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Abstract

A nonlinear optimal smoother and an associated optimal strategy of sampling
hidden model trajectories are developed for a rich class of complex nonlinear
turbulent dynamical systems with partial and noisy observations. Despite the
strong nonlinearity and the significant non-Gaussian characteristics in the un-
derlying systems, both the optimal smoother estimates and the sampled tra-
jectories can be solved via closed analytic formulae. Thus, they are computa-
tionally efficient and the methods are applicable to high-dimensional systems.
The nonlinear optimal smoother is able to estimate the hidden model states
associated with various non-Gaussian phenomena and is particularly skillful in
capturing the onset, demise and amplitude of the observed and hidden extreme
events. On the other hand, the sampled hidden trajectories succeed in recov-
ering both the dynamical and statistical features of the underlying nonlinear
systems, including the fat-tailed non-Gaussian probability density function and

the temporal autocorrelation function. In the situations with only a short period
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of partially observed training time series, the optimal sampling strategy can be
used to efficiently create a sufficient number of samples in an unbiased fashion
that facilitates an accurate prediction of important non-Gaussian features in
both the observed and hidden variables. In addition, the information provided
by the sampled trajectories based on imperfect models allows an effective way
of quantifying the model error. It also offers a systematic approach to improve
approximate models and stochastic parameterizations in highly non-Gaussian
systems and thus advances the real-time forecasts.

Keywords: Nonlinear optimal smoothing, Optimal backward sampling,
Complex Nonlinear Turbulent Systems, Hidden variables, Extreme events,
Model error
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1. Introduction

Complex nonlinear turbulent dynamical systems [11 2], Bl 4] are characterized
by multiscale spatiotemporal structures, strong nonlinear interactions between
different variables and across different scales, and significant non-Gaussian be-
havior such as the fat-tailed probability density function (PDF), intermittency
and extreme events [B] [0, [7]. High dimensionality and model error are also the
common issues in the study of these nonlinear dynamical systems. Due to the
complexity in the turbulent systems, observations are often combined with dy-
namical models in reducing the model bias and model uncertainty. However,
only partial and noisy observations are available in many practical applications.
Despite the lack of the observational data, the unresolved variables nevertheless
play a crucial role in transferring energy with the observed or resolved vari-
ables in a highly nonlinear way. These unobserved variables are also able to
trigger various non-Gaussian phenomena including extreme events in both the
resolved and unresolved scales. Therefore, estimating the states and recovering
the nonlinear and non-Gaussian dynamical and statistical features of the hidden

variables are central topics in studying complex nonlinear dynamical systems.
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Filtering is one of the widely used methods for state estimation [8], [9] [10]
1T, 12]. Tt utilizes the information up to the current time instant and thus has
the advantage of providing an improved initial value for real-time prediction.
However, the state estimation based on the information only in the past can be
biased, especially for detecting the triggering phases and the nonlinear response
of various non-Gaussian phenomena such as intermittency and extreme events.
In addition, many important path-wise properties of intermittent trajectories,
which involve crucial nonlinear dynamical features of the underlying system,
are usually not well represented by the biased statistical description via the
filter estimates. Therefore, for the purpose of an off-line optimal estimation of
the hidden states, using the information of the entire observational period is a
more appropriate choice. This is known as the smoothing technique [13] 14}, 12].
In addition to improving the statistical state estimation, the optimal smoother
estimates can be further applied to the development of effective methods for
sampling the missing trajectories of the hidden variables, which involve both the
path-wise and statistical characteristics of the underlying model. The smoother
technique typically contains a forward pass using a certain filtering method
followed by a backward pass to obtain the optimal smoothed state estimates.
For linear models with Gaussian noise, Kalman filter [15] is often used as the
forward pass and different smoothers have been developed, such as the Rauch-
Tung-Striebel (RTS) and the Bryson-Frazier smoothers [13], [16]. Unfortunately,
there is no general closed analytic form for optimal smoothers associated with
complex nonlinear systems. Particle methods have to be used in order to obtain
the nonlinear smoother estimates. However, these particle methods typically
suffer from the curse of dimensionality [I7] and are thus difficult to apply to
high-dimensional complex turbulent dynamical systems. On the other hand,
applying linear optimal smoothers as approximations to nonlinear turbulent
systems often fails to capture crucial nonlinear and non-Gaussian features. Such
linearizations may also lead to severe model divergence and bring about unstable
dynamical behavior.

This article aims at developing a nonlinear optimal smoother and an associ-
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ated optimal strategy of sampling the hidden model trajectories for a rich class
of complex nonlinear turbulent dynamical models. In light of the model struc-
ture, the nonlinear optimal smoother and the optimal sampling strategy can be
solved via closed analytic formulae and therefore they are computationally ef-
ficient and the methods are applicable to high-dimensional nonlinear turbulent
dynamical systems. It is shown that the estimated states from the nonlinear
optimal smoother provide a more accurate description of the non-Gaussian fea-
tures than the nonlinear optimal filter estimates, including the timing, duration
and amplitudes of the hidden extreme events. On the other hand, the opti-
mal sampling technique is extremely useful in obtaining both the statistical and
path-wise properties of the unobserved or unresolved variables. It is also able
to provide extra dynamical information of the hidden processes which cannot
be fully described by the filter and smoother estimates, such as the temporal
correlation of the underlying systems. Note that although this optimal sampling
strategy is not directly applicable in an online fashion, the dynamical and statis-
tical information provided by the resulting sampled trajectories can be adopted
to systematically improve the approximate models and the stochastic parame-
terizations of unresolved variables, which advance the reduction of the error and
uncertainty in real-time forecasts. In addition, in many practical applications
only a limited size of observations is available, which is not enough to accurate-
ly recover the fat-tailed PDFs and other non-Gaussian statistical quantities in
complex nonlinear dynamical systems. This optimal sampling strategy can then
be used to create a sufficient number of data in an unbiased fashion for both
the observed and hidden variables, which facilitates the statistical description
of various significant non-Gaussian features. Note that the sampled trajecto-
ries from this optimal sampling strategy is particularly useful in the presence of
model error. In fact, due to the extra information provided by observations, the
resulting statistics from the sampled trajectories are often much more accurate
than those from a free run of the imperfect model.

The class of the complex nonlinear turbulent models used here is the so-called

conditional Gaussian nonlinear models [I8][I9]. These systems are highly nonlin-



80

85

90

95

100

105

ear and non-Gaussian, where both the joint and marginal PDF's can be skewed
with fat tails. Extreme events, intermittency and highly nontrivial nonlinear
interactions between different variables all appear in the conditional Gaussian
systems. The name conditional Gaussian comes from the fact that once the
trajectories of a subset of the variables are known, the statistics of the remain-
ing variables conditioned on the trajectories of these known ones are Gaussian.
The conditional Gaussian modeling framework includes a large class the physics-
constrained nonlinear low-order stochastic models [20, [2I], many stochastically
coupled reaction-diffusion models in neuroscience and ecology [22] 23], and quite
a few important large-scale dynamical models in turbulence, fluids and geophys-
ical flows [24] 25]. A gallery of examples of conditional Gaussian systems can
be found in [I§].

The remaining of this article is organized as follows. Section [2] presents
the general form of the conditional Gaussian nonlinear models and the corre-
sponding nonlinear filter estimates. Section [3| focuses on the development of
the nonlinear optimal smoother and the nonlinear optimal strategy of sampling
hidden model trajectories, where the theories are built for both the continuous
and discrete time dynamics. Section [4]illustrates several important applications
of the nonlinear optimal filter, smoother and sampling strategy, including recov-
ering the nonlinear dynamics and non-Gaussian statistics of complex nonlinear
systems, state estimation of extreme events, effective sampling and predicting
the fat-tailed PDFs with very short observational training data and improving
the stochastic parameterizations using models with multiplicative noise. Both
the perfect model setup and the tests in the presence of model error are stud-
ied here. The article is concluded in Section All the proofs are shown in

Appendix.
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2. Conditional Gaussian Nonlinear Systems

The general form of the conditional Gaussian nonlinear systems is as follows

26, [19, 18],

dX(t) = [AO(X, £) + As (X, t)Y(t)} dt + By (X, 1) AW () + Ba(X, 1) AW (1),
(1a)

dY (t) = [ao(x, £) + a1 (X, t)Y(t)} dt + by (X, ) AWy (t) + ba(X, t) dWa(t),
(1b)

where the vector X stands for the observed variables while Y is the collection
of the unobserved variables. In , Ay, Aq,ap,a1,B1,Bs,b; and by and are
vectors and matrices that depend nonlinearly on the state variables X and time
t while W1 and Wy are independent white noise. With these two independent
noise sources, the system in is a generalized version of those in [I9] [I8]. For
the notation simplicity, we remove the explicit dependence of X and ¢ in the
matrices and vectors in (I). That is, we denote Ag := Ag(X,t) and the same
for other matrices and vectors.

Despite the conditional Gaussianity, the coupled system remains high-
ly nonlinear and is able to capture the non-Gaussian features as in nature.
This conditional Gaussian nonlinear modeling framework includes many physics-
constrained nonlinear stochastic models [20, 21], large-scale dynamical models
in turbulence, fluids and geophysical flows [24] [25], as well as stochastically cou-
pled reaction-diffusion models in neuroscience and ecology [22], 23]. See a recent
work [18] for a gallery of examples of the conditional Gaussian systems. Applica-
tions of the conditional Gaussian systems to strongly nonlinear systems include
developing low-order nonlinear stochastic models for predicting the intermittent
time series of the Madden-Julian oscillation (MJO) and the monsoon intrasea-
sonal variabilities [27) 28] [29, B0], filtering the stochastic skeleton model for
the MJO [31], and recovering the turbulent ocean flows with noisy observations
from Lagrangian tracers [32] 33, [34]. Other studies that also fit into the condi-

tional Gaussian framework includes the cheap exactly solvable forecast models
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in dynamic stochastic superresolution of sparsely observed turbulent systems
[35 [86], stochastic superparameterization for geophysical turbulence [37] and
blended particle filters for large-dimensional chaotic systems [38].

