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A new algorithm for low order predictive statistical modeling and
uncertainty quantification (UQ) in turbulent dynamical systems
is developed here. These new reduced order modified quasilin-
ear Gaussian (ROMQG) algorithms apply to turbulent dynamical
systems where there is significant linear instability or linear non-
normal dynamics in the unperturbed system and energy conserv-
ing nonlinear interactions which transfer energy from the unsta-
ble modes to the stable modes where dissipation occurs, result-
ing in a statistical steady state; such turbulent dynamical sys-
tems are ubiquitous in geophysical and engineering turbulence.
The ROMQG methods involve constructing a low order nonlinear
dynamical system for the mean and covariance statistics in the
reduced subspace which has the unperturbed statistics as a sta-
ble fixed point and optimally incorporates the indirect effect of
non-Gaussian third order statistics for the unperturbed system
in a systematic calibration stage. As shown here, this calibra-
tion procedure is achieved through information involving only the
mean and covariance statistics for the unperturbed equilibrium.
The performance of the ROMQG algorithms is assessed here on
two stringent test cases: the forty mode Lorenz 96 (L-96) model
mimicking midlatitude atmospheric turbulence and two layer baro-
clinic models for high-latitude ocean turbulence with over 125,000
degrees of freedom. In the L-96 models, ROMQG algorithms with
just a single (the most energetic) mode capture the transient UQ
response to random or deterministic forcing. For the baroclinic
ocean turbulent models, the inexpensive ROMQG algorithm with
252 modes, less than 0.2% of the total, is able to capture the
nonlinear response of the energy, the heat flux, and even the one-
dimensional energy and heat flux spectrum at each wavenumber.

Many instabilities | Nonlinear response and sensitivity | Reduced-Order
Modified Quasilinear Gaussian Closure

Introduction

urbulent dynamical systems are characterized by both a large di-

mensional phase space and a large dimension of instabilities i.e.
a large number of positive Lyapunov exponents on the attractor. Tur-
bulent dynamical systems are ubiquitous in many complex systems
with fluid flow such as for example, the atmosphere, ocean, and cou-
pled climate system, confined plasmas, and engineering turbulence
at high Reynolds numbers. In turbulent dynamical systems, these
linear instabilities are mitigated by energy conserving nonlinear in-
teractions which transfer energy to the linearly stable modes where it
is dissipated resulting in a statistical steady state. Uncertainty quan-
tification (UQ) in turbulent dynamical systems is a grand challenge
where the goal is to obtain statistical estimates such as the change
in mean and variance for key physical quantities in the nonlinear re-
sponse to changes in external forcing parameters or uncertain initial
data. These key physical quantities are often characterized by the de-
grees of freedom which carry the largest energy or variance and an
even more ambitious grand challenge is to develop truncated low or-
der models for UQ for a reduced set of important variables with the
largest variance. This is the topic of the present paper.

Low order truncation models for UQ include projection of the
dynamics on leading order Empirical Orthogonal Functions (EOF’s)
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[1], truncated polynomial chaos (PC) expansions [2, 3, 4], and dy-
namically orthogonal (DO) truncations [5, 6]. Despite some suc-
cess for these methods in weakly chaotic dynamical regimes, concise
mathematical models and analysis reveal fundamental limitations in
truncated EOF expansions [7, 8], PC expansions [9, 10], and DO
truncations [11, 12], due to different manifestations of the fact that
in many turbulent dynamical systems, modes that carry small vari-
ance on average can have important, highly intermittent dynamical
effects on the large variance modes. Furthermore, the large dimen-
sion of the active variables in turbulent dynamical systems makes
direct UQ by large ensemble Monte-Carlo simulations impossible in
the foreseeable future while once again, concise mathematical mod-
els [10] point to the limitations of using moderately large yet statis-
tically too small ensemble sizes. Other important methods for UQ
involve the linear statistical response to change in external forcing
or initial data through the Fluctuation Dissipation Theorem (FDT)
which only requires the measurement of suitable time correlations in
the unperturbed system [13, 14, 15, 16, 17, 22]. Despite some sig-
nificant success with this approach for turbulent dynamical systems
[13, 14, 15,16, 17,22], the method is hampered by the need to mea-
sure suitable approximations to the exact correlations for long time
series as well as the fundamental limitation to parameter regimes with
a linear statistical response.

