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Courant Institute of Mathematical Sciences, New York University, USA

ABSTRACT. The modus operandi of modern applied mathematics in developing
very recent mathematical strategies for uncertainty quantification in partially
observed high-dimensional turbulent dynamical systems is emphasized here.
The approach involves the synergy of rigorous mathematical guidelines with a
suite of physically relevant and progressively more complex test models which
are mathematically tractable while possessing such important features as the
two-way coupling between the resolved dynamics and the turbulent fluxes,
intermittency and positive Lyapunov exponents, eddy diffusivity parameteri-
zation and turbulent spectra. A large number of new theoretical and computa-
tional phenomena which arise in the emerging statistical-stochastic framework
for quantifying and mitigating model error in imperfect predictions, such as
the existence of information barriers to model improvement, are developed and
reviewed here with the intention to introduce mathematicians, applied math-
ematicians, and scientists to these remarkable emerging topics with increasing
practical importance.

1. Introduction. The ‘inevitable reality’ when it comes to predicting the dynam-
ical behavior of turbulent, high-dimensional systems from nature is that the em-
ployed mathematical and numerical models need to properly account for propaga-
tion of uncertainty arising due to the limited understanding and partial observa-
tions of the true dynamics. Uncertainty Quantification (UQ) is undoubtedly an
important issue in many physics, engineering, neural science and geoscience appli-
cations where complex nonlinear interactions between the resolved and unresolved
processes, as well as various parametric uncertainties, need to be properly treated
in order to reliably estimate the uncertain evolution of the true system on some
subset of coarse-grained variables. In UQ for dynamical systems, one necessarily
measures evolving estimates for the means, variances, etc. of principal quantities of
interest. Thus, the mathematical framework of statistical solutions of complex dy-
namical systems is a starting point for UQ. The development of techniques for UQ in
high-dimensional systems, attempting to estimate the evolution of uncertainty and
minimize the model error in order to improve predictions, has been in its infancy
until recently. There is much current activity in disparate areas of mathematics,
statistics, engineering and computer science leading to ideas and techniques which
are relevant for UQ in dynamical systems; examples range from Bayesian hierar-
chical space-time models (e.g., [121]) to variational approximations (e.g., [118, 53]),
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to statistical-stochastic hybrids [80, 81], to Polynomial Chaos Expansions (e.g.,
[36, 125, 123, 63, 43, 98]) and traditional Monte Carlo methods.

However, despite the rapid improvements in numerical algorithms and avail-
ability of computing power, the fundamental mathematical problems for UQ in
high-dimensional multi-scale systems remain unsolved. One well known obstacle in
high-dimensional applications is the ‘curse of dimensionality’ which renders various
UQ or data assimilation techniques based on brute-force sampling of the underlying
state space unrealistic in such configurations. A more fundamental issue, however,
arises when dealing with natural systems which are only partially observable yet
are vastly more complicated than any conceivable model. A very useful and timely
example is the the Earth’s climate which is undoubtedly an extremely complex sys-
tem coupling physical processes for the atmosphere, ocean, and land over a wide
range of spatial and temporal scales (e.g., [21, 100]). The dynamical equations
for the actual climate system are obviously unknown. Moreover, all that is avail-
able from the true climate are some coarse-grained observations of functions such
as mean or variance of temperature or tracer greenhouse gases, or the large scale
horizontal winds. Thus, a fundamental practical difficulty in estimating sensitiv-
ity of the climate system to external or internal perturbations lies in predicting
the coarse-grained response of an extremely complex high-dimensional system from
partial observations of its present equilibrium combined with imperfect models.

It is clear that UQ techniques for partially observed high-dimensional turbulent
dynamical systems require a synergistic framework capable of quantifying the model
error and systematic model improvement leading to reliable predictions for a subset
of coarse-grained variables of the perfect system. In this context basic questions
and new issues arise such as the following:

(A) How to measure, in an unbiased fashion, the statistical accuracy of a given
imperfect model for reproducing the equilibrium statistics of the true system?

(B) How to make the best possible estimate of response of the true system to
changes in external or internal parameters by utilizing the imperfect knowl-
edge available of the present equilibrium?

(C) Given uncertain initial conditions, how to make the best possible predictions
of the true system dynamics at short times, and at medium-long time ranges
when both the initial data response and the asymptotic system properties are
important?

(D) How do coarse-grained measurements of different functionals of the true equi-
librium on the subset variables which are available for measurements affect
the assessments in (A)-(C)? What are the weights which should be assigned
these functionals to improve the performance of the imperfect models? Which
new functionals of the true equilibrium should be observed in order to improve
the above assessments?

The problem of quantifying and mitigating model error in coarse-grained imperfect
models of complex high-dimensional systems is an important and a challenging one
from both the practical and theoretical viewpoint. This task is especially difficult
in turbulent systems in which energy often flows intermittently from the smaller
unresolved or marginally resolved scales to impact much larger and longer spatio-
temporal scales of motion of interest [72]. Atmospheric sciences, and meteorology in
particular, have long been at the forefront of numerical and theoretical developments
in modeling and forecasting complex turbulent systems. While the initial focus of
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work on numerical general circulation modeling was concerned with the short-term
behavior of the atmosphere (i.e., the “weather”), it was soon realized that the
investigation of long-term trends (i.e., the “climate”) could also be attacked using
a blend of computational techniques and reduced models.

On the other hand, the medium range forecasts, where both the initial conditions
and the asymptotic system characteristics are important, present a substantially
more challenging task and improvements in this area lag behind the other two
regimes. These are the regimes of large contemporary interest in climate atmosphere
ocean science where extended range forecasting including the behavior of extreme
events within a season or the effects of global warming over the next ten to fifty
years have major societal importance worldwide. In fact, these difficulties were
recognized over five decades ago by John von Neumann in the context of numerical
weather prediction who famously stated “The approach [...] is to try first short-
range forecasts, then long-range forecasts of those properties of the circulation that
can perpetuate themselves over arbitrarily long periods, and only finally to attempt
to forecast medium-long time periods ...” [101].

Recently, a stochastic-statistical framework for a systematic improvement of im-
perfect models and linking the statistical equilibrium fidelity of imperfect models
with their sensitivity for capturing the forced response of the perfect system was
proposed in [79, 80, 81, 32]. This newly emerging viewpoint blends detailed, physics-
constrained dynamical modeling, stochastic parameterization and purely statistical
analysis by combining empirical information theory with an appropriate fluctuation
dissipation theorem, and it has at least two mathematically desirable features: (i)
the approach is based on a skill measure given by the relative entropy which, unlike
other metrics in UQ), is unbiased and invariant under the general change of variables
[62, 56, 84, 87], and (ii) the optimization principles based on the relative entropy
systematically minimize the loss of information in the imperfect model which gen-
erally does not imply minimizing the error in individual moments of the associated
probability densities like the mean or covariance; this is particularly important for
UQ in high-dimensional systems.

The main goal of this research expository paper is to describe these recent and
ongoing developments emphasizing the remarkable new mathematical and physical
phenomena that emerge from the modern applied mathematics modus operandi
applied to uncertainty quantification in partially observable high-dimensional dy-
namical systems. The use of these ideas in applied mathematics and numerical
analysis for quantifying model error, as well as in climate change science and vari-
ous engineering applications for improving imperfect predictions, is only beginning
but already the wealth of new important concepts and approaches warrants a de-
tailed treatment. Here, we adopt a systematic framework for discussing these issues
based on a suite of physically relevant and progressively more complex test mod-
els which are mathematically tractable while possessing such important features as
the two-way coupling between the resolved dynamics and stochasticity due to the
interactions with unresolved processes, intermittency and positive Lyapunov expo-
nents, eddy diffusivity parameterization and overdamped turbulent spectra. The
two recurring themes in the following discussion are:

e The utility of the unified stochastic-statistical framework for UQ and improve-

ment of imperfect predictions with model error in turbulent dynamical systems
with intermittency, positive Lyapunov exponents and hidden instabilities;
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e The existence of information barriers to model improvement in classes of im-
perfect models, their hallmarks and consequences for UQ in turbulent dynam-
ical systems.

The mathematical toolkit utilized below includes empirical information theory,
fluctuation-dissipation theorems and systematic physics-constrained, statistical-
stochastic modelling for large-dimensional turbulent dynamical systems. While the
nomenclature of this paper is biased towards the climate science applications, there
are many immediately obvious analogies throughout the text to problems involving
high-dimensional nonlinear and nonautonomous stochastic dynamical systems with
non-trivial attractors in neural science, material science, or engineering.

The important points discussed and illustrated throughout the paper for UQ in
turbulent high-dimensional systems with intermittency include the following:

e The information-theoretic optimization advocated here can dramatically im-
prove predictive performance and sensitivity of imperfect models (see also
[79, 80, 81, 32]).

e Statistical equilibrium fidelity of imperfect models on the coarse-grained sub-
set of resolved variables is necessary but not sufficient for high predictive skill
and sensitivity to perturbations (see also [81]).

e There exist explicit information barriers to model improvement within a given
class of imperfect models beyond which the loss of information can be only
reduced by expanding the class of models to allow for more degrees of freedom
(see also [73, 32]).

e The information-theoretic optimization of imperfect models requires tuning
the marginal probability densities for suitable coarse-grained variables with
those of the perfect system on the unperturbed attractor. In the simplest
Gaussian framework such a procedure implies simultaneous tuning of means
and covariances variances [80, 81].

e The sensitivity of imperfect models to capturing the effects of perturbations of
the perfect system attractor can be tested via algorithms exploiting a suitable
fluctuation dissipation theorem and experiments in the training phase in the
unperturbed climate (see also [81]).

e Nonlinear, non-Gaussian models can have long memory of initial conditions,
including the initial conditions for the unresolved processes. Linear Gaussian
imperfect models cannot reproduce the response in the variance to forcing
perturbations in climate change scenarios. Consequently, the change in vari-
ability due to perturbations of the system’s attractor remain undetected by
linear imperfect models of a nonlinear system (see also [82, 80, 81]).

e Intermittency and the presence of fat-tailed PDFs arising through the complex
interactions with the unresolved processes leads to fundamental limitations in
traditional UQ techniques, such as Polynomial Chaos Expansions and Monte
Carlo simulations [10].

The authors hope that this article inspires other mathematicians, scientists, and
engineers to explore the use of modern applied mathematics in developing strate-
gies for UQ in reduced models of high-dimensional turbulent dynamical systems.
The plan for the remainder of the paper is the following one. In Section 2, we
discuss the general principles of information theory in the context of improving the
statistical fidelity of imperfect models, as well as the origins of information barri-
ers (§2.2) and the important link [79, 80, 81] between the statistical equilibrium
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fidelity of imperfect models and their sensitivity (§2.3). In Section 3 we introduce
the simplest linear Gaussian models with hidden dynamics which are used to illus-
trate the utility of the information-theoretic framework for model optimization of §2
and transparent information barriers for short and intermediate range forecasting.
Other central issues arising in the context of imperfect coarse-grained predictions
are developed in this elementary and instructive context. In Section §4 we discuss
UQ via the statistical-stochastic framework of §2 in two physically relevant nonlin-
ear and non-Gaussian test models with hidden dynamics and intermittency; these
mathematically tractable models for the dynamics of a single mode in a turbulent
signal allow for examining the effects of model error and information barriers due to
moment closure approximations and dimensional reduction in an unambiguous set-
ting. In section 5 we discuss fundamental limitations of truncated Polynomial Chaos
Expansions [10] as a method for UQ in systems with intermittency and fat-tailed
PDFs; two examples based on the models discussed in §4 are used there to show
the failure of such methods in the simplest possible setting. Section §6 discusses
UQ based on the information-theoretic framework of §2 in the complex case of spa-
tially extended systems with turbulent energy spectra and non-trivial interactions
between the mean dynamics and the turbulent fluxes. Finally, Section 7 discusses
a number of instructive examples of purely numerical artifacts which might lead to
severe bias in UQ techniques; these range from fake fat-tailed numerical estimates
for the marginal PDFs of the true statistics to situations where unbounded growth
in time of the statistical moments remains undetected by various UQ techniques.
Concluding remarks and final comments on a number of topics not discussed in this
article are presented in §8.
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2. Statistical dynamics of turbulent dynamical systems and imperfect
model improvement via empirical information theory. Successful predic-
tions in complex nonlinear systems encountered in contemporary climate change,
atmosphere-ocean, or engineering applications are difficult since the actual dynam-
ics is a turbulent large-dimensional system with positive Lyapunov exponents and
intermittency on essentially all spatio-temporal scales. Moreover, the true system
is only partially observable based on some coarse-grained statistical measurements
of functionals on the system’s attractor; here, we assume that the true system has a
global attractor in the general nonautonomous setting (i.e., the global time forward
and pullback attractors exist and coincide; see, e.g., [4, 87] for a detailed discus-
sion of these issues). Applications of empirical information theory and fluctuation
dissipation theory to systematically improve imperfect model predictions have been
addressed at length in the context of climate change applications in [79, 80, 81, 32].
Here, we highlight the most important concepts which are necessary for the fol-
lowing exposition, including the information-theoretic framework for improving im-
perfect model fidelity to the unperturbed attractor, as well as the important link
between the attractor fidelity and sensitivity. As already mentioned, the goal of
such a stochastic-statistical framework is to estimate sensitivity of the true system
to external forcing and/or initial data response and predict with imperfect models
the coarse-grained response of an extremely complex high-dimensional system from
partial observations of the present unperturbed attractor/climate.

Consider here for concreteness the Earth’s climate system. While the actual
equations governing climate dynamics on earth are unknown, it is natural to assume
that these dynamics are Markovian, i.e., the future state depends only on the present
state, on a suitably large space of variables v € IR”, P >> 1. Thus, it is reasonable
to assume that the perfect dynamical system for the climate is given by

v =f(v,t) +o(v)W(t), (1)
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where o is a P x K noise matrix and W(t) € R¥ is K-dimensional white noise
defined for t € IR. The use of statistical descriptions for the climate system dates
back to early predictability studies for simplified atmosphere models [66, 67, 68, 22].

The high-dimensionality of such problems necessitates the development of re-
duced imperfect models; these are given by a known dynamical system

Oy = f(vu,t) + 0" (vn) W (E), (2)
which has a similar structure to (1) but its phase space, IRM , is typically completely
different from that of the perfect system with M < P; the perfect system and its
model share, however, the coarse-grained variables v € IRY where N < P — M.
Throughout the following analysis we are interested in characterizing the statistical
departures of the imperfect model dynamics relative to the perfect model on the
subspace of the coarse-grained, resolved variables u.

The evolution of the probability densities p(v) and p(vy) associated with the
perfect and imperfect models satisfy appropriate Fokker-Planck equations (FPE)
which we omit here for brevity. However, it is important to note that solving FPE
in geophysical or engineering applications involving turbulent flows is unrealistic,
despite the linearity of the problem, due to a massive number of relevant degrees of
freedom in the dynamics. Therefore, a systematic procedure for constructing and
validating reduced models on the subspace of relevant coarse-grained variables is of
great importance in many contemporary AOS and engineering applications.

The assessment of the predictive performance of an imperfect stochastic model
requires appropriate metrics for determining how well the marginal density m(u) of
the perfect system on the common coarse-grained variables u is approximated by the
imperfect model marginal density 7" (u). The natural way [62, 87] to measure the
lack of information in one probability density, here the marginal 7 (u), compared
with the other, here m(u), is through the relative entropy, P(m,n™), given by

Pl = [ain 2, Q

with the integration assumed over the whole subspace of the common coarse grained
variables u € IRM. Despite the lack of symmetry in its arguments, the relative
entropy P provides an attractive framework for assessing model error in high-
dimensional turbulent systems, and in particular in AOS applications [56, 84, 17,
19, 2, 79, 12, 117, 37, 38, 80, 81], due to its two ‘distance-like’ properties:

e (i) P(m, ) is always positive unless m = 7 [62, 87],

e (ii) it is invariant under any invertible change of variables [84, 87].
Thus, the relative entropy (3) provides the following useful diagnostic definitions in
the context of uncertainty quantification in high-dimensional turbulent systems:

Definition 2.1. (Model error) characterizes the lack of information in the mar-
ginal probability density of the imperfect model, 7™, relative to the true mar-
ginal density, m, on the coarse-grained variables u [79]. For given Gaussian statis-
tical initial conditions with mean and variance ug, Ry so that m, = 7w (u, t|ug, Ro),
o = 1M(u, tjug, Ro), the model error is

Tt
g(t|ﬂ07R0) :P(ﬂ'to,ﬂ'?é). (4)

0 —

Definition 2.2. (Internal prediction skill) of a perfect/imperfect model quantifies
the role of initial conditions in the forecast of a future state of a system [56, 37, 38|
and it represents the gain of information beyond the perfect/imperfect climate (i.e.,
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the probability density on the attractor). The prediction skill for the perfect model
and the internal prediction skill for the imperfect model are

SK(t|ﬁo, Ro) = P(Tty, Tatt)s SKM (t|ﬁO7R0) = P(Thy s Tapt)s (5)

where 1, = 7(u,t|to, Rp) is the marginal density on the coarse-grained variables
u conditioned on the initial data and g (u,t) = , lim m, is the climatological
0—>—00

marginal density of the perfect model; analogous definitions hold for the imperfect
model.

Definition 2.3. (Model sensitivity [79]) quantifies the gain of information in the
marginal probability density of the perfect/imperfect system on the coarse-grained
variables u in response to external perturbations from its climate (the probability
density on the attractor); it is expressed via the relative entropy as

SE(t|ﬂ0, Ro) = ,P(ﬂ'&ﬂ'att)a SEM (t|'l_l,0,R0) = P(ng,ﬂgltt) (6)

where the climatological marginal densities m,¢, mhy; are defined as in Definition
2.2 and 75, 7} are the perfect/imperfect model marginal densities perturbed from

the original attractor and conditioned on the particular perturbation.

Note that most forced dissipative high-dimensional turbulent dynamical systems
have marginal densities for coarse-grained variables on the attractor that are smooth
despite the dissipative fractal pieces of the attractor so Definitions 2.1-2.3 make
sense (see [75] for many examples).

The most practical setup for utilizing the framework of empirical information
theory in AOS applications arises when both the measurements of the perfect sys-
tem and its imperfect model involve only the mean and covariance of the resolved
variables u so that 7y, is Gaussian with climate mean % and covariance R, whereas
™ is Gaussian with model mean @™ and covariance R™. In this case, P(mp,7™) has
an explicit formula [56, 87] which is extensively used throughout this study

Plr,m) = [%('E — @) R} (a — a*‘)} +1 [tr[RR;Il] ~ N -—IndetRR;Y]. (7)

The first term in brackets in (7) is the signal, reflecting the model error in the mean
but weighted by the inverse of the model variance, R, whereas the second term
in brackets, the dispersion, involves only the model error covariance ratio, R R;;*.
The signal and dispersion terms in (7) are individually invariant under any (linear)
change of variables which maps Gaussian distributions to Gaussians; this property
is very important for unbiased model calibration.

2.1. Systematically improving imperfect models through empirical in-
formation theory. As argued earlier in [80, 81, 73], the framework of empirical
information theory provides a convenient and unambiguous way for characterizing
the model error and for improving the performance of imperfect models, as well as
for assessment of the model forced response via appropriate tests in the unperturbed
statistical equilibrium and appropriate fluctuation dissipation theorems [81, 11].

Consider first a class of imperfect models, M; the best imperfect model on the
coarse-grained variables u is characterized by the marginal density 7+, M, € M,
so that the perfect model with the marginal density 7 has the smallest additional
information beyond the imperfect model density [79, 80, 81, 73], i.e.,

My : M
P(m,mM) = min P(m, 7). (8)
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An important issue to contend with in any realistic scenario is the fact that the
perfect model density, m, in (8) is not known and only its best unbiased estimate,
71, based on L measurements E, of the perfect system during the training phase is
available. The following general principle [75, 79] facilitates the practical calculation
of (8)

P(m, ﬂ'}f/) =P(m,7r) +P(me, W%/), I'<L, 9)
where L’ denotes the number of measurements of the perfect system. The first term
P(m,mr) in (9) represents the lack of information in the least biased density based
on the L measurements my, relative to the true density 7 and it cannot be reduced
unless more measurements are incorporated. As shown in [75], the information
barrier in (9) is given by

P(r,7r) =S(mp) — S(mw), (10)
where
S(7) = f/frlnfr. (11)

is the entropy or uncertainty in the density 7; we will return to this important
concept in §2.2.

Note also that the second term, P(mwp,w),), in (9) exactly gives the lack of
information in the “coarse-grained” model probability density associated with fewer
constraints, 7}, relative to the least biased L-measurement estimate of the true
density. Consequently, the optimization principle (8) can be computed by replacing
the unknown 7 by the hypothetically known 77, so that the optimal model within
the considered class of imperfect models satisfies

P(rp,mhr) = I\r1rellj\r}l P(rr, 7)), L' < L. (12)

Definition 2.4. (Statistical equilibrium or Climate fidelity) [79, 80, 20] of an im-
perfect model consistent with the L measurements of the coarse-grained variables
u arises when

P(rp, 7)) < 1, (13)
with perfect climate fidelity for P(wp, 7)) = 0.

Remarks: (i) in an effort to minimize unnecessary technicalities in the following
exposition, we frequently abuse the terminology and do not distinguish between
statistical equilibrium in the autonomous case and time-dependent statistics on the
attractor in the nonautonous case; see, e.g., [4, 87], for a detailed discussion of
these issues, (ii) for notational simplicity we skip the subscripts L and L’ in (8) and
(12) in the following discussion with the tacit assumption that the number of the
coarse-grained measurements of the imperfect model does not exceed the number
of analogous measurements of the perfect system (i.e., L' < L).

It turns out, as illustrated in the subsequent sections, that even when the time-
averaged climate fidelity is achieved, i.e.,

T
P(m,mM*) = %/ P(r, ™) < 1, (14)
0

with T the period on the attractor of the perfect system, a significant improvement
in the model prediction skill and sensitivity can be achieved. Climate fidelity of
imperfect models is a necessary but not a sufficient condition for good model sensi-
tivity (see [80, 81] for details), as illustrated in the following sections based on a suite
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of increasingly complex models. Below, we provide a simple example of this impor-
tant link which is described in more detail, exploiting the fluctuation-dissipation
theorem in [81, 11].

2.2. Information barriers. The notion of an information barrier will prove to be
an important concept in the following discussion and it requires special attention.
Intuitively, information barriers arise in classes of imperfect models which funda-
mentally limit the skill of any model in the class to reproduce the correct statistical
behavior from nature. As introduced earlier in (9) and (10) the first instance of
information barrier was associated with the intrinsic lack of information P(m, 7r,)
in the least biased density 7; based on L measurements of the true density .
The intrinsic lack of information (10) cannot be reduced within the class of the
least biased L-measurement densities and, consequently, only a part of the total
lack of information is available for optimization in this configuration through (12).
The information barrier (10) can only be overcome by expanding the framework to
incorporate more measurements of the true density. Note also that additional infor-
mation barriers can exist in the given L-measurement framework if one considers a
subclass of the coarse grained model densities, say my¢ C m),, L' < L, which does
not contain M* minimizing (12); this case will be illustrated in §4 and §6.

Another situation in which the information barriers arise naturally is associated
with the sensitivity of imperfect models with climate fidelity to internal or external
perturbations. Asshown in [81], the model error between the true perturbed density
and the model density can be expressed in such a case as

1
P(rs,my) = P(ms, mL5) + §/W£1(57TL - 57TM)2 + (9((53), (15)

where d7p,, 67 denote the perturbations of the respective densities and P(ms, 7L5)
represents the information barrier which cannot be overcome unless more measure-
ments of the perfect systems are taken into consideration. More details regarding
the last formula (15) are given in the next section based on a simple example in the
Gaussian framework.

2.3. The link between statistical equilibrium fidelity and sensitivity of
imperfect models. The crucial issue in climate change science as well as many
other areas involving high-dimensional turbulent systems regards estimating the
accuracy with which the statistical evolution of an imperfect model predicts the
perturbed coarse-grained statistics of the perfect model. The framework developed
in [80, 81] directly links the uncertainty of the imperfect model forecast in response
to external perturbations with its fidelity to the unperturbed climate; this link
can be further exploited to asses the sensitivity of imperfect models to forcing
perturbations based on the fluctuation dissipation theorem and appropriate tests
carried out in the training phase [81, 32, 11] (see also remarks in §8).

In order to understand this link, assume that the perfect system or the imperfect
model or both are perturbed so that ms(u,t) the unknown perfect distribution,
75,1 (u, t), its least-biased density based on L measurements, and 7} (u,t) the model
distribution all vary smoothly with the parameter ¢, i.e.,

ms5(u) = m(u) + om(u), /(57T(u)du =0, (16)

with analogous expressions for the perturbed imperfect marginal density 7} in terms
of 7 and d7; the explicit time dependence in (16) was skipped for clarity. For
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stochastic dynamical systems rigorous theorems guarantee this smooth dependence
under minimal hypothesis [41]. It is instructive to consider here an elementary but
informative example assuming the Gaussian framework based on the measurements
of the means and covariances which are assumed to be strictly diagonal for sim-
plicity. Then, assuming climate fidelity of the imperfect models, the leading order
Taylor expansion in the (small) parameter ¢ of the error P(ms, 7)) of the imperfect
predictions (see Definition 2.1) leads to

P(rs,my) = S(ms.c) — S(ms)

+ % Z (6uy, — ouy) Ry * (6uy, — ouy))
k|<N

1
+3 > R;2(ORp - 6RY)” +0(5°). (17)
|k|<N

The entropy difference, S(7ms,¢) — S(ms), in (17) corresponds to the intrinsic error
due to measuring only the mean and covariance of the perfect system. This entropy
difference cannot be reduced within the class of Gaussian models and represents an
information barrier to improving the imperfect model sensitivity; as already signaled
in §2.2, we will return to this important concept repeatedly throughout the paper.
The first (second) summation in (17) is the signal (dispersion) contribution to the
model error (see (7)). For more general results, including the discussion of the
link between climate fidelity and sensitivity of imperfect models via the fluctuation
dissipation theorem, see [80, 32].

