\Wibu

P SCUOLA

"?#.‘ .IIEMI !;E;Ugrs%na Superiore Pavia N ORM ALE

e p S o] | SUPERIORE
®)

Some Perspectives on Climate Change through
Energy Balance Models

A Thesis Submitted in Partial Fulfilment of the Requirements for the
Degree of Doctor of Philosophy in

Sustainable Development and Climate Change

Doctoral Programme of National Interest

PhD SDC

SUSTAINABLE DEVELOPMENT
AND CLIMATE CHANGE

In the Curriculum

EARTH SYSTEM AND ENVIRONMENT

by
Gianmarco Del Sarto

Supervisor: Prof. Franco Flandoli

January, 2025



Abstract

This dissertation explores various aspects of an elementary class of cli-
mate models called Energy Balance Models (EBMs), in which Earth’s tem-
perature evolution is governed by the balance between the radiation ab-
sorbed and emitted by the planet. Although EBMs occupy the lowest level
in the hierarchy of climate models, they are appreciated for their capacity
to provide qualitative insights. Our research, which we summarise below,
follows this direction.

The first line of our research focuses on understanding and providing rig-
orous results for a class of 1ID-EBMs with a spatially heterogeneous radiation
term, including an additive parameter modelling the effect of greenhouse
gases (GHGs) in the atmosphere. In particular, we study the long-term be-
haviour of the model. To analyse the steady-state solutions of the parabolic
partial differential equation governing the model, we interpret them as so-
lutions of the Euler-Lagrange equation arising from an associated varia-
tional problem. We provide sufficient conditions for the existence of at
least three steady-state solutions, corresponding to two local minima and
one saddle point of the variational functional. In other words, we identify
hypotheses that lead to the coexistence of "cold," "warm," and unstable "in-
termediate" climates. We then examine the relationship between the value
function—representing the minimum of the variational functional across all
temperature profiles—and the global mean temperature, both as functions
of GHG concentration. In particular, we show how the value function plot
provides information about the bifurcation diagram of the model, and vice
versa. Furthermore, we prove that the global mean temperature, as a func-
tion of GHG concentration, is non-decreasing.

The second line of research investigates climate change issues using the
same class of 1D-EBMs. To this end, we incorporate local instability ef-
fects and additive white noise into the model. The former parametrises
the super-greenhouse effect, a feedback mechanism occurring in the tropics
that can lead to a decrease in outgoing radiation. The latter, inspired by
Hasselmann’s work, accounts for fast weather fluctuations not captured by
the slow dynamics of EBMs, enriching the dynamics of Earth’s temperature
with statistical information. Focusing on the long-term behaviour, we study
the invariant measure of the model. In particular, we use its variance as



a proxy indicator for the frequency of extreme weather events and demon-
strate, through numerical simulations, an increase in variance corresponding
to higher GHG concentrations.

We conclude the dissertation by presenting the main ideas of ongoing
research on a fast-slow system, where the fast component describes solar
radiation, while the slow component is a zero-dimensional EBM. In this
model, the variance of the resulting stochastic EBM increases with temper-
ature, without invoking local instabilities. Additionally, we show how this
model shares many similarities with the stochastic EBM proposed by Has-
selmann, which we summarise mathematically in terms of the deterministic
limit, fluctuations around the deterministic limit, and large deviations from
it.



Contents

Mntroduction 5
[0.0.1  Low dimensional energy balance models| . . . . . . .. )

[0.1 _Deterministic model - Main Resultsl. . . . .. ... ... ... 10
0.1.1 Potential functional and its minimiser| . . . . . . . .. 10

[0.1.2  Value Function and uniqueness tor the tfunctional min- |

[ imiser] . .. ... 13
[0.1.3  Value function graph and biturcation diagram|. . . . . 15

0.2 A new 1D-EBM for climate change and extreme events|. . . . 16
021 Motivation| . . .. ... ... ... L. 16

[0.2.2 Model details and properties| . . . ... ... ... .. 20

[0.2.3  Increase in extreme weather events frequency| . . . . . 21

[0.3 A non-autonomous framework for weather, macroweather, |

[ and climatel . . . . .. ... 25
[0.4 A fast-slow energy balance model . . . . . . .. ... ... .. 27
[0.4.1  Link with Hasselmann’s proposal . . . . . .. ... .. 30

[0.4.2  Averaging principle: deterministic limit| . . . . .. .. 32

[0.4.3 Gaussian fluctuations| . . . .. .. .. ... ... ... 32

[0.4.4  Large deviations principle] . . . . . . . ... ... ... 33

[1 A class of space heterogeneous one-dimensional energy bal- |

[__ance models| 35
(L1 Model formulation| . . . . .. ... ... ... L. 36
(1.2 Functional definitionl . . . . . . . . . ... ... . L. 41
[1.3  Gibbs invariant measure and functional minimum point| . . . 42
[1.4  Variational problem - existence| . . . . . . .. ... ... .. 48
[L.5 Variational problem - uniqueness| . . . . . .. ... ... ... 52
[1.6  Value function - semiconcavity, concavity and non-increasing |

[ derivativel . . . . . . . . .. Y
1.7 Mountain Pass Theorem and existence of at least three steady- |

[ statesolutiondl. . . . . . ... ... oL 60
(1.8 Numerical methodsl. . . . .. ... ... ... ... ... .. 67



CONTENTS 4

2 A stochastic one-dimensional energy balance model for cli- |

[  mate change)| 69
2.1 _The non-autonomous scheme with three timescales| . . . . . . 70
2.1.1 The weather timescalel . . . . . ... ... ... .... 71

2.1.2 Macroweather timescale for 71. . . . . . ... ... .. 71

[2.1.3  The averaging approximation| . . . . . . . . ... ... 72

[2.1.4  Hasselmann’s proposal| . . . . . ... ... ... .... 72

2.1.5 Macroweather and climatel. . . . . . . ... ... ... 74

2.2 A new 1D-EBM with tropics bistability] . . . . .. ... ... 76
[2.2.1 The macroweather timescale and the global mean tem- |

| perature increase due to COs concentration| . . . . . . 76
222 Model formulation| . . . . ... ... ... ... ... 79

[2.2.3  Deterministic properties of the model| . . . . . . . .. 81

[2.2.4  Stochastic properties of the modell . . . . . . . .. .. 83

2.2.5 Variance and extreme weather events increasel . . . . . 85

[2.3  Supplement information| . . . . ... ..o 89
2.3.1 Numerical methodsl. . . .. ... ... ... ... ... 89

[2.3.2  Spectral properties of the operator Af. . . . . ... .. 91

[3 Energy balance models from Hasselmann’s perspective| 93
[Conclusions! 104

(Bibliography| 115




Introduction

This dissertation explores several mathematical aspects of energy bal-
ance models (EBMs), a fundamental class of climate models. Specifically,
we investigate how the long-term behaviour of climate dynamics is influenced
by variations in atmospheric carbon dioxide concentration, a key driver of
the greenhouse effect. This analysis, which draws on tools from the calcu-
lus of variations, stochastic analysis, and numerical methods for (stochastic)
equations, provides insights into the global temperature distribution and the
frequency of extreme weather events. A primary objective of our work is to
understand why climate change leads to an increased occurrence of extreme
weather events. In this introduction, we outline the motivation behind our
research and present an overview of our results. The detailed arguments are
presented in Chapters The former two chapters are based on [24] and
[25], respectively. The last chapter is, instead, an ongoing research project,
which contains the details of the results presented in Section of this
Introduction.

0.0.1 Low dimensional energy balance models

Energy balance models are a fundamental tool used to understand the
Earth’s climate system and its energy dynamics. It represents the energy
budget within the Earth’s atmosphere, land, oceans, and ice by quantifying
the balance between incoming solar radiation and outgoing solar radiation.
Although highly simplified compared to general circulation models, EBMs
are appreciated for their interpretability, mathematical tractability, and abil-
ity to capture the essential dynamics of the Earth system [12| [77, [67) [40],
28, [14]. Two important feedback mechanisms are typically present in such
models: the ice-albedo feedback and the Stefan-Boltzmann law. The pos-
itive ice-albedo feedback occurs when the melting of ice and snow reduces
the surface reflectivity (albedo), causing the planet to absorb more solar
radiation. According to the Stefan-Boltzmann law, a warmer body emits
more radiation, thereby providing a negative feedback which stabilises the
planet’s temperature. Depending on the precise configuration, these mech-
anisms may endow EBMs with bistability, suggesting the existence of two
stable climates commonly referred to as the snowball climate and the warm
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climate. The snowball climate, supported by paleoclimatic evidence from
the Cryogenian period around 650 million years ago, is characterised by the
absence of vegetation and ice caps extending over the entire planet’s sur-
face. In contrast, the warm climate exhibits relatively low albedo, ice caps
limited to the polar regions, and the presence of oceans and vegetation.
Additionally, EBMs typically allow for a third possible climate, albeit un-
stable. Transitions between stable climates in an EBM, as well as in general
multistable models, can occur in various ways. But two important mecha-
nisms are the following. The first consists of changes in factors influencing
the climate system, such as variations in greenhouse gas (GHG) concen-
trations like carbon dioxide (CO3), altering the balance of incoming and
outgoing radiation and amplifying the greenhouse effect. Mathematically,
this mechanism can be described by assuming that the model depends on
one additional parameter, and changes in the parameter lead the model to
undergo a bifurcation [4]; the second consists in noise-induced transitions
resulting from unresolved processes in climate models or the representation
of short-timescale weather as stochastic forcing acting on slow variables, as
observed in stochastic reduced models [49] [62]. These two types of transi-
tions correspond to mechanisms recognised to induce climate tipping, that is
rapid non-linear changes in the climate system with potentially irreversible
and catastrophic consequences [57, [76, [56], 61, [42].

A zero-dimensional (0D) EBM is the simplest version of EBM describing
the evolution in time for the annual averaged global mean temperature T,
without any space dependence [7, [68], 72, [42]. This model is given by an
ordinary differential equation (ODE) of the form:

drT

CT% = aoﬁ(T) +q— 00€0T4, t>0,

Tii=o = To.

(1)

In this equation, O > 0 represents the heat capacity, Q, > 0 is the globally
averaged solar radiation and the co-albedo g is modelled by a continuous
function (over-bars typically denote globally averaged quantities). The term
R(T) = 0peoT? on the right-hand side of Eq. accounts for the outgoing
solar radiation, following the Stefan-Boltzmann law (where oo denotes the
Stefan-Boltzmann constant and g is the globally averaged emissivity). We
will adopt the notation R.(T’; q) = 0oeoT* — ¢, thus incorporating the effect
of carbon dioxide into OLR. Further, ¢ > 0 is a positive parameter modelling
the effect of the CO3 on the energy budget [6 [80]. In the next paragraph,
we clarify its additive structure.

Let C represent the global COg concentration in parts per million (ppm),
and consider, for explanatory purposes, a dependence of outgoing radiation
on both temperature T' and CO4 concentration C. To avoid notation misun-
derstanding, denote the outgoing radiation as R, = R, (T, C), emphasizing
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its dependence on these two variables. Linearizing R, with respect to tem-
perature around a reference temperature T, we obtain:

A

R(T,C) ~ A(C) + B(T — Typ),

where A(C') encapsulates the dependence on CO3 concentration. From [65],
radiative transfer models suggest that the variation of outgoing radiation
with respect to changes in COy can be expressed as:

C
A(C)=A;1—Ay-In () ,
Co
where Cj is a reference COy concentration, and A, As > 0 are constants
derived from the models. Substituting this into the linearised expression,
we have:

R C
Re~A1+B(T—-Ty)—q, q=A-In <>

Co
This shows that the radiative forcing of CO2 manifests as an additive term,
¢, in the energy budget equation.

The fixed points of the model are the solutions of the equation:

T,
dt
corresponding to points in Figure [I| where the absorbed radiation R,(T) =
QoB(T) and the emitted radiation R.(T';q) intersect. Figure|lp furthermore
illustrates that this model is generally characterised by bistability, with two
stable fixed points Ts and Ty . These points correspond to the snowball
and warm climate states mentioned earlier and are separated by an unstable
intermediate fixed point 7. Furthermore, as highlighted by Figure [Ip, the
stable points correspond to minimum points of a primitive function F for
the negative radiation budget R. In other words, F is any regular function
such that:

F'(T) = Re(T;q) — Ra(T) = —R(T;q).
To better capture the variability of global mean surface temperature, it
has been proposed to add a stochastic forcing, such as white noise, to the
radiation balance. This is interpreted as the effect of the fast components of
the climate system, i.e. the weather, over slow components [44], 69, 49, [32].
For this reason, we are interested in considering the stochastic differential
equation (SDE) given by:

dT = R(T; q)dt + edW, (2)

where € > 0 is the noise intensity and (W;)¢>0 is a Brownian motion [5]. This
SDE is of gradient type and possesses a unique Gibbs invariant measure 7
[55]. An invariant measure is a probability distribution 7 in the state space
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of Eq. (i.e. the real numbers in this case) with the property that if a
solution 7' is distributed according to 7 at some time t then it remains so
for all later times. It is given by:

v(dT) = %exp (—;F(T; q))> drT, (3)

where Z is a normalization constant and d71' denotes the standard volume
element on R (we note the technical detail that to give meaning to Eq.
and Eq. , the radiation budget R should be extended to negative values
for the Kelvin temperature T in a way such that F' — 400 as T — —00).
The key observation from the explicit formula is that 7 is concentrated
around the minimum points of the function F. Indeed, if Ty is a strict
minimum point and T} # Tp is a point close to Ty s.t. F(T1;q) > F(To;q),
then the mass given by the measure v in a small neighbourhood of T} is
exponentially lower than the mass around Ty; more specifically, the ratio

between the two masses is given by exp (—E% (F(TI; q) — F(Ty; q)))
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Figure 1: (a) Absorbed radiation R, and emitted radiation R, for a 0D-
EBM. The graphs intersect in the three fixed points of the model Tg <
Ty < Tw; Ts and Ty are stable, Thy is unstable. (b) Double-well potential
T associated to OD-EBM. The function F satisfies ' = R, — R,. The
minimum points Ts and Ty of F correspond to stable fixed points.

A one-dimensional (1D) EBM is given by a parabolic partial differential
equation where the space variable is one-dimensional [12] 77, [72]. Denoting
the temperature averaged in the zonal direction by u = u(t, z), it extends
the 0D-EBM by introducing the sine of the latitude = = sin(¢), where
¢ € [-5,%] denotes the latitude and ¢ > 0 represents time. We assume
that the non-linear radiation balance of the planet, denoted by R(zx,u;q),
depends on the sine of the latitude and on an additive parameter q. This

parameter models the effect of carbon dioxide concentration on the radiation
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budget [6]. Atmospheric and ocean transport of heat between latitudes is
modelled in a very simplified way by a diffusion term. Assuming spatially
homogeneous diffusion in this introductory section and thus ignoring the
dependence of k on latitude and temperature, we obtain a non-degenerate
reaction-diffusion equation:

Ou = wiu+ R(z,uq), £ 0, 7€ (—1,1),
ug(t,—1) = uy(t,1) =0, t>0 (4)
u(0,2) = up(z), =€[-1,1]

where A = 0., denotes the Laplace operator in dimension one, the Neumann
boundary conditions impose no-heat flux at the poles and ug is an initial
condition. The non-linear radiation balance of the radiation absorbed and
emitted by the planet R(x,u;q) is given by

R(z,u;q) = Qo(z)B(u) + q — ooou’,

where Qo () is a positive smooth function describing the the space-dependent
solar radiation at point z, 5 € (0, 1) is a smooth increasing function parametris-
ing the co-albedo, and ¢ > 0 is an additive parameter modelling the effect
of CO4 concentration on the energy balance. Lastly, the emitted radiation
is again given by the map u — ggogu?, where £y, 0g are constants denoting
respectively the Earth’s emissivity and the Stefan-Boltzmann constant.

The steady-state solutions of this model, representing the asymptotic
solutions for the time-evolving dynamics, correspond to the non-negative
solutions u = u(z) of the elliptic problem:

0=ru"+ R(z,u;q), xe(-1,1),
/ ! ()

u'(—1) =u'(1) =0,
where u = u(z) depends only on the space variable. This elliptic problem
forms a necessary condition for u = u(z) to be our extremal (in particular
a local minimiser) for the potential functional

1 K
Fyw) = [ Rauiq)do+ 5|} 0

where 8,R(z,u;q) = —R(x,u;q) and |||} = [, (W)? dz is the square of
the norm of v’ in L?(—1,1). The calculus of variations is a widely employed
technique for studying the existence of a solution to the previous problem
[67, [7T), [70, 11]. However, proving the existence of a local (but not global)
minimum point is generally challenging, and this technique focuses on study-
ing the existence of the global minimum point. The functional Fj in Eq.
@ has another interpretation though which renders it more important than
being merely a characterisation of solutions to the elliptic problem. Indeed,



CONTENTS 10

consider the stochastic partial differential equation (SPDE) on the Hilbert
space H = L?(—1,1) given by:

du = (kAu + R(x,u;q)) dt + edWy, (7)

obtained by adding a space-time white noise (W;);>0 modelled by a cylin-
drical Brownian motion on H = L?*(—1,1) to Eq. (§). R has a cut-off at
negative temperature as in Section and € > 0 is the noise intensity.
We refer to [22] for more details about SPDEs. It can be shown that Eq.
has a unique invariant Gibbs measure v [20], given (broadly speaking)
by an expression as in Eq. , with F, replacing F' (see Section and
. Therefore, as in the zero-dimensional case, v concentrates on minimum
points of the functional F,. These minimisers satisfy the elliptic problem ,
which therefore describes temperature profiles around which the solutions
of the stochastic problem tend to cluster.

0.1 Deterministic model - Main Results

0.1.1 Potential functional and its minimiser

In this section, we: (i) provide an intuitive motivation for why the in-
variant measure for the stochastic EBM in Eq. concentrates on mini-
mum points of the functional Fy, (ii) prove the existence of global minimum
points for Fj, using the direct method, (iii) present sufficient conditions on
the viscosity x and the space-averaged potential R(u) = % fil R(z,u)dz,
with 9,R = —R = R, — R,, to ensure that the 1D-EBM has at least three
steady-state solutions.

Firstly, consider the stochastic EBM . Assume that for a negative
value of u, where the model has no physical meaning, the Stefan-Boltzmann

law is extended as:

cooout —q, ifu>0
—q, if u <0,

Re(u; q) = { (8)

and f is smoothly extended to 3 by setting it to zero outside the physically
relevant range, as described in the Section Then, Eq. possesses a
unique Gibbs invariant probability measure given by:

(v)

v(du) :%exp <_522 /_11 €000—¢ + — Qo(2)B(u) — qu dw) p(du),

, (9)
_E A
p~NO, =AY,

where (u); = max{u, 0} is the positive part, N(0, —%Afl) denotes a sym-

. . . . 2 —
metric Gaussian measure with covariance operator Q = —5-A L over the
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Hilbert space H = L?(—1,1), B is a primitive of the co-albedo 3, and Z
is the normalization constant. See ([20]) for a rigorous derivation of the
invariant measure for a reaction-diffusion model with a polynomial homo-
geneous reaction term. We move to explain in what sense v is concentrated
around minimum points of F,. In fact, for u € H the Gaussian measure p
is formally given by:

1 1
w(du) = 7 exp (—2<Qlu, u>> du,

where Q71 = —E—’;A. Here, 7 is a normalization constant, (-,-) denotes the

scalar product in H, and du is a formal notation for the Lebesgue measure
on H. If we perform an integration by parts, we get

1 K, 1 Kooyn2
p(du) = Z—lexp (52<U ,U>> du = ZGXP <—8Q|U 13 ) du.

Plugging the previous identity into Eq. (1.3]), we obtain:

1 u5 K
vty s (5 ([ eonol"2 5 - Qoo - auao + §iuiz) ) o

2
X exp (—€2Fq(u)> du.

From this heuristic formula, we see that points u such that Fy(u) is not
a global minimum have exponentially smaller density than the minimum
points. Indeed, if u; is a global minimum point and w # w1, then the mass
given by v in a small neighbourhood around u is exponentially smaller than
the mass given to a neighbourhood of the same size around uy; in particular,
the ratio between the two masses is given by exp (—E% (Fy(u) — Fq(ul))).
The previous derivation is formal because the Lebesgue measure cannot
be defined on an infinite dimensional Hilbert space. For a more rigorous
explanation, see Section [1.3]

Next, we discuss the properties of the functional

F: HY(-1,1)n{u>0} - R

given by:
1 ()5 1
Fy(u) = /_1 (?Faoao — Qo(z)B(u) — qudz + ;/_1 r(z) (' (z))* de,

where H! = H%2(—1,1) denotes the Sobolev space of order 1 and exponent
2, i.e. the function space where a function u and its derivative v’ (in weak-
sense) are both square integrable over [—1,1]. See ([II]) for more details
about Sobolev spaces. The functional F;, depending on the parameter g, is



CONTENTS 12

known in the literature as potential functional or Lyapunov function (|71,
72]). The study of the functional Fj, gives useful information thanks to its
links with the invariant measure for the stochastic 1D-EBM, as we have seen,
and the stable steady-state solutions for the deterministic 1D-EBM which
emerge as necessary conditions for the stationarity of Fj,. Going deeper with
the former point, the first variation of Fj, in the point v in direction h is
given by:

d
5y (. 1) = - Fy(u+ sh)juco

— /11 (u45000 — Qo(x)B(u) — q) hde + /11 k(2 )l () (x)da

= [ [ie0m0 ~ Qo(@)B) (sl @)Y o

where in the last identity we have used the integration by parts. Since h is
arbitrary, u is a stationary point for the functional F, if and only if it is a
steady-state solution for the EBM. In particular, local extremum points for
F, correspond to steady-state solutions of the EBM. Any local minimiser of
F, represents a locally attractive solution of the deterministic 1D-EBM. In
view of our interpretation of Fj in terms of the invariant measure, however,
global minimisers play a special role since if present and unique they are
exponentially more likely than any other state (including minimises that
are just local). The following result establishes the existence of a global
minimum point for F;.

Theorem 1. If g > 0, then there exists a global regular non-negative min-
imiser for Fy. In other words, if we consider the variational problem

inf{Fq(u) |ue HY, uz()}, (10)
then there exists i € C'™° s.t. 4 is a solution of the EBM and
Fy(@) = inf {Fy(u) |ue H', u>0}.

In addition to this, if g belongs to a bounded interval, then u can be bounded
uniformly with respect to q:

AM >0 s.t. a(z) <M, Vaoel-1,1]. (11)

A rigorous proof of the previous result can be found in Section [I.4} The
proof relies on standard arguments from the direct method of calculus of
variation exploiting the fact that the outgoing radiation in the EBM model
prevents the temperature from being too high.
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Concerning the existence of two local minimum points, let us describe a
sufficient condition. Consider the potential function R: R — R coming from
the space averaged model

_ 1
R(u) = ;/1 R(z,u)dx.

If the viscosity x > 0 is sufficiently large and the function R has a double
well shape with sufficiently deep minimum values attained at the minimum
points, then we are able to prove the existence of two minimum points
for F,. Further, it is possible to prove that the functional Fj satisfies a
compactness condition known as Palais-Smale condition. This property and
the Mountain Pass theorem give the possibility to deduce the existence of a
third steady-state solution. Next, we characterise a situation in which there
are three steady-state solutions, two of which are local minimisers ([50]).
This is summarised in the following result, whose proof is given in Section

L7

Theorem 2. Denote by By (v,p) = {u € H* | ||u—v||gr < p} the open
ball in H' with center v and radius p > 0. Assume R has two non-negative
minimum points w1 # ug, with Fy(u1) > Fy(ug). Then, there exist w > 0
and f,g € O(c™!) as e — 0T s.t. if £ > 0 satisfies:

(i) R"(u;) > (&), fori=1,2,

(it) k> g(€),
(iii) € < w,
then Fy has two local minimum points 11, 1s such that:

(a) By (u1,8) N By (uz, 2) = 0,

(b) G; € By (ui,€), fori=1,2,

(¢c) If ||u — ui||gr = &, then Fy(u) > Fy(u1) + 6, with 6 = §(€) > 0.

