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Atmospheric CO, at Mauna Loa Observatory
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Course QOutline

Building Blocks: Some important concepts
Our Goldilocks Earth: a Radiative Balancing Act
The Role of the Atmosphere: Greenhouse Gases & Clouds

s w N

Global Circulation and Dynamics of the Earth System:
Oceans, Atmosphere, Biosphere, Cryosphere, People, Lithosphere

Natural Variability of the Climate, short and long term. Ice Ages

6. Carbon Dioxide and other Greenhouse Gases: where do they come from,
where do they go, how are they regulated?

o

7. Impacts and Future Projections for Global Warming -- Uncertainties
8. Adaptation and Amelioration Strategies. The Climate debate. Policy options.
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Theory vs. Empiricism

According to my
calculations....
% I @If

Balderdash!
Show me the
actual data...
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Reconstructing Past Climates

e Recent Past: Instrumental Records

* More Distant Past: Inference from Proxies

— Paleoclimatology

3/2/2021 Climate Change 5



Oldest Continuous Instrumental Temperature Record

Mean Ce d Temperature
Annual/anomalies, 1659 to 2018 -
2.07 — : : ~30 stations

currently
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4 Global Instrumental Surface Temperature Records

NASA Goddard Institute for Space Studies (v4)

Hadley Center/Climatic Research Unit (v5) Met Office
NOAA National Center for Environmental Information (v5)

Berkeley Earth

v

Temperature Anomaly (°C)
— Common Baseline 1951-1980

I I I I [ I
1880 1900 1920 1940 1960 1980 2000 2020
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Historic Temperature Anomalies
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World Meteorological
Organization
Weather Station Networks

3000 in Regional Basic Climatological
Networks

4000 in Regional Basic Synoptic
Networks

also Antarctic Observing Network

~ 4000 additional stations not shown

3/2/2021 WMO.int




Global Ocean
Observing
System

administered by
Intergovernmental
Oceanographic
Commission

1400 Surface Drift Buoys
700+ Moored Buoys
4000 Profiling Floats
400+ Voluntary
Observing Ships

Many other platforms

60° 90° 120° 150° -180° -150° -120° -90° -60° -30° 0°
Main in situ Elements of the Global Ocean Observing System October 2017
Profiling Floats (Argo) Data Buoys (DBCP) Timeseries (OceanSITES) Ship based Measurements (SOT)

L] Core (3836) ® Surface Drifters (1386) & Interdisciplinary Moorings (332) &  Automated Weather Stations (247)

®  Deep (39) B  Offshore Platforms (103) Repeated Hydrography (GO-SHIP) @  Manned Weather Stations (1601)

® BioGeoChemical (287) e Ice Buoys (15) Research Vessel Lines (61) @  Radiosondes (19)
B Moored Buoys (399) Sea Level (GLOSS) eXpendable BathyThermographs (37) il
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When Did Weather Stations Come Online?
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https://www.ncdc.noaa.gov/homr/#ncdcstnid=10500129&tab=MSHR

3/2/2021

GIobaI Temperature Anomaly (re|atlve to 1850 1900)
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Land data prepared by Berkeley Earth and combined |

with ocean data adapted from the UK Hadley Centre

Global temperature anomalies relative to 1850-1900 average i

Vertical lines indicate 95% confidence intervals
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IPCC Breakdown

of Components

of Recent Global
Forcings
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GIobaI Temperature Anomaly (reIa The “Hiatus”
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Land and Ocean Temperatures 1850 - 2020
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Temperature anomalies relative to 1850-1900 average and 95% confidence intervals
Land data from Berkeley Earth, ocean data adapted from HadSST after interpolation
Temperature anomalies for sea ice regions are calculated separately and not shown
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NASA Scientific
Visualization Studio

i
L

o
00)
(@)
,|__
i
(g
@)
i

Baseline:




Questions about
the Recent Instrumental Global
Temperature Record
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Land data from Berkeley Earth, ocean data adapted from HadSST after interpolation
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National Climatic Data Center (NOAA)



60 ton trunk of Kauri tree found
in a bog in New Zealand.
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Paleoclimatology Datasets
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MDI Intensitygram , JU—0et—-2000 17:586

Fall 2003: High
Sunspot Activity

SORCE /TIM Irradiance V.17
P65

Minimum at 29-0ct—2003

1562 0.347% decreagse

1361

1360

s

Irradiance [W m~?]

i =8

5/
SORCE Solar Radiation & Climate -
. .
xperiment »
D1 Sep
Laboratory for Atmospheric and Space Physics “’- 4 G Kopp, LASP

U Colorado (Boulder)

e 2019
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Fall 2003: High
Sunspot Activity

MD! Anlensitygrom 29 -0t -2003

SORCE Solar Radiation & Climate

Experiment
ol orewied By O Bapi, 282000
Laboratory for Atmospheric and Space Physics G Kopp, LASP
U Colorado (Boulder) 2019
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400 Years of Sunspot Observations
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Sunspot Number
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Satellite Solar
Irradiance
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Total Solar Irradiance Data Record Total Solar Irradiance Composite
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Paleoclimatology Datasets
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Globa

+1.0 °C -

+0.5 °C

0°C

-0.5°C -

Temperature Anomaly Estimated from Proxy Data

Large numbers (thousands) of Proxy data
series are archived internationally, such
as the PAGES2K database.

From this data estimates of past global
temperatures can be derived, with large
uncertainties.

"Medieval
warm
period"

"Little
ice age"

Ed Hawkins (2020)
PAGES2K dataset
Base 1850-1900

Year:
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Global-mean temperature composites

12,000 Year Global
Temperature

Reconstructions
based on
~800 Proxy Records

—— ERA-20C

— DCC —— 2k median

— GAM - All 12k methods, 5 - 95th percentiles
m— (CPS All 12k methods, every 5th percentile
m— PAI

1.2 - Close-up of values since 2 ka

150
Kaufman et al,
“Holocene Global Mean -3
Temperature, a Multi-Method
Reconstruction Approach”,

Nature: Scientific Data (2020)

0.8-

A Global-mean temperature (°C)

0.6 -

0.4-

A Global-mean temperature (°C)

At 1200 years before present (BP), we
are coming out of the last ice age.

Temperature peaks at ~ 6000 years BP. / ety ) 0y et A;g‘i;’, o) 10 20 250 d

then slowly falls, until industrial era. _13600 10000 8000 6000 4000 2000 0
— Age (yr BP)



Various Proxy
Reconstructions
of Global
Temperature for
Last 2000 Years

Instrumental
Record

Moberg et. al.
Nature (2005)
11 Proxy Datasets

Early reconstructions were based on
regionally biased datasets (European
e.g.) which show more variability,
including the infamous “Medieval Warm
Period” and “Little Ice Age”
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Medieval
Warm Period

Robert Rohde, Wikipedia

Little Ice Age

o

200 400 600 800 1000 1200 1400 1600 1800 2000

Climate Change 5

Year

37



Global-mean temperature composites

12,000 Year Global
Temperature

Reconstructions
based on
~800 Proxy Records

— DCC —— 2k median

— GAM - All 12k methods, 5 - 95th percentiles
m— (CPS All 12k methods, every 5th percentile
m— PAI

1.2 - Close-up of values since 2 ka

1.0 -
Kaufman et al,
“Holocene Global Mean —=3-

A Global-mean temperature (°C)

o
§ 0.6 -
Temperature, a Multi-Method :
Reconstruction Approach”, § .
Nature: Scientific Data (2020) _ =
—4-F g 0.0-
<
=0.2
/ —-0.4 - . . : . : ; . .
y 2000 1750 1500 1250 1000 750 500 250 0
_ ' | . | Age (yr BP) . |
13000 10000 8000 6000 4000 2000

