
Ice Ages

Pierrehumbert 1995
Climate dynamics of a hard 

snowball Earth

The problem of deglaciating a globally ice-covered (“hard snowball”) Earth is examined using a series of general 
circulation model simulations. The aim is to determine the amount of CO 2 that must be accumulated in the 

atmosphere in order to trigger deglaciation. Prior treatments of this problem have been limited to energy balance 
models, which are incapable of treating certain crucial physical processes that turn out to strongly affect the 

conditions under which deglaciation can occur. CO 2 concentrations up to .2 bars are considered in the general 
circulation model simulations, and even at such high CO 2 content the model radiation code is found to perform 
well in comparison with codes explicitly designed for high CO 2. In contrast to prevailing expectations, the hard 

snowball Earth is found to be nearly 30 K short of deglaciation, even at .2 bars. The very cold climates arise from 
a combination of the extreme seasonal and diurnal cycle, lapse rate effects, snow cover, and weak cloud effects. 
Several aspects of the atmospheric dynamics are examined in detail. The simulations indicate that the standard 

scenario, wherein snowball termination occurs after a few tenths of a bar of CO 2 has built up following cessation 
of weathering, is problematic. However, the climate was found to be sensitive to details of a number of 

parameterized physical processes, notably clouds and heat transfer through the stable boundary layer. It is not 
out of the question that other parameterization suites might permit deglaciation. The results should not be 

construed as meaning that the hard snowball state could not have occurred, but only that deglaciation requires 
the operation of as-yet undiscovered processes that would enhance the climate sensitivity. A brief survey of some 

of the possibilities is provided.

Broecker 1998
The End of the Present Interglacial

Interesting to find out any more recent improvements in ice core data for history, Broecker says it goes back 
110,000 years and cites Johnsen 1992. Broecker shows abrupt changes in past, therefore, presumes future 

changes will be abrupt, compares with Imbrie's view of smoother changes. Uses June insolation at 60'N for his 
"forcing". Best record is d18O in benthic foraminifera..

-  "While we cannot say for sure what triggered past mode switches only one viable mechanism has been 
identified - the reorganization of the ocean's thermohaline circulation."

-  "The favorite means employed by modelers to induce shutdowns of the Atlantic's conveyor circulation is to 
add excess fresh water to the high latitude sector of the northern Atlantic"

Kukla, Clement, Cane, Gavin & 
Zebiak 2002

Last Interglacial and Early Glacial 
ENSO

-  "Although the link between insolation and climate is commonly thought to be in the high northern latitudes in 
summer, our results show that the start of the last glaciation in marine isotope stage (MIS) 5d was associated 

with a change of insolation during the transitional seasons in the low latitudes. "

-  "Insolation at the top of the atmosphere (TOA) during the summer solstice at 65'N is commonly taken to 
represent the solar forcing of changing global climate. This is at odds with the results of Berger et al. (1981), who 
correlated the varying monthly TOA insolation at different latitudes of both hemispheres with the marine oxygen 

isotope record of Hays et al. (1976). The highest positive correlation (p ≤ 0.01) was found not for June but for 
September, and not in the high latitudes but in the three latitudinal bands representing the tropics: 25'N, 5'N 

15'S. The highest negative correlation, also for p ≤ 0.01, was found in March for all tested latitudes.. "

"At first glance the implications of our results appear to be counterintuitive, indicating that the early buildup of 
glacier ice was associated not with the cooling, but with a relative warming of tropical oceans. Recent analogs 
suggest that it might even have been accompanied by a temporary increase of globally averaged annual mean 

temperature. If correct, the main trigger of glaciations would not be the expansion of snowfields in subpolar 
belts, but rather the increase in temperature gradient between the low and the high latitudes."

"..we cannot be fully certain how ENSO has varied in the past. Nevertheless, the results presented here provide a 
quantitative demonstration of how solar forcing in low latitudes could have altered tropical SST and contributed 

to global climate change. This link needs to be investigated further with more complete ocean–atmosphere 
models."

for follow up:
"Data from the last 50 yr demonstrate that high SST in the Nino3 region correlates with higher than normal global 

mean tropospheric temperature (Angell, 2000)." 

SPECMAP benthic oxygen-isotope curve - "we compare the modeled El Nino and La Nina frequencies with the 
SPECMAP marine isotope stages of Martinson et al. (1987). The latter record is considered to represent a close 

proxy of global ice volume. It is tuned to astronomic chronology, but within the interval discussed here it is 
independently tied to the high-precision U/Th ages of emerged coral reefs."

"Paleoclimatic data from earlier intervals are less clear. According to the observation of Lea et al. (2000), the ice 
buildup is preceded by a relatively cold Pacific for several thousand years."

Kukla et al 2002 - a cast of many 
including Broecker

Last Interglacial Climates

"Here we summarize the main conclusions reached by conference participants and documented in more detail 
in the short papers that follow."

-  "The last interglacial, commonly understood as an interval with climate as warm or warmer than today, is 
represented by marine isotope stage (MIS) 5e, which is a proxy record of low global ice volume and high sea 

level. It is arbitrarily dated to begin at approximately 130,000 yr B.P. and end at 116,000 yr B.P. with the onset of 
the early glacial unit MIS 5d. The age of the stage is determined by correlation to uranium–thorium dates of 

raised coral reefs.The most detailed proxy record of interglacial climate is found in the Vostok ice core where the 
temperature reached current levels 132,000 yr ago and continued rising for another two millennia. Approximately 

127,000 yr ago the Eemian mixed forests were established in Europe."

The marine isotope record is commonly tuned to astronomic chronology, represented by June insolation at the 
top of the atmosphere at 60' or 65' north latitude. This was deemed justified because the frequency of the 

Pleistocene gross global climate states matches the frequency of orbital variations. It has been shown that within 
the accuracy limits of radiometric dates, the relative global ice-volume maxima occurred when the perihelion was 
in boreal spring and ice minima occurred when it was in autumn (Kukla et al., 1981; Berger et al., 1981; Kukla and 

Gavin, 1992). The mechanism of the climate response to insolation remains unclear and the role of insolation in 
the high latitudes as opposed to that in the low latitudes is still debated." 

"..In either case, the link between global climates and orbital variations appears to be complicated and not 
directly controlled by June insolation at latitude 65'N. We strongly discourage dating local climate proxies by 

unsubstantiated links to astronomic variations.."

"At the end of the last interglacial period, over 100,000 yr ago, the Earth’s environments, similar to those of 
today, switched into a profoundly colder glacial mode. Glaciers grew, sea level dropped, and deserts expanded. 
The same transition occurred many times earlier, linked to periodic shifts of the Earth’s orbit around the Sun. The 

mechanism of this change, the most important puzzle of climatology, remains unsolved."

Roe 2006
In defense of Milankovitch

It is not possible to unequivocally attribute a climate response to an insolation forcing at a particular latitude and 
season because, to a good approximation, any such forcing can be constructed from a linear combination of 
climatic precession and obliquity indices [Imbrie and Imbrie, 1980]. In theory then, an infinite set of insolation 

curves (or their meridional gradients) can be matched with a given climate signal, leaving the physical 
mechanisms producing the climate response ambiguous. 