Here a systematic strategy is developed for building statistically
accurate low order models for UQ in turbulent dynamical systems.
First, exact dynamical equations for the mean and the covariance are
developed; the possibly intermittent effects of the third order statis-
tics on these low-order statistics are present in the exact equations.
Secondly, an approximate nonlinear dynamical system for the evo-
lution of the mean and covariance constrained by covariance forcing
from minimal damping and random forcing on the unperturbed at-
tractor is formulated; it is required that this dynamical system has
the unperturbed mean and covariance as a stable fixed point. In the
third calibration step, the effect of the third moments on the mean and
the covariance in the approximate dynamical system for the statistics
are calibrated efficiently at the unperturbed steady state using only
the measured first and second moments. The result at this stage is a
very recent algorithm for UQ called Modified Quasilinear Gaussian
(MQG) closure [18] which applies on the entire phase space of vari-
ables. In the fourth step, the MQG algorithm is projected on suitable
leading EOF patterns with further efficient calibration of the effect of
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the unresolved modes at the unperturbed statistical steady state. This
final step defines the reduced order MQG (ROMQG) method for UQ
in turbulent dynamical systems and is developed following the above
outline in the next section.

The subsequent sections include two highly nontrivial applica-
tions of the ROMQG method to UQ. The first application involves
the Lorenz 96 (L-96) model [19, 20] which is a non-trivial forty di-
mensional turbulent dynamical system which mimics mid-latitude
atmospheric turbulence and is a popular model for testing methods
for statistical prediction [20], data assimilation or filtering [21], FDT
[22], and UQ [11, 12, 18]. The advantage of the forty mode L-96
with many features of turbulent dynamical systems is that very large
ensemble Monte-Carlo simulations can be utilized for validation in
transient regimes. Here the ROMQG algorithm has remarkably ro-
bust skill for UQ in the transient response to general random external
forcing for truncations as low as one, two or three leading Fourier
(EOF) modes. The second application involves a prototype exam-
ple of two-layer ocean baroclinic turbulence [23, 24, 25]. Here the
turbulent system has over 125,000 degrees of freedom so validation
through transient Monte-Carlo simulations is impossible and only the
nonlinear statistical steady state response to the change in shear can
tested for various perturbed shear strengths. Here the ROMQG al-
gorithms for UQ utilizing 252 EOF modes (less than 0.2% of the
total modes) are able to capture the nonlinear response of both the
one-dimensional energy spectrum and heat flux spectrum at each
wavenumber with remarkable skill for a wide range of shear varia-
tions. The paper concludes with a brief summary discussion.

Abstract formulation

We consider large dimensional turbulent dynamical systems with
conservative quadratic nonlinearities with the abstract structural form
typically satisfied in applications to geophysical [23, 24, 25, 26] or
engineering turbulence given by

‘fl—‘t‘ — L+ D] utB(wu)+F () + We (w)or (®) 1]
acting on u € R™. In the above equation and for what follows re-
peated indices will indicate summation. In some cases the limits of
summation will be given explicitly to emphasize the range of the in-
dex. In the above equation we have L is a skew-symmetric linear
operator, which in geophysics represents rotation, the S—effect of
Earth’s curvature, topography etc. and satisfies L* = —L. D is a
negative definite symmetric operator (D* = D) representing dissi-
pative processes such as surface drag, radiative damping, viscosity,
etc. The quadratic operator B (u, u) conserves the energy by itself
so that it satisfies

B(u,u)-u=0 [2]

in a suitable inner product. Finally, F (£) + W (&;w) o (t) repre-
sents the effect of external forcing i.e. solar forcing, which we will
assume that it can be split into a mean component F (¢) and a stochas-
tic component with white noise characteristics. In the applications
below, the stochastic component of the forcing is zero although there
can be random initial data. We represent the stochastic field through
a fixed orthonormal basis v;, 1 < i < N,

u(t)=1(t) +_ZZZ- (t;w) vi.

where U () represent the ensemble average of the response, i.e. the
mean field, and the Z; (¢;w) are random processes. The exact mean
field equation is given by

da

e [L + Dlu+B(0, @) +Ri; B (vi, v;) +F, (3]
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with the covariance matrix given by R;; = (Z;Z;) and (-) denotes
averaging over the ensemble members w. The random component of
the solution, u’ = Z; (t; w) v; satisfies

!
Cfi—l; =[L+ D|u+B (ﬁ, u/) +B (u/, ﬁ) +B (u', u')

— RjkB (Vj7Vk) + Wk (t;w) Ok (t)

By projecting the above equation to each basis element v; we obtain
the exact evolution of the covariance matrix R= (ZZ")

% =LyR+ RL, +Qr + Qo, [4]
where we have:

i) the linear dynamics operator expressing energy transfers be-
tween the mean field and the stochastic modes (effect due to B), as
well as energy dissipation (effect due to D) and non-normal dynam-
ics (effect due to L, D, @)

{Lo},; = ([L+ D]v;+B(§,v;) +B (v;,0)) vi  [5]

ii) the positive definite operator expressing energy transfer due to
external stochastic forcing

{Qg}ij = (Vi.O'k) (O’k.Vj) . [6]

iii) the energy flux between different modes due to non-Gaussian
statistics (or nonlinear terms) given exactly through third-order mo-
ments

QF = <ZmZ7LZj> B (V77L7 Vn) Vi + <ZmZ7LZz> B (V77L7 Vn) \Vj

[7]
From the conservation of energy property in (2) it follows that the
symmetric matrix Q) satisfies T'r [Q F] = 0. These last equations

with third order moments are a potential source of intermittency in
the solution of the low order statistics and need to be modeled care-
fully in any UQ scheme. This is done next in a minimal, efficient
fashion by the MQG method [18].

