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Abstract

We present a numerical investigation of stochastic transport in ideal fluids. According to Holm (Proc Roy
Soc, 2015) and Cotter et al. (2017), the principles of transformation theory and multi-time homogenisation,
respectively, imply a physically meaningful, data-driven approach for decomposing the fluid transport veloc-
ity into its drift and stochastic parts, for a certain class of fluid flows. In the current paper, we develop new
methodology to implement this velocity decomposition and then numerically integrate the resulting stochastic
partial differential equation using a finite element discretisation for incompressible 2D Euler fluid flows. The
new methodology tested here is found to be suitable for coarse graining in this case. Specifically, we perform
uncertainty quantification tests of the velocity decomposition of Cotter et al. (2017), by comparing ensembles of
coarse-grid realisations of solutions of the resulting stochastic partial differential equation with the “true solu-
tions” of the deterministic fluid partial differential equation, computed on a refined grid. The time discretisation
used for approximating the solution of the stochastic partial differential equation is shown to be consistent. We
include comprehensive numerical tests that confirm the non-Gaussianity of the stream function, velocity and
vorticity fields in the case of incompressible 2D Euler fluid flows.
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1 Introduction

A fundamental challenge in observational sciences, such as weather forecasting and climate change prediction, is
the modelling of measurement error and uncertainty due, for example, to unknown or neglected physical effects,
and incomplete information in both the data and the formulations of the theoretical models for prediction. To meet
this challenge, new types of dynamical parameterisations, called Data Driven Models have been developing recently
for the observational sciences. Data-driven models accommodate uncertainty in observational science, by making
predictions of both the values of the expected future measurements and of their uncertainties, or variabilities, based
on input from measurements and statistical analysis of the initial data.

Such predictions are made in a probabilistic sense. They may also use data assimilation to take into account
the time integrated information obtained from the data being observed along the solution path during the forecast
interval as “in flight corrections”. Data assimilation is a term used mainly in the computational geoscience com-
munity, and refers to methodologies that combine past knowledge of a system in the form of a numerical model
with new information about that system in the form of observations of that system. It is a major component
of Numerical Weather Prediction, where it is used to improve forecasting, reduce model uncertainties and adjust
model parameters. To reduce the uncertainty, a stochastic feedback loop between the model and the data may be
introduced, through which assimilation of more data during the prediction interval will decrease the uncertainty of
the forecasts based on the initial data, by selecting the likely paths as more observational data is accrued. This is
the basis of the so-called ensemble data assimilation which uses a set of model trajectories that are intermittently
updated according to data. The availability for several years of large grid computing systems has made ensem-
ble data assimilation increasingly popular. Ensemble data assimilation can use particle filters' as a basis for the
uncertainty reduction.

Thus, in modern observational science, predictive dynamics meets: (i) observation error, (ii) incomplete in-
formation, (iii) uncertainty, (iv) resolution errors in numerical simulations and (v) data assimilation. In the new
science of data-driven modelling, all four of these endeavours should be placed into the same framework. As a
minimum requirement, the framework for the introduction of noise should preserve the fundamental mathematical
structure of the deterministic model. The geometric mechanics approach that we take here is designed to preserve
the fundamental structure of fluid dynamics, which is based on the theory of transformations by smooth invertible
maps.

Our approach introduces a new type of stochasticity — called Stochastic Lie Transport (SLT) — that has been
designed specifically for fluid dynamics, based on transformation theory and geometric mechanics. Instead of trying
to predict the effects of what cannot be resolved in each case by going to even higher resolution, SLT uses observed
spatial correlation data to model the effects of the uncertainty as spatially correlated stochastic transport.

Properties of Stochastic Lie Transport in Ideal Fluid Dynamics

Stochastic Lie Transport (SLT) for ideal fluid dynamics was first derived in [ | by applying transformation
theory from geometric mechanics (based on the smooth invertible Lagrange-to-Euler map) to the Hamilton varia-
tional principle for the equations of ideal fluid motion. SLT also follows from Newton’s Law of Motion, provided one
includes the stochastic Lagrange-to-Euler transformation of the reference coordinate basis under the fluid flow, as
shown in [ ]. In addition, homogenisation theory shows that SLT can be regarded as a true decom-

1See [ ] for a new approach for handling high dimensional models using particle filters.



position of the deterministic solution for the fluid velocity into a mean flow and rapid fluctuations in velocity around
the mean [ ]. Via homogenisation theory, the rapid velocity fluctuations rigorously transform into
a sum of stochastic vector fields, as in equation (1.2), in the limit as the fluctuation frequency increases.

As a true decomposition of the solution, the analytical properties of the SLT fluid model should not differ from
those of the corresponding deterministic fluid equations. This property was proven to hold for the 3D SLT Euler
fluid equations in [ ]. In particular, the solutions of the 3D SLT Euler fluid equations (1.1) derived
in [ ] are shown in [ | to possess local-in-time existence and uniqueness, as well as to
satisfy a Beale-Kato-Majda criterion for blow-up, corresponding to the same properties as for the deterministic 3D
Euler fluid equations [ ]

In summary, SLT is a new type of stochasticity, designed to account for the effects of unresolved fluid degrees
of freedom, such as turbulence, on the resolved scale dynamics of fluid flows. In SLT, the noise multiplies both the
solution and the spatial gradient of the solution; so its influence tends to increase as the gradients of the solution
increase. The additional Lie transport terms in SLT turn out to be necessary to complete the Stochastic Kelvin
Circulation Theorem. Thus, in the SLT approach, the Eulerian fluid equations acquire the additional Stratonovich
stochastic transport vector field seen in equation (1.2), which leads to the Kelvin Circulation Theorem in (1.4).
These additional stochastic Lie transport terms do not appear in other theories, such as
[ ] and [2014]. The present paper will demonstrate how to use SLT as a means of performing both
uncertainty quantification and account for the resolution error in numerical simulations by the following steps, see
Section 3.1:

e Simulate Lagrangian trajectories moving with velocity described by a deterministic PDE which we assume
can be accurately approximated on a fine grid. Call these the fine grid trajectories.

e Simulate Lagrangian trajectories moving with a spatially-filtered velocity on a coarse grid. Call these the
coarse grid trajectories.

e Calculate the differences between the fine grid trajectories and the coarse grid trajectories over non-overlapping
time intervals, which are then used to estimate the velocity-velocity correlation tensors.

e The estimated velocity-velocity correlation tensors are substituted into the Euler stochastic PDE with Lie
transport noise to perform uncertainty quantification analysis.

The Interaction Between Noise and Transport Mechanisms in Ideal Fluids

Our aim in this paper is to investigate the interaction between noise and transport in ideal fluids using the framework
of geometric mechanics, [ I; [ I; [ ]. The understanding of transport
mechanisms in fluid dynamics is at the core of some of the main open problems in mathematics and physics. The
introduction of random perturbations into the fluid equations can be expected to profoundly influence the properties
of fluid transport and thereby raise many open questions. For a mathematical review of the literature and recent
progress on the interaction between noise and transport in the vorticity equation for 2D ideal incompressible fluids,
see [ ]

A variational approach to the full theory of stochastic ideal fluid dynamics in 3D was derived in [ ],
by using transformation theory from geometric mechanics based on the Lagrange-to-Euler map for stochastic La-
grangian particle trajectories. Its analytical properties have been investigated in [ ] for the particular
case of the 3D stochastic Euler equation for incompressible fluid flow, divu = 0, given by

0= (d+ Lay,)(w-dS) = (dw - curl (dy; x w)) - dS, (1.1)

for the Eulerian vorticity 2-form w - dS = d(u-dx) = (curlu) - dS, which is Lie transported by the Stratonovich
stochastic vector field dy; corresponding to the following stochastic process,

dy: = u(ys, t)dt + 3y, & (y:) o dW. (1.2)



Here, d represents stochastic differentiation and the second term in (1.2) constitutes cylindrical Stratonovich noise,
in which the amplitude of the noise depends on space, but not time. In It6 form, (1.2) is written as

dye = u(ye, )it + 3, €A + 5 3 (6,(v2) - D& ().

For an extension of this method to include non-stationary correlation statistics, see [ ].

In the case of 2D planar incompressible fluid motion, the vorticity has only one component, denoted as ¢, and
equation (1.1) reduces to

0=(d+Lay,)q=dw+dy,-Vq. (1.3)

For in-depth treatments of cylindrical noise, see [ I; [ ]. In our case, the vectors
&.(x),i=1,2,...,N, appearing in the stochastic vector field in (1.2) comprise N prescribed, time independent,
divergence free vectors which are to be obtained from data. That is, we incorporate SLT into fluid dynamics as a
Data—Driven Model. For example, the &;(x) may be determined as Empirical Orthogonal Functions (EOFs), which
are eigenvectors of the velocity-velocity correlation tensor for a certain measured flow with stationary statistics,
see [ l; [ ]. As discussed below, the &,(x) in equation (1.2) may also be obtained
numerically by comparisons of Lagrangian trajectory simulations at fine and coarse space and time scales.

The introduction of cylindrical Stratonovich noise into Euler’s fluid equation by using its variational and Hamil-
tonian structure has introduced an additional, stochastic vector field ¥, &;(x) o dW} into equation (1.2) which
augments the Lie transport in equation (1.1). This is natural, because the essence of Euler fluid dynamics is Lie

transport, see [ ]. In particular, equation (1.1) produces a natural Kelvin Circulation Theorem of
the form
d dx=¢ (d+L d :f[ d+L .dS) =0, 1.4
c(dyltl) X c(d)(rt) dy+¢ )(u X) E)S:c(d)(rt) dy+ )(w ) ( )

where ¢(dy;) is a closed fluid loop moving with the stochastic vector field velocity dy;.

Other 3D stochastic Euler fluid equations have been derived by different methods in
[ ] and [ ]. However, those other derivations have produced equations which differ from (1.1) in their
stochastic transport terms and consequently do not admit the Kelvin Circulation Theorem in (1.4).