June 65'N insolation is directly correlated to time rate of change of global ice volume

Wunsch

Eli Tziperman, Maureen E. Raymo, 
Peter Huybers & Carl Wunsch 2006

Consequences of pacing the 
Pleistocene 100 kyr ice ages by 

nonlinear phase locking to 
Milankovitch forcing

Should try to copy their model, play with parameters and see what we find.

- "A further possibility is that the primary influence of the Milankovitch forcing is to set the 
frequency and phase of the cycles (e.g., controlling the timing of glacial terminations or of 
glacial inceptions). In the latter case, glacial cycles would exist even in the absence of the 

insolation changes, but with different timing.."

- "Here we consider the possibility that Milankovitch forcing could affect the phase of the glacial 
cycles via a mechanism known as ‘‘nonlinear phase locking,’’ following the pioneering work on 
the role of phase locking to Milankovitch forcing by Saltzman and collaborators [e.g., Saltzman 

et al., 1984] and as more specifically proposed by Gildor and Tziperman [2000]. We describe the 
nonlinear phase locking mechanism and show how it could permit Milankovitch forcing to 

‘‘pace’’ the glacial cycles. These ideas are demonstrated using a simple model of the glacial 
cycles."

-"We will show that the phase locking mechanism can explain why very different mechanism 
and models..[examples..] are all able to produce a good fit to the observed ice volume record. A 

consequence of the efficiency of nonlinear phase locking in many different models is that it is 
too simple to obtain a good fit to SPECMAP-like records [Imbrie et al., 1984] by including 

Milankovitch forcing in a given model. We therefore emphasize that obtaining such a fit by a 
given model (including the highly idealized and unrealistic model used here) is not necessarily an  

indication that the glacial mechanism represented by this model is correct."

Peter Huybers & Carl Wunsch 2005
Obliquity pacing of the late 

Pleistocene glacial terminations

"Taking these two (Milankovitch and chaos) perspectived together, there are currently more than 
30 different models of the seven late Pleistocene glacial cycles."

"The simplest inference consistent with the test results is that the ice sheets terminated every 
2nd or 3rd obliquity cycle at times of high obliquity, similar to the original proposal by 

Milankovitch."

"A major problem is the need to establish time controls on the glacial variability. Many studies 
estimate age by assuming a relationship between climate proxy variability and orbital forcing 

but this assumes the hypothesis being tested.."

-"Most simple models of the late Pleistocene glacial cycles have at least 4 degrees of freedom 
and some have as many as 12. Unsurprisingly then, the 7 observed quasi-100kyr glacial cycles 

are insufficient to distinguish between the skill of the various models."

My note - they assess deglaciations vs obliquity and find a match but not against precession. 
But the ice sheets don't see 'obliquity' they see W/m2 which is a combo of both.

Wunsch 2004
Quantitative estimate of the 

Milankovitch-forced contribution to 
observed Quaternary climate 

change

-"We will show however, that even in
tuned records, the fraction of the variance in the myriadic band derived from the insolation 

forcing is so small that the inference it controls the overall record is not an obvious one. This 
point of view is an old one (e.g., Kominz and Pisias, 1979; Imbrie and Imbrie, 1980), but it has 
been not much heeded. One is led to ask ‘‘what would be the nature of climate variability on a 
hypothetical earth with fixed obliquity in a circular orbit about a sun with unchanging output?’’

- "Given the chaotic/stochastic nature of weather and climate over the duration of the 
instrumental record—in a system driven by periodic forcing at diurnal and annual time scales—it 
is reasonable to propose that this hypothetical earth would similarly display a rich variability in 

climate, even in the absence of astronomical variations. Higher frequency phenomena, including 
weather, ENSO fluctuations, the Arctic Oscillation, etc., as well as much lower frequency, as yet 
undetected, atmospheric, oceanic, and cryospheric fluctuations would be expected to generate 

a much lower frequency variability even in the absence of orbital changes."

-"Most of the records
however, show that the 100 ka energy is indistinguishable from a broadband stochastic process. 

The most straightforward hypothesis is that it too, is a form of random walk, whether involving 
some type of large-scale instability of the climate system under full glacial conditions, as a 
number of authors have proposed, or merely one displaying the intermittent build up and 
asymmetric (in time) removal of ice, or some combination (Wunsch, 2003). Occam’s razor 

suggests at least maintaining this hypothesis until it is proved untenable. The long-standing 
question of how the slight Milankovitch forcing could possibly force such an enormous glacial–

interglacial change is then answered by concluding that it does not do so."

-"The main issue is the small sample size: seven Pleistocene ice ages with six intervals. The 
resulting record of myriadic climate variability in deep-sea and ice cores is dominated by 

processes indistinguishable from stochastic, apart from a very small amount (less than 20% 
and sometimes less than 1%) of the variance attributable to insolation forcing. Climate 

variability in this range of periods is difficult to distinguish from a form of random walk with 
small superimposed deterministic elements. 

Evidence that Milankovitch forcing ‘‘controls’’ the records, in particular the 100 ka glacial/
interglacial, is very thin and somewhat implausible, given that most of the high frequency 

variability lies elsewhere. These results are not a proof of stochastic control of the Pleistocene 
glaciations, nor that deterministic elements are not in part a factor. But the stochastic behavior 
hypothesis should not be set aside arbitrarily—as it has at least as strong a foundation as does 

that of orbital control.

There is a common view in the paleoclimate community that describing a system as 
‘‘stochastic’’ is equivalent to ‘‘unexplainable’’. Nothing could be further from the truth (e.g., 

Gardiner).."

Wunsch 2003
The spectral description of climate 

change including the 100 Kyr energy

"A more rigorous calculation would find the fraction of the core record energy coherent with the 
insolation, as is done in the analogous problem of tidal forcing (Munk and Cartwright 1966), but 

such a calculation is postponed, because of concern over the accuracy of the age/depth 
relations." - my note to review this paper to see what kind of spectrum we get from something 

like tides where we are certain of the forcing

"Examination of a few typical records supports the inference that the contribution of the 
Milankovitch frequencies to climate change at most represents only a small fraction of total 

climate variance."

"Beginning with the classical paper of Hays et al. (1976), great effort has been directed to 
studying ‘‘cyclicities’’ in apparent climate change, either at the Milankovitch periods or 

otherwise (e.g., Chapman and Shackleton 2000)."

Slight bulges in the spectrum occur near 4000 year and 1500 year periods; the latter may well 
include some of the aliased annual cycle discussed by Wunsch (2000). 

Equation (5) was used by Hasselmann (1976) in his stochastic theory of climate and by many 
later investigators. It appears that much of the climate system is best understood in terms of 
such random walks (e.g., Wunsch 1992 for the ocean; Mitchell 1976 for the climate system in 

general, and a large specific literature for the modern climate system). Arbitrarily more complex 
stochastic memory processes can be generated by using higher derivatives in Eq. (5) and of 

course, by recognizing that spatially varying structures will also be present and contribute. More 
complex discrete representations are available, and there is an elaborate

literature on stochastic differential systems, e.g., Gardiner (1985), or Gillespie (1996). 

