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Abstract. Relatively little attention has been given to the
impact of discretization error on twin experiments in the
stochastic form of the Lorenz-96 equations when the dy-
namics are fully resolved but random. We study a sim-
ple form of the stochastically forced Lorenz-96 equations
that is amenable to higher-order time-discretization schemes
in order to investigate these effects. We provide numeri-
cal benchmarks for the overall discretization error, in the
strong and weak sense, for several commonly used inte-
gration schemes and compare these methods for biases in-
troduced into ensemble-based statistics and filtering perfor-
mance. The distinction between strong and weak conver-
gence of the numerical schemes is focused on, highlighting
which of the two concepts is relevant based on the problem at
hand. Using the above analysis, we suggest a mathematically
consistent framework for the treatment of these discretization
errors in ensemble forecasting and data assimilation twin ex-
periments for unbiased and computationally efficient bench-
mark studies. Pursuant to this, we provide a novel derivation
of the order 2.0 strong Taylor scheme for numerically gener-
ating the truth twin in the stochastically perturbed Lorenz-96
equations.

1 Introduction
1.1 Twin experiments with geophysical models

Data assimilation and ensemble-based forecasting have to-
gether become the prevailing modes of prediction and un-
certainty quantification in geophysical modeling. Data as-
similation (DA) broadly refers to techniques used to com-
bine numerical model simulations and real-world observa-
tions in order to produce an estimate of a posterior proba-
bility density for the modeled state or some statistic of it. In
this Bayesian framework, an ensemble-based forecast repre-
sents a sampling procedure for the probability density of the
forecast prior. The process of sequentially and recursively es-
timating the distribution for the state of the system by com-
bining model forecasts and streaming observations is known
as filtering. Due to the large dimensionality and complexity
of operational geophysical models, an accurate representa-
tion of the true Bayesian posterior is infeasible. Therefore,
DA cycles typically estimate the first two moments of the
posterior or its mode — see, e.g, the recent review of DA by
Carrassi et al. (2018).

Many simplifying assumptions are used to produce these
posterior estimates, and “toy” models are commonly used to
assess the accuracy and robustness of approximations made
with a DA scheme in a controlled environment. Toy models
are small-scale analogues to full-scale geophysical dynam-
ics that are transparent in their design and computationally
simple to resolve. In this setting it is possible to run rig-
orous twin experiments in which artificial observations are
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generated from a “true” trajectory of the toy model, while
ensemble-based forecasts are generated and recalibrated by
the observation—analysis—forecast cycle of the DA scheme.
Using the known true system state, techniques for state es-
timation and uncertainty quantification can be assessed ob-
jectively under a variety of model and observational config-
urations. In the case that: (i) a toy model is entirely deter-
ministic; (ii) both the truth twin and model twin are evolved
with respect to identical system parameters; and (iii) both
the truth twin and model twin are resolved with the same
discretization; the only uncertainty in a twin experiment lies
in the initialization of the model and the observations of the
true state. The model dynamics which generate the ensemble
forecast are effectively a “perfect” representation of the true
dynamics which generate the observations (Leutbecher and
Palmer, 2008).

The development of toy models and twin experiments has
greatly influenced the theory of DA and predictability (Ghil,
2018), and the above perfect—deterministic model configura-
tion has largely driven early results. Lorenz’s seminal paper
showed that a small loss in the numerical precision of the dis-
cretization of the governing equations is sufficient to produce
a loss of long-term predictability in deterministic, chaotic
systems (Lorenz, 1963). Understanding that perturbations to
a trajectory, tantamount to numerical noise, could lead to
rapid divergence significantly influenced the introduction of
ensemble-based forecasting in operational settings (Lewis,
2005). In the perfect—deterministic model setting, the asymp-
totic filter performance can likewise be understood princi-
pally in terms of the dynamical properties of the model. Par-
ticularly, the statistics are determined by the ability of the fil-
ter to correct for the dynamical instabilities of perturbations
along the truth-twin trajectory with respect to the sensitiv-
ity of the filter to its observations (Gurumoorthy et al., 2017;
Bocquet et al., 2017; Bocquet and Carrassi, 2017; Frank and
Zhuk, 2018; Maclean and Van Vleck, 2019; Tranninger et al.,
2019).

However, the theory for DA and predictability is increas-
ingly concerned with model errors, as studied in, e.g., the
recent works of Kang and Harlim (2012), Mitchell and
Gottwald (2012), Gottwald and Harlim (2013), Berry and
Harlim (2014), Raanes et al. (2015), Carrassi and Vannit-
sem (2016), and Raanes et al. (2018). Model deficiencies in
terms of physics which is not fully understood or which is
poorly represented prove to be difficult to quantify with an
ensemble-based forecast and to correct with a standard DA
cycle. Indeed, when the model is fundamentally biased, in-
creasing the spatial resolution or numerical precision may not
generally improve the accuracy of an ensemble-based fore-
cast. It has recently been shown in a deterministic biased-
model setting that the numerical precision of the discretiza-
tion of the ensemble forecast can be significantly reduced
without a major deterioration of the (relative) predictive per-
formance of the DA cycle (Hatfield et al., 2018). In this set-
ting, the model bias overwhelms the errors that are intro-
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duced due to precision loss when the model twin is resolved
with a low order of accuracy; it may be preferable, thus, to
exchange lower-precision numerics for an increased number
of samples in the ensemble-based forecast in order to better
capture the overall spread.

On the other hand, many aspects of geophysical model un-
certainty and variability become tractable in a random and
non-autonomous dynamical systems framework, in which
certain deficiencies of deterministic models can be mitigated
with stochastic forcing (Ghil et al., 2008; Chekroun et al.,
2011; Dijkstra, 2013; Franzke et al., 2015; Ghil, 2017; Boers
et al., 2017). In this way, the theory of random dynami-
cal systems offers a natural step forward from the perfect—
deterministic framework in toy models to the development of
a novel theory for predictability and DA. As in the perfect—
deterministic setting, the DA cycle has recently been given
a dynamics-based interpretation in random models in order
to develop new DA methodology (Grudzien et al., 2018a, b).
However, unlike the case of the deterministic biased model
above, important differences in the statistical properties of
model forecasts of stochastic dynamical systems have been
observed due to the discretization errors of certain low-order
schemes. For example, Frank and Gottwald (2018) develop
an order 2.0 Taylor scheme to correct the bias in the drift
term induced by the Euler—-Maruyama scheme in their study
system.

This work similarly studies the effects of the bias on
ensemble-based forecasts and the DA cycle due to time-
discretization error in twin experiments in the stochastically
perturbed Lorenz-96 system. In the following, we perform
an intercomparison of several commonly used discretization
schemes, studying the path-based convergence properties as
well as the convergence in distribution of ensemble-based
forecasts. The former (strong convergence) determines the
ability of the integration scheme to produce observations
of the truth twin consistently with the governing equations;
the latter (weak convergence) describes the accuracy of the
empirically derived sample statistics of the ensemble-based
forecast, approximating the fully resolved evolution of the
prior under the Fokker—Planck equations. Using these two
criteria, we propose a standard benchmark configuration for
the numerical integration of the Lorenz-96 model, with addi-
tive noise, for ensemble-based forecasting and DA twin ex-
periments. In doing so, we provide a means to control the bias
in benchmark studies intended for environments that have in-
herent stochasticity in the dynamics but do not fundamentally
misrepresent the physical process. This scenario corresponds
to, e.g., an ideal, stochastically reduced model for a multi-
scale dynamical system, as is discussed in the following.

1.2 Stochastic dynamics from multiscale systems
It is a typical (and classical) simplification in filtering liter-

ature to represent model error in terms of stochastic forc-
ing in the form of additive or multiplicative noise (Jazwin-
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ski, 1970). For many realistic geophysical models, this is
actually a reasonable representation of model-reduction er-
rors. Empirically, errors due to coarse-grained simulation in
probabilistic forecasting are often ameliorated by stochastic
parametrization (Palmer et al., 2005). For example, there is
evidence that sub-grid-scale convection in oceanic and at-
mospheric models cannot be accurately parameterized de-
terministically in terms of the macro-observables of the sys-
tem. Deterministic parametrizations can faithfully represent
the mean response but typically fail to capture its fast-scale
variability and thus lead to an overall misrepresentation of
the large-scale variability in the climate system; see e.g.,
Gottwald et al. (2016) and references therein.

Stochastic parametrizations thus offer a physically intu-
itive approach to rectify these issues; many realistic physical
processes can be considered as noise-perturbed realizations
of classical deterministic approximations from which they
are modeled. Theoretically, the effect of unresolved scales
can furthermore be reduced to additive Gaussian noise in the
asymptotic limit of scale separation due to the central limit
theorem (Gottwald et al., 2015). Several mathematically rig-
orous frameworks have been developed to model and sim-
ulate the stochastic forcing on the large-scale dynamics, in-
cluding averaging methods, perturbation methods and com-
binations of the two — see, e.g., the survey of approaches by
Demaeyer and Vannitsem (2018). In this way, it is possible
to derive exact reductions of deterministic multiscale systems
into coarsely resolved stochastic models.

Mathematically rigorous reductions generally provide an
implicit form for the reduced model equations as a mix of de-
terministic terms, stochastic noise terms and non-Markovian
memory terms, all present in the equations of the reduced
model. This exact, implicit reduction is derived in, e.g.,
Mori—-Zwanzig formalism. In the asymptotic separation of
scales, this formulation reduces to a mean field ordinary dif-
ferential equation (ODE) system with additive noise, elimi-
nating the memory terms, describing the system consistently
with homogenization theory. Additionally, empirically based
techniques, such as autoregressive methods, have success-
fully parameterized model reduction errors (Wilks, 2005;
Crommelin and Vanden-Eijnden, 2008). At the state of the
art, novel learning techniques are furthermore being devel-
oped to construct empirically derived stochastic models that
are consistent with mathematical theory for stochastic model
reduction, with the goal preserving the underlying model
physics (Chorin and Lu, 2015; Vissio and Lucarini, 2018;
Cotter et al., 2019).

In this work, we will make a simplifying assumption for
the form of the stochasticity, as follows: we take a classi-
cal filtering framework in which noise is additive, Gaussian,
white-in-time and distributed according to a known scalar co-
variance matrix. Within the stochastic differential equation
(SDE) literature, this is sometimes referred to as scalar addi-
tive noise, which is a term we will use hereafter. In principle
our results can be extended to the Lorenz-96 system with any
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form of additive, Gaussian, white-in-time noise, though the
version of the Taylor scheme presented in this work depends
strongly on the assumption of scalar noise. This scheme is
derived from the more general form of the strong order 2.0
Taylor scheme for systems with additive noise (Kloeden and
Platen, 2013, p. 359), and other forms of additive noise could
be examined. However, we note that the derivations of this
scheme will become increasingly complex with, e.g., diago-
nal or circulant matrices of diffusion coefficients.

Both the truth twin and the model twin will be evolved
with respect to the same form for the governing equations but
with respect to (almost surely) different noise realizations.
Conceptually, this represents a perfect-random model; this
corresponds physically to an idealized model for the asymp-
totic separation of timescales between the fast and slow lay-
ers in the two-layer Lorenz-96 model.

1.3 The single-layer Lorenz-96 model with scalar
additive noise

The Lorenz-96 model (Lorenz, 1996) is commonly used in
DA literature as a toy model for twin experiments; see, e.g.,
Carrassi et al. (2018, and references therein). This is particu-
larly due to the fact that it (i) is extremely scalable, with the
potential to exhibit spatially extended chaos in high dimen-
sions (Herrera et al., 2011); (ii) mimics fundamental features
of geophysical fluid dynamics, including conservative con-
vection, external forcing and linear dissipation (Lorenz and
Emanuel, 1998); and (iii) can be used in its two-layer form to
describe multiscale dynamics, with a layer of fast variables
corresponding to atmospheric dynamics, coupled with a slow
layer corresponding to oceanic dynamics (Lorenz, 2005).
The two-layer form of the Lorenz-96 equations has been of
particular interest for developing stochastic parametrizations
of sub-grid-scale dynamics (see, e.g., Wilks, 2005; Arnold
et al., 2013; Chorin and Lu, 2015; Lu et al., 2017; Vissio
and Lucarini, 2018). Likewise, the stochastic reduction in
the two-layer model to a one-layer model has been used to
demonstrate techniques for adaptive DA designs in the pres-
ence of model uncertainty (Pulido et al., 2018).