Modified quasilinear Gaussian (MQG) models

In typical applications, the unperturbed turbulent dynamical sys-
tem is defined by constant forcing and there is a statistical steady
state solution with mean Uic and covariance R, satisfying the
steady state statistical equations in (3) and (4) with vanishing time-
derivatives. Furthermore, the linear operator in (5) typically has un-
stable directions as well as stable subspaces with non-normal dynam-
ics [13, 14, 15, 22, 23, 24, 25, 26, 27]. The statistical steady state
exists through a balance driven by the transfer of energy by the non-
linear terms B (u, u) in (3) and non-normal linear dynamics from
the unstable directions to the stable ones; the nonlinear steady state
covariance R exists because the term () poo involving this nonlin-
earity and the third statistical moments in the statistical steady state
precisely balances the effect of the unstable directions in (4). The
MQG dynamical equation for UQ calibrates this essential effect in
an efficient, minimal fashion [18]. First note that at the statistical
steady state of calibration, () F , is known as a function of the mean
i and covariance R through (4) at the statistical steady state. In
the MQG dynamics we split the nonlinear fluxes into a positive semi-
definite part Q}L and a negative semi-definite part Q) :

Qr = Qr + QF. [8]

The positive fluxes Q7. indicate the energy being ‘fed’ to the stable
modes in the form of external chaotic or stochastic noise. On the
other hand the negative fluxes Q5 should act directly on the linearly
unstable modes of the spectrum, effectively stabilizing the unstable
modes. In particular in MQG we represent the negative definite part
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of the fluxes as additional damping in order to modify the eigenval-
ues associated with the Lyapunov equation (4) so that these have non-
positive real part for the correct steady state statistics. To achieve this
we represent the negative fluxes as

Qr(R)=NR+ RN™ [91
with N calibrated by solving the equation
Qroo = Qr (Roo) = NooRoo + Reo Noo [10]

where Q5 (Reo) is the negative semi-definite part of the steady-
state fluxes obtained by the equilibrium equation Qro =
—Ly (Tioo) Roo — Roo L}, (Tieo) - Equation (10) essentially connects
the negative-definite part of the nonlinear energy fluxes (which is a
functional of the third-order statistical moments) with the second-
order statistical properties that express energy properties of the sys-
tem. One can easily verify that N in equation (10) is given explic-
itly by

1 _
Noo = 5QF (Roo) R [11]
In the MQG dynamics [18], the evolving damping N is given by
N = f{g:i) Noo with f an appropriate nonlinear function. On the

other hand the positive fluxes Q}L are computed according to steady
state information, i.e. based on the positive semi-definite fluxes
Qf.. = Qf (R). The form of this matrix defines the amount
of energy that the linearly stable modes should receive in the form
of additive noise. The conservative property of the nonlinear energy
transfer operator B requires that for all times the zero-trace conser-
vation property is satisfied. This is achieved by choosing the positive

fluxes as
Tr [Qﬂ

+
These nonlinear fluxes are time-dependent (since 7'r [Qﬂ depends
on time through R) and the last formulation guarantees the zero-trace
conservation property at every instant of time. These relations sub-
stituted into the equations for the mean and covariance in (3) and
(4) define the minimal MQG dynamics; by construction (e, Roo)
is a fixed point of this dynamics but is only neutrally stable due to
the minimal character of the decomposition of Qroo in (8). We
introduce the small factor ¢ > 0 with the flux decomposition
Qr = [QF — q¢sI] + [QF + g+I] in order to render (fioe, Roo) @
stable fixed point of the MQG dynamical system [18]. In this fashion
we obtain the MQG dynamics for the mean and covariance,

da

i [L + D)u+B(q,u)+Ri; B (vi,v;) +F [13]
dR * * =+
E:LUR“FRLU“FNR"‘RN +QF+QU [14]
where
f(R) . 1 -1
= Noo with Noo = = w —qs1) Reo,  [15]
7 () 3 (Qre )
T _
Qr = —LQf} (QFe +as1) ;Qr = NR+ RN”, [16]
TT[ Foo]

with gs and f (R) parameters in the MQG dynamics. These MQG
dynamics define the first three steps from the introduction of the UQ
strategy developed in this paper. As shown in [12, 18], the MQG al-
gorithm, with a specific, well motivated choice of ¢ and f (R) yields
excellent performance as a UQ algorithm when tested comprehen-
sively on the forty mode L-96 model. However, the MQG algorithm
is impractical for large dimensional turbulent dynamical systems with
N > O (103) because the covariance matrices of order N? are too
expensive to evolve directly. This leads to the need for truncated, low
order MQG algorithms which are developed next.

