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Available online 18 July 2022 that the mean flow field has been subtracted from the realizations (also referred to as

snapshots), we compress the data from a high-dimensional representation to a lower
dimensional one by constructing the SPOD latent space; in the second, we build the

g?:;?;ﬁl systems time-dependent coefficients by projecting the snapshots containing the fluctuations onto
Reduced order modeling the SPOD basis and we learn their evolution in time with the aid of recurrent neural
Neural networks networks; in the third, we reconstruct the high-dimensional data from the learnt lower-
Deep learning dimensional representation. The proposed method is demonstrated on two different test

cases, namely, a compressible jet flow, and a geophysical problem known as the Madden-
Julian Oscillation. An extensive comparison between SPOD and the equivalent POD-based
counterpart is provided and differences between the two approaches are highlighted. The
numerical results suggest that the proposed model is able to provide low rank predictions
of complex statistically stationary data and to provide insights into the evolution of
phenomena characterized by specific range of frequencies. The comparison between POD
and SPOD surrogate strategies highlights the need for further work on the characterization
of the interplay of error between data reduction techniques and neural network forecasts.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Deep learning strategies are gaining traction as a tool for surrogate modeling (also referred to as emulation or non-
intrusive reduced order modeling) of dynamical systems [1-10]. Data associated to dynamical systems has usually a space
and a time component. For instance, one can think of the evolution in time of the temperature at various locations world-
wide. The various locations where the temperature is provided constitute the space component of the data, while the time
snapshots constitute the time component. A common case in computational physics is when we have access to values of a
given quantity at S spatial locations (or grid points), for N; time snapshots. In this case, the dimension of the problem is
S x N¢, where the spatial component S might be extremely large. The key in surrogate modeling or emulation is to iden-
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tify a suitable representation of the data that reduces the high dimensionality of S to a more computationally manageable
number, that we denote with S;. The new reduced space of dimension S, often referred to as the latent space, is where
we seek to learn the time evolution of the system. The learnt reduced space can then be used to reconstruct the original
high-dimensional space by inverting the data compression. Indeed, the three key steps that constitute the foundations of
surrogate modeling or emulation are: (i) data compression from high- to lower-dimensional representation, (ii) learning
the time evolution in lower-dimensional space, (iii) reconstruction of the high-dimensional data from lower-dimensional
representation learnt. Given the nature of surrogate modeling, there are two errors that one needs to take into account,
the (a) data compression/projection error, and the (b) learning error. The trade-off is usually to find a data compression
efficient enough to make the problem computationally feasible while retaining sufficient accuracy. This balance is obviously
task dependent, and may vary across disciplines and specific applications. In addition, the interplay of data compression and
time-evolution learning must be accounted for carefully, as the learning algorithms adopted might not be optimal for the
specific latent space built. Because of this delicate trade-off and complex interplay, it is not surprising that several learn-
ing approaches to emulate latent-space dynamics have been recently proposed in the literature. These include approaches
where proper orthogonal decomposition (POD) and autoencoders have been used to compress the data, while recurrent and
convolutional neural networks, among others, have been used for the time-evolution learning task [11-15]. Many works are
currently exploring non-linear techniques for dimensional reductions relying, for example, either on unsupervised learning
approaches such as generative adversarial network (GAN) [16] or on diffusion maps [17].

In computational physics, especially in the context of engineering and geophysical flows, one of the most popular meth-
ods for reducing the dimensionality of the problem is the POD [18,19]. This technique seeks to find a latent space of
dimension S, that is composed of a basis vector ¢ ;(x) that represents the spatial component of the data, and time coeffi-
cients aj(t) that represent the time component

Sr
ax, 0 =) ajO¢$;x t=1,....N ()

j=1
where t =1,..., N are the time snapshots available, and the coefficient constitute the latent space. One typically computes
the basis vector and the coefficients on a portion of the snapshots available, e.g., t =1, ..., N, where Ngain < N. This

portion of the data is usually referred to as training data, as it is commonly used to train a data-driven method - e.g., a
neural network - to reconstruct the time evolution of the latent space (i.e., the coefficients). Once the data-driven method
is trained and the evolution of the coefficients learnt, one reconstructs the original high-dimensional data using the pre-
computed basis vector ¢. The learnt dynamics of the latent space can then be used as a non-intrusive reduced order model
on e.g., unseen coefficients.

In this paper, we construct a surrogate model for the spectral proper orthogonal decomposition (SPOD) latent space via
recurrent neural networks. In particular, we use the SPOD to reduce the dimensionality of the problem, thereby identify-
ing the SPOD latent space through singular value decomposition and oblique projection of the modes, and use recurrent
neural networks to learn the time evolution of the SPOD latent space. The SPOD-based surrogate model is then compared
against more popular POD-based surrogate strategies. The key difference between the two dimensionality reduction meth-
ods, POD and SPOD, consists of the space where the basis vector is sought for. On the one hand, POD extracts the basis
vector (also referred to as modes) as the eigenvectors of the (spatially weighted) anomaly covariance matrix. Therefore, POD
provides a space-only picture of the problem. On the other hand, SPOD [20-22] is based on an eigenvalue decomposition
of the estimated cross-spectral density (CSD) matrix of the data, that is we can leverage the frequency space to extract
coherent patterns of interest at specific wavenumbers. Indeed, at each frequency, SPOD yields a set of optimally ranked,
time-harmonic and orthogonal modes, that are coherent both in space and time. Furthermore, these modes are identical
to optimal response modes of a stochastically forced non-normal linear dynamical system if the forcing consists of white
noise. Hence, they provide a direct bridge for dynamical system modeling in computational physics, where the generative
process of the underlying data comes from a set of differential equations. This useful property, could be used, for instance,
in the context of geophysical flows, where it can open several opportunities in the analysis and physical understanding of
Earth system model results [23-25]. In particular, we can construct different SPOD latent spaces depending on the set of
wavenumbers that we are interested in. For instance, in geophysical flows, it is common to encounter phenomena that are
characterized by a compact frequency band and whose evolution in time might be of interest. This is the case of several
modes of variability, such as the Madden-Julian Oscillation, or El Nifio-Southern Oscillation. In these cases, one might be in-
terested in a detailed analysis of the frequency spectrum, and the evolution of the latent space associated to only a portion
of the frequencies provided by the SPOD, and/or to perform data prewhitening and de-noising [26-28].

In this paper, we show how SPOD surrogate modeling with a frequency-selective latent space learning can be achieved,
and we compare it against more standard POD data reduction methods. We also show how the POD can be reconstructed
from the SPOD modes, and discuss, for a neural network architecture, the trade-off between data reduction error and
learning error. In Fig. 1, we depict the conceptual workflow of the proposed approach for learning the latent space of
SPOD, eventually selecting a frequency band of the spectrum provided by the method. The left-hand side plot of Fig. 1
consists of high-dimensional data on which we apply the SPOD. From this, we obtain a set of space-time coherent SPOD
structures at different periods (or frequencies), that constitute that basis to build the latent (or reduced) space that the
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Fig. 1. Conceptual workflow of SPOD latent space learning.

neural network learns. We use the model that the neural network learnt to forecast future states, and we finally reconstruct
high-dimensional future snapshots from the reduced space forecasts.

The rest of the paper is organized as follows. In section 2, we briefly introduce the SPOD method, and detail the
neural-network-based SPOD emulation strategy. In section 3, we compare POD and SPOD emulation, pointing out their
key differences. In section 4, we present the results on a compressible jet and on a geophysical problem associated to the
Madden-Julian Oscillation. We also present a direct comparison between POD and SPOD emulation. Finally, in section 5, we
provide a critical discussion of this work, and draw the key conclusions.