3/2/2021 Age (yr BP)




Data Used in Climate
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noisy and uncorrelated. It’s a wonder
that anything useful can be recovered,
and we should be a bit skeptical. _
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Attempts to Model Recent Northern Hemisphere Climate

(a) reconstructed (grey) and simulated (red/blue) NH temperature

= 1ok Sariabili %
(g ad simulations “Little Ice Age” |
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Northern Hemisphere temperatures \Z?Eég::g:ns LlA -
estimated from Proxies (gray) are : - . . . ' . : ' ‘ =
compared with several General 1400 1600 1800 2000
Circulation Climate models, using inputs Year
such as known CO2 concentrations and
volcanic eruptions. Decent agreement is IPCC AR5 WG1
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CO, in Atmosphere
over the Last Millenium
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Questions about Sunspots and
the Last Millenium?

Global Average Temperature Change

"Medieval

warm , 5
ice age

SORCE/TIM TSI Reconstruction
Reconstruclion bosed on NRLTSIZ (Coddinglon el al, BaMS, 2015)

Solar Irradiance Estimate

-0.5°C -
Year: 200 400 800 1000 1200 1400 1600 1800 2000

D

2000

G. Kopp, 05 Feb. 2018




°C vs 1960-1990 average

GSF 2014

Preview:

Proxy Estimates of Earth Surface Temperature
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Early Eocene

—— Lisiecki and Raymo {2005) & Hansen et al (2013)

-2 4 )
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—— EPICA Dome C, Antarctica (x 0.5)
—— Lisiecki and Raymo (2005) & Hansen et al {2013)
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Glen Furgus “All Palaeotemps.svg”

Wikipedia “Paleoclimatology”. Composite

from various source data.
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The Most Important Temperature Proxy

010

“Delta Oh Eighteen”




Isotopologues of Water

Oxygen |sotopes Hydrogen Isotopes Boiling Points:
160 0 99.75% 1 @ 99.985%
100.0 °C
Regular —
170 0.04% ’H @ 0.015% Water
(Deuterium)
180 e 0.20%
\ ' J
100.15 °C
9 Water Isotopologues —
Heavier 1in 500
180
Water
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Since Boiling Points are different, regular -
water and 180 water can be separated by
multiple distillation....

Isotopologues of Wate

Oxygen lsot Boiling Points:

*9
160 99.759 |
. 100.0 °C

170 0.04% i
180 0.20%
\

: 100.15 °C

9 Water Is¢:
/ 1in 500
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Sigma-Aldrich:
$272,000 per liter
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~

¥

va

T
% Ruse -

A
N,

You can buy it...

Oxygen-18

~
-

(o -
“VPe Enrichment
Irichme!

S 3 AMP standd® _ TN
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Thermometer

Fractionating
Column

Round-bottom
flask

More H,120
Less H,%0

Bunsen burner

Fractionation by Distillation

Water out

Condenser

Water in

More H,0

Less H,180
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3

i

Thermometer

Fractionating
Column

Round-bottom

flask

3/2/2021

More H,0
Less H,'0

Bunsen burner

Fractionation by Distillation

0 ls prefer%ntially removed
relative to O by precipitation

H,0° HO"
PR a8 High 180

H. O evaporltes sllg?htly left behind
easier than H,0 Near e
Quator

\

Water in

More H,'¢0

Less H,80

Climate Change 5
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Fractionation by Distillation Q} Q

18
Low *°0 1 , /
0 ls prefer%ntially removed /
relative to O' by precipitation > o
Thermometer / ¢y
18 16
H,0" HO

Column / (R, e, (- f L.
o N
H, O evaporates shg?htly —)
easier than H,0

Round-bottom

Fractionating

flask Water in
More H,20
I Less H,80 As we go toward poles, muItlpI‘e
Bunsen bumer distillations result in lower 80 in

precipitation and in surface water.
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Global Map of 30 in Surface Seawater