In the present study, we consider the single-layer form
of the Lorenz-96 equations perturbed by additive noise, for
which the matrix of diffusion coefficients is a scalar ma-
trix. The classical form for the Lorenz-96 equations (Lorenz,
1996) are defined as ‘é—‘fé f(x), where for each state compo-
nenti € {l,---,n},

Fi) = —xi 2= it i (1)

such that the components of the vector x are given by the
variables x! with periodic boundary conditions, x* = x",
x~ ' =x""1 and x"*' = x!. The term F in the Lorenz-96
system, Eq. (1), is the forcing parameter that injects energy to
the model. With the above definition for the classical Lorenz-
96 equations, we define the toy model under our considera-
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tion to be
dx ,
Ezf(x) +sOLW({), 2)

where f is defined as in Eq. (1), I, is the n x n iden-
tity matrix, W(¢) is an n-dimensional Wiener process and
s(t) :R — R is a measurable function of (possibly) time-
varying diffusion coefficients. In the remainder of this work,
the system in Eq. (2) will be denoted the L.96-s model. In
contrast to studies in which the objective is to obtain a suit-
able parametrization of the fast-variable layer of the two-
layer Lorenz-96 model and perform a model reduction, we
use the L96-s system as a perfect model of the known but
random dynamical system of interest. The L96-s model is
one particularly simple form for the stochastic Lorenz-96
equations that (i) expresses the essential randomness, (ii) is
a commonly used formulation for filter benchmarks in twin
experiments and (iii) remains amenable to higher-order inte-
gration schemes for stochastic differential equations.

In Appendix A we provide a novel derivation of the strong
order 2.0 Taylor method for additive noise (Kloeden and
Platen, 2013, p. 359) in the context of the L96-s model.
This is a nontrivial derivation of the explicit discretization
rule that has not previously appeared in the literature, to the
knowledge of the authors. We furthermore evaluate the com-
putational efficiency and rates of convergence for each of
the following: (i) Euler—Maruyama/Milstein methods, (ii) the
strong order 1.0 Runge—Kutta method and (iii) the strong or-
der 2.0 Taylor rule. In Sect. 2 we briefly outline each of the
different discretization schemes and discuss their modes of
convergence. In Sect. 3 we provide our numerical bench-
marks of each scheme for convergence and for bias intro-
duced into ensemble-based forecasts and the DA cycle. In
Sect. 3.4 we provide a discussion of each of the methods and
propose a computationally efficient framework for statisti-
cally robust twin experiments. Section 4 concludes with a fi-
nal discussion of results and open questions for future work.

2 Numerical simulation of stochastic dynamics for twin
experiments

2.1 Modes of convergence for stochastic differential
equations

Unlike with deterministic models, even when the initial con-
dition of a stochastic dynamical system is precisely known,
the evolution of the state must inherently be understood in
a probabilistic sense. This precise initial information repre-
sents a Dirac-delta distribution for the prior that is instanta-
neously spread out due to the unknown realizations of the
true noise process. In particular, the solution to the initial
value problem is not represented by a single sample path but
rather by a distribution derived by the forward evolution with
respect to the Fokker—Planck equation. Due to the high nu-
merical complexity of resolving the Fokker—Planck equation

Geosci. Model Dev., 13, 1903-1924, 2020

C. Grudzien et al.: Numerical integration of Lorenz-96

in systems with state dimensions greater than 3 (Pichler et al.,
2013), a Monte Carlo ensemble-based approach is an appeal-
ing alternative and is used to derive empirical statistics of the
forward distribution.

However, when the noise realizations are themselves
known (as is the case for twin experiments) the path of
the delta distribution representing the true system state can
be approximately reconstructed using a discretization of the
appropriate stochastic calculus. This sample path solution
explicitly depends on a particular random outcome, and
thereby, we will be interested in criteria for evaluating the
discretization error for SDEs that take into account the ran-
dom variation. For the numerical integration of the L96-s
model, we will consider two standard descriptions of the con-
vergence of solutions to the approximate discretized evolu-
tion to the continuous-time exact solution — we adapt the def-
initions from pp. 61-62 of Tacus (2009). In each of the below
definitions, we refer to the standard Euclidean norm.

Definition 1 Let xsp(#) be a sample path of an SDE and x (¢)
be an approximation of xsp(#) based upon a discretiza-
tion with a maximum time step of A. Suppose there ex-
ists a Ag > 0 such that for any fixed time horizon T and
any 0 < A < Ay,

E[llx(T) —xsp(T)II] = CA, 3)

where [E denotes the expectation over all possible real-
izations of the stochastic process and C is a constant in-
dependent of A. Then x(¢) is said to converge strongly
to xsp(¢) on the order of y > 0.

We note that in the above definition, x and xsp are both

subject to the same outcomes of the random process, and the
expectation is taken over all possible outcomes.
Strong convergence is the analogue of the discretization of
a non-stochastic trajectory and is used to judge the accuracy
(on average) of reconstructing a specific sample path based
upon a known realization of a Brownian motion. We may
also consider, however, whether a discretization rule is able
to accurately represent a statistic of the forward-evolved dis-
tribution when estimated over many sample paths with re-
spect to different realizations of Brownian a motion — this is
the motivation for weak convergence.

Definition 2 Let xsp(¢) be a sample path of an SDE and x (¢)
be an approximation of xgp(#) based upon a discretiza-
tion with a maximum time step of A. Suppose there ex-
ists a Ag > 0 such that for any fixed time horizon T,
any 2(y + 1) continuously differentiable function g of
at most polynomial growth and any 0 < A < Ay,

|E[g(x(T)) — gxsp(T)]| < CAY, 4)

where [E denotes the expectation over all possible real-
izations of the stochastic process and C is a constant
independent of A. Then x (¢) is said to converge weakly
to xsp(¢) on the order of y > 0.
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The distinction between strong and weak convergence can
be thought of as follows: (i) strong convergence measures the
mean of the path-discretization errors over all sample paths,
whereas (ii) weak convergence can measure the error when
representing the mean of all sample paths from an empiri-
cal distribution. When studying the empirical statistics of a
stochastic dynamical system or of an ensemble-based fore-
cast, weak convergence is an appropriate criterion for the
discretization error. However, when we study the root-mean-
square error (RMSE) of a filter in a twin experiment, we as-
sume that we have realizations of an observation process de-
pending on a specific sample path of the governing equations.
Therefore, while the accuracy of the ensemble-based forecast
may be benchmarked with weak convergence, strong conver-
gence is the appropriate criterion to determine the consis-
tency of the truth twin with the governing equations (Hansen
and Penland, 2006).

We will now introduce several commonly studied meth-
ods of simulation of stochastic dynamics and discuss their
strengths and their weaknesses. To limit the scope of the
current work, we will focus only on strong discretization
schemes; while a strong discretization scheme will converge
in both a strong and weak sense, weak discretizations do not
always guarantee convergence in the strong sense. We note
here, however, that it may be of interest to study weak dis-
cretization schemes solely for the purpose of the efficient
generation of ensemble-based forecasts — this may be the
subject of a future work and will be discussed further in
Sect. 4. We will introduce the discretization rules in a gen-
eral form whenever appropriate. In this section, however, we
will only discuss the strong order 2.0 Taylor scheme in a
reduced form derived specifically for the Lorenz-96 system
with scalar additive noise (L96-s). A more general formula-
tion for additive noise and its reduction to our model is the
content of Appendix A.

2.2 A general form of stochastic differential equations

Consider a generic SDE of the form
dx = f(x,0)dr +S(x,)dW (), 4)

where f is a vector-valued map in CZ(R" x R,R™), W(r) is
an n-dimensional Wiener process and S is a matrix-valued
map of diffusion coefficients in C> (R” x R, R”X”), equal
to a square root of the covariance function of the Gaussian
stochastic process S(x, 1) W(z). In general, the diffusion co-
efficients S(x, r) can depend on both the state of the random
process and time. We note, however, that in the case of addi-
tive noise — when S(x, 1) = S(¢) — the derivative of the dif-
fusion coefficients with respect to x is zero and the Itd and
Stratonovich drift coefficients are equal, due to the zero ad-
justment term (Kloeden and Platen, 2013; see p. 109). In the
following discussions we will denote x;2x(f;) and assume
that uniform time steps are taken such that tkHétk + A.

www.geosci-model-dev.net/13/1903/2020/

1907

2.3 Euler-Maruyama and Milstein schemes

The Euler—Maruyama scheme is among the simplest exten-
sions of deterministic integration rules to discretize systems
of SDEs such as Eq. (5). Like the standard deterministic
order 1.0 Euler scheme, the Euler—-Maruyama scheme
approximates the evolution of a sample path by a functional
relationship expressed by Eq. (5).

Euler-Maruyama:

Xit1 =Xk + f(xr, ) A +Sxi, 1) Wa, (6)
a b

where the term in Eq. (6a) is the deterministic Euler scheme
and the term in Eq. (6b) is the matrix of diffusion coefficients
S multiplied by the noise W 5, a mean zero Gaussian random
vector of covariance Al,,.

The Euler—-Maruyama scheme benefits from its simple
functional form, adaptability to different types of noise and
intuitive representation of the SDE. However, with the Def-
initions 1 and 2 in mind, it is important to note that Euler—
Maruyama generally has a weak order of convergence of 1.0
but a strong order of convergence only of 0.5 (discussed by,
e.g., Kloeden and Platen (2013) in Theorem 10.2.2). The loss
of one-half order of convergence from the deterministic Eu-
ler scheme arises from the differences between deterministic
calculus and Itd calculus.

The Milstein scheme includes a correction to the rule in
Eq. (6), adjusting the discretization of the stochastic terms to
match the first-order It6—Taylor expansion. In the case that
the matrix of diffusion coefficients S(x, ¢) is diagonal, let us
denote the ith diagonal element as S’ (x, ¢); then the Milstein
scheme takes the component-wise form.

Milstein scheme for diagonal noise:

X = xh+ e ) A+ ST Ce, 1O W (7a)
1

1, R i\2
+ 535 5 [(WA> —A} (7b)

for the ith state component, where the partial derivative is
evaluated at (xy, #x). This and the general multidimensional
form for the Milstein scheme can be found on pp. 345-348
of Kloeden and Platen (2013). We note that, in the case of ad-
ditive noise, the partial derivatives % vanish and the Euler—
Maruyama and Milstein schemes are equivalent; thus in our
example the Euler—Maruyama scheme achieves a strong or-
der of convergence of 1.0.

Although the Euler—Maruyama scheme is simple to im-
plement, we shall see in the following sections that the cost
of achieving mathematically consistent simulations quickly
becomes prohibitive. Despite the fact that it achieves both
a strong and weak convergence of order 1.0 in the L96-s

model, the overall discretization error is significantly higher
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than even other order 1.0 strong convergence methods — the
difference between the Euler—Maruyama scheme and other
methods lies in the constant C in the bounds in Definitions 1
and 2.

2.4 Runge—Kutta methods

The convergence issues for the Euler—-Maruyama scheme
are well understood, and there are many rigorous meth-
ods used to overcome its limitations (Kloeden and Platen,
2013, pp. xxiii—xxxvi and references therein). However, gen-
eral higher-order methods can become quite complex due to
(i) the presence of higher-order It6—Taylor expansions in Itd
forms of SDEs and/or (ii) the approximation of multiple Itd
or Stratonovich integrals necessary to resolve higher-order
schemes. Stochastic Runge—Kutta methods can at least elim-
inate the higher-order Ito—Taylor expansions, though they
do not automatically deal with the issues around multiple
stochastic integrals; for a discussion on the limits of higher-
order Runge—Kutta schemes see, e.g., Burrage and Burrage
(1996, 1998).

Given a system of SDEs as in Eq. (5), the straightforward
extension of the classical four-stage Runge—Kutta method,
proven by Riiemelin (1982), is given below.

