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Abstract

A generic approach to stochastic climate modelling is developed for
the example of an idealised Atmosphere-Ocean model that rests upon
Hasselmann’s paradigm for stochastic climate models. Namely, stochasticity
is incorporated into the fast moving atmospheric component of an idealised
coupled model by means of stochastic Lie transport, while the slow moving
ocean model remains deterministic. More specifically the stochastic model
stochastic advection by Lie transport (SALT) is constructed by introducing
stochastic transport into the material loop in Kelvin’s circulation theorem.
The resulting stochastic model preserves circulation, as does the underlying
deterministic climate model. A variant of SALT called Lagrangian-averaged
(LA)-SALT is introduced in this paper. In LA-SALT, we replace the drift
velocity of the stochastic vector field by its expected value. The remarkable
property of LA-SALT is that the evolution of its higher moments are gov-
erned by deterministic equations. Our modelling approach is substantiated by
establishing local existence results, first, for the deterministic climate model

* Dedicated to the memory of Charlie Doering.
" Author to whom any correspondence should be addressed.

Original Content from this work may be used under the terms of the Creative Commons Attribution
BY 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the

title of the work, journal citation and DOI.

1361-6544/23/+42$33.00 © 2023 IOP Publishing Ltd & London Mathematical Society Printed in the UK

4862


https://doi.org/10.1088/1361-6544/ace1ce
mailto:peter.korn@mpimet.mpg.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6544/ace1ce&domain=pdf&date_stamp=2023-8-3
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/

Nonlinearity 36 (2023) 4862 D Crisan et al

that couples compressible atmospheric equations to incompressible ocean
equation, and second, for the two stochastic SALT and LA-SALT models.
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1. Introduction

Prediction of climate dynamics is one of the great societal and intellectual challenges of our
time. The complexity of this task has prompted the formulation of idealised climate models
that target the representation of selected spatio-temporal characteristics, instead of represent-
ing the full bandwidth of physical processes ranging from seconds to millennia and from cen-
timetres to thousands of kilometres. A climate model of full complexity would couple, for
example, an atmospheric model, described by the compressible three-dimensional Navier—
Stokes equations and a set of advection-diffusion equations for temperature and humidity, to
an oceanic model, given by the three-dimensional incompressible Navier—Stokes equations
and advection-diffusion equations for temperature and salinity. Each model would completed
by thermodynamic relationships and physical parametrisations to account for non-resolved
processes, and the boundary conditions would represent the physics of the air-sea interface
and the ocean’s mixed layer. In contrast, idealised models tend to simplify these equations
by reducing the number of state variables, terms in the equations, or spatial dimensions. The
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simplification is not the result of a systematic model reduction but only rationalised by heur-
istic scaling considerations. The amount of simplification needed in each climate model is
dictated by the climate processes under investigation.

In this paper we formulate a framework for deriving stochastic idealised climate models.
The deterministic climate model for which we derive here two stochastic versions belongs to
a family of idealised climate models of intermediate complexity that were developed to study
specific phenomena, with El-Nino-Southern Oscillation (ENSO) as a prominent example that
has played an important role in the evolution of climate science. ENSO is an instability of
the coupled atmosphere-ocean system that occurs with quasi-periodic frequency of 5-7 years.
This instability is absent in (uncoupled) atmosphere and ocean models and lives from the feed-
back and exchange between atmosphere and ocean. The attempt to model this phenomenon
has culminated in the famous Cane—Zebiak model [S] that was able to predict successfully an
ENSO event. Although this paper is not about ENSO we review in later section of this paper
(see section 1.1) some of these models and we do this for three reasons: first, to emphasize
a certain degree of formal similarity between these models and our deterministic model that,
according to our experience, supports the conjecture that the similarity between these mod-
els is sufficient to create similarities between their solutions. Second, we emphasize a fun-
damental difference, namely that our deterministic idealised coupled model is of variational
nature and this is of decisive importance in our approach to incorporate stochasticity in the
coupled atmosphere-ocean system. Third, ENSO provides an important example of a climate
phenomenon that is subject to Hasselmann’s paradigm.

A conceptual picture of the integration of stochasticity into a climate model was formu-
lated by Hasselmann [20]. In Hasselmann’s paradigm, the atmosphere acts with high frequency
on short time scales, represented as a stochastic white-noise forcing of the ocean. The integ-
ration of the atmosphere’s stochastic white-noise forcing over long time scales produces a
low-frequency response in the ocean. As a result of the back-reaction, a red spectrum of the
atmosphere’s climate fluctuation is produced which complies with a variety of observations
of the internal variability of the climate system [20]. For a description of Hasselmanns pro-
gram in probabilistic terms we refer to [2]. It is common practice in climates modelling to
incorporate Hasselmann’s paradigm as a stochastic perturbation of the initial conditions, or
as a stochastic forcing to the right-hand side of the dynamical equations of a deterministic
climate model, then model the range of stochastic effects by creating an ensemble of simula-
tions (see e.g. [36]). The particular choice of the stochastic perturbation must be based on the
modelling objectives in the case at hand. A concise mathematical framework for stochastic
climate modelling was developed in [32]. This approach relies also on scale separation in fast
and slow dynamics following Hasselmann’s paradigm but it differs methodically from ours in
modelling the nonlinear self-interaction of the fast variables by means of a linear stochastic
model such as an Ornstein—Uhlenbeck process and incorporates multiplicative noise while at
the same maintaining energy conservation.

While following Hasselmann’s view in a general sense, in this paper we incorporate the
stochasticity in a novel way, applied in two stages which both deviate from the established
practice. First, the path of a fluid element in the Lagrangian sense is assumed to be stochastic.
This assumption injects stochasticity directly into the transport velocity of the atmospheric
fluid dynamics, thereby transforming the governing equations into stochastic PDEs. Second,
although our stochasticity is introduced ab initio and not a posteriori via external forcing,
both stages of our stochastic models are transparently related to the deterministic model
by the Kelvin Circulation Theorem. This fundamental connection facilitates the physical
interpretation of the two stages of the stochastic models. Our modelling approach could be
seen as an implementation of Hasselmann’s program, since we couple the fast and stochastic
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atmosphere model to the slow and deterministic ocean model and we implement this through
a new coupling mechanism that passes the expectation of the atmospheric wind forcing to
the ocean. However, Hasselmann’s paradigm discussed in [17, 20] now has more than three
thousand citations, so the present paper could equally well be considered as a footnote to
Hasselmann’s program.

The two stages of our stochastic approach are called stochastic advection by Lie transport
(SALT) and Lagrangian averaged SALT (LA-SALT). The two stages of our approach represent
two different viewpoints or modelling philosophies depending on the time scales of the inten-
ded application. For SALT, atmospheric ‘weather’ produces uncertainty in advection arising
from motion on unresolved time scales. In LA-SALT, atmospheric ‘climate’ is taken as the
baseline, and the atmospheric ‘weather’ is treated as a field of fluctuations around the climate
baseline, as discussed in Ed Lorenz’s famous lecture [30]. The LA-SALT approach brings us
back to Hasselmann’s paradigm, which decomposes a general climate model into determin-
istic and stochastic parts. In LA-SALT, in addition, the ideas of McKean, Vlasov and Kac [23,
34, 4173 are applied to the deterministic climate description. Namely, the LA-SALT approach
results in deterministic linear fluctuation equations that govern the dynamics of the climate
statistics themselves, including variance, covariance and higher statistical moments. Within
our framework these higher order statistical moments are governed by linear equations. This
result offers potential computational advantages and opens new perspectives for the theoretical
analysis of these moments.

In summary, this paper formulates two complementary stochastic idealised climate models
called SALT and LA-SALT. The SALT climate model couples a stochastic PDE for the atmo-
spheric circulation to a deterministic PDE for the circulation of the ocean. The stochasticity is
incorporated by assuming that Lagrangian particles in the atmosphere follow a stochastic path
given by a Stratonovich process which appears in the motion of the material loop in Kelvin’s
circulation theorem. The stochastic Lagrangian path of the material loop is a semimartingale
stochastic process in the SALT approach and is a McKean-Vlasov process in the LA SALT
approach. Both the SALT and LA-SALT approaches are related to an underlying deterministic
model via Kelvin’s circulation theorem. We substantiate our modelling choices by anchoring
them within an established class of idealised climate models, as well as providing a mathem-
atical analysis that demonstrates by proving a local well-posedness theorem that the proposed
stochastic climate models rest on a firm mathematical basis.

The numerical simulations that would demonstrate the capabilities of the SALT and LA-
SALT stochastic models, however, are beyond the scope of the present paper. The key element
of such a numerical experiment is the sensible specification of the stochastic process. For the
purpose of mathematical analysis carried out here, though, it is sufficient to assume that the
stochastic process is of Stratonovich type. In contrast, a numerical experiment would require
one to choose a specific Stratonovich process by incorporating externally obtained information
either from observations or from high-resolution simulations. For an example of the latter
procedure in the context of the Euler fluid equations in two dimensions, we refer to [7].

In the remainder of the introduction we detail our modelling approach for the deterministic
model in section 1.1 and for the stochastic model in section 1.2.

1. Main content of the paper
(a) Adaptation of the deterministic Gill-Matsuno [18, 31] class of ocean-atmosphere cli-
mate model (OACM) to the geometric variational framework. This adaptation produces
a Kelvin circulation theorem which retains the transformation properties which are

3 See also the seminal discussion in Sznitman [40] of the ‘propagation of chaos’ introduced in [23].
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the basis for the remainder of the paper. These transformation properties are inherited
from the variational framework. They enable the formulation of the deterministic and
stochastic models in terms of the same type of Kelvin circulation theorem.

(b) Derivations of the SALT and LA-SALT stochastic versions of the OACM, whose flows
all possess the same geometric transformation properties. This shared geometric struc-
ture enables the analysis to develop sequentially from deterministic to stochastic mod-
els.

(c) Mathematical analysis for the deterministic, SALT and LA-SALT versions of the
OACM. Specifically we prove existence and uniqueness of local solutions for the
deterministic OACM, the existence of a martingale solution for the SALT version of
the OACM and existence and uniqueness of local solution for the LA-SALT version.

(d) Outlook—open problems, including further pusuit of the predictive equations derived
here for the dynamics of OACM statistics.

(e) Two appendices provide details of the derivations of the deterministic and stochastic
models using Hamilton’s variational principle.

2. Plan of the paper

(1) The introduction in section 1 explains that the present work is based on Hasselmann’s
program of fast-slow decomposition of the climate into deterministic and stochastic
components. It also introduces the deterministic climate model upon which we imple-
ment Hasselmann’s program and it compares the deterministic and stochastic models
we treat in terms of their individual Kelvin circulation theorems.

(2) Section 2 proves the local existence and uniqueness properties of our variational geo-
metric adaptation of the deterministic Gill-Matsuno climate model.

(3) Section 3 also discusses the analytical properties of the SALT in section 3.1 and LA-
SALT in section 3.2 stochastic models.

(4) Section 4 provides a summary conclusion and specification of open problems for the
SALT and LA-SALT OACM.

1.1. The deterministic climate model

The model of the atmospheric component of our idealised climate model consists of the com-
pressible 2D Navier—Stokes equation coupled to an advection-diffusion equation for temperat-
ure 6“. This model is a modification of the model suggested in [26]. The atmospheric velocity
field u® transports the temperature that provides the gradient term of the velocity equation.
The ocean component of the coupled system consists of a 2D incompressible Navier—Stokes
equations and an equation for the oceanic temperature variable #° that is passively advected
by the ocean velocity field u’. Here the pressure acts here as a Lagrange multiplier to impose
incompressibility. More specifically, the deterministic coupled PDE’s for the ocean and the
atmosphere are given by

o’ 1, 1 1

: a a a — a 1
Atmosphere o + (- V)u' + ot " + Ro? Ve Rod Au?, (1)
00° 1

a . a — a _ o A a. 2
BT + (- V)0 =~(0"-0 )+Pe“ o (2)

o’ 4 0 1 ol 1 0 a

Ocean: 5 + (u’-V)u +ﬁu —&-ROOV(p +4%)

1

— 0 _ =a Au’ 3
O'(ll usol) + Re® u, ( )

4866



Nonlinearity 36 (2023) 4862

D Crisan et al

S B
oWV = oA, @)
div(u®) =0, )

with initial conditions
lla(l‘()) = 118, ea(l‘o) = 98, u0<l0) = 118, 90(1‘0) = 98

In these equations, the ocean velocity u’ is coupled to the atmospheric velocity u* and the
atmospheric temperature 6“ is coupled to the oceanic temperature 6°. The coupling constants
7,0 < 0 regulate the strength of the interaction between the two components.

