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+ Preface

This thesis, entitled RELAXATION MODELS APPLIED TO PALEOCLIMATE
DYNAMICS: SOUTHERN OCEAN MECHANISMS CONTROLLING GLACTAL
- INTERGLACIAL CYCLES, has been funded by the Spanish National Research
Council (Consejo Superior de Investigaciones Cientificas, CSIC) under the program
JAE-Predoc of the «Junta para la Ampliacion de Estudios», co-financed by the
European Social Fund (FSE).

This work has been performed at the Physical and Technological Oceanography
Department of the Institut de Ciéncies del Mar (ICM-CSIC) at Barcelona, under
the guidance of Dr. Antonio Garcia-Olivares, scientist at CSIC. It has been devel-
oped in the framework of projects MOC2 (Ocean Climate Memory: mechanisms and
paths of surface water formation in the equatorial Atlantic, reference CTM2008-
06438, carried out between January 2009 and December 2011), and TIC-MOC
(Tipping Corners of the Meridional Overturning Circulation, reference CTM2011-
28867, carried out between January 2012 and December 2015). Both projects have
been funded by the Ministry of Economy and Competitiveness, Secretary of State
of Research, Development and Innovation of the Spanish Government (Ministerio
de Economia y Competitividad, Secretarfa de Estado de Investigacion, Desarrollo e

Innovacion del Gobierno de Espaia).

This dissertation is structured into a brief introduction, followed by four chapters
based on scientific publications, and concludes with a final chapter, stating the
main results. Three appendices have been added at the end for clarification of the
contents. A total of five scientific papers have been written during the development
of this thesis, three of them have been published already and the last two are al-
most ready to be submitted for publication; a total of eleven conferences have been
attended, in which we have participated with six posters and five talks, one of the
talks was awarded with L’Ocea, a prize to young researchers in Physical Oceanog-
raphy. Along this research period, a collaborative research stay was done at Univer-
sity of California Santa Barbara, under the guidance of Dr. Lorraine Lisiecki; the
derived work is shown at Chapter 4 and it is part of the scientific papers submitted

for publication.
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des. Un descens pot durar poc, al voltant de 3 minuts, perd per poder fer-ho bé has
d’haver invertit molt de temps, molt d’esfor¢ i molt de sofriment previ. Diu algi a
qui conec bé que la victoria té gust de sang i pols, potser una tesi és quelcom similar.
Costa molt de temps i molt d’esfor¢ arribar fins aqui i de vegades, no veus la llum
al final del tunel. Pero aqui, com a l’esport, has d’entendre molt bé el sacrifici per
poder creuar la meta aixecant els bragos. I no pots fer-ho sol. No. Necessites molta
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What is a scientist after all? It is a curious man looking through a keyhole, the keyhole

of nature, trying to know what’s going on.

— Jacques-Yves Cousteau

Let me start with a fundamental question: why should we study climate? Climate
affects our daily life in many ways: on the food we eat, on the houses we live in, on
our work, on how we travel... Even affects our culture, our spare time or our health.
But all of those are only locally important. What we need to see here is the big
picture: climate affects the way all living species have adapted to the biosphere, it is
key for our survival, but we are drastically influencing it and we cannot predict the
consequences of our actions. It is, then, fundamental to broaden our knowledge on
the climate system of Earth, the only home we have ever known, to study the past
climatic variability on various time scales to obtain clues that will help society face
future climate change. As Carl Sagan foreseen on Cosmos, one of his most known
books (Sagan [1980]):

Our intelligence and our technology have given us the power to
affect the climate. How will we use this power? Are we willing to
tolerate ignorance and complacency in matters that affect the en-
tire human family? Do we value short-term advantages above the
welfare of the Earth? Or will we think on longer time scales, with
concern for our children and our grandchildren, to understand and
protect the complex life-support systems of our planet? The Farth

is a tiny and fragile world. It needs to be cherished.



RELAXATION MODELS APPLIED TO PALEOCLIMATE DYNAMICS:
SOUTHERN OCEAN MECHANISMS CONTROLLING GLACIAL-INTERGLACIAL CYCLES

Paleoclimatology is the science that studies those changes in climate on a really
long time scale; as long as the entire history of Earth, 4.54 billion years. It uses
data previously preserved on a wide representation of environments (i.e. rocks,
sediments, ice sheets, corals...) to reconstruct the past state of the Earth climate
and its corresponding variability. To find detailed data as old as Earth is almost
an impossible task, but we can certainly use a variety of proxy methods to obtain
reliable time-series with a time scale of millions of years. In this work, we have used
proxy records with a maximum time domain of 5 million years, and our results are
reduced to what we may consider the most recent time, only 800,000 years, or in

paleoclimate units, 800 kyr.

To understand climate in detail, we should look into all relevant processes of the
system, although this might be slightly terrifying, as the number of these processes
which must be understood is astonishing. To make it more interesting, the amount
of true knowledge that we have is limited and partial. Should we cry on despair?
Certainly not. Luckily, paleoclimate, as all sciences, is based on the scientific meth-
od, which help us on developing an understanding of reality using terms as mech-
anism, model and theory. We may describe a theory as a detailed mathematical
explanation of phenomena that has sufficient relevance to make predictions from
fundamental principles, or in other words, as stated by Truesdell and Toupin [1960],
a theory is no more than a mathematical model for nature. Truth is, there is no clear
path to obtain a reasonable theory of climate in the near future. Rather, we all hope
to develop models of climate, in which general conservation principles and assump-
tions on local mechanisms of feedback allow us to derive mathematical algorithms
and predictions that need to be compared with experimental observations. As long
as the predictions and the experiments match, we may consider the model valid to

describe a reality, a complex object called climate system.

Historically, many inroads have been made to model the structure of long-term
climate variability. In the 19th century, Louis Agassiz (Agassiz [1838]) proposed for
the first time that climate on Earth could have been much colder in older periods of
time, at least in the Northern Hemisphere (NH), but under a catastrophist perspec-
tive. Later on, Joseph Adhémar (Adhémar [1842]) formulated the first astronomical
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theory of glacial ages, suggesting that astronomical parameters should modify
climate, and explained the position of ice sheets according to the precession of equi-
noxes, and the subsequent change of location of the perihelion (nearest point to
the Sun on Earth orbit) in relation to seasons. Nevertheless, Adhémar formulation
was largely criticized, mostly with unfounded arguments, although it had indeed
problems. James Croll (Croll [1867]) worked on a more elaborated version of this
theory, considering the role of eccentricity as a modulation of the precessional forc-
ing, and following Adhémar ideas, insisted on the role of snow accumulation during
winters as lead of glaciations. It was on the 20th century when Milutin Milankovitch
(Milankovitch [1941]) formulated a theory that is still valid nowadays. Croll’s main
problem was to consider winter as the critical season for the ice sheet evolution,
while Milankovitch demonstrated that summer melting is far more important for
the ice mass balance, considering summer insolation a key parameter on his theory.
Furthermore, Milankovitch considered a third astronomical parameter, the obliquity
of the Earth axis (axial tilt), setting the basis of the present astronomical theory of

climate.

On the other hand, other hypothesis were developed following a completely different
point of view, the geochemical theory. Svante Arrhenius (Arrhenius [1896]), inspired
by the previous work of Joseph Fourier or John Tyndall, stated the role of CO2 on
climate. He correctly computed how a variation of atmospheric CO2 levels affects the
surface temperature through the greenhouse effect, considering the atmosphere as
a carbon reservoir able to control ice ages. Under this perspective, CO2 and global
climate are driving the ice sheet changes, while Milankovitch point of view states
that ice sheets controlled by summer northern insolation are the ones driving global
climatic changes. Both theories have limitations and problems, and as the reader

may suspect, both are essentially valid and not exclusive.

Hays et al. [1976] demonstrated that variations of glacial-interglacials states during
the Quaternary may be ultimately caused by changes in parameters of the Earth’s
orbit (Milankovitch theory), as the astronomical periodicities are found in paleo-
climatic records. They also showed that at the obliquity (41 kyr) and precessional

bands (23 and 19 kyr) exist a direct climatic response to high latitude summer
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insolation forcing, and Imbrie et al. [1992] showed that this link between climate
and insolation can be interpreted as quasi-linear. But what is certain for 41- and
23-kyr cycles is no longer valid for the major glacial-interglacial cycles with a 100
kyr frequency. These energetic 100-kyr cycles are strongly asymmetric with a slow
glaciation state and a fast and abrupt change into interglacial state lasting about 10
kyr called termination. This asymmetry, also known as saw-tooth structure, is really
difficult to understand under the astronomical theory; besides, there is no clear link
between these main cycles and the eccentricity forcing (100 and 400 kyr frequency)
as it is the weakest cycle of the astronomical insolation at a given latitude (measured
at the solstice or as a year mean), but it is the most energetic cycle in the observa-

tional time series.

This 100-kyr cyle is identified with the Quaternary glacial cycles and, if the as-
tronomical forcing is in fact the driver of the variability, the climatic mechanisms
involved are still mostly unknown. Specifically, recent analysis show that glacial-
interglacial cycles imply significant changes in the atmospheric CO2 concentration
(180 parts per million (ppm) in glacial period and 280 ppm during interglacial ones),
demonstrating that in fact, both historical theories (astronomical and geochemical)
are actually valid, interacting in ways that are not yet entirely clear. A combination
of ice sheet evolution, driven by astronomical parameters, linked with internal cli-
matic mechanisms producing biogeochemical changes is the most suitable theory
nowadays. Some of the most representative models and the different mechanisms
and processes affecting climate have been sumarized on Imbrie et al. [1992, 1993] and
more recently on Paillard [2015].

The role and mechanisms which involved that increase of atmospheric CO2 during
glacial-interglacial cyles are one of the key points to resolve, and some exchange
mechanisms involving the biological or the physical carbon pumps have been pro-
posed to explain it, like the export production on the deep Southern Ocean (SO)
or the deep-water ventilation (Skinner [2009]). Each of the conceptual approaches
has problems explaining the variation in glacial-interglacial CO2 by itself, which
probably suggest that none has operated in complete isolation (Archer et al. [2000];
Sigman and Boyle [2000]). What seems to be fundamental to explain CO2 changes
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during glacial-interglacial states is the balance between biological sink of exported

carbon from the surface-ocean and the returned carbon from deep circulation via

physical mechanisms.

The efficiency of deep-water ventilation in glacial and interglacial times could be

modified by three major mechanisms:

(a)

Changes in the surface-to-deep mixing rate efficiency (7Togg-
weiler [1999]; Gildor and Tziperman [2001]) and deep ocean
stratification (Paillard and Parrenin [2004]; Watson and Ga-
rabato [2006]), forcing a change in the diapycnal flow of deep
COg-rich water into surface waters. A stratification-dependent
vertical diffusion coefficient appears capable to change also the
SO overturning rate with additional consequences on the CO2

oceanic release (Bouttes et al. [2012]).

Switching on/off of the Antarctic upwelling at Drake Passage
latitudes in warm/cold conditions (Toggweiler et al. [2006]).
Any process producing a stronger wind stress curl at Drake
Passage latitudes would cause a stronger upwelling of deep
CO2-rich water at the SO divergence.

Extended sea ice in the SO produces a capping effect on the
CO2 release to the atmosphere during winters (Keeling and
Stephens [2001]) and a retardation of the overturning rate in
the SO due to sea ice control on the residual circulation ( Wat-
son and Garabato [2006]; Fischer et al. [2010]). This mecha-
nism can be reinforced by the control of sea ice extent on the
depth of waters upwelled isopycnically at the Antarctic diver-
gence (Ferrari et al. [2014]).

In all three mechanisms, an increased CO2 release is expected during the change

between glacial-interglacial periods, and it is expected to take place mainly in the

Southern Hemisphere (SH). Interestingly, recent proxies obtained for the tempera-
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ture at Antarctica show a strong correlation between temperature and CO2 concen-
trations (Siegenthaler et al. [2005]; Fischer et al. [2010]). On the other hand, recent
interpretations (Paillard [2010]) of empirical data (Bard et al. [1996]; Monnin et al.
[2001]) suggest that the atmospheric CO2 concentration increased for several millen-
nia before the melting of the northern hemisphere ice sheets. Both pieces of evidence
support the hypothesis that some of the mechanisms mentioned above, taking place
essentially in the SO, could be behind the increase of COg2 needed to produce gla-

cial-interglacial change.

We may then model the 100-kyr glacial-interglacial cycles as a relaxation oscillation
between two different climatic modes, a slow glacial state and a fast deglaciation
state, both forced by the insolation and both should include mechanisms that could
explain the changes in the atmospheric CO2. Some simple box models have been
proposed as Pelegri [2008] and Pelegri et al. [2013| which take into account changes
in overturning rate and biological exportation of COg2, reproducing approximately
sawtooth-like oscillation of last four glacial cycles but in which physical triggers of
glacial-interglacial states remain unexplained. More complex models as Ganopols-
ki et al. [2010] have shown that Earth system models of intermediate complexity
(EMICs) as CLIMBER-2 are able to reproduce the major aspects of glacial cycles
under orbital and greenhouse forcing rather realistically. However, the CO2 forcing

has to be introduced independently of the orbital forcing.

Paillard and Parrenin [2004] also proposed a simple relaxation model but taking
into account the mechanism of dense water formation in the SO. In this model, the
Antarctic ice sheet extent is proposed as a new variable able to link climatic and
CO2 glacial-interglacial changes. The key of their results is the identification of a
strong non-linearity in the oceanic source of CO2 which is controlled by the vertical
density structure of the deep ocean. In spite of its simplicity, this model is the first
one to accurately reproduce pace and termination times of all glacial-interglacial
cycles during Quaternary, as well as the whole set of maxima and minima of the
8180 (Lisiecki and Raymo [2005]) oscillations observed in the past 5 million years.
This may be a sign of the crucial role played by the stratification and southern CO2

pulse in the onset of glacial-interglacial change.
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Nowadays, those mechanisms controlling the variability of the late Pleistocene gla-
cial cycles remain as an outstanding question in the climate sciences. This thesis
seeks to broaden the field of relaxation models as a useful tool to examine the in-
ternal physical mechanisms of the climate, identifying the main feedbacks and vari-
ables involved, such as SO stratification, sea ice extent and carbon oceanic storage;
and, also to answer more direct dynamic questions, as to predict the behavior of
the future glacial cycle or to explore the dynamics of a particular interglacial. The
models obtained predict the ice volume time series of the last 8 glacial cycles with
a notable accuracy despite their simplicity: up to 89-90% of correlation with proxy
data, which is to our knowledge the highest in the climate literature. The compar-
ison of the models developed in this work with the observational time series have
made possible also to suggest a synthetic perspective of the main mechanisms that
are probably producing the glacial-interglacial oscillations, and specially the termi-
nation events. This synthesis open the way to further analysis with more detailed

models such as those of intermediate complexity (EMICs).

A roadmap of the structure of this thesis may be useful to the reader. In Chapter
1 we present a wide representation of relaxation models, with the aim of analyze
how several variations of Paillard and Parrenin [2004] (PP04) model affect the
data fit. The good fit obtained with some PP04-derived models suggests that the
mechanisms that these models incorporate may be important factors controlling
glacial-interglacial oscillations. In Chapter 2 we focus on identify those mechanisms
and dynamics that lead to good data fit and to explore the most plausible physical
interpretations of the mathematical expressions. These results have been compared
with the state-of-the-art dynamics that supposedly cause glacial-interglacial oscilla-
tions, to explore the consistency of our physical interpretation with the observation-
al results. Those relaxation models have been applied to two different scenarios as
a useful tool to understand the system: in Chapter 3 have been used to predict the
Earth’s glacial-interglacial response during the forthcoming 300 kyr, and in Chapter
4 the models have been re-calibrated using a new sea level data stack and are used
to understand the dynamics of a very particular interglacial event, the MIS-13.

Finally, in Chapter 5 we present the conclusions of the thesis_.l
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RELAXATION MODELS APPLIED TO LATE
PLEISTOCENE CLIMATIC OSCILLATIONS

L

We embarked on our journey to the stars with a question first framed
in the childhood of our species and in each generation asked anew with
undiminished wonder: What are the stars? Exploration is in our nature.
We began as wanderers, and we are wanderers still. We have lingered
long enough on the shores of the cosmic ocean. We are ready at last to

set sail for the stars.

- Carl Sagan, COSMOS

1.1 INTRODUCTION

Some simple relaxation models have been proposed to explain the glacial-intergla-
cial cycles. Particulary, Paillard and Parrenin [2004] proposed a model (hereafter
PP04) that incorporates very simple parameterizations attempting to represent
dense water formation in the SO. Though the model is simple, the results are en-
couraging because they correctly reproduce the pace and termination times of all

the glacial cycles observed.

Here, the PP04 model has been generalized and calibrated to the §'*0 and COz2
time series available for the last 800 kyr Before Present (BP) (Petit et al. [1999];
Monnin et al. [2001]; Pepin et al. [2001]; Lisiecki and Raymo [2005]; Siegenthaler
et al. [2005]; Luthi et al. [2008]). The objectives of this chapter are:
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(i)  to obtain the set of parameters that best fit the late Pleisto-

cene time series in PP04’s original model;

(ii) to investigate several generalizations of Paillard’s model by
introducing some simple sub-models for the export produc-

tion, the strength of deep stratification and other mechanisms; and

(iii) to analyze how the different sub-models affect the data fit.

The next section describes the structure of the initial PP04 model and its best cali-
brations to the §'®*0 and CO2 data for the last 800 kyr BP. A biological carbon export
rate is next introduced instead of the original mechanism, and the modified model is
calibrated and analyzed. An alternative model with two different response times for
the COz2 emission and absorption is also considered. The model is then modified by
two different response times for accumulation and ablation of ice, and by adding an
exponential oceanic pulse. Next, we compare the patterns found when using different
model calibrations, and analyze different mechanisms controlling the oceanic pulse

that triggers the deglaciations. Finally, the results and conclusions are summarized.

1.2. PP04 DERIVED MODELS

The set of equations of the original PP04 model are the following:

dav_(V, - V) 11
dt Ty ’ -
dAi(Vf A) 12
dt 70 -
dCi(Cr* C) 13
a adl
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Vip = —aC— ylgs + 2 4]
Cr— algs — V + yP (=F) + 6, 21
F=aV - bA —clgy + d, 1ﬂ

where V and A are dimensionless indexes for non-Antarctic ice volume and extent
of Antarctic ice sheet respectively, C'is a dimensionless index for atmospheric COz2,
Ig5 is the daily insolation at 65° N on 21 June, P(F)is the deep ocean contribution
to the reference CO2, which in the original model is P(F) = H(F), where H is
the Heaviside function (H = 1 if F < 0; H = 0 otherwise), and F is the salty
bottom water formation efficiency parameter. F increases with ice volume V and
decreases when continental shelf areas are reduced (through A) and when Ig

(daily insolation at 60 S on 21 February) increases.

The main variables V, A, and C tend to decay exponentially to a reference state
Vr, V, and Cr in characteristic times 7y, 74 and 7, respectively. Reference vol-
ume ( Vy) decreases when C increases, and when g5 is high. The CO2 of reference
(Cy) increases when Igs is high through parameter o and when the oceanic pulse
of COz2 is on (through parameter p), and decreases when the ice volume increases.

The g parameter represents the feedback between ice volume V and CO2.

Daily insolations of the last 800 kyr BP are obtained from the Berger [1978a]
and Berger and Loutre [1991] software (Appendix A). We have used negative and
positive values when respectively referring to times before present (BP) and after
present (AP), where year zero is taken as 1950 AD. Insolations have been nor-
malized with their standard deviations to obtain g5 and Igg. No lower bound is
imposed on the V, C'and A variables, which may take positive or negative values
because they represent relative and not absolute variations. Note that all results

of the model have been normalized by their standard deviation before plotting.
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In Paillard and Parrenin [2004] no precise tuning of the parameters was performed
but a table with central value and range for the parameters was presented. In orig-
inal PP04, p parameter had a value of 0.5 due to a mistake. Noticed by Michael
Crucifix and Didier Paillard in a later revision, the correct value is 0.7 (Table 1.1).

Three different integration methods were used for the differential equations (Math-
ematica internal algorithms, Matlab internal algorithms' and Predictor-Corrector
explicit method with time step of 50 years) and the results were coincident. Given
the strong nonlinearity in the variable C' dynamics, at least 16000 steps are needed

in the latter algorithm to grant that results are independent of the number of steps.

A systematic search of the set of parameters that lead to maximum correlation was
implemented around this central case. Correlations of the V and C time series with
the (respectively) 8'*0 and CO2 experimental series available for the last 800 kyr
BP were calculated to quantify the maximum observational explained variance, giv-
ing us a first approximation of the similarity between simulated and observational

time series. The expression for the statistical correlation is

(51— E[s1])-(s2 — E[s2]) 1.7
(N = 1)o[s1] o[so] -

cor[sy, $o| =

where cor|sq, s9] is the correlation between the time series s; and sy, E|z| is the ex-
pected value (mean) of z, the dot symbol denotes scalar product, o[ z| is the stan-

dard deviation of x, and N is the number of components of arrays s; and $s.

The correlations obtained are shown in Table 1.1. As can be observed in column 2
of the table, the correlations of the central case of PP04 can be improved from 0.59
and 0.63 to 0.67 and 0.71 for CO2 and ice volume, respectively, when the o param-

eter takes the zero value (model PB). This parameter represents a direct forcing

"Mathematica is a trademark of Wolfram Research and Matlab is a trademark of The MathWorks.
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of Ig5 on atmospheric CO2 and its physical interpretation is not clear, given that
the CO2 response to ice volume is already included in the model. Thus, we have
eliminated this parameter from the model hereafter. The second and third panels of
Figures 1.1. and 1.2. show the ice volume and CO2 time series simulated with these
two parameter sets. The main difference between the two cases appears in the CO2
time series, where the oscillations of 41 and 21 kyr in the case with oo = 0 present a

lower amplitude than in the case with oo = 0.15.

1.2.1. Biological export production model

Martinez-Garcia et al. [2009] observed that the export productivity in the subant-
arctic Atlantic during glacial stages grew exponentially. This suggests that the ex-
port production in the SO could be driven by changes in the supply of iron by dust,
which is known to VI mechanism, is able to generate fits of similar correlation to
the ones obtained with the original model (PP04). With this purpose, the oceanic
pulse in expression Cr is replaced by an expression that represents the biological

rate of carbon exportation of the SO as

Cr=olgs — BV + B + 4, 11'

where

e(e-1), V>0
V<0

&
]
o
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PARAMETERS PP04 PB BIO 2T AT EP 3T LS
Ty 15000 15000 3667 12000 17006 4600 16585 11325
Ty, - - - - 3797 1100 3105.5 2325
(70} 5000 5000 100 800 6796 3040 13505 2793
T - - - 4500 17667 7600 - 8414
Ty 12000 10500 - 11333 8089 12000 9004 10266

T 1.3 1.32 0.85 1.29 0.767 1.525 0.905 0.669

Yy 0.5 0.45 1 0.5 0.442 0.2 0.489 0.527

z 0.8 0.8 0.92 0.85 1.033 0.96 0.946 0.761

o 0.15 - - - - - - 0.237

B 0.5 0.496 0.76 0.496 0.406 0.476 0.336 0.793

Y 0.7 0.506 0.49 0.513 1.642 0.46 2.044 1.955

1) 0.4 0.4 0.4 0.434 0.407 0.445 0.228 0.146

a 0.3 0.3 - 0.3 0.395 0.3 0.54 -

b 0.7 0.71 - 0.71 0.8 0.71 1.205 0.936

c 0.01 0.005 - 0.005 - - - 0.533

d 0.27 0.27 - 0.27 0.27 0.255 0.483 0.069

£ - - 0.8 - - - - -

k - - 0.47 - - - - -
Vi - - 0.5 - - - - -

A - - - - - 37 - -
Ry 0.63 0.71 0.58 0.82 0.89 0.85 0.88 0.87
Ro 0.59 0.67 0.45 0.75 0.79 0.77 0.79 0.76

Table Central values of the models studied. Columns 2 to 9 correspond to: (2) original Paillard

Al
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and Parrenin [2004] model with y = 0.7 (PP04); (3) best fit of previous model (PB); (4)
model with biological export production (BIO); (5) model with two relaxation times for
C (27); (6) model with two relaxation times for C and two relaxation times for V (47); (7)
model with oceanic pulse exponentially dependent on stratification (EP); (8) model with
one relaxation time for C and two relaxation times for V' (37) and (9) model with local
stratification parameters (LS). Ry and R represent the correlation between proxy and

modeled data for global ice volume, V, and atmospheric CO2 concentration, C, respectively.
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NUMBER
MODELS DESCRIPTION OF
PARAMETERS
PP04 Original Paillard and Parrenin [2004] model with y = 0.7 14
PB Best fit of Paillard and Parrenin [2004] model 13

BIO Biological rate of exportation included at the 1
CO2 reference state

Two different response times for the

accumulation and absorption of CO2
27 14
Tc = Ty for the periods where C' < Cy

and T¢ = T, when C > Cr

Two different response times for the accumulation and
absorption of CO2 and two different response times for

4z accumulation and ablation of ice: 14

Ty =Ty for periods when V' < Vrand Ty, = Ty, when V > Vp

EP Oceanic pulse exponentially dependent on stratification 14

3 Model with one relaxation time for C and 13
T
two relaxation times for V

LS Model with local stratification parameters 15

Table Description of the different models.
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Figure
1.1
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Best fits obtained for the ice volume time series. From top to bottom: (1) original Paillard
and Parrenin [2004] model with y = 0.7 (PP04); (2) best fit of previous model (PB); (3)
model with biological export production (BIO); (4) model with two relaxation times for C'
(27); (5) model with two relaxation times for C and two relaxation times for V (47); (6)
model with oceanic pulse exponentially dependent on stratification (EP); (7) model with
one relaxation time for C and two relaxation times for V (37 ) and (8) model with local
stratification parameters (LS). Proxy records of 8°0 time series (Lisiecki and Raymo [2005])
are superimposed in every panel. Blue bands represent interglacial periods considering ben-
thic 880 below 3.8 per mil.
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-800 -700 -600 -500 -400 -300 -200 -100 0
Time (kyr)

Best fits obtained for the CO2 time series. From top to bottom: (1) original Paillard and
Parrenin [2004] model with y = 0.7 (PP04); (2) best fit of previous model (PB); (3)
model with biological export production (BIO); (4) model with two relaxation times for
C (27); (5) model with two relaxation times for C'and two relaxation times for V (47);
(6) model with oceanic pulse exponentially dependent on stratification (EP); (7) model
with one relaxation time for C' and two relaxation times for V (37 ) and (8) model with
local stratification parameters (LS). Records of experimental CO2 time series (Petit et
al. [1999]; Monnin et al. [2001]; Pepin et al. [2001]; Siegenthaler et al. [2005]; Luthi et al.
[2008]) are superimposed in every panel. Blue bands represent interglacial periods consid-

ering experimental CO2 concentrations above 250 ppm.
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However, with this choice the V dynamics is unstable and V increases indefinitely
for most of the parameter & values. This derives from the positive feedback between
V and C exportation. To avoid this we assume that B(V) has a bell-shaped form
that decreases with V until a Vi, value and then increases for very high V values
(Figure 1.3). This is equivalent to assuming that an extremely large ice volume
would produce a negative effect on the biological activity, possibly because of very

low temperatures in the SO. The new expression is

(0.5 (V=-Vp) 2 V>0
B _ — (386 ( o ) ’ 1_2|
0, V<o
where
o=k {1 —tanh [2(V - Vi|}. |

In this expression we have assumed that o decays quickly with V after a certain

value V.

The best fit obtained with this model (labelled BIO) produces the time series shown
in the third panel of Figures 1.1 and 1.2. The correlations are 0.45 and 0.58 for C'
and V respectively, which are worse than the ones obtained for the other models an-
alyzed. The set of parameter values used is shown in Table 1.1, column 4. For these
values, the function B + J that represents the exportation-like contribution to the
reference carbon Cf, is roughly square-shaped (see Figure 1.3), with a maxima for V
values that correspond roughly to interglacials and the first third of glacial periods,
a quick decrease to a minimum value for V values corresponding to the remaining
glacial period, and an increase to the maximum value afterwards. The decrease is
instantaneous instead of exponential but no better fit was found for a gradual expo-

nential decrease of the function.

As can be seen in Figure 1.1, the ice volume is poorly simulated but, even so, many
of the ice ages can be identified. The model is able to reproduce qualitatively the

nine terminations. However, the terminations VI and V are poorly simulated be-
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cause the COg interglacial pulse is underestimated.

The correlation of C'with the inorganic carbon data is lower than the correlation
of V with the corresponding data, even though a visual inspection could suggest
that the C'fit is better than the V fit. This probably derives from our tendency to
give more importance to coincidence of peaks than to coincidence of other parts
of the curve. In this regard, the peaks in V are less apparent than those in C; and

are mixed with many secondary peaks.

