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Before I start.... 
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An anthropogenic CO2 rise ?

natural changes in methane emissions from tropical and
boreal wetlands at the 23,000-year precession cycle by
variable heating of the Asian interior [Chappellaz et al.,
1990]. Because summer insolation has been steadily
decreasing since 11,000 years ago, the methane concentra-
tion should have been dropping continuously throughout the
Holocene. The CH4 concentration did decrease until
5000 years ago, but then it began an anomalous rise to a
value of ! 700 ppb in the preindustrial Holocene. Had the
CH4 level followed the trends observed during the three
prior interglaciations, it would by now have fallen to a value
of ! 450 ppb. The 250-ppb difference between the observed
value and the estimated natural value is the Holocene
methane anomaly, and the anomaly is the result of early
farming. The onset of the CH4 anomaly matches the time

that people in southern Asia first began to irrigate for rice,
and its slow growth in amplitude occurred during subse-
quent millennia in which irrigation expanded across the
river valleys of Southeast Asia and up steeper hillsides in
terraced rice paddies.

2.2. Anomalous CO2 Trend

[8] The CO2 increase during the last 8000 years is
anomalous in a similar way (Figure 1b). Although the
mechanisms of orbital-scale CO2 changes are not yet
certain, the natural course of CO2 changes in the Holocene
can be predicted from trends during previous interglacia-
tions when major climatic parameters (insolation trends and
ice volume) were similar to those today. At those times,
CO2 values fell to an average of 240–245 ppm, whereas
during the Holocene they rose to 280–285 ppm prior to the
start of the industrial era. The difference between the
observed and predicted values is the Holocene CO2 anom-
aly. The anomaly first became evident just as European
farmers began to clear forests in southeastern Europe to
grow crops previously domesticated in the Middle East
[Zohary and Hopf, 1993]. The anomaly grew in size
throughout millennia in which farmers were deforesting
major portions of southern Asia, including China, India,
and southern and western Europe [Williams, 2003]. On the
basis of persistent increases in frequency of charcoal occur-
rence observed on several continents, Carcaillet et al.
[2002] had previously concluded that biomass burning
played a role in the Holocene CO2 increase.

2.3. Overdue Glacial Inception

[9] Holocene climate would have naturally cooled by a
substantial amount during recent millennia, but the anthro-
pogenic greenhouse gas emissions reduced the cooling
(Figure 1c). For a doubled-CO2 sensitivity of 2.5!C the
40-ppm CO2 anomaly and the 250-ppb CH4 anomaly
translate into a mean annual global warming anomaly of
! 0.75!C. At polar latitudes, albedo-temperature feedback
from the increased extent of snow, sea ice, and tundra, along
with other factors, would have amplified this value to
! 2!C. This anthropogenic warming effect at north polar
latitudes offset much of an insolation-driven cooling that
would otherwise have initiated ice sheet growth in locations
such as Baffin Island and the Canadian Arctic [Andrews and
Mahaffy, 1976; Williams, 1978]. Greenhouse gas emissions
from early farming are the reason that Holocene climate
remained relatively stable and that new ice sheets failed to
appear.

2.4. Pandemic-Driven CO2 Drop

[10] Short-term CO2 decreases of 4–10 ppm during the
last 2000 years are difficult to explain entirely by natural
solar-volcanic forcing, and humans may also have played an
inadvertent role through the effect of major pandemics
(Figure 2). The pandemics killed tens of millions of people,
who left hundreds of millions of acres of farmed land
abandoned. Reforestation of this abandoned land seques-
tered carbon from the atmosphere and caused CO2 concen-
trations to fall. Within the limits of ice core dating, intervals