Note how the previous result can be also interpreted as giving suf-

ficient conditions for the convergence of the stable solutions of a space-

inhomogeneous EBM to the stable solution of the corresponding space-
averaged model, as the diffusion becomes large.

0.1.2 Value Function and uniqueness for the functional min-
imiser

The key element of this section is the value function, which is given by:

Vig) = inf{Fq(u) lue H', u> o}.
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From Section[0.1.1, we know that the previous infimum is indeed a minimum
and so V(q) can be interpreted as the minimum possible value attained by
the potential functional over the possible temperature profiles u. Since a
minimum point for Fy is also a stationary point for the functional, the value
function can be evaluated numerically by computing the minimum of the
three steady-state solutions ug,ups, up. Following this strategy, Figure [2]
shows ¢ — Fy(uy), with u, € {us,un,uw}. Particularly, there exists a
point g3 s.t. wg it the global minimum point of F, for ¢ < g3, while uy
is the global minimum point for ¢ > ¢3. Further, for ¢ = ¢3 the function
F, has two different global minimum points ug,uy and ¢ = g3 correspond
a non-differentiability point for V. In addition to this, the value function

Functional

45

Figure 2: Potential functional F evaluated in the three steady-state solu-
tions ug, ups, uw. For g < g3, ug is the global minimum point, while uy is
a local minimum point. On the other hand, for ¢ > g3 the vice versa hap-
pens. Solid lines correspond to values of the functional attained on stable
solutions, dashed lines for values corresponding to unstable ones.

appears to be concave, thus with a decreasing derivative, where it exists.
Summarizing, the numerical evaluations of V'(¢) suggest the following result,

a rigorous proof of which is included in Sections
Theorem 3. Assume q belongs to a bounded interval. Then:

(i) V is Lipschitz continuous.

(ii) q is a non-differentiable point for V if and only if there is more than
one minimiser for Fy.

(iii) V is concave and V' is non-increasing.

See Lemma [22] Proposition 23] and Proposition [31] for the proof of the
previous result.
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We also see numerically that wuys is actually never a global minimiser
for the specific functional Fj, considered here, but we do not have a rigorous
proof of this fact. Let’s briefly discuss the proofs of the previous points. The
proof of (i) follows from the facts that the sup-norm of the minimiser g can
be bounded uniformly in ¢ and that, given a family {g;};c; of L;-Lipschitz
functions g;, then 115 g; is Lipschitz if the constants L; can be bounded

uniformly. In our case, given u € H' non-negative, we have

1
[Fua (1) = Fpp (w)] < i1 = piz [1 |u(e)de < 2M |p1 — po

where M > 0 is the constant appearing in Eq. . On the other hand, the
proof of point (ii) is less straightforward, although being very similar to the
one for the existence of a solution for the variational problem. The proof
of point (iii) makes use of the concept of semiconcavity, a generalisation of
that of concavity, which is fundamental in optimal control [16]. The main
reason for the concavity of V' though is that V' is an infimum over functions
that are affine in ¢q. Hence the fact that ¢ is additive is essential for this
result. More details can be found in Section [L.5

0.1.3 Value function graph and bifurcation diagram

An additional property of the value function can be observed when com-
paring the bifurcation diagram (Figure [Bp) and the graph of the value func-

tion (Figure [3p).

Corollary 4. If V is differentiable, then V'(q) = — [, a(x)dz, where @ is
the only minimiser for Fy.

In other words, the part of the bifurcation diagram that corresponds to
the global minimiser, represented by the sub-graph (q, % f_ll @, dz), can be
determined based on the knowledge of V', and vice versa. Figure compares
the bifurcation diagram to the graph of the value function, highlighting in
magenta the corresponding parts of the two graphs. From the mathematical
point of view, the previous result is a consequence of the proof of Theorem
Bl

It is worth pointing out that by combining Theorem [3| and Corollary
[ a valuable property emerges, i.e., the global mean temperature of the
functional minimiser is non-decreasing with respect to ¢q. In other words,
as the concentration of COq rises, the global mean temperature increases.
Additionally, through this monotonicity and Froda’s theorem, we also es-
tablish that the global mean temperature is continuous, except for, at most,
a countable number of upward jumps.
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Figure 3: Comparison between the value function graph (left) and bifurca-
tion diagram (right) for the 1D-EBM. The magenta-shaded area highlights
the parts of the plots which are in one-to-one correspondence. (a) Functional
F, evaluated on steady-state solutions, as in Figure (b) Steady-state solu-
tions of the EBM for ¢ = 25. In every point x of the space domain, the three
steady-state solutions satisfy ug(z) < up(z) < uw (z), with maximum tem-
perature attained at the equator and minimum temperature attained at the
poles.

0.2 A new 1D-EBM for climate change and ex-
treme events

0.2.1 Motivation

The class of EBMs is well-regarded in the literature for its simplic-
ity and its ability to describe climate dynamics in an elementary way, as
noted in previous sections. Its application to paleoclimate investigations is
widespread [81], [72] [30], with a particular focus on understanding how tran-
sitions can occur between the warm steady-state solution uy of the EBM
and the snowball climate ug, and vice versa. This transition is a classic
example of a tipping point in climate systems, referring to a significant non-
linear shift in the climate or one of its subsystems, which can be triggered
by a small variation in a climatic variable, such as global mean temperature
(GMT) or carbon dioxide concentration.

There is scientific evidence, even if contested, that the snowball-warm
climate tipping point occurred in the past. Regardless, the physical mech-
anism behind this bistability is simple and unquestionable: the solid-liquid
phase transition of water. In fact, the fixed points for the 0D-EBM
are the temperature values where the absorbed radiation R, intersects the
emitted radiation R.. The latter is proportional to the fourth power of the
temperature, due to the Stefan-Boltzmann law, while the former is positive,
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bounded, and increases with temperature 7', as depicted in Figure The
fact that R, and R, intersect three times, giving rise to two stable fixed
points, is primarily due to the simple fact that ice melts at around 273 K,
causing the ice-albedo feedback to break down.

But our main interest is the study of climate change, not the investigation
of past climate. In the next paragraph, we will explain why the EBMs, as
we have considered them so far, are not suitable for addressing this issue. To
simplify, consider the stochastic 0D-EBM in ; the same reasoning applies
to the 1D-EBM . Since the global mean temperature T changes only
slightly from year to year, it is reasonable to linearise the equation around
the stable fixed point Ty of the deterministic model, corresponding to the
present climate configuration of the Earth. In this way, we get

R(T) = Ro(T) — Re(T;q) = a+q+bT + o(T — Tw),

with b < 0 since Ty is stable. Thus, we obtain

dr
E:aq—l—bT—}—ath, ag=a+gq, (12)
T(0) = Tp.

The solution of the previous SDE is given by

t
Ty = Toe ™ + agh(1 — e~ ™) + U/ e~ (=g,
0

It is a Gaussian process with a mean value of
E[Ti] = Toe ™ + a,(1 — e™™),

and variance

t t 2
Var(Ty) = Var (J/ @—(t—s)des> - 02/ o 2(t=8)b g _ %(1 . e—ztb).
0 0

Thus, looking at the long-term behaviour of the mean and variance, we find

o2

t£+mooE (T3] = aq, tl}—i-moo Var(Ti) = 5 (13)
As expected, the mean depends on CO3 concentration. The larger the value
of ¢, the higher (on average) the global mean temperature. However, the
same does not hold for the variance, which is independent of the concentra-
tion of carbon dioxide in the atmosphere. This is problematic because we
would like a simplified model that demonstrates how temperature fluctua-
tions increase with rising carbon dioxide (COz) concentrations.

Indeed, one of the most dramatic examples of climate change today is
the increased frequency of extreme events. As pointed out by the IPCC
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Figure 4: Schematic showing the effect on extreme temperatures when (a)
the mean temperature increases, (b) the variance increases, and (c) both
the mean and variance increase for a normal distribution of temperature.
Reproduced from the IPCC Report on Climate Change 2001: The Scientific
Basis ([45, Figure 2.32]).

Report ([45]), this can result from both an increase in mean temperature
(which can be easily explained by an SDE model as in and an increase
in the variance of temperature, as shown in Figure This phenomenon
is not just speculative; it can be observed in real data, as shown in Figure
The figure shows histograms of the daily mean temperature recorded
in August for two different periods: from 1910 to 1940 (in blue) and from
1993 to 2023 (in red). In our view, explaining the joint increase of both
mean value and variance is a challenging and, at present, completely open
question.

The classical paradigm to explain the increase in the frequency of ex-
treme events is given by a dynamical system approaching a bifurcation
point, where random fluctuations are amplified near the bifurcation point
(123, 176, 54, 4, 56, [42) [8]). To explain this simply, we can again consider a
linear EBM as in but this time assuming that the coefficient b depends
on the parameter g, i.e., by = by(¢q) and the model is given by:

dT
%:aq+bq'T+O—th, ag=a+gq,
T(0) =Tp.

We can repeat the computations done previously starting from the explicit
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Figure 5: (a) Daily temperature recorded in August in Modena, Italy. The
blue histogram shows the values for the time period 1910 — 1940 (blue), and
the red histogram refers to 1993 — 2023 (red). Data provided by the Os-
servatorio Geofisico di Modena www.ossgeo.unimore.it. (b) Observational
Outgoing Longwave Radiation (OLR) dependence on Sea Surface Tempera-
ture (SST), and SMART (SMART is a dataset for OLR measurements used
in [27]) OLR output for various humidity values. The red dashed line is the
mean. Reproduced with permission from Geophysical Research Letters 45,
19 (2018). Copyright 2018, John Wiley and Sons ([27, Figure 2a]).

solution

t
Ty = Toe 1 4 agby(1 — e ) 4o / e~ =gy,
0

and getting to

o

Jim BT =0y lim Vor(h) = £
If there exists a critical threshold g, such that b, — 0 as ¢ — ¢, then we
get limy_, oo Var(T;) = +oo as g approaches g,.

The main question is whether the Earth is currently close to a bifurcation
point, an issue that is speculated but not proven. Looking to the distant
past, as noted earlier, it is clear that bifurcations took place, connecting
a moderate climate like today’s with glacial climates. However, there is
no clear indication that we are near a new bifurcation point leading to a
warmer climate. One exception is in data near the Tropics: localised at
that latitude, there is experimental evidence of potential bistability and a
possible fast transition to a warmer climate ([27], see Figure [5b)). However,
data from regions outside the Tropics show different patterns. Therefore,
we have developed a new 1D-EBM that incorporates these differences. Seen
globally, as an infinite-dimensional dynamical system over the entire Earth,
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the bistability in the Tropics does not introduce a new bifurcation to the
model.

0.2.2 Model details and properties

We work with a Budyko-Sellers one-dimensional energy balance model
(ID-EBM), in which a diffusion term modelling meridional heat transport
is added as a driver of temperature evolution ([72]). The novelty of our
model consists in adding, for the first time, a particular phenomenon that
may happen at the Tropics. Indeed, one of the key mechanisms to stabilise
Farth’s temperature is the Planck feedback. It consists of increased outgoing
longwave radiation (OLR) as surface temperature increases, thanks to the
Stefan-Boltzmann law. But there exist cases, and our model highlights one
of them, where this feedback can fail, as in the super-greenhouse effect (SGE)
(33, 19, 27]). This phenomenon is feedback between water vapour, surface
temperature and greenhouse effect. Once the sea surface temperature or
greenhouse gas concentration reaches a certain level, the increase in absorbed
thermal radiation from the surface due to augmented evaporation with rising
sea surface temperature (SST) outweighs the concurrent elevation in OLR,
causing OLR to decline as SST increases.

More in detail, the model that we consider is almost identical to the 1D-
EBM , better detailed in Section Indeed, it is given by the following
reaction-diffusion equation

Crowu = 0y (k(z)ug) + Ra(z,u) — Re(z,u;5q), x € [-1,1],£ >0
u($30) = ’Lbo(l‘), WS [_171]a (14)
uz(—1,t) =ugy(1,¢) =0, ¢>0,

where again C1 > 0 denotes heat capacity, x(x) > 0 is the diffusion function,
R, is the absorbed radiation, and R, is the emitted radiation. It is worth
underlying how the space dependence of this last term is the main novelty
of this model. This novelty, driven by the SGE mentioned before, may lead
to bistability for OLR locally in tropical regions. To capture this behaviour,
we propose a model for OLR that varies with space and is symmetric with
respect to latitude:

Re(z,u;q) = q + || RV (u) + (1 — [a]) R (u),

where RP! and R represent the OLR at the poles and equator, respectively.
The function R, smoothly transitions between polar and equatorial values,
as shown in Figure[6] where different colours correspond to specific latitudes.
More details on the terms and the parameters of the model can be found in
Section [2.2.2]

The results obtained in Section [0.1} i.e. Theorems (T} 2] 3 and Corollary
[] still holds for this model. Indeed, the reaction-diffusion structure with a
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Figure 6: Representation of the Outgoing Longwave Radiation (OLR) R, =
Re(x,u;q) in for ¢ = 0. Different colours are used to represent the
dependence on the space. At the tropics, the OLR presents the bistability
due to the super-greenhouse effect shown in Figure ol The bistable regimes
progressively disappear as the space point moves to the poles, where the
Stefan-Boltzmann law in is applied to parametrise OLR.

space-heterogeneous reaction term is the same as the 1D-EBM . However,
it is worth pointing out the bifurcation diagram of the model, which is shown
in Figure[7] Although no new steady-state solutions are added to the model
(in addition to the two classical saddle-node bifurcations that characterise
EBMs), it can be observed a non-linear increase in the GMT of the warm
steady-state solution uy takes place for values of g close to 11. This increase
is caused by the space-dependent emitted radiation with tropics bistability,
since the same 1D-EBM without this feature does not show this behaviour

(see Section in particular Figure [1.1al).

0.2.3 Increase in extreme weather events frequency

It is well-established that human-induced greenhouse gas emissions have
intensified the frequency and severity of climate extremes, particularly tem-
perature fluctuations, since the pre-industrial period [73]. Despite various
definitions of what constitutes an extreme event, no universally accepted
standard exists [79]. A common approach defines an extreme weather event
as one surpassing a specific threshold of a climate variable. To be able to
investigate such a phenomenon, we extend the 1D-EBM in by an ad-
ditive space-time white noise with small intensity ¢ > 0, as in . In this
framework, we consider as a proxy indicator for the frequency of extreme
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Figure 7: (b) Bifurcation diagram in the (g, u,) plan for the 1D-EBM ,
where u, denotes a steady-state solutions and @, = % f_ll ux(z)dzr is its
global mean temperature (GMT). The S-shaped bifurcation diagram is char-
acterised by the two classical saddle-node bifurcations around ¢ ~ 7 and
g ~ 38, and a non-linear (with respect to ¢) increase in the global mean
temperature around ¢q ~ 11.3.

weather events the variance of the solution, which we are going to better
define later. In any case, our equation takes the form

CTat’LL = Ox (H(SU)U:E) + Ra($, ’LL) - Re(ﬁﬂ, Uu; Q)
+odW, (z,t) € [-1,1] x [0,T7,
u(z,0) = uw(x), =el-1,1],
uz(—1,t) = uy(1,¢) =0, te€]0,T],

(15)

where as initial condition we consider the warm steady-state solution wuy, of
the deterministic model, and T' = 500 years. Indeed, we are interested in
understanding the shape of the invariant measure v around the actual cli-
mate, which is described by up. As can be expected, the invariant measure
v = v(q) is still Gibbs, with an explicit expression similar to @D Indeed, as
for the deterministic properties, all the stochastic properties of the model
are preserved by the addition of the tropical instability correction. Anyway,
the expression for the invariant measure v is not useful, being non-linear,
to get quantitative information. In particular, we would like to understand
how much the fluctuations of the solution, i.e. the variance, are affected by
the change in the CO49 concentration.

Thus, we conduct a numerical simulation of the SPDE using a
finite difference method, which discretises both time and space into meshes.
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H Symbol Meaning Value H
Cr Heat capacity 5-107 Jm 2K ™1
o Diffusion coefficient SPDE 0.2
T Final time of simulation 500 yrs.
Az Space mesh size 0.01
At Time mesh size 0.01
Agq CO4 parameter mesh size (see (16)) ~1.21-1072
q0 First point in the CO2 mesh (see ((16)) 11.15
429 Last point in the CO2 mesh (see ) 11.15

Table 1: Parameters and constants appearing in the model and its
numerical simulations (see Section and Section for more details
on the parametrization of the terms and the numerical scheme, respectively).

Let (x;)i=1,..n and (t;)j=1,..m represent the spatial and temporal meshes,
respectively. The solution u(x,t) is approximated by a matrix U = (u;;)4j,
where u;; denotes the temperature at spatial point x; and time point ¢;.
Each simulation of the SPDE is performed with a fixed value of the
CO2 parameter ¢. Different simulations vary by changes in the value of ¢,
which is selected from the mesh (g)k—o,.. 29, where

k 11.55 — 11.15
=1115+ —, Ag= —" """ x121-107%2, k=0,...,29. (16
Gk + Ag’ q 29 (16)
For each spatial point z; € [—1, 1], we compute the variance of the tem-
perature over time. In other words, we measure how much the temperature
fluctuates over the 500-year simulation period. Thus, we define our time-
variance indicator as

1 m
o (i) = — > (uyy — ),

m i
where u; = % 22”:1 u;; represents the mean temperature at point x; over
time. Our simulations for o7, shown in Figure reveal two primary be-
haviours in the variance. First, as the parameter ¢ increases, the time vari-
ance o? initially rises, reaching a peak around ¢ = 11.3069, after which it
begins to decline. This peak corresponds to the value of ¢ that produces the
greatest increase in global mean temperature (GMT), indicating a strong
relationship between ¢ and temperature variability. Second, the spatial pro-
file of the variance is symmetric with respect to the centre of the domain,
with local maxima occurring at three points: = = 0 (the equator) and
|x| ~ 0.8 (sub-arctic regions). These maxima highlight regions where tem-
perature fluctuations are particularly pronounced. In the next sections, we
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are going to summarise our explanations of the two main properties of the
time-variance: the spatial behaviour and behaviour with respect to carbon
dioxide.

Figure 8: Indicators for the stochastic 1D-EBM over the time interval
[0, T], with T = 500 yrs. (a) Time-variance indicator o7. Different colours
represent different values of ¢ for which the stochastic 1D-EBM is simulated.
(b) Local stability indicator ~y, using the same colour scheme as in subfigure

().

Local stability indicator - Spatial behaviour

To better understand why certain regions exhibit higher variance than
others, we introduce a local stability indicator v(x), defined as:

Y(x) = OuR(z, uw (z)),
where R(z,u) = Ry(z,u)— Re(x, u; q) represents the net radiative forcing. In
essence, y(z) measures the local stability of the temperature field: positive
values of () indicate instability, while negative values indicate stability in
the absence of the diffusive coupling term r(z)u.

First, our analysis shows that regions with high time variance also tend
to exhibit positive values of «(z), indicating local instability, see Figure
BBl This suggests that time variance acts as a marker for regions where the
climate system is most susceptible to fluctuations, particularly near the sub-
arctic zones (|x| ~ 0.8) and the equatorial region (z = 0), where bistability
and temperature gradients are strongest.

Second, we explain the presence of positive v(x) values as a consequence
of the diffusion term in the model. Indeed, without diffusion, the warm
steady-state solution at point z given by up (z) it is just the minimiser,
depending on x, of the potential functional of the system. In other words,

uw () = argmin R(z, u),
u>0
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with 9,R = R, — R,. Thus, since uy is a minimiser &L:RI(Luw(:c)) = 0.
Further, under some mild regularity assumption, it follows that ~v(z) =
Oy ) = OuRa,un (a)) < O-

However, the addition of the diffusion term to the model introduces an
additional complexity. The steady-state solution wuy is a minimiser of the
functional

u /_11 R(x,u)dz + ;/_11 k() (u’(m))2 dx.

Thus, the previous reasoning in the case k = 0 does not hold any more, and
thus the local stability indicator may take positive values.

Local stability indicator - The effect of carbon dioxide

One of the key findings from our simulations is the peak in time variance
at ¢ = 11.3069, the previous increase, and the following decrease. To un-
derstand this phenomenon, we observe that as g increases, the steady-state
temperature uyy (x) rises, as can be guessed also by the calculation for the
0D case in or the global mean temperature increase for uy shown in
the bifurcation diagram depicted in Figure [7] As the GMT rises, the tem-
perature in the tropical area approaches the temperature interval in which
the SGE effect is maximum. This leads to the increase of variance detected
by o?. However, once the tropical temperature exceeds this interval, the
instability diminishes, leading to a reduction in variance.

We measure the instability of the SGE by averaging over the space do-
main the local stability indicator v, i.e. we consider

1 1
i@ = [ e = [ oG @)da,

whose plot is shown in Figure 0] It closely follows the same trend as the
time variance, peaking at ¢ = 11.3069 and then declining.

0.3 A non-autonomous framework for weather, macroweather,
and climate

Our work relies on considering a (stochastic) 1D-EBM depending on a
slowly varying parameter ¢(t), representing CO2 concentration. In particu-
lar, the 1D-EBM has the form (we omit spatial dependence for clarity)

dT(t) = g(T'(t), q(t)) + odW (1), (17)

where § represents the radiation balance. Although it can be formulated
with a single stochastic equation, we consider it an approximation of a more
complex dynamic system that involves three different timescales: weather,
macroweather, and climate. Weather operates on a daily to hourly scale,
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Figure 9: Average local stability indicator 7(q) = fil OuR(z, u%,?,) ())dx. It
increases, peaks at ¢ = 11.3069, and then decreases.

macroweather on a scale of a few months to a few years, and climate on a
scale of decades. While we simplify the model to focus on fewer timescales,
it is important to emphasise the non-autonomous structure given by the
time dependence of the CO9 parameter ¢(t).

The carbon dioxide concentration in the atmosphere varies on a longer
timescale compared to macroweather: carbon dioxide in the atmosphere
increased by 47% from 1850 to 2020, moving from 284 parts per million
(ppm) to 412 ppm ([73]). For this reason, it is reasonable to consider the
CO9 parameter in the equation as fixed, i.e., not time-dependent, and study
how the properties of the invariant measure change as a function of ¢. This
is the adiabatz’(ﬂ approach to investigating the properties of the stochastic
EBM. In other words, the stochastic equation we study is as follows:

dT(t) = G(T(t), q) + odW (2). (18)

The weather scale, based on Hasselmann’s work ([44]), is described by de-
terministic equations, where fast-changing variables represent fluid dynam-
ics (such as velocity), and slower-changing variables like temperature evolve
over months. Macroweather emerges when we change the scale to observe

'In thermodynamics, a gas undergoes an adiabatic transformation during rapid ex-
pansion or compression. Although fast, the transformation is slow enough that the gas
remains in a state of statistical equilibrium, preserving its entropy. Here, and throughout
the text, we use the term “adiabatic” to refer to a variable, and the analysis of the asso-
ciated equation, that varies much more slowly than the timescale of the system it is part
of.
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temperature variations over months and years. In this context, noise plays
a critical role in driving these fluctuations, and stochastic processes become
essential for accurately modelling these dynamics. At the macroweather
scale, averaging approximations in the Freidlin-Wentzell style ([36]) help
simplify the model by smoothing out short-term variations. However, this
approach has limitations because it does not account for fluctuations, which
was the pioneering idea of Hasselmann. He introduced noise to incorpo-
rate randomness into temperature dynamics on longer timescales than the
weather, aligning with real-world temperature observations. We stress the
importance of considering noise, delving into more details, in Subsections
ZTTR2T4
It is worth emphasizing that EBMs describe temperature on the macroweather

timescale. This can be deduced by examining a linear 0D-EBM of the form:

C ar =A— BT,
dt
and considering the relaxation time of the model, 79 = %. By plugging phys-
ically motivated values into the expression for 7y, it results in a macroweather
timescale (see Section .