Remark 1 (Kelvin’s Circulation Theorem). From the viewpoint of geometric mechanics, Kelvin’s Circulation
Theorem (1.4) is always a fundamental property in fluid dynamics. It is the relation obtained via Noether’s
Theorem from invariance of Eulerian fluid variables under smooth invertible transformations of the Lagrangian
particle labels. This invariance is called relabelling symmetry. If one starts with the Lagrange-to-Euler map, this
invariance yields a momentum map which satisfies Kelvin’s Circulation Theorem. Even when the Lagrange-to-
Euler map is stochastic, as in equation (1.2), the relabelling symmetry is still maintained, and this invariance
implies a stochastic Kelvin’s Circulation Theorem. In the stochastic case, the closed circulation loop around which
one integrates in Kelvin’s theorem follows the flow lines of the stochastic Lagrangian paths, and it remains a loop
because the stochastic Lagrange-to-Euler map is still a diffeomorphism. Thus, Kelvin’s Circulation Theorem has
the same geometric transport interpretation in both the deterministic and stochastic cases. This preservation of
the Kelvin Circulation Theorem interpretation for stochastic fluid dynamics is unique to the present approach. The
same interpretation also applies to the equivalent Hamiltonian formulation of these equations.

The main content of the paper

The rest of the paper is structured as follows. Section 2 describes the damped and forced deterministic system and
the numerical methodology we use to solve the system on a fine resolution spatial grid. This corresponds to the
simulated truth. We then describe the stochastic version of this system, derived by using the variational approach
formulated in [ ]. The numerical methodology we use for solving the deterministic system is extended to
solve the stochastic version and a proof for the numerical consistency of the method is provided.

Section 3 describes our numerical calibration methodology for the stochastic model. Here, numerical simulations
and tests are provided to show that using our methodology, one can sufficiently estimate the velocity-velocity spatial



correlation structure from data, so that an ensemble of flow paths described by the stochastic system accurately
tracks the large-scale behaviour of the underlying deterministic system for a physically adequate period of time.

Finally, Section 4 concludes the present work and discusses the outlook for future research.

The following is a list of the numerical experiments contained in this paper.

e Simulation of the deterministic Euler equations on a fine grid of size 512 x 512 for 146 large eddy turnover
times (abbrev. ett). Here, we determine a suitable initial condition which is spun-up from a chosen initial
configuration. See Section 3.2.1 for a detailed description of the initial configuration and spin-up. See Figures
1-2 for visualisations of the results.

e The fine grid PDE simulations are coarse grained to obtain the coarse-grained PDE solutions define on a
coarse grid of size 64 x 64, which we call the truth. See Section 3.2.1 for a description of the coarse-graining
procedure, and Figures 3—4 for visualisations of the results.

e We compute the fine grid and coarse grid Lagrangian trajectories, which are used to estimate the velocity-
velocity correlation tensor, interpreted as spatial correlation EOF's, see [ I; [ ].
See Section 3.1 for a description of the parameterisation methodology. Figure 5 shows a plot of the normalised
spectrum corresponding to the estimated EOFs. The experiment is repeated for more refined coarse grids
so we can investigate whether our parameterisation methodology is consistent with grid refinement. The
normalised spectrums for the refined coarse grids of sizes 128 x 128 and 256 x 256 are shown in Figure 7 and
Figure 8 respectively.

e The estimated EOFs are substituted into the Lagrangian trajectory equation. An ensemble of independent
realisations of the stochastic Lagrangian trajectory equation are computed to do Lagrangian trajectory un-
certainty quantification. Figure 6 shows the results of one such tests.

e The stochastic PDE (SPDE) is defined on the coarse grid. Given the PDE solution at a fixed time ¢, we
obtain an ensemble of initial conditions for the SPDE via the deformation procedure (3.6), so that the truth
lies in the concentration of the probability density of the initial prior distribution. We call each realisation
of the SPDE a particle. See Section 3.2.3 for a detailed description of how we generate the SPDE initial
conditions. Figures 9—11 show plots of the truth and two particles at the initial time tg, to + 3 ett and tg +5
ett.

e Using the estimate EOFs, we perform uncertainty quantification tests for the SPDE where the truth is
compared with the ensemble one standard deviation region about the ensemble mean at the interior grid
points of a 4 x 4 observation grid. We would like the ensemble spread to capture the truth for an adequate
period of time starting from an initial ensemble that captures the initial truth. See Section 3.2.4 for a
description of the tests and see Figures 12-14 for the results. The results show that our parameterisation
methodology described in Section 3.1 works well at the 64 x 64 resolution level (eight times coarser than the
fine grid), as the spread captures the truth for at least 5 eddy turnover times before significant deviations
oceur.

e The SPDE uncertainty quantification tests are repeated for more refined coarse grids of sizes 128 x 128 and
256 x 256. See Section 3.2.4 for a detailed description. See Figures 15-17 for the test results where we plot the
truths and the ensemble spreads together in a single figure to compare the differences. The results show that
as the coarse grid gets refined, the ensemble spread captures the truth for longer time periods, confirming
that the parameterisation methodology is consistent with grid refinement.

e We also investigate the relative minimum L? distance between the SPDE ensemble and the truth defined by
(3.7). See Section 3.2.4 for a detailed explanation. Figures 18-20 shows the results. The distance between the
SPDE ensemble and the truth diverges as time goes on, indicating that the uncertainty whether the ensemble
captures the truth increases with time.

e The Lie transport noise is not additive thus the SPDE ensemble should not be of Gaussian distribution. We
test for this using Quantile-Quantile (QQ) plots and boxplots. The results are shown in Figures 21-23 for the
QQ tests, and Figures 24-26 for the boxplot tests. Fat tails and non-symmetry in the distribution gives strong
evidence to the fact that the ensemble is not Gaussian. See Section 3.2.5 for a more detailed explanation.



2 The two-dimensional incompressible flow equations

2.1 Deterministic version

Let the state space D be the unit square in R?. We consider a two dimensional incompressible fluid flow velocity,
u, defined on D, u: D x [0,00) - R?, u(x,y,t) = (uy (2,9,t),us2 (z,y,t)), whose dynamics is governed by the
two-dimensional Euler equations with additional forcing and damping. In what follows, we shall work with the
vorticity version of the Euler equation.

Let w = Z - curlu denote the vorticity of u, where Z denotes the z-axis. Note that for incompressible flow in two
dimensions, w is formally a scalar field. For a scalar field g : D - R, we write V*g = (-0y9,0,9) = 2 x Vg. We also
let ¢ : D x [0,00) - R denote the stream function, another scalar field, related to the fluid velocity and vorticity by
u = vy and w = A, respectively, where A = 92 + 85 is the Laplacian operator in R2. Note that the existence of
the stream function is guaranteed by the incompressibility assumption.

We can now write down the model equations, as

Ow+(u-V)w = Q-rw (2.1)
u = V'
Ay = w
where we have chosen the forcing @) to be
Q(z,y) =asin(frz),  (z,y)eD (2.4)

and «, 8 and r are constants which have the following roles: « controls the strength of the forcing; § can be
interpreted as the number of gyres in the external forcing; and r > 0 can be seen as the damping rate.

We shall consider a slip flow boundary condition
¢|ap =0. (2.5)

This system is a special case of a nonlinear, one-layer quasigeostrophic (QG) model that is driven by winds
above.

Remark 2. The term u-Vw in equation (2.1) can be expressed as the Jacobian J (1,w) for the transformation
dy Adw = J (P,w) dx Ady, i.e.,
(u-V)w = udw + viyw

= 0yt Ogw — 0,1 0yw

Opw  Oyw )
:det[aﬂ/) azw]:.J(w,w).

Remark 3. To our knowledge, the mathematical analysis of the solution properties for the damped and forced
deterministic system in equation (2.1) has not yet appeared in the literature. For recent work on the stochastic
version, see [2018].

2.1.1 Numerical implementation

We solve the system of equations (2.1), (2.2) and (2.3) using finite element discretisation. Without the source terms
in (2.1), energy and enstrophy are conserved quantities for the same choice of boundary condition. Thus we follow
[2006]; [ ] and use a combination of a mixed continuous and discontinuous Galerkin finite
element discretisation scheme and an optimal third order strong stability preserving Runge-Kutta method for the
time stepping, that conserves numerical energy and enstrophy. We give a description of the numerical procedure.



Streamfunction equation

Let H'(©2) denote the Sobolev W2 (Q) space and let .|, denote the L? (92) norm. For the elliptic equa-
tion (2.3) we obtain its variational formulation by multiplying both sides by a test function ¢ in W!(Q) :=
{V e HY () [|v] 5 = O} then integrating over the domain (). Using integration by parts we get

(d)aw)ﬂ = <¢a Aw)Q
= [ ovv-idr = (76,90), (2.6)
== (V(ba VT/J>Q
where the integral over 92 is zero due to the boundary condition (2.3).

Equation (2.6) is discretised by using a continuous Galerkin (CG) discretisation scheme. This simplifies the
choice of the discontinuous Galerkin numerical flux for the hyperbolic equation (2.1), see [ ]. This
means choosing approximations of 1) and w in the subspace

WE = {61 e W (Q)|¢n € C(Q), bl € PF(K)}

where P* (K) is the space of continuous polynomials of degree at most k on each element K of a triangulation 7y,
of the space €. Thus the numerical approximation of 1 is given by ¢y, € W’,j, such that

<¢hvwh>ﬂ = _<V¢hav¢h>g (2.7)

for all ¢y, € W}]’f

Vorticity equation

For the hyperbolic equation (2.1), a discontinuous Galerkin (DG) scheme is used. This leads to the following
variational problem
(Vh, 0ww) e = (Vh, Q = rw) )¢ + (W, Vg ) o — (wa -1, V) 5 (2.8)

for any test function v, in the space of discontinuous test functions Vf = {v|VK €Ty, 3¢y e P¥ (K): v|x =on}.
This choice of V¥ ensures conservation of energy for the numerical solution of (2.1) minus source terms, see

[2006].

In this DG setup, w and v}, in (2.8) are discontinuous across elements K € 7, but u is continuous. The latter
is due to the CG discretisation for the elliptic equation for ¢ and the fact that u-f = V' -f = -V - 7 = —dipp, /dT
where 7 is the tangential unit vector to K. Thus for the integral along the boundary 0K, we need to specify a
unique numerical flux for each cell interface.

Let v;, = limego vy (x +€n) and v) = lime o vy (x +€n) for x € OK. Let v, in (wu -, vh) s, be v, and replace
wu-n by the numerical flux f (w},w;,u-n) given by the upwind scheme
wi ifu-n<0

f(w;awhau'ﬁ):u'ﬁ{

wy ifu-n>0.

This choice of f is consistent, conserves the numerical flux across neighbouring elements, and is L?-stable in the
enstrophy norm, see [ ]. Note that the choice for f with these properties is not unique.

