
What have I done in the past 5 months?

(numerical fun with the global weathering thermostat
and other climate control knobs)

Andy Ridgwell
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What is the ‘fate’ of CO  2

emissions on hundred, thousand, 
and ten thousands of year time-
scales?

What is the strength of feedback 
between CO  and climate and 2

ice sheets, permafrost and 
hydrate carbon stores?

Do the feedbacks scale linearly 
or non-linearly with emissions 
and do critical thresholds of 
carbon release exist?

?
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“CO  has an atmospheric 2

lifetime of 50-200 years”
(but noting that “no single lifetime for CO  2

can be defined because of the different 
rates of uptake by different  sink 

processes” and elsewhere; “variable”).
[IPCC 2nd Assessment Report]

?
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CO2

I: t ~ 1-10 years 

Fossil fuel CO  released to 2

the atmosphere equilibrates 
0with the upper ocean on a 10  

1to 10  year timescale, with 
CO  primarily converted to 2

bicarbonate:
2-  CO  + CO  + H O2(aq) 3 2

- +     ® HCO  + H3

II: t ~ 100 years 

1
On time-scales of 10  to 

210  years, bicarbonate 
-

(HCO ) and CO  rich 3

surface waters are mixed 
into the ocean interior.

2

CO2

-HCO3

2-CO3

CO2(aq)

CO2(g)
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Ocean invasion only

Ocean invasion + 

sea-floor neutralization
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As CaCO  in deep-sea sediments 3

dissolves, CO  is further 2(aq)

transformed into bicarbonate, 
rendering it no longer available 
for exchange with the 
atmosphere:
  CO  + H O + CaCO2(aq) 2 3(s)

2+ -    ® Ca  + 2HCO3

III: t ~ 1000 years 
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Ocean invasion + 
sea-floor neutralization + 
terrestrial neutralization

Ocean invasion only

Ocean invasion + 

sea-floor neutralization
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IV: t ~ 10000 years 

CaCO3

2+ -
Ca  + 2HCO3

CO2

Reduced deep-sea burial 
induces an imbalance with 
carbonate rock weathering on 
land:
  CO  + H O + CaCO2(aq) 2 3(s)

2+ -
    ® Ca  + 2HCO3

resulting in further atm CO  2
-being locked up as HCO .3

-HCO3

2-CO3

CO2(aq)

CO2(g)
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Ocean invasion only
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sea-floor neutralization
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for ever ... ‘OK’?
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Terrestrial weathering can be (approximately equally) divided into carbonate 
(CaCO ) and calcium-silicate (’CaSiO ’) weathering:3 3

2+Ultimately, the (alkalinity: Ca ) weathering products must be removed through 
carbonate precipitation and burial in marine sediments:

It can be seen that in (2) + (3), that the CO  removed (from the atmosphere) during 2

weathering, is returned upon carbonate precipitation  (and burial). In (1) + (3) 
(silicate weathering) CO  is permanently removed to the geological reservoir. This 2

CO  must be balanced by mantle (/volcanic) out-gassing on the very long term.2

Furthermore, the rate of silicate weathering should scale with climate. Hence a ca. 
100 kyr time-scale silicate weathering feedback is formed:

(A regulating feedback system linking CO  and climate with ocean productivity 2

and oxygenation, and organic carbon burial, can also be formulated but not 
discussed further here.)

2+ -
(1)     2CO  + H O + CaSiO   ®  Ca  + 2HCO  + SiO   2(aq) 2 3 3 2

2+ -
(2)       CO  + H O + CaCO    ® Ca  + 2HCO2(aq) 2 3 3

2+ -  (3)       Ca  + 2HCO  ® CO  + H O + CaCO3 2(aq) 2 3

higher pCO  ® higher temperatures (and rainfall)  ® higher weathering rates 2  

® lower pCO2 
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Cross-plot of the fraction of total CO  emissions 2

to the atmosphere removed by a particular 
process (carbon sink), vs. the characteristic (e-
folding) time-scale of that process (log  scale).10

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)
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‘AR2' (”50 to 200 years”)

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)
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GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

(1) Series of 1 Myr Earth system 
model experiments. CO  emissions 2

from 1,000 to 20,000 PgC (GtC).
Release interval: 1 yr.
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(2) Fit each CO  decay curve 2

with a series (4 optimal) of 
exponentials. Extract the 
fraction of CO  and time-scale 2

associated with each.