Strong order 1.0 Runge—Kutta:

K12 f (i i) A+ S (X, 1) Wa (8a)
K A
K= f (xk+71,tk+E)A
K1 A
+Slxr+—.ts +— | Wa (8b)
2 2
A K2 A
= Zoa+>)A
K3 f(xk+ 5 © + 2)
K) A
+Slxr+—, s +— | Wa (8c)
2 2
K4éf(xk + K3,k +A)A
+S(xg +r3, i1 +A)Wh (8d)
1
Xpp12x + 3 (k14262 +2K3+k4). (8e)

The straightforward extension of the four-stage Runge—Kutta
scheme to stochastic systems in Eq. (8) has the benefits that
(i) it is an intuitive extension of the commonly used four-
stage deterministic rule, making the implementation simple;
(ii) it makes few assumptions about the structure of the gov-
erning equations; and (iii) in the small noise limit, the rule
will be compatible with the deterministic order 4.0 imple-
mentation. However, as a trade-off with generality, by not
exploiting the dynamical system structure, the discretization
in Eq. (8) has strong order of convergence of 1.0 (Hansen
and Penland, 2006). Alternatively, we may consider using,
e.g., the strong order 2.0 Runge—Kutta method for scalar ad-
ditive noise (Kloeden and Platen, 2013, p. 411); the form of
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the L96-s equations indeed satisfies this condition. However,
this is an implicit method, coming with the additional cost
of, e.g., Newton—Raphson iterations to solve each step for-
ward. While this is a necessary measure for stiff equations,
the L96-s equations do not demand this type of precision.

2.5 Strong order 2.0 Taylor scheme

As a generic out-of-the-box method for numerical simu-
lation, the four-stage Runge—Kutta method in Eq. (8) has
many advantages over Euler—Maruyama and is a good
choice when the noise is nonadditive or the deterministic
part of the system lacks a structure that leads to simplifi-
cation. On the other hand, the combination of (i) constant
and vanishing second derivatives of the Lorenz-96 model,
(ii) the rotational symmetry of the system in its spatial
index and (iii) the condition of scalar additive noise together
allow us to present the strong order 2.0 Taylor rule as follows.

Strong order 2.0 Taylor: define the constants o, and
ap as
I U S
T2 222 P T I80  2n2

For each step of size A,

9

1. Randomly select the vectors &, &, n, ¢, and u ~
N(0,1,), independently and identically distributed (iid).

2. Compute the random vectors

V2A
a=-=2/Appp— TC, (10a)
[ A
b=,/Aa,d+ —27[21]. (10b)

3. For &, a and b defined as above and for each entry of
the random vectors indexed by [ and j, define the coef-
ficients

» a2 A2 A
“I’(l,j):TglEj + e (glaj + ";/al) + Ealaj

3

3
o5 (&bj +&jb1), (1)
which are used to define the random vectors,
p p
\IJ(n,Z) \L’(n—l,n)
wha : LWl : (12)
p p
Y11 Yin—2n-1)
and
o («/Z& +al>
e : (13)
% ('\/ZSH + an)
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Then, in matrix form, the integration rule from time #; to f5+1
is given as

AZ
xk+1=xk+fA+7vf'f

+5iVAE+ 5 V- TR s (W —w?),

(14a)
(14b)

where the term in Eq. (14a) is the deterministic order 2.0 Tay-
lor scheme, the term in Eq. (14b) is the stochastic component
of the rule and s; 25 (1 ). Deriving this relatively simple form
for the strong order 2.0 Taylor rule for the L96-s system is
nontrivial and this is explained in detail in Appendix A.

In the following section we will illustrate several numeri-
cal benchmarks of each of the methods, describing explicitly
their rates of strong and weak convergence. We note that the
order 2.0 Taylor scheme takes a very different practical form
in the following numerical benchmarks versus in a twin ex-
periment. When simulating a sample path for a twin exper-
iment, one can simply use the steps described above to dis-
cretize the trajectory. Particularly, the simulation of a sample
path by the above converges to some sample path, consis-
tent with the governing equations. We detail the experimental
setup for consistently discretizing a known reference sample
path in Appendix B.

3 Numerical benchmarks
3.1 Benchmarks for strong and weak convergence

We begin with benchmarks of strong and weak convergence
for each method. Subsequently, we will evaluate the dif-
ferences in the ensemble-based forecast statistics of each
method, as well as biases introduced in DA twin experi-
ments. Using these numerical benchmarks, we will formu-
late a computationally efficient framework for controlling the
discretization errors in twin experiments.

In each of the strong and weak convergence benchmarks
we use the same experimental setup. As a matter of compu-
tational convenience, we set the system dimension at n = 10.
This allows us to study the asymptotic filtering statistics, both
in number of samples in ensemble-based forecasts as well as
in the temporal limit and the number of analyses. We begin
by generating a long climatological trajectory of the L96-s
model, using the order 2.0 Taylor scheme with a time step
of A =1073. This solution is spun onto the climatological
statistics, using 5 x 10° integration steps, and subsequently
evenly sampled at an interval of §; = 2, generating M = 500
unique initial conditions. We denote this collection of ini-
tial conditions {v,, (s)}n"le. The parameter s is a fixed diffu-
sion coefficient for Eq. (2), fixed for each experiment with
s €{0.1,0.25,0.5,0.75, 1.0}.

For each initial condition v,,(s) above, we will gener-
ate an ensemble size N = 10? of finely discretized refer-
ence trajectories. Each member of the ensemble is forward
evolved to time 7 = 0.125 such that the evolution is weakly
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nonlinear in the ensemble dynamics, but each trajectory is
fully nonlinear. We also generate an ensemble of N coarsely
discretized solutions, defined by each of the (i) Euler-
Maruyama, (ii) Runge—Kutta and (iii) Taylor schemes, de-
fined via the same Brownian motion realizations as the fine
trajectories.

Suppressing indices, we denote the reference trajectories
xsp; these solutions are generated by the Euler—Maruyama
scheme as a simple-to-implement benchmark discretization.
The reference solutions use a step size defined as Agp =
2723 Notice that Agp is of order O (10_7) so that the dis-
cretization error of xgp is of order O (1077). We take the
coarse step sizes as {A, =271 }325 such that the coarse time
steps range from order (9(10_2) to (9(10_3). Moreover,
each of ALsp’ Alq and AA—SqP is integer valued for all g. This setup
ensures that the Brownian motion realization defined over the
coarse time steps, size A4, can be defined consistently with
the finely discretized Brownian motion realization with steps
of size Agp within the coarsely discretized time interval.

Explicitly, for each initial condition we generate a unique
ensemble of N = 107 realizations of a 10-dimensional Brow-
nian motion process; each Brownian motion realization, in-
dexed by b=1,...,N, is defined by a matrix Wf’n (s) e

R ALSP. Each component of the matrix Wﬁl (s) is drawn iid
from N (0, Agp) representing the realized Brownian motion
over the interval [0, T'], discretized with steps of size Agp.
To obtain the equivalent Brownian motion realizations dis-
cretized over the coarse time steps, we take the component-
wise sum of the finely discretized Brownian increments
in between the coarse steps. For the Euler—Maruyama and
Runge—Kutta schemes, this is sufficient to guarantee the con-
sistency of Brownian motion realization over the coarse and
fine discretizations. However, there is an additional consid-
eration with the Taylor scheme, which is outlined in Ap-
pendix B.

Note that the L96-s model is spatially homogeneous, and
the Euclidean norm of its state depends on the dimension of
the system n. Therefore, we estimate the strong and weak
convergence of the discretization schemes component-wise,
independently of the state dimension of the model. Let x’ and
x/ denote the ith and jth component of the vector x € R”
respectively. Suppressing indices, for each initial condition
v, (s), we approximate the following expected values for an
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Figure 1. Strong convergence benchmark. Vertical axis — discretiza-
tion error, log scale. Horizontal axis — step size, log scale. Diffusion
level s. Length of time 7' = 0.125.

arbitrary component j as follows:

ol —senl]= 3 (SO

5)

S I ) > S T

n

i=

(16)

where 7 = 0.125. It is to be understood in the above that, de-
spite the suppressed indices, the difference between the ref-
erence solution xsp and the coarsely discretized solution x
depends on the same value s for the diffusion, the same ini-
tial condition m and the same realized Brownian motion b.
Thus the above equations make an approximation of Eq. (15)
— strong convergence with the ensemble average root-mean-
square error (RMSE) of the coarsely discretized solution ver-
sus the reference — and Eq. (16) — weak convergence with the
RMSE of the ensemble mean of the coarsely discretized so-
lutions versus the ensemble mean of the reference solutions.

It is known that the ensemble average error on the right-
hand side of Egs. (15)—(16) is Gaussian distributed around
the true expected value, on the left-hand side, for ensembles
of Brownian motions with N > 15. Computing these ensem-
ble mean errors over the batch of M = 500 different initial
conditions, we can compute the sample-based estimate of
the expected value (the mean over all batches) and the stan-
dard deviation of the batch of realizations in order to compute
confidence intervals for the expectation (Kloeden and Platen,
2013; see Sect. 9.3).

For each coarse discretization, with step size {A; =
2"1}2=5, we compute the point estimate for each expected
value on the left-hand side of Egs. (15)-(16) with the av-
erage of the righthand side of Eqgs. (15)—(16) taken over the
M =500 initial conditions. The average of the righthand side
of Egs. (15)—(16) over all batches will be denoted as the point
estimate € . Then, within a log—log scale, base 10, we com-

pute the best-fit line between the points {(Ag, €a q)}Z:5 us-
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Figure 2. Weak convergence benchmark. Vertical axis — discretiza-
tion error, log scale. Horizontal axis — step size, log scale. Diffusion
level s. Length of time T = 0.125.

ing weighted least squares, with weights proportionate to the
inverse of the batch standard deviation of the Egs. (15)—(16).
The slope of the line estimated as above is our approxima-
tion of the order of convergence y, and the intercept is the
constant C.

In Fig. 1, we plot the point estimates for the discretization
error, measured in strong convergence, for each of the dis-
cretization methods: (i) Euler-Maruyama, (ii) Runge—Kutta
and (iii) Taylor, as compared with the finely discretized ref-
erence solution. It is immediately notable in this plot that,
while each order of strong convergence is empirically veri-
fied, the lines for Runge—Kutta and Taylor schemes actually
cross. Indeed, the estimated slope y matches the theoretical
value within a 10~2 decimal approximation for each scheme
(y = 1.0 for each Euler-Maruyama and Runge—Kutta; y =
2.0 for Taylor), but the constants in the order analysis play a
major role in the overall discretization error in this system;
the Taylor rule has convergence of order 2.0 in the size of the
discretization steps, but the constant C associated with the
Taylor rule penalizes this scheme heavily, raising the over-
all discretization error by about an order of magnitude. The
constant C for the Runge—Kutta scheme, however, reduces
the overall discretization error by about an order of magni-
tude for each diffusion level (see Table 1).

The effect of this constant C is even more prominent for
the case of weak convergence, pictured in Fig. 2. In partic-
ular, for the weaker diffusion levels of s = 0.1 and 0.25, al-
though the order of weak convergence is 1.0 in the size of
discretization step, the order 2.0 Taylor rule fails to achieve a
superior discretization error than the Runge—Kutta scheme
in this regime. Here, the constant C for the Runge—Kutta
scheme is extremely small, lowering the overall order of dis-
cretization error by 2 orders of magnitude, despite the order
1.0 weak convergence (see Table 1).

Most interestingly, as the diffusion level s approaches
zero, it appears that the behavior of the Runge—Kutta scheme
converges in some sense to the four-stage (order 4.0) deter-
ministic Runge—Kutta scheme, but the difference in their or-
ders is reflected in the constant C. Analytically the stochas-
tic Runge—Kutta rule coincides with the deterministic rule in
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the zero-noise limit. This analytical convergence is also true
for the Taylor scheme, where the zero-noise limit is the de-
terministic Taylor scheme, but the order of convergence for
both the stochastic and deterministic Taylor schemes is 2.0,
and the overall error does not change so dramatically.