With these choices, the goal is to find wy, € V,f such that for all vy, € th we have

(Vh, Oson) g = (Ui, Qn = Twh) ¢ + (W V4 Yn, V) g = (f (wf wpy, V2, - 12) Vi) ok - (2.9)



Time stepping

For the time stepping scheme, we follow [ ] and use a strong stability preserving Runge Kutta method
of order 3 (SSPRK3) with the Courant-Friedrich-Lewy (CFL) condition being 1/3.

Writing the finite element spatial discretisation formally as Oyw = fj, (w) where f}, is the discretisation operator
that follows from (2.9) and (2.7), the SSPRK3 time discretisation is as follows

w® =™+ Afy (W)

w® = 20 1 2 (0D + Af (0D)
W = %wn N % (@ + Afy ()

where A =t,,1 —t, each n.

In variational form, we have

<Uhvw(1))K = (Uhvwn>K - At(<vvh7_wnvlw}?>K - (Uth _Twn>K + <Uhvwnvl¢i? 'ﬁ>8K)

3 1
<'Uh7w(2)>K = Z <Uh7wn>K + Z <Uh7w(1)>K

At
- (o —wOv D) = (o0, Q=rw®)  + (on, oD i) ) (2.10)
1 2
<Uhawn+1)K = g <Uh7wn)K + § <Uh7w(2))K
2A
_ 5 t (<_w(2)vl¢£2)7 Vvh>K - (w“ Q- Tw(Q))K + (’Uh,w(z)vlll),(f) .ﬁ>aK)

for each K €7Ty,.

We summarise our numerical procedure as Algorithm 1. Our implementation of (2.10), (2.7) and (2.9) is done
using Firedrake?, which is an efficient automated finite element method library that employs the Unified Form
Language (UFL), [ l; [ l; [ , ].

For the schemes we use, the spatial and time discretisations need to be chosen so that the CFL condition

c< Ceffective = g

is satisfied in order to have numerical stability, c.f. [ ]

2.2 Stochastic version

Let (Q,]—", (]—"t)tZO,P) be a filtered probability space. Let W/ :Q - R, i=1,2,..., be a sequence of independent
Brownian motions. A stochastic version of the Euler fluid equation (2.1) as derived in [ ] is given by the
following damped and forced stochastic partial differential equation (SPDE)

dg+Luqdt+ Y Le qodW; =(Q-rq)dt (2.11)

where the vector fields §; represent spatial correlations defined by a velocity-velocity correlation matrix Cj; = 51-5?.
Here Luq and L¢.q denote the Lie derivatives of ¢ with respect to the vector fields u and £ respectively. In particular
we have

Lug =[u,q]=(u-v)g-(gV-)u.

Remark 4. For the stochastic Euler fluid equations with no forcing in three dimensions defined on the torus T,

it is shown in [2017] that, for an initial vorticity in W22 (T), there exists an unique local (strong)
solution in the space W22 (T). For the two dimensional case considered in the present work, a global existence and
uniqueness proof is being prepared in [2018]

2http://www.firedrakeproject.org/index.html



Algorithm 1 Solver algorithm for the deterministic system (2.1) -(2.3)

1: Let At and Az be the time discretisation step and the spatial discretisation step respectively, such that they

satisfy the CFL condition of 1/3. Let wy be a given initial vorticity at ¢ = 0.
2. for t; =iAt,i=0,1,2...,N -1, with ty =T do
3: Set wy = wj.
4:  Solve

{On,wi)q == (Von, Vii)g

to obtain 15 which we then use to solve
o) = (00 R g = AT, R TR = (0n Q = e+ (0, VAR <) )
K

K €7y, to obtain w,(ll).
5:  Solve

(o wi?), == {von voi?)
to obtain 1/121) which we then use to solve

(U}“w}(f))K — %(vhvwz)K + le (’Umw}(Ll))K

- % ((Vvh, —w}(Ll)VLw,(Il»K - <’Uh7 Q- rw,ﬁ”)K (v wzl)vli//(l) ﬁ)E)K)
K €Ty, to obtain w,(f).
6:  Solve

(#nf®) | = = (Ven, ver?) |
to obtain w,(f) which we then use to solve

1 2
(o, wht ) e = 5 (omotoft) i+ 5 {onof?)

_ %At ((_w;(f)vlw;(f), V%)K - (Um Q- ?"wi(L2)>K * (v wELQ)vlw(Q) L >6K)

K €T, to obtain wi*t.
7: Set w41 = }L“’l.

8: end for




Equation (2.11) arises from the assumption that the Eulerian transport velocity for this flow is described by the
Stratonovich stochastic differential equation (1.2).

Remark 5. One may ask whether the sum in (1.2) should be over an infinite number of terms. For simplification,
we make the assumption that m is finite. This assumption allows us to avoid certain technical issues when we are
interested in the practical aspects for data assimilation.

Assuming u in (1.2) is divergence free, and the &, are taken to be the eigenvectors of the velocity-velocity
correlation tensor, one can show that &, are also divergent free vector fields. Hence for each §;, there exists a
potential function, denoted by (;, such that

& =V'G.
Thus (1.2) can be expressed in terms of ¥ and (;,
d& = Vi epdt+ . VG o dWy. (2.12)

Expressing the transport velocity in this form is useful because it allows us to introduce stochastic perturbation
(i.e. terms with odW}) via the streamfunction when solving the SPDE system numerically, thereby keeping the
discretisation of (2.11) the same as the deterministic equation (2.1). In other words, upon using the divergence free
properties of u and &;, we can rewrite (2.11) to obtain

dg+v* (pdt+ ", GodW) - Vg =(Q-rq)dt, (2.13)

which has the same form as (2.1). Thus, our numerical algorithm for solving the SPDE system is largely the same
as Algorithm 1.

We describe the numerical method in the next subsection and show that it is consistent with the SPDE.

Remark 6. Equation (2.11) is in Stratonovich form. To obtain the equivalent Ité form of (2.11) we apply the
identity

t _ t 1 .
fo Le q(s)odW! = [0 Lea(s)dW!+3 (Le,q, W), (2.14)
where (.,.), is the cross-variation process and

<‘C§iq7wi)t = [:5

Ao W),
Le, ([{(Q—rq)dt Logdt - Y7 Le qodW), WZ)
-

Le (- [ ceqodwiw)
t

e (- [ Lea(s)as)

Hence . . e
1 7 2
fo Le,q(s)odWi = fo Leq(s)dW -3 fo L2 q(s)ds
and (2.14) is thus
dq+ Lagdt + 377, Le,q dW] = 5307 L2 q di+(Q = rq)dt (2.15)

where qu =Le, (Cgiq) =[€,,[€;,4]] is the double Lie derivative of q with respect to the divergence free vector field
& '

2.2.1 Numerical implementation
The SPDE system (2.11) has Stratonovich stochastic terms. Consequently, to solve it numerically, the scheme must

take this into account. Of course one could also work with the corresponding It6 form (2.15), in which case the
equation would have a modified drift term.
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To solve the stochastic system (2.11), we extend the SSPRK3 scheme used in the deterministic case. We will
show that the numerical scheme we introduce is consistent in the sense of Definition 3, see [ ]

Let (Hp, (, ')Hp) be a separable Hilbert space with norm |-| Hy = /(, ~)Hp. In our setting, we have H,, = W2,
for some sufficiently large p, see Remark 7. Let V}, be a finite dimensional subspace of H,,. The parameter h € (0,1]
controls the dimension of V},. For every h, let Py, : H, - V}, denote the Ritz projection operator mapping elements
of H, to the finite dimensional subspace V}, such that

lim | Prq - =0
lim | Pug ~ gl

for all ¢ € H, and
(Pagsvn) g, = (g, vn) g, (2.16)
for all g € H, and vy, € V},.

Let f: H, x H, - Hy_1 denote a nonlinear operator which is affine in the second variable, and g’ H, - Hp, 4,

i=1,2,...,m, are linear mappings from H,, to H,_,. For notational convenience, we shall write f (-) := f (-,-) when
the two arguments are the same. Consider the following Stratonovich SPDE
dq(t) = f (a(®)) dt+ 37" g (a(t)) o dW. (2.17)

In our model (2.11), f(q) = -Lug+ (Q - rq) and g'(q) = —Le,g. Since u and g satisfy the relation
u=vy=vay
we write f(q).

As noted in Remark 4, for our choice of f and ¢, for sufficiently large p the SPDE is well-posed, see
[ ]. However, we do not consider the well-posedness of (2.17) for general f and ¢, it is beyond the scope
of the present work.

The stochastic SSPRK3 scheme for the SPDE (2.17) is

g =q"+ f (A" g (") AW
3 1 m )
@@= 20"+ L (a D+ F (@) A+ T g (o) AW

4
g - %qn . % (@@ + f(@@)a+ " g (¢@)an), (2.18)

which computes the approximation ¢"*! given ¢". We will show this time stepping method is consistent in the next
subsection.

We let Sa : Hy, x Q2 — Hp,_; denote the one step stochastic SSPRK3 temporal discretisation, that is

qn+1 — SA (qn) )

The operator Sa can be seen as the discrete approximation of the solution semigroup operator S (t): H, x Q - H,
for (2.17). In other words, for an initial condition g : 2 = H,, the solution to the SPDE (2.17) is given by

q(t) = S (1) (qo) -
Note that in the continuous case, no differentiability is lost.

Consider the semi-discrete problem on V},

dan(t) = fu (an () dt+ " gi, (qn(t)) o dWY. (2.19)

where f;, and g} are spatial approximations to the operators f and g°. In our implementation, like in the PDE case,
we use finite element discretisation to obtain f; and g;. The scheme for the SPDE system is a combination of the
stochastic SSPRK3 scheme for the temporal variable, and a mix of continuous and discontinuous Galerkin finite

11



element approximation for the spatial variables. Algorithm 2 summarises the numerical methodology for the SPDE
system. It is largely the same as Algorithm 1, with the differences (i.e. the additional stochastic terms) highlighted
in red. Note that at each corresponding step in the algorithm, we add the perturbations via the streamfunction,
see (2.13), the result of which is then used to obtain the velocity field u used in the subsequent numerical step.

By substituting q( ) into quz), and q,(f) into ¢"*! in (2.18) and expanding f; and g,i17 the combined spatial and

temporal scheme can be expressed in leading order terms as

n+1

ay” =Sa(ay) =qn + fulgy) A+ Zz 1 gh (%)AW +35 Zz =1 ghgh (an) AW'AW’ + HO.T. (2.20)

where H.O.T. denotes higher order terms.