-¥.7=-23-22 -8 -18-1.7-15-13-12 -8 -7 -5 -3 -2 2234587789111 13 14 18 1.8 189221 23 25

3/2/2021 Climate Change 5 NASA Goddard 1SS 52

-1



Global Map of 30 in Surface Seawater

Observed 8'%0 data
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Global Map of 30 in Surface Seawater

010

Water samples are compared with a
“standard ocean water” sample
(VSMOW) to determine a
080
value in “parts per thousand”

STANDARD
DONOT TOUCH VALVES

Difference in

Parts per Thousand
from VSMOW
( Vienna Standard
Mean Ocean Water)

*

S

. Wikimedia
T.7=-23-22 =2 1.8 =1.F=1.5 1.3 1.4 18 1.8 19221 23 =25
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Comparison of 0

18 i
 an=sCE)
Precipitation

and 0
Mean Annual
Temperature o130

at various sites

-40
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Comparison of 0

18 i
 an=sCE)
Precipitation

and 0
Mean Annual
Temperature o130

at various sites

-40
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| |

o oY
Qc’

a
. °%°
- u Dc:» ), O— 45-60° lat.
o ¥ ¢ dpo
X |
Ry, 60-90°lat.

X

v
QLXK

¥F
f ~~Greenland

Tropics

»X
X
o

%X

Antarcticg

0180 is a PROXY for:

 Mean Temperature for Ice
Deposition (Ice Cores)
* |ce Cap Volume
(Using CaC!80, in Sediments)

1

| ] | 1 |

-20 0 20

Mean Annual Temperature (°C)
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Temperature effect on the 3130 of precipitation

0
Barbados Is. . +
Gone Is, .
8 Vialentia
D,cm.n
10 - . C ]
) Grennaal 61° N * Cope ”"l?ﬂt n
70°N Scoresysund o % Angmagisalik
of o L‘.rl.‘l."ﬂ'. BLI'I'
PN T T .
10 “'l' 't NAVFIR 75 N e I-{”i‘l‘l‘”lll\.ﬂ.[ \
ol _
= .
7
o - ;
B30 |- . /‘/b Greenland _
-//N. Greenland
-_f_.;? _ ]
Horlike Mumns 857 8
=50 Sotith |PL-‘JIL' l | | |

-50 -30 -10 +10 +30

"bItli"?A“'hulJl Alr I'E'J??}-'L'."i?ﬂ!."t'.OL_H

Figure 9.8. Variation of ™0 in precipitation as a function of mean

holds for both
«—— spatial T variability

.. and yet another data set showing how
0180 at one location (Vienna) correlates
with temperature over 30 years.

and temporal variability

annual temperature.

Another data set showing how 580
correlates with mean annual
temperature.
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=1.04

1.04

0.0

AT(°C)

-1.01

-2.04

-3.0-+ — T T
60 65 70 75

Fig. 20. Long-term trend carves of §'*0 and surface airtemperature for the Vienna station. The trend corves ASO and AT were calculated
by applymg & 12-month mnning average over the monthly time series and subtracting the resulting curves from the Long-term annual
means of 80 and temperatire (broken lines), The resuliing curves were then smoothed by applying again a 12-month running average

(heavy lines).

T T T
a0 85 90
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Eric Wolff, Eﬂish Antarctic

survey. GRIP core being sawed

Drilling
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What can we get from Ice Cores?

cicworr o8 At each layer:

survey. GRIP cor

1. Precipitation Temperatures from 620
2. Atmospheric Gases from Bubbles (e.g. CO,)
3. Dust

lce Core
Drilling




Annual Layers Visible in Vostok Core
Depth = 1855 m (6085 feet)

