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I. Fate of tossil fuel CO,

Dissolves in the ocean (centuries)

Uptake / release from terrestrial biosphere  (centuries)
Neutralization by CaCOj, (5-10 kyr)

Lithification by weathering of silicate rocks (400 kyr)
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Most of the CO, goes away In

a few centuries, but a fraction
(~25%) remains in the atmosphere
for thousands, even hundreds of
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IPCC 2001 got this wrong

Tabke 1 Examples of oreentouse gases hat

[¥1]

aifected by human acinities. [Based upon Chapter 3 and Table £ 1]

Tk, CH-: N O CFC-11 HRC-23 CFa
(Carbom (Methane ) (Nitrons i Chlorofinoro iHydroflnore  (Perflnoro-
Drioxice i Cxade carbon-11) Carbon-23) methane
FPre-imdustrial concentration  about Z80 ppm about 700 ppb abowt 270 ppb 2ero

Zero 40 ppt
Conceniration in 1998 365 ppm 1745 ppb 314 ppb 268 ppt 14 ppt 50 ppt
Rate of concentration 1.5 ppméyr * 70 ppbir ® 0.8 ppbivr —1.4 pptiyr 055 ppefyr 1
change”

=

Armospheric lifetime Sto200w" Iz yt'i 114 :.rr_': 4331

260 yT >30.000 vr

* Rate fEs fluciuated bemwesn §.9 pp 8 ppmiyr tor GO, and betwesn O and 13 pphiyr tor G, owver the penod 15998 1o
! Hate s caloudated aver e penod 1990 o 1999

Mo =ngle ielime can be dstined tor GO, because of the diffemnt ratés of upfake oy different removal processes
= Thes ifenme has besn defined as an "sOustment ime" hat tEees N account e indiect stect of e

= J35 OMN 12 OWnN resdsnce ime
E

Since then, it’s repeated everywhere
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Airborne Fraction of a large CO, release

Peak 1 kyr 10 kyr
Archer 2005 60% 33% 15%
Lenton 2006 67-75% 14-16% 10-15%
Brovkin in prep. 67% 57% 26%
Goodwin subm. 50% 40%
Ridgwell subm. 50% 34% 12%
Tyrell subm. 710% 42% 21%
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. Orbits and Climate

Aphelion

NH Summer

NH Spring

Figure 2. The orbital parameters of the Earth. Eccentricity ¢ 5 defined as e = /. where ¢ 15 the semimajor
axis and ¢ s the distance between the focus and the center of the ellipse. The semmminor axis & & then given
by Pythagoras's theorem (@ = b~ + ¢, which gves b = aV' 1 — 7). The current eccentricity valne is ¢ =
0.0167. which means that the Earth’s orbit s very close to a circle. The tilt of the Earth’s axis with respect to
the orbital plane is the oblspmty 2 | corrent valne 13 & = 23440 This tit mplies that the Earth equatorial plane
mtersects with its orbitsl plane the mtersection defmme the vy’ lne amd the pesiion of equmoxes amd
solstices. In the current configaration the Earth is closest to the Sun (perihelion ) around Janoary 3, jost 3 few
weeks after the Northem Hemisphere winter. This position, relative to the vemal equinoy v, is measured by
the & angle.

Paill

ard. 2001



Annual cycle of
insolation at 65° N
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Figure 3. (a) Changes in eccentricity ¢ for the last million
vears and its small effect on the global annual mean mnsolation
received by the Earth {assummng a constant selar actiwity). (b)
Spectral amalvsis of the ecceninoniv changes, revealmg major
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Paillard, 2001
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Moon No Moon

Obliquity 55 @
stabilized by the . %
moon z; 25
- 20
15 X
.1m]
L : — . ; ! +
o @ 3
- _ i
| bbb, | ””Mk 4
E‘m“ . '.|'1|.; —:
350 - ".Uj'il _:E
-'If;ﬂﬂ =500 I ;1 : ﬂrm 1&::
time: {1000 yr)

