 

strengthening of the PWC and the increase in zonal SST gradient in the equatorial 250 

Pacific (Luo et al. 2012; Zhang and Karnauskas 2017). 251 

We further examine the temporal revolution of the changes in SST and its zonal 252 

gradient in the Indo-Pacific regions. Under global warming, the relative SST 253 

(normalized by the tropical mean SST) increases in the P-group but decreases in the N-254 
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group over the eWCP (Fig. 5a). In contrast, the SST over the TIO and the eEP increase 255 

at a similar rate in both groups (Fig. 4c). Therefore, for the N-group, the SST gradients 256 

are both reduced between the eWCP and the TIO, and between the eWCP and the eEP 257 

(Figs. 5b, c). For the P-group, the SST gradient increases between the eWCP and the 258 

TIO and slightly decreases between the eWCP and the eEP (Figs. 5b, c).  259 

The composite results show that the most significant difference between the two 260 

groups is the SST warming rate in the western equatorial Pacific, leading to remarkable 261 

different responses of local convection and vertical velocity (Fig. 6). For models with 262 

less warming in the western Pacific, suppressed local convection induces easterly 263 

changes over the Maritime Continent and westerly changes over the central-to-eastern 264 

Pacific, resulting in a change in the PWC’s structure. The importance of warming in 265 

the western Pacific reflects the combined effect of the zonal SST gradient in the 266 

equatorial Pacific and the TIO-eWCP interbasin warming contrast on the PWC change. 267 

A robust El Niño-like warming pattern can counteract the effect of the TIO warming. 268 

In other words, the surface wind changes over the western Pacific depend on the relative 269 

warming between the Indian and Pacific Oceans. 270 

To evaluate the impact of each basin warming on the PWC change, we examine 271 

the intermodel correlation between the SST warming in three regions (the tropical 272 

Indian Ocean, the equatorial western-to-central Pacific, and the equatorial eastern 273 

Pacific) and the equatorial zonal surface wind changes (Fig. 7). The effect of the TIO 274 

warming on the PWC change is limited to the eWCP. Models with strong TIO warming 275 

tend to present easterly changes over 150°E to 160°W. In contrast, the eEP warming 276 
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leads to opposite zonal wind changes that extend to the equatorial central Pacific. As a 277 

result, the PWC change over the central Pacific is determined by the relative warming 278 

magnitude of the TIO and the eEP, as the two oceans have an opposing effect. 279 

We notice that the CMIP6 models also show considerable diversity in the Indian 280 

Ocean Walker circulation change (Fig. 1a, b). Previous studies suggest that the Indian 281 

Ocean Dipole (IOD)-like warming pattern is strongly associated with the zonal wind 282 

change over the Indian Ocean (Zheng et al. 2010; Zheng et al. 2013). However, the 283 

intermodel correlation between the IOD-like warming and the PWC change is not 284 

statistically significant (Fig. 7), implying that the PWC is modulated by the warming 285 

of the entire Indian Ocean basin rather than its east-west gradient change. 286 

 287 

b. The dominant role of the western Pacific warming 288 

The above results show that the large intermodel spread in the PWC changes is 289 

due primarily to the warming of the eWCP. Additionally, the TIO and the eEP warmings, 290 

particularly their contrast with the eWCP warming, are essential to the PWC change. 291 

To further verify our proposed mechanism that the warming in the Indian and Pacific 292 

Oceans, especially the western Pacific warming, modulates the PWC change, we 293 

conduct a set of atmospheric model experiments. To simulate the impact of the TIO 294 

warming on the PWC change (the WARMIO experiment), we first add an idealized SST 295 

warming to the TIO and compare it with the control run (CTRL, forced by climatology 296 

SST). Then we add an El Niño-like warming to the equatorial Pacific to examine the 297 

combined effect of the TIO and eEP warmings. In particular, we investigate the effect 298 
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of the western Pacific warming on the PWC by varying the magnitude (0K, 0.5K, 1K) 299 

of the SST warming in the eWCP (named as WP0K, WP0.5K, and WP1K experiments). 300 