3.2 Ensemble forecast statistics

The estimated performance of the order 2.0 Taylor scheme
using a step size of A = 1073 is of order O (10_4), in both
the strong and weak sense, over all diffusion regimes. There-
fore, we will use this configuration as a benchmark setting to
evaluate the other methods. While the Runge—Kutta scheme
often has better performance than the Taylor scheme in the
overall weak-discretization error, the level of discretization
error also varies by 1 order of magnitude between different
diffusion settings. Therefore, in the following experiments
we will consider how the different levels of discretization er-
ror and diffusion affect the empirically generated, ensemble-
based forecast statistics in the L96-s model with respect to a
consistent reference point.

We sample once again the initial conditions {v,, (s)},’:;’:1
as described in Sect. 3.1. For each initial condition, we
generate a unique ensemble of N = 10% realizations of a
10-dimensional Brownian motion process. Once again, the
Brownian motion realizations are indexed by b=1,...,N
but where each realization is defined by a matrix, qu’ (s) €

R"x210° Each component of the matrix WZ (s) is drawn iid
from N (O, 10_3); this represents a Brownian motion real-
ized over the interval [0, 20], discretized at an interval of A =
1073, For g € {e, r, t} let the matrix X, (1) € RN be defined
as the ensemble matrix. Let the vector X (t)é% lNz X g(t)
be defined as the ensemble mean at time ¢, averaged over all
realized Brownian motions {W5, (s)};?vzl, where the ensem-
ble is generated by the Euler—-Maruyama (g = e), Runge—
Kutta (g =r) or Taylor (g =t) scheme respectively. Then,
for an arbitrary ensemble g € {e, r, t}, we define the spread at
time 7 to be

spread,, (1)=

L& (R0 - x20) (70 - X0)
N—1; ¢ L i 2 an

i.e., defined by the sample-based estimate of the standard
deviation of the mean-square deviation of the anomalies
(Whitaker and Loughe, 1998).

For each of the Euler—Maruyama and Runge—Kutta
schemes (g € {e,r}), we measure the following: (i) the
root-mean-square deviation of the ensemble mean from the
benchmark,

. . 2
n (X, (1) =% ()
RMSD, ()2 Zw (18)
i=1
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Figure 3. Ensemble forecast statistics deviation over time — fine
discretization. Euler-Maruyama and Runge—Kutta discretized with
time step A = 1073. Top: RMSD. Bottom: ratio of spread. Median
—solid. Inner 80 % — shaded. Min/max — dashed.

and (ii) the ratio of the ensemble spread with that of the
benchmark, spreadg (t)/spread,(t); each is on an interval of
8; = 0.01 over the forecast ¢ € [0,20]. The integration step
size for the Euler—Maruyama and the Runge—Kutta schemes
are varied over {A, = 10_‘1}3=2, and the diffusion level is
varied, s € {0.1,0.25,0.5,0.75, 1.0}.

In Figs. 3-4, we plot (i) the median as a solid line, (ii) the
inner 80th percentile as a shaded region, and (iii) the mini-
mum and maximum values attained as dashed lines, where
each summary statistic is computed over the M = 500 initial
conditions. In each of the figures we plot the RMSD of the
ensemble mean versus the benchmark and the ratio of the en-
semble spread only over the interval [0, 10]; we find that the
statistics are stable in the interval [10, 20], and we neglect the
longer time series, which remain approximately at the same
values as those shown at the end of the pictured time series.

In Fig. 3 we note immediately that there are no major dif-
ferences between the ensemble mean or spread of the finely
discretized Runge—Kutta scheme and the benchmark Tay-
lor scheme for forecasts up to length 7 € [0, 3]. Indeed, in
all diffusion regimes, the RMSD of the ensemble means is
bounded by 0.11 for forecasts up to length 7 =3 and be-
low 0.1 for forecasts up to length 7 =2.8. In the higher-
diffusion regimes, in which the weak-discretization error of
the Runge—Kutta scheme becomes slightly higher than the
benchmark system, we notice a slight change in the perfor-
mance in which the ensemble means begin to deviate earlier;
however, the difference occurs well beyond what would be
considered a practical upper limit of a forecast length, around
T =2. Asymptotically as the forecast length T — oo, the
RMSD of the means settles to small variations around the
median value of 0.5, indicating that by 7 = 10 the Runge-
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Table 1. Estimated discretization error constant C. The constant corresponds to the expected bound of the discretization error, CAY, where
A is the maximum time step of the discretization and is sufficiently small. y equals 1.0 for Euler—Maruyama and Runge—Kutta and 2.0 for

Taylor. Values of C are rounded to O (10_2>.

Diffusion s=01 | 5=025 s=05 | =075 | s=10
Scheme/mode Strong  Weak ‘ Strong  Weak ‘ Strong  Weak ‘ Strong  Weak ‘ Strong  Weak
Euler—Maruyama 9.93 9.93 9.43 9.42 9.81 9.77 1031 10.22 11.20  11.06
Runge—Kutta 0.08 0.01 0.19 0.02 0.38 0.04 0.56 0.06 0.76 0.07
Taylor 37.12  37.11 3475 3471 36.35 36.16 38.65 38.27 4297 4227

Kutta and benchmark Taylor ensembles have become close to — Euler-Maruyama  — Runge-Kutta

their climatological distributions. This is indicated likewise 35 5=0.1 5=0.25 5=05 5=075 S=10 5,

by the ratio of the ensemble spreads where, beyond T = 10,
the width of the percentiles around the median ratio, at 1.0,
becomes steady.

The relatively slow divergence of the ensembles under
Runge—Kutta and Taylor discretizations, finally reaching
similar climatological distributions, stands in contrast to the
ensemble statistics of the Euler-Maruyama scheme. No-
tably, the ensemble mean of the Euler—Maruyama scheme
quickly diverges. Moreover, at low-diffusion values, the
short-timescale divergence is also consistently greater than
the deviation of the climatological means. This indicates
that, unlike with the Runge—Kutta scheme, a strong bias is
present in the empirical forecast statistics with respect to the
Euler—-Maruyama scheme. The ensemble-based climatologi-
cal mean generated with the Euler—Maruyama scheme is sim-
ilar to that under the Taylor scheme; however, the spread of
the climatological statistics is consistently greater than that of
the benchmark system. After the short period of divergence,
the median ratio of the spread of the Euler—Maruyama en-
semble versus the Taylor ensemble is actually consistently
above 1.0.

Increasing the step size of the Euler—Maruyama and
Runge—Kutta ensembles to A = 1072, we see in Fig. 4 some
similar patterns and some differences. With the large step
size the divergence of the ensemble means has a faster on-
set. However, particularly for the Euler—Maruyama scheme
we see the presence of a bias, indicated by the large short-
timescale deviation, substantially greater than the climato-
logical deviation of means. For both the Euler—Maruyama
and the Runge—Kutta scheme, increased diffusion shortens
the initial period of the divergence of the ensemble means,
bringing each ensemble closer to the climatological statis-
tics more rapidly. With the increased discretization error, the
Runge—Kutta scheme has more variability in its ensemble
spread but remains unbiased with the median ratio of spreads
centered at one. For the Euler-Maruyama scheme, however,
we see the artificial increase in the ensemble spread is even
more pronounced, with the minimum value for the ratio of
spreads generally exceeding 1.0.
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Figure 4. Ensemble forecast statistics deviation over time — coarse
discretization. Euler-Maruyama and Runge—Kutta discretized with
time step A = 1072 Top: RMSD. Bottom: ratio of spread. Median
— solid. Inner 80 % — shaded. Min/max — dashed.

Given the above results, we can surmise that the
Runge—Kutta scheme will be largely unbiased in producing
ensemble-based forecast statistics, with maximum time dis-
cretization of A € (0,0.01]. At the upper endpoint of this
interval, divergence of the means occurs more rapidly, and
there is more variation in the ensemble spread versus a finer
step size. However, the result is that it settles more quickly
onto the climatological statistics, close to the benchmark
Taylor system. The short-term and climatological statistics
of the Euler—Maruyama scheme, however, suffer from biases
especially in low-diffusion regimes or for a maximal time
discretization of order (9(10_2). In the following section,
we will explore how these observed differences in ensemble-
based statistics of these schemes affect the asymptotic filter-
ing statistics.

3.3 Data assimilation twin experiments

Here we study the RMSE and the spread of the analysis en-
semble of a simple stochastic (perturbed observation) ensem-
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Figure 5. Truth: Taylor A; = 103, Ensemble: Taylor A, = 1073,
Asymptotic-average analysis for ensemble RMSE and spread of
benchmark configuration. Vertical axis — level of diffusion s €
{0.1,0.25,0.5,0.75, 1.0}. Horizontal axis — variance of observation
error r € {0.1,0.25,0.5,0.75, 1.0}.

ble Kalman filter (EnKF) (Evensen, 2003). We fix the num-
ber of ensemble members at N = 100 and set the L96-s sys-
tem state to be fully observed (with Gaussian noise) for all
experiments such that no additional techniques are necessary
to ensure filter stability for the benchmark system. Particu-
larly, in this configuration, neither inflation nor localization
is necessary to ensure stability — this is preferable because
inflation and localization techniques typically require some
form of tuning of parameters to overcome the usual rank defi-
ciency, the associated spurious correlations and the over con-
fidence in the ensemble-based covariance estimates (Carrassi
et al., 2018). The benchmark system uses the order 2.0 Tay-
lor scheme with a time discretization of (i) the truth twin with
A; = 1072 and (ii) the ensemble with A, = 1073.

In Fig. 5, we plot the asymptotic-average EnKF analysis
RMSE and ensemble spread for our benchmark system over
arange of diffusion levels s and a range of observational error
variance r, where s,r € {0.1,0.25,0.5,0.75, 1.0}. The anal-
ysis RMSE of the filter is evaluated in terms of the analysis
ensemble mean estimate versus the truth twin, with observa-
tions given at length 7 = 0.1 between analyses. The average
RMSE and spread are calculated over 2.5 x 10* analysis cy-
cles, with an initial 5 x 103 analysis cycles precomputed, not
contributing to the average, as a spin-up for the filter to reach
its stable statistics. We see, in all combinations of the model
and observational error parameters, that the filter is perform-
ing well when compared with the standard deviation of the
observation errors. The spread also consistently has compa-
rable values to the RMSE, indicating that the performance
of the EnKF is stable in this regime (Whitaker and Loughe,
1998).

3.3.1 Varying the ensemble integration method for
data assimilation

In this section, we will compare several different DA twin
experiment configurations with the benchmark system, in
which the Taylor scheme generates the truth twin and model
forecast with a fine time step. The configuration which is
compared to the benchmark system will be referred to as the
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“test” system. We fix the truth twin to be generated in all
cases by the order 2.0 Taylor scheme, with time step A; =
1073, We will vary, on the other hand, the method of gen-
erating the forecast ensemble for the test system with differ-
ent choices of discretization schemes and the associated time
step. For each choice of ensemble integration scheme, we
once again compute the asymptotic-average analysis RMSE
and spread over 2.5 x 10* analyses, with a 5 x 107 analysis
spin-up so as to reach stable statistics.

We drop the phrase “asymptotic-average analysis” in the
remaining portions of Sect. 3 and instead refer to these sim-
ply as the RMSE and spread. In each of the following fig-
ures, we plot (i) the RMSE of the EnKF generated in the test
system, minus the RMSE of the benchmark system; (ii) the
ratio of the spread of the EnKF generated with the test sys-
tem compared with that of the benchmark configuration. All
filters are supplied identical Brownian motion realizations
for the model errors, which are used to propagate the en-
semble members with their associated integration schemes.
Likewise, identical observations (including randomly gener-
ated errors) and observation perturbations in the stochastic
EnKF analysis are used for each filter at corresponding anal-
ysis times.

