This Week: Global Biogeochemical Cycles - Carbon

« Short-term biosphere-driven cycles
— Terrestrial biosphere
— Marine biosphere

* Long-term inorganic cycles
— Weathering-volcanism thermostat



Global Biogeochemical Cycles
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Mass Units of Geologic Scale

» 1 Gigaton = 1x10° tons = 1x10%? kg
« 1x1012 kg =1 x 101> g = 1 Petagram

-1 Gigaton = 1 Petagram
-2 1 ppm of atm. CO, ~ 2 Gtons C



Reservoirs of Carbon

Atmosphere Mainly as CO,
790 Gtons \
Biosphere Mainly as OrgC

2x103 Gtons

Ocean Mainly as HCO; ‘/
3.7x10% Gtons

Lithosphere

4% 107 Gtons Mainly as CaCOs,

Carbon in the atmosphere and oceans mostly inorganic



Slow Carbon Variations
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Modern Era Atmospheric Carbon

CO, Concentration (ppm)
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Carbon dioxide concentration at Mauna Loa Observatory
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Fast Carbon Variations: CO, Seasonal Cycle
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Fast Carbon Variations: CO, Seasonal Cycle
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Fast Flows of C: Organic Carbon Cycle







Terrestrial Biosphere OrgC Cycle

Flows in units of Atmosphere
Gtons C per year 780 Gtons |

/

NPP: 60
¥

Living Biomass
750 Gtons

52

X
Decay/resp: 49

\
Litter

Steady State?
Longest lifetime?

v
Shortest lifetime? _

110 Gtons

Decay/r

\4

esp: 11
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Poll Question

YWY Net deforestation causes atmospheric CO2 to

o
LY

% When pollis active, respond at PollEv.com/joelathornto254

[) Text JOELATHORNTO254 to 22333 once to join
v
a
Increase
w
Decrease
Stay the same
>

CHEl © <

Total Results: 0




Poll Question

Humans are part of the terrestrial biosphere. We eat OrgC and

YA/ respire CO2. Population will increase in the future, thus, just by
breathing we will increase atmospheric CO2.

C"E‘D When pollis active, respond at PollEv.com/joelathornto254
[ Text JOELATHORNTO254 to 22333 once to join

D »p <
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"4

Total Results: 0



Marine Productivity

Global map of ocean color from SEAWIFS satellite
chlorophyll - phytoplankton (where the nutrients are)

remember upwelling and convection?
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Marine Biosphere Organic Carbon Cycle
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Marine Organic C Cycle

CO,(9)

|

Surface Ocean Y] Photosynthesis
& ° > CO,(aq) + nutrients

\ o decay

Deeper Ocean




Marine Organic C Cycle

CO,(9)

|

Surface Ocean LN Photosynthesis
& » CO,(aq) + nutrients

\ @ decay

death/fecal matter

Deeper Ocean OrgC sinks

OrgC and
nutrients




Marine Organic C Cycle

CO,(9)

|

Surface Ocean LN Photosynthesis
& » CO,(aq) + nutrients

\ @ decay

death/fecal matter

Deeper Ocean OrgC sinks

O,
2Igle e respirationCOZ(aq)
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Marine Organic C Cycle

Surface Ocean

Deeper Ocean

CO,(9)

|

&\XC Photosynthesis

<

CO,(aq) + nutrients
e > »(aq)

death/fecal matter
OrgC sinks

O
OrgC and |—=— CO,(aq)

. resplratlon
nutrients

l a tiny bit to sediments




Marine Biological OrgC Pump: Key Points

1. Surface depleted (relatively) in C and nutrients
2. Deep ocean enriched in C and nutrients

3. Sinking of OrgC net pumps atm. CO, into ocean
—a net sink of CO, on ~1000 year timescale

CO, and nutrients Thermo-Haline
“pumped” down by biota Circulation
E— Surface Ocean <1000 yrs

Deeper Ocean

OrgC + O, =2 CO, ;) mm—m



Poll Question

Suppose global T decreases. This cooling leads to less

precipitation (right?), less precipitation leads to drier soils and

thus more windblown soil dust, which contains, Iron (Fe), a

critical nutrient for phytoplankton.