Hasselmann 1976
Stochastic climate models. Part 1 Theory.

Tellus 28: 473–485

Wunsch 2000
On sharp spectral lines in the climate 

record and the millennial peak. 
Paleoceanography 15: 417–424

Wunsch 1992
Decade-to-century changes in the 

ocean circulation. Oceanography 5: 
99–106

Wolff

Wolff, Fischer & Röthlisberger 2009
Glacial terminations as southern 

warmings without northern control

Southern Hemisphere causes end of ice ages..

- "The change from a glacial to an interglacial climate is paced by variations in Earth’s orbit. 
However, the detailed sequence of events that leads to a glacial termination remains 

controversial. It is particularly unclear whether the northern or southern hemisphere leads the 
termination. Here we present a hypothesis for the beginning and continuation of glacial 
terminations, which relies on the observation that the initial stages of terminations are 

indistinguishable from the warming stage of events in Antarctica known as Antarctic Isotopic 
Maxima, which occur frequently during glacial periods. Such warmings in Antarctica generally 

begin to reverse with the onset of a warm Dansgaard–Oeschger event in the northern 
hemisphere. However, in the early stages of a termination, Antarctic warming is not followed by 

any abrupt warming in the north. 

We propose that the lack of an Antarctic climate reversal enables southern warming and the 
associated atmospheric carbon dioxide rise to reach a point at which full deglaciation becomes 
inevitable. In our view, glacial terminations, in common with other warmings that do not lead to 
termination, are led from the southern hemisphere, but only specific conditions in the northern 

hemisphere enable the climate state to complete its shift to interglacial conditions."

Fischer.. Wolff 2010
The role of Southern Ocean 

processes in orbital and millennial 
CO2 variations – A synthesis

Köhler.. Masson-Delmottef 2010
What caused Earth’s temperature 
variations during the last 800,000 
years? Data-based evidence on 
radiative forcing and constraints 

on climate sensitivity

Huybers & Denton 2008 
Antarctic temperature at orbital 
timescales controlled by local 

summer duration

- "We conclude that the duration of Southern Hemisphere summer is more likely to control 
Antarctic climate than the intensity of Northern Hemisphere summer with which it (often 

misleadingly) covaries. In our view, near interhemispheric climate symmetry at the obliquity and 
precession timescales arises from a northern response to local summer intensity and a southern 

response to local summer duration."

- "Thus we speculate that the increasing summer and decreasing winter durations caused by the 
alignment of aphelion with southern summer solstice coordinates the effects of summer 

radiation balance, winter sea ice and atmospheric CO2 so as to increase Antarctic temperature."

Nice curve fits of southern summer duration with SH temperature

Denton, Anderson, Toggweiler, 
Edwards, Schaefer & Putnam 2010

The Last Glacial Termination

- "However, increasing northern summer insolation also occurred elsewhere in the glacial record 
where no terminations took place.. Therefore, rising insolation alone is insufficient to explain 

terminations." - nice fig 2b to back it up

Too much ice causes the end of the glacial, via ice melt slowing down the MOC and causing 
more ***cooling***

- "In the north, recession of the Laurentide and Scandinavian ice sheets was underway at least 
by 20 ka, as sea level started to rise and as meltwater from European ice sheets and mountain 
glaciers began to enter the Bay of Biscay (3). Presumably this recession was in response to an 

increase in summer insolation that caused ablation zones to enlarge, intensify, and migrate 
northward."

- "Explaining the near coincidence of the last termination in both polar hemispheres has been a 
long-standing problem. For example, following Milankovitch’s reasoning that glaciers at middle 

to high latitudes wax and wane in response to varying summer insolation,Mercer noted that 
recession of middle-latitude SH mountain glaciers during the last termination, that is, a period of 

declining local summer insolation intensity from the precession effect (18 to 11 ka), “defies 
explanation.” Broecker (56) suggested that changes in atmospheric CO2 would help resolve this 
problem by synchronizing the hemispheres, but he could not identify a mechanism that would 

cause CO2 to change before NH ice volume.

Ridgewell, Watson & Raymo 1999
Is the spectral signature of 100 kyr 

glacial cycle consistent with a 
Milankovitch origin?

Spectral signature of d18O records consistent with deglaciations triggered every 4th or 5th 
precessional cycle

- "By itself this spectral analysis cannot determine the mechanism by which the climate cycles 
are paced, with terminations occurring only every 4th or 5th insolation maximum. However, it 
has been recently noted that glacial-interglacial terminations tend to occur after the previous 

summer insolation maximum was unusually low at mid NH latitudes.."

Raymo & Nisancioglu 2003
The 41kyr world: Milankovitch's 

other unsolved mystery

- "Here we propose that variations in the insolation gradient between high and low latitudes 
control high-latitude climate and ice volume during the late Pliocene and early Pleistocene. The 
differential heating between high and low latitudes, driven by obliquity, controls the atmospheric 

meridional flux of heat, moisture, and latent energy, which may exert the dominant control on 
high-latitude climate on Milankovitch timescales. 

In the two-dimensional zonal energy balance models typically used to study the long-term 
evolution of climate, the meridional atmospheric moisture flux is usually kept fixed. The 

hypothesis that insolation gradients control the poleward energy fluxes, precipitation, and ice 
volume at high latitudes has never been directly examined within the context of an ice sheet 

model."

Not much except speculation and it's not clear to me how they formulate the theory.

Davis & Brewer 2008
Orbital forcing and role of latitudinal 

insolation / temperature gradient
Same problem description as Raymo 2003

Hai Cheng et al (incl. Broecker) 2009
Ice Age Terminations

Broecker, Denton, Edwards, Cheng, 
Alley & Putnam 2010

Putting the Younger Dryas cold 
event into context

- "Perhaps the most important point to be made about the YD is that it shares the 
characteristics of the 24 or so millennial-duration DansgaardeOeschger (DO) cold spells that 
punctuate the glacial portion of the Greenland ice-core record. These events are thought to 
have resulted from rapid reorganizations of the Atlantic Ocean's thermohaline circulation..

..Although the involvement of ocean reorganizations, coupled with sea-ice formation, is now 
widely accepted, no agreement exists as to what triggered each DO cold event and whether or 

not a similar trigger initiated the YD."

- "Greenland ice-core 18O records show that the onset of the YD followed a gradual cooling 
capped by a final century-duration cold plunge. Rather than the onset, it was the end of the YD 

that was ultra-sharp."

Shakun & Carlson 2010
Global perspective on Last Glacial 

maximum to Holocene climate 
change 

- "Empirical orthogonal function (EOF) analysis of 71 records spanning 19-11 ka indicates that 
two modes explain 72% of deglacial climate variability. EOF1 (61% of variance) shows a 
globally near-uniform pattern, with its principal component (PC1) strongly correlated with 
changes in atmospheric CO2. EOF2 (11% of variance) exhibits a bipolar seesaw pattern 

between the hemispheres, with its principal component (PC2) resembling changes in Atlantic 
meridional overturning circulation strength..