One important feature of the conditional Gaussian nonlinear system is

the following.

Theorem 2.1. Given one realization of the time series X(t) for t € [0,t], the

conditional distribution
p(Y(8)[X(s),s < t) ~ N(u(t), R(t)) (2)

1s Gaussian, where the conditional mean p and the conditional covariance R

are given by the following explicit formulae

dp = (ag +ajp)dt + (boB+RA})(BoB*) 1 (dX — (Ag + Ayp)dt),
(3a)

dR = (a;R+Raj +bob— (boB+RA})(BoB) '(boB+A;R))dt,
(3b)

with
bob = b;b] + babj,
boB = b;B] + b2Bj,
BoB =B;B] + B:B;.

See [20] for the proof of Theorem The formulae in are the non-
linear optimal filter estimates for the conditional Gaussian nonlinear systems,
where the conditional covariance is driven by a random Riccati equation. The
conditional mean p and the conditional covariance R in are also named as
posterior mean and posterior covariance or filter mean and filter covariance.

In addition to the applications in effective data assimilation and real-time
forecast, these filter estimates in play an important role in deriving the
explicit formulae for the nonlinear optimal smoothing and the optimal strategy

of sampling the unobserved model trajectories.
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3. Conditional Gaussian Nonlinear Optimal Smoother and Backward

Sampling

8.1. Continuous time dynamics

Consider the conditional Gaussian nonlinear systems in . Assume one
realization of X(t) for ¢ € [0,T] is available.

For the convenience of discussion, the statement below starts with a discrete
approximation of the original nonlinear continuous system in time by adopting
an Euler-Maruyama scheme [39]. Thus, the values of X and Y are taken at
discrete points in time {X°,...,X7,..., X'} and {Y°,..., Y4, ..., Y}, where
Xi = X(t;) and Yi = Y (t;). So do the resulting statistical estimates. Here,
the variable with tilde and superscript j, namelyfj, denotes the discrete approx-
imation of its continuous form at time ¢;, where the entire time interval [0, 77 is
divided into J equipartition subintervals with 0 = ¢g,t1,t2,...,t; =T. Denote
At = tj41 — t; and therefore JAt =T'. In the analysis of the system with the
discrete approximation, J is assumed to be a large finite number (or equivalent-
ly At is a small but finite quantity). Eventually, the limit At — 0 is taken for
the discrete approximation to retrieve the original continuous dynamics.

We start with the following Lemma, which is the basis for the development
of both the nonlinear optimal smoother and the optimal backward sampling

strategy.
Lemma 3.1. The conditional distribution
p(Y/ Y7, X5, s < j) ~ N (0, P) (4)

is Gaussian, where the conditional mean m? and conditional covariance pJ
satisfy the following equations

ml =+ O (Y —&)At - (T+ & A0, (5a)

P/ =R’ — C7 (bl o b/ At + (I + & ARI (I + & At)*)(C)*,  (5b)
and the auxiliary matriz C is given by

C/ =RI(T+a,A0)" (b o b/ At + I+ &) AR (T+a))*) . (6)
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With Lemma in hand, the nonlinear optimal smoother estimate of the

conditional Gaussian nonlinear system is given as follows.

Theorem 3.2 (Optimal Nonlinear Smoother). Given one realization of the ob-
served variable X(t) fort € [0,T], the optimal smoother estimate p(Y (t)|X(s), s €

[0,T]) is conditional Gaussian,
P(Y()IX(s),s € [0,T]) ~ N(ps(t), Rs(1)), (7)

where the conditional mean pg(t) and conditional covariance Rs(t) of the s-

moother at time t; satisfy the following equations

pa(ty) = lim fil =+ CF (B — @A — (T+ & A)R) (8a)

Rs(t;) = lim R =R7 + C/(RL,, — (I+ & At)RI(I+a]At)" — bl o b/ AL)(CY)*,

At—0
(8b)
and CJ is the same as that in @ Note that the optimal smoother estimate

and the optimal filter estimate at the end point t = T are the same, namely

1a(T) = p(T) and Ro(T) = R(T).

Theorem provides an optimal way of estimating both the state and the
associated uncertainty at each time instant ¢; based on one realization of the
entire observational time series X(¢) with ¢ € [0,7]. Another important topic
in studying the nonlinear turbulent dynamical system is to recover the dynam-
ical features of the unobserved process, which, in addition to the estimation of
these statistical quantities, also requires an efficient and accurate recovery of
the path-wise information of the unobserved variable Y that contains the tem-
poral dependence of Y at different time instants. The closed analytic formula
in the following theorem provides an effective way of sampling the unobserved
trajectories of Y conditioned on the given time series X (¢) with ¢ € [0, 7], which
facilitates the study of various hidden nonlinear dynamical features including

the intermittency and extreme events in complex nonlinear dynamical systems.

Theorem 3.3 (Optimal Backward Sampling Formula). Conditioned on one

realization of the observed variable X(t) for t € [0,T], the optimal strategy of
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sampling the trajectories associated with the unobserved variable Y satisfies the

following explicit formula,
d(—Y) = (—ao—alY) dt+(b0b)R71 ([I,—Y) dt+bq dWYJ +bs dWY,Q, (9)

where p(t) and R(t) are the conditional mean and conditional covariance from
the filter estimates in , and Wy 1 and Wy 2 are independent white noise

sources. In @, the left hand side is understood as

d(=Y) = lim Y(t) = Y(t + A)

while Y on the right hand side takes values at t + At and the other coefficients
are given at time t.

The formula @[) starts from t =T and it is run backwards towards t = 0.
Therefore, it is named as a backward sampling formula. The initial value of Y

in () is drawn from the conditional Gaussian distribution N'(u(T), R(T)).

Remark. Comparing with the true underlying dynamics of Y in , the back-
ward sampling equation (@ involves an extra term (bob)R ™! (p, — Y) dt. This
correction term plays an important role as a forcing and it drives the sampled
trajectory to meander around the filter mean state p. Yet, due to the memory
of the process, the system response of the forcing has a delayed effect. The
sampled trajectory Y actually fluctuates around the smoother mean state p,,
which is a desirable feature since the optimal smoother estimate makes use of the
entire observational information and is thus unbiased. The rigorous justification
can be found in the first a few steps of the proof of Theorem On the other
hand, this correction term has a weight (bob)R™!. If the noise strength in the
Y process is fixed, namely bob is a constant matrix, then the amplitude of R is
positively correlated with the noise level of the observational process X. A low
noise level in X implies a small uncertainty in the filter covariance estimate R,
which leads to a large weight towards the correction term. In addition, the filter
mean estimate p in such a situation is largely determined by the observations.
As a consequence, the observations play a primary role in creating the sampled

trajectories. Another important feature of the backward sampling equation @D

10
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is that it retains the dynamical structures of the true underlying dynamics of
Y in . Therefore the temporal autocorrelation function (ACF) and higher
order temporal correlations associated with the underlying nonlinear systems
can be accurately recovered using the sampled trajectories. Concrete examples
are included in Section [l

Next, in light of the backward sampling equation @D, there is an alternative

way of calculating the nonlinear optimal smoother.

Theorem 3.4 (An Alternative Way of Calculating the Optimal Nonlinear S-
moother). An alternative way of calculating the optimal smoother is via the

following equations,

d(_l"’s) = ( —ag —aipg + (b ° b)R_l(N - #‘s)) dt, (103“)
d(-Rs) = —((a1 + (bob)R™")Rs + Rs(aj + (bob)R™') —bob)dt. (10b)

In , the terms of the left hand side are understood as

d(~Re) = lim Ry(t) ~ Ra(t + At)

while Y on the right hand side of takes values at t + At and the oth-
er coefficients are given at t. The starting value of the nonlinear smoother

(us(T), Rs(T)) is the same as the filter estimate at the endpoint (u(T), R(T)).

The nonlinear optimal smoother formulae in Theorem [3.4] are more concise.
It can be derived directly from the backward sampling equation @[) by using
a mean-fluctuation decomposition [40] (see the proofs in Appendix for details).
On the other hand, the optimal smoother formulae in Theorem can be
understood from a recursive point of view, where the procedure of the derivation
is quite useful for finding the nonlinear optimal smoother of the discrete version
of conditional Gaussian systems. The formulae in Theorem can also be used
to derive the Rauch-Tung-Striebel smoother [I3] when the underlying system is

linear with Gaussian noise, which will be discussed in Section [3.5

11



3.2. Discrete time systems

As an analog to the continuous time conditional Gaussian systems, the gen-

eral form of the discrete conditional Gaussian nonlinear models is as follows,

X(tj+1) = Ao(X(ty), t5) + Ar(X(t)), ;)Y (t5)
+ B1(X(t)): tj)er(ti+1) + Ba(X(t), t;)e2(tj41), (1la)
Y(tj+1) = ao(X(t)), t;) + a1(X(t)), ;) Y (t5)

+b1(X(t)), tj)e1(tj+1) +ba(X(t)), tj)e2(tjr1), (11b)
where €1 and €5 are independent white noise sources.

Theorem 3.5 (Optimal Nonlinear Filter Estimate). For the discrete system
(L1), assume a sequence of the observed variable X, namely {X(to), X(t1), ..., X(t;+1)},
is available. Then the distribution of Y (tj41) conditioned on this given observed

sequence is conditional Gaussian,

P(Y (tj41)1X(s), s < tj1) ~ N(p(tjrr), Ritj41))- (12)
The time evolutions of the conditional mean p(t;11) and conditional covariance
R(tj11) are given by the following explicit formulae,
p(tjv1) = a0 +aip(t;) + (bo B+ arR(t;) A1) x
(BoB + A1R(t;)A]) ' (X(tig1) — Ao — Arp(t), (13a)
R(tj+1) = alR(ti)ai +bob— (b oB+ alR(tl)Ai)x

(BoB + AiR(t;)A]) ' (bo B +a1R(t;)A})", (13b)

where
bob = bib] + babj,
boB =b;B] + b2Bj,
BoB =B;Bj] + B2Bj,

and all the matrices and vectors ag,ay, Ag,A1,b1,bs, By and Bs are taking

values at time t;.