Footline Author

Reduced order MQG (ROMQG)

For the truncation of the dynamics we use s orthogonal eigenvec-
tors of the covariance matrix Ro given by {v;} _,. These can
be chosen as EOF modes. We denote these modes with the matrix
P = [vi,V2,...., vs] € RY*< In this case the reduced covariance
which we resolve is connected with the full N—dimensional covari-
ance by the relation

s = P"RP e R°*°.

Since, the reduced order covariance R, contains only a part of the to-
tal stochastic energy the influence of the quadratic terms in the mean
field equations will be only partially modeled. To represent this ef-
fect in the calibration stage, we include additional forcing G that
will balance this contribution, which is otherwise ignored due to the
truncation. Thus, we have the mean field equation

du

T Q)+ Z Rs,ijB(vi,vj)+F + G

4,j=1

= [L+ D] a+B(1,

[17]
The value of the additional forcing G is determined using statis-
tical steady state information for the covariance and the mean. In
particular we have the equilibrium equation

Goo = — [L+D] ﬁOO_B(UOCM Z Rsoo l]B(VZ7VJ) F

i,7=1

where Rsoo = P* Roo P; this guarantees that i iS a steady state of
the truncated equation in (17). For the covariance equation governing
R we use the exact (but reduced-order) equation for the covariance
given by

dRs ¥
di = LU,SRS + RSLU,S + QF,S [18]
where Ly s = {L» } fori,j = 1,...,s and QF,s contain both the

non-linear dynamics due to triad mteractions between all modes but
also the ignored linear dynamics due to the truncation. Because Qs
contains truncated nonlinear interactions but also non-normal linear
effects we do not expect to satisfy the conservation property beceause
Tr|Qr,s] # 0. Nevertheless we can still use steady state information
to model @ r,s. We have

QF,soo =

Now we repeat the ideas used in the MQG algorlthm described above.
By splitting @ r, s into a positive definite part Q7 F.soo and into a neg-

_Lv,sRsoo - RsooL:,s-

ative definite part Q) . we have the noise, damping pair

1, .- _
Q;,soo and Nsoo = 5 (QF,soo) Rsolo
The next step is to scale the above energy fluxes. For the additional
damping we use the standard scaling from MQG together with small
additional damping for stability,

1 /(R
N = )

For the positive fluxes, in MQG described earlier we were scaling
with the total nonlinear flux of energy. Here we do not have such
information since we are modeling the energy (covariance) partially
due to the truncation. To this end we will scale with the nonlinear en-
ergy fluxes based on the information provided by the reduced-order
covariance. The total positive nonlinear energy flux in the statistical
steady state is given by g, = 27" [Noo Roo] and with the standard
MQG approximation in general, the energy flux is

(Qr.voo — as1) Rick [19]

_, f(R)
2f(R I r [NooR] .
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Since we do not have information for the full covariance R we will
scale with f (Rs) . Moreover, we modify T'r [Noo Roo] only along
the elements of the full covariance that evolve, i.e. according to R;.
These approximations give

[ (Rs)

+ _ +
QF,S_( F,soo+q5[) f(Rsoo)

Tr[P*NooPRs — P*"Noo PP* R P|

x |1 . [20

( * Tr (NooRioo) > 201

Note that for the full space with P = I the above expressions reduce

exactly to the standard MQG formula. In summary the ROMQG dy-

namics are the modified mean equation in (17) coupled to the reduced
covariance equation

dRs

dt
with Ng, Q;C’S defined in (19) and (20) respectively.