2. SPOD emulation via non-intrusive reduced order modeling

This section follows the workflow presented in Fig. 1. In particular, we introduce the SPOD method (section 2.1) that
allows us to reduce the dimensionality of the data and construct the SPOD latent space (section 2.2). These are depicted as
step 1 and step 2 in Fig. 1. We then introduce the neural-network learning strategy (section 2.3), depicted as step 3 in Fig. 1,
along with its connections to theoretical findings. Finally, we present the reconstruction of the high-dimensional space from
the SPOD latent space (section 2.4), depicted as step 4 in Fig. 1.

2.1. The SPOD method

We use the SPOD approach to identify a suitable latent space of high-dimensional data, as a first step of our dynamical
system emulation strategy. The high-dimensional data consists of multidimensional fluctuating and wide-sense stationary
time-series q(x, t;), from which we subtract the temporal mean q. The data q(x,t;) is composed by tj =1,..., N; time
snapshots, spatial coordinates x € RY for a total of S spatial points available, and q=gqx, ..., qn,, variables.

To derive the SPOD method, we recast each time snapshot of the multidimensional data into a vector of dimension
q(x, t;) = q; € RM*Nt where M is the number of spatial points S multiplied by the number of variables Ny, that is
M =S x Nyar. We can then assemble the data (also referred to as snapshot) matrix

Q=1q1,qy, ..., qn,] € RM*Ne, )

that constitutes the starting point of the SPOD approach. The task is to identify a deterministic (set of) function(s) ¢(x,t)
that best approximates the statistically stationary (zero-mean) process q(X, t) underlying our data Q. In mathematical terms,
this translates into maximizing the quantity

_ E((@0 0, $x, )]
<¢(X, t)s ¢(X3 t))X,t

where we assume that any realization of {q(x, t)} span a Hilbert space H with inner product (-, -)x ; and expectation operator
E{-}, here taken to be the ensemble mean. The inner product (-, -)x; is defined as

: 3)

(u,V)x = / /u*(x,t)Wv(x,t)det, (4)

—00 Q

where d2 denotes the spatial integration, dt the time integration, and W is a spatial weighting matrix. Given the assumption
that any realization of {q(x,t)} span H, and thanks to Karhunen-Loéve (KL) theorem, we know that there exists a set
of mutually orthogonal deterministic functions that forms a complete basis in the Hilbert space H. This can be defined

3
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as q(x,t) = Z;’-il ajpr(x, t), where ¢ are eigenfunctions whose associated eigenvalues A, arise from the solution of the
Fredholm integral equation, that owing to the stationarity assumption on the underlying process, can be written in the
frequency domain

f S&X, HY &, f)dx = AN, f). (5)
S

where S(x, X/, f) is the Fourier transform of the two-point space-time correlation tensor C(x,x’, T) = E{q(x, t)q* (X', t")},
also referred to as the cross-spectral density tensor

Sx, X/, f):/C(x,x’,t)e’iZ”f’dt. (6)

—00

To form the discrete analog of (5), we use the Welch’s method, and segment the data into L (possibly overlapping) blocks

4 4
Q¥ =[q",....q0 Je RMNe, 1,1, (7)

where each block contains N snapshots, overlaps by €, snapshots with the next block, and is regarded as equally
representative of the whole data (i.e. it is assumed ergodic). An optimal overlap value is 50% as suggested by Welch [29],
since it avoids data leakages when widowing functions are applied on the ensembles; different strategies must be adopted
in same cases, for example nonoverlapping blocks minimize the variance of spectral estimations while on the other hand
heavily duplicated data (i.e. high overlap value) allow to extract a higher number of blocks from the starting set of data
q(x, t;) for a fixed number of snapshots Ng. The latter strategy was adopted for the test case described in 4.3 in order to
extract from a relatively small data set a sufficient number of blocks to train a neural network. To obtain the discrete analog
of the cross-spectral density tensor, we apply the temporal discrete Fourier transform to our data in equation (7)

A _ 4@ A0 ~(0) MxNge 5 _
QV=[q.q; .....qy, JeR t, £=1,...,L (8)
We then reorganize the Fourier-transformed data by collecting all realizations at the k-th frequency into a single data matrix

Q= [ﬁ,(:), c],({z), e c],(f)] e RM*L " for frequency k. (9)

. . . 1A
From this, we can construct the cross-spectral density matrix Sy = X;Xj € RM*M " \where X; = %WiQk = [x(l),x,(f), ey

x,(CD] € RM*L The SPOD modes and associated energies can be computed as the eigenvectors and eigenvalues of the Sy, that
is Sy = Uy AU, where Ay = diag()»,?), )\’(cz) e ,)\,(f)) e RXL and Uy = [u,((U, u,(f), .. .,u,(f)] e RM*L 3re the diagonal matrix
of eigenvalues, or modal energies, and the eigenvector matrix, respectively. In practice, we solve the more computationally
amenable eigenvalue problem X;XiVi = ViAy for X;X; € RE*E instead of XiX: € RM*M  following [30], and obtain the
SPOD modes for the k-th frequency from

_1 -1 1
O =W 2X kA, 2 = 7

We note that if we group the frequencies together, we can rewrite the SPOD modes as follows:

L1
QeViA, 2. (10)

1 2 L 1 2 L 1 2 L
=g by.....on1 =107 07, ..o 05 07 e ey e eyl (11)
—_—
# b2 on,

noting that for real data the total number of frequencies is Nf = [%1 + 1. From these modes, it is possible to construct the
latent space. This is discussed next. For additional details on the SPOD method, the interested reader can refer to [21,22].

2.2. SPOD latent space

As shown by Nekkanti and Schmidt [26], there are two strategies to reconstruct the SPOD latent space, namely a time-
domain and a frequency-domain reconstruction. In this paper, we mainly use the time-domain reconstruction. Yet, we
perform a comparison between time- and frequency-domain learning of SPOD latent space in section 4.3.

4
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2.2.1. Time-domain reconstruction
The SPOD latent space is constituted by a matrix of expansion coefficients A. Following [26], this can be constructed
using a weighted oblique projection of the data onto the modal basis

A= (<I>*W<I>)_1<I>*WQ= [agl), agz), e, agL), ag), agz), e, agL), e, af\}f), aﬁf), e, aEVLf)]. (12)
N——
ai a ang

where A € REXNDxNe s the matrix containing the expansion coefficients and @ € RM*(xNg) s 3 matrix which gathers all
the SPOD modes arranged by frequency as in equation (11). The full matrix of expansion coefficients, constructed using all
modes and frequencies has dimensions L x N (frequencies). In practice, it is common to use only a portion L, of the total
number of modes, and (eventually) a portion Ng of the total number of frequencies, from a frequency id flb to fub. This
recasts the original high-dimensional data into a smaller SPOD latent space of dimension L, x Ng, defined as follows

A =(®W®,) e WQ=

—1aD 4@ (Lr) (1) ) (Lr) (1 2 (Lr)
=gy Ay - Qg+ gy g Oy - O - > Gy Db -~ G - (13)
agp aflp11 afyp

The calculation of the matrix coefficients (12) can be problematic, because ®*W® is potentially ill conditioned especially
when a high number of modes are taken into account. Computing its inverse numerically can therefore be difficult. In
this work, we follow Nekkanti and Schmidt [26], and use a pseudo-inverse based on the singular value decomposition of
®*W®. Additionally, we note that one cannot use an orthogonal projection because the modes at different frequencies are
not orthogonal when a space inner product is considered.

Once the reduced SPOD latent space A, € R(rxNw)xNt i available, we can learn its time evolution using data-driven
methods.