E"E‘D When poll is active, respond at PollEv.com/joelathornto254
[ Text JOELATHORNTO254 to 22333 once to join
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The biological pump causes a positive feedback

The biological pump causes a negative feedback
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Slow Carbon Cycles
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Reservoirs of Carbon

Atmosphere Mainly as CO,
790 Gtons \
Biosphere Mainly as OrgC

2x103 Gtons

Ocean Mainly as HCO; ‘/
3.7x10% Gtons

Lithosphere

4% 107 Gtons Mainly as CaCOs,

Carbon in the atmosphere and oceans mostly inorganic .,



CO, Dissolution Into Ocean Water

CO,(9)

Surface Ocean CO,(aq)

Deeper Ocean




CO, Dissolution Into Ocean Water

CO,(9)

Surface Ocean H,0CO,(aq)

Deeper Ocean




CO, Dissolution Into Ocean Water

CO,(9)

Surface Ocean H,O0CO,(aq)

Deeper Ocean




Shell Formation (A Short-term InorgC Cycle)

Shell formation &S
C032' + Ca?* - P CaCOS(s)

Vg Surface Ocean

Slow
THC

death/shells sink

dissolves slowly Deep Ocean
Inorg C+—"——""" CaCOg,

l Small amnt to sediments
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The “Ultimate” InorgC Cycle

ermical Weathg,.

CaSiO, + CO,(g) CaCO, + SiO,

W

9



Weathering and Volcanism: Rocks Do Chemistry
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Example of Weathering (Ca

CO; dissolution)
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Silicate Weathering (simplified)

Rain/runoff

ClO2 (atm) S 80??@%

CaCO, + SiO,

CaSiO; Rock

— | CaSIO; Rock

Chemical Weathering Rate
—> Faster with higher CO,,
higher T, higher rainfall

Ca?*
CO,2

NOZ

Oceans
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Volcanic Degassing

Volcanism causes reverse of weathering

HEAT

CaSIO,4(s) + CO,(g) +—CaCO0O4(s) + SIO,(S)

—
weathering

Tectonic activity converts CaCO; rocks back to
silicate rocks (CaSiO,) in the mantle (magma).

Released CO, finds way to atmosphere via vents

33



Volcanism in Action




Silicate Weathering — Volcanism Cycle

COZ‘\Chemical weathering

CaSiO, > CaCoO, + SiO,

Wip/runoff

AN

\
CaCO, + SiO,

burial

v
CaCO, + SiO,

—

This cycle operates on 0.5 -1 million year timescale.
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Poll Question

Suppose there a massive ice age, where landiE s

oceans largely froze over...

Show results e
@ Poll locked. Responses not accepted.

Show correct «

The reduced water vapor and
precipitation, and enhanced e P EG—G—G—E .
would prevent recovery, and tM®

unlikely to have happened Fullscreen

The weathering rate would slow, while
volcanism and plate tectonics continued,

causing an eventual melting back to a
warm climate, and thus may have
happened (or happen at som{INE%; >

Previous |
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Silicate Weathering Feedback

Atmospheric
CO,

Silicate
Weathering Rate

Temperature/
Precipitation
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Poll Question

W Does the silicate weathering feedback loop explain the glacial-

interglacial cycling of atmospheric CO2?

(=5
R1x

When pollis active, respond at PollEv.com/joelathornto254

= L o4

0

[) Text JOELATHORNTO254 to 22333 once to join v
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Total Results: 0



Silicate Weathering Feedback

Negative Feedback—Stabilizing Climate
(on long time scales 0.5 to 1 million years)

N

Silicate
CO, Weathering Rate

Temperature/
Precipitation
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Anthropogenic Perturbations to Carbon Cycle

CO, Concentration (ppm)
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Atmospheric CO, and Source Attribution

Fuel Combustion:

nCH,O + nO, = nCO, + nH,O
CH, +20, =2 CO,+2H,0

If CO, Increase is due to
fuel burning...
- O, should decrease!



Atmospheric CO, and Source Attribution

Global emissions GtC yr~
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Anthropogenic Perturbations to Carbon Cycle

Fossil fuel and cement

CO, emissions (PgC yr-)

1750 1800 1850 1900 1950 2000
I I | [ I ‘ I I | I | I I | I I I | | I I
10 — —
i cement
_ gas
i
] coal
5 I
0

IPCC 2014
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Human Perturbations to Carbon Cycle

Fossil Fuel Combustion ~ 8 GtC/yr currently

Deforestation ~ 2 GtC/yr (mostly in tropics)
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Poll Question

Fossil fuel burning by humans injects ~ 8 Gt C per year into the

YW atmosphere as CO2, whichisa___ over the natural input rate of E2
Carbon from the sediments to the atmosphere.