..Therefore, our analysis supports the paradigm that while the Younger Dryas was a period of 
global climate change, it was not a major global cooling event but rather a manifestation of the 

bipolar seesaw driven by a reduction in Atlantic meridional overturning circulation strength."

Classic

Imbrie & Imbrie 1980
Modeling the climate response to 

orbital variations

- "On the one hand, climatologists have attacked the problem theoretically by 
adjusting the boundary conditions of energy-balance models, and then observing 

the magnitude of the calculated response. If these numerical experiments are 
viewed narrowly as a test of the astronomical theory, they are open to question 

because the models used contain untested parameterizations of important 
physical processes. 

Work with early models suggested that the climatic response to orbital changes 
was too small to account for the succession of Pleistocene ice ages (30, 31). But 

experiments with a new generation of models (14-17) suggest that orbital 
variations are sufficient to account for major changes in the size of Northern 

Hemisphere ice  sheets. "

- "In 1968, Broecker et al. (34, 35) pointed out that the curve for summertime 
irradiation at 45'N was a much better match to the paleoclimatic records of the 
past 150,000 years than the curve for 65'N chosen by Milankovitch. [Although 
subsequent studies in the time domain have confirmed this correlation (21, 36), 

it should be kept in mind that statistical correlations of this type do not point 
unambiguously to an underlying physical mechanism (37).] "

- "In fact, one purpose of this article is to contribute to the solution of one of the 
remaining major problems: the origin and history of the 100,000-year climatic 

cycle. At least over the past 600,000 years, almost all climatic records are 
dominated by variance components in a narrow frequency band centered near a 
100,000-year cycle (5-8, 12, 21, 38). Yet a climatic response at these frequencies 

is not predicted by the Milankovitch version of the astronomical theory-or any 
other version that involves a linear response (5, 6)."

- "Eccentricity controls only the amplitude of the precession effect; its frequency 
components do not appear in the precession spectrum"

- "Another problem is that most published climatic records that are more than 
600,000 years old do not exhibit a strong 100,000-year cycle. "

Para on last page about flip flop models and Lorenz

Hays JD, Imbrie J, Shackelton NJ 
(1976) Variations in the Earth’s orbit, 

pacemaker of the ice ages

- "Additionally, it has been argued that as almost intransitive system, climate 
could alternate between different states on an appropriate timescale without the 
intervention of any external stimulus or internal timescale." - reference Climate 

Determinism, EN Lorenz 1968

"All versions of the orbital hypothesis of climatic change predict that the 
obliquity of the earth's axis (with a period of about 41,000 years) and the 

precession of the equinoxes (period of about 21,000 years) are the underlying, 
controlling variables that influence climate through their impact on planetary 

insolation."

GJ Kukla 1972
Insolation & Glacials, Boreas 1

GJ Kukla 1975
Missing link between Milankovitch 

and climate, Nature (London)

Hartmut Heinrich 1988
Origin and consequences of cyclic 
ice rafting in the Northeast Atlantic 

Ocean during the past 130,000 
years

Chaos

Lorenz

EN Lorenz 1968
Climate Determinism

"So far I have just introduce definitions. Mathematical theory tells us that both 
transitive and intransitive systems exist. Moreover, no simple way has been 
discovered for examining an arbitrary system of equations and determining 

whether it is transitive or intransitive."

"How about the real atmosphere again?it was not my original intention to put in a 
plug for almost-intransitivity as a major cause of climate change. However, 

almost-intransitivity is too important a phenomenon to disregard altogether, and, 
examining the program for this symposium I gained the decided impression that 

no one else would put in any such a plug.
Let me say, then, that I find it plausible that almost-intransitivity could be a 

principal cause of climate change, although I would not be prepared to say that it 
is the most likely cause.

Lorenz 1990
Can chaos and intransitivity lead to 

inter-annual variability?
"Some time ago (Lorenz 1975) we proposed that the climate was probably 

not intransitive.."

Lorenz 1991
Dimensions of weather and climate 

attractors Nature 353 241–4

Kagan, Maslova, Sept 1994
Discontinuous auto-oscillations of 
the ocean thermohaline circulation 

and internal variability of the 
climate system

Using a simple climate model demonstrate frequencies at 80kyr, 41, 21 
and 18kyr due to internal variability only

Jon D. Pelletier 2003
Coherence resonance and ice ages

- "The result is a simple, well-constrained model for the Late Pleistocene global 
climate system with only one free parameter. The model accurately reproduces 
the climate variability recorded in the Vostok ice core from timescales of several 

thousand to one million years, including the histograms and power-spectral 
behavior of the data. The 100-kyr cycle is a free oscillation in the model, present 

even in the absence of external forcing. The model also reproduces smaller-
amplitude periodicities at odd harmonics of 100 kyr, suggesting that a significant 
portion of the spectral power at the Milankovitch bands of 41 and 29 kyr may be 
internally generated. Finally, the development of 100-kyr oscillations in the Mid-
Pleistocene may be understood within this model framework as the transition 

from a climate with one stable state to a system with two stable states brought 
about by the development of large continental ice sheets and the addition of the 

ice-albedo feedback to the climate system."

After showing a basic stochastic model, says:
- "This is called a Lorentzian spectrum and is a common feature of stochastic 
models with a restoring or negative feedback. A Lorentzian spectral signature 

was documented in Late Pleistocene paleoclimatic time series data by Komintz 
and Pisias [1979], suggesting a stochastic element to the climate system limited 
by a negative feedback mechanism at long timescales. This observation was the 
basis for many stochastic climate models, including those of Hasselmann [1971], 
Nicolis and Nicolis [1984], North et al. [1981], and Pelletier [1997], among others."

"When large continental ice sheets expand in North America and Northern 
Europe, however, temperature drops result in an albedo increase large enough to 
dominate the negative feedback of outgoing radiation. The net positive feedback 

driven by ice sheet expansion sends the climate system into a self-enhancing 
feedback of colder temperatures and larger ice sheets. This feedback, however, 
continues only as long as ice sheets expand nonlinearly with global temperature, 
however. The fact that ice sheets grow preferentially on the continents eventually 
weakens the positive feedback as the North American ice sheets expand into a 
tapering continent. The result is a second stable climate state characterized by 

an equilibrium between the ice-albedo."

Saltzman 1982
Stochastically driven climatic 

fluctuations in the sea ice, ocean 
temperature, CO2 feedback system

Gildor and Tziperman 2000
Sea ice as the glacial cycles' climate 

switch
"Part 1" is the 2001 paper

Gildor and Tziperman 2001
A sea ice climate switch mechanism 

for the 100-kyr glacial cycles

No "Milankovitch" forcing..

- "Glacial-inter-glacial oscillations in our model occur owing to the combination 
of ice albedo and a variant of the precipitation-temperature feedback."