1.2.2. Two response times for CO2

A more exhaustive method to obtain the set of parameters that lead to maximum
correlation was implemented by using the genetic algorithm included in the Mat-

lab software (see Appendix B for details).

Given that the deep stratification mechanism, as introduced by Paillard and
Parrenin [2004], generates a fit to the data that is better than the one given by
model BIO, we introduced changes in the PP04 model that could improve the
correlations obtained in columns 2 and 3 of Table 1.1. Observation of panels 1 and
2 of Figure 1.2 suggests that the correlation between the C time series and the
experimental data could increase if the C plot was closer to a triangular sawtooth
shape, in particular during glaciations. This shape could possibly be obtained if
the response time for the COg2 absorption was longer than the response time for
the CO2 emission; this may be justified since the climatic state when CO2 is being
absorbed is glacial state, which is very different from the interglacial state of the
periods when atmospheric CO2 is rising. Thus, we used a different relaxation time
(t¢y) for the periods where C' > Cr. The calibration of this model (labelled 27
hereafter) with this additional parameter (column 5 of Table 1.1) generates a best
fit with correlations of 0.82 and 0.75 for V and C respectively. As is observed in
Figure 1.1 (fourth panel), in this case the V minima obtained at the terminations
are deeper than in the previous case (BIO model, third panel) and this produces

a graph that is closer to the experimental time series.
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1.2.3. Two response times for ice volume

By introducing two different response times for accumulation and ablation of ice in
model 27 (zy for periods when V< Vr and ty, when V > Vr), a new model is
obtained and is labelled 47 hereafter.

Two different response times are used, then, for the accumulation and absorption

of CO2: 7, = 7y for the periods where C' < Cr and 7 = 7, when C > Cr | in
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addition to the already mentioned two different response times for accumulation
and ablation of ice: t, = 7y, for periods when V < Vi and 7y, = 7y, when V >
Vr. Physically, two characteristic times for melting () and accumulation of ice
(ty,) are justified because they are different processes; specifically, it is necessary
that 7y, > 7y,, because melting is faster than accumulation. However, two re-
sponse times for emission (z.,) and absorption (zy) of atmospheric COz2 is harder
to explain. Archer et al. [2009b| reviewed literature on the carbon cycle and dis-
cussed some models, getting to the conclusion that it will take a timescale of 2 to
20 centuries for the ocean to absorb the surplus atmospheric CO2, and even when
the equilibrium would be reached, a substantial fraction (20 - 40%) of this CO2
would remain in the atmosphere awaiting slower chemicals reactions. These results
are apparently coherent with the situation proposed here, where 7, > 7, but
further investigation is needed to have a precise understanding of the long-term
carbon cycle and to decide if the long-term emission of CO2 from soils and oceans

has a characteristic time equal or different to the long-term absorption of CO2.

The best fit of model 47 has correlations of 0.88 and 0.77 for V and C respectively
(column 6 of Table 1.1). Fifth panel of Figures 1.1 and 1.2 shows the simulated V
and C time series. The effect of the y parameter (sensitivity to the Is5 insolation)
on the ice volume time-series simulated can be observed. In this case, the y value
is 0.44, which is between the 0.2 value of model EP and the 0.5 value of model
2t. The C'series has a saw-shaped form and the 42 kyr oscillations are damped
due to the large value of 7, This contrasts with model 2z, where high frequency

oscillations in C' are more apparent.

The 21 and 42 kyr oscillations in the V time series are also slightly more damped
than in model 27 due to the influence of C' on V. TheV time series resembles a
sawtooth oscillation, as in the experimental data, even though the maximum at

-515 kyr is overestimated.

Table 1.1 shows the parameter values corresponding to these model. For this case
and the following two, best fits were obtained for values of parameter ¢ that were
so small that almost identical correlations could be obtained for a second param-

eter set with ¢ = 0 (no sensitivity to Igg forcing).
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1.2.4. Oceanic pulse exponentially
dependent on stratification

Models derived from PP04 generate oceanic CO2 pulses P(F) with a strong non-lin-
ear dependence on the stratification parameter F, through the Heaviside function:
P(F) = H(F). Thus, during the glacial periods the contribution of this term is zero.
An alternative way to generate sawtooth like oscillations in the glacial periods could
be to allow for some non-zero CO2 emission when F'is positive but small. With this
purpose, in this model we have modeled the oceanic pulse (third term in the C,

expression) in a different way,

e F>0

P(F) = ~
(F) 1, F<0

The time series corresponding to the best fit obtained for this model (which is label
EP) is shown in sixth panel of Figures 1.1 and 1.2, and the set of parameters used
are displayed in the seventh column of Table 1.1. This model also uses four different

characteristic times (t¢, oy, Ty, and Tys,).

The correlations for ¥V and C'in this case increase to 0.85 and 0.77, respectively. The
carbon time series is closer to a sawtooth oscillation than in the previous models.
The relatively high damping of the high frequency oscillations (21 and 42 kyr) in
the V series derives from the y parameter, or sensitivity to the g5 insolation, which
takes a small value of y = 0.2 . Model EP is the one in which the sawtooth-like os-
cillation is most clearly dominant over the 41 and 21 kyr cycles and, in this aspect,

is the one that best fits the experimental time series.

1.2.5. 3z model

The different scale for uptake and release in our models represents the different

sequence of events that take place during glacial and interglacial periods, which
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cannot be reproduced in detail by PP04-derived models because of their excessive
simplicity in the representation of carbon processes. The 47 model is, however, not
very sensitive to the use of a single 7 for CO2 uptake/release, since its best cali-
bration with only 13 parameters gives us correlations of 0.88 and 0.79 for V and C,

respectively. The resulting model will be called 37 hereafter.

As can be observed in the seventh panel of Figure 1.1 (37 model), many details of
the high-frequency oscillations of the experimental ice volume are suitably simulat-
ed. The minima at =700 and —575 kyr are similar to the experimental data and the
maximum at —220 kyr is closely simulated by this model. The shape of the cycles
I, III, IV and VII are also closely simulated. However, 37 is poor at accurately
simulating the minimum of V at —200 kyr (cycle II), the V minimum at —490 kyr

and the maximum ice volume at —750 kyr.

1.2.6. Local stratification model

In the previous models, an almost identical optimum can be found with a set of pa-
rameters that does not use the Igg forcing (i.e. ¢ = 0). This forcing was included in
PP04 model to take into account possible regional temperature variations which
could affect the freezing of surface waters on the Antarctic shelf. Similarly, F' de-
pendence on V was introduced to take into account the possible effect of global cli-
mate cooling and warming (through V) on regional climate (Paillard and Parrenin
[2004]). It led us to look for a variable that could represent better than V and Iy
the regional temperature. This variable was the COs, as represented in the model

by the variable C, and the new model was called “Local Stratification” (LS) model.

Atmospheric COy can be considered a proxy of Antarctic temperature as shown by
the Antarctic deuterium record (Petit et al. [1999]; Luthi et al. [2008|; Jouzel et al.
[2007]), so modeled variable C can be considered an approximate proxy of local tem-
perature in the SO. Consequently, the LS sub-model has been developed in which
Igo insolation has been replaced by variable C, so the expression for F'is F' = aV
— bA — ¢C + d. However, the best fits obtained for this model did not improve those
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obtained with @ = 0. For this reason, we used the final expression (Eq. 1.18) that
uses one parameter less. Stratification is thus considered dependent only on regional
variables (the extent of Antarctic ice sheet A and SO temperature, related to C). In
parallel with it, it was assumed that SO temperature, as represented by variable C,
led also the evolution of ice sheet A (Eq. 1.15). This change has no effect on the
correlation obtained for V' but it improves slightly the correlation obtained for

C. The final equations are:

dVﬁ(VT*V) 1.13

dt Ty ’ a1

dc (Cr— C) 13

a adl

daA _M 115

dt o Ty _I
Vi=—2C— ylgs + 2 1-2'
Cr=olgs — pV + yH (-F) + 6, 117
F=—bA—cC -+ d. 118]

1.3. MODELS PERFORMANCE

The analysis of Table 1.1 gives some hints on the conditions that lead to the best
data fits. As can be observed in Figure 1.1, all models have problems to accurately
simulate the minimum of V at —200 kyr (cycle II), the timing of the V minimum at
—490 kyr (Termination VI) and the maximum ice volume at —750 kyr (except, to

some extent, model BIO).
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It may be observed that all models have problems simulating the glacial cycle be-
tween —600 and 500 kyr, especially the timing of its termination. Inaccurate fitting
of the timing of terminations probably derives from limitations of both model
and 6'%0 records. A common way of estimating time in paleoclimate records is
to stretch, squeeze and shift a record’s chronology in order to align it with a tem-
plate indicative of changes in the Earth’s orbital and rotational configuration, a
process generally referred to as orbital tuning (Huybers [2011]). For this reason,
it is not clear that the time scale of the data is better or worse than the time scale
of the model (within, let’s say, a quarter period of the fastest forcing, the preces-
sion, i.e. £6 kyr). This is particularly true for the timing of terminations, which
apparently are not linearly correlated with the astronomical forcing intensity (see
e.g. Parrenin and Paillard [2003]). For this reason, a “better fit” of the timing of
terminations of the §'%0 data may not be an improvement, because the data are
not necessarily very accurate in their estimation of the precise dates when termi-
nations take place. Time series for the fit error were obtained by subtracting the
simulated and experimental time series resulting from dividing every time series

by its standard deviation.

The correlations obtained with the EP model do not improve upon the ones ob-
tained with the 4z model (Table 1.1) so, we can conclude that the results obtained
do not justify the introduction of an additional parameter. However, the extra
contribution to glacial CO9 produced in this model makes it possible to fit the
experimental CO» series with a lower value of the y parameter (sensitivity to s
forcing), which produces a V time series with the high-frequency oscillations more
damped. The “texture” of this series, as can be observed in Figures 1.1 and 1.2,

resembles that observed in the experimental data.

The performance of 47 and 37 models in the simulation of V is quite similar,
except for Termination V and the glacial cycle II, where 47 performs slightly
better. For these reasons, 47 correlation for V is slightly better than 37 (0.89 in-
stead of 0.88). The use of a different relaxation time for emission and absorption
of CO2 allows 47 to match COz2 in glacial cycle V better than 3z. However, the

extreme simplicity of the carbon model shows up in both models though the lack
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of high-frequency oscillations in the evolution of C. The LS model has a content of
high-frequency variance larger than that of 37 because it permits a direct forcing
of Ig5 to C but its correlation is not better because this variance is frequently out of

phase with the observational one.

1.4. DISCUSSION

Starting from the Paillard and Parrenin [2004] model, several box models incorpo-
rating simple parameterizations of the oceanic CO2 pumping and response times of
carbon and ice volume have been developed. The models’ parameters were calibrat-
ed to provide the best fit to the %0 and CO2 experimental time series available
for the last 800 kyr BP. The PP04 model is insensitive to the o parameter (direct
forcing between Ig5 insolation and CO2) and the Sun’s effect seems to emerge only
through the filter of global ice volume. The fit of this model to observational data
may be improved if different response times are assumed both for absorption/
emission of CO2 and for ablation/accumulation of ice. Correlations between simu-
lated and experimental time series increase from 0.59 and 0.63 to 0.79 and 0.89 for

COg2 and V, respectively.

Several modifications of the PP04 model that lead to the right timing of the last
nine terminations were tested. In particular, the qualitative behavior of the last
eight glacial-interglacial cycles may be roughly reproduced with an export produc-
tion model with export dependent on ice volume (BIO). However, in this model,
the best fit corresponded to a dependence between CO2 export and V that was not
exponential as proposed by Martinez-Garcia et al. [2009], but a square function. In
our formulation, biological export alone was not able to simulate the experimental
data as accurately as the other models, even though some kind of biological export
of COz2 is very probably acting in synergy with physical processes in the glacial-in-

terglacial dynamics.

One limitation of the methodology used in this study, common in paleoclimate mod-

els, is that there is no distinction between calibration data and validation data. For
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this reason, it may be useful to know whether parameter optimizations obtained
on half of the data interval lead to nearly the same best estimates. Our models
seem to fit better the sawtooth oscillations that climate has shown in the last —400
kyr than the more irregular oscillations occurring between —800 kyr and —400 kyr.
In order to include both kinds of dynamics, we used the interval <600 to —200 kyr
as calibration data in the LS model. This interval led to a best fit that is coincident
with the one shown in the last column of Table 1.1, and the correlations obtained
were 0.872 and 0.763, which are slightly better than those obtained for the complete
interval (0.866 and 0.757). We have rounded the latter results to two decimal digits
in the last column of Table 1.1. When a second and more exhaustive searching is im-
plemented around the values obtained by the genetic algorithm, it is possible to find
a different parameter combination with even better correlations (0.884 and 0.774).
However, the case is then so tightly fitted to the calibration interval that it fails to

reproduce the pace of the whole interval (and correlations drop to 0.43 and 0.22).

On the other hand, the experimental data used (8'*O: Lisiecki and Raymo [2005];
CO2: Monnin et al. [2001]; Petit et al. [1999]; Siegenthaler et al. [2005]; Luthi et al.
[2008]) contain much high-frequency variance, representing (among other things)
weather noise, measurement error, and annual-to-centennial climate variability.
PP04-derived models do not contain mechanisms able to produce significant variance
in these time scales. For this reason, in one of our runs we smoothed the proxy data
with a moving average of 2 kyr, and then calibrated the LS model with these time
series and the complete interval (—800 kyr, 0 kyr). The correlations obtained were
0.869 and 0.761, respectively, whereas the result with unfiltered data was 0.866 and
0.756, respectively. In conclusion, the smoothing of the experimental time series

provides an improvement of less than 1% in the fits of the two variables.

Four models (47, EP, 37 and LS) show a good performance in the simulation of the
ice volume observed in the last eight glacial-interglacial cycles and even in many
details of that signal belonging to the scale from 23 to 41 kyr. The good fits obtained
suggest that density of deep water and its rate of formation may be important fac-
tors controlling the oceanic pulse that triggers the deglaciations. Schmittner [2007]
has confirmed, with a global climate model, the sensitivity of atmospheric CO2 to
processes that affect stratification in SO waters. In our analysis, oceanic pulses that
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strongly depend, in a non-linear way, on the deep ocean stratification are necessary
to trigger deglaciations. The pulses obtained in the best models are always very
close to the Heaviside function proposed by the original work of PP04. Oceanic CO2
pulses with a duration of between 10 and 20 kyr were found at the beginning of the
nine last deglaciations according to the best models analyzed. In addition, different
response times for emission and absorption of CO2 and for accumulation and abla-
tion of ice are necessary to obtain the best fit to the available data. Accumulation
and ablation of ice are different physical mechanisms that could have different char-
acteristic times. However, the two response times for emission and absorption of
COz2 are more difficult to explain, as we have said before. To decide whether these
two response times correspond to real physical mechanisms, a deeper understanding

of the long-term transfer rates in the carbon cycle should be achieved.

Bjorkstrom [1979] identified the two slowest response times for the emission of CO2
to the atmosphere to be related to the remineralization of organic carbon of dead
material in soils, and the long travel time of the COg2 from the deep ocean com-
partments to the surface. These authors used 1000 year as an order of magnitude
for both parameters. Brovkin et al. [2002] used the range 400 - 1000 years to model
the slow soil response with the CLIMBER-2 paleoclimatic model. The characteris-
tic time of CO2 absorption in the long-term scales is related to the CO2 advection
from the surface into the deep ocean according to Bjorkstrom [1979] and it should

be, again, of the order of 1000 yr.

Our result 75, > 7 could be meaningful if the characteristic time of deep water
circulation was longer than the long-term emission time of soils. Montenegro et al.
[2007] found that 25% of an instantaneous CO2 release to the atmosphere remains
there after 5000 years. Archer et al. [2009b] reviewed the literature on the carbon
cycle, which agrees that 20% to 35% of an instantaneous CO2 release remains in the
atmosphere in 200 to 2000 years, after equilibration with oceans. Due to oceanic acid-
ification, subsequent dissolution of CaCQO3 increases the uptake capacity of oceans
in the scale of 3 to 7 kyr. These results are apparently coherent with the order of
magnitude of the z, parameter that we have found. However, more investigation is

needed to have a precise understanding of the long-term carbon cycle.
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A different problem is deciding what confidence we can give to those models with
higher correlations, given that the record used for the past ice volume probably
suffers different biases. Indeed, the record is a stack of §'%0 data from benthic fo-
raminifera, and the ratio O18/016 is known to depend on both the isotopic composi-
tion and the temperature of the water where the foraminifera develops. Siddall et al.
[2010] found that ice volume becomes increasingly sensitive to temperature change
at low temperatures. Waelbroeck et al. [2002] found that the relationship between
880 and ice volume is not linear, since §'%0 decreased faster than the increase
in ice volume at the beginning of the last glaciations, and then progressively more
slowly until the ice sheets reached their maximum size. This may produce uncer-
tainties greater than 20% for the ice volume estimations in some periods. Therefore,
the models with the largest correlations between predicted ice volume and §'%0 are
not necessarily better than other models with slightly lower correlation because of
the uncertainty in the observational data. This is a complex and important question
requiring an additional mathematical analysis that we leave for a future work. For-

tunately, there is no such problem for CO2, which is directly measured in ice cores.

It may be argued that it is not surprising to get good fits (Table 1.1) using models
with many parameters. This is particularly true when experimental data are fitted
to generic mathematical functions that are dependent on an arbitrary number of
parameters. However, it is not so easy to get the same good fit with mathematical
expressions that imitate geophysical mechanisms such as feedbacks and pumping
rates. An additional outcome from relaxation models of this kind is that they point
to specific physical mechanisms that are potentially drivers of the observed changes.
Thus, when good fits are obtained with such models, the specific physical mechanisms
modeled should be investigated in more detail to confirm them (and not an alterna-

tive mechanism producing a similar behavior) as inducers of the observed dynamics.

To sum up, we have obtained eight different fits with ice volume correlations be-
tween 0.58 and 0.89 which show a good quantitative and qualitative agreement with
the empirical time series, especially 47, EP, 37 and LS; although the warm event of
-500 kyr is not properly reproduced by any model. The 47 model improves the PP04

correlations (0.59 and 0.63) to 0.79 and 0.89 using the same number of parameters
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(namely, 14). The EP model uses 15 parameters but the additional parameter,
which was aimed at improving the form of the oceanic pulse function, did not im-
prove the correlations and can be considered useless. The 37 model obtains almost
the same correlations as 47 using only 13 parameters. The LS model (15 parame-
ters) does not improve the correlations of 47 (which are slightly higher) but incor-
porates a functional form for stratification F' that seems more consistent with both
the mechanisms suggested by Paillard and Parrenin [2004]. If our aim were to se-
lect the model with the best explained variance per parameter, the choice would be
3t . However, a second objective of this work is to determine whether models with
an explained variance similar to the one obtained by 37 contain parameterizations
that can be related as realistically as possible to observed mechanisms. LS can offer
a valuable insight into the real meaning of the good performance of PP04-derived
models. In the next chapter, the dynamics and mechanisms incorporated in 37 and
LS models will be analyzed and compared._l
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ON THE PHYSICAL MECHANISMS BEHIND
GLACIAL-INTERGLACIAL DYNAMICS

L

I don’t know anything, but I do know that everything is interesting
if you go into it deeply enough.

- Richard P. Feynman,
The Pleasure of Finding Things Out

2.1. INTRODUCTION

In Chapter 1, PP04-derived models were calibrated to obtain a better fit with
experimental time series of §'*0 and CO2 available for the last 800 kyr BP. It is
observed that the performance of PP04 can be improved if its CO2 sensitivity to
insolation is eliminated and if different response times are considered for absorption
and emission of CO2, as well as for ablation and accumulation of ice. Correlations
between simulated and experimental time series increase from 0.59 to 0.79 for COa,
and from 0.63 to 0.89 for ice volume V (47 model), respectively. According to the
models, abrupt COz2 releases, lasting 10 to 20 kyr, take place at the beginning of the

last nine deglaciations.

The good fit obtained with the PP04-derived models, specially with 3z and LS, sug-
gests that the mechanisms that these models incorporate may be important factors

controlling glacial-interglacial oscillations. The objectives of this chapter are:
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(i)  to identify the mechanisms and dynamics that have been in-
corporated in the PP04-derived models, specifically in 3t and
LS, which lead to good data fit;

(ii) to explore the most plausible physical interpretations of the

mathematical expressions incorporated in these models; and

(i) to study the extent to which the mechanisms and dynamics
previously identified are consistent with state-of-the-art obser-
vational results on the dynamics that supposedly cause gla-

cial-interglacial oscillations.

The good data match obtained with this set of models and the analysis of (i) and (ii)
reinforce the hypothesis that some specific mechanisms are the main drivers of gla-
cial - interglacial oscillations, pointing at specific mechanisms that deserve further
analysis. We begin summing up the structure of the models and continue analyzing
their non-linear dynamics using wavelet transform, cross-wavelet transform, wavelet
coherence, Fourier analysis, attractors and cross-recurrence plots. Later on, the
observational dynamics is evaluated and, finally, we outline the main mechanisms

behind the glacial-interglacial oscillations.

2.2. RELAXATION MODELS

As a reminder, the equations of the models that we are going to take in considera-
tion in this chapter are:
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3t ! LS

av_(Ve-V) ot dv_ (Ve V) 21

dt TV ! dt TV
aa (V-4 i (- C-4) 22

dt T7 voodt A
d_C:—(CT*O), d_C:—(Orfc), 23]

dt 28, Lt o
Vir=—2C— ylgs + 2 i Ve =—aC — ylg5 + 2, Zil
Cr=—pV+ ypH(-F)+ 68 ' Cr=oalg— pV+ yH(-F) + 4, 25]
F—aV-bA+d | F=cC bA+d )

In these equations the principal dependent variables V, A and C, tend exponentially
to reference states Vr, Ar and Cr with characteristic times 7y, 74 and 7, respective-
ly; these characteristic times and the rest of parameters are specified in Table 1.1.

Time series of both models, as well as the proxy data, are shown in Figure 2.1.

There are several differences between models 37 and LS. One difference is the value
used for the reference Antarctic ice sheet (Ar), either —C (representing the inverse
effect of Antarctic temperature in Antarctic ice sheet extent) for model LS or V for
model 3z. Another minor difference is the inclusion of Ig; in model LS when spec-
ifying the reference atmospheric CO2 concentration value, Cr. However, the main

difference between both models, is their parameterization of stratification, with F
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= F(V, A) in model 3t and F = F(C, A) in model LS. Both V and C are good
proxies for the SO regional temperature and, therefore, either F' = F(V, A) or F =
F(C, A) are plausibly ways to model the local formation of brines. The fact that
the dependence F' = F(V, A) performs better than F = F'(C, A) may be due to
the non-negligible role that V has on stratification through NH - SH teleconnection
(Garcia-Olivares and Herrero [2013]) or to a possible larger effect of sea level than

Antarctic temperature on brine formation.
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Figure Top panel: normalized ice volume as predicted with the 37 (blue line) and LS (red line)

2i| models and proxy 6°0 records from Lisiecki and Raymo [2005] (grey line). Bottom
panel: normalized CO2 as predicted with the 37 (blue line) and LS (red line) models
and proxy data (Petit et al. [1999]; Indermuhle et al. [2000]; Monnin et al. [2001]; Sie-
genthaler et al. [2005]; Luthi et al. [2008]) (grey line).
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2.3. NON-LINEAR ANALYSIS

2.3.1. Fourier transform

Spectral power of observational and simulated time series are obtained with Fast
Fourier Transform (Figure 2.2). As can be observed, frequency content is similar in
observational and simulated time series for both the V and C variables. However,
880 has 10% more power content in the band of 100-kyr and 15% more power
content in the 41-kyr band than the V predicted by our models. Power in 23-kyr
band is small in observational and simulated time-series. Regarding 3t results, the C'
observational and simulated spectra are more similar than those for V, in spite of the
worse correlations obtained for C. However, LS tends to under predict the 100-kyr

power content and to over predict the power in 41 and 23-kyr bands.

2.3.2 Wavelet transform

Wavelet transform, cross-wavelet transform and wavelet coherence are tools that
may also be useful for comparing observational and simulated time series, comple-
menting the information obtained from correlation coefficients. Figures 2.3, 2.4 and
2.5 show the wavelet transform of the observational and simulated data. Units in
the color bar are wavelet transform power, i.e. | Wi]Q, where Wi is the wavelet trans-
form or convolution between the Morlet wavelet function and the time series, and i
designates the position of datum number i. The Morlet wavelet is a common choice
when using wavelets for feature extraction purposes, because it is reasonably local-
ized in both time and frequency (Grinsted et al. [2004]). The thick black line above
and below designates the 95% significance level against red noise and the thin black
line designates the cone of influence where edge effects might distort the field. The
Matlab crosswavelet and wavelet coherence software by Grinsted et al. [2004]' was

used for calculations.

'Software available at: http://www.pol.ac.uk/home/research/waveletcoherence
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As shown in Figure 2.3 top and Figure 2.4, the 100-kyr band is the dominant period
in both the '%0 and V time series of the 37 and LS models, followed by the 41-kyr
band, and power in both frequencies is similarly distributed in observational and
simulated series. The 880 time series contains periodicities in the range 1-10 kyr;
in contrast, our models do not generate any significant periodicity under 10 kyr. The
23-kyr period is weakly present in both experimental and 37 time series. The LS
and 37 models show the same patterns in their wavelet diagrams, which are almost

indistinguishable from each other.

For CO2 (Figure 2.3 bottom and Figure 2.5), the power distribution in the simulated
and observational time series are similar for the 100-kyr band. Power in the 41-kyr
band is somewhat more homogeneously distributed in the observational time series
than in the simulated time series. The 23-kyr contribution is weaker in both series
and is distributed in a different way in the modeled and observational time series. The

difference is greater in the first three cycles, which are relatively difficult to model.

The complex cross-wavelet transform of two time series (Figures 2.6 and 2.7) can
be interpreted as the shared power in a given periodicity band (absolute value) and
the phase difference between the two series in time frequency space (Grinsted et al.
[2004]). Lighter purple color indicates greater shared power in that time and perio-
dicity band, and the arrow angle indicates the phase between the observational and
simulated series. As can be observed in Figure 2.6, observational and simulated ice
volume share a great common power in the 100-kyr and 41-kyr band. In the 100-kyr
band, the two periodicities are in phase, but in the 41-kyr band the modeled perio-
dicity tends to lead the observational one at some moments, with a phase between 0
and 7/4. In the 41 and 23-kyr band, the two periodicities tend to be in phase when
the common power is high and out of phase when the shared power is low. The two
models studied (37 and LS) show very close patterns in their cross-wavelet trans-
forms for V. Regarding CO2 (Figure 2.7), the largest shared power is in the 100-kyr
band, especially after -500 kyr, when the fit between simulated and observational
cycles is somewhat better (see Figure 1.2 and 2.1). In the 41-kyr band the shared
power is lower and has relative maxima around —600 kyr, between 400 and —200

kyr and between —150 and -50 kyr. These intervals of good coincidence can be also
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Figure At top, spectral power of normalized ice volume as predicted with 37 model (blue),

Zﬂ LS model (red) and proxy 8%0 records from Lisiecki and Raymo [2005] (grey line); at
bottom, normalized CO2 as predicted with the 3z (blue line) and LS (red line) models
and proxy data (Petit et al. [1999]; Indermuhle et al. [2000]; Monnin et al. [2001]; Sie-
genthaler et al. [2005]; Luthi et al. [2008]) (grey line).

observed in Figures 1.1, 1.2 and 2.1 for the LS model. Low shared power is observed

in the 23-kyr band, with an out-of-phase pattern in some intervals.

Wavelet coherence of two series can be interpreted as a localized correlation coefficient

in time frequency space. It is useful to find locally phase-locked behavior, that is,
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zil al. [2000]; Monnin et al. [2001]; Siegenthaler et al. [2005]; Luthi et al. [2008] and simu-
lated C time series with 37 model (top) and LS model (bottom).
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C time series with 37 model (top) and LS model (bottom).
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moments in which both series oscillate with the same frequency and a given phase
difference. Figure 2.8 shows the wavelet coherence of the §'%0 and the simulated V
series for 3 and LS and Figure 2.9 shows the wavelet coherence of the observational
CO2 and the simulated C series for the same models. It can be observed that the
correlations of V for the two models are always in phase, are larger than 0.9 in the
100-kyr band for all times and are especially high in the four last cycles (400 kyr
to 0). In the 41-kyr band the simulated and observational series oscillate together
with a correlation that exceeds 0.9 around 600 kyr, between —400 and -350 kyr,
and is always greater than 0.7 between -130 and 90 kyr. The coherence is not sig-
nificant between —750 and -630 kyr and between —540 and -380 kyr, corresponding
to intervals in which the models are worse at matching the observational series (see
Figures 1.1 and 2.1).