The third timescale is climate. In the adiabatic framework , we
identify climate as the invariant measure of the stochastic EBM (in the non-
autonomous framework , the invariant measure is time-dependent; see
Section . In fact, climate is the result of the long-term evolution of the
Earth’s system, which began hundreds of millions of years ago from an initial
condition whose significance has since been lost. The adiabatic approach we
use in our analysis is also motivated by the fact that we consider the Earth’s
system on the macroweather timescale, where CO2 slowly increases, and we
track the invariant measure. Loosely speaking, we view our experience as
a sample from the invariant measure. We observe an increasing number of
extreme weather events each year because the invariant measure, i.e., the
climate, now has a larger variance.

0.4 A fast-slow energy balance model

The following section contains an ongoing research and has two main
goals. First, it aims to justify the inclusion of noise in the stochastic EBM,
a key theme as it directly relates to understanding the origins of climate
variability. This topic has been long discussed in the literature, and, follow-
ing Hasselmann’s foundational work, it is often attributed to the interaction
of different timescales in climate dynamics, particularly the influence of fast
processes on slower ones. We present a new derivation of the stochastic
Stratonovich equation introduced by K. Hasselmann, sometimes referred to
as the (N)-approximation for fast-slow climate equations (see [53},63]), based
on an approach d la Wong-Zakai.
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The second goal is to enhance the model with a suitable multiplicative
noise component. Thus far, we have considered an additive white noise in
both space and time, which is a simplified and less realistic assumption (see
[44] B]). The modified stochastic EBM derived here will include a diffusion
term that increases with temperature.

The starting point is a fast-slow system which, in a simplified way, it is
assumed to be able to describe the interaction between a “slow” temperature
component T', at a macroweather timescale, and a “fast” component @,
representing weather fluctuations. This latter component is modelled by
solar radiation, defined as the power per unit area received from the Sun at
Earth’s surface. This model is given by:

dQ: = —1(Q:—Q)dt + %th,
dL = QuB(T) + q — ego0T™.

The parameter 7 > 0 represents the separation among the timescales of the
two processes in . Its magnitude is thus 1072, so quite small but not
infinitesimal. This, as we will see, it is a key aspect of our discussion. The
dynamics describing the evolution in time of temperature is the radiation
balance between absorbed and emitted radiation, the classical mechanism
driving EBMs. For simplicity of notation, we will rename the system as
follows

(19)

1 — 1
dXT = — (X7 — Q)dt + —=dWi,  X{ =u,

t 7_( t Q) \ﬁ t 0 (20)
dY;" = g(X[,Y{)dt, Yy =y,

where g(z,y) = 28(y) — a(y), and a(y) = q — e9ooy*. For the ease of
notation, from now on we will denote the processes as X, Y;, thus dropping
the dependence on 7.

The following is the key result that we will use to derive a closed equation
for the slow variable Y;.

Lemma 5. For each t > 0, it holds
2

1t Qt
limE—/Xsds———W = 0.
VT Jo N

T—0

Now, we aim to derive a closed equation for the slow process Y;. We
heuristically invoke Lemma [5] to justify the following approximation:

AW (t)

X —Q~ VT 7 (21)
This enables us derive the following equation for the slow process:
dY; — =
St = (X - Q+Q) B() + g — oo’

AW (¢)
at

= QB(Y2) + q — c000Y, + VTB(V)
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Then, we perform an approximation inspired by the Wong-Zakai prin-
ciple, although it does not fit exactly within that framework. Using this
approximation, which we will comment on later, we replace the previous
equation with the Stratonovich SDE:

dY; = (QB(V:) +q — cooo¥;') dt +v/7B(Yr) 0 AW, (23)

which can be converted to Ito form by applying the Ito-Stratonovich correc-
tion:

a%; = (QB(T) + ZHTNF () +q - cooT;!) de+ V7B, (20

Remark 6. The most important consequence of the previous stochastic
model is that the diffusion term is increasing, due to the co-albedo prop-
erties, with respect to temperature. Thus, the larger the temperature, the
larger the variance of the solution, and thus the possibility of observing ex-
treme weather events.

It is worth recalling the Wong-Zakai principle, which underpins our
derivation of the stochastic EBM with Stratonovich noise. Loosely
speaking, this principle states that if we approximate Brownian Motion
(BM) with a smooth process, then take the limit of this smooth approxima-
tion, the resulting stochastic differential equation aligns with the Stratonovich
rather than the Ito interpretation. A constructive example of a possible ap-
proximation of BM follows.

Lemma 7. For e > 0, consider the solution & of the linear SDE
&€ 1 &€ 1 &€
dfy = ——&dt + —dWi, - & = 0.

Then, setting Wy = &, we have W§ l()) W;.
e—

Second, we state a version of the Wong-Zakai principle, which can, in
any case, be strengthened, see [48, [84].

Theorem 8 (Wong-Zakai). For e > 0, let Y be the solution of the ODE

dYe dWe
=b(Y? Y? .

Then, Y iﬂ> Y;, where Y; solves the SDE
e—

dY; = b(Y;)dt + o(Y3) o dW,.
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Remark 9. We are not applying a true Wong-Zakai result to obtain .
The Wong-Zakai principle (WZP) is a limiting result, which in our case
would apply as 7 — 0. However, there are at least two reasons why we
must diverge from the WZP: (i) the physical interpretation of T, and (ii)
the differing scaling in our model compared to that used in WZP. First,
the scaling parameter T represents the timescale separation between the fast
weather component (e.g., one day) and the slower macroweather component
(e.g., siz months or one year). Even though this ratio is small, it is far from
zero. Furthermore, if we took T — 0 in , we would obtain a deterministic
closed equation for temperature in .

Second, our fast equation for solar radiation in does not follow the
scaling in the drift-diffusion coefficients required by Lemma [5 Specifically,
our drift is scaled by % and the diffusion by %, whereas the fast process

&8 in WZP has both drift and diffusion scaled by % Nevertheless, we are
confident that the scaling used for T is correct for our setting. A primary
reason is that, if we consider a SDE of the form

dne = b(ne)dt 4 dWr, (25)

and we consider the rescaled fast process

N = Ni/rs
then (nf )+ solves the SDE

\%th, (26)

where (Wy); is a Brownian Motion; in other words, if we first consider a

solar radiation which satisfies an equation of the form , then on a faster

timescale for the same process we get the %, % scaling from equations (26)).

1
i = b7 )dt +

Second, the variance of the (Gaussian) invariant measure for the solar ra-
diation process X; remains independent of T, as we will explicitly calculate

later in (3.1)).

0.4.1 Link with Hasselmann’s proposal

In this section, we briefly present Hasselmann’s main contribution, in our
opinion, to climate science, i.e. the conjecture that temperature (that we
consider as representative climate variable) on a slow timescale (macroweather
or climate timescale) satisfies a stochastic equation, provided that we that
from a (realistic) fast-slow model describing the interaction between fast
weather and slow climate.

Hasselmann’s approach begins with a fast-slow ODE system:

{fb = éf(xay)v

y :g(l',y), (27)
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where £ > 0 is a scaling parameter that separates the fast weather compo-
nent z from the slower climate (or macroweather) component y. To derive
an equation for the slow variable y, we can apply the averaging principle (see
[36]), which approximates y in by a solution ¥ of the averaged equation

=197, (28)

where

9(w) = [ gle, (o).

This expression assumes that, for each fixed y, the fast equation

has a unique ergodic invariant measure j,. Determining this invariant mea-
sure in the deterministic case is complex, and not clearly understood. How-
ever, for the stochastic case, where the fast component has additional noise
(such as an additive noise), the averaging principle is well studied, and we
will focus on this in Section [0.4.2]

Hasselmann’s pioneering insight was that the macroweather timescale
solution is better represented by including fluctuations around the averaged
dynamics. Specifically, he proposed that the slow variable y on an appro-
priate timescale satisfies an SDE of the form:

dY; = g(V;) dt + A(Y;) o dWr, (29)

where A is the diffusion term. By following Hasselmann’s framework ([44],
3]), it can be shown that this equation, which we will refer to as Hasselmann’s
equation, reduces to when starting from the fast-slow system . That
is,

9(0) = [ gla.u(d)

where £ is the invariant measure of the fast equation in (19), and A(y) =
VRB().

The following sections will demonstrate that both Hasselmann’s equa-
tion and our fast-slow model are the same if we compute the: (i)
deterministic zero-noise limits, (ii) Gaussian fluctuations around the aver-
aged solution (zero-noise limit), and (iii) a large deviation principle. Our
new contribution in the following sections consists in realising that equations
and share the same characteristics given by (i), (ii), and (iii). In-
deed, the use of the averaging principle, the Gaussian fluctuations, and the
large deviations principle are rather classic in the probability field, as the
results that we will present in the following (Theorem and Propositions

).
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0.4.2 Averaging principle: deterministic limit

For a stochastic case fast-slow system in the form the averaging
principle is, in contrast to the deterministic case, well understood. In par-
ticular, up to technical assumptions (see [36, Chapter 7]), it can be proved
the following result, in which we merge also the averaging result for the
Hasselmann’s equation.

Theorem 10 (Averaging Principle). Let T" > 0 and denote by p(dz) the
invariant measure for the fast equation in (19)). Let (Y (t)); be the solution
of the ODE _

Y(t) =g(Y), (30)

where

9(w) = [ gla,putd)

Consider (Y;"); solution of the fast-slow system . Then, for any § > 0,
it holds
P ( sup ’Yf —Y(t)‘ > 5) =% 0.
0<t<T
Similarly, if (}7}),; is the solution of Hasselmann’s equation , for any
d > 0 it holds

IP’( sup ‘37} —Y(t)‘ > 5) =0 0.
0<t<T

0.4.3 Gaussian fluctuations

In stochastic systems driven by small noise, the study of fluctuation pro-
cesses provides insights into the behaviour of solutions near their determin-
istic limit. Fluctuations characterise the deviations from the deterministic
trajectory, typically scaled by the inverse square root of the noise intensity,
to observe how small perturbations influence the system’s dynamics. This
scaling follows the idea of the Central Limit Theorem in probability theory,
where sums of independent random variables converge, after appropriate
scaling, to a Gaussian distribution. Analogously, for SDEs, scaled fluctua-
tion processes converge to a Gaussian process as the noise intensity tends
to zero, capturing the an higher order behaviour of the SDE with respect to
the averaged equation.

Here, we present the results regarding the Gaussian fluctuations for our
model and the Hasselmann stochastic EBM . For both results,
which are classical, we do not focus on the assumptions but rather present
the limiting equations and a sketch of the proofs. For the assumptions
needed, we refer to [36, Chapter 7].
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Proposition 11. Consider the Gaussian fluctuations for the stochastic Has-
selmann’s EBM

A SR e 1)

-~

Then, denoting by 9 the convergence in distribution, it holds

- d
(Z; )te[O,T} m (Zt)te[o,T]

where (Zt)iepo,1] solves the SDE

dZ; = g (Y0) Zudt + B(YV,)dW,
— 7 (V(8) Zudt + BV (£))dW.

Proposition 12. Let (X7, Y[)te[o’T] be the solution of the fast-slow system
. Consider the fluctuations processes

Then, as 7 — 0, we have
s P
Ct j Ct7 vt e [OvT]v
where ()¢ is the solution of
d¢; =7 (T(t))Gedt + B(T(t))dWr,
and B denotes convergence in probability.

0.4.4 Large deviations principle

In this section, we describe the large deviation principle (LDP), which,
in our case, will inform us about the tails in the behaviour of the slow
process describing temperature. Indeed, LDP provides a rigorous framework
to quantify the asymptotic probabilities of deviations of the temperature
variable Y, (or 17,5) from its typical behaviour, i.e. the averaged process
Y (t). More in details, focusing on fast-slow system (but the same
intuition holds for the Hasselmann’s equation ), if a LDP holds, then,
given a continuos path y(-), we have

BT () is mear y() & exp (~21(0()
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where [ is called rate function or action functional. 1t captures the likelihood
of observing deviations of Y;” from the deterministic path y(-): the smaller
the value of I(y), the more likely Y;” is to be found near y(:) in the limit
T — 0.

We start by recalling what is the rate function for an SDE with multi-
plicative noise, as Hasselmann’s equation .

Proposition 13. The solution (Y;); of the Hasselman stochastic EBM
dY; = g(Vy)dt + /7B(Y:) o dW;

satisfies a large deviation principle with rate function

=3 [ -3l ar 3

1 .
By

The greatness of Hasselmann’s insight was that he predicted an equation
for the macroweather whose tails are analogous to those of the original slow-
fast system.

Proposition 14. The slow component Y; in the fast-slow system sat-
isfies a large deviation principle with the same rate function defined in .



Chapter 1

A class of space
heterogeneous
one-dimensional energy
balance models

In this chapter, which covers the content of [24] and its Supplementary
Material, we present rigorous proofs for the results outlined in Section
of the paper. This chapter is organised as follows. In Section we recall
the definition of the functional associated with the elliptic problem arising
from the study of the stationary solutions of the EBM depending on an ad-
ditive positive parameter g representing the carbon dioxide concentration.
In Section we make rigorous the link between the functional F;, which
constitutes the variational problem and the Gibbs invariant measure of the
stochastic 1D-EBM. In Section we rigorously prove the existence of a
global minimiser for the functional using the direct method from the calculus
of variations. Furthermore, we establish the regularity, non-negativity, and
boundedness of the minimiser. In Section[I.5] we characterise the uniqueness
of the global minimiser in terms of the value function, i.e., the minimum,
depending on ¢, among the values of the functional. Further, we show that
the derivative of the value function is, up to the sign, the global mean tem-
perature of the minimiser of the variational problem. Then, in Section
we prove that the value function is not only semiconcave but also concave.
In particular, this last property implies that the global mean temperature
of the variational problem minimiser is non-decreasing with respect to q.
Lastly, in Section we provide sufficient conditions to prove the existence
of three steady-state solutions for the EBM. This relies on the use of the
Mountain Pass Theorem and the direct method from the calculus of varia-
tions.

35
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1.1 Model formulation

The fundamental mechanism of 1D-EBMs is that the temperature u(t, x),
averaged in the zonal direction, evolves in time due to: (i) the diffusion of
energy between adjacent regions, (ii) the energy absorbed by the planet,
and (iii) the energy emitted by the planet. The 1D-EBM we consider in
this paper is a Seller type EBM where the absorbed radiation depends on
an additive parameter ([6]). We only add a change in the diffusion term
in order to get a non-degenerate parabolic PDE. Given an initial condition
ug, the non-linear, parabolic, reaction-diffusion PDE governing the model is
given by:

ou
CTE = 8:1: [IQ(:C)&EU] + Ra(l'vu> - Re(u; Q)v t> Oa T € (*17 1)
R(—=1D)ug(t,—1) = k(Dugy(t,1) =0, t>0
u(0,z) = up(z), =€][-1,1],
(1.1)

where R, and R, represent the radiation absorbed and emitted by the planet
per unit area, respectively. Cr is the heat capacity, and the differential
term parametrises the meridional heat transport. The boundary conditions
impose no flux at the poles. We now provide further details regarding the
parameterisation of these terms. The values of the constants of the model
can be found in Table [[.1l

Firstly, the absorbed radiation is assumed to have the form:

Rq(z,u) = Qo(z)(1 — a(w)),

where Qg is the solar radiation per unit area, and « is the albedo. The solar
radiation is assumed to be

Qo(z) = Qo (01 — 02362) . ¢ >0

where Qo is the mean solar radiation and c¢; are constants. The albedo,
which is the proportion of the incident light or radiation that is reflected
by a surface, is parametrised by a smooth monotonically increasing function
with a peak derivative in a reference temperature wu,.s close to the melting
point of ice. Specifically

1 4 tanh (K (u — uyef))
2

alu) = ar + (ag —aq)

where K > 0 is a rate parameter and a1 > a9 are respectively the ice-albedo
and the water-albedo.

Second, the emitted radiation is modelled using the Stefan-Boltzmann
law, in other words assuming that the Earth radiates as a black body. Under
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this assumption, the energy radiated is proportional to the fourth power of
its temperature and it is given by:

R.(u;q) = eoopu’ — q.

where g9 and og are respectively the emissivity and Boltzmann’s constant.
The additive parameter ¢ describes, in a simplified way, the radiative forcing
by COg, i.e. the effect of atmospheric CO3 on the energy budget [80]. It is
worth explaining: (i) the additive structure of ¢, and (ii) its independence
on the spatial variable . About the first point, denote by C' the global CO,
concentration in part per million (ppm) and assume, just for explanation
purposes, a dependence of the outgoing radiation both on u and C. To avoid
confusion, we denote by R. = R, (u, C) the outgoing radiation depending on
temperature and COq concentration. If we linearise R, wor.t. temperature,
we get:
Re(u,C) =~ A(C) + B(u — a),

where 4 is a reference temperature. In [65], three radiative transfer models
are used in order to get that the dependence of the outgoing radiation which
respect to changes in CO» is given by:

C
A(C) == Al - A2 -In <> s
Co
where Cjy is a reference COs concentration and A;, As > 0 are explicit
constants. In conclusion

f?ezAquB(ufﬂ)fq, q:Ag-ln(C),
Co

and thus the radiative forcing of CO2 has an additive structure. About
point (ii), we adopt the well-mixed hypothesis for COs. In other words, we
assume that atmospheric COq is globally homogeneous, thereby inducing a
radiative forcing ¢ independent of latitude [46]. This assumption overlooks
the spatial pattern of CO5 concentration, which affects many aspects of the
climate system, such as the pole-ward heat transport [47]. It was the state-
of-the-art assumption two decades ago, although today it is common to keep
in consideration the spatial distribution of radiative forcing [46), [13] [86].

The third component of the model is the term 0, (k(z)uy). It parametrises
the meridional heat transport, that is the phenomenon resulting from the
poleward transportation of heat by the Earth-atmosphere system due to the
surplus of net radiation heating in the tropics and the deficit in the pole-
ward regions. Usually, the diffusion function x(z) is assumed null at the
poles, i.e. with a form such as k(x) = D(1 — 2?), where D is a diffusion
constant. This choice is based on the paradigm of mimicking the conduction
of heat on a sphere, see ([72]) for a derivation. On the other hand, it leads
to mathematical difficulties in the treatment of the singular PDE arising, in
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particular in the study of the corresponding variational problem, from which
all our results follow. To avoid these difficulties, which at the moment re-
main an open problem to solve, we add as simplifying assumption that k is
non-degenerate and given by:

k(zx) = D(1 —2?) 46, D,5>0.

We choose § = 0.003, but its value is not important for the results of this
work and different choices can be made.

For the parabolic problem , the global existence and uniqueness of
the solution can be demonstrated, given a regular initial condition ([82]).
Furthermore, if the initial condition is non-negative, the solution remains
non-negative for any time ¢ > 0. This can be shown proving that [0, 4+00)
is an invariant region for Eq. , exploiting the fact that there exist
Cq,Cy > 0 such that R(x,u;q) > C1 > 0 for all x € [-1,1], u € [0,CY]
([78]).

We recall the formulation of stochastic EBMs using the theory of SPDEs
([22]). Denote by A the Laplace operator with Neumann boundary condi-
tions. Given an initial condition uy € H, we consider the SPDE

Ou = kAU + Qo(x)B(u) + ¢ — Re(u) + edWy

Ult:(] = UuQ

(1.2)

where ¢ > 0 and (W})i>0 is a cylindrical Brownian motion on H. Under
the minor cut-off modifications introduced in Section [0.1.1}, it can be proved
that the H-valued stochastic process (u:); which solves in mild sense (|1.2])
is unique and has continuous trajectories ([22]). In addition to this, there
exists a unique Gibbs invariant measure

v(du) = %exp <—€22 /11 R(z, u; q)de‘) wu(du), (1.3)

where R is as in Eq. (6), u ~ N(0, —;—iAfl) is a symmetric Gaussian mea-
sure on H with covariance Q = —%A‘l ([20, 21]).The covariance operator
Q: H — H is the unique linear operator such that [, (h1, ¢)(ha, d)u(do)
for each hy, he € H, where (-,-) denotes the scalar product in H. Further,
it can be shown that Q is symmetric, positive-definite and its eigenvalues
(Ak)kez satisfy D pcz A < oo. In the following lines, given a symmetric,
positive-definite operator Q such that ), ., A\x < +00, we are going to ex-
plain how to construct an H-valued random variable X with law N(0, Q).
Indeed, consider a sequence (Ry)kez of ii.d. R-N(0,1) random variables
defined on a probability space (2, F,P). We can assume without loss of gen-
erality that the eigenvectors (ex)rez associated to the eigenvalues (Ag)kez
form an orthonormal basis of H. Then, the H-valued random variable

X = Z Vi Rer,

keZ
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is well defined, i.e. the series defining X converges in L?(Q), F,P; H), and
has law N(0,Q) [21, Proposition 2.18|. Further, the convergence also holds
P-a.s. in H [21], Proposition 2.13].

As mentioned in the introduction, this measure is concentrated on min-
imum points of the functional F,. A heuristic explanation of this fact can
be found in Section

The stationary problem associated with the 1D-EBM is given by the
elliptic equation:

(k(2)ug) + Qo(z)B(u) + ¢ — egopu =0, =z € (=1,1)

u'(=1) =4'(1) =0, wu(x)>0. (1.4)

These solutions can be either stable or unstable, depending on the long-term
behaviour of their infinitesimal perturbations. As pointed out in ([6]), if the
reaction-diffusion equation was space-homogeneous, i.e. of the form:

O = kAu + R(u), (1.5)

then the stable steady-state solutions would correspond to constant func-
tions, taking the same values as the stable fixed point of the ODE

A rigorous result in this direction has been shown in ([38]). Indeed, for
a fixed double-well symmetric potential, it has been proved that: (i) if &
is large enough, the only steady-state solutions of are the constants
where the potential is critical, and (ii) the number of unstable steady-state
solutions to ([L.5) can be made arbitrary large as k — 0. Introducing a
spatial dependence in R = R(z,u) leads to a space-heterogeneous model.
Depending on the space heterogeneity, it can exhibit any number of both
stable and unstable steady-state solutions ([6]). The variational approach
to the study of steady-state solutions provides a tool for characterizing the
stable ones, which are the local minimum points of a functional.

In the following paragraph, we describe the properties of the solutions
of . As the parameter ¢ changes, numerical simulations for Eq.
suggest the existence of either one or three steady-state solutions. That is,
there exists q1 < g2 s.t. Eq. has one steady-state solution if ¢ < ¢
or ¢ > q2, and the steady-state solutions are three if ¢ < ¢ < ¢o. In
the latter case, we denote the solutions by ug < uy < uw, corresponding
respectively to the snowball climate, a middle climate and the warm climate.
As an analogy, we denote by ug the unique steady-state solution for ¢ < ¢1
and by up the unique one for ¢ > ¢s. Figure shows the bifurcation
diagram of the model in the (g, u) plane, where u = f_ll u(x) dx denotes the
average temperature. Figure depicts the three steady-state solutions
for ¢ = 25 € (q1, q2).
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Figure 1.1: (a) Bifurcation diagram of the steady-state solutions in the (g, u)
plane, with u = f_ll u(z)dz. Solid lines denote stable solutions ug and uyy,
while dashed lines the unstable solution uys. (b) Steady-state solutions of
the EBM for ¢ = 25. In every point x of the space domain, the three steady-
state solutions satisfy ug(x) < up(z) < uw (z), with maximum temperature
attained at the equator and minimum temperature attained at the poles.