12
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Below, for the notation simplicity, we denote Y7 := Y(¢;) and the same
applies for other variables, matrices and vectors. Assume the total length of the

observed sequence {X*®} is n + 1.

Theorem 3.6 (Optimal Nonlinear Smoother Estimate). Given one sequence
of the observed variable {X°,... X"}, the nonlinear optimal smoother estimate

p(Y7|X5 0 < s <n) is conditional Gaussian,
p(Y7|X5,0 < s <n)~N(uRI),

where the conditional mean i and conditional covariance R of the smoother

are given by

pl = + C (™ —af —aj ), (14a)
R, =R/ + C/(R{" - ajR/(a})" — bob)(C/)", (14b)

with
C/ =Ri(al)*(bob+alRi(al)") " (15)

The optimal smoother is calculated backwards from s =n to s = 0. The starting
value of the smoother estimate (uZ, RZ) is the same as the filter estimate at the

endpoint (u™,R™).

Theorem 3.7 (Optimal Backward Sampling Formula). Given one sequence
of the observed variable {X°, ..., X"}, the optimal sample of a sequence of the
unobserved variable Y can be drawn using the following explicit formula running

backwards in time,
p(YI[YI,X%,0 < s < n) ~ N(m?, PY), (16)

where

m’ = pd + O (YT —ag —ajp),

. o _ (17)
P’ =R’ — C’(b’ o b’ + ajR’(a])")(C?)*,
and the auxiliary matriz C is given by
C’ = R/(a))*(b’ o b’ 4+ a]R/(a])*)~. (18)

13
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8.8. Recovery of the transient and equilibrium PDFs of the unobserved variables

One important application of the nonlinear optimal smoother and the back-
ward sampling technique is to efficiently recover the PDFs of state variable
Y at both the transient phases and the statistical equilibrium state. The fo-
cus here is on the continuous nonlinear conditional Gaussian system . It is

straightforward to generalize the conclusions here to the discrete time systems.

Theorem 3.8 (Transient PDF). Assume there are L independent trajectories
of the observed variable X(t) from t = 0 to t = T, denoted by X;(t) with
l=1,...,L. The PDF of Y at time instant t is given by

p(Y(t)) = lim —

L—>oo

IIMh

1[Xi(0 < s <T)), (19)

where for each [,
P(Y()Xi(0 < s <T)) ~ N(p s, Ris),

with p ¢ and Ry s being the mean and covariance computed from the nonlinear
smoother in .

Note that the PDF of Y (¢) can also be calculated using a combination of L
conditional Gaussian distributions from the filter estimates, which allows a real-
time forecast of the PDF of Y [41]. In [42], it has been shown that only a small
number of L is needed for recovering p(Y(t)) based on the filtered solutions
regardless of the dimension of Y. In addition, a hybrid strategy facilitates
the recovery of the joint PDF p(X(t),Y(¢)) in high-dimensional systems and
overcomes the curse of dimensionality [43] [41]. Parallel theories can be built
here using the smoother estimates.

If the coupled system is ergodic, then an efficient way of computing the

equilibrium PDF of Y is given as follows.

Corollary 3.9 (Equilibrium PDF). Assume a long trajectory of X from t =0
tot =T is available. The equilibrium PDF of Y, denoted by p(Y o) is given by

p(Yo) = lim pr )X (0 < s <T)), (20)

I—oo I

14
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where all t; with 0 <t1 < ... <ty <T are distributed between t =0 and t =T

with equal distance.

The sampled trajectory from the backward sampling technique in can
be regarded as a path that fluctuates around the mean state of the smoother.
The amplitude of the fluctuation is determined by the associated covariance
at different time instants. Despite the temporal correlation between different
points in the sampled trajectory, each point at time ¢; can be regarded as a sam-
ple from p(Y(ti)|X(O <s<T )) Therefore, an even simpler way of recovering
the equilibrium PDF of Y is given as follows.

Corollary 3.10 (Equilibrium PDF; An Alternative Method). Under the same
condition as Corollary , an alternative way of solving the equilibrium PDF
of Y is by collecting all the points in the trajectory calculated from the backward
sampling equation @[)

3.4. The temporal autocorrelation function (ACF).

Autocorrelation is the correlation of a signal with a delayed copy of itself,
as a function of delay [44]. For a zero mean and stationary random process u,

the autocorrelation function (ACF) can be calculated as

ACF(t) = lim l/
0

T u(t + 7)u*(7)

Var(u) ar, (21)

T—oo T

where -* denotes the complex conjugate. The ACF has been widely used to
measure the system memory. It also plays an important role in improving the
linear response via the fluctuation-dissipation theorem [45] [46]. If the perfect
model and the approximate model share the similar ACF's, then the two sys-
tems usually have a similar dynamical behavior at least up to the second order
statistics. However, for nonlinear and chaotic systems, high order statistics may
play an important roles for extreme events. Therefore, the ACF can only be
regarded as a crude indicator of the overall predictability of the underlying sys-
tem. As a remark, the information theory is able to provide a rigorous and

practical way to quantify the error in the two ACF's associated with the perfect

15
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and approximate models by making use of their spectral representations. See
[47, [48] for details.

In the study below, the ACF's associated with the sampled trajectories from
the backward sampling strategy are compared with that of the truth. Such a
comparison allows us to understand the skill of recovering the system memory
and capturing important dynamical behavior using the sampled trajectories,

which are not indicated by the equilibrium PDFs.

3.5. Special cases

Recall that the general nonlinear conditional Gaussian models allow the
matrices and vectors Ag, A1,a9,a;1,B1,B2,by and by on the right hand side
depend on the state variable X and such dependence can be highly nonlinear. In
addition, the state variables X and Y have a mutual influence with each other
in the coupled system, and the random noise are also coupled in the processes
of X and Y. In this subsection, several special and simplified cases of the
general nonlinear conditional Gaussian models for filtering and smoothing are

illustrated.

8.5.1. The Kalman-Bucy model

A special case of the conditional Gaussian nonlinear models is the Kalman-
Bucy model [49], [50], which was originally proposed for continuous time filtering.
It involves three simplifications of the general nonlinear conditional Gaussian
framework. First, the variable X in the Kalman-Bucy model is regarded as the
observation, which is a function of the variable Y that describes the underlying
model. However, the observation does not influence the model itself. In other
words, there is only an one-way interaction between the two variables, and such
interaction is from Y to X. Second, the Kalman-Bucy model is designed for
linear system with linear observations. This means all the matrices and vectors
have no dependence on X, which is a significant simplification from the general
nonlinear conditional Gaussian framework. Third, the noises in the X and Y

processes of the Kalman-Bucy model are no longer coupled with each other.

16
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In fact, the noise in the X process is the observational noise while that in Y
represents the intrinsic small-scale variability of the underlying model. They are
naturally independent and the noise coefficients are state-independent as well.

Thus, the Kalman-Bucy model is given by

AX(t) = [Ag(t) + Al(t)Y(t)] dt + Ba(t) AW (1), (22a)

dY () = [ao(t) ta (t)Y(t)] dt + by (t) AW (t), (22b)

Since the Kalman-Bucy model is a simple and special case of the general con-
ditional Gaussian nonlinear framework , The filtering, smoothing and back-
ward sampling formulae have the same forms as those appearing in Theorems
and [3:4] The only difference in the formality is that b o b = bybj,
B o B = B3B3 and bo B = 0. However, in the general conditional Gaussian
nonlinear framework, the filter estimate involves solving a random Riccati
equation for the covariance, which is not the case in the Kalman-Bucy model

since all the coefficients of the filter estimate are state independent.

3.5.2. The Kalman filter
The classical Kalman filter [15] is similar to the Kalman-Bucy model, which
was designed for linear system with linear observations and it applies for discrete

time sequence. The Kalman filter has the following general form,

X(tj+1) = G(t;)Y (tj+1) + Ba(tj)e2(tjr1), (23a)

Y(tj+1) = ag(tj) +ax (tj)Y(tj) + bl(tj)el(tj+1), (23b)

where Y is the state variable for the underlying dynamics and X is the obser-
vation. The linear function G(¢;) is the observational operator. The Kalman
filter written in the classical form does not belong to the general condi-
tional Gaussian nonlinear framework, since the right hand side of involves
the state variable Y at time ¢;;1. Nevertheless, a slight modification can easily
facilitate the Kalman filter to become a special case of the general conditional

Gaussian nonlinear model. In fact, Y(¢;41) on the right hand side of (23a) can
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be replaced by the equation (23b)) and the resulting coupled system reads,

X(thrl) = Ag(tj) + Al(tj)Y(tj) + Bl(tj)el(tj+1) + Bz(tj)ez(tj+1), (24&)

Y(thrl) = ag(tj) +ay (t])Y(t]) + b]_(tj)El(tj+1), (24b)

where in (24a))

Ao(tj) = G(tj)ao(t;),  A1(tj) =G(tjai(t;) and  Ba(t)) = G(t;)ba(ty).

(25)
It is important to note that both the noise sources €1 and e enter into the
observational process X, which is different from the Kalman-Bucy model in .
Comparing the Kalman filter with the general framework of the conditional
Gaussian nonlinear systems , it is easy to conclude that the Kalman filter
is a special case of the latter with state-independent coefficients, linear model

structure and additive noise.

3.5.8. The Rauch-Tung-Striebel (RTS) smoother

The Rauch-Tung-Striebel (RTS) smoother [I3] is an efficient two-pass algo-
rithm for fixed interval smoothing of linear model with Gaussian noise. It is one
of the most widely used smoothers in engineering, geophysics and turbulence.