- "In spite of much progress, it is probably fair to state that the source of the 
dominant 100-kyr timescale, the typical asymmetric sawtooth pattern of  glacial-

interglacial climatic variability, and the mechanism of observed rapid climate 
transitions still lack a satisfactory detailed physical mechanism." 

Daron & Stainforth 2013
On predicting climate under climate 

change

- "Using a low-dimensional nonlinear system that exhibits behaviour similar to 
that of the atmosphere and ocean, we explore the implications of ensemble size 
and two methods of constructing climatic distributions, for the quantification of a 
model’s climate. Small ensembles are shown to be misleading in non-stationary 

conditions analogous to externally forced climate change, and sometimes also in 
stationary conditions which reflect the case of an unforced climate. These results 

show that ensembles of several hundred members may be required to 
characterize a model’s climate and inform robust statements about the relative 

roles of different sources of climate prediction uncertainty."

Claim from analyzing simpler models that climate is sensitive to initial conditions 
and so current GCM work is not done with enough ensembles:

"Here, using results from a low-dimensional nonlinear system that exhibits 
climate-like behaviour, we demonstrate that this conclusion is ill-founded in both 

non-stationary conditions analogous to externally forced climate change, and also 
in stationary conditions analogous to an unforced climate. The results show that 

IC ensembles of several hundred members may be required to characterize a 
model’s climate and inform robust statements about the relative role of different 

sources of climate prediction uncertainty. "

Takahito Mitsui & Kazuyuki Aihara 
2013

Dynamics between order and chaos 
in conceptual models of glacial 

cycles

- "In this research, we analyze five conceptual models of glacial cycles proposed 
in the literature, and show that the dependence of the climate state on the phase 
of the astronomical forcing may not be given by smooth relations, but constitutes 

some geometrically strange set known as a strange nonchaotic attractor (SNA) 
(Grebogi et al. 1984; Kaneko 1984)."

Models

Rind 1989
GCM ice age initiation

Interesting paper - can't replicate ice sheet growth and explains why, useful in comparison to 
later papers with GCMs

Phillipps & Held 1994
The Response to Orbital 

Perturbations in an Atmospheric 
Model coupled to an Ocean Slab

We find that the favorable orbital configuration is far from able to 
maintain snow cover throughout the summer anywhere in North America

Birchfield, Wang & Rich 1994
Century/millennium internal 

climate osciallations in an ocean-
atmosphere continental ice sheet 

model

Dong & Valdes 1995
Sensitivity studies of Northern 

Hemisphere glaciation using an 
atmospheric GCM

RG Gallimore & JE Kutzbach 1996
Role of orbitally induced changes 

in tundra area in the onset of 
glaciation

Stephen Vavrus 1999
The Response of the Coupled 

Arctic Sea Ice–Atmosphere 
System to Orbital Forcing and Ice 

Motion at 6 kyr and 115 kyr BP

de Noblet, Prentice, Joussaume, 
Texier,Botta & Haxeltine 1996
Possible role of atmosphere-

biosphere interactions in triggering 
the Last Glaciation

D Pollard & SL Thompson 1997
Driving a high-resolution dynamics 
ice-sheet model with CGM climate: 

ice-sheet initiation at 116000 BP

Lev Tarasov & Richard Peltier 1997
Terminating the 100 kyr ice age 

cycle

Khodri, Leclainche, Ramstein, 
Braconnot, Marti & Cortijo  2001
Simulating the amplification of 

orbital forcing by ocean feedbacks 
in the last glaciation

Yoshimori, Weaver, Marshall & 
Clarke 2001

Glacial termination: sensitivity to 
orbital and CO2 forcing in a 

coupled climate system model

- "At the same time, these studies revealed the complexity of the climate system, and produced 
several paradoxes which cannot be explained by a simple linear response of the climate system 
to orbital forcing. For example: (1) there is a dominant 100 ka cycle in the proxy records despite 
the lower strength and climatically insignificant variations of direct solar forcing at this frequency 
(e.g., Berger 1988; Imbrie et al. 1993); (2) the phase of the 100 ka insolation cycle is too delayed 

to explain the observed climate (Imbrie et al. 1993); (3) there is an increasing trend in the 
amplitude of the 100ka cycle in the global ice volume proxy while the orbital eccentricity shows 

a decreasing trend (Imbrie et al. 1993); (4) the recorded dominant cycle shifts from the 41 ka 
obliquity band to the 100 ka eccentricity band at about 735±900 kaBP (Bolton et al. 1995; 
Ruddiman et al. 1986); and (5) hemispherically synchronous climate change accompanies 

hemispherically asynchronous solar forcing (Alley and Clark 1999; Bardet al.1997; Broecker and 
Denton 1989; Guilderson et al. 1994; Lowell et al. 1995). 

Evoking an alternate simple solution through the amplitude modulation of a 23 ka precession 
cycle with the 100 ka eccentricity cycle only produces additional complexities: the 400 ka 

(Imbrie and Imbrie 1980) and stage 11 (Imbrie et al. 1993; Raymo 1998) problems, for instance."

- "With respect to higher dimensional climate models, there are generally two approaches used 
in their integration: (1) long-term, time-evolving forcing with computationally inexpensive 

models; and (2) perpetual forcing to equilibrium with expensive, but more complicated and 
physically based, models. Although the former approach has the advantage that the models 

can be integrated over a whole glacial cycle, the role of the hydrological cycle, ocean 
circulation, and sea ice as feedback mechanisms are usually not considered. The dependency 

of atmospheric general circulation model (GCM) results to prescribed lower boundary 
conditions and the present-day climate bias of current coupled atmosphere-ocean GCMs 

through the requirement of flux adjustments preclude their use for our purposes."

- "We run the model under four different sets of external forcing in addition to our control 
simulation with present-day forcing. The paleo-ages considered here are 11 kaBP when the 
Northern Hemisphere (NH) summer solar insolation was at a maximum, and 21 kaBP (LGM), 
when it was close to a minimum. Several atmospheric CO2 concentrations (200, 280 & 350 

ppm) are selected for the purpose of our sensitivity analysis."

Yoshimori, Reader, Weaver & 
McFarlane 2002

On the causes of glacial inception 
at 116 ka BP

Good review of previous work

- "One of the fundamental and challenging issues in paleoclimate modelling is the failure to 
capture the last global inception."

- "Phillipps & Held were also unable to find the existence of multiple equilibria."

- "Syktus (1994) using an AGCM coupled to a dynamic upper ocean circulation model, found 
that the sensitivity of climate variables, such as surface mass balance, to orbital forcing is 

nonlinearly connected to CO2 forcing. That is, the northern perennial snow and sea ice cover 
change dramatically with CO2 between 260 and 350 ppmv, but not between 350 and 460 

ppmv, suggesting the existence of some critical threshold value close to the present-day CO2 
level. Schlesinger and Verbitsky (1996), integrating an ice sheet-asthosphere model with AGCM 
output, found that a combination of orbital forcing and greenhouse forcing caused by reduced 
CO2 and CH4 was enough to nucleate ice sheets in Europe and North America. However, the 

simulared global ice volume was only 31% of the estimate derived from proxy records."

