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Abstract 

Fluctuations in the Pacific Walker circulation (PWC), a zonally-oriented overturning 

cell across the tropical Pacific, can cause widespread climatic and biogeochemical 

perturbations. It remains unknown how the PWC developed during the Cenozoic era, 

with its substantial changes in greenhouse gases and continental positions. Through a 

suite of coupled model simulations on tectonic timescales, we demonstrate that the 

PWC was ~38º broader and ~5% more intense during the Early Eocene relative to 

present. As the climate cooled from the Early Eocene to the Late Miocene, the width 

of the PWC shrank, accompanied by an increase in intensity that was tied to the 

enhanced Pacific zonal temperature gradient. However, the locations of the western 

and eastern branches behave differently from the Early Eocene to the Late Miocene, 

with the western edge remained steady with time due to the relatively stable 

geography of the western tropical Pacific; the eastern edge migrates westward with 

time as the South American continent moves northwest. A transition occurs in the 

PWC between the Late Miocene and Late Pliocene, manifested by an eastward shift 

(both the western and eastern edges migrate eastward by >12º) and weakening (by 

~22%), which we show here is linked with the closure of the tropical seaways. 

Moreover, our results suggest that rising CO2 favors a weaker PWC under the same 

land-sea configurations, a robust feature across the large spread of Cenozoic climates 

considered here, supporting a weakening of the PWC in a warmer future.  

Keywords: Pacific Walker circulation, Cenozoic era, paleoclimate modeling 
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Introduction 

The Cenozoic era, spanning from ~65 Ma to present, experienced substantial 

changes in greenhouse gases and continental positions, which created a rich diversity 

of climates [1]. At high latitudes, the planet moved from a hothouse state with ice-free 

poles to an icehouse state with ice-covered poles during the era. In the tropics, there is 

evidence that peak sea surface temperatures (SSTs) reached >35ºC in the Early 

Eocene and then exhibited a long-term decline throughout the Cenozoic, with stronger 

meridional and zonal temperature gradients as the era progressed [2-5]. These changes 

in SSTs and their gradients modulate large-scale tropical circulations, hence affecting 

temperature and precipitation across the planet. 

One of the most prominent features of the tropics is the Pacific Walker 

Circulation (PWC), a zonally-oriented overturning circulation in the tropical Pacific 

driven by the east-west SST gradient. The PWC is characterized by ascending motion 

over the warm western Pacific and descending motion over the cold eastern Pacific 

today, in tandem with upper-level westerly and surface easterly winds [6,7]. 

Fluctuations in the PWC could induce global climatic and biogeochemical influences 

[7]. Understanding the behavior of the PWC could help advance its predictive skill 

and translate into better forecast of extreme weather conditions. To improve our 

knowledge on the PWC, considerable efforts have been made to examine its 

variations across a broad spectrum of timescales in Earth history [8-12]. There is an 

incomplete picture of how the PWC might vary on tectonic timescales, owing to 

paucity of geological evidence.  

Here we present a modeled scenario for the Cenozoic evolution of the PWC, 

using a set of coupled climate model simulations. Deciphering the Cenozoic evolution 

of the PWC provides insight into the response of the PWC to extreme high 

greenhouse gases and its global climatic and biogeochemical influences. Additionally, 

such an investigation helps advance our knowledge on when and how the modern 

structure of the PWC was established, given the important role of land-sea 

configurations in shaping it [13-15]. 
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Variation of the PWC across the Cenozoic 

To examine the Cenozoic PWC evolution, we perform a series of coupled climate 

model simulations across a wide range of Cenozoic climates (see the ‘Data and 

Methods’ section), which include the Early Eocene, Late Eocene, Late Oligocene, 

Early Miocene, Late Miocene, Late Pliocene, and pre-industrial. Our results highlight 

that the intensity and location of the PWC vary substantially during the Cenozoic (Fig. 

1). During the Early Eocene (ca. 54–48 Ma), the western edge of the PWC was ~18º 

west of its present position, in tandem with a 20º eastward expansion of the eastern 

edge. This leads to a significant broadening of the PWC by ~38º (Fig. 1a & Table S1). 

The broader PWC largely arose from the adjustment of tropical ocean temperatures. 