The velocity coupling between the compressible atmosphere and the incompressible ocean
model deserves some consideration. To preserve the incompressibility of the oceanic velo-
city field during the coupling we apply the Leray—Helmholtz Theorem to decompose the
atmospheric velocity u® into a solenoidal component u{, and a gradient term ¢“ such that
u?’ =uj ; + Vg°. The gradient part is combined with the oceanic pressure. In a second step we
remove the space average viatl :=u — ﬁ J; o udx such that the oceanic velocity fields remains
in the space of periodic flows with vanishing average. This property allows to determine the
oceanic pressure. Physically, this step removes the rapid mean velocity of the atmosphere rel-
ative to the slower ocean velocity in the frame of motion of the Earth’s rotation. This means the
ocean momentum responds to the shear force, which is proportional to the difference between
the local ocean velocity at a given time and the local deviation of the atmospheric velocity
away from its mean velocity.

The model above belongs to the class of coupled models of intermediate complexity. These
models are more complex than energy-balance models but simpler than the coupled general
circulation models of the atmosphere-ocean system that are used for climate research. Models
of intermediate complexity allow one to study fundamental aspects of the atmosphere-ocean
interaction. The most prominent example is ENSO in the tropical Pacific. As originally hypo-
thesized by Bjerknes [4] this climate phenomenon crucially depends on the coupled interaction
of both ocean and atmosphere.

The story of intermediate coupled models began with (uncoupled) models to study equat-
orial waves and their response to external forcing. Matsuno [31] investigated an (uncoupled)
divergent barotropic model (single layer of incompressible fluid of homogeneous density, with
a free surface, on the beta plane)

ou 1 ., 1 _
E“FROGU +@V0_0,
0
— + Hdi =0.
5 + Hdiv(u) = Q ©)

Matsuno [31] refers to 6 as surface elevation above a mean depth H, and in this context Q
appears as a source/sink of mass. Gill [18] studied the steady response to heating anomalies
of a tropical atmosphere, as described by the Matsuno model. Systems of equations in the
following class are often called Gill models

Ou 1,1 B
E-ﬁ-ROau +R70ava+au_0’
96 + Hdiv(u) + b0 = Q, 7)

ot
where a, b are Raleigh friction and Newtonian cooling and where Q is a heating term. In Gill’s
work 6 is proportional to the surface pressure. Since surface hydrostatic pressure is propor-
tional to surface height, this identification is consistent with Matsuno’s interpretation.
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Atmospheric models of Gill-Matsuno type are often used to understand the atmospheric
response during an El Nino to observed sea surface temperature anomalies. Zebiak [42] para-
metrised the heat flux Q from the ocean to the atmosphere in terms of the ocean sea surface
temperature SST Q = aSST. This relation can be motivated by a linearisation of Clausius-
Clapeyron relation (see [43] and also [19]).

As a next step, intermediate coupled models were constructed with atmospheric model
either of Gill-Matsuno type [18] or as a statistical model of the atmosphere, that is for example
constructed through an statistical analysis of atmospheric data (e.g. by Empirical Orthogonal
Functions) and that provides some random forcing of the ocean. Then the atmospheric model
is coupled to a one or two-layer ocean model. Nonlinear terms are omitted. The famous Cane—
Zebiak model [5] applied a steady state atmosphere following Gill (7) and a two-layer ocean
model, with two equations for layer thickness and two equations for temperature. This model
was used to issue the first ENO forecast [6]. An overview can be found in chapter 7 of [12],
or in [35].

We have modified the equations in the model above by including the nonlinear terms in
the velocity and temperature equations. First, we have replaced the damping terms due to
Raleigh friction and Newtonian cooling in (7) by Laplace operators for velocity and temperat-
ure. Furthermore, we interpret atmospheric 6 = & as surface elevation or equivalent depth and
combined this with the Charles Law of thermodynamics (see e.g. [15]) according to which
the volume V is proportional to temperature 7, V = ¢ T, with constant ¢ > 0. Since the volume
is also proportional to the surface elevation V= ch one obtains h = c¢T. This identification
allows one to interpret # = T as the atmospheric temperature variable. This interpretation also
relates the Matsuno and Gill equations (6) and (7) to the atmospheric 6“-equation and allows
one to interpret ¢ as a temperature variable*.

The pronounced irregularity of ENSO, with extremes occurring irregularly in time and
vastly differing amplitudes of sea surface temperature anomalies, has motivated stochastic
modelling approaches from early on. In the following section we suggest a new modelling
approach that is based on stochastic transport along the Lagrangian paths of advected fluid
properties and provide a mathematical analysis of this modelling approach.

1.2. The stochastic atmospheric climate model

The fundamental principle in modelling stochastic fluid advection is the Kelvin circulation
theorem. As we shall see, each component of the deterministic atmosphere-ocean model
in equations (1)—(5) above possesses its own Kelvin theorem, and the two components are
coupled together by their relative velocity. The model (1)—(5) describes their interaction as
the exchange of circulation between the atmosphere and ocean. Later we treat the atmospheric
component of the model as being stochastic either in the sense of weather (SALT) or in the
sense of climate (LA-SALT). In either case, the stochastic modification of the atmospheric
dynamics will retain a Kelvin circulation theorems.

Theorem 1.1 (Kelvin theorem for the deterministic atmospheric model in (1)-(5)). The
deterministic model for atmospheric dynamics satisfies the following Kelvin theorem for cir-
culation around a loop c¢(u®) moving with the flow of the atmospheric velocity u®. Namely,

1 1
4 (u”+ aR(x)) dx = — Au®-dx,
dt c(ue) Ro Re c(us)

4 For horizontal 2D models, the difference between potential and absolute temperature disappears.
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where curlR = 2ZQ(x) is the Coriolis parameter in nondimensional units.

Proof. By direct calculation, one shows that the deterministic atmospheric dynamics in the
model above satisfies the relation in the Kelvin circulation theorem,

d o 1 _ a1 .
dt J e <u +R0“R(x)) Adx_yg(uu)(aﬁﬁun)((u +R0"R(x)) dx)

= 35 (8,14“ + @ -V)u' + uj?Vu”j
(u)

1 1
—u® x curlﬁR(x) +V (u“ . Ro“R) ) -dx

By the model = §1§
c(u)

1
Re? c(u?)

1 a l a2 a 1 a
(Roave +§V|u| +V(u ROMR)+Au) dx

Au?-dx.

O

Remark. In the proof above, £, represents Lie derivative with respect to the vector field u* =
u® - V with components u?(x, t) and ¢(u®) denotes a material loop moving with the atmospheric
Lagrangian transport velocity u(x, ). Consequently, in the absence of viscosity, atmospheric
circulation is conserved by the deterministic model because the viscous term is absent then
and the loop integrals of gradients such as u;Vi/ = 1V|u|? vanish on the right-hand side of
the equation in the proof.

Likewise, the dynamics of the ocean component of the model above satisfies the following
Kelvin circulation theorem.

Theorem 1.2 (Kelvin theorem for the deterministic oceanic model in (1)—(5)). The circula-
tion dynamics around a loop c(u®) moving with the flow of the oceanic velocity u® is given by

d o1 1
a R(x)) -dx = ° @) 4 —Au® | -dx.
dt J o) (u "R (x)) §é(uo) <0<u U Rea )

Proof. The proof follows analogously to the proof of theorem 1.1. O

1.3. SALT atmospheric model

Let (2,F,(F:):,P) be a filtered probability space on which we have defined a sequence of
independent Brownian motions (W?);. Let (&;); be a given sequence of sufficiently smooth
vector fields that satisfies the condition in (69) below. In this work we assume the vector fields
(&); to be given. For numerical simulations one defines these vector fields by extracting inform-
ation from observational data. For an example we refer to [10]. The derivation of the SALT
atmospheric model introduces the stochastic Lagrangian path

dx; :=u'(x, f)dt — Y &(x) 0 dWi(t). (8)

Following [21], appendix ‘2D SALT stochastic atmospheric model (SAM)’ discusses the
introduction of the stochastic Lagrangian paths in (8) into Hamilton’s variational principle
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for the atmospheric model equations. This step leads to the SALT version of the idealised
deterministic climate model comprising equations (1)—(5). Namely, the SALT model is spe-
cified by the system of stochastic differential equations below:

Atmosphere’:
du + (dx7 - V)u® + —dx”L + Z ( “ij (R,(x)f{)) odW,
L gpr= LA ©)
Ro? ~ Re“ ’
do 4+ dx¢ - Vo = —y(0° — 0) + Poi VAV/aH (10)
dx{ =u'dt+» &;0dW, a1
Ocean:
o 1o, 1 1
12 o, _~ 0 (- o _ Fu¢ — Au’ 12
ER + (u’-V)u + 20U —|—R00Vp o(u u )+Re0 u’, (12)
a6° 1
R L N & 13
ot (V) Pe°® ’ (13)
div(u®) =0, (14)

Theorem 1.3. Kelvin theorem for the SALT version of the atmospheric model in
equations (9)—(11)
1 1
dyﬁ <u“—|— aR(x)) cdx = — Autdt-dx, (15)
c(dx,) Ro Re c(dx;)

where c(dx,) denotes any closed material loop whose line elements follow stochastic
Lagrangian paths as in (8).

Proof. Upon suppressing the superscript a in the velocity u#“ for brevity of notation, we
calculate

d§1§ (u+R(x))-dx = ?é (d+ Lax,) ((u+R(x)) - dx)
(dxz) (dxf)
= §£ (du + (dx, - V) + u;Vdx,
(dx;)
—dx, x curlR(x) + V(dx; - R)) -dx
1
[By motion equation (9)] = 55 ( — Védr+ §V|u|2dt —dx, x curlR(x) + V(u - R)dt
(dx;)

+ujVZ£jodW(t) +Zv(§odw(t) -R)) -dx

1

= — Audt - dx.
Re ] (ax)

3 As in the deterministic case we will write the Coriolis parameter as curl R(x) = 2Q(x)..
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Remark. The stochastic equation for the potential temperature §¢ in the atmospheric model
inherits the stochasticity of the Lagrangian trajectories dx, in (8), as a scalar tracer transport
equation,

1

46 + (dx,- V)0 = | (6 — %) + -

AO?| dt. (16)

14. LA-SALT atmospheric model

We next modify the SALT approach to the two-dimensional atmospheric component of the cli-
mate system in the previous section to make it non-local in probability space, in the sense that
the expected velocity will replace the drift velocity in the semimartingale for the SALT trans-
port velocity of the stochastic fluid flow. This stochastic fluid model is derived by exploiting
anovel idea introduced in [13] and developed further in [1, 14], of applying LA in probability
space to the fluid equations governing SALT which were introduced in [21].

The LA-SALT approach achieves three results of potential interest in climate modelling.
These results address three different components of the climate science paradigm.

e First, the LA-SALT approach introduces a sense of determinism into climate science, by
replacing the drift velocity of the stochastic vector field for material transport by its expected
value in equation (8). In this step, the expected fluid velocity becomes deterministic.

e Second, the LA-SALT approach reduces the dynamical equations for the fluctuations to a
linear stochastic transport problem with a deterministic drift velocity. Such problems are
well-posed. We prove here that the LA-SALT version of the SALT climate model possesses
local weak solutions.

e Third, the LA-SALT approach addresses the dynamics of the variances of the fluctuations.
In particular, it enables the variances and higher moments of the fluctuation statistics to be
found deterministically, as they are driven by a certain set of correlations of the fluctuations
among themselves.