The starting model for applying the RTS smoother is the same as that in
and the forward pass is simply the classical Kalman filter. These filtered
prior and posterior state estimates p/**, p*! and covariance R*™!, R/ are
saved for use in the backwards pass. In the backwards pass, the smoothed state
estimates p? and covariances R are computed using the following recursive

equations from j = n back to j =0,

it =al +alpd, (26a)
R = alR/(a])" + bj (b})", (26b)
O/ — Rial (RIT))L, (26¢)
pl =l + O (ut — ), (26d)
Ry =R/ +C/ (R —RM)(C))", (26¢)
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To build a connection between the RTS smoother in and the general ex-

pression of the optimal smoother estimation associated with the conditional

Gaussian systems in Theorem plug (26a)—(26b)) into (26c)—(26€) to elimi-
nate the explicit dependence on the prior distribution,

1

C’ = R/a) ()R (a])" + b (b})*) (27a)
i =+ O ( — a — ), (21b)
R{ =R/ + C/(RI" —ajRi(a)” — bj(b})")(C)". (27¢)

This is consistent with the general conclusions in Theorem when the linear
model with be = 0 is utilized. However, the filter estimate (u’, R’) in
the RTS smoother is through the linear and Gaussian system while those
in the general conditional Gaussian nonlinear systems involves nonlinearity and

requires solving random Riccati equation for the filter covariance.

4. Applications

4.1. Recovering the path-wise and statistical information of hidden variables
4.1.1. A perfect model test

We start with a perfect model test. The model here is a physics-constrained
nonlinear dyad model [20}, 21] with one observed variable u and one unobserved

variable v. The model reads,

du = ((—du +cev)u + Fu) dt + o, dW,,,
(28)
dv = (—=dyv — cu2) dt + o, dW,,,
In this dyad model, the energy in the nonlinear terms is conserved. It therefore
satisfies the physics constraint. Note that the observed variable v here serves
as a stochastic damping in the dynamics of u. Once the variable v goes beyond
the threshold value v* = d,, /¢, the intermittency and extreme events appear in

u. Such an intermittent behavior provides rich non-Gaussian features of u. The

following parameters are used for the intermittent regime here.

F,=1, d,=08  d,=08  0,=2  c=12  0,=05
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The blue curves in Panels (a)—(b) of Figure [1| show one realization of u and v
respectively, and those in Panels (d)—(e) illustrate the corresponding equilibrium
PDFs. It is clear that once v exceeds the threshold value d,/c = 0.67 , the
associated u becomes intermittently unstable with a fat-tailed distribution and
the appearance of extreme events.

In many applications, the filter mean state (i.e., the posterior mean state
from filtering) is simply treated as the estimated state. However, as is indicated
by the red curves in Panels (e)—(f), both the PDF and the ACF of the time series
of the filter mean are significantly biased from the truth. According to Panels
(b)—(c), it is clear that despite the success in capturing the positive phases of v
to a large extent, most of the events with negative phases are missed. In fact,
the positive phases of v correspond to the intermittent events of u, at which the
signal-to-noise ratio is large and therefore the state estimation is accurate. On
the other hand, the negative phases of v are associated with the quiescent events
of u and the resulting estate estimation has a large uncertainty, which implies
a significant gap between the filter mean and the truth. As a comparison,
the brown curves in Panel (b) shows the mean estimate from the nonlinear
smoother. Since the smoother makes use of the entire observational period, its
estimation is more accurate than the filter estimate and the uncertainty (Panel
(c)) is smaller as well. As a consequence, the PDF and ACF associated with the
smoother mean time series are overall closer to the truth. However, there is still
an obvious disparity between the PDFs from these conditional mean estimates
and the truth due to the non-negligible uncertainty in the smoother estimate.

The green curves of the PDF and ACF in Panels (e)—(f) are based on the
time series resulting from the backward sampling strategy. The reason that
the sampled trajectories are able to capture both the statistical and temporal
information is that they make use of the mean state of the estimation and the
uncertainty as well as the temporal dependence at different time instants. Panel
(g) involves four different sampled trajectories. One of the major difference
between these sampled trajectories and the filter mean estimates is that the

former are able to capture the negative phases of v and therefore they are more
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skillful in recovering the associated PDF and ACF.

4.1.2. A nonlinear model test in the presence of model error

In most real applications, perfect model is never known. Approximate (or
imperfect) models are used for state estimation and prediction. In particular,
the unobserved processes often represent unresolved or small scale variables,
the complete dynamics of which are hard to obtain. Simplified models are
typically used to describe the unobserved variables. Therefore, it is important
to understand the skill of recovering the dynamical and statistical features in
the presence of model error. In this subsection, the following two-dimensional
highly nonlinear model is adopted as the perfect model that generates the true

signal,

du = ( —yu+ Fu) dt + oy dW,, (30a)

dy = (ayy + b772 + CV'VS + fy)dt+ (Ay + Byy) AWy + 0y AW, 5. (30b)

In this model, v and v are the observed and unobserved variables, respectively.
The variable v acts as a stochastic damping in the equation of u and the averaged
value of v over time needs to be positive to guarantee the mean stability of u
[51]. Once the sign of  switches from positive values to negative values,
becomes anti-damping and it leads to the intermittent events in u. On the
other hand, v is driven by a cubic nonlinear equation with correlated additive
and multiplicative noise. This cubic model is a canonical model for low frequency
atmospheric variability [52] [53]. This one-dimensional, normal form has been
applied in a regression strategy for data from a prototype atmosphere and ocean
model to build one-dimensional stochastic models for low-frequency patterns
such as the North Atlantic Oscillation and the leading principal component
that has features of the Arctic Oscillation. Given the non-Gaussian features
and the potential physical explanations, the low-order model becomes a
useful testbed for developing suitable stochastic parameterization strategies of
the hidden process that allows skillful prediction of the extreme events in the

observed variable.
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The following parameters are adopted in the coupled system ,
3 1
F‘u:O?)7 O'u:()l’ (],,Y:—g, b,yzl’ 07:75’
1 1 (31)
—, =0.1, 0y = ——.
N T2y2

One realization of the true signal of u and 7 is shown in blue curves in Panels

A,=0, B,=

(a) and (b) of Figure [2| respectively. The associated PDFs are illustrated in
Panels (d) and (e). It is clear that w is highly intermittent with a strong one-
sided fat tail in the PDF while v has a bimodal distribution with roughly two
distinguished states. The dynamical switching between the two states of
corresponds to the interchange between the quiescent and active phases of u.
The approximate model here is developed using the stochastic parameterized
equation technique [54] 58], the idea of which has been applied to the extended
Kalman filters (known as the SPEKF-type model) and other prediction and
data assimilation forecast models. The approximate model has the following

form,

du = (—yu + F,) dt 4+ o, dW,,, (32a)

dy = —d,(y—4)dt + o, dW,. (32b)

In , the nonlinear process v with correlated additive and multiplicative noise
in has been simplified to a linear process with only Gaussian additive
noise. Nevertheless, the variable v remains switching between positive and
negative phases, representing damping and anti-damping effects as a feedback
to u. Therefore, the variable -y is still able to trigger intermittent extreme events
in u. Note that the approximate model belongs to the conditional Gaussian
framework while the perfect model does not. The three parameters o,
d, and 4 in can be calibrated using a general model calibration method
developed in [56]. But for the simplicity here, these parameters are calibrated by
matching the mean, variance and decorrelation time of 7 in the perfect system,
which provides the optimal Gaussian fit of  in the nonlinear model in .
The filter and smoother mean estimates are shown in Panel (b) of Figure

and the associated uncertainties are illustrated in Panel (¢). The negative
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phases of v, corresponding to the intermittent phases of u, are recovered with
high accuracy and small uncertainty. However, both the filter and smoother
mean estimates fail to capture the positive phases of v due to a relatively small
signal-to-noise ratio of the signal in the corresponding phases of the observed
variable u. As a result, the PDFs formed by the time series from the filter
and the smoother mean estimates contain a large error in capturing the right
side of the true PDF, although they are able to recover the left peak of the
truth. On the other hand, the v process in the imperfect approximate model
is Gaussian. Therefore, a free run of the approximate model leads to a
Gaussian PDF of the unobserved variable. Despite capturing the Gaussian tail
on the right side of the true PDF, such a Gaussian PDF completely misses
the non-Gaussian features embodied by the second peak on the left side of the
truth, which comes from the negative events of v that are associated with the
intermittency in w.

The PDF associated with the trajectory from the backward sampling strat-
egy combines the advantages of both the smoother mean estimate and the free
run of the approximate model. The green curve in Panel (e) shows the PDF
associated with the sampled trajectory. It is important to note that the PDF
perfectly captures the peak of the left side of the truth and the Gaussian tail on
the right is recovered more accurately than that from the filter and smoother
mean estimates. In Panel (g), it is shown that the sampled trajectories succeed
in capturing the negative phases of =, which is obviously not the case for a free
run of the model. The sampled trajectories also has a larger chance in capturing
the positive phase of v compared with the conditional mean estimates from both
the filter and the smoother. Finally, the ACF of « from the sampled trajectories
also perfectly match that of the truth.

4.2. Nonlinear filtering and smoothing of physics-constrained nonlinear systems

for detecting non-Gaussian features and predicting hidden extreme events

Since both filtering and smoothing are designed for state estimation, it is

important to study their difference in the resulting estimated states and explore
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suitable situations for the applications.

4.2.1. The nonlinear dyad model

Here, the test model is the physics-constrained dyad model with pa-
rameters given by . The reasons to apply this test model are the following.
First, this model has energy-conserving nonlinear interactions between the ob-
served and unobserved variables, satisfying the physics constraint, which mimics
the dynamical behavior of many more realistic systems. Second, the unobserved
variable v serves as the triggering effect of the intermittent events of the ob-
served variable u while the decaying phase of the intermittent events in u leads
the relaxation of the unobserved variable v back to its mean state. The energy
is transferred nonlinearly through these non-Gaussian events. Third, if the ob-
served variable v and the unobserved variable v are regarded as the large and
small scale variables in turbulence, then the highly non-Gaussian PDF of u and
the nearly Gaussian statistics in v are the typical feature as in many realistic
systems.