2.2.2. Frequency-domain reconstruction
An alternative approach for the computation of the expansion coefficients, usually referred as frequency-domain recon-
struction, relies on the orthogonal projection of the Fourier-transformed data Q onto the SPOD modes:

A= d*WQ (14)

where A € RIXNOxL is the matrix containing the coefficients [26]. Hence the snapshots which belong to the I-th block
can be reconstructed by computing the corresponding Fourier transformed data starting from the modes and the expansion

coefficients:
L L
Q"= (Z aik!¢i> : (Z ail<l¢i)
i=1 i=1

and then by applying an Inverse Fast Fourier Transform to the vector just computed. In order to perform properly this
operation, the number of frequencies Ny must be equal to the number of the snapshots contained in each block; if only
some subsets of frequencies have to be retained during the snapshot reconstruction phase, one has to put equal to zero the
expansion coefficients corresponding to the frequencies to be cut off.

In this paper, we propose to learn the latent space evolution via neural networks, and a long short-term memory neural
network in particular. This is described next.

L
(Zﬁim(ﬁi) , (15)
i=1

k=1 k=2 k=N

2.3. Learning of dynamics via neural networks

We use deep learning strategies based on neural networks to learn the time evolution of the latent space constituted
by the expansion coefficients constructed in equation (13). The problem here is in the realm of autoregressive time-series
forecasting, where one seek to learn the future values of a variable! f=[f(t+1), f(t+2),... f(t +n¢F)], provided past
values of the same variable f=[f(t—1), f(t —2),... f(t —n¢p)], where nr can be different from n;p. In our case, we
seek to learn the time evolution of A, that is: we want to forecast the future values A, =[ar(t+1),a,(t+2,...,a;(t+nF)],
provided past values of these coefficients Ar = [a,(t — 1), a,(t —2, ..., a,(t —np)]. To perform autoregressive time-series fore-
casting, using deep learning, several neural network architectures have been proposed, including recurrent neural networks,
such as long short-term memory networks (LSTMs) [31] and gated recurrent networks [32], neural ordinary differential
equations [33], transformer networks [34], and temporal convolutional networks [35]. Since an exhaustive comparison of
these architectures is beyond the scope of this article - we shall utilize the LSTM as an exemplar architecture for learning

1 In the more general case, autoregressive time-series forecasting is performed on a set of variables vs. just one variable.
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the dynamics of our observed data on the space spanned by the SPOD modes. Moreover, viable theoretical connections are
relatively simple to establish for reduced-order modeling and LSTM networks.

The LSTM network is a special type of the recurrent type of neural networks. The term ‘recurrent’ alludes to the fact
that certain neuron outputs from a neural network, at each time step in the prediction, are utilized to influence predictions
in future time steps. Embedding this type of inductive bias allows for the neural network to learn long and short-term
correlations between instances in time from the training data set. The basic equations of the LSTM in our context for the
coefficients A, are given by

input gate: G; = @ o TiNC (Ap),
forget gate: Gy = @5 o TfN“ (Ar),
output gate: G, = @5 o Fo * (Ay), (16)

internal state: st =G © §¢—1 + G; © ((oT oFa C(A)) ,
output: hy = Gy 0 @7 (St),

where A, € RUErNm)xNe Here, @ ¢ and ¢ refer to tangent-sigmoid and tangent-hyperbolic activation functions respectively
(although these may be modified with a view to improving the accuracy or robustness of learning), N. is the number
of hidden layer units in the specific neural network and is another modifiable parameter. Finally, #" refers to an affine
transformation and (®) refers to a Hadamard product of two vectors. The LSTM implementation is used to advance A as a
function of time. The interested reader may also find connections between classical implicit time-integration methods and
the construction of such time-delay embedded neural architectures [36].

The most obvious connection between dynamical systems and LSTM neural networks is through the framework of time-
delay embeddings for simulation of the former. A convenient starting point is the Mori-Zwanzig formalism [37-39] which
divides the variables of a dynamical system into resolved and unresolved components. Subsequently, unresolved compo-
nents are ‘estimated’ by functions that are parameterized by the resolved degrees of freedom leading to reduced system of
equations for capturing the dynamics of the system. This leads to a generalized Langevin equation for the dynamical system
or in other words an equation of the resolved variables with memory and noise.

The following formulation, derived from the first step of the Mori-Zwanzig treatment, can be used to approximate the
dynamics of our observed data on the reduced space

dA,
dt

where W is the unknown evolutionary operator of the dynamics in this space. Subsequently, we define two self-adjoint
projection operators into orthogonal subspaces given by

=eWlwa,, (17)

_(A%A)

=—A, =]-P, 18
@0 A0 Q (18)

h

with Q P =0 and A® = A(t = 0). Therefore, P may be assumed to be a projection of our full-order representation in the
space spanned by SPOD modes. Subsequently, we can further expand our system as

dA
=" @+ WA, (19)
which may further be decoupled to a Markov-like projection operator M given by
A%, A?
eWPWA, = %e(err = MA, (20)
(Ar ’ ar)

and a memory operator G given by

t
et QWA? =Wt QWwaA? + / eW =t pwe QW Q WA dt; = GA;, (21)
0

from Dyson’s formula [40] with t; corresponding to the length of memory retention. The second relationship, given by
Equation (21), may be assumed to be a combination of memory effects and noise. The final evolution then becomes,
dA,

— =GAr+ MAr. (22)
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This expression can be compared to that of the internal state update within an LSTM (Equation (16)), which we repeat
below

5t=GC; 051+ G O (@r o Fp(A), (23)

where a linear combination of a nonlinearly transformed input vector at time t with the gated result of a hidden state at a
previous time t — 1 is used to calculate the result vector at the current time. The process of carrying a state through time
via gating may be assumed to be a representation of the memory integral, whereas the utilization of the current input may
be assumed to be the Markovian component of the map.

2.4. SPOD high-dimensional space reconstruction

After learning an LSTM-based surrogate model for the dynamics of the latent space, we can reconstruct predictions from
this model, Ay, by reconstructing the predicted coefficients using the SPOD modes &, i.e.,

Q: ‘I’ri\h (24)

where one seeks Q~ Q, and A; ~ A,. Indeed, from this procedure there are two types of errors that we need to consider:
(1) the projection error, and the (2) learning error. The first can be easily computed by comparing the reconstruction of
the training data coefficients vs. the true high-dimensional data prior to learning the evolution of the latent space via the
neural network, i.e.,

eITprojection = @rAr — Q. (25)

The second can be computed using the true coefficient vs. the predictions of the LSTM neural-network, i.e.,

€ITjearning = i’r‘z\r — @A, (26)

We note that if we use only a portion of the total number of frequencies, N, we do not have access to the “true dynamics”
Q, as this considers only the time evolution of a frequency subspace. This can be however useful in some cases. If we
believe that just a portion of the frequency spectrum is relevant to the problem at hand, and the rest is, for instance, noise,
hence not contributing to the dynamics of the underlying generative process, then we are evolving a physically relevant
phenomenon cleaning the frequencies associated to noise.

The total error is a combination of the two errors in equations (25) and (26), and can be calculated as follows

€ITtotal = <i’ri\r -Q (27)
3. On the connections between POD and SPOD emulation

In this section, we introduce the POD method, outline how POD modes relate to SPOD modes, and detail how POD
latent space differs from the SPOD one, thereby resulting in a learning task that has a different characteristics and degree
of difficulty.