Figure 1. Early anthropogenic hypothesis. Human activ-
ities during the late Holocene causing increases in (a) CH4

and (b) CO2 in contrast to the downward trends during
previous interglaciations. (c) Late Holocene greenhouse gas
increases preventing much of the natural cooling that
occurred in previous interglaciations.
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RuddimanÕs early Anthropocene 
hypothesis : Anthropogenic perturbation 
resulted in avoiding glacial incetion

natural changesin methaneemissionsfrom tropical and
boreal wetlands at the 23,000-year precession cycle by
variable heatingof the Asian interior [Chappellazet al.,
1990]. Because summer insolation has been steadily
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tion shouldhavebeendroppingcontinuously throughoutthe
Holocene. The CH4 concentration did decrease until
5000 yearsago, but then it beganan anomalousrise to a
valueof ! 700 ppb in the preindustrialHolocene.Had the
CH4 level followed the trendsobservedduring the three
prior interglaciations,it wouldby nowhavefallento avalue
of ! 450ppb.The250-ppbdifferencebetweentheobserved
value and the estimated natural value is the Holocene
methaneanomaly, and the anomalyis the result of early
farming. The onsetof the CH4 anomalymatchesthe time

that peoplein southernAsia first beganto irrigatefor rice,
and its slow growth in amplitudeoccurredduring subse-
quent millennia in which irrigation expandedacrossthe
river valleysof SoutheastAsia and up steeperhillsides in
terracedrice paddies.

2.2. Anomalous CO2 Trend
[8] The CO2 increase during the last 8000 years is

anomalous in a similar way (Figure 1b). Although the
mechanisms of orbital-scale CO2 changes are not yet
certain,the naturalcourseof CO2 changesin the Holocene
can be predictedfrom trendsduring previousinterglacia-
tionswhenmajorclimaticparameters(insolationtrendsand
ice volume) were similar to thosetoday. At thosetimes,
CO2 valuesfell to an averageof 240Ð245 ppm, whereas
duringtheHolocenetheyroseto 280Ð285ppmprior to the
start of the industrial era. The difference between the
observedandpredictedvaluesis the HoloceneCO2 anom-
aly. The anomaly first becameevident just as European
farmersbeganto clear forests in southeastern Europe to
grow crops previously domesticated in the Middle East
[Zohary and Hopf, 1993]. The anomaly grew in size
throughout millennia in which farmers were deforesting
major portions of southernAsia, including China, India,
andsouthernandwestern Europe[Williams, 2003]. On the
basisof persistentincreasesin frequency of charcoaloccur-
rence observed on several continents, Carcaillet et al.
[2002] had previously concluded that biomass burning
playeda role in the HoloceneCO2 increase.

2.3. Overdue Glacial Inception
[9] Holoceneclimate would havenaturallycooledby a

substantialamountduring recentmillennia,but the anthro-
pogenic greenhouse gas emissions reduced the cooling
(Figure 1c). For a doubled-CO2 sensitivity of 2.5!C the
40-ppm CO2 anomaly and the 250-ppb CH4 anomaly
translateinto a meanannualglobal warming anomalyof
! 0.75!C. At polar latitudes,albedo-temperaturefeedback
from theincreasedextentof snow, seaice,andtundra,along
with other factors, would have amplified this value to
! 2!C. This anthropogenicwarming effect at north polar
latitudesoffset much of an insolation-drivencooling that
would otherwisehaveinitiatedicesheetgrowthin locations
suchasBaffin IslandandtheCanadianArctic [Andrewsand
Mahaffy, 1976;Williams, 1978].Greenhousegasemissions
from early farming are the reasonthat Holoceneclimate
remainedrelativelystableandthat new ice sheetsfailed to
appear.

2.4. Pandemic-Driven CO2 Drop
[10] Short-termCO2 decreasesof 4Ð10 ppm during the

last 2000 yearsare difficult to explain entirely by natural
solar-volcanicforcing,andhumansmayalsohaveplayedan
inadvertent role through the effect of major pandemics
(Figure2). Thepandemicskilled tensof millions of people,
who left hundreds of millions of acres of farmed land
abandoned.Reforestationof this abandonedland seques-
teredcarbonfrom theatmosphereandcausedCO2 concen-
trationsto fall. Within thelimits of icecoredating,intervals

Figure 1. Early anthropogenichypothesis.Humanactiv-
ities during the late Holocenecausingincreasesin (a) CH4
and (b) CO2 in contrastto the downward trendsduring
previousinterglaciations.(c) LateHolocene greenhousegas
increasespreventing much of the natural cooling that
occurred in previousinterglaciations.
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The ÒanalogsÓ argument: in insolation 
circumstances similar  to todayÕs, previous 
interglacials showed lowering CO2 trends
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Ruddiman calls for a positive ampliÞcation 
of the anthropogenic perturbation

tion usedby Martin et al. [2005], the atmospherewould
thencontain! 10 ppm moreCO2.