= Ly sRs + RsL} , + NoRs + RoNJ + QF, + Qo

Application of ROMQG to UQ for the L-96 model

The L-96 model is a discrete periodic model given by
dui
dt

with J = 40 and with F' the deterministic forcing parameter. With
the standard discrete Euclidian inner product, one can easily verify
that the energy conservation property for the quadratic part is sat-
isfied (i.e. B(u,u)-u = 0) and the negative definite part has the
diagonal form D = —I. The model is designed to mimic baroclinic
turbulence in the midlatitude atmosphere with the effects of energy
conserving nonlinear advection and dissipation represented by the
first two terms in (21). For sufficiently strong constant forcing values
such as ' = 6, 8 or 16, L-96 is a prototype turbulent dynamical sys-
tem which exhibits features of weakly chaotic turbulence (F' = 6),
strong chaotic turbulence (F' = 8), and strong turbulence (F' = 16)
[20, 21, 26]. Since the L-96 system is invariant under translations
we will use the Fourier modes as a fixed basis to describe its dynam-
ics. Because of the translation invariance property the statistics in the
steady state will be spatially homogeneous, i.e. the mean field will
be spatially constant, the covariance operator will have a Fourier di-
agonal form, and the Fourier modes are an EOF basis. In addition if
the initial conditions are spatially homogeneous the above properties
will hold over the whole duration of the response and we assume this
here. In the L-96 system the external noise is zero, and therefore we
have no contribution from external noise in eq. (4), i.e. Q» = 0.
Thus uncertainty can only build-up from the unstable modes of the
linearized dynamics. The time averaged turbulent spectrum of en-
ergy that occurs for the constant value, F' = 8, is given in Figure
1. Here we demonstrate the capability of the ROMQG algorithm to
quantify uncertainty with only a few modes. We calibrate ROMQG
at the standard forcing value ' = 8 and perturb this constant forcing
resulting in the forcing F' (t) shown in Figure 1 with random fluc-
tations of order 15%. We consider highly truncated ROMQG with

f(Rs) = (Tr [RS])% , gs = 0.1 and with a single complex Fourier
mode out of the total twenty active Fourier modes. In Figure 1 we
use the most energetic Fourier (EOF) mode in the ROMQG algorithm
and compare the mean and variance in this low-dimensional subspace
with those from a large ensemble Monte Carlo simulation of the full
L-96 model with 10* members. As seen in Figure 1, the ROMQG
algorithm for only a single (the most energetic) Fourier (EOF) mode
tracks the low order statistics of the expensive full Monte Carlo sim-
ulation with high fidelity. The ROMQG algorithm with three Fourier
modes track the full Monte Carlo simulation in all the reduced modes
with comparable, very high skill. More tests of the ROMQG algo-
rithm with comparable high fidelity for UQ with deterministic pe-
riodic or stochastic forcing for F' = 6, 8,16 are presented in the
supplementary material. In Figure 2 we show the performance of the

= Ui—1 (Uit1 — Ui—2) —u; + F, =0,...,J—1 [21]
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ROMAQG algorithm for similar low order truncations using the much
less energetic 10th-13-th Fourier modes ranked by energy. It is no
surprise that the ROMQG algorithm performs poorly here with this
truncation. However, MQG on the whole forty mode phase space can
capture the UQ properties on these modes [18].

Time dependent forcing Energy spectrum
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Fig. 1. Time dependent force and time-averaged energy spectrum (first row);
Comparison of the single mode reduction with the most energetic mode using
ROMQG algorithm with direct Monte Carlo simulation in the L-96 system (sec-
ond row); Comparison of the three mode reduction (with the three most energetic
modes) ROMQG with direct Monte Carlo (lower rows).
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Fig. 2. Comparison of the four mode reduction ROMQG using the much less
energetic modes 10th-13th (ranked by energy) with direct Monte Carlo.

Application of ROMQG to quasigeostrophic turbulence

Here we study a huge dimensional turbulent dynamical system (N >
125, 000) with a wide range of instabilities on small and large scales
involving baroclinic turbulence in regimes appropriate for the the
high latitude ocean. We consider the Phillips model in a barotropic-
baroclinic mode formulation [23, 24, 25] with periodic boundary con-
ditions given by

9q

n =L(q)+B(q,q9)

Footline Author



with linear operator L = (L., L,)"

L'¢(Q):—(1—5)TV2(w—a*1T)_Uaiv%_ g_zﬁ’
Lo (@) = VT =0V (0 —a”'7) = 5
9 o . 2
— U (VP + X9 +£V77)

and quadratic operator

_ J (%1, q2,9) + J (11, 92,7)
Blana,) = ( J(¥1,q2.7) + T (11, @20 + &q2.r) )
where q = (q¢,qT)T and ¢, = V2 and ¢; = V7 — A\?7 are the

barotropic and baroclinic potential vorticity anomalies, respectively,
and v, 7 the corresponding streamfunctions. Moreover, ¢ is the frac-
tional thickness of the upper layer, U = /0 (1 —¢) (U1 — Uz)
expresses the difference of velocities between the two layers, A is
the baroclinic deformation wavenumber, a = /(1 —J)d—! and

& = (1—260) /4/d (1 — &) express the thickness ratio between the
two layers and the triple interaction coefficient, respectively, while
r is the bottom drag in the vorticity in the lower layer. Here we set
0=02,r=9, 5 =10, and A = 10; this set of parameters corre-
sponds to the high latitude ocean case [25]. The critical parameters
here are the large baroclinic deformation wavenumber, A, typical of
the high latitude ocean, the strength of the shear U, and the bottom
drag coefficient, . The natural inner product which guarantees the
energy conservation property, B (q, q) .q =0, is defined through the
sum of the barotropic and baroclinic energies and is given by,