Regarding COz2 (Figure 2.9), in the two models the coherence at the 100-kyr band
is in phase and high after -500 kyr and weaker and out of phase before -500 kyr
coinciding with the first glacial cycles (see also Figure 2.2), which are more difficult
to simulate. In the 41-kyr band the coherence is high in roughly the same intervals
as in the V series, and in the 23-kyr band it is practically inexistent. This can be
attributed to the combined effects of high-frequency damping produced by param-
eter 7o (and/or 7, in LS) and poor representation of the carbon dynamics by
PP04-derived models.

2.3.3. Phase space portraits

Phase space portraits and embedding attractor techniques can also be useful for
quantifying the performance of a simulated time series in matching the dynamical
properties of an observational time series. Time series of 16000 linearly interpolat-
ed, equally spaced data are used to reconstruct the attractors. To avoid autocor-
related effects we use the method of mutual information (Marwan et al. [2007]),
a well-established measure to detect nonlinear dependencies within a time series,
which estimates an optimal time lag of 1433 for V and 1371 for C. The first step
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is to see whether the attractor of the observational time series is embedded in a
phase space with the same dimensionality as the predicted time series. To estimate
the embedding dimension, we use the method of false nearest neighbor (Kennel et
al. [1992]), which examine the variation of the number of neighbors in a time-series
trajectory as a function of the dimension to obtain an estimate of the real embed-
ding dimension. The dimensionality D obtained for the observational time series
was D = 4 and the dimensionality Dgs obtained for the simulated time series was Dg
= 3. The difference may be due to the existence of some independent variable not
taken into account by the model that generates the oscillations of a period< 2 kyr
in 6'%0. A moving average of the observational series with a 2-kyr window produced
a smoothed time series which generates a dimensionality coincident with the one of
the simulated time series (D = Dg = 3); reconstructed attractors for the smoothed

580 and CO2 time series are displayed in Figures 2.10 and 2.11, respectively.

Figures 2.12 and 2.13 show the attractor obtained for 37 and LS models for simu-
lated ice volume and Figures 2.14 and 2.15 show the same for CO2. The embedded
attractors of proxy and simulated data are not identical but present a certain simi-
larity in form, and the amplitude of the phase space is close for V; in the C case, the
form is not that similar but the amplitude is equivalent. PP04-derived models are
forced externally by Ig5 insolation, and a similar astronomical forcing is supposed
to act on the climate system. In any externally forced dynamical system, one of the
dimensions has to be the phase of the external forcing, @, which allows the system
to become autonomous through the equation do/dt = 1. Two additional variables,
v; and v,, remain available, so our three variables V, C'and A must be considered
as dependent on v; and vy: V = V (v, v), C = C(v;, v,) and A = A(v, v,). These
attractors (Figures 2.10 to 2.15) and the series that they produce bear some resem-
blance to the Duffing dynamical system, which is also a three-dimensional exter-
nally forced nonlinear oscillator with an embedded strange attractor (Kovacic and
Brennan [2011]).
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Figure Embedded attractor of the smoothed proxy 830 records from Lisiecki and Raymo [2005)].

2.m
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Figure Embedded attractor of the smoothed proxy COz2 data from Petit et al. [1999]; Indermuhle
2-” et al. [2000]; Monnin et al. [2001]; Siegenthaler et al. [2005]; Luthi et al. [2008].
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Figure Embedded attractor of the simulated V time series with LS model.
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Figure Embedded attractor of the simulated C' time series with 37 model.
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25

Figure Embedded attractor of the simulated C' time series with LS model.
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2.3.4. Cross recurrence plots

We then obtained the cross recurrence plot (CRP) of observational and simulated
trajectories which, despite its name, does not represent recurrences but rather the
conjunctures of states of the two systems. The CRP reveals all the times when
the phase space trajectory of the first system visits roughly the same region in the
phase space where the phase space trajectory of the second system is (Marwan et al.
[2007]). Figures 2.16 to 2.19 show the CRP obtained with the above parameters for
the simulated series of V and C obtained by the models. The Matlab tool created
by Marwan et al. [2007] was used. Last glacial cycle does not show up because this
period data is smaller than D times [, where D is the dimension (D = 3) and [is the
lag (I = 1433 for V and [ = 1371 for C). We can see that the persistent intervals of
good coincidence between the V and 8'%0 series (Figure 2.1) coincide with intense
black patches in Figures 2.16 and 2.17, especially spots following Termination IX
and Termination VII, 5000 < N < 6000, 7000 < N < 9000, 9200 < N < 9500,
10500 < N < 11000 and 11500 < N < 12500 (Terminations are shown in Figures
1.1 and 1.2). Many patterns occurring in the main diagonal appear deformed in
lines and columns, indicating that both series are cyclical and the way in which V(¢)
coincides with 880 () at time ¢ shows similarity to the way in which V() coincides
with 880 (t-T), where T is the 100-kyr period. Roughly 85% of the time the pre-
dicted and observational V trajectories are neighbors at a distance of 0.46 times the
standard deviation of the phase space. The C trajectories are much more poorly
simulated, with the predicted and observational trajectories coinciding less than
50% of the time (Figures 2.18 and 2.19). However, the dynamics in the intervals
when the CO2 is maximum is normally well simulated, which seems to be sufficient

to allow the V dynamics to obtain a good similarity to the observational dynamics.

2.4. ALTERNATIVE PROXY FOR ICE VOLUME

As pointed out in Chapter 1, the Lisiecki and Raymo [2005] record is a stack of
8'80 data from benthic foraminifera, and the 0'%/0O ratio is known to depend on
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both the isotopic composition and the temperature of the water where foraminifera
developed. Waelbroeck et al. [2002] found that the relationship between §'%0 and
ice volume is not linear, since §'%0 decreases faster than the increase in ice volume
at the beginning of the last glaciations, and then progressively more slowly until
the ice sheets reached their maximum size. This may produce uncertainties of 20%
for the ice volume estimations at the beginning of glaciations. Consequently, there
is some risk of over-interpretation when model parameters are adjusted to fit that
isotopic record tightly. If that error was assumed to take place during 20 kyr at the
beginning of each glacial period, it would cause a 7% loss of explained variance or a
4% loss of correlation. This is slightly above the correlation differences in the models
that we have studied, so their performance must be considered equivalent within the

observational uncertainty.

Bintanja et al. [2005] tried to eliminate the temperature effects from the 880 se-
ries by using a model for air and deep ocean temperatures. The resulting sea-level
time series ca be used as an alternative to §'*0. When we calculate the correla-
tions between this time series and the V predicted by our models, we obtain the
surprising result that they increase from 0.88 to 0.90 for 37 and from 0.87 to 0.89
for LS. This shows that the calibration of our selected models to an isotopic series
with experimental biases has produced a robust result in spite of the observational
uncertainty, although a non-negligible component is that Bintanja’s time series is
slightly smoother than §'%0. In Figure 2.20 the V predicted by the 37 and LS mod-
els is compared with sea level time series (Bintanja et al. [2005]) and 880 records
(Lisiecki and Raymo [2005]). In the bottom panel, the power spectrum of all series
is shown. As can be observed, the behavior of the 37 and LS models compared
with Bintanja et al. [2005] sea level is good, reinforcing the robustness of the fits
implemented. Although the correlation improves, the results do not offer any new

dynamical insights.

2.5. DYNAMICS OF THE MODELS

A common feature of PP04-derived models is their lack of sensitivity to the I forc-
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ing. This result could be interpreted in three alternative ways:

(i)  Owur function F(V, A) is an approximate representation of strat-
ification but Igg is not a good proxy for Southern Ocean temper-

ature.

(ii)  Stratification and/or CO2 release in the SO is not controlled

by regional temperatures.

(i) Release of CO2 in the SO is not controlled by stratification and
the function F(V, A) in our models represents a different pro-

Cess.

A possible interpretation belonging to group (iii) is that A might represent sea ice
instead of the ice-sheet area and that F'(V, A) could be a proxy for a rate of emis-
sion of CO2 that is controlled directly by sea ice area, A, and SO deep temperature.
SO deep temperature could be controlled by NH temperature (through V) more
strongly than by Igg. One possible mechanism able to produce this effect was pro-
posed by Gildor and Tziperman [2001]: stratification in the SO is composed of cold,
fresh water above warm, salty water. Glacial conditions in the NH cool the North
Atlantic Deep Water (NADW) and, consequently, via the southward flow and up-
welling of NADW, lower the deep temperature in the SO. Because of the permanent

ice cover over Antarctica, surface ocean temperature in the SO near Antarctica is

ﬁ:(V—A—Clﬁo)‘ 21'
dt Ty

close to freezing point during the entire glacial cycle, so it cannot cool very much
even during glacial conditions. Glacial conditions therefore increase the density of
deep SO water but not of surface SO water and this strengthens the vertical strati-
fication there. As a result, vertical mixing in the SO is expected to be reduced. This
mechanism implies that temperature changes in the NH (supposedly correlated with

global ice volume V) lead to the CO2 changes in the SH. This mechanism is plausible
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Top panel: normalized ice volume as predicted with the 37 (blue line), LS (red line)
models, proxy 8'%0 records from Lisiecki and Raymo [2005] (grey line) and Bintanja et
al. [2005] sea-level time series (green line). Bottom panel: power spectrum of normalized
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but interpreting F' as a model for such mechanism is uncertain, because correlation
between V and North Atlantic temperature time series (Bard [2003]) is low, only
0.64 for the last 800 kyr.

On the other hand, to determine whether A is sensitive to Igg, Equation 2.2 of the

model 37 was modified as

However, the best fits obtained after this change did not improve upon those ob-

tained by our 37 model, showing that Equation 2.2 is also insensitive to Igp.

These results are consistent with the following conclusions: a variable A that fol-
lows the evolution of V with a delay of 5 to 7 kyr seems necessary to obtain good
fits. This variable can be interpreted, as Paillard and Parrenin [2004] do, as the ice
sheet extent on the Antarctic shelf, but it can also be interpreted as the whole SO
ice extent since the capping effect (Keeling and Stephens [2001]) and the control of
A on the residual circulation act in the same direction as the deep stratification.
COg release to the atmosphere in the SO may be controlled by either stratification
or sea ice extent, or by both. However, neither of the two corresponding variables
in our models (F and A) seems to be sensitive to 5y insolation. The conclusion is
that either some of these mechanisms are not sensitive to SO temperature, which is

difficult to conceive, or Igg is not a good proxy for SO temperature.

Huybers and Denton [2008| pointed out an important fact that had gone unper-
ceived and can bring new light to these conclusions: Antarctic summer duration is
highly correlated with Ig5 insolation. In addition, it is plausible that the Antarctic
climate remains in near radiative equilibrium with local heat accumulation, which
is controlled by summertime duration. In contrast, northern changes are mediated
through the response of the northern ice sheets, which are much more sensitive to
insolation at the solstice (Ig5) than to summertime duration. Thus, SO temperature
could be a crucial variable that has influence on the southern sea ice or the density
of deep water, or both; but this southern temperature does not need to be controlled
via teleconnection with the north, it may respond to some regional astronomical

forcing different to Igg.
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The correlation between the observational CO2 time series we use and the Antarctic
temperature inferred from the EPICA dome by Jouzel et al. [2007] for the past 800 kyr
is 0.89. Thus, the good performance of the LS model, where F = F (C, A), and the fact
that C'is a good proxy of Antarctic temperature, suggest that formation of Antarctic

deep waters may be controlled only by ice sheet extent and regional temperature.

The good performance of the 3z, and even 4t, models and their functional form
F(V, A) could suggest that stratification is partly controlled by the temperature of
the NADW upwelling, through V and the teleconnection mechanism of Gildor and
Tziperman [2001]. This contribution could exist but it cannot be large because of the
modest correlation between the §'8%0 and North Atlantic sea surface temperature
(0.64). More plausibly, F(V, A) is another way to suitably represent stratification
in PP04-derived models, since the correlation of §'%0 with Antarctic temperature is
almost as high as that of CO2 (0.86 instead of 0.89). More importantly, the 37 model
simulates V with a far better correlation (0.88) than that of C' (0.79) and therefore
the correlations between its simulated C and -V and the Antarctic temperature
are very similar: 0.78 and 0.77, respectively. Thus, V is a good proxy of SO regional
temperature and the expression F'(V, A) is plausibly a suitable way to model the
local formation of brines, as F'(C, A) is. The fact that F'(V, A) performs somewhat
better than F'(C, A) could be attributed to the additional (even small) contribution
that V has over stratification (through teleconnection) and C does not, or, perhaps,
to a larger effect of sea level over brine formation than local temperature has. The
fact that sea level affects the area of the Antarctic shelf, where brines are produced,

supports this second possibility.

The LS model, which uses the expression F'(C, A), needs a direct forcing of Iz on
C. Model 37, which uses F'(V, A), doesn’t need it, but it has the direct forcing Igs
on the V variable. This suggests that PP04-derived models need a quick response
of regional SO temperature to g5 rising, as quick as zy, = 3 kyr in 3z and 7, =
3 kyr in LS. The coincidence of these two scales reinforces our interpretation of —V

and C'in F as proxies of SO regional temperatures.

Figure 2.21 shows the time variation of Is5 (top), V (second panel), A (third panel),
C (fourth panel) and F' (bottom) simulated by the 37 (blue line) and LS (red line)
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models for the two last glacial cycles. Due to the effect of 7, C'responds to the Igs
variations with a certain delay. For this reason, every maximum (minimum) of Ig5 in
the figure is followed by a maximum (minimum) of C'5 kyr later. The variations of
C are reflected in the F variable which has its maxima and minima in counter-phase
with C. On the other hand, A responds to C by following its long-term trend (with
a delay of 7 kyr approximately) but damping its high-frequency oscillations. When
C'is low, as in the glacial maximum, A is large, and F'is close to the trigger F' < 0.
In this situation, any new maximum in Ig5 causes a decrease in F (through C' and
A) that triggers the oceanic COz2 pulse, starting the deglaciation. In the case of 3z,
an almost parallel description can be made using variable V instead of C.

The double condition for generating a deglaciation is thus the coincidence of a max-
imum of Ig5 in a period when V is large. This double condition was observed and

incorporated by Paillard in some previous models (Paillard [1998]).

Figure 2.22 shows the relative contributions to CO2 levels of the mechanisms in-
volved, as functions of time, for the 37 model (top) and LS model (bottom). The
blue line represents the y — fV term in Equation 2.5; the red line represents the deep
ocean contribution (H(—F')) in the same equation to the change in Cy. An inertial
contribution, defined as the instantaneous difference between C and its asymptotic

value Cr, has been included as a green line.

In the 37 and LS models, Cr maintains a monotonous growth after —135 kyr. First,
following the abrupt increase in Cr caused by the connection of the oceanic pulse;
then, following the increase in C caused by the positive feedback T-COz2 (V-CO2 in
our models). The slope of this CO2 increase depends on the rate of decrease of V,
which responds to a combination of astronomical forcing and greenhouse feedback.
In these models the period during which the CO2 increases is approximately the
period when the oceanic pulse is connected. However, the introduction of a direct
forcing of Igs on Cr in the LS model allows the deglaciations to start with a shorter
oceanic release of CO2. This interchangeability between a fraction of the oceanic
release and other sources of CO2 taking place at moments of astronomical warming
(as the termination periods usually are) stems ultimately from the extreme simplic-

ity of the CO2 release mechanisms incorporated in the PP04-derived models. After
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Figure Time variation of Ig (top), V (second panel), A (third panel), C (fourth panel) and

2.2_1' F (bottom) simulated by the 37 (blue line) and LS (red line) models for the two last

glacial cycles.
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Relative contributions to CO2 levels of the mechanisms involved, as functions of time,
for the 37 model (top) and LS model (bottom). The blue line represents the § — SV term
in Equation 2.5; the red line represents the deep ocean contribution (H(-F)) in the same
equation to the change in Cr. An inertial contribution, defined as the instantaneous

difference between C and its asymptotic value Cr, has been included as a green line.
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the end of the oceanic pulse and astronomic contributions, C is mainly above its

asymptotic level and starts to decrease towards glacial levels.

Two main conclusions can be extracted from this analysis:

(i)  The oscillation in V that characterizes the termination periods
is essentially produced by the same positive feedbacks, CO2-T
and T-COg2, that characterize any other oscillation triggered
by insolation change; however, this oscillation has stronger
slopes in both Cr and Vj, because of the extra contribution
generated by the oceanic pulse.

(ii) A rather abrupt oceanic release of CO2 (similar to a rectangular
pulse) seems necessary to initiate a deglaciation; this release is
controlled by the deep-water formation variable, F, which de-
pends mainly on Vand A (3r model ), or on C'and A (LS mod-
el); and V, A and C are driven in the last term by Ig5 insolation.

2.6. OBSERVATIONAL DYNAMICS

The dynamics and change of overturning, and its impact on CO2 variation during
glacial cycles, remain controversial (Sigman et al. [2010]). However some facts are

well established and widely accepted.

First, the deep ocean has northern and southern meridional overturning circulations
(NMOC and SMOC) which have been described as:

(i) A long loop (NMOC) dominated by NADW, which is rela-
tively poor in dissolved CO2 because of high photosynthetic

consumption.

(ii) A short loop (SMOC) dominated by Antarctic Bottom Water
(AABW) which is richer in CO2 (Toggweiler et al. [2006]; Wat-
son and Garabato [2006]).
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The existence of the SMOC loop seems to depend crucially of diapycnal mixing
(Haertel and Fedorov [2011]). Both loops mix in the interior around the Antarctic
continent to form Circumpolar Deep Water (CDW), which comes up to the sur-
face along the southern part of the Antarctic Circumpolar Current (ACC). This
upwelling is forced mainly by the divergence of Ekman pumping at the surface,
centered to lie at approximately 65°S today (Toggweiler [1999]), which is driven by
the mid-latitude westerlies. Any change in either zonal wind stress curl or latitude of
the westerly wind belt should reduce the deep water content of the Meridional Over-
turning Circulation (MOC) and plausibly its intensity (Toggweiler et al. [2006]).
However, NMOC intensity in the SO seems to be the sum of the mean Ekman
transport and opposing mean eddy transport over the ACC. The residual north-
ward transport is strongly controlled by heat gain of the waters traveling northward
(Karsten and Marshall [2002]).

Second, temperatures are close to freezing at all sites in the glacial ocean, but the
deep SO (at sites located within present AABW spreading pathways) was much
more saline than today, which implies a density anomaly between the deep and
surface SO waters that is three times larger than nowadays (Adkins et al. [2002];
Watson and Garabato [2006]). This evidence could be a consequence of increased
brine rejection in Antarctica in combination with reduced recirculation of AABW
to the surface (Fischer et al. [2010]).

Third, overturning was nearly, or completely, eliminated during the coldest degla-
cial interval in the North Atlantic region, beginning with the catastrophic iceberg
discharge Heinrich event HS1, 17500 years ago (McManus et al. [2004]), coinciding
with the first major step in Antarctic warming (Barker et al. [2009]). Some termi-
nations have started in coincidence with Heinrich events (Cheng et al. [2009]). In
Terminations I (T-I) and III the same sequence is observed: a Heinrich event at the
end of the glacial period (HS1 in T-I), followed by an interstadial (Bolling-Allerod in
T-I), lasting 1800-2000 years, then a second stadial (Younger Dryas (YDS) in T-I)
and then the final deglaciation (Holocene in T-I).

Coupled general circulation models for glacial conditions show very little change in

the strength of the zonal wind stress on the SO and weak shifts in the location of
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the westerlies belt (Fischer et al. [2010]). However, observations of wind and rain
patterns in HS1 and YDS suggest that the Inter-tropical Convergence Zone (ITCZ)
and trade winds shifted southward (Peterson et al. [2000]; Leduc et al. [2009]; Saikku
et al. [2009]; Wang et al. [2004]; Grffiths et al. [2009]). Two warming pulses in the
SH coincided with HS1 and YDS, respectively, suggesting a north-south connection
mechanism such as the bipolar seesaw suggested by Broecker [1998]. The 23! Pa/?* Th
ratios from core GGCS5 off the Bermuda Rise (McManus et al. [2004]) reflect a strong
reduction in Atlantic overturning circulation during HS1 and a moderate reduction
during YDS. In contrast, biogenic opal flux in the SO, interpreted as a proxy for
changes in upwelling south of the Antarctic Polar Front (Anderson et al. [2009])
shows an increase in upwelling during HS1, a decrease during the Bolling-Allerod
period and a further increase in overturning during YDS. This suggests that the shut-
down in the Atlantic MOC (AMOC) removed a source of dense water to the ocean
interior and that this “density vacuum” (Broecker [1998]) precipitated an increase in
AABW formation to fill that vacuum (Sigman et al. [2010]).

These pieces of evidence have been interpreted similarly by different authors (see
Cheng et al. [2009]; Denton et al. [2010]; Shakun et al. [2012]). The sequence of
events would start with a rising boreal summer insolation controlled mainly by in-
clination and precession cycles (Huybers [2011]). This insolation produces a gradual
northern warming in the presence of a massive, isostatically depressed NH ice sheet
which has growth gradually for 80-100 kyr. In these conditions, an ice instability
mechanism makes the Laurentide, Greenland and European sheets ablate and col-
lapse locally, producing a strong meltwater pulse into the North Atlantic, which in-
itiates a Heinrich event. This slows the AMOC and lowers the south-north Atlantic
heat flux, with stadial conditions in the north and southern warming and southward
movement of climatic zones in the SH. The above three studies agree that this se-

quence is the deglacial trigger.

A number of mechanisms are potentially able to connect this trigger with an in-

creased release of CO2 in the SO and subsequent atmospheric CO2 rise:

(i)  Southward movement of climatic zones could include a south-

ward shift in the westerlies, resulting in enhanced wind-driven
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upwelling on the Antarctic divergence (Marchitto et al. [2007]).
This would promote ventilation of CDW and the observed pro-
ductivity peak (Anderson et al. [2009]), would erode the Ant-
arctic salinity-driven stratification and would thus facilitate the
formation of deep water in Antarctica (Toggweiler et al. [2006]).
The importance of this mechanism deserve further investiga-
tion, as recent studies have shown an oscillatory behavior of
AMOC between weak and strong states due to variations on
the density gradient in the Atlantic Ocean, derived from varia-
tions of CO2 and strength of SO winds (Banderas et al. 2015]).

Warming of the SO could melt sea ice, leading to an increase
in ventilation as a result of enhanced residual northward trans-
port and also to degassing effects. As suggested by Fischer
et al. [2010], the increase and decrease in sea ice coverage
could have modulated the annual net heat gain of the SO sur-
face, and the reduced buoyancy gain would have weakened the
MOC during glacial periods through its control of the residual
circulation. This would have limited the upwelling of CO2-en-
riched deep water, acting in the same direction as the capping
effect that winter ice extent is assumed to have on deep-water
outgassing of CO2 (Stephens and Keeling [2000]).

Warming associated with southerly shifts could reduce Pa-
tagonian glaciation, lowering the flux of dust and iron from
Patagonia to the SO. This would reduce the fficiency of the
biological pump (Martin and Fitzwater [1988]).

Increased CO2 release from Antarctic divergence would de-
crease the concentration of dissolved inorganic carbon (DIC)
and thus increase the carbonate ion concentration in the deep
ocean. This would increase the burial rate of calcium car-
bonate, forcing a decrease in whole-ocean alkalinity, decreasing

solubility and putting an additional fraction of CO2 into the
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atmosphere. According to Sigman et al. [2010], this carbonate
compensation in cooperation with switch on/off of deep water
formation or a degassing effect is able to account for 40 ppm
of pCO2 difference between interglacial and glacial conditions.
It is probable that neither Antarctic overturning nor gas ex-
change were completely shut off/on. However, more complete
nutrient consumption and lower export of organic matter have
been observed in the Antarctic during glacial periods, suggest-
ing a reduced supply of nutrients and water from the deep to
the surface ocean (Sigman et al. [2010]). Thus, overturning de-
creased in the glacial SO while productivity did not decrease
as much as the nutrient supply from below did, making pCO2
decrease as a result. This mechanism would have comple-
mented the previous ones, generating the atmospheric pCO2

difference of 40 ppm.

(v) In the sub-Antarctic zone, the sinking flux of organic mat-
ter was greater in glacial periods than today, with some evi-
dence for more complete nutrient consumption (Sigman et al.
[2010]). The effect of this zone on alkalinity and availability
of nutrients at low-latitudes is great, reaching 40 ppm for the
pCO2 glacial-interglacial difference (Hain et al. [2010]).

As observed by Sigman et al. [2010] the declines in atmospheric pCO2 to their minima
during peak ice ages tend to occur over tens of thousands of years and /or in steps. This
may result from the progressive activation of different pCOz2 reducing processes (Hain
et al. [2010]). In particular, the Antarctic cooling early in the last ice age, 115 kyr BP,
has been interpreted as reduced Antarctic overturning or increased sea-ice suppression
of gas exchange (Peacock et al. [2006]) with an additional fraction of CO2 uptake
due to ocean cooling. In contrast, the second major decline in atmospheric pCOz2,
70 kyr BP, coincides with a major dust flux increase in Antarctic and sub-Antarctic
zones (Martinez-Garcia et al. [2009]), which may have caused iron fertilization of the
SO (Watson et al. [2000]). Additionally, this period may have suffered the sharpest
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transition from NADW to GNAIW formation (Hodell et al. [2003]), which may have
improved the ability of the deep SO to lower atmospheric pCO2 (Sigman et al. [2010]).

2.7. DISCUSSION

To what extent are PP04-derived models consistent with the observational dy-
namics summarized in last section? First, the sequence of activation of processes
that release CO2 during the terminations, suggested by the triggering sequence
mentioned above, is very different to the sequence of steps that reduce CO2 dur-
ing glacial times, and this difference generates the typical saw-tooth shape of the
CO2 glacial-interglacial oscillations. The lack of a complete model for the biological
and carbonate pumps in the PP04-derived models makes it impossible to precisely
reproduce the series of events that characterize glacial periods, and using different
relaxation times for moments of increasing and decreasing CO2 is the easiest way to
take into account this asymmetry and to reproduce the double slope cycle. When
a single relaxation time 7 is used (7, = 0) in the LS calibration, the correlation
obtained for V decreases by less than 1% (0.85 instead of 0.86) but the correlation
for C decreases by 8% (0.68 instead of 0.74) because of the far more abrupt ups and
downs of the simulated C' during the glacial periods. The 37 model is much less sen-
sitive to this 7, parameter, and maintains a very high correlation when it is elim-
inated (0.88 and 0.79, for V and C, respectively, in the 37 model). We thus obtain
a model with almost the same correlations as 4t and with one parameter less than
PP04. The good performance in relation to PP04 must be attributed only to the

introduction of a different time for accumulation (zy,) and for ablation of ice (zy,).

Though the glacial decay is only roughly simulated by PP04-derived models, the
precise fitting of pace and intensity of interglacial CO2 that these models generates

is sufficient to obtain a good match of the ice volume evolution.

The term clgg has been removed from Equation 2.6 in 37 model as one conclusion of
this study is that PP04-derived models are not sensitive to Iy southern insolation. In

these models, C seems to be a much better proxy of Antarctic temperature than Igg
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is. This indirectly reinforces the claim of Huybers and Denton [2008] that Antarctic
temperature is not sensitive to insolation during a particular summer day and that it

could be sensitive to another kind of variable, such as austral summer duration.

The stratification function, F, is a crucial variable of PP04-derived models, which
must be interpreted as stratification produced by density difference between AABW
and NADW with a possible minor contribution from stratification produced by den-
sity difference between NADW and surface water. F' controls the upwelling of CO2
in a nonlinear way: an abrupt oceanic release of CO2 similar to a rectangular pulse
of 10 to 20 kyr, very sensitive to F, is necessary in these models to generate the ter-
minations. Mixing rates may decrease as density differences increase (Watson and
Garabato [2006]) if we use the internal wave parameterization for the vertical mixing
coefficient suggested by Gargett [1984]. If the density difference between AABW and
NADW is small, the blending process of the two water masses may be more efficient
and a larger fraction of the AABW wells up with the mixed Lower Circumpolar Deep
Water (LCDW) into the two loops of the meridional overturning circulation (NMOC
and SMOC). Bouttes et al. [2012] have shown the plausibility of this stratification-de-

pendent mechanism with a model of intermediate complexity.

The changes in ocean circulation associated with westerlies, deep ocean stratifica-
tion, expansion of sea ice, variation of AMOC efficiency, together with variations
of biological uptake and carbonate compensation seems to be the main drivers for
the CO2 atmospheric difference between glacial and interglacial states. Ferrari et al.
[2014] has recently proposed a new mechanism able to link Antarctica sea ice expan-
sion with the temperature drop, the rearrangement of deep water masses and the
change of circulation in LGM, proving that they are not independent mechanisms,
but feedbacks. The precise mechanism is lead by the isopycnals of the SO, which
control the upwelling and mixing of AABW and NADW, separating the NMOC
and SMOC cells. The slope and position of this isopycnal change according with the
expansion of summer sea ice, mixing actively AABW and NADW in the interglacial
period, but confining the mixing-driven upwelling of abyssal waters at the LGM,
closing the SMOC and preventing the mixing of NADW and AABW. As a result,
AABW filled oceans basins up to 2 km depth, instead of the present 4 km depth.
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This closed abyssal overturning cell would act as a ocean storage of carbon. This
approach, considers the expansion of quasi-permanent sea ice in the SH as the driver
of the termination. This suggest that sea ice extent may have an effect on the CO2
release intensity which works in the same direction than stratification during glacial
and interglacial periods; therefore, we cannot discard a possible parallel contribution

of sea ice area in the intensity of the CO2 release.