3.1. The POD method

Similarly to SPOD, in the POD method we seek to identify a basis ¢5.POD) that best approximates the process q(x,t)
underlying our data Q, defined in equation (2). In contrast to SPOD, for POD we seek to maximize

E{l{q(x. 1), $ PP (x, £))x|?}
3, (POD) _ ’ 28
(@™ (x, 1), ¢ PP (x, 1))x (28)

over ¢POD)(x,t) € H, where H is a Hilbert space. The analogy with the SPOD modes described in the previous section is
evident, but in this case the inner product (-, -)x is defined only in space and therefore the two-point correlation is written
as C(x,X) = E{|{q(x, t), $TOP)(x, t))x|?}, being the dependence on time dropped. The function ¢(x,t) which maximizes
the quantity AFOD) can be found by solving the eigenvalue problem: (C(x,x'), $TOP (x')) = A(POD)¢POD) (x) In terms of
discrete data Q, the eigenvalue problem reads as Q*QV(OD) = y(POD) A(POD) " 3ng the POD modes can be constructed as
@(POD) — Qv(POD) Hence POD modes identify an orthonormal basis which is coherent in space and optimal in sense that it
minimizes the error in terms of energy between the original snapshots (2) and their orthogonal projection.

7
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3.2. Relation between POD and SPOD modes

POD modes can be seen as a superimposition of space-time coherent structures, and can be directly related to SPOD
modes. In order to show this, we start from the equivalence between the space correlation tensor and the space-time
correlation tensor reported in Equation (6). For a null translation in time, the latter reads

C(x,x’,O):/S(x,x’, Hdf. (29)

This relation shows the equivalence between a space correlation and a zero-time-lag space correlation. As described in [21],
the cross-spectral density tensor has the following diagonal representation:

o0
S&X, )= 1N HYEK, ). (30)
k=1
Putting together Equation (29) and (30), and applying the operator (-, ¢(x)) to both sides one eventually obtains:
o0 o0
MG 0 = [ 5 aeDe e i (31)
_o0 k=1

being ¢ = (¢ (X, f), ¢§POD)(X). This last equation shows how the POD modes can be seen as a summation of SPOD modes
at many frequencies; in particular the POD modes are mixing together space-coherent dynamics which are characterized by
different frequencies.

3.3. Comparison between POD and SPOD latent space

Using the POD modes ®FOD) defined in section 3.1, it is possible to compute the latent space for POD, that is

AﬁPOD) — @(POD).xQ — [q(POD.1) (POD.2) ~ (POD.L1)y (32)
where AﬁPOD) e RL*Ne with L, being the number of modes retained to compute the coefficients (also referred to as trunca-
tion of the POD basis). If we compare equation (32) with equation (13), we note that, unlike POD, the SPOD latent space is
richer, because it contains the frequency content of the data, that is its dimension AT e RIrNe £ A, ¢ RUrxNmxNe [t jg
exactly this aspect that makes SPOD and POD latent spaces different. The former contains frequency information regarding
the data, and is able to capture the evolution of coherent structures for finite frequency bands. The latter contains an over-
all representation of the data, without the frequency granularity permitted by SPOD. This difference leads to conceptually
different emulation strategies, where for SPOD we can control the frequency information we want to retain in the data. This
feature allows (1) filtering out unwanted noise, or (2) focusing on specific phenomena arising for given frequency contents.
Obviously, the coefficients produced by POD and SPOD have a different time behaviors. Because of this, the neural-network
learning task may be more difficult for one with respect to the other data reduction method. In section 4, we will show
how the latent space (first two coefficients) for POD and SPOD (Fig. 7), and it will be possible to appreciate how the SPOD
coefficients are less stationary if compared to the POD ones, thereby rendering the SPOD emulation task more difficult.

4. Results
4.1. Data layout, neural network configuration and code availability

The emulation strategy proposed in this paper aims to predict future values of the SPOD coefficients Ar,future C[AA(t +
1),Ar(t+2),...,Ar(t +n¢p)], provided their past values Ay past : [Ar(t — 1), Ar(t — 2), ..., Ar(t —nzp)]. From these, we can
then compute the future data snapshots Q : [Q(t+1),Q(t+2),...,Q(t+n¢f)], simply by projecting the predicted coefficients
onto the pre-computed modes ®, that is

Q(t +1i) = ®A(t +1). (33)

The coefficients A, are learnt using a recurrent neural network architecture, namely the long-short term memory (LSTM)
network. The coefficients learnt via LSTM are denoted by A, as opposed to the true coefficients denoted by A,. The task is
to learn the (generally nonlinear) map Ar,fuwre —> Nistm(Ar past) wWhere one seek to minimize the difference between the
true Ay future and the predicted Ar’future, under a given error norm (L, in our specific case). The LSTM neural network Nistm
adopted for all the results presented in this section shared the same overall structure, and consisted of a sequential single
LSTM layer, with hyperbolic tangent activation function, and dropout of 0.15.
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Fig. 2. Learning configuration adopted for the SPOD coefficients. The grey boxes at the top represent the past values of the coefficients. The green boxes
at the bottom represent the future values of the coefficients. The light blue boxes are the neural networks N mapping each SPOD coefficient (for all
frequencies) from past to future values. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

For the learning task at hand, we divided the data available into training, validation and test sets. Consequently, the
neural network was fed with
P . P (train) : : (train) : :
atraining input containing A, of dimension [nsamples, NP, Nfeatures], With Nsamples being the number of samples used
for the training, n;p the number of previous time snapshots used for the future prediction, and Nfeatures = M X Nfreq
the total number of features,
a training output containing Aﬁtgiltz)re
wants to predict
atesting input containing A\t
A(test)

r.future

(train)

of dimensions [nsamples,

NzF X Nfeatures), Where n¢g is the number of future steps one

. . (test)
of dimension [nsamples’ N p, Nfeatures]

(test)

a testing output containing of dimension [nsamples, NzF X Nfeatures)-

The coefficients used for testing, Aﬁtes{), were computed by projecting the last n

basis (i.e., SPOD modes) obtained from the training snapshots, that is:

e data realizations on the same reduced

A,(ﬁtest) _ (I)Strain),*Q(test)’ (34)

such that information leakages which could inflate the prediction are prevented. We note that there is no validation set, as
no hyperparameter optimization was performed. However, we used the test set to evaluate under- and over-fitting issues,
by computing the corresponding loss function during training. All the coefficients A, were scaled between -0.1 and 0.1 in
a feature by feature fashion to avoid output saturation. To speed up neural-network training, we subdivided the coefficient
matrix A, into L, distinct sub-matrices, and distributed the computation across L, identical LSTM neural networks, where
the number of features for each of them was equal to the number of frequencies used, as depicted in Fig. 2. We note that
this neural network configuration also allows for coefficient-specific hyperparameter optimization, that might be beneficial
for complex learning tasks.

We remark that we used the time-domain reconstruction detailed in section 2.2.1 for all results, except for section 4.3,
where we compare the frequency-domain reconstruction (detailed in section 2.2.2 vs. the time-domain one.

The results presented in the following sections were obtained using the open-source PySPOD [41], where we imple-
mented the neural-network emulation strategy proposed in this paper, using Keras (https://keras.io). The interested reader
can refer to: https://github.com/mengaldo/PySPOD, and in particular to the Git branch papers/spod-emulation.