During the Early Eocene, when the Pacific was larger in size, the warmest waters (i.e., 

the “warm pool”) were centered more to the northwest than present in our simulations 

(Figs. 2a and b). Correspondingly, the location of maximum precipitation moved to 

120º‒150ºE compared to ~150º‒180ºE today (Fig. 2c), together with a westward shift 

of ascending motion (Fig. S1). This points to a significant westward expansion of the 

PWC during the Early Eocene (Figs. 1a and g). The locations of coastal upwelling 

zones in the eastern tropical Pacific were likely displaced eastward during the Early 

Eocene relative to present, as was the South American continent (Figs. 2a and S1). 

This leads to a corresponding eastward shift of the locations of descending motion and 

minimum precipitation (Figs. 2c, e and S1); hence, the eastern edge of the PWC 

extends further east (Figs. 1a and g). These results suggest a greatly expanded PWC 

(by ~38º) in the Early Eocene relative to present (Fig. S2). Notably, a local 

precipitation center occurred over the west coast of the Sundaland (~90º‒120ºE) due 

to orographic effects (Fig. 2c), closely linked with ascending motion there (Fig. S1). 

It is unclear if this ascending motion (Fig. 1a) is part of the Pacific component rather 

than the Indian component of the Walker Circulation, but if included then the PWC in 

the Early Eocene would have been an additional ~18º wider.  

The intensity of the PWC, defined as the vertically-integrated mass 

streamfunction averaged across the equatorial Pacific (see the ‘Data and Methods’ 

section), was ~5% stronger in the Early Eocene. There is a large positive sea-level 
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pressure anomaly (relative to the tropical mean) over the central south tropical Pacific 

in the Early Eocene simulation (Fig. 2d), consistent with the oceanic warming pattern 

(i.e., relatively lower SSTs are associated with higher sea-level pressure). This leads 

to enhanced easterly winds over the western equatorial Pacific (Fig. 2d), accompanied 

by anomalous convergence of water vapor and ascending motion (Fig. 2e), 

contributing to the stronger PWC during the Early Eocene (Fig. S2). 

As the climate cooled from the Early Eocene to the Late Miocene, the width of 

the PWC reduced, with a long-term increase in intensity (Figs. 3a and d). However, 

the western and eastern edges of the PWC behave differently. The western edge of the 

PWC remains relatively constant from the Early Eocene to the Late Miocene (Fig. 3b). 

Although the tropical Pacific cools with time (Fig. 3b), the western tropical Pacific 

maintains its warmth relative to the east and is relatively cooler to the west (Fig. S3), 

as changes in positions of the Asian and Australasian continents are insufficient to 

drastically alter the tropical oceanographic conditions. Hence, the locations of the 

maximum precipitation and associated ascending motions are relatively stable with 

time (Figs. S4 and 5), limiting changes in the western edge of the PWC. In contrast, 

the South American continent drifts northwestward from the Early Eocene to the Late 

Miocene (Fig. S3), causing the position of the cold water over the eastern tropical 

Pacific to shift westward with the land boundary (Fig. 3c). This contributes to a 

westward migration of descending motion that is clearly manifested in the velocity 

potential at 200 hPa (Fig. 3c), indicating a westward shift in the eastern edge of the 

PWC. The intensity of the PWC exhibits an upward trend from the Early Eocene to 

the Late Miocene (Fig. 3d), dominated by a strengthening of the ascending branch 

(Fig. 3e). The intensification of the PWC is largely attributed to the enhanced zonal 

SST gradient over the equatorial Pacific from the Early Eocene to the Late Miocene in 

our simulations (Fig. 3e).  

 

The Late Miocene‒the Late Pliocene transition 

  An obvious shift in the PWC during the Cenozoic era occurred at the transition 

from the Late Miocene (ca. 11‒6 Ma) to the Late Pliocene (ca. 3 Ma; Fig. 3). The 
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western edge of the PWC jumped eastward by ~13º (caused by the warming of the 

western equatorial Pacific; Fig. 3b), but was compensated by a coeval 12º expansion 

of the eastern edge (Fig. 3c), leading to limited change in the width of the PWC. This 

shift happened in tandem with a significant weakening of the PWC (by ~22%). The 

weaker PWC is linked with the reduced zonal SST gradient and even a reversal of its 

sign between the Indian Ocean and the western equatorial Pacific (Figs. 3d and e), 

which overwhelms the role of increased SST gradient across the equatorial Pacific, as 

seen in the geological evidence [2].  

