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We analyse a class of stochastic advection problems by conditionally averaging the passive
tracer equation with respect to a given flow state. In doing so, we obtain expressions for
the turbulent diffusivity as a function of the flow statistics spectrum. When flow statistics
are given by a continuous-time Markov process with a finite state space, calculations are
amenable to analytic treatment. When the flow statistics are more complex, we show how
to approximate turbulent fluxes as hierarchies of finite state space continuous-time Markov
processes. The ensemble average turbulent flux is expressed as a linear operator that acts
on the ensemble average of the tracer. We recover the classical estimate of turbulent flux
as a diffusivity tensor, the components of which are the integrated autocorrelation of the
velocity field in the limit that the operator becomes local in space and time.
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1. Introduction

The study of passive tracer transport is of fundamental importance in characterizing
turbulence. However, predicting a chaotic dynamical trajectory over long times is
infeasible (Lorenz 1963), so one must switch to a statistical perspective to make headway
on transport properties. From the analysis of dispersion by Taylor (1922), operator notions
of mixing from Knobloch (1977), computations of ‘effective diffusivity’ by Avellaneda
& Majda (1991), simplified models of turbulence by Pope (2011), rigorous notions of
mixing in terms of Sobolev norms by Thiffeault (2012) or upper bounds on transport
of Hassanzadeh, Chini & Doering (2014), a variety of different approaches have been
developed to elucidate fundamental properties of turbulence.
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In addition to furthering our understanding of turbulence, there are practical applications
for turbulence closures. In particular, Earth Systems Models require closure relations
for the transport of unresolved motions (Schneider et al. 2017); however, the closure
relations are marred by structural and parametric uncertainty, requiring ad hoc tuning
to compensate for biases. Structural biases are associated with scaling laws and closure
assumptions between turbulent fluxes and gradients. Modern studies are bridging the gap
by incorporating more complex physics and novel scaling laws, see as examples the works
of Tan et al. (2018) and Gallet & Ferrari (2020), but the correct functional forms to
represent fluxes still need to be discovered.

The multi-scale nature of turbulent flows, coherent structures and the interconnection
of reacting chemical species and prognostic fields suggest that fluxes are better modelled
using nonlinear and non-local operators in space, time and state. Data-driven methods
relying on flexible interpolants can significantly reduce structural bias, but often at the
expense of interpretability, generalizability or efficiency. Thus, understanding scaling
laws and functional forms of turbulence closures is still necessary to physically constrain
data-driven methods and decrease their computational expense. A promising avenue for
significant progress, lying at the intersection of theory and practice, is the calculation of
closure relations for passive tracers.

The present work addresses a fundamentally different question than that of short-time
Lagrangian statistics, such as the works of Taylor (1922), Moffatt (1983), Weeks, Urbach
& Swinney (1996) and Falkovich, Gawe dzki & Vergassola (2001), since our focus is
on Eulerian statistically steady statistics. Consequently, we develop new non-perturbative
techniques to address the question at hand. In particular, the use of path integrals or Taylor
expansions is stymied since perturbation methods based on local information often yield
irredeemably non-convergent expansions for strong flow fields and long time limits. The
calculations herein are more akin to calculating a ground state in quantum mechanics
rather than short-time particle scattering.

A middle ground is the work of Gorbunova et al. (2021), which analyses short-time
Eulerian two-point statistics and makes connections to the Lagrangian approach. There
they use renormalization groups as the workhorse for calculations. The most similar prior
work regarding problem formulation is the upper bound analysis of Hakulinen (2003), in
which all moments of a stochastically advected passive tracer were considered. The scope
was different because the goal was to understand all moments of the resulting stochastic
tracer field advected by the Gaussian model of Kraichnan (1968). Here we focus on exact
expressions for the ensemble mean flux caused by a general class of flow fields. Although
we only focus on the ensemble mean flux of a passive tracer, we do not make restrictions
on the temporal statistics of the stochastic flow field. Furthermore, the methodology we
outline extends to other moments of the flow field and short-time statistics, although we
emphasize neither.

We make arguments akin to those by Kraichnan (1968) to motivate the operator
approach, but our calculation method is fundamentally different. Given that the goal is to
construct an operator rather than estimate a diffusivity tensor acting on the ensemble mean
gradients or deriving upper bounds, we take a field-theoretic perspective (Hopf 1952).
Doing so allows us to derive a coupled set of partial differential equations representing
conditional mean tracers where the conditional averages are with respect to different flow
states. The flux associated with fluctuations is then a Schur complement of the resulting
linear system with respect to statistical ‘perturbation’ variables. Moreover, if the flow
statistics are given by a continuous-time Markov process with a small finite state space,
the Schur complement becomes tractable to compute analytically. Hereafter, we refer
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to the flux associated with fluctuations as the turbulent flux (which is sometimes also
called an ‘eddy flux’), and the corresponding operator is the turbulent diffusivity operator
(alternatively an ‘effective diffusivity operator’).

The paper is organized as follows. In §2, we formulate the closure problem and
recast it as one of solving partial differential equations. In § 3, we give two examples:
a one-dimensional (1-D) tracer advected by an Ornstein—Uhlenbeck process and a tracer
advected by a flow field with an arbitrary spatial structure that switches between three
states. Section 4 outlines the general theory, and we apply it to a travelling stochastic wave
in a channel in § 5. Appendices supplement the body of the manuscript. Appendix A shows
how a ‘white-noise’ limit reduces the turbulent diffusivity to a local diffusivity tensor and
how the present theory encompasses the class of flow fields of Kraichnan (1968) in the
‘white-noise’ limit. Appendix B provides a direct field-theoretic derivation of arguments
in §2, and Appendix C provides a heuristic overview of obtaining continuous-time
Markov processes with finite state space and their statistics from deterministic or stochastic
dynamical systems.

2. Problem formulation
We consider the advection and diffusion of an ensemble of passive tracers 6,,

300 + V + (00 — £ VOy) = s(x) (2.1)

by a stochastic flow field &, (x, r) where w labels the ensemble member. Here, s is a
deterministic mean zero source term and « is a diffusivity constant. (For laboratory
flows, « would be the molecular diffusivity; for larger-scale problems, we rely on the fact
that away from boundaries, the ensemble mean advective flux (but not necessarily other
statistics) may still be much larger than the diffusive flux. Thus, the exact value of « will
not matter.) Our target is to obtain a meaningful equation for the ensemble mean,

3(0) + V- ((@0) — k V() = s(x), (2.2)

which requires a computationally amenable expression for the mean advective flux, (u6),
in terms of the statistics of the flow field, &, (x, ), and the ensemble average of the tracer,
(@). Thus, the closure problem is to find an operator O that relates the ensemble mean, (),
to the ensemble mean advective-flux, (u6), i.e.

O[(6)] = (ub). (2.3)

We show how to define (and solve for) the operator O. We do so by writing down the
Fokker—Planck/master equation for the joint Markov process (u,,, 6,,) corresponding to
(2.1), integrating with respect to all possible tracer field configurations and manipulating
the resulting system of partial differential equations. The operator will be linear with
respect to its argument and depend on the statistics of the flow field.

We assume all tracer ensemble members to have the same initial condition and, thus,
the ensemble average here is with respect to different flow realizations. The only source
of randomness comes from different flow realizations. Throughout the manuscript, we
assume homogeneous Neumann boundary conditions for the tracer and zero wall-normal
flow for the velocity field when boundaries are present. Combined with the assumption that
the source term is mean zero, these restrictions imply that the tracer average is conserved.

For the statistics of the flow field, we consider a continuous-time Markov process with
known statistics, as characterized by the generator of the process. When the state space of
the flow is finite with N states, we label all possible flow configurations corresponding to
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steady flow fields by u, (x), where n is the associated state index. We will keep with the
convention of using the & as a dynamic variable and u as a fixed flow structure. These
choices represent the flow as a Markov jump process where the jumps occur between flow
fields with a fixed spatial structure.

Physically, we think of these states as representing coherent structures in a turbulent
flow. (This is viewed as a finite volume discretization in function space where the states are
the ‘cell averages’ of a control volume in function space. Thus, the transition probability
matrix becomes an approximated Perron—Frobenius operator of the turbulent flow.) Suri
et al. (2017) provide the experimental and numerical motivation for this philosophy in
the context of an approximate Kolmogorov flow. By its very nature, a turbulent flow that is
chaotic and unpredictable over long time horizons is modelled as being semi-unpredictable
through our choice. Over short horizons, the probability of remaining in a given state is
large. The flow is limited to moving to a subset of likely places in phase space in the
medium term. Over long time horizons, the most one can say about the flow is related to
the likelihood of being found in the appropriate subset of phase space associated with the
statistically steady state.

Thus, we proceed by characterizing the probability, PP, of transitioning from state n to
state m by a transition matrix Z (1),

Play(x, 1+ 1) = up ()|t (x, 1) = up(x)} = [P (D) ln- (2.4)
The transition probability is defined through its relation to the generator Q,
P (1) = exp(Q1), (2.5)

where exp(Qt) is a matrix exponential. Each entry of £?(r) must be positive.
Furthermore, for each 7, the columns of #(7) sum to one since the total probability must
always sum to one. Similarly, Q’s off-diagonal terms must be positive and the column
sum of @ must be zero. (Indeed, to first order, exp(Qdr) = 1+ Qdr. The positivity
requirement of the transition probability 7 (df) = exp(Q df) necessitates the positivity
of Q’s off-diagonal terms and thus, in turn, the negativity of its diagonal terms.)