Please refer to the appendix for the details of the model experiments. 301 

Comparing the WARMIO with the CTRL, the TIO warming induces local negative 302 

SLP anomalies that extend to the western Pacific through Kelvin waves. Thus easterly 303 

wind response can be found throughout the entire tropical Pacific basin, indicating that 304 

the low-level branch of the PWC has strengthened (Figs. 8a, e). Notably, precipitation 305 

in the Maritime Continent does not increase significantly (Fig. 9a, e), consistent with 306 

the enhanced trade winds tied to the convection center shifting to the TIO. The 307 

anomalous subsidence over the western Pacific warm pool and the ascending motion 308 

over the tropical Indian Ocean have combined to generate a secondary circulation 309 

superimposed on the climatological Walker circulation, thus altering the structure of the 310 

PWC. 311 

As mentioned in Section 4a, both the Indian and Pacific Oceans modulate the PWC. 312 

Specifically, the El Niño-like warming in the tropical Pacific counteracts the influence 313 

of Indian Ocean warming on the PWC. As the eEP warms in the WP0K experiment, 314 

negative SLP anomalies and positive precipitation anomalies in the Indian Ocean 315 

decrease substatially (Fig. 8b). Such a warming pattern induces two negative SLP 316 

anomalies centered over the TIO and the eEP, respectively. Hence, easterly (westerly) 317 

anomalies emerge in the western (eastern) Pacific. Notably, though the imposed SST 318 

gradient in the tropical Pacific is smaller in the WP1K than in the WP0K, the WP1K 319 

exhibits stronger westerly anomalies. This is because a warmer western Pacific 320 
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provides a smaller interbasin warming contrast between the Indian and the Pacific 321 

Oceans, canceling out the effect of TIO warming and leading to the Pacific SST gradient 322 

dominating the PWC’s shift. As the imposed warm SST increase in the western Pacific, 323 

the TL gradually shifts westward (Fig. 8e), resulting in an increase (decrease) in 324 

precipitation over the western Pacific (the Maritime Continent and the TIO) (Fig. 9e). 325 

In the WP1K experiment, precipitation significantly increases over the eWCP, 326 

consistent with the warmer-get-wetter mechanism (Xie et al. 2010). However, the 327 

spatial pattern of precipitation change in the tropical Pacific is inconsistent with the 328 

PWC shift, which may be attributed to the changes in water vapor transport and Hadley 329 

circulation (Sohn et al. 2019). 330 

Since the local climatological SST is higher than the convection threshold, the 331 

precipitation over the eWCP is sensitive to SST warming. Thus, the eWCP warming 332 

can induce intense convection locally, and alter atmospheric circulation. Meanwhile, 333 

warming in the western Pacific contributes to both the TIO-eWCP and the Pacific SST 334 

gradients, which are crucial for the west and east branches of the PWC, respectively. 335 

 336 

5. Correction for model projections 337 

Climate models with unrealistic simulations of the mean states tend to project 338 

spurious patterns of future climate changes. For example, the majority of climate 339 

models present an excessive cold tongue that extends too far westward (Mechoso et al. 340 

1995; Marx et al. 2008; Zheng et al. 2012; Li and Xie 2014; Wang et al. 2014; Ying et 341 

al. 2018), leading to the insufficient mean precipitation over the eWCP, which may 342 
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affect the SST change through the negative SST-convection feedback (Ramanathan and 343 

Collins 1991), and then resulting in the error of SST warming pattern and surface wind 344 

projections. These typical SST and precipitation biases in the tropical Pacific, such as 345 

the cold tongue bias, the double-ITCZ (intertropical convergence zone) bias, and the 346 

Maritime Continent wet bis, also exist in CMIP6 models (Fig. 10a). Previous studies 347 

reveal that precipitation bias is an essential source of future projections error and 348 

intermodel uncertainty (Li et al. 2016; Li et al. 2017). Therefore, we aim to eliminate 349 

the errors of the PWC projection induced by precipitation bias in the tropical Pacific. 350 

Given that there may be multiple sources of the PWC projection error due to various 351 

bias, the EPR approach is utilized in this study. 352 

 353 

a. Correction for common bias 354 

Figure 11 shows the intermodel EOF results of precipitation bias in Hist simulation. 355 