Algorithm 2 Solver algorithm for the SPDE system

1: Let At and Az be the time discretisation step and the spatial discretisation step respectively, such that they
satisfy the CFL condition of 1/3. Let go be a given initial vorticity at ¢ = 0.

2: for t; =iAt,i=0,1,2...,N -1, with ty =T do

3: Set qp = ¢;.

Let 0; := ¥~ (AW for iid AW7 ~ N (0, At)
Solve

<¢h7qZ)Q == <v¢h7 Vﬂﬁ?)g

to obtain ;. Let L/N:'h := 1)} + 0; which we then use to solve
(Uh7Q}(1 )>K = (Uhmq}?)}{ - At (<Vvha —QZVL1;Z>K - (Uh7 Q - rq”)K + (Uhaqnvl/l;z ' ﬁ)aK)

K €Ty, to obtain q( ).
6:  Solve

(on.4"), == (von vei’)
to obtain w,(ll). Let L~7,(7 ) = U}(l) + 6; which we then use to solve
@) _3 1)
<’Uh,qh )K 4<vh7qh)K+Z<vh7qh )K

S (o) = o0 k5 ),

K €7y, to obtain q(2).
7 Solve

<¢h7 (2)> _ (ng V¢(2)>

to obtain 1/1 (2 Let u(g) = L/,( ) 4 0; which we then use to solve

1
<Uh7q;:+1>K:§<’Uh?q’;LL>K 3<’Uh7qé)>K

_ﬁ((—ql(f)vi&}(f),vq;h) <'Uh7Q rq()) (Uh,qhQ)V w(g) A)

3 dK)

K €T, to obtain g¢;'**.

n+1

8 Set gi+1=q;
9: end for

2.2.2 Consistency of the numerical method for the SPDE

We now define consistency for the time stepping scheme for the SPDE (2.17).

12



The approximation operator Sa can be decomposed into a deterministic part Si and a stochastic part SX. The
deterministic part correspond to the SSPRK3 discretisation (2.10) for the PDE system (2.1). The stochastic part
S should satisfy additional compatibility condition, see Definition 2, in order to be consistent with Stratonovich
integrals.

Definition 1. The local truncation error e;j (A) of the discretisation scheme (2.18) is defined by

e; (A) =q(tjs1) - Saq(t;). (2.21)
The corresponding deterministic local truncation error is

el (A) =w (tji1) - Saw (t;), (2.22)
where w solves the deterministic system (2.1).

Definition 2. For some v > 1, the discrete approzimation operators SA is called F-compatible if SX is Fy
measurable and

j+1

(83 (@())F,) = AT g'g'a () + O(AT) (223)
forallj=0,...,n—-1.

Definition 3. [Consistency] We say the numerical scheme Sa is consistent in mean square of order vy > 1 with
respect to (2.17) if there exists a constant ¢ independent of A € (0,T] and if for all € > 0, there exist n,6 >0 such
that for all0< A< 8, and j€{1,2,...,N}
2
B ([le; (A)[3) < cA” (2.24)

and
E(Jef (A)],,) <er” (2.25)

and SR is F-compatible.

Henceforth we introduce a few notational simplifications. Let fs(q;) denote f (gs,q:) when f depends on the
solution at two different times. In our model, this means f;(q:) = —Lu.q: + (Q —rq¢), and without the subscript we
have f(qt) = —Lu,q: + (Q —7q:). Also, since f,(+) is affine, we can express it as the summation of a linear part and
a translation, fs(-) = As(-) + B, where A denotes the linear part, and B denotes the translation.

A 1. We assume the following are bounded,

supy | fia (t) = F (@) )

sup, sup, [Asfr (a-)[3),

sup, sup, | 4.9 (a)]5,)-

E
E
E
E
B (sup, |g'f (qr)Hi{)’
E

(
(
(sups sup, | Asg'g’ (qﬁ”i)’
(
(
(

sup,. ||9i9j (ar) HZ);

S 2
E(sup, |g'g’g’ (a)];)-
We also assume that the terms in H.O.T. in (2.20) are bounded in expected H norm squared.

Remark 7. Assumption A1 holds provided the SPDE is well-posed and for all T >0 and for sufficiently large p,
we have

E( sup |q<t)|i,2) <oo,
t€[0,T7]
see [2018].
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Lemma 4. Assuming the SPDE (2.17) is well-posed, and Assumption 1 is satisfied, the numerical scheme Sa
described by (2.18) is consistent with v = 2.

We prove Lemma 4 next. To prove Lemma 4, first note that the mean square of the local truncation error (2.24)
can be bounded as follows.
2 )

+4E(H2~f gs) - g (")) AW )

m tne1 mo ] N2
+4E(”z X (ft 9'9' (¢)ds =35 g'g’ (q")AWAWJ) H)

+4E (HH.O.T.H?{) (2.26)

Lemma 5.

B (Jlen (A1) s4E(H [ G ae) -1 @y

Proof. Writing the SPDE (2.17) in It6 integral form we have

q (tn+1) = q(tn) + ‘/ttnﬂ

n

tn+l

mo [t i, 1gm i
flg)ds+ ¥ ft g (@) awi+ 5 ¥, ft g (g5)ds (2.27)

Thus, using (2.20) we get

B (la () - 83 @) = £ (| [ ¢ @) -1 @) as
X0 [ @) - @)
% X (fttn 99" (as)ds =3 9'¢" (a") AW’AWj)
- H-O~T-||31) (2.28)

2 2

Using the inequality (z1 + 2o+ + xn)2 <n (xl +X5 4+ + x%), we have the result. O

We bound each term in (2.26) individually.

Lemma 6.

(H/ (f(gs) = f(q"))ds

)-ow)
Proof. Using (2.27), we have

s m s i ; 1 m s i
f(QS):fSQ(tn)"’ft Asfr (qr)dr+2i:1ft Asg (qr)dWr+§Z,»:1ft Asg'g' (gr)dr

where Ay is the linear part of fs. Hence

1):E(H ftt Foq(t) = F(q")ds + ftt ft:Asfr (¢.) drds

m tn+1 s i i 1 m tn+1 S i g 2
+Zi=1 [t ft Asg" (qr) dW,ds +§ Zi:l /t- /t Asg'g" (gr) drds )
" n " n H

Using the Cauchy—Schwarz inequality we have

E(H [ @) - £ as

(H/ fsa(tn) = f(q")ds

)<Af B (Ifea () - 1 (@) ds

<E (st;p | fra (tn) = f (Q")Ili;) A?
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dl

[ [ i es [ oo [ 500 )

tn 1
SE(SUVPSUP HASfT (qr)HiI)Aﬁ (S_tn)zds

n

1
< B (supsup 14,1, (a,)[7) 52°

]_ m tn+1 s i 2
sz [ ) as @aras
tn tn H

m m tn+l s y 9
)S4Zi1A/tn (s—tn)ftnE(HAsgg (qr)HH)drds
2 . .
< %E (mlaxstslpsgp |Asg'g" (qr)”i{) A

Using the Cauchy—Schwarz inequality and It6 isometry we have

(HZ 1/ / Aug (g0) AWids )<mAZl 1[ / (14.g° (@), ) drds

< m?E (maxsup sup | Asg’ ((JT)HH) A7

Collect the bounds together to obtain the result.
Lemma 7.

E(Hzm / (' (2:) - 9" (")) AW 2) =0(a%)

Proof. Using (2.27), we obtain
i i . U om0
9 (qs)=gq(tn)+ft gfr(qr)dﬂzj:lft 9'g’ (qr)dWﬂ+§Zj:1ft 9'9’g’ (qr) dr.

Hence

2 tn+1 s . .
J-e (s [ [ o aw:
H t’Vl tTI,
m m tn+1 S i q . i
+ Zi:l Zj:l [t ft g'g’ (qr) dW;dW;
Lm v 5002 G o) drd
5 i e J, ), 999 (ar) drdW;

We bound each term individually and obtain the following

tns1i S . )
p([sn [ o oy araw:

(|5 [ -

)

2 tnt1 s . 2
)sziﬂ/ E(H/ 9" fr (gr)dr )ds
H t'n/ tﬂ/ H
2

< %E(m?xsup Hgifr (Qr)”i;) AP

2 m4 i g 2 2
H) < 7E (n;a}xslip ||9 g (qT)”H) A

m m L+t s i q . i
E(Hzl 2 ft [ g'g’ (q.) AW AW

2 mi i g0 2 3
)< (s ot 1, )

1 m m tns1 S L i
E(H2ZHZm [ [ e @ydraw;

Collect the bounds together to obtain the result.

15



Lemma 8.

Z) _0(a%)

Proof. We have

1 m tni1 i 1 m m i n i .
E(H2 Zi=1£ 9'9' (gs)ds - 521_:1 Zj=1g ¢ (¢") AW AW
1 m tni1 i i 1 m m i ] n i ]
B(|320 [ (ads- 3 S Y o' () AwiAw
2
U
)

2
.
4

m m tn+l i i m i n i . tn+l s
SZ leE(H/t 9'9" (q(tn)) ds - ijlg g (¢") AW AW + ft H.O.T.ds

<A A[B (o' @) ) +m X E ('’ (@)

m m tn+1 s 2
msm op f f HOT.d
+ 4 Zz=1 (‘ tn b & H)

By combining the estimates together we obtain the consistency condition (2.24). For (2.25), the deterministic
part is simply the deterministic SSPRK3 scheme (2.10), see [ ]. The compatibility condition (2.23) for
the stochastic part follows from the leading order term expression (2.20) of the stochastic SSPRK3 scheme and the
fact that

m tn+1 i m i n ; )
Zi—lE(H_/tn g'9" (gs)ds - Zj:19 g (¢") AW AW

)

O

E(X0 o' (a) AWAW| 7)) = E(g'g' (a") AW AW'| F,) = g'g' (a") A

as W% and W7 are independent for i # 7.

3 Calibration of the correlation eigenvectors

3.1 Methodology

In the stochastic geophysical fluid dynamics framework, SPDEs are derived from the starting assumption that
(averaged) fluid particles satisfy the equation

dz(a,t) = u(z(a,t),t)dt + 3 & (2(a,t)) o dWY, (3.1)
where a is the Lagrangian label. The assumption (3.1) leads, for example, to the Eulerian stochastic QG equation,
dq(z,t) + (a(m, t)dt + Y & (w,t) o dW}) - Vq(w,t) = 0. (3.2)

Equation (3.2) is what we actually solve. Equation (3.1) is not explicitly solved. However, (3.1) describes the
motion of fluid particles under the SPDE solution, and is used to derive the SPDE.

