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Introduction Methods Planet Earth Earth History

Yesterday’s Summary

* Eocene Hothouse was very hot
* Equable climate led to warm poles
* PETM was extreme warm event caused by GHG

 Cenozoic climate dominated by CO,

* Cooling was accompanied by CO, reduction and

changes in weathering and fauna

* Temperature proxies: 0%0, A47, Mg/Ca, TEX86
* Carbon proxies: 6**C & 6B Uil
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additional info: PETM
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Atmospheric
Peo, (107 atm)

Surface pH

Emissions (Pg C yr)

North Atlantic : o \m

additional igneous p_roy.nce

info: PETM
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Temperature (°C)

additional info: lat. T gradients
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Lecture Progress

Monday Introduction Earth History
Tuesday Proxies | Cenozoic Hot & Warm House
Wednesday pealie Clinels s Pleistocene G-IG climate
components
Thursday Pt :l & C"”T‘ate S Abrupt Climate Change
nteractions
Friday Current Climate Change Future & Synthesis
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Today’s Overview

* Pleistocene Climate

* Glacial-Interglacial Cycles

* Glacial Ice Sheets

* The oceans in the climate system
— ocean surface
— deep ocean
— ocean biochemistry

* Orbital Forcing

* The Mid-Pleistocene Transition
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Cenozoic Climate
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Plio-Pleistocene Climate

Pleistocene / Quaternary
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Plio-Pleistocene Climate

180 in peak glacials vs. interglacials

Banthic 8720 (%)
- L
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Pleistocene Climate

180 in peak glacials vs. interglacials
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Pleistocene Climate

180 in peak glacials vs. interglacials
;oL ~100 ka cycles
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Pleistocene Climate

180 in peak glacials vs. interglacials
;oL ~100 ka cycles
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Pleistocene Climate

| | | | | |
Minutes Days Year 100 years Thousand Million
years years
Ocean
surface
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Biosphere Evolution
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Volcanoes Earth orbit
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Patrick Blaser — Paleoclimatology — Day 3

Wold Ocean Review,
after Meincke and Latif 1995,
modified
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Pleistocene Climate
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Last Glacial Cycle

180 in peak glacials vs. interglacials
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Last Glacial Cycle
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Last Glacial Cycle
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Last Glacial Cycle

Age (ka) sp
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Last Glacial Cycle
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Last Glacial Cycle
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Last Glacial Cycle

Changes in

plate tectonics

Changes in
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Last Glacial Cycle

(a) 20000 yr BP

Gowan et al. (2021)
Nature Communications

0 1000 2000 3000 4000
lce Surface Elevation (m)

lee Margin

Contours represent relative sea

level change from present
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Last Glacial Cycle

Summer Ice Extent in the Northern Hemisphere

Last Glacial Maximum 2012
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Source: Zurich Uni of Applied Sciences Source: NASA

il

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology — Day 3 NASA climate literacy labs 27



Last Glacial Cycle

UVA Today

University of Virgina M,_
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Last Glacial Cycle

Legend
[Desert I Warm Temperate Woodland = Boreal Parkland
[ Semi-desert B Temperate Broad-leaved Evergreen Forest Il Boreal Evergreen Needle-leaved Forest
[ Tropical Grassland I Temperate Summergreen Forest Il Boreal Summergreen Needle-leaved Forest
[Savanna [ Temperate Needle-leaved Evergreen Forest B Boreal Summergreen Broad-leaved Forest
[ Tropical Raingreen Forest [ Temperate Mixed Forest [CBoreal Woodland
Il Tropical Evergreen Forest [1Temperate Parkland [C1Shrub Tundra
I Temperate Shrubland Bl Steppe @ Tundra
Il Unclassified [lce sheet [10cean or lake
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Last Glacial Cycle
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Last Glacial Cycle

Clauius-Clapeyron equation for water vapour saturation
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Last Glacial Cycle
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Last Glacial Cycle

Atmosphere: CO, = 600 Pg C
Tiatm.-surf) = 10yr; T(atm-terr.) =6yr

Export: Cyy =4 PgC yr' I CaCOy;=1PgCyr

CaCO;burial: 0.2 Pg C yr™

Sigman & Boyle, 2000

Sonil
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Last Glacial Cycle

Atmosphere: CO, = 600 Pg C
T{m,mm'l= TD‘;!n Tm.m ) =6 ‘_v'l"

Export: Cyy =4 PgC yr' I CaCOy;=1PgCyr

CaCO;burial: 0.2 Pg C yr™

Sigman & Boyle, 2000

Sonil
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Last Glacial Cycle

most relevant climate players

ocean ice

radiation
budget

biosphere

CECCEEEE R P T E PR EE PP EEE P T EEEEEE T | | UNIL | Université de Lausanne
Patrick Blaser — Paleoclimatology — Day 3 35



