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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

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
Amelioration Strategies. The Climate Debate. Policy Options.
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Remember CO, Saturation?

100%| [ | o f
Lesson: Blue:
.. | | Greenhouse Gases 80? PP
are much more Red: ]
potent, per ppm, | 400 ppm

“* 11 when at low

concentrations: i | M
I
. 40% Not saturated. w
\§ Y, .
N A HMM M‘\

0%
11 12 13 14 15 16 17 18 19 20

Wavelength (um)

Absorption of Full Atmosphere
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Actual Surface Temperature
vs. GH Gas Concentration Doublings

Behavior
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Linear Increase Minor/Trace
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Full Atmosphere: Water Vapor + CO, Leave A Window at 10-11 um

100%
Window

Origin of the LW IR

co,

80% i I
&
2
z
[ o
Atmospheric E o
:
Window s |
<<
20% { ’H I ‘\
0% | NI
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th (m
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“ W Window A M
i
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Wavelength (mm)

Absorption of Full Atmospher
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Percent
Spectral Intensity

Major Components

3/9/21

Ao

Radiation Transmitted by the Atmosphere
1

10 70

Downgoing Solar Radiation
70-75% Transmitted

Visible

Upgoing Thermal Radiation
15-30% Transmitted

Infrared

0.2

L

Carbon Dioxide

- | . A Oxygen and Ozone

P N ‘ Methane

L l i Nitrous Oxide

k Rayleigh Scattering
% 1|0 | | "'70

Wavelength (um)



Radiative
Forcing as of

2011
(IPCC AR5)

3/9/21

Sl i AR Radiative forcing by emissions and drivers ey
compound drivers confidence
I T T T I T I
8 Co, CO, I I ; 168[1.33102.03]| VH
g | |
2 | | | I
8 CH, CO, H,0* O, CH, | | | | 0.97[0.74t01.20]| H
5 Halo I I | I | I
g 3
3 e ene O, CFCs HCFCs [ I | | | | 0.18[0.01t00.35]| H
£ | | | | | I
2 NO N,O ' ' I : I : 0.17[0.13t00.21] | VH
I I | |
| | | |
& co CO, CH, O, | : : | : | 0.23[0.16t00.30] | M
Dl
8|3 ! | | | , I
£lo NMVOC | CO, CH, O, | | | I | [ 0.10[0.05t00.15]| M
<z | | | | | I
8 NO, Nitrate CH, O, ' ! I : | : 0.15[-0.34100.03]| M
S | | | |
g Aerosols and | wineral dust pl Nitrate ! l'_lh I [ :
S precursors | Organic carbon Black carbon | i l | -0.27 [0.77 to 0.23] H
& (Mineral dust, | | | I | !
, NH., . ~
Organic carbon Cloud adjustments I * | | I | ; -0.55 [-1.33 to -0.06] L
and Black carbon) | due to aerosols | i | | | |
I | I f
Albedo change ' '
due to land Use | | o | : | : -0.15[-0.25t0-0.05]| M
— T T | T |
g Changes in | | | |
5 solar irradiance I I :" : | : | ERNpeLE) M
2.29[1.13 to 3.33]
. 2011 H
Total anthropogenic |
. 1980 | 1.25[0.64t01.86]| H
RF relative to 1750 | |
1950 | | 0.57[0.29t00.85]| M
| | | | | I

-1 0 1 2 3
Radiative forcing relative to 1750 (W m2)

IPCC AR5
SPM-5



Greenhouse Gas Radiative Forcing as of 2011 (pcc ars)

Emitied ResUitng amoephee Radiative forcing by emissions and drivers Level of
compound drivers confidence
| | | | | | l
- co, co, | | “_;1 168[1.33t02.03]| VH
I |
| | |
Long- CH, CO, HO" O, CH, | | : | 0.97[0.74t01.20] | H
lived [< Halo. | | | | | I
Gases sarbons O, CFCs HCFCs : : | : | : 0.18[0.01t0 0.35]| H
I I
N,O N,O : : | : | : 0.17[0.13t00.21]| VH
| ~ | |
8 | | | |
CO CO, CH, O, | | : | : | 0.23[0.16t00.30]| M
Short- ) | | | | | |
lived < NMVOC CO, CH, O, | | | | | | 0.10 [0.05t0 0.15]| M
Gases l I | | I |
NO, Nitrate CH, O, | | I : | : 0.15[-0.34t00.03]| M
~ ‘ I I | | :

Watts/m?2 relative to 1750 H IPCCARS SPM-5
*Non-Methane VOC’s
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Earth’s Energy Budget

id Space Administration

Net solar 240.5 W/m?
Net IR out 239.9 W/m?

reflected by
clouds & reflected by  total outgoing
; ; atmosphere surface infrared radiation
Incoming 77.0 22.9 239.9
solar radiation
340.4

Convection into
Troposphere

=

{
I
U
O

evapotranspiration

Loeb et al., J. Clim. 2009
Trenberth et al., BAMS, 2009

NP-2010-05-265-1 aRC



Water H,0O

a very important GH Gas

-- but not considered a
Radiative Forcing agent



Water Content of Atmosphere Limited by Condensation

140% :
Changes in Surface Temperature

will automatically cause the
amount of water vapor in the
atmosphere to change.

120%

100%
Water Vapor
Content of a ggy
Layer of the
Atmosphere o,

/ TT H,0T GreenhouseT TTT

T HZOi« Greenhouse 4  Tl{

Positive Feedback

Water Feedback
40 20 O 20 40 60 8 100 120 (°C) Appr'oxima’rely

: " P Doubles the Effect
of Any Forcing
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Water is on Autopilot

* No external intervention could feasibly directly affect
H,O vapor content of atmosphere

— but indirectly any Forcing can and does affect water vapor

e Could the Positive Feedback run away?