[q1,q2 /VQZA Vzpz + V7. VTQ —|—)\27'17'2 [22]

There is linear baroclinic instability [23, 24, 25] at a wide range of
wavenumbers smaller than the deformation wavenumber so this is a
challenging problem for UQ due to both the large phase space and
large number of instabilities. A numerical resolution of 256 Fourier
modes in a standard pseudospectral code [25] is utilized to study the
statistical dynamics of this turbulent dynamical system so the dimen-
sion of the subspace NN exceeds 125,000 and large ensemble member
Monte Carlo simulations of the perfect model are impossible in the
foreseeable future; instead, for a given shear strength, U, statistics
are calculated from a long time average [24, 25, 26]. The standard
value of Uy = 1 in nondimensional units yields the unperturbed sys-
tem where we calibrate ROMQG in a fashion described earlier. In
the experiments reported below, we study the nonlinear response to
changes in the jet strength Us = Uy + U where U can have both
negative and positive values with |dU| < 0.05Uj so these are 5% per-
turbations on the shear strength; as shown below, these are powerful
enough to cause 50% changes in the energy or heat flux spectrum. To
compute the perfect nonlinear response, we run the numerical code
for the perfect model with perturbed shear, Us, and gather the per-
turbed statistics from a long time average. The UQ challenge for the
ROMQG methods here is to predict the nonlinear response to these
changes in shear through a low order statistical model. While the
above problem is a difficult challenge for ROMQG, it has a sim-
plified structure which can be exploited. For a given jet strength
U, the statistics on the attractor are homogeneous so Fourier series
can be utilized to simplify the ROMQG algorithm with the result
the linear operator, L, decouples into a block diagonal 2 x 2 sys-
tem for each Fourier mode and all EOF’s are Fourier modes with two
complex EOF’s per Fourier mode. Furthermore, for two layer baro-

clinic turbulence, no mean field is generated and 6;;" = ait* =0
for all the above homogeneous perturbations, unlike the L.-96 model
studied earlier (see [24] and the supplementary material). Thus, we
can study the statistics of two-layer baroclinic turbulence through
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the Fourier series representation, q =, , Grie’** ) and develop

ROMQG algorithms merely by applying’ ROMAQG to the truncated

band of wavenumbers, 1 < (k* + lz)l/ 2 < |ko| . With these com-
ments the ROMQG algorithm for this model is straightforward to
generate and is presented in detail in the supplementary material;
crucial to the discussion here is the choice of the structure function
f(Rs) = (Tr[Rs])? with g5 = 0.055 for 1 < |k| < 9 so that
ROMQG has only 252 modes, 0.2% of the total number of modes in
the original system. The key statistical quantities of practical interest
for UQ which we attempt to predict by the above ROMQG algorithm
are the radially averaged one-dimensional energy spectrum E (|k|)
and heat flux spectrum, H s (|k|) defined for the energy by

_ ~12 o
28 =3 kP [B] + (P +X°) |77 =27 [ K| E(K]) K]
K 0

~ L [23]
and for the heat flux, Hy = %dhﬂ', by

ik, v Qi 2w /°°
ey = gy k| Hs (|k|)d|k
Hy = U2Z|k| ) KE 02, k| Hy (k) d [k
[24]

In both (23) and (24), the continuous integrals have only symbolic
meaning and actually represent a discrete radial average. In Figure
3 we compute the nonlinear response of the perfect system and the
ROMQG prediction for E, Hy and E (|k|), Hs (|k|) for a family of
perturbations up to 5% of the mean shear Up. The first thing to note
from the upper panels of Figure 3 is that the perfect response of £/
and H is nonlinear over the parameter regime and the ROMQG al-
gorithm with less than 0.2% of the modes and calibrated only at Uy
closely tracks the nonlinear changes in bulk statistics. The most non-
linear departures occur at shear perturbations Us = (1 £ 0.05) Up
and the second panels show the high skill of the ROMQG algorithm
in capturing the nonlinear sensitivity of the energy density E (|k|),
while the lower panels show similar high skill for the ROMQG for
the heat flux spectrum Hy (|k|) . Incidentally, these panels also show
clear nonlinear response for both E (|k|) and H (|k|) since the left
panel deviations from the unperturbed state are very far from equal
and opposite compared with the right panel perturbations; this means
that in the present context, systematically calibrated ROMQG al-
gorithms are both vastly cheaper and outperform FDT algorithms
[13, 14, 15, 16, 17, 22] which can only estimate linear statistical re-
sponse and often lose some skill [14, 15, 16, 17, 22] in estimating
quadratic functionals like E (|k|), Hy (|k]) .