A stability analysis can be conducted to determine the stability of the
steady-state solutions. The results show that ug and uy are stable, while
the middle climate u,; is unstable. Furthermore, it’s worth noting that
special values ¢ = ¢q1, g2 correspond to bifurcation points of saddle-node
type, where the unstable solution uys collides with either uy, (for ¢ = ¢1)
or ug (for ¢ = ¢2) and then disappears. These numerical findings regarding
the number and stability of the steady-state solutions will be supported and
validated using rigorous arguments, as in Section [0.1.1

H Symbol Meaning Value H
D Diffusivity constant 0.3
1) Meridional heat transport perturbation constant 0.003
Qo Mean solar radiation 341.3 Wm™2
€0 Emissivity 0.61
00 Boltzmann’s constant 5.67-108Wm2K™!
a1 Ice albedo 0.7
a9 Water albedo 0.289
K Constant rate - albedo parametrization 0.1
Upef Reference temperature - albedo parametrization 275 K
Cr Heat capacity 5-108 Jm 2K

Table 1.1: Parameters and constants appearing in the Seller EBM ([1.1]).
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1.2 Functional definition

The 1D-EBM we consider has the form ([6]):
Crowu = 0, (K(x)uz) + Qo(x)B(u) + ¢ — ooou?,  (t,x) € [0,T] x [~1,1]
Ug(t,—1) = u,(t,1) =0, ¢t >0,
u(0,z) = ug(z),

where ug denotes the initial condition. The steady-state solutions to the
previous problem are associated with the functional ([IT], [71]):

u5
Eyw) = [ oot Qo()B) — qudr+ 1 [ ste) @) da

In Section [0.I} we have illustrated some properties of the minimiser of the
variational problem

inf{Fq(u) | uwe HY, ’U,ZO}.

In this paragraph, we give the details of the definition of the radiation bal-
ance

R(z,u;q) = Ro(z,u) — Re(u;q)

when u takes negative values, i.e. belongs to the unphysical range of tem-
perature values. We recall that the radiation emitted is defined as a cut-off
for negative value as in , i.e.

4 if u >0
Re(usq) =7 =% "=
—q, ifu<0.
Denote by ¥ a primitive of R, i.e. U(u) = W?*, where (z)y =

maz(z,0). On the other hand, the co-albedo 8: Ry — R is extended to
B: R — R as follows. Consider 3 be s.t. 5 € C* and

(i /3 is monotonically increasing

)

(i)

(iif) B(u) =0 for u < —M, for some M > 0
v)

(i

Denote by B(u) := By + f;' B(v)dv a primitive of 3, with By s.t. B(u) >
0 Vu € R. It will be useful in future to note that

Ql

(u) >0VueR

3 extends 8 for u > 0.

0 < B(u) < |Bo| + |u] Vu. (1.6)
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In a similar way, we consider the extension of the Stefan-Boltzmann law
given by:
4 .
000U ifu>0
P(u) = L
0, if u < 0.

Lastly, since in our model we are assuming x continuous and positive on
[—1, 1], we can also assume « constant. Indeed, all the proofs, that in Chap-
ter|l|are carried with constant x, extended immediately to the non-constant
case. In conclusion, the uniformly elliptic equation we are considering is

given by:
/ O:H/AquQo(x)ﬂ(u) +a—9(u), (1.7)
u(—1)=1u'(1) =0,

and the functional associated with its solution is

1 v 1
Fy(w) = [ W) - Qo(a)B(w) — qudz + 5 [ /(@) da.

1.3 Gibbs invariant measure and functional mini-
mum point

In this section, we make rigorous the relation between Fj and the in-
variant measure v of the stochastic EBM. In particular, we prove a result
giving information about the concentration of ¥ around minimum points for
F,. We start by recalling the notation and some useful results.

First, we set

P
I(u) := /11 <€00’0( 5)+ — Qo(z)B(u) — qu> dx.

Consider H = L?(—1,1) and E = C([-1,1]). Then, following the theory
SPDE, the stochastic equation obtained by adding a cylindrical Brownian
motion is a gradient SPDE of the form

dXy = [AXy + f(z, Xy)] dt +edWy,  Xj—g = 20 (1.8)

where (W;); is a cylindrical Wiener process on H and A = kA is the Neu-
mann Laplacian with constant viscosity x > 0, i.e. A: D(A) C H — H,
D(A) = {ue HA(-1,1) | w/(-1) = /(1) =0}

(1.9)
Au = ki,

and

(@, u) = Qo(x)B(u) + ¢ — 000 (u’) 4
We refer to [20] for details about the properties of the previous SPDE. The
mild solution X; of is P—a.s valued in E. Further, applying the theory
of invariant measure developed in [21], we get the following property.



CHAPTER 1. A CLASS OF SPACE HETEROGENEOUS 1D-EBMS 43

Proposition 15. The SPDE (1.8) has a unique Gibbs invariant measure
v. Further, v < p with explicit formula:

v(du) = %exp (—;IW)) pu(du), uwe H (1.10)

2 . ;
where p ~ N (0, —%A‘l) is a Gaussian measure on H.

Remark 16. The Neumann Laplacian A is not invertible on H = L*(—1,1)
and the invariant measure theory applies for a strictly negative definite op-
erator A on H. For this reason, we should consider the strictly negative
operator

A=Xld—-A, X>0.
In this way, the functional takes the form:
() = I(u) = AlJul3,
and the reaction term in the SPDE is given by:
F(z,u) = f(x,u) — \u.
In conclusion, the invariant measure for the SPDE
dX; = [Afg + F(z, Xt)] dt + edW;,  Xj—o = &0

s given by:

v(du) = %exp (—;i(u)) f(du), weH,

where [i ~ N(O,—%fl_l) is a Gaussian measure on H. Since this change
only complicates the notation in the proofs, we will keep writing A~ but the
reader should interpret the Laplacian with the shift described above, in order
to get the rigorous meaning.

Second, keeping in mind the previous remark, we adopt from now on the
notation:

2
Q:—;?A_l, w(du;v, Q) ~ N (v,9).

The following statement is a classical result about the equivalence of Gaus-
sian measures. See [21] for more details.

Theorem 17 (Cameron-Martin). The Gaussian measures p(du;0,Q) and
p (du; v, Q) on H are equivalent if and only if v € QY2(H). In this case:

p(du;0,9) <_ ~1/2, o-1/2 Lyo-1)2 2)
i (du0,9) exp [ —(Q "/ 7u, Q7 %v) + QHQ UH2 . (1.11)
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In the following, we are going to recall the rigorous meaning for
(Q7124, Q7129 .
Consider
W.: QY2(H) c H — L*(H,p), Wa(u):= (u, Q7 Y22) 2.
It can be shown that:
(i) W, is an isometry,
(ii) Q'/2(H) is dense in H (here it is fundamental ker(Q) = {0}.)

In this way, W, can be extended in a unique way to a map W,: H —
L%(H, p1). So, it should be interpreted as:

<Q_1/2U, Q_1/2’U>L2 = WQ—l/ZU(u), u e H

Remark 18. For our choice of the operator Q, we have that the Cameron-
Martin space is QY/2(L?) = H'.

At this point, we move to prove the main result of this section. Given a
Banach space X, we denote by

Bx(zo,p) ={z € X | [z =zl x <p}
the open ball with center zp € X and radius p > 0.
Proposition 19. Let C > 0, r > 5 and v € H*?(—1,1). Consider the set
Be(v,n) := Br2(v,n) N B (v, C).

Then,

(i) v(Be(v,n)) <=1 (B2 (v,1))

.. C 00
(ii) p(Bo(0,m) == p(Ba(0,m))
(7ii) For each C > 0, it holds

v(Bc(v, 1 2
MEBZEO’Z;; = Eexp <_52 (Fq(v) + 0(779)>> )

where 6 € (0,1) satisfies
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Proof. Assume for simplicity x = 1.
(i)-(ii) Observe that for v; € L? N L", we have:

BCl (Ulan) C BC2(U1a77)a it C1 <o

and
Bra(vi,m) = <U BC(”lﬂ?)) U {U e L? | |ull, = OO}-
C>0

Denote by B = {u € L? | ||ul|, = oo}. If we are able to prove:
n(B) =0,

then we get (i) and (ii) thanks to the continuity of measures on an increasing
sequence of sets. Since p ~ N(0, —%A‘l), then

=7
M:MZ—nen
n:ln

where {Z,}, are i.i.d. N(0,1) defined on the probability space (2, F,P),
{en}n is an orthonormal basis of H = L?(—1,1) and M > 0 is a constant,.
The previous series is convergent in L2((2, F,P); H*), for all s < 1/2; indeed

2 2
2 M Zn A)S — M ZTL S _M2 MZg 2s
lpellzs = MY = (=A)en| =|[MY T ne,|| =M>Y M—tn
n n 2 n n 2 n n
z;

:Z 225"
—n

Taking the expected values, we get

1
2
Ellplz. = M*D 53 <00 5< 1/2.

n

The Sobolev embedding H*(—1,1) < LP, holds for each p < oo if s is close
to 1/2. This leads to u(B) = 0.
(iii) We start by using the explicit formula ((1.10) in order to get

v(Bo(v,m) 1 Jaeta &P (~21(W) u(du;0,9)
w(Bc(0,m) — Z 1(Bc(0,1);0,9)

Using the Cameron-Martin formula (1.11)), we have

(1.12)

w(du; 0,Q) = exp <W91/2v + ;HQ—I/%HD w(du; v, Q)
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for each v € Q'/?(L?) = H'. Since
“1j2, _ V2

9

Q ()2,
and for v € H?
2
W12, (u) = (u, Q71/2071/2) = 6—2<u,v”>

we arrive to
2, L2
p(du; 0,Q) = exp —?(u ,U') + E—QHU 15 ) p(du; v, Q).
Plugging the previous identity into (1.12)), we deduce:

v(Be(o,m) 1 Jsewm o [~ & (1) + (') = §I'3) ] s(dus v, Q)
w(Bc(0,m)  Z #(Bc(0,7);0,9)

Assume for a moment that we are able to prove:

= (10 + @) = 5I13) = =5 (o) +06")) . e Bewn),

(1.13)
for § € (0,1). Then,

where we have used
w(Be(v,n);v,9) = pu(Be(0,n);0,9Q).
This concludes the proof. ]

It remains to prove ((1.13]).
Lemma 20. If u € Bo(v,n) and v € H? then there exists § € (0,1) s.t.

2 (I(u) + Wty () — ;M@) =% (R +0u)).

Proof. Assume for simplicity x = 1. We divide the proof into steps.
Step 1: Wo-1/2,(u) = (v/,0') + O(n), if u € Be(v,m) and v € H.
Indeed, since v € H?, we have W12, (u) = —(u,v"”) and

|—(u,v") = (W', V)| = |—(u,v") + (v, v")| = [(v — u,v")|

< lv =wllyllvll g2 < nlloll g2



CHAPTER 1. A CLASS OF SPACE HETEROGENEOUS 1D-EBMS 47

Step 2 : I(u) = I(v) + O0?), if u € Bo(v,n).
Observe that:

100~ 1) < 2 [ @)~ 07)[de+ [ Qo()IBlw) ~ Bw)lda
—1 -1
1
+ q/ﬁ1 |lu — v|dx

By the properties of B and g, we get that there exists M, M’ > 0 s.t.

/11 Qo(z)|B(u) — B(v)|dz + q/l1 lu —v|de < ]\4/11 lu—v|dz < M'||lu—v,
_ _ <M.
By the mean value theorem, we get that if u,v > 0 and p > 1, then

juP — 0P| < pmax {ful, [o[}* " [u — o < p(Ju] + o))" u— o]

By this inequality, we get

1 1
[ @)= @)l de <p [ (o) g = oy da

Let ¢ s.t.

+ =+ = 1. By Holder’s inequality, we deduce:

1,1
p q1
1/Q1

1
(w4 0" do| s )

[ e s - el < [ [

< fluy + v+|\’;/‘“ Jus — vl

p/q
< (llull, +11v1,)

lu —vll,,-
Choosing p = 5, by interpolation inequality there exists 6 € (0, 1) s.t.
0 —0 _
lu—ll,, < llu—vll3llu—vl[,~" < n’C*?, we Ba(v,m).

In this way, for u € Beo(v,n), we deduce

1 p/ai
[ J = oz <p (lull, + ol =,
p/a _
<p(C+2],)"" nfct?
= o).
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1.4 Variational problem - existence

Given a Banach space X and a sequence {u,}, C X, we denote by
uyp — u the weak convergence, while we reserve the symbol u, — u for
strong convergence. Further, H! = H%2(—1,1) will denote the Sobolev
Space on [—1,1] with order 1 and exponent 2. The main result of this
section is the following.

Theorem 1. If ¢ > 0, then there exists a global regular non-negative min-
imiser for Fy. In other words, if we consider the variational problem

inf { Fy(u) |ue H', u>0}, (10)
then there exists 4 € C™° s.t. U is a solution of the EBM and
Fy(@) = inf {Fy(u) |ue H', u>0}.

In addition to this, if q belongs to a bounded interval, then u can be bounded
uniformly with respect to q:

IM >0 s.t. a(x) <M, Vxe[-1,1]. (11)

Proof. Let assume for simplicity Qo(z) = 1 Vz. This is not restrictive and
the proof can be carried on in a similar way since

Q0($) >0 >0.

We divide the proof into steps.
Step 1: compactness. We consider the notion of convergence on X given
by:

Up 25 oo if and only if u, — e, uniformly in [—1,1] and v/, — u/_ in L2

We want to verify the compactness of the sublevel sets of Fy,. Let {u,}, C X
and M > 0 s.t M > Fy(uy) Vn. First, we observe
! (up)+

M > Fq(un) Z/ €000 5
-1

— B(un) — quy dx

—9 e (U?L)‘f‘ _B _
= 000 5 (n) (un)(&n) — qun(§n)

> 2

c (up)+ — B — _
000 5 (én) 0 — [un(&n)l — qun(&n) | »

where the first inequality follows from Lagrange Theorem and &, € [—1, 1].
Since v + £900(v®)4+/5 — B(v) — qu explodes for v — 400, we get the
existence of C; > 0 s.t. |un(&,)| < C1 Vn. Second, we get Vr € [—1,1]

[un ()] < [un(&n)] + |un(z) — un(én)| < C1+ Hu;@||2|$ - §n|1/2= (1.14)
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the second inequality follows from the fact that a function in H! is Holder-
continuous. Third, since ((1.6)) holds, we have

1 1
M2 Fyfun) 2 [ =Bun) = wnda+ 5 Jur
1
2~ lunlly + o]

1 2
2 =C1 = [[ually + 5llunlly

~y

where a 2 b if and only if exists ¢ > 0 s.t. @ > ¢- b and the last inequality
follows from |luy||; < ||unlly -The previous inequality of second order in the
unknown ||uj, ||, is verified if and only if

|un |, < Co, (1.15)

for some Co > 0. Up to remaining the subsequence, we have u, — v, for a
v € H'. Tt remains to prove the uniform converge of u,, in [~1,1]. Let’s do it
using the Ascoli-Arzela theorem. We get equi-continuity from the properties
of the Sobolev space. Indeed

[tn () — un(y)| < ’|u;1HL2‘x - y‘l/Q Va,y € [~1,1]

and ||uj,||;2 is bounded thanks to weak convergence. Since holds, we
get also equi-boundedness. Then (up to remaining) u, — us uniformly in
[—1,1].

It remains to prove u., = v in weak sense. Let ¢ € C°([—1,1]). Then,
by weak derivative definition,

1 1
/ U@ dr = —/ uhgdr  Vn,
-1 1

and taking the limit on both sides of the equality (we use uniform conver-
gence at left-hand side, and weak convergence at right-hand side)

/11uoo¢'dx = —/vqbd:v

Step 2: lower semi-continuity of Fy. Let {u,} C X be s.t. uy, £ w. Let
Fi, F5 be s.t.
Fy(u) = Fi(u) + Fa(u),

where
1 5 1
Fi(u) == / X soo'oéu)Jr — B(u) — qudz, Fy(u):= g/l(u’)2 dz

By uniform convergence, we have lim,_, Fi(u,) = Fi(u); by lower semi-
continuity of the L? norm w.r.t. weak convergence, we have lim inf,, oo Fo(uy) >
F2 (u) .
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In conclusion, Fj is lower semi-continuous and coercive. Then, 4 4 € X
minimum point for F, in X.
Step 3: regularity for 4 The first variation of Fy in the point v in direction
h is given by:
1 _ 1
0F(u,h) = / (¢(u) — B(u) — q) hdx + K/ u'h dx.
-1 -1
Choosing h € C$°([—1,1]) and setting ¢(t) := Fy(a+th), it holds ¢'(0) = 0.
So:
0=¢'(0) =F,(a,h),
from which it follows
1 . 1
/ (v(@) — B(@) - g) hdz = —n/ @b du. (1.16)
—1 -1
Then B
Rl = (i) - B(a) - q (1.17)
in the weak sense. The right-hand side (RHS) is C° because & € H'. Then
@ € C' and @ € C?. Repeating the bootstrap argument, we get @ € C™.

Step 4: Neumann boundary conditions. Let h € C*°. Following the same
arguments above, we get to (1.16)). Integrating by parts the RHS, we have:

[ (9@ = @) — g~ ") hde = - (1) ~ B (-)

But the left-hand side of the previous equation is null thanks to .
Choosing h s.t. h(1) = 0 and h(—1) # 0, it follows @'(—1) = 0. In a similar
way, we can get 4/(1) = 0.

Step 5: @ > 0. This can be proved by the following truncation argument.
Assume there exists 9 € [—-1,1] s.t. a(xg) < 0. Consider the following
points

i :=sup{zr <xzo |u(xr) =0}, m:=inf{x >z |u(r)=0}.
Let @ be the truncation to 0 of @ in [1, 2], i.e.

’ll({L‘) if x € [7‘1,7‘2]0,
0 if x € [y, ).

u(x) = (1.18)

Then
i @
Fy(@) — Fy(@) = [ oo
K ' T2 2 T2
+§/ (@] dx+/ Qo(z)B(0) dx
T1 T1

> / Qo(x) (B(0) — B(4) — qgii() da
>0

— Qo(z)B(1) — qt(zx) dx
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where the last inequality follows from the fact that B(0) >
,1

—B(i(x)) and
g > 0. This is a contradiction and thus 4(x) > 0 Vo € [—1,1].

] O

Repeating again a truncation argument similar to the one used in the
last part of the previous proof, we can conclude the proof of the previous
result by showing that the minimiser is bounded from above.

Lemma 21. Assume q € (0,b). Then, there exists M > 0 s.t. if & = G(q)
is the minimiser for Iy, then @ < M.

Proof. Indeed, set R(z,u) := £p00 (u55)+ — Qo(z)B(u) — qu. Note that the
following inequalities hold

5
R(z,u) > goao% —1Qoll . B(u) — bu, >0,
1)5
R(z,v) < €000 v > 0.

So, if we set G(z,u,v) := R(x,u) — R(z,v), we have, uniformly in x

5 v°

Gz, u,v) > €00 <1; - 5) — 1 Qollc B(w) — bu.
Note that for each v > 0 fixed the term on the right-hand side diverges to
+oo for u — +o00. So, given v > 0, there exists M = M (v) s.t if u > M(v),
then G(z,u,v) > 1Vzx € [-1,1].

Let us pick v = 1. We want to prove that a(z) < M Vzx € [—1,1].
Assume by contradiction that @(zg) > M for some xy € [—1,1]. Set

m=sup{rx <z |[0=M}, m:=inf{z>z |0=M},

and consider the truncated minimiser

(1.19)

() = {@(:U) if x € [1, )¢,
’ M if x € [7'1,7'2].

Then

T2 T2
Fy(a) — Fy(@) > / Rz, i(x)) — R(z, M)da = / G, a(x), M)da.
T1 T1
Since by definition of 71 and 7o, it holds 4(z) > M Vx € [r, 72|, then we
conclude
Fy(t) — Fy(a) > 0.

This is a contradiction and concludes the proof. ]
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1.5 Variational problem - uniqueness

In this section we are going to characterise the uniqueness for the solution
of the variational problem in terms of the value function, i.e. the minimum
value attained by F, on H L

The value function V is defined as follows:

V(g) = inf{Fq(u): u € Hl} :

First of all, from the last result in Section [I.4] follows the Lipschitz property
for V.

Lemma 22. Assume q¢ € (0,b). Then, the value function q — V(q) is
Lipschitz continuous.

Proof. First of all, observe that thanks to the non-negativity of the min-
imiser and Lemma [21] there exists M > 0 s.t.

V(g) =inf {Fy(u) | 0<u<M, ucH}.

Second, given a family {f;}ier of L;-Lipschitz function f;, we know that the
infimum in§ fi is Lipschitz as long as we can bound uniformly the constants
(S

L;. In our case this is true. Indeed, given u € H', 0 < v < M, we have:

1
B (@) = Fpp(w)| = a2 = aa| [ [u(a)ldo < 2M a2 — .

This concludes the proof. ]

The main result of this section is the following. We immediately give
its proof and postpone to the remaining part of the section the proof of
auxiliary results.

Proposition 23. Assume q € (0,b). Then, V is differentiable in u if and
only if there exists an unique minimiser for F, in H'. Further, if V is
differentiable, then

1
V() = —/ adz,
~1
with @ € argmin {F,(u): u € H'}.
Proof. =) Let’s consider the auxiliary function

W:Rx(H'Nn{u>0}) =R

given by:
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As preliminary remarks, note that W (g, u) > 0 and, if & € argmin {F,(u): v € H'},
then W(q, 4) = 0. The existence of minimiser has been proved in Theorem

To prove uniqueness, assume that uq,us are two minimisers. Since (i)

F, is differentiable for each ¢, (ii) V' is differentiable in p by hypothesis and

(ifi) W (g, u;) =0, i = 1,2, then

1
0= 0,W (o) == [ wila)da —V(p).
—1
Thus

- /_11 ui(z)de = — /_11 ug(z)dz = V'(p).

Using Lemma [23] we know that also u; A ug is a minimiser. With the same
reasoning above, it holds

_ /_11 up(z)de = — /_11 ug(x)de = — /_11 uy A ug(x)dx

Since u; > uq A ug > 0, the previous identities can hold only if uq = wuo.
<) Assume that, given p, 3! & minimiser for F},. Let {hy, }, be a sequence
s.t. hp, — 0. Let’s denote by u, a minimiser for Fy, i.e.

ug € argmin{Fy(u): u € H'},
Then, set uy, := uy4p,. We are going to show that V'(u) = — fil udzx, i.e.

g VO V)

adzx.

n—00 hn, 1
First, observe that by definition of the value function, we have

Vit ) = V(0) _ Fin, () — Fu()
I, P,

_ Fpna (1) — Fu(8)
< 2

1
= —/ adx.
1

n—00 hn - -1

On the other hand,
Vp+hn) = V(p) o Fquhn (“n) - Fu(ﬁ)

I B I
> Fiin, (un) — Fu(“n)

=z h

1
= —/ Updx.
—1

Hence
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It follows that:

_ 1 1
V(,u—l—h;:) Vip) > 7/ ad:v+/ (4 — up) dx
n —1 —1

But the second integral on the right-hand side converges to zero as n — +o00
thanks to Lemma [25] This concludes the proof. O

In order to complete the proof of the previous result, we need to verify
some auxiliaries lemmas. First, let’s prove that the infimum of two minimis-
ers for Fy is still a minimiser.

Lemma 24. If ui,uz are minimisers for F, in H', then also ui V ug and
Ul A\ U2 are minimaisers.

Proof. For simplicity of notation, set R(x,u) = 5000%5 — Qo(x)B(u) — qu.
Further, we divide the proof into steps.

Step 1: Fy(u1 A ug) > Fy(ur V us).

We start observing that:

Fy(u1 ANug) = g/ N (u’2)2dw—|—/ N R(x,u)dx
U1 >u2 ulp=2u2

+ = (u})?dx + R(z, uy)dz
2 u<u2 w1 <u2

> Fy(ur)

r (u))?dx + R(x,uq)dz

2 u>u2 u1>u2

n (u}))?dx + R(x,ur)dx

2 u <u2 w1 <u2

+

where the inequality holds since u; is a minimiser. So, we deduce

K

(u’l)de—i—/ R(x,uy)dx.

(uh)?dx+ R(x,ug)dx > E/
2 U >U2
(1.20)

2 Jur>us w1 >us u1>uz

In a similar way, we get

KR

(ué)2d$—|—/ R(x, uz)dx.
u<u2

(1.21)
Indeed, the previous inequality follows bounding from below Fj(u; A u2)

with F,(u2) and comparing the terms on both sides of the inequality. Now,

adding together Eq. (1.20) and Eq. (1.21]), we obtain the claimed relation
between Fy(u1 A ug) and Fy(ug V ug):

(u}))?dz+ R(x,ur)dx > E/

2 u1<u2 w1 <u2 w1 <u2
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Fq(ul/\u2):g/ _ ()det | R(au)da
up=>uU Ul Zu2

r (u))?dx + R(x,uq)dz
2 u1 <u2 u1 <u2

>0 (u})?dx + R(x,uy)dx

B 2 Ul >u2 u1>u2

K

— (uh)?dx + R(x, ug)dx
2 w1 <u2 u1<u2

= Fq(ul V UQ).