We select the first eight modes for correction, which explain approximately 83% of the 356 

total variance. The EC (shown at the top-right corner in each panel of Fig. 11) represents 357 

the contribution of each mode to the historical common bias. Modes with large ECs 358 

successfully capture the spatial characteristics of historical model bias. EOFs 1 and 2 359 

reflect the excessive cold tongue bias , while EOF 3 represents the double-ITCZ bias. 360 

Note that different modes may account for different regions of one bias. EOF6 also 361 

represents a west-east asymmetric bias as well as the SPCZ (South Pacific Convergence 362 

Zone) bias, whereas EOF7 represents the ITCZ bias, and EOF8 represents the bias over 363 

the Maritime Continent. 364 
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The effect of the historical common bias on future change can be estimated by the 365 

product of its EC and the root-mean-square (RMS) of the associated regression pattern. 366 

Here we focus on modes 1, 2, 5, and 6 that provide large change errors along the equator 367 

(Figs. 12a, b, e, f). First, EOF1 reveals that models present a westerly (easterly) bias on 368 

the west (east) side of 160°E due to the historical precipitation bias in the eWCP (Fig. 369 

12a). The spurious wind change is coupled with the erroneous SST warming pattern. 370 

Models with an excessive cold tongue tend to project much stronger warming in the 371 

eWCP, resulting in the spurious La Niña-like warming pattern in the tropical Pacific (Li 372 

et al. 2016), consistent with the erroneous easterlies change. Meanwhile, the interbasin 373 

warming contrast between the TIO and the eWCP is significantly reduced by the strong 374 

but spurious eWCP warming. In section 4, we demonstrate that the PWC is modulated 375 

by both the interbasin warming contrast and the tropical Pacific warming pattern. 376 

Therefore, if the interbasin warming contrast is minimized by the cold tongue bias, the 377 

tropical Pacific SST gradient will dominate the PWC change, thereby underestimating 378 

the TIO’s effect on the PWC change. EOF 6 also greatly contributes to the zonal 379 

difference of trade wind change error, while EOF 5 can produce a westerlies change 380 

error in 120°E-160°E. It should be emphasized that several modes may oppose others. 381 

Contrary to EOFs 1, 5, and 6, EOF 2 induces an easterlies change error in the warm 382 

pool. 383 

Figure 13a shows the spatial pattern of MME change errors in surface zonal wind 384 

and SST. The SST change exhibits a pronounced warm error in the eWCP, resulting in 385 

an underestimated interbasin warming contrast between the TIO and the eWCP, which 386 
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further induces westerlies change error in the warm pool. The SST change in the eastern 387 

Pacific exhibits a north-south asymmetric error. However, the SST error along the eEP 388 

is minor, indicating a slight La Niña-like warming, which may induce an easterlies error 389 

in the equatorial central-to-eastern Pacific. Therefore, the wind change error exhibits a 390 

zonal dipole pattern, and the TL shifts eastward after correction (Figs. 13a, b).  391 

The physical mechanisms of the model bias that affect future projections are 392 

highly complicated and cannot be fully explained by linear processes alone (Huang and 393 

Ying 2015). In the study, we have demonstrated the mechanism of the cold tongue bias 394 

leading to the PWC change error. It remains unclear how other biases affect future 395 

projections of the PWC. Further investigations are needed to understand the present 396 

day-future relationship and the underlying processes. 397 

 398 

b. Reduction in intermodel uncertainty 399 

CMIP6 models show large uncertainty in projecting the PWC change, partly due 400 

to the diversity of the simulated mean states. Despite both P- and N-groups suffering 401 

the well-recognized biases, there are significant differences between their historical 402 

simulations (Figs. 10b, c). The P-group presents a much colder and drier cold tongue, 403 

as well as a much warmer and wetter ITCZ, SPCZ, and Maritime Continent than the N-404 

group (Fig. 10d). In other words, the N-group surpasses the P-group in most regions 405 

where the common biases exist (Fig. 10d).  406 

Consistent with the strategy that “better” models are more reliable, the N-group 407 

exhibits relatively small errors in the wind and SST projections (Fig. 13c), whereas the 408 
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P-group exhibits a pronounced zonal dipole pattern of wind error as well as a La Niña-409 

like warming error (Fig. 13e). Unsurprisingly, the TL of the N-group remains 410 

unchanged, while the TL of the P-group has shifted noticeably to the east (Figs. 13d, f). 411 