Summer Layers

T 10 § 11

~ 8 inches
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Finely Spaced Ice Core 6'%0 Measurements
Can Sometimes Trace Out Annual Deposition Layers

| | T | ] T ] ] |
08| i
E -30 =
E 32 -
o
= 3af
o -
©
w -36F N
-38 —
| | 1 | I l | l |
10 11 12 13 14 15 16 17 18 19 20
Depth (meter)
Kobenhavns University
Niels Bohr Institute
Centre for Ice and Climate
Final piece of core at
North Greenland
NEEM drill site.
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Vostok Ice Core Data
Past 420,000 years

From Drilling 1970’s through 1996

ppmv

ppm

This data covers 4 Ice Ages

____________________________________________________________________________________________________ [

""""""""""""""""""""""""""""""""""" b 8180
_________________________________________________________ -
-10 ] | | | | | | ] J
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B [rr - m e e e saeaassasasssasassiassissaess
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R T T COy g T
260 | e e e Tl e
b o e T L L N L e Y P
b0 T e T o e R A A S | A [ Sl e B Y A i S A B
b I R R L e Y S R R B e e AEEEL TR R ERE LT ERERT Rl SV ARRY & Y ARTE LS R
180 | I | | | | | | J
400 350 300 250 200 150 100 50 0

400
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Note that CO, correlates well
with temperature (from 6180)

350

300 250 200

Thousands of years ago

Climate Change 5

150 100 50 0
Wikimedia A
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Vostok Gas Data: CO, vs. Methane

>« >4 > >

CO2

(g " |
.J“W | \w"' ‘

A, J Methane I

/(' +- "“; i | |

50000 100000 150000 200000 250000 300000 350000 400000 450000

Age (years)
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=

=
250 £

o~
230 9
210
190
170

NOAA Vostok Data, plotted by
E. Mearns
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warmer colder

lce Ages _  |aisP2 5 E
E 20 19 ad 4% Dansgaard-Oeschger
not SO = -36 - 18?7 15 1110 8 76543 Events in Greenland
. e i 1 | during last Ice Age:
. =~ -40 - '
Sim P I €. o | Short Warm Spells
i : s a
-44 T T T T T T T
D-O and
. 30 . ‘ ,
Helnrlch. | DSDP 609 e H2 ' | H1 Heinrich Events in
Events during — 2 o4 i | , * North Atlantic during
last |ce Age = g last Ice Age:
D ©
% 2 10 - Rafted Stones
~ Dumped in Ocean
0 during Cold Spells
80 0

Years bEfore present (In thousands) eroZiel\l%:“:I 1993, Bond & Lotti 1995
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Dansgaard-Oeschger Events only show up in Greenland
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&°H (permille)

-360
-380 -

-420
-440
-460
-480
-500

Isotope data for Antarctic and Greenland ice cores

-400 |-/

1 1 1 1 1 I
Antarctica 8°H J
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} f } f f t -32
/f - -34
j 1 36
L
i Mwll = '38
| 1 -40
1 -42
NGRIP —— - -44
GRIP
. : . - -46
0 20000 40000 60000 \ \8d000 100000 120000 140000

Years BP
Climate Change 5

8"°0 (permille)

D-O Events:

Rapid climate
fluctuations
during last

glacial period.

~25,
in Arctic Only

Leland Mclnnes

Wikimedia
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Last Big Cooling
Event as we
emerged from
the last Ice Age
13K years ago:

The Younger
Dryas
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Temperature

Temperature
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22

110°Cin
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GISP2
Greenland

a decavqfeWmWW -

GISP2

Cariaco
Venezuela

Dome C
Antarctica

20

Years before present (in thousands)
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Last Big Cooling
Event as we
emerged from
the last Ice Age
13K years ago:

The Younger
Dryas
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Temperature

Temperature

(°C)

("C)

GISP2
Greenland

) ¥ 4 Most Liker Cause:
/ AMOC Sh uts

B e = DOWn
28 - Alternatiye.
i Co
25 - Met Impact
22 A -
DomeC T
Antarctica
20 15 10 5 0

Years before present (in thousands)

NCDC.NOAA
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= 10.29
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Drill ship JOIDES Resolution
Integrated Ocean Drilling Program