_l’_

_l’_

Step 2: Fy(u1 V uz) > Fg(ug A ug).

This inequality can be obtained by repeating the step above starting
with Fy(u1 V ug) instead of Fy(ui A ug).

Step 3: Fq(ul) = Fq(u1 VAN U2) = Fq(u1 \Y ’UQ).

The last identity follows from Step 1 and Step 2. To get the first identity,
let’s observe that in our case

Fy(ur) 4+ Fy(uz) = Fy(ur Aug) + Fy(ur V ug). (1.22)

The previous identity can be verified by writing

K K

Fy(v) == (v')2dz+~ (V") dz+ R(zx,v)dz+ R(z,v)dz,
2 u1>u2 2 u1<u2 up>u2 u1<u2

for v = wuy,ug,ur A ug,u; V ug. Then, it just consists in checking that

Eq. (1.22) holds. At this point, since Fy(u1) = Fy(ug) (because ui,us are
minimisers) and Fy(ui A ug) = Fy(up V vz) (thanks to Step 1 and Step 2),
Eq. (1.22) can be rewritten as:

2Fq(u1) = 2Fq(u1 VAN ’LLQ).
O

Second, we need to verify that the space integral of a sequence of min-
imisers behaves in a continuous way as the parameter ¢ approaches a point
where the uniqueness hold for the variational problem.

Lemma 25. Assume g € (0,b) and that there exists an unique minimiser G
for F, in H'. Consider a sequence ¢, s.t. ¢, — p. Then,

1 1
/ updr — / udx,
-1 -1

with u, € argmin {F,,:u € H'}.



CHAPTER 1. A CLASS OF SPACE HETEROGENEOUS 1D-EBMS 56

Proof. We divide the proof into several steps. Some of them will involve
repeating part of the direct method used to solve the variational problem
considered in Theorem [l

Step 1: there exists uss € H' and a subsequence (Mk)k St Up, — Uoso
uniformly in [—1,1] and vy, — ul, weakly in L.

Indeed, since V' is continuous thanks to Lemma [22] we have:

Fy, (un) = V(gn) = V() = Fu(a).

In this way, we infer the existence of M > 0 s.t. F, (up) < M Vn. At this
point, we are in the same hypothesis of the proof for Theorem [I] - Step 1.
Following that reasoning, we get the claimed statement.

Step 2: F,(uy,) — F(a).

Since 4 is a minimiser for F},, we have:

Fu(un) > F,(2) Vn.

To get the thesis, we fix ¢ > 0 and we will verify that for n large enough it
holds
Fu(up) < Fy(a) +e.

Indeed
’FM(Un) - Fu(ﬁ)‘ < ‘Fu(un) - Fqn(un)‘ + ‘Fqn(un) - Fu(a)’
< = aulllunlly + [V(gn) = V(1]

Thanks to Lemma [21] the term ||uy,l|; is bounded uniformly in n. Further,
by the continuity of V' we conclude that the right-hand side converges to 0
for n — oo.

Step 3: Uoo = .

By proof of Theorem [1|- Step 2, we know that if u,, — us uniformly
in [—1,1] and u},, — ul,, weakly in L?, then

limkinf Fu(un,) > Fu(too).

Further, since the sequence F),(uy,) is convergent to F), (@), we get
Fu(a) = li7rlnFM(un) = limkianM(unk) > Fl(too).

Thus, by the uniqueness of the minimiser for F},, we conclude @ = u.
Step 4: up — @ unif. in [—1,1]. In particular, Jim I upde = 1 ada.
Take a subsequence uy, of u,. We can use the same reasoning of Step 1

and get that there exists a subsubsequence Uny, 86 Uy, — Uoo uniformly

n [—1,1]. But with the same reasoning in Step 3, it follows u, = @. Since

the limit does not depend on ny, , we get the claimed statement. ]

Remark 26. Note that the previous result is equivalent to say that V' is
continuous, where it is defined.
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1.6 Value function - semiconcavity, concavity and
non-increasing derivative

In Section [I.5] we introduced the value function V' as a tool for char-
acterizing the uniqueness of the variational problem through its differentia-
bility. In this section, our objective is to establish the semiconcavity of V.
Subsequently, we will demonstrate that V' is also concave. This, in turn,
implies that its derivative is non-increasing wherever it is defined. The ex-
plicit expression for V'’ provided in Proposition [23|allows us to say that this
last property is equivalent to state that the map ¢ ﬁl G(z)dz, where
@ € argmin {Fy(u) | u € H'}, is non-decreasing on the set where V' is
well-defined. This set is the complement of a countable set.

First, we start by recalling the definition and the basic properties of
semiconcave functions. More details can be found in [16].

Definition 27. Let A C R. A function g: A — R is semiconcave if there
exists a mon-decreasing upper semicontinuous function w: Ry — Ry such
that lim w(p) =0 and

p—04

Ag(qr) + (1= Nglg2) — g(Aq1 + (1 = A)g2) < A1 = N|a1 — @2|w(|g1 — g2|),

for any pair q1,q2 € A, such that the segment [q1,q2] is contained in A and
for any X € [0,1]. We call w a modulus of semicontinuity for g in A.

As in the case of Lipschitz functions, taking the infimum of a family
of semiconcave functions, the semiconcavity is preserved, provided that the
functions have the same modulus.

Lemma 28. [16, Proposition 2.1.5] Let {g;};c; be a family of functions
defined on A and semiconcave with the same modulus w. Then the function
g = inf;c1 g; is also semiconcave in A with the same modulus of w, provided
g > —o0.

If a semiconcave function has a modulus satisfying a limiting property,
we retrieve the classical notion of concavity.

Lemma 29. [16, Proposition 2.1.9] Let g: A — R be semiconcave with A
open and with a modulus w such that

w
lim —= =0.
p—0t P

Then g is concave on all convex subsets of A.

Second, we recall some elementary properties from convex analysis. More
details can be found in [75]. Given g: A — R, whit A C R convex, we denote
by:

— i 9ath) — ()
h—0*t h

/

g-(q) = lim g(quhh)_g(q) ' (q)

i
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respectively the left and right derivative of g in q. The following lemma
summarises some basic results for a concave function.

Lemma 30. Let g: A — R be a concave function. Then the following
statements hold.

(i) g is differentiable at all but at most countably many points.
(ii) g" and ¢!, are well defined and, respectively, left and right continuous.

(iii) For each q1 < q2 € Int(A), we have:

9 (@) <d (@) <d(a) <d (n)

Lastly, we are able to present the main result of the section.

Proposition 31. Let b > 0 and consider the value function V: (0,b) — R.
The following statements hold.

(i) Letw be a non-decreasing upper semicontinuous function w: Ry — Ry
such that lir(r)l w(p) = 0. Then the value function is semiconcave with
p—0+

modulus w.
(i) The value function is concave.

(iii) There exists a countable set S C (0,b) such that V is differentiable on
S¢N(0,b) and its derivative V' is non-increasing on SN (0,b).

Proof. (a) Since V(q) = inf,c g1 Fy(u), thanks to Lemma [28] it is sufficient
to prove that, given u € H', the map ¢ — F,(u) = F(q) is semiconcave.
This is true since F, is an affine function which respect to ¢ and thus its
modulus is also independent of u.

(b) It is a direct application of Lemma

(c) Since V is concave, it is sufficient to recall the properties expressed in
Lemma [30|and remember that V is differentiable in ¢ if and only if V' (¢) =
Vi (q), and in that case the derivative is equal to the side derivatives. O

We conclude the section highlighting how the properties of the value
function’s derivative reflect on the global mean temperature of the varia-
tional problem’s minimiser.

Remark 32. By Froda’s theorem, a monotone function can have only jump
discontinuities and further they can be at most countable. Since V!, V] are
monotone thanks to Lemma and

Vi) =~ [ i

-1
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where @ € argmin {Fy(u) | u € H'}, we get that the global mean temper-
ature, depending on q, is monotone increasing and continuous, except for
at most a countable number of jumps. Further, the jumps coincide with the
points in the set S from Proposition [31] where the value function V is not
differentiable.

Lastly, we demonstrate the applicability of this result to other reaction-
diffusion equations. We use as an example a spatially heterogeneous Allen-
Cahn equation (ACE), already considered in [6]. For an initial condition wy,
this model is given by:

1 1
ou = —Au+u(l —u?) +q+ 3 cos(mz), =€ (-1,1),¢>0,

100
ug(t,—1) = uy(t,1) =0, ¢>0,
u‘t:O = Uup.
(1.23)
The associated elliptic problem is
1 1
0=—A 1—u? - —-1,1
100 utu(l—u )+q—|—2cos(7rx), xz e (—1,1), (1.24)

u'(=1) =4/(1) = 0.

In this case, the potential functional takes the form

1,4 2
Jg(u) = / wile) wil) u(z)(q + 1Cos(mc)) dx,
1 4 2 2

and all the properties discussed in Section [0.1.1] and [0.1.2] can be extended
to this equation. Specifically, Theorems [I], 2] and [3] hold. But in this case,
the structure of the bifurcation diagram is more complex, even if symmetric
which respect to ¢ = 0. Indeed, through numerical experiments, it is possible
to deduce the existence of 0 < ¢4 < g5 such that: (a) for |g| > g5 or |q| < qu,
there exists a single steady-state solution, which is stable, (b) for ¢4 < |q| <
qs5, there are three steady-state solutions, two of which are stable while the
third is unstable. Further, ¢ = g4, ¢5 are bifurcation points of saddle-node
type. We denote by u; the steady-state solution for ¢ < —gs5, by uo, ug
the steady-state solutions appearing at the bifurcation point ¢ = —¢5 and
existing for —gs < ¢ < —qq in addition to u; and by ug4, us the steady-state
solutions appearing at ¢ = g4 and existing for ¢4 < g < ¢5 in addition to us.
Regarding the potential functional J,, in this case there exists g € (g4, ¢5)
such that u; is the global minimum point for the functional for ¢ < —g¢g
and ug is the global minimum point for —gg < q < gg, while us becomes the
global minimum point for ¢ > gg. A picture for the bifurcation diagram just
described and the value function is shown in Figure [I.2] Note that ¢ = £g¢
are the only values of the parameter ¢ for which the value function is not
differentiable and also the only points in which the global minimiser of the
variational problem is not unique.
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Functional

Figure 1.2: Comparison between the value function and the bifurcation di-
agram for the non-homogeneous ACE. The magenta-shaded area highlights
the parts of the plots which are in one-to-one correspondence. (a) Potential
functional evaluated on the steady-state solutions: wq is the global mini-
mum point for ¢ < —gg, us is the global minimum point for —gg < g < ¢s,
us is the global minimum point for ¢ > ¢5. Note that ¢ = +qg are the
non-differentiability point for the value function, corresponding to non-
uniqueness of the minimiser. (b) Bifurcation diagram.

1.7 Mountain Pass Theorem and existence of at
least three steady-state solutions

In this section, we are going to use the Mountain pass theorem (MPT)
from the calculus of variation to show the existence of at least three solutions
to the elliptic problem . First, we start by checking that the functional
F, satisfies the compactness condition (Palais-Smale) needed in the hypoth-
esis of the MPT. Second, we are going to show how numerical simulations
suggest the existence of two (local) minimum points for Fj, corresponding to
ug and uyy; thus, the MPT gives us the existence of a third critical point,
that corresponds to ujs thanks to numerical simulations. Third, we are
giving sufficient hypotheses in order to prove the existence of the two local
minimum points mentioned before; the existence of these two local minimum
points is again obtained using the direct method.

Let (X, ||-]|) be a reflexive Banach space, ® € C1(X,R) be a functional
and @’ denote the first variation of ®.

Definition 33. The functional ® satisfies the Palais-Smale condition ((PS)-
condition) if any sequence {up}n, C X s.t.

®(uy,) is bounded and ®'(u,) — 0,

admits a convergent subsequence.
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The previous one is a compactness condition needed in order to use the
Mountain pass theorem, which loosely speaking affirms the existence of a
mountain pass between two valleys. See [50] for more details.

Theorem 34 (Mountain pass). If ® satisfies the (PS)-condition, ®(0) =0
and
dp,a >0 s.t. (x) > a Vo with ||z|| = p,

dzq s.t. ||z1|| > p and (1) <0

then, 3xg s.t. ®(x2) = ¢ > a and x2 is a stationary point for ®. Further,

c=inf max D(u)
vel uey([0,1])

where:
I'={yeC([0,1],X) : 7(0) =0, y(1) = 22}.

At this point, we already know from Theorem [I] the existence of a global
minimiser for F;. On the other hand, numerical simulations suggest the
existence of a second local minimiser. Indeed, the second variation 52Fq of
the functional F; in the point u in direction h is given by:

1

52F, (u, h) = /

[4u*h — Qo) (w)h — kh"| hda.
-1

We denote by:
A(u) < Xg(u) < -

the eigenvalues of the second variation
h i 4uPh — Qo(2) B (u)h — 8, (k(x)h) .

We numerically evaluate the eigenvalues of the second variations in the three
steady-state points ug < ups < upyy. The results, which are shown in Figure
tell us that ug and uyy are strict local minimum points, except at the
bifurcations points. This is because the smallest eigenvalues \; for ug and
uyy is positive, hence the second variation in ug and uyy is positive definite.
From this, we get numerical evidence for the existence of a second minimiser.
At this point, the Mountain pass theorem guarantees the existence of a third
steady-state point, that from our numerical simulations corresponds to uyy,
if we are able to prove the (PS)-property for F,. This is what we are going
to check in the following.

Let X be a reflexive Banach space and X* its dual space. Given x,,x €
X, denote by x, — x the weak convergence in X.

Definition 35. A: X — X* is of type (S)+ if any {zp}n C X s.t. &y —

and limsup (A(zy,),zn, —x) <0 imply z,, — x in X.
n—+oo
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Ar(us)
A1 (uar)
Ar(uw)

AL

5 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 45
Figure 1.3: Smallest eigenvalue \; for the second variation in ug, uys, uw .

Let X = W2 = W}2(—1,1), i.e. the Banach space
12/ _ 1,2 T . 1,2
W=( 1,1)—{U€W (—=1,1) : w= lim u, in W>7,
un € C*([=1,1]), up,(=1) = u, (1) = 0} .

Further, let A: X — X™* be the operator given by:

(A(u),v) = /1 u'v' da,

-1

where (-,-) = x+(-,-)x denotes the duality pairing. We need to recall the
following property of the operator A.

Proposition 36 ([1]). The operator A is of type (S)+.

At this point, we are able to check the Palais-Smale condition for the
functional Fj,.

Proposition 37. The functional F,: W1? — R satisfies the (PS)-condition.

Proof. Consider {uy,}, € W12 and assume there exist M > 0 and a sequence
{en}n s.t.
| Fg(un)| < M, HFq’(un)H(Wl,z)* < en, (1.25)

where ¢, > 0, £, — 0 and
1 3
(F! (), v) = /_ (v(wzo00 = g = A(w)) viw = (A(u), o)

= /_11 f(z,u)vde — (A(u),v).
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The proof is divided in two steps.

Step 1: uy, is bounded in W2
This first step is a corollary of the proof of Theorem|[I} Indeed, in that proof,
we assume Fy(u,) < M and we prove the boundedness of ||uy,|,, thanks to

and the boundedness of ||ul, ||, thanks to (L.15).

Step 2: Any, s.t. up, — u in wlh2,
Up to subsequence, by the previous point we get u,, — u for some u € W12,
Since the embedding W2 < L? is compact, we deduce, again up to a
subsequence, that u, — « in L?. By , we have:

[(A(un),v) = (f,v)12] Sen Yo € W2

So, we can choose v = u, —u € W,1? and get

A ). = )| < [ (EgCun). = )|+ 1w = ) o] < 2+ £l =l
Taking the limits on both sides of the previous inequality we get:

nh_}ng()(A(un), U — up) = 0.
Since the operator A is of type (S)., we conclude u,, — u in W2,
O

We conclude the section by giving sufficient conditions to have at least
three solutions for the elliptic PDE ([1.7]). We introduce

_ _ 1
R:R—=R, Ru)= ;/ R(x,u)dz.
—1

where we recall that R is such that:
ki 2 1
Fy(u) = 5l +[1R(m,u(x))dx.

The assumptions we need in order to get our results are basically three: (1)
the space-averaged EBM with potential R has (at least) two stable steady-
state solutions, (2) the viscosity x > 0 of the 1D-EBM is sufficiently large,
(3) the two wells in the potential functional R corresponding to the two
minimum points are sufficiently deep.

Theorem 2. Denote by Byi(v,p) = {u € H' | ||u—v||m < p} the open
ball in H' with center v and radius p > 0. Assume R has two non-negative
minimum points uy # ug, with Fy(u1) > Fy(uz). Then, there exist w > 0
and f,g € O(e™!) as e — 0T s.t. if £ > 0 satisfies:

(i) R'(u;) > f(€), fori=1,2,

(ii) K> g(&),
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(iii) € < w,
then F, has two local minimum points Uy, s such that:
(a) Bpi(u1,€) N Bpi(ug, &) =10,
(b) u; € By (ui, €), fori=1,2,
(¢c) If ||u — ui]| g2 = &, then Fy(u) > Fy(u1) + 6, with 6 = §(€) > 0.

Proof. The proof consists in repeating the direct method used to prove The-
orem and applying it to the set H' N By (u;,£). Indeed, thanks to Lemma
we can find € > 0 s.t. Byi(u,é) N Byi(ug,&) =0, 4; € By (u;,€) and

lu—willjn =8 = Fylu)— Fy(u;) >6 >0, §=06(e). (1.26)
Now, we consider the set
X; = H' N By (u;, 8),

where we stress the fact that By (u;, &) denotes the closed ball in H*. Con-
sidering a sequence {uy, ;}n, we want to show that the sublevel sets of F, are
compact in X; under the following notion of convergence:

X, . . . . .
Un,i — Uso if and only if uy ; — U uniformly in [—1, 1] and u;m- —ul, in L?.

Repeating the argument in the proof of Theorem [} we get the existence of

X, .
Usoi € H Lgt. Up i —* Uso,;- Thanks to the uniform convergence, we have

2

2 . 9
= lim un — will3 + |

2 2
o = willfn = Nuoe,s = wll3 + ||ubes o

Second, for each n it holds

/
un,i

2

) 2 2
& > i — willjn = lluni — w3 + |
Then, using the inferior lower-semi-continuity of the norm, we get:

£ > liminf (Hum R

2 5 . 2
)= |too,i — will5 + 11mn1nf Hum )

= oo — uill3p:-

> [ltoci — w3
Hence us; € Bpyi(u;,€). Since Fy is lower semi-continuous, we get the
existence of ; minimum point for Fj, in X;. But thanks to the property
(1.26), we deduce ||@; — ;|| 1 < €. Hence @; are local minimum points for
F,in H.

O
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Lemma 38. Assume R has a minimum point 4. Then, there exists w > 0
and f,g € O(e™Y) as e — 0T s.t. if e > 0 satisfies:

(i) R" (@) > f(e),
(ii) K> g(e),
(iit) € = |lu — il < w,
then Fy(u) > Fy(a) + 9, with 6 = §(e) > 0.

Proof. Let u € H' s.t. |ju—| g = e. Since €2 = |ju — a2 + [|u/]3, we
divide the proof in two cases according to the magnitude of ||u — |5 and
13-

Case 1: |u/|3 > €2/2 and ||u — a3 < £2/2.

Since R(x,v) is locally Lipschitz in v uniformly in z, there exists L =
L(R,4) >0 and w = w(R,a) > 0 s.t.

|R(z,v) = R(z,a| < Llv—1a|, |u—1| <w, z€[-1,1].

Thus, if ||u — 4 < |lu— 4| ;1 =€ < w, it holds

1
/ |R(x, u(x) — R(z,)|de < L|lu—al, < V2L|u — ||, < Le
—1

Using the previous inequality and the bound on Hu’||§, we have

and thus g(¢) := %.
Case 2: |u/||3 < €2/2 and ||u — al% > £2/2.
Let’s consider u = % f_ll u(z)dz. We start by pointing out two useful

inequalities. First
1 1

= ’/ u(z) — adx
2/

Second, for each z € [—1, 1], it holds:

1
lu — 1| = ’2/ u(z)dr —a

-1

<llw—dall,  (1.27)

_ 1 1 1 1

) il =5 [ o)~ ) de| < Gl [ ool 2y < V2,
(1.28)

where the first inequality follows from the Holder properties of the Sobolev

space H'. At this point, the estimate on the value of the functional at u

can be done considering

2/

Fy(u) — Fy(a) > /_ 11 Rz, u(x)) — Rz, @)dz
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and using a Taylor expansion for R. Indeed,

Rz, u(z)) = Rz, 4) + Ry(z, ) (u(z) — 4) + Ryw (2, 0)
+O(|lu— al[%).

Performing the decomposition

and thus
/CR:L‘u wu)dmz[lﬁ ) — u)dx
1 u(x) — )2
+/_13Quuxu)(()2 )d (1.29)
+ O([lu — 4|5,

The absolute value of the first term on the right-hand side can be bounded
thanks to ([1.28) and Holder’s inequality. Indeed

/ 11 R (2, 8) (u() — D)da| < R, D)o llu — all; < 2V2)Ra ()] o
< 2[Ry, e

Now, need to estimate the second term on the RHS of (1.29)). Adding and
subtracting R” (ﬂ) we have:

2 1
/ R (2 ) @) =87, _ % R"(0) (u — 0)2dz
—1
1 _
2 [ (Rl ) - R(@)) (u - )%da
2/

(1.30)

The first term on the RHS is large thanks to the central assumption of Case
2. In fact

1 1 jz// ~ 2

s [ ®a - = " = v
2/ 2 4

The absolute value of the second term on the RHS of (1.30) can be bounded
using Holder’s inequality as follows:

1
R (1) — R (-, 1)

| /\

‘2/ 11 (Run(, @) = R'(2)) (u— 0)2da 92” @) = Ruu (-, )

~ 112
=l

e
2

IN

o0
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Summing up, we have shown

g2 - €2 €2
Fyfu) = Fyfit) > 228, )l + SR (8) — 5 | R8) — 5 Ru(1 )
+0(e%),
€2 -
= ER’/(Q) + fi(e) =:6(¢)
with fi € O(e), f1 negative for small ¢ and
2 -1
f(6) =~ 2 hie) € O,
O

In conclusion, applying the MPT we get the following result.

Corollary 39. If the hypothesis of Theorem[d are satisfied, then the elliptic
problem (L.7)) has at least three solutions.

1.8 Nwumerical methods

In this section, we describe the numerical method adopted to approx-
imate the solutions of the elliptic problem (|1.4)) numerically. We used a
classical finite difference scheme, which we are going to illustrate ([74} 83]).
To simplify the notation, let’s define f(x,u) = Re(z,u) — Rq(u) the non-
linear reaction term. We consider a uniform mesh for [—1, 1] made of n 4 1
points

) . 2
rn=-l<n<---<ap,=1, z;=-14iAx, i=0,...n, Axr=—.
n
Then, the solution to the problem can be approximated by considering the

system

Ui—l’%,% —ui(lﬁ;% +’£i+ )+ui+1mi+%

1
: A2 : + f(ziu)) =0, i=0,..,n

U —uU—1 _ Up41 — Un—1 —0
2Ax 2Ax

where u_1, u,4+1 are ghost points and w; = u(w;), k; 1 1 = k(x;11), 2,1 =
2 2 2

x; = Ax/2. The system of equations can be written in vector form as:

—Azx/2 0 Ax/2
K_1y2  —(K_12 + K1)  Kig
Ax? ' '
Kn—1/2  —(Kp—1/2 + Kng1/2)  Fny1/2
—Azx/2 0 Ax/2
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T
with @ = [u,l, e Un+1] and f; = f(x;,u(x;)). At this point, multiplying
the first equation by 2’2—/;, subtracting the second one and dividing by 2,
we get

K_1/2 + K1/2 K_1/2 + K1/2 fo
PPy + —LE Py — = =0.
2 Lt 2 07 2
In a symmetric way, multiplying the last equation by —2“”&;/ 2 subtracting

the second last equation and dividing by 2, we get

Kn—1/2 T K Kp—1/2 T K
n—1/2 : nt1/2, - Fn 1/2 : n+1/2u71+1_%:0.

