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Observed Pliocene (~2-5 Myr) features

Big picture:
=~ GO, 350-500 ppm(?) Today ~400; preindustrial 280.

- Global average surface temperature: = 3 “C warmer
than today

- lce: covers Antarctica, but not much in the northern
hemisphere (ice ages started =~ 2.7 Myr ago)

Main features:

- A permanent El Nino

- Warm coastal upwelling sites
~  Wet North America
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The Pliocene within the bigger picture
Gradual cooling
over past 55I\/Iyr

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 J&f N
Cllmate Sensrtlvrty) 50—_ j[Zaohos et al., 2001]
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The equatorial Pacific during the Pliocene

- [Medina Elizalde et al 2008 . [Wara et al 2005 .
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The equatorial Pacific during the Pliocene

[Wara et al 2005]
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The equatorial Pacific during the Pliocene

[Wara et al 2005]
| | |

[Medina Elizalde et al 2008]
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-> 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 Nino”?
(Zhang, Pagani & Liu 2014)
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East and west pacific temperatures do not converge in this
reconstruction; SST gradient exists all the way to 12 Myr
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Warmth of Pliocene upwelling sites

[Dekens et al 2007]

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

6 8

Figure 1. Difference in sea surface temperature (SST) between Pliocene and modern SST. The colored
map shows modern mean annual SST [Levitus and Boyer, 1994]. Superimposed is the difference between
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Warmth of Pliocene upwelling sites

[Dekens et al 2007]
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Figure 1. Difference in sea surface temperature (SST) between Pliocene and modern SST. The colored
map shows modern mean annual SST [Levitus and Boyer, 1994]. Superimposed is the difference between

(Ryan et al. 2005).

As opposed to present-

day: Satellite imagery of

central California upwelling

w System: cool SST & high
W surface chlorophyll
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Wet southwest US during Pliocene (2—5 Myr)
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Wet southwestUS durmg PI|ocene (2 -5 Myr)

40°N

* § Amargosa Desert} !
N 'J’iJ3432Ma 35

¢ |[acustrine sediments,

e fish fossils, 35°N
® mega-plant fossils,

¢ fossils of animals,
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¢ diatoms,

e ostracod

125°W 120°W 115°W 11°W

The evidence:
lake sediments
fossils of: fish,
freshwater shrimp, T
. A and plankton
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Wet California/ warm upwelling sites
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Subtropmal high & Coastal upwelling zones

without continents:

Hadley cell
Alina Fiehn Phd, 2017 belts of high & low pressure

httos //www resear chqate et/fq e/Schematc of-the-
ical-

Images and text from:
http://www.atmo.arizona.edu/students/courselinks/spring14/atmoi170a1s4/lecture notes/apri8.html
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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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astal upwelling zones

_60°

30° 3

Hadley cell without continents: adding continents = centers of high
T e P e senemate oo belts of high & low pressure pressure & a belt of low pressure at equator

Hadley-circulation-Abbreviations-TTL-Tropical-
tropopause-layer_figl_ 322886947

Images and text from:
http://www.atmo.arizona.edu/students/courselinks/spring14/atmoi170a1s4/lecture notes/apri8.html
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Subtropical high & coastal upwelling zones
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30° 3

Hadley cell without continents: adding continents = centers of high
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Images and text from:
http://www.atmo.arizona.edu/students/courselinks/spring14/atmoi170a1s4/lecture notes/apri8.html
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Wetter land = weaker coastal upwelling-favorable winds

1.8
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0.6
0.3

0.0

wetter land

weaker along-
shore winds

weaker
upwelling

(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

http://www.atmo.arizona.edu/students/courselinks/

spring14/atmo170a1s4/lecture notes/apri18.html
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15 (@) Bowen ratio

* (sensible over latent
s heat flux) in Modern
o3 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

120°wW

105°wW
(f)  PRISMso - Modern 2> ™/s
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wetter land
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weaker
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15 (@) Bowen ratio

* (sensible over latent
s heat flux) in Modern
o3 run. (d) Climatology
*®  SLP (hPa) & surface
+ winds for Modern.

2 (c) Bowen ratio,

» ¢ PRISMso. (f) SLP and
-1 winds: diff between
. PRISM50 & Modern.