— Inducing Iceball Earth
or
— Venus-like Sauna Earth

* van der Ent & Tuinenburg (2017)

3/9/21 Climate Change 6
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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
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Sauna Earth?

140% TT H,0T GreenhouseT TTT
120%
Upper layers of T = 254K o?
100% atmosphere are very SKIN -
cold (< 254K) due to
Water Va por Greenhouse effect, so
Content of a 80% a water atmosphere
collapses from the top.

Layer of the
Atmosphere o,

It seems that a H20-
‘ only sauna earth is
/| impossible.

/
/50%
/
7 R.H.
/

40%

lce &
Liquid

20%

% =T = £

40  -20 0 20 40 60 80 ( 100L1zo “(°C)
L1 1 (°F)

Convection
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Questions about
Greenhouse Gases In General
or Water In Particular?

Emited Reslliinig Eicephetie Radiative forcing by emissions and drivers Levelof
compound drivers confidence
' |

1.68[1.33t02.03]| VH

T T

—

CO Co

2 2

CH CO, H,0* O, CH

" 0.97[0.74t01.20]| H

7
Halo-

carbons | ©s CFCs HCFCs

0.18[0.01100.35]| H

0.17[0.13t00.21] | VH

l

\

co CO, CH, O, 0.23[0.16t00.30]| M

NMVOC* CO, CH, O, 0.10[0.05t0 0.15] | M

T
I
|
|
|
|
|
|
|
|
I
|
|
|
|
I 0.15[0.34t00.03]| M
|

I [
l 1
| |
| |
| |
| |
| |
| |
N,0 N,O : :
| |
| |
| |
| |
| |
| |
| |

NO, Nitrate CH, O,



02? Carbon Dioxide CO,




Elemental Abundances

Solar System: Earth Crust:

. Hydrogen . Oxygen

. Helium . Silicon

. Oxygen . Aluminum
. Carbon . Iron

. Nitrogen . Calcium

. Neon . Sodium

10-15 Carbon




Elemental Carbon

Buckminsterfullerene Carbon

Nanotubes

3/9/21

(1°C) Forms (Allotropes)

Amorphous Carbon

Climate Change 6
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Carbon Compounds

Gases Organic Compounds

Octane
0, @@® l

Methane Q Q Q//O
CH, Ethanol N
?° O ¢ O
;f:’l'o *
P o o e
E)plfl ne a}a e e q
3M6 w® O 0 ® @

3/9/21 Climate Change 6

Inorganic
Compounds

Hydrogen Cyanide

-0

Calcium Carbonate
Ca**CO;~

21



Carbon Compounds

Polarizers Inorganic
Compounds

Hydrogen Cyanide

N o N Calcium Carbonate
:. > Ca**CO,"
@

s

‘ 3 .,
~, .
2

7
£

Y

Aragonite

Cat

Limestone
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Tonnage of Carbon vs. CO
’ 2

e 1 Ton of Carbon ..

makes

3.7 Tons of COZ

Pay attention to units
when you see Carbon

emissions quoted...

23



Example:
2020 US Per Capita
Carbon Emissions

3.7 tons of Carbon

Per capita emissions
(tC person'1 yr'l)

3T EU28 or
2 | " 13.7 tons of CO,
Global
1 = n
“e per capita, per year

O | i 1 1 1 1 1
1960 1970 1980 1990 2000 2010 2020

Le Quere et al, Global Carbon Budget 2018 Fig 5 .
Earth System Science Data.net Tlme (yl‘)
edgar.jrc.ec.Europa.eu for 2019
carbonbrief.org for 2020
3/9/21 Climate Change 6 24
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A

S D
. e el
. <
S
- 5

\ 4

1 Gigaton of Carbon
(GtC)

Willis
Tower
Chicago

Brilliant—cut diamond

Climate Change 6
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CHARCOAL

1 Gigaton of Carbon
(GtC)

Tower
Chicago

~ 1 mile



Carbon CVCIe

Atmospher 8
(averag® atmosphencinc as 4 (PgCYr 1)
Net ocean flux o 4+ g“ @ 4+ Net land flux S ?
]
=y of = 2612 11.7 g 2
2.340.7 0.7 = _ - g E
8 2 z S £
— ) 5c| £ — 2 3 g
—5 e o] “w — >
» = == s T o © =
v 3| 23 - R x
[ ~ ‘g = @ £ -
- S o ~ & 2 8 > = ;\ s :4 'y &
sl 5| =E| B 33455
E'S o" ™~ 4 3 a o o :,;,ﬁ
535 ¥ ] i 29| © o0 | & Iy
= Sl 8 = < % o m 'a'\' <
S8 2 Il ) adl 9 o - N
go *® = Kt & i) s i h b
o = > O g
& = i B
L !IE!E j 0 |
—== ' b"‘\, Rock
weathenng
0.1

el reserves'
83-11 35

Units
GtC

I
PCC AR5 WG Fig. 6.1
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Permafrost &
Methane Hydrates
1700-2500

Soils

“Surface” | atmosphere LR

Vegetation

Ca rbon 830 450 - 650

1500-2400

|nVe ntO ry Fossil Fuel Reserves H dr-gcar'bons —J
(GtC) 1000 - 2000 “ Y
Marine Carbonate Calci Carb +
T — Sediments aicim carbonare
. pp So0 1700-2500 « Shells
CO;

Deep Ocean
38,000
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“Surface”
Carbon

Inventory
(GtC)

3/9/21

830 1500-2400 y
— 1700-2500

Fossil Fuel Reserves
1000- 2000

Marine Carbonate

Upper Ocean Sediments
900 1700-2500

Deep Ocean

38,000

Climate Change 6
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Total
Carbon