In this way, the Neumann version of the elliptic problem has the form:

—fo/2
Jo
Ai+ | | =0,
In
_fn/2
where A € R("3)%("+3) js given by
[ K_1/2tk1y2 K_1/2FK1/2
2 2
1 K_1/2 —(K_1/2 + K1/2) K12
A=— : :
Az?
Kn—1/2  —(Kn—1/2 + Knt1/2)
Kp—1/2TKn41/2

Thus, the previous system consists in a set of (n + 3) non-linear equations,
whose solution # can be approximated using the Newton-Raphson method
(NRM). The initial guess used to start the iteration in NRM is obtained
via a shooting method, thus reducing the boundary value problem given by
the elliptic PDE in Eq. to an initial value problem (IVP). A linear
search is applied to find the shooting parameter, i.e. the initial condition of
the IVP. Lastly, the solution of the IVP is approximated using the classical
Fuler’s method for ODEs.

KEn+1/2

Kn—1/2FKn+1/2




Chapter 2

A stochastic one-dimensional
energy balance model for
climate change

This chapter covers the content of [25], where we develop a three-timescale
framework for modelling climate change and introduce a space-heterogeneous
one-dimensional energy balance model. This model, addressing temperature
fluctuations from rising carbon dioxide levels and the super-greenhouse ef-
fect in tropical regions, fits within the three-timescale setting setting and
is given by a stochastic reaction-diffusion equations. Our results show how
both mean and variance of temperature increase, without the system going
through a bifurcation point. This study aims to advance the conceptual un-
derstanding of the extreme weather events frequency increase due to climate
change.

More in detail, this chapter is organised as follows. In Section we
introduce the non-autonomous framework for weather, macroweather, and
climate, with a particular focus on the latter two. We outline the scale
separation between them and provide their tentative definitions. This first,
abstract part culminates in a link between macroweather and climate, justi-
fying an adiabatic approach to studying the former in the presence of a non-
autonomous dependence, such as CO9 concentration in the atmosphere. In
Section [2.2] we begin by recalling the key concepts of EBMs, starting with
the zero-dimensional version in Section We discuss why EBMs are
suitable for describing macroweather and how they can explain the increase
in global mean temperature (GMT) due to rising COg concentrations. In
Section we introduce our new 1D-EBM, detailing the parametrisation
of all the terms of the parabolic partial differential equation (PDE). Section
describes the deterministic properties of the model, such as the exis-
tence of one or more steady-state solutions and their dependence on the CO4
parameter. In Section[2.2.4] we discuss the stochastic extension of the model

69
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and its properties, including the existence of an explicit invariant measure.
Section [2.2.5] presents the main results of the second part. We demonstrate
how our model predicts an increase in the variance of temperature fluctua-
tions under CO3 in the current climate configuration, without introducing
new bifurcation points. We use both numerical tools and theoretical ar-
guments to explain and understand this phenomenon. Finally, Section [2.3]
details the finite-difference scheme used for numerical simulations and some
spectral properties needed to deduce the existence of the invariant measure
for the stochastic problem.

2.1 The non-autonomous scheme with three timescales

In Section [2.2] below, we introduce a stochastic EBM with suitable space
dependence, and a slowly varying parameter corresponding to COs con-
centration, in order to investigate the time-change of fluctuations, as also
discussed in the Introduction. There are three different timescales involved
in this modelling. We could skip the first one by just mentioning [44], and
restrict ourselves to two timescales only, but at the same time we want to
insist on the non-autonomous structure of the modelling, hence it is conve-
nient to enlarge the discussion a bit.

In the modelling we have in mind, there are three timescales, called:

o weather, where variations are visible at the timescale of hours/day
(variables will be denoted by Vi, (t), Ty, (t) etc.);

e macroweather, where variations are visible at the timescale of month-
s/year (variables will be denoted by Vi (), Tinw (t) etc.);

o climate, changing at the timescale of dozens of years (probability mea-
sures and their expected values characterise this level, still changing
in time).

Subdivision and attribution of a precise timescale are not strict.

Remark 40. The reader will realise that, for the purpose of Section
we could start from Subsection[2.1.5 Let us then explain why we think that
Subsections are also very important. As already said, a main
purpose of this work is to identify possible explanations for an increase in
variance, when a parameter changes. In a sentence, the two main ingredi-
ents are a noise in the system equations and a suitable non-linearity which
amplifies the variations of the noise in a different way for different values
of the parameter. The noise, then, is crucial. Subsections[2.1.1 are
devoted to explaining its origin.
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2.1.1 The weather timescale

Following [44], it is natural to model the weather scale by deterministic
equations, ordinary equations for simplicity of notation (but the ideas are
the same for PDEs); randomness can be introduced but it is not strictly
necessary, except maybe for a description of the uncertainty about initial
conditions and parameters, not included in the present discussion. Follow-
ing [44], we distinguish the main physical variables in fast and slow ones,
according to a system of the form

ati - f (VunTw)
0iTyw = €9 (Viw, T, q (et))
q (t) slowly varying

for a small € > 0. Here V,, changes in unitary time (corresponding to
hours/day), and Ty, varies very slowly (monthly, say). In addition, the slow
variable is influenced by a slow time-change of structure, described by the
time-varying parameters ¢ (et). The function ¢ (¢) is assumed to be slowly
varying, hence q (et) is super-slowly varying (from here the three timescales
arise).

The parameter 7 = % corresponds to the typical reaction time of the
slow variables, measured in the unitary time of V. Appreciable changes of
T happen in a time of order 7, at the weather scale.

With great simplification, we may think that V' collects the fluid dy-
namic variables (the fluid Velocity plus other related variables), which are
very unstable and rapidly changing at the daily level, while T represents
Temperature. In this case, the unit of time at the weather level is of the
order of hours, and 7 = % is of the order of a few months, hence e.g. of order
100. On the contrary, the time-change of CO2 concentration, call it 7co,,
is of the order of a dozen of years, hence e.g. of order 10000 in the weather
scale. With these figures, ¢ (¢) has a relaxation time of 100 and ¢ (et) of
order 10000.

2.1.2 Macroweather timescale for T

Then we change the scale and set

T (£) = Ty (t)

€

so that we observe variations of Tjy, (t) in unitary time. We call this the
macroweather timescale. It holds

O T (t) =g <Vw C) T (1) 19 (t)> :
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Let us recall that, at this timescale, g varies very slowly. Let us look for a
simplification of this equation, where V,, does not appear any more.

2.1.3 The averaging approximation

Let us heuristically describe the averaging approximation, which can be
made rigorous under proper assumptions for suitable systems, see [36].
At the integral level, we have

T (£) = Ty () = /tjg (Vw (j) T (5) 54 (s)) ds.

If t — ¢y is small, let us use the reasonable approximation

t

~ g <Vw (‘2) o (to) 1 q (t0)> ds

0 t —1to /t:g (Vw (i) T (t0) 4 (to)) ds.

= (t— to)
Then, if € << t—tg, we heuristically invoke an ergodic theorem and approx-
imate

~ (= 10) [ 9(0 T (t0) 0 0)) v, ) ()

where v, (dv) is invariant for
GtV = f (V, T) .

Setting
g(na) = [ (@)
we may write
= (t=10)F (Tomu (t0) 4 (t0))
and then again approximate it to
~ t:g (me (s),q (s)) ds.

Hence we get the simplified model

AT (1) =G (T (1) 0 (1))
2.1.4 Hasselmann’s proposal

However, in our case, this simplification is not realistic. If € is of or-
der ﬁ, then ¢t — ty is of order one, because we need the validity of the
approximation

t—lto /t:g(Vw (i),a,b) ds”/g(vaaab)%(dv).
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But on a time of order one, we observe variations of T}, (t), we said above,
hence the approximation

/t:g (V“’ C) o (5) 14 (s)) ds ~
/t:g (Vw (i) T (t0) aQ(t0)> ds

is not so strict (on the contrary, it is excellent for the ¢ (s) ~ ¢ (to)
approximation).

We need to keep fluctuations into account at the macroweather scale.
A phenomenological way (Hasselmann’s proposal) is to replace the model
above by

dTmw (t) =g (me (t) 4 (t>) dt + \/EU (me (t) 1 q (t)) odW (t)

for a suitable "volatility" o (Stratonovich integral o looks more appropriate).
In [44], heuristic justifications are given, inspired for instance the random
displacements of a Brownian particle in a fluid of molecules (which on their
own are subject to a deterministic fast dynamics, coupled with the slow de-
terministic dynamic of the bigger particle). The Bremen school on Random
Dynamical Systems and other research groups explored for some time rigor-
ous justifications for this proposal, but a final answer is not known, see for
instance [3, [52]. However, the observation of temperature time series at the
timescale of month-year clearly shows some form of stochasticity and thus
Hasselmann’s proposal looks very appealing.

For our purposes below, adhering to Hasselmann’s proposal is essential,
since our results are the consequence of random perturbations of a non-
linear system representing climate dynamics at the macroweather timescale,
namely a stochastic version of the EBM. Random perturbations are often
accepted just based on the generic justification of an unknown coupling
with other segments of the physical system (which at the end of the story
is the reason also here, namely the coupling with the fast variables) but
Hasselmann’s proposal is a more precise explanation.

Let us however advise the reader that we shall start, in our example
below, from a stochastic PDE for the temperature macroweather-scale, given
a priori, not derived precisely from the weather scale as described above. We
want to concentrate on the consequences of particular non-linearities. Our
model will have the simplified form

AT (t) = G (Tnw (), q (t)) dt + VeodW (t)

with constant o.
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2.1.5 Macroweather and climate

As announced at the end of Subsection our investigation starts
from an equation of the form (stochastic differential equation or SPDE)

dT (t) =g (T (t),q (t)) dt + adW (¢) (2.1)
q (t) slowly varying

where we skip the subscripts but keep in mind that it is a macroweather
model, we have skipped the factor /e but we shall choose a small diffusion
coefficient o, and the non-linear function g will be chosen by means of typical
arguments related to EBM’s. The slowly varying function ¢ (¢) will describe
the effect, in the model, of slowly varying COs-concentration, appreciated
on a timescale of dozens of years.

The climate is a collection of statistical information from the time series
of this model. If it were an autonomous system (g (¢) equal to a constant),
we would invoke invariant measures. Due to the time-change in g, we have
to use the formalism of time-varying invariant measures. However, at the
simulation level, we approximate this time-varying system by an adiabatic
system parametrised by a parameter ¢:

AT (t) =g (T (t), q) dt + ocdW (¢)

and investigate its invariant measures, parametrised by ¢. The slow change
of statistics for the true non-autonomous system is mimicked by the change
of statistics when the parameter ¢ is changed.

Concerning precisely the concept of climate, let us introduce some for-
malism. We again limit ourselves to stochastic differential equations (SDEs)
on an Euclidean space R? (e.g. the space-discretisation of a stochastic partial
differential equation, as in our main example below) but the concepts can be
widely generalised, see for instance [34] for a non-autonomous abstract ran-
dom dynamical system framework related to the weather-climate dichotomy
(that we improve hereby introducing a third level, the macroweather). Call

Pr (Rd the set of probability measures on Borel sets of R?. Consider the
g

SDE ([2.1)) on the full real line of time. Assume that W (¢) is a d-dimensional
two-sided Brownian motion defined on a Probability space (2, F, P) with ex-
pectation E. Assume that, for the Cauchy problem on the half line [tg, 00)
with initial condition T at time tg, with arbitrary ¢y and Ty, at least weak
global existence and uniqueness in law holds, and denote the solution by
TTo (1), t € [tg,00); assume Ty +— T%T0 (t) is Borel measurable from R?

to Pr (Rd> endowed with the weak convergence of measures.
For all ¢y < ¢, we introduce the Markov semigroup Py, ; mapping Pr (]Rd>
into Pr (Rd) defined by the identity

[ 0W) Po) (@) =E [ 6 (T (1) v (dT)
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for every v € Pr (Rd) and every bounded continuous test function ¢ on R¢.
One can prove that

i])7“715:]3571ﬂ = ﬂjs,t
Py = Id.

Moreover, one can link the Markov operator for equation ([2.1]) to the Fokker-

Planck equation
2

Ouf +div (7 (-.q) f) = FAS

but we do not stress the rigorous results here.
The set of probability densities Pr (Rd) is the state-space for the climate.

In other words, any v € Pr (Rd) is a (possible) state for the climate. Further,
fixed the times ¢ty < t, the operator P, ; defines the evolution, from ¢y to
t, of the climate dynamics. Thus, we look for the climate concept inside
the class of time-varying invariant measures which are invariant under the
operator defining the climate dynamics, i.e. a family

{n}er € Pr (RY)

such that
Psitts = pu for every s < t.

Remark 41. The concept of time-dependent invariant measure {fi;},cp
should not be confused with any solution of the Fokker-Planck equation.
Similarly to the fact that, in many cases, the invariant measure p of an
autonomous system is the limit, as t — 400, of the law of the solution X;°
starting at time t = 0 from the initial condition xq, independent of xq, the
time-dependent invariant measure p; s expected to be, in many cases, the
limit as to — —oo of the law of the solution Xfo’xo starting at time tg from
xo, independently of xo (property that we could call "pull-back convergence
to the equilibrium”).

Two simple illustrative examples are the Ornstein-Uhlenbeck equations
with periodic or linear growth. For the periodic equation

dX; = —Xudt + sin(t)dt + dW;

the unique time-dependent invariant measure ug is the law, 2w-periodic of
the process

t t
Xy = / e~ =9 sin(s)ds —|—/ e = dw,.

For the linear growth equation (closer to our model with COy increase)

dXy = —Xydt 4 tdt + dW,
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the unique time-dependent invariant measure iy is the law of the process
t t
X; = / e~ =) sds + / e~ aw,.
—0o0 —00

Under suitable assumptions for the stochastic equations, there are results
of existence (easy, in particular relying on the existence of a compact global
attractor) and also uniqueness (more difficult) for such invariant families.
This part of the theory is in progress. When the invariant measure {{},cp
is unique, we call it "the climate".

When uniqueness does not hold or it is not known, the idea could be to
look for families p; not only invariant but also with additional properties
of interest for physical sciences or other reasons. A typical one could be a
pull-back version of "convergence to equilibrium":

He = lim Ts,t)\ (22)
S——00
where A is a "natural" measure, as a rotation invariant centred Gaussian
measure on R¢. For simplicity of understanding, the reader can assume that
there is one and only one invariant family u; or one selected by the pull-back
property above.

If ¢ (t) varies very slowly, we expect that also y; varies accordingly, and
thus an adiabatic approach to the numerical computation of y; is reasonable,
as already remarked above.

It is crucial to emphasise the following point. We believe that viewing
climate as a time-dependent invariant measure, constructed in the pull-back
sense, is not only a rigorous definition but also a physically meaningful
one. Indeed, the current climate is the result of a long-term evolution that
began in the distant past, where the dependence on the initial condition has
been lost. This idea, together with the application to geophysical science of
concepts from dynamical systems theory, developed in the 1990s ([I8] [2]),
began gaining traction approximately fifteen years ago ([41 [I7]).

2.2 A new 1D-EBM with tropics bistability

2.2.1 The macroweather timescale and the global mean tem-
perature increase due to CO, concentration

EBMs are elementary climate models where, in the simplest form, the
temperature of the planet evolves according to the balance of the radiation
absorbed and emitted by the Earth ([12], [77), 67, 40, 42]). Their ability to
capture the essential dynamics of Earth’s climate system while remaining
computationally tractable makes EBMs valuable tools for understanding a
wide range of climate phenomena, from the onset of ice ages to the im-
pacts of greenhouse gas emissions on global temperatures ([29, 6]). There
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exists a spectrum of complexity for this kind of model, starting from the
zero-dimensional (0D) case, moving to the one-dimensional (1D) case, and
arriving at higher-dimensional models ([72]). Before delving into the details
of our 1D-EBM with space heterogeneous radiation balance, we illustrate
(i) why an EBM has a macroweather timescale, and (ii) why an increase of
CO3 concentration in a stochastic 0D-EBM leads to an increase of GMT,
but not the variance of the solution.

First, we consider a 0D-EBM for the global mean temperature 7" = T'(t)
which given a positive initial condition Tp, is an ODE of the form

T
O =QuB+q-A-B-(T-273), 23)
T(0) = Ty.

In this model, the radiation emitted R, by the planet is assumed, according
to Budyko empirical radiation formula ([12]), of the form

R(T)=A+ B (T -273) —q,

where A, B are positive constants that can be derived by a best-fit estimate
with real data observations; C' > 0 denotes the heat capacity per square
meter, while Qg and 3 are respectively the global mean radiation and co-
albedo. Lastly, the additive parameter ¢ > 0 the effect of CO2 concentration
on the radiation balance ([72,[6],24]). Denoting by T the unique stable fixed
point of the model, i.e.

QOB_BA+q+2737

the solution of Eq. ([2.3)) is given by

T, =

T(t) =T, + (To — T,) e/,

where 79 = C'/B is the relaxation time, i.e. the timescale at which a de-
viation from the equilibrium temperature is reabsorbed. Considering an
all-land planet, it is reasonable to consider the heat capacity as half the
heat capacity at constant pressure of the column of dry air over a square
meter, as pointed out in [72], leading to

C=5-10"JK 'm™>
On the other hand, satellite data suggest ([72], 43])
B=190Wm?>K

This leads to a relaxation time of the other of one month, as

o = % =2.63-107 s ~ 30 days.
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It is worth pointing out that the hypothesis of an all-land planet is a huge
simplification of reality. Indeed, the Earth’s system has various components
capable of storing heat efficiently, each with its own unique capacity ([42]).
The value for C' we have considered corresponds to the capacity of the at-
mospheric column. But, even considering a planet with a mixed-layer only
ocean, the heat capacity would be 60 times larger (see [72]) i.e. in the order
of a few years, remaining thus in the macro weather timescale.

Second, we force the model with a stochastic noise modelling the effect
of fast terms with respect to the slow radiation balance terms of Eq. .
Denote by (W%)¢>0 a Brownian motion, and consider the SDE given by:

Cth = (QQ,B +q— A— BTt) dt +O'th,

7(0) T (2.4)

where o > 0 is the noise intensity. Denoting by A = QB +q— A, the
solution can be explicitly written, using a variation of parameters technique

([B]) as
A t
Ty = Toe ¥/ + 4 (1 - e*t/m) +o / e~ t=9)/moqyy,.
70 0

The solution is a Gaussian process with a mean value
E[T] = T(0)e "/ 4+ A (1 e/}, (2.5)
and variance

o t 02 t
T, = el —(t=s)/70 ) - 7/ —2(t—s)/70
Var(Ty) = Var (C/o e ds 2 e ds

2

o
= 1—e 2 TO) .
¢ (
Further, the stochastic EBM in Eq. (2.4]) has a unique Gaussian invariant
measure v ~ N(u,,02), whose mean y, and variance 2, can be obtained

taking the limit for the time that tends to infinity in Eq. (2.5) and Eq.
(2.6, leading to

(2.6)

:A:QO/B+Q_A 02: o?
Ho B : v = 9BC

Thus, a change in the COy concentration leads to a change in the mean
value of the climate, i.e. the invariant measure, but not in its variability.
Usually, the variability increase results from a critical transition, such as a
saddle-node bifurcation, which arises in the model. This is the concept of
bifurcation-induced tipping point, which leads to the critical slowing down
behaviour of the system, resulting in an increase of variance and autocorre-
lation close to the bifurcation point ([23, [76], 4, 56]). However, the presence




CHAPTER 2. A STOCHASTIC 1D-EBM FOR CLIMATE CHANGE 79

of a bifurcation point for the global scale climate is questionable, and the
presence of bistable regimes for climate components, sometimes called tip-
ping elements such for the Atlantic meridional overturning circulation or
polar ice sheets, is localised in space. For all these reasons, in Section [2.2.2]
we will describe a new one-dimensional model with a local in-space change
in the non-linear term that is able to explain the variance increase.

2.2.2 Model formulation

In this section, we propose a 1D-EBM with space-dependent radiation
balance with local bistability in the outgoing radiation term. The new term
does not lead to the addition of a new bifurcation in the model, even if results
in a non-linear change in the global mean temperature w.r.t. COs concen-
tration, in comparison with a linear increase in the case of the non-space
dependent emitted radiation case. However, by adding a noise component to
the model, we detect an increase of fluctuations over time for those values of
COg3 concentration in which the non-linear behaviour of GMT is triggered.
We connect the increase in fluctuations over time, that we denote time vari-
ance, to a local (in space) notion of relazation time. The latter indicator in
a sense gives information about the local stability of a space point for, in
our case, a global stable temperature configuration.

The main characteristics of a 1D-EBM are that the temperature u =
u(z,t), depending on time ¢t and space x = sin(¢), where ¢ € [—7/2,7/2]
denotes latitude, are that it evolves according to the diffusion of heat, and
the planet energy balance ([12, 77,40, [14]). Our model, which is an extension
of the one considered in [24], assumes that the temperature u satisfies the
non-linear parabolic partial differential equation

Crowu = 0y (k(x)uy) + Re(z,u) — Re(z,u5q), x € [-1,1],t >0
u(z,0) = up(z), =e€[-1,1], (2.7)
ug(—1,t) = ugy(1,¢) =0, t>0.

The heat capacity Cr = 5-10"7 J K~ m~2 is considered uniform over the
whole planet, which we assume is an all-land planet, as the one presented at
the beginning of Section The PDE is a reaction-diffusion type ([82, [78]).
Classical results can be used to prove the global existence and uniqueness
of the solution, given a regular initial condition ([82]). Further, it can be
proved that [0,+00) is an invariant region in the sense of [78], as pointed
out in [24]. In the following, we are going to describe the terms govern-
ing its time evolution, while the values of the constants appearing in the
parametrisations can be found in Table 2.1]

In scientific modelling, heat diffusion is often depicted assuming the
planet as a thin shell. This leads to a non-constant diffusion coefficient
of the form x(z) = D- (1 —2?), with D > 0, where the term 1 —z? arises due
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to the spherical setting ([72]). However, this choice introduces difficulties
for the mathematical treatment, resulting in degenerate problems (|35} [15]).
For instance, proving the existence of steady-state solutions requires the use
of weighted Sobolev spaces. To address this issue, we introduce a simplifying
perturbation that removes the singularity at the border ([24]). We consider
the diffusion function given by:

k(z) =D - (1 —2%) 4+ 6(z),

with D = 0.3 and § € C®(-1,1), d6(x) = 0 if |x|] < 7, § even and non-
decreasing in (0,1). The radiation absorbed by the planet, denoted as Ry,
is the product of a spatially dependent solar radiation function Qy(z) = Qo
(1 — 22), where Qo > 0, and a temperature-dependent co-albedo 8 = B(u).
The co-albedo f(u) = 1 — a(u), where « is parametrised by a smooth, non-
increasing, bounded function ([6], 24])

Q2 — Qg
2

with 0 < a1 < as < 1, a; denotes ice albedo, as denotes water albedo,
Urep = 275 K, and K is a parametrisation constant.

Third, we describe the modelling of the radiation emitted R., which
is the main innovation of our model. Local bistability in the Outgoing
Longwave Radiation (OLR) may arise in tropical regions due to a positive
feedback loop involving surface temperature and moisture. This feedback,
above a threshold of sea level pressure and GHG concentration, causes the
atmosphere to become optically thick, thus reducing OLR ([27]).