Discussion and conclusions

We have developed a new ROMQG algorithm for low order predic-
tive statistical modeling of UQ in turbulent dynamical systems. The
low order algorithms apply to turbulent dynamical systems where
there is significant linear instability or linear non-normal dynamics
in the unperturbed system and energy conserving nonlinear interac-
tions which transfer energy from the unstable modes to the stable
modes where dissipation occurs, resulting in statistical steady state;
such turbulent systems are ubiquitous in geophysical and engineering
turbulence. The ROMQG methods involve constructing a low order
nonlinear dynamical system for the mean and the covariance statis-
tics in the reduced subspace which has the unperturbed steady state
statistics as a stable fixed point and optimally incorporates the indi-
rect effect of non-Gaussian third order statistics for the unperturbed
system in a systematic calibration stage. As shown here, this calibra-
tion procedures is achieved through information involving only the
mean and covariance statistics for the unperturbed equilibrium. The
performance of the ROMQG algorithm is assessed here on two strin-
gent test cases: the forty mode L-96 model mimicking midlatitiude
atmospheric turbulence and two layer baroclinic models for high lat-
itude ocean turbulence with over 125,000 degrees of freedom. In the
L-96 models, ROMQG algorithms with just a single mode (the most

PNAS | Issue Date | Volume | Issue Number | 5



energetic) capture the transient UQ response to random or determin-
istic forcing. For the baroclinic turbulence models, the inexpensive
ROMQG algorithms with 252 modes (0.2% of the total modes) are
able to capture the nonlinear response of the energy, the heat flux,
and even the one-dimensional, energy and heat flux spectrum at each
wavenumber. The results reported here point to the potential use of
the ROMQG algorithm for UQ in realistic turbulent dynamical sys-

Heat Flux (% H)

tems with additional anisotropy due to topography, land sea contrast,

etc.
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1 Forty mode L-96 system

Here we present additional results of the ROMQG algorithm for the L-96 system using deterministic
periodic or stochastic forcing. We are studying the the case of F' = 6 (weakly chaotic), FF = 8
(strongly chaotic), and F' = 16 (turbulent) regime. A typical snapahot of the field for each case is
presented in Figure 1.

Weakly chaotic regime (F = 6) Strongly chaotic regime (F = 8) Turbulent regime (F = 16)
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Figure 1: Numerical solutions and corresponding spectra of [-96 model in space-time for weakly
chaotic (F' = 6), strongly chaotic (F' = 8), and fully turbulent (F = 16) regime.
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2 Two-layer baroclinic model

We consider the Phillips model in a barotropic-baroclinc mode formulation with periodic boundary
conditions given by

0 9 P
% +J (Y, qp) + J (7, 47) +5% + U%VQT (1= 8)rV (¢ —ar)
8aqtr + J(T/%QT) + J(T, qd)) +€J (T,q.,_) +B% + U% (v2¢+ )\Qw +§V27) _ mrvz (1/) - ail’r)

where qy = V2 and ¢, = V27 — A\?7 and
For what follows we will use the quadratic operator associated with the above system

J(V1,q2.9) +J (T1,92.7) )

B ((ha(h) = - ( J(¢17q2,7') —+ J(T17QQ7¢) +£J (TlaQ2,T)

as well as the linear operator

L - ( — (L= O)rV2 (v —a 1) ~UZVor - g2 )
V=N VEa=0r2 (4 —a'7) = B2~ UL (V20 + X2 + £977)

Using the above notation the original system can be written as

d
L

7 (@) + B(a,q).

The parameters values are given in the paper and they correspond to baroclinic ocean turbulence
at high latitudes. A typical snapshot of the vorticity fields gy, ¢r is given in Figure 5.
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Figure 5: Typical snapshots (vorticity fields) of the barotropic and baroclinic mode for baroclinic
ocean turbulence at high latitudes.



2.1 An overview of the stability and energy fluxes properties for the
two-layer baroclinic model

Here we provide an overiview of the stability and energy fluxes properties for the two-layer baroclinic
model under the parameters given in the paper.

2.1.1 Setup and basic properties

The inner product that corresponds to the total energy is given by the following bilinear form
[q1,q2]p = /ViblVi/); +Vn VT + X7
= —/Qwﬂ/fzk +qr173
- / (K% +17) (q&lz[};) + (K + 1P+ 2?) (175)
where the hats denote the spatial Fourier transforms.