In summary, the first LA-SALT result makes the distinction between climate and weather for
the case at hand. Namely, the LA-SALT fluid equations for the 2D atmosphere-ocean climate
model system may be regarded as a dissipative system akin to the Navier—Stokes equations
for the expected motion (climate) which is embedded into a larger conservative system which
includes the statistics of the fluctuation dynamics (weather). The second result provides a set
of linear stochastic transport equations for predicting the fluctuations (weather) of the phys-
ical variables, as they are driven by the deterministic expected motion. The third result pro-
duces closed deterministic evolutionary equations for the dynamics of the variances and cov-
ariances of the stochastic fluctuations. Thus, the LA-SALT approach to investigating the 2D
atmosphere-ocean climate model system treated here reveals that its statistical properties are
fundamentally dynamical. Specifically, the LA-SALT analysis of the 2D atmosphere-ocean
model presented here defines its climate, climate change, weather, and change of weather stat-
istics, in the context of a hierarchical systems of PDEs and SPDEs with unique local weak
solutions.

14.1. LA-SALT atmospheric equations in Stratonovich form.  Below the Stratonovich LA-
SALT equations are given in the standard notation for stochastic fluid dynamics. In
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appendix ‘2D LA-SALT stochastic atmospheric model (LASAM)’ we show the details of the
derivation of the LA-SALT equations and its relation to an atmospheric model assuming an
isothermal ideal gas.

a a a 1 al a j 1 j
du” + (dX,* - V)u” + R—OadX, +§i: (uj v+ Roav<R"(X)£]i)> odW,

: 1 1
AVE[u¥]dt + — V(E[u“] - R)dt + — V6 dt
+ ufv [u¥]d +R0”v( [u]-R)d +R0“v di

1 1
= —Audt,d0" +dX,* - VO = —~(0° — 69)dt+ — NG dt. 7)
Re? Pe?
where the Stratonovich stochastic Lagrangian trajectory for LA-SALT is given by
dX¢ = E[u’|(x,1)dt + Y &4 (x) 0 dWi(1). (18)
The expectation terms in LA-SALT induce another modification of the model which preserves
the Kelvin circulation theorem, whose expectation yields a deterministic equation,

Theorem 1.4 (Kelvin theorem for the LA-SALT atmospheric model).

1
d% (u“+R(x)) -dx = —% Audt - dx, (19)
c(dX9) Re c(dX9)

where X{ satisfies (18).
Proof. The proof of the Kelvin theorem for LA-SALT follows the same lines as for SALT. [

1.4.2. LA-SALT atmospheric equations in Ito form.  Likewise, the Ito LA-SALT equations
are given in the standard notation for stochastic fluid dynamics in appendix ‘2D LA-SALT
stochastic atmospheric model (LASAM)’ by

~ 1 ~al S , .
du’ + (@X,"- V)u' + o dX,T Y (”-7 Vet Rt V(RJ'(")EJZ‘))M
i

+ % {z o (div<§ (2-curl (E[u’] + RloaR(x))) )) - V(f (¢ (B + RIOC,R(X)))H dt
+ulVE[udt + RigV(E[u“] ‘R)dt + Ria Vo dt = Rle —Audr, (20)

a 3¢ a 1 a — 0 a 1 a
d6" +aX," - Vo' 2 (5 V(€-VO ))dt— O~ 6)di 4 5 At (21)
where the /70 stochastic Lagrangian trajectory for LA-SALT is given by
dX{ == E[u)(x,0)dr+» &5 (x)dWi(1). (22)

Expected LA-SALT atmospheric equations. Taking the expectation of equations (20)
and (21) yields a closed set of deterministic PDE for the expectations E[u?] and E[67].
Subtracting the expectations from equations (20) and (21) yields linear equations for the dif-
ferences,

/

W' =u’—Eue] and 6% =6~ E[§]. (23)
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Since u®’ and ¢ satisfy E[u®’] = 0 and E[#*'] = 0, one may regard these difference variables
as fluctuations of u? and §¢ away from their expected values. From here one can calculate the
dynamical equations for the statistics of the atmospheric model, e.g. its variances and its other
tensor moments, as detailed in [1, 13, 14]. Further details of these equations can be found in
section 3.2.

1.4.3. Oceanic part of the LA-SALT model.  The oceanic part of the LA-SALT model coin-
cides with the oceanic part of the SALT model (12)—(14).

2. Local existence and uniqueness of the deterministic climate model

2.1. Functional analytic framework

In the treatment below, we compactify the notation for the dynamics of the two-component
system (1)—(5), as follows. The state of the system is described by a state vector 1) := (¢)%,1°)
with atmospheric component ¢)* := (u?,6“) and oceanic component ¢° := (u®, ). The initial
state is denoted by ¢ (1p) = 1by. where 1y = (ufj, 05, ug,05).

In this notation, equations (1)—(5) take the operator form

dip+ B(1,0) + Co + D(4,4°) = Lap, 24

where one defines

e B:= (B“ B’) is the usual bilinear transport operator, with B*(¢,4?) := (u® - Vu*,u” - V§%)
and B°(¢°,¢°) := (u’ - Vu’,u’ - V6°).

e C:=(C* C°) with C%“ := (ﬁu“L +V6,0) and C9° := (7" + Vp°,0)

e L:= (L% L°) denotes the dissipation/diffusion operator for velocity and temperature with
Ly = (ngﬂ A, 5L AGY) and Lo9Y° = (75 Au, Pleu NG°)

e D(¢*,9°) := (0,7v(6 — 6°),0(u® —u?,),0) is the coupling operator.

sol

Domain and boundary conditions: The spatial domain is a two dimensional square € :=
[0,L] x [0,L] with L € RT. We assume periodic boundary conditions.

Operators and spaces: By W*(Q) we denote the L?>-Sobolev space of order s € Z U {0} that
is defined as the set of functions f € L*(9) such that its derivatives in the distributional sense
D*f(x,y) = 821 9f(x,y) are in L*(12) for all |o| < s, with multi-index o = (v, ) € Z7,
and degree |«| := a1 + . The scalar product in W*(2) is defined by

(£.8) . = Z /Q Df- D% gdx. (25)
lal<s

The vectorial counterpart of the Sobolev space W*((2) is denoted by W*(£2). More information
about Sobolev spaces can be found for example in [16, 33]. We define the scalar space

V:={f:R> - R: fis a trigonometric polynomial with period L}, (26)
and its vector-valued equivalents for atmosphere and ocean component
V.= {u:R* = R?: uis a vector-valued trigonometric polynomial with period L}

Vo ={u: R? — R?: uis a vector-valued trigonometric polynomial with period L

and/udx:O}. 27
Q
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We define now the following function spaces
H*(Q) := the closure of Vin W*(2), H"*(Q2) := the closure of V*in W*(Q2),
H*°(Q) := the closure of V’in W*(€2), H, () :={u € H*’(Q) : div(u) = 0}. (28)
In this notation, we define for s € NU {0} the Sobolev space of state vectors by
H(Q) :=H"(Q) x H'(Q) x H};2(Q) x H*(Q2), (29)
in which the norm of ¢y = (u%,6%u°,6°) € ‘H* is given by
e = (g + 1160 + Tl + 116°17:)'7>. (30)

We use an analogous notation for the Lebesgue spaces and denote by L2, L2, £ the sets of
square-integrable scalar functions, vector fields and state vectors, respectively.

Definition 2.1. Let s € N. A state vector ¢ := (u?,6%,u°,0°) is said to be a local regular solu-
tion of (1)—(5) on the time interval 7 := [fy,#] if it satisfies (1)—(5) with initial condition

w(t()) = ’(p() and if
dip

e C(T,H(Q)) N LA (T, HHH(Q)), ;56H%ﬂH“%m) (31)

Define a cut-off function as follows
1, if0<x<R,
gr(x) = 0, if x>R-+9, . (32)
smoothly decaying if R <x <R+94.

Next, we define a finite-dimensional approximate system of equations for (24). Because of our
assumption of periodic boundary conditions we may write the finite-dimensional approxima-
tion in terms of the Fourier basis wy(x) := e “"* We remark that the specific form of the basis
does not play a role in our proofs. We must take into account the incompressibility of the ocean
flow. This is imposed through the Leray projection, which projects the ocean equation onto the
space of divergence-free vector fields. For periodic boundary conditions, the Leray projection
commutes with the Laplace operator, so the Stokes operator coincides with the Laplacian.
The Galerkin approximations for the atmospheric component 1/* = (u?,6) of the state vec-

tor are given by

Pou‘(x,t)i= Y UL(t)wa(x)

ne{Z?,n|<m}

and PL0(x,t):= Y Ga(nwa(x), (33)

ne{Z2,n|<m}

with U= [ u(x,t)wa(x)dx, 0% := [,,0%(x,t)wa(x)dx. Incompressibility must be into
account for the oceanic component ¢° = (u®, ), so the basis combines the Galerkin approx-
imation with the Leray projection onto the space of divergence-free vector fields

N u(s)-n
Pou’(x,7) := Z (u;’,(t)— “(nfz n)wn(x),
ne{Z>\{0},|n|<m}

and P20°(x,t) := Z 02(1)wa(x), 34)

ne{Z2,|n|<m}

where 0 := [, u’(x,))wy(x x)dx, 02 := Jo 0° (x, ))wn (x) dx.
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The Galerkin approximation of the state vector ¢ = (1% 1°) is defined as
Pyt = (P Poyp?) := (P u, P4.0° PO’ P2.0°). 35)
We also use the notation
Yy = Pptp,with wj, :=P5u? 07 := Pr 6, and u), :=Pou’ 07 =P 60°.  (36)

In preparation for establishing the local existence of the stochastic version of the coupled
model, we prove the following theorem on the global existence in time of the truncated approx-
imation to the coupled model.

Theorem 2.2 (Global well-posedness of the truncated coupled model). For the time inter-
val [0,T], let s > 2 and suppose the initial conditions of (38) satisfy 1o = (u®,0§,uf,6;) €
H* (). The truncation of the coupled model (24) is given by

dip + gr(l|vl|a)B (1, ¢) + Cp + D (4, 4%) = Lap. (37

Then there exists a unique solution to (37) in the sense of definition 2.1. This solution depends
continuously with respect to the L*-norm on the initial conditions.

Proof. We first show the local existence in time of solutions for the truncated Galerkin system.
Next, we prove the global existence via H’-estimates. Then, we pass to the limit and prove
the corresponding assertions for the truncated system (37). Finally, we show uniqueness and
continuous dependency on the initial condition.

The truncated Galerkin system is given by

dtwm + gR(H'l/]m”HS)]P)mB (1l)m,1/1m) + C'l/)m + D( fmiﬁf;) = L'l;bma (38)
where P,, was defined in (35).

Step 1: Local existence of the truncated Galerkin approximation.
The truncated Galerkin system can be written as

dtd’m :K(iﬁm)
With K(wm) L= _gR(”meHJ)PmB (¢m71/}m) - Cwm _D( f'n,wf%) +me- (39)

The right-hand side K of (39) is a Lipschitz continuous mapping from #* into itself. It follows
from the Picard Theorem that a unique solution v, € C'([to, "], H*) of (38) exists on time
intervals [7,7{"] that depend on m.

Step 2: Global existence of the truncated Galerkin approximation.
We show now that a solution exists globally in time.
We apply the derivative D to (38) and then take L?-scalar product of equation (38) with
D%y, This yields
1 (6% (0% (6%
EleD wm”iZ + <gR(||wm||H‘)D PyB (Wﬂ/)m) ,D wm>L2

+(CD* Y, D) 12 + (DD, DY5,), DY) 12 — (LD Y, DY), = 0. (40)

2.2. The nonlinear transport operator B

The term with the operator B can with Leibniz’ rule and the inequalities of Holder, Sobolev,
Poincare and Young be estimated as follows
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|<gR(||1/)m| w)D Py (Y - V) wmapawm>L2|
:gR(melH") Z <Pm(Da_k¢m'v)pkwmapa¢m>y|
[k|< x|
<8r(nlle) S 1D e DVl 12 | D 15
k| <]
<gr(lmller) S 1D 4D 4 |2 I DAVl 2| D |2 D ]2
k| <]
< 2r([|ml ) 1D |12 1D o122 | DV 12 | DV V222
C o — (6% (6%
< Zgh([1nlli) 1D Yl BID Gl + 51D V. (41)

2.3. The linear operator C

We obtain using the inequalities of Cauchy—Schwarz and Young that

/(CD“wm)-Dawmdx=/ (C"D‘X%)Dawﬁ,dﬁr/(C”D“w,%)ﬂawzdx
Q Q Q
:/< 1 Do aJ‘+VDa9a>-DauZldx
Ro“

+/ ( DGt + VD> 0)-Daufndx
Ro°
< / VDY - Du dx| <
Q
1
= 2e4R0%

where the ocean component of the pressure term has vanished, due to the incompressibility of
the ocean flow.