Fig. 11. Changes in obliquity (a) and insolation at 65N (A; = 120 deg)
(b) resulting from the suppression at ¢ = 0 of the Moon. The Moon 1s
present from -1Myr to 0, and absent from 0 to +1Myr

e edsskar, 1993
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Orbital forcing and ice volume
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Precession and
obliquity seem to
work OK

Paillard, 2001
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Figure 7. (a) The SPECMAP record [Imdwic ef al. 1984] (dashed curve) and the Bassimot ef al. [ 19940]
record (bold corwe) are filtered m the ?3-kyr bamd and compared wsth the precessional parameter. (b) The
F-Myr long Ocean Dnllmg Program (ODP) 658 520 record [ Tiedervanm et i, 19694] = Aitered m the 41-lovr
band and compered with obliquity. The ampiinde modulation of both the 23-kyr and the 41-kvr cwchoty
appears very simiar in the astropomical foreing and o the paleocimmatic record. This = probably the strongest
argument i favor of a simple guasi-linear relatiomship between the dimatic systerm apd mselation forong W
these two frequency bands. Page 15/55
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Orbital forcing and ice volume

Mostly precession.

65°N Insolation, W/m?2

Ice volume is
chunkier
than insolation

Ice Volume
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Figure 6. (a) The spectral mappmy and prediction (SPECMAP) record [fmbwe er el 1984]. (b) Spectral
analysis of SPECMAP using the standard Blackman-Tokey method. {c) The same anasivsis with the muinraper
method. [m Fismres 6b and fc the astronomical frequencies are dearly visible: The first harmomie of the
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Precession and
obliquity seem to
work OK

. Paillard, 2001
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Figure 7. (a} The SPECMAP record [Imdwic e al. 1984] (dashed curve) and the Bassimor ef al. [ 19940]
record (bold corve) are filtered m the ?3-kyr bamd and compared with the precessional parameter. (b) The
5-Myr lone Ocean Drilling Program (ODP) 650 3%20 record [Tiedemann et 2l 19904] s fitered m the 41-kyr
band and compered with obliquity. The amphinde modulation of both the 23-kyr and the 41-kyr cechaty
appears very simiar in the astromomical forcing and m the paleocimmatic record. This s probably the strongest
argumrent m favor of a simple quasi-linear relationship between the dimatic system and mselation forome |
these two frequency bands. Page 18/55



Eccentricity doesn’t
look so terrible,

either. (On the = e

faceofwt). 00%pr COMPONENT S0
0.05
e
Needs supression e
.01+ —
of the 400 kyr
—0.0m-
part
o w00 200 300 400 500
AGE (ka)

ﬁgl_&mnﬂd&yﬂdl&clm-kyrﬁ“ﬁqch With its dominant 4 13-kyr component (e4;; 4,,) removed from
eccentnicity e, the residual signal e_;o9 &y, calculated as e - €413 by 1S dominated by variance over a moderately
broad band of periods near 100 kyr [Berger, 19784, b]. Averaged over the entire interval, this part of the eccentric-
ity signal is coherent with the 100-kyr 8'*0 cycle and leads it systematically by ~13°. But the §'%0 response is not
proportional to eccentricity in Stage 11.

Imbrie, 1993
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Figure 3. {(a) Changes in eccentricity ¢ for the last million
vears and its small effect on the global annual mean nsolation
received by the Earth (assummng a constant solar activity). (b)
Spectral amalvsis of the eccentriciiv changes, revealng major

= pertodicities at ~400 kyr and m the 100-kyr band {arbitrary
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The three cycles evolved independently

_ 100 kyr
40 kyr dominated dominated
1 b Mid-Pleistocene
5 : Site 849 transition

{ — Site 677

(Ma)

Figure 1. (a) Summer half-year insolation (in W m~) at 55°N for the last
3 Myr computed using orbital elements from Berger and Loutre [1991].
(b) Oxygen isotope records for Ocean Drilling Program Sites 677 and
849 over the last 3 Myr (data and age models are from Mix er al
[1995]).
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Calder’s model
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Grows if 1 < 1,, melts otherwise

Kk 1s different for growing or melting. This

nonlinearity generates some 100kyr power
in the output. page 2355
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Figure 9. Results from the Calder [ 1974] madel. The threshold i, 18 equal to 502 W m°, and the mtio k /k,,
is chosen egual to 0.22. The forcing i is the summer solstice insolation at 65'N [Laskar, 1990]. The result is
very sensitive to these choses: The agreement with the record = quite poor, but this crude model still predicts
the majpor transitions at the right time, a feature that many, more sophisticated models do net reproduce well.
An isotopic record is given here for companson [Bassirot e al. 1994b].