We denote the probability of an ensemble member, u,, being found at state m at time ¢
by P (),

Pm() = Plug (x, 1) = upm(x)}. (2.6)

The evolution equation for P, (¢) is the master equation,
d
5 m = Z anpn (27)
n

We assume that (2.7) has a unique steady state and denote the components of the steady
state by P,,.
We have used several ‘P’ at this stage, and their relation is:

(i) P denotes a probability;
(i1) Z(t) denotes the transition probability matrix for a time t in the future;
(iii) P (¢) denotes the probability of being in state m at time ¢. The algebraic relation

D Pult+1)en = P(1) Y Pule, 2.8)

holds;
966 A44-4
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(iv) in addition, we use P, for the statistically steady probability of being found in state
m, in the limit

lim P(1) = P, 2.9)

We exploit the information about the flow field to infer the mean statistics of the passive
tracer 6,,. We do so by conditionally averaging the tracer field 6,, with respect to a given
flow state u,,,. More precisely, given the stochastic partial differential equation,

Plag(x, t + 1) = un(0)|to(x, 1) = un(x)} = [exp(QT) |, (2.10)
300 + V + (U0 — kVOy) = s(x), (2.11)

we shall obtain equations for probability weighted conditional means of 6,,,
Om(x, 1) = <0w>i:w(x,t):um(x)73m(t)~ (2.12)

Empirically, the probability weighted conditional average is computed by examining all
ensemble members at a fixed time step, adding up only the ensemble members that are
currently being advected by state u,, and then dividing by the total number of ensemble
members. We will show that the evolution equation for ®,, is

d
T, m = mn/’"n» 2.13
" Z QunP (2.13)
0Om + V + (UnOp — KV Op) = 5X) P+ Y _ QunOn. (2.14)
n

As we shall see, the explicit dependence on the generator in (2.14) yields considerable
information. We recover the equation for the tracer ensemble mean, (2.2), by summing
(2.14) over the index m, using (6) =Y, Op, >, Qun =0,and >, Py, =1,

o Z O+ V - (Z U O,y — kV Z @m) = s(x) (2.15)

<
3(0) + V - ((#0) — kY (0)) = s(x). (2.16)

The presence of the generator when taking conditional averages is similar to the
entrainment hypothesis in the atmospheric literature. See, for example, Tan ef al. (2018)
for its use in motivating a turbulence closure; however, here, we derive the result from
the direct statistical representation instead of hypothesizing its presence from a dynamical
argument.

We give a brief derivation of (2.13) and (2.14) using a discretization of the
advection-diffusion equation here. For an alternative derivation where we forego
discretization, see Appendix B, and for a brief overview of the connection between the
discrete, continuous and mixed master equation, see Appendix C or, in a simpler context,
the work of Hagan, Doering & Levermore (1989). Most of the terms in (2.14) are obtained
by applying a conditional average to (2.11), commuting with spatial derivatives when
necessary and then multiplying through by P,,; however, the primary difficulty lies in
proper treatment of the conditional average of the temporal derivative. We circumvent the
problem in a roundabout manner: discretize the advection-diffusion equation, write down

966 A44-5


https://doi.org/10.1017/jfm.2023.467

https://doi.org/10.1017/jfm.2023.467 Published online by Cambridge University Press

A.N. Souza, T. Lutz and G.R. Flierl

the resulting master equation, compute moments of the probability distribution and then
take limits to restore the continuum nature of the advection-diffusion equation.
A generic discretization (in any number of dimensions) of (2.11) is of the form

—9’ + Y AL 0T = Dol =& (2.17)
Jke J

for some tensor A;.k, representing advection, and matrix Dj;, representing diffusion. Here,
each i,j and k corresponds to a spatial location, and the index ¢ corresponds to a

component of the velocity field &. The variable 6’ is the value of the tracer at grid location i
and v%¢ is the value of the cth velocity component and grid location k. The master equation

for the joint probability density for each component 8 and Markov state m, p,,(#), where
0 = (0',62,...) and the m-index denotes a particular Markov state, is a combination of

the Liouville equation for (2.17) and the transition rate equation for (2.10),

9
dom = o | | Do Afuin e’ — ZD,,@J —s' | pm | + Z Qunpn-  (218)
i

Jjke

Define the following moments:

P = / dbp, and O = / doo’ p,,. (2.19a,b)
We obtain an equation for P, by integrating (2.18) by dé to yield

d

as expected from (2.7). The equation for ®, is obtained by multiplying (2.18) by 6* and
then integrating with respect to dé,

—@‘v’ ==Y AU O]+ DO + 5" Py + Z QO (2.21)
Jke J

where we integrated by parts on the [ d09€89io term. Upon taking limits of (2.21), we
arrive at (2.13) and (2.14), repeated here for convenience,

d

-V m = mn/!l"n, 2.22

4P Z QP (2.22)
0Om + V + (UnOpn — kVOy) = 5xX)Pu+ Y QunOn. (2.23)

We compare (2.23) to the direct application of the conditional average to (2.11) followed
by multiplication with P, to infer

(0100) 1 v,y 10 () P = 3O ZQW, n- (2.24)

In summary, for an m-dimensional advection-diffusion equation and N Markov states,
(2.13) and (2.14) are a set of N-coupled m-dimensional advection-diffusion equations
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with N different steady velocities. When ¢ continuous variables describe the statistics of
the flow field, the resulting equation set becomes an m + ¢ dimensional system. Stated
differently, if the statistics of u,, are characterized by transitions between a continuum
of states associated with variables « € R® and Fokker—Planck operator Fg, then the

conditional averaging procedure yields

0P = FolPl, (2.25)
00 +V - (u® —kVO) =sx)P + F4O], (2.26)

where P = P(a, 1), ©® = O(x, a,t) and u = u(x, a). Equations (2.22) and (2.23) are
thought of as finite volume discretizations of flow statistics in (2.25) and (2.26). We give
an explicit example in § 3.1 and another in § 5.

Our primary concern in this work is to use (2.22) and (2.23), or analogously (2.25)
and (2.26), to calculate meaningful expressions for (u6); however, we shall first take a
broader view to understand the general structure of the turbulent fluxes. We attribute the
following argument to Weinstock (1969) but use different notation and make additional
simplifications.

Applying the Reynolds decomposition

Op = (9) + 6, and @, = (i) + i, (2.27)
yields
3(0) + V « ((#)(0) + (#'0") — kV(0)) =5, (2.28)
30, + V - (—(@)(0) — (@'0") + b, — kV6,) = 0. (2.29)
The perturbation equation is rewritten as
00, + V - (0, — (@0') + ()6, — kVO,) = =V - (u,()) . (2.30)

This equation is an infinite system (or finite, depending on the number of ensemble
members) of coupled partial differential equations between the different ensemble
members. The ensemble members are coupled due to the turbulent flux, (&'6’). The key
observation is to notice that the terms on the left-hand side involve the perturbation
variables and not the ensemble mean of the gradients. Assuming it is possible to find
the inverse, the Green’s function for the large linear system is used to yield

0, (x,1) = —/ dx’ df’ djey Guu (x, tx', 1)V - (ﬁ;)/ (0)) , (2.31)
where we also have to integrate with respect to the measure defining the different

ensemble members through dj,y. In our notation, this implies (6) = [ duy6,. We use
this expression to rewrite the turbulent flux as

(@'o') = — / dx’ df’ dpe dptey ity (%, DG pay (x, 11X, 1) [V - (@, (', ) (0) (', )] .

(2.32)
We make two simplifications for illustrative purposes.
(i) All ensemble averages are independent of time.
(i1) The flow is incompressible, i.e. V - u = 0.
966 A44-7
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Equation (2.32) becomes
(#0') = — / dx’ A’ dpsey dptey [, (6, )G (5, 11X, L, (¢, )] - V(O) (). (233)
We perform the 7', o, w integrals first to define the turbulent diffusivity tensor kernel as

(w'e'y = — / dx’/ / dr' dpie Ay (i, (x, 1) @ iy (x', 1) Guey (x, 11X, 1) ] -V (0) (),

IC(x|x")
(2.34)

= —/ dxX'IC(x|x") - V() (X). (2.35)

The independence of C with respect to ¢ follows from the time-independence of (i'6’) and
(6). In total, we see

(ud) = (u)(0) —/ dx'IC(x|x") - V(0)(X'). (2.36)

An insight from (2.36) is the dependence of turbulent fluxes (&0’ at location x as a
weighted sum of gradients of the mean variable (9) at locations x’. The operator is linear
and amenable to computation, even in turbulent flows (Bhamidipati, Souza & Flierl 2020).

We consider the spectrum for the turbulent diffusivity operator f dx'KC(x|x')e as a
characterization of turbulent mixing by the flow field #,(x, 7). We comment that the
operator [ dx'KC(x|x)e is a mapping from vector fields to vector fields, whereas the kernel
KC(x|x) is a mapping from two positions to a tensor.

For example, consider a 1-D problem in a periodic domain x € [0, 21). If (x|x)) =
ko8 (x — x’) for some positive constant k., the spectrum of the operator is flat and turbulent
mixing remains the same on every length scale. If K(x|x)) = —Keafxs (x — x’), then the
rate of mixing increases with increasing wavenumber and one gets hyperdiffusion. Lastly,
if f dx' K (x|x")e = (k. — dx) !, then the kernel is non-local and the rate of mixing
decreases at smaller length scales.

In the following section, we calculate [ dx'K(x|x')e directly from the conditional
equations, discuss the general structure in §4 and then apply the methodology to a
wandering wave in a channel in § 5.