D08 12 1DV

R(l

D012 + = S D |, 42)

2.4. The coupling operator D

For the coupling term in the atmospheric temperature equation we find by using the inequalities
of Cauchy—Schwarz and Young that

\V/D“ 0, — 0,) - D05, dx| < [y (ID6} |12 + | D05, [12) 1 D65 |2

3
<Mooz @

The coupling term in the oceanic velocity equation can be estimated as follows

1
o D¥(u) —u - D%, dx| = D"‘ w —ul, 4+ — [ ul,  dx)| D% dx
m sol m m sol,m ‘Q| sol,m m
Q
< lof IIDQHZIIinrI\DO‘U?ozmllellumzmlle+ DU, ()] dx ) [D%wy ()| dy
IQI

<ol (nDau:;niz D 2+ s +

RILE TR

< Clo| (1D |17 + Dy |7:).- (44)
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This estimate implies for the coupling operator

/Q (DD, DY) - D*¢dx < C(|y| + o) (ID* Y517 + |1 D*vall7.)- 45)

From (41)—(45) follows after summing over |«| up to s for (40)

1 1 ) .
Edz||¢m||%{-‘ + ;HV%II%{x < Cgrllvmll) 1l + CUY I+ oD (13 + 13 )-

(46)
where 3 :=min{ 7, =, 7 s }- Upon using the truncation g it follows
Sl + 5V B < CRIl @)
With Gronwall’s inequality it follows that
(1) 34 < 1m (0) 15 €U < 4 (80) 15 RO, (48)

where 9(ty) denotes the initial condition of the coupled equations (1)—(5). This estimate
implies in particular that ||¢),,(7)||3, is bounded uniformly in m. Integrating (47) over the time
interval [fy,1] yields with (48)

1

1 t
7 | 19 (5)uds < CR [ (5)fds + [ (o) e
0 )

< CRI(10) 3¢ ) + [[p(10) 3 (49)

From (48) and (49) it follows that (t/,,),, is uniformly bounded in L>(T,H*) N L*(T,H*")
with time derivative (%22),, which is according to (47) uniformly bounded in L*(T, H*).

The oceanic pressure p can be recovered analogously to the Navier—Stokes equations by
solving the elliptic equation

Apy = div((ul, - V)ul, + Vs, (50)

where g5, is the gradient part of the Leray—Helmholtz decomposition of the atmospheric velo-
city u,.

Step 3: Passage to the limit.

The uniform boundedness of (1/,),, in L*>(T,H**") implies with the compact embedding of
L2(T,H**!) into L2(T,H*) that a subsequence (v ); exists that converges strongly to 1 €
L?(T,H*). This subsequence converges also weakly in L>°(T,*). We show now that the limit
1 satisfies the truncated equation (37). For the coupling term it holds for all ¢ € [H*()]®

Jim / (D) — D, 0°), 6 ) .t
—o0 Jr

= lim /T V(O —07) +(6° = 67)) + o ((uf —u®) + (U5, — U5 4)), 6) .t (51)

For the velocity coupling involving the solenoidal part of the atmospheric velocity field in the
ocean component it follows by using the Cauchy—Schwarz inequality that

| / (o (0 — ). 6) pdi] = |o / /Q (0 () — e, 1)) - ()
o / / (06, 1) — iy 4 (1)

1
+ 9] /Q“?ol,k(zvf) —u,(z,1)dz) - ¢(x) dxdi|
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<lol | / 1) — w4 2) 0]

oty [ (] et = (e lacar ) oo

<ol / % (1) — (1) 26 o

+lol [ ( JACHRORTH >|der) 6(3)]d. (52)

From (52) and the convergence of (v )y in 1 € L*(T,H*), there follows the convergence of
the integral in (51). The convergence of the remaining linear terms in the equations is obvious.
Next, we focus on the nonlinear terms for which we have to show that

Jim [ Gl

The integral above can be written as

H‘)PmB(wlmwk) 7gR(||w‘

) PuB(Y),0),¢),,dt =0, forall ¢ € [C(Q)]°.
(53)

/T (ar(lbellze ) PuB (s ) — 8136 )PuB (6, ), &) ot
= /T(gR(HT/JkHHs) — gr(1©ll3¢)) (PuB (W, k), 0 )t
+ /T gr ([0 ) (PuB () — PuB(1,00), 6 ) pdt (54)

For the first integral on the right-hand side it follows with the Holder inequality
| Crlltle) = sl )) (PuBls,10).6)
< [ CerCnle) = el )) Il V4l s
e [ (erllbele) = ge9e)) [ helma
< esup (gR(IWk(I)Hw)—gR(Hw(t)IIHr))/Tllll)kllél 10l dr. (55)
The sequence () converges weakly to 1 in L (T, H*), i.e. ||1)k||ms converges to ||t)]|3 and

with the continuity of the truncation function g follows that the first term on the right-hand

side converges to zero. Since (¢/;); is bounded in L (T, H*) N L*(T,H**!) the right-hand side
of (55) converges for k — oo to zero.

For the second integral in (54) it follows with Holder’s inequality that

/ &k (10130 ) (PuB () — PuB(,10), &) ot
Sr([19]120) (PmB(Wx — 0, 0%) + PuB(0, b — ), ) ot

SRV lle) 1k — Pl s [ Vel 2 ||¢|\L4df+/gR(||1/JHHf)H¢||L4HV(wk—w)\|L2||¢HL4df

\!\'ﬂ\'\]\

SRUY ) 19k — Ll [Vl ol dt+/gR(H1/)\|w)HwHH1||1/Jk—wIIHIIWIIHI dt,
(56)
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where the right-hand side tends to zero for kK — oo as a consequence of the boundedness of the
sequence (¢ )x in L= (T, H*) NL*(T,H*+1) and its converges in L2(T, H*).

Step 4: Uniqueness of solutions of the truncated system

Let 41,1, be two solutions of (37) with respective initial conditions 1 (fo = 0) and 1, (1p = 0).
We assume that ||y (¢) ||, [|102(2)|| 2= < R for t € T. This implies for the difference by Y=
1 — 1y that |1 (1) || < R.

~

The difference 1 satisfies the following equation

d + gr(||11 l[2:) (B (v1,01) — B(12,42))
+B(t2,92) (gr([[¥1]l0) — gr([[allaer)) + € + D, 4°) = Lip. (57)

Taking the L-inner product with 1Z yields

2,4 / gr(llt1]
+ /QB(i/Jzﬂ/Jz) '{/;(gR(le l12:) — gr (b2 ll20s) ) dx

A

205) (B(1,001) = B (1h2,12) ) - thdx

+ / (C +D(°,4°)) - ddx = / (L) - tbdx. (58)
Q Q
For the difference of the two nonlinear terms we have
AgR<||w1||Hs>(B<wl,wl>—B(wmz))-dexzAgR<|\w1||Hs>(B<$,wl)+B<w2,$>)~$dx
(59

In order to estimate the right-hand side consider the atmospheric velocity component of (59),
with the inequalities of Holder, Agmon and Young follows

/ gl
Q

< cgr(lfuf [[) [V [ [0 s 0|2 + (03 |oe [V |pa ]|

we) (8- V)uf) + (ug - V)u)) - dx

< cgre(uf o) s e 6 62+ s e 6 6.
cgr(fllin) | i e € L (€6 @Y
IS e+ e 1R+ (5 + 5 ) 1T
~ €1 €2 ~
< Mol + (5 +5) 18 e (60)

where My = Mo (||lu§ ||, [[u§||3.). Similarly we derive for the oceanic velocity component
[ (@) + g V))) @ < o 5 (61)
Q

where M; = M (||u]|7.), because the dependency on |[ug||;+ vanishes due to the incompress-
ibility. Analogous estimates hold for the atmospheric and oceanic temperature transport terms,
such that the nonlinear operator difference in (59) can be bounded by

AgR<||w1||Hx>(B<¢1,w1) CB(athn)) - dr < Kol B2, ©62)
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where Ko = Ko(||¢1]|3;:, (|[42]3;)- The second term in (58) can be estimated analogously as
above

/Qsz,zz}z) - (gr(ll1 1) — gr(lballar))dx
< |||z |42 30 WHUHWHHS — |02 ]|

where K| = K, (||12]|32) and where we have used the reverse triangle inequality in the last
step.
For the (linear) coupling operator it holds that

<K [|9]%, (63)

| / (4,0°) - x| = | / ) 4o @ — ) x| < K[l 02 (64)

where we have used that ¢ —u§ = uf —uj = 0“ and where K3 depends on the coupling con-
stants. This implies the following estimate for the difference equation (58)

dt”l/’Hm"' ‘|V¢||LZ KH{/J\HZLZ: (65)

where K = K(||91 |32, ||12]|22), 0, 7). From Gronwall’s inequality we obtain
ds

D) 1% < [|9(10) |2l K%,

Since 111, € L*(T,H*(Q)) the function K is integrable and the right-hand side is bounded.
This proves the continuous dependency on the initial condition. If the two solutions have the
same initial conditions, then the solutions coincide on 7" and uniqueness follows. O

The following theorem is the main result for the deterministic version of the coupled model.

(66)

Theorem 2.3 (Local well-posedness of the coupled model). Ler s > 2 and suppose the
initial condition of the coupled equations (1)—(5) satisfy 1o = (ug,0,uf,63) € H*(2). Then
there exists a unique time t; € (ty, 0] such that a local regular solution v of (1)—(5) in the
sense of definition 2.1 exists and is unique on any interval T := [ty,1,], where ty < 1y < t} and
that, if t] < oo, then

Jim 15() 5 = 0. )

Proof. We define #g := inf{t > to : ||¢(¢)||m= > R}, for R> 0 and 7 := limg_, o #g]. By 1&g we
denote the solution of (37) with initial condition ¢y. We define ¥ (#) := 1g(¢) for ¢ € [to,#g]. On
any time interval [fo,7;] with fy < #; < g the solutions v and g coincide, as a consequence
of the uniqueness of solutions of the truncated equation (37). If 7 = oo then ¢ is a global
solution of (24). If 7 < oo then ||¢)(7)||ss = R and [, 7] is the maximal interval of existence
of the solution ). O

3. The stochastic idealised atmospheric climate model

3.1. SALT atmospheric climate model

Recall that the state of the system is described by a state vector ¢ := (¢ ¢, ?) with atmospheric
component ¢ := (u”,0”) and oceanic component ¥ ° := (u°,#°). The initial state is denoted
by 9 (t) = 1o. where 1o = (uf, 65, u, 03), with six entries.
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We summarise equations (9)—(13) for the SALT version of the idealised climate model as

A+ (B(1,9:) + C(3,) + DE[4) dt+ZE DodW =vAydr,  (68)
i=1
where

e The process v gathers all variables in (9)-(13), i.e.
= (0o = (w007, 07) = (w2, 00 0 g2, 67),

as in the deterministic case.

e B is the usual bilinear transport operator,

e C comprises all the linear terms (including the pressure term in the Equation for the com-
ponents of ¢ corresponding to u® as well as the term —v(6* — 6°) from (10)).

e D={D;}¢ 'j—1 1s @ 6 x 6-matrix that captures the influence of [E[¢/] on the various compon-
ents of ;. More precisely, D;; is the coefficient appearing in front of E[qﬁ/] in the equation
satisfied by wf For the SALT equations (9)—(13), We have D4y = D5, = —o, with all the
other entries equal to 0. Therefore the pair (17", u’"?) is affected by (E[u"'], E[i?]).

e E; are diagonal operators given by

1 .
Ei(uaa9a7u0790) = dlag <§l -Vu* + Wfi + u]“vg][ +

o curlR(x) = 2Q(x).
o V=19 — g [o xS

V(R/(x)E), £ V8", 0, o)

We start by giving a rigorous definition of the solution of (68). Let (Z,.F, (F),, P, (W');) be a
fixed stochastic basis. In addition to the Sobolev spaces defined above we introduce C" (§2;IR?)
to be the (vector) space of all R”-valued functions f which are continuous on €2 with continuous
partial derivatives D®f of orders |a| < m, for fixed m > 0. Notice that on the torus all continu-
ous functions are bounded. The space C"(2;R?) is a Banach space when endowed with the
usual supremum norm

flloe = 32 1D loo
loe|<m
The space C*°(£;R?) is regarded as the intersection of all spaces C"(2;RP). Let (§;); a
sequence of vector fields which satisfy the following condition:

o0

D €l 3,00 < 00 (69)

i=1
We will work directly with the Ito version of (68). In this version, the Stratonovich integrals
in (68) are recast as It 6 integrals with the required It6 correction added in the drift term of
the equation. The equivalence between the two versions is straightforward, see e.g. [11] for
details.

