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Energy balance, greenhouse effect
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Run away ice albedo, snowball events:

e (QOcean frozen to a depth of ~1km, land ice-covered for Myrs
o [nitiation”? Termination: CO, emissions from volcanoes

e Predicted by Budyko-Sellers (1969) energy-balance toy model
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Energy balance, greenhouse effect
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Run away ice albedo, snowball events:

e (QOcean frozen to a depth of ~1km, land ice-covered for Myrs
o [nitiation”? Termination: CO, emissions from volcanoes

e Predicted by Budyko-Sellers (1969) energy-balance toy model
Greenhouse effect:

e 2-layer model,

e | apse rate and changes to emission height

snowballearth.org
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El Nino — Southern Oscillation (ENSO)
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SST ANOMALIES °C
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Meridional overturning circulation (THC/MOC)
e Transport: 20 x world rivers combined. Warms Europe...”?
e Driven by temperature & salinity gradients + wind + mixing + more

e Can become unstable, multiple equilibria, hysteresis, ... affects
Climate on a hundred-year time scale

A winter scene in Europe's
Little lce Age, 14th Century
Pieter Breugel the Elder.
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Dansgaard-Oeschger Events
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Helnrich events

. e|ce Rafted Debris (IRD) sediment layers due to
massive glacier discharges from Laurentide &
other ice sheets, every 7—10,000 yr.

e Occurred 20-60,000 ago

¢ Possibly synchronous collapses/ discharges of
several ice sheets

e Mechanism: Bing/purge + THC + sea ice?
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Micrograph of sand-size fraction in core HU87033-009

Sand-size fraction from the same core at 670-672 cm depth, within H-2.
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ps://slidetodoc.com/environmental-geosci
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Largest climate signal in past 3
Myrs. Still not understood:
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The Pliocene, 2-5Myr: “Permanent El Nino”
[Wara et al 20095]
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The Pliocene, 2-5Myr: “Permanent El Nino”

[Medina Elizalde et al 2008] . [Wara et al 2005]
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The Pliocene, 2-5Myr: “Permanent El Nino”
[Wara et al 20095]
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The Pliocene, 2-5Myr: “Permanent El Nino” mechanisms
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The Pliocene, 2-5Myr: “Permanent El Nino” mechanisms
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The Pliocene, 2-5Myr: “Permanent El Nino” mechanisms

a Control run - CAS open (CTL-CAS)
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The Pliocene, 2-5Myr: “Permanent El Nino” mechanisms

a Control run - CAS open (CTL-CAS)
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The Pliocene, 2-5Myr: “Permanent El Nino” mechanisms
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Hurricanes/ ocean mixing [Emanuel Change easterlies via R.W. induced Superrotation
2002... Fedorov et al 2010/2013] [Tziperman & Farell 2009, Arnold, Tziperman & Farell 2012]
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Equable climates: Eocene (565.8-33.9 Myr) and beyond

Observations: very warm climate ~146-34 Myr ago: deep ocean
~15C; above freezing winter temperatures at 60N, Greenland &
middle of Canada (now —30C); equator to pole Temp gradient ~25C
(now >400).

The mystery: Warm continental winter climate cannot be reproduced
by GCMs even at very high CO2 levels.

Huber and Sloan, 2001]
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Equable climate ideas

Hurricanes & ocean mixing/
MOC (Emanuel 2002)
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Equable climate ideas

W/

TR el

Equator-to-Pole Hadley
cell (Farrell 1990)

Hurricanes & ocean mixing/
MOC (Emanuel 2002)
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Equable climate ideas

Hurricanes & ocean mixing/

MOC (Emanuel 2002
( ) Equator-to-Pole Hadley

cell (Farrell 1990)

Polar stratospheric (15-25
km) clouds (Sloan et al
1992; Kirk-Davidoff et al
2002)
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Equable climate ideas

%adley

Hurricanes & ocean mixing/ YT el

MOC (Emanuel 2002
( ) Equator-to-Pole Hadley

cell (Farrell 1990)

Polar stratospheric (15-25 o P
km) clouds (Sloan et al Arctic convective tropospheric
1992; Kirk-Davidoff et al cloud feedback (Abbot &
2002) Tziperman 2008)
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Equable climate ideas

Hurricanes & ocean mixing/ YT el

MOC (Emanuel 2002
( ) Equator-to-Pole Hadley

cell (Farrell 1990)

Polar stratospheric (15-25 oT e
km) clouds (S|Ozﬂ f?t al | Arctic convective tropospheric
1992; Kirk-Davidoff et a cloud feedback (Abbot &

hneider et al 2019
2002) Tziperman 2008) (Sehneider et 2 )

| e

breakup of mid-latitude
stratocumulus cloud
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Equable climate ideas

Low clouds suppress %acuey

Hurricanes & ocean mixing/ Arctic air formation (Cronin N A

MOC (Emanuel 2002) & Tziperman 2015) Equator-to-Pole Hadley

cell (Farrell 1990)

Polar stratospheric (15-25 oT e
km) clouds (Sloan et al Arctic convective tropospheric
1992; Kirk-Davidoff et al cloud feedback (Abbot &
2002) Tziperman 2008)

| e

breakup of mid-latitude
stratocumulus cloud
(Schneider et al 2019)
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Let the fun begin...