3. Examples

We now go through two examples to understand the implications of (2.13) and (2.14).
The two examples illustrate different aspects of the conditional averaging procedure. The
first aspect is the ability to approximate continuous stochastic processes as one with a
finite state space, i.e. a Markov jump process. The second aspect is to obtain closed-form
formulae for a Markov jump process. In both cases, we use the methodology to calculate
turbulent diffusivities for statistically steady states.

The first example is the advection of a passive tracer in a 1-D periodic domain by
an Ornstein—Uhlenbeck process: perhaps the simplest class of problems amenable to
detailed analysis. See Pappalettera (2022) for a mathematical treatment of this problem
without source terms. The second example further builds intuition for the statistical
significance of the conditionally averaging procedure by examining a three-velocity state
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approximation to an Ornstein—Uhlenbeck in an abstract n-dimensional setting and a
concrete two-dimensional (2-D) setting.

3.1. Ornstein—Uhlenbeck process in one dimension

Consider the advection of a 1-D tracer by an Ornstein—Uhlenbeck (OU) process in a 27
periodic domain. The equations of motion are

dit,, = —iiy, df + /2 dW,, (3.1)
30 = — iy 3By + K DyxB + 5(X), (3.2)

where s is a mean zero source, w labels the ensemble member and we choose « = 0.01
for the diffusivity constant. We shall calculate the turbulent diffusivity operator for this
system in two different ways. The first will be by simulating the equations and the second
will be by using numerical approximations of the conditional mean equations.

Since the flow field u is independent of the spatial variable and the domain is periodic,
we decompose the tracer equation using Fourier modes and calculate a diffusivity as a
function of wavenumber k, wavenumber by wavenumber. Decomposing 6,, as

o o
o) = > Opme™ and s@x) = Y e, (3.3a,b)
n=—0o0 n=—o00

where k;,, = n, yields

dit,, = —itp dt + /2 dW,,, (3.4)

Eég = — il ik, 0" — Kck20" + 5", (3.5)

which are ordinary differential equations for each wavenumber k, with no coupling
between wavenumbers. We define a ‘turbulent diffusivity’ on a wavenumber by
wavenumber basis with

kr(kn) = — - — (3.6)
(ikn0

ik, 0")

which is a flux divided by a gradient. A local diffusivity would be independent of
wavenumber. Here the averaging operator, (-), is an average over all ensemble members.
This quantity is independent of the source wavenumber amplitude, §”, for non-zero sources
and conventions for scaling the Fourier transform. With this observation in place, we
take our source term to be s(x) = 8(x) — 1 so that 5 =1 for all n 0 and §° = 0.
We numerically simulate (3.1) and (3.2) in spectral space until a time ¢ = 25 using 10°
ensemble members and then perform the ensemble average at this fixed time. We have
finished the description for the first method of calculation. We now move on to using the
conditional mean equations directly.

The conditional mean equations recover the same result as the continuous ensemble
mean. We show this through numerical discretization. The conditional mean equation
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version of (3.1) and (3.2) is

P =3, (=P + 3,P), 3.7)
3O = —ud® + k0 ® + Ps+ 3, (—O + 3,0) (3.8)

where ® = ® (x, u, t) and P = P(u, t). We make the observation
(,¢] (.¢]
/ du® = (f) and / duu® = (uf). (3.9a,b)
—0oQ —0oQ
To discretize the u variable, we invoke a finite volume discretization by integrating

with respect to N =N’ + 1 control volumes £2,, = [2m — 1 —N')//N', Cm+ 1 —
N')/~/N'lform =0, ..., N, a procedure which is detailed in Appendix C.2. The result is

0Pm = QP (3.10)
m/
8On = ~nd: O + kDexOpy + P + D Qo O (3.11)
m/
where
, 2 ,

,/_(zm du® = 0,,, /Qm duP =P, uy= ﬁ(m —N'/2), /Qm duu® ~ u,,©,,,
(3.12a—c)

and Q. = (—N'8,y + m/S(m+1)m/ + (N — m/)8(m_1)mr)/2 and m=0,...,N'. This
approximation is the same as that used by Hagan et al (1989) to represent the
Ornstein—Uhlenbeck process by Markov jump processes, but now justified as a finite
volume discretization. Observe that for N = 2, we have a dichotomous velocity process

9;P1 = —0.5P; 4+ 0.5P», (3.13)

/P> = —0.5P, + 0.5Py, (3.14)

301 = —3,01 + k0,01 + Pis — 0.50 +0.56,, (3.15)
3,02 = 0,07 + k0O + Pas — 0502 + 0.56) (3.16)

and for N = 3, we have a generalization

3P = —P1 +0.5Ps, (3.17)

/P2 = =P+ P1 + Ps, (3.18)

3P3; = —P3 +0.5P,, (3.19)

30 = —/20,01 + k0,0 + Pis — O 4 0.50,, (3.20)
302 = 00,07 + k0,01 + Pas — Oy + O + O3, (3.21)
303 = V20,03 + k0, O1 + P35 — O3 + 0.50,, (3.22)

similar to the models of Davis et al. (1991) and Ferrari, Manfroi & Young (2001).
The presence of an evolution equation for P, accounts for statistically non-stationary
states of the flow field. Alternative discretizations are possible. For example, using
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Effective diffusivities for different stochastic models

1.0

Diffusivity
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% Velocity autocorrelation
@ Ensemble average

- N=2
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-v-? -..‘lllli
v ®.....9
s N=15
0
0 1 2 3 4 : ’ '
Wavenumber

Figure 1. Wavenumber diffusivities. We show the turbulent diffusivity estimate as a function of wavenumber.
Here we see that different wavenumbers, or equivalently length scales, produce different estimates of the
turbulent diffusivity. Furthermore, we show that the different N-state approximations yield an increasingly
better approximation to the Ornstein—Uhlenbeck empirical estimate.

a spectral discretization for the u variable via Hermite polynomials converges to the
continuous system at a faster rate; however, the resulting discrete system no longer has
an interpretation as a Markov jump process for three or more state variables.
Next, taking the Fourier transform in x yields
d A

30n = —tnikn Oy — kkn O+ QO (3.23)

m

We solve for the steady-state solution

0= Z Oyt Pt (3.24)
m/
0= —uniky O}, — Kk O + Pud" + > QO (3.25)
m/
and then compute
Nn o0 ~
Z Um Oy, / du®™u
k) = — S =~ (3.26)
> ik, / du(ik, O")
m —00

for various choices of discrete states. The calculations in the numerator and denominator
are equivalent to ensemble averages.

We compare the two methods of calculation in figure 1. We see that increasing
the number of states from N =2 to N = 15 yields, for each wavenumber, ensemble
averages similar to those of the Ornstein—Uhlenbeck process. The explicit formula for
N =3 is given in the next section. We stop at N = 15 states since all wavenumbers
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Figure 2. Kernels for N-state systems. Here we show the turbulent diffusivity kernels for several
approximations of the Ornstein—Uhlenbeck diffusivity kernel. We compare all kernels to the N = 15 state
kernel, which is a good approximation to the OU process kernel. We see that the width of the kernel is
comparable to the domain. The non-locality of the kernel is a consequence of the turbulent diffusivity estimate
differing on a wavenumber per wavenumber basis.

in the plot are within 1% of one another. The n =0 wavenumber is plotted for
convenience as well and, in the case of the present process, also happens to correspond
to the velocity autocorrelation. The correspondence of all velocity states (including the
Ornstein—Uhlenbeck process) at wavenumber k, = 0 is particular to this system and is
not a feature that holds in general. The ‘large scale limit’, corresponding to wavenumber
k, = 0, can often be considered an appropriate local diffusivity definition.

Although we use the finite volume discretization of velocity states as approximations
to the Ornstein—Uhlenbeck process, they also constitute a realizable stochastic process in
the form of a Markov jump process. Thus, each finite state case can be simulated from
whence the turbulent diffusivity estimate in figure 1 is exact rather than an approximation.
We choose a particular example with N = 3 in the following section.

Furthermore, each wavenumber k;, yields a different estimate of the turbulent diffusivity.
In particular, the decrease of turbulent diffusivity as a function of wavenumber implies
non-locality. Choosing a forcing that is purely sinusoidal of a given mode would yield
different estimates of turbulent fluxes. For example, forcing with s(x) = sin(x) would yield
a diffusivity estimate of k7(1) & 0.58, whereas forcing with s(x) = sin(2x) would yield a
diffusivity estimate of k7(2) = 0.34, as implied by figure 1.

In the present case, the inverse Fourier transform of the turbulent diffusivity yields
the turbulent diffusivity operator in real space. Since products in wavenumber space are
circular convolutions in real space, we naturally guarantee the translation invariance of the
kernel for the present case. The turbulent diffusivity kernels are shown in figure 2. Thus,
the equation for the ensemble mean is

— Ox (K 0x(0) + k0x(0)) = s(x), (3.27)

where * is a circular convolution with the kernel in figure 2.
To illustrate the action of a non-local operator, we show the implied flux for a gradient
that is presumed to have the functional form

3c(0) = exp(—2(x — 1)%) — exp(—10(x — 97t/8)?). (3.28)
966 Ad44-12
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Figure 3. Flux prediction from the kernel. Given the ensemble mean gradient (green), we convolve with the
N =15 state kernel to get the flux (yellow) in panel (a). We see that the gradient changes sign while the
flux always remains negative. To further illustrate the effect of non-locality, we show flux versus gradient in
panel (b). The blue regions are down-gradient and the red regions are up-gradient. A local diffusivity estimate
would be a straight line through the origin, whose slope determines the diffusivity constant.