In particular, models tend to present more consistently TL, and the decreased 412 

percentage of intermodel uncertainty in TL in up to 50% after correction (Fig. 13g). 413 

These results show the robustness of the corrected projections and provide additional 414 

evidence that the interbasin warming contrast and the Pacific SST gradient jointly 415 

modulate the PWC change. 416 

 417 

6. Summary and discussion 418 

In this study, we used CMIP6 outputs to analyze the PWC change in response to 419 

greenhouse warming, revealing the relative importance of SST warming in the Indian 420 

and Pacific Oceans.In particular, we highlight the critical role of the eWCP warming in 421 

the PWC change. The major findings are summarized as follows. 422 

The CMIP6 models project westerly winds change over the central-to-eastern 423 

Pacific under global warming, indicating a weakening of the PWC in this region. 424 

However, models show a large intermodel diversity in the trade wind change over the 425 

eWCP. To explore the associated source of this model uncertainty, we define the TL 426 

index to represent the TL of zonal wind change based on the intermodel EOF analysis, 427 

and then separate models into the P-group and the N-group, respectively, according to 428 

this index.  429 

The PWC change is closely associated with the SST warming pattern. We find that 430 
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the TIO and the Pacific warming modulate different branches of the PWC change. In 431 

addition, the western Pacific warming is crucial for the zonal wind change in the EOF 432 

domain. Further comparison of the SST warming pattern for the two groups reveals that 433 

the eWCP is much colder in the N-group, but both groups show similar TIO and eEP 434 

warming, implying that the SST gradients between the three regions are quite different, 435 

resulting in the difference of the PWC change. 436 

Then, this study investigates the combined effects of the TIO and Pacific warming 437 

on the PWC change. We hypothesized that the warming of the two basins modulates 438 

the west and east branches of the PWC, respectively. In addition, a warmer Pacific 439 

reduces the interbasin warming contrast, which may mitigate the impact of TIO 440 

warming on the PWC. Based on the CAM experiments, we suggest that the western 441 

Pacific warming is crucial to the PWC change, especially for its TL. Furthermore, the 442 

response of the PWC to global warming deviates from its original structure due to the 443 

uncertainty of SST warming. The western and eastern branches may change in opposite 444 

directions.  445 

We detect a relationship between the climatology precipitation and the future 446 

climate projections in the tropical Pacific, indicating that the historical model bias may 447 

lead to an erroneous warming pattern and atmospheric circulation change. Recently the 448 

“Emergent Constraints” approach aims to reduce the uncertainty among climate models 449 

and correct future projections (Hall and Qu 2006; Boé et al. 2009; Cox et al. 2013; Cox 450 

et al. 2018; Hall et al. 2019). Based on a similar EPR method, we established the 451 

present-future relationship between the model bias and the PWC change, and 452 
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substantially reduced intermodel uncertainty. However, the physical mechanisms and 453 

underlying feedbacks that connect the present-day mean states and the future change 454 

remain unclear. Further investigations are required to understand the physical processes. 455 

This study investigates the combined effects of the Indian and Pacific Oceans 456 

warming on the PWC change. However, the quantitative contributions of the two basins 457 

remain unclear. To better understand the mechanisms of the PWC change and the 458 

consequently climatic effects, further analysis should be conducted. In addition, this 459 

study focuses on the ocean-atmosphere dynamics in the tropical Indian and Pacific 460 

Oceans, whereas Atlantic and high-latitudes regions may potentially influence the PWC 461 

change. The detailed response of the PWC to the combination of different oceans is 462 

another important issue that needs to investigate in the future. 463 
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Appendix 474 

Design of the CAM5 experiments 475 

Previous studies have demonstrated that the enhanced tropical Indian Ocean 476 

warming plays an important role in modulating the Pacific trade winds (Luo et al. 2012; 477 