As was suggested by the results in Sect. 3.2, the difference
between the RMSE and the ratio of the spreads for the con-
figuration in which the ensemble is generated by the Runge—
Kutta scheme with step size A, = 10> and the benchmark
DA configuration is nominal; the RMSE difference is of or-
der ©(107%), with a mean value and standard deviation of
order (’)(10_7) across the configurations; the ratio of the
spread differs from 1.0 by an order of O (10_6), with a mean
value of order O (10_6) and a standard deviation of order
(’)(10_7). For these reasons, we do not plot the compari-
son of the ensemble generated with the Runge—Kutta scheme
with step size A, = 1073 and the benchmark configuration.
The next question is whether increasing the time step of the
Runge—Kutta scheme to A, = 1072 will impact the filter per-
formance, especially in terms of causing bias in the results of
the filter.

In Fig. 6, the test system uses the Runge—Kutta scheme
with coarse time step A, = 1072, We find what appears to
be small, random variation in the difference, where in some
cases the coarse time step scheme slightly outperforms the
benchmark system in terms of the RMSE. These RMSE dif-
ferences, however, appear to be effectively unstructured in
sign or magnitude with regard to the diffusion level s and the
observational error variance r, indicating that this amounts to
random numerical fluctuation and is mostly unbiased; this is
likewise the case for the ratio of the spread.

To formalize the visual inspection, we perform the
Shapiro—Wilk test (Shapiro and Wilk, 1965) on the standard-
ized RMSE differences. The result of the Shapiro—Wilk test
is a p value of approximately 0.80 so that we fail to reject the
null of Gaussian-distributed differences in the RMSE. As-
suming that these differences are Gaussian distributed, we
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Figure 6. Truth: Taylor A; = 10~3. Ensemble: Runge—Kutta A, =
10~2. Difference in RMSE/ratio spread with benchmark Fig. 5.

apply the ¢ test with null hypothesis that the residuals have a
mean of 0. The result is a p value of approximately 0.77, so
that we fail to reject the null hypothesis that the differences
are distributed according to a mean zero Gaussian distribu-
tion.

The average of these RMSE differences is approximately
—8x 1073, with a standard deviation of approximately 10~;
the ratio of spreads differs from 1.0 on average by about
4x 1073 with a standard deviation of approximately 8 x 10™%.
Because this appears to be unbiased, Gaussian numerical er-
ror, we expect that increasing the integration time step for the
Runge—Kutta scheme to A, = 1072 will not introduce any
structural biases to twin experiments based on the discretiza-
tion error.

We are secondly interested in seeing how the Euler—
Maruyama scheme generating the ensemble compares with
the benchmark system when using a maximal time step of
A, € {10_2, 10_3}. In Fig. 7, the test system uses the Euler—
Maruyama scheme with time step A, = 107>, Note, the scale
for the RMSE difference in Fig. 7 matches the scale of the
positive differences in Fig. 6. However, the scale for the
spread ratio in Fig. 7 differs from the scale in Fig. 6 by about
an order of magnitude. We find that in contrast to the coarse-
grained Runge—Kutta scheme, there is indeed structure in
this plot, similar to the results in Sect. 3.2. For low levels
of diffusion, there is a clear bias introduced by the Euler—
Maruyama scheme in which the ensemble is artificially in-
flated and also has a lower overall accuracy (though by a
small measure). However, it is also of interest that the perfor-
mance of the Euler—Maruyama scheme and the benchmark
system are almost indistinguishable for higher levels of dif-
fusion. With a time step of A = 1073, the Euler-Maruyama
scheme achieves comparable performance with the bench-
mark approach for high levels of diffusion; however, there is
clearly a bias introduced that systematically affects the accu-
racy of the filter in a low-diffusion regime, in contrast with
the last example.

Next we turn our attention to Fig. 8, where the test sys-
tem uses the Euler—Maruyama scheme with a time step of
A, = 1072, Here, a log scale is introduced in the measure of
the RMSE difference, and a new linear scale is introduced
for the spread ratio. We see the same structure of the bias in-
troduced to the filter, where for low-diffusion levels there is
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Figure 7. Truth: Taylor A; = 1073, Ensemble: Euler—Maruyama
A, = 1073, Difference in RMSE/ratio of spread with benchmark
Fig. 5.
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Figure 8. Truth: Taylor A; = 103, Ensemble: Euler—-Maruyama
A, = 1072, Difference in RMSE/ratio of spread with benchmark
Fig. 5.

a strong bias, sufficient to cause filter divergence in this con-
figuration. However, for high-diffusion levels, this bias is less
significant, and the filter performance is roughly comparable
to the benchmark system, with the difference being of order
1072 for s > 0.5. We again see the artificial effect of the in-
flation due to the Euler-Maruyama scheme in the spread of
the ensemble, with the same structure present as in the last
example. In Fig. 8, the scale for the spread is also about an
order of magnitude larger than in Fig. 7.

3.3.2 Varying the truth-twin accuracy for data
assimilation

Finally, we examine the effect of lowering the accuracy of
the truth twin on the filter performance of the test system
relative to the benchmark configuration. In each of the fol-
lowing figures, we again compare the RMSE and spread of
the benchmark configuration in Fig. 5 — in all cases the test
system will generate the truth twin using the order 2.0 Taylor
scheme, with a coarser time step of A; =5 x 1073, In this
case, based on the estimate from Table 1, the discretization
error for the truth twin is close to 1073,

In Fig. 9, the Runge—Kutta scheme generates the ensem-
ble with a step size of A, = 1072, The figure uses identical
scales for both RMSE and spread as in Fig. 6. The filtering
statistics, with reduced accuracy of the truth twin in conjunc-
tion with the reduced accuracy Runge—Kutta scheme for the
ensemble, are very similar to the case of the more accurate
truth twin. The discretization error in the generation of the
ensemble forecast is around 7 x 10™* in the high-diffusion
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Figure 9. Truth: Taylor A; =5 x 10~3. Ensemble: Runge—Kutta
Ae = 1072, Difference in RMSE/ratio of spread with benchmark
Fig. 5.

regime but is usually lower for the smaller diffusion levels
(see Table 1).

The main distinction lies in that there is a clear separa-
tion of the spread ratio between the low-diffusion and high-
diffusion regimes. For this coarse discretization configura-
tion, there is a trend of higher spread in the low-diffusion,
versus the trend of lower spread in high-diffusion, as com-
pared with the benchmark system. We test for non-Gaussian
structure in the RMSE differences using the Shapiro—Wilk
test, with a resulting p value of approximately 0.87. With-
out significant departures from Gaussianity, we use a ¢ test
with the null hypothesis that the RMSE differences are dis-
tributed with a mean of zero. The result is a p value of or-
der O (10_4), indicating that there is significant additional
structure in this regime that was not present when the finely
discretized truth twin was used. The differences no longer
appear to be unbiased, though the differences in this config-
uration from the benchmark configuration remain practically
small for twin experiments; the mean of the RMSE differ-
ences in Fig. 9 is approximately —7 x 10™*, while the stan-
dard deviation is approximately —8 x 10™*. The difference
in the spread from 1.0 is approximately 3 x 107> on average,
with a standard deviation of approximately 1073,

As a final comparison with the benchmark system, in
Fig. 10 the test system generates the ensemble using the
Euler-Maruyama scheme with time step A, = 107>, The
scale for the RMSE differences is the same as in Fig. 6, while
the scale for the ratio of the spread is the same as in Fig. 7.
We note that the qualitative structure of the differences is
close to that in Fig. 7, with a notable difference. Here, the
difference from the benchmark system at high-diffusion lev-
els is relaxed, and the EnKF generated by the fine-grained
evolution under Euler—-Maruyama at times performs better
than the benchmark system, when there is the additional dis-
cretization error of the truth twin. This may correspond to
the fact that the discretization error for the truth twin under
the Taylor scheme is slightly higher with the higher diffusion
levels. However, the overall bias introduced by the Euler—
Maruyama scheme into the twin experiment seems to remain
largely the same. We neglect a plot comparing the system
in which the ensemble is generated by the Euler—Maruyama
scheme with step A, = 1072 — this case is largely the same
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Figure 10. Truth: Taylor A;=5Xx 1073, Ensemble: Euler—
Maruyama A, = 10~3. Difference in RMSE/ratio of spread with
benchmark Fig. 5.

as results in Fig. 8, with a similar pattern of filter divergence
at low diffusion and relaxation at higher diffusion.

3.4 An efficient framework for twin experiments

We briefly consider the computational complexity of the
Euler-Maruyama scheme in Eq. (6), the strong order 1.0
stochastic Runge—Kutta scheme in Eq. (8) and the strong or-
der 2.0 Taylor scheme in Eq. (14). We note that every one of
these methods applied in the L96-s system has a per-iteration
complexity that grows linearly in the system dimension 7.
This is easy to see for the Euler-Maruyama scheme and is
verified by, e.g., Hansen and Penland (2006) for the stochas-
tic Runge—Kutta scheme. On the other hand, it may appear
that the numerical complexity of one iteration of the Taylor
scheme is O(n?) due to the multiplication of the vectors f
and J Z with the Jacobian V f. However, for any n > 4, there
are only four nonzero elements in each row of V f’; the spar-
sity of the Jacobian means that an efficient implementation
of the matrix multiplication will only grow in complexity at
O(n).

However, there are significant differences in the number of
iterations necessary to maintain a target discretization error
over an interval [0, T']. A typical forecast length T for a twin
experiment in the L96-s system is for 7' € [0.1, 0.5], corre-
sponding to weakly and strongly nonlinear behavior respec-
tively at the endpoints of this interval. The necessary number
of iterations to produce a truth twin with discretization er-
ror on O (10_6) as in the usual Lorenz-96 system is around
0(102) to (9(103) integration steps with the strong order
2.0 Taylor scheme. This is because, even with the order 2.0
strong convergence, the Taylor scheme has to compensate for
the large constant term by dropping to a maximal step size of
@) (10_4). As a practical compromise, we suggest a higher
target discretization error on the order of O (10_3 )

The order 2.0 Taylor scheme, with a maximal step size of
A; =5x 1073, achieves a strong discretization error close
to 1073 across all diffusion regimes. This order of strong
discretization error is not possible with either the Euler—
Maruyama or Runge—Kutta scheme without dropping the
maximal step size to at most 10~3, making the order 2.0 Tay-
lor scheme a suitable choice for generating the truth twin. On
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the other hand, in ensemble-based DA, the greatest numerical
cost in a twin experiment lies in the generation of the ensem-
ble forecast. Across the diffusion regimes, from weak s = 0.1
to strong s = 1.0, we have seen that the stochastic Runge—
Kutta scheme achieves a weak discretization error bounded
by 1073 when the maximal step size is A, = 1072, This sug-
gests the use of a hybrid approach to simulation in which the
Taylor and Runge—Kutta schemes are used simultaneously
for different scopes.

The combination of (i) truth twin — Taylor with A; =5 x
10~3 — and (ii) model-twin — Runge—Kutta with A, = 1072
— maintains the target discretization error at approximately
103 with relatively few computations. Moreover, using the
Runge—Kutta scheme to generate the ensemble has the ben-
efit that it is easy to formulate in vectorized code over the
ensemble. In Sect. 3.2 and 3.3, we demonstrated that this
configuration does not practically bias the ensemble forecast
or the DA cycle as compared with more accurate numerical
discretizations. While there were small differences noted in
some of the short-term forecast statistics, the climatological
statistics remain largely the same. Likewise, the differences
in the asymptotic filtering statistics appear to be tantamount
to numerical noise when compared with a more accurate con-
figuration. Given the results in Sect. 3.2 on the differences for
the short-range ensemble forecast statistics with the coarsely
resolved Runge—Kutta scheme, we expect the conclusions
to hold for standard DA twin experiments with forecasts of
length T € [0.1,0.5].

4 Conclusions

In this work, we have examined the efficacy of several com-
monly used numerical integration schemes for systems of
SDEs when applied to a standard benchmark toy model.
This toy model, which we denote L96-s, has been contex-
tualized in this study as an ideal representation of a multi-
scale geophysical model; this represents a system in which
the scale separation between the evolution of fast and slow
variables is taken to its asymptotic limit. This toy model,
which is commonly used in benchmark studies, represents
a perfect-random model configuration for twin experiments.
In this context, we have examined specifically the follow-
ing: (i) the modes and respective rates of convergence for
each discretization scheme and (ii) the biases introduced into
ensemble-based forecasting and DA due to discretization er-
rors. In order to examine the efficacy of higher-order integra-
tion methods, we have furthermore provided a novel deriva-
tion of the strong order 2.0 Taylor scheme for systems with
scalar additive noise.