The flux computed from the convolution with the N = 15 state kernel
0y = —IC x 9,(6) (3.29)

is shown in figure 3. Even though the gradient changes sign, we see that the flux remains
purely negative, i.e. the flux is up-gradient at particular points of the domain. Furthermore,
the figure 3(b) does not resemble a straight line through the origin, as would be the
case for a local diffusivity. The red portion highlights the ‘up-gradient’ part of the
flux-gradient relation. We point out these features to illustrate the limitations of a purely
local flux-gradient relationship.

This section focused on a flow field with a simple spatial and temporal structure. In the
next section, we derive the turbulent diffusivity operator for a flow with arbitrary spatial
structure but with a simple statistical temporal structure: a three-state velocity field whose
amplitude is an approximation to the Ornstein—Uhlenbeck process.

3.2. A generalized three-state system with a 2-D example

For this example, we consider a Markov process that transitions between three
incompressible states u1 (x) = u(x), ux(x) = 0 and u3(x) = —u(x). We use the three-state
approximation to the Ornstein—Uhlenbeck process, in which case we let the generator be

-1 1/2 0
O=y| 1 -1 1], (3.30)
0 1/2 -1

where y > 0. This generator implies that the flow field stays in each state for an
exponentially distributed amount of time, with each state’s rate parameter y. Flow fields
u; and u3 always transition to state u, and wp transitions to either u; or uz with
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50 % probability. This stochastic process is a generalization of the model considered in
the previous section and the class of problems considered by Ferrari et al. (2001) since the
flow field can have spatial structure and is not limited to one dimension.

The three-state system is viewed as a reduced-order statistical model for any flow
field that randomly switches between clockwise or counterclockwise advection, such
as the numerical and experimental flows of Sugiyama et al. (2010). In their work, the
numerical computations of 2-D Rayleigh—Bénard convection in a rectangular domain
with no-slip boundary conditions along all walls yielded large-scale convection rolls that
flipped orientation at random time intervals upon particular choices of Rayleigh and
Prandtl numbers. In addition, they showed that the phenomenology could be observed
in a laboratory experiment with a setup similar to that of Xia, Sun & Zhou (2003).
In general, we expect reducing the statistics of a flow to a continuous-time Markov
process with discrete states to be useful and lead to tractable analysis in fluid flows
characterized by distinct well-separated flow regimes with seemingly random transitions
between behaviours. Consequently, a similar construction is possible for more complex
three-dimensional flow fields, such as those of Brown & Ahlers (2007), or geophysical
applications (Zhang, Zhang & Tian 2022).

Proceeding with calculations, we note that the eigenvectors of the generator are

1/4 1/2 1/4
v =112, =] 0 and v =|-1/2 (3.31a—c)
1/4 —1/2 1/4
with respective eigenvalues 1! =0, 12 = —y and 2* = —2y.

The statistically steady three-state manifestation of (2.13) and (2.14) is

V. (u0)) =kAO; +s5(x)/4 —yO1 +yO/2, (3.32)
0=KkAO +5(x)/2 — yOs + yO1 + y O3, (3.33)
—V . (uO3) = kAO3 + 5(x) /4 — y O3 + ¥ O /2. (3.34)

We define a transformation using the eigenvectors of the generator Q,

1/4 1/2 1/4 o O o 1 1 1 O
1/2 0 12| =|| e |m|=|1 0 —-1||6; (3.35)
1/4 —-1/2 1/4 3 O3 3 1 -1 1 O3
resulting in the equations
V- (ug2) = kApr + 5(x), (3.36)
U - Vo1 +zu- Vo3 = kA — 7o, (3.37)
u-Vpr = kAps — 2y 3. (3.38)

We comment that ¢1 = (f), and that ¢, and @3 are thought of as perturbation variables.
Furthermore, the turbulent flux is (#'6’) = ug,. We eliminate dependence on the
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perturbation variables ¢, and ¢3 by first solving for ¢3 in terms of ¢,
93 = (A =2y) - Voo, (3.39)

and then solving for ¢; in terms of ¢,
oy = (KA—)/—%u-V(KA—2y)_1u-V)71 lu.vg,. (3.40)
And finally, we write our equation for the ensemble mean as
V. (u (m —y—su-Var-2y)u. V)_l Tu- V(G)) = kA(B) + s(x) (3.41)
from whence we extract the turbulent diffusivity operator
/ AX K (x|x') @ =u (]/ kA Lu VA -2 u- V)_l lu, (3.42)

We point out a few salient features of (3.42).
For large «, we have

/ dxX'K(x|x)e — u(y —«A)~ u. (3.43)

The inverse Helmholtz operator, (y — x A)~!, damps high spatial frequency components
of ensemble mean gradients. Thus, the operator’s eigenvalues decrease as one examines
increasingly fine-scale structure. Intuitively, as one examines a small-scale structure, the
presence of diffusivity leads to lower turbulent fluxes, expressing that it is challenging to
transport something that immediately diffuses.

A second observation pertains to the presence of the eigenvalue of the generator in the
operator. If the flow field changes rapidly, transitioning between the disparate states, then
y is large and one can expect the turbulent diffusivity to be local. In other words, the
flow does not stay sufficiently long time near a coherent structure. More concretely, larger
transition rates correspond to an enhanced locality in the turbulent diffusivity operator
since, as y — 00,

1
/ dx' K (x|x')e — gu u. (3.44)

Observe that (3.44) is the integrated autocorrelation of the stochastic flow field. Whether

or not non-local effects matter depends on the characteristic time scale of the flow field,
LU~" as well as the characteristic time scale for diffusion L?/k, as it compares to the
characteristic time scale for transitioning between states, y ~!.

We see that the k — 0 limit retains a non-local feature since

) ) 1 |
/ dx K (x|x)e — u (y - E(u “V)(u- V)) U (3.45)

and the operator (u-V)(u-V) can have a significant spatial structure. To further
understand this point, we simplify by using the example from the previous section.
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Using the 1-D example in Fourier space and using the usual transcriptions A — —k?,
V — ik, and with u > 0, the kernel is

2y
2 —
2
" 53 eu#:K(x,x/):zexp(——y|x—x’|),
k 4y? 2 u
2y +kk)+ —5—— g
(kk% 4 2y) u?

(3.46)

where in the last line, we used the inverse Fourier transform on the real line to simplify
the structure of the kernel. (Accounting for finite domain effects yields the Fourier series
of a hyperbolic cosine.) The left-most expression corresponds to the blue dots in figure 1
for N =3, u=+/2, y = 1 and ¥ = 0.01 for each wavenumber k € {0, 1, 2, ..., 7}. In the
right-most expression, we see the mean free path £ = u/(2y) as the characteristic width of
the non-local kernel. Observe that by rescaling u — /2y u and taking the limit as y — oo
yields a delta function, a point that we come back to in § 4.3 and Appendix A. Furthermore,
the weak velocity amplitude limit # — 0 is also local.

To further explicate the conditional average procedure, we compare empirical
conditional averages of (2.10) and (2.11) (specialized to the present system) to the direct
conditionally averaged equations (3.36)—(3.38). Concretely, we use the flow field and
source term

u(x, y) = —v/2 cos(x) sin( y)x + /2 sin(x) cos( ), (3.47)
s(x,y) = sin(x) sin(y) (3.48)

in a 2m periodic domain and y =1 for the transition rate. We employ a 2-D
pseudo-spectral Fourier discretization with 48 x 48 grid points and evolve both systems
to a time ¢ = 25, which suffices for the flow and tracer to ‘forget’ its initial condition and
reach a statistically steady state. For the stochastic differential equation, we use 10000
ensemble members. We emphasize that the turbulent diffusivity operator is independent
of the source term, and we make a choice for illustrative purposes.

Figure 4 summarizes the result of comparing two different calculation methods. To
compute the conditional averages, for example, @; at time t = 25, we proceed as follows.
At the time t = 25, we tag all fields that are currently being advected by u1, add them
up and then divide by the number of ensemble members, which in the present case is
10000. This sequence of calculations yields &1, shown in figure 4(a). The conditional
means &, and @3 are obtained similarly. We then calculate the conditional mean equations
directly in the bottom row. All fields are plotted with respect to the same colour scale. For
convenience, we also show the ensemble average, which here is () = ¢ = @] + @7 +
®3. The empirical averages have a slight asymmetry due to finite sampling effects. For
reference, the source and stream function of the flow field are shown in the last column of
the figure.

When the tracers are being advected by flow field u;, we see that the red in the stream
function corresponds to a counterclockwise flow and the blue to a clockwise flow. The
negative source concentration corresponding to the top left and bottom right parts of the
domain are then transported vertically, whereas the positive source, located in the top
right and bottom left of the domain, is transported horizontally. When advected by flow
field u3, the clockwise and counterclockwise roles reverse, and positive tracer sources
are transported vertically and negative tracer sources are transported horizontally. When
advected by up = 0, the conditional averages reflect the source term closely.

966 A44-16


https://doi.org/10.1017/jfm.2023.467

https://doi.org/10.1017/jfm.2023.467 Published online by Cambridge University Press

Statistical non-locality of dynamically coherent structures

©,: empirical ©,: empirical ©,: empirical 6): ernplrlcal 4 Stream function -
6 .
5
1.0 4
3
oo
0.5 1
0 0 ) 0
0123456 0123456 0123456
0 0 0.0
©,: equations ©,: equations ): equations
6 6
: Q@ 2 03
3 317
2 2
1 1 /
0 0 0 —48 9 -1.0
0123456 0123456 0123456 0123456 0123456

X X X X X

Figure 4. Three-state system. Here, we show the stream function, source term, conditional averages and
the ensemble mean obtained using two different calculation methods. The first calculation method uses an
empirical average with 10000 ensemble members, and the second method uses the equations from the text.
Both are shown at a final time of 7 = 25 time units where the statistical steady state has been reached.