PP04-derived models need a quick response of regional SO temperature (represent-
ed by C'in LS and by —V in 37) to Igs rising, as quick as 7y, = 3 kyr in 37 and 7
= 3 kyr in LS. The real climate system could produce a quick response of this kind

during deglaciations by the bipolar seesaw mechanism (Broecker [1998]).

A is another crucial variable for this kind of models and follows the evolution of V'
and C with a delay of about 5-7 kyr. This dependence shows that A is sensitive to
Antarctic temperature, and the delay suggests that it represents the extent of ice
sheet on Antarctic shelves and not on SO sea ice extent. Polynyas are the places
where most of the brine is produced and are located between the ice sheet edges and
sea ice. Thus, the position of ice- sheet boundaries is crucial for the rate and density
of the deep water formed. According to Anderson et al. [2002], the Antarctic ice-
sheet edge was close to the continental slope in the Last Glacial Maximum (LGM)
and it started to retreat onto the continent some thousand years after the LGM
on most of the shoreline. This delay seems to be coherent with the delay obtained
for the A variable in our calibrations. Therefore, PP04-derived models reinforce an
interpretation of the oceanic CO2 release during deglaciations as controlled by the

deep stratification rather than by a capping effect.

As can be observed in Figure 2.21, A takes about 80 to 100 kyr to reach a level
that makes stratification become critical (F' < 0). Therefore, the 100-kyr period
(main frequency of glacial cycles) must be considered as internally generated by the
climate system. More specifically, it must be interpreted as the characteristic time
needed for the Antarctic ice sheet to reach the continental slope. The observations
of Anderson et al. [2002] on the advance and retreat of ice shelves are not in disa-
greement with this time scale, but additional observations are needed to contrast
this prediction of PP04-derived models.
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According to Tziperman et al. [2006], many of the models that best fit glacial oscil-
lations have a “phase locking” between a Milankovitch frequency w,;, and an internal
cyclicity w;. Frequently, a good fit can be obtained when the quotient w,,/w; is a
rational number. However, this good fit does not imply that the mechanisms rep-
resented by the model are the correct ones. Phase locking is a necessary condition
but not a sufficient one. However, Tziperman et al. [2006] conclude that “the actual
glacial cycles may also be similarly phase locked to the Milankovitch forcing”. That
is, this property is probably also one of the climate system itself. If this is so, show-
ing nonlinear phase locking is a good -though not sufficient— feature for a correct

paleoclimate model.

What should be sufficient? There is no clear mathematical criterion for deciding.
However, if the right mechanisms were to be incorporated in a model with nonlinear

locking, we would expect the model to display the following features:

(i)  Its predictions should have high correlations with the experi-

mental time series.

(ii) It should reproduce the ups and downs of the experimental
time series in the scales between thousand to million years

better than other models of similar complexity.

(i) It should generate time series with frequency composition and

embedding dynamics similar to the observational ones.

However, ultimately, only the experimental confirmation that the proposed mecha-

nisms are really acting would be a definitive sufficient condition.

The visual inspection of Figure 2.1 as well as the good correlations obtained show
that our models offer great improvements in criteria (i) and (i) in comparison with
other simple models studied in the literature. The wavelet analysis and phase space
portraits show that the models that we have discussed here satisfy the third criteria,

at least for variable V. On other hand, the pace of orbital timescale is well simulated
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for V and C, but in the sub-orbital timescales the phasing of C'is poorly matched in
many periods that include the deglaciations (Figure 2.9). In addition, the cross-re-
currence analysis shows that the short term coherence between simulated and ob-
servational CO2 is only sporadic, indicating that both time series do not follow the
same dynamical behavior (Figures 2.18 and 2.19). However, in the deglacial periods
the two carbon series become dynamically close. Finally, neither simulated C nor V
match the observations on timescales 1-10 kyr, which are the timescales where the

first events of the deglacial trigger take place.

The most important conclusion of this study is that a detailed dynamics of CO2
is of little relevance to obtain very good agreement between simulated ice volume
and 6'80. All that is needed is a nonlinear instability that is reached after 80-100
kyr and that enables that even a modest sub-orbital variation may trigger a sudden
release of atmospheric CO2. This nonlinear instability seems to be controlled by V'
or C (here interpreted as Antarctic temperature) and by A (interpreted as Antarctic
ice sheet) in PP04-derived models. More specifically, Antarctic cooling would press
toward greater stratification because a cooler regional temperature would precondi-
tion the surface layer temperature making easier the water column on the shelf to
get the —1.9 to —2°C needed for freezing and brine formation. On the other hand, ice
sheet extent would tend to block the active polynyas, producing an opposite effect.
With the progress of glaciation the latter effect would become dominant and would

place the system close to instability, due to the decrease in stratification.

A precise simulation of the detailed set of events constituting the deglacial trigger
would require adding some model for the North Atlantic ice sheet instability to our
models as well as more complex carbon models. PP04-derived models produce good
fits in spite of their simplicity in the modeling of oceanic CO2 release, which is made
to depend only on stratification. The other contributions (carbonate compensation,
shoaling or deepening of NADW formation, change of productivity in SO and slow-
ing down of SO overturning) are not included in the model, but should be included
in future improvements to obtain a closer representation of all the physical processes

that are apparently involved.

Heinrich events seem to belong to a cyclic process of calving with a recurrence peri-

103_I



ON THE PHYSICAL MECHANISMS BEHIND GLACIAL-INTERGLACIAL DYNAMICS

od much shorter than deglaciations (Bond and Lotti [1995]). However, according to
the interpretations of Cheng et al. [2009]; Denton et al. [2010]; Shakun et al. [2012],
Heinrich events are able to produce large iceberg discharges and long stadials only
when ice sheets become large enough. Long stadials are needed to produce a strong
CO2 oceanic release able to start the termination according to Denton et al. [2010].
However, large oceanic CO2 emissions can be produced only if stratification has
weakened at the end of the glacial period (Burke and Robinson [2012|; Martinez-Boti
et al. [2015]) for the lack of brine formation (Paillard and Parrenin [2004]; Bouttes et
al. [2012]) or may be weakened by the expected SO upwelling activation. Ultimately,
stratification change plausibly controls a large fraction of the oceanic CO2 release
and is synchronous with other mechanisms which contribute an additional fraction
in warm periods, such as biological and carbonate pumps in the sub-Antarctic zone
and sea ice extent which controls the residual circulation (Hain et al. [2010]; Sigman
et al. [2010]) and the depth of upwelled water (Ferrari et al. [2014]). In this regard,
stratification may play the same role as an “order parameter” (Haken [1987]) plays

in a synergetic nonlinear change. I
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IMPACT OF ANTHROPOGENIC CO2
ON THE NEXT GLACIAL CYCLE

L

You think man can destroy the planet? What intoxicating vanity. Let
me tell you about our planet. Farth is four-and-a-half-billion-years-old.
There’s been life on it for nearly that long, 3.8 Billion years. Bacteria
first; later the first multicellular life, then the first complex creatures in
the sea, on the land. Then finally the great sweeping ages of animals,
the amphibians, the dinosaurs, at last the mammals, each one enduring
millions on millions of years, great dynasties of creatures rising, flour-
ishing, dying away — all this against a background of continuous and
violent upheaval. Mountain ranges thrust up, eroded away, cometary
impacts, volcano eruptions, oceans rising and falling, whole continents
moving, an endless, constant, violent change, colliding, buckling to make
mountains over millions of years. Earth has survived everything in its
time. It will certainly survive us [...] If we’re gone tomorrow, the earth

will not miss us.

- Michael Crichton, Jurassic Park

3.1. INTRODUCTION

Following Paillard and Parrenin [2004], several relaxation models, based on sim-
ple parameterizations of deep ocean stratification, have been recently developed
(Garcia-Olivares and Herrero [2012, 2013]). Two of these models, 37 and LS, have
good skills reproducing the conditions during the last 8 glacial cycles (Chapter 1).
The 100-kyr glacial-interglacial periodicity is internally generated through three

109-I



IMPACT OF ANTHROPOGENIC CO2 ON THE NEXT GLACIAL CYCLE

coupled variables: atmospheric CO2 concentration, global ice volume and the exten-
sion of the Antarctic ice shelf; an important mechanism is the advance and retreat
of Antarctic ice as it controls, through brine formation, the deep-ocean stratification

and, thus, its capacity to retain CO2 (Chapter 2).

In this chapter we will use the two models, 37 and LS, to predict the Earth’s gla-
cial-interglacial response during the forthcoming 300 kyr. In Section 3.2 the mod-
els’ good performance on reproducing past climates is illustrated. In Section 3.3,
taking into account the history and predictions of anthropogenic CO2 emissions,
the fraction that remains in the atmosphere is specified. In Section 3.4 the models
are applied to project the future climate with and without this anthropogenic CO2
pulse. A discussion of our results, comparing them with those from other models, is

presented in Section 3.5 as well as some brief conclusions.

3.2. RELAXATION MODELS

As we have seen in Chapter 1 and 2, the models, using the parameters in Table 1.1,
are able to reproduce the climatic maxima and minima observed from 800 kyr BP
to the present for both ice volume and CO2 (Figures 1.1, 1.2 and 2.1), as well as
some of the observed suborbital periodicities (Figure 2.2). Cross-wavelet coherence
and cross-recurrence analyses (Grinsted et al. [2004]; Marwan and Kurths [2002];
Marwan et al. [2007]) using proxy and simulated time series show that both model

and proxy records display similar dynamics (Figures 2.3 to 2.19).

These results strongly endorse the idea that the relaxation models, despite their
simplicity, do include some of the key mechanisms that are behind Pleistocene
climatic oscillations. In fact, the models structure mimic some of the major feed-
backs that are plausibly taking place in the mechanisms controlling the climate
system, such as the effect of northern insolation at the solstice on ice volume, the
COz2 — temperature feedback (through ice volume V), the ice volume — COz2 sources
feedback, and the emission of deep-ocean CO2 as a function of stratification (the

variable F') in both models, which depends on sea level (SO temperature, represent-
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ed by Cin LS model) and Antarctic ice sheet extent. Additional details on these
mechanisms, and the way the models represent them, can be found in Paillard and
Parrenin [2004], Paillard [2010] and Garcia-Olivares and Herrero [2013].

Under these considerations, and provided the anthropogenic CO2 pulse is properly
represented, the models may be used to predict its effect on the perturbation of the

natural sequence of glaciations and terminations.

3.3. ANTHROPOGENIC CO2 EMISSIONS

3.3.1. Total CO2 emission

A crucial first step is to estimate how much anthropogenic CO9 will be emitted to
the atmosphere. With this objective we use the historical record of burning fossil fuels
(Boden et al. [2010]), complemented with data for the last years obtained from the
Global Carbon Project!. The annual rate of fossil fuels emission, E in (Gt yr), is

approximated through the following Lorentz function:

—b(t - tp)
E_ U be ’ 31

[+ e ¥t )

where U represents the Ultimate Recoverable Resources (URR) of fossil fuels in
gigatons of carbon equivalent (Gtce), tp is the year of peak fossil fuels emission (yr),
and Ub/4 is the corresponding peak rate of fossil fuels emission (Gtce yr ). Only
two of the three parameters are independent, e.g. given either the total area under
the curve (U) or the year for peak emissions (tp) we select the other two parameters

by numerically searching the best least square fit of the data to Equation 3.1.

Thttp://www.globalcarbonproject.org/carbonbudget
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The Intergovernmental Panel on Climate Change (IPCC) published a Special Re-
port on Emission Scenarios (SRES) that contains 40 scenarios for future fossil fuel
production to assess future climate change (SRES [2000]). For example, the SRES
Al set uses an average accumulated carbon emission between 1750 and 2100 AD of
approximately 1995 Gtce, and the A1F1 extreme scenario implicitly assumes 4100
Gtce of URR, according to the Hubbert linearization done by Berg and Boland [2013].
However, these scenarios are based on simple extrapolations of present emission rates
with no consideration on actual URR values. Hook et al. [2010] and Berg and Boland
[2013] show that this report is based on unreasonably optimistic expectations about
future fossil fuel production which do not take into account realistic estimates for
proven and probable fossil fuels reserves. In order to obtain a realistic estimate for
U we have used the analysis of both Laherrere [2006] and the Energy Watch Group
[2007] on the URR for the three main fossil fuels (coal, oil and gas).

The Energy Watch Group [2007| estimates 479 Gt for bituminous coal and anthra-
cite, 272 Gt for sub-bituminous coal, and 158 Gt for lignite. Assuming 92%, 40%
and 66% of carbon respectively for these three minerals, we obtain approximately
558 Gtce and the peak of coal-derived COz2 emissions on year 2042 AD. The analysis
of Laherrere [2006] gives an estimate of 3000 Gb for all kind of oils (Gb = Gigabar-
rel, one oil barrel is very close to 159 liters of oil), which amounts to 353 Gtce if we
use the conversion factor recommended by EPA2: 0.118 tons of carbon per barrel.
The International Energy Agency (IEA [2010, 2012]) recognizes that conventional
oil production is at or very close to a maximum since 2006 AD and that this pro-
duction will hardly increase much more, which amounts to an implicit recognition
of the oil peak arrival (Laherrere [2012a]). Regarding gas, Laherrere [2006] predicts
an URR of 9100 Tcf, which amounts to about 120-132 Gt of carbon. Recently, La-
herrere [2012b] has updated the URR coal estimate to 750 gigatons of oil equivalent
(Gtoe). Using a carbon content of 25.7 tce/TJ for average coal, in the upper range
of reported values (Gassan-zade [2004]), this amounts to 808 Gtce. Given these con-
siderations, the total fossil fuels URR amounts to approximately 1300 Gtce, being
this our best estimate for the integrated anthropogenic emission of carbon.

Zhttp: //www.epa.gov/greenpower /pubs/calemeth.htm
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Figure Historical data of fossil fuels emissions during the 1800-2010 period (continuous line)
3i| and slightly modified Lorentz function such that the area until 2010 equals the accumu-

lated historical emissions (dashed line).

Figure 3.1 shows the historical data on fossil fuels emissions during the 1800 to
2010 AD period and the corresponding fit using a Lorentz function (Equation 3.1),
obtained setting U = 1300 Gt, which corresponds to a peak emissions on year 2037
AD. This fit has been done such that the integrated carbon emission at 2010 AD
has exactly the same area than the historical time-series until 2010 AD (dashed
lines in Figures 3.1 and 3.2). This modified Lorentz function is the one we use to
produce the full time series for the accumulated anthropogenic emission of fossil
fuels (Figure 3.2). The peak of emissions occurs in year 2037 AD, coincident with
the inflection point in the accumulated curve, and tends to zero near year 2324 AD,

when the accumulated emissions reach their maximum values.
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3.3.2. CO2 atmospheric response

The relatively fast, at the 10 to 100 yr scale, anthropogenic CO2 emission will lead
to a rise in atmospheric concentration but it will also produce an increased storage
rate into the ocean, ground vegetation, trees, detritus and soil (Kheshgi and Jain
[2003]). Our models do not include this type of relatively rapid feedback climatic
mechanisms. To take them into account we require a transfer function of accumu-
lated carbon emissions (Ac, in Gt) to atmospheric CO2 concentration (pCOz2, in
ppmv). With this objective we turn to the global compartmental model ISAM (Jain
et al. [1994]; Kheshgi and Jain [2003]), which may be interactively run online3.

1800 1900 2000 2100 2200 2300
r T T T T T T T T T T T T T T T T T
12} 112
10 - 110
8+ 18
R 1S
S 6 46 Ng
4l 14
2 12
0\; —T— L L Ll \\\\—T——__\—T;\O
1800 1900 2000 2100 2200 2300
Time (Year AD)
Figure Modified Lorentz function illustrating the anthropogenic carbon release per year (dashed
3ﬂ line) and the accumulated carbon release (solid line).
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In this model, the rates of transfer from the atmosphere to the above five com-
partments have been calibrated to match the average projections (by six dynamic
global-vegetation models and 10 coupled ocean-atmosphere models) for CO2 uptake
between years 2000 and 2200 AD.

In order to obtain the Ac to pCO2 transfer function, we use the ISAM model with
the A1T scenario parameters, as proposed by the IPCC (SRES [2000]). We run the
ISAM model for values of URR between 0 and 3000 Gt, at increasing URR intervals
of 100 Gt, replacing the fossil fuels input of A1T scenario with the modified Lorentz
function. For each URR value we obtain the corresponding atmospheric response;
these final response points are then linearly interpolated in order to have a contin-
uous curve (Figure 3.3). The corresponding transfer function should be adequate
to model the short-term (at decadal and century time scales) response in the range
from 0 to 3000 Gt; in particular, it may be used to model the results with our URR
best estimate, U = 1300 Gt (Figures 3.1 and 3.2). Note that contributions from
future deforestation are considered by the ISAM model, therefore they are reflected

in the transfer function of Figure 3.3.

We may now finally estimate the time evolution of the anthropogenic atmospheric
COg2 pulse. The historical data of atmospheric concentrations is used for the period
between 1750 and 2010 AD. Thereafter, and until the end of the anthropogenic
emission in year 2324 AD, the atmospheric COz2 is estimated using the predicted ac-
cumulated emissions from the modified Lorentz function (Figures 3.1 and 3.2) and
the transfer function as deduced from the ISAM model (Figure 3.3). In this way the
accumulated carbon emission is 361 Gt in year 2010 AD, 642 Gt in year 2037 AD,
and reaches a maximum value of 1300 Gt by year 2324 AD, and the atmospheric
concentrations at those dates can be obtained from the corresponding ordinates in
Figure 3.3.

3http://climate.atmos.uiuc.edu/isam2
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3.4. PROJECTIONS FOR THE NEXT GLACIAL CYCLE

Before making a projection for the next 300 kyr we must take into consideration
if there are other plausible mechanisms which are not incorporated in our mod-
els. In this work we consider two potential contributions: the very well established
weathering compensation mechanism and the less known emission of methane from
clathrates. We have chosen these two mechanisms not only because they are indeed
relevant effects but also because they are illustrative of the sort of modifications
that feedback mechanisms may cause in the Pleistocene dynamics.

According to Archer and Ganopolski [2005], the silicate weathering cycle will cause
that 7% of the anthropogenic CO2 will still remain in the atmosphere 100 kyr after
an anthropogenic perturbation. This implies that, after ending the anthropogenic
emission, about 9% of the CO2 concentration will decay with a time constant of ap-
proximately 400 kyr. We take into consideration this non-linear buffer (ocean carbon
chemistry) effect by simply assuming that 91% of the anthropogenic perturbation will
follow the dynamics given by Equations 2.1 to 2.6, while the remaining 9% will have
a long-term decay, with a 400 kyr time decay constant. A similar approach was used
by Paillard [2006].

Archer et al. [2009a] have studied the greenhouse effect expected to occur in the
next 10 kyr as the rising temperatures lead to the emission of a fraction of the
methane clathrates from continents and shelves. Their projection has a large uncer-
tainty related to determining the critical fraction of methane bubbles that are able
to reach the ocean surface. Taking this fraction as 2.5% and considering a scenario
of 1000 Pg of carbon emission, suffciently close to the one used in our models, he
predicts an increase of 0.4 — 0.5°C related to the escape of methane during some
10 kyr. Taking a climate sensitivity of 3°C for a doubling of CO2, the effect of the
predicted methane emission, Cj,. , is equivalent to 40.5 ppmv of CO2 concen-
tration during a period of about 10 kyr. We have introduced this contribution in
our projections by assuming that Cp,e; (additional equivalent CO2 concentration
derived from methane) grows linearly from 0 to 40.5 ppmv between 0 and 2 kyr,
remains constant between 2 and 10 kyr, and decreases linearly from 40.5 ppmv to
0 between 10 and 20 kyr.
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Following these considerations, we are now ready to start the projection. The model
equations are integrated forward, with the anthropogenic carbon emission scenario
in Figure 3.2 as the initial condition and properly forced by the insolation at 65°N
(Berger [1978b]), to predict the evolution of the interglacial-glacial transitions during
the next 300 kyr. In order to obtain a CO2 projection in dimensional units (ppmv),
rather than the model non-dimensional units, a concentration of 280 ppmv is assumed
for year 1750 AD and a dimensional scale is obtained by considering the range of
atmospheric concentrations in the Taylor Dome Ice Core between the last glacial
maximum (181 ppmv) and year 1750 AD (280 ppmv) (Indermuhle et al. [2000]).
Similarly, in order to transform from model ice volume to benthic §'80 (per mil),

the conversion used is
V= (Vaormalized + std(8'30)) + mean(8'%0), 32]

where Viyommalized 1S the modeled ice volume normalized with its own standard
deviation and mean. All other variables remains non-dimensional as there is no

dimensional scale available for their transformation.

The projection for the next 300 kyr is computed for both unperturbed and per-
turbed conditions using either the 37 or LS models; Figure 3.4 illustrates, as an
example, the predicted evolution of atmospheric CO2 following the anthropogenic
COz2 pulse. Both models display an exponential decay in atmospheric CO2, with
characteristic time decay somewhat longer for 37 than for LS. The two models,
despite having different parameterizations for ocean stratification and ice sheet evo-
lution, do produce a very similar outcome for the following glacial cycle. Hereafter,
we will focus on the future projection obtained with the 3z model, a comparison of

both models shows analogous results.

Figure 3.5 shows the CO2 evolution predicted by model 37 following the anthropo-
genic short-term pulse, after adding the long-term weathering compensation mech-
anism and further including methane emissions from clathrates. It may be observed
that in all cases the timing for the next interglacials does not substantially change.

The main effect is caused by the weathering compensation which causes somewhat
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Figure Relation between the accumulated anthropogenic carbon emissions (Ac) and the at-
3i| mospheric CO2 concentration (pCO2). The data is obtained from an aggregate of A1T

scenarios (SRES [2000]) as predicted by model ISAM (Jain et al. [1994]), available at
http://climate.atmos.uiuc.edu/isam2/, for every possible value of URR.

higher concentrations and a slightly longer duration of the present interglacial. The
effect of the methane emission is much reduced except for a relatively short plateau

in COg2 values after ending the anthropogenic pulse.

The introduction of the anthropogenic CO2 pulse clearly perturbs the natural cycle for
all four model variables during the forthcoming 300 kyr (Figure 3.6). Notice that the
values for variables Ig5, V, A and F in Figure 3.6 are relative variations, only C has
been translated to physical units (ppmv); further note that a minimum bound for V
has been set to an additional 10 meters sea level rise with respect to year zero, which
corresponds to a melting about 30% higher than the Greenland ice sheet (I/PCC'[2001])
and, for this reason, V doesn’t take values under —0.93/ —1.94 for 37/LS models.
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A comparison between the different panels in Figure 3.6 illustrates the influence of
Ig5 on the sequence of events, as discussed with detail in Chapter 2 and Garcia-Ol-
wares and Herrero [2013]. In both the perturbed and unperturbed simulations,
a V minimum (maximum) is produced a few thousand years after every positive
(negative) peak in Ig5. During a glaciation, the long-term increase in V produces
an increase in A which tends to decrease the F' value (due to the inverse depen-
dence of F on A, Equation 2.6). The transit to the interglacial relies heavily on
F turning negative (through the Heaviside function in Equation 2.5): F' reaches
negative values only during periods of advanced glaciation because at these times
A is also large. In these situations, peaks in Ig5 lead to relative minima in V and
a subsequent decrease in both A and F, which may induce negative F values that
trigger the oceanic COg2 emission. The condition to generate a deglaciation is,
thus, the coincidence of a maximum of Ig; in a period when V is large, as we have

seen previously in Chapter 2.

The model predicts a maximum CO2 concentration of 519 ppmv in 2300 AD
followed by an exponential decay. To define interglacial conditions we use two
simple criteria (Crucifiz [2011]): CO2 concentrations above 250 ppm and benthic
880 below 3.8 per mil; the CO2 criterion has been used also by IPCC [2007].
According to the COz2 criterion the current interglacial would end 40 kyr AP (35
kyr AP) for 37 (LS), and according to the 880 criterion it would end 46 kyr AP
(40 kyr AP) for 37 (LS). Therefore, the length of this interglacial would be 54 —
47 kyr (according to the CO2 values) and 58 — 50 kyr (according to the §'%0)
as predicted by the 37 and LS models. This interglacial would be followed by a
glacial period lasting until 113 kyr AP.

The model also predicts the disappearance of the next interglacial unperturbed
age, which should start at 64 kyr AP. This is due to the abnormally reduced ice
volume and ice sheet area predicted for the present interglacial, which takes long
to recover. The ice sheet, A, follows the evolution of V with a delay of about 7
kyr (Equation 2.2 and 74 value in Table 1.1). The F function, however, turns
negative only when A is large enough (due to the high value b = 1.205). At 64
kyr AP, V decreases (C'rises) in response to the positive forcing of the Ig5 insola-

tion but A is not high enough for F' to become negative. If V and A were large,
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Figure Prediction of the dimensional atmospheric CO2 concentration for the next 300 kyr
3-4| using, as an initial condition, the anthropogenic carbon release scenario shown in Fig-

ure 3.2. The blue and red lines correspond to the projection by the 3z and LS models,

respectively.

as occurs in the unperturbed case, F' would be close to the threshold value (F = 0)
and the decrease of V (rise of C') at that time would drive F' to negative values,
triggering the oceanic pulse. This delayed recovery of the ice volume V (and A) is
caused by the anthropogenic pulse introduced in the model, which produces 20 kyr
of abnormally high greenhouse effect. Under these conditions V needs a longer time
to reach the glacial maximum and the next glacial cycle moves 44 kyr forward in
time. At 235 kyr AP perturbed and unperturbed interglacials coincide again and
the further evolution of all variables remain in phase, suggesting the recovery of the

natural periodicity.
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Figure Dimensional atmospheric CO2 concentration for the next 300 kyr as predicted by model

3ﬂ 37 following the anthropogenic short-term pulse (red line), after adding the long-term
weathering compensation (green line), and after further incorporating the methane
emissions from clathrates (blue line). The inset shows how the start of the next inter-

glacial shifts depending on the total emissions of carbon.

We have also explored how sensitive are the model results, in particular the start-
ing time for the next interglacial cycle, to different URR values. One main result
is that a progressive increase in the anthropogenic pulse leads to smaller, with
lower CO2 values, interglacial cycles. A quite relevant result is that the timing for
the next interglacial will change discretely as U exceeds different threshold values
(inset in Figure 3.5). For example U = 475 Gt represents the URR threshold be-
yond which the next interglacial will experience a delay of 44 kyr; the following
thresholds will occur at 1725 and 2100 Gt, with corresponding additional delays
of 42 and 72 kyr (inset in Figure 3.5).
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Prediction of climatic variables for the future 300 kyr as obtained using the 37 model

Figure (including weathering compensation and methane emissions). The top panel shows the

3£| Is5 insolation time series and all other four panels present the projection of normalized
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ice volume (second panel), normalized extension of Antarctic ice sheet (third), dimen-
sional atmospheric CO2 concentrations, (fourth) and stratification function (bottom),

with (solid line) and without (dashed line) the anthropogenic perturbation in all cases.
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3.5. DISCUSSION

It may be argued that the carbon mechanisms in our models are too simplistic to
represent adequately the interglacial of 400 kyr BP, which is the closest natural an-
alogue of the present interglacial (Loutre and Berger [2000]). This is partially true,
since the CO2 plateau near 400 kyr BP is not reproduced by our models, which
always produce saw-teeth shapes for the CO2 evolution. However, if we apply the
Crucifiz [2011] CO2 and 880 criteria, the models do reasonably well. According to
880 the duration of the 400 kyr BP interglacial is 26 kyr from to the proxies, 21
kyr from to model LS and 27 kyr from model 37 ; the corresponding CO2 durations
are 44 kyr (proxy), 27 kyr (LS) and 35 kyr (37). The duration for the 400 kyr in-
terglacial is similar, as estimated either from model 37 or the proxies. In addition,
Figure 2.1 shows that near 400 kyr BP the shape of the glacial termination and the
beginning of the interglacial are well simulated by both LS and 3t. This endorses
the potential of our models (particularly, model 37) to anticipate the duration of the

present unperturbed interglacial with equally good behavior.