Given a class of imperfect models M, the error (17) in predicting the true sys-
tem’s response to external perturbations is minimized for the model which is the
most consistent with the unperturbed climate, i.e., the model M, € M satisfying
(8) or (12). In fact, climate consistency of an imperfect model is a necessary but
not a sufficient condition for its predictive skill, as shown in [80], where simple yet
instructive examples reveal the possibility of intrinsic barriers to improving model
sensitivity even with perfect climate fidelity. The only way to overcome such barriers
is by extending the class of imperfect models to account for more degrees of free-
dom. In the following sections, we will present further examples of such situations
in more complex non-Gaussian models.

3. UQ and forecasting with model error in linear systems with hidden dy-
namics. Here, we introduce a simple two-dimensional linear stochastic model which
is very useful for elucidating many important effects of model error in short and
medium range imperfect predictions on a common subset of resolved variables. This
is the simplest exactly solvable model which allows for studying these features. An
important source of model error in dynamical forecasts of complex high-dimensional
turbulent systems using imperfect models on the coarse-grained subset of resolved
variables is introduced due to neglecting, or misrepresenting, the interactions with
unresolved processes which are effectively hidden from the coarse-grained imperfect
models.

Here, we utilize the simplest possible two-dimensional linear framework and as-
sume that one of the two dynamical variables is observed/resolved, and the second
variable is hidden from observations while nontrivially affecting the resolved dy-
namics. We will also study imperfect models with correctly prescribed statistical
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properties of the marginal equilibrium dynamics for the observed variable and quan-
tify their short and intermediate range predictive skill. In particular, we focus on
the role of initial conditions in short range imperfect forecasts, and the subtle in-
terplay between the initial data and the asymptotic system characteristics in the
medium range forecasts for the resolved dynamics.

Important issues illustrated in this section are:

e There exist many imperfect models with climate fidelity on the resolved vari-
ables which have very different short and medium range prediction skill;

e Models with high skill for short range predictions are not necessarily those
with high skill for intermediate or long range predictions; moreover, models
with unphysical negative damping in the resolved dynamics can outperform
models with positive damping for short range predictions;

e In the linear Gaussian framework tuning imperfect models to reproduce the
marginal climatological distribution at all time lags guarantees the correct
response to any time dependent external forcing. Models with unphysical
parameter values and inferior initial data response may have high skill in
the forced response, exceeding that of imperfect models which are tuned to
reproduce equilibrium statistics in the marginal climate;

e There exist explicit information barriers for model improvement which require
extending the class of imperfect models in order to achieve further improve-
ment;

e There exist important limitations for estimating the prediction skill based on
the the superensemble framework and mutual information.

As will be shown below and in the following sections, this simple linear Gaussian
framework with hidden/unresolved dynamics provides a very revealing testbed for
analyzing and understanding many important issues associated with short, and
medium range predictions of much more complex nonlinear natural systems where
the partial observability of the true system and the subtle interplay between the
initial conditions and model error are much more difficult to capture. Problems
of this nature arise even in the relatively simple framework of multilevel linear
regression models which attempt to tune imperfect model parameters based on the
marginal dynamics of the resolved variables (see [89] for an extensive treatment);
some remarks regarding this issue are presented in §8.

3.1. The linear system for the perfect model. Consider a situation when the
resolved /observed dynamics x(¢) is given by the marginal dynamics of the following
2 x 2 linear stochastic system which serves as the perfect model

d<$> i<w>+(F@)> m4<0>dwqw. (18)
Y Y 0 o

The system matrix L and its eigenvalues \; o are, respectively,

z(a 1), MQ:%@+AiMmfAP+M). (19)

g A

There are four coefficients (a, q, 4, 0) in (18) where a is the damping in the resolved
dynamics z(t), and ¢ is the damping in the unresolved dynamics y(t) with A the
coupling parameter in the unresolved dynamics. Clearly, in the above formulation
the resolved dynamics z(t) is affected by the hidden process y(t). We assume that
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the deterministic forcing F'(¢) acts only in the resolved subspace x and the stochastic
noise generated by the scalar Wiener process W (t), t € IR, W(0) = 0 is present only
in the unresolved subspace with the variable y. Since the system (18) is linear with
additive noise, it can be easily shown that for constant forcing F' it has a Gaussian
invariant measure provided that

a+A=X+ X <0, aA —q=MX>0. (20)
The above stability conditions guarantee that the eigenvalues of L have negative
real parts so that the equilibrium mean of (18) is given by

Zatt = — AF ; Yatt = aF . (21)
aA—q aA—q

The autocovariance at equilibrium, Cos(7) = (Z(t +7) @27 (¢))att, depends only on
the lag 7 regardless of the nature of the forcing and it is given by

Care(7) = lim _C(r,t,t0) = nelm, (22)

0—>—0Q

where the covariance ¥ = Cqu (7 = 0, 1) on the attractor of (18) is given by

1 —a o
E::<—a aA—q+a2>2(a+A)(q—aA). =

Extensions to the nonautonomous case with time-periodic forcing are trivially ac-
complished provided that the stability conditions (20) are satisfied so that there
exists a time-periodic Gaussian measure on the attractor (defined in the nonau-
tonomous sense; see, e.g., [87, 4]) with the time-periodic mean, Z .4+ (t) = togrgoo:i:(t

to), and autocovariance (22).

It is important to realize that even for the class of simple linear systems (18)
the dynamics during the approach to the same attractor can be quite different
depending on the coefficients {a,q, A,0}. There exist three distinct regimes of
stable dynamics of the linear Gaussian system (18) with different properties of the
statistical evolution of the 2 x 2 system (18):

PURELY REAL EIGENVALUES Aq 2:

e Normal mean dynamics: In this regime the two eigenvectors of the system
matrix L with purely real eigenvalues A; 2 are nearly orthogonal. Provided
that A = A1 /Ay # 1, this configuration occurs for

ar % ((A 1A £ (A 1203 - 4(1+ AA%)) .

e Non-normal mean dynamics: For large eigenvalue ratio A > 1 and weak
damping, a < A, in the resolved dynamics the angle between the eigenvectors
is sensitive to variations of a but only one of the eigenvectors significantly
changes its orientation. For A ~ 1 corresponding to (a — A)? + 4q ~ 0,
the eigenvectors are nearly collinear and the direction of both eigenvectors
depends strongly on the damping a in the resolved dynamics.

COMPLEX-CONJUGATE EIGENVALUES )\172:

e Mean dynamics with complex-conjugate eigenvalues. This configuration occurs
for (a — A)? + 4¢ < 0 when the complex conjugate eigenvalues satisfy the
stability condition (20).
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We will show in the next section that the marginal statistical properties for the re-
solved variable z(t) on the attractor can be reproduced by many different imperfect
models. The crucial observation is that some of these models may be characterized
by a normal mean dynamics while others will display a high sensitivity to model pa-
rameters and the statistical initial conditions due to non-normal character of their
dynamics.

3.2. Imperfect models. One obvious source of model error in imperfect predic-
tions of natural high-dimensional systems stems from the fact the imperfect models
can be only tuned to the true dynamics on a subset of resolved, coarse-grained
variables on the attractor of the true system. Here, we introduce two classes of
imperfect models of (18) which we use to illustrate the following important facts:

e There exist families of imperfect models of the linear system (18) with the
same statistical characteristics of the resolved dynamics on the attractor (see
§3.2.1).

e Different imperfect models with the same attractor/climate fidelity (13) on the
subspace of resolved variables can have significantly different skill for short and
medium range prediction as well as the forced response (see §3.4).

The imperfect models described below will be subsequently used in combination
with the stochastic-statistical framework of §2 to illustrate a number of important
issues arising in imperfect predictions of vastly more complex nonlinear natural
systems, such as the interplay between forced response and initial data response
and limitations of the superensemble framework. The issues related to predictive
performance of these imperfect models and their forced response sensitivity are
discussed in the subsequent sections.

2 X 2 LINEAR MODELS WITH MODEL ERROR

The imperfect models in this class have the same structure as the perfect system
(18) but with different coefficients (ay, Au, qu, ou) and forcing Fy(t). The path-
wise solutions and statistics of the imperfect 2x2 models have the same structure
as those for the perfect system (18), as shown in Appendix A.1.

Here, the model error is introduced by the incorrect coefficients (ay, Aw, Gu, On)
which are tuned so that the marginal statistics of the resolved dynamics, z™(t), in
the model and the truth, z(t), coincide on the attractor (see §3.2.1).

MEAN STOCHASTIC MODEL (MSM) FOR THE RESOLVED DYNAMICS

These models are the simplest examples representing under-resolution of a perfect
model through a lower dimensional dynamical system. Here, these imperfect models
represent the simplest possible reduced models of the perfect system (18) where the
interactions between the unresolved dynamics y(¢) and the resolved dynamics x(t)
are represented by the white noise. Consequently, the resolved dynamics z(t) in
(18) is modelled by the scalar Mean Stochastic Model (MSm) given by the linear
SDE (e.g., [28])

Az (t) = (= Yusw @M (8) + Fusu () dt + opsudW (2), (24)

where sy > 0 is the damping, Fgy denotes the deterministic forcing, and oygy is
the amplitude of the white noise forcing defined on the whole real line. The path-
wise solutions and statistics of the Gaussian process satisfying (24) are the standard
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solutions for the Ornstein-Uhlenbeck process and are given in Appendix A.2. The
dynamics of M is stable for g > 0 so that the statistics on the attractor are

t 2
_MSM . v (— ISM - — e Oyism
letstM(t) — lim e Fuasm (¢ S)FMSM(S)dsy (I;ItStM(T) _ ZMSMe %m,-r’ 21\151\1 _ MSM )
to—==0 Jy, 2%sm
(25)

The model error in MSm arises due to the dimensional reduction and represent-
ing the interactions with the unresolved processes through white noise forcing. It
is important to note that MSm cannot reproduce the marginal autocovariance,
(Catt)qy (1), of the perfect system (18) at all lags and it cannot be tuned to re-
produce the marginal equilibrium statistics; this affects the skill for predicting the
forced response (see also Proposition 3 and §3.3).

Finally, we mention that another class of imperfect models of (18) can be obtained
via a multilevel linear least-squares regression of the model coefficients (ay, gu, Ay,
oy) and the forcing F,, from long time series of the marginal dynamics z(t). The
limitations of the multilevel approach for constructing two-dimensional models and
the advantages of physics-constrained scalar models were discussed at length in [89];
some remarks regarding this approach are relegated to §8.

3.2.1. Families of linear models with the same marginal statistics on the attractor.
Here, we show that there exist families of imperfect linear models of the system
(18) with perfect climate fidelity (cf. Definition 2.4). Moreover, there also exist
families of imperfect models with perfect climate fidelity and correct marginal two-
point statistics at all time lags. This non-uniqueness will be reflected in different
short and medium range forecast skill of imperfect models with climate fidelity and
different forced response properties. The discussion below builds on the results
reported in [89] in the unforced case; more details are given in Appendix A.3 which
outlines straightforward extensions to the time-periodic configuration.

The two definitions below distinguish between two degrees of statistical consis-

tency on the attractor of a stochastic system:

Definition 3.1 (Marginal two-point equilibrium statistics). Consider the solution
(x(t,t9),y(t, to)) of the linear stochastic system (18) satisfying (20) and with a
Gaussian invariant measure at equilibrium with mean (21), and autocovariance
(22). Then, the marginal mean and autocovariance

jath (Catt (7—))117 T 2 07 (26)
is called the marginal two-point statistics on the attractor for the process x(t).

Definition 3.2 (Marginal climatology (marginal one-point equilibrium statistics)).
Consider the solution (z(t,t0),y(t, o)) of the system (18) with Gaussian invariant
measure at equilibrium with mean (21), and autocovariance (22). The marginal
equilibrium mean and variance

Tatt, Y11= (Catt(T = 0))

are called the marginal climatology for the Gaussian process z(t).

(27)

)
11

Remarks: (i) Based on definitions (3.1) and (3.2) it is clear that linear systems
with the same marginal two-point statistics on the attractor are contained within
the family of systems with the same marginal climatology. (ii) The above definitions
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can be trivially extended to the nonautonomous case with a time-periodic attractor
[87, 4] provided that the stability conditions conditions (20) are satisfied.

It can be easily verified with the help of straightforward algebra and Definitions
3.1-3.2 that there exist families of imperfect models of (18) with same equilibrium
marginal statistics, or the same climatology as that of the resolved variable x(t)
satisfying the perfect system (18); we summarize these results below:

Proposition 1. [Family of imperfect 2x2 linear models with the same marginal two-
point equilibrium statistics for x(t)]: Consider the linear 2x2 system (18) satisfying
the stability conditions (20) with constant forcing and coefficients (a,q, A, o, F).
Then, the marginal two-point equilibrium statistics of (18) is controlled by three
parameters

{Am, o, AF } (28)

Since there are five independent coefficients in the (18) and four constraints (28),
there exists a one-parameter family of 2x2 linear models (18) and coefficients

(aM(w)7 Qm (w)7 AM(w)v UM(U)% FM(w)> , w € IR,
with the same marginal two-point equilibrium statistics for x(t).

Proposition 2 (Family of imperfect 2x2 linear models with the same marginal
climatology for x(t) ). Consider the linear system (18) satisfying the stabil-
ity conditions (20) with constant forcing and coefficients (a,q,A,U, F) Then, the
marginal climatology for x(t) is determined by

{(a+A;‘(ZA—q)’ a;l]jq}' (29)

Since there are five coefficients in the system (18) and two constraints (29), there
exists a three-parameter family of linear models with structure (18) and coefficients

(aM(w), gu(w), Ay(w), oy (w), FM(w)), we R?,

with the same marginal climatology for x(t).

Proposition 3 (MSMs with correct marginal climatology). Consider the Mean Sto-
chastic Model (24) with constant forcing and coefficients {’}/MSM,O’MSM,FMSI\,I}. Pro-

vided that yysy > 0, the climatology of (24) is controlled by two parameters
{ K VY } . (30)

2Yusm Tvsm
The process xysy(t) satisfying (24) has the same climatology as x(t) satisfying the
perfect system (18) provided that

2 o’ AF
Oyism — _’Ymsmm7 Fysu = —’YM:;Mm7
where a, A, q,0 are the coefficients of the perfect system (18) with constant forcing

F'. Since there are three coefficients in the system (24) with constant forcing and
two constraints (31), there is a one-parameter family of MSm’s with coefficients

{'YMSM('LU), O'MSM(U))7 Fusu (w)}a w e B?

(31)
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with the same climatology as that of the perfect system (18). In general, MSm
cannot reproduce the marginal two-point equilibrium statistics of the perfect system

(18).

The proofs of the above propositions are elementary and rely on algebraic manip-
ulations of the expressions for the marginal second-order statistics at equilibrium
of the systems (18) and (24); we omit them here for brevity. Time-averaged ex-
tensions of the above propositions to the nonautonomous case with time-periodic
statistics on the attractor can be easily implemented but they are unnecessary for
the following discussion.

3.3. Imperfect model optimization and information barriers. In many prac-
tical situations, such as actual experiments in climate science, it is important to
understand the response of the true system to changes in external forcing, 6 F, and
to construct imperfect models whose response captures the features of the true sys-
tem’s response on the resolved coarse-grained variables. Here, following [80, 73],
we discuss the first example of imperfect model optimization via the information-
theoretic principles of §2 which shows unambiguously the existence of information
barriers in the simplest yet revealing case; here, the true system is given by the
linear Gaussian system (18) and the imperfect models have perfect unperturbed
climate fidelity (13). It can be also easily shown that in this linear Gaussian frame-
work only the imperfect models with correct marginal equilibrium statistics at all
time lags (cf. Definition 3.1) have the correct forced response at all times.

Consider the imperfect models of (18) discussed in §3.2 with perfect climate
fidelity (13) on the resolved subspace x. In the linear Gaussian framework this is
easily achieved by matching the equilibrium means and variances, i.e,

i'zltt = fZIftM =T, and By =FEyy=F= (Eatt)117 (32)
where zV,,, zMP)" are the marginal imperfect model means and E\, Eygy are the
corresponding marginal variances

E=- o Ey =— JI%I Eysu = 701%151\’1 .
2(& + A) (CLA - Q) ’ Q(GM + AM)(G'MAM - QM) ’ o 2Ymsm

(33)

The asymptotic, infinite-time response of the perfect system to forcing pertur-

bations from the statistically steady state can be obtained by replacing F' in (18)

by F' + 6F while the same experiment in the imperfect models for (18) involves

replacing Fy by F), + dF. Since the considered models are linear and Gaussian, the

only change in the expected response to forcing perturbations is through the change
in mean

B 4 OF, b) P —ﬂaf” C) SaMSM — LdF,
aA—q

a) dx =
) anAn — Gu Ynvsm

while the variance of z, 2™ and ™™ for the perfect and imperfect models remains
unchanged with the values F\ and Eygy tuned to E as in (53).

Now, assume that the perfect linear system (18) with parameters (a, ¢, A, o) and
constant forcing F satisfies the stability conditions (20), with A > 0. As shown
in [80, 73] in such a case no MSm (24) with 7, > 0 can match the sensitivity of
the perfect system (18) since the perfect and imperfect model sensitivity are always
anti-correlated; this is easy to see by noticing that for A > 0, sign(dz) = —sign(6F)
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in (34a) but for all MSm models sign(dzysy) = sign(dF) in (34c). The formula in
(17) applies exactly to these models with perfect climate fidelity with

1 A 1
- |6F|?. (35)

P(ms, 1) =

2 CaA - q  Yvsm

In this situation with A > 0 there is an intrinsic barrier to sensitivity improvement
for the MSm models (24), since any attempt to minimize the information theoretic
model error in the sensitivity through the general principle in (8) is futile because
no finite minimum over sy of (35) is achieved and necessarily sy — 00 in the
approach to this minimum value. This information barrier can only be overcome by
enlarging the class of models beyond (24) by introducing more degrees of freedom
in the model; in this simple framework expanding the class of imperfect models to
include the 2 x 2 linear models allows for a trivial minimization of (17) to achieve
the perfect forced response.

On the other hand, if the perfect system satisfies (20) with A < 0, then using
(35) to optimize the sensitivity of MSm leads to

’yx*isxi = _(G'A - Q)/A’ A<O0. (36)

Note that while for A < 0 in (18) the MSm with perfect climate fidelity and g,
also captures the infinite time forced response of the perfect model on the resolved
variable, it does not correctly reproduce the forced response at finite times; this can
be easily seen using the standard ‘fluctuation-dissipation’ formulas for the mean
linear response of a stochastic system to external perturbations (e.g., [75, 87, 88, 11])
which for the response in the mean are given by

dz(t) = /t Rz(t — s)dF(s)ds, Rz () = (2(7)(x(0) — 53)>att, (37)

where (), denotes the ensemble average at the unperturbed equilibrium; the re-
sponse in the variance is identically zero for linear Gaussian systems. Thus, the
correct forced response at all times in the Gaussian framework requires correct
marginal autocorrelations at all lags 7 which cannot be achieved for the MSm (see
Proposition 3). On the other hand, the imperfect 2x2 models with correct two-point
marginal equilibrium statistics have the correct forced response from Proposition 1.

3.4. Prediction skill of imperfect models with perfect statistical equilib-
rium fidelity. The simple linear framework of two-dimensional Gaussian models
with hidden dynamics provides a useful testbed for analyzing and understanding
many important issues associated with short, and medium range predictions of much
more complex nonlinear natural systems where the partial observability of the true
system and the subtle interplay between the initial conditions and model error are
much more difficult to capture. Here, we use the linear Gaussian system (18) and
its imperfect models to illustrate the following issues:

e Initial data response at short and intermediate ranges for the imperfect models
with climate fidelity;

e Limitations of superensemble framework and mutual information for estimat-
ing prediction skill.

As shown in §2, the prediction skill and model error for imperfect models can
be quantified using the information-theoretical metrics given in Definitions 2.1-2.3.
Note first that for imperfect models with perfect statistical equilibrium fidelity
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(see (13) or (14)) and statistical initial conditions @y = (Zo,%o), Ro, the following
relationships hold
Asymptotic model error : tlim P (4, (tlwo, Ro), mp, (t|tho, Ro)) = 0,
—00

Asymptotic internal prediction skill : tlim P (7, (to, Ro), may) = O.
— 00

Unsurprisingly, this implies that all imperfect models with perfect climate fidelity
are equivalent for long range forecasts where the sensitive dependence on the initial
conditions vanishes. However, as already discussed in §3.2.1 imperfect models with
climate fidelity can have very different short and medium range prediction skill due
to different dynamical behavior during the approach to equilibrium from a given
initial condition. Here, the sensitivity of imperfect predictions for the resolved
variable z(t) to the unresolved initial conditions g, is especially interesting since
the uncertainties in these initial conditions are impossible to control in practice.

In order to mimic realistic forecast situations with uncertainties in initial con-
ditions as well as the model error, we construct ensembles of perfect/imperfect
forecasts with initial conditions normally distributed around the initial ensemble
mean, ¥y = (Zo,Yo), and with covariance Ry of the initial conditions in the en-
semble smaller (in a suitable norm) than the climate variance at to. We use the
analytical formulas for the second-order statistics of the perfect system and the
imperfect models (see Appendix A) and represent every ensemble member by its
mean and covariance.

The examples discussed below are based on a suite of imperfect models introduced
in §3.2 with either the correct marginal two-point statistics or correct marginal
climatology (see Definitions 3.1-3.2 in §3.2.1). Given the perfect model (18) with
coefficients (a,q, 4, 0) and constant forcing F', we consider three imperfect models
tuned to have the correct marginal two-point equilibrium statistics and two models
with the correct marginal climatology (see Definitions 3.1, 3.2 and Proporitions
1-3); the cumbersome formulas for the coefficients ay, Ay, v, on, Fiy incorporating
the above constraints are relegated to Appendix A.3. The models in the suite are
given by:

MODELS WITH CORRECT MARGINAL TWO-POINTS STATISTICS ON ATTRACTOR

(i) 2x2 model with overestimated damping in 2™ (¢): ay = 1.5a and Ay, qu, ou,
E,, given by (104),
(ii) 2x2 model with underestimated damping in zM(¢): ay = a/1.5 and Ay, qu,
ou, Fy given by (104),
(iii) 2x2 model with negative damping in 2™ (¢): ay = —0.1a and Ay, qu, ou, Fu
given by (104).
MODELS WITH CORRECT MARGINAL CLIMATOLOGY (single-point statistics on at-
tractor)

(iv) 2x2 model with ay = 1.1a, and gy = 0.7¢, Ay, = 0.65A obtained from (105),
(v) MSm with correct decorrelation time for the resolved variable: yysy = —(aA—
q)/(a+ A) and oysy, Fusy obtained from (106).

Note here that the model (iii) incorrectly assumes negative damping in the resolved
dynamics while reproducing the correct two-point marginal equilibrium statistics
and has, therefore, the correct response for all forcing perturbations. The last two
models (iv) and (v) only have the correct marginal climatology (cf Definition 3.2)
and they lack the correct forced response. Despite these obvious differences, the
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choice of the best model depends largely on the forecast lead time, as discussed
below.

Figures 1, 2, 3, 4 illustrate the model error (4) and internal prediction skill (5) of
the probabilistic forecasts from the imperfect models (i)-(v) in six distinct config-
urations of the perfect model: (1) nearly normal dynamics with the fast direction
perpendicular to the resolved subspace (figure 1), (2) nearly normal dynamics with
the fast direction parallel to the resolved subspace (figure 2), (3) non-normal dy-
namics with non-degenerate eigenspaces (figure 3), (4) non-normal dynamics with
nearly degenerate eigenspaces (figure 4), (5-6) dynamics with complex eigenvalues
(figure 5 with small real parts, and figure 6, with comparable real and imaginary
parts). Note that in of all these regimes the nature of the dynamics in the imperfect
models (i)-(v) can differ drastically from that of the perfect system. High predic-
tive skill of a given imperfect model is achieved for a small model error £ and high
potential predictive skill SK. The main points regarding the predictive skill of the
optimized imperfect models (i)-(v), illustrated in the figures 1, 2, 3, 4, are:

e The choice of the best imperfect model for initial data response depends on the
nature of the true dynamics, the range of initial conditions, and the forecast
range. Moreover, the model sensitivity to initial conditions for the unresolved
dynamics is important.

o When the perfect system dynamics is nearly normal with the strongest at-
tracting direction along the unresolved subspace y, imperfect models with (at
least) correct marginal climatology (Definition 3.2) have good overall predic-
tive skill (figure 1).

e The imperfect model (iv) tends to have the best overall skill in our test suite
and good short range prediction skill in highly oscillatory systems (see figure
5); note that this model only reproduces the correct marginal climatology and
it does not have the correct forced response (see §3.3).

e The predictive skill of MSm, representing the simplest reduced model, is gen-
erally poor and is highly dependent on the initial conditions and the perfect
system geometry.

e Imperfect models with unphysical negative damping but correct marginal two-
point statistics (and forced response) can outperform models with positive
damping for short range forecasts (see model (iii) in the bottom panels of
figures 1, 3, 6) or even medium ranges (model (iii) in bottom panels of figures
4, 5). This model usually has better skill than MSm for predictions with all
lead times.
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FIGURE 1. Model error (4) and potential prediction skill (5) for fore-
casts using the imperfect 2x 2 linear systems (18) and the MSm (24) with
statistical equilibrium fidelity (13) (models (i)-(iii) also have the correct
two-point equilibrium statistics; see Def. 3.1). The perfect system dy-
namics is nearly normal with parameters (a = —1,A\1 = —1,\2 =

~10,0 = 0.5, F = 0.1).
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correct two-point equilibrium statistics; see Def. 3.1). The perfect sys-
tem dynamics is nearly normal with strongest attracting direc-
tion nearly parallel to x with coefficients (a = —3.7,A\1 = —1, 2 =
—4,0 = 0.5, F = 0.1). The two examples are for different statistical
initial conditions Zo, %o, Ro.
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FIGURE 3. Model error (4) and potential prediction skill (5) for fore-
casts using the imperfect 2x 2 linear systems (18) and the MSM (24) with
statistical equilibrium fidelity (13) (models (i)-(iii) also have the correct
two-point equilibrium statistics; see Def. 3.1). The perfect system dy-

namics is non-normal with parameters (a

5.5, A1 = =1, A =

—10,0 = 0.5, F = 0.1). The two examples are shown for different statis-
tical initial conditions Zo, go, Ro-
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FIGURE 4. Model error (4) and potential prediction skill (5) for fore-
casts using the imperfect 2x2 linear systems (18) and the MSm (24) with
statistical equilibrium fidelity (13) (models (i)-(iii) also have the correct
two-point equilibrium statistics; see Def. 3.1). The perfect system dy-
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FIGURE 5. Model error (4) and potential prediction skill (5) for fore-
casts using the imperfect 2x2 linear systems (18) and the MSm (24) with
statistical equilibrium fidelity (13) (models (i)-(iii) also have the correct
two-point equilibrium statistics; see Def. 3.1). The perfect system and
the imperfect models (except (iv)), have complex-conjugate eigenvalues
A2 = a+ Bi, a < B; the imperfect model (iv) has purely real eigenva-
lues and correct marginal climatology and parameters (a = —2,A1,2 =
—0.5 4+ 2i,0 = 0.5, F = 0.1). The two examples are shown for different
statistical initial conditions Zo, go, Ro-
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FIGURE 6. Model error (4) and potential prediction skill (5) for fore-
casts using the imperfect 2 x 2 linear systems (18) and the MSM (24) with
statistical equilibrium fidelity (13) (models (i)-(iii) also have the correct
two-point equilibrium statistics; see Def. 3.1). The perfect system and
the imperfect models (except (iv)), have complex-conjugate eigenvalues
A2 = a+ Bi, a~ B;the imperfect model (iv) has purely real eigenva-
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—1+ 1i,0 = 0.5, F = 0.1). The two examples are shown for different
statistical initial conditions Zo, %o, Ro-
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4. Elementary Non-Gaussian test models with intermittency. Here, we
discuss two mathematically tractable nonlinear and non-Gaussian models with in-
termittency which are very useful for analyzing and understanding many nontrivial
aspects of UQ and predictive skill in more complex systems; the discussion of UQ
in the spatially extended systems presented in §6 builds on these simple models by
combining them in an appropriate fashion in the Fourier domain.