Now that we have presented two examples, in the next section, we generalize by
expressing the turbulent diffusivity operator in terms of the spectrum of the generator.

4. General approach
The previous example had the following pattern:

(i) compute the eigenvectors of the generator Q;
(i1) transform the equations into a basis that diagonalizes Q;
(iii) separate the mean equation from the perturbation equations;
(iv) solve for the perturbation variables in terms of the mean variable.

Here we aim to gather the above procedure in the general case where we have access
to the eigenvectors of Q. Furthermore, in the last example, we claimed that the local
turbulent diffusivity approximation, as calculated by neglecting the effects of diffusion
and perturbation gradients, is equivalent to calculating the integrated auto-correlation of
the Markov process. We justify that claim in § 4.3.

4.1. Notation

Let us establish a notation for the general procedure. We again let Q denote the generator
with corresponding transition probability matrix &?(t) given by the matrix exponential

P(t) = exp(r1Q). 4.1)

The entries of the matrix [ %2 (7)1, denote the transition probability of state n to the state
m. In each column of the transition matrix, the sum of the entries is one. We assume a
unique zero eigenvalue for Q with all other eigenvalues negative. We also assume that the
eigenvalues can be ordered in such a way that they are decreasing, i.e. 41 =0, A2 < 0 and
A; < A;for i > jwith j > 2. These choices result in a unique statistical steady state which
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we denote by the vector vy with the property
Qv =0v; and H(r)v; =v; forallr, 4.2)

and similarly for the left eigenvector, wi. We denote the entries of v; and wy by column
vectors

P 1
Py 1

v = . and wi=| .|, (4.3a,b)
Py 1

where M is the number of states. We assume that the eigenvector v; is normalized such
that )", P, = 1. Consequently, w; - v| = wTvl = 1. We introduce unit vectors e,, whose
mth entry is zero and all other entries are zero, e.g.

1 0 0

A 0 . 1 . 0

er=1.1 e=/|. and ey =|.]|. (4.4a—c)
0 0 1

Thus, vy = ) _,, Pmém, wi = &,. Furthermore, €, - vi = P,, and &,, - w; = 1 for each m.
For the discussion that follows, we will assume that the matrix Q has an eigenvalue

decomposition. In general, we denote the right eigenvectors of Q by v; fori=1,..., M
and the left eigenvectors by w; for i = 1, ..., M. These vectors are all associated with
eigenvalues A; for i=1,..., M, where i =1 denotes the unique eigenvalue 1; = 0.

We recall that the left eigenvectors can be constructed from the right eigenvectors by
placing the right eigenvectors in the columns of a matrix V, computing the inverse V!
and extracting the rows of the inverse. The aforementioned procedure guarantees the

normalization w; - v; = wiij = §;;. Thus, we have the relations
Quv, = A,v, and WEQ = Anwz. (4.5a,b)

With notation now in place, we observe that the operators Q and &?(t) are characterized
by their spectral decomposition

Q= Z/liviwiT and (1) = Ze”"viw?. (4.6a,b)
i i

We now introduce our Markov states as steady vector fields. The use of several vector
spaces imposes a burden on notation: the vector spaces associated with Markov states,
ensemble members and the vector field u. Instead of using overly decorated notation with
an excessive number of indices, we introduce the convention that # will always belong to
the vector space associated with the vector field, and all other vectors are associated with
the vector space of Markov states. For example, if we have two flow states #; and u5, then

[u1(x)  w2(x)] [Z; gg] = u1(x) @ u1(x) + ua(x) ® uz(x) 4.7
uj(x) _ X)) @ui(x)  wui(x) @ ua(x)
[uz(x)] [ w0)] = [uz(x) Qui(x) W) uz(x)] *+8)
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4.2. Spectral representation
With this notation now in place, the statistically steady equations

V- nOn) = kAOy + Pps + Y QunOy (4.9)

n

are represented as the matrix system

Zémv e (U Opy) = Zémm@m +sv;+ QO (Z ém@m) , (4.10)
m m m

where we made use of ), enPn = v1. We now re-express (4.10) in terms of a basis that
uses the eigenvectors of the transition matrix. Define components ¢, by the change of basis

formula
Z @mém = Z(ann = Z (Pnén = Z(Wn . 2m)?f’n("pm (4.11)
m n n mn

We make the observation ¢; = (). We have the following relations based on the general
definitions of the left eigenvectors w,, and right eigenvectors v,,

Op = (@n-v)gi and @, = (Wp-&n)Op. (4.12a,b)

l m

Multiplying (4.10) by ij and making use of (4.12a.,b), we get

D w20V - (unOn) = K Agj + 81j5 + A (4.13)
n

=

> w2V - (un [Z e - v,-(p,-i|) = k Agj + 81js + Aig; (4.14)
n i

=

D W+ n)@n - v)V - (uni) = k Agj + 815 + g, (4.15)
in

We now wish to decompose (4.14) into a mean equation, index j = 1, and perturbation
equations, j > 1. For the mean equation, index j = 1, we make use of the properties

A1 =0, w -e =1v-€ =P, and Z(Wl cen) (@ vV - (upp1) =V - ((l])(ﬂl))

n

(4.16)
to arrive at (after changing summation index from »n to m)
Ve(@e)+Ve| Y @n-vdungi | =rApr+s. (4.17)
(i #m
We make the observation that the turbulent flux is
@0y = Y @ vi)umpi, (4.18)
(i # m

and comment that the flow fields U;(x) =), (én + v))u,, are the Koopman mode
amplitudes associated with eigenvalue A;. These are the relevant statistical spatial
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structures that advect the statistical perturbation variables ¢;. This is similar to how
the ensemble mean flow field advects the ensemble mean tracer concentration. Stated
differently, the perturbation variables are advected by structures associated with non-trivial
Koopman modes.

The perturbation equations, indices j > 1, are

D W+ n)@n - v)V - (un@i) = k Agj + djg; forj > 1. (4.19)
in

We isolate the dependence on the mean gradients by rearranging the above expression as
follows forj > 1:

D w8 @ o)V - (unpi) — K AGj— Ay = — Y Pu(wj - &)V + np1),
n

(i #Dn
(4.20)

where we used e, - v| = P,. Assuming that the operator on the left-hand side of (4.20) is
invertible, we introduce the Green’s function, G;;, to yield

o= [ G Py 8V - () () ori 1 @21
(#Dn

Thus, we represent our turbulent flux as

(') = — / YT @ v)un )Gy Puw; - e) Vi - (a1 (1)) -
(i £ 1D #Dmn
(4.22)

For compressible flow, the eddy-flux depends on both the ensemble mean gradients and
the ensemble mean value; otherwise, when each Markov state is incompressible,

@) = — / & Y @ v)un(X)G(XIX)Py(wj - &) un(x) - Vg1 (),

(i # 1 #Dmn
(4.23)

in which case the turbulent diffusivity kernel is

KaEx)= " DY @ne v)um()GCxlx)Pu(w; - &) (x). (4.24)
(i £ D) #Dmn

The above expression completes the procedure that we enacted for the examples in § 3.
We now discuss local approximations to the turbulent diffusivity operator.

4.3. Local approximation

We start with the same local diffusivity approximation of § 3.2 but using the spectral
representation of (2.13) and (2.14). In the perturbation equations, neglect the dissipation
operator and perturbation gradients, e.g. only include index i = 1, to yield the following
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reduction of (4.19),
> Wi )Py (un - V1) = digi fori > 1, (4.25)
n

where we used (e, - v1) = P, and have changed indices from j to i. We solve for ¢; for
i > 1 and focus on the perturbation flux term in (4.17),

@0y = > @ v)ungi, (4.26)
(i #Dm

to get the local turbulent diffusivity estimate,

R R 1 R
E (em - v)upp; = E (em * v)up [I E (wi - ex) Py (uy - V<p1)} (4.27)
@i #m (i #1)m Lo

—1 R R
= Y —@u-v)Wi-&)un®Pyuy | «(—Ve1). (428)
(i#Dmn !