Loutre and Berger [2000] predict that the present interglacial is destined to last
about 55 kyr if the CO2 concentrations are maintained at constant levels above 220
ppmv. That long interglacial duration is supposedly due to the configuration of the
astronomic forcing, which is similar to the one occurred in the interglacial of 400 kyr
BP. With a COz2 level of 210 ppmv they foresee an interglacial lasting until 15 kyr
AP; with 220 ppmv they predicted the glacial conditions would start 17 kyr AP and
the interglacial conditions would return between 27 and 54 kyr AP. The comparison
with our results is difficult, because our models depend on three characteristic times
of CO2 absorption after the interglacial peak, making CO2 not to remain constant
in time. If we use the 8'0 criterion, the end of the present unperturbed interglacial
is estimated at 12.5 kyr AP, the estimate becomes 8 kyr AP if the COz2 criterion is
used (for both 37 and LS models). Thus, the duration of the unperturbed interglacial
as predicted by our models (20 kyr - 25 kyr for CO2 - §'%0) is less than Loutre and
Berger [2000] estimate for CO2 concentrations above 220 ppmv, but similar to their

prediction with CO2 concentration of 210 ppmv.
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After adding the anthropogenic perturbation, the 37 model predicts a slow decay of
the greenhouse effect so that the interglacial conditions remain until 40-46 kyr AP,
which is shorter than predicted by Loutre and Berger [2000] (55 kyr) for their high-
CO2 concentration (< 210 ppmv) scenario, and longer than the duration of previous
interglacials (30 kyr or less according to Winograd et al. [1997]).

Our prediction of the following interglacial is not strongly dependent on the exact
value of the COz initial condition in the range of 475-1700 Gt (inset in Figure 3.5).
When URR is equal or larger than 1725 Gt, the models predict a very slow V, A
and F recovery, so that the interglacial at 118 kyr AP is lost and the next inter-
glacial takes place in coincidence with the following obliquity maximum at 160 kyr
AP. For URR between 2100 and 2500 Gt, the recovery is even slower, shifting the
next interglacial to 232 kyr AP and for URR equal or larger than 2525 Gt the next
interglacial is totally lost until at least 300 kyr AP. This would be the case with the
most extreme IPCC scenarios (such as A1F1 and A1G AIM); however, we consider

those scenarios with URR above 2100 Gt as unrealistic.

Our projection also displays some interesting resemblances with Mysak [2008]| fore-
cast, carried out with the McGill Paleoclimate Model, an EMIC. If we set the in-
terglacial conditions to correspond to CO2 concentrations above 250 ppmv (IPCC
[2007]), our 37 model does show an interglacial lasting until 46 kyr AP. This is close
to Mysak’s prediction (Mysak [2008]), who found that the next glacial inception
occurs 50 kyr AP.

On the other hand, our prediction differs substantially from the results of the inter-
mediate complexity model by Archer and Ganopolski [2005]. Their carbon model,
based on Archer [2005], includes very plausible geochemical mechanisms for ocean
acidification and CaCQOg3 response operating in the scale of 10 kyr and 100 kyr.
However, their evolution of atmospheric pCO2 does not account for the sort of nat-
ural pCO2 variability that drives the glacial /interglacial cycles, and only focuses on
the geochemical mechanisms that credibly affect the anthropogenic perturbation.
The lack of mechanisms for the geophysical absorption of CO2 at time scales of
10 kyr, such as the ice volume - CO2 feedback, probably results in predictions for
the atmospheric pCO2 that are substantially higher than ours. For a total carbon
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emission of 1000 Gt, their model forecasts the current interglacial period to last for
another 130 kyr AP. In contrast, we project a much smaller effect of the anthropo-
genic pulse, with the atmospheric COz2 decreasing below interglacial levels in 40-46
kyr (according to 37) and reaching the minimum glacial levels in about 100 kyr,
resulting in a delay of the next interglacial stage by 44 kyr.

The differences between the results of Archer and Ganopolski [2005] and Mysak
[2008] arise from the different hypotheses on the long-term fate of atmospheric CO2,
which is made depend exclusively on geochemical mechanisms in the former, and is
externally imposed in the latter. In comparison, in our models the rate of decay for
most of the atmospheric CO2, except for the relatively small anthropogenic fraction
(9%) which is assumed to obey a long-term weathering adjustment, is obtained
through fitting the model equations to the observed CO2 and global ice volume vari-
ations during the past glacial cycles. The time decay constants obtained in this way
lie between 8400 and 13500 yr (Table 1.1). Our underlying assumption, therefore, is
that the internal dynamics of the Farth system will remain the same, either with or
without the anthropogenic CO2 pulse, except for the relatively small fraction with

a weathering-related slow decay.

In this work we have illustrated an application of two simple relaxation-type models
(Garcia-Olivares and Herrero [2013]) to predict the future evolution of global Earth
variables during the next 300 kyr, with and without the atmospheric CO2 perturba-

tion caused by anthropogenic fossil fuels emissions.

The abnormally high thermal perturbation of the current interglacial will lead to a
delay in the future advance of the ice sheet over the Antarctic shelf. As a result, the
relative maximum of boreal insolation 65 kyr AP will have no effect on the stability
of the developing glaciation. However, the following insolation peak (115 kyr AP)
will take place in an appropriate state of the climate system and will be sufficient
to induce the new deglaciation. The next glacial maximum will take place about
105 kyr AP and the following interglacial will be delayed forward in time by 44 kyr
in relation to unperturbed conditions. Our models projections depend on the URR
value, being very stable in the 475 to 1700 Gt range; for URR equal or larger than
1725/2100 Gt the next interglacial is expected to begin 160/232 kyr AP.
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Our projection on the evolution of the Earth’s climate may be compared with those
from intermediate complexity models for the Earth System, with appealing simi-
larities in one case (Mysak [2008]) but with differences in another instance (Archer
and Ganopolski [2005]). We believe that simple coupled models have the funda-
mental attribute that, despite their simple structure, retain the principal Earth’s
climatic interactions, being capable of accounting for the natural evolution of an
externally imposed atmospheric CO2 pulse. Nevertheless, in order to confirm this
claim, our results should be compared with those obtained from an Earth System
model which includes fully interactive long-term global carbon dynamics. Once this
is proven, simple coupled models may become a helpful tool to examine the future

evolution of climate under different scenarios of anthropogenic fossil fuels emissionil
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INSIGHT TO MARINE ISOTOPIC STAGE 13
USING LATE PLEISTOCENE RELAXATION
MODELS AND SEA LEVEL STACK
L

It seems to me that the natural world is the greatest source of ex-
citement; the greatest source of visual beauty; the greatest source of
intellectual interest. It is the greatest source of so much in life that

makes life worth living.

- David Attenborough

4.1. INTRODUCTION

As we have seen in previous chapter, glacial-interglacial oscillations of late
Pleistocene climate (last 800 kyr) reveal a characteristic 100-kyr ice-age cy-
cle, assumed to be mainly derived from orbital parameters and from internal
feedbacks of the climate system (Hays et al. [1976]; Archer et al. [2000];
Paillard [2010, 2015]).

Following Paillard and Parrenin [2004], several relaxation models, based on
simple parameterizations of deep ocean stratification, have been developed
(Garcia-Olivares and Herrero [2012, 2013]). Two of these models, 37 and
LS, have good skills reproducing the conditions during the last eight glacial
cycles (Chapter 1). The 100-kyr glacial-interglacial periodicity is internally
generated through three coupled variables: atmospheric CO2 concentration,
global ice volume and the extension of the Antarctic ice shelf (for a detailed
dynamics, see Chapter 2)
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8180 data from benthic foraminifera (Lisiecki and Raymo [2005]) may be used as
a proxy for ice volume (Shackleton et al. [2000]; Shakun et al. [2015]; Waelbroeck
et al. [2002]), although the O'®/O'0 ratio is known to depend on both the isotopic
composition and temperature of the water where foraminifera develop. Waelbroeck
et al. [2002] found that the relationship between 80 and ice volume is not linear,

causing some uncertainties in the ice volume variations.

Global ice volume changes derived from growth and retreat of continental ice sheets
may be associated with sea level variations in the glacial-interglacial cycles (Chap-
pell and Shackleton [1986]; Waelbroeck et al. [2002]; Lambeck et al. [2014]), a proxy
with less uncertainties. Some reconstructions of sea level from ocean sediment core
data have been performed using different proxies and models, each of them limited
by measurement error, local variations in salinity and temperature, and assumptions
particular to each technique. Spratt and Lisiecki [2015] have compiled a wide repre-
sentation of these reconstructions, developing a sea level stack, which represents the

eustatic sea level record more accurately than each of the individual reconstructions.

In this work, we use Spratt and Lisiecki [2015] sea level stack to analyze and iden-
tify differences between 6'%0 and sea level as proxy data for the ice volume. In
next section, the models are presented and some non-linear methods are applied in
Section 4.3 to outline the differences between §'%0 and sea level stack. Section 4.4
shows the recalibration and optimization of 3t and LS models to the new set of sea
level data, and the discussion of the results, as well as some brief conclusions, are

presented in last section.

4.2. RELAXATION MODELS

There are several differences between models 37 and LS (Figure 4.1, bottom panel).
One difference is the value used for the reference Antarctic ice sheet, either —C' (rep-
resenting the inverse effect of Antarctic temperature in Antarctic ice sheet extent)
for model LS or V for model 37. Another minor difference is the inclusion of g5 in

model LS when specifying the reference atmospheric CO2 concentration value, Cr.
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However, the main difference between both models, is their parameterization of the
ocean state, with F'= F (V, A) in model 3z and F = F (C, A) in model LS. Both V
and C are good proxies for the Southern Ocean (SO) regional temperature and ei-
ther FF'= F (V, A) or F = F (C, A) are plausibly ways to model the local formation
of brines. The fact that the dependence F = F' (V, A) performs somewhat better
than F = F (C, A) may be due to the non-negligible role that 1 has on stratification

through teleconnections ( Garcia-Olivares and Herrero [2013]; Gildor and Tziperman
[2001]) or to a possible larger effect of sea level than Antarctic temperature on brine

formation (Chapter 2).

16
18 8

119 17 15 13 7 \

Models

-100 0

B PP .
-800 -700 -600 -500 -400 -300 -200
Time (Kyr)

Figure Top panel: proxy 80 records from Lisiecki and Raymo [2005] (grey line) and sea level
4i| stack from Spratt and Lisiecki [2015] (green line); numbers represent Marine Isotopic
Stage labels for the early Pliocene from Lisiecki and Raymo [2005]. Bottom panel: normal-

ized ice volume as predicted with the 37 (blue line) and LS (red line models.
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The best-fit correlations are 0.87/0.88 (between §'¥0 and modeled V') and 0.76/0.79
(between the reconstructed atmospheric CO2 concentration and modeled C') for
models LS/37. The parameter values that lead to the best data fit for either model
are shown in Table 4.1.

The two different proxies, 60 records from Lisiecki and Raymo [2005] and sea level
stack from Spratt and Lisiecki [2015], have similar dynamics but the timing of de-
glaciations is slightly shifted in all cases, as well as depth of glacial cycles, specially
in the first four cycles (from -800 to —400 kyr) (Figure 4.1, top). The difference is,
somehow, more evident around -500 kyr where the sea level data reconstruct the
cycle with less variance. A comparison between sea level stack and benthic §'%0 has
been performed in Spratt and Lisiecki [2015], showing that the relationship between
benthic §'®0 and sea level is well-described by a linear function in the first four cy-
cles (from —800 to 400 kyr) and a quadratic function in the last cycles (from —400
to 0 kyr).

4.3. NON-LINEAR ANALYSIS OF BOTH
SIMULATED AND PROXY TIME SERIES

Some non-linear analysis have been performed to analyze internal frequencies of
each time series. Spectral power of observational and simulated time series are
obtained with Fast Fourier Transform (Figure 4.2). The sea level stack has more
power than any other series in the 100-kyr band, but the power in the 41-kyr band
is visibly lower than any other time series. As it seems, the sea level stack tends to
over predict the power for long wave frequencies and to under predict it for short

wave frequencies when compared with §'%0 data.

The complex cross-wavelet transform of two time series can be interpreted as the
shared power in a given periodicity band (absolute value) and the phase between
the two series in time frequency space (Grinsted et al. [2004]). Lighter purple color
indicates greater shared power in that time and periodicity band, and the arrow

angle indicates the phase between the observational and simulated series. It is in-
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teresting to see that in the main 100-kyr band the shared power is maximum (as
expected) and the phase is really similar for all three cases (Figure 4.3), but the
most interesting features are the blue spots in the 41-kyr band at the sea level and
8180 case. Apparently, there are some significant differences between both proxies
around -500 and 250 kyr, in terms of obliquity content, which made both proxies

dynamically different at those times.
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Figure Spectral power of normalized ice volume as predicted with 3z model (blue), LS model
4£| (red), proxy 6'°0 records from Lisiecki and Raymo [2005] (grey line) and Spratt and

Lisiecki [2015] sea-level stack (green line).
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43' and 80 records from Lisiecki and Raymo [2005] (top), simulated V time series with 37

model (middle) and LS model (bottom).
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4.4. DYNAMICS OF SEA LEVEL RE-CALIBRATED MODELS

Considering the existing dynamic differences between the sea level stack and the
benthic §'%0, a new calibration has been done for both 37 and LS models using
the sea level (SL) stack from Spratt and Lisiecki [2015]. This has derived in new
37 and LS models, called 3zg;, and LSgy, hereafter.

The comparison between parameter values of all models is shown in Table 4.1.
The correlations between the original models and the new recalibrate models
do not change much; for V, the correlation has increased from 0.88 (37) to 0.89
(3zsr), just 1%, while there is no change for the LS/LSgy, case. For C, however,
the correlation has slightly decreased in both cases from 0.79 (37) to 0.77 (37sr)
and from 0.76 (LS) to 0.73 (LSgz), a 2% and a 3% respectively. This change in the
correlation should not be important, as the uncertainties in the §'*0 may pro-
duce an over interpretation of the data, meaning that these correlation differences
of less than 4% are included under the observational uncertainty. Nevertheless,
the most remarkable feature of these new optimizations is a double peak shown
in the 3zgy, ice volume around -500 kyr. This double peak was not present in the
original 3z models, and it is not shown in any LS model, suggesting that there are

a significant dynamic difference between both proxies and/or both models.

4.5. DISCUSSION

Marine Isotopic Stage 13 (MIS-13) interglacial occurred approximately 500,000
years ago (—500 kyr). It is of particular interest, as it suffered severe summer
monsoons simultaneously with increasing marine oxygen isotope and decreas-
ing Antarctic ice core records in temperature compared to other interglacials
(Yin and Guo [2008]; Lang and Wolff [2011]; Muri et al. [2012, 2013]). All of
these anomalies indicate a warm Northern Hemisphere (NH) and a cool Southern
Hemisphere (SH), and consequently a strong asymmetry of hemispheric climates
during MIS-13 (Guo et al. [2009]).
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The stratification and deep water formation in 37 and 3zg7, models, where F' = F
(V, A), is partly controlled by the temperature of the North Atlantic Deep Water
(NADW) upwelling and partly by sea level, thus these models are more affected by
the NH temperature changes and variations of global sea level. On the other hand,
LS and LSg7, models have F' = F (C, A), suggesting that the formation of Antarctic
Bottom waters (AABW) and stratification may be controlled only by Antarctic ice
sheet extent and regional temperature, all local variables of the SH.

Benthic §'3C data from Lisiecki [2010] can be considered a good proxy for deep
ocean carbon storage, or consequently, a proxy for deep stratification. Figure 4.5
show the 8'3C data from Lisiecki [2010] and ocean parameter, F, for both 3zgy, and
LSgr. The models represent more accurately the last four glacial cycles (from 400
to 0 kyr), where F is slightly shifted on the stratification, rather than the first ones
(from 800 to —400 kyr), where F'is clearly different than §'3C. This behavior points
out that F, which is in control of the COz2 pulse and hence triggers the deglaciation,
might not be representing only the stratification as Paillard and Parrenin [2004]
suggested. Ferrari et al. [2014] suggest that large oceanic CO2 emissions are related
to the Antarctic ice cover. Both mechanisms (stratification and Antarctic ice cover)
may be represented under F in our models, suggesting that in the first four glacial
cycles the two mechanisms are out of synchrony, while in the last four cycles are act-
ing on the same direction. Further research is needed to understand the mechanisms

controlling oceanic CO2 emissions and the cause of the MIS-13 anomaly.

MIS-13 is a good case to evaluate this possible double dependence of F, as the
two peaks in COz2 are more like plateaus, rather than the common saw-tooth. This
might be caused by the stratification and Antarctic ice cover acting out of phase:
the weakened stratification will produce a vertical CO2 pulse to trigger the degla-
ciation, but as the temperature is specially low in this interglacial, the Antarctic
ice cover is abnormally wide and acts as a cover for the expected CO2 outgassing,
controlling the amplitude of the pulse. Both models have very similar shapes but
LSgz, shows a more deep state (F < 0) in all interglacials, specially in MIS-13. It
does show the starting of a double peak in MIS-13, but the first deglaciation is very
light and does not produce enough CO2 pulse to change the state, maintaining the
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PARAMETERS 37 37SL LS LSsL
Ty 16585 20525.6 11325 15996.6
Ty, 3105.5 5826.5 2325 3179
[70] 13505 8824.5 2793 2933.2
T - - 8414 10069.4
Ty 9004 11110 10266 13757.8
z 0.905 1.547 0.669 0.544
Y 0.489 0.923 0.527 0.344
z 0.946 1.704 0.761 1.531
o - - 0.237 0.907
B 0.336 0.255 0.793 0.985
Y 2.044 1.538 1.955 2.242
é 0.228 0.549 0.146 0.514
a 0.54 0.727 - -
b 1.205 1.586 0.936 1.877
c - - 0.533 0.928
d 0.483 0.51 0.069 0.418
Ry 0.88 0.89 0.87 0.87
Rg 0.79 0.77 0.76 0.73
Table Parameter values used for the original 3z and LS models, and the new recalibration 3zgy,
4i| and LSgr, models. Ry and R(¢ represent the correlation between proxy and modeled

data for global ice volume, V, and atmospheric CO2 concentration, C, respectively.

glacial period (Figure 4.6). Afterwards, the system is dynamically ready to change
the state, producing a deep and strong interglacial. This deep interglacial state is
more stable and generates a CO2 pulse strong enough to change permanently from
glacial to interglacial. In the 3tgr, case, the deep ocean stratification parameter is

more unstable (close to the tipping point F' = 0) and although the first CO2 pulse
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Figure Top panel: best fit obtained after the optimization between Spratt and Lisiecki [2015] sea
4i| level stack (grey line) and 3zg7, model (blue line), LSg7, model (red line). Bottom panel:
best fit obtained for the CO2 time series after the optimization: 3zg7, model (blue line),
LSgr, model (red line) and experimental COs2 time series from Petit et al. [1999]; Monnin

et al. [2001]; Pepin et al. [2001]; Siegenthaler et al. [2005]; Luthi et al. [2008] (grey line).

generates a change of state, it is not strong enough to maintain it, retreating back to
an additional glacial state. The second pulse is slightly stronger, finally generating

a stable change of state.

LSgy, first attempt to change the state may not be strong enough because it does

not capture the asymmetry of hemispheres, as the F' parameter is only affected by
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-3t 4
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Time (Kyr)

Figure Deep ocean stratification parameter, F, derived from 3zgy, model (blue line), LSg7, mod-
4ﬂ el (red line) and 8'3C gradient from Lisiecki [2010] (grey line).

SH variables. 3tg;, on the other hand, is affected by the dynamics of both NH and
SH, capturing the asymmetry between hemispheres which produces a more unstable

deep ocean stratification through a teleconnection of NADW ( Garcia-Olivares and
Herrero [2013]; Gildor and Tziperman [2001]).

In this work, we have compared two simple relaxation-type models ( Garcia-Olivares
and Herrero [2013]) with Spratt and Lisiecki [2015] sea level stack to analyze and
identify differences between 8'*0 (Lisiecki and Raymo [2005]) and sea level as proxy
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Top panel shows ice volume fits: 37g7, model (blue line) and LSg7, model (red line),
derived from the optimization to Spratt and Lisiecki [2015] sea level stack (grey line).
Best fit obtained for the CO2 time series: 377, model (blue line) and LS g7, model (red
line), compared with experimental COz2 time series from Petit et al. [1999]; Monnin et
al. [2001]; Pepin et al. [2001]; Siegenthaler et al. [2005]; Luthi et al. [2008] (grey line) are
shown at the middle panel. Deep ocean stratification parameter, F, derived from 3zgy,
model (blue line), LSgr, model (red line) and 813 C gradient from Lisiecki [2010] (grey

line) are shown at bottom panel.
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data for the ice volume. The recalibration of the models with the sea level stack has
outlined the different dynamics of the models in a very particular interglacial event,
the MIS-13.

The comparison of benthic §3C data from Lisiecki [2010] with the ocean state pa-
rameter, F, shows a mismatch in the first cycles (from -800 to 400 kyr), suggesting
that F might represent not only the deep stratification (as suggested by Paillard and
Parrenin [2004]) but also other variables, like the Antarctic ice sheet (as pointed out
by Ferrari et al. [2014]), which probably play an important role in the deglaciations.
On the last cycles (from —400 to 0 kyr), F seems to be in good pace with the strat-
ification, although slightly shifted, suggesting that both mechanisms (stratification

and Antarctic ice cover) are acting in the same direction.

The inability of LSg7, on reproducing the double CO2 peak at MIS-13 may be due
to the dependence of F on local variables, which unable F'to capture an asymmetry
between hemispheres. On the other hand, 3zgr, correctly reproduces this double
peak and seems more accurate capturing the dynamics of MIS-13, suggesting that
the parametrization F' = F (V, A), affected by both NH and SH dynamics, performs
better and it is more appropriate to simulate the climate system dynamicﬂ






T
Conclusions
L

We on Earth have just awakened to the great oceans of space and time
from which we have emerged. We are the legacy of 15 billion years of
cosmic evolution. We have a choice: We can enhance life and come to
know the universe that made us, or we can squander our 15 billion-year
heritage in meaningless self-destruction. What happens in the first sec-
ond of the next cosmic year depends on what we do, here and now, with

our intelligence and our knowledge of the cosmos.

— Carl Sagan, COSMOS

In this final chapter I will briefly revise the results presented in this thesis. In
Chapter 1 several relaxation models incorporating a wide representation of physical
mechanisms, like the oceanic CO2 pumping or the response times of carbon and
ice volume, have been developed. The models’ parameters have been calibrated to
provide the best fit to the §'%0 and CO2 experimental time series available for the
last 800 kyr BP. We have described eight different sub-models, all derived from the
original Paillard and Parrenin [2004], to evaluate how those different parameteriza-
tions affect the data fit. Some of those mechanisms like the biological exportation
production or an exponential CO2 oceanic pulse does not offer new insights. On the
other hand, the sub-models with different response times for accumulation and ab-
lation of ice, and/or emission and absorption of CO2, show a good quantitative and
qualitative agreement with the empirical time series, especially 4t , EP, 37 and LS,
suggesting that different relaxation times are a possible way to reproduce the asym-
metry in the glacial cycles and that the mechanisms that these models incorporate

may be important factors controlling glacial-interglacial oscillations.
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The 47 model improves the PP04 correlations (0.59 and 0.63) to 0.79 and 0.89 using
14 parameters. The EP model uses 15 parameters but the additional parameter,
which was aimed at improving the form of the oceanic pulse function, did not im-
prove the correlations and can be considered useless. The 3t model obtains almost
the same correlations as 4t using only 13 parameters. The LS model (15 parame-
ters) does not improve the correlations of 4t (which are slightly higher) but incor-
porates a functional form for stratification F' that seems more consistent with the
mechanisms suggested by Paillard and Parrenin [2004]. 37 is, then, the model with
the best explained variance per parameter, and LS, having a explained similar var-
iance, contain parameterizations that can be related to the observed mechanisms.
Both models offer a valuable insight into the real meaning of the good performance

of PP04-derived models, and deserve further analysis.

In Chapter 2, the dynamics and mechanisms incorporated in 3z and LS models have
been analyzed and compared, to explore the most plausible physical interpretations
of the mathematical expressions. First, we have evaluated their non-linear dynamics
using wavelet transform, cross-wavelet transform, wavelet coherence, Fourier analy-
sis, attractors and cross-recurrence plots. We have, then, identified the mechanisms
and dynamics that lead to good data fit and we have compared the results with the

observational dynamics that supposedly cause glacial-interglacial oscillations.

We have demonstrated that, in fact, relaxation models are a useful tool to analyze
and study the physical mechanisms of the climate system, as well as to identify feed-
backs and the involved variables. We have shown that the models are not sensitive
to the southern insolation; rather, they respond to a different variable, C, which
seems to be a much better proxy of Antarctic temperature. One important conclu-
sion if that the detailed dynamics of COg2 are not important to obtain a good match
between the models and the proxy data. What is really important is a nonlinear in-
stability, reached after 80 - 100 kyr (allowing V to reach a maximum level), allowing

any modest increase of the insolation to cause a release of atmospheric CO2.

Variable F' is crucial in the models. We have pointed out that an abrupt oceanic
release of CO2, similar to a rectangular pulse of 10 to 20 kyr, is necessary to trigger

the termination, and F' is the non-linear control of this upwelling of CO2. It can be
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described as a deep ocean control parameter. We believe that F' can be physically
considered the stratification synchronously combined with the biological and car-
bonate pumps in the sub-Antarctic zone, and with the sea ice extent which controls

the residual circulation and the depth of upwelled water.

A precise simulation of the detailed set of events constituting the deglacial trigger
would require adding some parameterization for the North Atlantic ice sheet insta-
bility to our models as well as more complex carbon dynamics. PP04-derived models
produce good results in spite of their simplicity in the modeling of oceanic CO2 re-
lease, and to obtain a closer representation of all the physical processes involved in

the climate system, more mechanisms should be included in future versions.

In Chapter 3 we have illustrated an application of the relaxation models, useful
too to answer more direct dynamic questions. We have used 3t and LS models to
predict the future evolution of global Earth variables during the forthcoming 300
kyr, with and without the atmospheric CO2 perturbation caused by anthropogenic

fossil fuels emissions.

The anthropogenic CO2 pulse produces 20 kyr of abnormally high greenhouse effect,
involving a delay in the future advance of the ice sheet over the Antarctic shelf. As
a result, the corresponding peak of northern insolation, causing a termination in the
unperturbed scenario, will have no effect on the stability of the developing glacia-
tion. However, the following insolation peak will take place in an appropriate state
of the climate system and will be sufficient to induce the new deglaciation, moving,
accordingly, the next glacial cycle 44 kyr forward in time. After three cycles, per-
turbed and unperturbed interglacials coincide again and the further evolution of all
variables remain in phase, suggesting the recovery of the natural periodicity. On the
other hand, a progressive increase in the anthropogenic pulse leads to smaller, with
lower CO2 values, interglacial cycles, and the timing for the next interglacial will

change discretely as U exceeds different threshold values.

In Chapter 4 the models have been re-calibrated using a new sea level data stack
and are used to understand the dynamics of a very particular interglacial event, the
MIS-13. We have compared 37 and LS models with Spratt and Lisiecki [2015] sea
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level stack to analyze and identify differences between 80 (Lisiecki and Raymo

[2005]) and sea level as proxy data for the ice volume.

The comparison of the deep ocean parameter, F', with a proxy of deep stratifica-
tion (benthic 8'3C data, Lisiecki [2010]) shows a mismatch in the first cycles (from
-800 to —400 kyr), suggesting that F' might be representing not only the deep water
formation but also other variables, like the Antarctic ice sheet. On the last cycles
(from 400 to 0 kyr), F seems to be in good pace with the stratification, although
slightly shifted, suggesting a representation of a mixed state of the deep ocean. This
reinforces the results of Chapter 2, where F' represents not only the stratification

but also the sea ice extent.

The appearance (or not appearance) of a double CO2 peak at MIS-13 in our mod-
els, suggest that the parametrization F = F (V, A), affected by both NH and SH

dynamics, is more appropriate to simulate the climate.

We may then assess that relaxation models can be extremely useful tools to char-
acterize the complex climate system, and helpful to examine specific questions as
the future evolution of climate under different scenarios of anthropogenic fossil fu-
els emissions. Relaxation models may contribute to broaden the knowledge of the
mechanisms controlling the variability of the late Pleistocene glacial cycles; never-
theless, their results should be compared with those obtained from an intermediate
complexity model, which should include conservation equations, realistic geometry
and long-term global carbon dynamics. The analysis of the present results under
the complementary perspective given by these complex models would be a natural
continuation of this thesiﬂ
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A. ON INSOLATION FORCING

We have used Berger [1978a| and Berger and Loutre [1991] sofware to calculate in-
solation time series at different latitudes, covering a time domain from last 800 kyr
to the next 300 kyr in time steps of 100 years. We have used negative and positive
values when respectively referring to times before present (BP) and after present
(AP), where year zero is taken as 1950 AD. In Chapters 1, 2 and 4 we have taken
into account only the past time (last 800 kyr) but in Chapter 3 we have made some

projections, using the next 300 kyr domain.

Two sets of insolation data has been developed for the past time. On one hand,
insolation regarding one single day of the year at one specified latitude, this is
Northern Hemisphere summer insolation (65°N) on 21st June, named Ig5, and on
the other hand, late Austral summer insolation (60°S) on 21st February, named I
(Figure A.1).