[180] Martin et al. [2005] also inferred that a second
contributionto CO2 changesresultedfrom processesprob-
ablycenteredin theSouthernOcean,suchaschangesin sea
ice extentandupperoceanstratification.They inferredthat
each1!C warmingof the deepoceancorrelatedwith a 12-
to 18-ppmincreasein atmospheric CO2. For a deepocean
warming of 0.08!C, their estimateof this additional(prob-
ably SouthernOcean)contribution is an additional 10Ð
14 ppm CO2 decrease.

[181] Onthebasisof theseCO2/temperaturelinks inferred
by Martin et al. [2005],anomalousHolocenewarmth in the
deep ocean and Southern Ocean could have increased
atmospheric CO2 by 20 to 24 ppm as a positive feedback
(Figure18). The high endof this rangewould nearlyclose
the gap betweenthe small (9 ppm) CO2 anomaly directly
supportedby anthropogenic carbon releasesand the full
(35 ppm) CO2 anomaly.

[182] Becausethe true relationshipsbetweenoceantem-
peraturesand CO2 feedbacksarenot yet well known, this
analysisis obviously somewhatspeculative. It does,how-
ever, suggesta promising direction to pursuein order to
resolvethe dilemmaabout the HoloceneCO2 anomaly.

[183] In addition,carbonfeedbackfrom an anomalously
warmoceancouldalsohelpto explainthenegligiblechange
in d13Cof CO2 duringthelateHolocenefoundbyIndermuhle
etal. [1999]andEyeretal. [2004].If onequarterof theCO2

anomalyresulted from the additionof isotopicallynegative
terrestrialcarbon(d13C = " 25%), while theremaining75%
wasderivedfrom inorganicoceancarbonwith d13C = 0%,
thelargeramountof relativelypositiveoceancarbonwould
have diluted much of the negatived13C signatureof the
terrestrialcarbon.As a resultthecombinedd13C inputfrom
the two sources would then have a composition little
different from the meanvalue in the natural atmosphere
(" 6.5%). Consequently, humans could havebeenrespon-
sible for the full CO2 anomalyof 35 ppm without causing
largealterationsin themeancarbon-isotopiccompositionof
atmospheric CO2.

[184] Future researchon high-resolutionoceancoresis
neededto verify the size of the anomalouslate Holocene

temperatureresponsesproposedfor theSouthernOceanand
the deepocean.For the deepPacificOcean,which is most
representativeof globalmeandeepoceanvalues,thesetests
may be difficult becauseof pervasivelate Holocenedisso-
lution. Investigations of late Holocenetrendsin the South-
ernOcean,andin long Antarctic ice cores,aremorelikely
to be successful. Future research could also focus on
possible terrestrial vegetation feedbacks on the amount of
carbon in the atmosphere, such as changes from C3 to C4
vegetationandtemperatureeffectsonnet primary productivity.

9. HAVE HUMANS PREVENTEDTHE ONSETOF A
NEW GLACIATION?

[185] Another challengeto the early anthropogenic hy-
pothesisquestionstheclaimthatanewglaciationisoverdue
because of greenhouse gas emissions by early farmers
during the last few thousandyears.Part of the original
claim wasbasedon the largeincreasesin d18O valuesthat
occurredwithin 10,000yearsafterthepeakinterglaciations
in interglacialstages5, 7, and9. Thoseincreases indicated
that substantialvolumesof new ice wereaccumulatingby
thetimesmostanalogousto today. Anotherline of evidence
for an overdueglaciationwas the fact that the ice volume
model of Imbrie and Imbrie [1980] simulateda small ice
volume increaseduring the last few thousandyears.The
challengesto the ÔÔoverdueglaciationÕÕclaim havefocused
on thefact that theinsolation decreasesearlyin stages5, 7,
and9 weremuchlarger thanthosein theHoloceneandfor
that reasoncannotbe usedto predict late Holoceneglaci-
ation.

