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Main features: 
A permanent El Niño  
Warm coastal upwelling sites 
Wet North America

Observed Pliocene (~2–5 Myr) features
Big picture: 

CO2 350–500 ppm(?) Today ~400; preindustrial 280. 
Global average surface temperature: ≈ 3 °C warmer 
than today 
Ice: covers Antarctica, but not much in the northern 
hemisphere (ice ages started ≈ 2.7 Myr ago)
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Gradual cooling 
over past 55Myr

Deep ocean 
Temperature

The Pliocene within the bigger picture

[Zachos et al., 2001]

2–5 Myr ago: mostly just before ice ages 
which began 2.7 Myr ago; 
  
~3° warmer than present; not as warm as 
earlier (equable) periods;  

Analogue of near-future climate?  
(represents equilibrium rather than transient 
climate sensitivity)
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Pliocene 
proxy obs: 
Temperature, 

ice, CO2

Fedorov et al 2013
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The equatorial Pacific during the Pliocene
[Wara et al 2005][Medina Elizalde et al  2008]
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The equatorial Pacific during the Pliocene
[Wara et al 2005][Medina Elizalde et al  2008]

 ➔ Strong east-west temperature gradient in the equatorial Pacific 
did not exist during the Pliocene (~2–5 Myr ago)
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No permanent El Niño?  
(Zhang, Pagani & Liu 2014)

East Pacific
West Pacific

East and west pacific temperatures do not converge in this 
reconstruction; SST gradient exists all the way to 12 Myr
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[Dekens et al 2007]

Proxy evidence shows 
strong warming in 
upwelling sites off 
California, Africa, and 
South America

Warmth of Pliocene upwelling sites

California

Humboldt

Canary

Benguela
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[Dekens et al 2007]

Proxy evidence shows 
strong warming in 
upwelling sites off 
California, Africa, and 
South America

(Ryan et al. 2005).

As opposed to present-
day: Satellite imagery of 
central California upwelling 
system: cool SST & high 
surface chlorophyll

Warmth of Pliocene upwelling sites

California

Humboldt

Canary

Benguela
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Wet southwest US during Pliocene (2–5 Myr)
manuscript submitted to Paleoceanography and Paleoclimatology
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Figure 1. Topographic map of the western United States showing Pliocene lakes and other

sites where lacustrine deposits or fossil finds indicate wetter environments than today. Pollen

and megaflora fossils call for a drier environment than today at Oak Grove, but wetter at Cache

Valley and Sonoma (e.g., Minnich, 2007; Thompson, 1991; Thompson & Fleming, 1996; Wolfe,

1990). Abundant lacustrine sediment with fish fossils and pollen suggestive of moist environments

attest to a large lake, Lake Idaho, that had formed before 3.7 Ma and lingered until ⇠3 Ma (e.g.,

Forester, 1991; Leopold & Wright, 1985; G. R. Smith, 1987; G. R. Smith & Patterson, 1994;

Thompson, 1996). Diatoms, pollen, and ostracods attest to a wetter environment in Tulelake

than today (Adam et al., 1989, 1990; Thompson, 1991), but ostracods and other organisms in

lacustrine sediment dated to 4.8 at Alturas suggest little di↵erence from today (Forester, 1991).

Pliocene lacustrine sediment, in some cases with pollen, mega-plant fossils, and fossils of animals,

suggestive of environments wetter than those today, have been reported from numerous inland

sites: the Salt Lake Formation in Lake Bonneville cores (Davis & Moutoux, 1998; Kowalewska &

Cohen, 1998; Thompson, 1991) and Cache Valley (Brown, 1949; Thompson, 1991; Wolfe, 1990);

Rhodes Salt Lake, Clayton Valley, and Lakes Russell and Rennie (Reheis et al., 2002); Verde

Valley (Forester, 1991; Thompson, 1991); Donnelly Ranch (Hager, 1974; Thompson, 1991), Santa

Fe Group in the Rio Grande Rift (Bartolino & Cole, 2002; Brister & Gries, 1994; Connell et al.,

2013; Galusha & Blick, 1971)), and Hueco Bolson (Collins & Raney, 1994; Stuart & Willingham,

1984). Hay et al. (1986) used the chemistry of caliche and related deposits to infer marshland

and ponds in the Amargosa Desert, as did G.A. Smith (1994; G. A. Smith et al., 1993) for the