(The resulting empirical model 
can be used in place of a 
mechanistic model for 
projecting the long-term fate of 
carbon release.)
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(1) Series of 1 Myr Earth system 
model experiments. CO  emissions 2

from 1,000 to 20,000 PgC (GtC).
Release interval: 1 yr.

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

Lord et al. [in press]
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Response of fraction of CO  removed vs. the 2

characteristic time-scale, as a function of 
total emissions, ranging from 1,000 PgC (dark 
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Lord et al. [in press]
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Depletion of mixed layer carbonate buffer; 
ocean stratification and reduced surface 
mixing. Warming and reduced CO  solubility.2

CO2

I: t ~ 10-100 years 

Fossil fuel CO  released to the 2

atmosphere equilibrates with the 
0 1upper ocean on a 10  to 10  year 

timescale, with CO  primarily 2

converted to bicarbonate:
2-  CO  + CO  + H O2(aq) 3 2

- +     ® HCO  + H3

followed by upper ocean 
transport.

2- -
CO  + CO + H O ® 2HCO2 3 2 3

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

Lord et al. [in press]
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II: t ~ 100-1000 years 

1 3On time-scales of 10  to 10  
-years, bicarbonate (HCO ) and 3

CO  rich surface waters are 2

mixed into the ocean interior.

CO2

Ocean stratification and collapse of the AMOC 
(in this particular model).
Threshold reached @ ~4000 PgC?

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

Lord et al. [in press]
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Geologic CO  removal via carbonate rocks and 2

marine sediments – occurring on an increasing 
protracted time-scale.

As CaCO  in deep-sea sediments 3

dissolves, CO  is further 2(aq)

transformed into bicarbonate, 
rendering it no longer available 
for exchange with the 
atmosphere:
  CO  + H O + CaCO2(aq) 2 3(s)

2+ -    ® Ca  + 2HCO3

III: t ~ 1000-10000 years 
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IV: t ~ 1000-10000 years 
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Reduced deep-sea burial induces 
an imbalance with carbonate rock 
weathering on land:
  CO  + H O + CaCO2(aq) 2 3(s)

2+ -    ® Ca  + 2HCO3

resulting in further atm CO  being 2
-locked up as HCO .3
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CO  + H O + CaCO  ® Ca  + 2HCO2(aq) 2 3 3

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

Lord et al. [in press]
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V: t ~ 100000 years 

CaCO3

2CO2

2+ -Ca  + 2HCO3

Ultimately, greenhouse-
enhanced rates of silicate rock 
weathering:
  2CO  + H O + CaSiO2(aq) 2 3(s)

2+ -    ® Ca  + 2HCO3

results in the permanent 
removal of CO  and transfer to 2

the geologic reservoir.

 + SiO2(aq)

Silicate weathering (no time-scale response!).

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

Lord et al. [in press]
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Summary:

With increasing total CO  2

emissions, the response time of 
all sinks (bar silicate 
weathering) lengthen, and the 
shorter time-scale two weaken 
at the expense of the ~10,000 
year CaCO  burial process.3

Elevated atmospheric pCO  2

(and hence warming) will 
hence become more persistent 
as the main short-term CO  2

feedbacks weaken.

Only a (almost invariant) small 
fraction(~7%) of CO  is 2

extremely persistent.
BUT, the majority of carbon 
removal beyond ~10,000 PgC is 
removed only on time-scales 
exceeding 10,000 years.

GEO250.2015(I) An impulse response function for the ‘long tail’ of CO2(excess)

Lord et al. [in press]



GEO250.2015(II) Melting Antarctica

long-term
feedbacks on

atmospheric CO2

cGENIE
Carbon-GENIE

www.seao2.org

NOT
GENIE

Lord et al. [in press]

Colbourn et al. [2015] Winkelmann et al. [2015]

Williams et al. [2012]

Taylor et al. [in press] Jackson et al. [2015]

Goodwin et al. [2015]



GEO250.2015(II) Melting Antarctica

open oceansea ice coastal seas

terrestrial
biota

atmosphere

marine biota

s
e
d

im
e
n

ts

soils

land surface and rock weathering

ice
sheet

2D energy-moisture balance
(no clouds, dynamics)

fully 3D 
(‘reduced
physics’)

ocean

s
u

rf
a

c
e

 l
a

y
e

r

bioturbated
zone of 1 cm

sediment
stack layers 

partially-filled
upper-most

layer

b
io

tu
rb

a
ti

o
n

a
l

m
ix

in
g

non-
bioturbated

zone of
buried layers

simplified
thermo-dynamic

cGENIE

www.seao2.info/mycgenie.html

Earth system model
(CO  and mean SST trajectories)2

Downscaling
(SO SST and regional climate)