The first system with intermittency [30, 29, 94, 9] discussed below (§4.1) com-
bines turbulent dynamics of a complex scalar with unresolved processes affecting
the resolved dynamics through colored noise fluctuations in the damping and col-
ored noise fluctuations in the forcing. The second system [76], discussed in §4.2, is
a one-dimensional reduced climate model for low-frequency variability with cubic
nonlinearities and correlated additive and multiplicative white noise forcing; this
model displays regime switching despite a unimodal PDF. Both of these models are
very useful for studying various imperfect Gaussian or non-Gaussian approximations
obtained either via the direct simplification of the true dynamics (e.g., lineariza-
tion of the underlying dynamics, dimensional reduction) and/or moment closure
approximations of the turbulent fluxes. This stochastic approach allows for analyz-
ing many properties which are relevant for UQ and prediction in high-dimensional
turbulent systems in a greatly simplified one-mode setting.

Important points discussed here include:

e Effects of various types of model error on the prediction skill in nonlinear
systems with non-trivial mean-turbulent flux interactions;

e Utility of the information-theoretic framework for systematic model improve-
ment in the presence of intermittency and positive Lyapunov exponents;

e Existence of information barriers for improving the sensitivity response of
imperfect models.

e False multiple equilibria in the imperfect models;

e Physically consistent white noise limits of complex dynamical systems as test
models with judicious model error for UQ and filtering/data assimilation.

4.1. Simple test model with hidden dynamics and intermittency. Consider
a single Fourier mode u(t) of a turbulent signal modeled by the following stochastic
system (see [30, 29, 9, 11])

() dult)=[(—(0)+i)ul)+b(0)+ ()] dt+o,dW, (1),
(b) db(t):(—db+iwb)b(t)dt+adeb(t)7 (38)

(@) dy(t)==dy(y(t)=7)dt+o,dW, (1),

where W,,, W;, are independent complex Wiener processes and W, is a real Wiener
process defined for all time ¢ € IR. There are eight parameters in the system (38):
two damping parameters dy, d, > 0, two oscillation frequencies w and wy, the
stationary mean of the damping 4, and noise amplitudes o, 03,0, > 0; F(t) is a
deterministic forcing.

Here, we regard u(t) as one of the resolved modes in a turbulent signal where
the nonlinear mode-interaction terms are replaced by a stochastic drag v(¢) and an
additive noise term b(t), as is often done in turbulence models [75, 18]. The non-
linear system (38), introduced first in [30] for filtering multiscale turbulent signals
with hidden instabilities has a rich dynamics mimicking turbulent signals in various



28 ANDREW J. MAJDA AND MICHAL BRANICKI

6 ‘ : ‘ 0
Regime | 10
i
~—
2r +
S0 GRS
-2t S8
truth

—4r / - — — Gaussian fit \\
-6r . . . . . 107 ! !

300 350 400 450 500 550 600 -5 -2 0 2 5
15

300 350 400 450 500 550 600

0.6 ; T T T .
04l Regime IlI | 10°
0.2 -~
S of S 107
~—
-0.2 IS8
— 7
0.4 il 4
L L L L L ! \
300 350 400 450 500 550 600 02 0 0.2
t u

FIGURE 7. Dynamical regimes of the elementary model with in-
termittency (38). Schematic illustration of path-wise dynamics (left)
and time-periodic statistics (at fixed time) on the attractor (right) in two
intermittent and one laminar regime of the system (38); these dynamical
regimes are discussed in §4.1.

regimes of the turbulent spectrum, including intermittently positive finite-time Lya-
punov exponents, as discussed below (see figure 7 and [9, 11]). Moreover, due to the
particular structure of the nonlinearity in (38), exact path-wise solutions and exact
second-order statistics of this non-Gaussian system can be obtained analytically, as
discussed in [33, 34, 30]. The mathematical tractability of this model and its rich
dynamical behavior provides a perfect testbed for analyzing effects of errors due
to various moment closure approximations and dimensional reduction in a suite of
imperfect models introduced in §4.1.1.

The physically relevant dynamical regimes of (38) satisfying the mean-stability
condition (see [9])

X =9+ — <0, (39)

are (see also figure 7):

(I) Regime of plentiful, short-lasting transient instabilities in the resolved compo-
nent u(t) with fat-tailed marginal equilibrium PDF. This is a regime charac-
teristic of the turbulent energy transfer range and is associated with rapidly
decorrelating damping fluctuations ~(¢);
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typical parameter values are o,d, > 1, 0,/d, ~ O(1) and positive 5 ~
O(1).

(IT) Regime of intermittent large-amplitude bursts of instability in u(t) with fat-
tailed marginal equilibrium PDF. This regime is characteristic of turbulent
modes in the dissipative range and it occurs for small o,,d.,, with o, /d, ~
O(1) and 4 ~ O(1).

(ITI) ‘Laminar’ regime with nearly Gaussian equilibrium PDF. This regime is char-
acteristic of the laminar modes in the turbulent spectrum. Here, fluctuations
in u(t) decorrelate rapidly compared to the damping fluctuations ~(t) and the
transient instabilities in u(¢) occur very rarely. This type of dynamics occurs
in (38) for 02/2d2 > 1, 0, ~ O(1) and 4 > 1.

4.1.1. Imperfect models, information-theoretic optimization and information barri-
ers. We describe here four classes of imperfect models derived from (38) which
introduce model errors through various moment closure approximations or a di-
mensional reduction of the system (38); two of these models are nonlinear with
‘Gaussianized’ statistics while the simplest model, the MSm discussed already in
§3, is both linear and Gaussian. The effects of model errors introduced by these
approximations and ways of mitigating these errors are discussed in §4.1.2 where we
apply the information-theoretic framework discussed in §2 to highlight the following
important points:

e The information-theoretic optimization (§2.1) can dramatically improve pre-
dictive performance and sensitivity of imperfect models. In particular, for
systems with too much dissipation a simple inflation of the stochastic forcing
in order to optimize the time-averaged climate fidelity (14) leads to a signifi-
cant point-wise reduction of model error and greatly improved prediction skill
in models with consistent moment closure approximations.

e Climate fidelity (cf. (13), (14) ) of imperfect models on the coarse-grained
subset of resolved variables is necessary but not sufficient for high skill in
forced response predictions. Climate fidelity requires the optimization of the
whole model density and not its individual moments.

e There exist information barriers to model improvements within a given class
of imperfect models.

e Nonlinear, non-Gaussian models can have long memory of initial conditions,
including the memory of initial conditions for the unresolved processes.

e Linear Gaussian models cannot reproduce the response in the variance to
forcing perturbations in nonlinear systems [82].

The above issues, alongside those discussed in the context of the linear Gaussian
framework in §3, will be important in the spatially extended framework discussed in
§6; the examples discussed here provide an unambiguous illustration of analogous
phenomena occurring in vastly more complex natural systems where they are much
more difficult to capture.

Note first that, with the state vector v = (u, b, 7)T of the system (38) with one
resolved component v and two hidden components (b,7), the deterministic part in
(38) can be written as

flv,t) = L(t)v + B(v,v,t) + F(t), (40)

with L a linear operator, B a bilinear function, and F a spatially uniform term
representing generalized deterministic forcing; the exact form of these terms can be



30 ANDREW J. MAJDA AND MICHAL BRANICKI

easily obtained by comparing (40) with (38) and (1). In what follows we will skip
the explicit dependence on time in f in order to simplify the notation.

It can be easily shown (e.g., [52, 9]) that by adopting an analogue of the averaged
Reynolds decomposition of the state vector, v = #+v’, such that v/ = 0 and 171-1);- =0,

the evolution of the mean o and covariance R = v’ ® v'? for the process v satisfying
(38) is given by
a) v=f()+B@,v),
(41)

b) R =RA"(0)+A®)R+X +vBT (v, v')+B(v 0" ',

where A is the Jacobian of f at v, i.e., A(v) = Vf(9) and the overbar denotes an
ensemble average.

Due to the particular form of the quadratic nonlinearity in the perfect system
(38), exact formulas for the second-order statistics and path-wise solutions can
be derived [30] without the explicit knowledge of the associated time-dependent
probability density. Derivation of imperfect models in this framework utilizes some
type of moment closure approximation applied to the turbulent fluxes in (41). Below
we describe two nonlinear and two linear imperfect models of the system (38) which
introduce model error due to various moment closure approximations applied to (41)
and/or due to a dimensional reduction. These are standard ways to introduce model
error in vastly more complex turbulent systems with the form (40) (e.g, [22]). The
effects of errors introduced by these models on the short, medium and long range
prediction skill, as well as ways of mitigating these errors via the information-
theoretic framework of §2, are discussed in the following sections. It is important to
foreshadow the following discussion and stress that while the first three imperfect
models below have Gaussian statistics due to the moment closure approximations,
the first two models remain nonlinear in the state variables v = (u,b,y). On the
other hand, the last imperfect model is linear and non-Gaussian due to the presence
of multiplicative noise which arises through appropriate white noise limits of the
true dynamics.

GAUSSIAN CLOSURE MODEL (GCM). This model is nonlinear in the state variables
but has a ‘Gaussianized’ statistics with nontrivial and consistent mean-fluctuation
interactions. The quasi-Gaussian closure approximation (e.g., [52]), which is fa-
miliar from turbulence theory, implies neglecting the third moment of the true
probability density p(v,t) in the equation in (41b) for the covariances. Thus, we
assume

vhy BT (v}, v],) + B(v}, v{,) v}," =0 (42)
in (41b) with vy = (un, by, Yu), U = Uy + v},. The closure (42) results in a fully
coupled nonlinear dynamical system for the second-order statistics and it introduces

model error due to neglecting the turbulent fluxes in the covariance (41b) of (38).
Thus, the GCm closure for a general quadratic system is given by

a) '61\1 = f('BM) + B(U{W'U{\q)a b) RM = Ry AT(’BM)—i_A(’DM) Ry + Xy, (43)

with A(Dy) = V£ (®y).
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DETERMINISTIC-MEAN MODEL (DMM). This model, similarly to GCm, is nonlin-
ear in the state variables and has a Gaussianized statistics but, apart from neglect-
ing the turbulent third-order flux in the covariance, it also neglects the turbulent
backscatter into the mean. This ad-hoc closure corresponds to assuming

a’) v{wBT (’U{\,I,’U{u) + B(v{\rm’l){u) virIT =0, b) B<vl ’U{w) =0, (44)

M

in (41). Note that the constraint (44b) is inconsistent with the nontrivial evolution
of the covariance in (41b) and effectively implies that f(vy) = f(9y). Thus, the
DMm closure for a general quadratic system is given by

a) i)M = f('BM>7 b) RM = Ry AT (IBM) + A('DM)RM + X, (45)
with A(@y) = V().

MEAN STOCHASTIC MODEL (MSM). This model with reduced dimensionality was
already discussed in the linear Gaussian framework of §3. MSm uses the same
moment closure approximations (44) as DMm but because of its linearization in
the state variables it only accounts for the dynamics of the resolved variable wu(t)
with the mean values of the unresolved variables in (38a), 7 = 4ysu and b=0. The
MSm model utilized here is given by

Unism = ( — Yusm + inSM)ul\dSl\d + FMSM(t) + UMSMW(t)- (46)

The mean %ygy, and covariance Ryg, for this linear model can be computed analyt-
ically in a standard fashion leading to

t
’ELMSM(t) — e(_'?msm+iwmsm)(t_t0)a0 +/ e(_'?/MSM"!‘iUJMsM)(l‘»_s)F‘MSM(S)d.s7 (47)
to

R N t R
Rysu(t) = eAt10) Roed™ (t=t0) / AT, gy et (9 gs, (48)
to

A — 173 2 2 : _
where A = vfu|(ﬂmm,b=0,%sm)a Ynsu = §dlag[UMSM’ JMSM]? and the covariance Rygy =

@@’ is considered in the real variables & = (%e[umsm — Upism ], SM[Uygy — @MSM])T.
Note that the linearity of MSm implies that the covariance Ryg, is insensitive to
forcing perturbations. Consequences of this fact on improving the model fidelity
and sensitivity are discussed in the next section.

WHITE NOISE LIMITS OF THE TEST SYSTEM (38). One alternative to obtaining re-
duced models via the moment closure approximations or the direct dynamics lin-
earization is to consider appropriate white noise limits of the unresolved (or poorly
understood) components of the perfect system. Such a procedure leads to simpli-
fied stochastic models with reduced dimensionality and judicious model error. This
approach will prove particularly useful and revealing in §7 where we discuss various
numerical artifacts in complex spatially extended models.

Here, we illustrate this strategy on the single-mode system (38) by assuming
that both the damping fluctuations ~(t) and the additive forcing uncertainty b(t)
affecting the resolved dynamics u(t) decorrelate very fast, i.e., we take the formal
limit in (38)

dy — 00, oy — 00, Gy = 0,/dy = const > 0, (49)
dp — oo, op — 00, Gy = op/dp = const > 0. (50)
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As shown in more detail in Appendix B, the formal limit preserving the non-
vanishing correlations u(¢)y(t) leads to the Stratonovitch SDE (e.g., [28]) for the
complex scalar u(t), given by

du(t) = [(—F+iw(t))u(t)+F(t)]dt — G u(t) odW, (1) + 5, d Wy (t) + 0, dWo (t), (51)

where W, and the components of W, = %(Wlu—l—inu) and W, = %(Ww-i-inb)
are independent Wiener processes defined for all time ¢t € IR. We rewrite (111) in
Ito form as

du(t) = [(—a+iw(t))u(t)+ F(t)]dt — 5, u(t)dW, (t) + 5d Wy (t) + 0, dW, (t), (52)

where o = 4 — %63 is the damping term in the white noise limit. In contrast
to the original system (38) with colored multiplicative and additive noise terms,
the marginal equilibrium PDF for the components ug = Re[u], uy = Sm|u] for the
system (112) in the unforced case F' = 0 can be obtained analytically (see Appendix
B) in the form

No
o2uf, + o5 +02)0’

peq(uR) = ( (53)
with § = 3 + (§ — %53)/53. Although this is not shown, the marginal equilibrium
PDF (53) for u(t) obtained in the white noise limit of (¢), b(t) provides a very good
approximation of the marginal equilibrium statistics of u(¢) in regime I (abundant
transient instabilities) of the original system (38).

4.1.2. Using stochastic parameterization to improve prediction skill and forced re-
sponse of imperfect models. Here, we illustrate the utility of the information-theoretic
framework discussed in §2 to systematically and simultaneously improve the climate
fidelity and prediction skill of imperfect models GCm, DMm, and MSm of the sys-
tem (38) in the presence of intermittency and positive Lyapunov exponents. We
illustrate this approach in this nonlinear and non-Gaussian configuration by dis-
cussing: (i) model optimization and the existence of information barriers, (ii) forced
response of optimized models, and (iii) the prediction skill of optimized imperfect
models when both the initial conditions and the forced response are important; for
more details see [11].

Note that the moment closures employed in the derivation of GCm and DMm
discussed in the previous section, or the dimensionality reduction used in MSm, do
not preserve a-priori the statistical attractor of the perfect system. In fact, as was
shown in [11], these imperfect models have too much dissipation and underestimate
both the equilibrium mean and variance relative to the perfect system (see figure 8).
Here, following the methodology of [80, 11], we focus on improving the model fidelity
by inflating the stochastic forcing in the resolved dynamics of the imperfect models
in order to minimize the annually averaged information content, P(matt, 7y,) as
in (14) of §2. In figure 8 we show an example of such an optimization procedure
carried out in regime II (see §4.1) of mean-stable dynamics of the perfect system
(38); we point out the following:

e For all imperfect models the attractor fidelity is significantly improved by in-
flating the amplitude of the stochastic forcing o}+. The best results can be
achieved for GCm which is based on consistent moment closure approxima-
tions.

e The total lack of information in the imperfect model attractor dynamics is
greatly reduced at all times in the time-periodic setting even though only the
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FIGURE 8. Information-theoretic optimization of imperfect
models of the quadratic intermittent system (38). Model er-
ror in the climate, P(matt, oyt ), before (left) and after (right) the opti-
mization of the imperfect models of the system (38) by stochastic noise
inflation aimed at minimizing the time-averaged relative entropy (14).
Note the significant improvement in the optimized imperfect models re-
flected in the point-wise decrease of the relative entropy. This example
is typical of regime II in (38); the parameters used in computations are
¥=12,0,=0.5,0, =dy =0.5.

time-averaged formula (14) is used in the optimization procedure; this was
observed earlier for the Gaussian models in [32].

In the examples discussed below we use the time periodic forcing:
F(t) = Ao + Ay cos(wt + ¢1) + Az cos(2wt + ¢2), (54)

where ¢y = 1, ¢3 = 0 and w = 7/6 which ensures that the period Ty = 12 so that it
can be interpreted as a year consisting of 12 months; the forcing has two frequencies
so that the equilibrium statistics of (38) has a more variable structure.

INFORMATION BARRIERS TO IMPERFECT MODEL IMPROVEMENT

The important issue in model optimization concerns the extent to which the
climate/attractor fidelity of the imperfect models can be improved. This issue is
particularly important and interesting in situations when the true system has a
wide range of dynamical regimes, including turbulent regimes with intermittency.
In figure 9, which is complementary to figure 8, we show results of the information-
theoretic optimization of the imperfect models of (38) which is achieved by the
stochastic noise inflation for different parameters and dynamical regimes of the
perfect system (38). As before, the optimal noise amplitude o)+ is determined by
minimizing the time-averaged lack of information (14) in the imperfect models. The
following remarks are based on figure 9:

e There exist barriers to model improvement by noise inflation for DMm and
MSm as the hidden, transient instabilities become more abundant (see the
transition between regimes II and I of (38) for increasing d, in figure 9).
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FIGURE 9. Information-theoretic optimization of imperfect
models of the quadratic intermittent system (38). Optimal noise
amplitude oy * for the time-averaged climate fidelity (14) and the cor-
responding model error as functions of the mean damping 4 and damp-
ing of fluctuations d for the imperfect models GCm, DMm and MSm.
Note the barriers to model improvement by stochastic forcing inflation
in DMm and MSm for increasing d- as the hidden, transient instabilities

become more abundant in u(t) on the approach to Regime I (see figure 7).

e For weak mean damping 4, associated with very intermittent dynamics of u(t)
and fat-tailed marginal equilibrium PDFs (see Regime II in figure 7), perfect
attractor/climate fidelity cannot be achieved by inflating the stochastic forcing

e GCm retains the best climate fidelity throughout the parameter range.

FORCED RESPONSE OF IMPERFECT MODELS WITH OPTIMAL NOISE

Here, the main focus is on elucidating the link between the attractor/climate
fidelity of imperfect models and their sensitivity to perturbations dF'(¢) of the ex-
ternal forcing. Consequently, we consider here long lead times so that essentially
all knowledge of the initial conditions is lost and only the perturbations to the at-
tractor of the perfect system are important. The sensitivity of the perfect system
and its imperfect models to such perturbations (see Definition 2.3) is quantified via
the relative entropies P(msr, Tatt), P(m55, Tag); this is illustrated in figure 10 in a
typical configuration with intermittent transient instabilities with

tanh(a(t —t.)) + tanh(at,))
1+ tanh(at.))

OF(t) = (A§ — Ao) : (55)
where AJ is the perturbed mean forcing, Ay is the unperturbed mean forcing, and a
controls the time scale of the perturbation centered at time t.; in the computations
are Ay = 4, Ag =44,a=0.3,t. = 20.

The following observations are worth pointing out in this context:

e The sensitivity of GCm and DMm in turbulent regimes with sufficiently long
decorrelation time of the damping fluctuations v is comparable to that of the
perfect model despite the underestimated imperfect model response in the
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FIGURE 10. Forced response of the quadratic model with in-
termittency (38) and the sensitivity of its imperfect models.
(Top left) Response of the resolved component u(¢) in the perfect sys-
tem (38) to ramp-type forcing perturbations 6 F. (Top right) Analogous
response computed from the imperfect models with optimal noise o).* in
u"(t). (Bottom) The sensitivity P(msr, Tatt) (6) of the perfect system
and its imperfect models to the forcing perturbations § F' (55). Note that
MSm fails to reproduce the response in the covariance due to its inherent
linearization. This example represents a typical situation in regime II
(intermittent transient instabilities with large amplitudes in u(t); see fig-
ure 7) of the perfect model dynamics (38), the perfect system parameters
used in computations are ¥ = 1.2,0, = 0.5,0, = d, = 0.5.
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INTERPLAY BETWEEN INITIAL DATA AND FORCED RESPONSE WITH OPTIMAL NOISE

The most difficult forecasting scenarios are those involving the short and medium
range imperfect model predictions when both the memory of the initial conditions,
model error, and the response due to forcing perturbations are important in the
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FIGURE 11. Interplay between the initial data response and the
forced response for the quadratic model with intermittency
(38). (Right) Model error P(msr,ty, Tsr,t,) (4) and (left) the internal
prediction skill, P(msr,ty, Tast), for the predictions of the resolved com-
ponent u(t) using the imperfect models optimized for unperturbed cli-
mate fidelity (14). The initial conditions at to are off the attractor and
the subsequent climate change is induced by ramp-type forcing pertur-
bations 0 F (55). Note the high skill of GCm at all ranges, including the
short range skill in the dispersion. This situation is typical of regime
1T (see figure 7) of the perfect model (38) where both GCm and DMm
achieve perturbed climate consistency; MSm has no short range skill and
only a marginal skill for the long range forecasts. The perfect system
parameters used in computations are 4 = 1.2,0, = 0.5,0, = d, = 0.5.

dispersion. Unlike DMm and MSm, the sensitivity of GCm for the response
in the mean remains very good in all dynamical regimes (not shown); this
stems from the consistent moment closure approximations used in GCm.

The linear Gaussian model MSm completely fails to detect the covariance re-
sponse to the forcing perturbations. The linearization inherent in the MSm has
relatively little effect in regimes with no transient instabilities in the resolved
dynamics (e.g., nearly-Gaussian regime IIT of (38)) when all the discussed
models perform well (not shown).

forecasts [12, 117, 37, 38].
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In figure 11 we illustrate the predictive skill of the imperfect models with optimal
noise in a scenario where the statistical initial condition is away from the attractor
and the external forcing is perturbed at some later time during the evolution. As
described in §2, the predictive skill of the imperfect models optimized for climate
fidelity can be assessed by monitoring the model error, P(7sr ¢, (t), 755 4, (t)), and
the internal prediction skill P(myz, (t), 744 (t)). The following remarks are based
on the results illustrated in figure 11:

e GCm with optimal stochastic forcing has good prediction skill in dynamical
regimes with intermittent large-amplitude transient instabilities (e.g., regime
IT of (38)), including the short term initial data response and the long term
perturbed climate/attractor consistency. DMm has a good short range pre-
diction skill and MSm has no skill in this regime.

e All optimized imperfect models achieve perturbed attractor consistency in
regimes with essentially no transient instabilities like, for example, regime
IIT of (38 (not shown see [11]). GCm and DMm are essentially the same in
this regime and have good prediction skill for all lead times. MSm, which
completely neglects the dynamics of the unresolved variables has no short
range prediction skill due to a poor initial data response.

e In dynamical regimes characterized by abundant short-lasting transient in-
stabilities (e.g., regime I of (38)) GCm has a good skill for predicting the
mean dynamics but it fails, like all the other imperfect models, at predicting
the covariances (the dispersion part in these cases dominates the total model
erTor).