Last Glacial Cycle

most relevant climate players

ocean ice
land
change

™~

l albedo

radiation
budget

biosphere
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Oceans Basics for G-IG Cycles
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Sea Water

Sea salts Sea water

Calcium Magnesium
1.2 % (0.41¢g) 3.7 % (1.3 g) Salt
Potassium Minor constituents 3.5% (3509)
1.1%(0.40 g) 0.7% (0.25 ) Quantities in relation to 1 kg or 1 litre of sea water.
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Sea Water

Sea salts Sea water

Calcium Magnesium
1.2%(0.41g) 3.7 % (1.3 g) Salt
Potassium Minor constituents 3.5% (359)
1.1%(0.40 g) 0.7 % (0.25 g) Quantities in relation to 1 kg or 1 litre of sea water.
(including organic molecules) M/sz
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The Sea Surface

Sea surface temperature (SST)
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The Sea Surface

Sea surface salinity (SSS)
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The Sea Surface
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The Sea Surface

Sea surface temperature (SST)
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latitude (°N)
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The Sea Surface

Ocean oxygen content @ surface

latitude (°N)

-50

02 (umol/l) - -

0 100 200 300
121

il

-180 -120 60 0 60
longitude (°E)

CECCEEEE TR P P P E
Patrick Blaser — Paleoclimatology — Day 3

| | | UNIL | Université de Lausanne

44



The Water Column

Sea surface temperature (SST)
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The Water Column

T-S diagram of equatorial stations
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The Water Column

T-S diagram of equatorial stations
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The Water Column

T-S diagram of equatorial stations

AAIW = Antarctic Intermediate Water
AABW = Antarctic Bottom Water
NADW = North Atlantic Deep Water

| —
Surface
subsurface
ocean
201 mm Atlantic
= m  Pacific
4
E water
2 depth
Q
& 4
Ejﬂ' 3
2
y 1
AA ‘
'NADW
L~ \ ;
\ / /
910 AABW 35.0 35.5 36.0 36.5

salinity (PSU)

il

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology — Day 3

48



The Water Column

Water temperature at equatorial stations

ocCean

mm Atlantic
m Pacific

density (g/cm?3)

1045
1040
1035
1030
1025

0_
thermocline

B
X
£ 21
€.
a
©
—
Q
]
C
2 3-

4-

0 10 20

temperature (°C)

7

—_—

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology — Day 3

49



The Water Column

Density stratification at equatorial stations
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Surface Ocean Currents

NASA: Perpetual Ocean
https://www.youtube.com/watch?v=CCmTYOPKGDs
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Surface Ocean Currents

Sea surface salinity (SSS)
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Surface Ocean Currents

Sea surface salinity (SSS)
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Heat Transport (PW)

Latitudinal Transport
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Last Glacial Cycle

most relevant climate players
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The Deep Ocean
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Ocean Basins
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Ocean Basins

World Ocean Floor, Marie Tharp and Bruce Heezen (1977), Columbia University M,_
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The Deep Ocean - Observations
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The Deep Ocean - Observations

The Argo drifter array

?Float deployment ]
A

| Ascent:
T _ measuring Essential

Ocean Variables

" Descentto = A\ e L LR :
drifting depth | eg Pﬂsﬂfe'ngt'-"*!_
€ Drifting | | u
: L ' | 10 days ] _ il @ Temperature

@ Salinity
(in psu)

e.g measure 1
(o

.............................. ]

Descent to
profiling depth
(2000 - 6000m)

© Thomas Haessig

CEECEEECEEEEEEE TP R P PP L EEEEEEEEEEEEEEETEEL L] | UNIL | Universite de Lausanne
Patrick Blaser — Paleoclimatology — Day 3 https://argo.ucsd.edu 60



The Deep Ocean - Observations

Leuflet | World Imagery Tica & Esri

all active Argo floats
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The Deep Ocean - Observations
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The Deep Ocean - Observations
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The Deep Ocean - Observations
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The Deep Ocean - Observations
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The Deep Ocean

Sea surface temperature (SST)
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The Deep Ocean
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The Deep Ocean
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water depth (km)

The Deep Ocean

oxygen saturation (%)
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The Deep Ocean

Apparent oxygen utilisation (ml/l)
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The Deep Ocean

Apparent oxygen utilisation (ml/l)
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The Deep Ocean

Ocean oxygen content @ 1 km depth
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_ Pleistocene | G-IGoycles | Oceans | Orbital Forcing | MPT
The Deep Ocean

Ocean oxygen content @ 3.5 km depth

latitude (°N)

02 (umol/l) - -

0 100 200 300
121

-180 -120 -60 0 60
longitude (°E)
CECCEEEEEE LR E PP EEE P EEEEEEEEEE L LR EEEE L TP ETE LT UNIL | Université de Lausanne