In the L96-s system, our numerical results have corrobo-
rated both the studies of Hatfield et al. (2018) and Frank and
Gottwald (2018). We find that the Euler—Maruyama scheme
actually introduces a systematic bias in the ensemble fore-
casting in the L96-s system. However, the effect of this bias
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on the DA cycle also strongly depends on the observation
and, to a larger extent, model uncertainty, represented by
amplitude of the random forcing. When the intensity of the
model noise, governed by the strength of the diffusion co-
efficient, is increased, we often see low-precision numerics
performing comparably to higher-precision discretizations in
the RMSE of filter twin experiments. Indeed, in the high-
diffusion regime the state evolution becomes dominated by
noise, and the numerical accuracy of the ensemble forecast
becomes less influential on the filter RMSE. However, in
lower-model-noise regimes and with low-precision numer-
ics, the bias of the Euler—Maruyama scheme is sufficient to
produce filter divergence.

Weighing out the overall numerical complexity of each of
the methods and their respective accuracies in terms of mode
of convergence, it appears that a statistically robust config-
uration for twin experiments can be achieved by mixing in-
tegration methods targeted for strong or weak convergence
respectively. Specifically, the strong order 2.0 Taylor scheme
provides good performance in terms of strong convergence
when the time step is taken A € [10_3, 5% 10_3]. This guar-
antees a bound on the path-discretization error close to 1073,
On the other hand, the extremely generous coefficient in
the bound for weak discretization error for the Runge—Kutta
scheme makes this method attractive for ensemble-based
forecasting and for deriving sample-based statistics. While
the performance depends strongly on the overall level of dif-
fusion, a time step of A € [10_3, 10~2] bounds the weak
convergence discretization error by 107 for all of the stud-
ied diffusion levels.

Generally, it appears preferable to generate the ensemble
forecast with the Runge—Kutta scheme and step size A =
1073, However, we find that the slight increase in error in the
ensemble forecast by increasing the step size of the stochas-
tic Runge—Kutta scheme to A = 1072 does not add any sys-
tematic bias. This is observed in terms of the short-timescale
forecast statistics, the long-timescale climatological statistics
and in the filtering benchmarks. In all cases, it appears that
additional variability is introduced in the form of noise, yet
this appears to be largely unbiased, Gaussian numerical error.
In contrast, with the Euler-Maruyama scheme we observe
structural bias in the low-diffusion regimes, which is enough
to cause filter divergence when the step size is A = 1072, Es-
pecially interesting, this is in the presence of what appears to
be an artificial inflation of the ensemble spread with respect
to the benchmark system.

Varying the accuracy of the truth-twin simulation, the re-
sults are largely the same as in a configuration with a finer
step size. Disentangling a direct effect of the discretization
error of the truth twin from the effect of, e.g., observation er-
ror or the diffusion in the process is difficult. Nonetheless, it
appears that higher discretization accuracy of the truth twin
places a more stringent benchmark for filters in systems with
less overall noise, especially due to the diffusion in the state
evolution. There appears to be some relaxing of the RMSE
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benchmark when diffusion is high and the accuracy of truth
twin is low — in these cases we see lower RMSE overall for
the coarsely evolved filters than in the benchmark system.

We suggest a consistent and numerically efficient frame-
work for twin experiments in which one produces (i) the
truth twin, with the strong order 2.0 Taylor scheme using
a time step of A =5 x 10’3, and (ii) the model twin, with
the stochastic Runge—Kutta scheme using a time step of
A = 1072, In all diffusion regimes, this guarantees that the
discretization error is close to 1072 and, most importantly,
does not introduce a practical bias on the filter results versus
the more accurate benchmark system presented in this work.
Our results indicate that this configuration is a practical bal-
ance between statistical robustness and computational cost.
We believe that the results will largely extend to deterministic
versions of the EnKF (Carrassi et al., 2018; see Sect. 4.2 and
references therein) , though one may encounter differences
with respect to tunable parameters, e.g., ensemble sizes, en-
semble inflation and/or localization of the scheme.
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As possible future work, we have not addressed the ef-
ficacy of weak schemes, which are not guaranteed to con-
verge to any path whatsoever. Particularly of interest to the
DA community and geophysical communities in general may
be the following question: can generating ensemble forecasts
with weak schemes reduce the overall cost of the ensem-
ble forecasting step by reducing the accuracy of an individ-
ual forecast, while maintaining a better accuracy and con-
sistency of the ensemble-based statistics themselves? Weak
schemes often offer many reductions in the numerical com-
plexity due to the reduction of the goal to producing an ac-
curate forecast in distribution alone. Some methods that will
be of interest for future study include, e.g., the weak order
3.0 Taylor scheme with additive noise (Kloeden and Platen,
2013; see p. 369) or the weak order 3.0 Runge—Kutta scheme
page (Kloeden and Platen, 2013; see p. 488). Additionally, it
may be of interest to study other efficient, higher-order strong
Runge—Kutta schemes as discussed by RoBler (2010).
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Appendix A: Deriving the strong order 2.0 Taylor rule
for 1.96-s

Al The abstract integration rule

We consider the SDE in Eq. (5), in the case where the noise
covariance is scalar, though possibly of time-dependent in-
tensity; S will be assumed equal to s(¢)I, for some scalar
function s : R™ — R*. Suppose the state of the ith com-
ponent of the model at time # is given by x'(#)=x} and
AétkH — t. From p. 359 of Kloeden and Platen (2013), the
strong order 2.0 Taylor integration rule for xj in Eq. (5) is
written component-wise as

Xt 1 =xzi+f’A+§£°f’A2 (Ala)

n n
FSWAHY LIfIGo+ Y LL a0
=1 =1
(A1b)

where the righthand side of Eq. (A1) is evaluated at (xy, #¢)
and the terms are defined as follows:

1. Equation (Ala) is the deterministic second-order Tay-
lor method. The differential operator QO, defined on
p- 339 of Kloeden and Platen (2013), in the case of
autonomous dynamics, f(x,t) = f(x), with additive
noise, S(x, r) = S(¢), reduces to

L£0%3 " o (A2)
=1

such that the term £° fi = fT.V fi.

2. WiEWI(A) — Wi(0), where Wi(¢) is a 1-dimensional
Wiener process. By definition, W*(0) = 0 with proba-
bility 1, and Wg is a mean zero, Gaussian-distributed
random variable with variance equal to A.

3. For each ! and j, the differential operators L' and £/ are
defined on p. 339 of Kloeden and Platen (2013). In the
case of additive noise with scalar covariance, S(x,t) =
s(1)I,, these operators reduce to

L"&59m forany 1 <m <n. (A3)

4. For each/ and j the terms J(; 0y and J  0), defined on
pp- 200-201 of Kloeden and Platen (2013), describe a
recursive formulation of multiple Stratonovich integrals
of the component random variables of W (z), over an
interval of [0, A]. These are given as
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A A J .
Ti0=7 (WA +a,~), (Ada)
A A .
Jaj 023 WAWL =5 (a;wh - a,Wg) +A%AL
—Jo..j) — a0 (A4b)
A A A 2 A .
J(O,l»j) 30 WAWA - ;WAb, +AB;; — T4 Wi
A ) A?
+2—WAb'+A Cz‘j—i-?Al)j; (Adc)
J(l,o,j>—3, whiw +2 5 Loy + — - ng, — A’By
- 2awh+ S wh;: (A4d)
4 27 J
A A J
Jon=5 (WA —aj)- (Ade)

. Coefficients A; j, By j,Cy j,a;,aj,b; and bj, in Egs.

(Ada)-(Ade), are defined on pp. 198-199 and 201, via
the component-wise Karhunen-Loeve Fourier expan-
sion (Kloeden and Platen, 2013; see pp. 70-71) of a
Brownian bridge process B()&AW, — ﬁWA, for 0 <
t < A. We write the expansion of B(¢) component-wise
as

B/ (1) =

a; & 2rmt . (2rmt
7]+;|:aj,rc0s( A )—i—b,;,sm( A )]

(AS5)

The random Fourier coefficients a;, and b; , are de-
fined for each » € NT, with

2
/ ——Wj cos( rnt)dr, (A6)
A
P T i 2rot
(WT—ZWA>sm N dr, (A7)

as pairwise-independent, Gaussian-distributed random
variables,

||l>

2
birts

O\D

A
aj’r,bj’r'\’N<O, m) (AS)

The convergence of the righthand side of Eq. (AS5)
to the left-hand side is in the mean-square sense
(L? norm) and uniform in r. From the Fourier co-
efficients, for each j, we define a; and b; as

A

S

A
/ ——WA)dT bJ—Z b/ra (A9)
0
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and the auxiliary coefficients as

00
b
Ap /éK ZV (ﬂl,rbj,r - aj,rbl,r) 5 (A10)
r=1
1 &
BZJZZZ(al,raj,r +bl,rbj,r), (A1D)
r=1
A—1 2 r
Cl’j_X Z 5 3 (ral,raj,q +qb[,rbj,q)~
r,q=1 & r#q -

(A12)

Expanding Eq. (A1) in the above-defined terms gives an ex-
plicit integration rule that has strong convergence of order
2.0 in the maximum step size. The subject of the next section
is utilizing the symmetry and the constant/vanishing deriva-
tives of the Lorenz-96 model to derive significant reductions
of the above general rule.

A2 Deriving reductions to the rule for 1.96-s

‘We note that

—xi=! j=i=2
) g xith—xi=2 j=i-1
——=1{_1 j=i (A13)
ox/ Linl .
j=i+1
0 else,
from which we derive
-1 j=i=-2, 1l=i-1
02 fi -1 j=i—1,1=i-2
P 1 j=i—1, I=i+1 (A14)

1 j=i+1, Il=i-1
0 else.

The constancy of the second derivatives in Eq. (A14) will al-
low us to simplify the expressions in Eq. (A1b). Specifically,
notice that

2 ri

- 0
LIL 0= Sz—ff

PRl (A15)

such that the sum /' j=1 LILT f1 T4 j 0y reduces to
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n . .
DL a0 =
l,j=1
52 (Ji=1,i+1,0) + Ji+1,i-1,0))
— 5% (Ja—2,i-1,0) + Ji—1,i-2,0)) - (A16)

We are thus interested in reducing the terms of Eq. (A16) via
antisymmetry within J (I, j, 0) with respect to the arguments
[ and j. We note that

A =—Aj,
(@jWh —aqyW) = —(@W} —a;Wh),

(A17)
(A18)

and combining these relationships with the definition in
Eq. (A4b), we find

Ja,j,0 + 1,00 =
AWAWL —[(Ja.0.) + Jou.p) + (JG.0.0 + Jo.i.0)] -
(A19)

Notice that from Egs. (A4c) and (A4d), the sum Jg o, j) +
J(o,1, j) contains the terms on the left-hand side of Eq. (A20),

A il L Aiwl _ Al
§WAWA + §WAWA = ?WAWA; (A20a)
A’Bj—A’B; =0; (A20b)
A 1 A 1 A 1
—ZajWA—ZajWAZ—EajWA; (A20C)
— Wb+ —Wib;i + — Wb — —Wib
2 A‘/+2n A‘/+2n A7t b4 At
A A
= Wb, — —W]h. (A20d)
T 2

Combining terms as in the left-hand side of Eq. (A20) and
substituting the righthand side of the terms in Eq. (A20) we
derive that

A j
Ja,0.)y FJou ) =5 WaWi

A21
3 (A2la)
+ Eaz.](() ) Eaj Wi (A21b)
A 1 Lo
+— | Wab; EWAbl (A21¢)
+ A <C1,j+ A[]) (A214d)
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Note then, from Eq. (A19), that we need to combine the
terms of the symmetric sum in/ and j,

(Va0 +Jorp) +(Jg.on +Jo0.5n)- (A22)

We thus use the antisymmetry in the terms in Eq. (A21) to
make further reductions. Note that from Eq. (A4e) we have