Figure [3| shows a comparison between the state estimation using the non-
linear filtering and the nonlinear smoothing techniques. The true signals are
given by the blue curves. The smoother and filter mean states are shown in
the black dashed curves in Panels (b) and (c), respectively, and the associat-
ed uncertainties (represented by one standard deviation) are given by the red
and green shading areas. One major difference in the recovered states is that
the smoother estimate is able to capture both the timing and the duration of
v when it goes above the intermittent threshold v* = d, /¢ = 0.67 while the
filter estimate always fails to detect the onset of such triggering phases of the
intermittent events, e.g., at t = 6 and t = 16.5.

The fundamental reason of the failure of the filter in capturing the onset
phases of the extreme events is that the filter estimate is calculated based on
the observational data only in the past. In this dyad model, the intermittent
events in u are the response of the anti-damping of v. This response is always

lagged behind the occurrence of the positive values of v. Therefore, before a
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significant increase of the amplitude of u that allows the filter to perceive such
a triggering phase, the true signal of v has already stayed in the positive phases
for a certain period. This leads to the failure of the filter for timely predicting
the triggering phases of the extreme events. In contrast, this is not the case
for the nonlinear optimal smoother, since it is calculated based on the entire
observational period, which is able to foresee the upcoming intermittent events
and facilities an unbiased estimation of the timing of the onset phases. On
the other hand, both the filter and smoother estimates are able to capture the
period of v that goes from anti-damping to damping phases, corresponding to
the demise phases of u. This is because at the demise phases of the extreme
events the signal of v is mainly driven by u though the feedback term —cu? and

such a feedback is immediate.

4.2.2. A four-dimensional stochastic climate model with multiscale features
Now we consider a four-dimensional stochastic climate model with multiscale

features. The model reads,
dz; = ( — xo(Lyg + a1x1 + agwe) + dyzy + Fy
+ Ligy1 + b123$2y1) dt + oy, AWy, (33a)
dzo = ( + x1(L12 + a121 + asxs) + doxo + Fh

+ Losys + b213$1y1) dt + 05, dW,,, (33b)

dyr = ( — L3z + bg12@i22 + F3 — ﬁ?ﬂ) dt + 2 dW,,. (33¢c)
€ Ve
2 g
dys = (= Loaws + Fy = L) at + 2 AW, (33d)

where biag + ba1s + bs12 = 0. This simple stochastic climate model [57) 58]
features many of the important dynamical properties of comprehensive global
circulation models (GCMs) but with many fewer degree of freedom. It contains
a quadratic nonlinear part that conserves energy as well as a linear operator.
The linear operator includes a skew-symmetric part that mimics the Coriolis
effect and topographic Rossby wave propagation, and a negative definite sym-

metric part that is formally similar to the dissipation such as the surface drag
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and radiative damping. The two variables 1 and x2 can be regarded as climate
variables while the other two variables y; and ys become weather variables that
occur in a much faster time scale when € is small. The coupling in different vari-
ables is through both linear and nonlinear terms, where the nonlinear coupling
through b;;; produces multiplicative noise. Note that when ¢ — 0, applying an
explicit stochastic mode reduction results in a two-dimensional system for the
climate variables [59] 60, [61].

Assume one realization of the two climate variables x1 and x5 is given while
the two weather variables y; and ys have no direct observations. The following

parameters are used in the tests here,
Lo =1, L3 =0.5, Loy = 0.5, a; =2, as =1,
dy = —1, do = —0.4, o1 = 0.5, o9 = 2, o3 = 0.5, o4 =1,
b1o3 = 1.5, ba13 = 1.5, v1 = 0.5, v2 = 0.5,
FL=F=F;=F,=0.
(34)
Depending on the scale separation parameter €, two dynamical regimes are

considered:

Regime I : e=1,
(35)
Regime II : e=0.1,
In the € = 1 regime, the weather and climate variables lie roughly on the same
time scale. The blue curves in Figure 4] illustrate one realization of different
model variables as well as the associated PDFs and ACFs. Here, one observed
variable 1 and one unobserved variable y; are significant non-Gaussian, where
the associated PDF's are highly skewed and have an one-sided fat tail. Extreme
events appear in both the trajectories of x1 and y;. The other two variables x5
and yo are nearly Gaussian. Note that the ACF of ys releases more slowly than
the other variables since it has the least influence from the nonlinearity.
On the other hand, due to the stronger linear damping and the larger noise
strength, the two unobserved variables y; and yo become nearly Gaussian in

the € = 0.1 regime. See the blue curves in Figure 5} Nevertheless, one of the
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observed variables xp is still highly non-Gaussian. The ACFs of all the four
variables release much faster than those in the e = 1 regime (note the difference
in the a-axis for showing the ACFs in the two regimes).

Next, we compare the filter estimates, the smoother estimates and the s-
tatistics from the trajectories via the backward sampling strategy. First, as in
many applications, the time series of the filter mean states can be regarded as
an approximate estimates of the unobserved variables. In fact, the associated
PDF of y; from the filter mean estimates is quite similar to the truth in the
€ = 1 regime and the filter mean succeeds in predicting the hidden extreme
events in the path-wise sense as well. However, such an approximation leads to
a large error for y- in recovering both the trajectory and the PDF. The failure
of using the filter mean estimate to approximate yo is that the uncertainty in
filtering yo is quite large (see Panel (a) of Figure @ while that in filtering y; is
tiny. Such a difference is due to the fact that y; has a strong interaction with
the two observed variables via the energy-conserving nonlinear terms, which is
not the case of yo. Note that the time series of the filter mean estimate also fails
to capture the temporal information of ys in the original dynamics in that the
associated ACF is biased from the truth. With the decrease of €, the two unob-
served variables y; and ys are more turbulent and therefore simply adopting the
filter mean estimates provides much less information for recovering the statistics
of the original model. In fact, in the e = 0.1 regime, the PDF of y; associated
with the filter mean estimates already contains a large error. In addition, the
filter mean estimation of y indicates almost no information beyond the mean
value of the statistical equilibrium state (see the last row of Figure [5{ and Panel
(c) of Figure [).

Figure[f]illustrates the filter and smoother estimates. They are actually quite
similar to each other in both the dynamical regimes. This indicates that the
filter mean and the smoother mean estimates are both insufficient to recover the
statistics of the original system when the system is strongly turbulent due to the
ignorance of the large uncertainty. On the other hand, the sampled trajectory

from the backward sampling strategy, which takes into account the information
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in both the smoother mean and smoother uncertainty as well as the temporal
dependence between different time instants, is able to perfectly capture both
the statistical and dynamical information. In particular, the PDFs and ACFs
associated with the sampled trajectories as shown in Figure |4]and [5|are identical
to the truth. The sampled trajectories also succeed in predicting the timing and

duration of the hidden extreme events of y; in the e = 1 regime.

4.3. Recovering non-Gaussian statistics of the observed wvariables using only

short training period

We have so far focused on the state estimation of the unobserved variables.
Another key issue in practice is to predict the non-Gaussian statistics of the
observed or resolved variables. It is important to note that in many applications
in climate, atmosphere and ocean science the training data of variables lying
in interannual or longer time scale is very limited since the satellite has only
been used in the recent a few decades. Therefore, simply using the available
observations may not be sufficient to describe many key non-Gaussian features
in an accurate way, especially for recovering fat tails and extreme events which
typically require a large number of samples.

The backward sampling strategy developed here can be used to generate a
sufficient number of trajectories of the unobserved variables that are associated
with the observations. Then plugging these sampled trajectories into the process
of the observed variables facilitates the recovery of the non-Gaussian statistics

of the observed variables.

4.8.1. A perfect model test

Let us start with a perfect model test, where the model that generates the
true signal and the one for sampling the unobserved trajectories are both the
dyad model with parameters listed in ‘ As was shown in Figure (1] the
PDF of w is highly non-Gaussian with an one-sided fat tail.

Assume a short observational period of u with only 50 units is available,

as shown in Panel (a) of Figure |7} This period contains three strong extreme
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events (¢t = 6,17 and 46) and several moderate strong events. It mimics the
observed El Niflo-Southern Oscillation (ENSO) [62]. In fact, since late 1970s
when satellites became available for collecting the ENSO data three super El
Nino events and a few moderate events were observed.

The blue curves in Panel (d) and Panel (e) show the PDF of this observed
time series in linear and logarithm scales, respectively. As a comparison, the
true PDF by running the model forward for 1000 units is shown in black color.
It is clear that the fat tail of the PDF based only on the observed period is
estimated with large errors, which is due to the insufficient number of samples.

Since filtering is widely used for state estimation and the filtered mean es-
timate is often regarded as the best estimation of the unobserved state, one
natural and simple way of generating more samples is as follows. Plug the time
series of the filter mean estimate into the process of u to replace the v variable
there and repeat running the model of u for L times, which provides L time
series of w with 50 units of each. These L time series are different from each
other because of the noise in the uw process. Then the PDF of u is formed by
collecting all these time series, which effectively gives a length of in total 50L
units. However, such a method fails to recover the fat tail and extreme events.
See the PDFs in red curves in Panels (d) and (e), where L = 20 is used here.
There are at least two fundamental reasons that lead to the failure of such an
approach. First, in addition to the filter mean state, the uncertainty in the
filter estimate also plays an important role in the nonlinear interaction between
the observed and unobserved variables, especially for the intermittent phases.
Second, the time series of the filter mean state does not capture the exact dy-
namical information of the truth. For example, the onset of the intermittent
phases is always delayed in this dyad model (See Section , which means the
duration time of the intermittent phase is always underestimated and thus the
method is unskillful in recovering the fat tail.

The backward sampling strategy developed here can actually resolve both
the fundamental difficulties discussed above and therefore provides an unbiased

way of recovering the non-Gaussian statistics of the observed variable. In fact,
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the backward sampling is based on the smoothing estimates, which are able to
capture both the timing and duration of the intermittent phases, as was shown
in Section [£:2] In addition, the sampled trajectories of v take into account
the information in the smoother mean and smoother uncertainty as well as the
dynamical information of the truth. Run the backward sampling L = 20 times
and collect all the resulting data to form the PDF of u, which is shown by the
green curves in Panels (d) and (e). It is clear that the resulting PDF perfectly
captures the non-Gaussian fat tail of the truth. In addition, as is shown in Panel
(f), the trajectories of u based on the sampled v from the backward sampling
(green) are intermittent while those based on the filter mean time series of v
(red) are more quiescent.