Oregon State Univ. Ocean Sediment
Core Collection (2017) 35 km
: 7 ;y%}'gggyi'T
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Deep Sea Drilling

Sediment Layers

Climate Change 5
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 Drill Shlp JOIDES Resolution
Integrated Ocean Drilling Program

4a

Typically .05-0.5mm
Planktonic or Benthic

Oregon State Univ. Ocean Sediment
Core CoIIectlon (2017) 35 km



Deep Ocean

Deep Sea
080 Tracks Ice "
Sediment
Cap Volume Cores Reveal
\ Total Ice Cap
¢ sea . Volume
Bottom Dwelling Forams Level |
dropped
120 m /458
(400 ft) -.,' '

\'é

W, R 3 :
Ammonia beccarii\

(Wikimedia)
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SEM micrographs of
four benthic
foraminiferans (ventral
view) from the USGS.

Clockwise from top left:
Ammonia beccarii,
Elphidium excavatum
clavatum, Buccella frigida,
and Eggerella advena.
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19U um

Climate Change 5
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http://pubs.usgs.gov/of/of00-304/htmldocs/chap09/

3 1 1 Ll I Ll
1 % 7 ; 6 13 15 17 19 - o 14 43 45 § % 55 =
el 35 39 51 63 | 57 59 61

3.5
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Another Plot of the Same Foram 0180 Data

2r 'rﬁb,lluhuf’-lm 5 : W, i | | r cycle | r cycle } =
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m® s  Climate Change * \V | i i'me

~ 8- From Sediment Cores | \ * T8
5 &5 45 4 35 3 25 2 15 1 05 0

Millions of Years Ago S

This Part Matches
with Ice Core Data

ﬁ .
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Climate Phanerozoic Climate Change

Estimates Cm | O |S| D C > | Tr J K Pg |N| ,
: - Short-Term Average
from 8180 In | — Long-Term Average | 3
Larger Fossil l ., HOT
| -2
Shells: q //‘; | & A

| |\ ~-1

7 , | ) | 4 :

< a NG Y X
back 500 million 7' ?’;g »E ‘ ! th‘ i(: ; \ -0
years \ .k"a;.‘ X 4 E’:l / A |

:' / ﬁ W, ‘

Y Glacial Periods

Cm O | S D C P Tr J‘ K Pg |N

542 500 450 400 350 300 250 200 150 100 50

Millions of Years Ago G
Wikimedia,
Veizer 1999
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5180 (parts per thousand)
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Estimated Temperature Change (°C)



Questions about 6180,
lce Cores, Ocean Sediments

Level
dropped &

L4
120m 74 '
(400 ft) ,[ .f
o ¥ ‘J
ﬁt' 180 in
'12 Oceans
' is High
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Milankovic Cycles

Basic Idea:

* Changes in Solar Insolation
s due to Earth’s Orbit Changes
Milutin Milankovi¢ over time can drive climate

(1879-1958) . . .
Serbian Civil Engineer — Solar Radiation FOrC|ng

and Climatologist

* Orbital Changes Include

Magnum Opus:

“Canon of Insolation of the — Axial Tilt and Precession
Earth and its Application to o . .
the Problem of the Ice Ages” — E”IpthB' Orbit Eccentricity

(1941, in German) . .
[English Translation 1969] — Orbital Precession




>

Johannes Isaac

Kepler Newton
(1571-1630) (1643-1727)

-

...but not nearly
this eccentric

Plane of Orbit called
the “Ecliptic Plane”

v Wikimedia

. K
‘e

- »
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Orbital Eccentricity Varies Slowly

Eccentricity:
e varies from

0.0034 ta 0.058

A 4

4—. i X

3/2/2021

(almost circular)
 Complex variation

My - | I o ~ + Now0.0167
A | @ 6%

* Roughly
100,000 year
cycle
Ty —Tp
e =
T+ 7p
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G ./ Apsidal Prece;s'si-o.rj ~112,000 years

: 3'f No climate '
‘e s effect, '
: however o S




.Inclination ta'the Invariable Plane:
Procession.of:the Ecliptic .-

Not directly Considereqd

| i ' . by ’\/Iilankovic' : | > . ’, \ .:s Again, No F
’ ' 0 8 . : . RS R LIEH L S climate effect |

¥ w3/202] - @ S e 001 eCligate Change's Al O . 82,



Axial Obliquity (Tilt)

Axial Tilt appears to vary
on a 40,000 year cycle...