6 Recall that subtraction of the mean ﬁ fQ 1 dx places the oceanic and atmospheric variables all into the same
frame of motion relative to the Earth’s rotation. Note that this subtraction is only applied to u®. This is ensured by the
multiplication by the matrix D.
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Definition 3.1.

a. A pathwise local solution of the system (68) is given by a pair (¢, 7), where 7 : E — [t9, 00]
is a strictly positive stopping time and 1 : © X [ty, 00] — H*(12), is an F;-adapted process
with initial condition ¢,, € H*(£2) such that

¥ € L2 (2;C([10, TEH(Q))) ¥ 1,r € L (Z5L7 ([0, T ()
for any T > t; and the system (68) is satisfied locally i.e. the following identity

INT
Y=o~ [ (FW)+DE[ ds—Z/ W a0

to

holds P-almost surely, as an identity in L* (Z;H%()) for any ¢ € [19,00). In (70), the map-
ping F(1) ) is defined as

1

F($) =B(y,0,) + C EZ — VA, (71)

b. A martingale local solution of equation (68) is a triple (Q, F,P), (F)y, (b, 7, (W),) such
that (€, F,P) isa probability space, (F;):is afiltration defined on this space, where 7 : & —
[to, 00] is a strictly positive F;-stopping time and ¢ : Q X [t,00] — H*(Q), is an F;-adapted
process with initial condition v ,, € H*(2) such that

b € L2 (Z:C([t0, THH () Plpy,m € L2 (S5L7 ([10, T HH ()

for any T > t; and which satisfies equations (70)-+(71) with ¥ replaced by 1&.7
c. If 7 = oo, then we say that the system (68) has a global solution. In this case can remove
the usage of the stopping time from equation (70). In other words, we have that

1/)1—1;[}&) /( (1/) )+DE¢)S dS*Z/ 'l/}r 55 (72)

)

holds as an identity in L? (£;H%(1)).

Remark. Observe that v, = v, for any ¢ > 7, it other words the solution remains constant
once it hits the defining stopping time. We require this to be able to make sense of the quantity
E[v)] even for temporal values s larger than 7. In fact, equation (70) can be re-written as

vimto [ (FWI+DE[]ds-Y [ @, )
i=1"1%

to

Roadmap of the section
In the following we show that equation (68) has a martingale solution provided the additional
condition (87) is satisfied. To do so, we follow the same route as in the deterministic case. In

7 We use the ‘check’ notation (°) in the description of the various components of a martingale solution, to emphasize
that the existence of a martingale solution does not guarantee that, for a given set of Brownian motions (W'); defined
on the (possibly different) probability space (£2,F,P) a solution of (68) will exist. Clearly the existence of a strong
solution implies the existence of a martingale solution.
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theorem 3.2 we show that the Galerkin approximations of a truncated version of equation (70)
are well defined globally. Moreover we show that we can control the Sobolev norms of these
approximations uniformly in the level of approximation, see (76) and (77). The truncation is
done by multiplying each the coefficients of (70) with the function gg s (|||/34:() ). Where, as
in the deterministic case, we use the cut-off function gg 5 : Ry — [0,1]

1, if0<x<R
grs(x):=¢ 0, if x>R+6 ,
smoothly decaying if R<x<R+9

for arbitrary R > 0 and ¢ € [0, 1]. We then show that the laws of the Galerkin approximations
are relatively compact. Using this we deduce that equation (78) which is the truncated version
of equation (70) has a global solution, see theorem 3.3. We also show that (78) has a unique
solution. In the deterministic case, the existence of a solution of the truncated equation would
immediately imply the existence of a local solution of the original equation on the interval
[f0,7r], Where T is the first time when | |¢fv‘5| H5(Q) reaches the value R. We cannot do this
here as the solution of the truncated equation (78) as well as that of the original equation (70)
depend on temporal values s larger than 7 through the quantity E[¢/%%], respectively, E[t].
A final convergence argument is required: We consider a sequence ¥/®:% with §, tending to 0.
Then the laws of the elements of this sequence are relatively compact and we deduce from here
that any limit point of the sequence that satisfies the additional property (87) is a martingale
solution of the original equation (68).

With regards to the uniqueness of the solutions of (68): If (¢, 71), and (¢,,7,), are local
solutions that are defined with different stopping times, then we cannot deduce that v; = v,
on the common interval of existence [y, 7; A 72]. The reason for this is that, in contrast with
the deterministic case, the choice of the stopping time influences 1/, even for values s < 7 as a
result of the expectation term in (68). This lack of consistency between local solutions deters
us to construct a pathwise local solution of equation (68) and also a corresponding maximal
solution for (68).

Remark. The assumption ¢ € L* (Z;C(([to, T]; H*(£2))) for any T > 0 insures that the term

/ "B [0 ds

fo

is well defined as an element of H°(Q2). Observe that, since 1) := 1) — ﬁ fQ 1 dx, we have
that, for 7 € [t, 7],

/t "B [0 ds

g(tto)El sup ||1/_’SHH0(Q)]

NS [T(],[/\T]

<2(T—1)E l sup |¢s|w(ﬂ)] < 0.
s€lto,T]

Moreover, for 0 < |a| < s, we have that
DE [¢)5] =E[D¢]
B DY) <E [ID2% 1Ry <E [IWslle]
as the centralizing term vanishes when differentiated.
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The proof of the existence and uniquence of a local solution for the system (68) shares
many of the steps with that the existence and uniquence of the corresponding deterministic
case. It uses the same truncated procedure as in the deterministic case and the same Galerkin
approximations. However several technical difficulties need to be overcome. In the arguments
below we will emphasize these difficulties and the methodology used to resolve them and omit
the arguments that coincide with the deterministic case.

We begin by introducing the Galerkin approximation to a truncated version of the sys-
tem (68). More precisely, let )"R% = {1/1',””?’5, t> 0} be the solution of the following

stochastic differential system

fo

1 > 1
W7 = Pl = [ RO )as = [ s (197 oy P (07 W
i=1"%

(74)
Just as in (70), the identity in (74) is assumed to hold, P-almost surely, in L? (Z;H%(9)).
In (74), the mapping F"-:9 (¢yR-9) is defined as

P (09) = g (102 o) (P [B (655,055 4 C (5 259)

1 _
+5 D PuEi (450) — v Ay + DE [w;"’R"S]> A
i=1

The projection operator P, is defined as in (33)4(34). Recall that, when defining the projec-
tion corresponding to the ocean velocity component, we have taken the incompressibility into
account and projected onto the space of divergence-free vector fields.

We then have the following:

Theorem 3.2. Assume that ,, € H*(2). Then the stochastic differential system (74) admits
a unique global solution with values in the space

L2 (25 C(([r0, TH () N 22 (25 L2(([r0, T HH ().

for any T > 0. Moreover, there exists a constant C = C (R, T) independent of m and 6 such that

T
+E[ / 105 R0 Gy | SC (76)

El sup ||?/f§n’R’6||%-b(Q)
t€[to,T)

forany T > 0.

Proof. Similar to the deterministic case, the system (74) is equivalent to a finite dimensional
system of stochastic differential equations of McKean—Vlasov type with Lipschitz continuous

coefficients. The same holds true for the system satisfied by (Do‘wm’R"S) lal<s which involves

™R3 as well as all of its partial derivatives up to order s. The existence and uniqueness of a
solution of the system system (74) follows for example from [40]. The bound (76) is obtained,
as in the deterministic case, via a Gronwall type argument. 0

Remark. In addition, one can prove that there exists a constant C = C(p, R, T) independent of
m such that

El sup ||¢?’R75||%,v(g)] <C 77)

t€1,7]
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for any 7 > 0 and p > 2. This bound is useful to show the continuity of the limit of the Galerkin
approximation.

Introduce next ¢ %9 = {z/;f";,t > 0} to be the solution of the following stochastic differ-
ential system

t oo t
Vi =1y~ / FRO @ E0)ds = / 8w ([0 e (@) Ei(w )W, (78)
fo i=1"0

Just as in (70), the identity (78) is assumed to hold, P-almost surely, in L? (E ; HO(Q)). In (78),
the mapping F®°(¢F:9) is defined as

FR5 (4 75) = g s (| WQ))(B(w?véwfﬁ)+c(wf*“)

Z 80) —vAY R + DE [ ]). (79)

l\J \

In the following, we will also need the weak version of the systems (74) and (78). These are
standard: For example, the weak version of (78) reads as

(65.0) e = = [ ((F2 590 ) ) 5

fo

=3 [ om0 o) (587 E7 0 e Wi € (W)
i=1
(80)

where, for ¢, = (uf,07,u?,6?) and ¢ = (cp,-)?zl, ¢ € H*(Q) we have the composite inner
product

a,l a2 a
(V6@ )y = <“z ’¢1>H0(Q) +<llt ,<P2>HO(Q) + (07, ©3)30(0)

0,1 0,2 1
+ <uz a(p4>HO(Q) + <llt a(p5>Ho(Q) + <91 7¢6>H0(Q) .

As the ocean velocity component takes values in the the space of divergence-free vector fields,
we will take the corresponding pair of test function (¢4, @s5) to take value in the same space.
The operators E; are adjoint operators corresponding to the operators E;, so that

(B0 ) gmaye = (O EF0) 00y
In other words, E} are diagonal operators given by
Ef¢ = diag(—E (%902) —E*(p1,2),—div (€i¢3), 0, 0,0)
E*(p1,62) == div(&pr) + @ff’c + <P}13kfjl: + —— O (Ri(x)&)).

The identity in (80) holds, P-almost surely, in L? (Z;R).
For the following theorem we need to introduce the additional space W ([1o, T]; H°(R2)),
where /5 € (0,1) and p > 2 with Sp > 1, defined as

WP ([t0, T HO(Q)) := {a € L,(([to, TEH () | lallwe om0 < 0}
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where the norm || - |lyy5.0(0,7:20(02)) is defined as

T las = as|l0
SIHO())
lalys.0 (0,720 () = / a0 2y t +// L 7 ETHYSY) g

Theorem 3.3. Assume that 1, € H*(2). Then the stochastic differential system (78) admits
a unique global solution (in the sense of definition 3.1) with values in the space

C(E: (10, T (@) N L2 (Z:L2(([10, T - (92)))

for any T> 0 and any p > 2. Moreover, there exists a constant C = C (R, T) independent of 6
such that

T
+E| / 163 o] <€ (81)

l sup ||¢R 5”7{:(9)

t€1,7]
forany T > 0.

Proof.

Existence. We follow the same steps as in [11], underlying the main differences below. Let
{Q"} be the family of the probability laws of the processes {w’”’R"s} . These laws supported
on the space

E:=&EN&
E =L (W ([to, T HO()))
& =1 (2;C(([to, T H' () NL* (Z:L7(([10, THH ()

where ( is an arbitrary positive constant such that 5 <1/2—1/p and p>2 . Since & is
compactly embedded in L7 (Z;C(([to, T]; H°(£2)) ), we deduce that these laws are relatively
compact in the space of probability measures L” (Z; C(([to, 7}; H"(£2))) . We add to the pro-
cesses {1/1’" R, 5} the driving Brownian motions W = {W’} . Then the pairs {1"™R% W}

have probability laws {Q’"} that are relatively compact in the space of probability measures
over the state space

L’ (Z;¢(([to, T); HO())) x L* (Z;C(([to, TI;R)™)..