One final remark here is that if the perfect model is known, then a more
straightforward way of forming the PDF of u can be done by running the perfect
model forward. There is in fact no need to run the backward sampling for
obtaining the sampled trajectories of v. Nevertheless, model error appears in
many applications. Then the proposed method here becomes more powerful
in recovering the non-Gaussian PDF than simply running the imperfect model

forward. See the next subsection for a more realistic case with model error.

4.8.2. A nonlinear model test in the presence of model error
Consider a more realistic situation now. The perfect model that generates
the true signal is still given by . However, it is assumed to be unknown.
Therefore, an approximate model is used to recover the statistics and the ap-
proximate model contains model error. Here, the imperfect approximate model
is given as follows
du = ((—du —|—cv)u—|—Fu) dt + o, dW,,, 26
dv = (=dyv — cu® + F,) dt + o, dW,, (%)
where an extra term F), is added to the perfect model. Assume F,, = —2 while all
the other parameters are taken as the same values as those in . Due to this

negative forcing F,, the trajectory of u from a free run of the imperfect model
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is less intermittent and the associated PDF is more towards Gaussian. See
the magenta curves in Panels (d)—(f) in Figure[§|for the PDF and the trajectories
from a free run of the imperfect model.

On the other hand, with the help of the observations, the smoother estimates
based on such an imperfect model actually do not differ too much from those
using the perfect model. See Panels (b) and (c) in Figure[8] In fact, there is only
a slight shift towards the negative value of v in the smoother mean estimate.
This error is much smaller than the model bias introduced by the extra forcing
F,. As aresult, even in the presence of a significant model error in the imperfect
model, the recovered PDF by plugging the sampled trajectories of v into the u
process (green curves in Panels (b) and (c¢)) remains similar to the truth (black

curves), especially the non-Gaussian fat tail.

4.4. Improving the stochastic parameterizations

Stochastic parameterizations are widely used in practice to model the un-
resolved or unobserved variables, which aim at capturing the nonlinear inter-
actions across different scales and recovering the statistical feedback from the
unresolved to the resolved variables. However, due to the lack of observations,
it is often not an easy task to design a skillful stochastic parameterization.

The backward sampling technique developed here can be used as a systemat-
ical framework for quantifying the bias in the given stochastic parameterization
and providing guidelines for improving it.

Consider the following model as the perfect model that generates the true

signal,

du = (—dyu + yv) dt + o, dW,,, (37a)

dv = —d, (v — 0) dt + o, (v) dW,, (37h)

where wu is the observed variable while v is unobserved. The noise coefficient in

the process v here is not a constant. Instead, it is state dependent

o0 (v) = exp (-'“'_m> . (38)

Ve
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The parameters in this model are given by

dy =05,  dy=05 =0, =1, 0,=02,  m.=1 v.=1.

(39)

One realization of the true signals of u and v is shown in Panels (a)-(b) of

Figure [0} The blue curves in Panels (e)—(h) show the PDFs and the ACFs of

the model. In particular, the PDFs of u and v are both highly non-Gaussian
with bimodal distributions.

Since the true dynamics of v in the perfect model is unknown, a typical

way of parameterizing v is to adopt a linear and Gaussian process. This leads

to the following approximate model,

du = (—dyu + yv) dt + o, dW,, (40a)
dv = —dM (v — M) dt + oM dW,,, (40D)
where o is a constant. Assume the mean and variance of v in the perfect

model are available. But we assume the decorrelation time of v is not accurately
measured, where the measured value is twice as large as the truth. The three
parameters in are then estimated by matching the mean, variance and the
decorrelation time from the measurement.

Because of the additive noise coefficient o in the approximate model ,
the model becomes linear and Gaussian. Therefore, the equilibrium PDFs of
both w and v, as shown in the magenta curves in Panels (e) and (f), are Gaus-
sian. In addition, due to the overestimation of the decorrelation time, the ACFs,
as shown in Panels (g) and (h), are also different from the truth. These results
indicate that the stochastic parameterization in is not a suitable one. Next,
the backward sampling technique is used to improve the stochastic parameteri-
zation.

Despite that the approximate model with the simplest stochastic param-
eterization contains a large error, it is nevertheless a useful starting model for
improving the stochastic parameterization. In fact, combining the observations

of u with this linear and Gaussian approximate model, the backward sampling
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strategy can be applied to obtain trajectories of the unobserved variable v. No-
tably, the sampled trajectories are no longer Gaussian since the observations
play an important role in such a sampling procedure. Then the decorrelation
time computed from the ACF, the mean state and the non-Gaussian PDF as-
sociated with the the sampled trajectories can be used to build an improved

model of v based on the following result.

Theorem 4.1. Given the decorrelation time 7, the mean value m and non-
Gaussian PDF p(x), there is an unique stochastic differential equation that sat-

isfies these conditions,
dz(t) = —A(z(t) —m)dt + o(x) dW (1), (41)
where A = 1/7 and the multiplicative noise coefficient o(x) is given by

)= (@) itk 8@ = [ (= mip()dy.
Following Theorem the improved model is as follows,

du = (—dyu +vyv) dt + o, dW,, (42a)

dv = -\M(w —m™)dt + oM (v) dW,, (42b)

which has essentially the same form as the perfect model but the parameters in
are determined by the results in Theorem using the statistics from the
trajectories sampled by applying the backward sampling strategy to the starting
linear Gaussian model .

In Panels (¢) and (d), one realization of the trajectories from is shown.
For an unbiased comparison with the perfect model simulation, we adopt the
same random number seeds in generating these trajectories. It is clear from these
panels that the dynamics of the improved model is far from linear and Gaussian
as in the starting imperfect model (40]). In fact, as shown in Panels (e) and (f),
the PDFs of both u and v from the improved model are bimodal, and they
are quite similar to the truth. Another important finding is that despite the

overestimation of the decorrelation time in the starting imperfect model (40)),
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the observations play a significant role in the backward sampling procedure such
that the decorrelation time in the sampled trajectory is nearly the same as the
truth. As a consequence, the ACF's associated with the improved model almost
overlap with the truth. See Panels (g) and (h). Finally, the multiplicative noise
coefficient o (v) in is shown in the green curve in Panel (i). Calibrating
the improved model based on the sampled trajectories leads to an apparent
multiplicative noise in the process of v, which is completely different from the
additive noise in the starting imperfect model .

To summarize, despite the large model error in the starting imperfect model
, the sampled trajectories by combining observations with this model are
nevertheless able to provide extra useful information. The resulting improved
model based on the above sampled trajectories is therefore much more ac-
curate in reproducing the non-Gaussian statistics. The improved model is
also a suitable approximate model for real-time forecast, which is expected to
be more skillful in predicting extreme events and other non-Gaussian features
than the starting imperfect model . Note that the difference in the statistics
between the sampled hidden trajectory and that from a free run of the approx-
imate model provides an effective way of quantifying the model error without
knowing the perfect model. This is an extremely useful tool since the perfect

model is unknown in practice.

5. Conclusion

In this article, a nonlinear optimal smoother and an associated nonlinear
optimal sampling technique of the hidden trajectories are developed for a rich
class of nonlinear complex turbulent dynamical systems with partial observa-
tions. The models considered here are the so-called conditional Gaussian non-
linear systems, which are highly nonlinear and highly non-Gaussian despite the
conditional Gaussian structures. These models have wide applications in geo-
physics, engineer, neural science and other areas. Both the optimal smoother

and the optimal sampling strategy have closed analytic form and therefore they
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can be applied to high-dimensional nonlinear turbulent systems with high effi-
ciency. Several important applications of the nonlinear optimal filter, smoother
and sampling strategy are addressed in this article. They include recovering
the nonlinear dynamics and non-Gaussian statistics of complex nonlinear sys-
tems, state estimation of extreme events, effective sampling and predicting the
fat-tailed PDFs with very short observational training data and improving the
stochastic parameterizations using models with multiplicative noise. Both the
perfect model setup and the tests in the presence of model error are studied
here.

One important future work is to study the online forecast skill of the im-
proved approximate model developed by making use of the information in the
sampled trajectories sampled by some starting imperfect models, especially for
predicting the rare and extreme events. Recovering the statistical and dynami-
cal information from the backward sampling can also be used for model selection
and model identification. In addition, the proposed nonlinear framework can be

applied to study the stochastic control for nonlinear turbulent systems.
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Appendix A. Some useful properties of multivariate Gaussian distri-
butions

Let us denote a Gaussian distribution with mean g and covariance R by

N (x|p, R), where x is the random variable.
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Lemma Appendix A.1. For two Gaussian distributions,

/N(X2|FX]_ + b7 Rz)N(X]_“,Ll,R]_) dX]_ = N(X2|FN1 + b7FR1F* + R2)

(A1)
Lemma Appendix A.2. Let the Gaussian random variables be
X1
X = ,
X2
with mean p and covariance R,
R R
= M1 7 R — 11 12
K2 R21 Roo
The conditional distribution
p(x1lx2) ~ N(@,R),
where
B = py + RaaRa; (X2 — pa), (A2)

R =Ri1 — Ri2Ro; Ros.