M. Crucifix & M.F. Loutre 2002
Transient simulations over the last 

interglacial period (126–115 kyr 
BP): feedback and forcing analysis

CS Jackson & AJ Broccoli 2003
Orbital forcing of Arctic climate: 

mechanisms of climate response
and implications for continental 

glaciation

- "Three-dimensional climate models provide opportunities to explore some of these 
hypotheses within a physically consistent framework. Unfortunately, the large computational 
cost of simulating more than a century or two with the most comprehensive climate models 
imposes an important constraint on modeling glacial-interglacial cycles. This constraint has 
focused research efforts towards more feasible targets, such as identifying the necessary 
factors that allow glaciation to occur at the inception of the most recent glacial cycle at 

approximately 115 thousand years before present (ka)."

- "we explore the time-dependent response of Arctic climate to orbital forcing over the past 
165,000 years by combining the strengths of a three- dimensional climate model with the time 

series approach typically reserved for lower-order models. We accomplish this by using a 
computationally efficient climate model, consisting of an atmospheric GCM coupled to a simple 
mixed layer ocean, and accelerating the orbital forcing such that the integration is practicable 
with existing computer resources. Our choice of a GCM (rather than a lower-order model) is 
dictated by our interest in processes affecting precipitation, such as cyclone dynamics and 
moisture transports. In this approach, we are deliberately neglecting a number of potentially 

important feedbacks, including ocean dynamics, atmospheric composition, glacier dynamics,
and vegetation..

..We have chosen to use a coarsely resolved atmosphere with 9 unevenly spaced levels
in the vertical, and R15 spectral transform truncation with equivalent grid spacing of 

approximately 4.5v latitude by 7.5v longitude. The choice of this lower resolution is dictated by 
the need to minimize the computational expense of the experiment..

..The objective of this modeling experiment is to simulate the equilibrium climate response to the 
continually varying orbital configuration of the Earth over the past 165,000 years. We have 

reduced the computational cost by accelerating the variations in orbital configuration by a factor 
of 30, so that the actual length of the integration is reduced to 5500 years. This amount of 

acceleration can be justified by the relatively short response time of the atmosphere/mixed-layer 
ocean system to a given change in external forcing, which is on the order of 10 years, or more 

than 3 orders of magnitude faster than the highest frequency component of orbital forcing."

- "Based on the least-squares fit, obliquity variations account for 51% of the temporal variance 
in annual mean SAT, with cold conditions associated with low obliquity. This is consistent with 

the insolation forcing, since low obliquity leads to decreased high-latitude insolation. Precession 
accounts for 43% of the variance, with coldest conditions occurring when aphelion occurs on 

May 20th. (Note that this is equivalent to stating that the coldest conditions occur when 
perihelion occurs on November 19. We refer to the aphelion date in this case because we 

believe the spring insolation is the controlling influence.) The substantial fraction of annual mean 
SAT variance associated with precession is significant, given that precession has no effect on 
annual mean insolation. This implies that changes in insolation due to precession during some 

portion of the year must have a disproportionate effect on annual mean SAT."

G Vettoretti & WR Peltier, 2003. 
Post-Eemian glacial inception. 
Part I: the impact of summer 
seasonal temperature bias

G Vettoretti & WR Peltier, 2003. 
Post-Eemian glacial inception. 

Part II: elements of a cryospheric 
moisture pump

Vettoretti & Peltier 2004
Sensitivity of glacial inception to 

orbital & GHG forcing

- "Sensitivity studies of glacial inception with GCMs have usually been run in ‘‘snap shot’’ mode 
in which the orbital parameters are fixed to those appropriate to the post- Eemian summertime 
insolation minimum at 115 or 116 ka BP. Such attempts to simulate glacial inception in AGCMs 

have delivered a wide variety of often conflicting results..
 ..Even with the inclusion of additional feedback mechanisms that some have thought 

necessary to induce perennial snow accumulation, many previous attempts to model glacial 
inception have also failed (see Yoshimorietal., 2002 and/or Vettoretti and Peltier, 2003 for 

detailed reviews)."

- "Recent analyses of the phasing of atmospheric CO2 variations relative to ice volume, orbital 
insolation change and deep sea temperature (Shackleton, 2000) have furthermore been 

employed to suggest that CO2 variability is a primary driver of the ice-age cycle rather than 
simply acting as a positive feedback, a circumstance that is fundamental to the success of the 

model of the 100 kyr cycle of Peltier and colleagues (e.g. Tarasov and Peltier, 1997). Considering 
the importance of atmospheric CO2 concentration to Earth’s radiative balance, it has been 

recognized for some time that the global carbon cycle must be intimately linked to the 
Pleistocene glacial cycles..

..In the analyses to follow we will demonstrate that atmospheric CO2 appears to play a 
significant role in the glacial inception process."

R. Calov 2005
Transient simulation of the last 

glacial inception

- "We study the mechanisms of glacial inception by using the Earth system model of 
intermediate complexity, CLIMBER-2, which encompasses dynamic modules of the atmosphere, 

ocean, biosphere and ice sheets..

..We have performed transient experiments starting at the Eemiam interglacial, at 126 ky BP. The 
model runs for 26 kyr with time-dependent orbital and CO2 forcings. The model simulates a 

rapid expansion of the area covered by inland ice in the Northern Hemisphere, predominantly 
over Northern America, starting at about 117 kyr BP. During the next 7 kyr, the ice volume grows 

gradually in the model at a rate which corresponds to a change in sea level of 10 m per 
millennium. We have shown that the simulated glacial inception represents a bifurcation 

transition in the climate system from an interglacial to a glacial state caused by the strong snow-
albedo feedback. This transition occurs when summer insolation at high latitudes of the 

Northern Hemisphere drops below a threshold value, which is only slightly lower than modern 
summer insolation"

Commenting on the problems of simulating the start of a new glacial, "Although all models 
simulate pronounced summer cooling over the continents in the Northern Hemisphere and 

increased duration of snow-cover season in response to reduced summer insolation at 115 kyr 
BP, some models fail to simulate the appearance of perennial snow cover even in a single 

model grid cell.. 

..In particular, most models
tend to simulate a net accumulation of snow over northern Siberia, the Chukotka Peninsula and 
Alaska, rather than over northeastern Canada, Quebec and Scandinavia, where ice sheets are 

believed to have first appeared during the last glacial inception..

..It has also been argued by Pollard and Thompson (1997) that GCMs might have too coarse a 
spatial resolution to simulate glacial inception realistically..

..A conclusion often made based on the results of AGCM simulations of the last glacial 
inception is that the orbital forcing alone seems to be insufficient to cause the growth of 

continental ice sheets in the Northern Hemisphere (for the modern atmospheric CO2 
concentration, land surface and ocean characteristics)."

In contrast to the above they say, 
"Our results suggest that a reduction of summer insolation in the high latitudes of the Northern 
Hemisphere at the end of the Eemian interglacial is the primary factor which triggers the onset 

of Northern Hemisphere glaciation."