4.2. Engineering problems: a compressible jet

The first test case considered is a subsonic turbulent jet at Mach number 0.4 and Reynolds number of 4.5-106. The data,
retrieved from https://github.com/SpectralPOD/spod_matlab, consists of 1000 realizations (or snapshots) of a pressure field
sampled every 0.2 acoustic time units and corresponds to a coarsened version of a large-eddy simulation dataset computed
by Bres et al. [42]. This coarsened dataset interpolates the original data onto a significantly smaller and uniformly spaced
cylindrical grid of 22 x 88 points. The 1000 snapshots representing the pressure field at different time instants were split

into a training and a testing set. The training set is composed of négﬁgfes = 800 snapshots, while the testing set is composed


https://keras.io
https://github.com/mengaldo/PySPOD
https://github.com/SpectralPOD/spod_matlab
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Fig. 3. SPOD eigenvalues plotted against period: the first few modes are able to capture most of the energy of the original system.
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Fig. 4. True pressure field vs. POD reconstructed pressure field (left plot) and SPOD reconstructed pressure field (right plot). The reconstruction used ten
modes for both cases (albeit the number of modes for SPOD is larger, and equal to ¢ = 10(modes) x 33(frequencies) as we use all 33 frequencies to
reconstruct the pressure field). Both figures show time snapshot 500.

of nggerf&es = 200. To compute the SPOD modes, the snapshots of the training set were subdivided into L = 24 statistically

independent blocks, each of them containing 64 snapshots with a £,y = 50% overlap. No weighting was adopted for the
inner product, thus resulting in the weight matrix being equal to the identity matrix W = I. This choice of parameters
provides up to 24 modes and 33 frequencies. The SPOD modes were generated using the methods illustrated in section 2,
starting from the snapshots containing the pressure fluctuations computed by subtracting the time mean of the pressure
field from each realization. In the following two subsections, we show the comparison between POD and SPOD emulation,
and the sensitivity with respect to the number of modes and the number of future values predicted n,r - also referred to
as forecast horizon - (section 4.2.1), as well as the sensitivity of SPOD emulation to the frequencies retained (section 4.2.2).

4.2.1. POD vs. SPOD emulation: sensitivity to number of modes and forecast horizon

In this section, we compare POD and SPOD emulation for different number of modes retained and different forecast
horizons. We retain all 33 frequencies (equivalently periods) that the SPOD provides for each eigenvalue (and associated
mode) for this test case, as depicted in Fig. 3. In contrast, the POD yields a set of eigenvalues and associated modes, that
do not contain this frequency dimension. From Fig. 3, it is possible to see how the first few eigenvalues (thus associated
SPOD modes) are able to capture the majority of the energy contained in the original snapshots. Therefore, as expected,
we can reconstruct the dynamics of the jet pressure field by superimposing the first few leading modes multiplied by the
associated coefficients computed using the oblique projection introduced in section 2.2. This is true for both POD and SPOD.

An example of pressure field reconstruction for both methods is depicted in Fig. 4. Here, we show a qualitative compari-
son between the 500-th snapshot of the pressure field and the corresponding reconstructed solution, in which the pressure
fluctuations were obtained by superimposing the first ten POD modes (left plot), and the first ten SPOD modes (right plot).

Fig. 5 shows the decay of the averaged L2-norm error against the number of modes for POD (left plot) and SPOD (right
plot). We remark again that the SPOD uses all frequencies for the ten modes considered to reconstruct the pressure field.
We note how the error of the SPOD reconstruction is generally smaller than the one for the POD reconstruction (note that
the y-axis is different for the POD and SPOD). However, the SPOD reconstruction requires a larger amount of data, as we
need to consider the frequency dimension for each mode (i.e., 33 frequencies for this test case), that is not present for the

10
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Fig. 5. Decay of the L2-norm error as a function of the number of POD (left plot) and SPOD (right plot) modes used for reconstructing the pressure field.
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Fig. 6. Loss histories of the training phase (right figures) and comparison between the first time coefficient and the corresponding neural network prediction
(left figures). The two top figures correspond to POD, while the bottom two to the SPOD.

POD reconstruction. Therefore, the data compression achieved for SPOD differs from the one achieved for POD, by a factor
associated to the number of frequencies retained for the reconstruction, that is: r. = no. modes SPOD/(no. modes POD x
Ng:) = 1/Ng:). The neural-network prediction of the coefficients is depicted in Fig. 6, along with the training and validation
(that in this case coincides with testing as no hyperparameter optimization was performed) loss as a function of the number
of epochs. The results were obtained using the LSTM configuration described in section 4.1, where the single neural network
layer employed contained 25 neurons. The total number of epochs for training was equal to 130. The number of past values
adopted to make the predictions was n;p = 60, and the number of future values predicted was n,r = 1, with a total number

of samples for training equal to "g:j;ll)es = 749. The total number of features for SPOD was ngﬁiunr,esspon) =330 since the first

10 modes were used, resulting in a data compression of ¢ =330/(88 x 22) =0.17, that is, the latent space had a dimension
that was only 17% of the original data. The total number of features for POD was instead nggi‘u“r'el:om =10, achieving a
data compression of ¢ = 10/(88 x 22) = 0.005, corresponding to a latent space containing an amount of data equal to only
0.5% of the original data. To this end, the data compression achieved via POD is larger. However, the granularity provided
by the SPOD in terms of frequency space is not available. Therefore, the trade-off is application dependent, and revolves
around what the frequency information content can provide in terms of analysis and prediction. Fig. 6 shows how the
LSTM prediction for POD (top plots) seems to achieve better performance than the SPOD one (bottom plots). This can be
explained by looking at the POD and SPOD coefficients. On the one hand, the POD coefficients are smoother, and resemble a
harmonic behavior. On the other hand, the SPOD coefficients are less smooth, possibly less stationary, and more numerous.

11
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Fig. 8. Comparison among: true solution (top), reconstructed solution obtained by projecting the snapshots on the modal basis (middle), reconstructed
solution with the predicted LSTM coefficients (bottom). The figures on the left are for POD, while the figures on the right are for SPOD.

A comparison of the first two POD modes (left plot) and the first two SPOD modes (right plot) is depicted in Fig. 7,
where the characteristics described are particularly evident. These different characteristics of the POD and SPOD latent
spaces lead to a more challenging neural-network learning task for the SPOD coefficients, thereby negatively affecting the
SPOD-LSTM forecasts. One should note that we did not carry out an hyperparameter optimization, nor did we use different
neural-network architectures (including attention-mask-based neural network architectures, that can improve the learning
performance [43]) as these two aspects are out of the scope of this paper. However, these two points can improve the
SPOD-LSTM predictions. In addition, having longer time histories for the coefficients may further improve the predictions.
Fig. 8 shows the comparison among the true solution, the solution reconstructed with the coefficients obtained with a
direct projection of the snapshots onto the reduced space, and the one with coefficients predicted with the LSTM network.
The different errors, described in section 2.4, are reported in Table 1. These are the projection error, due to the projection
of the true dynamics onto a reduced space, the learning error, due to the neural-network, and the total error, that is a
combination of the previous two errors. For the POD, the projection error is consistently larger than the learning error.
This indicates that the dominant part of the total error is related to the projection phase, while the LSTM network was
very effective in predicting the future values of the coefficients. For the SPOD, the situation is reversed, with the learning
error being dominant. Two main elements can explain this different behavior. The first one is due to the fact that the time
series of the SPOD coefficients are more irregular and unsteady with respect to the POD ones and hence more complex
to predict (depicted qualitatively in Fig. 7). The second one is connected to the latent SPOD space dimension, which is
significantly larger than the POD one and therefore more prone to accumulation of learning errors. The higher number of
features impacts negatively the costs of the training phase of the LSTM network and the one of the model inference. This
negative impact of the number of modes on the error is confirmed by observing the Lj,-norm errors reported in Table 1:
the learning error is significant when a high number of SPOD modes are taken into account even if the Ly-norm error is
relatively small, thus indicating that the error is high on a limited number of computational points.