Zhang et al. 2019). We firstly conduct two experiments to verify the effect of Indian 478 

Ocean warming on the PWC. In addition to the control run (CTRL), which is forced by 479 

the observed monthly climatological SST and sea ice concentration, an experiment 480 

named WARMIO impose 1-K warming in the tropical Indian Ocean (25°S-25°N, 30°E-481 

130°E) to mimic the Indian Ocean warming (Fig. 14a). As a cosine function, the 482 

imposed warming is largest in the center of the basin (80°E, equator) and gradually 483 

decreases in the surrounding areas.  484 

Most CMIP6 models project an El Niño-like warming over the Pacific Ocean. To 485 

investigate the combined effect of the Indian Ocean warming and the El Niño-like 486 

warming on the PWC, we then design another series of experiments, imposing both 1-487 

K Indian Ocean warming and 2-K equatorial Pacific (5°S-5°N, 130°E-90°W) warming. 488 

The imposed warming is largest in the eastern Pacific cold tongue (100°W, equator) 489 

and gradually decreases westward as a sine function. Considering the large intermodel 490 

diversity of the western Pacific warming, we set three different drop rates to simulate 491 

the various patterns of the SST warming in the tropical Pacific, with the imposed 492 

warming decreasing to 0K, 0.5K, and 1K at 160°E, named WP0K, WP0.5K, and WP1K, 493 

respectively (Fig. 14b, c, d). The SST warming is constant throughout the year. Each 494 

experiment runs for 30 years. The climatological mean of the last 20-year of each 495 
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experiment is analyzed.  496 

  497 
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Table. 1. A list of 24 CMIP6 models used in this study. 661 

Model Resolution(lat×lon) Model group (or center) 

AWI-CM-1-1-MR 192×384 Alfred Wegener Institute 

BCC-CSM2-MR 160×320 

Beijing Climate Center, China Meteorological Administration 

BCC-ESM1 64×128 

CAMS-CSM1-0 160×320 Chinese Academy of Meteorological Sciences 

CanESM5 64×128 Canadian Centre for Climate Modeling and Analysis 

CNRM-CM6-1 128×256 

National Centre for Meteorological Research CNRM-CM6-1-HR 360×720 

CNRM-ESM2-1 128×256 

EC-Earth3 256×512 

Earth-Consortium 

EC-Earth3-veg 256×512 

FGOALS-f3-L 180×288 The institute of Atmospheric Physics, Chinese Academy of Sciences 

GFDL-CM4 180×288 Geophysical Fluid Dynamics Laboratory, National Oceanic and 

Atmospheric Administration GFDL-ESM4 180×288 

GISS-E2-1-G 90×144 

Goddard Institute for Space Studies 

GISS-E2-1-H 90×144 

HadGEM3-GC31-

LL 

144×192 Met Office Hadley Centre 

IPSL-CM6A-LR 143×144 Institute Pierre Simon Laplace 

MCM-UA-1-0 80×96 University of Arizona 

MIROC6 128×256 

Model for Interdisciplinary Research on Climate 

MIROC-ES2L 64×128 

MPI-ESM1-2-HR 192×384 Max Planck Institute for Meteorology 

MRI-ESM2-0 160×320 Meteorological Research Institute, Japan Meteorological Agency 

NESM3 96×192 Nanjing University of Information Science and Technology 

UKESM1-0-LL 144×192 MOHC/NIMS-KMA/NIWA 
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 663 

Fig. 1. a Trade winds change of 24 CMIP6 models in 1pctCO2 experiments. The thin 664 

lines denote individual model and the thick line denotes the ensemble mean. The grey 665 

pentagrams represent the turning longitude of the zonal wind changes. b The standard 666 

deviation of the 24 models projections. 667 
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 669 

Fig. 2. a EOF1 and b EOF2 modes of the zonal wind changes in the selected domain 670 

for 24 CMIP6 models. c Scatterplot of the PC1 and PC2. d Scatterplots of the turning 671 

longitude and the TL index. e The TL index of 24 models, blue (red) bars denote the 672 

positive (negative) signal.  673 
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 674 

Fig. 3. The correlation coefficient maps between the SST warming and the a PC1, b 675 