[186] This ideahasbeentestedby using the greenhouse
gas trends proposed in the original early anthropogenic
hypothesisasinputto two typesof modelsimulationsalong
with Holoceneinsolation trends. Simulationswith GCMs
provide relatively completeparameterizationsof climatic
processesbut do so at thecostof simulatingonly a decade
or two of climate evolution. These simulations reveal
widespread areas where snow cover lasts year-round, a
reasonableindication thatglacialinceptionis likely because
additional snow accumulates year by year. Models of

Figure 18. Direct emissionsof methaneand CO2 by humansduring the late Holocenecausinga
warmingeffect that offset muchof the naturalcooling that occurred early in previousinterglaciations.
The resultingwarm anomaly in the oceanwould haveaddedCO2 to the atmosphereby reducingCO2
solubility andby cappingair-seaexchangesin the SouthernOcean.
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Ruddiman calls for a positive ampliÞcation 
of the anthropogenic perturbation
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The danger of the analogy argument

Climate (as any system) is di!cult to predict when it is close to a 
local instability

So : analogy  on its own is not a decisive argument

Crucifix et al., Climate Change, 2005.
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Posing the problem :

Given all information  we have about climate PRIOR TO 8 KYR, what  
would have been our PROBABILISTIC FORECAST for today ?
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Posing the problem :

Given all information  we have about climate PRIOR TO 8 KYR, what  
would have been our PROBABILISTIC FORECAST for today ?

C : 
: 50 % glacial inception ;  
50 % long interglacial 

Can’t decide

B : surely : long interglacial
Inconsistent with Ruddiman’s 

hypothesis 

 A : surely : glacial 
inception

Consistent with Ruddiman’s 
“natural” scenario 
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The machinery (Bayesian statistics)

Model
= equations + parameters + uncertainty

Data + uncertainty (including time uncertainty)
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The machinery (Bayesian statistics)

Model
= equations + parameters + uncertainty

Data + uncertainty (including time uncertainty)

I. validation
II. calibration

III : Prediction
+

uncertainty
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What is Òall information ?Ó

physical and empirical principles

A great deal of climate records (ice, land, ocean)

IN ALL CASES : YOUR MODEL 

COMPLEXITY NEEDS TO BE 

ADAPTED TO THE DATA 

INFORMATION CONTENT
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HERE : ONLY PRELIMINARY RESULTS 
ILLUSTRATING THE PROCESS :

FAIRLY ‘SIMPLE MODEL’ MODEL PUBLISHED IN 
THE LITERATURE

ONLY A FEW  DATA
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Assumptions
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Assumptions

Model : Saltzman (2002) 

3 ODE for CO2, Deep Ocean Temp. and Ice Volume

7 free parameters
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Assumptions

Model : Saltzman (2002) 

3 ODE for CO2, Deep Ocean Temp. and Ice Volume

7 free parameters

Model error = random walk 

Data (last 400 kyr)

SPECMAP (1982) data using Gaussian data error

Vostock CO2 (idem)

SPECMAP d18O proportional to ice volume 

Parameter estimation procedure : Particle Filter by Liu and West 
(2001)
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State estimate over the last 300 kyr 
( = ÒreanalysisÓ)
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The model ÔlearnsÕ the data throughout the  
last 300 kyr : parameters get adjusted

Parameter: a1

Years (ky, BCE)
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The forecast for the last 6,000 years : CO2
Prognostic variable: X

Years (ky, BCE)
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The forecast for the last 6,000 years : Ice

Prognostic variable: X
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The forecast for the last 6,000 years : Ice
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Conclusion

Our aim : develop more systematically Bayesian inference 
procedures for palaeoclimates

The Bayesian approach is used as a device to handle numerous 
hypotheses and data

The methodology relies on 

reduced order modelling

statistical error treatment

particle Þlter

RuddimanÕs hypothesis is ONE application example. We are 
interested in STATE estimate and HYPOTHESIS TESTING.