12
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Table 1

Ly, Ly, and Ljy¢ norm errors evaluated considering a different number of modes for both POD (top table) and SPOD (bottom table).
POD Projection Error Learning Error Total Error
Nr. of Modes Ly Ly Loo Ly Ly Loo Lq Ly Loo
2 3.04e-03 1.19e-04 2.96e-02 6.36e-05 3.45e-06 8.12e-04 3.04e-03 1.19e-04 2.97e-02
4 2.81e-03 1.11e-04 2.88e-02 9.95e-05 5.02e-06 1.13e-03 2.81e-03 1.11e-04 2.88e-02
6 2.72e-03 1.07e-04 2.82e-02 1.88e-04 8.60e-06 1.82e-03 2.74e-03 1.08e-04 2.82e-02
8 2.65e-03 1.04e-04 2.77e-02 2.40e-04 1.07e-05 2.29e-03 2.68e-03 1.05e-04 2.78e-02
10 2.49e-03 9.77e-05 2.70e-02 3.05e-04 1.28e-05 2.71e-03 2.53e-03 9.89e-05 2.70e-02
12 2.36e-03 9.27e-05 2.69e-02 3.42e-04 1.43e-05 3.18e-03 2.40e-03 9.43e-05 2.71e-02
14 2.26e-03 8.80e-05 2.64e-02 4.06e-04 1.67e-05 3.69e-03 2.31e-03 9.00e-05 2.67e-02
SPOD Projection Error Learning Error Total Error
Nr. of Modes Lq Ly Loo Lq Ly Loo Lq Ly Loo
2 2.81e-03 9.92e-05 2.32e-02 9.50e-04  4.08e-05 1.21e-02 3.01e-03 1.07e-04 2.52e-02
4 2.33e-03 7.93e-05 1.90e-02 1.34e-03 5.64e-05 1.52e-02 2.79e-03 9.75e-05 2.24e-02
6 2.04e-03 6.82e-05 1.45e-02 1.69e-03 7.04e-05 1.86e-02 2.81e-03 9.81e-05 2.17e-02
8 1.79e-03 5.89e-05 1.18e-02 2.45e-03 1.03e-04 2.55e-02 3.26e-03 1.19e-04 2.65e-02
10 1.55e-03 5.07e-05 9.82e-03 3.47e-03 1.47e-04 3.37e-02 4.05e-03 1.55e-04 3.39e-02
12 1.35e-03 4.40e-05 8.56e-03 6.34e-03 2.71e-04  6.45e-02 6.71e-03 2.74e-04 6.47e-02
14 1.14e-03 3.73e-05 7.32e-03 1.97e-01 9.09e-03 2.45e+00 1.97e-01 9.09e-03 2.45e+00

Table 2

Computational times (in seconds) for both POD and SPOD for a different
number of modes.

Nr. of Modes POD SPOD

Offline Online Offline Online
2 68.45 3.92 268.57 14.02
4 69.29 3.82 537.73 28.63;
8 711 3.95 1166.58 56.20;
10 68.08 4.04 1369.86 69.31

For both POD and SPOD, the learning error tends to increase with the number of modes, while the projection error
decreases (as also shown in Fig. 9).
The number of modes strongly influences the computational time when SPOD is considered since, as described in Sec-
tion 4.1, an increasing number of neural networks has to be trained; Table 2 reports the computational times for both POD
and SPOD when a different number of modes is considered. Two different phases are considered in the table aforemen-
tioned: the Offline phase, which includes both the generation of the latent space and the training of the neural networks,

and the Online phase, during which the high dimensional flow fields are predicted.

Fig. 10 shows the projection, learning and total error for a five different forecast horizons nyr =[1, 2, 3, 4, 5]. The projec-
tion error is obviously constant, while the learning error increases as the forecast horizon increases. This is expected, as a
longer forecast horizon is typically more difficult to predict than a shorter one. We can also observe how the learning error
drives the total error for SPOD, while the projection error drives the total error for POD.
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Table 3

L1, Lz, and Liys norm errors evaluated retaining a different number of SPOD frequencies.
SPOD Projection Error Learning Error Total Error
Nr. of Freqs L1 Lz Loo L1 L2 Loo L1 L2 Loo
5 2.70e-03 9.41e-05 2.11e-02 1.50e-03 6.33e-05 1.11e-02 3.19e-03 1.14e-04 2.36e-02
10 2.44e-03 8.36e-05 1.74e-02 2.48e-03 1.05e-04 2.07e-02 3.70e-03 1.36e-04 2.75e-02
15 2.21e-03 7.46e-05 1.48e-02 2.55e-03 1.08e-04 2.30e-02 3.59e-03 1.32e-04 2.76e-02
21 2.02e-03 6.69e-05 1.27e-02 2.73e-03 1.16e-04 2.59e-02 3.65e-03 1.35e-04 2.85e-02
25 1.91e-03 6.27e-05 1.19e-02 3.01e-03 1.27e-04 2.98e-02 3.82e-03 1.42e-04 3.15e-02
33 1.55e-03 5.07e-05 9.82e-03 6.37e-03 2.70e-04 5.77e-02 6.82e-03 2.75e-04 5.81e-02

4.2.2. SPOD emulation: sensitivity to frequency

In this section, we show the sensitivity of the emulation framework to the number of frequencies retained for each
SPOD mode. In particular, Fig. 11 shows the projection, learning and total errors for forecast horizon nyr =1 (left plot), and
nyr = 3 (right plot). As we increase the number of frequencies retained, the learning error increases, while the projection
error decreases, as expected. Table 3 tabulated the errors depicted in Fig. 11. Here, it is important to note that by removing
higher frequencies we have a smaller learning error. This aspect can have important applications when we need to perform
predictive tasks on noisy data.

4.3. Frequency domain reconstruction

In Section 2.2 two distinct techniques for the evaluation of the expansion coefficients were presented; the aim of this
section is to provide a comparison between the frequency-domain approach and the time-domain one used in the previous
sections.

One of the main drawback of the frequency-domain approach, when applied to neural network, is that the dimension
of the latent space is proportional to the number of blocks L and not to the number of time snapshots. Therefore, in order
to have an adequate number of samples for training the LSTM-based neural network, the data set containing the 800 flow
realizations of the training set has been split into 687 blocks with an overlap of 98%, i.e. two contiguous blocks differ for
Jjust one snapshot. The training phase of the L x Ny expansion coefficients has been carried out with the aid of the neural
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Fig. 12. Loss histories of the training phase (on the left) and comparison between the first two modes series used for the training of the LSTM network.

Table 4

Ly, Ly, and Lizs norm errors evaluated retaining a different number of SPOD modes for frequency domain reconstruction.
SPODf Projection Error Learning Error Total Error
Nr. of Freqs Ly Ly Loo Ly Ly Loo Ly Ly Loo
2 3.65e-03 1.34e-04 2.79e-02 2.34e-04 1.11e-05 4.21e-03 3.65e-03 1.34e-04 2.79e-02
4 3.58e-03 1.28e-04 2.76e-02 2.60e-04 1.21e-05 4.58e-03 3.58e-03 1.28e-04 2.74e-02
6 3.53e-03 1.27e-04 2.84e-02 2.77e-04 1.27e-05 4.72e-03 3.53e-03 1.27e-04 2.83e-02
8 3.54e-03 1.25e-04 2.64e-02 2.91e-04 1.31e-05 4.67e-03 3.54e-03 1.25e-04 2.63e-02
10 3.53e-03 1.25e-04 2.72e-02 3.01e-04 1.33e-05 4.67e-03 3.53e-03 1.25e-04 2.70e-02
12 3.52e-03 1.25e-04 2.71e-02 3.12e-04 1.36e-05 4.67e-03 3.53e-03 1.25e-04 2.71e-02
14 3.50e-03 1.24e-04 2.65e-02 3.19e-04 1.38e-05 4.70e-03 3.51e-03 1.25e-04 2.64e-02

network configured as described in Section 4.1. The histories of the losses recorded during the training are reported in
Fig. 12a and they demonstrate the suitability of the chosen hyper-parameters also for the current task.