For Chapter 3, a new set of Northern Hemisphere summer insolation (65°N) on 21st
June has been calculated, this time considering the whole time domain (from -800
to +300 kyr), shown in Figure A.2_.|
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B. GENETIC ALGORITHMS FOR OPTIMIZATION

To perform optimizations of mathematical expressions, we have implemented a
multi-objective genetic algorithm with the aim of maximize correlation between
experimental and modeled data. This has been done with Global Optimization
Toolbox from Matlab'.

First of all, we must answer a key question: what exactly is a genetic algorithm?

According to Charbonneau [2002], genetic algorithms are, fundamentally, a class of
search techniques that use simplified forms of the biological processes of selection/

inheritance /variation.

This optimizers are based on natural selection, which states that individuals better
adapted to their environment, i.e., for whatever reason better at obtaining food,
avoiding becoming lunch, and finding/attracting/competing for mates, will, on av-

erage, leave behind more offspring than their less apt colleagues.

"Matlab is a trademark of The MathWorks.
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For natural selection to lead to evolution, two more essential ingredients are required:

1- inheritance: offspring must retain at least some of the
features that made their parents fitter than average, otherwise

evolution is effectively reset at every generation.

2- variability: at any given time individuals of varying fit-
nesses must coexist in the population, otherwise natural selection .

has nothing to operate on.

To better understand the mechanism, here we show a genetic optimization problem
based in our model. One is given a model that depends on a set of parameters u
(like 37), and a functional relation f(u) that returns a measure of quality, or fitness,
associated with the corresponding model; in our case, this function is the correlation
between the modeled output and the experimental data. The optimization task usu-
ally consists in finding the “point” «* in parameter space corresponding to the model
that maximizes the fitness function f (u); in our case, we search in a parameter space
of 11 to 15 coordinates, depending on the model. We now define a population as a
set of Np realizations of the parameters w.

A top-level view of a basic genetic algorithm is then as follows:

1- Randomly initialize population and evaluate fitness of its

members (parents).

2- Breed selected members of current population to pro-
duce offspring (child) population (selection based on fit-

ness).
3- Replace current population by offspring population.
4- Evaluate fitness of new population members.

5- Repeat steps (2) through (4) until the fittest member

of the current population is deemed fit enough.
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The crucial singularity lies with step 2: Breeding. It is in the course of breeding that
information is passed and exchanged across population members through mecha-
nisms as crossover (also called recombination) and mutation. As the name suggests,
crossover is a process of taking more than one parent solutions and mix them to
produce a child. In the mutation, some parents are randomly change to produce some

variations in evolution (just as mutation works in natural environment).

This is how genetic algorithm works from a very simplified point of view. We have
used this technique to set all parameters (11 to 15, depending on the case) that form

the model in order to find the combination that maximizes the correlation_.l

Reproductionlbased on fit

00
ée o

CROSSOVER BREEDING MUTATION

Figure Visual inspection of genetic algorithm work flow.
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C. RESUMEN EN CASTELLANO

C.1. INTRODUCCION

Permitanme comenzar con una pregunta fundamental: ;jpor qué debemos estudiar
el clima? El clima afecta a la vida cotidiana de muchas maneras: en la comida
que comemos, en las casas en que vivimos, en nuestro trabajo, en la forma en que
viajamos... Incluso afecta a nuestra cultura, nuestro tiempo libre o nuestra salud.
Pero esto es tan solo localmente importante. Lo que tenemos que ver aqui es el
conjunto: el clima afecta la manera en que todas las especies vivas se han adaptado
a la biosfera, es clave para nuestra supervivencia, pero estamos influenciandolo de
manera dréastica y no podemos predecir las consecuencias de nuestras acciones. Es,
por tanto, fundamental ampliar nuestro conocimiento sobre el sistema climético de
la Tierra, el tinico hogar que hemos conocido, para estudiar la variabilidad climética
pasada en diferentes escalas de tiempo con el objetivo de obtener pistas que ayuda-
rén a la sociedad a afrontar el futuro cambio climatico. Como Carl Sagan predijo en

Cosmos, uno de sus libros mas conocidos (Sagan [1980]):
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"Nuestra inteligencia y nuestra tecnologia nos han dado el poder
de afectar el clima. ;Como vamos a usar este poder? ;FEstamos
dispuestos a tolerar la ignorancia y la complacencia en los asun-
tos que afectan a toda la familia humana? ;Valoramos ventajas
a corto plazo por encima del bienestar de la Tierra? ;O vamos a
pensar en escalas de tiempo mds largas, con la preocupacion por
nuestros hijos y nuestros nietos, para entender y proteger los com-
plejos sistemas de soporte de vida de nuestro planeta? La Tierra

es un mundo pequenio y frdgil. Necesita ser cuidado.”

La paleoclimatologia es la ciencia que estudia los cambios en el clima en una escala
de tiempo muy larga; tan larga como toda la historia de la Tierra, 4.54 mil millones
de afios. Utiliza datos previamente conservados en una amplia representacién de
ambientes (como rocas, sedimentos, hielo, corales ...) para reconstruir el estado méas
antiguo del clima de la Tierra y su correspondiente variabilidad. Encontrar datos
detallados tan antiguos como la Tierra es practicamente una tarea imposible, pero
sin duda se puede usar una variedad de métodos para obtener series temporales fia-
bles con una escala de tiempo de millones de anos. En este trabajo, hemos utilizado
registros con un dominio de tiempo maximo de 5 millones de anos, y los resultados
se reducen a lo que podriamos considerar el tiempo més reciente, solamente 800000

anos, o en unidades paleoclimaticos, 800 ka.

Para entender el clima en detalle, debemos mirar en todos los procesos relevantes
del sistema, aunque esto puede ser un poco aterrador, ya que el nimero de estos
procesos que deben ser entendidos es asombroso. Para hacerlo més interesante,
la cantidad de conocimiento cierto que tenemos es limitado y parcial. ;Debemos
llorar de desesperacion? Ciertamente no. Por suerte, el paleoclima, como todas
las ciencias, se basa en el método cientifico, que nos ayuda en el desarrollo de una
comprension de la realidad utilizando términos como mecanismo, el modelo y la
teoria. Podemos describir una teorfa como una explicacién matematica detallada de
los fenémenos que tiene relevancia suficiente para hacer predicciones a partir de los

principios fundamentales, o en otras palabras, segtin lo declarado por Truesdell and
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Toupin [1960], una teoria no es més que un modelo matemaético para la naturaleza.
La verdad es que no hay un camino claro para obtener una teoria razonable del
clima en el futuro cercano. Mas bien, todos esperamos para desarrollar modelos de
clima, en el que los principios e hip6tesis sobre los mecanismos locales de retroali-
mentacion nos permitan derivar algoritmos matemaéticos y predicciones que deben
ser comparados con las observaciones experimentales. Mientras las predicciones y
los experimentos coinciden, podemos considerar el modelo valido para describir una

realidad, un objeto complejo de- nominado sistema climético.

Histéricamente, se han hecho muchos avances para modelar la estructura de la va-
riabilidad del clima a largo plazo. En el siglo XIX, Louis Agassiz (Agassiz [1838]),
propuso por primera vez que el clima en la Tierra podria haber sido mucho méas
frio en periodos anteriores de tiempo, al menos en el hemisferio norte (NH), pero
bajo una perspectiva catastrofista. Mas tarde, Joseph Adhémar (Adhémar [1842])
formul6 la primera teoria astronémica de las edades glaciales, sugiriendo que los
parametros astronémicos pueden modificar el clima, y explicé la posiciéon de las
capas de hielo de acuerdo con la precesion de los equinoccios, y el posterior cam-
bio de ubicaciéon del perihelio (punto mas cercano a la oérbita del Sol en la Tierra)
en relacion con las estaciones. Sin embargo, la formulaciéon Adhémar fue criticada
ampliamente, sobre todo con argumentos infundados, aunque tenfa, ciertamente,
problemas. James Croll (Croll [1867]) trabajo en una version mas elaborada de esta
teoria, teniendo en cuenta el papel de la excentricidad como una modulacion de la
precesion, y siguiendo las ideas Adhémar, insistié en el papel de la acumulacion de
nieve durante el invierno como la clave de las glaciaciones. Fue en el siglo XX, cuan-
do Milutin Milankovitch (Milankovitch [1941]) formulé una teoria que sigue siendo
valida hoy en dia. El principal problema de Croll fue considerar el invierno como la
temporada critica para la evolucién del manto de hielo, mientras que Milankovitch
demostré que la fusién de verano es mucho més importante para el balance de masa
de hielo, teniendo en cuenta la insolacién de verano un parametro clave en su teoria.
Ademas, Milankovitch considera un tercer parametro astronémico, la oblicuidad del
eje de la Tierra (inclinacion axial), sentando las bases de la presente teoria astrono-

mica del clima.
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Por otro lado, otras hipoétesis se desarrollaron desde un punto de vista completa-
mente diferente, como la teoria geoquimica. Svante Arrhenius (Arrhenius [1896]),
inspirado en la obra anterior de Joseph Fourier o John Tyndall, confirmé el papel de
CO2 en el clima. El correctamente calculé como una variacion de los niveles de CO2
atmosférico afecta a la temperatura de la superficie a través del efecto invernadero,
teniendo en cuenta la atmoésfera como un deposito de carbono capaz de controlar
las edades de hielo. Bajo esta perspectiva, el CO2 y el clima mundial estdn impul-
sando los cambios capas de hielo, mientras que el punto de vista de Milankovitch
implica que capas de hielo controladas por la insolaciéon en verano en el norte son
los que impulsan los cambios climaticos globales. Ambas teorias tienen limitaciones
y problemas, y como el lector puede sospechar, ambas son esencialmente validas y

no excluyentes.

Hays et al. [1976] demuestran que las variaciones de glaciares-interglaciares esta-
dos durante el Cuaternario se pueden causar en ultima instancia por los cambios
en los parametros de la orbita de la Tierra (la teoria de Milankovitch), ya que las
periodicidades astronémicas se encuentran en los registros paleoclimaticos. También
muestran que en la oblicuidad (41 ka) y bandas de precesion (23 y 19 ka) existe una
respuesta climética directa al forzamiento de la insolacién a altas latitudes e Imbrie
et al. [1992] muestran que este vinculo entre el clima y la insolacién puede ser in-
terpretado como cuasi-lineal. Pero lo que es seguro para los ciclos de 41- y 23-ka ya
no es valido para los principales ciclos glaciales-interglaciales con una frecuencia de
100 ka. Estos ciclos energéticos de 100 ka son fuertemente asimétricos con un estado
de glaciacién lento y un cambio rapido y abrupto en el estado interglacial que dura
unos 10 ka llamado terminacién. Esta asimetria, también llamada estructura de
diente de sierra, es realmente dificil de entender bajo la teoria astronémica; ademaés,
no existe una relacion clara entre estos principales ciclos y la excentricidad (100 y
400 ka de frecuencia), ya que es el ciclo més débil de la insolacion astronémica en
una latitud dada (medida en el solsticio o como un afno medio), pero es el ciclo méas

enérgico en la serie de observaciones.

Este ciclo de 100-ka se identifica con los ciclos glaciales del cuaternario y, si el for-
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zamiento astronémico es, de hecho, el conductor de la variabilidad, los mecanismos
climaticos implicados son atn en su mayoria desconocidos. En concreto, analisis
recientes muestran que los ciclos glaciales-interglaciales implican cambios signifi-
cativos en la concentracion de CO2 en la atmosfera (180 partes por millon (ppm)
en periodo glacial y 280 ppm durante los interglaciares), lo que demuestra que, de
hecho, ambas teorias historicas (astronémica y geoquimica) son realmente validos,
interactuando en formas que atn no estan del todo claras. Una combinacion de la
evolucion capa de hielo, impulsado por parametros astronémicos, vinculada con los
mecanismos climéticos internos que producen cambios biogeoquimicos es la teoria
més adecuada hoy en dia. Algunos de los modelos mas representativos y los diferen-
tes mecanismos y procesos que afectan el clima han sido sintetizibamos en Imbrie
et al. [1992, 1993] y maés recientemente en Paillard [2015].

El papel y los mecanismos que implico6 que el aumento del CO2 atmosférico du-
rante los ciclos glaciales e interglaciales son uno de los puntos clave para resolver,
y se han propuesto algunos mecanismos de intercambio, como las bombas fisicas o
biologicas, para explicarlo, como la produccion para la exportacion en el Océano
Austral (SO) profundo o la ventilacion de aguas profundas (Skinner [2009]). Cada
uno de los enfoques conceptuales tiene problemas para explicar la variacion de CO2
glacial-interglacial por sf mismos, lo que probablemente sugiere que ninguno ha ope-
rado en completo aislamiento (Archer et al. [2000]; Sigman and Boyle [2000]). Lo
que parece ser fundamental para explicar los cambios de COz2 durante los estados
glaciales-interglaciales es el equilibrio entre la bioldgica de carbono exportado de la
superficie del océano y el carbono que regresar de la circulacion profunda a través

de mecanismos fisicos.

La eficiencia de la ventilacién de aguas profundas en tiempos glaciales e interglacia-

les podria ser modificado por tres mecanismos principales:

(a) Cambios en la eficiencia de tasa de mezcla superficie-profundidad
(Toggweiler [1999]; Gildor and Tziperman [2001]) y la estratifica-

cion del océano profundo (Paillard and Parrenin [2004]; Watson
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En los tres mecanismos, se espera un aumento de la liberacién de CO2 durante el
cambio entre los periodos glaciales-interglaciales, y se espera que tenga lugar princi-
palmente en el hemisferio sur (SH). Curiosamente, proxies recientes obtenidos para
la temperatura a la Antartida muestran una fuerte correlacion entre las concentra-
ciones de temperatura y de CO2 (Siegenthaler et al. [2005]; Fischer et al. [2010]).
Por otra parte, las interpretaciones recientes (Paillard [2010]) de los datos empiricos
(Bard et al. [1996]; Monnin et al. [2001]) sugieren que la concentracion de COz2
en la atmosfera aument6é durante varios milenios antes de la fusion del hemisferio

norte capa de hielo. Ambas piezas de evidencia apoyan la hipotesis de que algunos

L'IBO

and Garabato [2006]), obligando a un cambio en el flujo diapicno
del agua profunda rica en CO2 en aguas superficiales. Un coefi-
ciente de difusion vertical dependiente de la estratificacion parece
capaz de cambiar también la tasa de overturning en el SO con
conse- cuencias adicionales sobre la liberacién oceanica de CO2
(Bouttes et al. [2012]).

Cambio de off / on del afloramiento de la Antartida en latitudes
del Drake Passage en condiciones de frio / calor (Toggweiler et
al. [2006]). Cualquier proceso que produce un estrés de viento
mayor en las latitudes del Drake Passage provocaria una fuerte
surgencia de agua rica en CO2 de profundidad en la divergencia

del SO.

La extension de hielo marino en el SO produce un efecto de li-
mitacion sobre la liberacion de CO2 a la atmosfera durante los
inviernos (Keeling and Stephens [2001]) y un retraso de la tasa de
vuelco en el control de hielo SO debido a la mar en la circulacion
residual (Watson and Garabato [2006]; Fischer et al. [2010]). Este
mecanismo puede ser reforzado por el control de la extension del
hielo marino en la profundidad de las aguas afloradas isopicna-

mente en la divergencia antéartica (Ferrari et al. [2014]).
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de los mecanismos mencionados anteriormente, que tiene lugar esencialmente en el
SO, podrian estar detras del aumento del CO2 necesario para producir el cambio

glacial-interglacial.

Podemos, por tanto, modelar los ciclos glaciales-interglaciales 100-ka como una os-
cilacion de relajacion entre dos modos climéticos diferentes, un estado glacial lento
y un estado deglaciacién rapido, forzados por la insolaciéon y ambos deben incluir
mecanismos que puedan explicar los cambios de CO2 en la atmosfera. Algunos mo-
delos de cajas simples se han propuesto como Pelegri [2008] y Pelegri et al. [2013],
que tienen en cuenta los cambios en la frecuencia y la exportacion biologica de CO2,
reproduciendo la oscilacién de los dltimos cuatro ciclos glaciales en forma de dientes
de sierra pero en el que los factores desencadenantes fisicos de estados glaciales-in-
terglacial permanecen sin explicaciéon. Mas modelos complejos como Ganopolski et
al. [2010] han demostrado que los modelos de complejidad intermedia (EMIC) como
CLIMBER-2 son capaces de reproducir los principales aspectos de los ciclos glacia-
les bajo forzings orbitales y de efecto invernadero de forma realista. Sin embargo, el

COz2 tiene que ser introducido independientemente del forzamiento orbital.

Paillard and Parrenin [2004] también propuso un modelo simple relajacion, pero te-
niendo en cuenta el mecanismo de formacién de agua densa en el SO. En este mode-
lo, la extension del hielo de la Antéartida se propone como una nueva variable capaz
de vincular los cambios glaciales-interglaciales climéaticos y de CO2. La clave de sus
resultados es la identificaciéon de una fuerte no linealidad en la fuente oceanica de
CO2 que es controlada por la estructura vertical de la densidad de las profundidades
del océano. A pesar de su simplicidad, este modelo es el primero para reproducir con
precision ritmo y terminacion de tiempos de todos los ciclos glaciales-interglaciales
durante el Cuaternario, asi como a toda la serie de méaximos y minimos del §'*0 (Li-
siecki and Raymo [2005]) observados en los tltimos 5 millones de afios. Esto puede
ser una senal del papel crucial que desempeiia la estratificacion y el pulso oceanico

de CO2 en el inicio del cambio glacial-interglacial.
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C.1.1. Objetivos y estructura de la tesis.

Hoy en dia, los mecanismos que controlan la variabilidad de los ciclos glaciales del
Pleistoceno permanecen como una cuestién pendiente en las ciencias climaticas.
Esta tesis pretende ampliar el campo de los modelos de relajaciéon como una herra-
mienta 1til para examinar los mecanismos fisicos internos del clima, identificando
los principales feedbacks y las variables involucradas, tales como la estratificacion
del SO, la extension del hielo marino o el almacenamiento de carbono oceanico; vy,
también para responder a preguntas dinamicas més concretas, como para predecir
el comportamiento del futuro ciclo glacial o para explorar la dindmica de un inter-
glacial particular. Los modelos obtenidos predicen las series de tiempo de volumen
de hielo de los ultimos 8 ciclos glaciales con una precision notable a pesar de su
simplicidad: de un 89 a un 90% de correlacion con datos indirectos, que es a nuestro
entender la mas alta en la literatura. La comparaciéon de los modelos desarrollados
en este trabajo con las series de observacionales han hecho posible, también, sugerir
una perspectiva sintética de los principales mecanismos que probablemente produ-
cen las oscilaciones glaciales-interglaciales, y especialmente los eventos de termina-
cion. Esta sintesis se abre el camino para avanzar en el analisis de los modelos mas

detallados, como los de complejidad intermedia (EMIC).

Una hoja de ruta de la estructura de esta tesis puede ser ttil para el lector. En el
capitulo 1 presentamos una amplia representacion de los modelos de relajacion, con
el objetivo de analizar como varias variaciones del modelo de Paillard and Parrenin
[2004] (PP04) afectan al ajuste de datos. El buen ajuste obtenido con algunos mo-
delos derivados de PP04 sugiere que los mecanismos que incorporan estos modelos
pueden ser factores importantes que controlan las oscilaciones glaciares-intergla-
ciares. En el capitulo 2 nos centramos en identificar esos mecanismos y dinamicas
que llevan a buen ajuste de los datos y se exploran las interpretaciones fisicas mas
plausibles de las expresiones matemaéticas. Estos resultados se han comparado con el
state-of-the-art que supuestamente causan oscilaciones glaciales-interglaciales, para

explorar la consistencia de nuestra interpretacion fisica con los resultados obser-
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vacionales. Esos modelos de relajacion se han aplicado a dos escenarios diferentes
como una herramienta til para entender el sistema: en el capitulo 3 se han utiliza-
do para predecir la respuesta glacial-interglacial de la Tierra durante los préximos
300 ka, y en el capitulo 4 los modelos han sido recalibrados usando un nuevo stack
de datos del nivel del mar y se utilizan para comprender la dindmica de un evento
interglacial muy particular, los MIS-13. Por tltimo, en el capitulo 4.5 se presentan

las conclusiones de la tesis.

C.2. Capitulo 1:

MODELOS DE RELAJACION APLICADOS
A LAS OSCILACIONES CLIMATICAS

Se han propuesto algunos modelos simples de relajaciéon para explicar los ciclos
glaciales- interglaciales. Particularmente, Paillard and Parrenin [2004] propuso
un modelo (PP04 en adelante) que incorpora parametrizaciones muy simples que
representan la formacion de agua densa en el SO. Aunque el modelo es simple, los
resultados son alentadores, ya que reproducen correctamente los tiempos de ritmo

y de terminacién de todos los ciclos glaciares observados.

Aqui, el modelo PP04 se ha generalizado y calibrado para las series climéaticas dis-
ponibles de §'%0 y CO2 de los tltimos 800 ka antes del presente (BP) (Petit et al.
[1999]; Monnin et al. [2001]; Pepin et al. [2001]; Lisiecki and Raymo [2005]; Siegen-
thaler et al. |2005];

Luthi et al. [2008]). Los objetivos de este capitulo son obtener el conjunto de para-
metros que mejor se adapten a las series de tiempo observacionales con el modelo
original PP04; investigar varias generalizaciones del modelo de Paillard introdu-
ciendo algunos submodelos simples como la exportacion, la estratificacion u otros

mecanismos; y analizar como los diferentes submodelos afectan el ajuste de datos.
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C.2. CAPITULO 1: MODELOS DE RELAJACION APLICADOS A LAS OSCILACIONES CLIMATICAS

C.2.1. Modelos de relajacion.

Las ecuaciones del modelo original PP04 son las siguientes:

av_(V, V). e

dt Ty
ﬁ:u, c2]

dt Ty

ac  (Cr— O)

o\~ c3
dt TC =
Vi=—a2C— ylg5 + 2, Cil
Cr:O(IG5—ﬂV+ }/P(—F)Jﬁé, cil
F=aV—-0bA—clgy + d, Cﬂ

donde V'y A son indices adimensionales para el volumen de hielo global y la capa de
hielo Antartico respectivamente, C' es un indice adimensional del CO2 atmosférico,
Ig5 es la insolacion diaria a 65°N el 21 de junio, P (F') es la contribucion del océano
profundo al CO2 de referencia, el cual en el modelo original es P (F') = H(-F ),
donde H es la funcion de Heaviside (H = 1 si F' < 0; H = 0 en cualquier otro caso),

y F es el parametro de eficiencia de formacion de agua profunda.
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PARAMETROS PP04 PB BIO 2T 4T EP 3T LS
Ty 15000 15000 3667 12000 17006 4600 16585 11325
(27 - - - - 3797 1100 3105.5 2325
[10] 5000 5000 100 800 6796 3040 13505 2793
Ty - - - 4500 17667 7600 - 8414
Ty 12000 10500 - 11333 8089 12000 9004 10266

x 1.3 1.32 0.85 1.29 0.767 1.525 0.905 0.669

Y 0.5 0.45 1 0.5 0.442 0.2 0.489 0.527

z 0.8 0.8 0.92 0.85 1.033 0.96 0.946 0.761

o 0.15 - - - - - - 0.237

b 0.5 0.496 0.76 0.496 0.406 0.476 0.336 0.793

Y 0.7 0.506 0.49 0.513 1.642 0.46 2.044 1.955

é 0.4 0.4 0.4 0.434 0.407 0.445 0.228 0.146

a 0.3 0.3 - 0.3 0.395 0.3 0.54 -

b 0.7 0.71 - 0.71 0.8 0.71 1.205 0.936

c 0.01 0.005 - 0.005 - - - 0.533

d 0.27 0.27 - 0.27 0.27 0.255 0.483 0.069

£ - - 0.8 - - - - -

k - - 0.47 - - - - -
Vi - - 0.5 - - - - -

A - - - - - 37 - -
Ry 0.63 0.71 0.58 0.82 0.89 0.85 0.88 0.87
R 0.59 0.67 0.45 0.75 0.79 0.77 0.79 0.76

Tabla Valores centrales de los modelos estudiados. Ry y B¢ representan la correlacion

c)

entre los datos observados y los modelos para el volumen global V'y el C, respec-

tivamente.




C.2. CAPITULO 1: MODELOS DE RELAJACION APLICADOS A LAS OSCILACIONES CLIMATICAS

NUMEROS
MODELOS DESCRIPCION DE
PARAMETROS
PP04 Modelo original Paillard and Parrenin [2004] con y = 0.7 14
PB Mejor ajuste de Paillard and Parrenin [2004] 13
Exportacion biologica en el
BIO P Bt 11
CO2 de referencia
Diferente tiempo de emisiéon y absorcion de CO2
27 To = Toy cuando C < Cyr 14
Y T = Toy cuando C > Cr
Diferente tiempo de emision y absorcion de CO2 y
4T diferente tiempo para la acumulacion y ablacion de hielo:: 14
Ty=Ty cuando V < Vry Ty = Ty, cuando V > Vp
EP Pulso oceanico dependiente de la estratificacion 14
3 Modelo con un tiempo de relajacion para C'y 13
T
dos tiempos de relajacion para V'
LS Modelo con parametros locales de estratificacion 15
Tabla Descripcion de los modelos

c2]
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PPO4
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3t
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Time (kyr)
Figure Resultados obtenidos para las series de volumen de hielo. De arriba a abajo: (1) mo-

Cil delo original de Paillard and Parrenin [2004] con y = 0.7 (PP04); (2) mejor ajuste del
modelo anterior (PB); (3) modelo con exportacion biologica (BIO); (4) modelo con dos
tiempos de relajacion para C (27); (5) modelo con dos tiempos de relajacion para C'y
dos tiempos de relajacion para V (47); (6) modelo con un pulso ocednico exponencial-
mente dependiente de la estratificacion (EP); (7) modelo con un tiempo de relajacion
para C'y dos tiempos de relajacion para V (3r ) y (8) modelo con pardmetros de estra-
tificacion local (LS). Datos de 80 (Lisiecki and Raymo [2005]) superpuestos en cada
panel. Las bandas azules representan los periodos interglaciales considerando 8%0 por

debajo de 3.8 per mil.
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Figure
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Resultados obtenidos para las series de CO2. De arriba a abajo: (1) modelo original de Pai-
llard and Parrenin [2004] con y = 0.7 (PP04); (2) mejor ajuste del modelo anterior (PB);
(3) modelo con exportacion biologica (BIO); (4) modelo con dos tiempos de relajacion para
C'(27); (5) modelo con dos tiempos de relajacion para C'y dos tiempos de relajacion para V
(47); (6) modelo con un pulso oceanico exponencialmente dependiente de la estratificacion
(EP); (7) modelo con un tiempo de relajacion para C'y dos tiempos de relajacion para V
(37) y (8) modelo con parametros de estratificacion local (LS). Datos de CO2 experimental
(Petit et al. [1999]; Monnin et al. [2001]; Pepin et al. [2001]; Siegenthaler et al. [2005]; Luthi
et al. [2008]) superpuestos en cada panel. Las bandas azules representan los periodos inter-

glaciales considerando concentraciones de CO2 superiores a 250 ppm.



Resumen en castellano

Las principales variables V', A, y C tienden a decaer exponencialmente a un estado
de referencia Vi, V', y Cren unos tiempos caracteristicos 7y, 74 and 7, respec-

tivamente.

Las insolaciones diarias de los ultimos 800 ka se obtienen a partir de Berger [1978a]
y Berger and Loutre [1991]. Hemos utilizado los valores negativos y positivos en
referencia a los tiempos antes del presente (BP) y después de presente (AP), donde
el afio cero se toma como 1950 AD. Las insolaciones se han normalizado con sus
desviaciones estandar para obtener Igs y Igy - Todos los resultados del modelo han

sido normalizados por su desviacién estandar antes de ser representados.

C.2.2. Funcionamiento y dinamica de los modelos

A partir de Paillard and Parrenin [2004], se han desarrollado varios modelos de ca-
jas que incorporan parametrizaciones simples de los tiempos de bombeo de CO2 y de
respuesta oceanicos de carbono y volumen de hielo. Los pardmetros de los modelos
han sido calibrados para proporcionar el mejor ajuste a los datos experimentales de
880 y CO2 disponibles para los tltimos 800 ka. El modelo PP04 es insensible al
pardmetro o y el efecto del Sol parece emerger s6lo a través del filtro de volumen de
hielo global. El ajuste de este modelo a los datos observacionales se puede mejorar
si se asumen diferentes tiempos de respuesta tanto para la absorcién / emision de
CO2 y para la ablacion / acumulacion de hielo. Las correlaciones entre las series
simuladas y experimentales aumenta de 0.59 y 0.63 a 0.79 y 0.89 para el CO2 y el
V, respectivamente.