Angle referenced
to Ecliptic Plane

At present, Tilt = 23.4°

Sizable
climate effect
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Axial Precession

Caused by Tidal Torques
from Moon & Sun

25,770 Year Period
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Axial Precession

X 412000

S +14000 4T P
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Axial Precession

Discovery and Measurement
of the “Precession of the
Equinoxes”

j.' o SN
h " 25,770 Year Period

3/2/2021 Climate Change 5 ) ' 86




Current Orbit Spring

Equinox

(~Mar 20)
Summer <—23~4;
Solstice
(~Jun 20)

Winter

Solstice
(~Dec 21)

Fall
Equinox
(~Sept 22)
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13,000 Years Ago

Winter

Solstice
(~Dec 21)

3/2/2021

Fall
Equinox
(~Sept 22)

Spring
Equinox
(~Mar 20)

Climate Change 5

Due to axial
precession, North
pole now pointed

toward sun

& Winter
Solstice?
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...Ss0 it’s now

13,000 Years Ago Fall actually a Summer

Solstice... but a

Equinox
(~Sept 22) much hotter
[ summer since
Winter ,
Solsti we’re close to sun
olstice
(~Dec 21)

X Wintgr
Closer- extra A Solstice?
hot summer (N) .
v
summe’
‘ce
\N)un 20\

Spring
Equinox
(~Mar 20)
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13,000 Years Ago

2347 5
V3

Farther- extra

Fall
Equinox
(~Sept 22)

— ——— e
. —— T — —
— -
—_— _—
_— -~
—

cold winter (N)

Winter T~
Solstice
(~Dec 21)

~ -
-
L
_——
—_——
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Closer- extra

Spring
Equinox
(~Mar 20)

Climate Change 5

hot summer (N)

_—
p——
—

\4
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2?7 Years Ago: Max

Axial Tilt

Fall
Equinox
(~Sept 22)

o

745

2\

Winter
Solstice
(~Dec 21)
) Even Colder
. Winter (N)
Spring
Equinox
(~Mar 20)
3/2/2021
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v

Even Hotter ‘
Summer (N) -

When max axial tilt
coincides with maximum

eccentricity and summer
solstice is closest to
sun... super hot summer

Summer

Solstice
(~Jun 20)

92



Milkanovic
Cycles and
Ice Ages

Solar Forcings are
sizable, but not enough
alone to explain huge
temperature swings.

Probably act as
triggers --
Amplified by CO,
from Ocean and by
Ice Dynamics

3/2/2021

200

400 600
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800

Thousands

1000

H

of years ago

Precession
(19,22,24 kYear)

Obliquity
(41 kYear cycle)

Eccentricity
(95, 125, 400 kYear)

Solar Forcing
65°N Summer

Warm
Glaciation
Wikimedia
Milkanovich
Cold Variations
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Milkanovic
Cycles and
Ice Ages

Solar Forcings are
sizable, but not enough
alone to explain huge
temperature swings.

Probably act as
triggers --
Amplified by CO,
from Ocean and by
Ice Dynamics

3/2]702t

400 600 8

AN A0t

It turns out that the most
critical Solar Forcing (for
the last few million years) is
that in Summer at northern
latitudes — causes ice cap

Thousands

00 1000

W

melting.