What caused this translation and weakening during the Miocene‒Pliocene 

transition? Two key drivers of climate change on geological timescales are changes in 

CO2 concentrations and the movements of tectonic plates. Given the similar CO2 

concentrations during the Late Miocene and Pliocene (350 vs. 405 ppmv in our 

simulations), the large shift of PWC would appear to have been driven by tectonics, 

among which the restriction of the Indonesian seaway and the closure of the Panama 

seaway stand out. 

To test our hypothesis, we design two sensitivity experiments to isolate the 

climatic effect of the tropical seaway closures (see the ‘Data and Methods’ section). 

In one experiment, the Indonesian seaway is broadened and the Panama seaway is 

opened. In the other experiment, we just open the Panama seaway with the Indonesian 

seaway closed. The results suggest that the closure of the both tropical seaways led to 

a warming over the equatorial Pacific but cooling over the Indian and Atlantic Oceans 

(Fig. 4b). These changes in SSTs resulted in increased precipitation (anomalous 

ascending motion) to the east of ~125ºE and decreased precipitation (anomalous 

descending motion) to the west (Figs. 4c and d), suggesting an eastward shift of 

western edge over the western tropical Pacific that is clearly manifested in the 

variation of the mass stream function (Fig. 4a). Similarly, an eastward migration of 

eastern edge is also simulated over the eastern tropical Pacific. These results indicate 

a systematic eastward shift of the PWC due to the closure of tropical seaways (Fig. 

S6). Moreover, the “Indian Ocean-cooling and Pacific-warming” pattern results in 

anomalous sea-level pressure gradient between Indian Ocean and western tropical 
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Pacific (Fig. 4e). This leads to a westerly anomaly along the western equatorial 

Pacific (Fig. 4f), contributing largely to the reduced intensity of the PWC.  

The eastward shift and weakening of the PWC seen in the tropical seaway closure 

experiments match well with the PWC changes during the Miocene‒Pliocene 

transition (Figs. 3 and S7). The magnitude of the changes is underestimated in the 

sensitivity experiment, which may be partially linked with the relatively smaller depth 

and width of tropical seaways used in it. Nonetheless, our results highlight the 

dominant role of tropical seaway closures in driving the PWC shift during the 

Miocene-Pliocene transition. Furthermore, the restriction of the Indonesian seaway 

plays a more important role in the eastward shift of the ascending branch of the PWC 

(Fig. S8), via reducing the Indonesia Throughflow [16]. In contrast, the closure of the 

Panama seaway has a larger effect on the eastward migration of the descending 

branch (Fig. S8), by preventing the through-flows between the Atlantic and Pacific. 

Although changes in land distribution/elevation over the Maritime Continent have 

been shown to be important for Walker Circulation, its effect is largely concentrated 

over the Indian Ocean rather than the Pacific [15,17]. The development and expansion 

of the Antarctic ice sheet has a substantial influence on local/remote climates [18], but 

an additional sensitivity experiment indicates it has only a limited effect on the 

structure and intensity of the PWC (Fig. S9), as the response of deep tropics is much 

smaller (<1ºC), with a zonal symmetric pattern. 

 

Conclusions 

Here we present a modeled scenario for the Cenozoic evolution of the PWC. The 

width of the PWC narrowed significantly throughout the Cenozoic era; accompanied 

until the Pliocene by a strengthening. The narrowing largely arose from the eastern 

edge of the PWC migrating westward driven by the northwestward movement of the 

South American continent. There was an eastward shift (by ~12º) of the whole PWC 

sometime between the Late Miocene and Late Pliocene, for which the closure of the 

Indonesian and Panama seaways was largely responsible. The intensity of the PWC is 

strongly related to the equatorial Pacific zonal temperature gradient from the Early 
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Eocene to the Late Miocene, whereas reduces by ~22% during the Miocene‒Pliocene 

transition arising from the reduced SST contrast between Indian Ocean and western 

Pacific. 