Appendix B. Proof of the theorems related to the continuous time

conditional Gaussian systems

The proofs will be based on applying a Euler-Maruyama temporal discretiza-
tion for the coupled system with a small At. Eventually the limit At — 0
will be taken to recover the continuous time dynamics. The Euler-Maruyama
temporal discretization of yields,

XI+ = X7 (K{, + K{?j)At +BJAW/ + BLAW),
_ ~ o e (B.1)
Y =¥ 4 (&) +&] Y7 ) At + b{AWY + BRAWS,
where X = X(tj+1) and Y = Y (tj+1). In the proofs below, the variables or
functions with tilde - always represent the time discrete form of the continuous

equation.
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Appendiz B.1. Proof of Lemma|3.1
Proof. Let us start with the joint distribution p(?j,?jﬂpzs, s < j). Making
use of the roles of the conditional distribution yields
p(Y7, Y X2 s < j) = p(YH Y9, X5, s < j)p(YI X, s <j)  (B.2)
In light of the second equation in (B.1)), the first term on the right hand side of
(B.2) is given by
p(Y Y7, X%, s < )
~ N(’a{,m S+ A B obiAL+ 1+ & ANRII+ 5{&)*).
(B.3)
On the other hand, the second term on the right hand side of (B.2) is simply
given by the filtering formula,
(VX5 < ) ~ N, RI). (B.4)
The cross covariance term is given by
(Y (T)) = (1+ & AR, (B.5)
where Y’ *1 and Y are Y’*+! and Y7 by removing their mean values. There-
fore, collecting (B.2)—(B.5)) leads to

p(Y9, Y X5 s < j)

N w R/ R/ (1 4 &) At)*
WAL+ (T+aANE )\ I+aAORT Bl obI AL+ (I+ & ALRI (T + &) At)*
(B.6)
In light of Lemma |[Appendix A.2} the result in yields the conditional
distribution,
(VI [YIH, X, < J) = p(V/ Y9+, X0 s < j) = N(@/,BY),  (BT)
where
m =+ G (Y —&)At - (T+ 3 A0, (B.8a)
P/ =R/ — C7 (b o b At + (I + & At)R/ (I + a) At)*) (CH)*, (B.8h)
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and the auxiliary matrix C is given by

C/ =RI(T+a,A0)" (b o W/ At + I+ & AR (T +a))*) . (B.9)

Note that the first equality in (B.7) is due to the Markovian property of the
underlying system. In fact, if Y+l s known, then the conditional distribution

of Y7 has no dependence on )~(5, s > j+ 1. This finishes the proof of Lemma
Bl O

Appendiz B.2. Proof of Theorem[3.3
Proof. Making use of the rules of the conditional distribution leads to
PV Y X0, s < ) = p(Y Y/, X0 s < I)p(Y/ X0, s < )
= p(Y|YIH, X5 s < j)p(YIH X%, s < J)  (B.10)
~ N(Y [, PON (Y [pl T RET,

where the first conditional Gaussian distribution has been given by (B.7) in

Lemma [3.1)and 7™ and RZ*! stand for the smoother mean and the smoother
covariance at t;11. Next, in light of Lemma [Appendix A.1} we arrive at the

following result

p(YI|X5, s < J) ~ N (i, R)

~N@ +C(E ™ —a At — 1+ & A0E’), PP+ C/RITH(CH)).

(B.11)

Finally, with the help of (B.8b]), the mean and covariance from the smoother in
(B.11) become

il =i+ C(al™ —a)At— 1+ At)p’)
RI = P/ + C/RITH(CY) (B.12)
=R’ + C/(RL,, — 1+ AR/ (I + &) At)* — b’ o bIAt)(C7)".

This finishes the proof of Theorem O
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Appendiz B.3. Proof of Theorem[3.3

Proof. Recall from (B.7) that Y/ +1 is calculated by generate a multivariate
Gaussian random variable with mean m’ and covariance P4. The backward
equation of sampling Y can be derived by making use of (B.8) and (B.9).

Plugging into (B.8b) yields,

P/ =R/ —RII+a]At)* (b o WAL+ (T+ & AORI T +a] At)*) (T +a) At)R/

— R/ —RII+ &A1) (R/ + @R+ R/&, + b/ o b)AH) " (I+a] AR/ + O(AF)

=R/ - R/(I+a]At) (RJ(I +(R) @R/ + Ria) + bl o bl) A1)
x (I+ 2l At)R7 + O(A?)
— R -RI(1+ &A1) (1— (R) @RI + Ria) + b’ o b/)At)(R/)
x (I+alAt)R7 + O(A?)
(B.13)

For notation simplicity, we define
= (R/)}(&]R/ + R7a) + b/ o b/), (B.14)
and thus
R/ (I+a] A0 (I (R7) &R/ + R7a] + b’ o b/)At)(R7) 11 + &a] At)R/
=R/ (I + &, At)* (I - FAt)(RY) (I + &) At)R/
=(R7 + R7aj At)(R7) ™! = F(RY) "' At)(R7 + &l R/ At)
—(I-R/F(RY)"! + R/a(R7) ' At) (R’ + &, R/ At)

=R’ — R'FAt + R7aJ At 4+ aJRI At + O(A?).

(B.15)
Plugging [B.16 back to (B.13)) yields
Pi =R/ - (fv‘ - RIFAL+ RIA] AL+ &]R/AL) + O(Ar?)
= R/FAt — R'aJAt — & RIAL + O(AL?) (B.16)

= b’ o b/ At 4+ O(AL?)
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Applying a similar argument, plugging into (B.8a)) yields and subtract-
ing Y3+ on both sides of (B.8a)) yields,

m/ — Yt = @+ RIT+a]At)* (b o b/ AL+ (T+ & A)RI(T+a)")
x (Y —a)At — (T+ &) Anp’) — YT
= + RI(I+a)At)" (I - (R) Y& R/ + R/a) + b’ o bI)At)(R7)
x (Y —&)At — T+ & A0F) — YT+ 0(A?)
= i 4+ (R7 + RI& AN ((R) ™! — (R) " &R/ + R/a) + b/ o b/)(R/) ' At)
x (Y —&)At — (T+&A0F) — Y +0(A?)
=+ (I— @]+ b ob))At) (YT — @/ — &) +al@!)At) — Y+ 1 0(A?)
— (@ +al @/ )At — (3] + b7 o b/ (RY) 1) (Y — ) At + O(At?)
= —(@ +al YAt — b7 o b/ (RY) YT — ) At 4+ O(At?)
(B.17)

Combining (B.16) and (B.17) and taking the limit At — 0 yields an explicit

formula of sampling the unobserved processes Z(t),

d(—Y) = ( —ag — alY) de + (b O b)Ril (/1, — Y)dt + b1 dWY,l + b2 dVVY'g7
(B.18)

This finishes the proof.
730 D

Appendiz B.J. Proof of Theorem[3.]]

Proof. At each fixed time ¢, a mean-fluctuation decomposition of Y yields
Y=(Y)+Y, (B.19)

where (-) denotes the ensemble mean and -’ is the fluctuation with (/) = 0.
Therefore,
e = (Y), and  Rg= (Y'(Y")*) (B.20)
Now taking the ensemble average of both the left and right hand sides of @
yields
d(~py) = (— 80 — sy + (bob)R™ (w—p,))dt, (B2
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which is (10a)).
Next, taking the difference between (9) and (B.21) yields,

d(-Y')=(—a; —(bob)R™ )Y dt + by dWy 1 +b2dWy.  (B.22)
The covariance can be solved by making use of the Ito’s formula [44],

d(=Rs) == d(=Y"(Y')") = (Y)"d(=Y) +Y'd(=(Y")") + d(=Y") d(=(Y")"),
(B.23)
which combining with leads to

d(-Rs) = —((a1 + (bob)R™")Rs + Rs(a + (bob)R™') —bob) dt, (B.24)
which is (10b]). O

Appendixz B.5. Proof the equivalency of the results in Theorem[3.4) and Theorem
22

Proof. Let us start with the result in Theorem
il = i+ O (gl — & At — T+ A0 25
R} =R/ + C/ (R}, — (I+ & ANRI(1+ & At)" — B/ o bIAL)(CT),

with

C/ =RI(T+ A0 (b o /At + I+ & AORI(T+a,AH%) . (B.26)
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Subtracting ﬁi

Al - it =

= (ag

~j+1
— Hs

+C (ult

+(RI) I ob + &R+ RI(a]))AL)

Taking the limit At — 0, the above equation becomes

d(_p’s) = ( —ap —aipg +

which is exactly (10a)) as in Theorem
Similarly, subtracting RI™ on both sides of the second equation in (B.25)

42

*1 on both sides of the first equation in (B.25) yields,
— At — I+ At)E)
— "+ RII+ 8 AN (R + (b o b + &R+ R/ (a])7)At)

b/ o b/ + &R/ + R/ (7))")At) (R

x (Bt — @At — (I+a1At) 7) +o(at?)
— T RI(T+ & AN (T (
x (Bl —a0At — T+ a1 A0 ) + O(AF?)
— T L RIT 4 a5 A)* (I—(RJ) it
< (BT —ay At — I+ al At ) + O(A?)
— @t 4+ (R — (b obd + &R/ + RI(a))")At + R/ (3))*At) (R
x (@ — @ AL — I+ & ANE) + O(AR)
— @ (T- (& 4+ b o BRI AY)
(T — &AL — (T+ 3 A0E) + O(A2)
-+ (BT - aAr - I+ ajAne’) - (&
x (BLT — @) At + O(AR)
— @t b o b (RY) TN (RLT — i) At + O(AF?)