The coefficients associated to the first and the second modes are shown in Fig. 12b and their shape is much more
regular and sinusoidal-like with respect to the ones obtained in the time-domain (Fig. 7). Following this idea, we expect a
lower learning error for the frequency domain case and this is confirmed by the results reported in Table 4 where norm
errors are reported when different numbers of modes are considered. On the other hand the oblique projection used in
the time-domain approach guarantees the best approximation in a least-square sense and this provide a justification for its
smaller projection errors that can be observed. In the present work we have chosen to work mainly with the time domain
reconstruction since it leads to a number of training samples which is the same of the POD case and this guarantees a
consistent comparison between the two techniques.

4.4. Geophysical problems: the Madden-Julian Oscillation

The second test case which was performed considering a geophysical tropical phenomenon known as the Madden-Juklian
Oscillation (MJO). This is an intraseasonal phenomenon whose characteristic period varies between 30 and 90 days and it
is the result of a large-scale coupling between atmospheric circulation and deep convection. This pattern slowly propagates
eastward with a speed of 4 to 8ms~!. Although it is commonly known as an oscillation, the large ranges of variation of
both its local period (30-90 days) and its speed of propagation suggest that MJO is a rather irregular phenomenon which can
be seen at a large-scale level as a mix of multiple high-frequency, small-scale convective phenomena. Further information
about MJO can be found in [44].

The aim of the present case is to test the capabilities of the SPOD-based approach in isolating and predicting the evolu-
tion in time of phenomena characterized by specific subsets of frequencies. The capability of breaking down complex flow
fields in simpler structures united by similar characteristic time-scales could be beneficial for applications involving, for
instance, data denoising, filtering, and frequency analysis.

In this test case the starting dataset was composed by 5000 time snapshots, each of these providing a representation
of the total precipitation with a resolution of 12 hours. The training data set consisted of the first 75% samples (equal to
”E;mmlgl)es =3750), while the remaining 25% samples (equal to ngger;t;les =1250) were used for testing and validation purposes.
The spatial dimension of the data consists of 480 x 241 = 115680 points, where 480 are longitude points and 241 are
latitude points.

The snapshots in the training set were split into L =5 statistically independent blocks, each of them containing 730
snapshots with a £op = 0% overlap. The weighting for the inner product is based on the surface element of a sphere
dS, =r?sin0d dp with radius r over (8, @) € [-7 /2, /2] x [-7, 7], where we denote the spherical coordinate triplet
x = (r,0, @) consisting of radius, geographic latitude and geographic longitude, respectively. The choice of parameters just
introduced provides up to 5 modes and 366 frequencies. The SPOD modes were generated using the methods illustrated in
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Fig. 13. The 100-th snapshot of the database: total precipitation of rain (left plot). Eigenvalues of the first 5 modes plotted against period obtained using
SPOD (right plot).

Table 5

L1, Lz, and Liys norm errors evaluated considering a different number of modes for both POD (top table) and SPOD (bottom table).
POD Projection Error Learning Error Total Error
Nr. of Modes L1 L2 Loo L1 L2 Loc L] L2 Loo
1 4.86e-04 2.36e-06 3.12e-02 7.49e-06 3.82e-08 9.91e-05 4.86e-04 2.36e-06 3.12e-02
2 4.83e-04 2.34e-06 3.12e-02 1.05e-05 6.07e-08 2.42e-04 4.83e-04 2.35e-06 3.12e-02
3 4.80e-04 2.34e-06 3.12e-02 1.30e-05 7.26e-08 3.90e-04 4.81e-04 2.34e-06 3.12e-02
4 4.79e-04 2.34e-06 3.12e-02 1.55e-05 8.64e-08 4.13e-04 4.80e-04 2.34e-06 3.12e-02
5 4.79e-04 2.33e-06 3.11e-02 3.67e-05 2.37e-07 1.05e-03 4.83e-04 2.35e-06 3.12e-02
SPOD Projection Error Learning Error Total Error
Nr. of Modes Ly Ly Lo Lq Ly Loo Ly Ly Loo
1 3.33e-04 1.91e-06 2.97e-02 1.81e-04 7.54e-07 3.51e-03 3.27e-04 2.05e-06 3.18e-02
2 3.38e-04 1.83e-06 2.81e-02 2.42e-04 1.01e-06 5.58e-03 3.44e-04 2.08e-06 3.17e-02
3 3.38e-04 1.75e-06 2.67e-02 2.86e-04 1.20e-06 7.23e-03 3.63e-04 2.11e-06 3.17e-02
4 3.35e-04 1.69e-06 2.56e-02 3.04e-04 1.29e-06 8.65e-03 3.61e-04 2.11e-06 3.17e-02
5 3.31e-04 1.63e-06 2.45e-02 3.34e-04 1.42e-06 9.84e-03 3.80e-04 2.15e-06 3.17e-02

section 2, starting from the snapshots containing the rain precipitation fluctuations computed by subtracting the time mean
from each realization.

The neural network used for learning the dynamics of the SPOD latent space is the same whose configuration has been
described in section 4.1.

In the following subsections, we provide a comparison between the results obtained by using the POD-based approach
and SPOD-based one, and the sensitivity with respect to some significant parameters such as the number of modes and the
number of frequencies retained for the reconstruction is discussed in section 4.4.2 and section 4.4.1, respectively.

4.4.1. POD vs. SPOD emulation: sensitivity to number of modes

In this section the influence on the errors of the numbers of modes is investigated.

First, the SPOD modes are evaluated starting from the flow realizations contained in the training dataset; a visualization
of a snapshot belonging to this database is reported in Fig. 13a. The eigenvalues associated to the first five modes at
different characteristic periods are represented in the plot shown in Fig. 13b. The influence of the first mode is noticeable
in the region associated to low frequencies; in the plot dashed lines help to identify the characteristic period in which the
MJO phenomenon is expected to be significant.

Following the procedure described in 2, the coefficients are evaluated and then the latent dynamics are learnt via a neural
network for both the SPOD-based approach and the POD-based one. The SPOD coefficients are obtained via time-domain
reconstruction, as described in section 2.2.1. The results of the procedure are shown in Fig. 14, where the reconstructions
of the solution in time after projection (top plots) and after LSTM learning (bottom plots) are shown. The left plots were
obtained using 1 SPOD mode, while the right plots using all the 5 SPOD modes. In all the plots in Fig. 14 all frequencies
were retained and a forecast horizon nyr =1 was used. By comparing these figures against the snapshot depicted in Fig. 13a
one can observe that, in this specific test case, both the projection- and LSTM-based reconstructions are visibly different
from the true solution. Yet, the LSTM-based solution resembles the projection based one. Therefore, the largest source of
error in this case is due to the projection, not to the learning task (Table 5).
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Fig. 14. Projection solution (top) vs LSTM prediction (bottom) at the same time snapshot = 100-th, retaining 1 SPOD mode (left) and 5 SPOD modes (right).
For each mode retained, all frequencies were used. The forecast horizon adopted was nrr =1 (corresponding to 12 hours).
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Fig. 15. Projection error, learning error, and total error plotted against the number of modes for forecast horizon nyr =1 (corresponding to 12 hours): POD
(left) and SPOD retaining all frequencies for each mode (right). For POD, projection and total error are overlapped.