Notably, the intensity of the PWC was stronger during the Early Eocene than 

present, the closest geologic analogue for future climate under unmitigated emission 

trajectories [19]. This seems opposite to the projected weakening of the PWC at the 

end of 21st century [20, 21] or under idealized warming scenarios [22]. Further 

sensitivity experiments that separate the influences of CO2 and land-sea 

configurations illustrate that rising CO2 alone leads to a weaker PWC, a robust feature 

across the large spread of Cenozoic climates considered here (Fig. S10) and therefore 

in a warmer future. Our results also highlight that, at least on tectonic timescales, the 

location of the PWC is largely controlled by plate movements, with CO2 

concentrations playing a secondary role impacting solely the intensity (Fig. S10). 

Although there is increasing evidence for SST variations over the central-east 

Pacific in deep times [23, 24], there is a lack of SST records over the equatorial 

western Pacific, hampering the effort to reconstruct the zonal SST gradient across the 

Paleogene. Thus, the modeled evolution of PWC intensity from the Early Eocene to 

Late Miocene is difficult to constrain directly by geologic evidence, but a shrinkage 

during the Cenozoic era had been proposed [25]. Furthermore, the tropical seaways 

are generally considered to be closed during the Pliocene [26-28], leading to the 

cooling over the Indian Ocean and warming over the western tropical Pacific seen in 

geological evidence [26,29-31]. The interbasin warming contrast favors a weakening 

of the PWC due to the expected anomalous west-to-east sea-level pressure gradient 

and hence the westerly over western tropical Pacific [32], confirmed by our 

simulations. In addition to the PWC, both the Atlantic and Indian cells also 

experienced substantial changes across the Cenozoic (Fig. S11). Particularly, there are 

only four loops of zonal circulations across the tropics from the Early Eocene to Late 

Oligocene, in contrast to the six loops observed in the modern climate. This is 

attributed to the wider Indian cell and almost disappearance of the loop over the North 

Africa (~40ºE). However, additional proxies for SST over the deep tropics are 
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necessary to test the modeled evolution of the PWC during the Cenozoic. It should be 

noted that here we focus on the change in the mean state of the PWC on tectonic 

timescales, but there are still clearly interannual variations of the PWC in each period, 

i.e., the edge of the PWC shifts substantially with the El Niño-Southern Oscillation.   

Although there are uncertainties to be considered, our study provides a testable 

relationship between the tectonic/CO2-induced climate change and the behavior of the 

PWC. The substantial changes in the PWC simulated here serve as a potential factor 

responsible for the reconstructed hydrological changes across the globe during the 

Cenozoic era. Moreover, a comprehensive understanding of the controls on the PWC 

could help advance its predictive skill and translate into better forecast of extreme 

weather conditions.  

 

Data and Methods 

Climate Model 

We use the low-resolution version of the Norwegian Earth System Model 

(NorESM-L) [33], a fully coupled climate model designed for paleoclimate 

simulations [34], to examine climate change during the Cenozoic era. The 

atmospheric component of the NorESM-L is the Community Atmospheric Model 

version 4, which has a horizontal resolution of ~3.75° × 3.75° with 26 vertical levels. 

The Miami Isopycnic Coordinate Ocean Model seves as the ocean component, with a 

nominal 3° horizontal resolution and 32 vertical levels. The land and sea ice 

component is Coummunity Land Model version 4 and Los Alamos Sea Ice Model 

version 4, respectively. The NorESM-L has been widely used in modeling past 

climates in Earth history on various timescales and proven skillful in reproducing the 

majority of the reconstructed climatic features [34-36]. 

 

Experimental design 

We carry out a suite of deep-time experiments with the NorESM-L to simulate a 

wide range of Cenozoic climates. These experiments target the climate of the Early 

Eocene, Late Eocene, Late Oligocene, Early Miocene, Late Miocene, Late Pliocene, 
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and today (Table S2). The land-sea configurations from the Early Eocene to the Late 

Miocene are derived from the reconstructed paleogeographic maps [37], whereas the 

Late Pliocene topography is based on the Pliocene Research, Interpretation and 

Synoptic Mapping (PRISM) project [38]. Based on a synthesis of atmospheric CO2 

concentrations [39], we set atmospheric CO2 concentrations to 1120 ppmv for the 

Early Eocene, 1050 ppmv for the Late Eocene, 700 ppmv for the Late Oligocene, 420 

ppmv for the Early Miocene, 350 ppmv for the Late Miocene, and 405 ppmv for the 

Late Pliocene. For the land cover, we use the same idealized vegetation for each of 

these deep-time simulations owing to the scarcity of proxies for vegetation during 

most of the Cenozoic, except for the Late Pliocene for which we adopt the PRISM3D 

reconstructions [38]. Additionally, we rerun these deep-time experiments but with the 

CO2 concentration fixed at 560 ppmv to isolate the effect of continental 

configurations and CO2 concentration. Each experiment is integrated for 2,200 model 

years, and we analyze the outputs of the last 200 years. 