The goal of the stochastic PDE is to model the coarse-grained components of a deterministic PDE that exhibits
rapidly fluctuating components. We can estimate the components €, in the stochastic term by comparing (3.1) with
the deterministic equation for unapproximated trajectories,

dz(a,t) = u(z(a,t),t)dt, x(a,0) =8 (3.3)

moving with the unapproximated velocity u and starting from x§. We assume that the velocity can be written as
u=1u+(, where u is a spatially-filtered velocity that can be represented accurately in a coarse-grid simulation. By
comparing (3.1) and (3.3),

de(a,t) = a(z(a,t),t)dt+ Y. &;(x(a,t)) o dW}
~u(xz(a,t),t)dt,
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where we determine dz(a,t) at the coarse resolution from u(x(a,t),t)dt at the fine resolution, we see that we are
seeking an approximation such that

> €&i(m(a,t),t) o dW] ~u(z(a,t),t)dt - u(x(a,t), t)dt. (3.4)

Our methodology is as follows. We spin up a fine grid simulation from ¢ = —Tj,;, to ¢ = 0 (till some statistical
equilibrium is reached), then we record velocity time series from ¢ = 0 to t = M At, where At = kdt and 6t is the fine
grid timestep. We define X ?j as coarse grid points.

For each m=0,1,...,M -1, we

1. Solve X;(t) = u(X;(t),t) with initial condition X ;;(mAt) = X9
grid simulation.

ij» Where u(z,t) is the solution from the fine

2. Compute 0;;(t) by spatially averaging u over the coarse grid box size around gridpoint ;.
3. Compute X ;; by solving XU (t) = u;;(t) with the same initial condition.

4. Compute the difference AX = X,j((m+1)At) - X,;((m+1)At), which measures the error between the fine
and coarse trajectory.

Having obtained AX}
the form

ij» we would like to extract the basis for the noise. This amounts to a Gaussian model of

AXT
VAt

where AW are i.i.d. standard Gaussian random variables.

=AX;;+ Zk . 5”AW’“

We estimate £ by minimising

!

Remark 8 (EOF). Empirical orthogonal functions (EOFs) can be thought of as principal components that corre-
spond to the spatial correlations of a field, see [2004]; [2007]. In our case, EOFs are the
eigenvectors of the velocity-velocity spatial covariance tensor. Writing the data time series AX”, m=0,...,M-1
as a matriz F whose entries are two dimensional vectors, and whose rows (row index m) correspond to serialised
AXE. Let F = detrend(ﬁ) where the detrend function removes the column mean from each entry. We then es-
timate the spatial covariance tensor by computing R := ﬁFTF. We take the EOFs to be the eigenvectors of R,
ranked in descending order according to the eigenvalues.

< N
lHZZ]m \/_ AXU - Zk:l gf]AWﬁ'

where the choice of N can be informed by using EOFs.

3.2 Numerical experiments
3.2.1 Fine grid PDE solution and its coarse graining

We solve the PDE system (2.1)—(2.5) on a fine grid of size 512 x 512. Our choices for o and § in the forcing
term (2.4) are 0.1 and 8, respectively. We apply a coarse-graining procedure to the fine grid solution to obtain
its coarse-grained version on a coarse grid of size 64 x 64, which we call the truth. The coarse-graining procedure
comprises of two steps. First we apply spatial averaging, using for example the Helmholtz operator, to the fine
grid streamfunction. Then this spatially-averaged streamfunction is directly projected onto the coarse grid. The
coarse-grained versions of the vorticity and velocity fields are obtained from the coarse-grained streamfunction.

We choose the following initial configuration for the vorticity, denoted by wspin,

Wspin = sin(8mx) sin(8ry) + 0.4 cos(6mx) cos(67y)

3.5
+0.3cos(107z) cos(4my) + 0.02sin(27y) + 0.02sin(27x) (3:5)
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from which we spin—up the system until an energy equilibrium state seems to have been reached. This equilibrium
state, denoted by winitial, 18 then chosen as the initial condition for our numerical experiments.

For our numerical experiments, time is measured in terms of large eddy turnover time, henceforth abbreviated
to ett. It describes the time scale of the large scale flow features and is defined by 7p = L/U, where L is the length
scale of the largest eddy and U is the mean velocity. Using the numerical PDE solution we estimate that, in our
setup 1 ett is equivalent to 2.5 time units corresponding to the deterministic system.

Figure 1 shows a plot of wepin. As indicated in the legend of the plot, the red and blue colours represent the
different signs of vorticity. The colour shades indicate the different levels of magnitude of the function. Figure
2 shows a plot of the kinetic energy time series computed for the numerical PDE solution for 186 ett, starting
with the configuration wspin. We see that the energy reaches an approximate equilibrium point after 40 ett, or
equivalently 100 times units, at which point we take the numerical solution to be the initial condition wipitja;- This
chosen equilibrium point is marked as a red dot in Figure 2.

Figure 3 shows plots of vorticity w (left column), velocity u (middle column) and streamfunction 1 (right
column) corresponding to the numerical PDE solution at time ¢ = 0. The top row shows the plots which correspond
to the fine grid solution, and the bottom row shows the plots which correspond to the truth, i.e. the coarse-grained
fine grid solution. Here the fine grid vorticity is exactly winitiai- For the vorticity scalar field, the red and blue
colours represent opposing signs of the function, and the colour shades indicate the different levels of magnitude of
the function. For the velocity field, scaled arrow fields are plotted to indicate the direction and magnitude of the
velocity vectors at each spatial location, and the colours highlight the magnitude of the velocity vectors. For the
streamfunction scalar field, the colours indicate the contour lines of the function, along which the velocity vectors
travel. Due to coarse-graining, only the large scale features remain in the plots for the truth. This is most apparent
for vorticity because it is the least smooth of the three functions. The loss of small scale details is also noticeable
for the velocity field. For the streamfunction, one can see the coarse-grained streamfunction have slightly smoother
contours when compared with the fine grid streamfunction. Additionally, the coarse-grained plots show weaker
magnitudes for the vorticity and velocity fields when compared with the fine grid solutions.

Figure 4 shows plots of vorticity, velocity and streamfunction corresponding to the numerical PDE solution at
time t = 146 ett with similar features to Figure 3.

3.2.2 Lagrangian trajectories and estimating the correlation eigenvectors

Following the methodology described in Section 3.1, we compute each AXZ-L, m=0,1,...,M -1, with the time
length At equals to the coarse resolution time step, i.e. given the spatial resolution, At satisfies the corresponding
Courant-Friedrichs-Lewy (CFL) condition for the PDE system (2.1)-(2.5), see Section 2.1.1. The computed A X"

are then used to estimate the correlation eigenvectors &;, see Section 3.1.

We have assumed the sum ¥; &; o dW} is finite, see Remark 5. Let ng denote the number of ;. Our choice for
ng is informed by the computed eigenvalues, so that a given percentage of the total variability in AX;; is captured.

Figure 5 shows a plot of the normalised spectrum. To illustrate how we choose n¢, the coloured dots: cyan,
magenta and red, mark the number of &, required to capture 50%, 70% and 90% of the total variability in AX;
respectively. As shown in the plot, to capture 50% of the total variability, we need n¢ = 51; to capture 70% of the
total variability, we need ne = 107; to capture 90% of the total variability, we need ne = 225. Note that for this
numerical experiment, the coarse grid is of size 64 x 64. At this resolution, there are 4096 EOFs in total.

We substitute the computed &; into (3.1) and simulate an ensemble of independent realisations of (3.1) in order
to do Lagrangian trajectory uncertainty quantification tests. In these tests we wish to see if the estimated &, are
adequate so that the approximation (3.4) holds.

Figure 6 shows a plot of the result for one indexed time interval (time interval indexed by m in the methodology
described in Section 3.1), where we have simulated 200 Lagrangian trajectories driven by the stochastic equation
(3.1), with the number of EOFs capturing 90% of the total variance. We denote this by ne = 90%. The stochastic
trajectory positions are coloured using blue, and the deterministic trajectory positions are coloured using red.
The length of time, At, over which (3.1) and (3.3) are simulated, corresponds to one coarse resolution PDE CFL
time step and is too small to show significant deviations between the stochastic trajectories and the deterministic
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initial configuration wspin for the vorticity, given by the chosen 1E1t1a1 Conﬁgura}tlon Wspin, S€€ (3?)]3 The
Equation (3.5), from which we spin-up the PDE system reaches an approximate energy equilibrium

. R state after 40 ett, or 100 time units, and the solu-
system until some energy equilibrium state. The . . oo R o
. . tion at this equilibrium point is set to be the initial
red and blue colours represent opposing signs of the

function. The colour shades indicate the different condition winitial from which we start our numerical
levels of magnitude of the function. See Section experiments. The plotted red dot marks the chosen

391 energy equilibrium point. See Section 3.2.1.

Figure 1: This figure shows a plot of our chosen

trajectory. Nevertheless, the result shows that at each position, the ensemble perfectly captures the deterministic
trajectory.

We also apply the methodology described in Section 3.1 to more refined coarse grids, in particular grids of size
128 x 128 and 256 x 256, in order to investigate the impact of mesh refinement on uncertainty quantification for the
SPDE. The results will be shown in the next subsection.

Figure 7 and Figure 8 show plots of the normalised spectrum for coarse grids of size 128 x 128 and 256 x 256
respectively. The same coloured dots: cyan, magenta and red, are used to indicate the number of EOFs needed to
capture 50%, 70% and 90% of the total variability in AX;, as is shown in Figure 5. The results show that at each
variance level, as the coarse grid gets refined, n¢ gets larger. For example, to capture 90% variance, ng = 225 for
64 x 64 coarse grid, ng = 277 for 128 x 128 coarse grid, and ng = 300 for 256 x 256 coarse grid. At each resolution, (3.1)
and (3.3) are simulated over a length of time, At, equivalent to one CFL time step for that resolution. Therefore it
is likely that the deviations in AX;; become more homogeneous as At decreases, resulting in more EOF's required
to explain a given percentage of the total variation.