D

We aim to show that the turbulent diffusivity from (4.28),

D= > _—l(a V) (Wi + &)t @ Pyt (4.29)
- . /ll m l l n m n“ns .
(i #1)mn

is equivalent to estimating the diffusivity by calculating the integral of the velocity
perturbation autocorrelation in a statistically steady state,

D= /oow/(x, t+1)® i (x, 1) dr. (4.30)
0

The above turbulent diffusivity is expected to work well in the limit that diffusive effects
can be neglected and the velocity field transitions rapidly with respect to the advective
time scale, see Appendix A. Under such circumstances, it is not unreasonable to think of
velocity fluctuations as analogous to white noise with a given covariance structure. For
example, letting & be a white-noise process and o be a variance vector, if

u'(x,1) ~ o (x)E, where (E(t + 1)E(1) = 8(1), (4.31)

then a diffusivity is given by

o
D(x) = / (' (x,t+ 1)U (x,1))dr = 0(x) ® 0(x). (4.32)

0
Indeed, we will show that the intuitive estimate,
o
D(x) = / (U (x,t+71) QU (x,1)dr, (4.33)
0

does correspond to (4.29). Using the white-noise limit, one can take the advection term
in the tracer equation as a state-dependent noise term, in the Stratonovich sense, from

whence standard arguments follow. However, the current approach goes beyond this limit
by allowing for temporal correlations of the flow field.
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We begin with two observations. First, the statistically steady velocity field satisfies

(f(x, 1)) = ZPmum(x) (4.34)

where u,, (x) for each m are the states of the Markov process. Second, recall that the vector
P (t)ey is a column vector of probabilities whose entries denote the probability of being
found in state m given that at time t = 0, the probability of being found in state n is one.
Thus, the conditional expectation of u(x, t + t) given u(x, t) = u,(x) is

T
(u(x,t+ f))ﬁ(x,t):u,,(x) = (Z um(x)ém) P(1)e, (4.35)
=D e M@ - v) Wi - &n)tt (). (4.36)

Equation (4.35) expresses the conditional expectation as a weighted sum of Markov states

Uy, (x).
We are now in a position to characterize the local turbulent diffusivity estimate. The

local turbulent diffusivity is computed by taking the long time integral of a statistically
steady flow field’s autocorrelation function, i.e.

D(x) = /OOR(x, T)dr, 4.37)
0
where

Rix,7) = (ulx,t+ 1) Qux, 1) — (ux,t+ 7))  (u(x, ). (4.38)

We calculate the second term under the statistically steady assumption of (4.38),

(u(x, 14 1)) ® (ux, 1) = (Z Pmum(x)) ® (Z Pnun(x)> : (4.39)

For the first term of (4.38), we decompose the expectation into conditional expectations,

(wx, t+ 1) Q@ u(x, 1)) = Z(Tl(x, t+ 1) ® ulx, 1) ie.n)=uy, ) Pn- (4.40)

n

Given that we are in a statistically steady state, we use (4.35) to establish

(@(x, 1+ 1) @u(x, 1)) = Y _(@(x, 14 7) ® &(X, D)ix.y=u,(x) P (4.41)

= i@ - 0 W+ 0t @ Pty (4.42)
imn

We isolate the i = 1 index and use 4] =0, &, - v = P, and wy - €, = 1 to arrive at

Ze”'(em v) (Wi - &)ty @ Pruy = (Z Pmum> ® (Z Pnun) . (4.43)

mn
Equation (4.43) cancels with (4.39) so that in total, we have the following characterization
of (4.38):
Rx,1)= Y @+ v) (Wi &)t ® Pytty. (4.44)
(i #1)mn
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Equation (4.44) is integrated to yield the local turbulent diffusivity,

oo
—1 R R
D(x) :f R, )ydr = ) 7 (€m- v)(Wi - €n)m & Puttn, (4.45)
0 G #mn

where we used A; <O for i > 1. A comparison of (4.45) and (4.29) reveals the
correspondence. The expression on the right-hand side is related to the negative of
the Moore—Penrose inverse of generator Q. Thus, we see that estimating the diffusivity
through the velocity autocorrelation integral is equivalent to neglecting diffusive effects
and perturbation gradients. We further justify the local approximation as an asymptotic
‘white-noise’ limit and show to how connect the present class of stochastic models to that
of Kraichnan (1968) in Appendix A.

5. Advanced example: stochastic wave in a channel

Now that we have outlined the general theory, we apply it to a wandering wave in a channel.
The application is motivated by Flierl & McGillicuddy (2002), where the wave in question
is considered a Rossby wave. Consider the 2-D vorticity equation in a channel

09w + (Yo, o} = fo + VAGw, (5.1
Ay =g, (5.2)
010w + {Vw, O} = s(x) + kAl (5.3)

with a stochastic forcing f, and {a, b} = —dyadsb + 0yadyb. Here, x € [0, 27) is periodic
and y € [0, 1] is wall bounded. No-flux boundary conditions for the tracer and stress-free
boundary conditions for the flow field on the wall y = 0, 1 are imposed. A solution to the
vorticity equation is
o = —(1 4+ 7°) sin (x + ¢, (1) sin (1) = Y, = sin (x + @, () sin ()~ (5.4)
upon choosing
fio = 010 — VAGe and  dg, = cdf + ev/2dW,, (5.5a,b)

The nonlinear term in the vorticity equation is zero since ¥, X gy, i.e. {¥y, g»} = 0. The
phase ¢ is a random walk with drift ¢ in a 27 periodic domain. The wave propagates, on
average, to the left. For simulation purposes, we choose ¢ = € = 1 and x = 0.01.

The conditional mean equations for the passive tracer are

0P = b, (—cP +€%,P). (5.6)

00 + (1, O} = KAO + ()P + 8, (—cO + 20,0, 5.7)

where ® = @(x, ¢,t) and ¥ = sin(x + @) sin(wy) with ¢ € [0, 2m). Discretizing the
phase variable ¢ with a finite volume method in ¢ yields

8Z,Pm = Z Qmm/ m's (58)
0O + {(Ym> Om} = K AOp + 5X) P+ Y Qo O (5.9)

where the details of the Q,,,, and v, are given in Appendix C.3. Discretizing with a
spectral method for ¢ yields faster convergence to the continuous problem. However, the
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(a) N = 6 state ensemble mean (b) Continuous empirical ensemble mean
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Figure 5. Ensemble mean channel comparison. We show the ensemble mean of the wandering wave as
compared to the six-state system and a local diffusivity estimate. For reference, we also show the source term,
scaled by a factor of 0.1 so as to be the same scale as the ensemble mean. A six-state system is visually similar
to the continuous empirical mean, and the local diffusivity estimate is dissimilar.

finite-volume discretization yields sequences of realizable stochastic processes in the form
of a Markov jump process between different flow fields.
For a local diffusivity, we use the auto-correlation of the velocity field,

00 2 2 :

_ ~ ~ _1 17 cos(Ty) —Tt cos(Ty) sin(Ty)
K= /0 de(utx, 1+ ) @ulx,0) =7 [n cos(my) sin(my) sin(mty)? :|

(5.10)

and calculate an approximate evolution equation
up1 + V- (=KVg1 — V1) = s(x). (5.11)

We numerically solve both (5.1), the conditional mean equation (5.9) for increasing
number of states, and the local diffusivity equation, (5.11), for the particular choice of
source term,

s(x, y) = sin(x) sin(1y) + cos(2x) sin(my), (5.12)

which is shown in figure 5(c). We use a doubly periodic Fourier code with N = 32
grid points in a domain x € [0, 2w) and y € [0, 2), and note that no-flux and stress-free
boundary conditions aty = 0 and y = 1 are satisfied. We evolve all solutions to a final time
t = 10 and use 10 000 ensemble members for the stochastic evolution of the equations. We
choose to show the effect of the turbulent diffusivity indirectly via the choice of source
term and the ensemble mean rather than directly examining the structure of the exact
non-local tensor kernel for the present circumstance.

In addition, we show the ensemble mean of a six-state approximation to the kernel
in figure 5(a), the empirical ensemble mean in figure 5(b) and the local diffusivity
tensor results in figure 5(d). In the x € [4, 5] region of the plot, we see that the shape
of the empirical ensemble mean is well captured by both the six-state approximation to
the ensemble mean as well as the local diffusivity estimate; however, the magnitude is
underestimated by the local diffusivity tensor. Furthermore, the local diffusivity tensor
fails to capture the structure and magnitude of the ensemble mean in the x € [0, 3].
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Figure 6. Ensemble mean channel Error. Here we show the relative quantitative error between an N—state

approximation to the continuous process and the local diffusivity estimate. A six-state system is within the
sampling error for the chosen source term.

In contrast, the N = 6 state approximation captures the structure and magnitude
throughout the domain.

We quantify these statements with a relative L? error metric in figure 6. The sampling
error is estimated by computing the difference in the empirical ensemble mean between
ensemble members 1 — 5000 and 5001 — 10000, and dividing by the L> norm of the
ensemble average of all the ensemble members. We see that increasing the number of
states increases the fidelity of the discrete representation and that the local diffusivity
yields a relative error of approximately 50 %. Furthermore, a six-state model (as given by
N = 6) captures the empirical ensemble mean within sampling error.

These errors are particular to the choice of source term and the resulting ensemble mean.
The advantage of using the exact closure relation for the passive tracer is its applicability
independent of the choice of source term in the tracer equation; however, a local diffusivity
tensor can likely be optimized to reduce the error for a fixed source term. Similarly, using
an N-state model could have different errors depending on the choice of source term, and
it is more expedient to examine convergence to the exact operator.

6. Conclusions

We have introduced a conditional averaging procedure for analysing tracers advected
by a stochastic flow and formulated the problem of finding a turbulence closure into
solving a set of partial differential equations. When the flow statistics are modelled as
a continuous-time Markov process with finite state space, the resulting system becomes
tractable to compute analytically. Furthermore, we show that flow statistics with infinite
state space can be approximated by ones with finite state space through a systematic
discretization.

The resulting dimensionality of the equations depended on the number of variables
required to describe flow statistics and the dimensionality of the flow. A flow characterized
by m discrete states leads to a set of m-coupled equations of the same dimensionality as
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the original. A flow characterized by a continuum of statistical variables can be discretized
and reduced to the former. Eliminating the system’s dependence on all but the ensemble
mean leads to an operator characterization of the turbulence closure, allowing for an
exploration of closures that do not invoke a scale separation hypothesis.