To test the climatic effects of the closure of tropical seaways, we perform another 

two sensitivity experiments. In one sensitivity experiment, we open both the 

Indonesian and Panama seaways, leaving the other boundary conditions unchanged 

from the Late Pliocene run. In the other sensitivity experiment, only the Panama 

seaway is opened. The modifications of tropical seaways in these sensitivity 

experiments are designed to roughly represent the Pliocene palaeoceanographic 

conditions, as geological evidence suggests that the tropical seaways of Indonesia and 

Panama were likely closed during the Pliocene [26-28]. Each experiment is integrated 

for 1500 model years, and we analyze the output of the last 200 years. More details 

concerning the experimental set-up can be found in ref. 16.  

Additionally, we performed a pair of experiments for the Early Miocene (EM and 

EM_ice) to study the effect of Antarctic ice sheet (Table S2). In the experiment EM, 

we set CO2 concentration to 420 ppmv and use idealized vegetation, in place of an 

Antarctic ice sheet. In the experiment EM_ice, a modern Antarctic ice sheet is 

prescribed in the model, with the other settings identical to the experiment EM [18]. 
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The experiment EM_ice is initialized from the experiment EM and is integrated for 

1200 model years, and we analyze the output of the last 100 years. 

 

Pacific walker circulation (PWC) 

As the PWC is a thermally-driven equatorial Pacific zonal circulation, it is 

directly measured by the zonal mass streamfunction ( ) [40,41]: 

p

D
0

a
= d

g
u p





 ,                                                  

(1) 

where 
Du is the divergent component of the zonal wind that is closely connected to 

divergence/convergence and hence vertical motion,   is the width of the band 

5ºS–5ºN, p is the pressure, a is the radius of Earth, and g is the gravity acceleration. In 

comparison with the other PWC indices (e.g., east-west sea-level pressure/surface 

wind gradient [20,42]), the mass streamfunction is a direct measure of the two 

dimensional structure of the PWC, as the PWC can be mathematically represented by 

a line integral of tangential wind speed along a closed circle over the equatorial 

Pacific vertical sector [43]. Another advantage is that the calculation of mass 

streamfunction is not affected by changes in land-sea configurations, but which may 

influence the choice of key regions when using sea-level pressure/surface wind 

gradient.    

In general, the western and eastern edges of the PWC is measured as the zero line 

of the vertically-integrated (from surface to the top of the model) zonal mass 

streamfunction on the west and east side of the international date line, respectively. 

However, the ascending motion over the Sundaland (~90º‒120ºE) from the Early 

Eocene and Late Miocene behaves as a local zonal circulation and roughly separates 

from the traditional Walker Circulation over tropical Pacific Ocean (e.g., Fig. 1a). 

Here, we define the western edge as the longitude of the minimum zonal mass 

streamfunction between ~120ºE and the international date line to exclude the 

influence of ascending motion over the Sundaland. The intensity of the PWC is 
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defined as vertically-integrated zonal mass streamfunction averaged across the 

equatorial Pacific (i.e., from the western to the eastern edge of the PWC). For the 

intensity of western edge (i.e., ascending branch), it is defined as vertically-integrated 

zonal mass streamfunction averaged over a 40º band starting from the western edge of 

the PWC.  D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



Funding 

This study was funded by the National Natural Science Foundation of China 

(41888101, 41772179), the Youth Innovation Promotion Association by CAS 

(2019080), and the Young Elite Scientists Sponsorship Program by CAST 

(2017QNRC001). Z.Z. thanks the support of Thousand Talents Program for 

Distinguished Young Scholars.  