4.2. Cubic scalar SDE with regime switching and unimodal PDF. The
systematic development of reduced low-dimensional stochastic models from obser-
vations or comprehensive high-dimensional models is an important topic for atmo-
spheric low-frequency variability, climate sensitivity, and improved extended range
forecasting; other areas where such issues are important include neural science and
engineering applications in situations where low-frequency variability can be effi-
ciently described by just a few large-scale teleconnection patterns dominating the
coarse-grained dynamics. Systematic strategies are essential in successfully develop-
ing reduced models and the recently developed stochastic mode reduction strategy
provides a systematic procedure for the derivation of reduced stochastic models
[86, 85, 75, 77, 78]. Systematically reduced stochastic models are attractive for sen-
sitivity studies of the climate and other complex high-dimensional systems because:
(i) they are computationally much more efficient than state-of-the-art climate mod-
els and have been shown to have comparable prediction skill, and (ii) they allow for
a better understanding of the climate system due to the reduced complexity. Here,
we consider an important example of a nonlinear scalar reduced model with corre-
lated additive and multiplicative noise arising from advection of the large scales by
the small scales and simultaneously strong cubic damping. This normal form for a
single low frequency variable possesses an interesting dynamical configuration with
regime switching despite unimodality of the associated PDF resembling the situ-
ation occurring in comprehensive climate models [77, 74]. Two imperfect models,
one Gaussian and one non-Gaussian, are utilized below to highlight the following
issues:
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FIGURE 12. Schematic illustration of relevant dynamical regimes of
the cubic scalar system (56) with correlated additive and multiplica-
tive noise. (Left) Path wise solutions and corresponding equilibrium
PDFs (Right). The information-theoretic optimization of two imperfect
models of (56), the nonlinear Gaussian model (GCm) and the linear
non-Gaussian model (58), is discussed in 4.2.1.

e Gaussian approximations of non-Gaussian systems can have, in certain cir-
cumstances, a smaller model error and better climate fidelity than non-Gaussian
imperfect models.

e Moment closure approximations of nonlinear systems can have false multiple
equilibria which can be removed by information-theoretic optimization.

The cubic scalar framework utilized here provides the simplest possible illustration
of both these issues which are important in complex high-dimensional situations
where they are much more difficult to isolate.

The one-dimensional reduced climate model [76] for low-frequency variability
with cubic nonlinearities and correlated additive and multiplicative white noise
forcing is given by

du= (—aut b — cu + f(O)dt+ (A - BudWan() +oudWa(0),  (50)
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where a,b,¢, A, B, 0, are arbitrary real constant coeflicients, and Wap(t), W, (t)
are independent Wiener processes defined for ¢ € IR; the correlated additive and
multiplicative noise associated with W4p arises through the systematic stochastic
mode reduction procedure [76]. Even for time-independent forcing this model pos-
sesses a wide range of interesting dynamical regimes which can be deduced from its
equilibrium PDF given by (see [76])

Ny

(w) = e [ awetan { B2 exp (10" + 0w
Deq = (Bu— A2+ 02)m Xp { a1 o Xp BA )
(57)

where Ny is a normalizing constant and

3A%¢c+ aB? — 2AbB — co?

a; =1+ B , by =20bB? —4cAB, ¢ =cB?,
dq A%bB — A3c — AaB? + B3f 6cA — 2bB
dzg—u+dgau, di =2 5 , dQZT.

The dynamical regimes of interest are illustrated in figure 12 and include:

(i) Nearly Gaussian regime;

(ii) Regime with symmetric fat-tailed algebraic tails;
(iii) Regime with highly skewed unimodal PDF and no regime switching;
(iv) Regime with highly skewed unimodal PDF and regime switching;
(v) Bimodal regime.

The non-Gaussian cubic system (56) serves as an instructive and revealing model
for comparing nonlinear Gaussian and linear non-Gaussian approximations and un-
derstanding the origins of information barriers to model improvement in the regimes
(i)-(iv) of the cubic test system (56). Here, we consider two imperfect models, one
linear non-Gaussian, and one nonlinear Gaussian; both these models are described
below:

NON-GAUSSIAN LINEAR MODEL WITH MULTIPLICATIVE NOISE
This model is obtained via the linearization of (56) in the state variable u which
leads to

duy = (= ayy + fu(t))dt + (Ay — Byuy)dWap(t) + o dW (t), (58)

where the model coefficients (ay;, by, ¢y, Bu, Au, o)) are, in principle, different from
those of the perfect system (56). For time-independent forcing the equilibrium PDF
associated with (58) can be easily derived as

Ny Byuy — Ay
pIéIqN(UM) N ((BMUM - AM)2 + 0M2)g o <d2 aretan (UM 7 (59)

where 6 = 1 —ay /B2 and dy = 2(Ayay + By fu)/B2oy (compare this with deriva-
tions in Appendix B.2.1).

GAUSSIAN CLOSURE MODEL (GCm)

This nonlinear model with Gaussianized statistics is obtained in an analogous way
to that discussed in §4.1.1 by consistently neglecting odd moments in the equations
for the mean and variance of w(t); the resulting closed system of ODEs for the
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approximate second-order statistics is given by

a) aM = —ayUy + bMﬂ%] + bMU/l%I - CMQI%I - 301\4@\4”’3{ + fM(t)a
b) u’ﬁl = 2(—ay + 2byiiy — 3cyU2 — 30MFM) (60)

+B2[u} + (A2 + B2u2 — 2Ay Byt + 0)f)],

where the model coefficients (ayy, by, ¢y, By, Au, 0u) are not necessarily identical to
those in the perfect system (56). Here, the time-dependent Gaussian PDF for GCm

is given by p®M(t) = N (QNI,E); it is important to note that GCm for the cubic
system (56) can have non-unique invariant measures due to false multiple equilibria

n (60). This important new consequence of model error is discussed in more detail
in the next section and is illustrated in figures 16 and 15.

4.2.1. Information barriers for model optimization. The presence of the correlated
multiplicative and additive noise and the cubic nonlinearity in the non-Gaussian
system (56) for the real scalar u(t) provides a natural complement of the previous
quadratic test model (38) with colored damping fluctuations discussed in §4.1. Here,
we use the system (56) and its imperfect models discussed in the previous section
to address in a simple unambiguous framework two new issues which are important
for UQ in more complex high-dimensional systems: (i) the skill of non-Gaussian
linear models and quasi-Gaussian nonlinear models for approximating non-Gaussian
dynamics, (ii) existence of false multiple equilibria in the statistics of nonlinear
imperfect models. The information-theoretic framework described in §2 is utilized
again to illustrate these new issues in the simple one-dimensional setting.

SYSTEMATIC MODEL OPTIMIZATION AND INFORMATION BARRIERS

Figure 13 illustrates the results of information-theoretic optimization of the im-
perfect nonlinear Gaussian (60) and linear non-Gaussian (58) models of the cubic
system (56) discussed in the previous section; here, the optimization (§2) is carried
out in various dynamical regimes of the system (56) by a simple additive stochastic
noise inflation to achieve climate fidelity (13) through (12). The coefficients in the
perfect system (56) used in the computations are

a b c A B |o,| f
Regime (i) 3 0 4 1001 -1 1 10.01
Regime (i) |22 | 15 | 1 | 1 | -1 | 1| 2
Regime (iii) | 3 |[-1.5 05| 0.5 | -1 1101
Regime (iv) | 4 2 1 1 -1 | 1101
Regime (v) | 2 | 2 |04 01 05| 1| 01

The results in figure 13 show the optimal noise values o)* and the minimum

model error at equilibrium, P(mae, mhy:), as a function of the true additive noise
level o, in the perfect system (56); the results for the Gaussian and non-Gaussian
imperfect models are superimposed in each of the examined dynamical regimes (see
figure 12) for easy comparison. The information barriers for the linear non-Gaussian
model are prominent in the fat-tailed regime (ii) and the bimodal regime (v), while
GCm has information barriers in the highly skewed regimes (iii)-(iv) where the
linear non-Gaussian model performs marginally better. The relative entropies are
computed numerically based on the analytical expressions for the equilibrium PDFs,
since the Gaussian framework (7) is inappropriate in the highly skewed regimes.
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FIGURE 13. Information-theoretic optimization of imperfect
models of the cubic system (56). The four insets corresponding
to different regimes of (56) show (from top to bottom) the optimal addi-
tive noise amplitude oy,* for the attractor/climate fidelity (13) obtained
via (12), the minimum model error at equilibrium, and the PDFs for
the optimized imperfect models for o* corresponding to o, = 1. Note
the information barriers to the improvement of the linear non-Gaussian
model in regimes (ii) and (v), and the barriers for GCm in the highly

skewed regimes (iii), (iv).

Figure 14 illustrates the attractor/climate fidelity of the two imperfect models
with time-periodic forcing in the phase space spanned by the mean and variance;
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FIGURE 14. Attractor fidelity of the imperfect models of the
cubic system (56) with time-peroidic forcing. Limit cycles in the
second-order statistics of the system (56) and the imperfect models be-
fore and after the information-theoretic optimization (cf. §2). In the
fat-tailed PDF regime (ii) the optimization is carried out via the ad-
ditive noise inflation o};, while in the highly-skewed PDF regime (iii)
the additive noise and the mean forcing are optimized for the minimum
model error.
Forcing: f(t)=fo+f1sin(t+1)+f2sin(3t). True parameters in reg. (ii): a=1.5,
b=0.01, ¢=0.1, A=0, B=—1, o,=1, fo=0.1, f1=1, f2=0.7, Optimal model param-
eters: GCm o)*=0.96, lin. non-Gaussian o),* =A"*=0.58. Parameters in reg. (iii):

a=2.2, b=1.5, c=1, A=1, B=—1, 0,=1, fOHZZ, f1=.5, f2=0.35, Optimal model pa-
rameters: GCm o},*=0.85, f§'*=1.7, lin. non-Gaussian o},*=0.86, fy'*=1.6.

the two insets, corresponding to the situation before and after the optimal noise
inflation, show the limit cycles in the time-periodic second-order statistics for the
perfect system and the imperfect models. The two examples shown correspond to
the fat-tailed PDF regime (ii) and the highly skewed PDF regime (iii). In both cases
GCm has a significantly better attractor/climate fidelity for the first two statistical
moments even before the optimal noise inflation, although in the highly skewed
PDF regimes the model error in the full PDF of GCm often exceeds that of the
linear non-Gaussian model (see figure 13); in the nearly Gaussian regime (i) both
models perform similarly well.
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FIGURE 15. Information-theoretic optimization of the Gauss-
ian closure model of the cubic system (56) in the presence of
multiple equilibria in the statistics of GCm. The configuration
shown corresponds to the bimodal PDF regime of the perfect system
(56) and the two stable equilibria of GCm are shown in the left col-
umn. The information-theoretic optimization of GCm by the additive
noise inflation leads to a configuration with a single equilibrium in GCm
(right column) whose mean and variance (magenta dot) is close to the
mean and variance of the perfect system (black dot). Note the existence
of configurations with three stable equilibria in the statistics of GCm
for 1.1<0<1.2. Perfect system parameters: a = 2, b = —2, ¢ = 0.4,
A=0.6, B=-0.5, 0, =0.75, f =0.1.

Based on these instructive examples illustrated in figures 13-14, we make the fol-
lowing points:

e GCm has, in general, a better attractor/climate fidelity, including the time-
dependent configurations with nontrivial attractors; GCm can also be better
optimized for climate fidelity by additive stochastic noise inflation except for
highly skewed regimes where the linear non-Gaussian model performs better.

e There exist barriers to imperfect model improvement which can be easily
detected within the information-theoretic framework (§2).

e The information barriers for the linear non-Gaussian model are prominent in
the fat-tailed regime (ii) and the bimodal regime (v), while GCm has infor-
mation barriers in the highly skewed regimes (iii), (iv) (figure 13).
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FIGURE 16. Information-theoretic optimization of the Gauss-
ian closure model of the cubic system (56) in the presence of
multiple equilibria in the statistics of GCm. The configuration
shown corresponds to the highly-skewed PDF regime of the perfect sys-
tem (56) and the two stable equilibria of GCm are shown in the left col-
umn. In this case the information-theoretic optimization of GCm by the
additive noise inflation has two solutions: (1) global minimum (middle
column) corresponding to the two-equilibria configuration in the statis-
tics of GCm right before the disappearance of the optimal equilibrium
in a saddle-node bifurcation, (2) local minimum (right column); note
that the mean and variance of GCm in this case (magenta dot) is not
close to the mean and variance (black dot) of the perfect system (56).
Perfect system parameters: a = 1.85,b=2,¢=0.5, A=0.1, B= —0.5,
0w =02, f=0.23.

FALSE MULTIPLE EQUILIBRIA IN IMPERFECT MODELS

Existence of false equilibria in imperfect models can have profound consequences
for UQ in complex high-dimensional turbulent systems where such artifacts might
not be easily identifiable. In figures 16 and 15 we show two distinct examples of
such artifacts.

First, in figure 15 we show the configuration with two stable and one unstable
equilibria in the Gaussian statistics of GCm when the perfect system (56) has a
bimodal PDF (regime v). The information-theoretic optimization of §2 via the
stochastic noise inflation lads to a one-equilibrium configuration for the statistics
of GCm; note that the equilibrium mean and variance in the optimized GCm is
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FIGURE 17. Forced response of the cubic system (56) and the
sensitivity of the optimized imperfect nonlinear Gaussian and the linear
non-Gaussian imperfect models to ramp-type perturbations §F (61) of
the forcing. The results of tests in two dynamical regimes are shown:
(left) the sensitivity (6) and model error (4) for the two imperfect models
in the regime (ii) with fat-tailed algebraic tails, (right) the sensitivity and
model error for the two imperfect models in the regime (iii) with highly
skewed equilibrium PDFs (see figure 12). Note the poor skill of the linear
non-Gaussian model, this is particularly important in the regime with
highly skewed PDFs where the linear non-Gaussian model has better
attractor/climate fidelity (figure 13).

close to the mean and variance of the perfect system (see black and magenta dots
in figure 15).

A more complicated situation is illustrated in figure 16 showing the configuration
with two stable equilibria in the Gaussian statistics of GCm when the perfect system
(56) has a highly-skewed PDF (regime (iii)). In this case the globally optimal
amplitude o} of the additive stochastic noise in GCm corresponds to the two-
equilibrium configuration right before one of the stable equilibria disappears in the
saddle-node bifurcation; note that the fat tail of the perfect model PDF is captured
to some extent. The locally optimal configuration with one equilibrium corresponds
to much larger noise values as shown in the right column of figure 16; note that
in this case the single remaining equilibrium mean and variance of the optimized
GCm is quite different from that of the perfect model (see black and magenta dots
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in figure 16) with the maximum in the PDF of GCm close to the in the trough in
the perfect model PDF.

This new phenomenon, arising as a consequence of model error induced by sym-
metrization of the model PDF, deserves the following comments:

e While the simple Gaussian imperfect models of nonlinear non-Gaussian sys-
tems can have high skill and climate fidelity when appropriately optimized,
there exist dynamical regimes, usually associated with multimodality, where
such imperfect unoptimized models display false multiple equilibria;

o Information-theoretic optimization (§2) is capable of mitigating these errors
and improving the predictive skill even for the simple Gaussian closure models.

FORCED RESPONSE OF IMPERFECT MODELS WITH OPTIMAL NOISE
Here, we consider the sensitivity of optimized linear non-Gaussian (58) and non-
linear Gaussian (60) imperfect models to perturbations § F'(¢) of the external forcing

SF(t) = {;Q_Tjal AF for T, <t<T, (61)
0 for t<T17t2T2
Consequently, we consider here long lead times so that essentially all knowledge
of the initial conditions is lost and only the perturbations to the attractor of the
perfect system are important. The imperfect models have the optimal additive
stochastic forcing for attractort/climate fidelity according to (12). As before, the
sensitivity (see Definition 2.3) of the perfect system and the imperfect models to such
perturbations is quantified via the relative entropies, P(msr, Tatt), P (T35, Toge)-
We illustrate the sensitivity of the optimized imperfect models in figure 17 in two
intermittent regimes of the perfect cubic system (56); the left panel shows the
sensitivity of the two imperfect models in the regime (ii) with symmetric fat-tailed
PDFs while the right panel shows the results an analogous experiment in the regime
(iii) with highly skewed PDF; for the sake of brevity we do not show the results in
the nearly Gaussian regime (i), where the sensitivity is good for both models, and

in the bimodal regime (v) where both models have poor sensitivity.

The following observations are worth pointing out in this context (see also figure
17):

e The optimized GCm with attractor/climate fidelity has good sensitivity in the
nearly Gaussian and the fat algebraic tail regimes while the optimized linear
non-Gaussian model (58) has an acceptable skill only in the nearly Gaussian
regime.

e Despite the better attractor/climate fidelity in the highly skewed regimes (iii),
(iv), the linear non-Gaussian model has a much worse forced response than
GCm.

e In regimes where the sensitivity of both optimized imperfect models is poor,
including the configuration (iv) with regime switching and the unimodal PDF
(see figure 12), GCm still performs better than the linear non-Gaussian model
(58).

e Unsurprisingly, the sensitivity of both optimized imperfect models is poor in
the bimodal regime of the perfect model (not shown). In the nearly Gaussian
regime (v) the sensitivity of both imperfect optimized models is good, as
expected.
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5. Fundamental limitations of polynomial chaos expansions for UQ in
systems with intermittency. The theory of homogeneous chaos of Wiener [96],
proposed initially for use in the statistical theory of turbulence [97] and widely
discarded some thirty years later (e.g. [103, 15, 16]), has recently regained its
popularity as a method for quantifying propagation of uncertainty in nonlinear dy-
namical systems. Practical implementations of the Wiener Chaos framework for
UQ, commonly referred to as Polynomial Chaos Expansions (PCE), rely on a trun-
cated spectral expansion of the system variables via a (truncated) Galerkin-type
projection onto a space spanned by a fixed orthonormal polynomial basis in ran-
dom variables (see, e.g., [36, 122, 125, 124, 123, 63, 43] for but a few examples).
The PCE framework has many attractive features which are potentially well suited
for numerical computations including the desirable separation of the random and
deterministic components of the dynamics and ‘realizability’ of the resulting ap-
proximations as probability densities.

Here, following [10] we utilize a simple unambiguous test model, related to the
system (38) with intermittency discussed already in §4.1, to show that methods
exploiting truncated spectral expansions have fundamental limitations for UQ in
systems with intermittency or parametric uncertainty in the damping and fat-tailed
probability densities. These shortcoming are important even in the absence of
explicit time dependence, or nontrivial attractors which is a well known problem
for PCE. The model used to illustrate these limitations is given by a scalar with
uncertain damping

u(t) = =(F +v(0)ut) + £(1), (62)

where 4 is the mean damping and ~(t) represents the damping fluctuations which are
given by either a time-independent random variable in the parametric uncertainty
case, or by a Gaussian Ornstein-Uhlenbeck process in the intermittent case, similarly
to (38).

Intermittency and fat-tailed probability densities are abundant in the inertial and
dissipation range of stochastic turbulence models (e.g., [19]) and we show that in
such important dynamical regimes PCE performs, at best, similarly to the simple
Gaussian moment closure technique utilized earlier in a different context for UQ
within a framework of Empirical Information Theory [11]. The limitations of such
truncated spectral expansions arise from:

e The finite truncation of the spectral expansions of either the solution process;

e Non-uniform convergence in time of PCE which leads to a rapidly increasing
number of terms that are necessary to get a good approximate representation
of the random process as time evolves;

e Constant flux of randomness due to white noise forcing and fundamental prob-
lems with capturing this flux via finite truncations of the spectral representa-
tion of the associated Wiener process.

e Slow decay of the PCE coefficients in the presence of intermittency which
hampers implementation of sparse truncation methods widely used in elliptic
problems or in low Reynolds number flows.

As discussed in detail in [10], the above issues lead to a number of fundamental
limitations of the PCE approximations in systems with fat-tailed PDFs and inter-
mittency; we illustrate these in §5.2 after a brief description of the PCE framework.
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5.1. Truncated polynomial chaos expansions. Polynomial Chaos Expansion
(PCE) of a solution u of an SDE (e.g., [102]) or SPDE (e.g., [108]) separates the
deterministic effects from the randomness arising due to the nonlinear interactions
with unresolved processes. This is achieved by expanding the system variables
via a Galerkin-type projection of the model variables onto the space spanned by
the fixed orthonormal polynomial basis in random variables. In the case of the so-
called Wiener-Hermite expansion, the orthonormal polynomials are given by infinite
products of normalized Hermite polynomials

o
Ta(§) = [ ] Hai (&), (63)
i=1
where the multi-indices a={a1, as, ...} with integer entries satisfy > .- a; < oo;

the polynomials (63) are orthonormal with respect to the Gaussian measure gen-
erated by iid normal random variables € = (&1,&2,...), & ~ N(0,1), (&&;) = dij,
which are used to represent the stochasticity of the solution process.

According to the Cameron-Martin theorem [13], any process with (|Ju(t,£)|?) < oo
has the following expansion in terms of the orthonormal Wick polynomials T, (see
Appendix C for more details),

u(t,) = D ua(t)Ta(€),  ual(t) = (u(t.E)Ta(§)). (64)

While the convergence of the infinite expansion (64) is guaranteed by the Cameron-
Martin theorem, it is however, not uniform in time and the expansion coefficients are
related by an infinite-dimensional set of ODEs in an infinite number of unknowns.
Thus, the doubly infinite expansion (64) is useless in applications unless a suitable
truncation is employed. The need for finite truncations of these expansions required
in applications leads to important limitations for UQ in systems with intermittency,
as discussed in the following section. The simplest such truncation is obtained by
retaining only the first K random Gaussian variables &; and the Wick polynomials
up to order N, leading to the truncated expression

K
urn(6€) = Y ua(t) [ [ Hau (&), (65)
la|<N i=1
K+n-1
n
the number of coefficients in the truncated expansion grows rapidly with increasing
K and/or N. In order to reduce the number of expansion coefficients and the com-
putational overhead, Luo [69, 70] and Hou et al. [49] proposed a sparse truncation
method for reducing the number of PCE coefficients at a given truncation order.
Similar sparse truncation methods were proposed for elliptic problems in [114, 25].
We will show in the next section (see also [10]) that such truncation methods are
not adequate for turbulent systems with energy transfer on the attractor and/or
intermittency due to a slow decay of amplitudes of the expansion coefficients.

so that the resulting approximation has altogether 22[:0 ( ) terms; clearly

5.2. Intermittency, fat-tailed PDFs and shortcomings of truncated PCE.
We illustrate the limitations of the truncated PCE approximations in systems with
fat-tailed PDFs and intermittency based on two instructive examples. The first
example corresponds to stochastic dynamics of a scalar variable with the parametric
uncertainty in the damping due to time-independent Gaussian fluctuations. This
dynamics is described by an ODE with random initial values of the damping and
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FIGURE 18. Truncated PCE approximations for parametric un-
certainty in damping fluctuations (66). Truncated PCE approx-
imation of the second-order statistics for dynamics of w in (66) with
parametric uncertainty. Here, the damping fluctuations are represented
by a Gaussian random variable £ ~ N(0,1). The bottom-line benchmark
is given by the Gaussian moment closure (GC). Note that both GC and
the Monte Carlo simulations (with 50000 runs) fail to detect the onset of
unbounded growth of the variance (see also Appendix C). System param-
eters: 4=10,0,=2, Initial conditions: <u(0)>=17 Var(u(O)):O, Forcing:
f)=1.

can be easily shown to have fat-tailed PDF's (see figure 18 and [10]). In the second
example the intermittent dynamics of u(t) is driven by a purely deterministic forcing
and stochastic damping fluctuations given by an OU process (figure 19). In both
cases the truncated PCE approximations fail to capture the intermittency which
results in grossly underestimated approximations of low-order statistics (see [10] for
more details).

PCE APPROXIMATION OF DYNAMICS WITH UNCERTAIN DAMPING
AND FAT-TAILED PDFs

This simple configuration is frequently used for testing PCE techniques for sys-
tems with simple parametric uncertainty in the damping fluctuations «y of (62) which
leads to fat-tailed PDF's (see figure 18); this simple system is given by

wt) = —(§ + o ut) + f(t),  E~N(O,1). (66)

Contrary to the second case discussed below, the statistically exactly solvable dy-
namics in this configuration is non-mixing and the autocorrelation of the damping
fluctuations is constant and equal to a?y. Moreover, it can be easily shown that the
mean and variance grow unboundedly in time, despite a possible initial metastable
phase (see [10] for details).
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The Cameron-Martin theorem [13] rigorously guarantees that the solutions of
(66) admit the PCE expansion (64) on any finite time interval and the truncated
equations for the PCE coefficients of the system (62) are

o = = - 3 Y O B.p)uapapvers + F(D)0a0,  (67)
pEIKr,N 0<BLa
B+p=a'

where a! = (1,0,0,...) and the PCE coefficients for the time-independent damping
fluctuations are given by y,1 = 0, and 7, = 0 for o # o'. In deriving (67)we uti-
lized the orthonormality of the Wick polynomials T, together with the important
identity which allows for expressing the nonlinear terms in (62) via infinite expan-
sions in the Wick polynomials (see [95, 69, 49, 70] and Theorem 2 of Appendix C)

uy = Z (Z Z (o, B, p)ta— B+p75+p)T (68)
a€J peJ 0B

Here, we additionally require that

(u(t)) =1, Var(u(ts)) =0, (u(to)y) =0, (69)
which leads to the following initial conditions in (67):
Ugo(to) =1, and uq(ty) =0 for o #a°, (70)

where o = (0,0,...).

Examples of truncated PCE approximations for this system are shown in figure
18 which we use to illustrate the following shortcomings of PCE in this simple
configuration with parametric uncertainty:

e Despite a good performance of truncated PCE approximations for sufficiently
short times, even very high-order truncations fail to reproduce the inevitable
unbounded growth of the statistics at later times; see figure 18. Thus, the
good accuracy of the PCE approximations at short times can be misleading.

e The unbounded growth of the statistics remains essentially undetected below
certain truncation order which is parameter dependent but often high (in
figure 18 the threshold is approx. N = 9); this shortcoming is also associated
with the Gaussian Closure or Monte Carlo simulations.

PCE APPROXIMATIONS IN SYSTEMS WITH INTERMITTENT TRANSIENT
INSTABILITIES

Here, the intermittency in the dynamics of u is induced by the stochastic damping
fluctuations v given by an Ornstein-Uhlenbeck process; the corresponding system
is given by

a) u(t) =-—(F+y®)ult)+ (1),
b) () =—-dyy+ vav(t)-
where 4, d, re the mean damping parameters, f is deterministic forcing, and

J,YW,Y(t) represents stochastic white noise forcing defined for all time with am-
plitude o.