Varias modificaciones del modelo PP04 que conducen a la sincronizacién correcta
de las ultimas nueve terminaciones han sido probadas. En particular, el comporta-
miento cualitativo de los tltimos ocho ciclos glaciales-interglaciales puede ser repro-
ducido con un modelo de exportacion con depende del volumen de hielo (BIO). Sin
embargo, en este modelo, el mejor ajuste correspondié a una dependencia entre la
exportacion de CO2 y V que no fue exponencial, como propuso Martinez-Garcia et
al. [2009], sino con una funcién cuadrada. En nuestra formulacion, la exportacion
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biologica por si sola no es capaz de simular los datos experimentales con la misma
precision que los otros modelos, a pesar de que algtn tipo de exportaciéon bioldgica
de CO2 esta muy probablemente actuando en sinergia con los procesos fisicos en la
dindmica de los glaciares-interglaciares.

Cuatro modelos (47 , EP, 3z and LS) muestran un buen ajuste en la simulacion del
volumen de hielo de los ultimos ocho ciclos glaciales-interglaciales e incluso muchos
detalles de esa sefial perteneciente a la escala de 23 a 41 ka. Los buenos ajustes
obtenidos sugieren que la densidad de las aguas profundas y su tasa de formacién
puede ser un factor importante que controla el pulso ocednico que desencadena los
glaciaciones. Schmittner [2007] ha confirmado, con un modelo climatico global, la
sensibilidad del CO2 atmosférico a los procesos que afectan a la estratificacion en
aguas del SO. En nuestro anélisis, los pulsos oceanicos que dependen fuertemente,
de una manera no lineal, de la estratificacion del océano profundo son necesarios
para desencadenar glaciaciones. Los pulsos obtenidos en los mejores modelos estan
siempre muy cerca de la funcion Heaviside propuesto por la obra original de PP04.
Pulsos de CO2 oceanico, con una duraciéon de entre 10 y 20 ka se encontraron al
comienzo de los nueve ultimos glaciaciones de acuerdo con las mejores modelos
analizados. Ademas, los diferentes tiempos de respuesta de emisiéon y absorcion de
CO2 y para la acumulacién y ablaciéon de hielo son necesarios para obtener el mejor
ajuste a los datos disponibles. La acumulacién y ablaciéon de hielo son diferentes
mecanismos fisicos que pueden tener diferentes tiempos caracteristicos. Sin embar-
g0, los dos tiempos de respuesta de emisiéon y absorcion de CO2 son mas dificiles de
explicar. Para decidir si estos dos tiempos de respuesta corresponden a mecanismos
fisicos reales, una comprension més profunda de las tasas de transferencia a largo

plazo en el ciclo del carbono deberia lograrse es necesaria.

En resumen, hemos obtenido ocho ajustes diferentes con correlaciones de volumen
de hielo entre 0.58 y 0.89 que muestran una buena concordancia cuantitativa y
cualitativa con la serie temporal empirica, especialmente 47 , EP, 37 y LS; Aunque
el evento de 490 ka no se reproduce correctamente por ningtin modelo. El modelo
4t mejora las correlaciones de PP04 (0.59 y 0.63) a 0.79 y 0.89 utilizando el mismo

nimero de parametros (a saber, 14). El modelo EP utiliza 15 parametros, pero el
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parametro adicional, el cual fue dirigido a la mejora de la forma de la funcién de
pulso oceanica, no mejora las correlaciones y puede considerarse intutil. El modelo 37
obtiene casi las mismas correlaciones como 4t utilizando sélo 13 parametros. El mo-
delo LS (15 parametros) no mejora las correlaciones de 47, pero incorpora una forma
funcional para la estratificaciéon F' que parece méas consistente con los mecanismos
sugeridos por Paillard and Parrenin [2004]. Si nuestro objetivo fuera seleccionar
el modelo con la mayor varianza explicada por pardmetro, la eleccién seria 37. Sin
embargo, un segundo objetivo de este trabajo es determinar si los modelos con una
varianza explicada similar a la obtenida por 37 contienen parametrizaciones que se
pueden de la forma mas realista posible con mecanismos observados. LS puede ofre-
cer una informacion valiosa sobre el verdadero significado de la buena evolucién de
los modelos derivados de PP04. En el siguiente capitulo, la dindmica y mecanismos

incorporados en 37 y LS se analiza y compara.

C.3. Capitulo 2:

MECANISMOS FiSICOS TRAS A LA DINAMICA
DE LOS CICLOS GLACIARES-INTERGLACIARES

En el primer capitulo, los modelos derivados de PP04 fueron calibrados para obte-
ner un mejor ajuste a las series experimentales de §'*0 y COz2 disponibles para los
altimos 800 ka BP. Se observa que el rendimiento de PP04 se puede mejorar si su
sensibilidad del COz2 a la insolacién se elimina y si diferentes tiempos de respuesta

se consideran para la absorcién y

la emision de COg2, asi como para la ablacién y la acumulaciéon de hielo. Las corre-
laciones entre las simulaciones y los datos experimentales aumentan de 0.59 a 0.79
para el COz2, y de 0.63 a 0.89 para el volumen de hielo V (modelo 47), respectiva-
mente. Segtn los modelos, pulsos de CO2 abruptos, con una duracién de 10 a 20 ka,

se llevan a cabo a principios de los tltimas nueve glaciaciones.
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El buen ajuste obtenido con los modelos derivados de PP04, especialmente con 37
y LS, sugiere que los mecanismos que incorporan estos modelos pueden ser factores
importantes que controlan las oscilaciones glacial-interglaciales. Los objetivos de
este capitulo son identificar los mecanismos y dindmicas que se han incorporado
en los modelos derivados de PP04, especificamente en 37 y LS, que conducen a
buen ajuste de datos; explorar las interpretaciones fisicas mas plausibles de las
expresiones matematicas incorporadas en estos modelos; y estudiar el grado en
que los mecanismos y dindmicas previamente identificados son consistentes con los
resultados de la dinamica observacional que supuestamente causa las oscilaciones

glaciales-interglaciales.

El buen resultado de datos obtenidos con este conjunto de modelos refuerza la hip6-
tesis de que algunos mecanismos intrinsecos de los modelos son los principales im-
pulsores de oscilaciones glaciales interglacial, sefialando a los mecanismos especificos

que merecen un analisis mas detallado.

C.3.1. Modelos 37y LS

Las ecuaciones de los dos modelos son:

3t LS
av_ (Ve -V) v (Ve V) 7
dt Ty dt Ty
i _(V-A) a4 (-C -4 cs)
dt 14 Codt Ty
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d_C:(Cr*C)’ d_C:(CrfC’)7 s
dt c dt 116,
Vi =—2C— ylgs + 2, Vi=— 20— ylgs + 2 c10f
Cr=-pV+ yH(-F)+ 6, Cr=olgs — pV + yH (—F ) + 4, eI .
F=aV - bA + d, F=cC—-0bA + d, c17]

En estas ecuaciones, las variables V', A y C, tienden exponencialmente a los estados
de referencia Vr , Ary Cr con tiempos caracteristicos zy, t4y 7, respectivamen-
te; estos tiempos caracteristicos y el resto de parametros se especifican en la Tabla
C.1. Las series de tiempo de ambos modelos, asi como los datos observacionales, se

muestran en la Figura C.3.

Hay varias diferencias entre los modelos 37 y LS. Una diferencia es el valor utilizado
para la capa de hielo antartica de referencia, ya sea —C' (que representa el efecto in-
verso de la temperatura de la Antartida en la capa de hielo) para el modelo LS o V
para el modelo de 37. Otra pequena diferencia es la inclusién de g5 en el modelo LS
cuando se especifica el valor de la concentracion atmosférica de CO2 de referencia,
Cr . Sin embargo, la principal diferencia entre ambos modelos, es su parametrizacion
de la estratificacion, con F'= F (V, A) en el modelo 3ty F'= F (C, A) en el modelo
LS. Tanto V como C son buenas aproximaciones para la temperatura regional del
SOy, por lo tanto, F'= F (V, A) o F = F (C, A) son maneras plausibles de modelar
la formacion local de salmueras. El hecho de que la dependencia F = F (V, A) se
comporte mejor que F = F (C, A) puede ser debido al papel no despreciable que V
tiene en la estratificacion a través de una teleconexion NH- SH ( Garcia-Olivares and
Herrero [2013]) o a un posible efecto mayor del nivel del mar que la temperatura de

la Antartida en la formacion de salmuera.
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Figura Panel superior: volumen de hielo normalizado por 37 (linea azul) y LS (linea roja), y
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8180 de Lisiecki and Raymo [2005] (linea gris). Panel inferior: CO2 normalizado por 37
(linea azul) y LS (linea roja) y datos experimentales de CO2 (Petit et al. [1999]; Inder-
mubhle et al. [2000]; Monnin et al. [2001]; Siegenthaler et al. [2005]; Luthi et al. [2008])

(linea gris).
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C.3.2. Dinamica de los modelos

La Figura C.4 muestra la variacion de g5 (arriba), V (segundo panel), A (tercer
panel), C (cuarto panel) y F (abajo) simuladas por 37 (linea azul) and LS (linea
roja) para los dos tltimos ciclos glaciares. Debido al efecto de 7, , C responde a las
variaciones de g5 con un cierto retraso. Por esta razon, cada méximo (minimo) de
I65 en la figura es seguido por un maximo (minimo) de C'5 kyr después. Las varia-
ciones de C'se reflejan en la F' variable que tiene su méxima y minima en contra-fase
con C . Por otra parte, A responde a C' siguiendo su tendencia de largo plazo (con
un retraso de 7 kyr aproximadamente) pero amortiguando las oscilaciones de alta
frecuencia. Cuando C es baja, como en el méximo glacial, A es grande, y F esta
cerca del disparador F' < 0 . En esta situacion, cualquier nuevo maximo en Ig5 causa
una disminucion en F (a través de C'y A ) que activa el pulso CO2 oceénico, dispa-
rando la deglaciaciéon. En el caso de 37, una descripcién practicamente equivalente

se puede hacer usando la variable V en lugar de C.

La doble condicién para generar una desglaciaciéon es, por tanto, la coincidencia
de un méaximo de Ig5 en un perfiodo en que V es grande. Esta doble condicién ya
fue observada e incorporada por Paillard en algunos modelos anteriores (Paillard
[1998]).

La Figura C.5 muestra las contribuciones relativas a los niveles de CO2 de los meca-
nismos implicados, en funciéon del tiempo, para los modelos 37 (arriba) y

LS (abajo). La linea azul representa la é — fV en la ecuacion C.11; la linea roja re-
presenta la contribucion del océano profundo (H(-F' )) En la misma ecuacién para
el cambio en Cr . Una contribuciéon inercial, definida como la diferencia instantédnea

entre C'y su valor asintético Cr , se ha incluido como una linea verde.

En los modelos 37 y LS, Cr mantiene un crecimiento mondtono después de -135 ka.
En primer lugar, tras el aumento brusco de Cr causado por la conexiéon del pulso
oceanico; entonces, tras el aumento de Cr causado por la respuesta positiva de
T-CO2 (V-CO2 en nuestros modelos). La pendiente de este aumento de CO2 depen-

de de la tasa de disminucién de V, que responde a una combinacién de forzamiento
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Figura Variacion de I5 (arriba), V (segundo panel), A (tercer panel), C (cuarto panel) y F'
Cﬂ (abajo) simuladas por 37 (linea azul) and LS (linea roja) para los dos tltimos ciclos
glaciares.
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Figure Contribuciones relativas a los niveles de CO2 de los mecanismos implicados, en funcién

del tiempo, para los modelos 37 (arriba) y LS (abajo). La linea azul representa la § — fV
en la ecuacion C.11; la linea roja representa la contribucion del océano profundo (H(-F'))
en la misma ecuaciéon para el cambio en Cr. Una contribucién inercial, definida como la di-

ferencia instantanea entre C'y su valor asintético Cr, se ha incluido como una linea verde.
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astronoémico y a efecto invernadero. En estos modelos el periodo durante el cual
el CO2 aumenta es aproximadamente el periodo en que estda conectado el pulso
oceanico. Sin embargo, la introducciéon de un forzamiento directo de Igs en Cr en el
modelo LS permite a las desglaciaciones comenzar con un pulso més corto de COa2.
Esta intercambiabilidad entre una fraccion de la liberacién oceanica y otras fuentes
de COz2 tiene lugar en momentos de calentamiento astronémico (como suele ser
una terminacion) y se deriva en tltima instancia de la extrema simplicidad de los
mecanismos de liberacion de CO2 incorporadas en los modelos derivados de PP04.
Después del final del pulso oceanico y las aportaciones astronémicas, C esté por

encima de su nivel asintotico y empieza a disminuir hacia niveles glaciales.
Dos conclusiones principales se pueden extraer de este analisis:

(1) La oscilacion en V que caracteriza los periodos de terminacién se
produce fundamentalmente por la misma retroalimentaciéon posi-
tivas, CO2-T y T-CO2, que caracteriza a cualquier otra oscilacién
provocada por el cambio insolacién; sin embargo, esta oscilacion
tiene pendientes méas fuertes, tanto en Cr como en Vr debido a la

contribuciéon adicional generada por el pulso ocednico.

(i)  Una liberacion abrupta de CO2 oceanico (similar a un pulso rec-
tangular) parece necesario iniciar una desglaciacion; esta libera-
cion estd controlada por la variable de la formacion de aguas
profundas, F, que depende principalmente de V'y A (modelo 37)
oen Cy A (Modelo LS); y V, Ay C son impulsados en la ultima

instancia por la insolaciéon.

JHasta qué punto son los modelos PP04 consistentes con la dindmica observacio-
nal? En primer lugar, la secuencia de activacion de los procesos que liberan CO2
durante las terminaciones, sugerido por la secuencia de activacion, es muy diferente
a la secuencia de pasos que reducen CO2 durante la época glacial, y esta diferencia
genera la forma de diente de sierra tipica de las oscilaciones glaciales-interglaciales.
La falta de un modelo completo para las bombas biologicas y de carbonatos en los

modelos derivados de PP04 hace que sea imposible de reproducir con precision la
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serie de acontecimientos que caracterizan los perfodos glaciales, y la utilizacion de
diferentes tiempos de relajacion para los momentos de aumento y disminucién de
CO2 es la manera més facil de tener en cuenta esta asimetria y reproducir el ciclo

de doble vertiente.

Aunque el decaimiento glacial se simula s6lo aproximadamente por los modelos de-
rivados de PP04, la precision de ajuste de ritmo y la intensidad del CO2 interglacial
que estos modelos generan es suficiente para obtener un buen ajuste de la evolucién

de volumen de hielo.

Una de las conclusiones de este estudio es que los modelos derivados de PP04 no son
sensibles a la insolacion sur, Igy. En estos modelos, C parece ser una mucho mejor de
proxy de temperatura de la Antartida que Igg. Esto refuerza indirectamente la conclu-
sion de Huybers and Denton [2008| que la temperatura de la Antartida no es sensible
a la insolacién durante un dia de verano en particular y que podria ser sensible a otro

tipo de variables, tales como la duraciéon del verano austral.

La funcién de la estratificacion, F), es una variable fundamental de los modelos de-
rivados de PP04, que debe ser interpretado como la estratificaciéon producida por
diferencia de densidad entre AABW y NADW con una posible contribucién menor
de la estratificacion producida por diferencia de densidad entre NADW y aguas
superficiales. F' controla el afloramiento de CO2 de una manera no lineal: una libe-
racion brusca de CO2 oceanico similar a un pulso rectangular de 10 a 20 por kyr,

muy sensible a F, es necesaria en estos modelos para generar las terminaciones.

Los cambios en la circulacion ocednica asociados con vientos del oeste, la estratifica-
cion del océano profundo, la expansion del hielo marino, la variacion de la eficiencia
de la AMOC, junto con las variaciones de la absorcion biologica y de compensacion
de carbonatos parecen ser los principales impulsores de la diferencia atmosférica de
CO2 entre los estados glaciales e interglaciales. Ferrari et al. [2014] ha propuesto
recientemente un nuevo mecanismo capaz de vincular la expansiéon del hielo mari-
no antértico con el descenso de la temperatura, el reordenamiento de las masas de
aguas profundas y el cambio de circulacion en LGM, demostrando que no son me-

canismos independientes, sino retroalimentaciones. El mecanismo exacto es liderado
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por los isopicnas del SO, que controlan el afloramiento y la mezcla de AABW y
NADW, separando las células NMOC y SMOC. La pendiente y la posicion de este
cambio isopicno es funcién de la expansion del hielo marino de verano, mezclando
activamente AABW y NADW en el periodo interglacial, pero limitando el aflora-
miento de mezcla impulsada por las aguas abisales en la LGM, cerrando el SMOC y
previniendo la mezcla de NADW y AABW. Como resultado, las AABW llenan las
cuencas oceanicas hasta 2 km de profundidad, en lugar de la actual profundidad de
4 km. Esta celda cerrada actuarfa como un almacenamiento ocednico de carbono.
Este enfoque, considera la expansion de casi permanente el hielo marino en el SH
como el conductor de la terminacién. Esto sugeriria que la extension del hielo mari-
no puede tener un efecto sobre la intensidad de liberacion de CO2, que trabaja en la
misma direccién que la estratificaciéon durante los periodos glaciales e interglaciales;
por lo tanto, no podemos descartar una posible contribucion paralela del &rea de

hielo marino en la intensidad de la emisién de CO9.

La conclusién méas importante de este estudio es que una dindmica detallados de
CO2 es de poca relevancia para obtener un buen acuerdo entre el volumen de hielo
simulado y 6'%0. Todo lo que se necesita es una inestabilidad no lineal que se al-
canza después de 80 a 100 ka y que permite que incluso una variaciéon suborbital
modesta pueda desencadenar una liberacion repentina de COg2 atmosférico. Esta
inestabilidad no lineal parece estar controlada por V o C (aqui interpretado como
temperatura de la Antartida) y por A (interpretado como capa de hielo de la An-
tartida) en los modelos derivados de PP04.

Una simulacién precisa del conjunto detallado de los hechos que constituyen el desen-
cadenante de la desglaciaciéon requeriria la adicién de algin modelo para la capa de
hielo del Atlantico Norte, asi como modelos de carbono mas complejos. Los modelos
derivados de PP04 producen buenos ajustes a pesar de su simplicidad en el modelado
de la liberacion de CO2 ocednico, que depende solo de la estratificacion. Las otras
contribuciones (compensacion de carbonatos, la formacion NADW, el cambio de la
productividad en el SO y ralentizacion de la AMOC) no estan incluidos en el modelo,
pero deben incluirse en futuras mejoras para obtener una representacion mas cerca de

todos los procesos fisicos que al parecer estan involucrados.
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C.4. Capitulo 3:

IMPACTO DEL CO2 ANTROPOGENICO
EN EL PROXIMO CICLO GLACIAL

En este capitulo se utilizan los dos modelos, 37 y LS, para predecir la respuesta

glacial-interglacial de la Tierra durante los préximos 300 ka.

Como hemos visto en los capitulos anteriores, los modelos, utilizando los parame-
tros de la Tabla C.1, son capaces de reproducir los méximos y minimos climéticos
observados desde 800 ka BP hasta el presente tanto en volumen de hielo como en
CO2 (Figuras C.1, C.2 y C.3), asi como algunas de las periodicidades suborbitales
observados (Figura 2.2). La coherencia cross-wavelet y el analisis cross-recurrence
(Grinsted et al. [2004]; Marwan and Kurths [2002]; Marwan et al. [2007]) muestran
que tanto los registros de modelo como los datos experimentales muestran una di-

namica similar (Figuras 2.3 a 2.19).

Estos resultados apoyan firmemente la idea de que los modelos de relajacion, a pe-
sar de su simplicidad, incluyen algunos de los mecanismos clave que estan detras de
las oscilaciones climaticas del Pleistoceno. De hecho, la estructura de los modelos
imitan algunas de las principales retroalimentaciones que se estan produciendo plau-
siblemente en los mecanismos de control del sistema. climéatico, tales como el efecto
de la insolacion norte en el volumen de hielo, la realimentacién de CO2-temperatura
(a través del volumen de hielo, V'), la retroalimentacion volumen de hielo - CO2, y
la emision de CO2 del océano profundo como una funcion de la estratificacion (la
variable F') que depende del nivel del mar y la capa de hielo Antértica. Detalles
adicionales sobre estos mecanismos, y la forma en que los modelos los representan,
se pueden encontrar en Paillard and Parrenin [2004], Paillard [2010] y Garcia-Oli-

vares and Herrero [2013].

Bajo estas consideraciones, y siempre que el pulso de CO2 antropogénico esté repre-
sentado adecuadamente, los modelos pueden ser utilizados para predecir su efecto

sobre la perturbacion de la secuencia natural de glaciaciones y terminaciones.
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C.4.1. Emision de CO2 y respuesta atmosférica

Un primer paso fundamental es estimar cuanto CO2 antropogénico se emitird a la
atmosfera. Para ello, hemos utilizado los datos histéricos de quema de combustibles
fosiles (Boden et al. [2010]), complementado con datos de los tltimos afios del Glo-
bal Carbon Project!. Se ha aproximado la tasa total anual de emisiones de combus-

tibles f6siles como una funcion de Lorentz:

—b(t - tp)
E_ U be 7 c13)

[+ e )

donde U representa la Ultimate Recoverable Resources (URR) de combustibles
fosiles en gigatoneladas de carbono equivalente (Gtce), tp es el afio del maximo de

emisiones (yr), y Ub/4 es la correspondiente tasa de emisiones (Gtce yrt).

Teniendo en cuenta la literatura y los ultimos estudios realizados, se ha considerado
una URR total de combustibles fosiles de 1300 Gtce, siendo éste nuestra mejor esti-

macién para las emisiones antropogénicas integradas de carbono.

La Figura C.6 muestra los datos histoéricos sobre las emisiones de combustibles fosi-
les durante el periodo de 1800 a 2010 AD y el ajuste correspondiente utilizando una
funcion de Lorentz (Ecuacion C.13), obtenida considerando U = 1300 Gt, lo que
corresponde a unas emisiones méximas en el afio 2037 AD. Este ajuste se ha hecho
de tal manera que la emision de carbono integrado en 2010 AD tiene exactamente la
misma area que la serie historica hasta 2010 AD (lineas discontinuas en las figuras

C.6 y C.7). Esta funcion de Lorentz modificada es la que utilizamos para producir

Thttp: / /www.globalcarbonproject.org/carbonbudget
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Datos historicos de las emisiones de combustibles fosiles durante el periodo 1800-2010
(linea continua) y la funcién de Lorentz ligeramente modificada de tal manera que

el area hasta 2010 equivale a las emisiones histéricas acumuladas (linea discontinua).
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Relacion entre las emisiones de carbono antropogénicas acumuladas (Ac) y la concen-
tracion atmosférica de CO2 (pCOz2). Los datos se obtienen a partir de un agregado de
escenarios A1T (SRES [2000]) predichos por el modelo ISAM (Jain et al. [1994]), dis-

ponible en http://climate.atmos.uiuc.edu/isam2/, para cada posible valor de la URR..
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la serie temporal completa de emisiones antropogénicas acumuladas de los combus-
tibles fosiles (Figura C.7). El pico de las emisiones se produce en el afio 2037 AD,
coincidiendo con el punto de inflexién de la curva acumulada, y tiende a cero cerca

de ano 2324 AD, cuando las emisiones acumuladas alcanzan sus valores maximos.

Las emisiones de CO2 antropogénico relativamente répidas, en la escala de 10 a
100 anos, daran lugar a un aumento de la concentracion atmosférica pero también
producird un aumento de la tasa de almacenamiento en el océano, la vegetacién
del suelo, arboles, detritus y el suelo (Kheshgi and Jain [2003]). Nuestros modelos
no incluyen este tipo de mecanismos de retroalimentacion climaticos relativamente
rapida. Para tenerlas en cuenta que necesitamos una funciéon de transferencia de
las emisiones de carbono acumulados (Ac, en Gt) a concentracion atmosférica de
CO2 (pCO2 en ppmv). Con este objetivo hemos usado el modelo ISAM (Jain et
al. [1994]; Kheshgi and Jain [2003]). En este modelo, las tasas de transferencia de
la atmosfera a los cinco compartimentos superiores han sido calibradas para que
coincida con las proyecciones promedio (por seis modelos globales-vegetacion
dindmicos y 10 modelos acoplados océano-atmésfera) para la absorcion de
COg2 entre los afios 2000 y 2200 AD.

Con el fin de obtener la funcién de transferencia de Ac a pCO2, utilizamos el modelo
ISAM con los parametros del escenario A1T, segun lo propuesto por el IPCC (SRES
[2000]). Corremos el modelo ISAM para valores de URR entre 0 y 3000 Gt, aumen-
tado a intervalos URR de 100 Gt, sustituyendo los combustibles fosiles del escenario
A1T con la funcién de Lorentz modificada. Para cada valor URR obtenemos la
respuesta atmosférica correspondiente; estos puntos finales se interpolan linealmente
con el fin de tener una curva continua (Figura C.8). La funcion de transferencia co-
rrespondiente debe ser adecuada para modelar el corto plazo (a escalas decenales y
de siglos) la respuesta en el rango de 0 a 3000 Gt; en particular, puede ser utilizado
para modelar los resultados con nuestra mejor estimacion URR, U = 1300 Gt (Fi-
guras C.6 y C.7). Tenga en cuenta que las contribuciones de la deforestacion futura
son considerados por el modelo ISAM, por lo tanto, que se reflejan en la funcién de

transferencia de la Figura C.8.
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C.4.2. Proyeccion para el futuro

Podemos ahora por fin estimar la evolucion temporal del pulso CO2 atmosférico
antropogénico. Los datos historicos de las concentraciones atmosféricas se utilizan
para el periodo entre 1750 y 2010 AD. A partir de entonces, y hasta el final de la
emision antropogénica en el ano 2324 AD, el CO2 atmosférico se estima utilizando
las emisiones acumuladas predichos de la funcion de Lorentz modificado (Figuras
C.6 y C.7) y la funcién de transferencia como se deduce a partir del modelo ISAM
(Figura C.8). De esta manera la emision de carbono acumulado es 361 Gt en el afio
2010 AD, 642 Gt en el aflo 2037 AD, y alcanza un valor maximo de 1300 Gt el afo
2324 AD, y las concentraciones atmosféricas en esas fechas se puede obtener de las

ordenadas correspondientes en Figura C.8.

Antes de hacer una proyeccion para los proximos 300 ka hay que tener en cuenta si
hay otros mecanismos plausibles que no estan incorporados en nuestros modelos. En
este trabajo se consideran dos posibles contribuciones: la weathering compensation,
muy bien establecida, y la emisién de menos conocida de metano de los clatratos.
Hemos elegido estos dos mecanismos, no sélo porque son de hecho los efectos perti-
nentes, sino también porque son ilustrativos del tipo de modificaciones que los meca-

nismos de retroalimentacién pueden causar en la dinamica del Pleistoceno.

Las ecuaciones del modelo se integran hacia adelante, con el escenario de emisiones
de carbono antropogénico en la Figura C.7 como la condicién inicial y adecuada-
mente forzados por la insolacion en 65°N (Berger [1978b]), para predecir la evolu-

cion de las transiciones interglaciares-glaciares durante los proximos 300 kyr.

La proyecciéon para los proximos 300 ka se calcula tanto para el caso perturbado
como las condiciones naturales usando ambos modelos imperturbable 3z y LS; la
Figura C.9 ilustra, como ejemplo, la evolucion prevista de CO2 atmosférico tras el
pulso de CO2 antropogénico. Ambos modelos presentan un decaimiento exponencial
de CO2 en la atmosfera, con la caracteristica de tiempo de decaimiento algo mas

largo de 37 que para LS. Los dos modelos, a pesar de tener diferentes parametri-
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C.9I 300 ka utilizando, como una condicién inicial, el escenario de la liberacion de carbono

antropogénico mostrado en la Figura C.7. Las lineas azules y rojas corresponden a la
proyeccion del modelo 37 y LS, respectivamente.
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por el modelo 37 siguiendo el pulso corto plazo antropogénico (linea roja), después
de afiadir la weathering compensation a largo plazo (linea verde), y después de la
incorporaciéon de las emisiones de metano de los clatratos (linea azul). El recuadro

muestra cémo varia el inicio de los proximos interglaciares en funcion de las emisio-
nes totales de carbono.
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Prediccion de las variables climéticas para el futuro 200 ka obtenida mediante el modelo
37 (incluida la weathering compensation y las emisiones de metano). El panel superior
muestra la insolacién Igg y los otros cuatro paneles presentan la proyeccién de volumen
normalizado hielo (segundo panel), la extension normalizada de la capa antartica del hielo
(tercero), las concentraciones atmosféricas de CO2 dimensionales, (cuarto) y la estrati-
ficacion (parte inferior), con (linea continua) y sin (linea discontinua) la perturbacion
antropogénica en todos los casos.
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zaciones para la estratificacion del océano y la evolucion capa de hielo, producen
un resultado muy similar para el siguiente ciclo glacial. De ahora en adelante, nos
centraremos en la proyecciéon futura obtenido con el modelo 37, una comparacion de

los dos modelos muestra resultados analogos.