3.2.3 SPDE ensemble and SPDE initial conditions

The SPDE (2.11) is simulated on a coarse grid of size 64x64. An ensemble of N, initial conditions for the SPDE are
generated, each of which leads to an independent realisation of the SPDE. Motivated by data assimilation and in
particular particle filtering vocabulary, we call each realisation in the ensemble a particle. We denote the particles
by ¢',i=1,...,N,.

The goal when generating the initial conditions is to obtain an ensemble which contain particles that are ‘close’
to the truth. More precisely, we would like an initial prior distribution in which the truth lies in the concentration
of the probability density. To achieve this, we take a truth w;, (see Remark 9) and deform it using the following
‘modified” Euler equation:

Orwry + Biu(T;) - Ve, =0 (3.6)

19



Velocity Streamfunction
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Figure 3: Plot of the numerical PDE solution at the initial time #i,jt;,. This corresponds to the initial condition
Winitial (set after spin-up) from which we start our numerical experiments. The plots show vorticity (left column),
velocity (middle column) and streamfunction (right column) for the truth (top row), which is defined on the fine
grid, and its coarse-graining (bottom row), which is defined on the coarse grid. The coarse-graining is done via
spatial averaging and projection of the fine grid streamfunction to the coarse grid. For the vorticity scalar field,
the red and blue colours represent opposing signs of the function, and the colour shades indicate the different levels
of magnitude of the function. For the velocity field, scaled arrow fields are plotted to indicate the direction and
magnitude of the velocity vectors at each spatial location, and the colours highlight the magnitude of the velocity
vectors. For the streamfunction scalar field, the colours indicate the contour lines of the function, along which the
velocity vectors travel. Due to coarse-graining, only the large scale features remain. This is most apparent for the
vorticity because it is the least smooth of the three functions. The loss of small scale details is also noticeable for
the velocity field. For the streamfunction, one can see the coarse-grained streamfunction have slightly smoother
contours when compared with the fine grid streamfunction. Additionally, the coarse-grained plots show weaker
magnitudes for the vorticity and velocity fields when compared with the fine grid solutions. See Section 3.2.1.
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Figure 4: Plot of the numerical PDE solution at the final time of the PDE simulation, ¢ = tinjtia + 146 large eddy
turnover times (abbrev. ett), i.e. the solution after 146 ett starting from the initial vorticity winitiai. The plots
show vorticity (left column), velocity (middle column) and streamfunction (right column) for the truth (top row),
which is defined on the fine grid, and its coarse-graining (bottom row), which is defined on the coarse grid. The
coarse-graining is done via spatial averaging and projection of the fine grid streamfunction to the coarse grid. For
the vorticity scalar field, the red and blue colours represent opposing signs of the function, and the colour shades
indicate the different levels of magnitude of the function. For the velocity field, scaled arrow fields are plotted to
indicate the direction and magnitude of the velocity vectors at each spatial location, and the colours highlight the
magnitude of the velocity vectors. For the streamfunction scalar field, the colours indicate the contour lines of the
function, along which the velocity vectors travel. Due to coarse-graining, only the large scale features remain. This
is most apparent for the vorticity because it is the least smooth of the three functions. The loss of small scale details
is also noticeable for the velocity field. For the streamfunction, one can see the coarse-grained streamfunction have
slightly smoother contours when compared with the fine grid streamfunction. Additionally, the coarse-grained plots
show weaker magnitudes for the vorticity and velocity fields when compared with the fine grid solutions. See Section
3.2.1.
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Figure 5: EOF normalised spectrum for coarse grid size
64 x 64. To illustrate how we choose n¢, the coloured
dots: cyan, magenta and red, mark the number of §;
required to capture 50%, 70% and 90% of the total vari-
ability in AX;; respectively. As shown in the plot, to
capture 50% of the total variability, we need n¢ = 51; to
capture 70% of the total variability, we need n¢ = 107; to
capture 90% of the total variability, we need n¢ = 225.
Note that at this resolution, there are 4096 EOFs in
total. See Section 3.2.2.
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Figure 6: Lagrangian trajectory uncertainty quantifica-
tion corresponding to the time interval [50,52) in simu-
lation time units, see Section 3.1. There are 200 stochas-
tic Lagrangian trajectories (driven by the stochastic
equation (3.1)), using a number of EOF's capturing 90%
of the total variance, ng = 90%. The length of time, At,
over which (3.1) and (3.3) are simulated, corresponds to
one coarse resolution PDE CFL time step. The stochas-
tic trajectory positions are coloured using blue, and
the deterministic trajectory positions are coloured using

red. The time step At is too small to show significant
deviations between the stochastic trajectories and the
deterministic trajectory. Nevertheless, the plot shows
that at each position, the ensemble perfectly captures
the deterministic trajectory. See Section 3.2.2.

where ; ~ N(0,€), i = 1,..., N, are centered Gaussian weights with an apriori variance parameter ¢, and 7; ~
U (tinitial t0) 5 @ = 1,..., N, are uniform random numbers. Thus each u(7;) corresponds to a PDE solution in the
time period [tinitial, to). Equation (3.6) is solved for one or two ett to obtain a deformation djz ) of the coarse grained
initial condition wy,. These are then used as initial conditions for the SPDE realisations, i.e. ¢;, :=w; ,1=1,...,Np.

Remark 9. At the start of Section 3.2 we discussed simulating the PDE on the fine grid. The PDE initial condition
Winitial Was obtained after spin—up. The overall simulation time interval from the point of wWinitiar 15 of length 146
ett. Let tinitial denote the time point that corresponds to Winstiar. We divide the overall simulation time interval into
two halves [tinitial, to) and [to,146]. The PDE solutions in the period [tinitial,to) are used for generating the initial
condition ensemble for the SPDE, see (3.6). This way, the velocity field used in (3.6) is physical. ty is set as the
initial time to start the SPDE uncertainty quantification numerical experiments.

Figures 9, 10 and 11 show plots for the truth and two independent realisations of the SPDE at times tg, tg + 3
ett and ¢g + 5 ett, respectively. In each figure, the plots show vorticity (left column), velocity (middle column) and
streamfunction (right column) for the truth (top row), and the two particles (middle and bottom rows).

In Figure 9 the particles are generated using the deformation procedure (3.6). Intuitively, deformations of the
truth hope to capture the idea of “location uncertainty” in the initial conditions. The middle particle seems to be
‘closer’ to the truth in terms of the visible large scale features than the bottom particle.

At time tg + 3 ett, which is shown in Figure 10, although the middle particle started ‘closer’ to the truth than
the bottom particle at time ¢y, different large and small scale features to the truth have developed. Comparing
the streamfunction plots, the bottom particle seems to have diverged from the truth even further. Seen at ¢y + 5
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Figure 7: EOF normalised spectrum for coarse grid size
128 x 128. To illustrate how we choose n¢, the coloured
dots: cyan, magenta and red, mark the number of §;
required to capture 50%, 70% and 90% of the total vari-
ability in AX;; respectively. As shown in the plot, to
capture 50% of the total variability, we need n¢ = 89; to
capture 70% of the total variability, we need ng¢ = 164;
to capture 90% of the total variability, we need ng = 277.
Note that at this resolution, there are 16384 EOF's in
total. See Section 3.2.2.
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Figure 8: EOF normalised spectrum for coarse grid size
256 x 256. To illustrate how we choose n¢, the coloured
dots: cyan, magenta and red, mark the number of &,
required to capture 50%, 70% and 90% of the total vari-
ability in AX; respectively. As shown in the plot, to
capture 50% of the total variability, we need ng = 121;
to capture 70% of the total variability, we need n¢ = 200;
to capture 90% of the total variability, we need ng = 300.
Note that at this resolution, there are 65536 EOF's in
total. See Section 3.2.2.

ett, which is shown in Figure 11, the diverging features in the two particles develop further, representing increasing
uncertainty as time goes on. Data assimilation techniques can be applied to incorporate observation data in order
to correct for the increasing uncertainty.

3.2.4 SPDE uncertainty quantification

In this section we show uncertainty quantification test results which test our stochastic parameterisation for the
Euler equation (2.1).

Each particle in the initial ensemble generated using the deformation procedure (3.6) is independently evolved
forward using the SPDE (2.11) for a time length of 20 ett. T'wo main sets of tests are done: uncertainty quantification
and distance between the ensemble and the truth.

For uncertainty quantification, consider a uniform grid of size 4 x 4 (see Remark 10). At each of its interior
points, we plot the ensemble one standard deviation region about the ensemble mean and compare that with the
truth at the same location. We also look at how the one standard deviation region is affected by changing the
number of EOFs used and the number of particles in the ensemble. The tests are done for vorticity, streamfunction
and velocity separately. These results are shown in Figures 12—14. In each plot, the solid line represents the truth
and the coloured regions represent the one standard deviation regions. The results are plotted for discrete ett time
values and are linearly interpolated in between times.

The solid lines in all the plots start within their respective spreads, see the deformation procedure (3.6). As
can be seen, the spreads capture the solid lines for roughly 4 or 5 ett before deviating at certain grid locations,
for example see Figure 12. The streamfunction is the smoothest of the three functions, thus in Figure 12 the solid
lines and the one standard deviation regions show smoother features compared to those in the other figures. For
example compare Figure 12 with Figure 13.