Based on the Cameron-Martin theorem [13] the solutions of (66) admit the PCE
expansion (64) with the truncated equations for the PCE coefficients of the system

(71)
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FIGURE 19. Truncated PCE approximations of intermittent
dynamics of a scalar u(¢) (71) with stochastic damping fluc-
tuations and no white noise in the resolved component. The PCE ap-
proximation is illustrated for two different damping parameters 4 corre-
sponding to nearly Gaussian dynamics (top) and intermittent dynamics
(bottom) with a fat-tailed equilibrium PDF. The bottom line bench-
mark given by the Gaussian moment closure (GC). Initial conditions:
(uo)=1,Var(uo)=0, Var(yo)=5Vare(7), (uoyo) = 0 Forcing: f(t)=0.

(71) given by

a) Uy = —YUq — Z Z C(a767p)ua—/8+1776+17 + f(t>6a07
pPEJTK,N 0SB

X (72)

b) Yo =—dyva+oy ZI{aj=6ij}mi(t)7
i=1

where for fixed i, I,,=s,; equals 1 if a; = J;; and equals zero otherwise; the or-
thonormal basis functions m;(t) are used in the truncated spectral representation
of the Wiener process W, (t) (see [49, 69, 10] and the Appendix C). In deriving
(72) we utilized the orthonormality of the Wick polynomials T, and the identity
(68). The white-noise forcing in the above truncated deterministic system of ODEs
for the coefficients uy, Y, is represented by the K basis functions m;(t). Note that
truncating (68) results in neglecting, at least partially, the effects of small scale
fluxes on the ‘resolved’ dynamics u(t) which is particularly important in the pres-
ence of intermittency and non-vanishing energy transfer between Fourier modes of
u at equilibrium.



52 ANDREW J. MAJDA AND MICHAL BRANICKI

Here, we assume that
1
(up) =1, Var(ug) =0, Var(y)= §Vareq(v), (upyo) = 0, (73)

and we also require that the white noise V'V,Y is uncorrelated with the initial condi-
tions, i.e.,

(oW (to)) =0, (W (to)) = 0. (74)
The constraints (73)-(74) lead to the following initial conditions

Ugo =1, Ut =0, uy2 =/02/4d,, U =0 for a#a’ a?, (75)

and the truncated representation of the Wiener process

K t
Wo(t) =Y & [ mi_a(r)dr. (76)
i=3 “to

Limitations of the truncated PCE method for solving white noise driven dynamics
were noted in [49] where reliable integration of the uncertain dynamics required an
unreasonably large dimension of the random vector €, except for sufficiently short
times. The examples of PCE approximations of the second-order statistics of the
system (71) show that the performance of this method is diminished further for
UQ in systems with intermittency driven by unresolved, white noise processes. The
following remarks are in place based on the examples shown in figure 19:

e Finite truncations of the PCE approximations of the dynamics driven by white
noise require a compromise between the order of truncation N and the num-
ber K of random variables used in the spectral approximation of the Wiener
process.

e Truncated PCE approximation performs well in nearly Gaussian regimes with
strong mean damping provided that the white noise driving the evolution of
damping fluctuations + is sufficiently well resolved; however, in such cases the
Gaussian closure performs similarly well and is more efficient.

e PCE performs poorly in intermittent regimes, except for short times (figure
19 with weak mean damping %), when both the high order of approximation
and a good spectral resolution of the the white noise forcing are required (see
also [49]). In the intermittent example shown in figure 19 long integration
is needed when the statistics of w is of interest and the number of expansion
coefficients necessary for accurate approximation grows to unacceptable levels.

e Sparse truncation methods in the intermittent regimes driven by white noise
are hampered by the slow decay of expansion coefficients.

e For low order approximation (N ~ 1) with sufficiently large number of random
variables K ~ 50 only short-time PCE approximation acceptable

e For higher order truncations N ~ 4 longer time approximation improves but
there are insufficient number of random variables, realistically K ~ 6, to
obtain a decent approximation at either short or long times

6. Turbulent diffusion: New exactly solvable test models for UQ in com-
plex high-dimensional systems. One of the important paradigm models for the
behavior of turbulent systems [7, 71] and the associated uncertainty quantification
involves a passive tracer T(z,t) which is advected by a velocity field v(z,t) with
dynamics given by

T +v-VT = kAT, (77)
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where £ > 0 is molecular diffusion and the velocity field v is incompressible, V-v = 0.
When v(z,t) is a turbulent velocity field, the statistical properties of solutions of
(79) such as their large scale effective diffusivity, energy spectrum, and probability
density function (PDF) are all important in applications. These range from, for
example, the spread of pollutants or hazardous plumes in environmental science
to the behavior of anthropogenic and natural tracers in climate change science
[26, 27, 99], to detailed mixing properties in engineering problems such as non-
premixed turbulent combustion [107, 105, 8]; some more specific important topics
include:

e Transitions between Gaussian and fat tailed highly intermittent PDFs for the
tracer in laboratory experiments as the Peclet number varies with a mean
background gradient for the tracer [40, 50, 51],

e Fat tail PDF's for anthropogenic and natural tracers with highly intermittent
exponential tails in observations of the present climate [99],

e The nature of the sustained turbulent spectrum for scalar variance with a
background gradient for the tracer [116],

e Eddy diffusivity approximations for tracers in engineering and climate change
science [26, 27, 79].

For turbulent random velocity fields, the passive tracer models in (79) also serve as
simpler prototype test problems for closure theories for the Navier Stokes equations
since (79) is a linear equation but is statistically nonlinear [58, 59, 5, 6, 90, 91, 60,
61, 115, 71].

Recent advances addressing the above issues [80, 92] and complementing the
earlier work mentioned above utilized elementary stochastic models for turbulent
diffusion of tracers with a background mean gradient

T(z,t) =T (z,t) + az, (78)

in (79) and which led to new physically important intermittent regime with com-
plex statistical features mimicking crucial aspects of laboratory experiments and
atmospheric observations. These statistical features include the transition to in-
termittent scalar probability density functions with fat exponential tails as certain
variances of the advecting mean velocity are increased while satisfying important
physical constraints, and exact formulas for tracer eddy diffusivity which is nonlo-
cal in space and time, as well as exact formulas and simple numerics for the tracer
variance spectrum in a statistical steady state [92]. The recent use of such simple
models with complex statistics as unambiguous test models for central contempo-
rary issues in both climate change science and the real time filtering of turbulent
tracers from sparse noisy observations and other important applications [35].

In this section we utilize a suite of Gaussian and non-Gaussian turbulent tracer
models to discuss and illustrate a number of issues encountered in many other
turbulent high-dimensional spatially extended systems; similarly to the previous
sections, the emphasis is on the role of intermittency with nontrivial mean-turbulent
flux interactions in UQ applications, and methods for mitigating imperfect model
deficiencies through the use of the information-theoretic framework discussed in §2.
The approach we assume for the imperfect models is motivated by the contemporary
AOS numerical models which have too much dissipation in the model velocity field
and employ various parameterizations of the unresolved processes, including eddy
diffusivity parameterization. Thus, the imperfect models, which are discussed in
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more detail below, have the following general structure
T + 0™ VTM = kg AT™ 4 o (2, )W (1), (79)

where vV is the coarse-grained model velocity, xy is the model eddy diffusivity for
the tracer, and o(x,t)W (t), t € IR, is the judiciously introduced stochastic forcing
which can be spatially correlated; we will show based on detailed examples how the
stochastic forcing can improve the climate fidelity and prediction skill for various
coarse-grainings in the imperfect models with too much dissipation in this spatially
extended case.

Important new issues for UQ discussed here (in addition to those discussed in §3
and §4 for the single Fourier mode) are:

e The interplay between coarse-graining and uncertainty in imperfect models,

e Consequences of overdamped /underdamped turbulent velocity spectra on the
predictive skill of spatially extended models,

e Mean-wave interactions, eddy diffusivity parameterization, and mitigation of
model error via stochastic forcing,

e Information-theoretic optimization and information barriers in spatially ex-
tended systems.

6.1. New exactly solvable test models for turbulent diffusion with hidden
instabilities and intermittency. Here, we utilize instructive models for turbu-
lent diffusion of a scalar tracer with nontrivial eddy-diffusivity, variance spectrum,
and intermittent non-Gaussian statistics like tracers in the atmosphere [26] to pro-
vide a highly nontrivial demonstration of improving the fidelity of imperfect models
through stochastic forcing. The two classes of statistically exactly solvable models
introduced below build on the models discussed earlier for the single Fourier mode
in §4; the resulting spatially extended models generalize all the models discussed
earlier in [79, 35, 80, 81, 92, 32] by incorporating additional intermittency due to
(i) transient instabilities in the dynamics of the shear flow in the turbulent veloc-
ity field driving the tracer dynamics and/or (ii) intermittent fluctuations in the
concentration of a reactive scalar with large scale instabilities.

Next, we present a geophysical interpretation of these models although versions
with engineering applications can be easily set-up [35]. Both of these systems have a
zonal (east-west) turbulent jet, U(t), a family of planetary and synoptic scale waves
with north-south velocity v(z,t) with z, a spatially periodic variable representing a
fixed mid-latitude circle in the east-west direction, and tracer fluctuations 7" (z, t)
with a north-south mean gradient «; the governing equations for these two models
can be written compactly as

@) O = gl + J(0) + 0w W (r),
b) % =P (aiv U(t)> v+ fol) + bu(@,1) + 0o (@)W (8), (80)

0 =2 U0) T - antet) +n5 L

where f(t), fy(z,t) are known deterministic functions, b,(z,t) represents a sto-
chastic finitely correlated uncertainty in the forcing of the one-dimensional shear
v, while Wy, W, represent two independent white noise fluctuations defined for all
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time. The zonal jet U(t) = U(t) + U’(t), where U(t) > 0 is the climatological peri-
odic mean which is strongly eastward while the random fluctuations, U’(¢), have a
standard deviation consistent with such eastward dynamical behavior. The above
system is solved by Fourier series with independent scalar complex variable versions
of (80) for each different wave number k; in Fourier space the pseudo-differential
operators P and Q have the symbols Py = —v,, + iw,, and Qp = —yp, + iwr,
respectively, with v, , Y7, , Wy, , wr, known functions of time which can be given by
stochastic processes, as discussed below.

NON-GAUSSIAN MODELS WITH INTERMITTENT INSTABILITIES IN THE VELOCITY
FIELD

This non-Gaussian statistically exactly solvable system for the turbulent tracer
with the mean gradient « is driven by a correlated turbulent velocity field with
intermittency due to transient instabilities in the turbulent shear wv(z,t¢). This
model is obtained by adopting

Py = 7, (t) + iwy, (t), and  Qp = —dg, + iwr, (1),

for the symbols of P and @ in (80) with each ~,, (¢) given by a Gaussian stochastic
process and w,, , wr, prescribed functions of wavenumber k. For the passive tracer
mode 77, in correlated velocity field with turbulent Rossby waves in the shear, we
have
W, (t) = axU(t) + by, wr, (t) = =kU(¢), (81)

with the values of the real coefficients ay, by depending on the physical situation
considered, as in [92]. In particular, for uncorrelated baroclinic Rossby waves ay =
0 and by, x k/(k* + Fy) where and F; is the stratification; this configuration is
considered in one of the examples below.

The equations for the k-th Fourier mode of the tracer fluctuations T}, and the
shear flow vy, with a spatially uniform zonal flow U are

a) Ti(t) = (—drp, +iwn (O)TL(H) — avi(t),

b) Ut) =—duU(t)+ fu(t) +ouWy(t),
c) () = (—duy = Yo (t) + 0wy, (£))v(t) + by, () + fo, () + 0, va (t),
d) A (t) = *d%k Yor () + Ty, W%k (t),

e) by (t) = (=dp, +iwp, )bu,(t)+ 0, Wi, (),

(82)

where ~,, and b,, are, respectively, the damping fluctuations and the forcing fluc-
tuations in the k-th mode of the turbulent shear flow v;. This statistically exactly
solvable system (see Appendix D for the analytical solutions) reduces to the model
studied in [79, 35, 80, 81, 92, 32] for v,, = 0,b,, = 0, i.e., in the absence of sto-
chastic fluctuations in both the damping and forcing in the dynamics of the Fourier
modes of the vy.

There exist two important and distinct sources of tracer intermittency in this
model, both of them occur for a strongly eastward mean jet U. First, similarly
to the simpler model with no transient instabilities in the velocity, i.e., 7v,, = 0,
the intermittent tracer behavior occurs for a turbulent mean jet U(t) # U(t), and
finitely correlated in time turbulent shear waves v in the presence of the large scale
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tracer gradient « (see [80] for details). The second source of intermittency arises due
to the transient instabilities in the shear waves v for nontrivial stochastic solutions
in (82) and a sufficiently weak mean damping d,, (see [9, 11]). Combination of these
two sources of intermittency with exact statistical solvability makes the system (82)
a very attractive test model for UQ and data assimilation with judicious model
error in realistic situations with the hidden instabilities due to 7,, mimicking, for
example, geophysical boundary layers.

NON-GAUSSIAN MODELS FOR REACTIVE TRACER WITH INTERMITTENT
INSTABILITIES IN THE VELOCITY FIELD AND IN THE TRACER

This non-Gaussian, statistically exactly solvable model for a reactive turbulent
tracer with intermittent large scale tracer instabilities and a correlated velocity field
with intermittent instabilities in the turbulent shear flow is obtained by setting

Py = =70, (1) +iwy, (1) and  Qy = —dpy, — ry(t) + iwn, (1),

for the symbols of P and @ in (80) with the dispersion relations w,, , wr, given by
the general formulas (81). The Fourier modes of the turbulent tracer and velocity
in this model satisfy

a) Ti(t) = (=dp, —ry(t) + iwr, (8))T;(t) — avk(t),

b) () = (=dy+iwy)y(t) + o, Wy (1),

Q
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—

~
~—

—dyU(t) + fu(t) + ou Wy (),
= (_dﬂk — Yo (t) + ika (t))vk (t) + b'U)c (t) + ka (t) + Oy, va (t)a

Yoo (8) = —dy,, Yoy (t) + T, W, (t),

(=ds,, +iwy, Yoo, (t) + o3, W, (1),
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where v,, and b,, are, respectively, the damping fluctuations and the forcing fluctu-
ations in the k-th mode of the turbulent shear flow vy, and () represents the spa-
tially uniform damping fluctuations in the k-th mode of the tracer fluctuations Tj.

In addition to the two physically important sources of intermittency outlined in
the previous model, the system (83) contains a third independent source of tracer
intermittency due to the large scale reactive events in the tracer occurring at the rate
r in (83a). The statistical exact solvability of this model (see Appendix D) makes it
potentially very useful in realistic atmospheric applications with externally driven
intermittent large scale tracer depletion and production.

Below we provide a highly nontrivial demonstration of improving the fidelity
of imperfect models through information-theoretic optimization by inflating the
stochastic forcing in the imperfect models.

6.2. Optimization of coarse-grained models for improved prediction skill
and forced response. For spatially extended systems, the issue of coarse-graining
becomes important in the context of model climate fidelity and sensitivity. Here,
we discuss how coarse-graining is reflected in the quantification of model error us-
ing information metrics discussed in §2. This issue is compounded further by the
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FIGURE 20. Information-theoretic optimization of turbulent
Gaussian Rossby waves. Rows 1-4: Relative entropy of the imper-
fect model with too much damping before optimizing noise (solid line),
P(m, "), and after optimizing noise (dashed line), P(mw, 7"), as a func-
tion of coarse-graining. Left side corresponds to coarse-graining up to 15
modes, right side shows coarse-grainings up to 100 modes. Note differ-
ent scales of y-axis on the left and right sides. Row 5: Additional noise
Ao as a function of coarse-graining obtained by minimizing the lack of
information.

presence of overdamped velocity spectra and eddy diffusivity parameterization in
the imperfect models discussed below.

The first example [32] deals only with the turbulent shear flow which is assumed
linear and Gaussian and we show that the uncertainty in the imperfect models
grows with the number of Fourier modes considered (i.e., the coarse-graining); the
information-theoretic optimization (see §2) by stochastlc noise inflation greatly re-
duces the uncertainty for various coarse-grainings. The second example discusses
optimization the Gaussian tracer model [32, 81] which can be obtained from the
more general model (82) as briefly explained below. In this more complex case,
involving the effects of coarse-graining, eddy diffusivity and overdamped velocity
spectra, a significant gain can be achieved using the stochastic-statistical optimiza-
tion advocated in §2.
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OPTIMIZATION OF COARSE-GRAINED GAUSSIAN MODELS FOR TURBULENT
VELOCITY

Here, as a simple illustration, we consider a linear Gaussian model for the tur-
bulent shear flow given for each mode vy by (82¢) with ~,, = 5,, = 0, constant
damping and noise amplitude d,, , 0., and constant forcing f,, . The perfect model
has K = 100 modes and the energy spectrum

o2 E, for k< Ky
Ep=_—t = -0 , 84
k 2d,, E(KLU) (84)

with £ = 1, Ky = 10 and # = 3 which is appropriate for large scale turbulence in
the atmosphere; the forcing is chosen to be roughly twice the standard deviation of
Uk i'e" |ka ‘2 = 201’k (d?)k + wgk)/dvk'

Most models for turbulence in spatially extended systems have too much dissipa-
tion (Palmer 2001) due to inadequate resolution and deterministic parameterization
of unresolved features involving wave-mean flow interaction and stochastic backscat-
ter. We mimic this overdamping in the imperfect models for the turbulent velocity
by imposing Ej > E}' through &Y = 0.8 and ¥ = 3.5 in (84).

The information-theoretic optimization discussed in §2 of the overdamped model
for the turbulent shear can be carried out by inflating the stochastic forcing in order
to maximize the climate fidelity (8); the results before and after such an optimization
procedure are shown in figure 20 where, for simplicity, the noise amplitude is the
same for all modes (see [32] for details). The first four rows illustrate the uncertainty
content in the signal and dispersion components of the total uncertainty for different
coarse-grainings, and the bottom row shows the difference between the optimal and
true noise amplitudes for different coarse-grainings.

We note the following facts based on the example shown in figure 20:

e The uncertainty in unoptimized models grows with increasing resolution.

e The model improvement is significant in both the signal and dispersion com-
ponents of the total uncertainty even when the noise amplitude o, = o is
assumed the same for all modes.

e The difference between the true and optimal noise amplitudes increases with
the number of modes in the coarse graining.

OPTIMIZATION OF COARSE-GRAINED GAUSSIAN MODELS FOR TURBULENT
GAUSSIAN OR NON-(GAUSSIAN TRACER

This example is based on the model for the turbulent tracer discussed in [81,
32] which can be obtained from (82) by disregarding the transient instabilities in
the uncorrelated velocity field (U(t),v(z,t)), i.e., we set v, = by, = 0 in (82);
moreover we set w,, = Bk/(k* + Fs) corresponding to the dispersion relation of
baroclinic Rossby waves where 3 is the north-south gradient of rotation, and Fj is
the stratification. The perfect system is non-Gaussian for oy # 0 in (82a) and it is
Gaussian otherwise.

Here, the imperfect models are Gaussian with the same dynamics for the zonal jet
and Rossby waves and coarse-grained components (U™ (t),v™(z,t)) and the tracer
equation is given by

AT™ 4+ UM ()0, T™ = —av™(z,t) + kyd2T™ + opW (z, 1), (85)
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FIGURE 21. Sensitivity and information-theoretic optimization
of Gaussian models for a Gaussian turbulent tracer (82) with
oy = 0. The top panels show the minimum lack of information be-
fore and after the optimal noise inflation in the models (85) at different
coarse-grainings during the growth phase of the forcing perturbartion.
The bottom panel shows the minimum lack of information for the cor-
responding coarse-grainings for the new climate.

where fy = k + k5% with k%% the eddy diffusivity coefficient, often utilized for

parameterization of unresolved turbulence in climate science [26, 27] while W (z, t)
denotes space-time white noise forcing with variance op. Contrary to the standard
deterministic parameterizations in climate science with op = 0, we consider here
an extended class of stochastic models in (85) with or # 0 to be improved by
stochastic forcing inflation [104]. We also assume that the eddy diffusivity is given
by k% = 9k with 0 < 6 < 1 where k% = 02/2d, is the exact value of the
eddy diffusivity in the white noise limit of the jet fluctuations fluctuations U’(%)
the perfect system [80, 81, 92]. Here, we focus on model error for time-periodic
statistical steady states for the tracer which are coarse-grained to a given number of
spatial Fourier modes; the larger the number of these modes, the larger the demands
on the imperfect model to represent smaller scale behavior accurately. Thus, the
natural information metric we utilize here for model fidelity consists of (12) utilized
spatially but averaged over the period on the attractor similarly to (14).

The most important aspects of UQ in spatially extended systems, in addition to
those discussed for the single Fourier mode in the previous sections, are illustrated
in figures 21 and 22 (see [80, 81, 92] for a more detailed treatment of these issues).

Figure 21 shows an example of improvements in the forced response of Gaussian
imperfect models (85) of the Gaussian tracer by optimizing the unperturbed climate
fidelity (14) via inflation of the stochastic forcing; see [32] for details. Here, both the
perfect system and the imperfect models are Gaussian with no transient instabilities
in the shear dynamics and no fluctuations in the zonal jet, i.e., 7,, = 0 and oy = 0.
Consequently, the imperfect Gaussian models for the tracer are given by (85) with
/if,ld % = () due to the absence of the mean-wave interaction in the Gaussian perfect
model for the tracer. The external perturbations are imposed by increasing the
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FIGURE 22. Information-theoretic optimization of Gaussian
models (85) for turbulent non-Gaussian tracer (82) with oy # 0.
(Left) optimal noise amplitude in (85) for different eddy diffusivity pa-
rameterizations k2% = Ok} with x; the eddy diffusivity in the white
noise limit of the zonal jet fluctuations (see text). (Middle and Right)
Minimal lack of information at different coarse-grainings in the climate
for the class of imperfect models (85) with optimal stochastic forcing.
Note the information barriers (§2.2) for the coarse-grainings k = 5, 8,12.

strength of the mean jet U through a perturbation &fy(t) of the forcing which
is of the ramp type and increases linearly over a finite time interval to reach a
new constant value at the end of the process. However, similar to the previously
discussed example for the turbulent Gaussian shear flow, the imperfect Gaussian
tracer models are driven by overdamped Gaussian velocity fields (here with & =
0.7,0 = 4, Ky = 10, in (84) and the model diffusivity xy = 0.6 instead of the true
% = 0.001.) The measure of the predictive skill, P(ms, 7}'), is shown in figure 21
next to the corresponding values of uncertainty for the original imperfect model.
For the coarse-grainings of K = 1,3, and 5 modes, the improvement is roughly four
fold, while for higher coarse-grainings of up to K = 20 modes, a nearly 20-fold
improvement is achieved by the simple optimal stochastic noise inflation.

Figure 22 illustrates the case of non-Gaussian tracer dynamics with oy # 0 in
(82); we show several facets of the systematic information-theoretic improvement
over the deterministic models with o = 0 in (85) obtained using the imperfect
Gaussian tracer models with optimal stochastic forcing o4 # 0 according to (14).
First, the optimal value o7 increases as the deterministic eddy diffusivity increases
from zero to xy; in the white noise limit of the jet fluctuations; secondly, there is a
significant gain of information by utilizing the optimal stochastic imperfect models
compared with the deterministic ones and this information gain is necessarily in the
dispersion of the tracer. Finally, the right panel in figure 22 illustrates existence
of information barriers for optimizing the class of models (85) by noise inflation;
optimal value with the smallest information discrepancy occurs for k5% = 0.1k,
and this is especially significant for large scale coarse-grainings like £ = 1,2, 3 but
for finer scale coarse-grainings like k = 5,8, 12 clear information barriers appear for
kCMY regardless of its value.

We make the following points in this context based on the examples shown in figures
21, 22:
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e The predictive skill of the overdamped imperfect models with optimal stochas-
tic noise is greatly improved for various coarse grainings even for simple noise
inflation with the same amplitude across all modes and in the time-averaged
framework (14).

e The uncertainty in unoptimized imperfect models grows with increasing reso-
lution (see also figure 20).

e Optimal noise o depends on the coarse-graining, and the time interval used
for averaging; o increases as the deterministic eddy diffusivity increases from
zero to the white noise limit xj;.

e In systems with nontrivial mean-wave interactions, the optimal noise o7, de-
pends on the number of components used for minimizing the relative entropy
in (8) or (14), e.g., the tracer or the tracer and the velocity (see [32] for
details).

e There exist information barriers to improving imperfect models of spatially
extended systems (figure 22). In this complex setting the nature of such barri-
ers depends on the deterministic parameterizations and it is scale dependent,
often allowing for uncertainty reduction at the coarse scales while hampering
improvements at smaller scales.

7. Numerical artifacts in UQ with long time integration. Incorrect or inap-
propriate numerical algorithms can introduce significant numerical errors into UQ
algorithms and bias both the effects of model error and techniques for mitigating
this error, such as those discussed in the previous sections. The main difficulty in
dealing with numerical artifacts in UQ applications is that even in low-dimensional
configurations they often lead to plausible results without unphysical singularities,
instabilities, etc., and their consequences can be much more elusive than in the
purely deterministic framework. Nevertheless, detection and proper handling of
such numerical artifacts is crucial for reliable UQ procedures and imperfect model
optimization. Here, we illustrate these issues based on the models already discussed
in the previous sections and we discuss a number of examples of numerical artifacts
which are particularly misleading for long time integration of complex nonlinear
systems with unresolved degrees of freedom. The examples used below are:

e Fake intermittency in numerical PDFs;
e Divergence of PCE approximations for long time integrations;
e Failure of MC with large sample due to rare events.

The time scales for the ‘long time integration’ vary depending on the problem;
however, in all cases ‘long time’ means comparable with or exceeding the time
scales associated either with a transient adjustment onto the attractor or time scales
associated with some transient dynamics in the absence of an attractor.