Inventory
(GtC)

3/9/21

Atmosphere
830

Fossil Fuel Reserves
1000- 2000
Upper Ocean Sediments
900 1700-2500

Living Soils
Vegetation
450- 650 1500-2400

Permafrost &
Methane Hydrates
1700-2500

Marine Carbonate

Deep Ocean

38,000

Carbon in Rocks
50,000,000

Climate Change 6
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Total
Carbon

Inventory
(GtC)

Carbon in Shale Rock
10,000,000

Climate Change 6



Atmosphere Ve;z’tigﬁon
/ 830 450 - 650
Fossil Fuel Reserves
y 1000- 2000

Carbon in Shale Rock
10,000,000

Climate Change 6



If All those 50 Million Gigatons of Carbon were put into the
Atmosphere as CO,

* CO, would increase 60,000 fold

* Air would contain ~37 atmospheres of CO,

* That’s just 40% of Venus CO,, but
enough to cook the surface to many
hundreds of °F

imate Change 6 34



What Happens When a
CO, Molecule Wanders
into a Drop of Water?

It may just dissolve in the
water and float around
or

It may react with the water

3/9/21 Climate Change 6 35



A CO, Molecule and an H,0 can join
up to form Carbonic Acid

Carbonic Acid

H,CO,

3/9/21 Climate Change 6 37



A CO, Molecule and an H,0 can join
up to form Carbonic Acid

0690+ °g’ -

... which can dissociate under the right \L Dissociate
conditions to form a Bi-Carbonate ion + a
Hydrogen ion...

Carbonic Acid

H,CO,

Hydrogen lon

_ Bi-Carbonate lon
3/9/21 Climate Change 6 38



A CO, Molecule and an H,0 can join
up to form Carbonic Acid

000 -+ W N
H,CO,

... and can further dissociate into a Carbonate ion
Dissociate

Carbonic Acid

Hydrogen lons Hydrogen lon

HCO,~

Carbonatelon
3/9/21 Climate Change 6 39

Bi-Carbonate lon



A CO, Molecule and an H,0 can join
up to form Carbonic Acid

Carbonic Acid

H,CO,

i’ Dissociate

... which is what sea
animals need to
make shells...

Hydrogen lon

Hydrogen lons

Carbonate lon

_ Bi-Carbonate lon
3/9/21 Climate Change 6 40



A CO, Molecule and an H,0 can join
up to form Carbonic Acid

CarbonicAcid

H,CO,

i/ Dissociate

Hydrogen lon

Hydrogen lons

Carbonatelon

, Bi-Carbonatelon
3/9/21 Climate Change 6 42



The Form CO, Takes in Water
Depends on pH

CarbonicAcid

H,CO,
i’ Dissociate 1.0 - HCDj- [
@ : , €O, 2
v # dissolved CO) |
o “ o v S
rogenlons - ydrogen lon
fivdrogen| Carbonatelon i I:C0t3| ACid . Carbonate Carbonate
I-Carbonatelion I E
| g
%]
Y
... form depends on pH of water: 0.5 S Sea Water
. g o
Low pH acidic 3 pr8-I(IJ_5 and
. . alling
High pH basic
: Could droP
| = py 2100
| ‘.
0.0 I
4 6 8 10 12
pH ﬂf Water serc.Carleton.edu

(after Homen 1992)
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Hydrogen lons

H,CO,

CarbonicAcid

i/ Dissociate

Hydrogen lon

425 — 8.33
—— Mauna Loa Atmospheric CO. (ppm)
~- Aloha seawater pCO, insitu (patm)
~— Aloha seawater pH (insitu)
4001 T S — v 18.28
160°W  158°W  156°W ;
sy CO,inNorth
»e  Pacific (
375 -8.23
co,
3501 -8.18
325 -8.13
pH
3004 ,jsq ! -8.08
NOAA PMEL Carbon Program: www pmel noaa.gov/co2
Mauna Loa data from NOAA ESRL iy
275 ALOHA data z}daptcd from D('»rc etal. 2009 , : . 803
1958 1968 1978 1988 1998 2008 2018

The Form CO, Takes in Water
Depends on pH

1.0 _ -
! ‘ CD}'/?/
dissolved CO,, | i !
& Carbonic - /
Acid : Carbonate / Carbonate
I - |
) 'S
s |\
S |
1 E I'
0.5 £ Sea Water
% pH 8.05 and
& falling
; 1: f could dTOPO
v 3
! @/ 7 py 2100
l /
0.0 I < |
4 8 10 12

Climate Change 6

serc.Carleton.edu
(after Homen 1992)

pH of Water
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Weathering

Clean Air with

410 ppm CO,

‘j‘;‘

3/9/21 Climate Change 6

pH 7 is neutral
pH 5.6 weakly
acidic

Can dissolve
limestone, e.g.




ing

Weather

46
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Weathering

Simple Example:
Wollastonite
Calcium Silicate
CaSiO,

Rivers to
Ocean

2C0O,+3H,0 +CasSI0O; —» Ca™ + 2HCO; + H,SIO,
\ J \ )
v - Y / \L Diatoms
Rain Rock Makings of CaCO,

Water Shells for Molluscs, 2 H,0 +Sio,
Forams, Corals etc.