Author Contributions 

Q.Y. designed the study, performed analyses, and wrote the initial draft of the 

manuscript, with inputs from R.K. and C.B. Z.Z. carried out the NorESM-L 

simulations. H.W. and X.L. contribute to the dynamical mechanisms of the Pacific 

walker calculation. All authors discussed the results and reviewed the manuscript.  

Conflict of interest statement 

The authors declare no competing interests. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



References 

1. Zachos J, Pagani M and Sloan L et al. Trends, rhythms, and aberrations in global climate 65 

Ma to present. Science 2001; 292: 686‒693. 

2. Zhang Y-G, Pagani M and Liu Z. A 12-million-year temperature history of the tropical 

Pacific Ocean. Science 2014; 344: 84‒87. 

3. Cramwinckel MJ, Huber M and Kocken IJ et al. Synchronous tropical and polar temperature 

evolution in the Eocene. Nature 2018; 559: 382‒386. 

4. Evans D, Sagoo N and Renema W et al. Eocene greenhouse climate revealed by coupled 

clumped isotope-Mg/Ca thermometry. Proc Natl Acad Sci USA 2018; 115: 1174‒1179. 

5. Hollis CJ, Dunkley JT and Anagnostou E et al. The DeepMIP contribution to PMIP4: 

methodologies for selection, compilation and analysis of latest Paleocene and early Eocene 

climate proxy data, incorporating version 0.1 of the DeepMIP database. Geosci Model Dev 

2019; 12: 3149‒3206. 

6. Bjerknes J. Atmospheric teleconnections from the equatorial Pacific. Mon Wea Rev 1969; 97: 

163‒172. 

7. Lau K-M and Yang S. Tropical meteorology & climate | Walker Circulation. Encyclopedia of 

Atmospheric Sciences. Amsterdam: Elsevier, 2015, 177‒181. 

8. Shulmeister J. Australasian evidence for mid-Holocene climate change implies precessional 

control of Walker Circulation in the Pacific. Quat Int 1999; 57: 81‒91. 

9. Ravelo AC, Andreasen DH and Lyle M et al. Regional climate shifts caused by gradual 

global cooling in the Pliocene epoch. Nature 2004; 429: 263‒267. 

10. McGregor S, Timmermann A and Stuecker MF et al. Recent Walker circulation strengthening 

and Pacific cooling amplified by Atlantic warming. Nat Clim Change 2014; 4: 888‒892. 

11. Yan H, Sun L and Oppo DW et al. South China Sea hydrological changes and Pacific Walker 

Circulation variations over the last millennium. Nat Commun 2011; 2: 293. 

12. Saraswat R, Singh DP and Lea DW et al. Indonesian throughflow controlled the westward 

extent of the Indo-Pacific Warm Pool during glacial-interglacial intervals. Global Planet 

Change 2019; 183: 103031. 

13. Chervin RM and Druyan L. The influence of ocean surface temperature gradient and 

continentality on the Walker circulation. Part I: Prescribed tropical changes. Mon Wea Rev 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



1984, 112: 1510‒1523. 

14. Dayem KE, Noone DC and Molnar P. Tropical western Pacific warm pool and maritime 

continent precipitation rates and their contrasting relationships with the Walker Circulation. J 

Geophys Res 2007; 112: D06101. 

15. DiNezio PN, Tierney JE and Otto-Bliesner BL et al. Glacial changes in tropical climate 

amplified by the Indian Ocean. Sci Adv 2018; 4: eaat9658. 

16. Yan Q, Korty R and Zhang Z et al. Evolution of tropical cyclone genesis regions during the 

Cenozoic era. Nat Commun 2019; 10: 3076 

17. DiNezio PN and Tierney JE. The effect of sea level on glacial Indo-Pacific climate. Nat 

Geosci 2013, 6: 485‒491. 

18. Zhang R, Zhang Z and Jiang D. Global cooling contributed to the establishment of a 

modern-like East Asian monsoon climate by the early Miocene. Geophys Res Lett 2018; 45: 

11,941‒11,948. 

19. Burke KD, Williams JW and Chandler MA et al. Pliocene and Eocene provide best analogs 

for near-future climates. Proc Natl Acad Sci USA 2018; 115: 13288‒13293. 

20. Vecchi GA, Soden BJ and Wittenberg AT et al. Weakening of tropical Pacific atmospheric 

circulation due to anthropogenic forcing. Nature 2006; 441: 73‒76. 