R. Calov & A. Ganopolski 2005
Multistability and hysteresis in the 
climate-cryosphere system under 

orbital forcing

- "In spite of considerable progress in studies of past climate changes, the nature of vigorous 
climate variations observed during the past several  years remains elusive. A variety of different 

astronomical theories, among which the Milankovitch theory [Milankovitch, 1941] is the best 
known, suggest changes in Earth’s orbital parameters as a driver or, at least, a pacemaker of 

glacial-interglacial climate transitions. However, the mechanisms which translate seasonal and 
strongly latitude-dependent variations in the insolation into the global-scale climate shifts 

between glacial and interglacial climate states are the subject of debate."

Kubatzki, Claussen, Calov & 
Ganopolski 2006

Sensitivity of the last glacial 
inception to initial and surface 

conditions

Lawrence A. Mysak 2008 
Glacial inceptions: Past and future

Otieno and Bromwich 2009
Contribution of atmospheric 
circulation to inception of the 

Laurentide Ice Sheet at 116 kyr
BP

Yoshimori, Yokohata & Abe-Ouchi 
2009

A comparison of climate feedback 
strength between CO2 doubling 

and LGM experiments

Otto-Bliesner & Brady 2010
The sensitivity of the climate 

response to the magnitude and 
location of freshwater forcing: last 

glacial maximum experiments

Singarayer & Valdes 2010
High latitude climate sensitivity to 

ice sheet forcing, last 120 kyrs

Used the Paleoclimate Model Intercomparison Project (PMIP1 & PMIP2)

Prescribed ice sheet extent, GHG concentrations and orbital changes produce similar trends at 
reduced magnitudes to what actually occurred during the last ice age. No vegetation, dust, 

MOC, or many other feedback processes,

Bigg, Levine & Green 2011
Modelling abrupt glacial North 
Atlantic freshening: Rates of 

change and their implications for 
Heinrich events

Vavrus, Philippon-Berthier, 
Kutzbach & Ruddiman 2011
The role of GCM resolution in 
simulating glacial inception

- "Under contemporary greenhouse forcing, permanent boreal snow 
cover extent in the two model configurations is similar, but lowering greenhouse gas 

concentrations generates much more extensive glacial inception in the T85 experiment (150% 
increase) than at T42 resolution (80% increase). Furthermore, the spatial patterns of glacial 

inception differ considerably. Only the T85 version produces permanent snow cover over the 
Rocky Mountains and Baffin Island, consistent with geologic evidence for early glaciation in the 

northern Rockies and Laurentide ice sheet nucleation in northeastern Canada. 

Although enhanced sensitivity at higher resolution is largely attributable to  the expected colder 
and wetter conditions over elevated topography, much of the response is also driven 

dynamically. Atmospheric pressure changes at the surface and aloft differ considerably between 
model resolutions. 

The T85 circulation anomalies favor a stronger onshore moisture flux and therefore more 
snowfall over the northern Rockies and Baffin Island. Although these experiments are driven by 

greenhouse forcing rather than orbital anomalies, our findings may apply to general mechanisms 
of glacial inception."

- "We recognize that even the higher resolution GCM used here (1.4° horizontal 
resolution) is still far too coarse to adequately capture the topographic detail needed for proper 
representation of small ice sheets, but this resolution is finer than the vast majority of state-of-

the-art global climate models recently used to project future conditions (Meehl et al., 2007). 
Furthermore, we believe that this is the highest resolution GCM ever used to simulate a glacial 

inception."

Steve Vavrus, Philippon-Berthier, 
Kutzbach & Ruddiman 2011
The role of GCM resolution in 
simulating glacial inception

- "We test the influence of model resolution on glacial inception using a coupled atmosphere–
slab ocean version of NCAR’s CCSM3 GCM. Simulations employ a modern orbital configuration 

and greenhouse gas concentrations representing both recent (year 1990) and hypothetically 
lower values based on Ruddiman’s Early Anthropogenic Hypothesis (240 ppm CO2, 450 ppb 
CH4). We ran the model at two different horizontal resolutions: relatively coarse (spectral T42, 

approximately 2.8°) and comparatively fine (T85, approximately 1.4°). 

Under contemporary greenhouse forcing, permanent boreal snow cover extent in the two model 
configurations is similar, but lowering greenhouse gas concentrations generates much more 

extensive glacial inception in the T85 experiment (150% increase) than at T42 resolution (80% 
increase). Furthermore, the spatial patterns of glacial inception differ considerably. Only 

the T85 version produces permanent snow cover over the Rocky Mountains and Baffin Island, 
consistent with geologic evidence for early glaciation in the northern Rockies and Laurentide ice 
sheet nucleation in northeastern Canada. Although enhanced sensitivity at higher resolution is 

largely attributable to the expected colder and wetter conditions over elevated topography, 
much of the response is also driven dynamically."

Smith & Gregory 2012
Last glacial cycle- transient 
simulations with AOGCM

Used FAMOUS climate model.

Timing of Glacials linked to variations in solar insolation - 

- ".. And while hypotheses abound as to the details of these feedbacks none is without its 
detractors and we cannot claim to know how the Earth system produced the climate we see 

recorded..

Otieno, Bromwich & Oglesby 2012
Atmospheric circulation anomalies 
due to 115 kyr BP climate forcing 

dominated by changes in the 
North Pacific Ocean

-"We use the fully coupled Community Climate System Model (CCSM3; Collins et al. 2006a) 
from the National Center for Atmospheric Research (NCAR) at spectral truncation wave number 
42 (T42). At this resolution, the model has a horizontal grid spacing of 2.8' shared by both the 
land and atmospheric components. The atmosphere and the soil are divided vertically into 26 

and 10 levels, respectively, with up to five possible layers in snow cover on land..

..Two main objectives are addressed here. The first is an assessment of how realistic the 
CCSM3 simulations of the end of the Eemian climate are relative to the earlier studies. Second 
to demonstrate and diagnose the significant changes in atmospheric circulation that are found 

upstream of the inception region over the North Pacific Ocean in response to the Eemian 
climate forcing using a more comprehensive model than in Otieno and Bromwich (2009). "

- "We now turn to what we consider the most interesting finding of this study; that a drastic 
change in atmospheric circulation over the Canadian Arctic is not necessary for inception under 
115 kyr BP forcing and that the largest changes in atmospheric circulation occur instead over 
North Pacific Ocean. Otieno and Bromwich (2009) suggested that a change in atmospheric 

circulation may be necessary for the additional cooling needed for LIS inception."

- "We conclude that the North Pacific Ocean is a key place to be watching for significant 
climate change signals, because of both large present day anomalies in sea ice and the 

occurrence of larger circulation anomalies in other drastically different climates (past and future) 
including at 115 kyr BP.."