Let Q be a limit point and {ém} be a subsequence of measures converging to 0. Also let

{¢«}, be a countable dense set of (7—[2(9))6. By theorem 2.2 in [27], it follows that the
processes

{wmn,Rﬁ’/ <¢§"n7R75,E;‘PmJPk>HO(Q)sdWlsal7k—1 OO,W}
4]

converge in distribution. By using the Skorohod representation theorem, there exists a prob-
ability space (E,f , 13) on which we can find

® a sequence

T — Lmers [ Tmrs g i T
A — {wm R ’/ <w;n R 7Ei Pmn¢k>H0(Q)6dWT 1, lk ] .00, Wm }

fo

such that {QZ’”'”R"S,W’”"} has law Q™
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® a process

A R, ’ TR, i .
A—{w / (vt ,Eisok>HO(Q)6dWs, ik=1,...00, W}

to

with values in the product space

Ei= 12 (Z50(([10, THH()) ) x 22 (Z: (10, TR ) x 22

[11?

N
([0, THR)").
such that the component {JR , 17\7} from A has law é

e The sequence (Z’”") converges to A as elements in the space E.
n

e Since Q", the law of 1;’”"”?’5 is supported on the space
1 (S (o, TH () 22 (S L2((fo, T HH (@)
the law of JR"S has the same property.

Next we take limits of all the terms in the weak version of the equation (74) and show that
YR satisfies (80)® for any ¢y in a countable dense set of (HZ(Q))G, and therefore, by a density

. 6 . . .
argument, for an arbitrary ¢ € (HZ(Q)) . The convergence of all the linear terms is straight-
forward. We only discuss the convergence of the nonlinear term, in other words, the limit

t
lim / (a1 g ) P, B (9058 R ) )
n— 00 to

= /W <gR(|I1Zf’5||w<m)B (1;5’6”25’6) "p">

)

ds
HO(Q)6

ds
HO(Q)G

Recall that we took the corresponding pair of test function (¢4,¢s) to be divergence free so
we do not need to apply the Leray projection on the corresponding ocean velocity component
of the bilinear form B (1;5,67 PRI,

The convergence follows via a Sobolev space interpolation argument from the following

- 2 1
lim E | sup HW""’R’J — w{?,a‘ =0
n—00 Le{m,T] ' * HO(Q)" |

T
Elsup [l [ +E[/ [ R0 By | SC T>10
fo d

t€to, 1]

E

i )
sup 175 | +E| [ 1 Bony] <€, 720
T i

t€(1y,T]

where C = C(p,R,T) is independent of m,,.

The above argument justifies the existence of a solution of (78) which is weak in probability
sense. From this and the pathwise uniqueness (see the argument below) of (78), by Yamada-
Watanabe theorem, see e.g. [39] we deduce the existence of a solution of in the original space

8 In (80), the set of original Brownian motions W = {W"}?il is replaced by W= {W’}OO .
= i=1
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driven by the original set of Brownian motions WW = {W‘} . Note that both the solution of

the equation (78) on the original space and wR 0 have the same distribution. Since the law of
%9 has support on the space

L (Z:C((l0. 7:20(2) ) N2 (ZL2(([0, T (92))

it follows that the solution of the equation (78) satisfies (76).
Uniqueness. Let 1)%:%1 and 1) %92 be two solutions of (78), in other words,

w0 =, [ PRas Z/gm, (16 s (5 )aWs, = 1,2

to

where FR:%i(p)R:97) are defined as

PRS00 = g ([0 F o) (B (R, R00) 4 € ()

1 i i TR,
+5 EE’ZM& ) —vAY 4 DE [§* }) : (82)

The uniqueness argument is now standard: We use a Gronwall argument. We introduce the
following notation

¢R512 ’1/1R61 wR,&Z’ FR512 FR(thSl) FR(wf,ﬁ,Z
wR512:¢R51_,(Z)R,5,2
S s s °
Then

w?,é,l,ZZwtlo,Z / <FR512+ ZEQ 1/)R612)+DE[1Z)R612]>61

_Z/ R612
s?

from which we deduce that

E [0 5" o | =E I8 o] - /futIE[<w§’5’1’2,Fk‘5*1’2+DE[1/35’6’1’2]>H0(Q)]ds

oo 1 :
+Z§/ E |:<¢SR,5,1,2’Ei2(7/}§,5,1,2)>%u(9) + ‘|Ei(w§,6,l,2)||’2}{0(9):| ds.
i=1 fo

(83)

Observe that
o0
> (<w§"5"’2,E?(wf"‘"’2>>H0(Q) + \IEi(wf’é"’z)\\%o<Q)) < Ol gy (84)
i=1
B [ (02512, [5512]) )] < CB [ oy [ [72512]

<CE[| ik

< CE [[[9512 Bq| (85)
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Finally, similar to the deterministic case, we deduce that
<¢5571’2,FR’671’2>H0(Q) < C(R) ”'wf)é?l’z”%{“(ﬁ)' (86)

From (83)—(86), we deduce that there exists a constant C (R, T) such that

t
E [[65 2y <E (1087 % By + € [ B [Jwos2

o

|§{O(Q)} ds, t€lt,T],
and, by Gronwall’s ineguality, we deduce that

E {10552 B | < e“E [leg™ o] 1€ l0.71.

The continuous dependence of the initial condition implies the uniqueness of the solution
of (78). O

We choose next a sequence R0 = {wfm",t20} of solutions of the truncated

equation (78) such that limd, = 0. Using arguments similar to those applied to the sequence
of Galerkin approximations 1% one shows that these laws of the elements of the sequence
are relatively compact in the space of probability measures L7 (Z; C(([to, T]; H°(R2))) . Via

a Skorohod representation theorem, there exists a probability space (é,]t' , 1~’) on which we

can find a sequence {JR";"} with the same law as the original sequence which converges in
L7 (Z;C(([t0, T]; HO(£2)) ) to a process {¢F}. that satisfies

T ~
+E| [ 18
fo

where C = C(p,R,T). Via a Sobolev interpolation argument we can also deduce that

p
] B O
Hs=1(Q)6

El sup ||¢f’5||§1s(9)

1€[to,T)

%.La+](ﬂ):| < C, T> fo,

lim E

n—o0o

TR0, 7R
ws - z/}s

sup

s€ [ZU7T]
P

T
Iim E |:/ ds:| =0.
n—00 o H*(Q)0

Next let gg : Ry — [0, 1] be the cut-off function as follows

R, TR
’% "= 7/%9

1, f0<x<R

gr(x) =
0, ifx>R

and assume that

T
lim E [ / (gR,(;n(
n—oo t()

If condition (87) is satisfied then, by taking the limit of each term in equation (80), we can
deduce that the limiting process ¥® solves the following stochastic differential system

~ ~ P
T o) ~ 1B i) | =0 @

JR= g, — / FRGR)ds—S / er (198 e Ex(DF)aw (88)
Iy i=1 T
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In (88), the mapping FR(¢R) is defined as
PRE) = anl 17 i) (B (95,55 + € (37)
B 2(7R AR E =k
+§;Ei<ws)—v ¢S +DE |4, | | (89)
It is then immediate that equation (88) is equivalent to (70) where we choose the stopping time

7o = inf{r > 10] |4

(o) = R}

Remark. By using standard Sobolev interpolation results, one can prove that

T
lim E [/ ‘wa’é”ﬂw(ﬂ)ﬁ — 95 (s df] =0. (90)
o

n—oo

This implies that the sequence zZR"s“ has a subsequence that converges to {/;R on a set

{(§x1) e Ex 1, T}
of full P& £}, 7 -measure’, where ¢ [,7] 1 the Lebesgue measure on the interval [f, 7] . From
the definition of ¢)%:% we can deduce that

{(&1) € Zx [0, T ()l (s < R+ 0}

and therefore that
= [t0, 7] 2 {(& D 19F () 120 < R}
= {(EDIF Ol < RYULED U] (E)llag e = R}
= AcgUA_p

has full P ® £}, rj-measure. We can deduce from here, via Egorov’s theorem that (87) holds

true provided Ay is a set of null P ® £}, 7-measure'’.

Remark. The argument sofar only shows the existence of a martingale solution (equivalently, a
probabilistically weak solution). To prove the existence of a (probabilistically) strong solution
one would need to show the uniqueness of equation (88). This cannot be done as the cut-off
function is no longer Lipschitz over the positive half-line. One can try to control the difference
between two solutions /%! and % up to the minimum of their corresponding hitting times
4 A Th. On the interval [1, 74 A 7a], gr(|0 5 |305()) = gR(||@Zf’2||Hx(Q)) so we can avoid the
difficulty raised by gg being non-Lipschitz. However, due to the the expectation terms in (88).
the solution depends on temporal values beyond 74 A 74 which we cannot control. Overcoming
this difficulty is beyond the scope of the current paper.

3.2. LA-SALT climate model

Using the same notation as in section 3.1, we describe the state of the system is
described by a state vector ¢ := (¢)¢,4°) with atmospheric component ¥ ¢ := (u?,6*) and

9 That is the complement of the set has null measure.
10 We thank Tom Kurtz for pointing out this remark.
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oceanic component ¢ := (u®,6°) with initial state is denoted by v (#9) = 1. where 1o =
(uf,05,u5,607). The LA-SALT equations for the oceanic component ¢° are the same as the
corresponding SALT equations, in other words (u?,6°) satisfy equations (12)+(13). The LA-
SALT equations for the atmospheric component ¢ differ from the the corresponding SALT
equations. More precisely, ¢ := (u“,0?) satisfy equations (20)-+(21).

In the following we work with the same stochastic basis (=, F, (F),,[P, (W');) and use the
same sequence of vector fields (£;); as in section 3.1. Similar to (68), we summarise the LA-
CMSE equations (12), (13), (20) and (21) as

Ao+ (B (1, 00) + CH ()i + Y EF (1) 0 dW, = v A, ©1)

i=1
where the process 1 gathers all variables in the LASALT model, i.e. ¢, := (u{,07,u7,07) (as
in the deterministic and SALT cases), curlR(x) = 2Q(x), 1 := 1) — ﬁ Jotdx and'":

e B is the bilinear transport operator
B" (¢1,1,) = (E[u] - Vu + u/ VE[u}, E[u] - V6, u’ - Vu’, u’- V¢°)".

e CL comprises all the linear terms (including the pressure term in the equation for the com-
ponents of v corresponding to u”)

CH () = < R;]E[U“] + R;V(]E[u“] “R(x)) + Rlave“, —y(6° - 6%,

1
Ro°

1 T
() 4 sV o 5], O)

e L are operators given by

T
1 V(R;(x)&)), &;-V6°, 0, o) .

1 .
EL () = (€, Vul + —— &+ Vel +
i(wt) <£I u Roagl uj 51 RO“

The treatment of equation (91) differs slightly from that of (68). The reason is that the expected
value of state vector v satisfies a closed form equation. More precisely, as the oceanic com-
ponent ¢/ is not random, we only need to take expectation in the equations satisfied by the
atmospheric component and deduce that ¢ := E[¢“] = (E[u’],E[0?])T =: (u®, 6°)T satisfies

—~ ~ —~ 1 ~ ~
dib +BR (D, 0F) + CHbY) = 5 D EP (W) +vAYY, 92)
i=1

where

BR (95,5¢) = (@ V& + BV (@Y, @ - Vo).

¢t (i) = <R10aﬁ"+R10aV(ﬁ" R(x) + Rloa Vo, —y (90—@’))T

' As in section 3.1, the notation (-)” indicates that the operators B", CL, EF are column vectors.
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@) _ <;gx ¢ (div <§(2-curl(ﬁ“+ RloaR(X))) )
_v(g.v<§ S+ RloaR(X))))’
5-v(5i~v5“>>>T-

It is immediate that the pair (12“,1/)") satisfies a system of equations of the form (1)—(5).
More precisely, the only difference between the system of equations satisfied by the pair
(1)%,4°) and the system of equations (1)~(5) is the linear term I Ef’”’z(%’). This term
does not hinder (or help) the analysis of the system (92)4(12)+(13), where, in (12)+(13) we
replace E[1) %] by ¢ := 1) — ﬁ Jo thdx.