La Figura C.10 muestra la evolucién de CO2 predicha por el modelo 37 siguiendo
el pulso antropogénico a corto plazo, después de afiadir el mecanismo de weathe-
ring compensation a largo plazo y que incluye ademéas las emisiones de metano de
los clatratos. Se puede observar que en todos los casos el tiempo para los proximos
interglaciares no cambia sustancialmente. El principal efecto es causado por la wea-
thering compensation que provoca concentraciones algo méas altas y una duracién
ligeramente mas largo de la presente interglacial. El efecto de la emision de metano
se reduce mucho a excepcién de una meseta en los valores de CO2 después de ter-

minar el pulso antropogénico.

La introduccion del pulso CO2 antropogénico perturba claramente el ciclo natural

de las cuatro variables del modelo en el proximo 300 ka (Figura C.11).

El modelo predice la desaparicion de la proxima era interglacial, que debe comenzar
en 64 ka AP. Esto es debido a la zona de volumen de hielo y capa de hielo anormal-
mente reducida predijo para el presente interglacial, que toma mucho tiempo para
recuperarse. La capa de hielo, A, Sigue la evolucién de V con un retraso de aproxi-
madamente 7 kyr (Ecuacién C.8 y valor de 74 en la Tabla C.1). La funcién F', sin
embargo, se vuelve negativo sblo cuando A es lo suficientemente grande. A los 64
ka AP, V disminuye (C se eleva) en respuesta a la forzamiento positivo del Ig5 pero
A no es lo suficientemente alto como para que F' se haga negativo. Si V'y A fuesen
grandes, como ocurre en el caso no perturbado,F' seria cercana al valor de umbral
(F = 0) y la disminucién de V (ascenso de C'), en ese momento F tomaria valores
negativos, lo que provocaria el pulso ocednico. Este retraso en la recuperacién del
volumen de hielo V (y A) es causado por el pulso antropogénico introducido en el
modelo, que produce 20 kyr de efecto invernadero anormalmente alto. Bajo estas

condiciones, V necesita un tiempo mas largo para alcanzar el maximo glacial y el
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siguiente ciclo glacial mueve 44 kyr adelante en el tiempo. En 235 kyr AP los inter-
glaciales perturbados y no perturbados coinciden de nuevo y la posterior evolucién
de todas las variables permanecen en fase, lo que sugiere que la recuperacion de la

periodicidad natural.

También hemos explorado cémo de sensibles son los resultados del modelo, en par-
ticular, la momento de inicio para el siguiente ciclo interglacial, a diferentes valores
URR. Un resultado principal es que un aumento progresivo en el pulso antropogéni-
co conduce a ciclos mas pequenos, con valores de CO2 més bajos. Un resultado muy
relevante es que el momento del proximo interglacial cambia discretamente como U
supera diferentes valores de umbral (inset en la Figura C.10). Por ejemplo U = 475
Gt representa el umbral mas alla del cual la siguiente interglacial experimentara un
retraso de 44 kyr; los siguientes umbrales se producirdn en 1725 y 2100 Gt, con los

correspondientes retrasos adicionales de 42 y 72 ka.

En este trabajo se ha ilustrado una aplicacién de dos modelos de tipo relajacion
simples (Garcia-Olivares and Herrero [2013]) para predecir la evolucion futura de
las variables de la Tierra a nivel mundial durante los préximos 300 ka, con y sin la
perturbacion atmosférica de CO2 causadas por las emisiones de combustibles fosiles

antropogénicas.

El anormalmente alta perturbacién térmica del interglacial actual dara lugar a un
retraso en el futuro avance de la capa de hielo sobre la plataforma de la Antartida.
Como resultado, el maximo relativo de la insolacion boreal 65 kyr AP no tendra
ningin efecto sobre la estabilidad de la glaciacién en desarrollo. Sin embargo, el pico
de insolacion siguiente (115 ka AP) se llevara a cabo en un estado apropiado del
sistema, climéatico y sera suficiente para inducir la nueva deglaciacion. El proximo
méximo glacial se llevara a cabo sobre 105 AP kyr y el siguiente interglacial sera
retrasado hacia adelante en el tiempo 44 kyr en relacién con las condiciones no per-
turbadas. Nuestras proyecciones dependen del valor URR, siendo muy estable en el
rango de 475 a 1700 Gt; para URR igual o mayor que 1725/2100 Gt se espera que
el proximo interglacial para 160/232 kyr AP.

Creemos que los modelos acoplados simples de relajacion tienen el atributo fun-
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damental de que, a pesar de su estructura simple, retienen las principales interaccio-
nes climaticas de la Tierra, que es capaz de dar cuenta siendo capaces de cap-
turar la evolucién natural de un pulso de CO2 atmosférico impuesto externamente.
Sin embargo, con el fin de confirmar esta afirmacion, nuestros resultados deben ser
comparados con los obtenidos a partir de un modelo complejidad intermedia, que in-
cluya la dindmica del carbono a largo plazo mundial totalmente interactivo de
largo plazo. Una vez que esto se demuestre, los modelos acoplados simples pueden
convertirse en una herramienta tutil para examinar la evoluciéon futura del clima en

diferentes escenarios de emisiones antropogénicas de los combustibles fosiles.

C.5. Capitulo 4:

ESTUDIO DEL MIS-13 UTILIZANDO MODELOS DE
RELAJACION Y UN STACK DE NIVEL DEL MAR

Como hemos visto en el capitulo anterior, las oscilaciones de los glaciares-intergla-
ciares en los tltimos tiempos el clima del Pleistoceno (altimos 800 ka) revelan un
ciclo de la edad de hielo de 100 ka, derivado principalmente de los parametros orbi-
tales y de evaluaciones internas del sistema climéatico (Hays et al. [1976]; Archer et
al. [2000|; Paillard [2010, 2015]).

Siguiendo Paillard and Parrenin [2004], varios modelos de relajacion, basados en
simples parametrizaciones de la estratificacion del océano profundo, se han desarro-
llado (Garcia-Olivares and Herrero [2012, 2013]). Dos de estos modelos, 37 y LS,
tienen buenas habilidades que reproducen las condiciones durante los tltimos ocho
ciclos glaciales. La periodicidad de 100 ka glacial-interglacial se genera internamente
a través de tres variables acopladas: la concentracion de CO2 en la atmosfera, el

volumen del hielo global y la ampliacion de la plataforma de hielo de la Antartida.

Los datos de foraminiferos benténicos %0 (Lisiecki and Raymo [2005]) pueden ser
utilizados como un proxy para el volumen de hielo (Shackleton et al. [2000]; Shakun
et al. [2015]; Waelbroeck et al. [2002]), aunque el ratio O'8/O1 se sabe depende
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tanto de la composicién isotépica y la temperatura del agua donde se desarrollan
foraminifera. Waelbroeck et al. [2002] encontraron que la relacion entre §'%0 y el
volumen de hielo no es lineal, causando algunas incertidumbres en las variaciones

de volumen de hielo.

Los cambios de volumen de hielo globales derivados del crecimiento y el retroceso
de las capas de hielo continentales pueden estar asociados con las variaciones del
nivel del mar en los ciclos glaciales-interglaciales (Chappell and Shackleton [1986];
Waelbroeck et al. [2002]; Lambeck et al. [2014]), un proxy con menos incertidumbres.
Algunas reconstrucciones de nivel del mar a partir de los sedimentos oceénicos se
han realizado utilizando diferentes representaciones y modelos, cada una de ellas
limitada por el error de medicién, las variaciones locales en la salinidad y la tempe-
ratura, y los supuestos particulares de cada técnica. Spratt and Lisiecki [2015] han
elaborado una amplia representacion de estas reconstrucciones, el desarrollo de un
stack de nivel del mar, lo que representa el registro del nivel del mar eustatico con

mas precisiéon que cada una de las reconstrucciones individuales.

Hay varias diferencias entre los modelos 37 y LS (Figura C.12, panel inferior). Una
diferencia es el valor utilizado para la capa de hielo antartica de referencia, ya sea
~C' (que representa el efecto inverso de la temperatura de la Antartida en la capa
de hielo) para el modelo LS o V para el modelo 3z. Otra pequena diferencia es la
inclusién de 165 en el modelo LS cuando se especifica el valor de la concentraciéon
atmosférica de CO2 de referencia, Cr . Sin embargo, la principal diferencia entre
ambos modelos, es su parametrizacion del estado del océano, con F' = F (V, A) en
el modelo 3z y F = F (C, A) en el modelo LS. Tanto V'y C son buenos sustitutos
para la temperatura regional del SOy F' = F (V, A) o F = F (C, A) son plausi-
blemente maneras de modelar la formacién local de salmueras. El hecho de que la
dependencia F = F (V, A) realiza algo mejor que F' = F (C, A) puede ser debido
al papel no despreciable que V tiene en la estratificacion través de teleconexiones; o
para un posible efecto mayor del nivel del mar que la temperatura de la Antéartida
en la formacion de salmuera (Garcia-Olivares and Herrero [2013]; Gildor and Tzi-
perman [2001]).

Los dos proxies diferentes, §'*0 de Lisiecki and Raymo [2005] y el nivel del mar
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de Spratt and Lisiecki [2015], tienen una dinamica similar pero el momento de gla-
ciaciones se desplaza ligeramente en todos los casos, asi como la profundidad de
los ciclos glaciales, especialmente en los primeros cuatro ciclos (de -800 a -400 ka)
(Figura C.12, arriba). La diferencia es, de alguna manera, mas evidente alrededor
de -500 ka, donde los datos de nivel del mar reconstruir el ciclo con menor varian-
za. Una comparacion entre el nivel del mar y el 880 se ha realizado en Spratt and
Lisiecki [2015], que muestra que la relacion entre 6'%0 y el nivel del mar esta bien
descrita por una funcion lineal en los primeros cuatro ciclos (de -800 a -400 kyr) y

una funcion cuadrética en los tltimos ciclos (de -400 a 0 ka).

C.5.1.Recalibracion de los modelos

Teniendo en cuenta las diferencias dindmicas existentes entre el nivel del mar y el
8180, una nueva calibracion se ha hecho tanto para 37 como para LS utilizando el
nivel del mar (SL) de Spratt and Lisiecki [2015]. Esto ha derivado en dos nuevos
modelos llamados 3tg;, y LSgr, de aqui en adelante.

La comparaciéon entre los valores de los parametros de todos los modelos se muestra
en la Tabla C.3. Las correlaciones entre los modelos originales y los nuevos modelos
no cambian mucho; para V, La correlacion se ha incrementado de 0.88 (37) a 0.89
(3zgz,), solo el 1%, mientras que no hay ningtn cambio para el caso LS/LSgy. Para
C sin embargo, la correlaciéon ha disminuido ligeramente en ambos casos de 0.79
(37) a 0.77 (3zgr) y de 0.76 (LS) a 0.73 (LSgr), un 2% y un 3%, respectivamente.
Este cambio en la correlacién no debe ser importante, ya que las incertidumbres en
8180 pueden producir una interpretacion mas de los datos, lo que significa que estas
diferencias de correlacion de menos de 4% se incluyen en la incertidumbre de obser-
vacion. Sin embargo, la caracteristica méas notable de estas nuevas optimizaciones es
un pico doble que se muestra en el volumen de hielo de 3tgy, alrededor de 500 kyr.
Este doble pico no estaba presente en el modelo original, y no se muestra en ningtin
modelo LS, lo que sugiere que hay una diferencia significativa entre la dinamica

tanto las delegaciones y/o en ambos modelos.
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C.5.2. MIS-13

La Etapa Marina Isotopica 13 (MIS-13) ocurri6 aproximadamente hace 500.000
anos (-500 ka). Es de particular interés, ya que sufri6 monzones graves de verano
de forma simultanea con el aumento de isétopos de oxigeno marino y la disminucién
de los registros de ntcleos de hielo de la Antartida en la temperatura en compara-
cion con otros interglaciares (Yin and Guo [2008]; Lang and Wolff [2011]; Muri et
al. [2012, 2013]). Todas estas anomalias indican un NH calido y un SH fresco, y en
consecuencia una fuerte asimetria de los climas continentales durante MIS-13 (Guo
et al. [2009]).

La estratificacion y la formaciéon de aguas profundas en 3t y 37gr, donde F = F
(V, A), esta parcialmente controlada por la temperatura de las aguas profundas del
Atlantico Norte (NADW) y en parte por el nivel del mar, por lo que estos modelos
son més afectados por los cambios y variaciones del nivel del mar temperatura NH.
Por otro lado, los modelos LS y LSgy, tienen F = F (C, A), lo que sugiere que la
formacion de las aguas antarticas (AABW) y la estratificacion pueden ser controla-
da tnicamente por la capa de hielo Antartico y la temperatura regional, todas las

variables locales de la SH.

Los datos de 6'3C de Lisiecki [2010] pueden considerarse un buen indicador de al-
macenamiento de carbono del océano profundo, o en consecuencia, un proxy para la
estratificacion de profundidad. La Figura C.14 muestra los datos de '3 C de Lisiec-
ki [2010] y el parametro océano, F, tanto para 3tgz, como para LSgr. Los modelos
representan con mayor precision los tltimos cuatro ciclos glaciales (de 400 a 0 ka),
donde F se desplaza ligeramente en la estratificacion, en lugar de los primeros (de
-800 a 400 ka), donde F' es claramente diferente de §'3C. Este comportamiento
indica que F, que tiene el control del pulso de CO2 y por lo tanto provoca la de-
glaciacién, no podria ser lo que representa solo el estratificacion como Paillard and
Parrenin [2004] sugirio. Ferrari et al. [2014] sugieren que las grandes emisiones de
CO2 oceanicas estan relacionados con la capa de hielo antartica. Ambos mecanismos
(estratificacion y la cubierta de hielo de la Antartida) pueden ser representados en

F en nuestros modelos, lo que sugiere que en los primeros cuatro ciclos glaciares los
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PARAMETROS 37 3zsL LS LSsL
Ty 16585 20525.6 11325 15996.6
Ty 3105.5 5826.5 2325 3179
To 13505 8824.5 2793 2933.2
TCo - - 8414 10069.4
Ty 9004 11110 10266 13757.8
T 0.905 1.547 0.669 0.544
Y 0.489 0.923 0.527 0.344
z 0.946 1.704 0.761 1.531
o - - 0.237 0.907
g 0.336 0.255 0.793 0.985
Y 2.044 1.538 1.955 2.242
é 0.228 0.549 0.146 0.514
a 0.54 0.727 - -
b 1.205 1.586 0.936 1.877
c - - 0.533 0.928
d 0.483 0.51 0.069 0.418
Ry 0.88 0.89 0.87 0.87
Rq 0.79 0.77 0.76 0.73
Cuadro Valores de los parametros utilizados para los modelos originales 37y LS, y la nueva

Cﬂ recalibracion 3zgr, y LSgr. RV y R(C representan la correlacion entre los proxies y
los datos modelados para el volumen global hielo, V, y la concentracion de CO2 en
la atmosfera, C, respectivamente.
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Figura Panel superior: mejor ajuste obtenido después de la optimizacion entre el nivel del mar
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de Spratt and Lisiecki [2015] (linea gris) y los modelos 3zgr, (linea azul) y LSgy, (linea
roja). Panel inferior: mejor ajuste obtenido para la serie de tiempo de CO2 después de
la optimizacion: 3zgr, (linea azul), LSgy, (linea roja) y series temporales experimentales
de COg2 de Petit et al. [1999]; Monnin et al. [2001]; Pepin et al. [2001]; Siegenthaler et
al. [2005]; Luthi et al. [2008] (linea gris).
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dos mecanismos estan fuera de sincronia, mientras que en los tltimos cuatro ciclos
estan actuando en la misma direccién. Se necesitan mas investigaciones para com-
prender los mecanismos de control de las emisiones de CO2 ocednico y la causa de
la anomalia MIS-13.

MIS-13 es un buen caso para evaluar este posible doble dependencia de F', ya que
los dos picos en el CO2 son més como las mesetas, en lugar de la sierra de dientes
comin. Esto puede ser causado por la estratificaciéon y la capa de hielo antartica
actuando fuera de fase: la estratificacion debilitada producira un impulso vertical
COz2 para activar la deglaciacién, pero a medida que la temperatura es especialmen-
te baja en este interglacial, la cubierta de hielo de la Antéartida es anormalmente
amplia y actos como una cubierta para la desgasificacion esperado CO2, control
de la amplitud del pulso. Ambos modelos tienen formas muy similares pero LSgy,
muestra un estado mas profundo (F < 0) En todos los interglaciares, especialmente
en MIS-13. Lo hace mostrar el inicio de un doble pico en MIS-13, pero la primera
desglaciaciéon es muy ligero y no produce suficiente pulso CO2 para cambiar el esta-
do, manteniendo el periodo glacial (Figura C.15). Después, el sistema esté listo para
cambiar dindmicamente el estado, produciendo un interglacial profundo y fuerte.
Este profundo estado interglacial es mas estable y genera un pulso de CO2 lo sufi-
cientemente fuerte como para cambiar permanentemente de glacial para interglacial.
En el caso 37gy, , el parametro de la estratificacion del océano profundo es més ines-
table (cerca del punto F' = 0 inflexion ) Y aunque el primer pulso de CO2 genera un
cambio de estado, no es lo suficientemente fuerte como para mantenerlo, retirarse a
un estado glacial adicional. El segundo pulso es ligeramente mas fuerte, por ltimo

generar un cambio estable de estado.

El primer intento de LSg;, de cambiar el estado puede no ser lo suficientemente
fuerte, ya que no refleja la asimetria de los hemisferios, como el F' parametro sblo
se ve afectado por variables SH. Por otro lado, 3zgz, se ve afectado por la dinamica
de ambos NH y SH, capturando la asimetria entre los hemisferios que produce una
mas inestable la estratificacién del océano profundo a través de un teleconexion de
NADW (Garcia-Olivares and Herrero [2013]; Gildor and Tziperman [2001]).

La comparacion de '3 C data de Lisiecki [2010] con el parametro de estado del océa-
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no, F, muestra una falta de coincidencia en los primeros ciclos (de -800 a 400 kyr),
lo que sugiere que F podria representar no solo la estratificacion profunda (como
sugiere Paillard and Parrenin [2004]), sino también otras variables, como la capa de
hielo de la Antartida (como sefiala Ferrari et al. [2014]), lo que probablemente jue-
gan un papel importante en las glaciaciones. En los tltimos ciclos (de 400 a 0 ka),
F parece estar en buen ritmo con la estratificaciéon, aunque ligeramente desplazado,
lo que sugiere que ambos mecanismos (estratificacion y la cubierta de hielo de la

Antartida) estan actuando en la misma direccion.

La incapacidad de LSg, en reproducir el pico doble de CO2 a MIS-13 puede ser de-
bido a la dependencia de F sobre las variables locales, que F' no puede para capturar
una asimetria entre los hemisferios. Por otra parte, 3rgr, reproduce correctamente
esta doble pico y parece mas preciso capturar la dindmica de MIS-13, lo que sugiere
que la parametrizacion F' = F (V, A), afectado tanto por la dindmica de NH y SH,

funciona mejor y es méas apropiado para simular la dindmica del sistema climético.

C.6. CONCLUSIONES

En este capitulo final voy a revisar brevemente los resultados presentados en esta
tesis. En el capitulo 1 varios modelos de relajacién que incorporan una amplia
representacion de los mecanismos fisicos, como el bombeo de CO2 oceénico o los
tiempos de respuesta de carbono y el volumen de hielo, se han desarrollado. Los pa-
rametros de los modelos se han calibrado para proporcionar el mejor ajuste a datos
experimentales de §'®0 y CO2 para los tltimos 800 ka BP. Hemos descrito ocho
sub-modelos diferentes, todos derivados del modelo original de Paillard and Parre-
nin [2004], para evaluar como esas diferentes parametrizaciones afectan el ajuste de
datos. Algunos de esos mecanismos como la producciéon de exportaciéon biolégico
o un pulso ocednico de CO2 exponencial no ofrecen nuevas perspectivas. Por otro
lado, los sub-modelos con diferentes tiempos de respuesta para la acumulacion y
ablacion de hielo, y/o emision y absorcion de CO2, muestran una buena concordan-

cia cuantitativa y cualitativa con la serie de tiempo empirica, especialmente 4, EP,
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El panel superior muestra el volumen de hielo se ajusta: modelo 3zgz, (linea azul)
y el modelo LSgz, (linea roja), derivado de la optimizacion de Spratt and Lisiecki
[2015] (linea gris). El mejor ajuste obtenido para la serie de tiempo de CO2: 3zgr,
(linea azul) y el modelo LSgy, (linea roja), en comparacion con el experimental
de series temporales de CO2 de Petit et al. [1999]; Monnin et al. [2001]; Pepin
et al. [2001]; Siegenthaler et al. [2005]; Luthi et al. [2008] (linea gris) se muestran
en el panel central. El pardametro de la estratificacion del océano profundo, F'
derivado de 3zgz, (linea azul) y el modelo LSgz, (linea roja) y gradiente 813C de

Lisiecki [2010] (linea gris) se muestran en el panel inferior.
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3ty LS, lo que sugiere que diferentes tiempos de relajacién son una posible manera
de reproducir la asimetria en los ciclos glaciares y que los mecanismos que estos
modelos incorporan pueden ser factores importantes que controlan las oscilaciones

glaciares-interglaciares.

El modelo 47 mejora las correlaciones de PP04 (0.59 y 0.63) a 0.79 y 0.89 utilizando
el mismo ntimero de parametros (a saber, 14). El modelo EP utiliza 15 parametros,
pero el parametro adicional, el cual fue dirigido a la mejora de la forma de la funciéon
de pulso oceanica, no mejora las correlaciones y puede considerarse inttil. El modelo
3t obtiene casi las mismas correlaciones como 47 utilizando sblo 13 parametros. El
modelo LS (15 parametros) no mejora las correlaciones de 47 , pero incorpora una
forma funcional para la estratificacion F' que parece mas consistente con los meca-
nismos sugeridos por Paillard and Parrenin [2004]. 37 es el modelo con la mayor
varianza explicada por parametro, y LS, con una varianza explicada similar a la
obtenida por 37 , contiene parametrizaciones que se pueden relacionar de la forma
més realista posible con mecanismos observados. Ambos modelos pueden ofrecer
una informacion valiosa sobre el verdadero significado de la buena evolucion de los
modelos derivados de PP04.

En el Capitulo 2, la dindmica y mecanismos incorporados en 37 y en LS y se han
analizado y comparado para explorar las interpretaciones fisicas més plausibles de
las expresiones matematicas. En primer lugar, hemos evaluado sus dindmicas no
lineales utilizando wavelet transform, cross-wavelet transform, wavelet coherence,
Fourier analysis, attractors y cross-recurrence plots. Hemos, por tanto, identificado
los mecanismos y las dindmicas que llevan a buen ajuste de los datos y hemos com-
parado los resultados con la dindamica de observacién que supuestamente causan

oscilaciones glaciales-interglaciales.

Hemos demostrado que, de hecho, los modelos de relajaciéon son una herramienta til
para analizar y estudiar los mecanismos fisicos del sistema climético, asi como para
identificar las retroalimentaciones y las variables implicadas. Hemos demostrado que
los modelos no son sensibles a la insolacién sur; sino que responden a una variable
diferente, C, que parece ser una mejor representacion de la temperatura de la Antarti-

da. Una conclusién importante es que la dindmica detallada del COz2 no es importante
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para obtener un buen ajuste entre los modelos y los datos indirectos. Lo realmente
importante es la inestabilidad no lineal, alcanzada después de 80 a 100 kyr (permi-
tiendo a V alcanzar un nivel méximo), permitiendo que cualquier aumento modesto

de la insolacién pueda provocar una liberaciéon de CO2 atmosférico.

La variable F es crucial en los modelos. Hemos senalado que una liberacién abrupta
oceénica de COg2, similar a un pulso rectangular de 10 a 20 ka, es necesario activar
la terminacion, y F' es el control no lineal de este afloramiento de CO2. Se puede
describir como un parametro de control del océano profundo. Creemos que F puede
ser considerado fisicamente la estratificacién sincrénicamente en combinacion con las
bombas bioldgicas y de carbonatos en la zona subantértica, y con la extension del hie-

lo marino que controla la circulaciéon residual y la profundidad del agua de surgencia.

Una simulacién precisa del conjunto detallado de los hechos que constituyen el dis-
parador deglacial requerirfa afadir una parametrizacién para la inestabilidad de la
capa de hielo del Atlantico Norte a nuestros modelos, asi como una dinamica del
carbono mas compleja. Los modelos derivados de PP04 producen buenos resultados
a pesar de su simplicidad en el modelado de la liberacion oceanica de CO2, y para
obtener una representaciéon mas cerca de todos los procesos fisicos que intervienen

en el sistema climético, mas mecanismos deben ser incluidos en futuras versiones.

En el Capitulo 3 hemos ilustrado una aplicacién de los modelos de relajacion, til
también para responder a preguntas dindmicas més directas. Hemos usado los mo-
delos 37 y LS para predecir la evolucion futura de las variables globales de la Tierra
durante los proximos 300 ka, con y sin la perturbacién de COg2 atmosférico causado

por las emisiones antropogénicas de combustibles fosiles.

El pulso de CO2 antropogénico produce 20 kyr de efecto invernadero anormalmente
alto, implicando un retraso en el futuro avance de la capa de hielo sobre la plata-
forma de la Antartida. Como resultado, el pico correspondiente de la insolacion,
que causa una terminacion en el escenario imperturbado, no tendré ningin efecto
sobre la estabilidad de la glaciacién en desarrollo. Sin embargo, el siguiente pico de
insolacion se llevaréd a cabo en un estado apropiado del sistema climéatico y seré su-

ficiente para inducir la nueva desglaciacién, moviendo, en consecuencia, el siguiente
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ciclo glacial 44 kyr adelante en el tiempo. Después de tres ciclos, los interglaciales
perturbados y no perturbados coinciden de nuevo y la posterior evoluciéon de todas
las variables permanecen en fase, lo que sugiere la recuperacion de la periodicidad
natural. Por otro lado, un aumento progresivo en el pulso antropogénico conlleva
menores ciclos interglaciares, con valores inferiores de CO2, y el timing del siguien-
te interglacial cambia discretamente a medida que U excede diferentes valores de

umbral.

En el Capitulo 4 los modelos han sido re-calibrados usando nuevos datos del nivel
del mar y se utilizan para comprender la dindmica de un evento interglacial muy
particular, el MIS-13. Hemos comparado 37 y LS con el nivel del mar de Spratt and
Lisiecki [2015] para analizar e identificar las diferencias entre §'%0 (Lisiecki and
Raymo, 2005) y el nivel del mar como los datos de indicadores para el volumen de

hielo.

La comparaciéon del parametro del océano profundo, F, con un proxy de estratifica-
cion profunda (benthic 8'3C; Lisiecki [2010]) muestra una falta de coincidencia en
los primeros ciclos (de -800 a —400 kyr), lo que sugiere que F' podria representar no
sblo la formaciéon de aguas profundas, sino también otras variables, como la capa
de hielo antartica. En los ultimos ciclos (de <400 a 0 ka), F' parece estar en buen
ritmo con la estratificacion, aunque desplazado ligeramente, lo que sugiere una re-
presentacion de un estado mixto de las profundidades del océano. Esto refuerza los
resultados del capitulo 2, donde F representa no solo la estratificacion, sino también

la extensiéon del hielo marino.

La aparicion (o no) de un pico doble de CO2 en MIS-13 en nuestros modelos, sugie-
ren que la parametrizacion F' = F (V, A), afectada tanto por la dindmica de NH y

SH, es mas apropiado para simular el clima.

Podemos, por tanto, concluir que los modelos de relajaciéon pueden ser herramientas
muy utiles para caracterizar el complejo sistema climético, y ttiles también para
examinar cuestiones especificas como la evoluciéon futura del clima bajo diferentes
escenarios de emisiones antropogénicas de los combustibles fosiles. Los modelos de

relajacion pueden contribuir a ampliar el conocimiento de los mecanismos que con-
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trolan la variabilidad de los ciclos glaciales del Pleistoceno; sin embargo, sus resulta-
dos deben ser comparados con los obtenidos a partir de un modelo de complejidad
intermedia, que debe incluir ecuaciones de conservacién, una geometria realista y
la dinamica del carbono a largo plazo. El anélisis de los resultados actuales bajo la
perspectiva complementaria dada por estos modelos complejos seria una continua-

ci6én natural de esta tesis. I
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A hundred years from now, people will look back on us and laugh. They'll say,
"You know what people used to believe? They believed in photons and electrons.
Can you imagine anything so silly?' They'll have a good laugh, because by then
there will be newer better fantasies... And meanwhile, you feel the way the boat
moves? That's the sea. That's real. You smell the salt in the air? You feel the
sunlight on your skin? That's all real. Life is wonderful. It's a gift to be alive,

to see the sun and breathe the air. And there isn't really anything else.

Michael Crichton, The Lost World