San Pedro Valley. A large lake occupied the Alamosa Basin throughout much of Pliocene and

Quaternary time (Machette et al., 2013). Knott et al. (2018) showed shorelines of a number of

Pliocene Lakes in the Death Valley-Owens Valley region: Lake Russell, the predecessor to Mono

Lake, Lake Manley, Owens, China, Searles Lakes, and other small lakes. Spencer et al. (2013)

reported widespread lacustrine sediment that seemed to occupy a series of early Pliocene lakes

(Blythe, Mojave, Havaus, and Hulapai) along the modern Colorado River valley in California-

Arizona. Petrified wood from the Anza Borrego Desert suggests a wetter climate there (Remeika

et al., 1988).

–5–
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https://en.wikipedia.org/wiki/Ostracod

• lacustrine sediments,  
• fish fossils, 
• mega-plant fossils,  
• fossils of animals,  
• pollen,  
• diatoms, 
• ostracod

https://landscape.soilweb.ca/lacustrine-environment/

https://jgi.doe.gov/csp-2021-100-diatom-genomes/

The evidence: 
lake sediments 
fossils of: fish, 
freshwater shrimp, 
and plankton
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Wet California/ warm upwelling sites
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Images and text from: 
http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html 

adding continents ➨ centers of high 
pressure & a belt of low pressure at equator

without continents: 
belts of high & low pressure

Subtropical high & coastal upwelling zones

Hadley cell 
Alina Fiehn Phd, 2017

https://www.researchgate.net/figure/Schematic-of-the-
Hadley-circulation-Abbreviations-TTL-Tropical-
tropopause-layer_fig1_322886947 

http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
https://www.researchgate.net/figure/Schematic-of-the-Hadley-circulation-Abbreviations-TTL-Tropical-tropopause-layer_fig1_322886947
https://www.researchgate.net/figure/Schematic-of-the-Hadley-circulation-Abbreviations-TTL-Tropical-tropopause-layer_fig1_322886947
https://www.researchgate.net/figure/Schematic-of-the-Hadley-circulation-Abbreviations-TTL-Tropical-tropopause-layer_fig1_322886947
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Wetter land ➨ weaker coastal upwelling-favorable winds

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

(a) Bowen ratio 
(sensible over latent 
heat flux) in Modern 
run. (d) Climatology 
SLP (hPa) & surface 
winds for Modern.

Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022
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Wetter land ➨ weaker coastal upwelling-favorable winds

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

(a) Bowen ratio 
(sensible over latent 
heat flux) in Modern 
run. (d) Climatology 
SLP (hPa) & surface 
winds for Modern.

http://www.atmo.arizona.edu/students/courselinks/
spring14/atmo170a1s4/lecture_notes/apr18.html 

Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022

http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
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Wetter land ➨ weaker coastal upwelling-favorable winds

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

(a) Bowen ratio 
(sensible over latent 
heat flux) in Modern 
run. (d) Climatology 
SLP (hPa) & surface 
winds for Modern.

http://www.atmo.arizona.edu/students/courselinks/
spring14/atmo170a1s4/lecture_notes/apr18.html 

(c) Bowen ratio, 
PRISM50. (f) SLP and 
winds: diff between 
PRISM50 & Modern.

Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022

http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
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Wetter land ➨ weaker coastal upwelling-favorable winds

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

➨ East-west pressure gradient is weakened by wetland presence, 
and along-coast winds weaken

(a) Bowen ratio 
(sensible over latent 
heat flux) in Modern 
run. (d) Climatology 
SLP (hPa) & surface 
winds for Modern.

http://www.atmo.arizona.edu/students/courselinks/
spring14/atmo170a1s4/lecture_notes/apr18.html 

(c) Bowen ratio, 
PRISM50. (f) SLP and 
winds: diff between 
PRISM50 & Modern.

Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022

http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
http://www.atmo.arizona.edu/students/courselinks/spring14/atmo170a1s4/lecture_notes/apr18.html
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2nd set of experiments: Warmer SST ➨ wetter land
The experiment: modify SST to emulate 
weakening of upwelling and examine 
atmospheric response

Two examples of imposed SST perturbations 
emulating the results of a weakening upwelling

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022
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Warmer SST ➨ wetter land

Increased precipitation 
over land for warmer 
coastal SST, 

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022
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Warmer SST ➨ wetter land

Increased precipitation 
over land for warmer 
coastal SST, 

wetter land

weaker along-
shore winds

weaker 
upwelling

warmer SST

especially in summer
Minmin Fu, Mark Cane, Peter Molnar, 
Eli Tziperman, 2021, 2022
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Permanent El Niño
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Permanent El Niño ideas

Move Papua/ New Guinea;  
[Cane&Molnar 2001; Fedorov et al 2013] Open central American seaway [Steph et al 2010]

collapse equatorial 
thermocline w/ N. 
Pacific fresh water 
flux  
[Fedorov et al 2004/2006]Hurricanes/ ocean mixing 

[Emanuel 2002… Fedorov et al 2010/2013]

  Atmospheric 
superrotation due 
to stronger MJO  
Tziperman & Farrell 2009,  
Arnold et al 2012, 2014.
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Weakening the easterlies: Superrotation
• Superrotation = Zonally-averaged westerly wind at the equator, 

basically the atmosphere rotating faster than Earth itself 
• Seen in the atmospheres of Venus, Titan, Saturn, and Jupiter:

  

• Also seen in the upper atmosphere during QBO 
• “Forbidden” by angular momentum conservation in the absence 

of up-gradient angular momentum fluxes (Hide’s theorem) ➔ 
must involve some non-trivial eddy dynamics.
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Superrotation dynamics: Rossby Wave reminder…

Consider a wave solution 
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Superrotation dynamics: Rossby Wave reminder…

Consider a wave solution 

Rossby wave dispersion relation
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Superrotation dynamics: Rossby Wave reminder…

Consider a wave solution 

Rossby wave dispersion relation

Meridional velocity of energy 
propagation:
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Superrotation dynamics: Rossby Wave reminder…

Consider a wave solution 

Rossby wave dispersion relation

Meridional velocity of energy 
propagation:
Meridional flux of zonal momentum
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Superrotation dynamics: Rossby Wave reminder…

Consider a wave solution 

Rossby wave dispersion relation

Meridional velocity of energy 
propagation:
Meridional flux of zonal momentum

➔Meridional momentum flux is in opposite direction to group 
velocity. Specifically, energy flux away from equator implies 
momentum flux toward equator westerly momentum induced at 
equator.
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A summary of the superrotation mechanism for a 
permanent El Niño

1. Warmer Pliocene ➔ stronger 
Madden-Julian Oscillation 
(MJO) at equator 

Tziperman & Farrell 2009,  
Arnold et al 2012, 2014.
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A summary of the superrotation mechanism for a 
permanent El Niño

1. Warmer Pliocene ➔ stronger 
Madden-Julian Oscillation 
(MJO) at equator 

2. ➔ Excited Rossby waves 
➔ equatorward westerly 
momentum flux ➔ 
weaken equatorial 
easterlies. 

Tziperman & Farrell 2009,  
Arnold et al 2012, 2014.
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A summary of the superrotation mechanism for a 
permanent El Niño

1. Warmer Pliocene ➔ stronger 
Madden-Julian Oscillation 
(MJO) at equator 

3. ➔  decreased E-W thermocline slope 
➔ eliminate East Pacific cold tongue 
➔ Permanent El Nino!

2. ➔ Excited Rossby waves 
➔ equatorward westerly 
momentum flux ➔ 
weaken equatorial 
easterlies. 

Tziperman & Farrell 2009,  
Arnold et al 2012, 2014.
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The Madden-Julian Oscillation (MJO): a tropical disturbance that 
propagates eastward around the global tropics 30-60 day period.  
Impacts ENSO, tropical & extratropical precipitation, atmospheric 
circulation, and surface temperature.  

The Madden-Julian Oscillation (MJO)

Composites of 200-hPa velocity 
potential (m2/s) for eight phases 
of the MJO cycle for the 
November through March time 
period. http://
www.cpc.ncep.noaa.gov/
products/precip/CWlink/MJO/
MJO_summary.pdf 

Matthews (2013)
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Enhanced MJO in a x4CO2 greenhouse scenario, 
SP-CESM, ‘realistic’ configuration

Stronger MJO in fully coupled ocean-atm SPCESM at x4
Tziperman & Farrell 2009,  
Arnold et al 2012, 2014.
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The End