FAKE INTERMITTENCY IN NUMERICAL PDFS FOR STOCHASTIC SYSTEMS:

In §6 we showed, following [92], how the presence of the mean gradient in the
dynamics of a passive tracer can lead to intermittent PDF with fat tails provided
that the velocity field driving the tracer dynamics is turbulent but with a finitely
correlated in time Rossby waves shearing the turbulent zonal jet. However, it can
be shown (see Appendix D.3) that in the white noise limit of (82) with rapidly
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FIGURE 23. Numerical artifacts in long time integration of a
stochastic system with a Gaussian invariant measure. Compari-
son of equilibrium PDFs for the tracer mode T computed for the system
(86) using Euler scheme with different time steps At. Inadequate time
step in the numerical integration scheme results in erroneous equilibrium
PDFs; for the system parameters used here the PDFs have fat tails for
At >1.2x 1073

System parameters: fu = 5,dy = 0.5,0uv = 2 fr, = 0,dr, =
0.101, any, = 0.5.

decorrelating shear waves v that the tracer dynamics is given by

a’) dTIQ(t) = [(_di - ZkU(t))TIQ(t) - aka (t)} dt — O‘nvdevk (t)’ (86)
b) dU(t) =[—dpU(t)+ fu®)]dt + oudWy(t),

where ka is the forcing in the dynamics of vy, in the white noise limit, 7, = o, /dy,,,
Wy, (1) = arU(t) + by, d, = dr + kk?; other parameters are defined as in (82). It
can be shown analytically (see Appendix D.3) that when f,, = 0 all tracer modes
have Gaussian statistics even in the presence of mean gradient o # 0 and turbulent
zonal jet, i.e., for oy # 0. We use these analytical results to show that numerical
estimates of these Gaussian PDFs can lead to fat-tailed PDFs if the integration
time step is too large.

In figure 23 we show various fake fat-tailed PDFs obtained from numerical ap-
proximations of (86) with too large time-steps and for the same Fourier mode with
k = 1; the forward Euler method was used in the computations but it is well known
(e.g., [57]) that both the Euler and Milstein methods have the same weak order of
convergence, i.e., they have the same order of accuracy of approximating the sta-
tistics of the solutions. The first inset in figure 23 shows a superposition of all the
erroneous PDFs and the subsequent insets compare the true Gaussian PDF with
the numerical approximations obtained with different integration time steps. Note
that for time steps too small for the presence of fake fat tails, one can obtain nearly
Gaussian PDFs with incorrect variance; such errors might be difficult to spot even
if the Gaussian nature of the true PDF is known.
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FIGURE 24. Numerical artifacts in long time integration of the
stochastic system with a Gaussian invariant measure. (Top)
Comparison of equilibrium PDF's computed for the system (86) using the
explicit Euler scheme for two different time steps At and four different
wavenumbers k = 1, ...,4. The forcing in U(¢t) and Tk, as well as the noise
amplitudes and the damping dy are kept constant and independent of k.
(Bottom) Comparison of the equilibrium PDFs computed for the system
(86) for two different time steps At and noise amplitudes oy .

System parameters: fy =5,dy = 0.5, fr, = 0,dr, = 0.101, an,, = 0.5;
oy = 2 (top) and varied (bottom).

Figure 24 illustrates the appearance of fake fat tails in numerically estimated
PDFs for increasing wave number of the tracer (top) and increasing noise amplitude
oy in the jet (bottom). The two insets in the top row show results of computations
with two different integration time steps using the forward Euler method and for
different wave numbers k. For sufficiently small time step (relative to the system
parameters) the numerical approximations remain nearly Gaussian throughout the
considered wavenumbers k = 1,...,4; however, this situation changes dramatically
for larger time steps when approximating the PDF's for high wave numbers, as can
be seen in the inset computed with At = 10~*. Similar fat-tailed artifacts occur
when increasing the noise amplitude, oy, in U(t) as shown in the npottom two
insets of figure 24.

The following points deserve highlighting based on the above examples:

o Insufficiently small time step (relative to the system parameters) in the nu-
merical integration scheme, be it forward Euler or Milstein, leads to erroneous
fat-tailed PDFs (figure 23). The variance is first affected by the errors leading
to nearly Gaussian PDFs with incorrect variance.
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e The time-step value yielding accurate approximations for the statistics of tur-
bulent modes at small wave numbers may be insufficiently small for larger
wave numbers in the spectrum (figure 24).

Note that the above artifacts might be difficult to detect in high-dimensional non-
linear systems since they are not associated with any spectacular divergences, sin-
gularities, etc. There is a great need for mathematical theory and the systematic
assessment of numerical algorithms which capture the long-time statistical dynamics
of turbulent dynamical systems with high accuracy. Recent work in this important
area was carried out in [119, 120] for the example of a turbulent dynamical system
arising in the large Prandtl number limit of classical Rayleigh-Benard convection;
this work serves as a model for further research.

DIVERGENCE OF PCE APPROXIMATIONS FOR LONG TIME INTEGRATIONS
OF STOCHASTIC SYSTEMS.

These limitations of the Polynomial Chaos Expansion approximation were al-
ready discussed in §5 and at length in [10] and are associated with the finite order
truncations in systems with fat-tailed PDF's and intermittency; the most important
of these artifacts are:

e Failure of truncated PCE approximations to detect unbounded growth of sta-
tistics in systems with parametric uncertainty in the damping (see figure 18
and [10]).

e Failure of truncated PCE approximations in systems with nontrivial attractors
(e.g., [106, 64, 3]).

e Divergence of truncated PCE in systems driven by white noise, except at
sufficiently short times (figure 19 and [10]).

Similarly to the issues raised in the previous paragraph, the artifacts arising in the
context of the truncated PCE approximations are not associated with spectacu-
lar blow-up of the approximations; rather, they lead to underestimated statistical
moments which are usually more difficult to detect in complex configurations.

FAILURE OF MONTE CARLO SIMULATIONS WITH INSUFFICIENTLY LARGE
ENSEMBLE SIZE DUE TO RARE EVENTS.

This shortcoming of the MC was already illustrated in figure 18 of §5 where,
similarly to the PCE approximations and to the Gaussian moment closure, MC
completely failed to detect the unbounded growth in low order statistics despite
large sample sizes for this toy problem with 50000 realizations. The problems
associated with MC simulations and large scale phenomena triggered by rare events
are well known (e.g. [54]) but it is important to stress their role in creating various
artifacts in UQ applications.

8. Concluding remarks. Here, we reviewed the recent developments and dis-
cussed a range of new important mathematical issues arising in the emerging
stochastic-statistical framework to quantifying uncertainty and mitigating model
error in imperfect predictions of partially observed complex high-dimensional tur-
bulent dynamical systems. The systematic discussion of issues in imperfect model
predictions for uncertain initial data at short and medium-long ranges, as well as
the forced response to system perturbations, was accomplished based on a suite of
physically relevant and progressively more complex but mathematically tractable
test models. These instructive test models possessed such important features as
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the two-way coupling between the resolved dynamics and the stochasticity due to
the interactions with unresolved processes, intermittency and positive Lyapunov ex-
ponents, eddy diffusivity parameterization and overdamped turbulent spectra. In
particular, the following two themes were emphasized throughout the article:

e The utility of the unified stochastic-statistical framework for UQ and improve-
ment of imperfect predictions with model error in turbulent dynamical systems
with intermittency, positive Lyapunov exponents and hidden instabilities;

e Existence of information barriers to model improvement, their hallmarks and
consequences for UQ in turbulent dynamical systems.

Other topics developed here were concerned with the role and mitigation of model
error due to coarse-graining and dimensional reduction, moment closure approxi-
mations and associated turbulent flux parameterization, the effects of memory of
initial conditions in producing medium and long range forecasts and the sensitiv-
ity of imperfect models to external perturbations. The mathematical toolkit uti-
lized empirical information theory, fluctuation-dissipation theorems and systematic
physics-constrained, statistical-stochastic modelling for large-dimensional turbulent
dynamical systems. New mathematical and computational phenomena in address-
ing these problems have been discussed throughout this article. Many theoretical
issues remain in UQ and prediction of turbulent dynamical systems and the authors
hope that this review inspires mathematicians, applied mathematicians, and scien-
tists to contribute to this increasingly important contemporary science discipline.

Finally, we mention several important topics for mathematical research directly
connected with this expository article and not discussed in detail.

(1) DATA ASSIMILATION AND FILTERING WITH JUDICIOUS MODEL ERROR
FOR TURBULENT SYSTEMS

A key feature of turbulence in inertial and energy dissipation regimes is bursts
of energy across multiple scales with intermittent instabilities and effectively sto-
chastic forcing due to complicated interactions between the turbulent modes; the
resulting dynamics is highly non-Gaussian with associated fat-tailed PDFs. Sto-
chastic Parameterization Extended Kalman Filters (SPEKF) have been introduced
and analyzed recently [30, 29, 94, 93] as computationally cheap algorithms which
make judicious model errors while retaining high filtering skill for complex turbulent
signals [42, 55, 9, 94]. For example, aliasing is usually viewed as a bad feature of
numerical algorithms; in the present context, judicious use of aliasing yields stochas-
tic superresolution [94, 55, 93]. The basis for the SPEKF algorithms is the system
(38), used earlier in a different context, for the complex scalar partially observed
turbulent mode w(t) (the reader can think of a Fourier amplitude of turbulence
at a given spatial wavenumber) coupled with stochastic additive forcing and mul-
tiplicative damping/instability coefficients, y(t), b(t), which are learned on the fly
from the observed turbulent signal. The advantage of the system (38) is that is
has non-Gaussian dynamics but nevertheless exactly solvable first and second-order
statistics, so they are readily implemented practically in a filtering algorithm. The
rich dynamical behavior of (38), as already illustrated in figure 7, can be utilized to
test the filter performance of a wide variety of Gaussian filter approximations [9].
See the recent book [93] for an elementary introduction to these topics.
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(2) FLUCTUATION-DISSIPATION THEOREMS FOR HIGH-DIMENSIONAL
TURBULENT SYSTEMS

There is a great need for further developments exploiting the appropriate fluctu-
ation dissipation theorems for linking statistical equilibrium fidelity and sensitivity
of imperfect models of high dimensional turbulent systems within the framework
of information theory for model error and sensitivity. Moreover, much more rig-
orous work, in addition to [41], should be done for time-periodic systems, general
multiplicative noise, and rigorous FDT representation formulas. The recent papers
[1, 79, 74, 80, 81, 82, 11] and, in particular, [81, 88, 31] contain much of the formal
research program and demonstrate it on exactly solvable test models. Some recent
results [81, 11] open up enticing prospects for developing techniques for improving
imperfect model sensitivity based on specific tests carried out in the unperturbed
climate and using the kicked response FDT.

The fundamental concepts justifying the linear response theory for forced dis-
sipative stochastic dynamical systems through the fluctuation dissipation theorem
have been substantially refined since the pioneering work of Leith [65] and are well
known in the literature (see [41] and the references above). Despite this fact, mi-
nor modifications of this general concept appear intermittently in the literature in
various guises. One recent example proposed in [14] is the method for predicting
the low-frequency variability of El Nino-Southern Oscillation (ENSO) based on a
particular noise sampling technique applied to the reduced model obtained by fit-
ting a quadratic model to the ENSO data through a multilevel linear regression.
We note that such an approach reduces to the classical FDT framework in the limit
of taking infinitely many sample paths of the suggested noise ‘snippets’, provided
that the reduced ad hoc quadratic model does not yield unphysical solutions with a
finite-time blow-up (see [89] and (4) below). The authors in [14] seem to be unaware
of this connection to earlier work [1, 88, 82, 31] yet they empirically take this limit.

(3) BLENDED DYNAMIC SUBSPACE TECHNIQUES FOR UQ IN TURBULENT
SYSTEMS

Development of computationally efficient and accurate methods for propagation
of uncertainty in turbulent systems is difficult since the complex intermittent inter-
actions between the resolved and unresolved processes are important across a wide
range of spatial and temporal scales with nontrivial energy transfer on the attractor.
Due to this strong, time-dependent, two-way coupling between the mean dynamics
and stochasticity, most attempts aimed at reducing the underlying complexity of
the problem by separating the mean evolution from the dominant dimensionality
of the uncertain subspace associated with the most energetic uncertain unresolved
processes usually end in failure.

Contrary to the truncated Polynomial Chaos Expansions which retain a finite di-
mensional ‘uncertain subspace’ spanned by a fixed basis set, the methods exploiting
dynamically orthogonal (DO) field equations applied to spatially extended systems
with uncertainty attempt to capture the evolution of the most energetic stochastic
modes in a dynamically consistent fashion [109, 110]. Nevertheless, this improved
method suffers from deterioration of UQ skill in time for turbulent dynamical sys-
tems and even non-normal linear systems [112]. New recently developed methods by
T. Sapsis and one of the authors, which combine the DO framework with an approx-
imate but statistically consistent mechanism for turbulent energy transfer between
the reduced uncertain subspace and the under-resolved complementary dynamics
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offers a very promising way forward. However, this work is reported elsewhere
[112, 111, 113].

(4) Paysics CONSTRAINED DATA-DRIVEN STATISTICAL-STOCHASTIC MODELS
Development of data-driven reduced stochastic-statistical models of turbulent dy-
namical systems for uncertainty quantification and long range forecasting is an ex-
tremely important issue. Standard linear regression models can have some skill but
they suffer from inherent mathematical limitations and intrinsic barriers in skill [82].
Ad-hoc nonlinear regression models can exhibit improved skill in a training time
series (see references in [89]) but can suffer unphysical finite-time blow-up of statisti-
cal solutions, as well as unphysical pathology in their invariant measure [89]. There
are rigorous proofs [126] that physics-constrained stochastic mode reduction models
which are Markovian have the physically correct asymptotic behavior for their in-
variant measure for low-frequency variability; however, further generalizations are
required to include non-Markovian memory effects which are crucial in many appli-
cations. There is a recent new approach to designing such methods [83]. There is
a wide array of data-driven clustering algorithms [77, 46, 47, 44, 23, 24, 45, 48] to
develop multiple regime Markov models for use in prediction. Giannakis and one
of the authors [37, 38, 39] apply empirical information theory to assess the skill of
coarse-grained partitions of phase space and reduced Markov models for long-range
prediction. The methods of Horenko [46, 47, 44, 45, 48, 39] are especially promising
in this context but need further physical constraints to be more useful for long range
forecasting. This is an exciting area for future interdisciplinary research.
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Appendix A. Linear Gaussian models. The linear Gaussian framework for UQ
was discussed in details in §3. Here, we provide more details on various derivations
from that section and discuss some generalizations of the previously discussed re-
sults.

A.1l. Path-wise solutions and statistics of the 2x2 linear systems. The
solutions of the linear system (18) can be easily found in the form

(s =t () L (157 e [ (3wt

(87)
where the Wiener process, W(s), W(0) = 0, is defined on the whole real line, and
the operator e’ is given by

(A — a)e/\zt — (Ao — a)e)\lt eMt _ phat

7 1
oLt

)\1 — AQ q (e)\lt _ e>\2t> ()\1 _ a)e)\lt _ (A2 — a)ekzt
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and the eigenvalues of L are given by

/\1,2=%(a+Ai\/m>. (89)

Clearly, the conditions (20) imply that the eigenvalues (89) have negative real parts
and the system converges to a statistical attractor (see, e.g. [4, 87], for a detailed
definition of the attractor in the general nonautonomous case).

The mean dynamics for the linear Gaussian system (18) can be easily found by
taking the ensemble average of (87) which leads to

:f(t,to) - eﬁ(t*to) Zo teﬁ(tfs) F(S) s
(MMM> <m>+Z; ( 0>d’ =

where Zg, 7o denote the mean initial conditions at t;. The mean on the attractor
can be obtained by taking the limit ¢y — —oo in (90) which exists for any bounded
forcing F(t) provided that the stability conditions (20) hold. It can be easily seen
with the help of (88) that for time-periodic forcing F(t) = f° + f!sinwt the time
averaged mean on the attractor is given by

1 to+T AfO
A ] — 7 —
@) Tau = tol—1>I£loo T /to 2t to)dt aA—q’

(91)

) 1 to+T 0
b) gL, = lim —/ y(t, to)dt :ajlff(f

to—)—OO T tO

where T' = 27 /w in the time-periodic case (f* # 0); for constant forcing taking an
arbitrary non-zero T reduces (91) to (21) in §3.

The covariance matrix of the process z(t, to) satisfying (18) is given by

. . o .
R(t,to) _ eL(tfto) RO eLT(t*tO) +/ eL(tfs) (g 02> 6LT(t75)~ (92)
to g

so that, using (92) and (88), the the covariance ¥ on attractor is

1 —a o?
Y= lim R(tty) = ' .
Hm (t,to) <a aAqua?)Q(aJrA)(aA‘J) (52)

and the autocovariance on the attractor is given by

T
— lim x(tvt0)7<x(tat0)> x(t+77t0)7<1’(t+7_’ t0)> — eﬁTT
Catt(T7t)_t01~>*0° <<y(t7t0)_<y(t7t0)>><y(t+T?t0)_<y<t+T’t0)>) > - .

(94)
Note that in this linear Gaussian framework the autocovariance on the attractor is
independent of the forcing F(t).

A.2. Path-wise solutions and statistics of the MSm model. The solutions
satisfying the Mean Stochastic Model (24) are given by the Ornstein-Uhlenbeck
process with sample paths

t

t
M (t, tg) = 6_7"'5"'()5_7&0)3?161%14-/ 6_%““(t_s)FMSM(S)dS-f—O'MSM / e usu(t—s) dW (s),
to to
(95)
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where 20, is the initial condition at ¢ = ty3. Consequently, the statistics of this
Gaussian process is fully determined by

t
:EMSM(t7tO) — e_’)’msm(t—to)jl(\)'lsl\q +/ e_')’msm(t—s)FMSM(S)ds, (96)
to
2
RV (¢, t0) = Var (2 (£, t0)) —e 2 (E=t0) 1/ g (xS + Ouism (l_e—Q'Yxxsx!(t—tO)) ;
2%nsm (97)

so that for gy > 0 the statistics on the attractor in the general nonautonomous
case (see, e.g., [87, 4]) is

t
Iy (t) = lim e~ w9 B (s)ds, (98)

to——00 to

g’ItStM (7_) — 11m <(xMSM (t, to)_.fMSM (t, t())) (xMSM (t+T, to)—.’iMSM (t+T, tO))>
oo

to——
0—2 e~ YusuT
— MSM (99)
2%usm
i — (OMSM _ — 42
so that the variance on the attractor becomes Ry = CYM (7 = 0) = 05/ 2Ymsm-

Note that #M9(t) cannot reproduce the marginal autocovariance (94) for z(t)
since the necessary condition

)\16)‘2T — )\2€>‘1T
AL — A2 ’

— Vs T
e Tusm T —

(100)

cannot be satisfied for all lags 7 except for the degenerate case A\ = Ay. A particular
choice of sy which guarantees correct decorrelation time for ™™ (t) is

oo DY AoT by AT
/ 6_7A|sr\|7—d7- :/ 1€ 726 dj’7 (101)
0 0 A1 — A2
and leads to
aA —
Tism = — e Aq- (102)

A.3. Families of imperfect models with correct marginal equilibrium sta-
tistics. The existence of families of imperfect models the linear system (18) with
correct marginal two-point equilibrium statistics or climatology was discussed in
63.2.1. Here, we obtain the formulas for the coefficients in the imperfect models
within a given family. These relationships are used in §3.4 in order to construct
the suite of imperfect models. Inline with the propositions introduced in §3.2.1,
we focus mainly on systems with constant forcing; remarks concerning extensions
to the nonautonomous case with time-periodic statistics on the attractor (see, e.g.,
[87, 4] for detailed definitions) are included in the relevant places.
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A.3.1. Distinct families of 2 X 2 systems.

(D)

Constant forcing; models with the same marginal two-point statis-
tics at equilibrium. Consider a linear stochastic model (18) with coefficients
(a,q, A, o) and constant forcing F' = f°. According to Prop. 1, any 2x 2 linear
model (18) with the coefficients (ay, qu, An, Our, f)) satisfying

ay+Ayu=a+ A, aydy— qu = aA — qg, Om =0, AMfl\OI = Afov (103)

has the same equilibrium marginal statistics for x(t). Thus, there is a one-
parameter family of models with structure (18) with the same marginal statis-
tics for x(t) and xM(t) provided that the coefficients of the imperfect models
satisfy

ay=w, Ay=a+A—-w, q=q—acA+wla+A—w),
A
0 f
= - 104

fM a + A _ w’ ( )
where w is a free parameter; for w = a this system coincides with (18).
Remark. For time-periodic forcing F = f + f'*sinwt + f!¢coswt in the
perfect system (18) the four-parameter family of 2x2 models with correct
time-averaged two-point marginal statistics on the attractor and coefficients
is given by (104) with three additional free parameters fL*, fl¢ wy.
Constant forcing; identical marginal climatology. Consider the linear
model (18) with coefficients (a,q, A,0) and forcing F = fY. According to
Prop. 2, there is a three-parameter family of models with structure (18) and
coefficients (ay, gy, Aw, 0w, fO), with the same marginal climatology for x(t)
and zM(t) provided that the coefficients of the imperfect models satisfy:

(w1 + ws)(wrws — wa)
(a+ A)(aA—-q)

ay = W1, Qqu = W2, Auv=w3, oy=0

o _ poAlwiwg — wy)
=1 wz(aAd —q) ’

where {wy,wq, w3} are the free parameters.

Remark. For time-periodic forcing F = fO + f'*sinwt + f'¢coswt in the
perfect system (18) the six-parameter family of 2x2 models with correct time-
averaged marginal climatology for z™ has coeflicients satisfying (104) with

three additional free parameters £, fl¢ wy.

(105)

A.3.2. Families of MSMs with the same marginal climatology. As stated in Propo-
sition (3), the MSm (24) does not have sufficient number of degrees of freedom to
match the marginal two-point statistics on the attractor for z(t) satisfying (18).
MSm'’s with the same climatology can be described as follows.

(111

Constant forcing; correct marginal climatology for z(¢). Consider
the linear model (18) with coefficients (a, ¢, A, o) and constant forcing F' = f°.
According to Proposition (3), there exists a one-parameter family of MSm’s
(24) with coefficients (Yusu, Ousm, Fusm) and the same marginal climatology
for ™M and x; these coefficients satisfy

, (106)

2
Tvsm = W,  Opygy — —W Fusy = —w
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where w is a free parameter. The MSm with correct marginal climatology and
correct decorrelation time for ™™ is the one with w = —(aA — q)/(a + A)
consistent with (102).

Remark. For time-periodic forcing F = f° + f'*sinwt + f!'°coswt in the
perfect system (18) the four-parameter family of MSm models with correct
time-averaged marginal climatology for ™™ has coefficients given by by (106)
with three additional free parameters fL3,, f1¢.,, Wy

Appendix B. White noise limit for elementary systems with intermit-
tency. Construction of imperfect models by considering special white noise limits
was discsussed in §4.1.1. Here, we consider the limiting dynamics of the quadratic
complex scalar system (38) assuming that the stochastic fluctuations of the damping
~(t) and the forcing fluctuations b(t) decorrelate infinitely fast. Similar procedure
for the turbulent tracer is discussed in §7 and Appendix D.3 in order to unam-
biguously illustrate some numerical artifacts in long time numerical integrations of
stochastic systems.

Consider the dynamics of the system (38) in the following limit
dy — 00, oy — 00, Gy =0,/dy = const > 0. (107)
dp — oo, op — 00, oy = op/dp = const > 0. (108)

so that the absolute value of the autocovariance of v(¢) and b(t) formally approach
the Dirac delta distributions, i.e,

. o . g
lim — [(y(t+7)y(8)] = o (T), lim  [(b(t +7)b(1))| = -0 (7),
d~,t—00 2 dp—o0 2
0~ /dy=const op/dp=const
(109)
and the processes (), b(t) in (38) approach the white noise processes
dy(t) = a,dW,(t), db(t) = GpdWs(2), (110)

where W, (t), Wy (t) are two independent Wiener processes defined for all time, as
n (38). As usual in physics and engineering, the white noise limit of colored noise
leads to the Stratonovich integral (e.g., [28]). This fact is a consequence of requiring
non-vanishing correlations (u(t)y(t)), (u(t)b(t)) before the limit and after the limit.
The limiting process leads to the Stratonovitch SDE for the complex scalar u(t),

du(t) = [(—&Jriw(t))u(t)JrF(t)}dtfﬁwu(t)odW,Y(t)+&deb(t)+ouqu(t), (111)

where W, and the components of W, and W, are all independent Wiener processes.
We rewrite (111) in the Ito form as

du(t) = [(—aﬂa(t))u(t)w(t)] dt — G u(t) AW, (1) + G d Wy (£) + o AW, (£), (112)

where a =4 — %&?Y is the damping term in the white noise limit.
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B.1. Invariant measure. Here, we illustrate the procedure for deriving the in-
variant measure associated with (112) in a simplified case when F' = 0. First, it
is convenient to rewrite (112) by means of the orthogonal transformation @(t) =

et i w(s)dsu(t) which leads to
da(t) = —aa(t)dt — G, a(t)dW, (£) + dpe S0 “OBAW,(8) + ope o X aw, (2),
(113)
followed by a subseqgeuent transformation to the polar coordinates using
L+i¢=1Ind, (114)

where ¢ is the polar angle and 4 = In p. Standard manipulations using (113), (114)
and the Ito calculus lead to the following system with the same statistics as (113)
and (112)

=2

a) do= [—a@ + ”“} dt — 5,0dW,, 4 6,dW2 + 6, dW2,
20
(115)
1
b) do = 5 (G.dW2 + G,dWP),

where 6, = 0,/ V/2 the new noise terms are defined via the orthogonal transforma-
tions

° cos sin 1
[M%A?]< (6+9) w+9>> Mnaw], w16)

dW?,(t —sin(¢p+Q) cos(¢p+Q) ) | dWZ, (1)
where W, = Re[Wy ], W2, = Sm[W,] and Q(t) = [ @(s)ds.

u

The Fokker-Planck equation for the probability density p associated with the
process satisfying (115) is given, in polar coordinates, by

2 1~2 &72L 1 ~2 2, ~2 | ~2 5.121_‘_5.5 2
00, ¢,t)=—0, —(7—507)9‘1'2*9 p— 589 [(630*+67+53) p] | + 202 g
(117)

The stationary solutions of the Fokker-Planck equation satisfying the detailed bal-
ance conditions (see e.g. [28]) lead to the following two equations

L 52 1, .. N o2 452
a) (—(7—%05)9 + 2;) P =50 [(620* +62 +62)p] =0, D) “27217343,3 -0

(118)
Equation (118b) implies that peq = peq(e) which implies that (118a) is solved by
Noo ¥~ 503
eq(0) = =3+ —22 119
Finally, the marginal probability distributions for u; = Re[u] is given by
= N . 120
peats) O/mw+ﬁﬁ+ﬁ+ﬁﬁ 120

For an arbitrary 6 > 0 the integral in (120) can be expressed through the Hyperge-
ometric function whose properties can be used to simplify the above expression
Ny 1 A— 152

i S — - 1720 121
Peq(u1) @22+ " 5T % (121)

=N
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However, a simpler although incomplete justification of the above fact can be ob-
tained by evaluating the integral in (120) at 4 = m&?y, m a positive integer, so that
0 = 1+ m and standard solutions apply.