(bob)R™ (1 — pg)) dt

7 4+ b/ obl(RY)™

D)

-1

) 1

(Ri) !

j)fl



yields,

R! -RIT' =R/ - RIT' 4+ C/(RI,, — 1+ & AR/ (1 + & At — b’ o bIAL)(CY)*,

=R/ - RI™ + (I- (8] + b o bIRY)1AY)

x (R - R/ — (&)R/ + R/&) + b/ o bY)AL) (I - (&) + b/ o /RY) ' At)”

LR LRI R - @R+ RUE 4B o bY)A

— (& + b o b/ (RY) " H)(RIT - RY)At — (RIT — R/)(@ + b/ o b/ (RY) )" At

(-8R~ Ra — B o B — (& + 7 o bI(RY) RS

~RIT@] + b o b (RY) ) + AR+ b ob! + RI(@])* + b o Ej)m
(@ +b/ o b/ (R) R + RI(@E) + B o B (R) ™)) = b o b/ ) At
(B.29)

Taking the limit At — 0, the above equation becomes

d(-Rs) = —((a1 + (bob)R™")Rs + Rs(aj + (bob)R™') —bob) dt, (B.30)

which is exactly (10b]) as in Theorem [3.4
Therefore, the equivalency of the results in Theorem and Theorem

has been proved. O

o Appendix C. Proof of the theorems related to the discrete time con-

ditional Gaussian systems

Appendiz C.1. Proof of Theorem[3.5

Proof. Consider the joint distribution p(X7+1, YI1X* s < ).
In light of (l1a)), it is easy to derive, by evolving the model forward, that

PXITIX, 5 < ) ~ N (A + A{pd, AJRI(A]) + BT 0BY). (C)

Using the same argument, running the model (11b)) forward yields

P(YITUX® s < j) ~ N(ad + al p? 2l Ri(al)* + b7 o b). (C.2)
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The cross-covariance term can be derived by first removing the mean in (11a)
and then multiplying the resulting equation by (Y"9*1)*  where (Y9 +1)* is
(Y7+1)* subtracting its mean. The result is

(XY Iy = AJRY (a])* + (b 0 BY)™. (C.3)

Collecting (C.1)), (C.2)) and (C.3) leads to
p(XIHLYIHX?, s < )

oy Al + Al AIRI(A])* +BioB/  AIRI(al)* + (b/ o BI)*
a{)—ka{uj ’ a{Rj(AJi)* +b/oBJ a{Rj(a{)* +blob’
(C.4)

Then making use of (A.2)) in Lemma |[Appendix A.2|finishes the proof. O

Appendiz C.2. Proof of Theorem[3.6
Proof. Let us start with the joint distribution p(Y7, Y7+1|X* s < j). Applying
the conditional distribution rules yields
p(Y,YTHXE, s < ) = p(YFHY? X5 s <) p(Y/ X5 s < ). (CH)
The first distribution on the right hand side of (C.5)) can be calculated in light
of (ITH),
p(Y Y7 X5 s < j) ~ N (a) +ajp’,b’ o b/ +ajR’(a})*). (C.6)
The second distribution on the right hand side of (C.5)) is simply the filter
estimate,
p(Y?[X®, s < j) ~ N (i, R7). (C.7)
The cross-covariance between Y71 and Y7 can be calculated by making use of

(11b)), which gives
(Y Y")) = ag R, (C8)

where Y7+ and Y'7 are Y7*! and Y/ subtracting their means. Therefore,

collecting (C.6)), (C.7) and (C.8) leads to

o i R/ R/ (a])*

aj) + ajpu’ ajR’ bl ob’ +ajR/(a})*
C.9
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With the result (C.9)) in hand, it is easy to see that
p(Y[Y7F1, X5, s < n) = p(YI Y7, X5, s < ) = p(m/, P7),  (C.10)

where

m’ = pd + O (YT —ag —ajp),

o _ (C.11)
P’ =R’ — C’(b’ o b’ +ajR/(a])")(C?)*,
and the auxiliary matrix C is given by
C/ =R/(al)*(b/ o b’ +alR7(ad)*) . (C.12)
Next, using a similar technique as yields
p(Y7,Y7THX? s <n) = p(Y[Y7F1, X5, s < n) p(Y/TH X2, s < n) (©13)

~ N(Y Jm? , PN (Y7l T RET.
Finally, applying (A.I)) in Lemma [Appendix A.1|to (C.13) gives

p(Y7[X5, s <n) ~ N(ul,R])

~ N +C (pt —a) —aj /), P+ C/RIT(CY) ).
(C.14)

Plugging (C.11)) into (C.14) gives the recursive backward smoothing formulae

in ()

pl = + O (ut —af —aj ), (C.15a)
R =R/ + C/(R{T! —alR7(a))" — b/ o b?)(CY)*. (C.15b)
This finishes the proof U

Appendiz C.3. Proof of Theorem

Proof. The proof of Theorem [3.7]is finished by making use of (C.10)) and (C.11).
O
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0 Appendix D. Proof of Theorem

Proof. The marginal distribution of X at any fixed time s is given by

p(X(s)) = lim Z 5(X 1(s)), (D.1)

L~>oo

where d(+) is the Dirac delta function with the point mass being at zero. Thus,
the same conclusion applies for the joint distribution
L
p(X(0<s<T)) = lim I(X(0<s<T)—-X;(0<s<T)), (D.2)

L—oo
=1

which is understood in the sense of applying a temporal discretization of the
continuous path X. According to the fundamental relationship between joint,
marginal and conditional distributions, the marginal distribution of Y at time

t is given by

(Y (1)) = / p(X(0 < s < T),Y(1)) dX(0 < s < T)

— [(X0 < s <TRYOIXO <5 <T)AXO <5< 7) o
Inserting into yields,
p(Y —ngr;ozp HIX(0 < s < T)), (D.4)
where for each [,
p(Y()[Xy(0 < s <T)) ~N(p 4 Ris),
This finishes the proof. O

Appendix E. Proof of Theorem

Proof. Let us start writing down the general from of a 1-D SDE with multi-

plicative noise,

dz(t) = =A(z(t) —m)dt + o(z) AW (), (E.1)
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where m is an arbitrary real constant, and A is a real positive constant. As-
sume o (x) is twice continuously differentiable. Then the Fokker-Planck equation

associated with (E.1)) is given by

op(xz,t) 0 1 92

[0 (2)p(, t)]. (E.2)

Taking the integration of (E.2)) with respect to x once, the PDF p(z) of the
stationary solution to (E.1) satisfies the equation

o?(x)p(z)] = const. (E.3)

Mo —m)p(a) + 1 |

If p(x) does not vanish on R and p(z) is twice continuously differentiable, then

we can set
m= ). @) = —{-AB)) (E.4)
where
®(x) :/b (y — m)p(y)dy. (E.5)
O
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Figure 1: Perfect model test with the dyad model in . Panel (a): the true signal of u. Panel

(b): the true signal (blue), the filter mean (red) and the smoother mean (brown) estimates.

Panel (c): the filter covariance (red) and the smoother covariance (brown) estimates. Panel

(d): the equilibrium PDF of the true signal of u, based on a trajectory with 500 time units.

Panel (e): the equilibrium PDF of the true signal of v (blue), the PDF associated with the time

series of the filter mean (red) and smoother mean (brown) estimates, and the PDF associated

with the sampled trajectory of v using the backward sampling strategy (green). Panel (f):

the temporal autocorrelation functions (ACFs) formed from different time series. Panel (g):

comparison of the true signal (blue), the time series of the filter mean estimate (red) and four

different sampled trajectories from the backward sampling strategy (green).
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(b) True signal ofy and the filtered and smoothed mean
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Figure 2: Similar illustration as Figure[l] Here the true signal is generated from the perfect

model but the filter and smoother estimates as well as the backward sampling are all based

on the approximate model.
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(a) True signal of u
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Figure 3: The physics-constrained dyad model with parameters given by . Panel (a):
one realization of the true signal u. Panel (b): the corresponding true signal of v (blue) and
the estimate from the nonlinear optimal smoothing, where the smoother mean is given by
black dashed curve and one standard deviation (std) is shown in the green shading area. The
horizontal dotted line shows the intermittent threshold v* = dy/c = 0.67. Panel (c): similar

to (b) but for the filter estimates.
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(a) Truth, filter mean and one sampled trajectory (b) PDFs (c) ACFs
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Figure 4: The four-dimensional stochastic climate model (33]) with parameters (34). Blue
curves show the true trajectories, the associated PDFs and ACFs. The red curves show those
of the filtered mean state. The green curves show those of one sampled trajectories of the

unobserved variables y1 and y2 from the backward sampling strategy.
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(a) Truth, filter mean and one sampled trajectory (b) PDFs (c) ACFs
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Figure 5: Similar to Figure [5] but for € = 0.1 regime.
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(a) Filter estimates; € = 1 regime (b) Smoother estimates; € = 1 regime
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Figure 6: The four-dimensional stochastic climate model with parameters , Com-
parison of the filter and smoother estimates. The true signals of y; and y2 are shown in blue
curves. The filter and smoother mean estimates are given by the black dashed curves. The
uncertainty of the filter and smoother estimates, represented by the one standard deviation,

are shown by the red and green shading areas, respectively.
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(a) True signal of u

(f) Trajectories of u
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(b) Truth and recovered v from smoothing
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Figure 7: Dyad model with parameters (29). Panel (a): a short observational period of u

with only 50 units. Panel (b): the true signal of v (blue) and the smoother estimates, where

the smoother mean is given by black dashed curve and the one standard deviation from the

smoother mean is shown by the green shading area. Panel (c) is similar to Panel (b) but for

the filter mean and filter uncertainty. Panel (d): the PDF of u. The black curve is formed

by a long trajectory with 1000 time units from the perfect model free run. The blue one is

formed by the observed time series shown in Panel (a). The green curve is formed by first

applying the backward sampling to the variable v and then plugging the sampled trajectory

of v into the u process. This is repeated 20 times with each trajectory having length 50 units

and thus the effective length of u is 1000. The red curve is formed in a similar way but the

associated v trajectory is given by the filtered mean time series. Panel (e) shows the PDFs

in the logarithm scale, which is a good representation of the fat tails. Panel (f) shows a few

realizations of u, where the associated v trajectories are either from the filter mean time series

(red) or from the backward sampling strategy (green).
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(a) True signal of u (f) Trajectories of the imperfect model
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Figure 8: Similar to Figuremexcept that the model for recovering the statistics is different
from the perfect model . Panel (a) shows a short period of the observed variable u from
the perfect model run. Panels (b)—(c) show the smoother estimates using the imperfect and
perfect models, respectively. Panels (d)—(e) show the PDFs of u using different methods.
Panel (f) shows the trajectories from a free run of the imperfect model .
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Figure 9: Improving the stochastic parameterizations. Panels (a)—(b): One realization of the

true signals of v and v from @ Panels (c)—(d): One realization of u and v from the improved

model (using the same random number seeds as generating the true signal). Panels (e)—(h):

comparison of the PDFs and ACFs. Panel (i): comparison of the noise coefficient in the v

process.
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