Remark 10. For data assimilation, we consider a observation grid of size 4 x4 and thus would like the parameter-
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Figure 9: The plots show vorticity (left column), velocity (middle column) and streamfunction (right column) for
the coarse-grained fine solution (top row), which we call the truth, and two independent realisations of the SPDE
(middle and bottom rows) at time to, which we call particles. The particles at this time point are generated using
the deformation procedure (3.6). For the vorticity scalar field, the red and blue colours represent opposing signs
of the function, and the colour shades indicate the different levels of magnitude of the function. For the velocity
field, scaled arrow fields are plotted to indicate the direction and magnitude of the velocity vectors at each spatial
location, and the colours highlight the magnitude of the velocity vectors. For the streamfunction scalar field, the
colours indicate the contour lines of the function, along which the velocity vectors travel. The middle particle seems
to be ‘closer’ to the truth in terms of the visible large scale features than the bottom particle, see (3.6). See Section
3.2.3.
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Figure 10: Following on from Figure 9, the plots show vorticity (left column), velocity (middle column) and
streamfunction (right column) for the truth (top row), and the two particles (middle and bottom rows) at time
to + 3 ett. For the vorticity scalar field, the red and blue colours represent opposing signs of the function, and
the colour shades indicate the different levels of magnitude of the function. For the velocity field, scaled arrow
fields are plotted to indicate the direction and magnitude of the velocity vectors at each spatial location, and the
colours highlight the magnitude of the velocity vectors. For the streamfunction scalar field, the colours indicate the
contour lines of the function, along which the velocity vectors travel. The middle particle started ‘closer’ to the
truth in terms of the visible large scale features at time ¢ty than the bottom particle, see Figure 9, however as can
be seen, different large and small scale features to the truth have developed. Comparing the streamfunction plots,
the bottom particle seems to have diverged from the truth even further. See Section 3.2.3.
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Figure 11: Following on from Figure 10, the plots show vorticity (left column), velocity (middle column) and
streamfunction (right column) for the truth (top row), and the two particles (middle and bottom rows) at time
to + 5 ett. For the vorticity scalar field, the red and blue colours represent opposing signs of the function, and
the colour shades indicate the different levels of magnitude of the function. For the velocity field, scaled arrow
fields are plotted to indicate the direction and magnitude of the velocity vectors at each spatial location, and the
colours highlight the magnitude of the velocity vectors. For the streamfunction scalar field, the colours indicate the
contour lines of the function, along which the velocity vectors travel. The middle particle started ‘closer’ to the
truth in terms of the visible large scale features at time ¢ty than the bottom particle, see Figure 9, however as can
be seen, different large and small scale features to the truth have developed. Comparing the streamfunction plots,
the bottom particle seems to have diverged from the truth even further. See Section 3.2.3.
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Figure 12: Uncertainty quantification plots comparing the truth with the ensemble one standard deviation region
about the ensemble mean for the streamfunction at four interior grid points of a 4 x 4 observation grid. In each
plot, the solid line represents the truth and the coloured regions represent the one standard deviation regions. In
the figure on the left, for a fixed ensemble size (N, = 500), we compare the spread differences at the individual
observation grid points due to using a different number of EOFs: ng = 0.9 (pink) versus ng = 0.5 (grey). In the
figure on the right, for a fixed the number of EOFs (n¢ = 0.5), we compare the spreads differences at individual
grid points due having a different number of particles in the ensemble: N, = 500 (grey) versus N, = 225 (pink).
The results are plotted for discrete ett time values and are linearly interpolated in between times. The solid lines
in all the plots start within their respective spreads, see (3.6). As can be seen, the spreads capture the solid lines
for roughly 4 or 5 ett before deviating at certain grid locations. We expect differences in spread size and location
but the differences shown in the plots are insignificant. See Section 3.2.4.

isation methodology to work well at grid points which correspond to the observation grid.

For a fixed number of particles in the ensemble, N,, = 500, we look at the differences between the one standard
deviation regions due to using different number of EOFs: ng = 0.5 versus n¢ = 0.9. The results are shown in the left
hand side plots in each of the Figures 12—14, where the pink regions correspond to n¢ = 0.9 and the grey regions
correspond to ng = 0.5. We expect differences in spread size and location but the differences shown in the plots are
insignificant.

With ng = 0.5 fixed, we compare the differences between the one standard deviation regions due to changing
the number of particles in the ensemble: N, = 500 versus NN, = 225. The results are shown in the right hand plots
in each of the Figures 12—14, where the pink regions correspond to N, = 225 and the grey regions correspond to
N, =500. Again the differences are insignificant.

The results shown in Figures 12—14 correspond to the truth and particles defined on the 64 x 64 coarse grid.
The uncertainty quantification tests are repeated for more refined coarse grids (128 x 128 and 256 x 256) with the
number of EOFs and number of particles fixed (ne = 0.9, N, = 225), to investigate the effect of mesh grid size on
uncertainty quantification. The results are shown in Figure 15 for streamfunction, Figure 16 for vorticity and 17
for velocity. The one standard deviation regions for the different grid sizes are plotted together to compare their
differences. Note that as we make spatial refinements the coarse grained truth also changes, because the coarse
graining procedure used to obtain the truth depends on the underlying coarse grid resolution.

In all plots for the multi-resolution analysis, the results show that the ensemble one standard deviation region
‘converge’ toward the respective coarse grained truth, and capture the truth for longer period of time as the grids
get refined. In this sense, our parameterisation methodology is consistent under grid refinement.

We also investigate the relative L? distance between the SPDE ensemble and the coarse grained truth defined
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Figure 13: Uncertainty quantification plots comparing the truth with the ensemble one standard deviation region
about the ensemble mean for the vorticity at four interior grid points of a 4 x 4 observation grid. In each plot, the
solid line represents the truth and the coloured regions represent the one standard deviation regions. In the figure
on the left, for a fixed ensemble size (IV, = 500), we compare the spread differences at the individual observation
grid points due to using a different number of EOFs: ng = 0.9 (pink) versus nge = 0.5 (grey). In the figure on the
right, for a fixed the number of EOFs (n¢ = 0.5), we compare the spreads differences at individual grid points due
having a different number of particles in the ensemble: N, = 500 (grey) versus N, = 225 (pink). The results are
plotted for discrete ett time values and are linearly interpolated in between times. The solid lines in all the plots
start within their respective spreads, see (3.6). As can be seen, the spreads capture the solid lines for roughly 4 or 5
ett before deviating at certain grid locations. We expect differences in spread size and location but the differences
shown in the plots are insignificant. See Section 3.2.4.
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for vorticity, and similarly defined for the streamfunction and velocity. We compute the results for different combi-
nations of values of n¢, N,,, and the three coarse grids we are considering. Unlike the uncertainty quantification tests,
where the analysis is done at individual grid points, here we consider the error between the truth and the particles
over the whole domain D. The results are shown in Figure 19 for the vorticity, Figure 18 for the streamfunction
and Figure 20 for the velocity.

In these figures, we see that the L? error between the ensemble and the coarse grained truth for each parameter
set increases over time. The increase in error is much slower initially for the higher resolutions. This again gives
us confidence in our parameterisation. Whilst the error remains small initially, also indicated by the uncertainty
quantification results, its increase can be corrected for using data assimilation techniques to incorporate observation
data. This is part of our on going research.

3.2.5 Additional statistical tests

The Lie transport noise is not additive (nor is it multiplicative), thus we do not expect the SPDE solutions to
be Gaussian. We can visually check whether our SPDE ensembles are non-Gaussian by computing boxplots and
quantile-quantile (QQ) plots at fixed times. In a QQ plot, quantiles of two probability distributions are plotted
against each other, see [ ]. If two distributions are similar, the QQ plot would show points lying on the line
y = x. Figures 21, 22 and 23 show the QQ plots for 1, ¢ and u respectively at individual observation grid points at
time to +4 ett. In many of the plots, we observe ‘smiles’ with extremely curved tails, thus providing strong evidence
to the fact that the ensembles are non-Gaussian. Non-Gaussian scaling is interpreted as intermittency in turbulence
theory, see [ |. Figures 24, 25 and 26 show the boxplots for 1), ¢ and u respectively at individual observation
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Figure 14: Uncertainty quantification plots comparing the truth with the ensemble one standard deviation region
about the ensemble mean for the velocity field (top two figures for the z-component, bottom two figures for the
y-component) at four interior grid points of a 4 x 4 observation grid. In each plot, the solid line represents the
truth and the coloured regions represent the one standard deviation regions. In the figures on the left, for a fixed
ensemble size (N, = 500), we compare the spread differences at the individual observation grid points due to using a
different number of EOFs: ng = 0.9 (pink) versus ng = 0.5 (grey). In the figures on the right, for a fixed the number
of EOFs (ng = 0.5), we compare the spreads differences at individual grid points due having a different number of
particles in the ensemble: N, = 500 (grey) versus N, = 225 (pink). The results are plotted for discrete ett time
values and are linearly interpolated in between times. The solid lines in all the plots start within their respective
spreads, see (3.6). As can be seen, the spreads capture the solid lines for roughly 4 or 5 ett before deviating at
certain grid locations. We expect differences in spread size and location but the differences shown in the plots are
insignificant. See Section 3.2.4.
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Figure 15: Uncertainty quantification comparing the truth with the ensemble one standard deviation region about
the ensemble mean for the streamfunction. The left and right hand figures each contain four plots. Each plot
corresponds to a fixed grid point on a observation grid of size 4 x4. For a fixed number of EOFs n¢ = 0.9 and a fixed
number of particles in the ensemble N, = 225, each plot shows the truths and spreads corresponding to three coarse
resolutions: 64 x 64, 128 x 128 and 256 x 256.. The solid lines represent the truth and the coloured regions represent
the one standard deviation regions. Recall that the truth depends on the coarse grid size, see Figure 3. The red
line and spread correspond to the 64 x 64 coarse grid. The green line and spread correspond to the 128 x 128 coarse
grid. The blue line and spread correspond to the 256 x 256 coarse grid. The results are plotted for discrete ett time
values and are linearly interpolated in between times. We see that as the coarse grid resolution gets refined, the one
standard deviation region stays closer to the truth for longer time periods. This confirms that the parameterisation
methodology is consistent under grid refinement. See Section 3.1 and 3.2.4
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Figure 16: Uncertainty quantification comparing the truth with the ensemble one standard deviation region about
the ensemble mean for the vorticity. The left and right hand figures each contain four plots. Each plot corresponds
to a fixed grid point on a observation grid of size 4 x 4. For a fixed number of EOFs n¢ = 0.9 and a fixed number of
particles in the ensemble IV, = 225, each plot shows the truths and spreads corresponding to three coarse resolutions:
64 x 64, 128 x 128 and 256 x 256.. The solid lines represent the truth and the coloured regions represent the one
standard deviation regions. Recall that the truth depends on the coarse grid size, see Figure 3. The red line and
spread correspond to the 64 x 64 coarse grid. The green line and spread correspond to the 128 x 128 coarse grid.
The blue line and spread correspond to the 256 x 256 coarse grid. The results are plotted for discrete ett time
values and are linearly interpolated in between times. We see that as the coarse grid resolution gets refined, the one
standard deviation region stays closer to the truth for longer time periods. This confirms that the parameterisation
methodology is consistent under refinement. See Section 3.1 and 3.2.4.

grid points at time points £y + 1 ett, to + 2 ett and ty + 5 ett. The plots show non-symmetry and fat tails in the
distribution of the ensembles, again providing strong evidence to the fact that the ensembles are non-Gaussian.