Appendix C. Truncated polynomial chaos expansions. Here, we augment
the discussion of the truncated Polynomial Chaos Expansions (PCE) in §64 with a
few additional technical details; all of the information below is well known in the
PCE literature.

The following result, often referred to as the Cameron-Martin theorem, forms
the foundation of Wiener Chaos theory

Theorem 1 (Cameron-Martin [13]) Assume that for fivzed x and s < t, u(x,s)
is a functional of the Wiener process W on the interval [0, s] with (Ju(z,s)|?) < oo,
then u(x, s) has the following Fourier-Hermite expansion:

u(z,s) = Z Ua (2, 8)Te,  ua(x,s) = (u(z, s)T,), (122)
aeJ

where T,, are the Wick polynomials defined via the Hermite polynomials H,,,; € N
by

Ta(é) = HHOM (51) (123)

The multiindex « in (123) with a finite number of nonzero components is defined
as

J {a (i, i21] e €4{0,1,2,...}, |of ;az<oo)}, (124)

so that the product in the right hand side of (123) has a finite number of factors
and it is well defined. Wick polynomials are defined over a in infinite dimensional
space with variables § = (£1,&2,...), where (&) = 0, (§&;) = d;;, and they form
a complete orthonormal basis in L? on the probability space with respect to the
Gaussian measure generated by £. In particular

(ToTg) = bop, (To) =1, (T,)=0 when a #0. (125)

The order of the Wick polynomial Ty, is defined as |a| = > a;. Furthermore, the
first two statistical moments of u(zx, s) are given by:

(u(z, s)) = uo(x, s), (126)

and

(u*(2,5) = D lualz,s)|*. (127)

acJ
The following theorem due to [95] is very useful for our analysis since it allows
for exact treatment of nonlinearities

Theorem 2. Suppose u,y have Wiener Chaos expansions

U= Z uaTa(§), V= Z YaTp(£)- (128)

aed Beg
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If (|uv|?) < oo, then the product uv has the Wiener Chaos expansion

w=>Y |3 Y C.8.p)u—prpvsen | To(S), (129)

0cT \peJ 0<B<H

C(&Bm)z[(é)(ﬁ;;p)(e_g‘Lp )]; (130)

The operations on multi-indices are defined as

where

and

al =[] e! (133)

The doubly infinite expansion (122) is useless in applications unless a suitable
truncation is introduced through the truncated index set

K
TkN = {a: (i, i 21 ;i €{0,1,2,.., K}, [o] = o <N)}, (134)
=1

so that the truncated PCE in (122) becomes

K
uK,N(xvtvg) = Z ua(xvt)Toz = Z ua(x»t)HHai(gi)' (135)
a€JK N o] <N i=1
The resulting approximation has altogether EnN:o ( K +: -1 terms. Various

sparse truncation methods have been proposed in this context [49, 114, 25]; such
methods are problematic in systems with intermittency [10].

C.1. Spectral representation of the white noise. when considering systems
driven by white noise a suitable spectral representation of the associated Wiener
process is required in the PCE approximations. Here, we follow here the approach
of [69, 70] and [49].

Consider any T > 0 and orthonormal basis {m;(s),i = 1,2,...} in L%([0, T]), for
example trigonometric functions

1 /2 (i —1)ms .
m(s) = 77 and m;(s) = 7 CO8 =, for i =2,3,.... (136)

It is easy to see that the random variables defined by

& = /0 m;(s)dW (s), 1=1,2,..., (137)

are i.i.d. standard Gaussian random variables, & ~ AN(0,1), so that the Wiener
process can be represented by the following Fourier-Hermite expansion [49, 69, 70]

Wi(s) = Zg /0 mi(T)dW (7). (138)
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The expansion (138) converges in the mean-square sense

N s 2
< lW(s) -« /O mi(T)dW(T)] > 0 (139)

Appendix D. Analytical formulas for the statistics of the turbulent tracer
models. Two new classes of non-Gaussian statistically exactly solvable test models
for the turbulent diffusion of a tracer were introduced and discussed in §6. Below, we
present the analytical formulas for the second-order statistics in these two systems.

First, the statistics of the turbulent velocity field with transient instabilities in
the shear waves is derived; this velocity field drives both models (82) and (83) in §6.
Next, the statistics of the tracer driven by the turbulent velocity field is derived.
The general formulas for the non-Gaussian reactive tracer statistics are derived
first and the statistics for the passive tracer are obtained by neglecting the binary
reaction term in the general expressions.

D.1. Statistics for the the velocity field in with intermittent transient
instability. The dynamics of the two-dimensional turbulent velocity field (U(¢),
v(z,t)) with intermittent transient instabilities driving the two turbulent tracer
models is given by (82b-e) or (83c-f). The second-order statistics is derived system-
atically below.

PATH-WISE SOLUTIONS FOR THE CROSS-SWEEP U (%)

The path-wise solutions for the cross sweep U(t) = U(¢) + U’(¢) in (82b) and (83c)
are given by

17(t):/ Guy(s,t) fu(s)ds, (140)
U/(t) = GU(to,t)Uo + ou ; GU(&t)dWU(S), (141)

where we use the short-hand notation for the initial condition Uy = U(t = ty) and
for the Green’s function associated with U ()

Gu(s,t) = e 0=, (142)

The initial conditions Uy in the zonal jet are assumed Gaussian so that U(t) is
Gaussian.

PATH-WISE SOLUTIONS FOR THE SHEAR v(z,t)

The solution for each Fourier mode of the shear flow in the general case in (82) and
(83) (correlated U(t) and vg(t), in the presence of transient instabilities) has the
form

v(t) = Gy (to, t)vk0 —|—/t G, (8,8)(by, (8) + fo, (8))ds + avk/t G, (s, t)dW,, (5),
’ ’ (143)
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where vi,0 = vi(t = to) and the Greens function associated with vy is given by

Gvk (S,t) — e_d”k (t—s)—]k(s,t)—o—z'Jk(s,i&)7 (144)
t ¢
Ii(s,t) = / Yo, (87)ds’, Ji(s,t) = / Wy, (8")ds’. (145)
where d,, denotes the time-independent, deterministic part of the damping in (82¢)
and (83d).

The solutions for the damping fluctuations +,, and the forcing fluctuations b,,
in the shear velocity (82¢) and (83d) are given by (Gaussian) Ornsteein Uhlenbeck
processes and can be written in the same format as the solutions for the turbulent
zonal jet U (see (140), (141)) but with the Greens functions

Gb,vk (S, t) — e(*dbvk +iwb,“k_ )(tfs)’ (146)
G, (5,1) = e~ By (t=9) (147)

These solutions are needed for rewriting (145) in a way that simplifies the compu-
tations of the second-order statistics discussed below:

t
Ik(sat) = / Yo (Sl)dsl = MO,k(Sat)’Yvk,O + MW,k(Svt)a (148)
Mok(s,1) = =5 — (G%k (to, 1) — G, (to, s)) : (149)
t ps
My k(s,t) :U%k/ / G, (r',s")dW,, (r)ds, (150)
s to
t
Ji(s,t) = / Wy, (8")ds" = ar L(s,t) + bi(t — s), (151)
t
L(s,t) = / U(s')ds' = Lo(s,)Up + Ly(s,t) + L (s, 1), (152)
to
1
Lo(s,t) = T (Gu(to,t) — Gul(to, s)), (153)
t s
Ly(st) = / / Gu(r', s') fu () dr'ds’, (154)
s to
t s’
Lu(s,8) = o / / Gu(r', ) AWy (')ds'. (155)
s to

SECOND ORDER STATISTICS OF THE VELOCITY FIELD

The statistics of the Gaussian cross-sweep U (t) can be easily found from the path-
wise solutions (140)-(141) and it is given by
t

(U1) = Guto, ){Uo) + | Guls, t)fur(s)ds, (156)
Var(U(t)) = G%(tg, t)Var(Up) + %(1 — Gy (to, t)). (157)
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The statistics of the damping fluctuations and the additive bias correction are easily
obtained as

(Vi (1)) = G, (t0, 1) (Vur.0), (158)
(bv,. (1)) = Gy, (to,1)(V,.,0), (159)
2
0- v
Var(y, (1)) = G5, (to,)Var(w,.o0) + 5 (1= G5, (to, 1), (160)
Yoy,
2 O’i} 2
Var(bu, (1)) = G, (to, )V ar(bu, o) + 5. (1-1Gy,, (to,1)]?), (161)
Cov(by, (1), b, (1)) = G, (to, )G, (t0,t)C0v(buy0,bu,.0), (162)
Cov(by, (), b3, (£) = G, (t0, )G, (to,t)Cov(bu, 0.}, o), (163)
Cov(by, (1), 1, (1)) = Gy, (to,1)G,, (to, t)Cov(by, 0, Vv,,0) (164)
Cov(by, (1), U(t)) = Go, (to,t)Gu (to,t)Cov(by, 0, V). (165)

can be expressed as

t

(00(6)) = (Gt i) + [ (G (510 ()ids + [ (G (sst) o (s)ds. (160)

t(J t()

In order to evaluate the terms in (166), we use the fact that for any two complex
Gaussian variables z and £ the following identity holds

(2¢f) = ((2) + Cov(z,£7)) e T3 e, (167)

where Cov(z,&) = (2£*) — (2)(¢*) and Cov(z,£*) = (2&) — (2)(£). Using (167), we
obtain the following (for s < t)

<Gvk (S,t)> — e—duk(t—s)—UU,C (8,8))+i(Ju, (8,t)) %

% e%Var(Ivk (s,1)) =5 Var(Ju, (s,t))—iCov(Iy, (s,t),Ju,, (s,t)) (168)

(G, (to, t)vr o) = (<vk,0> — Cov(vi0, I, (to, 1))
+iCov(vk.0, Ju, (to, t))) (Goy (to, ) (169)
(G (5, )by (5))=( (b () = Cov(buy (), L, (5,1))
FiC0U (b (5), Jun (5:1)) ) (G (5,1)) (170)

(Lo, (8,1)) = Mo,k (5,8)(Voy,,0), (171)
Var(I,,(s,t)) = Mg,k(s,t)Var(%k,o) + Var(Mw(s,t)) (172)
20.2
Yo _ s
Var(M(s, 1)) = — (d%k (t—s)+e D7) 4G, (20,5 +1)
Yvg

11 (Givk (to t) + G2, (to, s)) ) (173)
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(Jy,, (8,1)) = ar(L(s,t)) + br(t — s) (174)
Var(Jy,(s,t) = aiVar(L(s,t)) (175)
(L(s,t)) = Ly(s,t) + Lo(s, t){Uo) (176)
Var(L(s,t)) = Li(s,t)Var(Up) + Var(Lw(s,t)) (177)
Var(Lw (s, t)) = ?{:}f (vt = s) + 70 4 Gy (20,5 + 1)

— 1= L (G (to, ) + G%,(to,s))) (178)

Cov(1y, (s,t), Jy, (1,t)) = Mo x(s,t)Lo(r,t)Cov(Ya,,0, Uo) (179)

J

Cov(ly,(s,t), I, (r, 1)) = Mo x(s,t) Mo ;(r,t)Cov(Va, 05 Vo;,0) + OrjdsrVar(Mw (s, 1))
(180)

Cov(Ju, (5,1), Ju, (1, 1)) = ara; (Lo(s, t)Lo(r, )Var(Uo) + 8,56 Var(L (s, t)))

(181)
1
Cov(by, (r), I, (s,1) = —— (e—dw (s=t0) _ o=du, <t—to>) x
’ dy,,
x e T T Cou by, 0, 90,0) (182)
Cov(by, (1), Ju, (s,1)) = k. (e*dU(sfto) _ ede(tfto)) «
j dy
x e F )00 o (b, o Up) (183)
The remaining correlations can be computed as follows:
= Cov(vg, vi) = (|ox(B)[?) — (v ()
We rewrite (v (t)|?) as
(lon(®)%) = (|A]*) + (|B*) + (ICI*) + Re[(A* B)] (184)
where
(AP) = (G, (to, t) Plue.ol*) (185)

(IB[2) = / / (G (5, 1)G (1, 8) (g (5) + Fun (3)) (03, () + £, (1)) dsdr (186)

(IC2) = o2, / (1G, (5, 1) )ds (187)
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AB) =2 [ (G (5065, (t0,) (b (5) + Fu(o))violds  (158)

to

The above formulas can be evaluated based on the following identity which holds
for any Gaussian variables z,w and &

(zw65> = ((z)(w) + Cov(z,w*) + (2)Cov(w, ")

+ (w)Couv(z,£*) + Cov(z,5*)Cov(w,§*))e<f)+%cm’(5’5*). (189)

where Cov(z,y) = (zy*) — (z)(y*) and Cov(z,y*) = (zy) — (z){y). Using (189) we
compute

<Gvk (S, t)ij (T, t)> _ e_d”k (t—s)—dy, (t=r)—(Iy,, (s,t)}—(IU]. (ryt))+i( Ty, (s,t))—!—i(J,,j (r,t)) «

% e%Va'r(Ivk (s,0))—3Var(Ju, (s,t))—iCov(Ix(s,t),Jk(s,t))

« e%Var(L,j (r,t))fé\/ar(‘]vj (r,t))—iCov(I;(rt),J;(r.t))

« eCo’u(Ivk (s,t),Ivj (rt))—Cov(Jy, (s,t),]vj (r,t))

« e—iC’ov(Iulc (s,t),ij () —iCov(Jy, (s,t),]vj (r,t)) (190)

<Gvk (57 t)sz (’I’, t)> _ efdvk (tfs)fdvj (t—=r)—(Iy, (s,t)>7(1vj (rt))+i(Ju,, (s,t))7i<ij (rt)) ~

% e%Var(I,,,k (s,0))—3Var(Ju, (s,t)—iCov(Ik(s,t),Jk(s,t))

> e%Var(Ivj (r,t))7%Var(ij (r,t))+iCov(L;(rt),J;(r.t))

« eCo’u(Ivk (s,t),Ivj ('r,t))JrC'ov(Jv,c (s,t),]vj (r,t))

« eiCOU(Iuk(S,t),ij (1)) —iCov(Jy, (s,t),]vj (rt)) (191)
so that (JA|?), (|B|?), (A*B) in (184) can be expressed as

(4P) = (|Gu.(to,1)]*) [\(vk,o>|2 + Var(vg,0)

— 4Re [(vk70>C’ov(v,§70, Iy (to, t))} + 4|Cov(v,0, Ix(to, )2
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wmzllﬁmmmewmmWMW%Wmem

— O){(C’ov(bvk,o, Tiu(5,8)) + Cov(by, 0, Iu(r, t))) — i(cov(bvk,o, Te(5,)) — Cov(by, 0, Ji(r, t)))}
— (bu0){ (Covby, 01 Ti(s,1)) + Covby, g, T(r, 1)) = i(Cov(by, o, Juls,6)) = Cov(bs, o, Ti(r1))) }
+ (cov[bvk,o, Lu(5,8)] + Covlbe, o, Tn (7, 1)] — i(Covlbu, 0, Ji(s, )] — Cov[be, o, Ju(r, t)])) x

x (Covlbi, . In(s, )] + Covlby, g, T(r, )] = i(Covlby, g, Ji(s,6)] = Covlbi, o, Ji(r, t)]))] dsdr

+AL@Mmmmm%Mmm@

(b 00
= (Covlby, 0, Ii(s:1)) + Covlly, 0. Iu(r1)) ) +i(Cov(b}, . Tu(51) = Cov(b, o, Ji(r, t)))] dsdr

// o (8 tG* (r,1))Gp, (thS)f;k(r) (buy.0)
to Jto

- (Cov(bvk,o, I (s,t)) + Cov(by, 0, Li(r, t))) + z'(C’ov(bv,wo7 J(8,t)) — Cov(by, 0, Ji(r, t)))} dsdr
/ / v (8,1 G* (r, 1)) fo, (s )f;k(r)dsdr
to Jto

(A"B) = 2/t<Gvk(S t)G5, (to, 1)) G, (to; 5) l<bvk,o><v}$0>+00v[bvk,o7vk,o]

— (0 0){ (Covlbu0, Ti(s, )] + Covlbug0, Tilto, 1]) = i (Covlbuy 0, Ji(s, )] = Covlbu o, Jilto 1)]) }
— {bun,0){ (Covlvg g (s, )] + Covluf o, Tuto, 1)]) = i(Covlvf g, (s, 1)] = Covlu g, Je(to, 1)]) }
+ (Cov[bvk’o, Ik(S, t)] + COU[bvk’m Ik(to, t)] — i(Cov[bvk,O, Jk(S, t)] — C’ov[bvk,o, Jk(t07 t)])) X

x (Covli g, Inls, D] + Covlu g, Te(to, )] = i(Covlug g, Jr(s,6)] = Covlvi o, Jk(to,t)}))] ds
+2/t (Gup (5, 1) G, (To, 1)) fur (s )[<UZ,0>

— (Covlvg g, Tu(s, )] + Covlvy g, In(to, D)]) +i(Covlvi g, Ji(s, )] = Covlv o, Ju(to, t)])] ds
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| Cou(ui(2), v;(1)) | = (v (£)v; (£)) — (0a (1)) (v} (1))

We rewrite (vi(t)v(t)) as
(or(t)o (1)) = (A%) + (B?) + (AB), (192)

where
(A%) = (G, (to, )G, (to, t)vr 0v] o) (193)

(B%) = / / (Gn (5, )G, (1, 8) (b (5) + Fu () (87, (1) + £, (r)))dsdr— (194)

(AB) = /t (G (to, DG, (5,8) (b7, (5) + £7,(5)) v o)

" / (G, (0, )G (5,) (b (5) + Fun (5)) 07 0) s (195)
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The above formulas can be computed using (189).

(42) = (Guy(to, )G, (to, 1) [ {0k.0) (V] o) + Covlvn.o, v

- (Uk,o){(Cov[v;’O,Ik(to,t |+ Cov[v; g, I;(to, 1) ) (COU 5o, Jr(to, t)] — Cov[v;"o,Jj(to,t)])}
_ <v;70>{ (Cov[vk,o, Iy (to, i(to, t ) (Cov Vk,0, Ji (to, )] — Covlvg 0, J;(to, t)])}
+ {(oou[v;o,fk(to,t)] + Covlvt, I (to, 1) ) - (Cov VY 0 Ji(to, )] — C’ov[v;,o,Jj(to,t)])}x

X {(Cov[vk’o, I (to, )] + Cov[vg.o, I; (to, t)]) - i(cov[vk,o, Ji(to,t)] — Cov[vr.o, J; (o, t)]) H

)
t)

|+ Covlvg.o, I

/ / v 5 t >Gb tO, b th [ Ve, 0 1; 0 +COU[ Ve, OvaJ 0]
to Jto

—(bUMO){(Cov[bvj70,lk(s,t)]—I—Cov[bv 0 i(r.0)]) = i(Covlbi, g, T, )] = Covlbis, o, J5(r,1)]) }
= (03, ) { (Covlbur.0, I (5, 1) + Covlbyy 0, Ii(r,1)]) = i (Covlbuy o0, (s, 1)] = Covlbu o, T;(r,8)]) }
+ { (Covlby, 0. Tus, 1) + Covldiy, o T3 1)]) = i (Covlby, g, (s, 1)] = Covldy, o, T;(r,0)])

{(Cov[ o,05 Lk (8, 1)] + Covlby, o, I (r, t)]) - i(COU[buk,Oa Ti(s: )] = Covlbu.0, Jj(r, tﬂ) }] o
“f | J (o ()G (1 )G, (t0, o (9)[50)
_ (Cov(sz,o,fk(s,t)) + Cov(by, o, I (, t))> +i<cov(sz70"]k(s’t)) vl it t))ﬂder

+ /tt /tt<Gvk (s,)G, (r, )Gy, (to,5)f (r) {<bvk70>

— (Covlbuy 0, Ii(5:1)) + Covlbyy 0. 1i(r,1)) ) + i Cov(buy,0, Ji(s,1)) = Covlbug 0, (1, 1)) ) | dsdr

+ /to /to <Gvk (5, t)G:j (7‘, t)>ka. (S)f:J (T)dsdr
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(4B) = [ (Guylt0.)G3, (501G, (t0:5) %, o) (0n0) + Conlonon b

— (o) { (Covlby, o, Ti(s. D] + Covlby o, Tilto,0)]) +i(Covlby, g, Jj(s,1)] = Covldy, o, Ji(to,1)]) }
— (b, o) (Covlono, Ii(s, )] + Covlugo, Ti(to, )]) +i(Covlugo, (5] = Covlugo, Ju(to,1)]) }
+ {(Cov[bjjj’o, I;(s,1)] + Coulb;, ,, Ik(to,t)]) +i<Cov[bjjj’07 J;(s,)] = Cov[b?, o, Ji(to, )])}x

x {(cov[uk,o, 1;(5,1)] + Covlug.o, Ix (to, t)]) n i(cov[uk,o, J;(s,1)] — Covlug.o, Ji(to, t)]) H ds

+ [ (Gunlta, G, (5.0075,(5) o)

— (C’ov(v;ﬁo, Ii(s,t)) + Cov(vk,0, Ix(to, t)) — i(C’ov(vho, J;(s,t)) — Cov(vg,o, Ji(to, t))] ds

t
+/ (G3, (o, 1) G, (5, 1)) G, (to, ) [<bvk,0><vj70>+Cov[bvk,0,ﬂj,0]
to

- <v;‘70>{(C’ov[bvk,o,lk(s,t)] +C’ov[buk7o,lj(t0,t)]) —i(Cov[bvk,o,Jk(s £)] = Covlb, 0, J; (to, t)])}
- <bvk,0>{(cov[vj,o,fk(s,t)]+cov[vj,0,1j(t0,t)]) —i(Cov[vj70,Jk(s,t)] Covlv;.0, J; (to, )])
+{(Covlbu0, Inls )] + Covlbu, o, 1i(to,)]) = i Covlbuy.o, Jr(s,6)] = Covlbug0, Jj(to,1)]) }

X {(C’ov[%o, (s, )] + Covlv;.o, I (o, t)}) - i(cov[vj,o, J(5,)] — Covlvj.0, J;(to, t)]) H ds

N / (G, (0, )G (5, D) e () {00)

- (Cov(v;f70,lk(s,t)) + CO’U(U;:O,IJ‘(to,t)) + i(C’ov(v}io, Ji(s,t)) — Cov(vi y, Jj(to,t))}ds
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| Cov(ve(t), v (1)) | = (v (1)) — (vr(1))?

We find that
(vi(t)) = (A%) + (B?) + (AB) (196)
where
(42) = (G}, (to, t)vi o) (197)

(B?) = / / (G (5,1)Gy (18 (buy () + Fur (3)) (bun () + fun (7))dlsdr (198)
(AB) =2 / (G (t0,£)Guy (5,8) (b (5) + Fon (5)) 0k 0) s (199)

The above formulas can be computed using (189).

(4%) = (G}, (to, 1)) [<vk,o>2 + Covlvg0, v o]

— 4{up0) (cov[vk,o, Li(to, )] — iCovlug.o, Ji(to, t)])

+4(Couforo. I(to, )] — iCovur 0. Jy(to, t)])Q]

B) = [ [ (Guls.0Gu ()G, (10,56, (t0.7) [<buk,o>2 + Coulbuy .t o
= 2(bvk70>{ (C’ov[bvk,o, Ii(s,t)] + Couvlby, o, Ii(r, t)}) — i(Cov[bvk,o, Ji(s,t)] + Covlby, 0, Ji(r, t)]) }

+ { (cov[bw, Lu(s,1)] + Covlby, o, Ii(r, t)}) — i(C’ov[bU,mo, T (5,8)] + Covlbu, o, Ju(r, t)]) }2] dsdr

+ 2/t /t <G’Uk (3, t)GUk (7', t))Gb% (to, T)f'uk (s) [<bvk,0>
_ (COU(bvk,Oa Ik(sat)) -+ CO’U(bvkyo,Ik(T', t))) —+ i(oov(bvk,o, Jk(s,t)) + COU(Z)UMO’ Jk(r, t)))‘| dsdr

+ /to /to (G (8,8)Goy (7, 1)) for (8) fo, (r)dsdr
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(AB) = 2 [ (Guyt0:)Guu(5:0) G, (t0:5) (b ) 0ks) + Conlb 0.7

— (W0} { (Covlbuy 0, I (,8)] + Covlbuy 0. Lulto, 1] ) = i(Covlbuy 0, Ji(s, )] + Covlbu, o, Jelto. D] ) }
- <bvk,0>{ (Cov[vk@, Lu(s, )] + Covlvg.o, L (to, t)]) - i(cov[vk,o, (5, 8)] + Covlvn.o, Ji(to, t)])}
+ {(Cov[bw, i(s,)] + Covlbu, o, Ii(to, t)]) - i(Cov[b%m T (8, 8)] + Covlbu, 0, Ju(to, t)]) } x

X {(C’ov[vkyo, Ii(s,t)] + Covlvg o, Ii(to, t)]) — i(C’ov[vkyo, Ji(s,t)] + Covlvg o, Ji (1o, t)]) H ds

+ 2/t <G7Jk (t07t)G'Uk (Svt»ka (8) [<Uk,0>

- (C'O’U(”Uk,o, Ii(s,t)) + Cov(vg 0, Ix (o, t)) + i(COU(Uk,o, Ji(s,t)) + Cov(vg, o, Ji(to, t))] ds

(200)
Cov(vi(t),v;(2)) [ = (v (t)v;(t)) — (ve(t)) (v;(t))
We rewrite (o, (t)v;(1)) as
(or(t)v; (1)) = (A%) +(B?) + (AB), (201)
where
(A%) = (G, (to, )Gy, (to, t)Vk,005,0) (202)

(B?) :/t /t (G, (5,1) G, (, t)(bvk(s) —|—ka($)) (bvj (r) + fo, (r)))dsdr (203)

(AB) = / (G (t0, )G, (5, 8) (b, (5) + fo, (5)) o) s

—|—/t (G, (to,t)Gvk(s,t)(bUk(s) +ka(s))vj,o>ds (204)

The above formulas can be computed using (189).