We analysed three examples — an Ornstein—Uhlenbeck process advecting a tracer in one
dimension, a three-state system in arbitrary dimensions and a stochastically wandering
wave in a 2-D channel — and outlined a general approach to obtaining a closure based
on the spectrum of the transition probability operator. In the examples, we examined
the role of non-locality in determining a statistically steady turbulence closure. Under
general principles, we derived that the small velocity amplitude, weak tracer diffusivity
and fast transition rate limit reduce the closure to a spatially heterogeneous tensor acting
on ensemble mean gradients. Furthermore, we related this tensor to the time-integrated
auto-correlation of the stochastic flow field.

We have not exhausted the number of examples the formulation offers nor
simplifications leading to analytically tractable results. Interesting future directions
include using Markov states estimated directly from turbulence simulations, analysing
scale-separated flows, generalizing the advection-diffusion equation to reaction-advection-
diffusion equations, and formulating optimal mixing problems. When the number of
Markov states increases, the computational burden of estimating turbulent diffusivity
operators becomes demanding; thus, there is a need to develop methods that exploit the
structure of the problem as much as possible.

Mathematically, there are many challenges as well. All the arguments provided here are
formal calculations, and the necessity for rigorous proofs remains. For example, a direct
proof of the conditional averaging procedure is necessary. Ultimately, the goal is to reduce
the stochastic-advection turbulence closure problem to one that can leverage theory from
partial differential equations.

Supplementary material. Supplementary material is available at https:/github.com/sandreza/
StatisticalNonlocality.
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Appendix A. White-noise limit and the Kraichnan ensemble

Here we wish to show how the considerations taken in the main text, specifically § 4.3,
relate to Kraichnan’s work with white noise in time and Gaussian process in space flow
fields, see Kraichnan (1968). We will proceed in two steps. In the first step, we show how
to take a ‘white-noise’ limit of an arbitrary set of flow fields u, and generators Q so that the
time-integrated velocity auto-correlations stay finite. This procedure has been commented
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on by both Kraichnan (1968) and Falkovich et al. (2001) as a necessary step to remove the
stochastic ambiguity of a delta-correlated in time flow field. In the second step, we show
how to discretize a Gaussian process to a finite state space.

Introduce a scale parameter y for each velocity state and the generator Q as

uy(x) = /yu,(x) and Q- yQ. (Ala,b)

The integrated velocity autocorrelation remains invariant since the characteristic velocity
scales like U = O(,/y), the characteristic time scale scales like 7 = & (y~1) and thus

the integrated velocity autocorrelation is U?t = €'(1) as y — 00; however, the mean free
path of a particle is now £ o« Ut = 0(1/,/y) and goes to zero in the limit. This limit
yields a delta-correlated flow field in time as y — oo.

From (4.20), we have the exact relation as y — oo forj # 1,

Y Wi e) @ vV - (VY g) — KA 9 — v ¢
i #)n o(1)
¢# o(P) ( o)

==Y Pawj- &)V - (/Yta 1), (A2)
" o7

Since the integrated autocorrelation of velocity is independent of y, we assume ¢; =
O'(1), which yields the leading order balance

YA @Ry Pu(wi - e)V - (Y ung1) (A3)
——
o) ! o7

The above relation was assumed in (4.25) but is now justified as a particular asymptotic
limit. Consequently, ¢; = €'(1/,/y) as y — oo for j # 1. Hence, the perturbation terms
are small, consistent with the requirements of a local diffusivity estimate. We note that the
assumption ¢ = (1) is self-consistent. These calculations complete the first step.

We have seen how to rescale and take limits to get a local diffusivity estimate from an
arbitrary Q matrix and velocity states. The only additional ingredient to connect the present
work to the Kraichnan ensemble is to observe that a Gaussian process is a structured
matrix version of Q with particular choices for the velocity states. The Karhunen-Loéve
expansion implies that the Gaussian process velocity field (at a fixed time ¢) is represented
as

[e.¢]
U (6, 1) = Y Au, (HP(%), (A4)
n=1
where each A, (¢) is, for example, an independent Ornstein—Uhlenbeck process (although
any process with a Gaussian stationary distribution will suffice) with integrated
autocorrelation one and @,,(x) are eigenvectors of the covariance tensor associated with
the Gaussian process. They satisfy the relation

/ X () - B (%) = AnSo, (A3)
2

where A, are the eigenvalues of the covariance tensor.
We now show how to express the above infinite-dimensional state space as a limit of the
finite-dimensional ones. Represent each amplitude A,,, as an N-state model with transition
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matrix Q (as was done for the Ornstein—Uhlenbeck process) and observe that each one
is independent. The Q matrix becomes a Kronecker sum of infinitely many copies of the
same Q In practice, this infinite Kronecker sum is truncated to a finite number, let us
say the first M of them as ordered by the eigenvalues A, of the covariance tensor. The
resulting discrete states are then given by the product of N possible modal amplitudes for
a fixed basis function @ with M total number of independent modes, hence, an NM finite
dimensional space. More concretely, if we discretize with three modal amplitudes and each
modal amplitude with a two-state system, then each amplitude is either +1 or —1, leading

to a total possible 2° = 8 pairings, e.g.

up = P1(x) + P2(x) + P3(x), ux = —P1(x) + P2(x) + P3(x), (Aba,b)
uz = P1(x) + P2(x) — P3(x), wus=—P1(x) + P2(x) — P3(x), (A7a,b)
us = P1(x) — P2(x) + P3(x), ug=—P1(x) — P2(x) + P3(x), (A8a,b)
u; = P1(x) — P2(x) — P3(x), ug=—P1(x) — P2(x) — P3(x) (A9a,D)

and the Kronecker sum matrix

A
Q=§|:1 _1], (A10)
-3 1 1 0 1 0 0 0]
1 -3 0 1 0 1 0 0
1 0o -3 1 0 0 1 0
~ = ~ 110 1 1 -3 0 0 0 1
0 1 0 0 1 -3 0 1
0 0 1 0 1 0 -3 1
0 0 0 1 0 1 1 -3

where each transition corresponds to a single sign flip of the Gaussian process basis
functions that constitute the velocity states.

Given that our analysis was performed for an arbitrary-sized Q matrix, we use finite
truncations and then take limits afterward. Note the order of the limits taken: first, truncate
to a finite state space, next, take the white noise limit, then lastly, take the limit to the
infinite state space. Those limits, taken in that order, yield the same model as that of
Kraichnan (1968).

Appendix B. An alternative formal derivation

We wish to show that one can work directly with the continuous formulation of the
advection-diffusion equations for the derivation of the conditional mean equations.
Although we consider a finite (but arbitrarily large) number of Markov states here,
considering a continuum follows mutatis mutandi. In §2, we wrote down the master
equation for the discretized stochastic system as

3 . o
dipm =Y Y > " AGu 07 = "D =] pw |+ Q. (B1)
j n

i Jjke
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We introduce the (spatial) volume element Ax; to rewrite (B1) in the evocative manner,

1 9 kepj
01pm = X,: AxiA—xiw ;Ayk” 0 ZDUG —s' | pm | + Z Qunpn. (B2)
We now take limits
ZAx,- i / dx, (B3)
i
I 9 9m O
— 2 (B4)
Ax; 06! 80 (x)
S AGulcol +3 Dol — 5w, VO — A0 — s, (B5)
Jke J
to get the functional evolution equation for the probability density,
9 /dx S ([t VO — kA0 — 5] )+ZQ (B6)
= u — J— s
tPm 56 (x) m K S| Pm mnPn

where x is a continuous index. The notation here is similar to that of Zinn-Justin (2021,
§ 35). As before, we can derive the conditionally averaged equations directly from the
above. To do so, we make the additional correspondence

11m

DIO]. (B7)

We now define the same quantities as before, but using the field integral
P = / Diflpn and Op(y) = / DIO16 () om. (B8ab)

The discrete indices i, j, k in the equations from § 2 are replaced by continuous labels x
and y. We only use a few formal properties of the field integral, with direct correspondence
to n-dimensional integrals. We use linearity, i.e. for two mappings with compatible ranges

F[6] and H[6],

/ DIO] (FI0] + HI[O)) = / DIOF[0] + / DIOTH[O]. (BY)
We use the analogue to the divergence theorem,
)
/D[O]/ dxm ([uy - VO — kA0 — 5] p) =0 (B10)
<
[ %00 =0 B11)

since the integral of a divergence should be zero if the probabilities vanish at infinity (i.e.
that our tracer cannot have infinite values at a given point in space). We also make use of
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the integration by parts, i.e. for some functionals F and H,

/D[@]H/ dx%(x)]:: —/D[G]/ dxagzc)}' (B12)
<~
/dOhVo f = —/ 6 (Voh) - f. (B13)
And finally, we also interchange sums and integrals,
fD[e](Ae)pm =A / DI010pm = AO,, (B14)
<

/ 0 | > " Dyifipm | =D Dy / 66/ py =y DyO). (B15)
- - :

J J

We proceed similarly for the u, - V term. We also use properties of the variational
derivative, such as,

0y o ﬂ o
m =dx—y) & 307 = d¢;. (B16)

Taken together, one can directly obtain (2.13) and (2.14) by first integrating (B6) with
respect to D[H] to get

0Pw=_ QunPn. (B17)
n
and multiplying (B6) by 8( y) and then integrating with respect to D[] to get
%On(y. 1) + Vy  (Un(3)On(y, 1) = KV, O0u(3,0) = (NP + Y QunOn(y. 1).
n
(B18)
In the above expression, removing explicit dependence of the position variable yields

3O+ V + (UpOpy — kVOp) = Py + Z O Op. (B19)
n

Our reason for mentioning the above methodology is that it allows for expedited
computations. There is no need to explicitly discretize, perform usual n-dimensional
integral manipulations and then take limits afterward. For example, computing the
conditional two-moment equations defined by the variable

Cn(y.z,1) = /D[Q]H(y)9(Z)pm (B20)

is obtained by multiplying (B6) by 6(y) and 6(z), and integrating with respect to D[6],
3Cm + Vy + (um(Y)Cn — kVyC) + Vz + U (@) Ciy — kVCrp)
= 5(2)On(y) + 5(»)On(z) + Z QunCh. (B21)
n
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In particular, we note the source term on the right-hand side and the appearance of the first
conditional moment. In the derivation, we used the product rule

§0(»0() 5
80(x)
If the advection-diffusion equation is m-dimensional and we have N Markov states, the
above equation is made up of N coupled 2m dimensional partial differential equations.
Indeed the equation for the Mth moment is made up of N coupled M x m dimensional
partial differential equations.