3/9/21 Climate Change 6 47



PH 5.6 Weathering

Simple Example:
Wollastonite
Calcium Silicate

X
P
4
by

al | 7 ; ; ’ . o - ; l‘ . .
- TV P — silicic Acid
2 CO,+3H,0 v Ao A A .
\ /L AN " Nl o
M \L Diatoms
Rain k.
Water . = H.0 +Si0,

.,-)‘z. ; A S /\,
D tOmee) S
i | lica or Quartz
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PH 5.6 Weathering

Simple Example:

g Removing CO, ) Wollastonite
Calcium Silicate

from the Air
(and hence from all CaSiO,
Surface Reservoirs)/
Rivers to

V Ocean

2CO +3 H,0 +CaS|O —>» Ca™ + 2HCO;= + H,SIO,

J g )
Y Y Y \L Diatoms
Rain Rock Makings
: 2 H,0+SiO
Hater Very slow reaction! 2 2

0.1 GtC/year

Global Total is only Silica or Quartz

3/9/21 Climate Change 6 49



Long Term Carbon Cycle: .
g
Our Carbon “Thermostat” removes CO,

CO, in the Atmosphere Volcanism
adds CO,

2. CO, combines with
Rain to form Carbonic Acid

* Weathering reaction removes

3. Carbonic Acid
CO,, sends CaCO, to oceans arbonic Aci

reacts with Rocks

1. Release of CO,
into the Atmosphere
by Volcanism

* QOcean animals make shells of
CaCO; which fall to bottom

* Limestone subducts under
continents via plate tectonics,
into the molten mantle

5. Carbon is usad
~#"\_ to form Animal Shells

6. When Animals die, their

Shells form Limeston '

e (Carbonates break down in
mantle and release CO,

e CO, escapes via volcanism to

atmosphere and ocean

Patricia Shapely
(butane.chem.uiuc.edu)
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Long Term Carbon Cycle:
Our Carbon “Thermostat”

Weathering reaction removes
CO,, sends CaCO; to oceans

Ocean animals make shells of
CaCO; which fall to bottom

Limestone subducts under
continents via plate tectonics,
into the molten mantle

Carbonates break down in
mantle and release CO,

CO, escapes via volcanism to
atmosphere and ocean

3/9/21

Weathering
removes CO,

CQO, in the Atmosphere Volcanism
adds CO,

2. CO, combines with i

Rain to form Carbonic Acid

N ot
Carbonic Acid KT7y
3. Carbonic Aci ' =‘/’/
reacts with Rocks fZ‘ﬁ’: 1. Release of CO
. 2

into the Atmosphere
by Volcanism

Patricia Shapely
(butane.chem.uiuc.edu)
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Long Term Carbon Cycle:
Our Carbon “Thermostat’

* Weathering reaction removes
CO,, sends CaCO; to oceans

* QOcean animals make shells of
CaCO; which fall to bottom

* Limestone subducts under
continents via plate tectonics,
into the molten mantle

* Carbonates break down in
mantle and release CO,

e CO, escapes via volcanism to
atmosphere and ocean

3/9/21

)

Weathering
removes CO,

2. CO, combines with
Rain to form Carbonic Acid

v

2 e e Aol

(

So who cares about such small flows?
Imagine an imbalance of 0.1 GtC/year.

Then the surface carbon inventory of

~50,000 GtC could disappear (or double)

: : 50,000
in a time of only o1 - 500,000 years

S / : 'J", i # . :

CO, in the Atmosphere Volcanism
adds CO,

1. Release of CO,
into the Atmosphere
by Volcanism

ONT\ NENTAL

| The ent'lre Cca
of ~50 mil

PLATE
d to /

o Shapely
;.:E.chem.uiuc.edu)

Climate Change 6
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Long Term Carbon Cycle: Weathering

Our Carbon “Thermostat” removes CO, ‘\'\
2. CO, combines with

~0.1 Rain to form Carbonic Acid

GtC/yr v—”

CQ, in the Atmosphere VOlcanism
adds CO,

]

* Weathering reaction removes
CO,, sends CaCO; to oceans

I8
It didn’t happen here. Why not? .

1. Release of CO,
into the Atmosphere
by Volcanism

* QOcean animals make shells of
CaCO; which fa

e Limestones
continents VIt
into the molten e

* Carbonates break down in in a time of only 20,000 = 500,000 yeg '
mantle and release CO, : tory (mc\ud\ng rocks) ‘NENTAL
e CO, escapes via volcanism to arbon inven rted tO PLATE

[he entire C
~50 m\\\\Oﬂ

Gtons could be conve
0 million years.

atmosphere and ocean

dpely
(butane.chem.uiuc.edu)
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Regulation of Long Term Carbon Cycle

What Controls
this Weathering
Reaction?

Amount of CO,
Temperature
Amount of H,0
Fresh Exposed Rock

Il"ﬁ"‘

X
‘I(l
=

[
o, o
Y ¢

T P A S

CaC0)- A -
e L o TR
AR

R
RGN
Ry
R
NS “SEbe
R e

Q500D
249000000
TR0

24942

Xk
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Regulation of Long Term Carbon Cycle

What Controls
this Weathering If CO, in atmosphere goes

Reaction? up for any reason.....
Amount of CO, T

Temperature T * Temperature Increases
Amount of H,0 T * Precipitation Increases
Fresh Exposed Rock

L iu Ty
i
E"_P..

O Oy
i 1)
L iu Ty
‘III‘JII
iw

;)
o
)

B R B A ST e
CaCo: A -
e A e e 5

SWvE
iR
SRRANREAE
LSS
SR
SN RN
R
RSN
NIRRT
23320903y
SEEnY

Xk
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Regulation of Long Term Carbon Cycle

What Controls
this Weathering
Reaction?

T T T e T L Sy
CaC0)- A -
e L o TR
RN v
2440 n I
2355 A TN
Ry
224N
TR N
Radiit
EENVEN TN S
s
Y

If CO, in atmosphere goes
up for any reason.....
* Amount of CO, T
* Temperature T * Temperature Increases
* Amount of H,0 T * Precipitation Increases
* Fresh Exposed Rock

So
if CO, in atmosphere goes up T
* the Weathering removal
reaction speeds up
« ...and CO, goes down
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Regulation of Long Term Carbon Cycle

SO .