To model this effect, we choose a space-dependent, latitude-symmetric
Outgoing Longwave Radiation (OLR) of the form:

a(u) =a; + - [1+ tanh (K - (4 — Urer))] s (2.8)

Re(w,u;q) = ¢ + |a| BY (u) + (1 — [2]) R (u), (2.9)

where Rfe’l and R denote respectively the OLR at the pole and the equator.
The convex combination between RP' and RS9 Figure |§| shows the space-
dependent OLR R., using different colours to represent distinct latitude
points. We define them as:

R (u) = Pl ogulul?, (2.10)

where ¢¢ is the emissivity constant, og is the Stefan-Boltzmann constant.
On the other hand, at the poles, we reproduce the super-greenhouse effect
by considering:

R (u) = R (w)g(w) + (1 — g(u))eg ooulul’, (2.11)

where g is a smooth transition function of the form
1

o) = ] 4 (umuiGP)KsGE”
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where ufeC}E = 303.2 K and K% = 0.36 are respectively a reference
temperature and a constant in the transition velocity involved in the SGE
parametrisation. Further, ep? < Egl is an emissivity constant at the equator
taking into account the OLR reduction due to the SGE. Note that the OLR
at the poles and at the equator in Eq. — has been defined, just
for mathematical convenience, in the physical meaningless range of negative
Kelvin temperature.

Lastly, the additive positive parameter ¢ models the effect of CO2 con-
centration on the energy budget ([66}6]). A higher ¢ leads to lower radiation
emitted back to space from the surface. We emphasise the reason behind
considering a constant value for the CO2 parameter ¢q. Greenhouse gas con-
centration can be regarded as constant at a macroweather, i.e., monthly,
timescale, by avoiding seasonality insertion since it evolves on a much larger
timescale. For instance, the CO5 concentration has increased by around 47%
from 1850 to 2020, moving from 284 parts per million (ppm) to 412 ppm
([73]). In a first approximation, we assume that the spatial distribution of
greenhouse gases is uniform over the globe. This assumption, although no
longer the state of the art, was widespread at the turn of the century and
is based on the well-mixing property of GHG. This means that since most
GHGs, such as COq, have a large lifetime, many studies have been conducted
using global average values for the spatial distribution ([65] 66, [45]).

Symbol Meaning Value
D Diffusivity constant 0.45
Qg Mean solar radiation 341.3 Wm—2
sgl Emissivity at the poles 0.61
eg! Emissivity at the equator 0.478
00 Boltzmann’s constant 5.67-1078Wm2K™!
a1 Ice albedo 0.7
o Water albedo 0.289
K Constant rate - albedo parametrisation 0.1
KSGE Constant rate - SGE parametrisation 0.1
Upef Reference temperature - albedo parametrisation 273 K
ufch Reference temperature - SGE parametrisation 303.2 K
Cr Heat capacity 5-107 Jm—2K™!

Table 2.1: Parameters and constants appearing in the 1D-EBM ([2.7)).

2.2.3 Deterministic properties of the model

In this section, we describe the deterministic properties of our model, as
the number of steady-state solutions and their stability. The new feature of
our model is the rise of a strong non-linear increase of GMT with respect
to the greenhouse parameter ¢, in the proximity of the model configuration
describing the actual climate of the Earth.
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In general, in dynamical system theory, huge information is given by
the study of the steady-state solutions of the model, which are, in a sense,
the long-time behaviour solutions. More specifically, in our model these
solutions consist of the non-negative solutions u = wu(z) of the following
elliptic PDE:

(2.12)

A common way to prove the existence of at least one stable steady-state
solution involves a variational approach by studying the minimization prob-
lem

inf { Fy(w) |u € H'2(~1,1), u >0}, (2.13)

where:

Fy(u) = L 11 R(z,u(z)) dx + % L 11 w(z) [u(z)])? dz, (2.14)

with 9,R = R. — R, and H 1’2(—1, 1) denoting the Sobolev space of order 1
and exponent 2 ([67, [71], 68, [11]). Applying the results from [24, Theorem 1
and Theorem 3], it is possible to gain information about the existence and
uniqueness of a steady-state solution.

Proposition 42. (i) There exists an unique minimiser 4 € C*([—1,1])
of the variational problem (2.13|). Further, @ solves the elliptic problem
(2.12)) and it is stable for the dynamics of the 1D-EBM (2.7)).

(ii) The map q — %fil @(x)ds is non-decreasing.

Note how the second part of the previous result gives qualitative informa-
tion on the behaviour of the GMT. Furthermore, if the diffusion coefficient
is sufficiently large and the 0D-EBM, obtained by removing the diffusion
term and averaging in space the radiation balance, is bistable, it can be
rigorously proven the existence of a second stable steady-state solution and
a third unstable one ([24]).

Given the non-linear nature of the problem, a rigorous demonstration of
all properties of the model is not always possible. In this case, the problem
can be overcome by using numerical simulations. In particular, for each
fixed ¢, we numerically simulated the solutions of Eq. . As ¢ varies,
we obtained, according to the large literature on this kind of model, that
there can be either 1 or 3 stationary solutions. In the former case, the
solution is stable. In the latter case, two solutions are stable, one describing
a "snowball" configuration ug for Earth’s temperature with ice all over its
surface. The other describes a warm climate wyy, similar to the one in which
we are living. Additionally, an unstable solution ujs, whose average global
mean temperature (GMT) lies between the GMT of ug and ug also arises.
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See Figure for a graphical representation of the steady-state solutions
in the bistable case.

In general, proving theoretically the results for such kinds of models is
non-trivial due to the presence of non-linear terms in the energy budget
parametrisation. The bifurcation diagram of the model in the (g, @) plane,
where u, denotes a solution of the elliptic PDE, and u, = %fil uy(z) dz
is its GMT, is depicted in Figure We highlight how the addition of
a space-dependent OLR with tropics bistability does not introduce a new
bifurcation. Thus, no new steady-state solutions are added or the stability
of the already existing ones is altered. However, as highlighted in Figure
2.1d a strong non-linear behaviour of the GMT for the warm solution uy
appears for the value of ¢ in the neighbourhood of ¢ =~ 11.3, a thing that
does not happen if we remove the bistability in R, ([24]). We aim to focus on
that phenomenon, when a noise component, describing the weather effect,
is added to the model. This is the main topic of Sections

2.2.4 Stochastic properties of the model

As discussed in the previous paragraphs, the EBM presented in this work
corresponds to a macroweather timescale. However, as far as it has been
introduced, it lacks in taking into account the effect of fast components of
Earth’s system, such as atmospheric pressure, wind, and precipitation. In
literature, this has been achieved elementary by adding a stochastic term,
such as white noise, to the radiation budget ([44} 49, 32} [31]). Note that this
addition is necessary to describe the increase in the frequency of rare events.
In fact, while a deterministic EBM is useful for obtaining information on
global mean temperature, it is not able to investigate fluctuations around it
due to all phenomena, such as weather, not included in the radiation balance
of the model.

We consider H = L?(—1,1) and the stochastic EBM given by:

duy = [Aug + R(x,uy)] dt + odWy,

u‘t:O = Up

(2.15)

where (W;); denotes a cylindrical Wiener process on H, ug € H is a non-
negative initial condition and A : D(A) — L?(—1,1) is the operator
D(A)={ue H*(-1,1) | (-1)=4/(1)=0
(4) = { (LY D =) } .16)
Au = (k(z)u') .

We would like to apply the invariant measure theory for gradient systems to
deduce the existence, and uniqueness of an invariant measure and its explicit
formula. This can not be applied to the operator A since it is invertible on
L?(—1,1). For this reason, we consider the operator

A= \d— A, (2.17)
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Figure 2.1: (a) Steady-state solutions for the 1D-EBM for ¢ = 11.3.
Solid lines denote stable solutions, dotted lines denote unstable solutions.
The snowball solution ug is plotted in blue, the middle solution wup; in
red, and the warm solution uy in yellow. (b) Bifurcation diagram in the
(¢, us) plan for the 1D-EBM , where u, denotes a steady-state solutions
and u, = %f_ll us(x)dx is its global mean temperature (GMT). The S-
shaped bifurcation diagram is characterised by the two classical saddle-node
bifurcations around ¢ ~ 7 and ¢ =~ 38, and a non-linear (with respect to
q) increase in GMT around ¢ ~ 22. (¢) Zoom of the bifurcation diagram
around ¢ ~ 11.3 and uyy .

where A > 0 is a positive constant. By exploiting the Sturm-Liouville theory,
it can be proved that —A is a self-adjoint, negative definite operator, with

-~ B—1
eigenvalue 0 < A1 < Ao < - -, such that the trace of T'r [(—A) } < 400,

for some § € (0,1). See Appendix for a sketch of the proof of these
facts. In this way, it is possible to deduce the following result ([211, 22} 24]).
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Proposition 43. Let E = C([—1,1]). Then, there exists an unique P-a.s.
E-valued mild solution of the SPDE (2.15)). Further, there exists an unique
Gibbs invariant measure v, and U < i with explicit formula

v(du) = %exp <—U22]~(u)) a(du), (2.18)

where i ~ N (0, —%2/1_1> and

~ 1
) = [ R ut)de - Sl

We remark that the invariant measure o is the object, in our context
of stochastic EBM, that in Section has been taken as the definition
of climate. Then, it is worth pointing out the link between the invariant
measure 7 and the functional Fj building up the variational problem .
Indeed, at least formally, we can write the Gaussian measure [i as

~ 1 1 — ” 2
a(du) = Z—lexp (—2(9 1u,u)> du”,
where Z7 is a normalization constant, Q = —%2/1_1 is the covariance opera-
tor of fi, {-,-) denotes the scalar product on H = L?(—1,1) and "du” is the
formal notation for the Lebesgue measure on H. By an integration of parts,
we deduce

Lt = -2 (Bl - dintantan)
307w = = (Sl = St w) )

Hence, substituting back the formal expression for i in Eq. (2.18]), we
conclude

2
v(du) o< exp <_02Fq(u)> "du”.

From this expression, we can deduce two important facts. First, the invari-
ant measure of the stochastic EBM is concentrated on the global minimum
points of the functional Fj,. Second, the study of 7 and its spread depending
on q is as difficult as understanding how the functional F,, changes. For this
reason, in Section [2.2.5] we will use numerical simulation to investigate how
U changes, depending on the adiabatic parameter ¢, as the CO3 lies in the
critical interval in Figure [2.1¢

2.2.5 Variance and extreme weather events increase

It is widely acknowledged that greenhouse gas emissions from human ac-
tivities have led to more frequent and intense weather and climate extremes
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since the pre-industrial era, particularly temperature extremes ([73]). De-
spite numerous definitions proposed to assess what constitutes an extreme
event, there is currently no universally accepted definition ([79]). One com-
monly used definition considers an extreme weather event as one that ex-
ceeds a predefined threshold for a climate variable.

As it is well understood that such occurrences become more likely as the
variance of that climate variable increases, we consider the time variance as
a proxy indicator of extreme weather events for our EBM setting. As ex-
plained in Section an explicit formula for the invariant measure of the
stochastic EBM exists. However, due to the presence of a non-linear
term inside the Gibbs factor in Eq. , obtaining theoretical informa-
tion is challenging. Thus, we rely on numerical simulations to capture the
behaviour of the variance.

Specifically, given a fixed value of ¢ > 0 and the warm steady-state
solution uy = u%},) , we numerically integrate the stochastic PDE:

Crowu = 0y (k(2)ug) + Ra(z,u) — Re(x,u;q)
+ odW,, (z,t) € [-1,1] x [0,T],
u(z,0) = uw(x), ze€l-1,1],
uz(—1,t) = uy(1,¢) =0, t€]0,T].

(2.19)

The simulation runs for 7' = 500 years to capture the properties of the
invariant measure around the warm climate uy, and we chose a noise inten-
sity 0 = 0.2. The finite difference method applied to simulate the equation
is detailed in Appendix Here, we describe what we mean by variance,
its properties detected by numerical experiments, and our observations.
Given a space point x € [—1,1] and a realization w — u(w) of the
solution of the Eq. , we consider the variance of the process ¢ —
ut(x,w) = u(x,t). We denote the numerical approximation of the solution by
U = (us)ij, where u;; = u(x;, t;), and (x;)i=1,...n and (t;)j=1,...,m represent
the spatial and temporal meshes, respectively, over the domain [—1, 1] and
[0,T]. The time-variance is calculated as
1 m
of(zi) = — > (ugy — w)?,

m

where u; = % Z;”:l u;j. Figure illustrates the time-variance indicator,
with different colours representing different values of the parameter q.

We observe two distinct behaviours of the variance. First, depending on
q, there is an increase in o7, peaking at ¢ = 11.3069, followed by a decrease.
This peak corresponds to the ¢ value that results in the largest increase in
GMT, as shown in Figure Second, as expected, for a given value of ¢,
the spatial profile of o2 is symmetric with respect to = 0. Additionally,
three local maximum points emerge one at z = 0 and the others at |z| ~ 0.8.
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Our interpretation is that o7 identifies the highest fluctuating regions as
those where the freezing water temperature is crossed (sub-arctic regions,
|z| = 0.8), or where the SGE triggers bistability (tropical areas, = 0).

To support this interpretation, it is useful to introduce the local stability
indicator

V(@) = duR(z, uw (2)),

where R(z,u) = Ry(x,u) — Re(z,u; q). If the model were a simple Ordinary
Differential Equation (ODE) without the coupling diffusion term, y(z) would
be, up to a positive constant depending on Cr, the eigenvalue obtained by
linearizing the reaction term around the stable steady-state temperature
uw (x). Positive values of y(z) indicate local instability, while negative val-
ues indicate stability if the diffusion term is removed. Figure presents
the local stability indicator -y, with colours denoting different values of the
parameter q. Notably, there is a clear relationship between time-variance
and the local stability indicator: regions with high time-variance o coincide
with areas of positive 7. This explains the spatial profile of o7 for a fixed
value of q.

The reason for v(x) > 0 at some points is due to the presence of the
diffusion term. If x = 0, then up is not a minimiser of F,, but instead
solves the problem

uw (z) = argmin R(z, u), (2.20)

u>0

where 9,R = Re — R, Here, 0uR|(3 0y (2)) = 0, and since uw (z) is a
minimum point, it follows 85:R|(ac,uw(m)) = auR|(ac,uW(m)) < 0. But with
k(z) > 0, uw (x) no longer satisfies Eq. (2.20), but instead is a minimiser of
F,, where the diffusion term appears in the second term on the right-hand
side of Eq. . This term, which intuitively minimises the temperature
gradient, allows for some points to fluctuate around a mean value that would
be unstable if kK = 0.

To understand why, given x € [—1,1], the map q — oZ(z) = af’(Q)(m)
increases until around ¢ = 11.3069 and then decreases, we offer the following
explanation. As ¢ increases, the temperature up (x) of the warm climate
increases, as can be checked by numerical simulations and partially under-
standable from Proposition This leads the temperature, especially in
the tropical area, to approach the region where instability due to the SGE
arises. Once the tropical temperature surpasses this region, the instability,
and thus the variance, decreases. We support our statements as follows.

(i) Figure[2.2[shows how the steady-state solution u%,) approaches unsta-
ble areas, defined by points (z,u) where 9, R(x,u) > 0. For ¢ = 11.21,
g2 = 11.28, and ¢3 = 11.4, the map (z,u) — Oy R(z,uw (z)) is pre-
sented, with the curve x — (z, uw (), 0y R(z, uw (z)) depicted in red.
When the time variance peaks (i.e., ¢ = ¢2), the steady-state solution
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(i)

O, R(x,u)

values around the equator are close to the local maximum of 9, R, ap-
proximately close to (zas,upr) = (0,305). For ¢ = ¢1 and ¢ = g3, the
equatorial steady-state value is smaller and larger than wu,s, respec-
tively.

We consider the local mean stability indicator

Y(q) = /_11 y(x)de = /_11 3uR(x7u$f{,) (7))dz.

Its plot is shown in Figure Although providing only average
information, it exhibits behaviour qualitatively similar to that of o?
for each fixed value of z, peaking at ¢ = 11.3069.

— (@, uw (), 0uR)

— (@, uw(2), 0uR)

9y R(x,u)

— —\
_ <
A 320 330 A—— v v 10 820 330
T Ve 20 260 270 280 20 300 310 z T e Tm 20 270 280 200 00 310
u

u

(a) ¢ =11.21 (b) ¢ = 11.29

l_,(z’ u (), 31.3)1

BN

—~
oo w0 SR 320 330
T sto Tzso o0 280 200 300 310

u

(c)g=114

Figure 2.2: Plot of the map (z,u) — 0,R(z,u) and the curve =
(x,uw(z), 0y R(x, u%/?,) (x)) in red, for different values of q.

Finally, we show the distribution of the solution u(x,t) of the stochastic

1D-EBM ([2.4)) for the fixed space point 2 = 0.6 (similar results are observed
for different space points). Figure shows the distribution as a histogram,
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°
b

Relative Frequency
o
&

—3) = J', 0uR(z, uff) (x)de| | o1t
e e e e 0 Stoshastic EBM Temperature 'C] at x = 0.6
() (b)
Figure 2.3: (a) Average local stability indicator J(q) =

f_ll 3uR(x,u$f{,) (x))dx. It increases, peaks at ¢ = 11.3069, and then
decreases. (b) Histogram of the distribution of the solution of ¢ — u(z,t)
for the stochastic EBM ([2.19)) for ¢ = 11.19 (blue) and ¢ = 11.29 (red), at
z = 0.6.

comparing two distinct values of q. Blue depicts the results for ¢ = 11.2,
while red shows ¢ = 11.3. From the plot, we deduce that our model captures
the shift in the mean value and the increase in variance, correlating with
the IPCC schematic climate change reproduction in Figure [] and weather
observations in Modena in Figure [5al

2.3 Supplement information

2.3.1 Numerical methods

In this section, we describe the numerical method adopted to approxi-
mate the solutions of the stochastic PDE . We used an implicit Euler-
Maruyama method, which is a small modification of the semi-implicit Euler-
Maruyama method presented in [60, Section 10.5].

First, it is worth recalling that the numerical experiments presented in
Section are all performed for a fixed value of ¢, and using uy = u%,)
as initial condition of the parabolic stochastic problem . The constant
q value is chosen from a mesh of the form

~11.55 — 11.15

~121-1072, k=0,...29.
29 b b b

k
=11.15+—, A

The steady-state solution uypy solves the elliptic problem (2.12). To nu-
merically approximate it, we have applied the same finite difference scheme
described in [24, Appendix A].
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Second, we move to describe the numerical method for the parabolic
problem. We denote by R(z,u;q) = Rq(z,u) — Re(z,u;q) the non-linear
radiation budget, and the underline notation to denote a vector (e.g. y €
R*). We consider two uniform meshes for the spatial domain [—1,1] and the
time domain [0, 77, i.e.

2

z; =—1+iAz, i=0,..,n, Azr=—,

n

and . -
tj :]At, ] — 07 e, m, At - =

m m

The number of points in the space and time mesh, respectively n + 1 and
m+ 1, are chosen in a way that Ax = Az = 0.01. Then, the solution to the
problem can be approximated by considering the system

Ui j+1 — Uiyj
Crm A
Wi1,j+1R; 1 — uz’,j+1(’%_% + HH%) + Wit1,j+1k44 1
Ax?

At
+ R(z4, w4, j4+1) + N 0<i<n,0<j<m-1,
\ Az

0= Un+lj —Un-1;  Ulj —U-1; i1
= = j=1,..,m,
2Ax 2Ax

uw :’U,W(J}Z‘), z':(),...,n,

where u_1 j,up41,; are ghost points, (z”)” is a collection of independent
identically distributed (i.i.d.) normal random variables, and u; ; = u(x;,t;), K,

1 pr—
3
H(%ii%), Tip1 = x; £ Az /2. Since u1; = u_1; and Up41,j = Un—1,5, the pre-

vious system of equation can be rewritten as

) AT . At ;

(Ing1 —rA) W™ =T/ + C—Tﬁ(u”l) +1/ 3,02
where 1,41 denotes the (n+1)x (n+1) identity matrix , w/ = (ug j, - - ,unJ-)T
r = ﬁ, R(y) = (R(xo,y1),- - ,R(mn,yn+1))T, (Zj) denotes a set of

J
ii.d. N(0,,41) normal random vectors, and A € RHDX(+1) s the tridi-
agonal matrix with diagonal d € R"*!, superdiagonal d; € R", and subdi-

)
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agonal d_; € R™ given by

—(Ii_l/2+/€1/2), ’L:L
d(i) = —(Hi_g/g + Klz‘_l/g), 1=2,..,1n,
—(Fn—1/2 + Fpy1/2), i=n+1,
. K_1/2 + K12, 1=1,
dy (i) = { / / ,
Ki—1/2, 1=2,..,1n,
i— s | = 17 ceey Ty
d_,(i) = { N
_(’%n—l/Q + Kn+1/2)7 t=n.

Thus, given the numerical approximation u’ at time t;, to advance the
scheme at time ¢;,; it is needed to solve the previous non-linear system
of algebraic equations. To do this, we apply the Newton-Raphson Method
(NRM), which we recall in the following. We consider the map F7: R**! —
R+ defined as

To approximate the vector y € R"1 such that FV(y) = 0, the NRM consider
the following sequence

{

where Jp; € ROHD)x(n+1) g the Jacobian matrix of FY with respect to y.
Since the noise intensity o = 0.2 is small, we expect that the choice yo = u;
is a good initial guess of the solution. The iteration of the NRM are stopped

when HEJ(ng < 10719,

0 .

k+1 yk; o JFJ' (yk)—le(yk)7
u,

< I

2.3.2 Spectral properties of the operator A

To apply the invariant measure theory, the operator A = \Id— A defined
in Section should satisfy the following assumptions (see [21, Section
11]):

(i) A is self-adjoint and there exists w > 0 such that

(Az,z) < —w|z>, =€ D(A).

(ii) There exists 5 € (0,1) such that T'r {(—fl)ﬁ_l} < +o00.



CHAPTER 2. A STOCHASTIC 1D-EBM FOR CLIMATE CHANGE 92

We denote by (A,), the eigenvalues of —A, where

D(A) = {ue HA(-1,1) | w/(-1) = /(1) =0}

(2.21)
Au = (k(z)u')".

Since A is a Sturm-Liouville regular operator, classical results assure the
existence of the real eigenvalues ), and furthermore, it can be proved

M <Ag < ovvnen <Ay < -0 = H00.
First, to check hypothesis (i) it is thus sufficient to prove that

Indeed, by definition of eigenvalue, there exists an eigenfunction v,, € D(A)
such that
Av,, = =\ o,

Multiplying the previous identity by v, and integrating over the domain
[—1,1], we get

[ sty e = o [ va(@a

-1

Performing an integration by parts on the left-hand side, we deduce

[ st (@) = [ e

-1

In conclusion,

() (wh ()P do
" I vn()2de
and our claim follows from the fact that x(x) > 0 on [—1,1].
Second, the hypothesis (ii) is a consequence of the following asymptotic
estimate for regular Sturm-Liouville problems ([37, Section 4]): there exist
B > 0 and ng > 0 such that

(v 1)

B

2 2

(n+3)m

<y < 5

. Vn > nyg.




Chapter 3

Energy balance models from
Hasselmann’s perspective

The following chapter, which is based on an ongoing research, contains
the proofs of the results presented in Section[0.4] whose main aim is to derive
using a Wong-Zakai approach a closed equation for the fast-slow system .
The resulting closed equation for macroweather is what we call Hasselmann’s
equation, since correspond to the equation, in our EBM setting, claimed by
Hasselmann in [44].

The first result, that we restate, we need to prove is the one that give
use the possibility to obtain a closed equation for Y; from . Indeed, it
state a limiting result for the fast process (Xy)¢, solution of (19)), when the
scaling parameter 7 goes to 0.

Lemma 5. For each t > 0, it holds
2

lim E|— =0.

T—0

/de ——Wt

Proof. For the ease of notation, we will denote the fast process as (X;)¢,
dropping its dependence on 7. It can be written explicitly as

t t
Xy =ze V4 1 / Qe =9/ ds 4 i/ e~ =/ qw,
7 Jo VT Jo

_ 1 t
— e t/T 1 et/ 4 / ~(t-s)/7
ze + Q( e ) + 77 o e AW,

- _ 1 t
= (e-Q)e " +Q+ 7 /O e~ =)/ g,

Thus, integrating in time, we get

/Ot Xds = /Ot [(az —@) e T+ Q + \}/s 6_(S_T)/TdWr} ds
(1) (2-Q) + 0+ = // ~6=D/T W, ds.