21. Kociuba G and Power SB. Inability of CMIP5 models to simulate recent strengthening of the 

Walker circulation: Implications for projections. J Clim 2015; 28: 20‒35. 

22. DiNezio PN, Kirtman BP and Clement AC et al. Mean climate controls on the simulated 

response of ENSO to increasing greenhouse gases. J Clim 2012; 25: 7399‒7420. 

23. Tripati AK, Delaney ML and Zachos JC et al. Tropical sea-surface temperature 

reconstruction for the early Paleogene using Mg/Ca ratios of planktonic foraminifera. 

Paleoceanography 2003; 18: 1101. 

24. Liu Z, Pagani M and Zinniker D et al. Global cooling during the Eocene-Oligocene climate 

transition. Science 2009; 323:1187–1190. 

25. Lyle M, Barron J and Bralower TJ et al. Pacific Ocean and Cenozoic evolution of climate. 

Rev Geophys 2008; 46: RG2002. 

26. Cane MA and Molnar P. Closing of the Indonesian seaway as a precursor to east African 

aridification around 3–4 million years ago. Nature 2001; 411: 157‒162. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



27. Haug GH and Tiedemann R. Effect of the formation of the Isthmus of Panama on Atlantic 

Ocean thermohaline circulation. Nature 1998; 393: 673‒676. 

28. Molnar P. Closing of the Central American Seaway and the Ice Age: A critical review. 

Paleoceanography 2008; 23: PA2201. 

29. Sato K, Oda M and Chiyonobu S et al. Establishment of the western Pacific warm pool 

during the Pliocene: evidence from planktic foraminifera, oxygen isotopes, and Mg/Ca ratios. 

Palaeogeogr Palaeoclimatol Palaeoecol 2008; 265: 140‒147. 

30. Karas C, Nürnberg D and Gupta AK et al. Mid-Pliocene climate change amplified by a 

switch in Indonesian subsurface throughflow. Nat Geosci 2009; 2: 434‒438. 

31. Karas C, Nürnberg D and Tiedemann R et al. Pliocene Indonesian Throughflow and Leeuwin 

Current dynamics: Implications for Indian Ocean polar heat flux. Paleoceanography 2011; 

26: PA2217. 

32. Zhang L and Karnauskas KB. The role of tropical interbasin SST gradients in forcing Walker 

circulation trends. J Clim 2017; 30: 499‒508. 

33. Bentsen M, Bethke I and Debernard JB et al. The Norwegian earth system model, 

NorESM1-M-Part 1: Description and basic evaluation. Geosci Model Dev 2013, 6: 687‒720. 

34. Zhang Z, Nisancioglu K and Bentsen M et al. Pre-industrial and mid-Pliocene simulations 

with NorESM-L. Geosci Model Dev 2012; 5: 523‒533. 

35. Zhang Z, Nisancioglu K and Ninnemann US. Increased ventilation of Antarctic deep water 

during the warm mid-Pliocene. Nat Commun 2013; 4: 1499. 

36. Zhang Z, Ramstein G and Schuster M et al. Aridification of the Sahara desert caused by 

Tethys Sea shrinkage during the Late Miocene. Nature 2014; 513: 401‒404. 

37. Scotese CR. Digital paleogeographic map archive on CD-ROM. PALEOMAP Project, 

Arlington, Texas, 2001. 

38. Dowsett H, Robinson M and Haywood AM et al. The PRISM3D paleoenvironmental 

reconstruction. Stratigraphy 2010; 7: 123‒139. 

39. Beerling DJ and Royer DL. Convergent Cenozoic CO2 history. Nat Geosci 2011; 4: 418‒

420. 

40. Yu B and Zwiers FW. Changes in equatorial atmospheric zonal circulations in recent decades. 

Geophys Res Lett 2010, 37: L05701. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



41. Bayr T, Dommenget D and Martin T et al. The eastward shift of the Walker Circulation in 

response to global warming and its relationship to ENSO variability. Clim Dyn 2014; 43: 

2747‒2763. 

42. McGregor S, Timmermann A and Stuecker MF et al. Recent Walker circulation strengthening 

and Pacific cooling amplified by Atlantic warming. Nat Clim Change 2014; 4: 888‒892. 