)L, What Controls

: this Weathering
Reaction?

If CO, in atmosphere goes
up for any reason.....

Amount of CO, T
Temperature T * Temperature Increases

Amount of H,0 T * Precipitation Increases
Fresh Exposed Rock

TN

So
if CO, in atmosphere goes up T

* the Weathering removal

reaction speeds up
e ...and CO, goes down

)
e

ER RNy Y P S
CaCoO: Pl
s My

w'h

1)

N Ay e
' SIS
SRy NN
S
) *«a}tﬁvwh». <
R,
¥

Climate Change 6
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Regulation of Long Term Carbon Cycle

What Controls
this Weathering
Reaction?

« Amountof CO, T _
Negative
* Temperature T " Feedback
* Amount of H,0 T )
Fresh Exposed Roc

* Relatively new tropical mountain

ranges play key role
* These occur along volcanic arcs
Volcanic arcs occur intermittently
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Tropical Mountain Building Eras may Trigger Glaciation Periods

(like the one we are in)

Francis Macdonald
(UC Santa Barbara 2018)

w ;g } } - :
Ring of Fire !

[ 4 =
AL

k" Eurasian Plate

Papua New Guinea

#* Major active volcanoes

Source: USGS

Group claims high correlation
between tropical volcanic
mountain building periods and
glacial ages over last 500 Million
years.
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Yet Another
Graphic
Showing

Long-term
Carbon
Cycle

Carbon Regulation

CO; and H,0 forms
; carbomc acid

\\
cae l':c

20, )+3(H,0) + CasiO; = Ca2++ 2(HC03)+H4S|0‘

('Co /:./%-\ — - ‘*ﬂ\—- f,\,'_~>~———" ——:' "\A Al e
C TS 5 2 A A

o

O,

outgassing _ ; _
? Shelf; major area of Mid-ocean ricdge
/' )

.". ST imestone deposition
TNy

Rising
magma Accretionary wedge:
¥ sediments derived
from land/shelf

\ ~ Oceanic plate (basalt)
Continental > \ P
plate " Some carbonate rocks

are preserved by overlying

Melting of 6 sediments and subducted

carbonaterock .

- SkepticalScience.com (2013)

Ca®*+2(HCO7 ) = CaC0, +CO, + H



Mashup of Paleo-CO, Estimates

Millions of years B.P. Years A.D.
S50 20 10 5 = & 1000 1500 2000 2500
e . - 1 1 A1 1 1 1 1 1 1
= Antarctic Ice core
& 2000 - - 2000
:\
1000 ppm
24000 -} i Skl P LG LA R - 1000
=
a 500 = 400 ppm [~ 500
- e st 7
v
5 W
& 407 lce core o0
~ Observation

®)

100 - - 100
U | | 23 | ' P | > S I X KON | Al

400 200 100 1000 100 10 1
Millions of years B.P. Thousands of years B.P. Gavin Foster, Bristol U (2014)
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Mashup of Paleo-CO, Estimates

Millions of years B.P.

Years A.D.

o 2 1009 > 1000 1500 2000 2500
e 1 1 1 | | 1 | | |
£ Stomata Antarctic Ice core
& 2000 - Paleosols L 2000
:\
1000 ppm
§ 1000 +--R--*--feM:abog-----fF~mrge---------mcem e R e b LAsaI - 1000
=
— - -
g ] | (SRS ... . .. B S
- e
5
= il Stomata Ice core T
~ Liverworts Alkenone 0**C (crosses) Observation
Q 100 - Palecsois Foraminiferal 0''8 L 100
U | | ' ' . P | 9 | 2 KON | |
400 200 100 1000 100 10
Millions of years B.P. Thousands of years B.P. Gavin Foster, Bristol U (2014)
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Mashup of Paleo-CO, Estimates

Millions of years B.P. Years A.D.
S50 20 10 5 o 1000 1500 2000 2500
1 1 A1 1 1 1 1 1 1

CO, (parts per million, ppm)

-| going forward, by the end of this

Stomata
Paleosols

So, depending on what we do

century we could have CO2 levels
not seen in 50-200 million years

500
200 -
gl C . o e o e s oo b g o g O CI L T
Liverworts Alkenone 0**C (crosses)
100 - Paleosols Foraminiferal 018
. J X L . PP X 59 2 JOBNI | T
400 200 100 1000 100 10 1

Millions of years B.P.
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Thousands of years B.P. Gavin Foster, Bristol U (2014)
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Questions about CO,, and the
Long Term Carbon Cycle?

i . Permafrost &
Atmosphere g3 Soils
¥ :
4esgt;ef.-aetusoon 1500-2400 Methane Hydrates
1700-2500

Marine Carbonate
Sediments
1700-2500

Deep Ocean

38,000

Carbon in Rocks

Climate Change 5
50,000,000
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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
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225 million years ago

3/9/21

200 million years ago
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PERMIAN TRIASSIC

Figuring Out Where a Glaciated
Rock Was... Way Back Then

Geographic Magnetic
North Pole North Pole
— = A ‘ \‘. —

i“ {
| Equator '4# ‘ '

Climate Change 6

tricky due to the many field reversals over time...
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4 { L ~/ ¢
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150 million years ago ssmilienye; \When geologists find a IaC|ated rock formatlon .
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There Have Been Several Glaciated Periods

4570 Ma
Hadean

3850 Ma

540 Ma

Proterozoic

diacaran | Cambrian

IS_tur— I Marinoan
tian

Harland (1965)
suggested these
were global ice ages

3/9/21

2500 Ma 540 Ma
Archean Proterozoic Phan
Huronian I I Cryogenian
251 Ma a ) )
Sturtian varnoan | lceball Earth or Slushball Earth in
10F the Neoproterozoic is
51 o8 e Quite Possible
. He  Compatible with Models
g ot * Ice Albedo Feedback
@) @
‘.1’% ° * Water Vapor Feedback
sl * Continents near equator
* Unproven )
=10 eoscience (2011) 'I
700 650 600 550
Age (Myr)
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Snowball Earth occurred several times in the last billion years

b
'

when ice-albedo feedback spiraled out of _control
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Rocks in Yukon that were once at the equator at sea level
and covered by ice.