1 A i
Ealj(o’j) = 7 <al Wé —alaj) . (A23)

Therefore, the symmetric sumin/ and j of %al Joo, ) is given
by

1 1 ;
EalJ(O,j) + EajJ(o,z) = (a1W£ —aaj +aleA _ajal>

NN

j 1y A
(a;WA —i—ajWA) — Ealaj'
(A24)

Thus using Eq. (A24), the symmetric sum of Eq. (A21b) in/
and j equals

2 (awl +a;wh) = Saa; - 2 (aWh +awl) =
g \aWarajWy )= Zaaj—=(ajWa+aWy )=

—A j y_ A4
e (al Wi +a; WA) — Ealaj.
(A25)

Likewise, taking the sum of Eq. (A21c) symmetrically in [
and j equals

—\Wabj = Wabi+ Wibi = SWibj ) =
A

- (whb; +wibi). (A26)
Recalling the antisymmetry of A;; and the substitutions
in Egs. (A25) and (A26), we combine the terms J o, j) +

Jo,,j+ I+ Jo,jn to derive

Jao.p+Joujh+JG.on+Jo, =
Lwi B (i j
TWAWA — Z (WAaj + WAal)

— Ealaj + g (WAbl + Wib[)

+A%(Cpj+Cjy). (A27)
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Finally, using Eq. (A27), let us define the symmetric func-
tion in (I, j),
_ 1 ywrd
Vi, =AW AW,
—[(wop +Jorp) + (Jg.on+ Jo.n)]

Awtwi B (whawia) + Laa;
= WAWA—i—4 Waa; +Wya —l—zalaj

3
A .
— o (Whbj + Whb) = A2 (Cij+Cja): (A28)

2

from the above definition and Eq. (A16), we recover the ex-
pression

n
Z L'L a0y =5 [Wiridn — Wi2i-n]. (A29)
=1

Furthermore, define the random vectors

Yn,2) W(n—1,n)
v, £ : , W_£ : , (A30a)
Yn-1.1) Win—2.n-1)
2 (Wi+a)
e : (A30b)
2 (WX +an)

Using the above definitions, we can write the integration rule
in a matrix form as

AZ
xk+1=xk+fA-‘r7Vf~f

+sWaA+sVE-Ta+s2(Wy—W).

(A31a)
(A31b)

Once again, Eq. (A31a) is the standard deterministic order
2.0 Taylor rule but written in matrix form. On the other hand,
the additional term in Eq. (A31b) resolves at second-order
the SDE form of L96 with additive noise of scalar covariance
(L96-s).

A3 Finite approximation and numerical computation

So far we have only presented an abstract integration rule
that implicitly depends on infinite series of random vari-
ables. Truncating the Fourier series for the components of the
Brownian bridge in Eq. (AS5), we define a random process

2

+§p cos (27 b, sin [ 2F (A32)
. .
r:1 ],r A ],r k)

from which we will define a numerical integration rule, de-
pending on the order truncation p. Key to the computation
of the rule is that, by way of the approximations on pp. 202—
204 of Kloeden and Platen (2013), it is representable as a

. t . a;
wiretwl+
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function of mutually independent, standard Gaussian ran-
dom variables. We will denote these standard Gaussian ran-
dom variables as §;,jr,njr, 1j,p and @j p, and for each

j=1,--n,r=1,---,pandall p e NT, we define
1 ; 1 O
EE—=WL, wjpt—— ajr, (A33a)
\/K \/rppr:p—‘rl
/2 1 > 1]
é‘j,ré Z?Trar,j, ¢],Pé\/TT Z bj I (A33b)
pr:p+1
A |2
Njr=\ 7" brj: (A33c)
where
1 &1 a2 1 &1
Bl i el (A
: r=

It is important to note that, while w; ,,; , are defined as
an infinite linear combination of the random Fourier coeffi-
cients, we take u; , and ¢; , as drawn iid from the standard
Gaussian distribution and use their functional relationship to
the Fourier coefficients to approximate the Stratonovich inte-
gral. The coefficients p,, and o), normalize the variance in the
remainder term in the truncation of the Brownian bridge pro-
cess to the finite sum W,'”. Using the above-defined random
variables in Eq. (A7) and auxiliary deterministic variables in
Eq. (A34), we will define the pth approximation of the mul-
tiple Stratonovich integrals in Eqs. (A4e)—(A4c).

For any p € N and for each j =1, ---n, we can recover
the term b; directly from the functional relationships in
Eq. (A33), and we recover a; by the relationship on p. 203
of Kloeden and Platen (2013),

p
ae ~2/Bpphp - Z (A350)
bi&/Aa,di p+ ,/ Z zn,,. (A35b)

The auxiliary function C; ; is truncated at the pth order, de-
fined on p. 203 of Kloeden and Platen (2013), as

cP & —1 2 r
LiTon2 Z r2—gq
r,q=1 & r#q

1 1
P (ggl,ré‘j,q + ;nl,rnj,q) .
(A36)

While the choice of p modulates the order of approxima-
tion of the Stratonovich integrals, it is important to note that
in our case the choice of p > 1 is unnecessary. Actually, all
terms in the Stratonovich integrals in the integration rule we
have derived are exact except for the terms of C lp . Uptoa
particular realization of the random variables, a; and b; are
constructed identically from the full Fourier series. It is thus
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only the terms of C; P Y that are truncated, and this approxima-
tion appears at order 2.0 in the integration step. Therefore, up
to a constant that depends on p, the approximation error of
the Stratonovich integrals is also at order 2.0. Note that, by
definition, when p = 1, Cl,j =0foralll,j=1,---,n. There-
fore, we may eliminate this term in our finite approximation
without loss of the order of convergence.

For simplicity, at each integration step foreach j = 1, - - -n,
r=p=1, we may draw n x (2p +3) =n x 5 iid standard
Gaussian random variables, &;,¢; . nj,r, itj,p and @; p, to
obtain an approximation of the recursive Stratonovich inte-
grals in Eq. (4). For each j we will make substitutions as
described in Egs. (A34)—(A35) to obtain the final integration
rule. Using the simplifications made to the rule in Sects. A
and A2 and the above discussion, we define

2
A
v, 1>A §i5j + — (§ia) +&ja1) + Saa;

3

A2
5 (&bj +&jbr). (A37)
Finally, we define the following random vectors
p p
qj(n,Z) \I/(n—l,n)
v s : , w2 : , (A38a)
P P
Y11y Yo-2.n-1)
5 (Vag +a) &
Ji= : L E=| (A38b)
% <“/Z%_n +an> En

such that we obtain the integration rule in matrix form,

AZ
xk+1=xk‘|’fA+?vf'f

+sVAE+sVL TR +s57 (W —w?).

(A39a)
(A39b)

The constants p, and «, can be computed once for all steps,
with truncation taken at p = 1 such that

11 Ll

L A40
Pr=12" 272 “PT 180 22 (A40)

Then, for each step of size A, we can follow the rule outlined
in Eq. (4).

Appendix B: Resolving the strong order 2.0 Taylor
scheme for consistent numerical benchmarks

When we benchmark the convergence of the strong order
2.0 Taylor scheme to a finely discretized reference path xsp,
the formulation for generating the Taylor scheme discretized
solution differs from the direct implementation in Sect. 2.5.
The strong order 2.0 Taylor scheme approximately resolves
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the multiple Stratonovich integrals, Eq. (A4), using combi-
nations of the Karhunen—-Logve Fourier coefficients for the
Brownian bridge process, Eq. (A5), between the discretiza-
tion points. The realization of the Brownian motion at the
discretization times is independent of the realizations of the
Brownian bridge in between these times such that, when sim-
ulating an arbitrary sample path with the Taylor scheme,
one can simply use the functional relationships described
in Sect. 2.5 to define the linear combinations in Eq. (A33).
Therefore, if there is no concern about discretizing a specific
reference path then drawing iid realizations for the standard
normal variables ¢; »,nj ., itj,p and ¢; p is sufficient.

With regard to a specific reference path xsp discretized
with time step Agp smaller than the Taylor scheme step of
A4, we must use the known realizations of the Brownian
motion at steps Agp in between the coarse steps Ag4 to com-
pute the Brownian bridge. The random vector b is defined
functionally in Eq. (A9) as an infinite sum of vectors of ran-
dom Fourier coefficients such that there is an additional de-
pendence on the order of truncation p of the term b in our
benchmarks. This again differs substantially from the case
in which we wish to simulate some arbitrary path with the
Taylor scheme; in this case, the relationship between b and
the Fourier coefficients is defined by an analytical, functional
relationship, and it is sufficient to make a truncation order
p =1 to other terms to maintain order 2.0 strong conver-
gence.

As a modification of the Taylor scheme, utilizing the
known realization of the Brownian bridge process between
the discretization steps A,, we compute the Fourier coeffi-
cients of the Brownian bridge, up to pth order, directly by
the right-Riemann sums approximating Egs. (A6)—(A7), with
discretization step size Agp. With respect to all of our bench-
marks, we found no significant difference in performance
when directly computing only the order p = 1 and the order
p = 25 Fourier coefficients as described above, so we present
only the p = 1 case for simplicity.
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der the MIT License. The exact version of the model used to pro-
duce the results used in this paper is archived on Zenodo (Grudzien,
2020), as are scripts to run the model and produce the plots for all
the simulations presented in this paper (Grudzien, 2020).

Author contributions. CG derived the order 2.0 Taylor discretiza-
tion for the L96-s model, developed all model code and processed
all data. CG and MB reviewed and refined mathematical results to-
gether. All authors contributed to the design of numerical experi-
ments. CG wrote the paper with contributions from MB and AC.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. This work benefited from funding by the
project REDDA of the Norwegian Research Council. Alberto Car-
rassi was also supported by the Natural Environment Research
Council. This work benefited significantly from CEREA hosting
Colin Grudzien as a visiting researcher in 2018, during his postdoc-
toral appointment at NERSC. CEREA is a member of the Institut
Pierre-Simon Laplace (IPSL). The authors would like to thank Pe-
ter Kloeden, Eckhard Platen, Paul Hurtado and the two anonymous
referees for their correspondence and suggestions on this work.

Financial support. This research has been supported by the Nor-
wegian Research Council (grant no. 250711). Alberto Carrassi
was also supported by the Natural Environment Research Council
(agreement PR140015 between NERC and the National Centre for
Earth Observation).

Review statement. This paper was edited by James R. Maddison
and reviewed by two anonymous referees.

References

Arnold, H. M., Moroz, I. M., and Palmer, T. N.: Stochas-
tic parametrizations and model wuncertainty in the
Lorenz’96 system, Phil. Trans. R. Soc. A, 371, 20110479,
https://doi.org/10.1098/rsta.2011.0479, 2013.

Berry, T. and Harlim, J.: Linear theory for filtering nonlinear multi-
scale systems with model error, Proc. R. Soc. A, 470, 20140168,
https://doi.org/10.1098/rspa.2014.0168, 2014.

Bocquet, M. and Carrassi, A.: Four-dimensional ensemble varia-
tional data assimilation and the unstable subspace, Tellus A,
69, 1304504, https://doi.org/10.1080/16000870.2017.1304504,
2017.

Bocquet, M., Gurumoorthy, K. S., Apte, A., Carrassi, A., Grudzien,
C., and Jones, C. K. R. T.: Degenerate Kalman Filter Error Co-
variances and Their Convergence onto the Unstable Subspace,
SIAM/ASA J. Uncertainty Quantification, 5, 304-333, 2017.

www.geosci-model-dev.net/13/1903/2020/

1923

Boers, N., Chekroun, M. D, Liu, H., Kondrashov, D., Rousseau, D.-
D., Svensson, A., Bigler, M., and Ghil, M.: Inverse stochastic—
dynamic models for high-resolution Greenland ice core records,
Earth Syst. Dynam., 8, 1171-1190, https://doi.org/10.5194/esd-
8-1171-2017, 2017.

Burrage, K. and Burrage, P. M.: High strong order explicit Runge-
Kutta methods for stochastic ordinary differential equations,
Appl. Numer. Math., 22, 81-101, 1996.