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

http://www.atmo.arizona.edu/students/courselinks/

spring14/atmo170a1s4/lecture notes/apri18.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

warmer SST weaker along-
shore winds

weaker
upwelling

(C)  6SST (C): PRISMy3sy - PRISM (d)  6SST (C): PRISMys0y - PRISM
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15°N

Two examples of imposed SST perturbations
emulating the results of a weakening upwelling & soo 20 o
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Warmer SST » wetter land -

warmer SST weaker along-
shore winds

weaker
upwelling

(d) 6P (mmy/day): PRISM;sow - PRISM

TSy ‘ =N

0.6

0.3

0.0

-0.3

-0.6
-0.9

Increased precipitation
over land for warmer
coastal SST,

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



Warmer SST =» wetter land

Increased precipitation
over land for warmer
coastal SST,

especially in summer

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

warmer SST weaker along-
shore winds

weaker
upwelling

(d) 6P (mmy/day): PRISM;sow - PRISM
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Permanent El Nino
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Atmospheric
superrotation due
to stronger MJO

Tziperman & Farrell 2009,
Arnold et al 2012, 2014.
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Weakening the easterlies: Superrotation

e Superrotation = Zonally-averaged westerly wind at the equator,
pasically the atmosphere rotating faster than Earth itself

e Seen in the atmospheres of Venus, Titan, Saturn, and Jupiter:

e Also seen in the upper atmosphere during QBO

e “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 Y = Acos (kx + ly — ot )
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Superrotation dynamics: Rossby Wave reminder...

Consider a wave solution Y = Acos (kx + ly — ot )
___ bk
k24124 Lg?

Rossby wave dispersion relation o
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Superrotation dynamics: Rossby Wave reminder...

Consider a wave solution Y = Acos (kx + ly — ot )

—Pk
Rossby wave dispersion relation o= B —
k* + 1%+ Lg
Meridional velocity of energy c()’) _ 2Bkl
propagation: & (k2 + ]2 e LEZ)Z
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Superrotation dynamics: Rossby Wave reminder...

Consider a wave solution Y = Acos (kx + ly — ot )

—Pk
Rossby wave dispersion relation o= B —
k* + 1%+ Lg
Meridional velocity of energy c()’) _ 2Bkl
propagation: & (k2 + ]2 e LEZ)Z

Meridional flux of zonal momentum

u'V = (=) (W) = —klA®sin® (kx + 1y — ot)
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Superrotation dynamics: Rossby Wave reminder...

Consider a wave solution Y = Acos (kx + ly — ot )

—Bk

Rossby wave dispersion relation o= o
k* + 1%+ Lg

Meridional velocity of energy C()’) _ 2Bkl

propagation: J (kz + [2 & LEZ)z

Meridional flux of zonal momentum

u'V = (=) (W) = —klA®sin® (kx + 1y — ot)

—>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 Nino

1. Warmer Pliocene = stronger
Madden-Julian Oscillation

(MJO) at equator RW westerly
RW energ momentum flux
L #North
Induced
ti westerlies
?Iz?sveec — ) ' Equator

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

1. Warmer Pliocene = stronger
Madden-Julian Oscillation

(MJO) at equator RW westerly
RW energ momentum flux
A #+North
- Induced
2. => Excited Rossby waves convective & westerlies
-> equatorward westerly  noise Equator
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 Nino

1. Warmer Pliocene = stronger
Madden-Julian Oscillation

(MJO) at equator RW westerly
RW energ momentum flux

i #North

Induced

LA IS e H
westerlies
o,

2. =>» Excited Rossby waves convective <& o

-> equatorward westerly  noise - = Equator
momentum flux =
weaken equatorial
easterlies.

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

Tziperman & Farrell 2009,
Arnold et al 2012, 2014,
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he Madden-Julian Oscillation (MJO)

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.

Matthews (2013)
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he Madden-Julian Oscillation (MJO)

The Madden-Julian Oscillation (MJO): a tropical disturbance that
propagates eastward around the global tropics 30-60 day period.
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Enhanced MJO in a x4CO, greenhouse scenario,
SP-CESM, ‘reBaIistiC’ configuration

CESM 1xCO2

A
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Tziperman & Farrell 2009,
Arnold et al 2012, 2014.

Stronger MJO in fully coupled ocean-atm SPCESM at x4
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The End