PC2, and c TL index. Stippling denotes regions where the relationship is statistically 676 

significant at 95% confidence level based on the Student’s t test. The grey box 677 

represents the EOF domain.  678 
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 679 

Fig. 4. The SST warming pattern (shading; K) and the surface winds change (vector; 680 

m/s) of a the N-group, b the P-group, and c their difference. Stippling denotes regions 681 

where the differences are statistically significant at 95% confidence level based on the 682 

Student’s t test. The 5°S-5°N mean d surface zonal wind change and e the sea level 683 

pressure change of the N-group (pink line) and the P-group (blue line). Shading 684 

indicates one standard deviation of intermodel variability.  685 
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 686 

Fig. 5. Temporal revolution of SST in CMIP6 piControl and 1pctCO2 experiments. a 687 

The regional mean SST (normalized by tropical mean warming) of the eWCP (5°S-5°N; 688 

120°E-160°W). b The SST gradient between the TIO (25°S-25°N; 40°E-120°E) and 689 

the eWCP. c The SST gradient between the eWCP and eEP (5°S-5°N; 160°W-90°W). 690 

The pink (blue) lines denote the N-group (P-group). Shading indicates one standard 691 

deviation of intermodel variability.  692 
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 693 

Fig. 6. Differences of the changes between the N-group and the P-group: a Precipitation; 694 

b Surface divergence wind; c 500hpa vertical velocity; d Total cloud cover. Stippling 695 

denotes regions where the differences are statistically significant at 95% confidence 696 

level based on the Student’s t test.  697 
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 698 

Fig. 7. The relationship between equatorial surface zonal wind change and the SST 699 

warming. The red line, green line, blue line, and yellow line denote the Indian Ocean 700 

warming, the equatorial western-central warming, the equatorial eastern Pacific 701 

warming, and the IOD-like warming pattern, respectively. Thick lines denote where the 702 

relationship is statistically significant at 95% confidence level based on the Student’s t 703 

test.  704 
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Fig. 8. Spatial patterns of the change in sea level pressure (shading; hpa) and surface 706 

wind (vector; m/s) in a WARMIO, b WP0K, c WP0.5K, and d WP1K experiments. The 707 

5°S-5°N mean e surface zonal wind change and the f sea level pressure change. The 708 

green line, blue line, brown line, and red line denote the WARMIO, the WP0K, the 709 

WP0.5K, and the WP1K, respectively.  710 
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 711 

Fig. 9. As in Fig. 8, but for the precipitation (shading).  712 
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 713 

Fig. 10. Spatial patterns of the model bias in mean-state precipitation (shading; mm/day) 714 

and SST (contour; K) for a MME, b the N-group, c the P-group, and d differences 715 

between the two groups. Solid (dashed) gray contours denote the warm (cold) bias. 716 

Stippling denotes the regions where the precipitation bias in the N-group is relatively 717 

smaller than that in the P-group. 718 
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 720 

Fig. 11. The first eight modes of intermodel EOF of the historical precipitation in 24 721 

CMIP6 models. The explained variance and the EC for historical common bias of each 722 

mode are shown at the top-right corner. 723 
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 725 

Fig. 12. Regression patterns of the surface zonal wind change on the PCs. The products 726 

of EC and the RMS of the related regression pattern in each mode, which represent the 727 

effect of the historical common bias on the future change, are shown at the top-right 728 

corner 729 

  730 
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 731 

Fig. 13. Spatial patterns of the change biases in precipitation (shading; mm/day) and 732 

SST (contour; K) for a MME, b the N-group, and c the P-group. Solid (dashed) gray 733 

contours denote the warm (cold) bias. The uncorrected and corrected changes in Pacific 734 

trade winds for b MME, d the N-group, and f the P-group. Shading denotes one 735 

standard deviation of intermodel variability, and pentagrams represent the TL. g 736 

Comparison of the uncorrected and corrected TL in CMIP6 models. The error bars 737 

denote the standard deviation spread among models. 738 
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 740 

Fig. 14. Imposed SST in CAM5 experiments: a WARMIO, b WP0K, c WP0.5K, d 741 

WP1K. 742 

 743 

 744 