(A2) = (G (to, )Gl (to, 1)) [<uk,0><vj,o> + Covlvg.0, 07 ]

(V0 {(C’ov vj.0, Ik (to, t)] + Covlv, o, L;(to, t ) (C’ov vj.0, Jk(to, t)] —I—Cov[vj,o,Jj(to,t)])}
— (vj0 { Covlvy,o, Ir(to, )] + Covlvk o, I;( ) (Cov V0, Ji(to, t)] +Cov[vk’07Jj(to,t)])}
{(Cov[vj’o,lk(to, t)] + Covlvj o, I; ) z( v[vj 0, Jk(to, t)] + Covlvjo, J; (to,t)])}x

X {(C’ov[vho, I (to, t)] + Covlvk,o, L;(to, t ) (COU V.0, Jk(to, t)] + Covlvk,0, J;(to, t)]) H
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<BQ> N /t /t <Gvk (S, t)ij (’I“, t)>Gb'Uk (t07 S)vaj (th T) [<bvk,0><bvj70> + CO’U[bvk,07 sz,O]

= G| (Covlboso,Tu(s, ]+ Covlbus 0 (1, )]) = (Covloy 0 Juls: O] + Conlbus 0 T, 8)])
_ (bmﬁo>{ (Cov[b”k>0’ Ii(s, )] + Covlby, 0, I (r, t)]) - Z'(Cov[bu,c,o, Ji(8,)] + Covlby, o, J;(, t)])}

+ {(C’ov[buj,o,lk(s,t)] + Covlby,; 0, 1;(r, t)]) - i(C’ov[bvj,O, Ti(5,8)] + Covlby, 0, J;(r, t)])}x

X { (Cov[bvk,o, I (s,t)] + Covlby, o, L;(r, t)]) - i(CO'U[bvk,O; Ji(s,t)] + Covlby, o, J;(r, t)]) }] dsdr
+ /t 0 /t 0 (G (5,8)Go; (r, 1)) G, (to, 7) fuy, (5) l(bw>

_ (C’ov(bvj,o, Ii(s,t)) + Cov(by, 0, I;(r, t))) + i(CoU(bvj,o, Ji(5,1)) + Cov(by, o, J;(r, t)))] dsdr
+ /to /;0 <G'Uk: (5, t)ij (7’, t)>vak (to, S)fvj (’I“) [(bvk’0>

— (Cov(buy 0, In(5,1)) + Covlbuy 0, 1;(r, 1)) ) +i(Covlbug,0, Jus,6)) + Cov(buy 0, J; (1, t)))] dsdr

+ /to /to (G, (5,1)Go, (1, 1)) fu,. (8) fo, (r)dsdr
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(AB) = [ (Guylt0.1)Go, (5.)Gi (t0:5) (0, ) (00) + Conlb 0,01

- <vk,0>{(oov[bvj,o,fj(s,t)] +oou[bvj,o,1k(t0,t)]) 7i<C’ov[ij70,Jj(s £)] + Couvlby, o, Ji(to, t)])}
- (bvj70>{ (cov[vk,o, Li(s,6)] + cov[vk,o,fk(to,t)]) - i(cov[vk,o, Ji(5,8)] + Cov[vg.o, Ju(to, t ])}
+ {(cov[b,,j,o,fj(s,t)] +cov[bvj,0,1k(to,t)]) —@'(cov[bvj,mjj(s,t)} Covlby, 0, Ji(to, )])}x

x {(cov[uk,o, I;(s,)] + Covlvg.o, Ii(to, t)]) - i(cov[uk,o, J;(5,)] + Cov[v.o, Ji(to, t)]) H ds

+ /tt<G,,k (o, t)G, (5,)) fo, (5) [<vk,0>

- (C’ov(vkyo, Ii(s,t)) + Cov(vk,0, Ix(to, t)) + i(Cov(vk,o, J;(s,t)) + Cov(vg,o, Ji(to, t))] ds

+ [ (G (t0:0Guu (5,6, (10:5) (b ) 050) + Coulh 0,05

— (v, 0>{(Cov[ 0,00 16 (8, 1)] + Covlby, o, I;(to, t)]) —i(Cov[ 0,05 Tk (8, 1)] + Covlby, o, J;(to, t)])}
— (b, 0){(001}[11]0 Li(s, )] + Covlv;.0, I; (o, )]) (Cov[vjo Ju(5,6)] + Covlvyo, Jj(to, t ])
+ {(Covlbu, 0, Ti(s, )] + Covlbuy 0. Lj(to, )] ) = i(Covlbu, 0, Jr(s, )] + Covlby, o, Jj(to,£)]) }

{(Cov[vj’o Ii(s,t)] + Covlvj 0, I;(to, t)}) - i(CO’U[Uj,(), Ji(s,t)] + Covlvj 0, J;(to, t)]) H ds

+ [ (G (10,06 (5. (9 [ (030

— (C’ov(vjﬁo, Ii.(s,t)) + Cov(vj o, Ij(tmt)) + i(Cov(vj’m Ji(s,t)) + Cov(vj, Jj(to,t))}ds
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Cov(vk(2), b5, (1)) | = (vrbu, ) — (vk) (br),

where
(Vk (B)buy (1)) = G, (to, t)(Guy (to, t)vk,0bu, 0)

+ / (G (5:8) (B () + Fo (5))boe (£)) s

= <GUk (t07 t)>vak (tOv t) [<Uk,0> <bvk70> + COU[vk,O’ b:k,o]

— (bug.0) (COU[Uk,Oalk(t07t)] —iCov|vy, 0, Jk(tht)D
— (vk0) (COU[bvk,O,Ik(t07t)] —iCov|by, 0, Jk(to,t)])
+ (Cov[vk,o, I (to, )] — iCovlvy o, Jx(to, t)]) X
X (Oov[bvk,Oa Ik (t07 t)] - Z.CO’U[bUk’(), Jk‘ (t07 t)})‘|
t
+ [ (G511 G (10, )G (10,5) [ (b ) + Corlbu . o
to

= 2(b,,0) (Covlbu, 0, k(5. 1)] = iCOovlbu 0, Ti(5,1)])

2
+ (Covlbuo, Ii(s, )] = iCovlbyy o, Ju(s,1)]) ] ds

+ [ GGy 0010 (5) (0

— Covlbuy 0, In(s, )] + iCoUlbu 0, Ji(s, )] ds
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Cm’(”k(t)’b:j ) |= <Ukb7)j> - <Uk><bvj>

where
(v (£)by, (1)) = G, (to, 1) (G, (to, t)vk,0bv, 0)

+ / (G (5. 5)(Bun () + Fr (5))bo, (D) ds

= (G, (to,1))Gs, (to,t) | (Vk,0) (v, 0) + Covlvgo, by, ]

— (b, o) (C’ov[vho, Li(to,t)] — iCovlvg.o, Ji(to, t)})
— (0r,0) (Covlbu 0, Ti(to, )] — iCov by, 0, Ji(to, 1)])
+ (Cov[bvj,07 Ik(t07 t)] - icov[b’l)j,()a i (t07 t)]) X

X (cov[%o, L(to, t)] — iCov[ve.o, Ji(to, t)])]

t
+ / <G7)k (57 t)>vaj (tO’ t)Gbm (t07 5) <b7)k,0> <bv,‘,0> + C’O’U[bvk’(), b:j,O]
to

— (boy.0) (C’ov[b%m I(5,8)] — iCov[by, 0, Ji(s, t)})
— (bu,,0) (Cov[bvkyo, I (s,t)] — iCovlby, 0, Jk(s,t)])
+ (Cov[bq,,wo, Li(5,8)] — iCovlby, 0, Ji(s, t)]) x

X (C’ov[b%o, I(5,8)] — iCovlbu, 0, Ji(s, t)})} ds

+ [ Gl )G, (0,0 (5[ B0

— Covlby, 0, Ir(s,t)] +iCov|by, 0, Jr(s,t)] |ds
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| Cov(vr(t), b, (8)) | = (vib3, ) — (vi) (b},
where

{0k (£)b5,, (1)) =(Guy (Lo, )G, (to; t)vr,0by, o)

+ / (G (5,8) (buy (5) + Fo ()05, (£))ds

= Gy, (t0,1) (G (t0, 1) [ (00,0}, 0) + Cov [t by, o]
— (b3, .0) (Cov[vkﬁo, Ii(to, )] — iCovlvg 0, Ji (o, t)])
~ (vr,0) (Covlby, 01 Ti(to, )] = iCovIb;, 0, Ti(to, 1))
+ (Covloko, Te(to, )] = iCov[vo, Ji(to, V)] ) X

x (Cov[ 5 0s Lu(to, )] — iCou[bt, o, Jk(to,t)])}

[ (50063 0G0 009 [ )+ Varh,
— (b7, o) (cou[bvk,o, (s, )] — iCovlbu, 0, (s, t)])
~ (bue,0) (Covlby, 0 Ti(5, )] = iCovlby, 0, Ti(s,1)])
+ (Covlbuy 0, In(s,1)] = iCov[by, 0, Ji(s,1)]) %

(C’ov[ w00 1k (8, 1)] — iCov[by, o, Jk(s,t)])}ds

+ / (Guy (5,1)Gi, (t0r1) o (5) [ (85, 0)

— Covlby, o, Ix(s,t)] +iCov[by, g, Jx(s, t)]] ds
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Couv(vi(t), by, (2)) | = (viby;,) — (vi) (b))

where

(or(8)by, (£)) =(Gly (to, 1) Gy, (to, t)vk,0by,; 0)

+ / (G (5,8) (buy (5) + Fun ()07, ()

= Gj, (to,1){Gu, (to, 1) [ (00} (0, 0) + Cov[vn0,bu o]

o) (Cov[vk 0, In(to, £)] — iCov[vg.0, Ji(to, t)])
0r,0) (Covlby, o, Te(to, )] = iCov[b}, g, Je(to, 1)])
+ (Cov Ve.0s I(to, 1)) — iCov[vg.o, Ju(to, t)]) X

% (C’ov[ v In(to, )] — iCOU[b:J.)O,Jk(tO,t)})}

= (by,
—

t
+ [ (510G, (t0: 06, (t0:5) (o) (8, ) + Covlbur.osbiy o)
to !

)
— (buy.0) (Covlts, o1 Tes, D] = iCoV[b], . Ju(s,)])
+ (Cov[bvk,o, Lu(s,8)] — iC0v[buy 0, Ji(s, t)]) X

x (Covlby. o, Ix(s,t)] — iCovlb. o, Jk(s,t)] ) |ds
.770 J

= (b}, o) (Covlbuy 0, Ti(s,6)] = iCoV by 0, Ji(s,1)])
(

+ [ (Culs )G, o) (5[ (B,

— Coulby, g, Iu(s, )] +iCoulby, o, Ju(s, t)]} ds
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[Cove(®), ()| = (0rvu) = (0 (),

where
(Uk ()70, (8)) = Gy, (0, 1) (G (to, 1) Uk,0V0y,0) + /t (G (8:1) (buy, (8) + fur (8)) 7w, (£))ds
= G (to, 1) (G, (t0, 1) [ (00,0} 01.0) + COVIvk 0, o o]
— (Yop0) (Cov[vk@, Liu(to, t)] — iCovlvg.o, Ji(to, t)}) — (vr.0) (Cov[%k’o, L(to, £)] — iCoulyup.0. Ju(to, t)])

+ (Cov[fy%m Ti(to, )] — iCov[Yup.0, Ju(to, t)]) x (cm;[vk,o, Ti(to, t)] — iCov[v., Ji(to, t)])}

t
+ / <G'Uk (S’ t)>vak (tOv S)G’Y% (to, t) |:<bvk70> <’>/'Uk-70> + CO’U[bvkvo, ’yvk:yo]
to

— (bue,0) (Covl0. T, )] = iCOUe 0 Ti(5,6)]) = (g0} (Covlbug 0, I (5, 5)] = iCOUIbu 0, Ji(s, )]

+ (Cov[bvk’o,lk(&t)] — iCov[by, o, Jk(s,t)]) X (Cov[’yvk,o,lk(s,t)] — iCov[yy, 0, Jk(s,t)])}ds

+/t <G'Uk<8?t)> Yo k(to )ka( )[<7vk70> _COU[’Yvk,O’Ik(SJ)] +icov[’7vk70"]/€(5’t)}:|ds

Cov(vk(t), Yo; () = <Uk’ij> - <Uk><'}/vj>7

where
(Uk ()70, (1)) = G, , (0, 1)(Gu, (o, 1) Vk,070,,0) + /t (G (5,)(boy, (8) + fur (8)) 7w, (t))ds
= Gy, (0, )G (t0,1) [ (U0) (3, 0) + COV[t10, 70,0
— (Y, 0) (cov[%o, L(to, t)] — iCouv[ve.o, Ji(to, t)]) — (ve.0) (cov[%jp, Ii(to, £)] — iCov[yu, 0, Jk (to, t)})

+ (Cov[%j,o,Ik(to,t)] - iCov[%j,o,Jk(to,t)D X (Cov[vk,o,fk(to,t)] — iCovlvy o, Jk(to,t)]ﬂ

t
+ [ (G511 (10,96, (1.0 (B 0) 20,0) + Covlo 0,70,
to

- < Vi, 0> (CO{U[’W} ,05 Ik(s t)] - iCOU[’y'Uj,O? Jk(svt)D - <’ij,0> (Cov[bvkﬂvjk(svtﬂ - icov[bvk,O, Jk(sat)D

+ (Cov[bvk,o, Ii(s,t)] —iCovlby, 0, Jk(s,t)]> X (Cov[’yq,jp, It (s,t)] — iCov[vyy;,0, Jr (s, t)])]ds

+ / (G (5, )G, (H0, 1) For () (0.0) = Covlg 00 Ti(5, )] + iCovl, 0, T, )] | ds
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[Cov(ur(t), UW) | = (wl) = (w)(U),

where

<UkU> = GU(t0> t)<GUk (t07 t)vk,0U0> + / GU(tO’ t) <G'Uk (b'Uk (5) + ka (8))U0>d8

to

= Gulto,1)(Gu, (to, 1)) [<vk,0><U0> + Cov[vg.o, U]
- <U0>COU[U}€70, Ik(to, t)] + Z'<U0>CO’U[’U1€70, Jk(to, t)]
— <1)k70>CO’U[U0, Ik(to, t)] =+ Z'<U]€70>COU[U0, Jk(t(), t)]

+ (COU[UO, Li(to, )] — iCou[Us, Ji(to, t)]) x
X (Cov[vk7071k(t0,t)} — iCovlvg o, Jk(to,t)])}

+ /t<Gvk (S, t)>GU(t0, t)vak (t(), S) |:<bvk,0><U0> + CO’U[bvk)o, Uo]

k o000 Cov[Uo, Ti(5, )] + by 0) Cov[Un, (s, 1)
Uo)Covlby, 0, Ix(s,t)] + i(Uo)Covlby, o, Ji(s,1)]

+ (Covlby, 0, (s )]—iCov[bvk,o,Jk(s,t)])x

— (b
—

x (CovlUy, Ii(s,t)] — iCov[Up, Jk(s,t)})}ds

+ [ (Gl 0)Grlto, ) ()0

to

— Cov[Uy, Ii,(s,t)] + iCov[Uy, Ji (s, t)]} ds

D.2. Statistics for the passive tracer fluctuations in the mean gradient
driven by a turbulent velocity field. As already mentioned earlier, we derive
here the tracer statistics for the reactive tracer in model (83); the statistics for the
passive tracer is obtained from the general formulas by setting the reaction rate
r=0.

The path-wise solutions for the k-th tracer mode in (83a) are given by

To(t) = G, (to, ) Tho — a /t G (5, t) e ()ds, (205)
0
where Ty o = Ty (t = to) and the Green’s function associated with (83a) is given by
GTk (57 t) — edek (tfs)fikLU(s,t), (206)
Ly(s,t) = /t U(s")ds'. (207)

The second-order statistics for the velocity field was derived in the previous section.
Here, we show how to compute the remaining statistics including the tracer modes.
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The mean for the tracer is given by
t
(Ti(t)) = (G, (o, 1) T 0) —a/ (G, (s,1) Gy, (o, s)vr,0)ds

~a / (G (5.6 (r.8) 0, 1) + o (r)rds (208)

where (Gr,(s,t)Gy, (1, s)) is a characteristic function of a Gaussian and can be
computed in a similar way to G,, leading to

(G, (5,8)Goy (1, 5)) = e~ A (r,8,6) = (Lo, (r,8)) =i (Ji (r,5,8)) o

% eQVar[I (r,s)]f%Var[jk(r,s,t)]fz'Cov[Il,)C (r,s),jk(r,s,t)] (209)
where

di(r,5,t) = dp, (t — 5) + dy, (s — 1), (210)

Ju(r,s,t) = kLy(s,t) — Jy, (1, 5). (211)

’ Cov[Ty(t), T;(t)] ‘

Using (205) we find

Cov[Ty(t), T ()] = (G, (to, )G, (to, ) Th 0T 0) — (G (B0, ) Th,0) (G, (0, ) T 0)

+ a2/t t ((GTk (8, )G, (1, t)vi(s)v; (r) —(Gr, (s, )vk(s)) (G, (7, t)v;‘(r)>)dsd7“

—a [ ((Gr(t0. G, (10)T1av; (1) = (G (t0.0T1) G (005 1)) dr

to

~a [ (1G5 (to. )G, (. O0Tguu(1) — (G (t0. 0T} (G, () - (212

to

Note that all terms in (212) have the form (ze) or (zwe®) where 2z, w, £ are Gaussian
variables; consequently, all terms in (212) can be evaluated using the identities (167)
and (189).

In the statistically steady state, the mean of the tracer becomes

0=-a[ [ (Gni06u s (213)

and the tracer spectrum can be obtained from

Cov(T,(1), Tu(t)) = a / / (G (5., (' s (s)e ()

_<GTJ,(57t)vj(s)><GTk(s',t)vk(s’)>*)dsds’ (214)
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where
(G, (5,6)GT, (8, t)vj (s)vi(s)) =

/ ) / (G ()G ()G, (5, G, ('3 8)) fos (P ()l

~ rmin(s,s")
+ ogkéi/ <GT,c (5,6)G7, (s, 1) G, (1, 8)Gy (7, s’)>dr' (215)
| Cov(Ti(1),U(1)) |
We find that

Cov(Ti(t), U(t)) =Gu (to, t) (G (to, 1) Thk,oUo) — (G, (to, 1) Ti,0)(Un))

— aGU(t07t)/t ((GTk(s,t)vk(s)Uo) — <GTk(s,t)vk(s)>(U0>)ds
’ (216)

’ Cov(Ty(t),v;(t)) ‘

Cov(Ty(1),v(t)) = (G, (to, )G, (Lo, 1) T, 0v5,0) — (G (Lo, 1) T 0) (G (0, 1) 05 )

- / (G506, ()0 5) 07, (7) 2, 1)) = (G (s, on(D){G (r )(B, () + £, ) s
+ / (4G (to, G, ()03, (1) + £, (M) Tho) = (G (to, T (G, (ro )b, (1) + £, (1)) ) dr

—a / (G (s, G7, (to, or(s)v70) — (G (s, k()G (to, )050) ) dr(217)

‘ Cov(Ty(t),v; (t)) ‘

Cov(T(t),v; (t)) = (G, (to, t) Gy, (to, t)Tk,0v5,0) — (G (to, 1) Tk,0) (G, (to, t)vj0)

- /t t (G (5, 1) G, (r,t)vr () (Do, (1) + fo, (1)) —(Gm (5, )k (8))(Go, (1, 1) (b, () + fo, () dsdr
+/t ((Gm (to, )G, (r, 1) (bo, (1) + fo, (1)) Tk0) — (G, (to, 1) The,0) (G, (1, 8) (b, (r) + fu,; (1)) dr

—a/t (G (5, 6)Go, (to, )o(5)vj0) — (G (5, 1)vk()) (G, (to, t)vj0)) dr - (218)

’ Cov(Ty(t), vv, (1)) ‘
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Cov(Ti(t), 1, () = G, (to, t) ((Gr, (o, 1) Tk 070,.0) — (G, (0, 1) T 0) (0,.0))

—aG,,, (to,t)/t (G (5, )0k (5)705,0) — (G (5, ) vk (8)) (7, ,0) ) ds
’ (219)

’ Cov(Ty(t), by, (t)) ‘

Cou(T(t), by, (1)) = G, (to,1) ((Gr, (to, ) Tk0b3, o) — (G (to, ) Tho) (b3, o))

—aGy, (to»t)/t (G (s, t)vi )by, 0) — (G (5, )i (5)) (b, o)) ds
’ (220)

Couv(T(t), by, (1))

Cov(Ti(t), by, (1)) = Gb,, (to,t) ({(Gm, (to, t) T ,0bu;,0) — (G (to, 1) Thej0) (buy 0))
(221)

—a Gb“j (to,t)/t (<GTk(s,t)vk(s)bvj,o> — (G, (s,t)vk(s»(byj_ro))ds
’ (222)

As already mentioned earlier all the terms in the above equations can be evaluated
using (189).

D.3. White noise limits of the turbulent Rossby waves in the turbulent
tracer dynamics. Here, we consider the dynamics of the turbulent tracer discussed
in §6 in the limit of rapidly decorrelating shear waves; this procedure is similar to
that discussed in [92] and in Appendix B.2. The limiting dynamics, described by
(230), was used in §7 to illustrate possible numerical facts in long time integrations
of stochastic systems.

Consider the simplified model (82) with b,, = 0 for turbulent diffusion of a
passive tracer with mean gradient

a)  Ti(t) = (=dp, + iwn, ())TH(E) — avk(t),
b) dU(t) = [—duU(t)+ fu(t)]dt + opdWy(t),
) dug(t) = [(=dv, = Y0, () + iwo, (£)ve(t) + fo, (D] dE + o0, AWy, (1),
d) dy,(t) = _d%k Yo (£)dE + Oy, dW%k (t),
(223)
where wy, = —U(t)k and w,, = arU(t) + by as discussed in §6. Here, we consider

a limiting dynamics of (223) when the waves vy decorrelate very fast and can be
effectively considered as white noise.
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First, decompose the waves into two parts

Uk (t) = Vk|(Uy0) (8) + Uk 0, ) (1) (224)
where Vk|(Uyy,, ) 18 @ conditional mean of the shear flow for given realization of the
cross-sweep and the damping fluctuations. The second part, v;ﬂ(UW ) in (224)

ok

denotes fluctuations of the shear around the conditional mean. From (223) the
dynamics of the conditional mean is given by

d@k‘(Uﬂ’vk) _ 7 . _
T = (_dvk — Yoi (t) + Wy, (t))vk|(U,’yvk) + ka (t)a (225)
and the fluctuations around the mean satisfy the following Ito SDE
d’[)l/d(U,'yvk) = (_szk — Yok (t) + ika (t))v;c\(U,'yvk) + 0y, dW'Uk (t) (226)

Following the analogous procedure to that presented in Appendix B.2 and [92], in
the limit when

dy, — 00, Oy, — 00, Mo, = Ouy, /dy, = const.,

. p . .
the fluctuations Uk (U'yay) approach white noise

AV (70 ) (£) = o AW (1). (227)

In order to determine the mean Vk|(Uyya,) in the white noise limit, suppose that

the forcing f,, grows as the mean dissipation J,,k in the white noise limit, i.e.
for = du, fu,, where fi is independent of d,, . Then, using the general solution

t
Bhi (e, = G (for D0k (F0) + /t o (5,1) fo (5)ds (228)
0

we find that vy, ) — fu, () for d,, — oo. Consequently, the shear velocity
(224) in the white noise limit of rapidly decorrelating fluctuations can be written
as

Vk (t) = f_v;C (t) + Ny, va (t)v (229)
so that the model for the turbulent tracer becomes
a) dTlg (t) = [(_di + ink (t))TIQ (t) - aka, (t)] dt — ATy, dW'Uk (t)7

b) dU(t) =[—duU(t)+ fu@®)]dt +ouydWy(t).

where wr, (t) = —kU(t), « is the large scale tracer gradient and f,, is a known
deterministic function.

The system (230) with the turbulent finitely correlated zonal jet and additive
white noise is exactly solvable and the second-order statistics for the system (230)
can be found in a similar way to that for the full system (83) by utilizing the
identities for (zwe¢) with Gaussian variables z,w, ¢.

(230)

INVARIANT MEASURES FOR THE SYSTEM (230)

It is important to note that the system (230) has a Gaussian invariant measure even
for the turbulent Gaussian zonal jet U(t). This can be deduced by applying the
following transformation to (230)

et s t . rt _
T]g — ¢ Jto @1 (T)dTTk + Oé/ e~ dr (t—s)+i Ji oy, (r)drka (s)ds, (231)

to
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which after applying the rules of Ito calculus leads to

ATy (t) = —dp, T (t)dt — an,, dW,, (1), (232)

which has complex Gaussian solutions (for Gaussian initial data) with independent
components since W,, () = 4 <WURk (t) + ZVT/Jk (t)) has independent components. It

is easy to see that T} is also Gaussian for arbitrary oy provided that either a =0
or f,, =0.
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