A. Herrington & C. Poulsen 2012
Terminating the Last Interglacial: 

the role of ice sheet-climate 
feedbacks in a GCM 

asynchronously coupled to an Ice 
Sheet Model

Carlson, Ullman, He, Clark, Liu & 
Otto-Bliesner 2012

Modeling the surface mass-
balance response of the 

Laurentide Ice Sheet to Bølling 
warming and its contribution to 

Meltwater Pulse 1A

Yoshimori, Hargreaves, Annan, 
Yokohata & Abe-Ouchi 2011
Dependency of feedbacks on 
forcing and climate state in 

physics parameter ensembles

Q. Yin & A. Berger 2012
Individual contribution of insolation 

and CO2 to the interglacial 
climates of the past 800,000 years

THC

Seidov, Barron & Haupt 2001
Meltwater and the global ocean 
conveyor: Northern vs southern 

connections

Seidov & Maslin 2001
Atlantic Ocean heat piracy and 
bipolar climate seesaw during 

Heinrich & Dansgaard-Oeschger 
events

Zickfield et al (inc Rahmstorf) 2007
Expert judgements on response of 

Atlantic MOC to climate change 

Manabe & Stouffer 2004

TF Stocker & SJ Johnsen 2003
A minimum thermodynamic model 

of the bipolar seesaw.

Dating

C. Siberlin & Wunsch 2011
Oceanic tracer and proxy time 

scales revisited 

Broecker 1992
Upset for Milankovitch theory

Devil's Hole in Nevada by Winograd - dated end of penultimate ice age, termination 2, to 
145kyrs ( note this is not the inter-glacial maximum it is when the ice really started to melt)

Dating via 234U- 230Th.
Compares with previous accepted value of 128kyrs

Rasmussen et al 2006
New Greenland ice core chronology 

for the last glacial termination
7k to 15k yrs ago

Jouzel .. Wolff 2007
Orbital and Millenial Antarctic 

Climate variability over the past 
800,000 years Good paper for data on the Antarctic Dome C core (EDC) and the temperature series.

Confused by some of the commentary of this paper, especially radiative forcing and what 
exactly is claimed for obliquity as a cause. Fig 3 explanation is unclear.

Another example - "In turn, we suggest a causal link between the change of amplitude observed 
in the EDC temperature record and the modulated amplitude of obliquity toward the tropics may 

involve changes in heat export from the tropics. Our EDC ice core shows no indication that 
greenhouse gases have played a key role in such a coupling.. "

Can't make any sense out of the section ending "..In turn, we suggest a causal link between the 
change of amplitude observed in the EDC temperature record and the modulated amplitude of 

obliquity." 

They do show the power spectrum with strong peaks at 100kyr and 40kyr periods (supporting 
figures).

Barbante, Fischer, .. Wolff, Quat Sci 
Rev 2010

Climate of the last million years: 
new insights from EPICA and other 

records

EPICA = European Project for Ice Coring in Antarctica

Wolff et al 2010
Changes in environment over the 
last 800,000 years from chemical 
analysisof the EPICA Dome C ice 

core

Masson-Delmotte et al 2010
EPICA Dome C record of glacial and 

interglacial intensities

EPICA Community Members 2006 
One-to-one coupling of glacial 

climate variability in Greenland and 
Antarctica

-"The glacial climate in the North Atlantic region is characterized by rapid shifts from cold 
stadial to warmer interstadial conditions. Greenland temperatures during these Dansgaard–

Oeschger (D–O) events rise by 8–16'C within a few decades followed by a less rapid 
temperature decline back to stadial condition..

.. a conspicuous phase relationship between the largest Antarctic warmings and the longest D–
O events was observed with the south warming during the stadial conditions in the north, and 

starting to cool as soon as the D–O warming set in."

" ..it is evident that each Antarctic warming starts significantly before the respective D–O event."

"Figure 3 | Amplitudes of Antarctic warmings show a linear relationship (r^ 2 =0.85) with the 
duration of the accompanying stadial in Greenland during MIS3."

"In summary, a strong interhemispheric coupling of all bipolar climate variations during MIS3 via 
the MOC is supported by the new high-resolution d18O record from EDML indicating that 

Antarctic warming rates and potentially also overturning rates have been similar for all events in 
MIS3. The question of what triggers the switch from stadial to interstadial conditions remains."

Summary

Adams, Maslin & Thomas 1999
Sudden climate transitions 

during the Quaternary

Good review paper

-"It is still unclear how the climate on a regional or even global scale can change 
as rapidly as present evidence suggests. It appears that the climate system is 

more delicately balanced than had previously been thought, linked by a cascade 
of powerful mechanisms that can amplify a small initial change into a much 

larger shift in temperature and aridity (e.g., Rind and Overpeck, 1993)."

- "The result could be a very sudden climate change to colder conditions, as has 
happened many times in the area around the North Atlantic during the last 130 
ka. The models used by Seidov and Maslin (in press) show that Heinrich events 

did cause a total collapse of the deep-water thermohaline conveyor belt. 
However, this cessation of the conveyor is independent of the origin and 

magnitude of the meltwater produced during a Heinrich event as the essential 
prerequisite for cessation is that enough meltwater is transported to the central 

northern North Atlantic convection sites."

- "It is, thus, extremely difficult to quantify the risk of a sudden switch in global 
or regional climate because the mechanisms behind all past climate changes 

(sudden or otherwise) are incompletely understood..

..As we do not know how often decadal timescale changes occurred in the 
recent geological past, we are handicapped in trying to find mechanisms which 
might be used for forecasting future events. Even if we knew everything there 
was to know about past climate mechanisms, it is likely that we would still not 
be able to forecast such events confidently into the future. This is because the 
system will have been influenced by probabilistic processes (due to the chaotic 

nature of the ocean climate system, with runaway changes coming from 
minuscule differences in initial conditions – e.g., Crowley and North, 1991). 
Hence, it is not justifiable to talk in terms of what ‘definitely’ will or will not 

happen in the future – even though the public and policy-makers are looking for 
certainties."

- "Judging by its past behaviour under both glacial (e.g., the ending of the 
Younger Dryas) and interglacial conditions (e.g., the various Holocene climate 

oscillations leading up to the twentieth century; Alley et al., 1997b), the climate 
has a tendency to remain stable for most of the time and then suddenly ‘flip’ – at 

least sometimes over just a few decades – as a result of the influence of the 
various triggering and feedback mechanisms. Such observations suggest that 

even without anthropogenic climate modification there is always an axe hanging 
over our head in the form of random, very large-scale changes in the natural 

climate system: a possibility policy-makers should perhaps bear in mind when 
considering contingency plans and international treaties designed to cope with 
sudden famines on a greater scale than any experienced in written history. By 

disturbing the system, humans may simply be increasing the likelihood of sudden 
events which might have occurred anyway.

My thoughts, not just on this paper
1. Demonstrate frequency response by the 
insolation cycle at a given latitude with the 

result of the temperature at that latitude - in the 
frequency spectrum

2. Play around with non-linear equations to see 
effect on freq response

3. Find Munk & Cartwright 1966 paper on tides

4. Model elliptical orbits - total energy by day & 
by year over year as a function of e

- total energy absorbed by day and year as a 
function of latitude of ice extent as obliquity 

changes