4 Conclusion and future work

In this paper, we have described the damped and forced deterministic system and the numerical methodology that
we used to solve the system on a fine resolution spatial grid. We also described the stochastic version of this system,
derived by using the variational approach formulated in [ ], see Section 2, The numerical methodology
we used for solving the deterministic system was then extended to solve the stochastic version and a proof for the
numerical consistency was provided. In Section 3, we have described our numerical calibration methodology for the
stochastic model. Here, numerical simulations and tests were provided to show that by using our methodology, one
can estimate the velocity-velocity spatial correlation structure from data. Specifically, we showed that an ensemble
of flow paths described by the stochastic system accurately tracks the large-scale behaviour of the underlying
deterministic system for a physically adequate period of time. This was verified for all three fields of interest;
namely, stream function, velocity and vorticity.

The stochastic model calibrated in this manner was used to quantify the uncertainty of the deterministic models
at the coarse resolution. As expected, the uncertainty decreases as the grid becomes more refined, and the fidelity
to the true solution increases as the size of the ensemble increases. These tests prove the feasibility of the choice of
stochastic velocity decomposition that was introduced as a constraint in the variational principle for fluid dynamics
in [ ] and was derived using multi-time homogenisation in [ ].

The current work is the first stage in the development of a new ensemble-based data assimilation methodology
using particle filters. The successful confirmation of the new methodology hinges crucially on maintaining a balance
which ensures that the cloud of particles encompasses the true solution, while also producing sufficient spread of
the ensemble realisations. To-date these two criteria have been achieved only via ad-hoc methods. Being based on
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Figure 17:
the ensemble mean for the velocity, separate into the two components. The top two figures show plots corresponding
to the z-component. The bottom two figures show plots corresponding to the y-component. For each component,
the left and right hand figures each contain four plots. Each plot corresponds to a fixed grid point on a observation
grid of size 4 x 4. For a fixed number of EOFs n¢ = 0.9 and a fixed number of particles in the ensemble N, = 225,
each plot shows the truths and spreads corresponding to three coarse resolutions: 64 x 64, 128 x 128 and 256 x 256..
The solid lines represent the truth and the coloured regions represent the one standard deviation regions. Recall
that the truth depends on the coarse grid size, see Figure 3. The red line and spread correspond to the 64 x 64
coarse grid. The green line and spread correspond to the 128 x 128 coarse grid. The blue line and spread correspond
to the 256 x 256 coarse grid. The results are plotted for discrete ett time values and are linearly interpolated in
between times. We see that as the coarse grid resolution gets refined, the one standard deviation region stays closer
to the truth for longer time periods. This confirms that the parameterisation methodology is consistent under grid
refinement. See Section 3.1 and 3.2.4
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Figure 18: Plots of the relative L? distance between SPDE ensemble and truth for the streamfunction 1, starting
at time ¢ for 20 ett. The values are plotted at discrete time points, and are linearly interpolated in between times.
The relative L? distance is defined in (3.7). Each individual plot corresponds to different combinations of values of
ne, N, and coarse gird resolutions (64 x 64, 128 x 128 and 256 x 256). Blue is for ng = 0.9, N, = 225 and resolution
64 x 64. Green is for ng = 0.9, N, = 500, and resolution 64 x 64. Red is for ng = 0.5, IV, = 225 and resolution 64 x 64.
Cyan is for ng = 0.5, N, = 500 and resolution 64 x 64. Magenta is for ng = 0.9, N, = 225 and resolution 128 x 128.
Yellow is for ng = 0.9, N, = 225 and resolution 256 x 256. For fixed coarse grid resolution, changing the number of
EOF's used to capture 90% or 50% variance and/or changing the ensemble size to 500 or 225 do not seem to impact
on the relative L? distance between the ensemble and the truth. Changing the resolution of the coarse grid reduces
the L? distance much more than the other parameters. Regardless of parameter combinations, the steady increase
in the L? distance indicates the growing uncertainty in whether the ensemble captures the truth or not. See Section
3.2.4.
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Figure 19: Plots of the relative L? distance between SPDE ensemble and truth for the vorticity, starting at time
to for 20 ett. The values are plotted at discrete time points, and are linearly interpolated in between times. The
relative L? distance is defined in (3.7). Each individual plot corresponds to different combinations of values of ng,
N, and coarse gird resolutions (64 x 64, 128 x 128 and 256 x 256). Blue is for ng = 0.9, N, = 225 and resolution
64 x 64. Green is for ng = 0.9, N, = 500, and resolution 64 x 64. Red is for ng = 0.5, IV, = 225 and resolution 64 x 64.
Cyan is for ng = 0.5, N, = 500 and resolution 64 x 64. Magenta is for ng = 0.9, N, = 225 and resolution 128 x 128.
Yellow is for ng = 0.9, N, = 225 and resolution 256 x 256. For fixed coarse grid resolution, changing the number of
EOF's used to capture 90% or 50% variance and/or changing the ensemble size to 500 or 225 do not seem to impact
on the relative L? distance between the ensemble and the truth. Changing the resolution of the coarse grid reduces
the L? distance much more than the other parameters. Regardless of parameter combinations, the steady increase
in the L? distance indicates the growing uncertainty in whether the ensemble captures the truth or not. See Section
3.2.4.
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Figure 20: Plots of the relative L? distance between SPDE ensemble and truth for the velocity, starting at time
to for 20 ett. The values are plotted at discrete time points, and are linearly interpolated in between times. The
relative L? distance is defined in (3.7). Each individual plot corresponds to different combinations of values of ne,
N, and coarse gird resolutions (64 x 64, 128 x 128 and 256 x 256). Blue is for ng = 0.9, N, = 225 and resolution
64 x 64. Green is for ng = 0.9, N, = 500, and resolution 64 x 64. Red is for ng = 0.5, IV, = 225 and resolution 64 x 64.
Cyan is for ng = 0.5, N, = 500 and resolution 64 x 64. Magenta is for ng = 0.9, N, = 225 and resolution 128 x 128.
Yellow is for ng = 0.9, N, = 225 and resolution 256 x 256. For fixed coarse grid resolution, changing the number of
EOF's used to capture 90% or 50% variance and/or changing the ensemble size to 500 or 225 do not seem to impact
on the relative L? distance between the ensemble and the truth. Changing the resolution of the coarse grid reduces
the L? distance much more than the other parameters. Regardless of parameter combinations, the steady increase
in the L? distance indicates the growing uncertainty in whether the ensemble captures the truth or not. See Section

3.2.4.
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Figure 21: Quantile-Quantile (QQ) plots for the SPDE ensemble streamfunction at time ¢ = 4 ett, at eight obser-
vation grid (size 4 x 4) points, shown here in two separate figures of four plots each. Each plot correspond to an
individual grid point. The plot compares the ensemble quantiles to the theoretical quantiles from the Gaussian
distribution. If the ensemble is Gaussian, then we would see the plotted points (in blue) lying on the line y = x
(shown in red). The fact that the plots show fat tails give strong evidence to the fact that the ensembles are not
Gaussian. See Section 3.2.5.
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Figure 22: Quantile-Quantile (QQ) plots for the SPDE ensemble vorticity at time ¢ = 4 ett, at eight observation
grid (size 4 x4) points, shown here in two separate figures of four plots each. Each plot correspond to an individual
grid point. The plot compares the ensemble quantiles to the theoretical quantiles from the Gaussian distribution.
If the ensemble is Gaussian, then we would see the plotted points (in blue) lying on the line y = 2 (shown in red).
The fact that the plots show fat tails give strong evidence to the fact that the ensembles are not Gaussian. See
Section 3.2.5.
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Figure 23: Quantile-Quantile (QQ) plots for the SPDE ensemble velocity components at time ¢ = 4 ett, at eight
observation grid (size 4 x 4) points. Top two figures show plots for the z-component, bottom two figures show plots
for the y-component. Each figure contains four plots each. Each plot correspond to an individual grid point. The
plot compares the ensemble quantiles to the theoretical quantiles from the Gaussian distribution. If the ensemble
is Gaussian, then we would see the plotted points (in blue) lying on the line y = 2 (shown in red). The fact that
the plots show fat tails give strong evidence to the fact that the ensembles are not Gaussian. See Section 3.2.5
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9. sequential boxplots at observation grid points

1 sequential boxplots at observation grid points
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Figure 24: Box plots for

the SPDE ensemble streamfunction ¢ at times ¢ = 1,2,...,5 in ett, at eight observation

grid points, shown here in two separate figures of four plots each (each plot corresponds to one grid point). The
boxplots show non-symmetry and fat tails in the distribution of the ensembles, again providing strong evidence to
the fact that the ensembles are non-Gaussian.
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Figure 25: Box plots for the SPDE ensemble vorticity ¢ at times ¢ = 1,2,...,5 in ett, at eight observation grid

points, shown here in two separate figures of four plots each (each plot corresponds to one grid point). The plots
show non-symmetry and fat tails in the distribution of the ensembles, again providing strong evidence to the fact
that the ensembles are non-Gaussian.
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Figure 26: Box plots for the SPDE ensemble velocity components, u, (top row) and u, (bottom row) at times
t=1,2,...,5 in ett, at eight observation grid points, divided into two figures of four plots each (each plot corresponds
to one grid point). The plots show non-symmetry and fat tails in the distribution of the ensembles, again providing
strong evidence to the fact that the ensembles are non-Gaussian.
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the principles of stochastic geometric mechanics, the current work offers the first theoretically validated systematic
approach that satisfies both of these crucial ensemble-based data assimilation criteria. The trajectories of the
particles in the ensemble arise from a decomposition of the true (deterministic) fluid velocity into a drift velocity
and a (Stratonovich) stochastic perturbation at the coarse resolution. The equations for the drift velocity arise
from stationary variations of Hamilton’s principle for ideal fluid dynamics, constrained to follow the stochastic
Lagrangian paths whose spatial correlations are determined from the present methodology. Thus, derived via
fundamental principles of stochastic geometric mechanics, the present methodology has produced successful results
for uncertainty quantification.

The ensembles produced by the methodology presented here will be used in further work to forecast the future
position of the true trajectory. An additional mechanism will correct the ensemble by selecting and multiplying
the more likely particles and casting out those that are too far from the true solution. This “pruning” procedure
to correct, or refine the ensemble will be based on partial (sparse/noisy) observations. The correction mechanism
assimilates the data into the system and reduces the model uncertainty. Accomplishing this forecast will be a
challenging task, because the dimensionality of the system will remain high, even after applying the coarsening
using the methodology developed here. The authors will report progress toward accomplishing such forecasts in a
sequel to the present paper.
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