93
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The last term on the RHS can be computed applying Fubini-Tonelli for
stochastic integrals

1 t rs 1 t rt
L —(S—T)/TdW ds = 7/ / —(S—T)/Td dW.
(& S € S
\ﬁA /0 " \/’7_ 0 Jr "
t
— T / (1) aw,
0

t
=T (Wt —~ / e(tT)/TdWT> :
0

From the previous computations, we deduce

1t Qt
E—/Xsds——
VT Jo VT We

_E’f (1=c7) (=

J(r-Q)- /
<or(1-e) (2-0Q) + (t’“/TdW‘
(o-2)

— 9 ( —t/T) T — +2// =2(t=1)/7 -
:2T<1—€7t/7—) (x—@) +27‘(1—€72t/7—).

where the first inequality follows from the Jensen’s inequality, and the fol-
lowing inequality by Ito-isometry. Taking the limits in 7, we conclude the
proof.

O

Theorem 10 (Averaging Principle). Let T > 0 and denote by p(dz) the

invariant measure for the fast equation in (19). Let (Y (t)); be the solution
of the ODE

Y(t) =g(Y), (30)
where

g(y) = /g(fﬂ,y)u(dw)-

Consider (Y;"); solution of the fast-slow system . Then, for any § > 0,
it holds

P ( sup ’Yf —Y(t)‘ > 5) =% 0.
0<t<T

Similarly, if (f/t)t is the solution of Hasselmann’s equation , for any

6 > 0 it holds

IP’< sup ‘ﬁ—?(t)‘ >5> 9% 0.
0<t<T

Proof. We only prove that the averaged drift g takes the form

9(y) = QB(y) + q — eoo0y™.
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In other words, we prove that the averaged equation for the fast-slow system
(19) and the Hasselmann’s equation are the same. Then, the uniform
convergence in probability by the thesis is a consequence of the classical
averaging principle (see [36, Chapter 7] ).

To find the invariant measure p(dz) for the fast component in , we
consider the solution X of the fast equation starting at time ¢y with initial
condition Xy, i.e., the solution of

1 _ 1
to _ _ to o t _
dx’ = —— (x%—Q)dt+ Wi X O(t) = Xy,

For tg = 0, the solution of this SDE takes the form

_ _ 1 t
X'(t) = (Xgp = Q) e 7/ 1 Q4 7 / e~ =)/,

to

Taking t9) — —oo, we obtain the stationary solution of the fast equation:
X t)=Q + / ST AW .
) =Q N e W

The distribution of X ~°°(¢) represents the invariant measure p, which is
Gaussian with mean ) and variance

Var(X ~>°( ‘\f/

. / e~ 26=5)/7

700 (3.1)
_ ! [T . e2<ts)/r]t

T12 o

1
=>.

Thus, we obtain
9(y) = / (2B(y) + g — =000y ) p(dz)
= B(y) /xu(dw) + (q — anoy4) /1,u(d:1;)

= BY)Q +q — oo0y™.

In conclusion, applying the averaging principle to our model yields the
deterministic 0D-EBM )
Y =gV (1)). (3.2)

O

Then, we move to provide the ideas of the proofs for the results regarding
the fluctuations of Y; and Y.
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Proposition 11. Consider the Gaussian fluctuations for the stochastic Has-
selmann’s EBM

AR R e 40)
NG NG

Then, denoting by 9 the convergence in distribution, it holds

Z =

T d
(Z] )eelo,m) P (Zt)eepo,)
where (Zt)iepo,1) solves the SDE

dZ, = § (V) Zedt + B(Y,L)dW,

V() Zudt + BT ()W), (31

Proof. The equation satisfied by }7[, for 7 > 0, is
~ ~ ~ T ~ ~ ~
A7 = g3 )t TBT )odWi = (9(77) + SV (V) ) +/m8(T) YW
Performing a Taylor expansion of the terms g, 3, we have
g(v7) =g(Y) + V79 (V) Z{ + O(),
BOYT) = (YY) + VT8 (V) Z] + O(r).

We compute now the differential of the Gaussian fluctuations

dz7 = \% (av; - avy)
= (#)27 + Y 80857 + 007 )

+ (B0 + VB (Y027 + O() ) dW,

Performing the limit 7 — 0 in the previous equation and ignoring the higher
order terms in 7, we get the SDE (11)). O

Proposition 12. Let (X],Y] );co,) be the solution of the fast-slow system
. Consider the fluctuations processes

WV X0
)

Then, as 7 — 0, we have
s P
Ct T—j()—) Ctv vt € [O’T]v
where ()¢ is the solution of
d¢ =g (T(t))Gedt + B(T(t))dWry,

and B denotes convergence in probability.
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Proof. The fast fluctuations process (1] ); satisfies
- 1 . 1
T T
Applying the Wong-Zakai principle from Theorem [8] we get that
77;- L Wt, Vi > 0,
7—0

where (W}); is a Brownian motion, for which from now on we will denote
again (W;);. We introduce the notation g(z,y) = z6(y) — a(y), where g is
the drift of the slow equation in . Then, the fluctuations of the slow

process satisfy
1

G == (av7 = V(1))

1 T aal 1 T ral T 1 = N
=~ = (a7 = a@®) + o= (X7 - Q) BT + =@ (50) - BV (1))
= —a/(Y(1))¢{ + B )n + QB (Y (1)) +O(WT).
Thus, using the convergences Y;” — Y () and n] — Wy, we get the limiting
stochastic equation for 7 — 0 given by

A6 = (~o/ (V1) + QBOV(1)) G + BV (1)dW
= 7 (V(1))Cdt + B(Y (£))dW.
In principle, in the previous equation we should have a Stratonovich integral,
ie.
dG =7 (Y (t))¢edt + B(Y (t)) o dWy.
But in the case in which the integrand is deterministic, the Ito integral
coincides with the Stratonovich integral. This is the thesis. O

Lastly, we give the details on how to derive the rate function I(y(-)) for
the LDP for Hasselmann’s equation and our fast-slow model.

Proposition 13. The solution (Y;); of the Hasselman stochastic EBM
dY, = g(Yy)dt + /TB(Y2) o dW,

satisfies a large deviation principle with rate function

=3 [

Proof. The proof follows by considering the SDE in Ito form

2
dt. (32)

1 . _
3) [9(t) —g(y(?))]

a¥i = (9(%) + ZB00 (¥0) ) de + V78TV,

and neglecting the term higher order term 73(Y;)3(Y;). Then, it is a
straightforward application of known results, see [26, Theorem 5.6.7]. O
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We know move to derive a large deviation principle for our fast-slow
system. Let X be a metric space, and define

Co(X)={f: X - R : fis continuous and bounded} .

Let {Z.}c be a family of X-valued random variables with corresponding
laws {pic}e. In what follows, we recall a generalization of the Gértner-Ellis
Theorem for exponentially tight measuresl] (for a detailed discussion, see
[26, Theorem 4.4.2]).

Theorem 44. Suppose the family {ue}e is exponentially tight, and that for
every f € Cy(X), the following limit defining Ay exists:

— i f(z)/e — 1 f(Ze)/e
Aj = lg%elog/ e Me(dx)—lg%elogE{e } .

X

Then, the family {ue}e satisfies the LDP with a good rate function given by

I(x) = sup (f(x)—Ay).
feCy(X)

Keep in mind that we are not using the exact version of this result or
focusing on the specific hypothesis, but we will apply its main idea to get
the LDP for our fast-slow model, whose proof is adapted from [10].

Proposition 14. The slow component Y; in the fast-slow system sat-
isfies a large deviation principle with the same rate function defined in (32)).

Proof. In this proof, we will focus only on the key steps and main arguments.
The detailed computations that link these stages are provided in auxiliary
lemmas.

Given two initial conditions x, y, our fast-slow system has the form

1
7th, X(C)E =,

1
dX} = —f(X]dt
t Tf( t) +\E

dY}Z’y — g(Xf,th’y)dt, YO Y _ Y,
with f(z) = —(z — Q), g(x,y) = 2B(y) + q — eoooy*. Further, we denote by
p(dz) ~ N(Q, 1) the invariant measure for the fast process. Setting

u(t, z,y) =B [p(XF, YV™)],

LA family of probability measures {ji }e is exponentially tight if, for every o < oo, there
exists a compact set K, C X such that

lim sup elog pe(Kg) < —a.

e—0
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we have that u satisfies the forward Kolmogorov equation

1 1
{ Oru = g(x,y)dyu + —f(@)dpu + 3= A, (33
u

0,2,y) = é(z,y),
In particular, we choose the test function ¢ as ¢(z,y) = exp (%1#(3;)), for

1 test function. Indeed, our aim it to detect the large deviation of Y; away
from Y, which we expect being exponentially small in 7—'. In other words,

1
u(t,.y) = E |exp (o). (3.4)
We look for a solution of the Kolmogorov equation of the form
1
ult.,y) = ity exp (TA(t2p)). (3.5)

Note that, at least heuristically, we have
1
— |1 _ z,Y
Alt,z,y) = }111%7'10gE {exp <T¢(Yt )> ]

Thus, A plays the role of the scaled cumulant generating function of the
Gartner-Ellis Theorem, and for this reason we have used the same notation
in Theorem [441

Plugging the previous ansatz inside the Kolmogorov equation , we
start by equalling the terms with the same order in 7, in order to get more
information on A. In particular, the terms of order 773 lead to deduce that
A is independent on z, hence A = A(t,z), see Lemma . In addition to
this, observing the terms of order 7~! we deduce two facts. First, A satisfies
the following Hamilton-Jacobi equation (see Lemma [A5p)

{@A(t, y) = H(y,04A), t>0,
A(07 y) = w(y),
where H is the Hamiltonian defined by

H(y,0) = ;A(aylog(w))Qu(dx)+g(y)9, a(y) :/g(w,y)u(drv)- (3.7)

Second, w satisfies the identity (see Lemma [45)

(3.6)

1 1
Wyl )0, A+ [ ()00 + 5020 =[5 [ (8, los(w))? w(de) + 50, .
(3.8)
By the structure of our fast-slow system, it is possible to explicitly com-
pute the Hamiltonian H. Indeed, the key is to assume that w has the
following form:

w(t, z,y) = exp (mm(y, 0) 4+ 2*N (y, 9)) , (3.9)



CHAPTER 3. EBMS FROM HASSELMANN'’S PERSPECTIVE 100

with m(y, ) and N(y,0) to be determined later. Plugging the ansatz ({3.9))
inside Eq. (3.8), we deduce that (see Lemma [16h)

m(y,0) = B()0,  N(z,0)=0.
In conclusion, the Hamiltonian H has the form (see Lemma [46b)
1
H{(y,0) = g(y)0 + 55 (y)0".

At this point, applying the Géartner-Ellis Theorem (in the spirit of The-
orem , we deduce that setting

L(z,y) = Sup (z6 — H(y,0)),
we can express the rate function of the LDP as

T
I(y(")) :/0 L(y(t), y(t))dt.

Since

0 20— H(y,0) = —%5292 + 0 —g)

is a concave parabola, its maximum is attained in its vertex 0, = %é%).

Thus,

L(z,y) = 20, — H(y,0.) = 0 (x——1ﬁ29>0*(x—) L (o))
yY) = L0 Y, Ux) = Ux g 9 ] =5 9_252(3/) g\y)) >

and this leads to the thesis. O

We complete the proof of the large deviations for the fast-slow system
by proving the auxiliary results. The first one deals with some properties of
the scaled moment generating function A and the function w appearing in
the ansatz for the solution u of the Kolmogorov equation.

Lemma 45. Consider u of the form

1
u(t,.y) = wit.zy)exp (A7) )
T
If u is a solution of the Kolmogorov equation (3.3)), then:
(a) A is independent of x.

(b) A satisfies the Hamilton-Jacobi equation (3.6)).
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(c) w=w(t,x,y) satisfies the equation

wg(x,y)f)y/\—l—f(x)axw—k%@gw = [1/ (9, log(w))? u(de) +g(y)8yA} w,
R

2
(3.10)
where

?@%:/ﬂ%ymwﬂ-

Proof. (a) Calculating the partial derivative of u, the Kolmogorov equation
takes the form

eTﬁlA&gw + TﬁleTilAwBtA =g (eTﬁlAayw + TﬁlweTilA(‘)yA)
+ 771 (eT_lA(")xw + T_lweT_lABIA)
+2r71 (eTﬁlAagw + T_leTilAﬁmA&Bw
+r 7 0we™ Aa,A + T_Q’LveTilA(amA)2
—i—T*lweT_lA(‘)iA) .

3

Equalising the terms of order 772, we deduce

0=we™ A (8:M)* .
Since w > 0, which follows from (3.4])-(3.5)), we conclude
0:A =0,

and thus A = A(¢,y) is independent of z.

(b) Grouping the terms of order 71, we get

_ _ _ 1 -
e’ lAwatA = gwe’ lAﬁyA + fe’ lAaxw + 567 lAagw.

We can divide the identity by eTﬁlA, and we obtain
1
wo A = gwoy A + fO,w + §3§w. (3.11)
Dividing both sides by w > 0, we get
1
@A:g%A+fw*@w+§w4%w. (3.12)
We denote by Lo, L1 respectively the operators

1
LO = g(x,y)ay, Ly = f(x)ax + 505,
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and by P the integral with respect to the invariant measure p, i.e.

(Po)(w) = [ o(a,y)u(da).
We substitute the identity
1 1
fwtow + §w_18§w = Ly log(w) + 5(31/ log(w))?
into (3.12)), and we get
1
O = Lylog(w) + 5(9, log(w))? 4 LoA. (3.13)
Now, we exploit the facts that
PL; =0
(it can be checked that PL1¢ = 4E [¢(X;)] = 0, where X, is the stationary
solution of the fast equation) and that

PA = A,
since A does not depend on x. Hence, applying P to both the sides of (3.13)),

we have

0 = L PO, log(w) + PLoA
2

1 2 (3.14)

=5 /]R (Oy log(w))” p(dz) + g(y)OyA == H(x, dyA),

where we have denoted

g(y) = /g(w,y)u(dm)-

(c) By comparing the RHS of (3.11) and the RHS of (3.14]) multiplied
by w, we get

wLoA + Lyw = H(y, 0yA)w.
Writing explicitly the previous equation, we get (3.10]). O

Lastly, we show how it is possible to explicitly compute w and the Hamil-
tonian H.

Lemma 46. (a) Consider w of the form
w(t,z,y) = exp (wm(y, 0) + >N (y, 9)) :

Then, w is a solution of Eq. such that H(y,0) = qﬂ if and only
if
m(y,0) = B(y)d, N =0.
2This represents an admissibility condition. Indeed the rate function I = I(y(-)) de-
scribes the cost of deviating from the deterministic trajectory (which in our case satisfies

Y (t) = (Y (t))). The condition H(y,0) = 0 ensures that Y (-) has cost zero, or, in other
words, that the deterministic trajectory does not contribute to the large deviation cost.
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(b) The Hamiltonian H defined in (3.7)) can be explicitly written as

1
H{(y,0) = g(y)0 + 56(4)0",
with
9(w) = [ 9@ )n(do).
Proof. (a) We start by reporting the calculations of some terms appearing
in Eq. (3.10):
Oyw = w(m+2zN),
O*w =w <4N2x2 + 4Nma + m? + QN) )
Oy log(w) = m + 2xN,
/ (8, log(w))? p(de) = m? + 4mNQ + 4]\72@2 +2N?,
R
Setting 6 = 0yA, Eq. (3.10]) takes the form
_ 1
{(wﬁ(y) —a(y)d — (x — Q)(m + 2zN) + 2N?z* + 2Nmz + §m2 +N|w=
1 — _
[QmQ £ 2mNQ + 2N2Q% + N2 +g6| w,

where we have denoted g(z,y) = z5(y) — a(y). The previous one is an
identity involving a polynomial of degree 2 in the variable x. Thus, its
coefficients should be equal to zero, leading to the system

—N + N? =0

B0 —m+2Nm =

Om+ N —2mNQ — 2N2Q° — N2 - QB =0.
It can be checked that it admits two solutions

m(yv 9) = /B(y)ev N =0,

and
m(y,0) = -2Q — B(y)d, N =1
But the second one is not admissible, since it can be verified that H(x,0) = 0
only if Njg_g = 0.
(b) By substituting the calculations done in the first part of the proof,
we conclude that the Hamiltonian is given by

H(y.0) = 5 [ (0yog(w))* uld) +0 = Jm +30 = 3 52)6° + (10,

O]



Conclusions

In the first chapter of this thesis, we have considered a one-dimensional
energy balance model depending on a bifurcation parameter ¢, describing
the effect of COg concentration in the atmosphere and affecting the energy
absorbed by the planet. Numerical simulations show that this model can ex-
hibit either one or three asymptotic solutions, depending on the values of q.
We began our analysis by introducing the potential functional F, associated
with the steady-state solutions. The functional Fj has significant implica-
tions, as it is closely linked to both the stability of steady-state solutions
of the EBM and the invariant measure for the stochastic EBM obtained by
perturbing the model with an additive Gaussian white noise. In particular,
the invariant measure of the system concentrates on global minimisers of F,
giving them exponentially larger weight than local minimisers. By analysing
the first variation of Fj, and applying standard arguments from the direct
method of calculus of variations, we established that Fj, possesses a global
regular minimiser for all values of the parameter ¢. Furthermore, we pro-
vide sufficient conditions to prove the existence of at least three steady-state
solutions for the 1D-EBM.

We then introduced the value function V'(q), which represents the min-
imum value attained by the potential functional among all possible tem-
perature profiles. By evaluating V' (¢q) numerically using the steady-state
solutions ug, ups, Uy, we observed that the function exhibits Lipschitz con-
tinuity and concavity. Furthermore, non-differentiability points of V (q) co-
incide with points where multiple global minimisers exist for F,. Lastly,
when V is differentiable, its derivative is non-increasing and equal to the
negative global mean temperature, ie. V'(q) = — [, a(z) dx, where @ is
the minimiser for Fy,. Moreover, as a consequence of the explicit expression
for V', the global mean temperature is non-decreasing with respect to ¢ and
it is continuous, except for a Lebesgue zero-measure set of upwards jumps.
These are the non-differentiability points of V', corresponding to the case
where two or more global minimisers, hence multiple climate equally proba-
ble, exist for the stochastic EBM. These findings, which we are able to prove
rigorously, allow us to establish a correspondence between the bifurcation
diagram and the graph of the value function. Additionally, we applied our
results to a spatially inhomogeneous Allen-Cahn equation, to show how our

104
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results still hold for more general space-inhomogeneous reaction-diffusion
equations.

The diffusion function k = x(x) that we have examined is non-degenerate
at the boundary of the spatial domain. This is an assumption to simplify
the study of the variation problem. At present, there remains a problem
with how to extend our results to the case where x is degenerate at the
boundary.

Further, we have characterised climate as an invariant measure within
a stochastic equation that describes temperature. The emission of CO»
is considered a parameter influencing the shape of this invariant measure,
particularly in relation to the points around which the measure is concen-
trated. From our perspective, the climate we are currently witnessing reflects
changes in the invariant measure, representing a realization of a random
variable with that invariant measure as its distribution. Moreover, we have
demonstrated the monotonic relationship between global mean temperature
and CO,. Finally, we have outlined simple conditions, adaptable to other
multi-stable reaction-diffusion models, to establish the existence of three
asymptotic climate states.

In the second chapter of the thesis, we have presented a non-autonomous
framework to describe the scale separation between weather, macroweather,
and climate. According to Hasselmann’s proposal, weather is conceptu-
alised as arising from a set of deterministic equations, describing variables
such as temperature on a fast timescale, typically from an hour to one day.
Macroweather, on the other hand, encompasses variations that are neither as
short-term as weather nor as long-term as climate. We assume that temper-
ature on a macroweather timescale satisfies a stochastic equation, reflecting
the most original aspect of Hasselmann’s work. Additionally, at the macro
weather timescale, we include a non-autonomous term to model the atmo-
spheric COy concentration, which evolves on a timescale of years. Finally,
we identify climate with the invariant measure arising from the stochastic
equation at the macro weather level.

In addition to this, we have introduced a new 1D-EBM on a macroweather
timescale, which can predict the increase in the number of extreme weather
events associated with climate change. The novelty of our model relies on
the parametrisation of the non-linear space-dependent radiation budget. In-
deed, we have inserted the presence of the SGE, a phenomenon typical of
tropical areas that may lead to an instability in the OLR. Our model in-
cludes a non-autonomous term ¢ = ¢(t), that in light of the first part, we
have considered constant, that is the effect of the CO45 concentration on the
radiation balance. We have recalled the basic mathematical properties of
our model, such as the existence of steady-state solutions, using also nu-
merical simulations. Also, we have shown how the GMT of the steady state
solution increases with increasing COs2 concentration.

The most important results of our work are presented in Section [2.2.5] in
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which we focus on the stochastic version of the 1D-EBM. In particular, we
have exploited numerical simulations to study the changes in the invariant
measure as the COs concentration increases. To obtain this, we have per-
formed numerical integration of the stochastic 1D-EBM on a time interval
of 500 years and with the initial condition the warm steady-state solution
uw of the deterministic 1D-EBM, changing only ¢ in different runs of the
simulation. Given ¢, for each space point x € [—1,1] we associate the ex-
treme weather event frequency with the time variance oZ(x) of a trajectory
of the stochastic 1D-EBM at point . We explain the spatial behaviour of
o2(x), which presents two local maximum points for x ~ +0.8 and one for
x = 0, combining heuristic reasoning with empirical indicators. The infor-
mal explanation is that the presence of the diffusion term forces the stable
warm stationary solution, and the oscillations around it due to noise, to
take on values that are not stable if we were to consider the ODE obtained
by removing the diffusion term. These regions of temperature, which are
locally unstable, correspond to the areas where the variance o? is highest.
We also motivated the behaviour of o2(z) = 0Z(q)(z) with respect to g, at
fixed . The variance observed in this way increases to a maximum value
and then decreases. This is explained by the increase in GMT due to ¢
and the presence of the diffusion term, leading the solution of the stochastic
EBM to be increasingly in, and then out of, the region of instability due to
the SGE.

Then, Chapter [3] provides valuable insights into the role of noise in
stochastic EBMs by investigating the interplay between fast and slow pro-
cesses in climate dynamics. The chapter’s main conclusion is that, starting
from a fast-slow model for weather-macroweather, the closed equation re-
sulting for the macroweather has a diffusion term which is increasing with
temperature. In other words, this is another explanation, different from
the one presented in Chapter [2| of the increase of extreme weather events
frequency associated to climate change.

Lastly, we are aware that our model, although based on physical laws,
is largely phenomenological. In some parts of our model, we have included
simplifications of convenience, such as in the perturbation of the diffusion
function, which makes the problem non-singular and thus easier to deal
with mathematically; in other parts, such as in the parametrisation of the
space-dependent and tropic-restored OLR, we have followed the principle
of simplicity. Other choices would certainly have been possible, but the el-
ementary nature of the model leads us to avoid choices that are too fine
or complex. Concerning open questions, understanding how the properties
of the model change if more physical processes are considered, such as ad-
vection, is a problem we would like to address in the future, as well as the
extension of our work to a two-dimensional setting.



Code and data availability

This work does not include any externally supplied code. All material
in the text and figures was produced by the authors using standard mathe-
matical and numerical analysis tools.

The code for the numerical simulations of Chapter|[I]is availabe at Zenodo
https://zenodo.org/doi/10.5281/zenodo.10469450, and the code for Chapter
is available at (https://zenodo.org/doi/10.5281/zenodo.11609952). The
Modena temperature data, used in Chapter [2| were provided by the Geo-
physical Observatory of Modena, University of Modena and Reggio Emilia,
Italy (www.ossgeo.unimore.it, [59]) and are available upon request.
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