Snowball Earth
Scenario
according to
Dennis Hartmann
(U Washington)




Snowball Earth
Scenario according

to Dennis Hartmann
(U Washington)

An ice-covered Earth would have a very high albedo and an
extremely | |

low temperature

’

_If the Earth ever became ice covered, how could the ice ever melt?

5 : N B .
A . : Sy \ ! : { Nty X . ~




Snowball Earth

Scenario according
to Dennis Hartmann
(U Washington)

Extremely high CO, concentrations would be needed to
overcome the Albedo effect and start melting the ice...




During Snowball Earth, volcanic activity injected CO2 into the atmosphere
... a continuation of the normal process

Snowball Earth ;ﬁ
Scenario according »
2
£
§

to Dennis Hartmann

(U Washington)

-

/I'
A

T — =

But with land and oceans mostly covered with ice,
there was no chemical weathering to remove CO,
from the atmosphere ... so it continued to
accumulate for millions of years




Snowball Earth
Scenario according
to Dennis Hartmann

(U Washington)
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Once initiated, melting would proceed very rapidly as the albedo dropped.

Snowball Earth
Scenario according
to Dennis Hartmann

(U Washington)
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Snowball Earth
Scenario according

to Dennis Hartmann
(U Washington)

Post-Snowball “Hothouse” Climate

Immediately after Snowball Earth thaws, CO,
concentrations would have been tremendously high

Was likely the hottest period in Earth’s history right
after the coldest!

® Temperatures jumped from -50° C to 50° C in only
1000 years!

easonable ONE, even

ered proven. The
tial...

storyisafr
t be consid
hat circumstan

Disclaimer: This
likely, but canno
ovidence is somew
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Short Term Carbon Cycles

Climate Change 6
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Permafrost &
Methane Hydrates
1700-2500

“Surface” [ atmosphere g

Vegetation

Carbon 830 450 - 650

Inventory . A
Fossil Fuel Reserves A
(GtC) I P Hydrocarbons

Soils

1500-2400

Marine Carbonate

: Calcium Carbonate
Upper Ocean Sediments
o 1700-2500 s Shells
cO-,
\ Deep Ocean
38,000
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Atmospheric - |

Carbon Net
Highly Simplified .3 A""“a'g‘“ease f cech:cigatons
. . 4 50 of carbon/year
De p I Ct I O n Of P}JU'i&iij'f.‘rJéiji % / :,_f.-";r/,","/;‘"/,‘"""‘,;;';
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change
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Net iev.ﬁ?"re‘strial-;_--;L h . N\ ; 4 . - e —-(1000) et
Atmosphere uptake " R — P
Plants 3 *Microbial

. respiration and
Soil Soil carbon decomposition
Fossil Fuel

Ocean Surface Note the relatively huge amounts of Carbon
Deep Ocean B being exchanged between the various reservoirs Net ocean

on an annual basis. All quantities in (GtC) or uptake

GtC/year. Red are human contributions. B Deep ocean

(37,000)

At Fossil pool ~ . ) )
DOE (2008) = Climate ¢ha(16,000) : Reactive sediments 79
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World Z5 GLOMNS  -=rrmeermmseems e __ tﬁ%ﬂm
co,

Asiia (excl. China

1 L 1 TSRS —— ' & India)
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2 e
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— China
[Fossil Fuel 7 Y
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—— India
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including the natural > — EU-27
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45

Global Anthropomorphic CO, Budget
(Approximate)

30

Land Use Change
C02 Ocean Sink

Land Sink

Atmospheric Growth

1960 1970 1980 1990 2000 2010 2019
</> CB

Global Carbon Project: CarbonBrief.org (2020)
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Short Term
Carbon Cycle

In Ocean
as of 2011

3/9/21

Climat.

y

Units:
GtC

Gtc/year

IPCC AR5 WG1 Fig. 6.1

84



CaCO3 Dissolves below the CCD Calcium Carbonate more soluble at:

(Carbonate Compensation Depth) * Lower temperatures
* Higher pressures

* lower pH (more CO,)

CaCO, accumulates above CCD
caw dISSO'VOS bOlOW CCD Ara gonite “y‘"

o
N S
COD -
.
o
o
R
.
.
.
-l"“
’r

Corrosive

Hope Owen (Oregon State U) No CaCO3 shells

in deeper water
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Questions about Snowball Earth
or the Short Term Carbon Cycle?