(x —=y)0(z) +5(x —2)0(y). (B22)

Appendix C. A heuristic overview of the master equation and discretizations

In this section, we provide an argument for the form of the master equation in the main
text, (2.18) in § 2. Our starting point is § C.1, where we use the Liouville equation for
two continuous variables. We then apply the finite volume method to the Fokker—Planck
equation of an Ornstein—Uhlenbeck process to derive the transition matrices used in the
two-state and three-state systems in § 3. We conclude with a formal argument for the use of
discrete Markov states as an approximation to the compressible Euler equations in § C.4.

C.1. Two-variable system
Suppose that we have two variables x, y € R governed by the equations

i—);=f(X)+~/§a§, (CDhH

b _ c2
E—g(X,y), (C2)

where £ is white noise. In this context, we think of x as being our flow field # and y as the
tracer 6. The master equation implied by the dynamics is

hp = —0c (f@p — %8ep) — By (85, 1)) (C3)

We now discretize the equation with respect to the x—variable by partitioning space
into non-overlapping cells, characterized by domains £2,,. First, we start with the
Fokker—Planck equation for x, which is independent of the y—variable,

P = —d, ( P — ozaxp) . (C4)

Observe the relation f p(x,y,t)dy = P(x, t). Define our coarse grained variable P, as
P = / P(x) dx, (C5)

2
which is a probability. Thus, the discretization of (C4) becomes
a,/ Pdx = —/ 3, (f(x)P _ UZBXP) dx (C6)
2m 2m
0Pm = QunPn (C7)
n
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for a generator Q which we derive in (C.2) with respect to a chosen numerical flux.
Heuristically, going from (C6) to (C7) is accomplished by observing that P, is a
probability and the operator £ = 3,(f(x) ® —o2d,e) is linear; thus, upon discretization,
the operator is represented a matrix acting on the chosen coarse grained variables P,. (It
is, of course, possible to approximate using a nonlinear operator, but for simplicity, we
only consider the linear case.) The property » , Q,, = 0 is the discrete conservation of
probability.
Going back to (C3), defining

pm(y) = fg p(x.y)dr, (C8)

introducing x,, € £2,,, and performing the same discretization for the joint Markov system
yields

0tom = E QumnPn — ay (&Cxm, ¥) om) » (C9)
n
where we used the approximation

/ glx, y)p(x,y)dx ~ g(xp, y)/Q p(x, y) dx = g(xm, ¥) o (). (C10)

The x,, are the Markov states and the Q,,, serves as the specification for transitioning
between different states. We also observe that one can simply start with the discrete states
for x and continuous variables for y to directly obtain (C9), as was done in the main text.

In what follows, we give a concrete example of deriving a generator Q from a
finite-volume discretization of an Ornstein—Uhlenbeck (OU) process. We explicitly
mention the kind of discretization that we use since retaining mimetic properties of
the generator Q is not guaranteed with other discretizations. Furthermore, using a
finite volume discretization allows for the resulting discretization to be interpreted as a
continuous-time Markov process with a finite state space.

C.2. Example discretization
Consider an Ornstein—Uhlenbeck process and the resulting Fokker—Planck equation,

0tp = —0x (—xp — Oxp) . (C11)

We discretize the above equation with N 4 1 cells, where N = 1 and N = 2 correspond
to the two- and three-state systems, respectively. Using a finite volume discretization, we
take our cells to be

p=[Ax(m—1/2—-N/2), Ax(m+1/2—-N/2)], (C12)
Ax = 2 (C13)
VN
form=20,1,...,N. Our choice implies that cell centres (the discrete Markov states) are
Xm = Ax(m — N/2) (C14)
form =0, ..., N, and cell faces are
x/ = Ax(m —1/2—N/2) (C15)
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form=0,..., N+ 1. We define

P =/ pdx and p,uAx = Py (Cl16a,b)
2
Upon integrating with respect to the control volume, we obtain
d
g =" (xp =)l _ o+ (—xp = xp)lx:x’;H : (C17)

The numerical flux is chosen as follows:

Xm—1Pm—1 + XmPm ~ Pm — Pm—1

(=xp = 0xp)| _r ™ — > T T Ax (C13)
_ _xm—lpm—l + X P . Pm — Pm—1 (C19)
2Ax (Ax)?
1
=5 ((N=m+ 1D)Pp_1 —mPy), (C20)

where we use the convention P_; = Py41 = 0 so that boundaries, corresponding to
indices m = 0 and m = N + 1, imply no flux conditions. Combining the flux estimates
for both cell boundaries, the evolution equation for the probabilities P, becomes

3Pm=3[(N—=m~+1D)Ppu_y — NPy + (m+ 1)Ppi1], (C21)
which implies the generator
Qmn = % (=N8un + n8ns-1yn + (N — m)8n—1yn) - (C22)

Equation (C21) emphasizes the row structure of the matrix whereas (C22) emphasizes the
column structure. The steady state probability distribution is the binomial distribution

P, =2"N (N ) (C23)

m

(The continuous steady state distribution is a Normal distribution p(x) = n)~1/2
exp(—x2/2).) Furthermore, the eigenvectors and eigenvalues of the matrix are in
correspondence with the eigenfunctions and eigenvalues of the Ornstein—Uhlenbeck
process as noted by Hagan er al. (1989). In particular, the cell centre vector, (C26), is a
left eigenvector of Q,,, with eigenvalue A = —1. This relation is useful for calculating the
auto-correlation of the Markov process since (4.35) only involves one eigenvalue. We used
the generator, (C22), in the construction of the two- and three-state systems.

C.3. Example discretization 2

Consider a random walk with drift in a periodic domain and the resulting Fokker—Planck
equation,

o =—0y (p — dpp). (C24)
We use control volumes,
27
2, =[mAp, (im+ 1)Ap] and Agp = N (C25)
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form=20,1,...,N — 1. Our choice implies that cell centres are
om = Ap(m+1/2) (C26)
form =0,...,N — 1, and cell faces are
ol =mAg (C27)
form =0, ..., N — 1. Using a central flux for the advective term, the standard flux for the

diffusive term, and accounting for periodicity yields the matrices
AGiFaN+1,i9%N+1 = £1/2,D;; = =2 and  Dxrnan+1,ion+1 = 1 (C28)

fori=1,..., N and zero otherwise. Here, % is the modulus operation and accounts for
super/sub diagonals of the matrices along with periodicity.
The transition matrix is then

1 1

an = A_gpAmn + A_q)z

Dyp. (C29)
With regards to the calculations in § 5, we take our stream function states to be

Y = cos(x + mAg) sin(my) (C30)

form=0,1,...,N— 1.

C.4. A finite volume approximation in function space
We start with the compressible Euler equations

o+ V- (pu) =0, (C31)
dpou+V - (pu®u)+Vp=0, (C32)
dpe+V - (u[pe+p]) =0, (C33)
p(p, pu, pe) = p, (C34)

where p is density, pu is the momentum, u = pu/p is the velocity, pe is the total energy
density and p is a thermodynamic pressure. (For example, one could use the pressure
for an ideal gas p = (y — 1)(pe — plul?/2) with y = 7/5.) Here, we introduce Z as a
probability density in function space for the state variables S = (p, pu, pe). In the notation
of Appendix B, the evolution equation for the statistics Z are

8t2=/dx|:£ (V-[pu]Z)+i(V-[pu®u]Z+VpZ)
8p dpu

4o (V- uoe +p) ). (€39)

where we have suppressed the index x in the variational derivatives.
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Now consider a partition in function space into domains £2,, and let S,, denote a value
of a state within the set S,,,. In this case, we define the probability as

P = A Dlp]lDlpulDlpelZ. (C36)

In analogy with the calculations in § C.2, integrating (C35) with respect to a control
volume §2,,, would result in an approximation of the form

0Pm = QunPn (C37)

for some generator Q,,;;,. The entries of the generator are functionals of the states Sy, € $2,,.
Performing the necessary integrals and re-expressing it in this finite form is done indirectly
through data-driven methods with time series as in Klus, Koltai & Schiitte (2016), Fernex,
Noack & Semaan (2021) or Maity, Koltai & Schumacher (2022).

The difficulty of performing a discretization from first principles comes from choosing
the subsets of function space to partition and carrying out the integrals in function space.
Periodic orbits and fixed points of a flow serve as a natural skeleton for function space, but
are typically burdensome to compute. We offer no solution, but hope that in the future,
such direct calculations are rendered tractable. In the meanwhile, indirect data-driven
methods are the most promising avenue for the calculation of the generator Q.
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