Paillard, 2001
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Imbrie and Imbrie model

insol
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REVIEWS OF GEOPHYSICS Paillard: GLACIAL C

I Im oI v v VI VIIVINIX

FE g Not there
o & T o ~ "% 4 in the data.

Imbrie and Imbrie
model

Bew level tarbitrary senle)

Gets 100k.
but also 400k
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Fizure 1% Same as Figure 9_but for the Imbrie model [Imbrie grd Inbrie, 1980]. The forcmg i is the summer
solstice msolation at 65°N. The time constants are ©,, — 42 kgrapd =, = 10 I
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Paillard threshold model

Fizmre 12. The threshold model. Climate is assomed to have
three different regmmes: § {mterglacial ). g (mild glacial). and &
{ fuil glacial). Transition between the regimes oconrs when the
msolation forcing crosses a piven threshold iy, or i, or when
thee e volume exceeds the value wg ..
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Paillard model

1> imel
Interglacial < [ Unstable
State Glacial
i“ < IO V > vpurge
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Paillard, 1998

Maodel results

Ilri_
J
I. =
i
IIF
o
I -
oy
O
e
O
=
Iu'.rl
g =
LN
|:l
Page 30/55



Gussy 1t up with ice growth/melting kinetics

nsolation forcing
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REVIEWS OF GEOPHYSICS Pailard: GLACIAL C
I nm IIm v y Vi VII Vil IX
Paillard model F NI T .
gets the spectrum WY E YT YN
better
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Fizore 13. Same as Figore 9, but for Peillerd's [ 1998] medel. Threshold values are iy = —0.75 and {, = @,
T comstamts are «, = W yr, v = =, = 3 b and v = 25 Iy

wassording to Paillard, 2001



N.H. Insolation

lce Volume

Ice volume responds to N.H. insolation
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The World According to Paillard

100 kyr cycle arises from the one-way street of the
ice sheet life cycle.

Ice defimitely responds to 1 < 1, cold bursts.

The definite link with nucleation 1s not as clear.
The 8'80 impact is similar whether in warm climate

or cold.
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Paillard model

1> lmelt

Interglacial < Unstable
State Glacial
<k V>V

purge
The Trigger

Glacial
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CLIMBER Model Hysteresis

Northern Hemisphere ice volume
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Max. summer solar isloation 65°N (W/m?)

Interglacial mode until sunlight gets too dim.
Then suddenly an ice sheet forms, and it stays there
until sunlight gets even brighter than the original trigger.
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Paillard model

1> imel
Interglacial < t Unstable
State Glacial
1< 10 . V> Vpurge
T Glacial

Baseline pCO,
changes i,,
moving the trigger
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Past Future
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A Crude Temperature Estimate

In[(pCO, - 278)/278]
In(2)

AT, ., = 6°C - Aice + 3°C -

A

Includes the glacial/interglacial
pCO, feedback.
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A Crude Temperature Estimate

In[(pCO, - 278)/278]
In(2)

AT, ., = 6°C - Aice + 3°C -

s

Includes the glacial/interglacial
pCO, feedback.
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Past Future
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Sea Level

Sea Level. m 100 -

Eocene
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because

melting ice is slow
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Sea [Level

Sea Level, m 100 -

Eocene
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50 A ‘_,‘ 3° C warming
," Pliocene
Global Mean T, °C Today | ,-° 3 Myr ago
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e . Historically,

3° C warming
IS a big deal.
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Summary

A long tail (CO,)

A movable trigger (nucleating an ice sheet)
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