As for the deterministic case in theorem 2.3 we have the following

B

L

Theorem 3.4. Let s > 2 and suppose the initial condition of the system (92)+(12)+(13) satis-
fies oy = (wo,wo) (¥6,15) € H*(S2). Then there exists a unique time t; | € (ty, 0] such that

a local regular solution (12“ 15") of (92)4+(12)+(13) in the sense of definition 2.1 exists and is
unique on any interval T := [ty,11], where to < t; <t} 1 and that, if t; 1 <00, then

~

tim [|(¢,9°)||3: = oo 93)
t /t*
The fact that the equation satisfied by the coupled system (E[¢¢],1?) has a closed form and,
following theorem 3.4, has a local regular solution enables us to show that there exists a solu-
tion of the system (91) up to a time 7} , € (f,00]. We have the following

Theorem 3.5. Let s > 2 and suppose the initial condition of the system (91) satisfies 1y €
H* (). Then there exists a unique time t} , € (to, 0], such that on any interval T := [to, 1],
where tg <ty <1, 5, the system (91) has a unique solution with the property that

Y e L? (Z;C(TH>4(Q) x B 2(Q)) UL* (Z;L(T; B (Q) x B~ (), (94)
(E[¢*],v4°) € C(T;H (Q) UL (T; HTH(Q). 95)
and that, if t; , < oo, then
1/1113 [(E[*],4°)|l3¢= = o0. (96)

Remark. The loss of regularity in the atmospheric component ©“ as compared to the regularity
of the pair (E[¢?],%°) is an artifact of our proof. We use theorems 1 and 2 in [38], chapter 4,
to justify the existence of ¢)* which require additional regularity on the coefficients. This can
only be ensured by defining the solution in a lower Sobolev space.

Proof.
Existence. From theorem 3.4, we have that there exists a solution of the system of
equations (92)+(12)+(13) upto #; | € (to,00] and that, if t; 1 < 0o, then (93) holds.

We consider next the system of equations (91) where we replace E[¢)?] by the ‘atmo-
spheric’ component w“ which is part of the solution of the system (92)+(12)+(13) . The
resulting system (1/1” w”) is linear in the stochastic component ¥ and nonlinear in the determ-
inistic component ¢°. Moreover, the oceanic component /° is decoupled from the atmospheric
component as we have replaced the dependence on the atmospheric component E[¢)¢] by
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Ph =1 — ﬁ fQ 1dx. Similar to the proof of theorem 2.3 we deduce that there exists a unique
time 7 , € (to,00], #; , < f;; such that on any interval T := [to,1;], where top <t} <1 ,, the
equation satisfied by the oceanic component ¥ has a unique solution with the property that

P° € C(T;HL () x H(Q)) ULX(THEE 0 (Q) x HHH(Q).
and, if £; , <17, then

tI/th 14° ez, () s (02) = 00- CO)
Crucially, we have that7; , < 7; | (beyond 77 | the coefficient of the system satisfied by (4%,4)°)
may not be defined, because of blowup exhlblted in (93).

The linear equation satisfied by the stochastic component 1) is a particular case of the
equations (1.1) and (1.2) in chapter 4, section 4.1, p 129 in [38]. It is easy to check that
all assumptions required by theorems 1 and 2 in [38], chapter 4, are fulfilled. Therefore the
equation satisfied by the stochastic component ©)* has a unique solution defined on the same
interval [z, f; ) such that on any interval 7':= [fo,11], where 1y < 1 < t; 5, we have ¥ belongs
to the space stated in (94).

Because of the linearity of the equation, no blow-up of 9“ is possible before 1, - Moreover

[E[¢)?] satisfies a deterministic linear equation which will have a unique solution on the interval
[0, tj;z) in the same space as ¢*. However this equations is also satisfied by QZ". It follows that
E[)9] = . Moreover the pair (E[1)"],4°) is a solution of the system (91) and the pair (¢)%,1°)
also satisfies (95) (because (12“ 12") does).

If 77 , <1; ;. the blow-up at 7; , holds because of (97). If 7 , = #; | < oo, then the blow-up
atz, , holds because of (93). Hence (96) holds if f; 5 < 0.

Uniqueness. Assume that we have another time 7, € (#y, 00|, such that on any interval T :=
[to,11], where tp < 1) < 1; 5, the system (91) has a unique solution v with the property that

g € L2 (2;C(TH>(Q) x H'T3(Q)) UL? (2; L2 (T 1(Q) x H1(Q)), (98)

(E[{],4°) € C(T; H () ULX(T; 1 (Q). (99)
and that, if ?;2 < 00, then

(B[], 4)] [l = o0. (100)

lim
t t:)z

If 7; ) <17 ,, then the system (91) has a unique solution in the interval [fo,7; ,], hence =1
on [to, 1 2] and it must be that

tgm (B[, ")]||w=lg%;2||<w”],w°)]||%<oo. (101)

which contradicts (100). Similarly we cannot have 7 , > 7 ,, so we must have 7} , = 7} , and,

by the local uniqueness of the system (91), we also get that ) = 1) on the maximal interval of
existence. O

From (91) and (92), we can deduce the equation satisfied by the fluctuations of the system,
ie.

’(F/;t Z:'(/J[_]E[fl/}t] :wt_’&;t; To <t<t;k,1'
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Then
Y=y, — / FH(yy)ds = / E7 (¢ 5)dWs, (102)
to i=1 to

where FL(1),) = FL (1) — E[(F (¢y))].

Since only the atmospheric component is random, we can restrict (102) to Jf’ = (u¢, @‘)T
to deduce that

(o]
df = —Fyidt =Y E“gidw,

where

?L,ad)u BL a(u 9(1) + CL a ll 944

l\)\'—

i ( ) W, 09— vA@e, 647

~ X ~\T
BLag)® = (E[u“] Vi + 7 VEuY, E[u] -vea)

~ (L]E[ua] (ﬁa : dX) y EE[un]ga) 4

_ 1 N\T 1 -~ \7
Chjy = (Roa ,wa> o (Roadea, 70“)
EFd = (€, VU +uiVEL, €,-V0) ~ (L, (u-dx), Le,0°)
(5b) = (-9 (e Vi +VE]) + (- Vi + €D VEL, &-9(E-9F)]
~ (Le,(Le, (W' dx)) , Le,(Le,69)".

Here the symbol ~~ recalls the geometric meanings of the coefficients appearing in the fluid
equations above. Namely, the left component in the pairs (- -) above is understood as the Lie
derivative of a 1-form, while the right component is understood as a scalar function. For more
discussion of the geometric meanings of these equations, see equation (125) in appendix ‘2D
LA-SALT stochastic atmospheric model (LASAM)’.

Define next the variance of the atmospheric component ©% = {z07,¢ > 0} as

EU J

Then the previous set of equations implies the following dynamics of the variance

0| (ip o), ] 38

Formula (103), along with the definitions from above, is important as it can be used to simulate
the dynamics of the variance of the models. In other words, equation (103) enables one to
compute the statistical dynamics of the deviations of the fluctuations of the weather that are
consistent with the climatological expectation dynamics. Note that all of the quantities in the
original equation combine to influence the fluctuations of the atmospheric component.

In spite of the brevity of formula (103), we observe that the variance of the fluctuations of
the atmospheric component is influenced by all the components of the coupled system ) as
can be seen from the explicit description of the operators FL@ and E-°

o

“r

2
} . (103)
HO
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This section has distinguished between the stochastic atmospheric weather model described
by the SALT equations in (9)—(14) as summarised formally in equation (68) and the atmo-
spheric expectation-fluctuation climate model described by the LA-SALT dynamical equations
which are formulated in (91). The latter system of equations has led to the evolution
equation (103) which predicts how the evolution of the variances of the atmospheric fluc-
tuations are affected by statistical correlations in their fluctuating dynamics.

Our analysis for both the SALT and LA-SALT models has determined the local well-
posedness properties for the dynamics of the corresponding physical variables. In this well-
posed mathematical setting, we have shown that the LA-SALT expectation dynamics can com-
bine with an intricate array of correlations in the fluctuation dynamics to determine the evol-
ution of the mean statistics of the LA-SALT atmospheric climate model.

4. Summary conclusion and outlook

(1) We have shown that the OACM in equation set (1)—(5) analysed here for the well-known
Gill-Matsuno class of models is simple enough to successfully admit the mathematical
analysis required to prove the local well-posedness of these models. The physics under-
lying these models can be improved, of course. For example, one could naturally include
heating by the Greenhouse Effect, and this heating would drive the statistical properties of
the climate model.

(2) In addition to proving well-posedness for both deterministic and stochastic OACM, we
have developed a new tool for climate science for predicting the evolution of climate stat-
istics such as the variance. Indeed, the application of LA-SALT to the OACM here has
established a method for also predicting the evolution of climate statistics such as the
expectation of tensor moments of the fluctuations. We believe the new tools introduced
here in the context of LA-SALT show considerable promise for future applications.

(3) We also expect that the shared geometric structure of these OACM will facilitate the par-
allel development of their numerical simulations; for example, in undertaking stochastic
ENSO simulations. These stochastic simulations would be excellent candidates for
the Data Analysis, Uncertainty Quantification and Particle Filtering methods for Data
Assimilation which are already under development for SALT. See, e.g. [7-10].
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Appendix. Variational derivations of the deterministic and stochastic
atmospheric models

Summary

In this appendix we explain the Euler—Poincaré variational principle and use it to re-derive
the equations of the standard ideal 2D compressible atmospheric and incompressible oceanic
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flows. These ideal models separately conserve their corresponding energy and potential vorti-
city. Next, we couple these models using the reduced Lagrange-d’ Alembert method. Finally,
we introduce stochasticity into the atmospheric flow and derive the full stochastic SALT and
LA-SALT climate models which we analyse in the text in both their Stratonovich and It6 forms.

Mathematical setting

Definition A.1 (Fluid trajectory). A fluid trajectory starting from X € M in the flow domain
manifold M at time r=0 is given by x(f) = g,(X) = g(X,1), with g: M x RT — M being a
smooth one-parameter submanifold (i.e. a curve parameterised by time #) in the manifold of
diffeomorphisms acting on M, denoted Diff(M). In the deterministic case, computing the time
derivative, i.e. the tangent to the curve with initial data g(X,0) = X along g,(X), leads to the
following reconstruction equation, given by

6tgt(X) - M(gt(X),l‘), (104)

where u,(-) = u(-,t) is a time-dependent vector field whose flow, g;(-) = g( -, 1), is defined by
the characteristic curves of the vector field u,(-) € X(M). The vector fields in X(M) comprise
the Lie algebra associated to the class of time-dependent maps g, € Diff(M).

Definition A.2 (Advected quantities and Lie derivatives). A fluid variable a € V* defined in
a vector space V* is said to be advected, if it keeps its value a, = ay along the fluid trajector-
ies. Advected quantities are sometimes called fracers, because the histories of scalar advected
quantities with different initial values (labels) trace out the Lagrangian trajectories of each
label, or initial value, via the push-forward by the flow group, i.e. a, = g,»ao = apg; ', where
g: € Diff(M) is the time-dependent curve on the manifold of diffeomorphisms whose action
represents the evolution of the fluid trajectory by push-forward. An advected quantity a, sat-
isfies an evolutionary partial differential equation (PDE) obtained from the time derivative of
the pull-back relation ag = g/ a;, as follows

0=20a0=0(gfa) =g (Oar+ Lua;)) = Oa,+L,a,=0,

where L, (- ) denotes Lie derivative by the vector field u, whose characteristic curves comprise
the fluid trajectories.