We will now prove that the quadratic operator is conservative with respect to this inner product.
In particular we have (using the second expression for the energy inner product)

[B(qaq)aq]E :/(J(w,Qw)¢+J(T,QT)T/’JFJ(ZZ%QT)TJFJ(T’Qw)TJFfJ(T,qT)T)
‘We have
/J(¢,q¢)w = /ww.vqw = %/Vlw?vqw = %/qw div V+e? = 0.

where we used Greens identity and took into account the periodic boundary conditions. Similarly
we can obtain [ J(7,¢;)7 = [ J(7,qy) 7 = 0. In addition,

[1@arers@a)r= [ 69 Ta 4oV = [V 0n) Fa = [ardiv et @) =0
Therefore, the quadratic terms conserve energy

2.2 Mean field dynamics

We obtain the equation for the mean vorticity by expanding the solution in terms of Fourier modes
which is the natural basis since the problem is defined on a periodic domain. In particular we
represent the solution as
a(tx;w)=q(tx) + Y au (t,xw)
k.l

where qp (,x;w) have the form qu (¢, x;w) = que’** W and for the steady state we have

B (axi; 9) + B* (Qkt, Q)
2

dGoo
dt

=0=L () + B (e, @) + Y

k,l,m,n
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Figure 7: Growth rates of different wavenumbers - computed using the spectral code output.

Note that because different wavenumbers will be uncorrelated in steady state, we will have

B (qkla qmn) +B* (qkla qmn) _ B (qkl7 qkl) + B* (qkl7 qkl)
> =2

2 2
k,l,m,n k,l

Moreover, we can easily observe that B (qg, q;;) = 0, therefore the equation for the mean decouples
from the second order statistics and we obtain:

L (Goo) + B (Ao, Ao) = 0

From which we have
Qoo = 0 (1)

Thus the mean will not be included in the analysis that follows.

2.2.1 Dynamics in spectral space
The solution can be represented as

_ Qety \ ikatly)
= N e
q Z < qkl,r )

k,l
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From the above representation we easily obtain an expression for the corresponding streamfunctions

(jkl, i(kx
qp =V =P =— BT erlze (k+ly) (2a)
k,l
_ 2 2 _ Qklr  i(ko+l
qT—VT_ATiT—_Zme( y) (2b)

We saw that the quadratic operator conserves energy and therefore the energy inner product is
sutiable for formulating an MQG UQ scheme. We use the following spectral variables for which the
energy inner product is expressed as Euclidian inner product

N e R LA
Priy = VK2 + 2y = Nz

R . v
Fr=VEEFP+ Ny = ————rx
PE, " k2412 + N2

With this choice we have

[qi,q2]p = / (Pt 1 Dl by + P ry Pl )

And the original system will take the form

dprry - . 5 . 1 _
ar prpwpklﬂb + prpfpkl,f - WB ((L Q) Akl (33)
dﬁkl,‘r 1

dt = Lpfpwpkl,w + Ly, p, Dkir — mB (a,9) Ak, r

where,

. kB
Lp,p, = { (1- k2 + 12}
- k2 +12 k2 +12
_ -1 ;
Lospr = =0y ra e e — iUk m

N / k2 + 12
Lp"'pﬂ) = m |:\/5 T—ZkU (1 >:|
Ly = i 12 e Vo (R + 1) — kB + RUE (K + 1)

2.2.2 MQG formulation

We observe that coupling between different wavenumber is introduced only through the conservative,
quadratic operator. In particular the covariance for each wavenumber

A~ 2 e ~

1Priw|”  DrywPr,

Rp,kl = ( A*iip kl:d) 2T
Py Dkl 7
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will be governed by the equation

dR, . . .
d?kl = Ly kiRp ki + Ry kil i + Qpki
where ) A
ﬁp Kl = ( ijwpw (kﬂ l) I:ppr (k, l) >
7 LPT;sz (k7 l) LprT (k, l)

Where @, 11 expresses the nonlinear energy fluxes due to the quadratic operator - this is modeled
through the ROMQG approach. Note that the total energy of the system (kinetic and available
potential) is given by ¢r (R ki) -

2.3 Eddy heat flux
The eddy heat flux is proportional to the quantity

H f = ﬁ’ll)x’r
Based on the employed formulation (enstrophy or energy) we will have the following expressions
for the eddy heat flux:

A
Hf = ﬁw;ﬂ'
= 772 Z Z ’Lkwlers ([ktrlot{i+s]y)
U
kil rs
Ay L e seitrlatisly)
U2 L e 2 A P V74 52+ 02

k 1 i([k+r|z+[l+s
- UQZZ 1 B (r2+82+)\2)lewque i([k+r)a+[t+s]y)
k,l 7,8

The spatially averaged heat flux will be given by

K 1
Hy)
(Hy) UZZ N e L

_ ZZ k 1 ) B
= (k2 + 17) (k2 + 12 +>\2)q’fl’qul,r
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