Figs. 15 and 16 show the projection, learning and total errors as a function of the number of POD (left plots), and SPOD
(right plots) modes, for forecast horizons nyr =1 (12 hours) and n,r =3 (36 hours), respectively. Similarly to the test case
presented in section 4.2, increasing the number of modes for both POD and SPOD increases the learning error, while there
is a slight decrease in the projection error for both POD and SPOD. The total error for POD is driven by the projection error,
while the total error for SPOD is a combination of the projection and learning errors. The plots for SPOD in both Fig. 15
and 16 are obtained using all the 366 frequencies computed for the SPOD approach. We note that the dimensions of the
latent space for POD ranged from 1 (mode) to 5 (modes), achieving a compression of [1 to 5]/115680. The one for SPOD
ranged from 1 x 366 = 366 to 5 x 366 = 1830, resulting in a data compression of [366 to 1830]/115680, that is two orders
of magnitude larger than the one obtained using POD.

4.4.2. SPOD emulation: sensitivity to number of frequencies

In this section, we show the sensitivity of the emulation strategy with respect to the number of frequencies retained for
the SPOD reduction, similarly to what we showed in section 4.2. In detail, Fig. 17 shows the L2 errors for different numbers
of SPOD frequencies retained. As expected (and similar to the jet test case), a higher number of retained frequencies tends
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Table 6

L1, Lz, and Lizs norm errors evaluated retaining a different number of SPOD frequencies for n;r =1 (top) and n¢r =3.
nep=1 Projection Error Learning Error Total Error
Nr. of Freqs L1 Lz LQO L1 Lz ch: L] L2 Loo
4 3.23e-04 2.05e-06 3.18e-02 3.43e-05 1.46e-07 5.1e-04 3.23e-04 2.05e-06 3.19e-02
12 3.25e-04 2.02e-06 3.16e-02 6.04e-05 2.77e-07 9.12e-04 3.26e-04 2.05e-06 3.19e-02
46 3.31e-04 1.96e-06 3.09e-02 1.41e-04 4.97e-07 1.92-03 3.41e-04 2.04e-06 3.18e-02
104 3.37e-04 1.91e-06 2.99e-02 2.01e-04 8.01e-07 2.46e-03 3.52-04 2.08e-06 3.18e-02
146 3.40e-04 1.85e-06 2.92e-02 2.25e-04 9.16e-07 3.50e-03 3.59-04 2.10e-06 3.18e-02
365 3.41e-04 1.76e-06 2.68e-02 2.67e-04 1.21e-06 5.21e-03 3.68-04 2.13e-06 3.18e-02
ngp=3 Projection Error Learning Error Total Error
Nr. of Freqs Lq Ly Loo Lq L Lo Lq Ly Loo
4 3.23e-04 2.05e-06 3.18e-02 5.19e-05 2.21e-07 7.53e-04 3.25e-04 2.06e-06 3.19e-02
12 3.25e-04 2.03e-06 3.16e-02 1.04e-04 4.31e-07 1.42e-03 3.35e-04 2.08e-06 3.19e-02
46 3.31e-04 1.98e-06 3.09e-02 1.80e-04 7.38e-07 2.49e-03 3.56e-04 2.11e-06 3.18e-02
104 3.37e-04 1.92e-06 2.99e-02 2.32e-04 9.55e-07 3.65e-03 3.69e-04 2.14e-06 3.19e-02
146 3.40e-04 1.89e-06 2.92e-02 2.50e-04 1.03e-06 4.38e-03 3.72e-04 2.15e-06 3.19e-02
365 3.41e-04 1.76e-06 2.68e-02 3.14e-04 1.31e-06 7.51e-03 3.88e-04 2.19e-06 3.19e-02

to reduce the projection error while, at the same time, affecting negatively the learning error. The two plots are referred to
two different forecast horizons (12 and 36 hours, on the left and on the right, respectively) (Table 6).

The prediction of the 300-th snapshot belonging to the testing set is reported in Fig. 18. In particular, in all plots we
retained the same number of frequencies (6), but we used different period intervals: one for low frequencies (70-365
days), one for intraseasonal frequencies (30-50 days), and one for high frequencies (23-30 days). The left plots show the
projection-based solutions, while the right plots show the LSTM predictions for forecast horizon nyr =1 (12 hours). The
LSTM forecast, is qualitatively similar to the projection-based solution, as also highlighted by the relatively small L2 errors

reported in Fig. 17.
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Fig. 18. Comparison between the solution obtained with the coefficients projected onto the reduced space (left) and the one evaluated starting from the
one learnt by the LSTM using n;r =1 (right) for three period ranges: 23 to 30 (top), 30 to 50 (middle), and 60 to 365 days. The results have been obtained
using the same number of frequencies (i.e., 6), retaining 3 modes, and considering the same snapshot.

5. Conclusions

This work has been driven by recent advancement in SPOD-based reduced order modeling for quasi-stationary data.
In particular, we presented a surrogate model for the SPOD latent space via recurrent neural networks based on three
fundamental blocks: a) extraction of the SPOD modes from a database of previously computed snapshots, b) estimation of
coefficients which are able to reconstruct the original data realization when applied to the SPOD modes through an oblique
projection, and c) prediction of future evolution in time of the data with the aid of LSTM neural networks. The resulting
model is non-intrusive, stable, and it is able to reproduce the dynamics of the underlying data.

Moreover an extensive comparison between a SPOD-based model and its POD-based counterpart has been carried out
on two distinct test cases. The numerical results show that SPOD modes provide a larger and more refined basis and this
contributes to reduce the projection error with respect to a standard approach which relies on POD. The main drawback
is a consistent computational overhead with respect to POD since we consider the evolution in time of multiple dynamics
characterized by small frequency ranges. The large size of the latent space affects also the quality of the final predicted
solution: the tests we have presented show that the learning error in SPOD tends to grow with the number of modes
since numerical accumulation of errors occurs. In addition plots of the evolution of the SPOD coefficients in time show a
behavior which is less harmonic-like and regular than the one of POD. The learning error could be probably reduced with a
refined tuning of the hyperparameters of the LSTM networks, but the general considerations reported above still hold; the
refinement of the parameters was out of purpose of the present work, which is focused on the methodological aspects.

The main advantage of SPOD over the POD model consists into its versatility: in fact the user is allowed to provide a
range of frequency and follow the evolution of phenomena which are relevant for the selected time scale. As it has been
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pointed out in previous work [26,27], this is fundamental when one has to carry out frequency analysis, data de-noising,
or prewhitening, procedures which are common both in industry and in environmental sciences. The dependence of the
L2-norm errors for different numbers of retained frequencies have been studied for all the test cases proposed and, as
expected, a higher number of frequencies is able to produce accurate reconstructions of the full data field but, as for the
number of modes, a bigger latent space implies a bigger learning error.

The framework proposed is general and can be adopted in conjunction with alternative neural-network architectures that
may improve the learning error. Extensions of the present work could aim at improving the efficiency and the accuracy of
the model; this can be achieved either by investigating alternative networks and strategies for automatic optimization of the
hyperparameters or investigating the application of sparse identification of nonlinear dynamics techniques to SPOD-based
reduced models. In addition, a comparison against nonlinear methods for seeking latent space with the aid of Al-based
architecture (e.g. autoencoders or diffusion maps) will be carried out in upcoming works. Furthermore, understanding the
interplay between the projection, learning and total errors constitutes an additional and crucial area of research for non-
intrusive surrogate models like the one presented in this paper.
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