Patrick Blaser — Paleoclimatology — Day 3 75



The Deep Ocean

Ocean oxygen content @ 3.5 km depth
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The Deep Ocean

Density difference 1 km - surface
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The Deep Ocean

Deep
convection
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The Deep Ocean

Sea surface temperature (SST)
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The Deep Ocean

Sea surface salinity (SSS)
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The Deep Ocean

T-S diagram of equatorial stations
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The Deep Ocean

Ocean oxygen content @ 3.5 km depth
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The Deep Ocean

==  Surface flow ® Wind-driven upwelling L Labrador Sea
=== Deep flow ® Mixing-driven upwelling G Greenland Sea

=== Bottom flow m  Salinity > 36 %o W  Weddell Sea
<  Deep Water Formation w Salinity < 34 %o R Ross Sea
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Thermohaline Overturning

Oxygen - 14C age
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Thermohaline Overturning

deep water “age”
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Last Glacial Cycle

most relevant climate players
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Ocean Biochemistry
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Marine Primary Production

cyanobacteria diatam dinoflagellate gresn algae coccolithophore
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Marine Primary Production

cyanobacteria diatam dinoflagellate gresn algae coccolithophore

silicate shell
(~ biogenic opal)

carbonate shell
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Marine Primary Production

Primary productivity
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Marine Primary Production

cyanobacteria diatam dinoflagellate coccolithophore

silicate shell
(~ biogenic opal)

carbonate shell

require:
* light
* CO,
* other major nutrients (N, P, Si, Ca)

* other micro nutrients (Fe,...) M,-
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Marine Primary Production

Primary productivity
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Marine Primary Production

particulate organic carbon (pmolkg)
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Marine Primary Production

particulate organic carbon (pmolkg)
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Marine Primary Production
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| Pleistocene | G-IGcycles | Oceans | Orbital Forcing | MPT
Marine Primary Production

Average dust deposition (g/m?/year)
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Marine Primary Production

chlorophyll
concentration
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The Biological Pump
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The Biological Pump
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The Biological Pump

Oxygen - 14C age
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The Biological Pump

Oxygen - dissolved organic carbon
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The Biological Pump
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The Biological Pump

Oxygen - Nitrate in deep water
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The Biological Pump
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The Biological Pump
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The Biological Pump
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Last Glacial Cycle
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The Biological Pump

OceanX: The Miracle of Marine Snow
https://www.youtube.com/watch?v=Lt8rDz0vx20
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The Oceans in the Climate System
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The Oceans in G-IG cycles

G-IG overturning and productivity
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The Oceans in G-IG cycles
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The Oceans in G-IG cycles
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The Oceans in G-IG cycles

depth (2)

the sea surface

N
@ o
lcow ® o ®
®o « ® o =y
(9} (the euphotic zone) }

E Zeu
(the twilight zone) :

mass loss due to
remineralization (r) E
sinking slows as

L}

1}

O :

1}

H

1

13

|

1}

particle shrinks E
and the seawater
density increases

O

inset:

+ our simplified model :

VD

a typical flux profile
of particulate carbon
in the ocean

>

Net particle sinking flux (Ftot)

Omand et al. (2020),
Nature Scientific Reports

il

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology — Day 3

113



Last Glacial Cycle
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Last Glacial Cycle
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_Pleistocene | G-IG cycles | Oceans | Orbital Forcing | MPT___

Pleistocene Climate

180 in peak glacials vs. interglacials
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Orbital Forcing
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Orbital Forcing

(a) Highly elliptical orbit
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Orbital Forcing

(a) Precession : - (b)
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Orbital Forcing
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_Pleistocene | G-IG cycles | Oceans | Orbital Forcing | MPT___

Pleistocene Climate

180 in peak glacials vs. interglacials
;oL ~100 ka cycles
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_Pleistocene | _G-IG cycles | Oceans | Orbital Forcing | MPT___

Mid-Pleistocene-Transition
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Mid-Pleistocene-Transition

pre-MPT

post-MPT

Willeit et al. (2019)
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_Pleistocene | G-IG cycles | Oceans | Orbital Forcing | MPT___

Mid-Pleistocene-Transition
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Today’s Summary

* Pleistocene Climate

* Glacial-Interglacial Cycles

* Glacial Ice Sheets

* The oceans in the climate system
— ocean surface
— deep ocean
— ocean biochemistry

* Orbital Forcing

* The Mid-Pleistocene Transition

il
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Outlook

Today we finish 15 min early!

Monday Introduction Earth History
Tuesday Proxies | Cenozoic Hot & Warm House
Wednesday pealie Clinels s Pleistocene G-IG climate
components
Thursday Pt :l & C"”T‘ate S Abrupt Climate Change
nteractions
Friday Current Climate Change Future & Synthesis
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