43. Tanaka HL, Ishizaki N and Kitoh A. Trend and interannual variability of Walker, monsoon 

and Hadley circulations defined by velocity potential in the upper troposphere. Tellus A 2004; 

56: 250‒269. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



 

Figure 1. Mean state of the Pacific walker circulation during the Cenozoic era. (a) Early 

Eocene, (b) Late Eocene, (c) Late Oligocene, (d) Early Miocene, (e) Late Miocene, (f) Late 

Pliocene, and (g) today. Shadings are the zonal mass streamfunction (10
10 

kg s
‒1

) at the equatorial 

Pacific (5ºS–5ºN). Positive and negative values represent clockwise and anticlockwise circulations, 

respectively. Vectors are the composite of pressure velocity (×‒50 Pa s
‒1

) and zonal divergent 

wind (m s
‒1

). Note that we exclude the ascending motion over the Sundaland (~90º‒120ºE) in 

computing the location and intensity of the PWC (see Methods for details), as it behaves like a 

local zonal circulation which is broadly separated from the traditional Walker Circulation over 

tropical Pacific Ocean. 
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Figure 2. Spatial patterns of environmental variables and their anomalies during the Early 

Eocene relative to the present. (a) Annual mean sea surface temperature (SST; ºC) in the Early 

Eocene (shadings) and present (contours). The thick darkgreen lines show the modern land-sea 

mask in the model. (b) SST anomaly (ºC) in the Early Eocene relative to present. (c) Annual 

precipitation (mm day
‒1

) in the Early Eocene (shadings) and present (contours). The thick grey 

lines show the Early Eocene land-sea mask in the model. (d) Anomalies of annual mean sea-level 

pressure (SLP; shadings; hPa) and surface wind (vectors; m s
‒1

) in the Early Eocene relative to 

present. Note that the tropical mean of SLP anomalies has been removed. (e) Anomalies of 

pressure velocity at 500 hPa (shadings; ‒100 Pa s
‒1

) and divergent component of the 

vertically-integrated water vapor transport (vectors; 10
‒3 

kg m
‒1 

s
‒1

). The thick grey lines show the 

Early Eocene land-sea mask in the model. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa101/5836737 by guest on 14 June 2020



 

Figure 3. The intensity and location of the Pacific walker circulation (PWC) during the 

Cenozoic era. (a) The width of the PWC (degrees longitude). (b) The location of the western edge 

of the PWC (blue dots; ºE). Orange triangles and purple squares are the SST (ºC) and relative SST 

(ºC) averaged over the western equatorial Pacific (5ºS–5ºN; 120º–180ºE), respectively. (c) The 

locations of the eastern edge of the PWC (ºW), the eastern edge of the “cold tongue” (defined as 

the position of ‒0.5 ºC isotherm in relative SST; orange triangles; ºW), and the center of 

descending motion over the eastern tropical Pacific (defined as the location of maximum vertical 

potential at 200 hPa; purple squares; ºW). (d) The intensity of the PWC (10
10 

kg s
‒1

). (e) The 

intensity of the ascending branch of the PWC (10
10 

kg s
‒1

). Orange triangles and purple squares 

are the SST gradient across the equatorial Pacific (defined as the SST difference between 130º–

160ºE and 150º–120ºW; ºC) and across the Indian and Pacific oceans (defined as the SST 

difference between 60º–90ºE and 130º–160ºE; ºC), respectively. EE: Early Eocene, LE: Late 

Eocene, LO: Late Oligocene, EM: Early Miocene, LM: Late Miocene, LP: Late Pliocene, PI: 

pre-industrial. 
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Figure 4. Meridional mean of environmental conditions and their differences caused by the 

tropical seaway closures. (a) Vertical average of mass stream function (MSF; 10
10 

kg s
‒1

). (b) Sea 

surface temperature (SST; ºC). (c) Precipitation (mm day
‒1

). (d) Pressure velocity at 500 hPa 

(OMEGA; ×‒50 Pa s
‒1

). (e) Sea-level pressure (SLP; hPa). (f) Surface zonal wind (m s
‒1

). The 

color bars show the differences caused by the tropical seaway closures, whereas the contours show 

the climatological mean (right axis) in the experiments with the tropical seaway closed (gray dash 

lines) and opened (darkgreen dash lines). 
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