[=]
K17
a0

When pollis active, respond at PollEv.com/joelathornto254
[ Text JOELATHORNTO254 to 22333 once to join

-y T 4-fold increase
= :
m*l ik 10-fold increase
S1
* 40-fold increase >
o O s ‘

Total Results: 0



Poll Question

If we ceased fossil fuel burning and deforestation, how long
YV would it take the Earth system to fully recover from our current &
. %
perturbation?
v
%" When pollis active, respond at PollEv.com/joelathornto254
[} Text JOELATHORNTO254 to 22333 once to join —
=
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ok I Decades
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:’I‘):i srnm(‘;: OCEAN Ce ntu rl eS
m* '|lou. : "
Ty Millenia
4| >100,000 years >
Cll © <

Total Results: 0



Anthropogenic Perturbation to C cycle

ATMOSPHERE
615
" 50 A A
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A Long View of Fossil Fuel Perturbation

pCOz [yatm]
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Adapted From: Archer, J. Geophys. Res.



Fossil fuel usage statistics and land use changdERENd
suggest CO2 emissions of approximately 8 GtC RIS

w on average over the past couple decades, 11 Show resuits =

i - Sh t
atmospheric CO2 measured at Mauna Loa mcr

Lock [

Clearresults &2

Fullscreen

by about 2 ppm/year on average, which is ~4
GtC/year.

& Poll locked. Responses not accepted.

Anthropogenic CO2 emissions are likely overestimated by about 50%

Atmospheric CO2 could be even higher than it is, but about 50% of
what is added is being removed from the atmosphere each year

Next >

Mauna Loa trends are not representative of the global atmospheric CO2
Previous <

Tntal Raciilte n
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Present Day CO, Sources and Sinks

Atmosphere
7 \
? ?
4Gt Clyr
7’ Total loss rate \\
Terrestrial Ocean
B I OS p h e re Surface Ocean Hctl)f:(:,(a )

Where is the 4 GtC going each year?




Natural
a
nd Perturbed Carbo
n Cycle

Atm pher’ 89+240:t10
(average atmos i . 4 (PgC yr')
Netoceanﬂux q“ ot OQ“ Netlandﬂux = o
— o o
[} g A 17 E [=))
) 5 +1. ;
2,307 T 7 £ 5 % 26%12 2 %
8 @ Y S S 5
2 o < c ] ©
4 > =2 © — & > ]
g Q s5| S < - s
3 ] i) D Lo - =4
£ g B = 8 o “n o + pe—— 3
a2 ol = g o2 S o ~ : =
R £ i ° © ~
£5 e A & L= = ) S
i o o o o [ 3 = LS - —
® D O (=] i = 75 |
& on I O e £ %
s S o I 29
L © < 2
o R

surface ocean
900

51



Atmospheric CO, sources and sinks

Fossil fuel and cement
CO, emissions (PgC yr-')

Annual anthropogenic CO, emissions
and partitioning (PgC yr ")
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Ocean and Terrestrial Removal of Atmospheric C
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Global Biogeochemical Cycles: Future??

Reduced gas

EARTH
SURFACE

Oxidized gas/
particle

(biochemistry or geochemistry)

54



Future Land and Ocean Sinks Predicted to Decrease
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Anthropogenic Perturbations to Carbon Cycle

CO, Concentration (ppm)
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Climate Forcings

a perturbation that directly or indirectly
affects Earth’s energy budget
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Radiative Forcings and Climate Sensitivity
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Anthropogenic Global Radiative Forcing of Climate

Anthropogenic

Natural

Radiative forcing of climate between 1750 and 2011

Forcing agent

Well Mixed
Greenhouse Gases

Ozone

Stratospheric water
vapour from CH,

Surface Albedo
Contrails
Aerosol-Radiation Interac.

Aerosol-Cloud Interac.

| ' ! |
Co,

Other WMGHG

Stratospheric | 4%%» --| Tropospheric

Land Uset -+

;,1 Black carbon
y on snow

h—{ Contrail induced cirrus
4|

L

Solar irradiance

-1 0 1

Radiative Forcing (W m~

S

2 3
IPCC [2013]




Climate Sensitivity-All about Feedbacks

AT = AAF

A Is the climate sensitivity parameter

- units: K “per” W/m?
- amount of climate change for a forcing
-2 A determined by feedbacks!



Estimates of Climate Sensitivity
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Poll Question

Globally averaged solar insolation varies by 0.2% every 100Kyr,

w equivalent to a -0.5 W/m2 forcing. From this info and the T record in

the ice core, only, estimate a climate sensitivity parameter.

C‘E’C When poll is active, respond at PollEv.com/joelathornto254 [ Text JOELATHORNTO254 to 22333 once to join
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Total Results: 0



Estimates of Climate Sensitivity
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8.2 |

8.1
8.0
7.9

7.8 |- — Tropics (20°S-20°N)

Lr = RCP8.5 RCP2.6

76 A Mt , il
1900 1950 2000 2050 2100

a. Surface pH

Arctic (>70°N)
[ — S.0Ocean (<60°S)

b. Surface pH in 2090s (RCP8.5, changes from 1990s)
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