Atmospheric

Carbon Net
03 Annual Increase I GCh Ciga
E g 4 of carbon/year
PhotoSynthes:s enthese
9
g
Fossil fuels,

cement, and
land:use

Net terrestrial
uptake.».n’(: ‘
3 Vicrobial
respiration and vhoto asis o
Soil carbon decomposition L ] decomposition

Net ocean
uptake
2

: ‘ . Deep ocean
Climate Change 5 \ : e (37,000)
‘ Fossil pool . .
(10,000) Reactive sediments
‘ , (6000)



Greenhous€

Gases
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Methane CH,

Climate Change 6
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Greenhouse Gas Radiative Forcing as of 2011 (pcc ars)

Emitied ResUitng amoephee Radiative forcing by emissions and drivers Level ol
compound drivers confidence
| | | | | | I
- co, co, | | “_;4 168[1.33102.03]| VH
| N — . 2y
str | II o : h - | |
Long- CH, CO, HO" O, CH, | N -—| /‘l , 0.97[0.74t01.20]| H
lived 9 Halo- | I L '
Gases Bt O, CFCs HCFCs : : | : | : 0.18[0.01t00.35]| H
I |
N,O N,O : : | : | : 0.17[0.13t00.21]| VH
| ~ | |
i | | | |
CO CO, CH, O, | | : | : | 0.23[0.16t00.30]| M
Short- ) | | | | | |
lived £ NMVOC CO, CH, O, | | | | | | 0.10[0.05t00.15]| M
Gases I I | | I '
NO, Nitrate CH, O, | | I : | : 0.15[-0.34t00.03]| M
~ | | | | _

Watts/m?2 relative to 1750 H IPCCARS SPM-5
*Non-Methane VOC’s
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Global Atmospheric Concentrations of Methane Over Time

800,000 BCE to 2015 CE 1950 to 2015 CE

2,000
Shetland Islands

i)
o i
o Atm Lifetime ~ 10y Mapna Lga adstral
— ustralia
c 1,500
9
et ..
© Data from Antarctic ice cores.
-E Note that concentration follows Antarctica
3 1,000 ice ages...
c
S B I P70 © S I IR I PR
g value
o 500 Because of the relatively short half-
f life of methane in atmosphere, CH4
E generated in northern hemisphere
doesn’t get fully mixed into south.
0

-800,000 -600,000 -400,000 -200,000 0 1950 1960 1970 1980 1990 2000 2010 2020

Year (negative values = BCE) Year
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Global Atmospheric Concentrations of Methane Over Time

800,000 BCE to 2015 CE 1950 to 2015 CE
210{]0 Methane Sources
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= e |
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Year (negative values = BCE) Year
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Global Atmospheric Concentrations of Methane Over Time

015 CE

Methane Sources

Estimated Global Anthropogenic
Methane Emissions by Source, 2020

Termites g Hydrates
Animal Waste 4% and Ocean
3%

Wetiands
22%

Rice Cultivation 7%

Stationary &
Mobile Sources 4%

Biomass 3%

Other Ag Sources 5%

Coal & Oil Mining /
Agriculture (Ma nure Enteric Fermentation Naluril Gas
Wastewater 7% g Ty 19%

Management) 3%

ANTHROPOGENIC

Coal Mining 9%

Municipal Solid

Oil & Gas 24% - Waste 11% 1990 2000 2010 2020

Source: Global Methane Initiative

ar
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GHGSAT

[GreenHouse Gas Satellite]
Detects Methane
Emissions from Space

GHGSAT Iris & Hugo
Satellites

3/9/21

© 2021 GHGSAt Ine.

Eight Methane Leaks Observed
in Oil Field in Central Turkmenistan

Climate Change 6
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Methane from Permafrost and Hydrates

Ay,
il
5ta

|
. \\x~ gasS RyGrat .‘.._,‘34-

\;ﬁ OCEAN: microbes break
gas hydrate

methane down to "o JOU
L carbon dioxide 5
breaking down >

o..

MINEAR
SISEAFLOOR
SMISEDIMENTS:

”. Microbes consume
methane

Ruppel and Kessler (2017)

Climate Change 6

s Thick Onshore Shallow Feather Edge of Deepwater Gas Seafloor mound/
\ Permafrost Arctic Shelf Gas Hydrate Stability Hydrate methane seep
\
\
Ice Sheet' high-latitude e ATMOSPHERE:
R lake % = ° methane breakdown -
A\ o :© to carbon dioxide w
. - o2 shallow methane production g T2
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Greenh
Gases

Methane .

CH, E
\Z ,

C

CCl,F,

3/9/21

ouse

\

Freon-12

Halogenated Gases

CFC’s

like Chlorine

Simple hydrocart,
ons wi
Hydrogens re th

ChloroFluoroCarbons

Placed by halogens
and Fluorine

Climate Change 6
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GreenhoUs€

Gases

Methane .

CH, E
\Z ,

C

CCl,F,
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\

Freon-12

Halogenated Gases

CFC’s ChloroFluoroCarbons

largely phased out in favor of...

HFC’s HydroFluoroCarbons

Climate Change 6
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Stratospher‘cj
ozone Killers
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GreenhoUs€
Gases

Methane .

b
\

Freon-12

CCl,F,
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Halogenated Gases

) Stratosphericj
CFC’s ChloroFluoroCarbons 0zone Killers

largely phased out in favor of...

HFC’s  HydroFluoroCarbons (Safe ek Oz°nej

Unfortunately, all are Greenhouse Gases
* some very potent
* some very long lasting

Climate Change 6
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Greenhouse Gas Radiative Forcing as of 2011 (pcc ars)

Emitied ResUitng amoephee Radiative forcing by emissions and drivers Level of
compound drivers confidence
| | | | | | l
- co, co, | | “—;I 168[1.33t02.03]| VH
I |
| | |
Long- CH, CO, HO" O, CH, | | : | 0.97[0.74t01.20] | H
lived [< Halo. | | | | I
Gases sarbons O, CFCs HCFCs : : : | : 0.18[0.01t0 0.35]| H
I
I
N.O N.O ' | | | | 0.17[0.13t00.21]| VH
| — 2 & | | ' | | | |
a8 | | | | | |
CO CO, CH, O, | | 'I | | | | 0.23[0.16t00.30]| M
Short- ) | | | | | |
lived &« NMVOC CO, CH, O, | | '4 | | | | 0.10[0.05t0 0.15]| M
Gases l I | | I |
NO, Nitrate CH, O, | ! - I : | : 0.15[-0.34t00.03]| M
- | I I | I I _