Definition A.3 (Stochastic advection by Lie transport (SALT) [21]). In the setting of
stochastic advection by Lie transport (SALT) the deterministic reconstruction equation in (104)
is replaced by the semimartingale

M
dg(X,1) = u(g:(X),0)d1 + Y &(8/(X)) 0 dW, (105)
i=1
where the symbol o means that the stochastic integral is taken in the Stratonovich sense. The
initial data is given by g(X,0) = X. The W! are independent, identically distributed Brownian
motions, defined with respect to the standard stochastic basis (2, F, (F;)>0,P). The §(-) € X
are prescribed vector fields which are meant to represent uncertainty due to effects on advection
of unknown rapid time dependence.
A stochastically advected quantity a, satisfies an evolutionary stochastic partial differential
equation (SPDE) obtained as a semimartingale relation via the pull-back relation ay = g/ a,,
as follows

0=dag=d(gfa) =g’ (da, + [,dx,a,) =  da;+ Laya, =0, (106)

where L, (-) denotes Lie derivative by the vector field dx, whose characteristic curves com-
prise the stochastic fluid trajectories in equation (105).
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Kunita—Ito—Wentzell (KIW) formula. Equation (106) is called the KIW formula, after its
discovery by Kunita as an extension of the It6-Wentzell formula to define a stochastic Lie
derivative for tensors and differential k-forms. For references and a discussion of its recent
role in stochastic advection for fluid dynamics, see [3].

The deterministic limit. In what follows, any of the stochastic fluid equations derived from
the Euler—Poincaré variational approach will reduce to the corresponding deterministic fluid
equations by simply setting £; — 0 in the reconstruction equation for the stochastic fluid tra-
jectory in (105).

Definition A.4 (The diamond operator). The diamond operator is defined fora € V*, u € X
and fixed b € V as

(boa,u)xxxx = —(b, Lua)y+xvy- (107)

Here, (-, -)x+xx and (-, - ) x+ xx denote the real-valued, non-degenerate, symmetric pairings
between corresponding dual spaces, which can be defined on a case-by-case basis. The dia-
mond operator provides a map dual to the Lie derivative, as £L(.)b: X — Vand bo (-) : V* —
X*. This duality is crucial in defining the Euler—Poincaré variational principle.

Definition A.5 (The variational derivative). The variational derivative of a functional F : B —
R, where B is a Banach space, is denoted 0F/dp with p € B. The variational derivative 6F/dp
can be defined via the linearisation of the functional F' with respect to the following infinites-
imal deformation

d oF oF
OF[p] := o E:()F[,o—i—eép] z/a—p(x)ép(x) dx =: <5p,6p>. (108)

In the definition above, € < 1 € R is a parameter, dp € B is an arbitrary function and the vari-
ation can be understood as a Fréchet derivative. With the definition of the functional derivative
in place, the following lemma can be formulated.

Theorem A.6 (Stochastic Euler—Poincaré theorem). With the notation as above, the follow-
ing statements are equivalent.

i) The constrained variational principle

5/ 2£(u,a) dt=0 (109)

1
holds on X x V*, using variations du and da of the form
du = dw — [dx;, w], da=—L,a, (110)

where w(t) € X is arbitrary and vanishes at the endpoints in time for arbitrary times t,t,.
ii) The stochastic Euler—Poincaré equations

Y4 YA
d@‘f’ﬁdxta—%oadt, (111)

hold on X* and the stochastic advection equations
da+ L4ry,a=0, (112)
hold on xV*.
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Proof. Using integration by parts and the endpoint conditions w(#;) = 0 = w(t,), the variation
can be computed to be

(5/“[2€(u,a)dt:/ <§€ 5u> <§£ (5a>
/z]<§€ dw — [dx,,w]>+<§ﬁdl,—£wa>

r 4 o oL
/t] < dé— de,(; 5a <>adt,w>

0. (113)

Since the vector field w is arbitrary, one obtains the stochastic Euler—Poincaré equations.
Finally, the advection equation (112) follows by applying the KIW formula to a(r) =
8«do- O

Remark. This version of the stochastic Euler—Poincaré theorem is equivalent to the version
presented in [21], which uses stochastic Clebsch constraints. In [21] one can also find an invest-
igation of the Ito formulation of the stochastic Euler—Poincaré equation.

Theorem A.7 (Stochastic Kelvin—-Noether theorem). Let c denote a compact embedded one-
dimensional smooth submanifold of M and denote ¢, = g,(c) for all t € [0, T). If the mass dens-
ity Dy (a top-form) is initially non-vanishing, then

1 6¢ 1 6¢
d?é D, u —(ur,a;) = %D,é (us,a;) o a.

The integrated form of this relation is

1 8¢
%Dra (ur, ar) = %Do (uo,a0) /&lg uy, ) ¢ ayds.

Proof. The KIW formula (106)—also known as the Lie chain rule—implies that
1 6/ 1 6/ 1 64
d dgi | —— = “ (d ——
%D,(S (tr,0) = 72 i <D, (514)) éog’ (( L) (D, 614))

1 0¢ 1 ¢
Zé(d“rﬁdx,) (D,M) :¢ D, da — (u,ar) o ay,

where the first step also uses the stochastic advection equation for D, in (111) and the final
step follows by substituting the stochastic Euler—Poincaré equations in (112). O

2D SALT stochastic atmospheric model (SAM)

Summary. This part of the appendix derives the SALT atmospheric model (SAM) for the
isothermal ideal gas in equations (15) and (16).

In the present notation, the Lagrangian for the deterministic 2D Compressible Atmospheric
Model (DAM) in Eulerian (x, y) coordinates is,

D
l[u,D,b] :/ E\u|2+Du -R(x) — ¢,DOTI dxdy, (114)
Q
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where u denotes 2D fluid velocity, D is mass density, § denotes the potential temperature, the
function R(x) with curlR = 2 denotes the vector potential for the Coriolis parameter, ¢, is
specific heat at constant volume, and II is the well-known Exner function, given by

R/c,
-(2)"
Po

in which py is a reference pressure level, ¢, is specific heat at constant pressure and R = ¢, — ¢,
is the gas constant. In these variables, the equation of state for an ideal gas in 2D with n degrees
of freedom is expressed as

- <RD9>R/C” B <RD9)”_] B (RDG)Z/(”“)
Po Po Po ’

since the specific heat ratio v = ¢, /¢, = 1+ 2/n for ideal gases whose molecules possess
degrees of freedom, comprising spatial translations, rotations and oscillations. Ideal gases of
diatomic molecules in 3D have three translations, plus rotations and oscillations, so n =5 and
~ =7/5 in that case.

Accordingly, the Lagrangian in (114) specialises for a ideal gas in 2D to

D
l|u,D,0] :/ §\u|2+Du-R(x)—/f(DH)O‘dxdy, (115)
Q
where the constants (k, «) take the values,
+4 2
—c(R/p)? ™D and a="""_—14 2 —2 71
w=GR/po D and o=t 2y
We obtain the following variational derivatives of the Lagrangian in (114),
16¢
- R
o1, 1
A ‘R(x) — ka(DO)*~'0
£ = Jluf +u-R(x) ~ ra (D)6,
Y4
5 = —ra(DO)*'D. (116)

Substitution of the variational derivatives (116) of the Lagrangian (114) into the stochastic
Euler—Poincaré equations with SALT in (111) gives the SAM system

(d+Lay,) (w+R(x)) -dx) = d <;|u2+u ‘R(x)— (/i/w)(DQ)O‘> dt,
(d+ Ly, )(DOdxdy) =0. (117)

Consequently, we recover the Kelvin circulation conservation law for the SAM in the compact
form

d% (u+R(x))-de=0, (118)
where ¢, = g,(co) for all 7 € [0, 7] denotes the push-forward by the SAM flow of the initial co,
a compact embedded one-dimensional smooth submanifold of M.

Corollary A.8. The system of SAM equations in (117) implies that potential vorticity q :=
w/(DO) is conserved along flow lines of the stochastic fluid trajectory dx;,

dg+dx,-Vg=0 with potential vorticity g :=w/(Df) and w:=7Z-curl(u+R(x))
(119)
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In turn, this formula implies that the following infinite family of integral quantities is conserved

Co = / (DO)®(q) dxdy, (120)
Q

for any differentiable function ®.

Corollary A.9. The Deterministic AM equations in (117) with §; — 0 are Hamiltonian, with
conserved energy'?

D
E:/ E\u|2+n(D9)°“dxdy. (121)
Q
The Lie-Poisson Hamiltonian structure of deterministic fluid equations is discussed in [22]
Jfrom the viewpoint of the Euler—Poincaré of Hamilton’s principle for fluid dynamics.

Remark. The system of SAM equations in (117) may also be written equivalently in standard
fluid dynamics notation as

M
du +dx, - Vu — dx, x 2Q + Z (ujV§{f+V(§,- -R)) 0dW: = —(k/v)V(D0)*dt,

i=1
d(D8) +V - (Dfdx,) =0. (122)

If one assumes low Mach number, so that D~ 1, and then adds viscosity and diffusion
of heat, this set of equations will reproduce the SALT atmospheric model in equations (15)
and (16) when one also sets o« = 1 = =y, which holds for the isothermal case of the ideal gas.

2D LA-SALT stochastic atmospheric model (LASAM)

Summary. Here we provide a geometric derivation of the Lagrangian Averaged Stochastic
Advection by Lie Transport (LA-SALT) atmospheric model (LASAM) for the isothermal ideal
gas studied in section 3.2.

The simplest way to derive the 2D LA-SALT Stochastic Atmospheric Model (LASAM) is
to alter the Stratonovich stochastic Lagrangian trajectory in equation (117) to the Stratonovich
LA-SALT stochastic path, which reads

dxf — dX{ = E[u](x,)dr + Y €4 (x) 0 dWi(r). (123)

The LASAM system then emerges in Stratonovich stochastic geometric form as

(d+ Lax;) (" + l (H/W)(D(?)a) dt,

1 1o, 1
R(x)> cdx=d (2|u| +R00u.R(x)— Ro?

Ro?

(d+ Laxe) (DO dxdy) =0, (124)

where Lgxs denotes Lie derivative with respect to Stratonovich LA-SALT stochastic path
in (123). The stochastic geometric LASAM system in equation (124) is given in its corres-
ponding /160 form by

12 The energy E in (121) is not conserved for & ; 7 0, though, because &; # 0 injects the explicit time dependence of
stochastic Lagrangian trajectories into the Euler—Poincaré variations (110) in Hamilton’s principle.
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() ( (0 gt o) =566 (s o) )
—d (1|u|z + (x) — Roa(fs/’y)(DG)a) dt, (d+£d§;,) (D6 dxdy)

Zﬁga ¢o(DOdxdy)) = (125)

where the /0 Lagrangian trajectory for the LA-SALT, reads
dX{ == E[u](x,0)dr+ > £5(x)dWi(t

In standard notation for fluid dynamics and with a =1 =+, the Stratonovich LASAM
equations in (124) become

a a a 1 al a J 1 J
du’ + (dX,*- V)u + o dX Ej (uj V£i+ROaV(Rj(x)§i)> odW,
+utVE[u)dr + L V(E[u]-R)dr + L Gorar= L Awear
J Ro“ Ro“ " Re® ’

Re

1
A0+ dX, " VO = (07— 0%)di + 5 N0 dr. (126)

In the previous equation, we have used the continuity equation to eliminate the areal density
D.

Likewise, in standard notation for fluid dynamics and with o =1 =+, the Iro LASAM
equations in (125) become

du’ + (dX," - V)u’ +

- D ( 19E)+ v (Rix)E]) ) aw;

1 {Z W <div(§(i.cuﬂ(]E[ua} L RloaR(x))) ) fv<§.v(g X (x)))ﬂdt

a 1 a l a
(Eu)- R)di + 1 V0" di = o Au di, (127)

+ui VE[u '

sa 1 1
do° + X" Vo' — (5 V(¢ V@“))dt = (6 = 6°)di+ 5 [0 dr. (128)
ea
In the final equation, we have again used the continuity equation to eliminate the areal density
D.

Expectation equations. Taking the expectation of equations (127) and (128) yields a closed
set of deterministic PDE for the expectations E[u?] and E[6“]. Subtracting the expectations
from equations (127) and (128) yields linear equations for the differences,

/

v =u—E[uY and 6 :=0°—E[6].

Since u¢’ and ¢ satisfy E[u®’] = 0 and E[¢*'] = 0, one may regard these difference variables
as fluctuations of u“ and #¢ away from their expected values.
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