Burrage, K. and Burrage, P. M.: General order conditions for
stochastic Runge-Kutta methods for both commuting and non-
commuting stochastic ordinary differential equation systems,
Appl. Numer. Math., 28, 161-177, 1998.

Carrassi, A. and Vannitsem, S.: Deterministic treatment of model er-
ror in geophysical data assimilation, in: Mathematical paradigms
of climate science, Springer, 175-213, 2016.

Carrassi, A., Bocquet, M., Bertino, L., and Evensen, G.: Data
Assimilation in the Geosciences-An overview on methods,
issues and perspectives, WIREs Clim. Change, 9, e535,
https://doi.org/10.1002/wcc.535, 2018.

Chekroun, M. D., Simonnet, E., and Ghil, M.: Stochastic climate
dynamics: Random attractors and time-dependent invariant mea-
sures, Physica D, 240, 1685-1700, 2011.

Chorin, A. J. and Lu, F.: Discrete approach to stochastic
parametrization and dimension reduction in nonlinear dynamics,
P. Natl. Acad. Sci. USA, 112, 9804-9809, 2015.

Cotter, C., Crisan, D., Holm, D. D., Pan, W., and Shevchenko, I.:
Numerically Modeling Stochastic Lie Transport in Fluid Dynam-
ics, Multiscale Model. Sim., 17, 192-232, 2019.

Crommelin, D. and Vanden-Eijnden, E.: Subgrid-scale parameteri-
zation with conditional Markov chains, J. Atmos. Sci., 65, 2661—
2675, 2008.

Demaeyer, J. and Vannitsem, S.: Stochastic Parameterization of
Subgrid-Scale Processes: A Review of Recent Physically Based
Approaches, in: Advances in Nonlinear Geosciences, Springer,
55-85, 2018.

Dijkstra, H. A.: Nonlinear climate dynamics, Cambridge University
Press, 2013.

Evensen, G.: The ensemble Kalman filter: Theoretical formula-
tion and practical implementation, Ocean Dynam., 53, 343-367,
2003.

Frank, J. and Gottwald, G. A.: A Note on Statistical Consistency
of Numerical Integrators for Multiscale Dynamics, Multiscale
Model. Sim., 16, 1017-1033, 2018.

Frank, J. and Zhuk, S.: A detectability criterion and data assimila-
tion for nonlinear differential equations, Nonlinearity, 31, 5235,
https://doi.org/10.1088/1361-6544/aaddcb, 2018.

Franzke, C., O’Kane, T., Berner, J., Williams, P., and Lucarini, V.:
Stochastic climate theory and modeling, WIRES Clim. Change,
6, 63-78, 2015.

Ghil, M.: The wind-driven ocean circulation: Applying dynamical
systems theory to a climate problem, Discrete Cont. Dyn.-A, 37,
189-228, 2017.

Ghil, M.: A century of nonlinearity in the geo-
sciences, Earth and Space Science, 6, 1007-1042,
https://doi.org/10.1029/2019EA000599, 2018.

Ghil, M., Chekroun, M. D., and Simonnet, E.: Climate dynamics
and fluid mechanics: Natural variability and related uncertainties,
Physica D, 237, 2111-2126, 2008.

Geosci. Model Dev., 13, 1903-1924, 2020


https://doi.org/10.5281/zenodo.3366374
https://doi.org/10.1098/rsta.2011.0479
https://doi.org/10.1098/rspa.2014.0168
https://doi.org/10.1080/16000870.2017.1304504
https://doi.org/10.5194/esd-8-1171-2017
https://doi.org/10.5194/esd-8-1171-2017
https://doi.org/10.1002/wcc.535
https://doi.org/10.1088/1361-6544/aaddcb
https://doi.org/10.1029/2019EA000599

1924

Gottwald, G. A. and Harlim, J.: The role of additive and multi-
plicative noise in filtering complex dynamical systems, Proc. R.
Soc. A, 469, 20130096, https://doi.org/10.1098/rspa.2013.0096,
2013.

Gottwald, G. A., Crommelin, D., and Franzke, C.: Stochastic cli-
mate theory, Nonlinear and Stochastic Climate Dynamics, 209—
240, https://doi.org/10.1017/9781316339251, 2015.

Gottwald, G. A., Peters, K., and Davies, L.: A data-driven method
for the stochastic parametrisation of subgrid-scale tropical con-
vective area fraction, Q. J. Roy. Meteor. Soc., 142, 349-359,
2016.

Grudzien, C.: cgrudz/lorenz_96_sde: Revision
https://doi.org/10.5281/zenodo.3701601, 2020.

Grudzien, C., Carrassi, A., and Bocquet, M.: Asymptotic forecast
uncertainty and the unstable subspace in the presence of additive
model error, SIAM/ASA J. Uncertainty Quantification, 6, 1335—
1363, 2018a.

Grudzien, C., Carrassi, A., and Bocquet, M.: Chaotic dynamics
and the role of covariance inflation for reduced rank Kalman fil-
ters with model error, Nonlin. Processes Geophys., 25, 633-648,
https://doi.org/10.5194/npg-25-633-2018, 2018b.

Gurumoorthy, K. S., Grudzien, C., Apte, A., Carrassi, A., and Jones,
C. K. R. T.: Rank deficiency of Kalman error covariance matri-
ces in linear time-varying system with deterministic evolution,
SIAM J. Control Optim., 55, 741-759, 2017.

Hansen, J. A. and Penland, C.: Efficient approximate techniques for
integrating stochastic differential equations, Mon. Weather Rev.,
134, 3006-3014, 2006.

Hatfield, S., Diiben, P., Chantry, M., Kondo, K., Miyoshi, T., and
Palmer, T. N.: Choosing the optimal numerical precision for data
assimilation in the presence of model error, J. Adv. Model. Earth
Syst., 10, 2177-2191, 2018.

Herrera, S., Pazé, D., Ferndndez, J., and Rodriguez, M. A.: The
role of large-scale spatial patterns in the chaotic amplification
of perturbations in a Lorenz’96 model, Tellus A, 63, 978-990,
2011.

Tacus, S. M.: Simulation and inference for stochastic differential
equations: with R examples, Springer Science & Business Me-
dia, 2009.

Jazwinski, A. H.: Stochastic Processes and Filtering Theory, Aca-
demic Press, New-York, 1970.

Kang, E. L. and Harlim, J.: Filtering Partially Observed Multi-
scale Systems with Heterogeneous Multiscale Methods—Based
Reduced Climate Models, Mon. Weather Rev., 140, 860-873,
2012.

Kloeden, P. and Platen, E.: Numerical Solution of Stochastic Differ-
ential Equations, Stochastic Modelling and Applied Probability,
Springer Berlin Heidelberg, 2013.

Leutbecher, M. and Palmer, T. N.: Ensemble forecasting, J. Comput.
Phys., 227, 3515-3539, 2008.

Lewis, J. M.: Roots of ensemble forecasting, Mon. Weather Rev.,
133, 1865-1885, 2005.

Lorenz, E. N.: Deterministic nonperiodic flow, J. Atmos. Sci., 20,
130-141, 1963.

Release,

Geosci. Model Dev., 13, 1903-1924, 2020

C. Grudzien et al.: Numerical integration of Lorenz-96

Lorenz, E. N.: Predictability: a problem partly solved, in: Pre-
dictability, edited by: Palmer, T., European Centre for Medium-
Range Weather Forecast, Shinfield Park, Reading, UK, 1996.

Lorenz, E. N.: Designing chaotic models, J. Atmos. Sci., 62, 1574—
1587, 2005.

Lorenz, E. N. and Emanuel, K. A.: Optimal sites for supplementary
weather observations: Simulation with a small model, J. Atmos.
Sci., 55, 399-414, 1998.

Lu, F, Tu, X., and Chorin, A. J.: Accounting for Model Error from
Unresolved Scales in Ensemble Kalman Filters by Stochastic Pa-
rameterization, Mon. Weather Rev., 145, 3709-3723, 2017.

Maclean, J. and Van Vleck, E. S.: Projected Data Assimilation,
arXiv preprint, arXiv:1902.04212, 2019.

Mitchell, L. and Gottwald, G. A.: Data assimilation in slow—fast
systems using homogenized climate models, J. Atmos. Sci., 69,
1359-1377, 2012.

Palmer, T. N., Shutts, G. J., Hagedorn, R., Doblas-Reyes, F. J.,
Jung, T., and Leutbecher, M.: Representing model uncertainty
in weather and climate prediction, Annu. Rev. Earth Planet. Sci.,
33, 163-193, 2005.

Pichler, L., Masud, A., and Bergman, L. A.: Numerical solution of
the Fokker—Planck equation by finite difference and finite ele-
ment methods—a comparative study, in: Computational Methods
in Stochastic Dynamics, Springer, 69-85, 2013.

Pulido, M., Tandeo, P, Bocquet, M., Carrassi, A., and Lu-
cini, M.: Stochastic parameterization identification us-
ing ensemble Kalman filtering combined with max-
imum likelihood methods, Tellus A, 70, 1442099,
https://doi.org/10.1080/16000870.2018.1442099, 2018.

Raanes, P. N., Carrassi, A., and Bertino, L.: Extending the square
root method to account for additive forecast noise in ensemble
methods, Mon. Weather Rev., 143, 3857-3873, 2015.

Raanes, P. N., Bocquet, M., and Carrassi, A.: Adaptive covariance
inflation in the ensemble Kalman filter by Gaussian scale mix-
tures, Q. J. Roy. Meteor. Soc., 145, 53-75, 2018.

RoBler, A.: Runge—Kutta methods for the strong approximation
of solutions of stochastic differential equations, SIAM J. Num.
Anal., 48, 922-952, 2010.

Riiemelin, W.: Numerical treatment of stochastic differential equa-
tions, SIAM J. Num. Anal., 19, 604-613, 1982.

Shapiro, S. and Wilk, M.: An analysis of variance test for normality
(complete samples), Biometrika, 52, 591-611, 1965.

Tranninger, M., Seeber, R., Zhuk, S., Steinberger, M., and Horn,
M.: Detectability Analysis and Observer Design for Linear Time
Varying Systems, IEEE Contr. Syst. Lett., 4, 331-336, 2019.

Vissio, G. and Lucarini, V.: A proof of concept for scale-adaptive
parametrizations: the case of the Lorenz’96 model, Q. J. Roy.
Meteor. Soc., 144, 63-75, 2018.

Whitaker, J. S. and Loughe, A. F.: The relationship between ensem-
ble spread and ensemble mean skill, Mon. Weather Rev., 126,
3292-3302, 1998.

Wilks, D. S.: Effects of stochastic parametrizations in the Lorenz’96
system, Q. J. Roy. Meteor. Soc., 131, 389—407, 2005.

www.geosci-model-dev.net/13/1903/2020/


https://doi.org/10.1098/rspa.2013.0096
https://doi.org/10.1017/9781316339251
https://doi.org/10.5281/zenodo.3701601
https://doi.org/10.5194/npg-25-633-2018
https://doi.org/10.1080/16000870.2018.1442099

	Abstract
	Introduction
	Twin experiments with geophysical models
	Stochastic dynamics from multiscale systems
	The single-layer Lorenz-96 model with scalar additive noise

	Numerical simulation of stochastic dynamics for twin experiments
	Modes of convergence for stochastic differential equations
	A general form of stochastic differential equations
	Euler–Maruyama and Milstein schemes
	Runge–Kutta methods
	Strong order 2.0 Taylor scheme

	Numerical benchmarks
	Benchmarks for strong and weak convergence
	Ensemble forecast statistics
	Data assimilation twin experiments
	Varying the ensemble integration method for data assimilation
	Varying the truth-twin accuracy for data assimilation

	An efficient framework for twin experiments

	Conclusions
	Appendix A: Deriving the strong order 2.0 Taylor rule for L96-s
	Appendix A1: The abstract integration rule
	Appendix A2: Deriving reductions to the rule for L96-s
	Appendix A3: Finite approximation and numerical computation

	Appendix B: Resolving the strong order 2.0 Taylor scheme for consistent numerical benchmarks
	Code availability
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