Watts/m?2 relative to 1750 H IPCCARS SPM-5
*Non-Methane VOC’s
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Du Pont Global Atmospheric Concentrations of Selected Halogenated Gases, 1978-2015
Freon-12

D Ozone-depleting substances Other halogenated gases
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p \
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1 1 + / <HFC-125
HCFC-141b > HFE-1528
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Global Atmospheric Concentrations of Selected Halogenated Gases, 1978-2015

0.1
1975

Ozone-depleting substances

CFC12

Other halogenated gases

—

A
Methyl

chloroform

HCFC-141b »

1985

1995

HCFC-22
Y

A
Halon-1211

2005

201

Montreal Protocol (1987)

International Agreement to phase out
Chlorine- and Bromine-containing
hydrocarbons which attack Stratospheric
Ozone.

* Used as refrigerants, fire suppressants,
aerosol propellants.

Universally adopted, big success.
e Substituted by Fluorine-containing
compounds.
Note:
All are GHG's.

Antarctic Ozone Hole
September 2006

Year
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Du Pont Global Atmospheric Concentrations of Selected Halogenated Gases, 1978-2015
Freon-12

S Ozone-depleting substances Other halogenated gases
| 1,000 1,000
CFC-12
p Y All are Greenhouse Gases, typically
\//—— ’
3 HEFC-22 10,000 times as potent as CO, .
Mostly Long Lived PFC-14
—~ 100 oo Y
'E_ A
Q. Methyl
"E' chloroform HFC-134a »
i
el
© 10 10
ol
=
g A Sulfur >
E Halon-1211 hexafluoride
W
1 1  J <HFC-125
HCFC-141b > HFE-1528
Nitrogen trifluoride »
EPA 2016
0.1 0.1

1975 1985 1995 2005 2015 1975 1985 1995 2005 2015
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As CFC’s are o] CFC12 5

phased out, o
HFC’s are - |
growing

Atmospheric abundance (ppt)
(o]
S

CFC113

1

T : ¥ T Y y T ¥ T !
1970 1980 1990 2000 2010 2020 2030
Singh & Bhargawa (2019)
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Lifetimes
of GH

Gases:

Cold Turkey
Cutoff
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Fraction of initial concentration

1.0-

e

following a stop of anthropogenic emissions

Expected falloff of human contribution to atmospheric concentration

0.8 —

due to complexity of short
sinks. Note rapid decay of
But most GH gases last for
hundred of years or more.

\ '
| S
0.6 - g
\

nnnnn

Perrarernare

Exact decay rate of CO2 uncertain,

~ HFC-23

wm Excess CO,
I g 0 i w8 above pre-industrial|_

term
CH4.

CFC-12
CFC-11
HFC-134a
CH,
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GreenhoUs€
(Gases

7.7 pm
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Nitrous Oxide N,O

Human sources of nitrous oxide

B Agricuture

B Fossi fuel
combustion and
industrial
processes
Biomass

. burning

Agriculture Akiaphenk:

67% 0% depostion
B Human sewage
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Greenhouse Gas Radiative Forcing as of 2011 (pcc ars)

Emitied ResUitng amoephee Radiative forcing by emissions and drivers Level of
compound drivers confidence
| | | | | | l
- co, co, | | “_;1 168[1.33t02.03] | VH
I |
| | |
Long- CH, CO, HO" O, CH, | | : | 0.97[0.74t01.20] | H
lived =< Halo: | | | | |
Gases sarbons O, CFCs HCFCs : : : | : 0.18[0.01t0 0.35]| H
|
N,O N,O : : : | : 0.17[013t00.21]| VH
| - |
g | | | |
CO CO, CH, O, | | | : | 0.23[0.16t00.30]| M
Short- ) | | | | |
lived < NMVOC CO, CH, O, | | | | | 0.10 [0.05t0 0.15]| M
Gases | | I | |
NO, Nitrate CH, O, | | : | : 015[-034100.03]| M
~ ‘ | | |

Watts/m?2 relative to 1750 H IPCCARS SPM-5
*Non-Methane VOC’s
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Global Atmospheric Concentrations of Nitrous Oxide Over Time

800,000 BCE to 2015 CE 1950 to 2015 CE

— 350
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2 300 ‘ — ="

E 1750 CE
- value
'E 250

L

=

@ 200

v

e

8 150 : — But now human activity is pushing
o Again, Antarctic ice core data it up, but not as much percentage-
O shows N20O hovering around 250 wise as for CO2 or CH4

E 100 ppb, up and down with ice ages...

v

3 50

L=

by~ EPA!/(2016)

< 0

-800,000 -600,000 -400,000 -200,000 0 1950 1960 1970 1980 1990 2000 2010 2020

Year (negative values = BCE) Year
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Global Atmospheric Concentrations of Nitrous Oxide Over Time

800,000 BCEto 2015 CE 1950 to 2015 CE
~— 350
]
& -
£ 300 ‘ — e
E 1750 CE
— value
'E 250
= Human sources of nitrous oxide
@ 200
v
3 150 %
Q B Agricuture
— 10% B Fossi fuel
-t bust nd
X 100 s
W processes
- Bi
E 50 burnim;;5
el EPA|(2016) IR o
= 0 - W Human sewage
-800,000 -600,000 -400,000 -200,000 0 1950 &%
Year {“Egative values = BCE} NOAA Earth System Res. Lab
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Questions about Other
Greenhouse Gases?

CFC’s efc.

A
.....
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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
Amelioration Strategies. The Climate Debate. Policy Options.
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