Climate Change 5

of years ago

Precession
(19,22,24 kYear)

Obliquity
(41 kYear cycle)

Eccentricity
(95, 125, 400 kYear)

Solar Forcing
65°N Summer

Warm
Glaciation
Wikimedia
Milkanovich
Cold Variations
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Back to the Foram 3180 Data

Milankovic
Mid-Pleistocene Eccentr|c|ty?
Transition (MPT)

- 2 .
O E#” -WJW‘ f."".f"zf“f"m“ﬁrf “yhﬁ },‘J” 41k ]fr.??f:.l?----.ﬂ__1_[_“f}.lf?f.mle 2.5 EE
Oy 2 Wﬂw MH.ML 3 ES
-%; -4 Five Million Years nf | MM W . \,M‘ W( \ ‘ '1\_3'5 of
EE 6 Climate Change M”ankovicL] | | | \W -
8 From Sediment Cores ~ |_0bliquity? | 5

55 5 45 4 35 3 25 2 15 1 05 0

Millions of Years Ago S

This Part Matches
with Ice Core Data
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Explaining the Mid-Pleistocene Transition 1 Million Years Ago

Hasenfratz et. al. Science, March 2019 (from 41 ky to 100 ky Glacial Cycles) Ocean Cores at 53°S :
L 580, Mg/Ca in both Benthic &
Stratification of the Southern Ocean Floating Forams used to estimate
southern ocean Temperature and
CO CO Salinity profiles.
Carbon 2 ® CO, outgassing @CO, uptake A 2

content ﬂ ; v g g g g
High Seaice S BEEEE

Depth

Y / Moreice > \

. (m) Later:
Earlier: 1000 Slower ocean
Faster ocean circulation,
circulation, 2000 enhanced
stronger CO, g | Slowed CO, transfer
transfer \ Relatively Fast : 3000 . . from
from deep : : Circulation
" Circulation atmosphere
ocean to ™ to deep ocean
atmosphere. ] A0 lowers air
Continental wat CO.,.
slope 5000 -
79°S 65°S 95°S 45°S 39°S 75°S 65°S 99°S 45°S 35°S
LOW " Glacial state before 1.25 million years ago Glacial state after 700,000 years ago

V. Altounian/Science
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Proxy Estimates of Earth Surface Temperature

°F
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Estimates of
Past CO, Levels
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Mid-Cretaceous

Early Eocene

Estimates of 5 T = IPCC
' ‘ Antarctic Ice .
Past CO, Levels Scenarios
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of millions of
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Milkanovic
Cycles and
Ice Ages

Solar Forcings are
sizable, but not enough
alone to explain huge
temperature swings.

Probably act as
triggers --
Amplified by CO,
from Ocean and by
Ice Dynamics
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Rough Timeline of Past Glaciations

Baykonurian
Gaskiers

Andean Saharan (Quaternary)

Antarctic |
\

I\/I|r|noan

Pongola Huronian , Karoo*

Sturtian IH ‘ ‘ I
I I I I I I I
4.5 4 3 %2 1 400 100 25 5 0
Billions of Years Ago Millions of Years Ago
Snowball

Data source: Wikipedia Earﬂ\?

Hadean

" .
“| ate Paleozoic Icehouse” Table AKA Late Paleozoic Icehouse

3/9/21 Climate Change 6 109



Questions about Milankovi¢ Cycles
and the Long Term Proxy Record?
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Course QOutline

Building Blocks: Some important concepts
Our Goldilocks Earth: a Radiative Balancing Act
The Role of the Atmosphere: Greenhouse Gases & Clouds

Global Circulation and Dynamics of the Earth System:
Oceans, Atmosphere, Biosphere, Cryosphere, People, Lithosphere

Natural Variability of the Climate, short and long term. Ice Ages

Carbon Dioxide and other Greenhouse Gases: where do they come from,
where do they go, how are they regulated?

Impacts and Future Projections for Global Warming -- Uncertainties
Adaptation and Amelioration Strategies. The Climate debate. Policy options.
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