Ice sheet model



GEO250.2015(II) Melting Antarctica

cGENIE
Carbon-GENIE

www.seao2.org



GEO250.2015(II) Melting Antarctica

cGENIE
Carbon-GENIE

www.seao2.org

timescale (years)

010

C
O

 f
ra

c
ti
o

n
 r

e
m

o
v
e

d
2

0.0
110 210 310 410 510 610

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0



GEO250.2015(II) Melting Antarctica

cGENIE
Carbon-GENIE

www.seao2.org

DF µ ln(C/C )o



GEO250.2015(II) Melting Antarctica

Antarctic ice loss
@ 3 time horizons
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Projected ice sheet extent after 10,000 years



GEO250.2015(III) Enhanced weathering (CO  removal geoengineering)2

long-term
feedbacks on

atmospheric CO2

cGENIE
Carbon-GENIE

www.seao2.org

NOT
GENIE

Lord et al. [in press]

Colbourn et al. [2015] Winkelmann et al. [2015]

Williams et al. [2012]

Taylor et al. [in press] Jackson et al. [2015]

Goodwin et al. [2015]



GEO250.2015(III) Enhanced weathering (CO  removal geoengineering)2

David Beerling

Terrestrial weathering can be (approximately equally) divided into carbonate (CaCO ) and calcium-silicate (’CaSiO ’) weathering:3 3

2+
Ultimately, the (alkalinity: Ca ) weathering products must be removed through carbonate precipitation and burial in marine sediments:

It can be seen that in (2) + (3), that the CO  removed (from the atmosphere) during weathering, is returned upon carbonate 2

precipitation  (and burial). In (1) + (3) (silicate weathering) CO  is permanently removed to the geological reservoir. This CO  must be 2 2

balanced by mantle (/volcanic) out-gassing on the very long term.

Furthermore, the rate of silicate weathering should scale with climate:

Equally:

2+ -
(1)     2CO  + H O + CaSiO   ®  Ca  + 2HCO  + SiO   2(aq) 2 3 3 2

2+ -(2)       CO  + H O + CaCO    ® Ca  + 2HCO2(aq) 2 3 3

2+ -  
(3)       Ca  + 2HCO  ® CO  + H O + CaCO3 2(aq) 2 3

higher pCO  ® higher temperatures (& rainfall)  ® higher weathering rates ® lower pCO2  2 

greater mineral surface availability ® higher weathering rates ® lower pCO2 
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Current global oil 
consumption = 

3
90,136´10  barrels per 
day

1.0 barrel = 159 l
3 3

           = 159´10  cm

Þ oil consumption 
15 3 -1

= 5.23´10  cm  year
3 -1

= 5.23 km  year
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day

1.0 barrel = 159 l
3 3

           = 159´10  cm

Þ oil consumption 
15 3 -1

= 5.23´10  cm  year
3 -1

= 5.23 km  year

Yosemite Valley 
(Wikipedia):
1,200m deep ´ 1,600m 
across, 12.0 km long
Þ 
volume = 1.2´1.6´12.0

3       = 23.0 km
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CO2

CO2

“we will fix it, we will stitch it,
we will make it new, new, new”

Mice et al. [1974]

US answer to global warming: smoke and giant space mirrors

Washington urges scientists to develop ways to reflect sunlight as 'insurance'

Guardian, Saturday January 27, 2007

NOT
GENIE

Jackson et al. [2015]



GEO250.2015

NOT
GENIE

Jackson et al. [2015]

(IV) Not GENIE (stratospheric sulphate geoengineering)



(IV) Not GENIE (stratospheric sulphate geoengineering) GEO250.2015



(IV) Not GENIE (stratospheric sulphate geoengineering) GEO250.2015



(IV) Not GENIE (stratospheric sulphate geoengineering) GEO250.2015



(IV) Not GENIE (stratospheric sulphate geoengineering) GEO250.2015



(IV) Not GENIE (stratospheric sulphate geoengineering) GEO250.2015




	GEO250.151130.PART00_TITLE
	1: TITLE

	GEO250.151130.PART01_OUTLINE
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

	GEO250.151130.PART02_INTRO
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19

	GEO250.151130.PART03_pulseresponse
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11

	GEO250.151130.PART04_meltingantarctica
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

	GEO250.151130.PART05_enhancedweathering
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18

	GEO250.151130.PART06_notgenie
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

	GEO250.151130.PART99_end
	Page 1

	tmp.pdf
	Page 2


